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EXECUTIVE SUMMARY

The deliverable reports on the final SEASON control plane infrastructure with update in the
design implementation and integration The overall architecture includes the integration of
different network domains Radio Access NetworlRAN, Passive Optical NetworkPQON,
Internet Protocolover Wavelength Division MultiplexingPoWDN), MultiBand over Space
Division Multiplexing NNlBoSDM and optical transport network segments. The deliverable
reportson the final version of the components in each network domain with evaluation results.
With initial design, implementation solutionand intermediate results reported in deliverable
D4.1 and D4.2, this report covers the final version of the control plane solution adluyesl|

the four tasks (T4.1 ¢ T44) in WP4that includes, monitoring and streaming telemetry,
infrastructure and domain control, multidomain control, addtificial IntelligenceMachine
Learning Al/ML) solutions.

An overview of the SEASON control plane architectsiqgrovided in Section, Zetailingboth

the proposeddesign and overa#iolutionarchitecturedeveloped throughouthe project. With
architecture definition fed from WP2, and devetapcomponents inVP4(listed in Sections-3

5), the final version of the integrated architecture with suitable interface and control
specifications is reported in WP5 for final demo activitigetails on the control plane elements
including Software Defined NetworkingSDN agents, network domain controllers, and multi
domain orchestrationare provided in Section.3The SDN developedims to establish
standardizeddefinitions for control of devices and individual componert, including data
processing units, MBoSDM nodes, and optical pluggables. The section also provides details on
controlling each network domain in the network (RAMON,|IPoWDM,MBoSDM, and optical
transport) with domain controller, and details on interfaces and control lifecycles. The service
and network spanning multiple domains are managed through service and network
orchestrators. The integration of controllers with the orchestratafong withthe overall
network management idescribed

Details on the components developed in WP4 to address planning, resource allocation and
network operationsare given in Section. 3nteroperability among network domainspacts
servicequality due to network modifications and servidailures. To ensureavailability and
reliability, solutions such agligital twins and distributed intelligencare employedfor
performance estimation and fault managemeiffective network operatiorand controlare
further enhanced throughresearchin Network Development OperationdNétDevOps and
resource allocationincorporatingAlassisted energy efficiency and laterayare approaches

with evaluatiors conducted to assess theiffectiveness

Comprehensive telemetry solutions are proposed to enable effective network monitoring
presented m Section 5 These solutionsintelligently aggregate data from optical and RAN
domairs, introducing innovativenonitoring approachesand supportingAl/ML-basednetwork
management. Additionally, these solutionsevaluate suitable protocols and investigate
streaming capabilities to decrease the overhead in the netwshile ensuringa balancel
scalable monitoring platform.
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1 INTRODUCTION

Building on the design and implementation advancemémis) D4.1 and D4,D4.3deliversthe

final versionof the control plane infrastructure. This comprehensive solution spaasRAN,
PON, IPoWDM, MBoSDM, and optical transport domain with hierarchical control of the network.
It suppors: (i) advanced monitoring and streaming telemetry, (ii) infrastructure and domain
levelcontrol, (iii) multtdomain orchestration, and (iv) Aksistedplanning,resource allocation,

and network operations.

The establishment of hierarchical network control requires standardizgaplication
Programming Interface(API3 and protocol specifications between the control plane and the
data plane. In WP4, SDN agents are developed to improve data plane visibility and support the
configuration of IPOWDM, MBoSDM nodes, and optical pluggables. This helps streamline
network controland management across domains using standard data models. The SDN agents
also enable telemetry data streaming through standard protocol défims and YANG models.

The network domain controllers are implemented to control different network segments like
RAN, PONIPoWDM MBoSDM, and optical transport network. This includes integration of
agents to the respective domain controllers for network operations. A spatial PON controller is
developed to integrate the PON network and controlled from control plane fitting intcSiDis!
hierarchy. The control of the MBoSDM network, its architecture, key challenges, protocol
extensions, and path computation algorithisslemonstra¢d through a procbf-concept using

the MBoSDM controller and a multiband over SDM optical node prototgeilarly dedicated
domaincontrollers areusedto control and monitor the respective network domain. For novel
control of the network, NetDevOps paradigm is used for infrastructure configuration and control
to allow incremental network change management. To perform unified control and
management of thenetwork, orchestration components including service and network
orchestrator is integrated to fadihte multi-domain network orchestration. The service and
network orchestrator are integrated where the emtolend service is managed using service
orchestrator and the network orchestrator takes care of changing of service across network
domains with appropriate corfurations. The integrated final version of components of SEASON
control plane solution and its interworking will be demonstrated as two demos 1 and 2 which
will be discussed in WP5.

Operations, planningand resource allocation tools developed in WBdhanced service
assurance by utilizing Aksisted fault management solutions and Al modelsopdimize
resource efficiencyfocusingon energyaware and latencyaware strategies A digital twin
solution for multiband network has beendeveloped using machine learningnabling
multiband (MB) optical system simulation an®@uality of TransmissionQQT) estimation.

© SEASON (HorizaftySNS2022,Project:101096120 TAges82
Dissemination Level PUB(Publig
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Furthermore, a distributed intelligence approachsing a multagent system,has been
proposed to supporEDN controllesin managingietwork services in near reéime.

The experimental results demonstrateke ability to proactively anticipatgperformance
degradation and dynamadly reconfigure resourcesherebyoptimizing both service quality and
network cost. To enable a comprehensive monitoringmework telemetry solutions are
proposed across network domains usingappropriate telemetry agents. By integrating
monitoring information providedby T3.4 in WP3, and effectively combining the telemetry data
from the optical data plane, the machine learning solution leverage and exploit valselusases

in advanced network managememdditionally,the telemetry system fothe RAN domaithas
beendeveloped to supportise casesuch asenergy saving

© SEASON (HorizetySN&2022,Project:101096120 8mdds82
Dissemination Level PUB(Publig



2 OVERVIEW GBEASONDNTROL PLANE ARCHITECTURE FOR
SELAMANAGED AND AUTONOMOUS NETWORKING

The SEASON project aims to design and validate a transport network infrastructure that can
support beyondsG technologies and new emerging services. The goal is to ensure capacity
growth for both midterm and longterm needs across access, aggregation,rmatto/long-haul
segments. In WP4, we propose a comprehensive network architecture that includes PON, SDM
PON, a converged packeptical transport solution, MultiBand over SDM (MBoSDM), and
optical transport solutions. The control plane components andliagpons are designed to
enable:

(a) Automatic network configuration,

(b) Slf-healing in case of failures,

(c)Secure access and device control, and

(d) Optimal use of network resources, making the network fully-ssdihaged.

Figure2.1shows the SEASON reference transport network architecture, extending from the RAN
to the core, along with the related control and orchestration technologies. The architecture is
designed to support beyor8G services through a unified, intelligent, andbgrammable
infrastructure. It includes key segment®RAN, PON, Aggregation, Metro, and Gocennected

by advanced transport technologies such as multiband over SDM transmission and switching
hardware.

Al/ML Assisted Control and OrchestratidNetDevOps Optical Monitoring and Telemetry% Network DigitalTwin
i Platform i in support of Network
Autonomous Networks !
Flexible Functionaplitting! DPU
((( ))) R Bdge e Edgs)
é RadRiﬁ'\L‘Jn bu/cu P ESOUCeS e gration?)
0 Programmable Cloud
Applicabilityof PON for : Switches with pluggable Resources
(( )) front-haul/mid-hau? [Ril transcelvers
RAN DU |PON7 cu RS H o
Radio Un E—— ni @
RAN
Multi-Granular Multi-Granular
MBoSDM MBoSDM
(( )) : Optical Switche: Optical Switches
ONU > SDM based Distribution
Network
Advanged SBVTs for
ONU P2P and P2MP
Colocated support of fixed/
residential (e.g., F5G)
Accfas /Metro Transport Core
Figure2.1: SEASON Architecture Salinaged and autonomous networking
© SEASON (HorizetySN&2022,Project:101096120 mdd82
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Figure2.2: Final SEASQgontrol plane architecture with components developed in WP4.

Figure2.2 presents thefinal SEASON control plane architectwith components developed in
WP4 which integrates RAN, spatial PON, paaksical, MBoSDM, and optical transport
networks. Each data plane network is managed by its corresponding domain controller in the
control plane, as shown in theigure2.2. The interface definitions and control procedures for
each domain are detailed in their respective sections: RAN (S&:8d8), PON (SectioB.2.4),
IPOWDM (Sectio3.2.3, MBoSDM (SectioB.2.1), and optical transport (Sectidh2.2). These
include both vendoneutral and native APIs, as described in the relevant sections. To enable
endto-end service control and management, the domain controllers for different network
segments are integrated into a network orchestrator. The sp&@N controller, IP controller,

and optical controller connect to the orchestrator in the management plane to handle the full
service lifecycle.

Infrastructure monitoring and telemetry streaming solutions have been developed for all
network domains. Telemetry data retrieval, using APIs and protocols, has been validated and is
discussed in detail in Sectidn The telemetry solution has been evaluated for size, overhead,
latency, visibility, and scalability. To improve operational intelligence, the architecture adopts
NetDevOps practices and Al/Miiven control loops, including MulAgent Systems (MAS) for
nearreatime decisioamaking. These agents operate close to the data plane to optimize
resource usage, reduce energy consumption, and maintain service performance. Digital twins
are also employed for advanced use cases such as fault localization, gnpi#iictive
maintenance and proactive network management.

© SEASON (HorizetySN&2022,Project:101096120 1pafa 32
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3 (ONTROPLANEE_.EMENTS

3.1 SDNAGENTS ANPACKETOPTICACONTROL

3.1.1 SDNAgent and Contradf Data Processing Unit (DPU)

Recent progress in transmission technologies and network programmability is enabling the
seamless integration of optical, packet, and computing resources across théceddge and
edgeto-cloud continuum. At the transmission layer, compact coherent @bbgtransceivers
have driventhe adoptionof IPOWDM switches, which combine optical and packet resources
within a single network elementielivering significant benefits in terms of capital costs, latency,
and energy efficiency. Moreover, coherent pluglgabcan potentially be inserted directly into

the latest generation of higbpeed Smart Network Interface Cards (SmartNICs), also known as
Data Processing Units (DPUs), further minimizing -epgotro-optical conversions. Both
switches and DPUs can alsck@aadvantage of network programmability and hardware
acceleration for networking functions, for example through P4 or DOCA technologies.

In SEASON, reported in D4.1, we designed and developed an SDN Agent enabling the
configuration of a coherent pluggable module directly inserted within the SmartNIC/DPU,
according to the OpenConfig model.

In SEASON, reported in D4.2, a framework for pervasive telemetry and accelerated networking
that integrates optical, packet, and computing resources through DPU programmability is
presented, enabling an edge-edge continuum. The scenario combines edgaputing nodes

with DPUs and IPoWDM switches with programmable ASICs, both leveraging coherent pluggable
modules. Although it does not yet overcome current hardware limitations (e.g., DPU
compatibility with coherent transceivers), this integrated setup supgpa scalable telemetry
system where switches and DPUs offload packet processing, allowing rapid reaction to failures
or SLA degradations without relying on centralized SDN controllers.

The framework relies on decentralized Mtllaayer Network Telemetry (MLNT), which enables
in-network generation and wirspeed processing of performance data across optical and packet
layers. This approach exchanges #irake QoT and QoS information withimmal bandwidth
overhead, while SDN controllers are only needed toqumpute backup paths.

This is further enhancely integrating DPUs at source and destination nodes, equipped with
DOCA Flow APIs an@dp Packet InspectioDP) accelerators for efficient telemetry header
injection, inspection, and packet cleaning at line rate. Experiments demonstrate that 100G DPUs
can sustain hardwaraccelerated DPI above 30 Gblargely exceeding the requirements
pervasive telemetry in converged paclaiticalcompute infrastructuresThis work has been
presented at the ECOC Conf. [Cug24].

© SEASON (HorizetySN&2022,Project:101096120 lpafd 32
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Figure3.1: DPU architecture enhanced with REST API, part of the SDN agent, enabling automated deployment of
networks functions within the DRPU

In this deliverable, we report on a novel RESTa8Rhown irFigure3.1, part of the SDN agent,
enabling automated deployment of networks functions within the DPU.

This REST API enables lifecycle management of DPU applications, including operations such as
starting, stopping, and inspecting containers. It also allows operators to validate the behavior of
DPU network functions such as cyber security and forwarding.

The API begins with a discovery phase, enabling the operator to identify currently running
network functionsby querying the platform. At initialization, fanctionsare active.

This is followed by a provisioning phase, in which the operator launches a specific network
function deployed as a container. In our pramfconcept implementation, we used a DPI service
combined with forwarding rules. Once running, this service inspssltcted traffic flows and
applies the corresponding decisiorir example, as proof of concefutwarding packets from

DPU port 0 to DPU port 1.

When the service is no longer required, the container can be cleanly stopped and removed by
specifying its nameThe API operates with millisecotelel responsivenes$Ve investigated

the startup performance of a containerized L2 hairpin forwarder (vnf_fwd). Using both direct
Docker CLI commands and a REST API control path, we measured the time from the command
received to the point where the forwarding process becamtvac Results show that the
application initializes in approximately 0@¥.32 secondsThe REST API path is shown with a
median difference of only 3 ms, confirming that the control interface introduces no significant
overhead.

© SEASON (HorizetySN&2022,Project:101096120 lpagd 32
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3.1.2 SDNAgent folPoWDMnhodes inROADMTree networks

Figure3.2 shows the overall architecture of the agents designed for the control of the IPoOWDM
boxes.

The SDN Agefhias been designetd support the new functionalities afisaggregatedPoWDM
boxes. In particular, the containerized NETCONF agent, supporting optical transmission setting,
has been enhanced with packet parameters (i.e., IP layer).

NETCONF

* edit-config
to TFS IP Controller
= pget

" OpenConfig DB NETCONF ‘

NETCONF agent@ grent

(C o nfD) -==E- |
T d ) .’_,"

REST driver Control plane

CMIS/Sonic APIs Data plane
Physical components
(ports, pluggable

modules) IPoOWDM node

Figure3.2: IPoOWDM software components.

