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Executive summary

This deliverable focuses on the final design of the control and orchestration system envisioned within the
framework of the PROTEUS-6G project. Moreover, it offers the early implementation of the enablers for the
target 6G packet-optical x-haul network. The final design encompasses the detailed PROTEUS-6G
management, orchestration and control architecture, including the Service Management and Orchestrator
(SMO) Architecture and the software defined networing (SDN) Orchestration and Control Architecture, which
is paramount for enabling dynamic, efficient, and resilient network operations essential for 6G. The
preliminary implementation of key architecture enablers is a central part of this document, providing insights
into the initial development stages. For each of the following enablers, their specific architectures, interfaces,
key novel features, the technologies employed, current implementation progress with remarks, and
anticipated future updates are described:

e The Service Management and Orchestrator (SMO)

e The SDN Orchestrator

e The SDN Packet Controller

e The SDN Optical Controller

e The Optical Performance Monitoring (OPM) Agent

e The Ultra Lite-Coherent Transponder (ULC TP) Agent

Furthermore, this document discusses the integration strategy for the complete Control Management and
Orchestration System and provides an overview of the software releases, including the initial software
release plan. The presented work aims to lay a robust foundation for a dynamic and efficient control plane,
tailored to the advanced requirements of the PROTEUS-6G packet-optical x-haul network.

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D5.1

LIST OF FIGURES ......ciieeusirrsmsssssrsnnssssrsnnssssresnsssssennsssssmsnsssssmnnnsssssennsssssennsssssnsnnssssnsnnssssnsnnssnsnns 7
LIS T OF TABLES...cuuuiiiiteuuiiiimnsserinnsssrrnnssssrrnnsssssrnnsssssrnnsssssmmnnsssssennssssssnnsssssmennssssmsnnssssmsnnssnsnns 7
ABBREVIATIONS ...ccuiiiiiieiiiiiiesasrrnesssrrnasssssrensssssrnnsssssmrnsssssmesnssssssnnsssssennsssssmennssssssnnssnsssnnnsnsens 8
INtrOdUCHION ... —————————— 10
1.1 Purpose of the deliVErable ... 10
1.2 Links with the other PROTEUS-6G aCtiVItieS ........coccuiiiiiiiiie e 10
1.3 Deliverable OULINE ........ooiiie et e e e e 10
2, PROTEUS-6G management, orchestration and control architecture ............... 11
2.1 Service Management and Orchestration (SMO) Architecture ..........cccccoovieieiiiiie e 11
2.2 SDN Orchestration and Control ArchiteCture ..........ocooiiiiiiiiiiii e 12
2.2.1 Architectures for management of coherent pluggable transceivers in IPoWDM networks.... 13
2.2.2 Single SBI ManagemeNnt .........cooiiiiiieiie e 15
2.2.3 Dual SBI Management of IPoWDM Routers with Read-Only Optical Controller ................... 17
224 PROTEUS-6G IPoWDM Management architecture implementation.............c.ccccceevieeennne. 20
3. Implementation of architecture enablers...........cooommmiiiecceriii e 22
3.1 5] 1YL SRRSO 22
3.1.1 ATCRITECIUNE ...ttt e ettt e e s 22
3.1.2 INEEITACES ...t 24
3.1.3 KEY NOVEI FEATUIES ...t e e e e e e e e e as 25
3.1.4 Implementation progress and remMarksS...........ooiio i 25
3.1.5 Future updates expected ... 26
3.2 SDIN OFCRESIIALON ...ttt 26
3.21 ATCNITECIUIE ..ottt e et e e e e e et e e e e e e e e aanee 26
3.2.2 101 (=T 2= o= SRRSO 28
3.2.3 KEY NOVEI FEALUIES ...ttt e s 28
3.24 Implementation progress and reMarksS...........couio i 28
3.2.5 Future updates @XPECIEA ..........uiiiiiiiii e 28
3.3 SDN Packet CONITOIIET ...ttt e et e e e st e e e e nneeeeeaes 28
3.3.1 ATCRITECIUNE ...ttt et e e s 29
3.3.2 INEEITACES ...t 30
3.3.3 KEY NOVEI FEATUMNES ...t 30
3.34 Implementation progress and reMarksS...........ooii oo a e 30
3.3.5 Future updates eXPeCted ... e a e 31
3.4 Optical SDN CONIIOIIET ...ttt e e e e e e e e e e e e e e e e e e e e e annnneneeas 31
3.4.1 ATCNITECIUIE ...ttt e e e e e s s 31

