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EXECUTIVE SUMMARY 

The dŜƭƛǾŜǊŀōƭŜ 5оΦоΣ ά¢ƘŜ {9!{hb {ƻƭǳǘƛƻƴ ŦƻǊ 5ŀǘŀ tƭŀƴŜ LƴŦǊŀǎǘǊǳŎǘǳǊŜέΣ describes the final 

work conducted in Work Package 3 (WP3) and consolidates the results achieved in the 

development and the validation of advanced data plane technologies within the SEASON 

project. This deliverable builds upon the earlier stages documented in D3.1 and D3.2 and 

ŦƛƴŀƭƛȊŜǎ ²tоΩǎ ŎƻƴǘǊƛōǳǘƛƻƴǎ ǘƻǿŀǊŘ {9!{hbΩǎ ƻǾŜǊŀǊŎƘƛƴƎ ƎƻŀƭΥ ŜƴŀōƭƛƴƎ ǎŜƭŦ-managed, 

sustainable, and high-capacity optical networks suited for the demands of future 6G-era 

applications and infrastructures. 

²tо Ƙŀǎ ƻǇŜǊŀǘŜŘ ŀǘ ǘƘŜ ŎƻǊŜ ƻŦ {9!{hbΩǎ ǘŜŎƘƴƻƭƻƎȅ ƛƴƴƻǾŀǘƛƻƴ ǎǘǊŜŀƳΣ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ 

investigating, modelling, developing, prototyping, and validating the data plane subsystems and 

components that underpin the SEASON network architecture (as defined in WP2 and verified in 

WP5). The work has progressed along a structured and multi-phase approach, where conceptual 

designs and simulations have evolved into tangible prototypes and experimental validations in 

conjunction with WP4 and WP5. Key achievements include:  

¶ Finalization of the SEASON Data Plane Prototypes 

¶ Mid- and Long-Term Solution Mapping and Architectural Cohesion 

¶ Demonstration and Experimental Validation 

¶ Advanced Modelling and Optimization of Optical Networks 

D3.3 offers a comprehensive account of these achievements, summarizing the technological 

contributions, presenting the final suite of data plane prototypes, and documenting 

experimental and integration activities that validate their functionality and performance in real-

world scenarios. It also provides a clear ƳŀǇǇƛƴƎ ƻŦ ŜŀŎƘ ƛƴƴƻǾŀǘƛƻƴ ǘƻ {9!{hbΩǎ ŀǊŎƘƛǘŜŎǘǳǊŜΣ 

objectives, and Key Performance Indicators (KPIs), ensuring traceability and relevance across the 

project lifecycle.  
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1 INTRODUCTION  

The development of SEASON project prototypes and studies, as described in this Deliverable 

D3.3, are deeply rooted in the requirements and architectures specified in WP2 [D2.1-24] and 

validated through techno-economic analyses performed in WP2 [D2.2-25, D2.3-25]. The SEASON 

high-level data plane architecture is designed to meet future network demands with two distinct 

time frames: medium-term (by 2028) and long-term (by 2032 and beyond). Each period is 

defined by its own set of technological solutions and requirements, driving the selection and 

validation of innovations in the data plane.  

Key Achievements and relevant Contributions from WP3 include: 

1. Finalization of the SEASON Data Plane Prototypes 

Nine physical prototypes were developed in the project, each targeting a specific SEASON 

innovation. These include: 

¶ Multiband over Space Division Multiplexing (MBoSDM) switching nodes and Sliceable-

Bandwidth Variable Transponder/Transceivers (S-BVTs); 

¶ Smart Network Interface Cards (NICs) and Data Processing Units (DPUs) for midhaul 

applications and edge computing; 

¶ Digital Subcarrier Multiplexing (DSCM) point-to-multipoint (P2MP) coherent 

transmission over single and dual fibers; 

¶ Spatial Passive Optical Networks (PON) nodes and filterless metro-access architectures; 

¶ Integrated monitoring and telemetry systems, including digital signal processing  

(DSP)-based Rx monitoring and predictive maintenance frameworks. 

Each prototype has been mapped to either mid-term or long-term SEASON solutions and is 

linked to defined parts of the data plane reference architecture (e.g., Edge Central Offices (COs), 

Cloud COs, Access Nodes), clearly demonstrating applicability and modular integration 

potential. 

 

2. Mid- and Long-Term Solution Mapping and Architectural Cohesion 

The deliverable synthesizes the evolution from conceptual SEASON solutions (as defined in D2.1) 

to their practical instantiation and integration in WP3. Both the mid-term (4-year) and long-term 

(8+ year) pathways are covered, with a well-defined correspondence between architectural 

segments (Access-Metro, Metro-Backbone) and technology building blocks. 

Importantly, the mapping ensures that each data plane innovation contributes directly to at 

ƭŜŀǎǘ ƻƴŜ ƻŦ {9!{hbΩǎ ǘŀǊƎŜǘŜŘ YtLǎ ς such as increasing fiber capacity utilization, reducing 

energy consumption, improving scalability through modular design, and enabling support for 6G 

and artificial intelligence (AI)-driven service demands. 
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3. Demonstration and Experimental Validation 

The technologies developed in WP3 have been integrated and validated in several laboratory 

environments and in two initial planned system-level demonstrations (in Berlin at HHI) and in 

[Ω!ǉǳƛƭŀ at WEST/UNIVAQ). These demonstrations reflect different deployment perspectives: 

¶ Demo 1 (Berlin, HHI) focused on extended-reality (XR) services over mobile access, 

showcasing access-metro innovations including spatial division multiplexing passive optical 

network (SDM-PON), 5G radio access network (RAN), and digital subcarrier multiplexing 

(DSCM) technologies. 

¶ Demo 2 ό[Ω!ǉǳƛƭŀΣ WEST/UNIVAQ) highlighted an operator-centric end-to-end 

ŘŜǇƭƻȅƳŜƴǘΣ ŎƻǾŜǊƛƴƎ !ŎŎŜǎǎ ǘƻ .ŀŎƪōƻƴŜ ǎŜƎƳŜƴǘǎ ŀƴŘ ǾŀƭƛŘŀǘƛƴƎ {9!{hbΩǎ ƳǳƭǘƛōŀƴŘ 

MBoSDM solutions. 

In addition to the two initially planned SEASON demos, two new ones were added thanks to the 

support and in-kind contributions of the partners involved. 

¶ Demo 3 (Madrid, Telefonica) presents dynamic service provisioning in a disaggregated 

Internet Protocol over wavelength division multiplexing (IPoWDM) network using  

DSCM-based P2MP XR coherent pluggables. A hierarchical software defined network (SDN) 

controller architecture discovers resources, configures the optical layer, and establishes 

services automatically. Commercial routers and whiteboxes with 400G/100G pluggables 

are interconnected through optical splitters. The orchestrator assigns frequencies, 

configures channels, and activates digital subcarrier-based services on demand. The 

experiment validates feasibility and measures control-plane performance and sets the 

required latency. A recorded version of the demo was streamed during OFC 2025 at the 

Nokia (INF-G) booth. The video has been made available also on the YouTube channel. 

¶ Demo 4 (Torino, Fibercop) metro and access integration. This demo is hosted at Fibercop 

Lab in Torino, and it is a joint experiment with UnivAQ, WEST, CNIT, CTTC and INF-G. It 

demonstrates the coexistence over the same single-fiber Access Network infrastructure of 

legacy 10-Gigabit PON (XG-PON) services and high-end Metro services, based on P2MP XR 

technology, dynamically provisioned and carried transparently from the Metro segment 

network. The results of the activity will be shared with the multi-source agreement (MSA) 

open XR optics forum as part of the dissemination and standardization activities within the 

WP6. 

These validations provide tangible evidence of the maturity and interoperability of SEASON 

components and their capability to address realistic network scenarios. 

 

4. Advanced Modelling and Optimization of Optical Networks 

D3.3 also reports on advanced modelling and optimization techniques applied to SEASON 

architecture. Next generation will be considerably more complex and will require extensive work 

to optimize for them and to guarantee their operation under several circumstances. This 

research includes, among others, the following topics: 
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¶ Robust and Adaptive Optical Network Modeling: Novel robust optimization (RO) and 

adjustable robust optimization (ARO) models that account for physical layer 

uncertainties, enabling resilient design of filterless optical networks. 

¶ End-to-End Latency Modeling: Simulation-based latency assessment of IPoWDM 

architectures using high-speed coherent pluggables, demonstrating near-deterministic 

performance suitable for time-sensitive 6G services. 

¶ Energy and Cost Efficiency Trade-offs: In-depth analysis of optical versus electronic 

aggregation at metro edges, validating DSCM as a viable low-power alternative to 

traditional router-based aggregation. 

These numerical studies provide the theoretical underpinning for various of the architectural 

choices and serve to de-risk the adoption of emerging technologies in complex network 

environments. Furthermore, the latter provides a tool for establishing the conditions that, if 

satisfied, can deliver energy saving by deploying P2MP coherent transceiver with respect to 

point-to-point (P2P) ones. 

 

5. Integration with Control, Management, and Telemetry Systems 

A key aspect of D3.3 is its alignment with WP4, ensuring that data plane innovations are not 

developed in isolation but are embedded within a broader ecosystem of programmable control, 

telemetry, and automation mechanisms. Several prototypes (e.g., predictive maintenance 

systems, DSP-based monitoring) interface directly with WP4 systems, enabling self-managed 

capabilities and laying the foundation for automation and closed-loop network operation, in line 

with the goals of WP5. 

 

6. Contributions to SEASON KPIs and Horizon Europe Objectives 

¢ƘǊƻǳƎƘƻǳǘ ǘƘŜ ŘŜƭƛǾŜǊŀōƭŜΣ ŎƭŜŀǊ ƭƛƴƪǎ ŀǊŜ ƳŀŘŜ ōŜǘǿŜŜƴ ƛƴŘƛǾƛŘǳŀƭ ƛƴƴƻǾŀǘƛƻƴǎ ŀƴŘ {9!{hbΩǎ 

defined KPIs: 

¶ KPI 1 ς Fiber capacity enhancement: Achieved through multiband and space-division 

multiplexing. 

¶ KPI 2 ς Energy efficiency improvement: Enabled by flexible DSCM transceivers, optical 

aggregation, removal of transponders, and dynamic bandwidth allocation. 

¶ KPI 3 ς Cost-effective scalability: Delivered via whiteboxes, coherent pluggables, and 

filterless OLS architectures. 

¶ KPI 4 ς Programmability and monitoring: Supported by DSP-based telemetry and 

adaptive monitoring frameworks. 

By addressing these KPIs, SEASON contributes directly to the objectives of the SNS JU and 

Horizon Europe, particularly in the areas of sustainable digital infrastructure, open and 

disaggregated network solutions, and enabling technologies for 6G. This topic is fully covered in 

Section 2.5. 
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The structure of the following sections is as follows. 

Section 2, SEASON Solutions and Data Plane Prototypes, offers a comprehensive overview of 

SEASON data plane solutions, mapped to both medium-term and long-term network 

architectural targets. It presents the final suite of data plane prototypes, highlighting their 

integration with control, management, and monitoring systems, and shows their mapping 

against the high-level SEASON network architecture. The section also introduces the 

demonstrations and experiments validating the developed solutions and their practical 

deployment across various network segments. This section also reports an accurate description 

of the project outcomes in terms of KPIs and their achievements. 

Section 3, Data Plane Prototypes ς State of the Art and Innovative Aspects of the Developed 

Components, Subsystems and Systems, catalogues and describes the physical prototypes, 

components, and subsystems developed in SEASON, detailing their capabilities, addressed 

technical challenges, and mapping to project solutions and KPIs. Benchmark results and 

validation reports are included for each prototype, showing integration potential and readiness 

for experimental demonstrations and real-world deployments. 

Section 4, Self-Managed Scalable Sustainable High-Capacity Optical Networks, discusses the 

future perspectives for fully self-managed, scalable, and sustainable optical networks, drawing 

on lessons learned from prototype integration, automation mechanisms, and closed-loop 

operation enabled by advanced control and telemetry. It emphasizes the convergence of 

programmable data plane technologies with intelligent network management and operational 

autonomy, marking the project's roadmap toward truly autonomous networking. 

Section 5, Modelling and End-to-End (E2E) Design of Optical Networks, details the advanced 

modelling and simulation activities that support robust and scalable network design, including 

filterless architectures, optical aggregation, and latency analysis for coherent pluggables. It 

covers optimization models accounting for physical layer uncertainties, crosstalk analysis in 

multi-band SDM networks, energy and cost efficiency assessments, and transmission modelling 

of multi-core and multi-band systems. These theoretical studies underpin key architectural 

choices and inform the prototype implementation strategies. 

Section 6, Optical Subsystems, is focused on device-level advances. It examines the design and 

experimental validation of optical subsystems such as programmable MBoSDM transceivers and 

switching nodes. It assesses node architectures for high-capacity and scalable switching, 

including multi-band transmission and digital twin modelling. Key differences and 

complementarities among prototypes are discussed, supported by experimental results that 

guide subsystem integration in future network deployments. 

Section 7, Front/Mid-haul and Access Beyond 5G, addresses the development and evaluation of 

advanced transport solutions for front-haul, mid-haul, and access domains, with a view toward 

6G and beyond. Topics include bidirectional P2MP transmission architectures, smart NICs/DPUs 

for mid-haul scenarios such as railways and highways, and flexible PON architectures for spatial 

aggregation and efficient connectivity. The emphasis is on cost-effective, power-efficient, and 

scalable solutions enabling next-generation service delivery. 
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Section 8, Optical Monitoring and Power Efficiency, demonstrates innovations in network 

monitoring and energy efficiency, presenting longitudinal power monitoring (LPM), advanced 

DSP-based Rx solutions, predictive maintenance, and machine-learning-powered anomaly 

detection. The section quantifies energy consumption savings achieved through digital 

subcarrier multiplexing (DSCM) and optical aggregation, illustrating approaches to transceiver 

reduction, cost savings, and the dual use of fiber infrastructure for both transmission and 

sensing. 

Finally, Section 9, Conclusions, synthesizes the overall findings and key achievements of D3.3, 

aligning technical progress with SEASON objectives and KPIs. It highlights the contribution of 

developed prototypes, experimental validations, and modelling efforts in advancing the state-

of-the-art toward self-managed, high-capacity, and sustainable optical data plane networks 

designed to support future 6G service ecosystems. 
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2 SEASON SOLUTIONS, DATA PLANE PROTOTYPES OVERVIEW AND 

KPIS ACHIEVEMENT REPORT 

The SEASON project proposes a set of data plane technologies, the so-called SEASON solutions, 

to be applied to the high-level network data plane architecture as defined in deliverable D2.1 

[D2.1-24]. 

{9!{hbΩǎ high-level data plane architecture is segmented into two domains, access-metro and 

backbone, and the architecture has been specified for two timeframes, the medium-term 

solution (MTS) with a horizon of ~4 years from now and the long-term solution (LTS) with an 

application target of 8 years and beyond from now. The SEASON solutions have been defined 

and mapped on both network architecture domains (access-metro and backbone) for the two 

target timeframes (4 and 8+ years). 

The first part of the section is dedicated to summarizing the solutions proposed by the SEASON 

project and to listing the data plane prototypes developed in the project to make the 

implementation of these solutions possible. It also mentions the experiments (including the two 

demos) that demonstrate the viability of the SEASON solutions, use the related data plane 

prototypes developed in WP3 and the developments of WP4 regarding the control plane, 

telemetry architecture and SW. A second part of the section is dedicated to the KPIs 

achievement report. 

In section 2.1, the SEASON data plane solutions for the MTS and LTS, as reported in the previous 

deliverable D3.2 [D3.2-24], are briefly summarized. Both solutions served as inspiration for the 

data plane prototypes developed in WP3 and are the references of the two main demos. The 

additional demos added in the last period of the project and other experimental activities 

focused on specific aspects performed in the project. 

Section 2.2 presents the final versions of data plane prototypes which integrate some of them 

with other components (essentially WP4 control, management and monitoring systems and 

related SW) and a view of their mapping to SEASONΩs high-level network architecture are 

provided. With respect the nine relevant data plane prototypes presented in D3.2, two new ones 

have been added which have been developed in the last period of the project. 

For completeness and considering that many prototypes are integrated in the demonstrations, 

in section 2.3 the mapping of the demos created in the project within the WP5 on network 

architecture has also been displayed. 

Section 2.4 serves as a synthetic and additional overview of the project results and research 

topics clustering. This allows the SEASON project research and development activities to be 

grouped into just five macro topic clusters. Each topic cluster is linked to prototypes and to the 

document sections and references in which the cluster topic is developed.  

Finally, section 2.5 reports the status of achievement of the KPIs addressed in WP3 as it is at the 

end of the WP3 working period (M32, August 2025). 
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2.1 SEASON SOLUTIONS 

In this subsection the solutions identified by the SEASON project are reported in a concise form 

for the medium- and long-term, separately. Their applications in relation to the various network 

architecture segments are also highlighted. 

2.1.1 Mid-term solutions 

Concerning the mid-term period (timeframes within 4 years) the solutions proposed by SEASON 

Project are the following ones. 

MTS-1 ROADM-free IPoWDM Networks and use of Whiteboxes with Pluggable Transceivers: 

an architecture based on IPoWDM nodes eliminating the use of ROADMs (i.e., packet-optical 

switches/routers equipped with coherent pluggable transceivers) that allows a cost-effective, 

low-latency, and simplified network. Open, modular L2/L3 switches supporting up to 800G 

pluggable modules promote vendor-agnostic flexibility and scalability. It involves mainly Access-

Metro segment, but it can be applied also in the Backbone. This solution is discussed in Sections 

4.8 and 5.6, where IPoWDM architectures with coherent pluggables and related latency and 

performance aspects are analyzed. 

MTS-2 DPUs and Smart NICs: deployment of 800G-capable Data Processing Units (DPUs) and 

Smart NICs for traffic acceleration and monitoring at the Edge and Far Edge. Servers equipped 

with such smart and high data rate cards support Telco and AI service functions in the Access-

Metro segment. Further details on this solution are provided in Sections 4.9 and 7.2, which 

describe the SmartNIC/PDU prototype and its application in mid-haul transport scenarios for 6G. 

MTS-3 DSCM-Based Coherent Transceivers (P2P/P2MP): a technology enabling point to 

multipoint networking, allowing 400/800 Gb/s transmission and supports fronthaul at rates of 

100 Gb/s and higher. Use of Bidirectional (BiDi) single-wavelength single-fiber single-laser 

transmission is possible thanks to interleaved in frequency of subcarrier or intelligent optical 

power management of the individual subcarrier to mitigate reflections. This technology 

optimizes bandwidth, reduces power consumption and latency by removing components (e.g., 

optical-electronic-optical conversion), increases spectral efficiency and reduces use of fiber (in 

BiDi mode) in the Access-Metro segment. his solution is addressed throughout Sections 4.7, 5.1ς

5.2, 5.6, and 8.2ς8.7, where DSCM XR devices, optical aggregation, end-to-end performance 

analysis, and power-efficiency benefits are extensively evaluated. This solution has been 

awarded as one of the top 10 key achievements of the year from the SNS organization. 

MTS-4 50G PON and Coherent/WDM PON: aggregates traffic efficiently using passive optical 

networks (PONs) scaling up the data rate and introducing coherent transmission and wavelength 

multiplexing, which boosts fiber capacity and access scalability in the access-metro segment. 

Details on this solution are presented in Section 4.3, which describes the Spatial PON prototype, 

and in Section 7, where PON-based accessςmetro integration scenarios are analyzed. 
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MTS-5 Pure Filterless/Hybrid OLS: enhances spectrum usage and power efficiency using flexible 

Optical Line Systems (OLS) supporting P2MP and P2P architectures with DSCM transceivers and 

multicarrier modulation (MCM) technologies, which are applied in the Access-Metro domain to 

provide high-capacity and flexible transmission. This solution is analyzed in Sections 5.1ς5.5, 

which cover filterless architectures, multilayer aggregation, physical-layer impairments, 

planning practices, and ultra-high-capacity multiband deployments. 

MTS-6 Exploitation of MB Transceivers (e.g., MBoSDM S-BVT): extended use of transceivers 

operating in the C+L-bands, with potential extension to the S-band. Used in the backbone and 

potentially also in the access-metro segment (metro core, in particular), to increase the capacity 

and make the network scalable. This solution is treated in Sections 6.1 and in the modeling 

studies of Sections 5.3, 5.4, and 5.8, which evaluate multiband transceiver scalability, crosstalk, 

and spectral expansion strategies. 

MTS-7 Multigranular MBoSDM Switching Nodes: exploitation of MBoSDM Switching Nodes 

(C+L+ (possibly) S-band) to increase capacity, enable smooth scalability, and achieve high 

flexibility of the optical transport infrastructure, altogether. Used in both the access-metro and 

backbone segments, but traffic requirements demanding their use more likely in the backbone. 

The developments related to this solution are described in Sections 6.2 and 6.3, along with the 

multiband SDM modeling activities reported in Sections 5.3ς5.5. 

MTS-8 Advanced Monitoring Systems: advanced monitoring solutions based on fast fault and 

anomaly localization techniques (e.g., use data of DSP). Applied to nodes from both access-

metro and backbone segments. This solution is covered in Sections 6.1ς6.3, which present DSP-

based and predictive-maintenance monitoring prototypes, and in Sections 8.1ς8.5, where 

advanced optical monitoring functions and telemetry enhancements are investigated. 

MTS-9 Radio mobile access based on the O-RAN architecture. Open, virtualized and 

disaggregated solutions for the RAN, enabling functionalities expected in 5G Advanced system 

(3GPP Releases 18 and 19), concerns network architecture, SW and transport solutions for X-

Haul traffic. Mapped to the access-metro segment. This solution is discussed primarily in Section 

7.2, which presents the transport and mid-haul innovations enabling O-RAN deployments and 

future 6G support. 

2.1.2 Long-Term Solutions 

For the long-term period (timeframe 8 years and beyond) the following list presents the SEASON 

solutions that are, in most cases, enhancements of ones defined for the medium-term. 

LTS-1 Next-Generation Whiteboxes and Pluggable Transceivers: medium-term systems 

evolutions towards higher rates (up to 2 Tb/s), higher integration, smaller form factor, and lower 

power. Applied in access-metro in Far Edge and Edge COs, to handle both telco and service 

functions, such as data-intensive AI tasks. Further details on this long-term evolution are 

presented in Sections 4.8 and 5.6, where next-generation coherent pluggables and their impact 

on IPoWDM architectures and end-to-end performance are assessed. 
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LTS-2 Evolved DPUs: use of interfaces capable of handling data rates of 800G or higher, up to 2 

Tb/s. Used in access-metro segment to support virtualization and networking of 6G RAN but also 

provide the computational power needed for running advanced service functions. This solution 

is addressed in Sections 4.9 and 7.2, which examine advanced SmartNIC/DPU architectures and 

their applicability in future high-capacity mid-haul and accessςmetro scenarios. 