More specifically, thepenconfig -if -ip has been considered for the configuration of IP
address, VLAN and logical interfaces. By exploiting this mihe@elP SDN Controller is able to
enforce to the IPoWDMoxes the configuration of the IP address to be assigned to the Ethernet
interfaces where the coherent pluggable modules are attached.

The openconfig -bgp and openconfig -rib -bgp models have been considered to
handle the BGP protocol related configurations in the FRR container running in the Sonic OS.
This includes the capability to activate new BGP instances, with specific BGP neighbors.

A Python RESJased driver has been designed in order to expose CMIS/Sonic configurability to
the NETCONF agent, acting as REST client. Though theitlissapwpossible to perform the

raw configuration of the IPOWDM components including both the packet and the optical layers,
supporting the required configuration methods (i.e., configuring optical parameters of the
pluggable modules, configuring IP addresserfigaring BGP neighboring sessions.

The experimental assessment is detailedaction3.2.5where the Agent is implemented in a
network testbed together with the enhanced TFS SDN Controller.

© SEASON (HorizetySN&2022,Project:101096120 1pafd 32
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Figure3.3: Screenshatt the SONIC white box running t8®N Agent

Figure3.3 shows the status of the IPOWDM box upon a successful configuration of a L2VPN
(active VLANSs, VXLAN, BGP, L2VPN).

This work has been published in [Sga25].

3.1.3 SDNAgent for MB Transceiver

A MB(oSDWM sliceable bandwidth/bit rate variable transceiverB8T) developed in SEASON
operates across the S, C, and L bands enhancing capacity scalability through its modular
architecture. It is based on orthogonal frequency division multiplexing (OFDM), iytensi
modulation (IM), and direct detection (DD), with adaptive digital signal processing (DSP) to
ensure higher flexibility and performance. The transceiver architecture enablestpeaaiint

(P2P) and pointo-multipoint (P2MP) connectivity, while providjnflexible and efficient
bandwidth allocation across spectral and spatial channels, meeting the demands of future
optical networks. (see Section 7.4 in WPB3.2)

© SEASON (HorizetySN&2022,Project:101096120 lpagd 32
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To enable remote programmability, the control and management functions of a device expose
an API towards external applications or clients. A domain SDN controller behaves as a client.
NETCONF/YANG are an industigte adopted transport protocol and data meling language.

A common approach to implement an SDN agent is to decompose it into two main functional
blocks: a frontend, able to support NETCONF/yang, and a+deack which is responsible for the
actual device configuration using internal interfaces

Open Optical Terminals in general cover transponders, switchponders, muxponders, etc. with
the ability to switch and multiplex multiple client signals into optical signals. The agent deals
with uniform components hierarchy, multiplexing stages and comesiection logic discovery

and optical channel configuration comprising Frequency, power, and operational mode. We
followed the OpenConfig framework for theBY T, reusing the existing approach to model an
optical platform and terminal device. Our currenbik focuses on two different operations
within the OpenConfig data model: (a) optical channel configuration, and (b) logical channel
assignment. The first operation addresses the configuration of an optical channel with a
particular central frequency, powge and operational mode. To do this, we extended the
underlying YANG model to support the dynamic configuration of the optical channels (i.e.,
central frequency) of the different slices, in other words, multiple optical channels in a single
line port. Letus note that the operational mode field was, originally, vendpecific and
encodes the different transmission modes supported by the device/transceiver into a single
integer value. The corresponding value can specify information about the transmisgiaissi
such as modulation format, or FEC.

3.1.4 SDNAgent for the MBoSDM node prototype

A MBoSDM node prototype is currently being developed at CTTC pressist®wn irFigure

3.4, to demonstrate transparent switching at the WDM and SDM level. As part of the ongoing
work, the node must be controlled by the SDN conttdne within the CTTC ADRENALINE
testbed.The multiband over spatial division multiplexing (MBoSDM) node prototype developed
in SEASON supports spectral (band and wavelength) and spatial granularities, usirentixed
flex-grid WDM technologies,-Band AWG and WSS devices, and 1x3 MB filtelS,f&, and t

band bidirectional transmission. SDM is achieved with-adi® multicore fiber (MCF) and fan
in/-out devices, enabling core switching and add/drop operations via an 18x18 optical matrix.
The node prototype is integrated into the ADRENALINE testbed, which operates within the C
band, and enables optimized resourcsilization. Its scalable design, leveraging broader
spectrum coverage and spatial channels, ensurestegiacity, efficient, and dynamic switching

for future network demand (see Section 7.1 in WH33.2)
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Figure3.4: IPoOWDM software components

An SDN control plane agent has been developed using the Netopeer framework. We have

defined a Yang model that maps the previously mentioned high level functions into the creation

2F a02yySOGA2yaé¢d GAUKAY GKS y2RS® crléase{ 5b 02y
connections and provide the required parameters. We can see a simplified Yang model for the

SDN agent in which the main data node is the list of connections that can be modified by the

SDN controller. The creation (or deletion) of a connectiathéndata plane triggers the process

of hardware configuration using the lelevel interfaces.

3.1.4.1 Control Architecture

The proposed control architecture is in line with SEASON control plane as shown in D4.1 and
D4.2. this includes

1 An SDN Controller, in this case the FlexOpt SDN controller, properly augmented to
perform DWDM, band or SDM (core) switching. This component is provided from WP4
and extended according to the hardware device model

1 An SDN Agent based on NETCONF implemented within the project. The SDN agent maps
the highlevel operations to the configuration of matrices and WSS and related
subsystems. The controller facing part is based on Net2peer opensource framework and
is writtenin python.
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1 Yang model for the device. A specific yang model is being developed for the identified
hightlevel operations in the previous section. The yang model is the reference and
contract between the SDN controller and the agent and supports the identified
Create/Read/Update/Delete (CRUD) operations on Crossnections, with constraints
in terms of input ports / output ports and type / layer of cressnnection

3.1.4.2 Yang model

Based on the previous considerations, an initial Yang model has been developed for the SDN
agent that captures the basic information to perform operations on the device. The following
shippet shows the Yang model in tree format.

module: season - mbosdmnode
-- rw node

+ -- rw address inet:ip - address

+ -- rwnode_id yang:uuid

+ -- ro ports

| + - ro port* [id]

| - roid uint32

| -- ro name? string

| -- ro direction? season - mbosdmtypes:port - direction
| -- ro type? season - mbosdmtypes:port - type

+ -- rw connections

+  -- rw connection* [name]

-- rw name string

-- rw input_port  uint32

-- rw output_port uint32

-- I'w input_core uint32

-- rw output_core uint32

-- rw band? enumeration

- rwn intl6

- rwm uint16

+ + + +

+ + + + + + + +

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

In summary, progress on the design and development of the agent is as expected. We completed
the first integrations in Q1 202&nd final integration demonstration will take place in Q3 2025.

3.1.5FlexTelemetry Agent

This work presents the outcomes of the SEASON project with a focus on the development and
deployment of a Pythothased streaming telemetry applicati@s seen irFigure3.5 for real

time network monitoring. The application is designed with protocol flexibility, supporting
industry-standard southbound interfaces such as NETCONF, gNMI, and SNMP, making it
adaptable to a wide range of optical and packet network devices.

In addition to its flexible input protocol options, the application offers a pliogsed
architecture for northbound integration, enabling seamless data export to message brokers
(e.g., Kafka, MQTT, Redis) and tiseeies databases (e.g., InfluxDB). Tiesign allows
operators to easily integrate telemetry data into existing analytics and visualization pipelines,
such as Grafana, for both reiine monitoring and longerm trend analysis.
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Figure3.5: FlexTelemetnArchitecture Northbound integration with flexible output message brokarsl southbound
integrationwith adaptable protocols

As part of the SEASON project, the telemetry application was successfully deployed and tested
at the Fraunhofer HHI lab. The deployment focused on collecting telemetry data from optical
transport components, including transponders, ROADM nodes, and optioplifiers. The
platform demonstrated its capability to stream telemetry in parallel from multiple devices,
leveraging Python's multiprocessing to maintain d@ency and highhroughput performance
across concurrent data stream3he Figure 3.6 illustrates the telemetry payloads being
dispatched to the selected northbound plugins.

Intitiating Streaming

2025/06/23 16:26:36 Initiating data streaming driver netcon
2025/06/23 16:26:36 Initiating data streaming driver netcon
Initiating TeraFlex

Initiating QuadFlex

Streaming from IP: 172.20.132.230

Streaming from IP: 172.20.132.231

Published

Published
Published
Published
Published
Published
Published
Published

to the InfluxDB bucket

to the InfluxDB bucket

to the Kafka topic : QUADFLEX_172.20.132.230
struct to MQTT: QUADFLEX 172.20.132.230

to Redis channel: QUADFLEX 172.20.132.230

to the Kafka topic : TERAFLEX_172.20.132.231
struct to MQTT: TERAFLEX 172.20.132.231

to Redis channel: TERAFLEX 172.26.132.231

Figure3.6: Application output showing data delivery to various message brokers and time series databases
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3.1.6 OpenROADM Agent

In the framework of the SEASON project and in line with its objectiesOpenROADM agent
developed for the control of advanced optical pluggable module (ZR/ZReddy described in
[D41] has been ahancedfor managingalso spatial optical matrices. To this purpose, the
OpenROADM <roaditonnections> concefltas been extendetb create connections between
OTS interfacesBasicallythe optical matrix is modeled as @eculiarROADMdeviceable to
switch the whole Optical Transport Sectidbonsequentlythe <source> and <destination>
containers of the <roadrtonnection> onebesidesNetwork Media Channel interfacesas for

a Of I &a A Olcanéalsarferense® S interfaces, as shown in the following snippet.

<org - openroadm - device xmins="  http://org/openroadm/device
xmlns:nc="urn:ietf:params:xml:ns:netconf:base:1.0">
<roadm - connections nc:operation="merge">
<connection -name>0TS CTP- DEGX TTP-to - OTS CTP- DEGZ
TTP</connection - name>
<opticalControlMode>off</opticalControlIMode>

<target - output - power>0</target - output - power>
<source>

<src - if>0OTS - DEG: TTP</src -if>
</source>

<destination>
<dst - if>OTS - DEGX TTP</dst - if>
</destination>
</roadm - connections>
</org - openroadm - device>

Moreover, D interact with real hardware, exploiting agent flexibilityhasalsobeendeveloped
a driver for aGlimmerGlass G300 48xdptical switch

Theagent has been integrated and tested with t8& TC FlexOpptical controller and will be
employed in the FiberCop demo foreseen farlg autumn 2025.

3.2 SDNOONTROLLERS

3.2.1 MBoSDM Optical Controller

CTTC FlexOpt SDN framoek has been used as an SDN contrédeMBoSDM networks. During

the first reporting period, the main aspects were defined, including its usage in single domain
emulated scenariosThe second period hascused on polishing the implementation, better
support north bound interfaces and TAPI extensions for SDM and to integrate control of the
actual node agent prototype, as described earlier in the document.
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We present the overall architecture and main challenges, the proposed protocol extensions and
the implemented path computation and resource allocation algorithm. We illustrate the
solution with a proofof-concept using CTTC FlexOpt SDN controller, whitidies an ongoing
multiband over SDM (MBoSDM) optical node prototype.

3.2.1.1 Background

When using SDM, in single level optical networks, parallel links are deployed either as bundles
of fibers (BoF) or as muiltiore fibers with farn / fan-out systems. To date, such SDM systems

are mostly pointto-point and switching only happens at the maahannel (DWDM) level and

SDM or spatial layer is systematically terminated at each node and transported OTSi signals are
switched (their media channels, referred to as DWDM switching). Although systematically
terminating spatial layer connections anditshing at the DWDM layer has potentially the best
efficiency in terms of blocking probability and network capaeityiven the fine granularity of
switching at the upper layers in practice, this approach has multiple drawbacks when scaling

to required capacity involving many fibers and/or spatial cores. For example, the required
Wavelength Selective Switches (WSS) may become a bottleneck or simply unfeasible due to the
number of required ports to ensure contentidess, colodless and contentiotess rodes or not

being able to cover the whole optical spectrum with the required granularity, which requires
more complex node architectures introducing e.g.-pand filtering and dedicated planes.

On the other hand, mulievel networks extend single level networks by introducing different
switching granularities (levels), and these may encompass, for example, WDM switching (media
channel switching, either in fixeflexi- grid) and Fiber / Core stghing in single nodes. Efficient

path computation algorithms and control plane architectures are required to operate such
networks.

3.2.1.2 Overall architecture

The control plane architecture relies on a single SDN controller that is responsible for the Optical
Line System (OLS). This OLS controller exports a North Bound Interface that extends the
transport application programming interface (TAPI) to support ttavision of media channels

or SDM connectionas seen irrigure3.7. Main entities such as Connectivity Service-Boihts

(CSEPSs), Connection End Points (CEPs) and Node Edge Points (NEPs) have been augmented to
convey information about the status of e.g. fibers or cores within a single traffic engineering link
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Figure 3.7: Graphical Representation showing the TAPI context and the modelling of the network showing the
extensions to SDM related to core allocation, es exposed by the MBoSDM OLS SDN.Controller

3.2.1.3 Path Computation Algorithm

The path computation function is a key function of the OLS controller. The objective is to find a
path between two endpoints (Service Interface Points) and allocate a continuous media channel
(frequency slot) in a multiband context. For this, the functiealy decide to allocate lower layer
connections (SDM connections) that become higher layer links. The complexity of such
algorithms is high, and in this work, we have devised an algorithm that works as follows: upon
the arrival of a connection, try to fina path in the DWDM layer, ensuring sufficient QoT based
on predefined parameters such as reach. A given DWDM link has a pool of the C, L and S bands.
If this path computation fails, the algorithm shall look for additional SDM connedtiaiith or
without core/fiber continuity constraints, based on hardware limitations and capabilities) and
given the additional DWDM links they induce, try again the DWDM allocation. If the algorithm
cannot find a WDWM frequency slot and cannot create a SDM connection dibettieen the

end nodesthe algorithm fails.

3.2.1.4 Control Plane Workflow

The operation of the SDN control plane starts with the onboarding of the controlled topology.