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D5.1

3.4.2 IMEEITACES ...ttt 33
3.4.3 Key NOVEI FEAtUrES ... 34
3.4.4 Implementation progress and reMarkS..........oooie oo e e e e 34
3.4.5 Future updates eXPECIEA .........eeiiiiiiiee e a e 34
3.5 OPM AGENT ..ttt e bt et 34
3.5.1 ATCRITECIUIE ...ttt et e et e e e e e anaeee s 34
3.5.2 KEY NOVEI FEATUMNES ...ttt 36
3.5.3 Implementation progress and reMarksS...........ooie oo e e 36
3.54 Future updates expected ... 36
3.6 IO I e Yo =Y o USSP PRRURR 36
3.6.1 ATCRITECIUNE ...ttt e e e e e s 37
3.6.2 Key NOVEI FEAtUrES ... 37
3.6.3 Implementation progress and remarks.............ccoooooiii 38
3.6.4 Future updates EXPECIEA .......ocuuiiiiiiiii e 38
4, Integration of the Control Management and Orch. System..........cccccvvvvriiiinnnnns 39
4.1 Software Releases OVEIVIEBW .......ccoiiiiiiiiiiiie it 39
4.2 SOftWare ReEIEASE H#1 ... 41
5. L0703 o LT =3 o L= 44
6. ReferenCes.... .o —————— 45

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D5.1

LIST OF FIGURES

Figure 1. PROTEUS-6G SMO High-Level ArchiteCture. ............coccoviiiiiee i 12
Figure 2. IPoWDM Management of Optical Pluggable Transceivers architectures ................cccccuvvee. 14
Figure 3. Single SBI management of IPOWDM FOULETS ...........ccoiiiiiiiiiiie et 17
Figure 4. Dual SBI management of IPOWDM routers with Read-Only Optical Controller: Provisioning
MANAGEIMENT ...t e oot e e et e e ettt e e e e e e e e et e e e e e e e e et et e e e e e e anrnnnees 18
Figure 5. 2I?)ual SBI management of IPOWDM routers with Read-Only Optical Controller: Failure management
Figure 6. SMO Architecture - TeChNOIOGIES USEd. ........cooiiiiiiiiiiiiii e 22
Figure 7. Inten-based request to SMO for functional split provisioning..........cccocoveeiiiiiiiiie e 23
Figure 8. Intent-based request to SMO for transport network configuration. ............ccccccviiiiniinens 23
Figure 9. Deployment of the SMO as a microservice within a Kubernetes cluster. ................ccccunee. 26
Figure 10. Deployment of CU, DU, and emulated RU components across separate nodes in the Kubernetes
Lo 015 =T T PEPTT 26
Figure 11: ETSI TeraFlowSDN Packet controller internal components and their interfaces. ............... 29
Figure 12.0ptical SDN controller managing DSCIM. .........ouiiiiiiiiiiiiiieee e 32
Figure 13 Augmented OpenConfig YANG data model to control DSCM transceivers. ...........cccccee.e. 33
Figure 14: The OCM agent internal components and their interconnections. .............ccccoieiinieeens 35

Figure 15: Two OCM hardware devices connected with RaspberryPi through SPI-over-USB interface36

Figure 16: utilized standard parameters from the OpinConfig model............cccoiiiiiiiiiiiiic s 37
Figure 17: A distributed testbed view of the demo scenario, including SMO, E2E Orchestrator, packet and
OPLICAI CONIOIIBT. ...ttt e e e e et e e e e e e nne s 42
Figure 18: A workflow how E2E orchestrator coordinate packet and optical controller to provision end-to-end
£ 1o =Y [ 1T 43
LIST OF TABLES
Table 1. SMO Interfaces DeSCriPLON. ......ccciii i 24
Table 2 SDN Orchestrator Interfaces DesCription. .........ccooooiiiiiiiiiieccce e 28
Table 3: List of interfaces exposed by the IP SDN CONtroller ... 30
Table 4 Optical SDN controller iNTErfaCES. .........iii i e 34
Table 5. Software Rel€aSES OVEIVIEW. ........coiiiiiiiiiiiiiiiii et e e e e et ee e e e e e s ernreeeeaaeeeas 39

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D5.1

ABBREVIATIONS

Al Artificial Intelligence

API Application Programming Interface

BER Bit error rate

BSS Business Support System

CU Centralized Unit

DSCM Digital sub-carrier multiplexing

DP Dual Polarization

DU Distributed Unit

E2E End to end

FEC Forward Error Correction

GRPC Google Remote Procedure Call

ICT Information and communications technology
IETF Internet Engineering Task Force

L2SM L2VPN Service Model

LCM Lifecycle Management

ML Machine Learning

NBI North Bound Interface

EféR RT Near-Real-Time RAN Intelligent Controller
E?S_RT Non Near-Real-Time RAN Intelligent Controller
OLS Optical Line System

ONF Open Networking Foundation

oP Operational

OoOPM Optical performance monitoring

O-RAN Open Radio Access Network

OSNR Optical signal-to-noise ratio

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D5.1

OSS Operation Support System

PBM Polarization Beam Splitter
PL-DB Physical layer database

PM Power monitor

P2MP Point-to-multipoint

P2P Point-to-point

RAN Radio access network

RAPPS RIC Applications

RPC Remote procedure call

RSA Routing and spectrum assignment
RU Radio unit

SBI South Bound Interface

SDM Space Division Multiplexing
SDN Software Defined Networking
SMO Service Management and Orchestration
TAPI Transport API