LTS-3 Coherent/WDM/SDM PON Deployment: A further step ahead with PON used in the 

access-metro domain to cope with traffic demand growth from FFTX access points (residential, 

business and radio mobile, with aggregated data rate on a single PON tree up to 400 Gb/s). The 

long-term evolution of coherent and SDM-based PON systems is discussed in Sections 4.3 and 

7, where spatial PON architectures and advanced accessςmetro integration schemes are 

analyzed. 

LTS-4 Enhanced DSCM-Based Transceivers: advanced DSCM coherent optics for high-

performance and flexible transport (P2MP networking) with total single device rates up to 2.4 

Tb/s (maximum data rate applies for hubs, leaves data rates are lower). Applications in access-

metro segment to carry X-haul traffic or aggregation and transport of traffic exchanged by Far 

Edge and Edge COs. This evolution of DSCM coherent systems is treated in Sections 4.7, 5.1ς5.2, 

and 8.2ς8.7, where their scalability, aggregation capabilities, and power-efficiency advantages 

are evaluated. 

LTS-5 Fully Meshed Coherent Fronthaul: ¦ǎŜ ƻŦ ŎƻƘŜǊŜƴǘ άƭƛǘŜέ (low cost) transceivers at ² 400 

Gb/s for front-haul (FH) application (with 6G). Use in the access-metro from mobile radio 

stations to Far Edge or Edge Cos where vDU functions are placed, according to 6G-ready Open-

Cloud-RAN architecture. The concepts behind fully meshed coherent fronthaul are explored in 

Section 7.2, in the context of next-generation front-/mid-haul architectures supporting 6G-ready 

O-RAN deployments. 

LTS-6 Full MB(oSDM) S-BVT Exploitation: extended capabilities to operate beyond the C+L band 

and achieve aggregated bit rates of 1 Tb/s and higher, potentially scaling up to 10 Tb/s by means 

of using additional bands (beyond C+L+S-bands considered for mid-term). Potential application 

on both access-metro and backbone, but more likely for the backbone as data rate achievable 

by these devices are extremely high. The long-term exploitation of multi-band S-BVT technology 

is examined in Sections 6.1, 5.3, 5.4, and 5.8, which analyze extended-band transmission, 

crosstalk effects, and multi-Tb/s scalability. 

LTS-7 Advanced MBoSDM Switching Nodes: equipment enabling full granularity switching 

(band, wavelength, space) and extended MB use (beyond C+L+S) to support ultra-high-capacity 

networks. Application is in the backbone segment. Further details on this solution are reported 

in Sections 6.2 and 6.3, as well as in Sections 5.3ς5.5, which study multigranular switching, 

spatialςspectral routing, and ultra-high-capacity SDM architectures. 

LTS-8 Predictive Maintenance for MB amplifiers: MB amplifiers will enable the amplification of 

signals across multiple bands beyond C+L. Predictive Maintenance improves existing monitoring 

processes and reduces the network downtime. Multiband amplifiers will be deployed within 

both the access-metro and backbone segments, according to the strategy for the introduction 
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of MB systems (i.e., MoSDM nodes and transceivers/transponders) in each segment. This 

solution is detailed in Sections 6.1ς6.3 and 8.1ς8.5, which describe DSP-based monitoring, 

predictive-maintenance frameworks, and advanced telemetry for multiband amplification 

systems. 

LTS-9 Advanced O-RAN-Based RAN: Further developments of radio access based on the O-RAN 

architecture supporting double Split, 2 (MH) and 7.2 (FH), in 6G perspective. Integration of O-

RAN architecture facilitating optimized deployment of vDU and vCU functions in the Access 

metro segment. The long-term evolution of O-RAN-based mobile access is discussed in Section 

7.2, which examines 6G-oriented mid-/front -haul architectures and their integration with 

{9!{hbΩǎ ǘǊŀƴǎǇƻǊǘ ƛƴƴƻǾŀǘƛƻƴǎΦ 

2.2 SEASON PROTOTYPES/ASSETS 

The updated list of data plane prototypes/assets in their final version is reported in detail in 

Section 4, shortly listed in Table 2.2-1. The table summarizes all the data plane prototypes 

developed in the SEASON project and includes the prototype code, a brief description of the 

prototype, the leading partner involved in prototype development, the solution of mid- or long- 

term addressed by the prototype and the experiment or demo in which the prototype was 

tested, are the data reported in columns of the table. Please note that not all the SEASON 

solutions are addressed by data plane prototype as some solutions involve aspects connected 

to control, management, telemetry, which regards SW architecture and coding developed in 

WP4. Figure 2.2-1 illustrates the mapping of the prototypes for the long-term version of the data 

plane architecture. The figure is meant to illustrate in which parts of the architecture (which 

segment, which central office category, which equipment) the prototypes would be used. 

Table 2.2-1: SEASON data plane prototypes. 

Prototype/ 
Asset 

Short Description  
Owner 
partner  

SEASON 
solution 
addressed 

Experiment 
or demo 

C3.1 MBoSDM node CTTC MTS-7 CTTC lab 

C3.2 Multigranular node HHI LTS-7 Demo 1  

C3.3 Spatial PON node WEST MTS-4, LTS-3 Demo 2 

C3.4 MBoSDM S-BVT CTTC MTS-6, LTS-6 CTTC lab 

C3.5 DSP Rx based monitoring HHI LTS-8 HHI lab 

C3.6 
Predictive maintenance for 
Multi-Band Amplifiers 

ADTRAN MTS-8 ADTRAN lab 

C3.7 
Monitoring & Telemetry 
system 

ADTRAN MTS-8 
HHI and CTTC 
labs 

C3.8 Pluggable amplifier ERI MTS-1 ERI lab 

C3.9 
Smart NIC / PDU with coherent 
pluggable 

CNIT MTS-2, LTS-2 CNIT lab 

C3.10 Dynamic service allocation TEF & INF-G MTS-3 Demo 3 

C3.11 Access-Metro integration 
FIB, CNIT, 
WEST, INF-G 

MTS-3/4, LTS-4/5 Demo 4 
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Prototypes C3.1 (MBoSDM node) and C3.4 (MBOSDM S-BVT) are described in sec 7.1 and 7.4 of 

D3.2 respectively, and the typical application of both could be in the core part of access-metro 

segment as highlighted in Figure 2.2-1. Specifically, these prototypes can be employed in Edge 

COs when traffic growth will require capacities not supported by C-band or C+L bands only. In 

this document improvements in both prototypes are reported. For C3.1 (section 6.2) further 

optimization of the switching device has been implemented to include spectral switching 

granularity in the L-band. For C3.4 (section 6.1) further transmission assessment has been 

performed to evaluate the transceiver scalability capabilities towards enabling multi Tb/s 

transmission. Both prototypes are extensively experimented in CTTC labs. 

Prototype C3.2 (Multigranular Node) is described in sec 7.2 of D2.3 and a summary of prototype 

characteristics with results of the last validation report is included in section 6.3 of this 

deliverable. It is similar to prototype C3.1, but for its intrinsic characteristics the typical 

application is in the backbone as shown in Figure 2.2-1, specifically in Cloud CO where huge 

amount of traffic belonging to many different flows must be flexibly handled. This prototype is 

employed in Demo 1 (Berlin Demo) in the multi-band core network part. 

Prototype C3.3 (Spatial PON node) is described in Section 7.3 of D3.2 and it has not been further 

developed in the last period of the project. The mapping of the prototype is in the access-metro 

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

fibers on the other towards user OTNs. Prototype C3Φо ƛǎ ǳǎŜŘ ƛƴ 5ŜƳƻ н ό[Ω!ǉǳƛƭŀ 5ŜƳƻύΦ 

Prototype C3.5 (DSP Rx based monitoring) is described on section 7.5 of D3.2 and additional 

development are included in Section 4.5. It can be applied everywhere the transceivers with this 

additional capability are used (backbone and access-metro) to monitor the state of the 

transmission over the network. Prototype C3.5 has been developed and tested in ADTRAN lab. 

Prototype C3.6 (Predictive Maintenance (PdM) framework for Multi-Band Amplifiers) is 

described in section 7.6 of D2.3. As it is a framework combining anomaly detection, prognosis, 

and diagnosis applied to multiband amplifiers, it can be applied everywhere multiband 

amplifiers are deployed, so both access metro and backbone. PdM prototype developed and 

experimented in HHI labs and the fine-tuning for the use on multiband amplifier is forecasted 

for Q3 2025. 

Prototype C3.7 (Monitoring & Telemetry systems) is described in section 7.7 of D3.2 and 

enhancements of last period are reported in section 8. It is applicable in all parts of the network, 

from the access-metro to the backbone. It is not a single prototype but a set of solutions: how 

to enhance monitoring capability, longitudinal optical monitoring, DSP monitoring (covered by 

prototype C3.5), ML base anomaly detection. They are described in dedicated subsection of 

section 8 and they are developed and experimented in HHI, ADRTRAN and CTTC labs. 

Prototype C3.8 (Pluggable amplifier-amplifier gain control) is described extensively in section 

7.8 of D3.2. No further development is achieved in last period of the project. Prototype concerns 

an algorithm to appropriately adjust the amplifier gain in a ring without additional monitoring 

equipment.  
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Prototype C3.9 (Smart NIC/PDU with coherent pluggable) is described extensively in subsection 

7.9 of D3.2. A development of the prototype has been achieved with an experiment emulating 

the use of PDU as card of a system (server) used to support Mid-Haul traffic transportation in a 

O-RAN architecture, as reported in subsection 7.2. The prototype is used in the access-metro 

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

Prototype C3.10 was not included in D3.2 as it is a new prototype developed in the last period 

of the project. It concerns the dynamic service allocation for DSCM XR systems, and it is linked 

to an additional experimental Demo, the Demo 3 designed and performed within a collaboration 

between TID, CTTC and NOKIA-G. 

Prototype C3.11, like C3.10, was developed in the final phase of the project and was not 

described in D3.2. It is a solution for integrating access and metro segments that applies the 

solutions proposed in SEASON. The prototype was developed by Fibercop in collaboration with 

CNIT and WEST, with the support of NOKIA-G, and is based on the architecture described in 

section 5.7. The prototype is tested in Demo 4 and documented in the final deliverable of WP5. 

The prototype implementations demonstrate progressive evolution from individual component 

validation (C3.1-C3.4) to integrated system demonstrations (C3.10-C3.11), supporting both 

laboratory validation and real-world deployment scenarios through Demo 1-4 configurations. 

 

Figure 2.2-1: Prototypes mapping on Data plane architecture with Topic Clustering highlighted. 
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2.3 SEASON DEMOS AND EXPERIMENTS MAPPING  

Figure 2.3-1 is an attempt to map the two main project demos, Berlin and [ΩAquila, plus the two 

additional ones, Demo 3 and Demo 4, onto the long-term SEASON architecture. As it can be 

seen, Demo 1, which is oriented towards services (particularly on extended reality ς XR -

provided over mobile access), involves the access-metro segment and the related systems and 

equipment (5G RAN and core, SDM-PON, metro network), while Demo 2, oriented towards an 

operator's vision, concerns all network segments, from access to the backbone, without focusing 

on particular services but demonstrating the feasibility of SEASON MBoSDM solutions with an 

end-to-end vision. Both Demo 3 and Demo 4 involve use of DSCM XR devices and has been 

devoted to demonstrating the capability of dynamic bandwidth allocation and integration with 

ODN to achieve a full access-metro integration and infrastructure (fiber) sharing. 

 

Figure 2.3-1: Experiments (demos) mapping on long-term data plane architecture. 

 

2.4 TOPIC CLUSTERING FROM SEASON PROJECT INNOVATIVE SOLUTIONS 

Analyzing the innovation solutions items listed in Section 2.2, it is possible to cluster the study 

objects and prototyping activities of SEASON project into five main Topic Clusters. Clustering is 
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focused on WP3 activities, i.e., on data plane aspects, so it does not cover the project in its 

entirety, although control (WP4) and integration (WP5) aspects are also partially involved. The 

five topic clusters are listed below along with the relevant elements involved in each of them, 

for the medium and long term separately. 

Topic Cluster 1 - TC1: Multi -Band over Space Division Multiplexing (MBoSDM) Technologies 

¶ Medium-term Solutions (2.1.1): 

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

¶ Sliceable bandwidth/bit rate variable transceivers (S-BVT) 

¶ Multigranular switching architectures. 

¶ Filterless network designs reducing OEO conversions. 

¶ Long-term Solutions (2.1.2): 

¶ Spatial division multiplexing with multi-core fibers (19-core MCF) 

¶ Ultra-high capacity systems achieving 2.4-3.6 Pbs switching capacities. 

¶ Multi-core/multi-mode fiber systems 

Topic Cluster 2 - TC2: Digital Subcarrier Multiplexing and Optical Aggregation 

¶ Medium-term Solutions: 

¶ Digital subcarrier-based multiplexing (DSCM) for P2MP transceivers 

¶ Optical aggregation for energy savings 

¶ Horseshoe-and-spur topology implementations. 

¶ Long-term Solutions: 

¶ Dynamic bandwidth allocation systems 

¶ Access-metro integration with fiber sharing 

¶ P2MP coherent systems for fronthaul/midhaul 

Topic Cluster 3: TC3: Advanced Network Control and Monitoring 

¶ Medium-term Solutions: 

¶ DSP-based monitoring systems 

¶ Predictive maintenance for amplifiers 

¶ Telemetry systems for network monitoring 

¶ Long-term Solutions: 

¶ SDN control plane integration 

¶ Software-defined control systems 

¶ Real-time traffic adaptation mechanisms 

Topic Cluster 4: TC4: Coherent Pluggable and Amplification Technologies 

¶ Medium-term Solutions: 

o 800ZR and 800G OpenZR modules 

o Pluggable amplifier systems 

¶ Coherent pluggable transceivers for white-box devices 

¶ Long-term Solutions: 

¶ 1600ZR/3200ZR standard alignment systems 
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¶ Low-power DSP architectures with frequency domain filtering 

¶ Multi-band amplifier systems 

Topic Cluster 5 - TC5: Spatial PON and Access Network Solutions 

¶ Medium-term Solutions: 

o Spatial PON nodes for aggregation/disaggregation 

¶ Smart NIC PDU with coherent pluggables 

¶ Long-term Solutions: 

¶ Full access-metro integration 

¶ Infrastructure fiber sharing mechanisms. 

The following comprehensive mapping table relates the five Topic clusters to the prototypes, to 

the sections of this document describing the related studies carried out and, in the last column, 

the references, among which there are many articles published in the top journals in the field. 

Table 2.4-1: Comprehensive Mapping Table. 

TC1: MBoSDM Technologies 

Related Prototypes Relevant Sections Related References 

C3.1 (MBoSDM node), C3.2 
(Multigranular node), C3.4 
(MBoSDM S-BVT) 

Section 5 (5.3: Crosstalk, 5.4: 
MCF performance, 5.5: Ultra-
high-capacity planning) 
Section 6 (6.1: S-BVT 
improvements, 6.2ς6.3: 
switching nodes) 

[Moh25], [Cas25], plus 
references in Section 5 & 6 

TC2: DSCM and Optical Aggregation 

Related Prototypes Relevant Sections Related References 

C3.10 (Dynamic BW allocation), 
C3.11 (Access-Metro 
integration) 

Section 5 (5.1ς5.2: filterless & 
aggregation, 5.6: IPoWDM 
latency, 5.7: Flexible CO 
framework) 
Section 8 (8.2ς8.7: power 
efficiency, transceiver 
reduction, anomaly detection) 

[Moh25], [Case25] 

TC3: Network Control and Monitoring 

Related Prototypes Relevant Sections Related References 
C3.5 (DSP Rx-based monitoring), 
C3.6 (Predictive maintenance for 
MB Amplifiers), C3.7 (Monitoring 
Telemetry) 

Section 4 (4.5ς4.7: monitoring 
systems) 
Section 8 (8.1ς8.5: DSP monitoring, 
LPM, predictive maintenance) 

Monitoring + DSP publications cited 
in Sections 4 & 8 

TC4: Coherent Pluggable Technologies 

Related Prototypes Relevant Sections Related References 
C3.8 (Pluggable amplifier), C3.9 
(Smart NIC PDU) 

Section 4.8 (pluggable amplifier) 
Section 4.9 (SmartNIC PDU) 
Section 5.6 (IPoWDM coherent 
pluggables) 

References in Sections 4.8, 4.9, 5.6 
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TC5: Spatial PON and Access 

Related Prototypes Relevant Sections Related References 
C3.3 (Spatial PON node), C3.11 (Access-
Metro integration) 

Section 4.3 (Spatial PON) 
Section 5 (Access-metro integration 
models) 
Section 7 (front/mid-haul and 
access systems) 

PON and access-metro references 
in Sections 4, 5, 7 

 

2.5 PROJECT KPIS RELATED TO WP3 

2.5.1 KPI 2.1: Increase the available bandwidth of the fiber. 

Increase the available bandwidth of the fiber from actual C-band (~35 nm) to O, E, S, L, U bands 

(~415 nm) that, together with the usage of SDM, e.g., with >10 fibers / cores, will make the 

available bandwidth to grow by a factor ×120. 

Achieved (see Deliverable D2.3 for details) 

The actual increase in available bandwidth is influenced by several factors, including 

transmission distance, signal impairments, and the number of active channels. Early studies 

indicate that this increase can be effectively achieved by combining multiband (MB) 

transmission with spatial division multiplexing (SDM). 

The 120× capacity enhancement targeted by KPI 2.2 is primarily enabled by SDM, especially 

through the deployment of multiple parallel fibers (a more practical solution in the medium 

term) and multicore fibers (expected to be more viable in the long term). Reaching this level of 

enhancement typically requires around 20 to 30 parallel multiband systems or cores. 

A comprehensive techno-economic evaluation of the solutions capable of supporting this 

capacity increase is presented in Deliverable D2.3, supported by the studies and frameworks 

discussed in this document. 

Section 5 provides an in-depth analysis of the technologies that enable increased fiber 

bandwidth. Specifically, Sections 5.3 and 5.4 examine the impact of cross-talk between parallel 

cores within a fiber (an effect that could constrain the number of usable cores and is critical to 

understanding the limitations of future SDM systems using multicore fibers). Sections 5.8 and 

5.11 present transmission models and compare the optical performance of various multiband 

systems with spectral occupation up to 24 THz.  

2.5.2 KPI 2.2: 50% CAPEX reduction 

50% CAPEX reduction by (1) designing an architecture that jointly leverages on parallel fibers 

(where fiber resources are abundant), multiple bands (where fiber resources are scarce), and 

multi-core fibers (where fibers are not present, e.g., for cell densification); (2) limiting 

intermediate aggregation in routers thanks to the ultra-high capacity of MBoSDM and by 
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exploiting smart coherent pluggable to remove aggregation layers and unnecessary O/E/O 

conversions.  

Achieved (see Deliverable D2.3 for details). Several studies described in this deliverable served 

as basis for the techno-economic analysis presented in deliverable D2.3 that validates this KPI. 

The modeling of the transmission and evaluation of the performance of multiband systems 

(described in sections 5.5, 5.8 and 5.11) helped to select the bands that are more suited for 

future deployments and should be used on the techno-economic studies related to (1). 

2.5.3 KPI 3.1: Design and implement flexible and modular MBoSDM 

node 

Design and implement flexible and modular MBoSDM node prototypes able to 

switch/add/drop channels in at least 3 different bands (e.g., S, C, L) in an SDM/MCF fiber 

infrastructure featuring up to 10 fibers/cores, able to cope with switching capacities scalable 

up to between 2.4-3.6 Pb/s (considering a 4-degree node with 50% local add/drop and 

depending on the number of used bands and SDM cores/fibers) [SRIA, mid-term evo ~2028], 

by approaching (fractional) space-wavelength flexible architectures [Ma15].  

Achieved. In deliverable [D3.2-24], initial discussion has been included related to the 

achievement of this KPI. There, different node architectures were presented and evaluated for 

high-capacity, MBoSDM optical networks. These advanced node architectures, based on spatial 

optical cross-connects (S-OXCs) or MB wavelength-selective switches (WSS), provide advanced 

switching capabilities and trade-off flexibility/performance versus cost/complexity. Although 

these architectures are not yet commercially available, they can be built with mature 

components such as band pass filters (BPF), fan-in/fan-out devices, OXCs, or WSS operating in a 

single or double band (C+L). Each degree of these switches can handle up to several hundred 

Tb/s, and a node with a degree greater than four can easily achieve an overall switching capacity 

in the Pb/s range. In deliverable [D2.3-25], discussion on node traffic capacities is performed 

considering the reference backbone network topology proposed in section 5.2.2 of SEASON 

deliverable D2.1. 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, 

detailed in section 7), which enable both spatial (core, fiber) and spectral (wavelength/band) 

switching. These prototypes are designed to switch, add, and drop channels across at least three 

different bands (C+S+L) within an SDM infrastructure, aligning closely with the KPI requirements. 

Section 4.1 demonstrates the transmission of three slices of the MB(oSDM) S-BVT prototype at 

41.3 Gb/s (C-band), 45.4 Gb/s (L-band), and 34 Gb/s (S-band) over 25 km of MCF. This multiband 

flow is switched using the three-degree node prototype component C3.1 (Section 7), which 

enables both band (S+C+L) and core switching, employing a 19-core MCF with two cores 

connected to the prototype. Leveraging the full S+C+L spectral range over a 19-core MCF can 

significantly boost total capacity. Under this setup, 350 channels at 25 GHz (S-band), 175 

channels at 25 GHz (C-band), and 150 channels at 50 GHz (L-band) can envision a total capacity 

of 28.2 Tb/s. When extending to the spatial dimension of the 19-core MCF, 0.5 Pb/s can be 
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envisioned. For higher-degree node configurations, target KPI switching capacities between 

2.4 Pb/s and 3.6 Pb/s would be enabled.  

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

SoA transceivers 

MBoSDM transceivers able to increase the capacity of SoA transceivers [Nad22] up to 2× - 4× 

by exploiting enhanced wavelength/space dimensions while enabling appropriate 

slice/band/core/fiber selection according to the network path.  