In this work, we have considered different topologies with real or emulated hardware. For
example, one of the topologies is based on the Telefonica topologyewittodes, and 270 links

with 5 cores per MCF. The Operator Support System or Client may retrieve the TAPI context and
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available resources, including the different nodes, links and their switching capabilities as well
as available resources.

At some point, the user proceeds with media channel service provisioning S1 between nodes.
Upon request, the path computation algorithm finds a path which may or may not involve the
provisioning of SDM connections (with continuous core between endpointginase of core
continuity constraint) and the subsequent instantiation of virtual link(s). Such DWDM links are
managed in virtual network topology (VNT) and keep track of both the underlying supporting
connections as well as the client services. Not tinks induced by SDM connections can be
reused by different DWDM services (grooming). When the service connections are released if a
SDM connection is no longer used by a WDM connection, the supported DWDM link is removed
and the SDM connection is rekssd.

As part of the provisioning process, the OLS controller interacts with the SDN agents within the
network elements to configure the optical nodes. Based on a high level abstraction there are
different operations that can be done: ADD or DROP operationsneitda channel between an
add/Drop port and a degree port, cressnnect a given media channel given its frequency slot
and input/output ports and, for the SDM layer ADD or DROP a client port of the SDM layer into
the SDM fiber or crossonnect a core beteen an input and output core. The next section
details the SDN agent developed in our prototype.

Figure3.8: Network state after batch of service requests: 336 connectivity services:110 SDMsapperting 110
virtual DWDM links (purple) and 226 flgxid services. Links show core allocation (SDM) and freq. slots (QWDM)

Let us note that when the data plane is emulated, the controller can be used to evaluate the
performance of the system and the algorithm, by either using Markovian processes or evaluating
the accepted traffic load (network capacity) to reach a blocking cdte.g.1%. ThEigure3.8

shows the network state retrieved via the RESTCONF/ TAPI interfaces after batch of service
requests: 336 connectivity services:110 SDM eagporting 110 virtual DWDM links (purple)

© SEASON (HorizetySN&2022,Project:101096120 2pafé 32
Dissemination Level PUB(Publig



Hw
&
fo
'z

and 226 flexgrid services. Links show core allocation (SDM) and freq. slots (DWDM). Links are
either physical (SDM links) or logical WDWM links supported by a connection in the SDM layer.

3.2.1.5 Integration with the MBoSDM node prototype

For the integration of the actual node protype, an SDN agent has been implemented and a Yang
moded defined The yang model supports the dynamic creation of comgmections across
different layers and this is mapped to low level interfaces {Sgare3.9). Further details of the
performance will be reported in WP5.

Configure NBI

Media Channel RESTCONF/TAPI

MBoSDM
SDNController

SBI

MBoSDM 3
NETCONF/Y/A&N

P SN S N R sdm_add_coréwxc_p1l,cl, deg2)

Agent add_media_channdk, wxc_p1lfreq_width)

sdm_cross_connect_cof@egl, c1, deg2, c1)

] FE | sem.eross comnect .
3 :
SDM XX . ;
Agent O Agent |

o _—— 7 ______________ - sdm_drop_corgdegl, c1, wxc_p2) O
'S WDMXC| womxc| 9 ”
: 7/ Virtual link A
: / \ : flexi_drop_media_channdlvxc_p2 freq, width, d) _
SDM X:/ MCE SDM X
Data Plane Infrastructure

Figure3.9: High Level messages between the SDN controller and the SDN agent, based owdfiegueperations

3.2.1.6 Usage as Network Orchestrator

In the context of Demo 1 with WP5, the FlexOpt SDN controller has also been used to act as a
network orchestrator for the optical domain, providing overarching control for the MBoSDM
and Adtran OLS domains. This will be detailed in WP5 deliverables.

3.2.1.7 Conclusion

SEASON has implemented a control plane for single domain MBoSDM networks, exporting a
standard north bound interface. control plane for MBoSDM networks, showing the main
challenges and design choices. We have demonstrated its applicability in MBoSDM nodes both
at the control plane level with large topologies as well as the ongoing fafeodncept being

done in the ADRENALINE CTTC testtimdsummary of thisvork has been published [Cas25]

and will be subject of upcoming presentations at iPOP2025 in Tokyo, Japan.
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3.2.2 Ensemble OLS controller

The optical controller proposed in SEASON for OLS control is based on the Adtran Ensemble
Network Controller (ENC) software solution and provides a northbound ONF TraAdtort

(TAPI) v2.1 interface. OLS components are managed through southbound intedagesative

YANG models and protocols such as NETCONF and SNMP. The controller handles optical service
provisioning, including port configuration, channel frequency assignment, and other OLS
operations. On the northbound side, ENC supports TAPI v2ihtégration. Details on OLS

service provisioning, service lifecycle management, and API integration are provided in previous
deliverables D4.1 and D4.2.

Based on the proposed work, two key innovations have been implemented:

1 Endto-End Cros8order Service Provisioning and Monitoring, and

1 Network Automation using NetDevOps.

3.2.2.1 Endto-End Cros8order Service Provisioning and Monitoring

We demonstrated an entb-end crossborder service provisioning and monitoring approach
using Eclipse Dataspace Components (EDC) Connectors. This solution improves scalability,
performance, and regulatory compliance while removing the need for traditiomahual
contracts between international network operators and transit gateway providers.

As network demands grow rapidly, automating crbssder service provisioning has become
essential. Our demonstration applies SDN principles to dynamically provision network routes,
ensuring optimal performance. By integrating the EDC Connector, the systabtes policy
driven interactions between different network operator domains, allowing automatedtend

end service provisioning in line with contractual requirements and predefined policies.

3.2.2.1.1 Software Defined Networking

The OLS controllers connect northbound via TAPI to the +haiiain controller or network
orchestrator. This setup enables dynamic route management across two operator domains. In
our work, we integrate the TeraFlowSDN controller with the EDC Connectbaisdifferent
TeraFlowSDN instances can share network service details securely and in compliance with
policies, while autonomously provisioning resources and creating@mtd service paths.

3.2.2.1.2 Data Sovereignty and Compliance

Data sovereignty is key to our solution, ensuring stakeholders keep control of their data through
strict access and usage policies. Since network data is sensitive, sharing it across operators and
the transit provider requires a framework that protects osvahip. We use the EDC Connector,
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part of the opensource EDC framework, to manage data exchange while enforcing policies.
Dataspace connectors have already proven effective in regulated sectors like healthcare. In our
work, the EDC Connector automates datering agreements and enablexare, policybased
interactions between TeraFlowSDN instances. This protects shared information (e.g., service
descriptions) and supports performance monitoring within each domain, ensuring compliance
with agreements.
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Figure3.10: Overall Architecture: Ent-End Cross Border Service Provisianing

3.2.2.1.3 CrossBorder Service Provisioning and Monitoring

When a customer requests an etmlend crossborder serviceds shown irFigure3.10), the
EDC Connector coordinates provisioning and monitoring between the local operator, transit
provider, and target operatar removing the need for manual negotiations and paperwork.

3.2.2.1.4 Implementation andVorking

The work demonstrates automated eitd-end crossborder service provisioning. When a

customer requests a crod®rder serviceds shown irFigure3.110 = (G KS f 20F f 2 LISNJI (
Connector sends a service request to the transit gateway, which forwards it to the destination

operator. After approval, TeraFlowSDN instances in both domains share service details via the

EDC Connector. The TeraFlowSDN coatsothen provision resources and activate the service

through OLS controllers using TAPI. Customers can monitor service performance through their
2LISNF §2NRa 95/ /| 2y ySOU2NE LINRPGARSR L}R2fAO& NBJ
components and experimemtorkflow are provided in Milestone 5.2 of WPHhe work has been

published and demonstrated and published in OFC 2025.
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Figure3.11: Interaction between different demo components at various stages of service provisioning and monitoring.

3.2.2.2 Network Automation using NetDevOps.

We implemented an automated NetDevOps pipeline for configuration management, version
control, and deployment validation in optical transport networks. The pipeline integrates
Ansible playbooks, Python based NETCONF clients, and TAPI RESTCONF APIs for devic
configuration and endo-end service provisioning. With Git based version control, automated
rollbacks, and dynamic resource utilization, it ensures scalability, reliability, and efficient
management across diverse network devices. By leveraging digitalenvironments, the
proposed approach enables pdeployment testing to ensure errdree configurations before

live implementation. Performance evaluation highlights significant improvements in
configuration time, resource optimization, and error retdan compared to traditional
methods, addressing key challenges in managing isacgée optical network infrastructures.

Adopting the NetDevOps approach offers significant advantages over traditional methods,
addressing key areas, (a) Scalability is enhanced through automated pipeline, which efficiently
manage increased number of dynamic device and service configuration®Rke{lability is
improved with consistent automated pipeline jobs and network state management using
version control. (c) Latency is improved effectively by automating routine tasks, leading to faster
deployment cycles and quicker responses to dynamic akwlemands. Traditionally, DevOps
practices have been primarily associated with software development, with limited adoption in
network management. By extending NetDevOps methodologies, we bring automation and
agility where such practices have not been emdively explored in optical network. Our
approach leverages industry standard protocols, such as NETCONF and RESTCONF for
configuration in a partially disaggregated network architecture. Additionally, we ensure
seamless integration with optical controleand orchestration platforms by adhering to GNF
TAPI in the northbound.

© SEASON (HorizetySN&2022,Project:101096120 2pafé 32
Dissemination Level PUB(Publig



Iw
&
fo
'z

3.2.2.2.1 Implementation and Working

We implemented an automated workflow for managing network device configurations and
service provisioning in optical networking, focusing on version control @odtinuous
Integration/Continuous DevelopmentC({/CD operations. The implementation leverages a
NetDevOps approach to streamline complex network adjustments, improve deployment
accuracy, and reduce manual errors through automation.

I RESTCONF

ONF-TAPI Driver

Optical Domain Controller

/_-I\NETCONF
51 8

OpenConfig/NETCONF
OpenConfig/NETCONF

Opticalline 7 . ors
System (OLS)

%, )/ &)
R-ROADM 21 Y
S -Service s

OT - Optical Terminal

Figure3.12: NetDevOps Demonstration Architecture in Optical Network Digital Twin.

A digital twin of the optical network is used that mirrors the actual infrastructure, enabling safe
testing of configurations before deployment as showirigure3.12. By replicating devices and
network conditions, engineers can validate changes, identify potential issues, and ensure
everything works as expected. The pipeline executes configurations in the digital twin which
emulates an actual device, applying changevirtual devices and verifying their impact. If
successful, the tested configurations are then pushed to the actual network environment. This
approach reduces the risk of errors, minimizes disruptions, and ensures reliable deployment,
enhancing the oveihefficiency of network management.

The proposed approach achieves scalability and reliability by integratinga&iti version
control for automated rollbacks, significantly reducing human error and downtime. Performance
evaluations demonstrate improved operational efficiency and time sggvinoompared to
traditional methods, and the results are presentedSiectiord.2.

3.2.3 Optical Controller for P2P and P2MP pluggable devices
(OpenXR)

One of the novel aspects that SEASON is addressing is the odtitv@pointto-point (P2P) and
point-to-multipoint (P2MP) pluggables in support eferging and constrained connectivity
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services. A promising technologys OperXR and the Open XR Optics Forum
(https://openxropticsforum.org) is the multisource agreement (MSA) working group for XR
2LJiA0az GKS A-oinditipoinidolizeent flugdablditrarisigifey tdchnologyith
solutions to scale from the network edge acresstropolitan, national, longhaul networks,
simplifying network operations to build smarter, more automated networkBy enabling
services such as 5G and packet services, supporting new service speeds of 400G, 800G and
beyond, and the scale of C+L solutions to enable network scale with more efficient network
architectures

Pointto-multipoint (P2MP) coherent optics based on digital subcarrier multiplexing (DSCM)
[Welch2] has the potential to provide connectivity in access, aggregation and metropolitan
networks at a low cost. P2MP technologies use DSCM to split the bandwidth into multiple
Nyquist digital subcarriers (SCs) at a lower symbol rate. Each individual SC traatdx:
independently of all others, including modulation, management, power, aggregation, etc., and
thus can be routed to different destinations, allowingraater degree of flexibility with respect

to classical fixed poirtb-point (P2P) transceivers. IH¢r23 the authors proposed that P2MP
can bedynamically assign bandwidth providing extra resourcesnt@nduser during the peak
hours andre-assigning that extra capacity to other clients whose peak hours occur later on.

In summary, ae of the activities that SEASON has developed within WP4 is the integration of
the control of XR pluggables in the overall SEASON control architecture. This has been
accomplished by extending thHenctional element of theCTTC FlexOmiptical controller to
control P2MP servicesThe chosen model is based on delegating low level details of the
pluggable configuration to the IPM (Intelligent Pluggable Manager) while the Optical controller
providesa network view and a standard and open north bdunterface.

3.2.3.1 Control Architecture

The P2MP programmable pluggables implement a dual management interface as described in
[Hand24]. The FlexOpt Optical Network Orchestrator is able to process user requests for P2P
and P2MP services. The Flgx®xports a TAPI based north bound interface and delegates the
configuration of the pluggables to a dedicated controller (the XR Intelligent Pluggable Manager
or IPM) and the configuration of the optical line to a dedicated OLS controller. The main task of
FlexOptis to process the user request, to panfn path computation and resource allocation
(with optional path validation with external entities) and to manage the lifetime of services.

3.2.3.2 PluggablaleviceDiscovery

The first step involves the discovery, from the Optical Controller, of the available pluggable
devices, hosts and Network Demarcation Units. This involves several API calls to the underlying
IPM module, once a token has been obtained during an initial emiibation phase.In
particular, the FlexOpt orchestrator periodically obtains the IPM OpenlID token and proceeds
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with the discovery of hosts (routers) and pluggable devices (modules) using a REST interface
over HTTPs. Discovered network elements are mapped to TAPI network nodes and module

Ethernet client ports are mapped to TAPI DSR SelwiegacePoints (SIPgs shown irFigure

3.13. The Optical Line System is modelled as a single TAPI abstracting media channel switching
and can represent a ROADM based network controlled by e.g. aehABled OLS controller

node or a transparent optical splitter. In this case, 7 modules are disedver
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Figure3.13: Scenario and Network Topology for the control of P2MP pluggable devices

3.2.3.3 Service provisioningorkflow

One of thekey features is the proposal afstandard north bound interface (NBI) based on

Transport API (TAPI) that allows the provisioning of P2MP services. For this we have used the
ASYSNR G SNGAAIRSG Fvilk G SE £ F@SNJ LINPG202F ljdzk £ AFASNE
pluggable modules have been given a Service Interface Point, so thanks to the Graphical User
Interface 6eeFigure3.14) the operatorcan select up to 4 x 100 Gb/s services from kB

module to each of the available modules.