Achieved. In Section 4.1, capacity upgrades scenarios with MB and SDM are presented and 

evaluated towards targeting this KPI. The required capacity scaling up to 2x ς 4x could be 

envisioned by expanding transmission into S-, C, and L-bands and introducing SDM for additional 

spatial paths. In this regard, programable MB(oSDM) sliceable bandwidth/bit rate variable 

transceiver prototype (S-BVT), proposed in SEASON (component C3.4 described in section 7), 

supports flexible, sliceable bandwidth allocation across S-, C- and L-bands, providing scalability, 

improved network utilization and appropriate slice/band/core/fiber selection according to the 

network path. The prototype can be dynamically reconfigured using software-defined 

networking (SDN) agents, which control and adjust the programmable transceiver components 

and other reconfigurable devices according to network requirements and demand. This flexible 

tranǎŎŜƛǾŜǊ ŀǇǇǊƻŀŎƘ ƛǎ Ŧǳƭƭȅ ŀƭƛƎƴŜŘ ǿƛǘƘ ǘƘŜ ǇǊƻƧŜŎǘΩǎ YtLǎΣ ǎǳǇǇƻǊǘƛƴƎ ŀŘŀǇǘŀōƭŜ ŀƭƭƻŎŀǘƛƻƴ ƻŦ 

spectral and spatial resources to achieve target capacity enhancements. Experimental 

evaluation demonstrated in Section 4.1 and previous results in deliverable D3.2, shows that 

operating over the complete S+C+L band on a single core of a 19-core MCF could enable an 

aggregate capacity of 28.2 Tb/s, assuming 350 channels in the S-band (SSB), 175 channels in the 

C-band (SSB), and 150 channels in the L-band (DSB). In comparison, a state-of-the-art (SoA) C-

band S-BVT populated with 175 C-band (SSB) channels would reach roughly 7 Tb/s. Therefore, 

using a multiband (S+C+L) approach allows for a theoretical increase in capacity by a factor of 

up to 4, which would further scale with the number of MCF cores. Nevertheless, expanding 

transmission across multiple cores and using multiple bands introduces new challenges, such as 

stimulated Raman scattering (SRS) and crosstalk (XT), which can affect and limit the actual 

capacity achieved and the scalability factor, as also indicated in section 3.3. 

2.5.5 KPI 3.3: Optimized DSP for metro/core coherent applications 

Optimized DSP for metro/core coherent applications, able to increase 4× data-rate, reaching 

up to 1.6Tb/s per port with power consumption suitable for future pluggable modules. 

Achieved. The current work on optimized DSP for metro and core coherent applications is 

making strides toward supporting up to 1.6 Tb/s per port, aligning with the demands for future 

pluggable modules under the emerging 1600ZR standard. A key focus is the integration of novel 

low-power DSP architectures, specifically those employing frequency domain (FD) filtering for 

group velocity dispersion (GVD) compensationτa computationally intense task within DSP.  
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In Section 6.5, the FD filter architecture uses FFT and IFFT to facilitate GVD compensation by 

handling signal processing in the frequency domain. However, as symbol rates increase, the 

complexity and power demands of these DSP operations grow significantly, especially for symbol 

rates of 120 GBd and higher. complexity analysis quantified by non-trivial complex 

multiplications were shown and presented in an accepted, PTL paper which shows that up to 

12% reduction for 120 GBd and up to 18% for 240 Gbd.  

 

2.5.6 KPI 4.2: >50% contribution in energy saving 

>50% contribution in energy saving via dynamic spatial channels aggregation and 

deactivation of unused transceivers at the OLT side basing on traffic conditions over total 70% 

energy saving targeted by [SRIA].  

Achieved. The dynamic spatial aggregation architecture developed in SEASON effectively 

achieves the targeted energy efficiency improvements by dynamically activating and 

deactivating spatial lanes in response to real-time traffic demands. As discussed in D2.2, 

simulation results demonstrate an average potential energy saving of 38%, with peak savings up 

to 87.5%, depending on the ratio of fixed to variable power consumption and the configuration 

of spatial lanes. Experimental validation on a commercial PON system, characterized by a 

relatively high baseline power, confirmed measurable energy savings of around 4%. The lower 

experimental figure is primarily due to the fact that the commercial hardware used was not 

originally designed to support the activation/deactivation mechanisms explored within SEASON, 

thus limiting the achievable power variation at the transceiver. When considering the joint 

activation and deactivation of Radio Units (RUs) and Distributed Units (DUs) in the mobile 

network together with the optical access domain the overall saving increases to approximately 

8% experimentally measured. Further optimization of radio equipment operation could raise the 

total system-level energy saving up to 19%. These results confirm the effectiveness and 

scalability of the proposed architecture for next-generation energy-aware optical and radio 

access networks. 

2.5.7 KPI 4.3: 400Gb/s RAN fronthaul ports capacity. 

400Gb/s RAN fronthaul ports capacity.  

Achieved. Studies indicate that achieving 6G capabilities within the next five years will require 

increasing the bandwidth to 400 Gbps 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 Network in the Fronthaul segment. By incorporating 400 Gbps transceivers, this 

architectural approach allows us to significantly enhance network capacity while introducing 

greater flexibility. 
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Coherent pluggable 400G transceivers, based on Open ZR+ specs, face challenges like low-power 

output and fixed amplifier gain, impacting OSNR and receiver sensitivity. Low-power versions 

require fixed attenuators, affecting power budgets. High-power versions (+3 dBm) reduce these 

issues, enabling longer distances and supporting up to 6 nodes with 15 wavelengths and 21 dB 

EDFA gain. At 200 Gb/s, up to 10 nodes are feasible. 

2.5.8 KPI 4.4: High accuracy profile for IEEE 1588-2019  

High accuracy profile for IEEE 1588-нлмф ƻǊ ōŜǘǘŜǊΣ ŜǾƻƭǾƛƴƎ ҕмΦр ˃ǎ ƻŦ [¢9 ŀƴŘ wŜƭŜŀǎŜ-15 

Standalone, aiming to ns with target IEEE P802.1CM A+ networks, demanding an accuracy 

better than 12.5 ns. 

Achieved. To meet the KPI requirements, Accelleran deployed a Telecom Grandmaster (T-GM) 

clock within the CU server, utilizing an Intel E810 NIC card. The T-GM is synchronized using a 

GNSS satellite timing signal, and timing information is distributed across the IP network. This 

setup enables the O-DUs and O-RUs to achieve precise time and phase synchronisation with the 

T-GM through the PTPv2 (IEEE 1588-2019) protocol, in which timing signals are propagated from 

the T-GM to the Telecom Time Slave Clocks (T-TSCs) implemented in the O-DU and O-RU. In the 

{9!{hb ŘŜƳƻƴǎǘǊŀǘƛƻƴ ǎƛǘŜǎΣ ǘƘƛǎ ŘŜǇƭƻȅƳŜƴǘ ŀŎƘƛŜǾŜŘ ǘƛƳƛƴƎ ŀŎŎǳǊŀŎȅ ǊŀƴƎƛƴƎ ŦǊƻƳ ҍмлΦмлмн 

ns to 11.1012 ns with a confidence level of 99.999%, thereby surpassing the KPI requirement of 

12.5 ns accuracy. 

2.5.9 KPI 5.1: Achieve sub-km (<500 m) and sub-dB (<0.5) resolution 

Achieve sub-km (<500 m) and sub-dB (<0.5) resolution in the estimation of longitudinal fiber 

attenuation points and optical amplifier gain, respectively, using DSP-based monitoring 

scheme. 

Achieved. The SEASON project aims to enhance optical network monitoring by improving the 

resolution and accuracy of longitudinal power profile estimation using DSP-based techniques. 

We used a method based on Linear Least Squares (LLS) method, achieving a higher accuracy in 

anomaly localization. The method was developed in [C3.5] and achieves sub-km (less than 1km) 

and sub-dB (0.46 dB) resolution in estimating fiber attenuation points. The detailed work was 

published in a JOCN paper and is reported in this deliverable under section 8.4. 

2.5.10 KPI 5.2: Performance improvement achievable with an optical 

spectrum analyzer 

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

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

Achieved. Dynamic gain equalization in erbium-doped fiber amplifiers (EDFA) using adaptive 

gain-flattening combined with spectral measurements in each optical amplifier embedded into 

a link has the potential to significantly improve link performance [Rap03]. However, additional 
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cost introduced by the required components made this technique economically unattractive. 

Furthermore, an alternative technique based on a reconfiguration stage turned out to provide 

similar performance improvement at a lower cost. However, cost has changed significantly since 

wavelength configurable devices have been realized, and they are now cheaper due to their 

large use in modern optical networks and the progress in photonic integration. Therefore, the 

concept of spectral reconfigurability has been revisited in view of the multi-band technology, in 

particular thulium-doped fiber amplifiers (TDFA) for the S-band. Using a simplified simulation 

model for TDFAs developed in this project, the potential of this technology has been evaluated.  

Developing a simulation model based on rate equations would have significantly exceeded the 

available time resources and has not been planned in this project. However, it is planned to 

confirm the results obtained at a later stage, once the work currently underway in another 

project has been completed. 

2.5.11 KPI 5.3: OTDR Interrogator for latency / position measurement 

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

respectively.  

Achieved. The D-OTDR system has been designed to meet KPI 5.3 by enabling precise latency 

and position measurements in fiber-optic transport networks without service disruption. It 

achieves 4-ns latency resolution and sub-meter spatial accuracy through a fully digital approach, 

avoiding high-power analog pulses and traffic interruption typical of traditional OTDR. Using 

complementary Golay coded sequences at low optical power on reserved out-of-band 

wavelengths (1610ς1630 nm), the system applies correlation-based processing to reconstruct 

event timing with 2-ns resolution, mapping to approximately 20 cm spatial precision. The 

architecture integrates an FPGA for sequence generation and timestamping with an SFP 

transceiver housing the laser, AGC receiver, and optical circulator, enabling one-ended 

activation without remote equipment. Continuous in-service monitoring identifies 

discontinuities, connectors, micro-bends, and severe faults with high timing fidelity, reducing 

MTTD and MTTL. Unidirectional latency measurement is supported via out-of-band filtering and 

timing anchors, ensuring compatibility with live traffic. Operational features include a detection 

range up to 52 km, low power consumption (~1 W), and absence of dead zones or saturation, 

eliminating launch fibers. Long coded sequences and robust correlation deliver high SNR for 

timing extraction, guaranteeing KPI 5.3 targets of 4-ns latency granularity and position accuracy 

below 1 meter. An extended technical description of the D-OTDR system is provided in 

Deliverable D5.3. Overall, D-OTDR offers scalable, accurate diagnostics for next-generation 

optical networks. 
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2.5.12 KPI 5.4: Applicability of modulation format insensitive optical 

signal-to-noise ratio 

Applicability of modulation format insensitive optical signal-to-noise ratio (OSNR) 

measurement techniques in different scenarios determined, sources of inaccuracy identified, 

impact of signal distortions worked out. 

Achieved. Spectral correlation has been shown to be a promising technique for monitoring 

signal quality in agile, disaggregated and open networks [Rap21]. In particular, it has been shown 

that the technique is able to capture the impact of all major propagation impairments in a 

standard single mode fiber. However, the measurement results also revealed that the 

measurement parameter reacts with different sensitivity to the different impairments. 

Therefore, it has been concluded that aligning the sensitivity of the measurement parameter 

should be further investigated for getting a universally usable GSNR value for characterizing link 

quality.  

For this purpose, further investigations including additional postprocessing of the measurement 

results have been conducted in order to get a better alignment of the sensitivities. In fact, 

differences in the sensitivities to different effects could be reduced, but the achievements are 

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

In summary, the KPI has been achieved in that the applicability of the modulation format 

insensitive optical signal-to-noise ratio (OSNR) measurement techniques in different scenarios 

has determined and effects leading to increased inaccuracy have been identified. In particular, 

the impact of signal distortions has been pointed out.  

Building on this, it would be desirable to develop a technology that reduces the influence of the 

mentioned effects on the results. Initial work in this direction has been undertaken, and 

improvements have been achieved. However, further improvements going significantly beyond 

this KPI were not possible within the available project-related effort. 

 

2.5.13 KPI 7.3: Configuration of the MBoSDM node prototype agents 

for simple operations  

Configuration of the MBoSDM node prototype agents for simple operations from the SDN 

control plane of O(100ms).  

Achieved. The activity is related to the integration of the MBoSDM node prototype with the SDN 

control plane and related agents. A detailed explanation for the assessment of this KPI is 

provided in deliverable D5.3 and D5.2. There the control plane delay/latency for the MBoSDM 

node prototype was evaluated based on the time required for the SDN controller to send 

configuration commands using the NETCONF protocol and the defined YANG data models for 

the node. Under a LAN-like control plane scenario, the SDN controller successfully executed SDM 
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cross-connections and multiband (e.g., L+S) cross-connections within the target constraint of 

O(100 ms), measuring a latency of 75.19ms. 
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3 APPLICATION OF SEASON KEY ACHIEVEMENT FOR SELF-

MANAGED SCALABLE SUSTAINABLE HIGH-CAPACITY OPTICAL 

NETWORKS  

This section translates the key technical achievements and data plane prototypes presented in 

Section 2 into representative application scenarios. The applications discussed here illustrate 

how the WP3-developed technologies (detailed in Sections 4ς7) can be combined to support 

concrete deployment contexts aligned with SEASON KPIs and system-level demonstrations. 

In this section, we present a possible path towards truly self-managed, scalable, sustainable, and 

high-capacity optical networks, as introduced in [Cas25, Fer25, Nap25]. In this context, we 

summarize key SEASON achievements, discuss the importance of the work carried out within 

the project, and provide an outlook on the evolution of optical fiber communication systems 

based on some of our key results. Building on these findings, we outline the different 

architectures and applications, devices, solutions, and tools required to deploy optical networks 

capable of guaranteeing the necessary scalability while ensuring full sustainability and flexibility.  

Central to the SEASON solution are the S-BVTs, which, in principle, can be tuned to operate over 

MB and multi-core systems and can be also employed to realize P2MP configurations if needed. 

We then illustrate several applications based on P2MP S-BVTs in scenarios such as metro-

aggregation optical networks, passive optical networks and radio access networks, highlighting 

the benefits offered by this approach in enabling sustainable, scalable, and flexible optical 

infrastructures. Furthermore, we address the growing impact of AI, ML, and beyond-5G 

technologies on traffic patterns and network requirements. 

In modern metro-access networks, Internet Protocol data traffic is increasingly hub-and-spoke 

(H&S), highly dynamic, and shaped by heterogeneous patterns. While Intensity Modulation 

Direct Detection (IMDD) systems are reaching their limits even in short-reach scenarios, 

coherent transmission is emerging as a strong candidate to provide the necessary reach, spectral 

efficiency, scalability, and manageability demanded by new applications. The motivation for 

developing truly scalable, sustainable, and flexible optical networks is therefore strongly linked 

to sustainability goals, encompassing optimized power consumption and architectures, 

software-configurable operation that adapts to real traffic, seamless migration from low-speed 

to high-speed regimes [Cas24], improved spectral efficiency, and architectural simplification 

through the elimination of unnecessary OEO conversions, thus reducing required hardware 

[Cast25].  

In SEASON, we propose using coherent P2MP enabled by DSCM to cope with H&S traffic 

patterns. The approach is rooted in digital communication, taking the spectrum and the digital 

transceiver as fundamental building blocks. Concepts such as 1.6T ZR+ and DSCM are being 

considered in several conferences and industrial events, while the overall objective is to solve 

or simplify issues across multiple network segments. This includes less transceiver, energy saving 
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ς dynamic, PON overlay ς compatible, and intergenerational compatibility, and ς possibly ς less 

router interfaces.  

Hereafter, we consider a selected list of applications to explain how DSCM-based P2MP 

transceivers can enable scalability, sustainability, and flexibility. 

3.1 APPLICATION 1: NEXT GENERATION MOBILE FRONTHAUL FOR B5G/6G 

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

in next Section 7, where a P2P link for front-hauling applicable to B5G/6G deployment is 

illustrated. Crucial factors for the upcoming mobile transport include: (i) high-speed TRXs; (ii) 

BiDi transmission over a single fiber to support latency-critical B5G/6G applications [Tar24]; and 

(iii) simplified hardware to eliminate costly dual-laser setups such as in [Aca24]. To avoid a dual-

laser, a single-laser-wavelength transmission (visualized in Figure 3.1-1 (b, c)) could be 

considered. However, as shown in [Cav24, Fer24], this configuration might suffer from high 

penalties due to distributed Rayleigh backscattering and discrete reflections from components, 

which become particularly detrimental when upstream (US) and downstream (DS) share the 

same wavelength [Fer24]. Figure 3.1-1 (d, e) illustrates an alternative method using DSCM, 

maintaining a single-laser -wavelength by interleaving digital subcarriers (DSCs) for both US and 

DS in the frequency domain [Ras19]. We have shown that this configuration, based on DSCM, 

reduces the penalty caused by reflection to almost zero [Fer24] as the flexibility introduced by 

the DSCM enable to use different DSCs for the DS and US. An additional benefit of DSCM for 

mobile transport is the ability to provide US and DS capacities symmetrically or asymmetrically 

according to the conditions of traffic varying over time. This has been investigated and reported 

in [Fer25], where DSCM-based transceivers enable the BiDi transmission in half mode, and if 

optimized, they can also enable full mode for some or all DSCs. A brute-force optimization of the 

individual power of the DSCs has been also carried out. 

This application is enabled by the DSCM-based coherent transceivers (C3.4), Smart NIC/DPU 

solutions (C3.9), and accessςmetro integration prototype (C3.11), as detailed in Sections 4.4, 

4.9, and 7.2. 

 

Figure 3.1-1: Bidirectional transmission over single fiber single laser single wavelength and reflection mitigation using 
DSCM. Reflections are caused by fiber because of the distributed Rayleigh backscattering and of the discrete 
components such as circulators. 
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3.2 APPLICATION 2: DYNAMIC TRAFFIC ALLOCATION 

The second considered scenario that we address offers two primary advantages: capacity re-

utilization [Her23] and energy efficiency [Cas25]. In [Her23], we introduced traffic clustering 

using DSCM to facilitate more efficient utilization of the spectrum. In [Cas24], we showed that 

the spectrum of the network could be better used during low traffic at night. Thanks to the 

flexibility provided by the DSCs, this is possible by reallocating spectrum for new services, like a 

fiber-as-a-service approach and reduces network power consumption by modifying the 

operational parameters of coherent DSCM TRXs (e.g., turning off idle DSCs) [Cas24, Cas25]. 

Figure 3.2-1 below shows the static allocated capacity of 100G SC TRXs (green) and the dynamic 

one of 100G P2MP units (violet), with the dashed black line depicting the variations in daily 

traffic. 

The described dynamic traffic allocation relies on the dynamic service allocation prototype 

(C3.10) and the control/telemetry integration described in Sections 5.7 and 8. 

 

Figure 3.2-1: Exemplary of daily traffic variation and provisioned. 

 

3.3 APPLICATION 3: FLEXIBLE OPTICAL AGGREGATION  

The flexibility enabled by DSCM-based coherent pluggable can considerably simplify the design 

of complex horseshoe networks [Cas23]. Figure 3.3-1 (a, b) illustrates an example of a horseshoe 

network provided by Telecom Italia Mobile (TIM) that mimics existing urban network topologies. 

In this analysis, for simplicity, the leaf nodes (circles) are connected to a single hub (square). 

Thanks to P2MP TRX, we can aggregate multiple horseshoes at the hub, thus reducing the 

hardware needed and improving scalability. In Figure 3.3-1 (a), we do not aggregate the two 

horseshoes, so we need one hub TRX per segment (2×400G), while in Figure 3.3-1 (b) both 

horseshoes can be served by a single high-capacity TRX. The optical aggregation can be carried 

out as long as there are DSCs available, and the minimum OSNR is above the required threshold. 

In case the number of DSCs increases above the available, then a new highspeed TRX will be 

needed. It is important to stress that for P2P TRX, the number of TRXs at the hub is equivalent 
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to the number of lead nodes and clearly no aggregation between horseshoes would be possible. 

Furthermore, a switch would be needed to aggregate the traffic of the leaf nodes. In general, 

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

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

ōȅ ǘƘŜ ƴŜǘǿƻǊƪΩǎ ƳƛƴƛƳǳƳ h{bwΦ Lƴ ώ/ŀǎнрϐΣ ǘƘŜǎŜ ǎŎŜƴŀǊƛƻǎ ƘŀǾŜ ŀƭǎƻ ōŜŜƴ ŀŘŘǊŜǎǎŜŘ ƛƴ ǘŜǊƳǎ 

of energy efficiency and saving. 

 

Figure 3.3-1: Two-horseshoe network configurations: (a) no aggregation (a); (b) with optical aggregation. The 
squares are couplers/splitters. 

The energy savings achieved by DSCM and P2MP enabling all-optical traffic aggregation are 

investigated also in Secs. 5.2 and 8.2, at the edge between access and metro segments. Optical 

aggregation may save energy-hungry router interfaces strongly contributing to build sustainable 

networks [Cas25]. 

Flexible aggregation is supported by multigranular switching nodes (C3.1, C3.2) and multiband 

transmission technologies analyzed in Sections 5.3ς5.5 and implemented in Section 6. 
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4 SEASON DATA PLANE PROTOTYPES  

This section reports on the different WP3 components, subsystems and systems developed as 

innovative prototypes within the SEASON project in the final version achieved at the end of the 

project. In Section 2 of this document, the connection between the prototypes and SEASON's 

medium- and long-term innovations has been highlighted (see Table 2.2-1). Furthermore, still in 

section 2, the prototypes have been grouped into the following five topic clusters: 

¶ TC1: Multi-Band over Space Division Multiplexing (MBoSDM) Technologies (C3.1, C3.2) 

¶ TC2: Digital Subcarrier Multiplexing and Optical Aggregation 

¶ TC3: Advanced Network Control and Monitoring 

¶ TC4: Coherent Pluggable and Amplification Technologies 

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

The association between prototypes and thematic clusters is given in Table 2.4-1. The 

subsections of this chapter are dedicated to specific prototypes. Each subsection is dedicated to 

a single prototype that recalls the thematic cluster to which the prototype is associated and 

provides the final prototype report. This report specifies the project partner that developed the 

prototype, where it was built (a partner's lab), how it was tested (in a single partner's lab or in a 

joint demo), and includes a final description of the prototype, its interfaces, and the target KPIs 

addressed with their level of achievement. As a summary, it can be said that the development 

of all data plane prototypes was successfully completed, and all associated KPIs were fully 

achieved, as specified below individually for each prototype. 

4.1 MBOSDM NODE PROTOTYPE (C3.1) 

4.1.1 Description 

In the framework of the SEASON project, CTTC has developed a multiband (MB) over spatial 

division multiplexing (SDM) switching node prototype to advance the capabilities of current 

node options.  

Beyond the state of the art, the C3.1 prototype demonstrates, for the first time in an 

experimentally validated node, the joint exploitation of multiband (S+C+L) transmission and 

space-division multiplexing with band, wavelength- and space-selective switching capabilities. 

While existing solutions typically address either multiband operation or SDM independently, 

C3.1 integrates both dimensions within a single modular node architecture, enabling scalable 

Pb/s switching capacities with reduced filtering complexity. 