The FlexOpt receives the request from the northbound interface (NBI) and, as part of the

process: (1) it computedie nominal central frequency for the DSCM and requests the creation

of an XR network or constellation to thleM; (2) it configures the optical line system as needed,;

and (3) as well as the creation of the service betweenBtiernet ports in the router available

breakouts. For this, the creation of the XR network involves selectindréloggiency of the

constellation (e.g., 191375000), the mddtion (i.e., 16QAM) as well as the selection of the XR

hub module (configured in L1 mode). Once the XR network is created, it proceeds to connect
additional leavesto the XR network selecting the leaf modules. Fipalyk S a L2 NI Y2 RS ¢
connection is requested with a third capecifying the Ethernet endpoints (client AIDs).
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Figure3.14: Provision of a 100G service betweenXiieHub and one of the leaves, using a standard TAPI North Bound
Interface.

The establishment of a 100 Gb/s service between breakout port 1 of the Cisco router and port 1
of the UfiSpace router necessitates a specific configuration process. To facilitate the 100 Gb/s
service, it is imperative to configure the breakout mode onititerfaces involve in the service,
specifically those utilizing a 400G pluggable. This configuration results in the creation of four
subcarriers, each capable of supporting an individual link. The procedure entails:

I.  Activation of breakout mode on the 400G Q<MP ports of both the Cisco and the
UfiSpace router.

II.  Allocation of one of the four available subcarriers (in this instance, subcarrier 1) for the
requisite 100 Gb/s service.

[ll.  Configuration of appropriate frequency and modulation parameters for the selected
subcarrier to accommodate the 100 Gb/s data rate.

IV. Establishment of the logical connection between the designated breakout ports on each
router.

V. Verification of link status and performance metrics to ensure the operational integrity
of the 100 Gb/s service.

The frequency is obtained through the optical controller, which performs the corresponding
frequency assignment to the involved equipment. This method enables efficient utilization of
the 400G pluggable capacity, facilitating the provisioning of multigie-$peed services on a
single physical port. This methodology enables efficient utilization of the 400G pluggable
capacity, facilitating the provisioning of multiple higbeed services on a single physical port.
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The remaining subcarriers may be allocated for additional services or reserved for future
capacity expansion, thus providing flexibility in network resource allocation.

As previously mentionedhe processing of the TAPI request involves correlating with the
Optical Line System statushtaininga reference to the underlying XR network/constellation
and creating the services. The first time that the network is instantiated, the Optical controller
must select a central frequency and instantiate the XR netwweHose payload is shown in the
following snippet/capturan Figure3.15.

“dualMarker",

P29_XR400"

1

Figure 3.15: Interface Optical Controller / IPM to create the XR network, selecting the HUB module and the
constellation central frequency and the selected modulation format

3.2.3.4 Experimental Setup

¢KS SELISNAYSyiGlrt aSidzd KFa 0SSy AYLX SEy(iSR Ay
Figure3.16 andFigure3.17, utilizingtwo IPOWDM routers: a Cisco NCS 57B1 running 10S 24.3.1

and an Ufispace router with Drivenets softwaBath were equipped with 400G QSBP ports

and 400G and 100G P2MP programmable pluggablesiniéreonnection between nodes is

achieved through a fiber optic structure incorporating a 1:4 splitter and a(dlier.

In terms of system management, intelligent pluggable manager (IPM) has been deployed on a
virtual machine,connected to the routers via a switch. Additionally, an intermediate router
serves as a management interface; thevice is a whitebox router running ADVA software,
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enabling centralized and efficient management of netwodimponents, thus facilitating the
programming and control of P2MP pluggables within the experimental environment.

For service configuration, a hierarchical controller is employed, which communicates with both

an IP SDNontroller and an optical SDN controller. The optical SDN controller is located in the

CTTC laboratory and connectdd2 (G KS ¢St ST2y A0l Qa 102N i2NE &
integration and control across the distributesperimental setup.

| Network | a
Orchestrator
J =]
oy I;;: aeree s i d =
=

(a) experimental setup. (b) Enabling services.

Figure3.16: Control of P2MP pluggables, experimental setup

FlexOpt SDN Controller http://10.1.1,150:4900/restcont
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Figure3.17: GUI of the established P2MP service withhhle and the leaves, showing the centered optical spectrum

3.2.3.5 Conclusions

We have practically demonstrated the integration of the PZNMggable devices into the overall
SEASON control plane, showcasing the provisionia@®fsb data services in a P2MP scenario
by dynamically configuring the XR network parameters and constellation and dynamically
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attaching additional leaves to the huthanks to the efficiencgnd flexibility of the digital sub
carrier multiplexing.

This solution was shown during the OFC2025 exhibition demonstration, and the resulting video
is availablet https://www.youtube.com/watch?v=rbjGV4mpGHU

3.2.4 SDMPassive Optical Network@®) Controller

The SDM Passive Optical Network (PON) Controller is a dedicated component within the SEASON
control plane responsible for managing and configuring advanced PON infrastructures that
employ Spacd®ivision Multiplexing (SDM) techniques. This SoftaaeéinedNetworking (SDN)
controller acts as an intermediary between hilgivel orchestration systems and the underlying

PON hardware, providing a programmable interface that abstracts the complexity of the physical
devices and enables flexible service configuratio

From a functional standpoint, the controller supervises optical devices such as Optical Line
Terminals (OLTs) and manages spatial aggregation/disaggregation elements. It addresses
capacity scaling by exploiting spat@bitching byactivating or deactivating spatial channels
based on traffic demandwhile simultaneously maintaining energy efficiency. This dynamic
adaptation ensures that PON resources are scaled in line with fluctuating traffic patterns,
balancing throughput and sustainability.

3.2.4.1 Architecture and Desigrf the SDM PON Controller

The SDM Passive Optical Network (PON) Controller is atv&2N component of the SEASON
control plane tasked with managing and configuring PON infrastructures enhanced by
spacetlivision multiplexing. It presents a programmable interface to hayel orchestrators,
abstracting the underlying optical hardware and spatial switching elements to enable flexible
service provisioning. As part of its remit, the controller supervises optical line terminals (OLTS),
optical network units (ONUs) and aggrdga/disaggregation devices, scaling spatial resources
according to traffic demand and network policies. Detailed mechanisms for Ziartain
resource allocation and energaware operation are described in the following subsections

3.2.4.2 Interfaces

To provide seamless interoperability between orchestration platforms and the PON equipment,
the controller defines two distinct categorigsorthbound and southboundeach tailored to its
respective integration needs. These interfaces are summarized below:

1 Northbound Interface (NBI)The controller exposes a RE%Bed API that allows
integration with highedevel controllers (e.g., the TeraFlow SDN controller) and
orchestrators. This API is documented using OpenAPl/Swagger and supports standard
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CRUD operations on network configuration objects, service definitions, and energy
monitoring data

1 Southbound Interface (SBIl)Configuration and monitoring of PON devices are
performed via NETCONF over SSH, leveraging vspdoific YANG models (such as
Calix) extended with custom models tailored to SBMIN control. These models
encapsulate features such as ONU identificatisghefiet and ONIEthernet interfaces,
VLAN mapping, traffic profiles, and dynamic bandwidth allocation mechanisms

3.2.4.3 Models

To enable finggrained service provisioning over the PON, the controller uses a dedicated YANG
schema known as PonCosProfile. This d@pé&ervice model specifies the parameters required

to configure VLARbased service profiles on the PON. The model includes attributes such as a
name (string) to identify the profile and a priority (integer) to define its precedence. It also
captures a bandwidth_type field, constrained to the value explicit, which indictiat
bandwidth allocations are explicitly definedpper and lower bandwidth limits are expressed
through maximum_bw and min_bw (both integers). Finally, the cos_type (string) designates the
clasgbfervice and can take one of two values: expedited forleency, highpriority traffic

or assured for guaranteed but less tidensitive traffic.

PonCosProfileModel ¢

name string
The name of the PonCosProfile.

priority integer
The priority to assign.
bandwidth_type string

example:  explicit

The cos_type to assign.

Enum:

[ explicit ]
maximum_bw integer

The maximum bandwidth
min_bw integer

The minimum bandwidth.
cos_type string

example: expedited

The minimum bandwidth.

Enum:

[ expedited, assured ]

}

The REST APl implemented by the SDM PON Controller exposes a set of endpoints for managing
clasgbfAervice profiles, retrieving and modifying the contra®erunning configuration, and
instantiating servicesTable3-1 summarizeghe most relevantendpoints, indicating the HTTP
method, resource, and corresponding URI. The first block of entries in the table refers to
operations on PonCosProfile objectallowing their retrieval, creation, modification, and
deletiomt while the subsequent entries relate to queries and updates of the running
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configuration and service provisioning via unique service identifiers. These endpoints
encapsulate the CRUD functionality described above and form the programmatic entry points
through which highedevel orchestrators interact with the PON controller.

Table3-1:REST API endpoints

S.No | Interface Description
1 REST METHODGET

PonCosProfile URL https://IP:PORT/apilvl/porcosprofile/{NAME}
2 REST METHODPOST

PonCosProfile

3 REST

PonCosProfile

URL https://IP:PORT/api/v1l/pofcosprofile
BODY EXAMPLE:

"name": "string"
"priority” : 0,
"bandwidth_type"

"explicit"
"maximum_bw" 0,
"min_bw": 0,

"cos _type" : "expedited"

METHODPUT
URL https://IP:PORT/api/vl/porcosprofile/{NAME}
BODY EXAMPLE:

"name": "string" ,
"priority" : 0,

"bandwidth_type" "explicit"

"maximum_bw" 0,

"min_bw": 0,
"cos_type" "expedited"
4 REST METHODDELETE
PonCosProfile URL https://IP:PORT/api/vl/pofrcosprofile/{NAME}
5 REST METHODGET
RunningConfig URL https://IP:PORT/api/v1l/runningonfig
6 REST METHODPOST
RunningConfig URL https://IP:PORT/api/v1l/runningonfig
7 REST METHODDELETE
RunningConfig URL https://IP:PORT/api/v1l/runningonfig
8 REST METHODPOST

RunningConfig

URLttps://IP:PORT/api/vl/service/{SERVAICE
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3.2.4.4 Control Functions

1 Resource Allocation:The controller dynamically allocates resources across time,
spectrum, and space based on service requirements and network policies. This includes
time-domain scheduling for losatency services, spectrum assignment to match OLT
capabilities, and spatiahannel selection to balance capacity and power consumption

1 Energy Monitoring:To support energyaware operation, the controller monitors the
power consumption associated with activating spatial channels and reports this
information via the REST API. This enables higvel systems to make informed
decisions about service placenteand resource scaling

1 Service ProvisioningThe controller supports the creation, retrieval, updating, and
deletion of PON services. A specific YANG model, PonCosProfile, definesstagke
profiles with parameters such as name, priority, bandwidth type (e.g., explicit),
maximum and minimum dndwidth, and classf-service type (expedited or assured).
Through the REST interface, operators can push these profiles to configure services with
precise performance guarantees

3.2.4.5 Implementationand Demonstration

The SDM PON Controller has beealizedas a fully functional SDbhased system that exposes

a RESTful northbound API. This interface, documented using the OpenAPI specification and
accessible through Swagger, allows administrators and highret systems to perform create,

read, update and dete (CRUD) operations on network configurations and service profiles.
Leveraging the same interface, the controller dynamically adjusts the number of active spatial
channels in response to retiine traffic demands deactivating unused resources during low

load periods and reactivating them when traffic increas#ésusoptimizingenergy consumption
without compromising service performance.

On the southbound side, the controller communicates with the PON hardware via NETCONF
over secure SSH connections. To ensure interoperability with commercially available equipment,
it leverages the Calix YANG model, which identifies optical network telsni@&Ts) by serial
number, defines Ethernet and OREEhernet interfaces, and specifies ingress/egress rules and
VLAN mappings. Additional custom YANG models extend these capabilities to suppert SDM
specific operations such as configuring traffic profled dynamic bandwidth allocation. Service
provisioning is handled through NETCONF using-afas=rvice profiles; for example, expedited
forwarding services are configured by pushing PonCosProfile parametarse, priority,
bandwidth type, maximum and mimum bandwidth, and classf-service type to the OLT,
ensuring precise traffic shaping and quality of service.
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Figure3.18: Overview of the controllerchitecture

Figure3.18illustrates this control architecture. THEONController interacts via its REST APl and
NETCONF interfacand isenergyaware ofthe OLTAreconfigurable spatial splitter/combiner;

the fandn/fanZut modules connect the muHore trunk to remote nodes and ONUs. This
dynamic spatial aggregatioand disaggregatioriramework optimizes energy consumption.

Using NETCOMtfased control and continuous telemetry collection, the system dynamically
manages OLT port activity by aggregating or disaggregating spatial channels in response to traffic
load. This mechanism allows the PON to switctwben lowpower/low-capaciy and high
power/high-capacity configurations, achieving measurable energy savings wittegrading
performance. A demonstration using commercially available hardwésealizespower and

GNI FFAO YSUNROCA Ay NBFf GAYS @Al | DNhefl yI RI &
decisionmaking canoptimize both energy usage and throughput in SE¥Mabled passive
optical networks.