This prototype is associated with the topic cluster TC1. The architecture is designed to support 

both spectral (band and wavelength) and spatial granularities to meet the capacity scaling and 

traffic demands of next-generation optical networks. It ensures a highly adaptable, modular, and 
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flexible switching paradigm with advanced capabilities suitable for evolving network 

environments. Spectral granularity, in terms of wavelength, is achieved using fixed- and flex-grid 

wavelength division multiplexing (WDM) technology, utilizing C-band 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 units with 1x5 ports on fixed 100 GHz ITU-T C31-C35 channels to 

leverage WDM. The proposed MBoSDM node prototype has been optimized in the second phase 

of the project, as previously detailed in section 4.2. This optimization ensures increased 

flexibility in the spectral domain by considering wavelength granularity in the C+L-bands. MB 

dimension is addressed by incorporating four 1x3 MB filters operating within the S-, C-, and L-

bands (two units per direction for bidirectional MB transmission). SDM is achieved by utilizing 

distinct spatial paths, enhancing switching capabilities, and network throughput. To this end, 

fan-in/-out devices are included, enabling efficient core switching with a 19-core multi-core fiber 

(MCF) of 25.4 km (two cores per direction). This setup ensures bidirectional SDM transmission, 

providing bidirectional core availability. The prototype supports core switching across four cores 

within the available MCF and facilitates add/drop operations. The core structure is built with an 

18x18 optical matrix switch, offering multiple and dynamic switching configurations.  

  

 
(a) 

 

(b) 

Figure 4.1-1: MBoSDM switching (a) prototype integrated in the ADRENALINE testbed and (b) architecture with the 
main updated building blocks. 

The node prototype is integrated within the ADRENALINE testbed, establishing different path 

connections to two network nodes. Node programmability and flexibility are achieved using WSS 

devices, which allow full reconfiguration within the C-band and L-bands for flex-grid operation 

and optimized resource utilization, as seen in Figure 4.1-1. This design also ensures flexibility 

and versatility regarding exploited granularities and available resources (both spectral and 

spatial). Broader spectrum coverage and the use of spatial channels significantly enhance overall 

network capacity, flexibility, 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 of high-capacity 

and dynamic network environments.  
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Table 4.1-1: MBoSDM switching node prototype parameters and key features. 

Parameter Specifications 

Operation bands S-band (1460-1530 nm) 
C-band (1530-1565 nm) 
L-band (1565-1625 nm) 

Operation cores 2 cores per direction 

Insertion loss < 3.2 dB 

Optical power < 20 dBm 

PDL < 0.1 dB  

Switching speed  20 ms 

Table 4.1-2: MBoSDM switching node key features. 

Key features Specifications 

Scalability Limited to the matrix and filters port count 

Flexibility WSS (flex- grid operation within C+L-bands) 
Enhanced resources and bandwidth 

Programmability WSS initial and final slices, port attenuation and switching port 

Operation MB, WDM and SDM  

 

Table 4.1-1 and Table 4.1-2 specifies the node parameters, including main bands and cores of 

operation, insertion loss (IL), maximum optical power allowed, polarization-dependent loss 

(PDL), and switching speed. 

The node prototype has been implemented, optimized and experimentally validated into a 

MBoSDM scenario (see Section 7.2). A final demonstration including the integration of the 

proposed node prototype with the control plane has been performed at CTTC. The activities are 

reported in deliverable D5.2.  

4.1.2 Interfaces 

The proposed MBoSDM node prototype can be controlled by means of an SDN agent based on 

NETCONF, implemented within the project (WP4). A demonstration of the integration of the 

node prototype with the corresponding network controller and related agents has been 

demonstrated and the main achievements are reported in deliverable D5.2. The MBoSDM node 

prototype has been abstracted to define logical, high-level operations, as detailed in the D5.1 of 

SEASON. Figure 4.1-2 shows the abstraction of the MBoSDM node prototype in terms of 

input/output ports used to define logical high-level operations that will enable the 

implementation of the node SDN agent. The considered node operations include: i) core 

switching from one core port to another core port; ii) optical band add and drop; iii) spectrum 

switching and iv) spectrum add and drop from/to different cores of the 19-cores MCF, the 

MB(oSDM) S-BVT prototype and different nodes of the ADRENALINE testbed. Additional key 

programmable parameters have been identified to implement low level interfaces that will 

enable the reconfiguration of specific node building blocks and subsystems. Specifically, the SDN 

agent maps the high-level operations to the configuration of the node specific elements such as 

matrices and WSS (in terms of initial and final slices, the switching port and configuration of 
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these slices, and the attenuation). Finally, Table 4.1-3 reports the different interfaces for control 

and management of the switching MBoSDM node. 

 

Figure 4.1-2: Abstracted view of the MBoSDM node prototype. 

The snippet of Figure 4.1-3 represents the YANG data model for the MBoSDM node, which 

defines the structure and semantics of the configuration and operational data exchanged 

between the SDN controller and the node agent. 

module: season - mbosdm- node 
  +-- rw node  
  |  + -- rw address        inet:ip - address  
  |  + -- rw node_id        yang:uuid  
  |  + -- ro ports  
  |  |  + -- ro port* [id]  
  |  |     + -- ro id           uint32  
  |  |     + -- ro name?        string  
  |  |     + -- ro direction?   season - mbosdm- types:port - direction  
  |  |     + -- ro type?        season - mbosdm- types:port - type  
  |  + -- rw connections  
  |     + -- rw connection* [name]  
  |        + -- rw name           string  
  |        + -- rw input_port     uint32  
  |        + -- rw ou tput_port    uint32  
  |        + -- rw input_core     uint32  
  |        + -- rw output_core    uint32  
  |        + -- rw band?          enumeration  
  |        + -- rw n              int16  
  |        + -- rw m              uint16  
  +-- ro info  
     +-- ro software_version?   string  
     +-- ro hardware_version?   string  

Figure 4.1-3: Snippet of the MBoSDM node YANG data model. 
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Table 4.1-3: Interfaces for control and management of the switching MBoSDM node. 

S.No Interface Description 

1 MBoSDM SDN 
controller 

It builds on the CTTC FlexOpt SDN controller, extended to support 
multiple switching layers. It is developed in the framework of WP4. 

2 MBoSDM node 
agent 

It is developed using the netopeer framework and a SEASON-defined 
YANG model (Figure 4.1-3), enabling operations at the SDM/core and 
multi-band flexi-grid levels. The YANG model serves as the interface 
between the SDN controller and the agent, supporting 
Create/Read/Update/Delete (CRUD) operations on cross-connections 
with constraints on ports, cores, and switching layers. 

2 Identification of 
node control 
operations 

A set of node high-level control operations have been identified to 
enable suitable SDN control integration. 

3 Identification of 
programmable 
elements 

A set of programmable elements and reconfigurable parameters have 
been identified to properly map the high-level operation to the node 
configuration. 

 

4.1.3 KPI assessment 

The assessment of KPI 3.1 has been assessed, as detailed in section 2.5. This KPI deals with the 

design and implementation of modular MBoSDM node prototypes s able to switch/add/drop 

channels in at least 3 different bands (e.g., S, C, L) in an SDM/MCF fiber infrastructure featuring 

up to 10 fibers/cores, able to cope with switching capacities scalable up to between 2.4-3.6 Pb/s. 

The presented MBoSDM node prototype (component C3.1) enables suitable spectral (C+S+L 

band, wavelength) and spatial (core) switching to properly upgrade the capabilities of future 

optical networks in terms of capacity/bandwidth scaling. Key components are used for the node 

implementation, including BPFs, WSSes, AWGs and optical cross connects (OXCs). Each degree 

of these switches can handle up to several hundred Tb/s, and a node with a degree greater than 

four can easily achieve an overall switching capacity in the Pb/s range. In D3.2 and D3.3, 

transmission of 44 Gb/s (C-band), 35.8 Gb/s (L-band) and 39.3 Gb/s (S-band) signals have been 

assessed within a 19-cores MCF of 25.4 km. This MB flow is switched with the 3-degree 

prototype node C3.1 to assess the KPI. By populating the full S+C+L band spectra over one core 

of the 19-core MCF the total capacity can be suitably scaled. Specifically, with 350 channels at 

25 GHz (S-band), 175 channels at 25 GHz (C-band), and 150 channels at 50 GHz (L-band), a 

capacity of 27 Tb/s can be achieved. By considering the 19-core MCF, which includes the spatial 

dimension, this capacity could be scaled up to 0.5 Pb/s. With a higher degree node, the target 

KPI switching capacities of 2.4-3.6 Pb/s could be envisioned. 
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4.2  MULTI-GRANULAR OPTICAL NODE PROTOTYPE (C3.2) 

4.2.1 Description 

In the framework of SEASON WP3, we designed a passive MBoSDM node prototype that is 

capable of band and space/fiber switching. This prototype is associated with the topic cluster 

TC1. The prototype is fully controllable though an SDN agent and supports selective band 

switching as well as add/drop functions for the S-, C-, and L-bands. The prototype is based on a 

fixed and static optical band-selective filter architecture combined with a fully configurable 

optical cross-connect (i.e., an optical matrix switch). The node functions as a hierarchical 

network node, providing a fast route-and-select architecture at the band level. While 

maintaining backward compatibility with legacy transport schemes and traditional wavelength-

selective switching for each band, the prototype preserves the cost efficiency factor.  

Beyond the state of the art, the C3.2 prototype extends conventional flex-grid and multigranular 

ROADM architectures by enabling simultaneous multi-granularity switching across multiple 

optical bands. While existing solutions typically support wavelength- or fiber-level granularity 

within a single band, C3.2 allows dynamic adaptation of the switching granularity (fiber, band, 

wavelength) across S, C, and L bands, addressing core-network scalability requirements that are 

not supported by current ROADM implementations. 

The innovative design incorporates eight multiband multiplexers or splitters/combiners (MB 

Mux and MB Demux) and a 12×12 optical matrix switch that allows flexible band routing. So, 

each input fibers of the four input fibers is demultiplexed into S, C and L band via the splitters, 

and then those bands are fed into the 12×12 optical matrix switch, this process is reversed by 

the multiplexers on the other side. Additionally, monitoring ports are integrated at each input 

and output port for measurement devices, such as Optical Spectrum Analyzers (OSA), to ensure 

effective monitoring throughout the validation and operational phases of the prototype. A 

schematic of the node is depicted in Figure 4.2-1. 

In the assembly process, each four multiplexers and four monitor couplers are integrated in a 

single box or chassis, so we end up with two chassis and the optical matrix switch, the assembled 

prototype is present in HHI laboratory (Figure 4.2-2a). 
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Figure 4.2-1: Multi-granular Optical Node Prototype Architecture. 

4.2.2 Interfaces 

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

and outputs. The integration with the control plane is taking place in WP5 and is a part of the 

final demo of the project. A set of high-level control operations for the nodes have been 

identified to enable suitable SDN control integration, in the identification process we define the 

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

on the figure above, the work is also being reported in an OFC demo and will be presented in 

San Francisco. The Table 4.2-1 reported hereafter describes the SDN control and management 

for the MBoSDM node. 

 

Table 4.2-1: Interfaces for control and management of the switching MBoSDM node. 

S.No Interface Description 

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

 

4.2.3 KPI assessment 

The prototype was characterized by using a polarization-dependent loss analyzer (PDLA) to 

verify insertion loss (IL) and PDL of the multiple paths. An example of the characterization curves 

can be observed in Figure 4.2-2(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 in Table 4.2-2 below, where the specifications of the device are summarized. The 

gaps observed in the transitions of the bands occur due to the overlap of the distinct transfer 

functions of the band-specific filters that compose the MB Mux and MB Demux. Thus, these 

transitional regions are out of the specification of operation of the device. 
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Table 4.2-2: Prototype specifications. 

Parameter  Specification  

Operation Bands  S-band: 1460-1522 nm  
C-band: 1527-1565 nm  
L-band: 1574-1640 nm  

Insertion Loss  < 3.0 dB  

PDL  < 0.1 dB  

 

 

Figure 4.2-2: a) Chassis and the Optical Matrix Switch b) Example of Prototype Characteristics. 

We focused on the assessment of KPI 3.1 by designing and implementing flexible and modular 

MBoSDM node prototypes able to switch and add/drop channels in at least three different 

optical bands (e.g., S, C, and L). Unlike state-of-the-art optical nodes, which typically support 

single-band operation and limited SDM capabilities, the proposed prototype jointly enables 

multiband and space-division switching within the same node architecture. The prototype was 

integrated with an Amplified Spontaneous Emission (ASE) input and a monitoring system 

consisting of an Optical Spectrum Analyzer (OSA) and an optical switch after the prototype, 

allowing the routing of node inputs and outputs to the OSA in order to experimentally 

demonstrate both fiber (SDM) and band (MB) switching capabilities. The experimental setup is 

shown in Figure 4.2-2. 

 

Figure 4.2-2: Node prototype test setup. 
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4.3 SPATIAL PON NODE (C3.3) 

4.3.1 Description 

In the framework of the SEASON project, a prototype of a Multicore Passive Optical Network 

(PON) node has been developed, showcasing an innovative and flexible architecture designed 

to optimize the use of multicore fiber (MCF) technology in access networks. This prototype 

enables efficient management of spatial lanes within the MCF, supporting dynamic traffic 

adaptation and energy efficiency while maintaining high network performance. This prototype 

is associated with the topic cluster TC5. 

The Multicore PON node prototype supports multiple spatial lanes that can be dynamically 

aggregated or bypassed using a spatial switch, as depicted in the architecture diagram (Figure 

4.3-1 (a,b,c)). The prototype architecture follows a 2 lanes configuration, where two spatial lanes 

can be aggregated/disaggregated over two OLT ports. The spatial switch in the architecture plays 

a crucial role, either bypassing the spatial lanes directly to their corresponding OLT ports (2x2 

configuration, Figure 4.3-1 (b)) or directing them to a splitter/combiner for aggregation (2x1 

configuration, Figure 4.3-1 (c)). The splitter/combiners are essential for realizing spatial 

aggregation, allowing multiple spatial lanes to be combined and efficiently transmitted over the 

available OLT ports. 

 

 

Figure 4.3-1: (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 setup (Figure 4.3-1 (d)). The prototype shown in the photo includes an 

end-to-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 ports layer for the activation and deactivation of transceivers. 
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Additionally, the photo shows an energy consumption measurement device that will be used in 

the ongoing project for the assessment of energy savings. The prototype's modularity allows for 

flexible deployment in various network scenarios, accommodating different traffic demands and 

network configurations. 

4.3.2 Interfaces 

Table 4.3-1 below outlines the key interfaces supported by the Multicore PON node prototype, 

each playing a crucial role in the management and operation of the system. These interfaces 

facilitate communication between the prototype and higher-level network management 

systems, allowing for efficient service setup and dynamic control of network elements. The REST 

interface provides a north-bound communication channel for the transport orchestrator, 

enabling the configuration of services with specific requirements such 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 interface is 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. 

 

Table 4.3-1: Interfaces for control and management of the Spatial PON node. 

S.No Interface Description 

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

2 NETCONF PON 
 

The prototype supports NETCONF to interact with OLT ports and 
control port activation/deactivation. 

3 NETCONF SWITCH The prototype supports NETCONF to interact with the spatial switch 
and control physical aggregation/disaggregation of spatial lanes. 

 

4.3.3 Status 

The status of the spatial PON node prototype is described in Table 4.3-2. 

Table 4.3-2: Status of Spatial PON node prototype. 

S.No Status 

1 Status Realized prototype and implemented 
dynamic logical association of users to 
different OLT ports to be operated in 
conjunction with physical 
aggregation/disaggregation. 
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4.3.4 KPI assessment 

The Multicore PON node prototype's capabilities have been evaluated by assessing its 

performance in different configuration settings using a controller and the management interface 

of the Polatis switch. These evaluations are crucial to demonstrate the dynamic adaptability of 

the system in managing spatial lanes and OLT ports. 

 

Figure 4.3-2: Two lanes setup adopted for testing. 

Figure 4.3-2 shows the adopted setup for testing purpose. In the figure, port identifiers of the 

spatial switch are reported. Figure 4.3-3 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 

configuration is implemented. On the right side, the management interface of the Polatis switch 

provides a visual representation of the cross-connects, confirming that the spatial lanes are 

correctly routed and aggregated according to the 2x2 configuration settings. This demonstrates 

the successful application of the controller's commands and the switch's ability to manage the 

spatial lanes effectively. 

 

Figure 4.3-3: 2×1 configuration demonstration. 

Figure 4.3-4 illustrates the node configuration in a 2×1 setting. Like the first figure, the left side 

shows the controller interface managing the configuration process, while the right side displays 

ǘƘŜ tƻƭŀǘƛǎ ǎǿƛǘŎƘΩǎ ƳŀƴŀƎŜƳŜƴǘ ƛƴǘŜǊŦŀŎŜΦ Lƴ ǘƘƛǎ ǎŎŜƴŀǊƛƻΣ ǘƘŜ н×1 configuration 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 correctly, with the spatial lanes being managed and 

routed as intended. 



  D3.3                                                                                                        SEASON - GA 101096120 
 

 
© SEASON (Horizon-JU-SNS-2022 Project: 101096120)                                                 page 47 of 170 

Dissemination Level Public 
 

These assessments highlight the innovative prototype's capability to dynamically adjust to 

different configurations, ensuring optimal network performance. The real-time monitoring and 

control provided by the integrated interfaces are critical for maintaining the efficiency and 

reliability of the system, showcasing its potential for deployment in advanced optical networks. 

 

Figure 4.3-4: 2x2 configuration demonstration. 

4.4 MB(OSDM) S-BVT PROTOTYPE (C3.4)  

4.4.1 Description 

A MB(oSDM) S-BVT prototype has been proposed and developed in the framework of SEASON 

project. This versatile and innovative solution enables us to enhance network efficiency, 

resilience, and sustainability [Nad23]. This transceiver prototype 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 the C-band, and be activated or deactivated according 

to traffic demands and network requirements. This prototype is associated with the topic cluster 

TC1. 

 

Figure 4.4-1: MB(oSDM) S-BVT prototype architecture. 
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The proposed transceiver architecture is shown in Figure 4.4-1. A high-capacity flow is generated 

and distributed over the network using an optical aggregator/distributor with band-pass filters 

(BPFs). Additionally, programmable filters such as wavelength selective switches (WSSes) or 

tunable filters (TFs) can be included to perform SSB modulation, enhancing resilience against 

chromatic dispersion. Thanks to its modular architecture, both point-to-point (P2P) and point-

to-multi-point (P2MP) connectivity are supported, reducing cost and complexity while 

enhancing efficiency. The sliceable architecture allows for the dynamic allocation of available 

MB bandwidth into smaller, manageable portions that can also be transmitted through different 

fiber spatial channels. 

The developed prototype (see Figure 4.4-2) leverages advanced modulation formats, such as 

orthogonal frequency division multiplexing (OFDM), and is based on intensity modulation (IM) 

and direct detection (DD). Adaptive loading is implemented to further enhance overall flexibility 

and performance [Nad23-2]. Digital-to-analog conversion is performed using a digital-to-analog 

converter (DAC) operating at 64 GSa/s. Details on the implemented adaptive digital signal 

processing (DSP) can be found in [Nad23]. At the transmitter side, external modulation with 

Mach-Zehnder modulators (MZMs) and tunable laser sources (TLS) per band are adopted. An 

external cavity laser (ECL) is used for the S-band contribution. At the receiver side, suitable 

amplification options are targeted for each band based on doped fiber amplifier (xDFA) 

technology. Specifically, erbium DFA (EDFA) is used for the C and L bands, while thulium DFA 

(TDFA) is considered for the S-band. The receiver front-end also includes a filtering stage for 

amplified spontaneous emission (ASE) noise removal and simple PIN photodiodes. An 

oscilloscope operating at 100 GSa/s is used for analog-to-digital (ADC) conversion. 

 

Figure 4.4-2: MB(oSDM) S-BVT prototype at CTTC premises. 

The transceiver prototype has been successfully implemented and experimentally validated 

within an MBoSDM scenario (see Section 5.1 for updated transmission results). The transceiver 
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prototype has been successfully integrated with the MB(oSDM) S-BVT agent (developed in the 

framework of WP4). D5.2 reports last validation result of integration of the transceiver 

prototype (WP3) with the SDN control plane (WP4), and corresponding SDN agents. 

4.4.2 Interfaces 

The programmability and interoperability of the proposed MB(oSDM) transceiver can be 

facilitated by the effective implementation of open SDN agents [Nad23]. These agents 

reconfigure various system parameters and optical elements according to the network 

requirements. The SDN paradigm provides the flexibility needed to automatically satisfy the 

stringent and varying demands of the network. This is achieved by dynamically adjusting the 

transceiver components and their parameters appropriately. Specifically, the OpenConfig open 

data model can be implemented to suitably reconfigure the transceiver. Various programmable 

transceiver parameters and elements have been identified for the effective configuration and 

modification of the proposed MB(oSDM) S-BVT. Primarily on the transmitter side, it is possible 

to adjust the central frequency and power of the TLS, as well as the DAC channels. On the 

receiver side, the OSC can be reconfigured. Additionally, an activity related to energy-aware 

routing computation has started including specific and relevant power consumption attributes 

of the underlying transport devices (S-BVT) to extend the current TAPI Context information (see 

Section 4.4) [Nad24]. A summary of the interfaces and their descriptions is provided in Table 

4.4-1. 

Table 4.4-1: Interfaces for control and management of the MB(oSDM) S-BVT prototype. 

S.No Interface Description 

1 MB(oSDM) SDN 
agent 

Implementation of SDN agents, based on OpenConfig, to suitable 
program the MB(oSDM) S-BVT. A dedicated S-BVT SDN agent has been 
developed, leveraging the netopeer framework to implement the 
NETCONF protocol and support OpenConfig Terminal Device and 
Platform Optical YANG models. 

2 Energy-aware 
routing 
computation 

Extend current TAPI Context information to include specific and 
relevant power consumption attributes of the MB(oSDM) S-BVT. 

 

In the Figure 4.4-3, we report the successful reconfiguration of the three different slices of the 

MB(oSDM) S-BVT prototype. 
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Figure 4.4-3: MB(oSDM) S-BVT reconfiguration by means of SDN agents. 

4.4.3 KPI assessment 

The MB(oSDM) transceiver has been experimentally assessed to validate SEASON KPI 3.2 related 

to the implementation of MBoSDM transceivers able to increase the capacity of SoA transceivers 

[Nad22] up to 2× - 4× by exploiting enhanced wavelength/space dimensions while enabling 

appropriate slice/band/core/fiber selection according to the network path. Specifically, 

MBoSDM transmission after 19-cores MCF of 25.4 km has been assessed. By leveraging SDM, 

the spatial dimension can also be utilized, providing new resources to further increase overall 

network capacity. Using a single core of the 19-core MCF and fully populating the S, C, and L 

bands, an aggregated capacity of 28.2 Tb/s could be envisioned after 25.4km of MCF by only 

considering MB transmission over 1 core. This translates to a capacity scaling factor of 4 

compared to the SoA C-band transceivers, which can be further improved by including the 

spatial dimension. However, transmission impairments such as Raman scattering (SRS) and XT 

can limit the overall achieved capacity. Hence, the corresponding KPI 3.2, targeting a 2× - 4× 

capacity scaling factor is achieved.  

4.5 DSP RX-BASED MONITORING (C3.5) 

4.5.1 Description 

State-of-the-art optical performance monitoring solutions typically rely on dedicated external 

hardware modules or optical taps, which become impractical in multiband and SDM systems 

due to cost, complexity, and scalability limitations. 