3.2.5 -IPowDMOontroller

This section summarizes the work daneghe SEASON project on the SDN ContrtPoWDM
networks, also considering the emergingtwork architectures leveraging on degrg@dROADMs

(also called ROADfee). Furthermore, this sectiomeports on the novel development to
support L2 VPNsithin the ETSI Terldw (TFSEDN Controllethus providing integrated IP and
Optical controlof the underlying disaggregated network infrastructuredeed, TF& not only
responsiblefor the configuration of the packet layer (IP address configuration, VLAN setup,
enforcement of routing protocols and policies) buisialsoable to perform the configuration of

the optical transmission parameters of the pluggable modules. The TFS IP SDN Controller is able
to communicate with IPOWDM devices through NETCONF relying on OpenConfig model. On the
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device side, a specific NETCONF agent has been adsp&8ect.3.1.2in this document) in

order to enable the control plane communication towards the SDN Controller and to perform the
physical resources configuration through CMIS/Sonic APIs. The new functionalities have been
experimentally validated in a muliayer testbed encompassingo¥DM boxes for the complete
deployment of a L2VPN service.

e TeraFlow

i SDN

Figure3.19: ReferencdROADMTee scenario with multiple POPs.

Figure3.19 shows the details of the reference scenario, considering three POPs (i.e., POP1,
POP2, and POP3). Each POP is adopting a pair of IPOWDM boxes to act as gateway for the inter
POP connections. Other than grey 100G Ethernet interfaces for the local connectithes to
EdgeDC LAN devices, the boxes are equipped also with coherent pluggable modules ZR/ZR+ at
400G. The interconnection among the POPs is performed with fmipoint links with the
coherent pluggable modules multiplexed together by means of simple ABGZJADMs on

blade devices where reconfigurability is needeBach IPOWDM node is equipped with a
NETCONF agent, running in a container and relying on the $@COS, able to expose a
NETCONF interface towards the SDN Controller and relying on CIslfSrAffe communication

with the underlying physical resources. The NETCONF agents adopt OpenConfig YANG modeling
for the representation (and abstraction) of the node, being capable of performing both the
packet (IP addresses, BGP protocol, VLAN assighienath the optical (frequency, Tpower-

level and application code) configuration. At the confptdne, an instance of an IP SDN
Controller (relying on ETS¥Sopen-source initiative) is considered to perform the configuration

of all the IPOWDM nodes dhe network. The communication is realized by means of the
NETCONF protocol, relying on the OpenConfig model. In the reference scenario, AWG devices
are envisioned for the multiplexing over the pcietpoint fiber of the coherent channels among
POPs. Inase of ROADM on blade devices, that require the spectrurc@efiguration, two

main different options are possible: (i) relying on a specific instance of Optical SDN Controller
(following the TIP MANTRA approaches), or (ii) following the -$wdtelistibuted approach,
avoiding the adoption of the Optical SDN Controller.
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ETSI TeraFlow is emerging as a strong candidate for thesmpeoe implementation of SDN
controller. In particular, this framework proposes a cloud native platform for the deployment of
network services, enabling closed loop operations and automatic gumafiion of the devices.

In the context of this activity, novel functionalities have been proposed. Following a bagom
approach, novel contributions have been proposed at driver, service routines and north bound
interface (NBI).

At the driver level, the NETCONF OpenConfig driver has been extended to support IPOWDM
scenario. The novel driver includes the automatic discovery of the components required for the
activation of the network services, including interfaces, ports, pluggmatesceivers, optical
channels. For each component, the relevant details/parameters are automatically discovered
during the onboarding of each device, parsing the reply of the NETCONF get RPC. The collected
data is then stored in the context database, dafale during the lifecycle of the system.

From the IP service view, the existing service handler has been expended to support L2VPN
activation. This has been achieved by considering a new vendor for the IPOWDM boxes and
implementing the required configuration routine.

At NBI level, a new API has been designed for the configuration of the optical parameters of the
coherent pluggable modules. In fact, following the single approach of the TIP MANTRA the IP
SDN controller is responsible for the full configuration of tha¥Bd/ boxes, including both the

IP stack and the optical parameters of the modules. The API has been conceived to support the
control of one or more pluggable modules with a single request.

Apayloadas shown irFigure3.20 sent to the NBI REST API to configure a device object related

to the pluggable connected to the interface Ethernetl92 of node IPoWDM1 with frequency

193.2THz, operational mode 7 and-flotver level 0dBm. The payload can include more than

one device objectnabling the possibility to activate more than one pluggable (i.e., configuring

the two endpoints of anentb-SY R 02y Yy SOU A2y 200 | O2yYSH A& dzNA 2y YALI2055Sd
multiple pluggable modules).

{
"devices": [
{
"frequency": 193200000,
"target-output-power": 0,
"operational-mode™: 7,
"oort™: "192",
"device name": "IPOWDM1"
}
]
}

Figure3.20: Data model of the TFS NBI
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3.2.5.1 ExperimentaValidation

In order to validate the proposed solution, an experimental testbed including two POPs
interconnected with a pointo-point link has been considered. Each POP exploits an IPoWDM
Edge&ore box as gateway for the remote connections. Each box has been equipped with two
QSFMD ZR+ pluggable modules at 400G with coherent capability. Two AWG with 100GHz
granularity have been adopted to perform the multiplexing of the channels along a-f@sint
point link among the two POPs, composed by a spool of SMF fiber with length Z8km.
adoption of the AWG allows to filter the signals, still guaranteeing the coexistence of multiple
channels with viable quality of transmission. Each IPOWDM box has been equipped with a
containerized NETCONF agent and the REST driver for the configofatie hardware. A TFS

IP controller instance has been adopted to control the two IPOWDM boxes.

The TFS controller has been adopted to configure a L2VPN service encompassing the IPoWDM
boxes. With the considered hardware (EGgee switches with Sonic OS) the MPLS tunneling is

not supported. For this reason, the L2VPN is realized by relying on a different tunneling solution
(i.e., VXLAN) still adopting BGP exchange of remote MAC addresses and VNI.

" " / ‘ Configure Modules

Figure3.21: complete activation of the L2VPN service
Following, the overall procedur@s seen irFigure3.21) for the complete activation of the

L2VPN service is described.
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1) Initially, the TFS IP controller discovers the IPOWDM components, including ports,
interfaces, transceivers, opticahannels and logicahannels, the discovery is
automatically performed by the OpenConfig NETCONF driver after the onboarding of
the device

2) Then, relying on the NBI previouslysdebed, the TFS controller exposes an API to
perform the configuration of the two selected pluggable modules, the modules
attached to port Ethernetl92 (associated with component chaiigd). In this way
frequency, T>power levels and operational mode arenfiguratedin the two coherent
transceivers at 400G. All the time that the pluggabéguencyis changed, around 60s
are needed for the activation of the packet link among the two interfaces.

3) Once the Ethernet link is ready, an IP address$ignedo the two interfaces (point
to-point network address space). Since only pure B&dd routing is available in the
EdgeCordoxes (no OSPF is implemented in the FRR routing instance) a static route is
then configured to enable theoopbackinterface reachability. This steps takes around
10.

4) The real L2VPN configuration is then performed. This includes the activation of a vxlan
tunnel, with local IP the Loopback interface. The vxlan is configured to act as Network
Virtualization Overlay (NVO), supporting the Ethernet Virtual Private NetwdRNE
Then, the BGP instance for the exchange of data related to the L2VPN capability is
configured (in our case an iBGP neighboring is activated with AS number 65001). This
configuration is performed by the agent relying on the vtysh virtualized cli expbyg
the FRR routing instance and takes around 15s for the complete adjacency setup.

5) A VLAN instance is then created (i.e., VLAN 10) on the client interfaces (in the
experiment the 10Gbps interfaces of thEdgeCoreswitches Ethernet256 and
Ethernet257 have been considered). To avoid traffic disruption on the other existing
interfaces attached to the VLAN, this step performs the shutdown of the interface, the
inclusion in the VLAN and again the interface activafldns step takes around 10s.

6) Finally, each local VLAN that will be participating to the L2VPN are mapped to a VXLAN
Network Identifier (VNI), being able to perfo later the route target for the data
exchange among the nodes (in the experiment VLAN 10 is mapped to the VNI 1000 in
both the nodes).
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sonic# show bgp 12vpn evpn
BGP table version is 36, local router ID is 1.1.1.1
Network Next Hop Metric LocPrf Weight Path
Route Distinguisher: 1.1.1.1:2
¥> [2]:[0]1:[48]1:[42:73:f2:dB:dB:8b]
1.1.1.1 32768 1
ET:8 RT:65001:1000
¥> [2]:[07:[48]:[42:73:f2:d68:d8:8b]:[128]:[feB0::4073:£2ff:fedB8:dBEDb]
1.1.1.1 32768 i
ET:8 RT:65001:1000 ND:Router Flag
*> [2]:[0]1:[48]:[56:%b:e0:£f2:a2:b4]
1.1.1.1 32768 i
ET:8 RT:65001:1000
*> [2]:[0]1:[48]:[56:%b:e0:f2:22:b4]:[128]:[feB0::54%b:e0ff:fef2:a2b4]
1.1.1.1 32768 i
ET:8 RT:65001:1000
*> [3]1:[0]:[32]:[1.1.1.1]
1.1.1.1 32768 1
ET:8 RT:65001:1000
Route Distinguisher: 2.2.2.2:2
*>1[2]:[0]:[48]:[50:7c:6£:57:6c:b0]
2.2.2.2 100 0 i
RT:65001:1000 ET:8
*>1[2]:[0]1:[48]1:([50:7c:6£:57:6c:b0]1:[128]:[feb80::527c:6fff:fe57:6ch0]
2.2.2.2 100 0 i
RT:65001:1000 ET:8
*>i[2]:[0]1:[48]:[50:7c:6£:57:6c:b3]
2.2.2.2 100 0 i
RT:65001:1000 ET:8
*>i[2]1:[01:[48]1:[50:7c:6f:57:6c:b31:[128]1:[feB0::527c:6fff:fe57:6ch3]
2.2.2.2 100 0 i
RT:65001:1000 ET:& ND:Router Flag
*>i[3]1:[01:[32]:[2.2.2.2]
2.2.2.2 100 0 i
RT:€65001:1000 ET:8

Figure3.22: L2VPN configuration

Figure3.22 shows the status of the L2VPN configuration at the end of the procedures. Two BGP
nodes are involved IPOWDM nodel (1.1.1.1/32) and IPoWDM node2 (2.2.2.2/32), with different
route distinguisher, able to distribute the learned MAC addresses belonging tbh2¥EN. In
general, the overall L2VPN activation (considering the effective end hosts able to communicate
over lrand new established data plane packet layer), including coherent pluggable modules
frequency reconfiguration, takes around 110s (<2 minutes). In case the configuration of the
frequency is not needed, the overall time shorts to 50s.

Conclusions

This work demonstrates that the evolution of control plane solutions is crucial for the efficient
deployment of pointto-point IP over DWDM (IPoWDM) architectures, driven by the growing
demands of hyperscale cloud services. We have shown that modern IPa\4i¥d in ROADM

free scenarios can be effectively managed by a single IP SDN Controller, which centrally
orchestrates both the packet layer and the optical transmission parameters of coherent
pluggable modulesThe ETSI TeraFlow frameworlow supports NETONF protocolwith
OpenConfig YANG modéts IPoWDMdevices equipped with NETCONF agents and CMIS/Sonic
APIs. The proposed contreblution has been experimentally validated in a testbed scenario,
demonstrating full automation and correct operation of an e@neend L2VPN service across two
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IPoWDM nodes. Experimental results show that the overall data plane ready configuration time,
including optical tuning (frequency and TX power configuration) and IP configuration, requires
around 110s, with around 50s needed only by the optical tuninghefdoherent pluggable
modules. These results confirm the feasibility and operational efficiency of a simplified, ROADM
free IPOWDM network controlled through a unified SBd$ed control planelhis work has been
published in $ga25].

3.2.6 RAN Intelligent controller

This section provides a brief overview of the RAN Intelligent Architecturdesatibes how the
RIC, through the deployment of xApps and the use of the E2 interface, is able to moaitor th
telemetry coming from RAN nodes and then take action based on that telemetry.
The section also providetetails of theconfiguration of thenetwork that was deployed at the
SEASON trial sitesd givessome sample performance metrics.

3.2.6.1 RIC Architecture and the telemetry to action workflow

Figure3.23, below shows thé¢ NOKA G SOGdzNE 2F | OOStf SN yQa w!

was deployedat the SEASON trial sites.

J
O
9
. ) I
. ]
9
Figure3.23: Accelleran RIC Architecture
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The RIC supports the deployment of xApps t@itecttelemetry and can then, based on that
telemetry, decide toperform actions on the deployed netwarkhis telemetry to action
workflow happens over the E2 interfade the GRAN architecture e E2 interface connects
the NearReaiTime RIC (NedRT RIC) to RAN@J and @U nodes and is responsible for both
telemetry collection and control actions. It supports the collection of-timaé network data and
enables RIC applications (XApps) to maéeisions based on live telemetry, such as traffic load,
signal quality, or resource usage.

The following sequence describes, in a Hgrel way, the general telemetry to action workflow.

1. Telemetry collection: The RAN node sends-tima¢ performance data (e.g., user load,
interference, throughput) to the NeaRT RIC via E2G8PM or other telemetry service
models.

2. Decisioamaking: xApps running on the Rd@alyzethis data and determine whether
action is needed e.g., to reduce congestion, improve QoS.

3. Action triggering: The RIC sends an E2 control message containing the defined E2SM
action e.g., initiate handover, adjust transmit power.

4. Execution: The RAN node receives and applies the command and may optionally report
back status or acknowledgment.

Further cktails of theE2telemetry thatis available in th RIC can be found 8ection5.3.

3.2.6.2 Network Configuration and Performance Metrics

The 5G network what was deployed used the following configuration

Bandwidth: 5aMHz

Duplexing Technique: TDD
TDDpattern: DDDDDSUUUSD1S4U
ARFCN641660(Freqency3624.9 MH2)
FrequencyBand n78

PLMN: 00101

= =4 4 -4 -a A

Two RUs were deployed wifCls of 1 and 2 respectively.