In previous projects (i.e., B5G-OPEN), the relevance of the technique based on correlation 

method was realized by utilizing the proposed link tomography for two different use-cases: 

longitudinal power profile monitoring and anomaly detection [Sen22, Sen25]. In SEASON, the 

goal is to implement the Linear Least Squares (LLS) approach version of the scheme to have 

better accuracy in anomalies detection and localization. Figure 4.5-1 b) illustrates the Rx-DSP 
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processing chain employed in this work. After analog-to-digital conversion (ADC) and 

resampling, the signal undergoes matched filtering followed by chromatic dispersion (CD) 

compensation. Next, polarization demultiplexing (Pol. demux in Figure 4.5-1 b)) is applied to 

correct the random polarization rotations introduced during transmission. This is followed by 

carrier frequency recovery to compensate for any frequency offset between the transmitter 

laser and the local oscillator. Subsequently, blind carrier phase recovery is carried out using a 

blind phase search algorithm to mitigate phase noise originating from the linewidths of both the 

laser and the local oscillator. 

Once pre-processed, the signal is duplicated into two tributaries, labeled as I and II in Figure 

4.5-1 b), in preparation for the proposed Longitudinal Power Monitoring LPM scheme. The LPM 

extraction method used in this study follows a distinct but conceptually similar approach to that 

proposed by T. Sasai et al. in [Tak22]. However, it is important to note that detecting physical 

layer attacks is not an exclusive capability of our implementation. Rather, this functionality can 

be achieved using any Rx-DSP algorithm capable of visualizing optical power variations as a 

function of distance, such as LLS or CM. 

This prototype of DSP RX-based monitoring system is associated with the topic cluster TC3. 

Beyond the state of the art, the C3.5 prototype demonstrates how receiver-side DSP can be 

reused to perform optical performance monitoring without requiring additional optical 

hardware, even in multiband and space-division multiplexed transmission scenarios. This 

approach enables scalable, cost-effective monitoring and provides real-time performance 

indicators directly at the receiver, supporting fast and autonomous network control loops that 

are not achievable with conventional external monitoring solutions. 

 

Figure 4.5-1 a) Schematic of the transmission model used in the numerical simulations of this paper. b) Rx-DSP 
structure based on the proposed algorithm. 

4.5.2 Interfaces 

The interfaces of this component are reported and described in Table 4.5-1. 

Table 4.5-1: Interfaces for control and management of the DSP RX-based monitoring system prototype. 

S.No Interface Description 
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1 Correlation 
Method 

Old interface was based on the correlation method with lower 
resolution 

2 LLS New interface based on LLS technique pursuing a higher resolution 
accuracy. 

 

4.5.3 KPI assessment 

We considered in our simulation in the work, which was accepted in JOCN, KPI 5.1 validation 

where we seek a sub dB and sub km fault localization. The schematic of the simulation is shown 

in Figure 4.5-1(a) and with the help of the LPM engine that we used we achieved the results 

shown in Figure 4.5-2. In Figure 4.5-2(b) we can see that we could detect up to a sub dB [0.46 dB] 

resolution verifying part of the KPI for now. These capabilities directly support SEASON KPIs 

related to network automation, scalability, and energy efficiency by reducing monitoring 

overhead while enabling self-managed operation 

 

Figure 4.5-2 (a) Actual LPM vs estimated LPM. Actual LPM vs estimated LPM with emulated power drop at 75 km with 
a value of (b) 0.46 dB, (c) 1.25 dB, and (d) 3 dB.  
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4.6 MULTIBAND AMPLIFIER (C3.6) - ENSURING AVAILABILITY BY PREDICTIVE 

MAINTENANCE APPLIED TO OPTICAL AMPLIFIERS 

4.6.1 Description 

In today's digitalized society, communication is essential for various forms of communication, 

including messaging and social media. Telecommunication networks, such as access networks 

and datacenter interconnections, use long-haul optical transmission links with optical fiber 

amplifiers for repeatedly restoring signal power. Performance of these amplifiers is subject to 

ageing effects. Over time, pump lasers may degrade, requiring replacement. Various techniques 

have been developed to monitor pump lasers, focusing on high pump power and injection 

current values [Rap23]. However, these methods have weaknesses, as they only detect 

degradations at high pump powers. Predictive maintenance (PdM) is an essential component in 

Industry 4.0, combining anomaly detection, prognosis, and diagnosis into one framework. 

Applying PdM to optical fiber amplifiers can enhance current monitoring and reduce network 

downtime risk. Ever higher data transmission rates are becoming necessary, particularly because 

of constant technological development. One approach is to widen the bandwidth, which entails 

the use of multiband amplifiers. PdM for optical multiband amplifiers is therefore of great 

importance as the number of amplifiers in the optical network increases and consequently also 

the failure rate. 

This prototype of DSP RX-based monitoring system is associated with the topic cluster TC3. 

 

Figure 4.6-1: Generalized PdM framework [Lug19]. 

The PdM framework, proposed by [Lug19] and shown in Figure 4.6-1, consists of system models 

used for anomaly detection, prediction, forecasting, or diagnosis. These models describe system 

behavior under normal conditions and are adapted to the existing use case of multiband 

amplification. Advanced signal processing techniques are required to build robust models, which 

detect anomalous behavior and trigger prognosis and diagnosis components.  
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A PdM based prototype for improved supervision of optical fiber amplifiers has been developed, 

which can access high-quality historical data and monitor load and usage of components in 

combination with condition monitoring at the system level, and therefore enable (1) Anomaly 

Detection, (2) Prognosis and Forecasting and (3) Diagnosis and Fault Identification. This 

prototype accesses the system parameters of the multiband amplifier at defined inspection 

intervals and triggers the proposed PdM pipeline with subcomponents (1), (2) and (3). 

4.6.2 Interfaces 

The interface and its description is reported in Table 4.6-1. 

Table 4.6-1: Interfaces for control and management of prototype for predictive maintenance in multiband amplifiers. 

S.No Interface Description 

1 REST REST interface is used to acces the current state of the parameter of 
the amplifiers card.  
All subcomponents of the PdM system are merged into one large deep 
learning model, to minimize the model management efforts.  
The current version of the PdM prototype was trained on EDFA data. 

 

4.6.3 KPI assessment 

Investigations of the three subcomponents of the PdM system are presented below. Anomaly 

detection uses a fuzzy clustering-based method for identification of atypical behavior in time 

series of EDFA systems, combining fuzzy clustering procedures with entropy analysis (EA) and 

principal component analysis (PCA). EA is used for dynamic feature selection, reducing feature 

space and increasing computational performance. PCA extracts features from the raw feature 

space for generalization capability. Three different fuzzy clustering methods are evaluated in 

view of performance and generalization. The change detection framework (CDF) can detect 

changes in pump current time series at an early stage for arbitrary points of operation, 

compared to state-of-the-art predefined alarms in commercially used EDFAs. Experimental 

measurements of drifting pump currents show significant generalization under arbitrary 

operational conditions, detecting anomalies in time series with up to 4.9% drift from typical 

operating conditions. The algorithm can robustly detect anomalies in degenerative features and 

noisy data streams resembling normal operating conditions, as shown Figure 4.6-2 [Sch24]. The 

CDF triggers downstream models for Prognosis and Forecasting as well as Diagnosis and Fault 

identification. 
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Figure 4.6-2: Anomaly identification test on different datastreams [Sch24]. 

Remaining is an essential parameter in predictive maintenance techniques, ensuring reliability 

and safety. However, modern systems operate under complex conditions, making forecasting 

difficult. This PdM approach uses a novel RUL prediction method called sparse low-ranked self-

attention transformer (SLAT) [Sch26]. SLAT uses encoder-decoder architecture, extracting 

features for sensors and time steps using a self-attention mechanism. The model reduces 

overfitting and increases generalization. Experimental application to optical fiber amplifiers 

shows that SLAT outperforms state-of-the-art methods. The run to failure (RTF) plot, shown in 

Figure 4.6-3, demonstrates the RUL prediction capability of SLAT for different failure types and 

degradation scenarios. 

 

Figure 4.6-3: RTF for different faults and units of EDFAs [Sch26]. 

The diagnosis component of the PdM prototype focuses on identifying fault cases (FC) when 

system degradation has occurred, allowing for corrective measures to be initiated. Diagnosing 

FC is a classification task in the context of PdM, using system data at runtime. Data-driven 
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models have evolved from statistical models to ML algorithms, with the most efficient using the 

attention mechanism. Recent transformer-based models use convolutional layers for feature 

extraction, embedding with parallelization of three different-granulated feature maps. A novel 

transformer-based architecture, inverse triple-aspect self-attention transformer (ITST), is 

presented for diagnosing FC in optical fiber amplifiers [Sch25]. ITST uses a triple aspect self-

attention mechanism in three domains, extracting time, sensor, and frequency dependencies 

for improved generalization and performance. Figure 4.6-4 indicates that ITST has a reliable 

classification capability for the FC with a worst misclassification rate of 15%, therefore the 

method is valid for diagnosing FC in complex systems like optical fiber amplifiers. 

 

Figure 4.6-4: Confusion Matrix (CM) for FC in EDFAs [Sch25]. 

This evaluation of the PdM prototype on the use case of an EDFA in the C-Band showed potential 

for early detection of degradation processes, prediction of RUL, and diagnosis of FC in optical 

fiber amplifiers, increasing the availability and reliability of optical communication networks. 

This work laid the foundations for the generation of a PdM for multiband amplifiers. Further 

investigations must be carried out with regard to adaptation of the deep learning models onto 

amplifier working in the MB and, if necessary, extension or fine-tuning of the individual models. 

4.7 MONITORING SYSTEM AND TELEMETRY (C3.7) 

4.7.1 Description 

Fiber-optical networks are crucial for digital transformation, but guaranteeing their permanent 

availability requires continuous monitoring and fault localization [Eur23]. Most fibers are buried 

in the ground and susceptible to damage from human activities. Traffic interruptions are often 

caused by excavation and rodents [Fuj01]. Power levels monitored continuously for amplifier 

control can be used for detecting a faulty span, thus avoiding the installation of new hardware. 

The exact position of the cut within a span is determined using a mobile optical time domain 
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reflectometer (OTDR) [Kum12]. This method saves equipment costs but delays restoration of 

data transmission. nsive.  

Therefore, a fault localization technique that significantly reduces repair time at almost no 

additionalHowever, equipping networks with permanent OTDRs keeps repair time small but is 

expe equipment cost has been conceived and verified. Using the concept, the side of the fiber 

span closer to the cut is determined for reducing travel time and repair time. Thanks to low cost 

and in most cases anyhow available hardware, this technology can be deployed across an optical 

network on short notice. 

 

Figure 4.7-1: Reflected power a without traffic interruption and b with traffic interruption. c Evolution of reflected 
power over time during a fiber break. 

The demonstrator set up in the laboratory uses data signals propagating in the fiber without 

requiring additional auxiliary lightwaves. Power components propagating back to the 

transmitter due to distributed reflections caused by Rayleigh backscattering are detected by a 

power monitor along the fiber axis. The total power measured at the fiber input represents the 

total power of all power components reflected from different locations over the total length of 

the transmission fiber, as shown in Figure 4.7-1. When the fiber is cut, the measured power 

drops to a smaller level, and the position of the cut can be determined from the measured 

reflected power and the attenuation coefficient known from system installation.  

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

The main goal of the invention is to provide an estimate of the location of a fiber cut at low cost. 

This becomes possible since the required hardware is present in almost all commercial amplifiers 

offering gain or output power control. In some cases, a small modification might be required, 

namely implementing the output monitoring capability by a 2x2-splitter in contrast to the 

frequently used 1x2-splitter. Since the conceived technique is to be implemented into an optical 

amplifier card and only requires a backward monitor comprising a splitter and a photodiode 
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connected to a signal processing system, the demonstrator setup comprising only components 

required for verifying the technique is quite simple, as illustrated in Figure 4.7-2.  

 

Figure 4.7-2: Demonstrator setup for demonstrating fault localization in fiber optical networks at low complexity by 
using optical components that are already implemented in most commercial amplifiers. 

4.7.2 Interfaces 

The interfaces and its description of this component is reported in Table 4.7-1. 

Table 4.7-1: Interfaces for control and management of prototype for monitoring system and telemetry. 

S.No Interface Description 

1 VISA The photodiode for power measurement is implemented in a 
measurement device, whereas this device is controlled remotely using 
a VISA interface. 

 

4.7.3 KPI assessment 

The demonstrator has been verified by launching data signals into fibers of the same type but 

different lengths, with attenuation coefficients of 0.19 dB/km and 0.20 dB/km. The power 

reflected back to the fiber input is measured and normalized to the power determined for the 

fiber with maximum length. 



  D3.3                                                                                                        SEASON - GA 101096120 
 

 
© SEASON (Horizon-JU-SNS-2022 Project: 101096120)                                                 page 59 of 170 

Dissemination Level Public 
 

 

Figure 4.7-3: Experimental results showing reflected power versus fiber length. 

The results in Figure 4.7-3 show an expected decrease in reflected power with decreasing fiber 

length. For an initial length of 60.9 km, the output of a photodetector monitoring power 

reflected back to the input of the fiber span is shown in Figure 4.7-4 versus time for a fiber cut. 

After the fiber cut, the length of the fiber segment connected to the transmit equipment is only 

10.3 km, resulting in a power ratio of 61.6%. 

 

Figure 4.7-4: Output of the photodetector used for monitoring the reflected power with a power cut happening at zero 
on the time axis. 

The demonstrator for fast fault localization in fiber optical networks is described, offering cost-

effective and permanent monitoring, and ensuring high network availability by reducing repair 

time. 

The proposed technology represents a significant advancement in enhancing the reliability and 

availability of optical networks. Achieving higher reliability requires comprehensive network 

monitoring; therefore, the cost-effective provision of appropriate monitoring devices is of 

critical importance. In contrast to conventional solutions, the developed approach is available 

at virtually no additional cost, enabling rapid and widespread deployment across the entire 

network. 
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4.8 RESEARCH ACTIVITIES ON PLUGGABLE AMPLIFIERS (RELATED C3.8) 

4.8.1 Description 

EDFAs integrated into pluggable modules are low-cost amplifiers used mainly for optical 

connections at fixed distance between datacenters. Its lack of variable gain makes it more 

suitable for applications with a fixed gain, where transmission conditions are established and 

predictable. Despite this limitation, the EDFA amplifier is advantageous in network access as it 

can be implemented to increase signal range without significant investment. With our 

architecture (Figure 4.8-1), we were able to establish an optical ring that comprises four nodes, 

using six channels via WDM. This ring allows the transmission of multiple signals through the 

same optical fiber, thus optimizing the use of existing infrastructure and increasing the overall 

capacity of the system. 

Pluggable low-cost amplifiers are associated with the topic cluster TC4. 

 

Figure 4.8-1: WDM horseshow mesh. 

The network topology designed for the Fronthaul network segment presents a sophisticated 

infrastructure where vDUs and RRUs are seamlessly integrated with packet switches and OLS, 

utilizing 400G QSFP-DD transceivers to facilitate high-speed data transmission. The schematic 

diagram illustrates the network's core, where vDUs are connected to adjacent packet switches 

via short-reach optical or copper interconnects, signifying their proximity within the network. 

Each of these packet switches boasts 400G links to the OLS, which serves as the network's 

backbone, providing high-bandwidth data paths. 

To optimize the network's performance in fiber-scarce regions, the OLS units are interconnected 

to create a fully meshed topology, extending over long distances as indicated by the 20-30km 

duplex fiber links that ensure bidirectional communication over a substantial reach. The 

network's periphery features RRUs connected to packet switches, which are in turn linked to the 

OLS, maintaining the consistency of the high-speed 400G connections throughout the network's 
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architecture. These connections form a physical ring, as shown by the red and blue lines in the 

diagram, which also corresponds to a logical mesh network, offering redundancy and robustness 

for network reliability. 

A key component of the network's design is the use of QSFP-DD 400G tunable transceivers, 

capable of adjusting both transmission and reception parameters for long-range, high-

throughput applications. This approach indicates a deliberate effort to ensure high bandwidth 

and adaptability for advanced telecommunications systems, such as those required by 5G 

networks. The entire network infrastructure is engineered for efficiency and scalability, 

particularly in environments with limited fiber resources, thereby maximizing network efficiency 

through a full mesh connectivity approach in sparsely populated areas. 

 

Figure 4.8-2: Filterless OADM node. 
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Figure 4.8-3: Filterless Terminal node. 

The images depicted above (Figure 4.8-2 and Figure 4.8-3) are a zoomed-in view of an OLS, 

providing a detailed look at the internal configuration of the system, which includes splitters and 

couplers essential to support a ring topology. This close-up shows the strategic design choices 

made to facilitate efficient signal propagation through the network. The OLS depicted in the 

diagram is an integral part of the network infrastructure, with direct and non-selective splitting 

mechanisms indicating its reliance on simple but robust signal distribution methods. The 

presence of pluggable EDFAs within the system illustrates the inherent flexibility of the design, 

allowing for the dynamic addition or removal of channels as network demands evolve. 

Wavelength management is handled through precise tuning of the lasers within the 400G 

transceivers, ensuring the network can scale and adapt to a variety of requirements. 

¢ƘŜ ǎȅǎǘŜƳ ŀǊŎƘƛǘŜŎǘǳǊŜΣ ƘƛƎƘƭƛƎƘǘŜŘ ōȅ άмΥнέ ŀƴŘ άнΥнέ ǇƻǊǘ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎΣ ŜƳǇƘŀǎƛȊŜǎ ǘƘŜ 

system's capacity for high-speed data throughput, while interfaces labelled 400G highlight the 

high-capacity nature of the connections. The diagram effectively communicates the complex 

interaction of components within an advanced optical network, optimized not only for rapid 

data transfer but also to maintain signal strength and provide flexible wavelength allocation. 

Overall, the scheme captures the essence of a sophisticated optical network design that is both 

adaptable and scalable, capable of meeting the complex needs of modern high-speed data 

communication. 

The comparative analysis table showcases the distinct capabilities of Dual and Single Amplifiers 

within a network system. Dual Amplifiers are designed to manage up to 8 channels, while Single 

Amplifiers can handle a significantly wider range, from 16 to 48 channels. Both types of 

amplifiers are equipped with features like AGC and APC, which provide the necessary 

adjustments for consistent performance, irrespective of the variations in input levels. A key 

differentiation is that Single Amplifiers have an added advantage of flatness control, ensuring 

uniform gain distribution across all channels, a feature not available in Dual Amplifiers. 

Furthermore, in terms of output power, Single Amplifiers have the flexibility to offer a slightly 
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higher range, adjustable from 15 to 17 dBm, whereas Dual Amplifiers maintain a constant output 

of 15 dBm. This comparison clearly outlines the functional distinctions between the two 

amplifier types, highlighting that Single Amplifiers offer a higher degree of control and a broader 

operational range, making them suitable for more demanding applications that require fine-

tuned signal management and greater flexibility. Further details are reported in Table 4.8-1. 

Table 4.8-1: Comparison between Dual and Single Amplifier. 

 Dual Amplifier Single Amplifier 

Channels 8 16-48 

AGC Yes Yes 

APC Yes Yes 

Flatness Controll No Yes 

Output Power 15 dBm 15-17 dBm 

 

4.8.2 Interfaces 

The interface and its description is reported in Table 4.8-2. 

Table 4.8-2: Interface for pluggable EDFA Amplifier. 

S.No Interface Description 

1 Command line The architecture of WDM horseshoes is developed in WP3. Is design 
the OLS (optical line system). 
The OLS features splitters, couplers, and pluggable EDFAs for efficient 
signal distribution, supporting a ring topology. It uses precise laser 
tuning in 400G transceivers for scalable and adaptable wavelength 
management 

 

4.8.3 KPI assessment 

EDFA amplifiers are fixed gain, while being cost-effective and easy to implement; they introduce 

constraints on network scalability. This is because the preset gain requires that the signals have 

a well-defined input power to avoid over-amplification or insufficient amplification. As a result, 

it is often necessary to adjust the length of the optical pathτfor example, adding additional 

fiber cables to fit this fixed gain, a process that can increase the cost and complexity of the 

infrastructure. A significant improvement could come from the adoption of variable gain 

amplifiers. These devices allow for gain adaptability in response to dynamic changes in network 

conditions, such as changing the input power or adding new transmission channels. With the 

use of variable gain amplifiers, the network gains flexibility, as it is no longer necessary to adjust 

the length of the optical path for each specific signal. In addition, the use of a high-power 

transceiver that can operate at an output level of at least 0 dBm could help to increase the 

efficiency of the system. A high-power transmitter can compensate for line losses and interact 

more effectively with the amplifier. 
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However, the amplifiers used within the SEASON project offer gain variability but lack a flatness 

control system, which is essential to ensure homogeneous amplification across all channels. 

Without this capability, some channels may be amplified more than others, leading to 

suboptimal signal balance and potential transmission quality problems. To meet this challengeτ

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

optical transport systemsτit would be advisable to integrate a flatness control mechanism that 

automatically adjusts the gain for each channel. This ensures a consistent and reliable signal 

over the entire bandwidth. 

4.9 RESEARCH ACTIVITIES ON SMARTNIC WITH COHERENT PLUGGABLE 

(C3.9) 

4.9.1 Description 

In the SEASON project, we propose the use of SmartNIC, also called Data Processing Unit (DPU), 

equipped with P2P and P2MP coherent transceivers as an innovative cost-effective edge solution 

providing converged packet, optical and computing resources in a single platform. DPUs with 

coherent transceivers enable reduction of telecommunication equipment (e.g., aggregation 

routers / gateways) with benefits in terms of latency, power consumption, and reduction of 

O/E/O conversions. Furthermore, they enable new and advanced optical and packet monitoring 

capabilities (as preliminarily investigated in D3.1 and D4.1 respectively). 

Pluggable modules used in SmartNIC-DPU are associated to the topic cluster TC4. 

A relevant use case of an edge node equipped with DPU encompassing coherent transceivers 

refers to the implementation of Distributed 5G Units (DU), as reported in Figure 4.9-1. On the 

left, we present the current scenario where the DU needs to be co-located with the RUs since 

the cell site is too far from the central office (e.g., rural areas, coverage of railways/highways). 

In this scenario, the cell site gateway manages only very few connections: the one from the 

central office to the server hosting the DU and the two/three connections towards the RUs. In 

SEASON, as shown in the figure on the right, we present the proposed scenario where the cell 

site GW is removed thanks to the use of network interface cards (NIC), equipped with P2MP 

coherent pluggable transceiver.  

The NIC is hosted in the server running the DU. Indeed, NICs/DPUs with up to four interfaces can 

be also exploited to directly reach the co-located RUs. This way, the Cell Site Gateway can be 

avoided, with significant benefits in terms of management and reliability, power consumption 

and latency (one less standalone element to power on, manage, monitor, and traverse). 