The following figure@Figure3.24, Figure3.25, Figure3.26, Figure3.27, Figure3.28, Figure3.29),
taken from the Ri@ashboard, provida representative snapshaif system performancdn all
cases &ingle UE was deployeshd active during metrics collection.
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Figure3.24: Downlink Bitrate (Mbps)

Maximum Total Downlink Bitrate
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MinTotal Downlink Bitrate
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Figure3.25: Maximum and Minimum Downlink Bitrate (Mbps)
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Figure3.26: Uplink Bitrate (Mbps)
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Maximum Total Uplink Bitrate

701 mbys

Min Total Uplink Bitrate
33.7 Mbys

Figure3.27: Maximum and Minimum Uplink Bitrate (Mbps)

Downlink MCS

Figure3.28 Downlink MCS (Modulation and Coding Scheme)

Figure3.29: Uplink MCS (Modulation and Coding Scheme)

3.3 MULT{DOMAINORCHESTRATION

3.3.1 Transport Network Orchestration

The Transport Network Orchestration (TNO) in SEASON is provided using the Open Source
TerdHow SDN Controller framework and the IETF Nekice Controlle™SG. TNO maintains

a layered view of the transport network, from PON to metare, based on the information
received by the domain controllers.danassist in the creation of entb-end services with the

aid of the domain network controllers, which take care of the service creation in their respective
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scopes In the context of SEASON, the main connectivity service that is going to be provided is
0KS &aft ARydrée3.3@GsBowdihe TISChworkflow.

Network Orchestrator Domain Controllers
Network Slice Controller Tera Flow SDN

émo Mapper Realizer NBI | | Logical Resources Service | | Path Comp S8l NBI
136Pp intent

[Cait_) (36¢F format]

2 Generate IETF Transport Network slice

3 Translate SDP to Service Provider Topology endpoint

(IETF format)

4 Ask for viability

S IETF Multi Layer Topology

6 IETF Multi Layer Topology >

7 Check Viability

<
8 Viability + Planned Services
alt__J (Unfeasible Siice]
<2 unfeasible
[Feasible Siice]
10 Uist[PlannedServices]
[(loop _J (for Service in Services)
[Calt ) ipowdM Servicest
11 Get Optical Service
<12 Optical Service
13 Get Channel
=
i e
14 Provision Service >
115 Service
ait Tip Servicel
16 Resource Allocation
17 Resources
|
18 Resources 4
(opicai serivice]
19 Service
20 Service
21 Configuration
32 Service Response
¢ 23 Service Response
28 Service Response
25 Response
<28 Response

i 27 Response

Mapper Realizer NBI | | Logical_Resources Service | | Path Comp s8I NBI

Figure3.30: Transport Network Orchestration Workflow.

3.3.1.1 Use Case Lreate/Delete optical slice

The creation and deletion of slices in the optical layer is the task of the NSC. This component is
in charge of managing the services in IETF or 3GPP format associated to Optical Slices. These
slices must be translated into 3GPP format for the optical radlet to make the necessary
configurations. To do this translation, the NSC interacts with the TFS Orchestrator to obtain the
necessary optical parameterSigure3.30 shows an example of an optical slice to be sent to the
optical controller.
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3.3.1.2 Use Casg: Create/DeleteComectivity Services

Once the preconfigured optical slices are available, the connectivity services are configured. The
services arrive at the NSC in IETF or 3GPP format and are managed to generate different services
per domain. Once the domains involved in the configuratiamenbeen identified, TFS takes care

of talking to each domain controller.

The services are divided into three types of subservices: Optical, IPoOWDM and IP:

1 Optical: performs the configuration of the media channels and assigns the
corresponding optical slice.

1 IPoWDM: performs the configuration of the pluggables in the IPOWDM routers,
assigning port, frequencefc.

9 IP: performs the connectivity configuration at level 2 or 3.

3.3.2 CloudnativeService Orchestration

The SEASON service orchestrator is a Kubermetidge control layer that converts highvel

service intents into concrete compute, storage and network resources while shielding
applications from the heterogeneity of the underlying optical and packeagtfucture.It is

AYLIE SYSYGSR a | fA3IKGGSAITKGA yARSHUINE f X oSNNS Qiikal GA v
cluster, decides where each workload should run, and coordinates with the transport SDN
infrastructure to ensure that the required connectivityists before traffic is released. A small

REST NortBound Interface (NBI) replaces-adc terminal commands. An operator or an OSS

component posts a YAML document that names the container image, the number of replicas,

and any environmenspecific paramedrs; no explicit knowledge of the physical network is

needed at this level. The orchestrator persists the request and immediately begins

reconciliation.

During reconciliation the controller obtains a live view of the underaywork through its
south-bound interface to theTeraFIowSDN. It receives a stream of network metrics such as
bandwidth capacity and current link latenchose figures are continuously joined with pod
level CPU, memory and traffic counters scraped by Prometheus and fed into ehehiaan
predictor. When the service orchestrator foresees that, within the next telemetry cycle,
throughputor latencywill outgrow it instructsHorizontalPodAutoscaler to add replicas and, in
parallel, requests the SDN layer to reserve the extra bandwaidtio switch to a lowetatency
path that those replicas will require

3.3.2.1 Case Study Butomated recovery from an optical fiber failure

This section presents the results of a simulated network failure scenario designed to evaluate
the resilience and automated recovery capabilities of the SEASON architecture. The experiment
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focuses on a fiber cut event affecting a critical primary path and measures the system's
performance in detecting the failure, activating a protection path, and restoring service.

Scenario Overview

The network under test consists of interconnected optical nodes and links, as deipi€igdre
3.31. This topology includes a gNBellanox,edge compute nodg ROADMing, MBoSDM and
a central office.

/”Bl
/Iancx
—

Edgfcore
ROADM_Ring

=
MBOSDM_|

Edg ECO\

Central_Site_1

Figure3.31: Network Topology

The simulation establishes ten distinct services (SRVEB¥IC010). These services can be
conceptualized as application workloads or microservice instances which require reliable
underlying network connectivity. Initially, each active service contribudes ¢umulative traffic

load on the primary optical path. The scenario unfolds in the following stages

1. Stableoperation: All services operate normally on the primary path with antenend
latency of 0.200 ms.

2. Pathdegradation: At t=79s, traffic load reaches 200 Gbps, causing the primary path to
enter a DEGRADED stashown inFigure3.32. The system correctly identifies the
quality-of-transmission (QoT) drop but maintains service on the primary path as it is still
functional.

Figure3.32: Transition to DEGRADED condition

3. Hardfailure: At t=184s, a FIBER_CUT is simulated on the L ROADM_MBoSDM link,
inducing a total service outageutput shown inFigure3.33.
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184.0008, SCENARIQ_FATLURE_INTRODUCED, "LinkID: L_ROADM MBoSDM, FailureType: FIBER CUT_ON PRIMARY_LINK"
184.0000, TELEMETRY_OPTICALLINK_QOTSTATE_REPORT_COLLECTED,"Source: L_ROADM MBoSDM, Data: {

: L_ROADM MBoSDM, failure type: HARD FAILURE}™
» LinkID: r
, LinkID: L |
f, LinkID:

Figure3.33: Transition to FAILURE condition

4. Automatedrerouting: The failure is first detected at a low level, for instance, by an
Optical Line System (OLS) controller like the Ensemble OLS Controller, which registers a
Loss of Signal alarm from the affected ROADM. This alarm is propagated upwards as a
telemetry event b the network orchestratorThe orchestration layer detects the failure
and initiates a failover procedure, rerouting affected services to acprdigured
protection path showing irFigure3.34 and inFigure3.35.

/NB‘
/|

ROADM_Ring

—

MBoSDM\
Edgeco\

Central_Site_1

Figure3.34: Rerouting of the streams due to failed link

2E_LATENCY, S

2E _LATENCY, "5

Figure3.35: Service restored logs by using the protection path

5. Pathrepair andnormalization: After a period, the failed link is repaired, and services are
automatically switched back to the primary path.
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349.96088, TELEMETRY OPTICALLINK STATE CHAMGE COLLECTED,"Source: L_ROADM MBoSDM, Data: {

old state: FAILED, new_state: MORMAL}"
349.0088, REPAIR NOTIFICATION RECEIVED,Link: L ROADM MBoSDM

Figure3.36: Information about the new state of the link experiencing outage

1 -||_[|I]::1 = ’Z.ZIE'.th .
LatencyMs:

'path

 E2E_LATENCY, "5 atencyMa:
ICE SWITCHED [*ID': "path 7

Figure3.37: Service is rerouted from the initial path after the fix

Key Performance Indicators (KPIs)

Failover Time: The time elapsed from the hard failure (t=184s) to the successful restoration of a
service on the protection path.

9 Firstservicerestored (SRVCO001): 10 seconds (at t=194s). This initsacbhd interval
includes the time for failure detection at the physiRIDADM/OLZnd protocol layers,
propagation of this information to the network orchestrator, orchestrator processing to
identify affected services and available protection paths, and signaling the path change
to network elements.

9 Lastservicerestored (SRVCO010): 100 seconds (at t=284) results show a sequential
restoration process. After the initial i€econd overhead for the first service,
subsequent services were restored at approximately-sé6ond intervals. This
sequential approach is a common strategy to manage control plang, leasure
resource stability on the protection path, and allow for monitoring during a mass
failover event. Thus, the total service restoration window for all ten services spanned
90 seconds (fromA194s for SRVCO001 to t=284s for SRVC010).

Service Switchback

Following the repair of L_ROADM_MB0oSDM (completed at t=84@3re3.36), services were
seamlessly switched back to the primary path at t=354s. T$erbnd delay between link repair
validation (t=349s) and the initiation of switchback (t=33igure3.37) represents a Waito-
Restore (WTR) timer to ensure the repaired path is stable before reverting traffic, preventing
potential service flapping if the repair were intermittent. Upon switchback, the original E2E
latency of 0.200 ms was restored for all\sees, as shown iRigure3.38.

© SEASON (HorizetdSNS2022,Project:101096120 Spajda 32
Dissemination Level PUB(Publig



Hm
&
fo
'z

E2E Latency (ms) Over Time =3

Lats (ms)
.

Figure3.38: Latencies experienced by the services

Integrated Orchestration and Network Control

The SEASON architecture is designed for seamless interplay with -legblerservice
orchestrators, such as Kubernetes and TFS. This integration is key to achieving agile and resilient
end-to-end service delivery.

9 Facilitatingrapid service creation andupscaling The prompt provisioning of network
paths by SEASON is a critical enabler for the overall service creation time. When a new
application service is requested or an existing one needs upscaling, SEASON rapidly
establishes the necessary underlying networkreectivity.

1 Ensuringstability for orchestrator decisions During network events like the failover
(t=184s to t=284s), SEASON's automated network restoration minimizes the disruption
perceived by the orchestrator. While Kubernetes health checks might detect temporary
unreachability for some pods, the network'sigk selfhealing (first service restored in
10s) prevents the orchestrator from triggering premature or unnecessary drastic actions
like widespread pod rescheduling or downscaling. This network stability attoevs
orchestrator to make more informed decisions based on actual application state rather
than transient network issues.

1 Streamlined operations through layered automation: By autonomously managing
network path selection, failure recovery, and QoT assurance, SEASON allows the service
orchestrator to focus on its core responsibilities: application deployment, scaling, and
lifecycle management. Kubernetes can operate with thsusance that the underlying
network is intelligent and responsive. This layered automation simplifies operations and
reduces the need for complex, cralsyer control logic to be embedded within the
orchestrator itself. For example, the WTR timer (t=349s to t=354s) is a netewoek
decision by SEASON that ensures path stability before Kubernetes would observe the
primary path as fully restored for its managpods

1 Holistic resilience and performance:The synergy between SEASON's network
automation and the orchestrator's service management capabilities results in enhanced
end-to-end resilience and performance. Network path optimization and rapid recovery
directly benefit applicatiompod connectivity and user experience. The dativen KPls
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from this simulation confirm that the SEASON architecture provides a robust foundation
for such integrated, orchestrated service environments.

3.3.2.2 Case Study 2réactive resilience under RANtiated demand surge

This section evaluates the architecture's performance under a dersargk scenario, a
common operational challenge in 5G networks. Unlike the reactive failure recovery detailed
previously, this experiment tests the system's proactive capabilities. Isssséhe complete,
automated workflow from demand detection in the RAN, through crd@®ain orchestration,

to the coordinated scaling of both application and network resources to prevent service
degradation.

Scenario Overview

The experiment utilizes similar network topolodyigure 3.39) but focuses on a different
operational sequence. The network initially supports a baseline traffic load from four distinct
gNBs (gNB@NB4). In this stable state, only omenUEs per gNBare active, each generating a
steady100 Mbps data stream. This results in a predictable,-level aggregate throughput of
approximatelyl Gops, with a stable entb-end latency of 0.200 ms for all associated services.

Figure3.39: Network topology

The simulation unfolds through the following critical stages, which are visualized in the
dashboard plots referenced throughout this section:

1. Stable operation (t=0s to t=78s)The system operates under normal, lead
conditions. PegNB traffic is stable dt Gbps, and latency is nominal, as shown in the
initial phase of the plots iRigure3.40a (Link Traffic Load) arfelgure3.40b (PerService
Latency).
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Figure3.40: Throughput (a) and latency (b) experienced by the services before the traffic surge

Suddendemandsurge (t=79s)A coordinated surge event is triggered, simulating a flash
crowd scenario where ten UEs at each of tha gNBsbegin streaming highandwidth
content simultaneously. THRAN Intelligent Controller (RI€)ntroller at each gNB instantly
detects this terfold increase in local demand. It immediately sends a
RAN_DEMAND_SURGE_DETEQG&pt to the serviceorchestrator (visualized in the
communication timeline). This message is critical, as it serves as the trigger for the entire
crossdomain scaling response.

2. Transientbottleneck andcongestion (t=79s to t=90s)he aggregate traffic demand
abruptly jumps to20 Gbps. The existing optical path, sized for the previous load,
becomes a bottleneck. During this transient interval:

1 Throughput:The aggregate throughput is constrained by the available capacity,
plateauing at the physical limit but exhibiting significant jitter as network buffers
absorb the excess traffi€igure3.41a, aggregatethroughpu.

1 Latency:Endto-end latency for all services begins to climb smoothly from 0.200 ms
toward a peak of approximately 0.6 niBigure3.41b). This controlled increase,
rather than a sharp spike, reflects the system's ability to manage congestion
through buffering while the scaling solution is being orchestrated.

Link Traffic Load (Gbps) E2E Latency (ms)
: gnb 0.6 ry service_id
el ) —— gNB10 y —— SRVCO001
I g ek At ol aArAn st g M st PRy ;“'a gy — ones { —— srveoo2
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-

timestamp timestamp

Figure3.41: Throughput (a) and latency (b) experienced by the services after the traffic surge

3. Automated, Multi-Layer Resource Scaling (t=80s to t=99%)e orchestrator, having
received the surge alerts, executes a coordinated, rtajer scaling strategy:
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1 Optical network reprovisioning (t=80s t=90s):The transportlayer orchestrator
immediately processes the surge reports. It calculates the required additional
capacity and, at t=80s, begirtke required provisioning.This involves the TFS
commanding the underlying OLS controller to light up additional wavelengths or
instructing an MBoSDM controller to allocate an additional fiber core to the path.
This process completes at t=90s, marked HIRESOURCE_SCALE evént, at
which point the underlying network apacity is significantly expanded ( Link
Capacity).

1 Servicelayer autoscaling (t=92s)Concurrently, the service orchestrator
(simulating a Kubernetes Horizontal Pod Autoscaler, or HPA) responds to the
increased application load and CPU/memory pressure. At t=92s, it triggers
aPOD_SCALE_Usvent, increasing the number of replicas for tmediaedge
service from to handle the additional processing demdfigure3.42).

Controller x event_type

® SERVICE_PROVISIONING_SUCCESS

¢ RAN_DEMAND_SURGE_DETECTED

® RESOURCE_SCALE UP

% POD_SCALE_UP
SERVICE_REROUTED

NetworkOrchestrator

component

RAN +*

ServiceOrchestrator # .
timestamp

Figure3.42: Actions taken during the sudden traffic surge from the network and service orchestrators

4. Systemstabilization at new capacity (t > 95s)With both network and application
resources scaled, the system reaches a new, stable equilibrium. Latency for all services
recedes and stabilizes well within typical performance thresholds. TheghBr
throughput remains at a steady 10 Gbps, how comfogtadtcommodated by the
expanded infrastructure.

Integrated orchestration and croskyer synergy

This experiment highlights the critical importance of synergy between the service orchestrator,
the transport network orchestrator, and the RAN:

1 RAN as aensor forproactive scaling:The architecture leverages thieICnot just for
connectivity, but as a critical reime sensor of user demand. By translating local UE
activity into a standardizeRAN_DEMAND_SURGE_DETECTED event, it provides the
transport layer with the predictive insight needed to &effore severe cogestion leads
to widespread packet loss and a collapse in application performance.
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1 Decoupled butcoordinated scaling: The simulation demonstrates a highly effective,
decoupled scaling model. The transport network focuses on its core competency: rapidly
provisioning bandwidth. The service orchestrator focuses on its own: scaling application
instances. The succesbthis approach lies in the timing as rapid optical provisioning
ensures that by the time the new pods are ready to accept traffic, the underlying
network infrastructure is already in place to support them.

3.3.3 Integration with Transport Network Orchestration

TeraFlowSDN (TFS) provides transfmyer orchestration across muitiomain,
multi-technology networks, including packet and optical layers. In SEASON, Kubernetes governs
the service plane while TFS governs the transport plane, and the integration between them
translates service intents into concrete transport configuratiofise project adopts the IETF
Network Slice model so highvel requirementssuch as bandwidth guarantees and latency
budgets can be expressed as intents, without embedding transpecific details into the
service layer. TFS then maps these intents into path céatipns and device configurations
across the transport infrastructure, providing the éfaind connectivity properties required

by applications such as enhanced Mobile Broadband.

The current proabfZoncept uses a pragmatic REST integration to bridge the orchestrator with
TFS. TFS exposes simple endpoints to the dashboard and control logic, forwarding topology and
telemetry requests to service orchestrator based on IETF slice semantics. The adaptisin

a minimal HTTP client configured by environment variables so it can target the appropriate TFS
instance and authentication schem@lthough this initial bridge relies on REST, the target
architecture anticipates gRPC for ldatency, bidirectional interactions once the requisite
Y2NIKo2dzyR aSNBAOSAE YR LINRG206dzF aOKSYlFa NS |
binary serialization is well suited to streaming telemetry and event notifications from TFS to the
service orchstrator, while also supporting rapid intent acknowledgments and status updates in

the opposite direction. As these interfaces stabilize, the system can shift from periodic polling

to eventdriven control loops, closing latency gaps and improving respamssze under
fluctuating network conditionsin effect, SEASON achieves a clean separation of concerns
Kubernetes scaling and healing services, TFS provisioning and assuring transport, and Kafka
carrying reatime signals between themhile maintaining a tight, standareigned feedback

loop that delivers the performance and adaptability required by advanced applications.

A) IETF Topology Interface
The IETF topology interface allows thHOto retrieve and manage network topology using

standard IETF models, such as Network SI@.ekposes REST endpoints so that orchestrator
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dashboards and control logic can request information on network nodes, links, and connectivity
metrics.

Example:

Service orchestrator sends a GET request to /restconf/datafietfivork:networks to obtain a
graph of all active optical and packet nodes, formatted according to IETF YANG models. This data
is used for path computation and network visualization.

B) IETF Intents Interface

The IETF intents interface enables services to define network requirements using abstract, high
level statementgintents), following IETF Network Slice semantiddOFeceives these intents

and autonomously computes paths and configures devices to meet the specified connectivity
guarantees.

Example:

An orchestrator transmits an intent with parameters such as "bandwidth": 1000 Mbps,
"latency": 5 ms, "slicéype": "eMBB" to /nsc/slice. NOinterprets this request, performs muti
domain path computation, and allocates resources across optical and packet domains to fulfill
the application's needs without exposing underlying technology details.
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4 OPERATIONABLANNING ANBESOURCE ALLOCATION TOOLS

4.1 OCATAIGITAOWINFORMULTIBAND

C+L+S multiband (MB) optical transmission has the potential to increase the capacity of optical
transport networks, and thus it is a possible solution to cope with the traffic increase expected
for the years to come. However, the introduction of MB optitathnology needs to come
together with the needed tools that support network planning and operation. In particular,
Quality of Transmission (QoT) estimation is needed for provisioning optical MB connections. In
this section we concentrate on modelling Miptical transmission to provide fast and accurate
QoT estimation and propose Machine Learning (ML) approaches based on neural networks,
which can be easily integrated into an Optical Layer Digital Twin (DT) solution. We start by
considering approaches thaan be used for accurate signal propagation modelling. Even
though solutions like the Spl#ttep Fourier method (SSFM) for solving the4tinaar Schrodinger
equation (NLSE) have limited application for QoT estimation during provisioning because of their
very high complexity and time consumption, they could be used to generate datasets for ML
model creation. However, even that can be hard to be carried out on a fully loaded MB system
with hundreds of channels. In addition, in MB optical transmissionirttee-channel Stimulated
Raman Scattering (ISRS) becomes a major effect, which adds more complexity. In view of that,
the Fourth Order RungKutta in Interaction Picture (RK4IP) method is evaluated as an
alternative to reduce time complexity, which is coemented with an adaptive step size
algorithm to further reduce the computation time. We show that RK4IP provides an accuracy
comparable to that of SSFM with reduced computation time, which enables its application for
MB optical transmission simulation. @& datasets are generated using the adaptive step size
RK4IP method, two ML modelling approaches are considered to be integrated in the OCATA DT,
where models predict optical signal propagation in the time domain. Being able to predict the
optical signaln the time domain, as it will be received after propagation, opens opportunities
for automating network operation, including connection provisioning and failure management.
In this section we focus on comparing the proposed ML modeling approaches in terms of
Y2RStaQ YR v2¢ SabdAYrdAazy I OO0dzNI O& o

4.1.1 Numerical Methods for C+L+S Optical Signal Propagation

In this section, we consider a C+L+S MB transmission system as the one illustFadgedes 1,

where a lightpath of total distanceé connects sites A and Z using changellThe transponders

(TP) include a transmitter (Tx) and a receiver (Rx), and we assume that it may operate in the
different transmission bands. The generated signals are multiplexed and transmitted over the
optical fiber, where MBoptical amplifiers (OAxmplify the optical signal at every span. Two
optical spans of length and |, respectively can be observedhkigure4.1. We consider a MB
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OA as a system with one OA per band, e.g., an EDFA for the C and L bands and-aopelilm
fiber amplifier (TDFA) for the S band, together with waveband (de)multiplexers.

i Lightpath
VAN
Ly

1

1

1

| FiberSpan
' (lgkm)

Fmm——————

(I, km)

Distanced=1; + Lkm

Figure4.1: General scenario of C+L+S MB transmission. lllustrative example of a lightpath.

The propagation of the MB WDM optical signal travelling through the optical fiber can be
modelled using the NLSE. In this regard, it is worth noting that channels in each of the C+L+S
bands are impacted differently by not only linear effects like disparaiud fiber attenuation,

but also by the ISRS effect, that potentially increaseslimaarities.

In the next subsections, we first introduce the NLSE and then present the SSFM, which is
probably the most popular approach for solving the NLSE. In view of the high computational
complexity of using the SSFM on futhaded MB systems, we propose the RKelethod, as an
alternative approach for solving the NLSE faster. Finally, an adaptive step size algorithm is
presented to further reduce the computation time.

C) SplitStep Fourier Method

The NLSE is the most accurate tool for modeling the propagation of optical signals along the
optical fiber and includes both linear and ntinear transmission effects. We concentrate in the
most relevant effects, like chromatic dispersion and fiber attian linear effects and self
phase modulation and crogshase modulation notfinear Kerreffects. In addition, the energy
transferred from incident photons to the vibrational modes, results in the generation of new
photons with different frequencies, whicoriginates the ISRS and the sstepening effect.

In this case, the NLSE modeling the signal propagation in the time darneam (be written as
eq. (1), where . o is the carrier frequency, coefficients, represent the different order of
dispersionA(zt) is the field of the optical signal at propagation distandgt) is the nonlinear

NBalLl2yaS 7¥Fdzy Ol MigedrToeffigeR. * A& GKS y2y
Qoad |, ™ Qoo . Qb ad 06 ao
2e ™ T Ty PTwm T T

@

Qr LA o Yo !'thd o Qe
p1 ,Qboq o ! 0 o]
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R(t) can be computed as equatio(®-(5), wherehg(t) is the Raman response functidgis the
peak Raman gain, and parametérsand _yadjust the Raman response function.

Yo p Q1 6 QQ o @)
MO QYO QQ 6 ®)
o tt t Q) OE§t @)
Qo ¢t ojt Ql (5)

In equation (1), we observe that the amplitude of the optical signal depends on both
transmission distance and time. In consequence, two sources of numerical error can be
identified when solving the NLSE coming from the size of the related steps. The numerical error
coming from the time derivative (which also depends on the distance step size) can be
circumvented by revritingeq.(D)A Y G KS FTNBIljdzSyOé R2YFIAYy o60.0 | ay

%, Qof 5 T 1 h)
¢ ©)

3
Qop - Op MQ 0 HS Q6 'O Q "ODVs

where,
o ald O™ ab @)
Q. OYQ o (8)
and FT denotes the Fourier Transform operator.

The SpliStep Fourier Method (SSFM) is the most common method for solving the NLSE. SSFM
relies on computing the solution in small steps, while computing the linear and the nonlinear
parts separately; the linear part is solved in the frequency domainyeasethe nonlinear part

is solved in the time domain.

D) Fourth Order Rung&autta in Interaction Picture Method

The RK4lkhethod can be expressed in the time domain as:

. Q
oab O Qw? O 00 UVIp VI 0VFo U Ty 9
Q a
5 0 QuF 0 6 b (10
R B (11
v O Qoo? O "0Q0 0 ap
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0 Q0 0 — (12)
0

0 Q0 0 — (13
C

14

Q
O O QU Qwrz— 0O 06 U
whereDis the dispersion operatok)are the RK method coefficients, aNg) is the noHinear

operator.

The RK4IP method can also be applied in the frequency domain, as:

. Qo . . .

o ahy 'Qoo? 0d O0fp VI OVJIo U 7To (15)
6 O Qw? O o a (16)
O S
0 Qoorz— 0 Q0 6 & 7

0
0 Q0 o — (18
q
0
0 Q0 6 — 19
q
0 QO Qwrt 0O 6 U (20)

E) Adaptive step size algorithm

An adaptive step size algorithm can be defined to further reduce the computation time required
by the SSFM and the RK4IP methAfjjorithm 4-1 sketches the pseudocode. The algorithm
receives as input the current step sizeg)(and the global error/tolerance §) and return the

new step size. The algorithm first computes the signal waveform erjdtifie 1 inAlgorithm

4-1) and then updates the step size accordingly (lind$.2Z'he algorithm ensures that the step
size does not exceed a maximum value specifieMB¥X nz (line 5) and returns the new step

size (line 6).

Algorithm4-1 Adaptive Step Size algorithm for MB WDM signal propagation.

INPUT: qz ,st U

OUT P Udi:

1:0Y LEWL)

2:if0  s/2then q@enwY gz* 24
3: elseifil > gtlen qEenY oz/2
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4 : elseq¥menY OE
5 : if q®ew> MAX_gzthen qEnewY MAX_ gz
6 : return qEnew

We consider the Local Error Method (LEM) approach to estimateeach step. LEM estimates

the step size at each iteration by using two solutions of equatid), the coarséd(z= . 0 | YR

the fineA(zZ . 0 2y SA@ { 20f dkidA 291 t Odzf | § SR &, @Bekshsl aAy 3f
solutonA(zZ . 0 A& O2YLMzi SR o6& |d2Alystrts ivithahe fival £ £ SNJ &
conditionA; and propagates the signal over the first hsiiép to obtain an intermediate solution

Ania. Then Aniais used as the initial condition to propagate across the seconestegt Finally,

the two halfsteps are combined to produce the fine solutidf(zZz . 0 ® ¢ KStist 2 0F £ SN
computed as:

7 6 oh 0O ah o ah (21)

4.1.2 Machine Learning models

In this section, we focus on modelling optical signal propagation by applying ML techniques to
produce estimate outputs in a fast way. The models can be integrated into the OCATA time
domain digital twin and they can be used for network operation appboati like QoT
estimation during provisioning and failure management.