Introduction of the DPU. 
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Figure 4.9-1: (left) state-of-the-art solution leveraging a standalone Cell Site Gateway router; (right) proposed 
approach within SEASON, eliminating ς under specific conditions ς the Cell Site GW. 

To support this innovative scenario, SEASON is proposing as innovative component a NIC/DPU 

supporting coherent pluggable modules. Three main aspects need to be addressed.  

The first aspect refers to the limited power provided to transceivers by current generation 

NICs/DPUs which does not allow power on current generation of coherent pluggable 

transceivers. Such limitations require technological evolution which is beyond the project scope.  

The second aspect, assuming the first one is successfully addressed, refers to the proper control 

of the transceiver. In SEASON this latter aspect is specifically addressed. A lightweight SDN Agent 

has been implemented to support the configuration of the optical transceiver equipped within 

the DPU, enabling the configuration of output power, frequency, and operational mode. 

Furthermore, in the case of P2MP transceivers, additional parameters need to be considered, 

such as specific hub-leaf configurations of the OpenXR module. This aspect is addressed in 

SEASON WP4. 

The third aspect, addressed by WP3 (see Section 7.2), refers to the design and implementation 

of the data plane technology within the NIC/DPU, using the DOCA flow solutions leveraging 

hardware acceleration. 

4.9.2 Interfaces 

Table 4.9-1: Interface for pluggable optical transceivers controlled by a DPU card. 

S.No Interface Description 

1 OpenConfig A lightweight SDN Agent has been implemented in WP4 to support the 
configuration of the optical transceiver equipped within (*) the DPU.  
Specific parameters to be configured are the standard ones for a 
coherent P2P transceiver: output power, frequency, and operational 
mode. 
In the case of P2MP transceivers, additional parameters include 
specific hub-leaf configurations of the XR module. 
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(*) As of today, coherent transceivers cannot be directly inserted into DPUs due to electrical and 

heating constraints. For this reason, in SEASON, we insert them in packet-optical switches, but 

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

within the DPU. 

4.9.3 KPI assessment 

The C3.9 prototype was experimentally evaluated in a representative 5G/6G testbed based on 

two commercial servers equipped with NVIDIA BlueField-2 DPUs operating at 100 Gb/s. The 

evaluation focused on the node experiencing both pass-through traffic between the TWO DPU 

ports as well as termination towards the host server. Accelerated VNF offloading was 

implemented using DOCA libraries (v2.9), enabling packet classification and forwarding to be 

fully offloaded in hardware. Traffic received from the central office was processed through 

hardware-accelerated switching and DOCA Flow pipelines, steering packets either toward local 

termination or pass-through interfaces without involving the DPU ARM cores. This architecture 

allows high-throughput processing while preserving compute resources for additional VNFs. 

Performance was assessed using both stateless (VIAVI) and stateful (iPerf3) traffic generators to 

emulate downstream traffic. The results demonstrate that the 100 G DPU sustains full line-rate 

throughput (up to 90 Gb/s total) for packet sizes of 512 B and above, while only a limited 

throughput reduction is observed for small packets (128 B) due to packet-rate processing 

overhead. These results confirm that C3.9 meets the targeted KPIs related to high-capacity 

traffic handling, efficient VNF acceleration, and scalability toward future 6G edge deployments. 

Further details are reported in Section 7.2. 

 



  D3.3                                                                                                        SEASON - GA 101096120 
 

 
© SEASON (Horizon-JU-SNS-2022 Project: 101096120)                                                 page 67 of 170 

Dissemination Level Public 
 

5 SEASON OPTICAL NETWORK ARCHITECTURE: MODELING AND 

E2E DESIGN 

5.1 ROBUST OPTIMIZATION OF {9!{hbΩS FILTERLESS OPTICAL NETWORKS 

WITH PHYSICAL LAYER UNCERTAINTIES (RELATED TO C3.10, C3.11) 

Designing efficient and reliable optical networks is crucial, but they are vulnerable to various 

factors like unpredictable traffic, performance fluctuations, measurement errors, aging, and 

potential failures. These uncertainties can compromise network designs if not addressed during 

the design phase. Traditional Deterministic Optimization (DO) methods, which often use large 

margins or heuristics, can ensure quality but may waste resources and do not guarantee 

feasibility under the worst conditions. While increased flexibility and monitoring can reduce 

these margins, they also add complexity and operational costs. The core challenge in optical 

network design lies in dealing with uncertain input data and the high dimensionality of 

problems, which demands computationally efficient solutions. 

To overcome these challenges, techniques like Stochastic Optimization (SO) and Robust 

Optimization (RO) are employed when uncertainty information is available. SO, optimizes for 

expected outcomes using probability distributions but doesn't guarantee performance in worst-

case scenarios. RO, on the other hand, focuses on optimizing for worst-case performance, 

ensuring reliable design across a range of uncertainties. However, basic RO can be overly 

conservative, assuming all parameters hit their worst-case values simultaneously [Ber03]. To 

address this, more advanced approaches like ῲ-robustness, in SEASON, as a novel contribution, 

we propose to use the Adjustable Robust Optimization (ARO). ARO, which allows for decisions 

to be made after some uncertainties are revealed, has shown promise in operations research 

[Tal04] but has seen limited application in optical network design. We propose an ARO 

methodology using a Mixed-Integer Linear Programming (MILP) model to consider a wider range 

of uncertainties and compares its performance against ῲ-robustness and baseline DO methods. 

In the studies we carried out in SEASON, ARO achieves a reliable, fully protected network with 

16.6% less optimality loss compared to the DO, significantly outperforming conservative 

standard Robust Optimization (RO). 

We exemplify DO, RO, and ARO methods using a simple linear program (LP) where only the 

coefficients of the variable ό are uncertain as shown in Figure 5.1-1. 

Deterministic Optimization (DO): This method uses only the nominal (average) values of the 

uncertain parameters. In our example, DO yields an objective value of 0.5. While it provides the 

best possible outcome if the parameters are exactly as expected, it doesn't account for any 

deviations. 

Robust Optimization (RO): To ensure feasibility across all defined uncertainties, RO considers 

the worst-case scenario. This approach leads to a tighter feasible region, which, while 

guaranteeing a solution regardless of the uncertainty within the specified range, results in a 37% 
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loss in optimality compared to the DO solution. Essentially, RO prioritizes robustness over a 

potentially higher objective value. 

Adaptive Robust Optimization (ARO): ARO offers a more sophisticated approach by allowing 

some decision variables to "adapt" once the uncertainty is revealed. In this case, variable v can 

adjust after the actual value of the uncertain parameter ‚ (related to u's deviation) is known, 

even though u is still a "here-and-now" decision. This adaptability significantly improves the 

outcome, leading to a fully protected solution that incurs only a 16.6% loss in optimality 

compared to the DO case. This is a substantial improvement over RO's 37% loss, showcasing the 

benefit of adaptive decision-making. For practical purposes, v is modeled as an affine function 

of ‚. 

 

Figure 5.1-1: RO, and ARO variations of a simple 2-variable and 3-constraint DO problem. 

We investigated optimization of a filterless horseshoe network in the presence of links 

attenuation uncertainty [Moh25]. We showed that the reliability of design can be improved at 

the cost of optimality loss, assuming the network configuration cannot be changed later when 

the uncertainty has been revealed. However, it is not always the case, and some decisions can 

be readjusted.  

We propose a P2MP filterless horseshoe optical network designed for resilience, connecting leaf 

nodes to hubs as shown in Figure 5.1-2. It can be built to handle unpredictable span losses and 

launch power variations. The network uses single-mode fiber pairs for each link, and designers 

can strategically place optical amplifiersτeither as "express amplifiers" before the leaf nodes or 
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as pre- and post-amplifiers within the hubs. A key part of the design involves selecting specific 

coupler ratio at each leaf node, which has defined add/drop and express losses. 

The design process involves making two types of decisions: 

¶ "Here-and-now" choices: These are fixed upfront and include selecting the coupler 

types for each leaf node and direction, as well as determining amplifier locations. 

¶ "Wait-and-see" choices: These are adaptive, primarily focusing on setting the gain of 

the deployed amplifiers or adding more amplifiers as needed. 

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

¶ Transceiver sensitivity: Signals must be strong enough for the transceivers to receive 

them. 

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

distortion. 

¶ SC power imbalance: Differences in SCs power in the upstream direction, caused by 

varying path losses, need to be minimized. 

 

Figure 5.1-2: Two-leaf horseshoe, and a sample constraint in DO that is reformulated for RO and ARO. 
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This study investigates P2MP networks using 400G modules (dual-polarization 16-QAM, 16 

subcarriers at 4 GBaud). The system operates under specific constraints: a minimum receiver 

power of -24 dBm/SC, a launch power of -12 ± 0.2 dBm/SC at leaf nodes and hubs, a nonlinearity 

threshold of -8 dBm/SC, and a maximum SC power imbalance of 14 dB at the hub receiver. 

The research evaluated twenty 8-leaf networks, each with a typical loss of 0.24 dB/km and an 

average length of 12 km. To test for feasibility, link attenuation uncertainty was modeled using 

a uniform distribution. The study considered a range of coupler ratios, from balanced (50/50) to 

various unbalanced ratios (10/90 to 50/50 in 10% increments), and amplifiers with gains ranging 

from 10 to 30 dB. 

Figure 5.1-3 illustrates how increasing uncertainty affects the number of amplifiers and power 

imbalance in Robust Optimization (RO) (ῲ ρ) and Approximate Robust Optimization (ARO) 

designs, comparing balanced and unbalanced couplers. Figure 5.1-3(a) shows that RO generally 

requires a sharper increase in amplifiers as uncertainty grows, especially with unbalanced 

couplers. ARO with unbalanced couplers, however, uses significantly fewer amplifiers and 

handles higher uncertainty, demonstrating better performance and resilience. Figure 5.1-3(b) 

reveals that RO consistently results in higher SC power imbalance than ARO. Interestingly, ARO 

with unbalanced couplers reduces the SC power imbalance as link uncertainty increases. This is 

likely due to the added flexibility provided by more amplifiers. 

 

Figure 5.1-3 (a) Number of amplifiers and (b) SCs power imbalance versus uncertainty for RO and ARO methods. 

In conclusion, ARO can help to have a trade-off between complexity and optimality when dealing 

with uncertainties in network design. 

These results contribute to KPIs 2.1 and 2.2 by showing that simplified network architectures 

based on filterless horseshoes with P2MP end nodes can provide sufficient bandwidth to Metro-

Access nodes at reduced cost and high-power efficiency.  

5.2 SEASON MULTI-LAYER AGGREGATION: OPTICAL AND ELECTRONIC 

DOMAINS (RELATED TO C3.10, C3.11) 

Within the SEASON project, optical aggregation enabled by DSCM has been investigated as a 

cost- and energy-efficient solution [Cas25], e.g., for access-metro edge nodes. In this section, we 

will present node architectures enabling optical or electronic traffic aggregation and we will 
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show analysis on transmission performance. For additional studies on energy and cost efficiency, 

the reader may refer to Section 8 and D2.3. 

Such an investigation is driven by the fact that a large contribution to the energy requirements 

is caused by router interfaces and by operations performed in the electronic domain (e.g., traffic 

aggregation). For instance, different network segments ς such as access and regional ς are 

interconnected by routers or electronic switches. At an edge node, lower-rate traffic flows are 

aggregated electronically and then routed in the metro-regional or national segment. 

Performing traffic aggregation in the optical domain may strongly reduce the energy 

requirements at the edge nodes. 

In this work, we analyze digital sub-carrier multiplexing (DSCM) to all-optically aggregate traffic 

at the edge node of a metro-regional/national segment to avoid energy-hungry electronic 

(router) interfaces. This requires that optical flows transparently i) traverse access segments, ii) 

are aggregated through a passive optical coupler, iii) and then, traverse the metro-

regional/national segment. The Quality of Transmission (QoT) of such flows is here estimated, 

resulting ς as expected ς in a negligible impact (about 2% in transmission performance) due to 

the propagation in the access segment and due to the optical traffic aggregation. This minor 

drawback is negligible when compared to the benefit of significantly reducing the amount of 

devices, which consequently considerably reduce the power consumption thanks to all-optical 

traffic aggregation and P2MP. 

5.2.1 Optical aggregation enabled by P2MP and DSCM 

DSCM offers an additional layer of multiplexing [Wel21]: i.e., the digital sub-carriers (DSCs). One 

of the key advantages of DSCM is the possibility of optically aggregating traffic. This may pave 

the way to relevant changes in traffic aggregation as illustrated in Figure 5.2-1. Here, several 

transceivers are associated with different access segment traffic collection points, e.g., serving 

traffic from optical line terminals (OLTs) collecting traffic from several passive optical networks 

(PONs) for fixed access, a baseband unit (BBU) or a cell site router for mobile radio site. The 

gathered traffic is allocated to a DSC or a subset of available DSCs. The signals flow over the 

access segment and then enter the passive coupler where the DSCs are aggregated all-optically. 

An Erbium-doped fiber amplifier (EDFA) might be needed to compensate for the loss due to the 

propagation from the access to the edge and for the losses due to the coupler. Finally, the 

aggregated signal flows within the metro-regional or national network. Such an architecture can 

be referred to as P2MP and it contrasts with the point-to-point (P2P) architecture reported in 

Figure 5.2-1. 

With P2P ς and electronic aggregation ς each traffic flow from access is received by a dedicated 

transceiver at the edge; then, a router aggregates the traffic, and another (higher-rate) 

transceiver (maybe even installed into a transponder) generates the signal that is routed over 

the metro-regional/national segment. The comparison of the two architectures in Figure 5.2-1 

shows that with optical aggregation: i) transceiver interfaces can be saved at the edge since 
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signals are by-passed and not terminated; ii) router interfaces are saved at the edge since traffic 

is aggregated all-optically.  

In the case of optical aggregation, QoT estimation should account for i) signal propagation within 

the access segments, ii) the losses due to the passive coupler, and iii) the propagation within the 

metro-regional/national segment. DSCs originating in different access nodes are aggregated in 

a single DSCM signal and terminated at a single destination metro-regional/national node, 

where a router will distribute the sub-traffic flows to other segments.  

In the next sub-section, QoT estimation results are presented for a specific network scenario. 

 

Figure 5.2-1: (a) Optical and (b) Electronic aggregation approaches. 

5.2.2 Results for QoT estimation 

The network scenario of Figure 5.2-2 depicts a metro-ǊŜƎƛƻƴŀƭκƴŀǘƛƻƴŀƭ ǘƻǇƻƭƻƎȅ ǿƛǘƘ ƭƛƴƪǎΩ όŀƴŘ 

ǎǇŀƴǎΩύ ƭŜƴƎǘƘ sourced from SEASON D2.1 [D2.1-24]. DSCM is assumed with 16 DSCs for a 

maximum overall capacity of 400G per transceiver. Each metro-regional/national node serves 

four fixed or mobile access segment collection points with links of 10 km, allowing a maximum 

capacity of 100G per 10 km link. DSCs are generated in the access segments, aggregated all-

optically in a metro-regional/national node, and then terminated to another metro-

regional/national node, as in the illustrative example (in orange) in Figure 5.2-2. 

The QoT estimation is based on optical-signal-to-noise ratio (OSNR) computation in a linear 

regime. OSNR is computed per path (e.g., assuming the worst wavelength channel). A fiber 

attenuation of 0.2 dB/km is considered; DSCs aggregation (i.e., at the coupler) is assumed to 

introduce a loss of 6 dB; metro-regional/national node architecture is switch&select and each 

node introduces 10 dB loss (5 dB per wavelength selective switch). In the edge node, an EDFA 

compensates for fiber attenuation within the access and for the coupler loss. Launch power is 

set to -1.0 dBm. Then, an EDFA is placed after each link or fiber span compensating for fiber 

attenuation and node loss. OSNR requirements are retrieved from the XR Optics specifications 

[XR-24] and are 24 dB for 400G DP-16QAM, 20 dB for 300G DP-8QAM, and 15 dB for 200G DP-

QPSK. A variable number of operational margins [Chr19], ranging from 0 dB to 5 dB, are 

considered to account for other effects such as aging and QoT model inaccuracies. The OSNR is 
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computed for all routes starting from an access segment and terminating at a metro-

regional/national node as in the example of Figure 5.2-2. As a benchmark, the QoT in the 

scenario of electronic aggregation of traffic is estimated. In this case, the OSNR is computed for 

all routes starting in a metro-regional/national node and terminating in different metro-

regional/national nodes. 

 

Figure 5.2-2Figure 5.2-2 Considered network scenario. 

 

Figure 5.2-3: Percentage of routes where the most spectral-efficient modulation format is DP-16QAM, DP-8QAM, or 
DP-QPSK. 

Figure 5.2-3 reports the percentage of routes supporting channels using the most spectral-

efficient modulation format (DP-16QAM, DP-8QAM, or DP-QPSK), as a function of the 

operational margins. The analysis of Figure 5.2-3 shows that using P2MP (optical aggregation) 

or P2P (electronic aggregation) lead to similar results. Thus, having an optical by-pass (which 

includes the propagation from the access, the coupler loss for traffic aggregation, and the 

related amplification noise) has only a minimal impact on the QoT (at least in the considered 

scenario), so that the same most spectral efficient modulation format can be selected with P2MP 

or P2P. Focusing on 400G DP-16QAM, around 80% of routes support it when considering no 

operational margin (in both P2MP and P2P approaches). However, the percentage of routes 

supporting 400G DP-16QAM decreases as the margins increase since, in this case, some routes 

cannot reach the OSNR requirement of 24 dB. Consequently, 300G DP-8QAM should be 

transmitted instead. This effect is particularly clear when increasing margins up to 3 dB. If even 

higher operational margins are considered, some routes that were previously feasible with 
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8QAM modulation format become infeasible (thus, the percentage of 8QAM routes may 

decrease for specific operational margins) and the use of QPSK modulation format rapidly 

becomes necessary. Since P2MP leads to slightly worse QoT than P2P only, the difference 

between the two is visible for a few cases of operational margins (1.5 dB, 4 dB, and 5 dB) only. 

Moreover, the resulting difference in the percentage of routes supporting 400G DP-16QAM is 

very small (2%). Finally, 200G DP-QPSK is considered for all remaining routes, when high margins 

are required. 

5.3 CROSSTALK ANALYSIS IN MBOSDM OPTICAL NETWORKS WITH 

PROGRAMMABLE TRANSCEIVERS (RELATED TO C3.1 AND C3.4) 

In this section a crosstalk (XT) analysis has been performed in a MBoSDM optical network 

scenario. XT is a major limitation in SDM transmission over multicore fiber (MCF), as it results 

from unwanted coupling between adjacent cores, leading to transmission performance 

degradation. Hence, an experimental validation and analysis of the impact of XT using three 

building blocks of the SEASON MB(oSDM) S-BVT prototype enabling full S+C+L operation has 

been assessed over a 19-cores MCF spanning 25.4 km [Nad25]. In SEASON, we also confirmed 

that the L-band exhibits the highest XT, which might become the limiting factor for high-

performance wavelength assignment in future MCF-based systems. More details and the 

architecture of the MB(o)SDM S-BVT (SEASON component C3.4) can be found in Section 7.4 of 

deliverable [D3.2-24].  

The experimental setup for the XT assessment considers the three transmitters operating at 40 

Gb/s. 4 QAM uniform modulation is considered for all the orthogonal frequency division 

multiplexing (OFDM) subcarriers composing a 20 GHz electrical signal. A digital-to-analog 

converter (DAC) with a sampling rate of 64 GSa/s performs the digital-to-analog conversion. The 

generated OFDM signals are externally modulated with Mach-Zehnder modulators (MZMs), 

biased at the quadrature point, and driven by tunable laser sources (TLs) configured at different 

wavelength covering the S-, C-, and L-bands. After modulation, the signals are amplified with 

erbium-doped fiber amplifiers (EDFAs) with fixed output power of 0 dBm (for the C- and L-

bands), while a thulium-doped fiber amplifier (TDFA) is used for the S-band. The TDFA output 

power is maintained at 0 dBm with automatic current control by adjusting the pump currents. 
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Figure 5.3-1: MBoSDM setup for XT validation including transceiver (component C3.4) and switching (component C3.1) 
SEASON solutions. 

Each transmitter is connected to core 1 of a 25.4 km MCF of 19-cores, as seen in the setup 

schematic of Figure 5.3-1. Power levels at both the output core and adjacent cores (cores 2 to 

7) are measured to evaluate the resulting XT, as shown in Figure 5.3-2. We have considered 

different wavelengths within the S-, C-, and L-bands in steps of 5 nm. According to Figure 5.3-2 

the L-band exhibits the highest XT valuesΣ ǊŀƴƎƛƴƎ ŦǊƻƳ ҍнпΦс Ř. ǘƻ ҍнмΦф Ř.Φ Lƴ ǘƘŜ /-band, XT 

ǾŀƭǳŜǎ ǊŀƴƎŜ ōŜǘǿŜŜƴ ҍнфΦо Ř. ŀƴŘ ҍннΦо Ř.Σ ǿƘƛƭŜ ǘƘŜ {-band shows lower XT impact, with 

ǾŀƭǳŜǎ ŦǊƻƳ ҍоуΦн Ř. ǘƻ ҍнуΦр Ř.Φ 

 

Figure 5.3-2: XT experimental results from core no. 1 to adjacent cores 2-7. 

Figure 5.3-3 (a) presents simulation results based on XT equations from references [Fei14, 

Far24], using the MCF specifications of the experimental setup [Nad23]. In the simulations, up 

to six adjacent cores are populated, which leads to an increase in XT of up to 7.8 dB compared 

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

Finally, Figure 5.3-3 (b) compares simulated and experimental XT values for a configuration 

where only core 1 carries an OFDM signal. Both trends exhibit consistent behavior across 

wavelengths, validating the proposed analytical XT model that will be used in the project for 

further XT analysis including network studies (see Section 5.3). This information can assist an 

SDN control plane in making appropriate decisions, such as wavelength band selection, to 

ensure an efficient operation and management of the network resources, including spatial 

channels (cores) allocation, according to the required capacity/performance requirements. 

These results are closely related to the KPIs 3.1 and 3.2 by helping to analyze the impact of XT 

when transmitting over MCF. 

5.4 IMPACT OF INTERςCORE LOSS AND GAIN EQUALIZATION ON 

TRANSMISSION PERFORMANCE IN SEASON MULTIςCORE SYSTEMS 

(RELATED TO C3.1, C3.4) 

To cope with the request for improved energy efficiency and reduced cost, future long-haul 

systems based on multi-core fibers (MCFs) will rely on MCF amplifiers as key elements. These 

objectives are mainly achieved by using multi-mode pumps in a cladding pumping scheme. 