A) OCATA MB Time Domain DT Modelling and QoT estimation

Figured.2 presents the OCATA DT architecture for MB, where incoming optical signals generated
using modulation formam-QAM are processed in the time domain, i.e., IQ optical constellation
samplesX are used as inputs. Specifically, an input samfbensist of a set of symbold X

where each x=[x>] belongs to one of them distinct constellation points (CP). A features
extraction (FeX) module computes a set of featuresharacterizing each CP of the received
signal by applying Gaussian mixture model (GMM) fitting. For such characterization, we assume
that every CP follows a bivariate Gaussian distributionY sontains 5 features for each QP

e, Y=('=(,%,".,9,'9, where: 1) ' and‘ Qrepresent the mean position faover | and

Q axes, respectively; and,2)and,, Qare the variance afover the axes angl'Ris the covariance
between the axesThe dispersion of symbols belonging to each CP provides valuable insight of
the level of both linear (LI) and NLI noise affecting the signal, which can be related-telgied
indicators like precFEC BER and SNR.

© SEASON (HorizetdSNS2022,Project:101096120 6paja 32
Dissemination Level PUB(Publig



Hm
&
fo
'z

Features ML Models, Constellation QoT
Extraction (<) Reconstructio Estimation

\_v_l
Lightpath

OCATA

Figure4.2: Main building blocks of the OCAMB digital twin

Sample generation and FeX can be conveniently combined into a single Feature generation
module.Algorithm4-2 presents such feature generation that produces the initial features to be
propagated afterwards. The algorithm receives as input the Tx model, the required Tx
configuration, e.g., the modulation format, and the length of the PRBS to be generated. After
generating the bit sequence (line 1), the initial IQ optical constellaXimobtained by sampling,
shaping and modulating the bit sequence following the received Tx configuration (line 2). Next,
GMM fitting is performed to compute the set of bivariate Gaussian distribution that better fits
the generated optical constellatiak(line 3) and the computed features are returned (line 5).

Algorithm4-2. Features Generator

INPUT: Txmode| Txconfign _bi t s

OUTPUY:

1:bitSeUWPeRBEBd hi t s

2 : XY Txmodel gener atbeil tQendixsenfigy e ,
3:YY GMMf i tX} i ng(

4:retdrn

The feature generation is then followed by a Mbdel that estimates the changes in the input
features as a result of the propagation of the signal on the optical components in the route of
the lightpath. In contrast to the classical OCATA DT-®ar@ transmission, where ML models
are assumed as ingendent of the specific channel, models need to be trained for the specific
channel of interest<) in the case of MB optical transmission.

We evaluate two methodologies for modelling signal propagatidnendto-end lightpath
models, which get as inputs featur¥drom the Tx and estimates the features at the Rx after

the signal propagates along the route of the lightpath over a distah@ndii) single optical

spans that include an OA and an optical fiber of a given length. Span models receive a set of
input featuresY from the signal generated by the Tx or after the signal has traversed some
previous optical spans, and produces as output the value of the features characterizing the 1Q
optical constellation of the optical signal after the propagation through the opsigah. In this

case, models for entb-end lightpath are created by concatenating span models as defined by
the route of the lighpath.

Two Mlbased approaches are considerédFLANN, which because of their simplicity can be
used to model endo-end lightpaths; andl) DNN that produce accurate models but, being more
complex than FLANNS, are proposed for modeling optical spans.
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To reduce the number of inputs and outputs, as well as to simplify the structure of the ML
models, especially in the case of the DNNs, a subset of selecteseCGHRI$ considered for the
propagation of the features. Precisely, two exterior and two interior @Pand, from them, a
Constellation Reconstruction block reconstructs the features for thepropagated CPs with
high accuracy (eq22)). Functiongi(-) can be defined as linear combinations of the propagated
features.

& 0 OGAQI Qaod oD @2
Finally, the QoT estimation block predicts the QoT of the lightfratim the features of the
received signal. Specifically, the paramaséy, is defined as:

B p 0 wdd & & @3
whereu oy represents the probability of receiving a symbol originally sent as part pfoDPof

the detection areal assigned to that CP. Note that the estimated-p#EC BER can be computed
based ons o, for all the CPs as equati¢p4).

D (A %# wg@ﬁ‘}—@ B 29

In equation(24), the averages -.: probability is interpreted as an estimation of the symbol error
rate (SER) and the pfeEC BER is derived assuming that 1 symbol error causes only 1 bit with
error (which is reasonable under Gray coding).

For illustrative purposedgrigure4.3 shows the building blocks for the QoT estimation of the
lightpath represented irFigure4.1 that traverses two optical spans, each of 80 kmFigure
4.3a, the FLANN entb-end model predicts the features of the signal at the receiver in Site Z
after the signal propagates of alongd km. The constellation reconstruction block estimates
the features of the nofpropagated CPs and the QoT estimation block predicts thé-g(@ BER.

In Figure4.3b, two span DNN models trained to signal propagatioroaongl: andl, km are
concatenated to model the entb-end lightpath. All the blocks except the models themselves
are common for both approaches.

PreFEC

(a) | Features D> LA @ Constellation —N_ QoT BER
Generator Reconstructiont—{ Estimation

d,<)

PreFEC

Features |:>(’> BNN Ed(> BNN @ Constellation N QoT BER
(b) | Generator Reconstruction—,{ Estimation

(<) (2 <)

Figure4.3. Endto-end (a) vs peOptical Span (b) modelling and QoT estimation.
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B) Endto-end Lightpath modeling using FLANNS

The FLANN feature model structure is presenteBigure4.4. The complete FLANN model for
endto-end lightpath modelling consists of one feature model for each of the considered
features {(',' 9, ', , <, 9, iN selCP.

Each feature model consists of a functional expansion block, where each input fegaiture

extended to capture its nofinear behavior. In particular, we assume that the functional

SELI yairzy Aa o0l &SR 2y i NB B@F NEXS dandoGpuffofitiieO (i A 2 v &
expansion block is multiplied by a weight, Because no activation function is used, the
estimated value of the feature is given by equati@®), where O is the order of the FLANN

model:

G OQdI 0 ze @ (29

Functional Expansion bias

Figure4.4. FLANN featurmodel structure for endlo-end modeling.

The training of the model targets at finding the weights that minimize the error between the
predicted value and the value from the training dataset. FLANN lightpath models can be trained
with high precision for each channel and a specific total distahcand stored in a model
database ready to be used, e.g., during lightpath provisioning.

However, even though FLANN lightpath models can be trained for every channel in the C+L+S
bands, they cannot be trained for every arbitrary total distaiceA strategy is to prérain

models for incremental distances in steps of the most common span length, e.g., 80 kms.
However, a real lightpath can traverse different span lengths, e.g., 65 and 75 km, so the models
can present imperfections. In addition, netion over time of the behavior of optical devices,

e.g., the noise figure of the OAs, new splicethe fiber, etc. can also impact the accuracy of the
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models. For this very reason, the models should be tuned periodically, using the monitoring
measurements collected from the TPs, once the lightpath is established.

C) DNNbased Concatenated Model

In this case, span DNNSs are specifically trained for every channel and optical span configuration.
This reduces the number of models that need to be-fpagned, as compared with the FLANN
end-to-end lightpath modeling. In addition, NLI noise depends mdy @n the length of the

span, but also on the accumulated distance that the signal has already traversed at the starting
of the optical span on the route of the lightpath. In consequence, span DNNs require the
accumulated distanceas additional input.

The lightpath model is produced by selecting the most appropriate span DNN models from the
model database and concatenate them in the order specified by the route of the lightpath. In
addition, the traversed distance needs to be also propagated and cosmhémthe related input

of the span DNNgzigure4.5 represents the concatenated model for the lightpath represented

in Figure4.1.

O [ KX M ] w > >
Features| > - >
Generatorg_ X DNN X DNN X Constellation
> . _»| Reconstruction
& [T KKEMK ] - ® -
—————————— g i B Y i ey e WL T
Span(l; km) Span(l, km)

Figure4.5: Concatenated DNN model

As in the case of the FLANN models, the concatenated DNN model can present imperfections
because of the accumulated error and variation of the behavior of optical devices over time. For
this very reason, the concatenated DNN models need to be tuned peaibdifrom the
monitoring measurements collected from the TPs.

4.1.3 Results

In this section, we first describe the MB optical system under simulation and modelling. Next,
we evaluate the performance of the RK4IP method with the adaptive step size w.r.t. the SFFM
method in terms of both accuracy and computation time. The selediadlation method is

used to generate a large dataset to be used for ML modelling MB optical propagation and
ultimately, estimating the QoT. The evaluation is carried out on three different channels in each
of the bands.
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A) MB Optical System

We assume that the optical transponders generate 16QAM@32GBd signals shaped by a root
raised cosine filter with a 0.06 redff factor. For the C+L+S system, we consider 337 optical
channels, with 50 GHz channel spacing for full spectrum uskgjde 4-1 summarizes the
configurations used in the MB transmission simulator.

Pseudorandom binary sequences are used as input of every channel. The signal is propagated
through spans of standard single mode fiber (SSMF), rangitd@dm, with a launch power of

0 dBm. Gain flattening filters are used at the end of each fiber speprpensate for the power

tilt induced by the ISRS effect. The attenuation factor, chromatic dispersion antdnean
O2STFFAOASYG 0' 0 OFNE 6AGK FTNBIdSyOeod ¢KS FNI OG.
is 0.245.

Propagation in optical spans is modeled by solving the NM8Eonsider:_;=12.2-1&° [ps],
_1=32-1@ [ps], _,=96-10° [ps], fa=0.75,f,=0.21,f=0.04, andfr=0.18. EDFAs and TDFAs are
modeled as ideal OAs characterized by a single gain and noise figures. The adaptive step size
algorithm defined in SectioA.1.1 E)to reduce the computation time is run withs = 164," =

5, andMAX nz = 10m Finally, at the Rx, a DSP block performs ideal chromatic dispersion
compensation and phase recovery.

Table4-1. Considered MB optical systems

S Band C Band L Band
Wavelength range[nm] 1486.5- 1530.0 1530.4- 1568.4 1568.81621.5
Bandwidth [THZ] 5.7 4.75 6.2
Num of Channels (Ids) 116 (3116) 96 (117-212) 125(213-337)
Type of Amplifier TDFA EDFA EDFA
Amplifier Noise Figure [dB] 6.5 5 5
Nor-linear coefficient range [(W nt}] 1.31-1.41 1.24-1.31 1.13-1.23
Dispersion range [ps/nm/km] 12.55- 15.58 15.60- 18.02 18.1-21.69
Attenuation range (dB/km) 0.19-0.21 0.18-0.19 0.18-0.20

B) MB Optical System Simulation

The MB system described in the previous section was simulated using the MbasetB
simulator of a coherent WDM system. The simulator was executed on an Intel G&réad7
processor with 16 GB RAM and running Windows thi64~or this very reason, pseacndom
sequences were limited to'2bits length.

We compared the traditional SSFM method with the RK41P method enhanced with the adaptive
step size algorithm (see Sectidnl.]). In addition, a fixed (2 m) step size approach is also
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considered for comparison purposes. Specifically, four RK4IP methods have been evaluated: 1)

RK4IP with adaptive step size in the time domaiRKA t); 2) RK4IP with adaptive step size in

the frequency domain WY Y. 0T o0 wYnlLt ¢ ximedorfah BFKRY); and SLI aAl S
4) RK4IP with fixed step size in the frequency domaiw YFy. 0 ® C2NJ GKS S@I f dz
considered one single optical span of 80 km and all the channels with launch power of 0 dBm,

i.e., a total launch power of 25.27 dBm. In aduitithe SSFM method was executed with a fixed

step size of 0.01 m.

The comparison is carried out by comparing the ISRS gdic@(puted by the RK4IP methods

and SSFM for every channel, wherg)3¢ defined as the ratio between the channel power after
fiber propagation and its value without the SRS, i.e., considdg@ (equation(26)). This
approach allows to specifically analyze the feasibility of using the RK41P methods for MB optical
transmissionComparison of théSRS gaiper channel is averaged usitite Relative Squared

Error (RSE) defined in equati(@y).

oo 0= (26)

yyo 2 LA @7)
V]

Figure4.6 plots the RSE, where we observe that all the considered RK4IP methods provide
solutions leading to very small error compared to the SSFM method, which make them a valid
approach for simulation of MB optical transmission.

Relative Erromwrt SSFM (%)

FRK_t FRK. ARK_t ARK.
Method

Figure4.6. Relative error of RK4IP methods with respect to SSFM

Figure4.7 shows the ISRS gain profile after fiber propagation by executing-th&/Ap . YS G K2 R
for launch power of4, -2, and 0 dBm pechannel, i.e., 21.27, 23.27, and 25.27 dBm of total
launch power, respectively. A decrease in the ISRS gain tilt from arournast 3adB is observed
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as the total input power decreases. Note that even for launch powers as low @&Bm per
channel, the impact of ISRS is still noticeable.

Launch Pow g4 dBm
3 Launch Pow €2 dBm
5 | —Launch Pow = 0 dBm
o
21
=
3o
4
ol |
-2
-3 F
S C L
-4 " 1 L 1 L 1 L 1 L

1486 1506 1526 1546 1566 1586 1606
Wavelength [nm]

Figure4.7 ISRS gain observed for different channel launch powers.

Figure4.8a plots the adaptation of the step size, as provideddlyorithm4-1, andFigure4.8b

plots the error, computed as Equatigd®l), with the propagated distance. We observe that the
adaptive step size algorithm provides good accuracy by fixing small step sizes during the initial
propagation and then relaxing the step size when the propagated distance increases.

Figure4.8 Evolution of the step size (a) and error (b) with propagation distance.

The adaptation of the step size is responsible for a reduction in the number of FFT operations
that are needed.Figure4.9a reports the number of FFT operations executed during the
execution of the different RK4IP methods. We observe that the number of FFT operations
heavily decreases when the adaptive step size algorithm is used. This translates into a reduction
of the total computation time as observed iRigure 4.9b. In particular, the reduction in
computation time enabled by the adaptive step size algorithm is over 90% (from over 3 hours to
just 15 min). Interestingly, running the RK4IP methods in the frequency domain reduced the
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