Major challenges resulting from this pumping scheme are gain imbalances between the cores 

and transient control, since this pumping scheme does not support individual gain control in the 

different cores. Therefore, hybrid pumping schemes complementing the high-power multi-

mode pump with single-mode pumps have been proposed. Launching the pump power emitted 

by each of these pumps into one core of the erbium-doped fiber (EDF) allows for independent 

fine tuning of the gain in each core. In view of amplifier noise figure, launching the single-mode 

pump power counter-directionally to the transmit signals into the cores of a MCF connected to 

the input of such an amplifier is a compelling alternative solution. In this configuration, gain 

balancing is achieved by means of distributed Raman amplification in the transmission fiber. 



  D3.3                                                                                                        SEASON - GA 101096120 
 

 
© SEASON (Horizon-JU-SNS-2022 Project: 101096120)                                                 page 77 of 170 

Dissemination Level Public 
 

Stimulated Raman scattering (SRS) is a major nonlinear fiber effect limiting capacity of multi-

band systems. Due to this nonlinear fiber effect, power is transferred from shorter wavelengths 

to longer wavelengths. In consequence, shorter wavelength channels have smaller power at the 

fiber end than the longer wavelength channels if all channels are launched at the same power 

into the fiber. The increasing power differences among the channels also affect inter-core 

crosstalk from one core to another core. Due to this reason, numerical investigations revealed 

larger crosstalk power levels at longer wavelengths as compared with shorter wavelengths. 

However, this does not necessarily lead to performance degradation since longer wavelength 

channels propagating in both cores experience similar Raman gain. Thus, the power of signals 

affected by crosstalk from another core is also increased. In consequence, degradation of the 

signal-to-interference ratio (SIR) is avoided, and the potentially detrimental effect of increased 

crosstalk power is cancelled out.  

In contrast to the previous scenario, equalizing gain and loss among the different cores by 

making use of distributed SRS in the transmission fiber induces Raman gain only in the cores 

with higher attenuation. The impact of Raman assisted gain balancing on transmission 

performance caused by ICXT in a MC scenario is investigated in the following. For the analysis, a 

trench-assisted 7-core fiber is considered. In SEASON, we investigated the detrimental effect of 

Raman-assisted loss and gain equalization on XT in MCF, and experimentally quantified that 

Raman amplification for loss compensation increases the XT-induced OSNR penalty by ~30% 

(e.g., from 1.7 dB to 2.5 dB), guiding design limits for multi-span multi-core systems. 

More details and references are provided in an article published in IEEE Photonics Technology 

Letters [Rap25]. 

5.4.1 Scenario and theoretical model 

Increase of ICXT by Raman assisted loss equalization is explained on the basis of Figure 5.4-1. In 

the considered scenario, crosstalk power resulting from channels propagating in core 1 

accumulates in core 2 along the fiber axis. In particular, crosstalk contributions from two 

positions along the fiber axis, one close to the beginning of the fiber after propagation distance 

L1 (left column) and one close to the fiber end at length L2 (right column), are illustrated. For the 

following numerical calculations and explanations, the coupled-power theory (CPT) is used that 

has been shown to provide sufficiently accurate results in view of crosstalk power 

characterization. In the considered scenarios, signal power in the center core is not altered by 

the following parameter variations. In consequence, the SIR relevant in view of transmission 

performance reduces in the same proportion as the ICXT power increase. 

For describing contributions to the total crosstalk power in core 2 at the fiber end, a 

mathematical model has been derived that revealed to following aspects. With identical 

attenuation coefficients in both cores, each position along the fiber axis contributes equally to 

the total crosstalk power at the fiber end. In other words, attenuation that is not experienced 

by a lightwave before the coupling point is present after the coupling into the other core such 

that the total attenuation is independent of the coupling point. However, contributions 
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occurring closer to the fiber input are larger if the attenuation coefficient is larger in core 1 as 

compared with core 2.  

 

Figure 5.4-1: Schematic drawing illustrating crosstalk increase due to counterdirectional Raman amplification.  

The situation changes if lightwaves propagating in core 1 experience Raman amplification close 

to the fiber end due to counterdirectional pumping as illustrated in the lower part of Figure 

5.4-1, whereas there is no distributed amplification in core 2. Power components coupled into 

core 2 close to the fiber input at distance L1 do not experience Raman gain. In contrast, power 

components coupling over close to the fiber end at position L2 are enhanced such that the total 

crosstalk power increases with loss balancing across the cores.  

In the following, crosstalk in the center core is analyzed theoretically based on a constant 

coupling coefficient along the fiber axis characterizing coupling from the outer cores to the 

center core. Total signal power in the outer cores is assumed to decay exponentially with 

optional amplification by counter-directional Raman amplification, as illustrated in Figure 5.4-2 

for a fiber with 50 km length, an attenuation coefficient of 0.2 dB/km in the center core, and 0.3 

dB/km in the outer cores. The coupling coefficient is fitted to the experimental results presented 

in the next section. Adjusting the Raman gain to 5 dB to compensate for the loss differences 

between outer cores and center core, ICXT power accumulated in the center core is represented 

in Figure 5.4-2 by the blue curve. For comparison purposes, ICXT power without Raman 

amplification is indicated by the red curve. In contrast to the other curves, the green dashed 

curve takes signal depletion by ICXT into account, but apparently this effect can be neglected. 

Power levels for ICXT are normalized to the total input power into the outer cores.  
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Figure 5.4-2 (a) Power distribution of signals in the center core and the outer cores (b) Accumulation of ICXT power in 
the center core.   

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

5.4-3, revealing an ICXT reduction with increasing loss in the outer cores, wherein the legend 

indicates the total loss difference between outer cores and center core for each curve. As 

apparent from the dash-dotted line, total crosstalk power in the center core decreases with 

increasing attenuation difference, even when exactly compensating for the loss difference by 

Raman gain in the outer cores. The dashed curve in Figure 5.4-3 indicates ICXT power versus this 

loss difference without Raman gain. For generating the red solid curve, it has been assumed that 

the Raman gain in the outer cores is exactly adjusted to compensate for their higher loss. This 

scenario is identical with the scenario represented by the dash-dotted curve in Figure 5.4-3. In 

addition to the loss difference, there might be the need to compensate for gain differences 

between the outer cores and the center core in the optical amplifiers. Therefore, the Raman 

gain is further increased in steps of 1 dB with the results represented in different colors that 

show a further increase of ICXT with increasing Raman gain. 
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Figure 5.4-3: (a) ICXT power versus Raman gain for various attenuation differences (b) ICXT power versus attenuation 
difference fully compensated with Raman gain for different levels of the excess Raman gain (fiber length 50km). 

5.4.2 Setup of the testbed 

The experimental setup shown in Figure 5.4-4 is designed for evaluating the BER impact of 

counter-directional Raman amplification in individual cores of a trench-assisted MCF with seven 

cores and a length of 50 km. Crosstalk power measured at the output of the center core has 

been by 46.2 dB smaller than the equal power launched into each of the outer cores. The Raman 

gain is adjusted to either just compensate for insertion loss differences between the cores or for 

additionally balancing gain differences in the different cores of a subsequent EDFA with pump 

sharing used in a data communication link. The following investigations focus on ICXT 

accumulated in the center core, which experiences the largest ICXT.  

 

Figure 5.4-4: (a) Multi-core fiber loss and gain equalization testbed configuration, (b) 7-core fiber schematic 

With the noise loading apparatus coupled to the output of the center core, the effect of ICXT on 

BER is demonstrated. Therefore, variable ASE power is added to the detected signal by means 

of an ASE source and a VOA. Before directing the output signal to the receiver and an OSA for 

measuring the actual OSNR, the power of the signal in the center core is increased by a 
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preamplifier. The following attenuator adjusts the receive power such that it is in the optimum 

range of the coherent receiver. After signal reconstruction with a commercial DSP, the pre-FEC 

BER is determined. 

Different scenarios are characterized by determining BER versus OSNR. First, only the center 

core is connected to the fan-in device, such that no ICXT from other cores occurs. Next, the outer 

cores are connected to the fan-in device for revealing the impact of ICXT from all outer cores on 

the performance of the center core without inducing Raman gain. In a further step, the Raman 

pumps are switched on, and the gains are configured to compensate for loss differences of the 

cores, requiring an average Raman gain of 5.7 dB, with the individual Raman gains ranging from 

4.4 dB to 7.0 dB in the different outer cores. In the last scenario, the Raman pumps are set to 

their maximum output power. In addition to the loss differences of the MCF, this scenario 

accounts for the gain differences of a subsequent in-line MC amplifier installed in a typical multi-

core transmission link. 

5.4.3 Experimental results and discussion 

Measured BER values are depicted in Figure 5.4-5 versus OSNR for the four scenarios explained 

above. As expected, the lowest BER is obtained without ICXT and all OSNR penalties presented 

in the following refer to this reference case. Adding ICXT from the outer cores, the BER degrades 

significantly with an OSNR penalty of 1.7 dB for a BER 10-3 as illustrated in Figure 5.4-5 and of 

0.4 dB for a BER of 10-2. Activating counter-directional Raman amplification in the outer cores, 

the corresponding power levels at the fiber end increase in these cores, which is accompanied 

by an additional increase of ICXT in the center core and a further decrease of the SIR. This results 

in a BER increase with an additional OSNR penalty of 0.8 dB for the loss compensation case and 

1.2 dB for the max. Raman gain case at a BER of 3×10-3. For a BER of 10-2 close to the FEC 

threshold, this penalty amounts to 0.1 dB only. Thus, loss compensation increases the ICXT-

induced OSNR penalty by around 30%, as illustrated in the inset showing the relative increase of 

ICXT penalty due to loss compensation versus BER. In a multi-span scenario, such small OSNR 

values will arise after several spans with ICXT accumulation and enhancement in several spans, 

such that the Raman-induced OSNR penalty becomes relevant. Dividing the BER values of the 

three curves with ICXT shown in Figure 5.4-6 by the respective BER values for the reference 

scenario at equal OSNR reveals that gain equalization by Raman amplification leads to a BER 

increase by 15 % at the highest OSNR of 24 dB.  
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Figure 5.4-5: (a) Experimental results: BER versus OSNR for scenarios without ICXT, with ICXT and with~ICXT enhanced 
by different levels of Raman gain. 

 

Figure 5.4-6: OSNR penalty versus BER for scenarios with XT and with XT enhanced by different levels of Raman gain 
(Reference for penalty: scenario without ICXT). 
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5.5 PLANNING PRACTICES FOR MBOSDM ULTRA-HIGH-CAPACITY 

NETWORKS  

5.5.1 Introduction 

Modern optical backbone networks face continually increasing demands driven by 5G, future 

6G, large-scale cloud computing, and high-bandwidth applications such as artificial intelligence 

and global data center interconnects. As capacity requirements escalate, the traditional C-band 

spectrum is no longer sufficient. Recent advances have highlighted two complementary 

approaches to further increase the usable optical channel count and overall throughput: (i) 

spectral expansion into adjacent L- and S-bands (multi-band operation), and (ii) space division 

multiplexing (SDM), particularly using multi-core fibers (MCFs). The combination of these 

techniquesτmulti-band over space division multiplexing (MBoSDM)τhas become a compelling 

architectural strategy for next-generation ultra-high-capacity networks. 

However, planning practices for MBoSDM deployment are challenging due to the complex 

interplay of physical-layer impairments across bands and spatial dimensions. Telecom operators 

require robust methodology and quantitative insight into the opportunities and limitations of 

MBoSDM to inform migration strategies, investment, and the choice of network element 

technologies such as amplifiers, multiplexers, and programmable transceivers. Importantly, 

performance depends not only on fiber length and modulation format but also on spectral 

location and inter-core interactions, necessitating frequency- and core-aware design 

optimization. 

In the context of SEASON, we developed a novel physical-layer-aware planning methodology 

and dynamic simulation framework to easily compare C, C+L, C+S, and C+L+S spectrum 

expansion strategies. We conclude that the C+L+S-band scenario provides the highest absolute 

throughput (up to 175% greater than C-band) and the lowest bandwidth blocking probability 

(BBP) under dynamic load. 

5.5.2 Simulation framework and scenario 

To thoroughly assess MBoSDM performance, this study establishes a detailed physical-layer-

aware simulation environment. Four representative spectrum expansion scenarios are 

evaluated: 

¶ C-band: 80 channels over 6 THz 

¶ C+L-band: 160 channels over 12 THz 

¶ C+S-band: 188 channels over 14 THz 

¶ C+L+S-band: 268 channels over 20 THz 

All scenarios employ a channel grid of 75 GHz spacing with a symbol rate of 64 GBaud, supporting 

adaptive modulation formats from PM-BPSK to PM-64QAM (100ς600 Gbps per channel, 
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dependent on the GSNR achieved). The analysis is applied to a realistic long-haul topology 

modelled on the US backbone network, comprising 60 nodes interconnected by links with 

detailed band-specific fiber parametersτincluding frequency-dependent attenuation, 

chromatic dispersion, effective area, nonlinear coefficients, Raman gain spectrum, amplifier gain 

profile, and noise figures. 

5.5.3 Physical layer impairments and performance modeling  

A core contribution of this work is the advanced modeling of linear and nonlinear impairments 

endemic to wideband and SDM-enabled propagation. Key impairments included are: 

¶ Amplified Spontaneous Emission (ASE) noise: Arising from cascaded optical amplifiers, 

it accumulates along the path and degrades signal quality. 

¶ Nonlinear Interference (NLI): Stemming from Kerr effect nonlinearities, especially 

under high power, and modeled using a semi-closed form enhanced generalized 

Gaussian noise (EGN) model to accurately capture wideband system dynamics and the 

effect of inter-channel stimulated Raman scattering (ISRS). 

¶ Inter-core Crosstalk (ICXT): This crosstalk, particularly prominent in strongly- or weakly-

coupled MCFs, depends on core pitch, trench-assisted design, and operating frequency, 

and is modeled using a frequency-dependent formulation validated in previous work.  

¶ Transceiver noise and filter/aging penalties: Additional degradation sources from 

hardware characteristics. 

The aggregate quality of transmission (QoT) for any given lightpath is evaluated using the 

generalized signal-to-noise ratio (GSNR) metric, which quantifies the effective SNR combining all 

impairment contributions. This is mathematically defined as: 

ὋὛὔὙ ȿ ρπÌÏÇὛὔὙ ὛὔὙ ὛὔὙ ὛὔὙ „ ȿ

„ ȿ  Eq. 1 

Where each SNR term represents the contribution of a distinct physical impairment; the filtering 

and system aging penalties („ ȟ„ ) are also included for realism.  

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

¶ Network throughput: The cumulative traffic successfully transmitted across all source-

destination pairs, considering all core-to-core connection permutations. 

¶ Spectral efficiency: Gauged as total supported bit rate per unit frequency, often 

normalized by the utilized spectrum. 

¶ Bandwidth Blocking Probability (BBP): The fraction of total requested bandwidth that is 

blocked due to unavailability of free spectral slots, insufficient cores, or modulation 

format reach limitations. 

For throughput and BBP calculations, the following methodology is used: 
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¶ Paths: For the 91 possible datacenter-to-datacenter (core) pairs, the three shortest 

paths are considered, reflecting realistic routing choices. 

¶ Traffic modeling: Connection requests arrive according to exponential inter-arrival and 

holding time distributions, simulating dynamic service provisioning. 

¶ Demand distribution: Requested traffic is uniformly distributed between 100ς600 Gbps, 

in 100 Gbps increments. 

¶ Simulation runs: For statistical reliability, each simulation comprises 150,000 requests 

(for the four-core configuration) and continues until either a 95% confidence interval is 

reached, or 50 simulation seeds are completed. 

¶ Blocking calculation: BBP is determined as the total blocked bandwidth divided by the 

total requested bandwidth during the simulationτcapturing the fundamental limits 

imposed by spectral, spatial, and modulation availability. 

The scenarios reflect a hierarchical optical network architecture, where only the 14 principal 

datacenter nodes feature full add/drop capability, and the remaining nodes operate in transit 

mode without such functionality. This distinction is significant in evaluating routing and 

provisioning limitations encountered in real deployments. 

5.5.4 Results and discussion 

Figure 5.5-1 depicts the distribution of modulation format level (MFL) for all core-to-core 

connections, segmented by spectrum band. This enables network architects to visually correlate 

spectral position with modulation reach, informing placement strategies for high-priority or 

high-throughput connections. Figure 5.5-1 compares total network capacity and average 

blocking probability as a function of scenario, spectrum allocation, and offered load, quantifying 

the real-world consequences of spectrum expansion. 
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Figure 5.5-1: (Top) Modulation format level distributions per channel for each MBoSDM configuration across 91 
connections. (Bottom) Cumulative bit rate distribution per connection index and the corresponding transmission 
distance. 
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Figure 5.5-2: Network total throughput for diffident MBoSDM scenarios, (b)BBP of different solutions in L+C+S muti-
band network under different traffic loads. 

A central insight from the simulations concerns the distribution of modulation formats across 

channel index, band, and lightpath length: 

¶ C-band and C+L-band: The modulation format profiles are relatively stable, with many 

core-to-core connections sustaining higher-order modulation (e.g., PM-16QAM to PM-

64QAM), thanks to low loss and high-quality optical amplifiers in these bands. 

¶ S-band (in C+S and C+L+S scenarios): Higher attenuation and increased Raman-induced 

power tilt result in a more pronounced degradation of signal quality, leading to the 

adoption of lower-modulation formats and a sharply reduced reach for high-order 

modulations. 

¶ C+L+S-band: While this scenario enables the largest spectrum (20 THz, 268 channels), 

the GSNR distribution is the most heterogeneous. ISRS effects and inter-band power 

imbalances create substantial variation, with throughput gains concentrated on short 
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and medium-length connections (< 1000 km), as shown by the cumulative bit rate and 

distance distribution per channel. 

The figure of merit for each spectrum expansion scenario is their total supported throughput 

under dynamic service request load, as well as the probability of bandwidth blocking under full-

load conditions: 

¶ C+L+S-band: Delivers up to 175% higher throughput than the C-band, 34% higher than 

C+L-band, and 42% more than C+S-band, validating its capacity gains for both 

datacenter and core backbone applications. 

¶ Comparative performance: Although the C+S-band scenario presents more channels 

than C+L (188 vs 160), attenuation in the S-band and ISRS effects result in lower 

throughput for long-haul links; however, for sub-1000 km paths, S-band resources 

perform well. 

¶ Blocking scenarios: As traffic and distance increase, especially beyond 3000 km, C+L+S 

experiences a sharper cumulative throughput drop due to amplified ISRS effects. 

Nevertheless, it shows the lowest average BBP due to expanded spectral space, 

outperforming both C+L and C+S under high-load regimes. 

The normalized capacity per Hz, as shown on the right axis of Figure 5.5-2 (top), supports a 

nuanced interpretation. While the C+L+S approach offers maximum absolute throughput and 

minimum blocking, the C+L-band scenario provides the highest bit rate efficiency per unit 

bandwidthτan important consideration for operators prioritizing spectral resource utilization 

over raw capacity expansion. 

Impact of Physical Layer Effects: The study shows that while inter-core crosstalk (ICXT) increases 

in the L-band (and can be a dominant factor in some SDM system configurations), for the 

evaluated trench-assisted weakly-coupled four-core MCF with state-of-the-art design, ICXT is 

not the limiting factor in wideband operation. Instead, performance is predominantly 

constrained by the loss coefficient, ISRS, and the amplifier noise profile. This is a significant 

planning insight, guiding both the selection of fiber type for multi-band use and the prioritization 

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

core counts. 

Network Planning and Operator Guidelines: Trade-Offs and Recommendations 

¶ Migration Path: Operators with substantial deployed C-band infrastructure may 

consider incremental migration to C+L-band as a risk-mitigated strategy for near-term 

expansionτthat option already benefits from commercial deployment and robust 

component maturity. 

¶ Maximum Capacity: For scenarios demanding the lowest blocking and highest overall 

throughput, full C+L+S deployment is favored, recognizing that additional system 

complexity (notably around ISRS management, component compatibility, and control 

plane algorithms) is also incurred. 
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¶ Short-Haul Versus Long-Haul: While spectrum expansion to S-band is beneficial for short 

to intermediate ranges, its use for long-haul paths is less advantageous without parallel 

advancements in amplification and power tilt correction. 

¶ Efficiency Focus: Where operators prioritize maximal spectral efficiency instead of brute 

capacity, C+L systems appear optimal, based on normalized bit rate per Hz analysis. 

The simulation workflow ensures statistically significant, reliable results through thousands of 

connection requests, multi-seed evaluation, and strict convergence criteria (95% confidence 

intervals). This methodology not only supports internal planning decisions but provides a 

foundation for vendor specification, standardization contributions, and regulatory submissions. 

In conclusion, this study delivers a comprehensive, physical-layer-informed evaluation of best 

planning practices for MBoSDM networks, combining spectral (C, L, S) and spatial (four-core 

MCF) design options within a realistic US-backbone topology. The findings highlight that C+L+S-

band expansion achieves the highest total capacity and the lowest bandwidth blocking 

probability, positioning it as the preferred configuration for future-proof, high-growth, core and 

inter-datacenter transport. It further shows that efficiency and implementation practicality 

favor C+L for near-term deployments, with solid performance and mature commercial support. 

For each scenario, physical-layer impairments must be carefully considered, with ISRS and 

amplifier noise presenting more significant constraints than ICXT within the studied operational 

regime. Finally, planning must explicitly account for the interplay between network topology, 

add/drop architecture, spectral properties, and core-specific impairment handling. 

This study was invited for a presentation at ECOC 2025, under the title "Best Planning Practices 

for Ultra-High-Capacity Networks based on Multi-Band over Space Division Multiplexing", and 

has been further invited for a special issue at JOCN. 

5.6 END-TO-END LATENCY MODEL FOR IPOWDM WITH COHERENT 

PLUGGABLES BEYOND 400 GB/S (RELATED TO C3.8, C3.10, C3.11) 

Recent advancements in coherent optical technology, particularly the development of pluggable 

coherent transceivers operating at 400 Gb/s and above, present an opportunity to transform 

network architectures and improve multiple performance characteristics across various 

dimensions (cost, simplicity, bandwidth and latency) [Cug20]. In fact, new standards like 

OpenZR+ Multi-Service Agreement (MSA) have accelerated the adoption of coherent technology 

by producing standardized specifications for coherent pluggable transceivers operating at 400G, 

800G and above, offering low cost and energy efficiency [Cug20-2, Dic24]. These transceivers 

can be directly integrated into high-density routers and switches, eliminating the need for 

separate transponder shelves and leading to simplified network nodes and architectures, and 

potentially enabling flatter architectures with more deterministic latency properties [Gio23, 

Han24].  

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

deterministic networks that can provide guaranteed performance characteristics. However, the 
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impact of high-capacity coherent transceivers on network determinism remains relatively 

unexplored, from a queuing theory point of view. Indeed, high-capacity transceivers 

dramatically reduce variable latency and jitter allowing for nearly deterministic network 

behaviour and performance.  

We developed in SEASON, a new a simulation framework for E2E network latency in IPoWDM 

architectures using high-ǎǇŜŜŘ ŎƻƘŜǊŜƴǘ ǇƭǳƎƎŀōƭŜǎ όҗ плл DōκǎύΦ ²Ŝ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ƘƛƎƘ 

data rates make variable latency components (queuing/transmission) negligible, enabling near-

deterministic network performance without complex scheduling. 

5.6.1 Coherent pluggable transceivers evolution  

The first generation of coherent optical systems emerged in the late 2000s, primarily targeting 

long-haul and submarine applications requiring maximum distance and capacity. These systems 

were complex, power-hungry, and expensive, making them suitable only for the most 

demanding core network applications. Over the subsequent decade, coherent technology has 

undergone continuous advancement, with successive generations delivering higher capacity, 

smaller form factors, lower power consumption, and reduced costs. In 2020, the creation of the 

OpenZR+ Multi-Service Agreement (MSA) aimed to produce standardized specifications for 

400G coherent pluggable transceivers initially targeting Data-Center Interconnect (DCI) 

applications. This initiative has proven successful, with numerous manufacturers now producing 

interoperable 400G transceivers that meet the technical requirements while offering low cost 

and energy efficiency. 

These 400G coherent pluggable transceivers, available in formats such as QSFP-DD and OSFP, 

can achieve data rates of 400 Gb/s over distances up to 120 km using Dual-Polarization 16-ary 

Quadrature Amplitude Modulation (DP-16QAM) at a symbol rate of 69 Gigabaud. More 

advanced variants like 400G ZR+ offer additional flexibility, supporting multiple modulation 

formats (DP-16QAM, DP-8QAM, and DP-QPSK) and enabling transmission over distances up to 

500 km with amplification. The roadmap for coherent pluggables continues to evolve rapidly. In 

March 2025, Coherent Corp. announced general availability of their 800G coherent QSFP-DD 

transceiver, leveraging advanced IC-TROSA optical engine on proprietary Indium Phosphide (InP) 

chip technology. The industry is also preparing for the release of 1.6T (as 8×200G) and even 3.2T 

(as 16×200G) transceivers with similar features concerning reach, cost, energy efficiency, and 

programmability. 

The emergence of such high-speed coherent pluggable transceivers enables new architectural 

approaches based on IPoWDM (IP over Wavelength Division Multiplexing) architectures where 

grey interfaces and the Flex-switchponder are replaced by disaggregated low-cost packet-optical 

boxes equipped with energy-efficient 400G ZR/ZR+ transceivers. The most disruptive approach 

involves removing ROADMs entirely, with packet-optical boxes connected exclusively with 

point-to-point coherent pluggables. This approach significantly simplifies the Optical Line 

System, leading to architectures that are easier to control, operate, and manage. 
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5.6.2 Latency analysis of IPoWDM architectures build with coherent 

pluggables 

Network latency in optical networks consists of several components: propagation delay, 

transmission delay, processing delay, and queuing delay. Understanding these components is 

crucial for analysing the overall network performance and determinism. 

tǊƻǇŀƎŀǘƛƻƴ ŘŜƭŀȅ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ǘƛƳŜ ǘŀƪŜƴ ŦƻǊ ƭƛƎƘǘ ǘƻ ǘǊŀǾŜƭ ǘƘǊƻǳƎƘ ŦƛōŜǊΣ ŀǇǇǊƻȄƛƳŀǘŜƭȅ р˃ǎ 

per km in standard silica fibers (or 3.33 ˃ǎ ǇŜǊ km in hollow-core fibers). This delay component 

is fixed and directly proportional to the physical distance traversed. 

Transmission delay is the time required to serialize a packet onto the physical medium, 

calculated as the packet size divided by the link capacity. For example, a 400G NIC needs 

approximately 30 ns to insert a 1518-byte Ethernet frame into the physical media. This latency 

is reduced to 15 ns at 800G, 7.6 ns at 1.6T, and just 3.8ns at 3.2T. 

Processing delay occurs within network equipment and includes tasks such as Forward Error 

Correction (FEC) processing. For 400G coherent transceivers, FEC processing typically introduces 

few microseconds (1-5˃ǎ) of delay per hop. Different FEC implementations can affect both 

performance and latency. For instance, a concatenated RS(544,514) + BCH(126,110) FEC offers 

approximately 10.3dB net coding gain for 16QAM signals with a latency of about 52 ASIC clock 

cycles. 

Finally, queuing delay is the time that packets spend waiting in buffer queues before 

transmission, which varies depending on network load and traffic patterns [Ala21]. This is the 

only variable component in the latency budget and has traditionally been the main source of 

latency uncertainty in networks [Bha08]. 

Deterministic network dimensioning aims at providing predictable and guaranteed performance 

characteristics, particularly in terms of latency and jitter (delay variation), if possible, with upper 

bounds for a large majority of packets. Such networks are essential for time-sensitive 

applications that require precise timing and predictable performance. As shown next, the 

emergence of high-capacity coherent pluggable transceivers creates new possibilities for 

network determinism, since at speeds of 400 Gb/s and above, queuing and transmission 

delaysτtraditionally variable components of network latencyτbecome negligible compared to 

fixed components like propagation and processing delays. This fundamental shift potentially 

transforms the nature of network performance from probabilistic to deterministic without 

requiring complex schedulers or synchronization mechanisms. 

5.6.3 Methodology and simulation framework 

The following network scenarios aim at simulating the total latency (both fixed and variable) of 

different network topologies with IPoWDM architecture, that is, assuming packet-optical 

switches with 400G and above coherent pluggables. This architecture does not have 

intermediate ROADMs, and all packets have to travel hop-by-hop suffering O/E/O conversion at 
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each intermediate node. This has a benefit of inherent regeneration (i.e., for links below 60-80 

Km no optical amplification is needed) and reduces the network complexity of multi-layer 

designs of IP over ROADM architectures.  

In terms of latency, such IPoWDM architectures suffers from O/E/O conversion and latency 

additions including processing and queuing but as observed next, this is negligible at multi-

Gigabit/s speeds. 

/ƻƴŎŜǊƴƛƴƎ ŦƛȄŜŘ ŘŜƭŀȅ ŎƻƳǇƻƴŜƴǘǎΣ ŎƭŀǎǎƛŎŀƭ р ˃ǎ ǇŜǊ ƪƛƭƻƳŜǘŜǊ of silica fibers is assumed for 

propagation, and п˃ǎ ǇŜǊ ƘƻǇ ŦƻǊ C9/ ǇǊƻŎŜǎǎƛƴƎ ƛƴ пллD ŎƻƘŜǊŜƴǘ ǘǊŀƴǎŎŜƛǾŜǊs. Regarding 

transmission and queuing delays, we apply the general Kingman's equation for G/G/1 queues 

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

service time distributions ŀƴŘ ƛǎ ŀŎŎǳǊŀǘŜ ŀǎ ǘƘŜ ƴŜǘǿƻǊƪ ƭƻŀŘ ˊ ŀǇǇǊƻŀŎƘŜǎ ул҈ ŀƴŘ ŀōƻǾŜ: 

Ὁὡ Ὁὢ   Eq. 1 

 

where E(Wq) is the average waiting time in queue, E(X) ƛǎ ǘƘŜ ŀǾŜǊŀƎŜ ǇŀŎƪŜǘ ǎŜǊǾƛŎŜ ǘƛƳŜΣ ˊ ƛǎ 

the link load, and CA2 and CX
2 are the coefficients of variation of packet inter-arrival times and 

packet service times, respectively [Bha08, Kin61]. 

By analyzing these latency components across different transmission capacities, we can 

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

characteristics of networks evolve as capacity increases. 

For the simulation scenarios three different Metropolitan Area Network (MAN) topologies are 

considered (shown in Figure 5.6-1): 

1. Tokyo MAN: A network with 24 nodes representing a medium-sized metropolitan area. 

2. Milano MAN: A larger network with 53 nodes covering an extensive urban area. 

3. MAN157: A large-scale topology consisting of 157 nodes and 166 links, representing 

complex urban network scenarios. 

 

Figure 5.6-1: MAN, topologies used in evaluation: Tokyo (left), Milano (center), MAN157 (right). 
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These networks include different types of nodes, including both Access (Grey), Metro-Access 

(Black), and Metro-Core (Blue) nodes simulating the classical hierarchical network architecture 

that most telcos follow in the design of their MANs for medium-size and large cities. 

For traffic modelling, we adopted a realistic approach based on empirical observations. Traffic 

loads were adjusted to represent different operational scenarios: 30% for Access, 50% for 

Metro-Access, and 40% for Metro-Core nodes. These configurations simulate varying levels of 

network stress across each MAN topology. 

The packet size distribution follows the empirical distribution observed at AMS-IX (Amsterdam 

Internet Exchange), with an average packet size of 1019 bytes and a standard deviation of 1162 

bytes, resulting in a coefficient of variation of CX
2=1.3 for service times. This distribution reflects 

real-world Internet traffic patterns more accurately than simplified models. 

To implement our analysis, we developed a comprehensive simulation environment using the R 

programming language, integrating advanced open-source libraries such as igraph and simmer 

to model network topologies, simulate traffic flows, and analyze queuing delays. The igraph 

library is used to define the network topologies, including the three-MAN layouts described 

above. The Discrete Event Simulation (DES) library simmer enables the generation of individual 

packets, routing them through defined paths, and collecting delay statistics at each hop. Our 

simulation framework accounts for transmission, queuing, and processing FEC delays, allowing 

for a comprehensive evaluation of packet latency. The simulation focuses on five distinct 

capacities: 400G, 800G, 1.2T, 1.6T, and 3.2T, providing insights into how increasing transmission 

rates affect network performance. 

For each simulation scenario, we collect detailed statistics on the different latency components 

and their contributions to the overall end-to-end delay. This includes average values, percentiles 

(particularly the 99th percentile for assessing worst-case performance), and statistical 

distributions. The simulations run for a sufficient duration to capture steady-state behavior, with 

multiple independent runs to ensure statistical significance. This approach allows us to analyze 

how increasing transmission capacities affect network performance, particularly in terms of 

latency determinism, across realistic network topologies and traffic conditions. The open-source 

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

research. 

5.6.4 Results 

Table 5.6-1 overviews the average latency results obtained on each topology for multiple 

bitrates. The table shows both the queuing latency only and the total latency that includes all 

latency components, that is, queuing, transmission, propagation and processing. As shown, the 

queueing latency component is ridiculously small compared to the total latency, especially at 

high speeds (800G and above) and for large-size network diameters (like MAN157 whose end-

to-end paths are between 10 and 20 Km). 
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Table 5.6-1: Average latency between Access CO and National CO for different topologies and packet-optical switches 
with high-speed coherent pluggables. 

Tokio Topology 

Bitrate 400G 800G 1.2T 1.6T 3.2T 
Queuing 
latency  

0.27 ms 0.13 ms 0.09 ms 0.07 ms 0.03 ms 

Total latency 12.62 ms 12.48 ms 12.44 ms 12.42 ms 12.38 ms 

Milano Topology 

Bitrate 400G 800G 1.2T 1.6T 3.2T 
Queuing 
latency  

0.27 ms 0.13 ms 0.09 ms 0.07 ms 0.03 ms 

Total latency 5.27 ms 5.15 ms 5.12 ms 5.10 ms 5.07 ms 

MAN157 Topology 

Bitrate 400G 800G 1.2T 1.6T 3.2T 
Queuing 
latency  

0.32 ms 0.16 ms 0.11 ms 0.08 ms 0.04 ms 

Total latency 76.51 ms 76.35 ms 76.30 ms 76.28 ms 76.24 ms 

 

Thus, the contribution of queuing delay to total latency is almost negligible in all cases. Not only 

the average latency is negligible, but also the 99th delay percentile, as shown in Figure 5.6-2. 

This figure compares the average total latency (in red) with the worst-case latency (in blue) 

calculated as the upper Chebychev bound. As shown, the variable latency contribution due to 

queueing is negligible, since the majority of latency is due to propagation and FEC processing.  

 

Figure 5.6-2: Comparison between average end-to-end latency and worst-case end-to-end latency for Milano 
topology. 
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5.7 SEASON FRAMEWORK FOR METRO-ACCESS FLEXIBLE INTEGRATION 

(RELATED TO C3.9, C3.10, C3.11) 

5.7.1 Motivation and architecture 

The flexible central office architecture proposed in the following subsection responds to one of 

the most relevant goals of SEASON project, namely the implementation of an integrated metro 

access network segment, able to fulfil the challenges that network operators are facing due to 

traffic that is continuously growing in terms of volumes and dynamicity.  

Moreover, this goal is pursued also taking into account the need to minimize the cost of the 

physical infrastructure, by relying on high capacity longer reach working technologies (coherent 

DWDM transceivers) that allow the reduction of the number of central offices, and by 

introducing an element of flexibility in the architecture (a spatial optical matrix) that enables the 

implementation of a pay-as-you-grow mechanism, almost hitless in terms of disturbance of the 

already existing services. 

The presence of the spatial optical matrix, in this innovative node architecture, enables to 

implement a Spatial Division Multiplexing paradigm (SDM), that presently relies on the usage of 

parallel fibers, but in future could also be applied to multicore fibers (MCF).  

Furthermore, the proposed solution enables the on-demand adding of capabilities needed for 

reconfigurable and automated new services: indeed, the spatial matrix not only allows fiber 

switching, but introduces a new degree of flexibility thanks to on-demand amplification 

functions towards the access and adaptation between single and double fiber systems for point-

to-point and point to multi-point services. The introduced automation reduces human 

intervention, with a significant improvement in the time it takes to deliver a service that involves 

both the access branch and the optical transport branch. All this using an optical matrix that 

enables flexibility with very low additional energy expenditure. 

This flexibility element responds to the important requirement of keeping at minimum the 

power consumption of the node, also allowing to keep turned off some of the active elements 

of the node, and turn them on when needed, following the dynamicity of the traffic demand. 

The fulfilment of these objectives requires to efficiently exploit innovative technologies that are 

progressively becoming available, as evolution of consolidated transmission technologies typical 

of the access and of the metro network segments, and to enable their coexistence in a 

converged and integrated metro-access infrastructure, optimizing the usage of the fibers 

available in the field. 

More in detail, this solution proposed in SEASON define the Flexible Central Office (FCO) 

framework, and it enables true converged metro-access using DSCM P2MP coherent 

transceivers. It is based on the usage over the same fiber infrastructure of passive optical 

networks (PON) access transmission technology and coherent digital subcarrier multiplexing 

(DSCM) point to multipoint metro technology (also known as XR technology). Furthermore, this 
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enables coexistence and transparent transport of legacy PON and high-end Metro services over 

a single shared fiber, minimizing electronic conversions and maximizing flexibility. 

The bidirectional transmission of DSCM channels over traditional single fiber point to multipoint 

Optical Distribution Network (ODN), typical of the access network segment, is enabled by the 

adoption of fiber optical circulators, while their coexistence with PON signals over the same 

optical fibers is made possible by the introduction of ad-hoc band filters named CoeXistence 

Elements (CEX); amplification is added when needed.  

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

5.7.2 Flexible central office 

This paragraph describes the architecture proposal to enable flexible provision of high end 

services, carried out by Coherent point to point transmission or by configurable XR subcarrier 

multiplexing point to multi-point transport system whose hub is located in the metro network, 

over the same traditional single fiber Access point to multipoint ODN (Optical Distribution 

Network). 

This solution, thanks to the use of an optical matrix, allows to enable the provision of the high-

end service by minimizing the impact on already active retail services without the need to know 

a priori on which ODN the need to offer this service will arise. 

Figure 5.7-1 illustrates the basic scheme of the proposed architecture. 

 

Figure 5.7-1: Flexible Central Office architecture scheme and operational principle. 

As can be seen from the diagram in the figure, in addition to the optical matrix, the CEX 

(CoExisting Elements) have also been inserted into the reference architecture to allow the 

sharing of the same ODN between the traditional xPON systems and the XR systems operating 

ƛƴ ϦǎƛƴƎƭŜ ŦƛōŜǊ ƳƻŘŜέ όŦƻǊ ǘƘƛǎ ǇǳǊǇƻǎŜΣ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ ƛƴǘǊƻŘǳŎǘƛƻƴ ƻŦ ƻǇǘƛŎŀƭ ŎƛǊŎǳƭŀǘƻǊǎ ƛǎ 

foreseen). 
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Furthermore, to comply with the power budget specifications of the XR systems, the use of 

optical amplifiers (Downstream/Upstream) is foreseen before the circulator both to recover the 

attenuation encountered in the metro network and to deal with the attenuation of the ODN 

network in the access network.  

The operating principle of this architecture is that when a High End customer requests the 

service at one of the terminations of one of the ODNs underlying the optical exchange, that 

particular ODN is directed by means of the optical matrix towards one of the CEXs connected to 

the matrix so that the combined optical signal of the xPON system and the XR system are 

directed together towards the interested ODN. 

This operation performed with the optical matrix, with an automatic and remote procedure, 

allows to minimize the effect of the interruption of the optical signal on the existing services, 

minimizing the disruption for xPON customers and reducing the OPEX of provisioning the 

requested high-end service, thanks to the remote configuration of the flexibility elements. 

Not knowing a priori where the need may arise (on which ODN) to offer the High End service, 

another advantage of this architecture consists in the possibility of sharing the transmission 

capacity of a single multicarrier system (HUB) on different ODNs, optimizing their use with clear 

advantages both in terms of CAPEX (pay as you grow) and in terms of OPEX (minimizing the 

power consumption). This, together with the potential use of different wavelengths for Hubs in 

case of a strong customer demand, allows a significant safe of fibers in the primary segment of 

the access network. 

A tradeoff design between the achieved flexibility in configuration and the number of optical 

matrix ports involved in the scenario is advisable according to the available link budget and the 

control model of the switching architecture. 

 

5.8 PERFORMANCE AND TRANSIENT RESILIENCY COMPARISON OF S- AND E-

BAND UPGRADES OF A C+L-BAND SYSTEM (RELATED TO C3.2) 

Multi-band transmission (MBT) has emerged as one promising solution to the ever-increasing 

demand for capacity in optical networks [Win18]. Among the potential candidates for MBT, the 

S-band is particularly promising because of its fiber characteristics being similar to those of the 

C- and L- bands. Several studies have demonstrated the benefits of incorporating the S-band 

into C+L systems to enhance capacity [Sem20, Ham19]. However, the expanded spectral 

footprint of an S+C+L-band system (exceeding 13 THz) intensifies stimulated Raman scattering 

(SRS)-induced power transfer between channels, posing significant challenges to service 

survivability and network management. 

To address these issues, some researchers propose using the E-band instead of the S-band 

[Sam22]. By introducing a 14-THz guard band between the C+L and E bands, wavelength 

interdependence can be reduced, simplifying network operations. This approach, while forgoing 
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some spectral regions with the lowest fiber attenuation and limiting the use of Raman 

amplification in the C and L bands, offers potential advantages in operational stability and 

manageability [Sou25]. 

In SEASON, we use numerical simulations to explore the advantages of enhancing a C+L-band 

optical system by incorporating the E-band, instead of the S-band, or by implementing Raman 

amplification. Building upon the findings in [Sou25], we assess network performance with and 

without Raman amplification of C+L-, S+C+L- and E+C+L-band systems, offering new perspectives 

on optimizing spectral efficiency (SE) and improving the resilience of next-generation optical 

networks. This study is important because it provides operators with a solution based on critical 

real-world robustness data, and which moves beyond static capacity analysis to enable informed 

practical choice between kinds of ultra-wideband upgrades. 

5.8.1 Simulation Setup 

We assume each amplification band spans 6 THz (as shown in Table 5.8-1) and 120-GBd signals 

are transmitted within a 150-GHz spectral grid, resulting in 40 channels per band. We evaluate 

three MBT systems: C+L, S+C+L, and E+C+L. Each system can utilize up to 20 backward Raman 

pumps spaced by 1 THz. For the C+L-band system, Raman pumps are placed within the 199 THz 

to 218 THz range, while for the S+C+L-band system, they are placed between 205 THz and 224 

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

238 THz, with none placed in the spectral gap between the C+L and E-bands to avoid E-band 

power depletion. This configuration follows the findings of [Sou25], which demonstrated that 

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

Table 5.8-1: Frequency bounds of each amplification band. 

Band Start Frequency [THz] Stop Frequency [THz] 

L 184.2 190.2 

C 190.7 196.7 

S 197.2 203.2 

E 210.7 216.7 

 

Optical fibers are characterized by a dispersion parameter of 16.7 ps/nm/km @ 1550 nm and a 

dispersion slope of 0.058 ps/nm2/km. Additionally, the frequency-dependent loss and nonlinear 

coefficient of this fiber type are shown in Figure 5.8-1 and based on [Sou25-2]. We consider the 

normalized Raman gain profile of [Sou25-2] to calculate the SRS effect. Additionally, input and 

output connector losses of 0.25 dB and splice losses of 0.01 dB/km are assumed. After each fiber 

span, a band demultiplexer (with a 1 dB insertion loss) separates the transmitted bands and 

delivers them to the respective optical amplifier. We consider a band demultiplexer based on a 

band filter and assume its insertion loss will be slightly higher than current commercial C+L-band 

filters. The lumped optical amplifiers are modelled by a constant noise figure of [6, 6, 7, 7] dB 

for the L-, C-, S-, and E-bands for gain values higher than 20 dB. For gain values smaller than 14 

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

each fiber span (considering the impact of the SRS effect and the gain provided by the Raman 

amplifiers). Additional system parameters are transceiver OSNR of 38 dB, add/express OSNR of 

38 dB/37 dB and a 0.05 dB GSNR penalty per in-line amplifier. 

 

Figure 5.8-1: Frequency-dependent fiber loss and nonlinear coefficient. 

 

5.8.2 Power Optimization 

Effective optimization of launch power and Raman pump settings is essential for maximizing the 

performance, especially in MBT systems due to the frequency-dependent behavior of 

component characteristics and the impact of SRS. To assess transmission quality, we compute 

the Generalized Signal-to-Noise Ratio (GSNR) for each transmitted channel. The nonlinear 

interference component of the GSNR is estimated using the Generalized Gaussian Noise (GGN) 

model, as implemented in GNPy, which numerically solves the GGN integrals via the composite 

trapezoidal rule. SRS effects are evaluated by numerically solving the Raman equations (both 

algorithms are available in the open-source Python library GNPy [Cur22]).  

We employ a multi-objective genetic algorithm to jointly optimize the launch power and design 

of the Raman amplifier [Sou25-2] in a single-span configuration (ὒ  χπ km). The algorithm 

targets two simultaneous objectives: maximizing the ideal capacity of the single-span system 

and minimizing the total GSNR variation across bands. The ideal capacity is calculated as the sum 

of the capacities of all transmitted channels, where the capacity of channel Ὥ is given by 

ς Ὑ ὰέὫ ρ  ὋὛὔὙ, with Ὑ representing the symbol rate [Pog14]. 

5.8.3 Network Simulations 

To estimate the network capacity of each transmission system, we perform simulations using 

the Spanish national reference network (Figure 5.8-2), as published by Telefónica in  

[IDEALIST-13]. For simplicity, all network spans are assumed to be 70 km in length. 






































































































