TED Traffic engineering database
TMF TeleManagement Forum

TP Transport Plane

ULC Ultra Lite-Coherent

ULCTP Ultra Lite-Coherent Transponder
VPN Virtual Private Network

WP Work package

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D5.1

Introduction

1.1 Purpose of the deliverable

The purpose of this deliverable (D5.2) is twofold. First, it presents the final version of the PROTEUS-6G
management, orchestration and control system architecture. This includes a detailed analysis of the features
and standards adopted, along with fundamental concepts and a comprehensive design overview of each
layer of the control layer. The analysis is also enriched with extensive workflow diagrams that describe, at a
high level, the interactions between the various components. The second objective of this deliverable is to
provide the preliminary implementation details of the architecture enablers of the PROTEUS-6G control and
orchestration system, by describing the key novel features, the technologies used, the interfaces of each
component, i.e. how it communicates with other internal entities, and how it communicates, if needed, with
external entities/ devices, and finally the implementation remarks with the expected futures updates.

1.2 Links with the other PROTEUS-6G activities

This deliverable represents the work carried out within WP5, and especially T5.1, T5.2, T5.3 and T5.4. It takes
inputs from MS 5.1 (D5.1[1]), where the preliminary design of service management, orchestration and
control system architecture and validation scenario was introduced. The work is aligned with the deliverables
of WP2, WP3, WP4, WP6, where they describe the design and architecture of the components involved. This
deliverable provides the final design and preliminary implementation of the PROTEUS-6G service
management, orchestration and control enablers, and marks the M5.2 milestone which is the “First release
of service management, orchestration and control system”. In this regard, its outcomes will be used
throughout WP5 and are particularly important for the final deliverable D5.3, and the upcoming milestones,
MS 5.3 “Second release of the integrated service management, orchestration and control system” and MS5.4
“Final release and validation of the service management, orchestration and control system”. Additionally, it
will impact the efforts towards MS6.3 “Set up of the test bed and integration of components completed” and
MS6.4 “Demonstration activities completed” which will be reported in deliverables D6.2 and D6.3 of WP6,
respectively.

1.3 Deliverable Outline

This deliverable is structured as follows:

Section 2 presents the final design of the PROTEUS-6G management, orchestration, and control system,
detailing the architecture, interfaces, and functionalities of each core component, including the Service
Management and Orchestration (SMO) layer, the SDN Orchestrator, the SDN Packet Controller, and the SDN
Optical Controller. The section also includes an architectural analysis of various IP-over-DWDM (IPoWDM)
management models and justifies the selection of the dual-SBI approach adopted within the PROTEUS-6G
project.

Section 3 outlines the preliminary implementation status of each architectural enabler, covering SMO, SDN
components, and supporting agents (OPM and ULC TP), and discusses planned enhancements and
integration steps.

Section 4 focuses on the integration strategy of the control, management, and orchestration system,
highlighting the overall software release roadmap. It introduces the four planned software releases aligned
with the PROTEUS-6G milestones and testbed validation activities, including use-case demonstrations.

Finally, Section 5 concludes the deliverable by summarizing the key contributions of this
implementation cycle and outlining the next steps toward the final release of the PROTEUS-6G
orchestration framework.
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2. PROTEUS-6G management, orchestration and control
architecture

This section details the final design for the PROTEUS-6G management, orchestration, and control system.
The design builds upon the foundational concepts established in the initial project deliverables.

2.1 Service Management and Orchestration (SMO) Architecture

As initially outlined in D5.1 [[1], the SMO architecture incorporates essential components and interfaces from
the O-RAN SMO framework, including the Near-RT RIC and Non-RT RIC, both of which play a central role in
service management and network orchestration. It integrates the standardized 02, 01, A1, and E2 interfaces,
leveraging widely adopted solutions to ensure a robust and interoperable design (see Figure 1). This approach
enables the development of an advanced service management, orchestration, and control system that
supports seamless integration across multi-domain components.

Within the context of the PROTEUS-6G project, the baseline O-RAN SMO architecture has been extended to
support dynamic (re)configuration of the transport network, specifically to support the different functional
split deployments. A novel interface has been introduced to facilitate the reconfiguration of fronthaul and
midhaul segments, ensuring that transport network capabilities can dynamically meet service requirements.
This reconfiguration is orchestrated through the project’s Transport SDN Orchestrator. Based on these design
principles, the core functions of the SMO are defined as follows

1. Dynamic functional split provisioning: Provide dynamic provisioning of the selected
functional split between the radio unit (RU), distributed unit (DU), and centralized unit (CU).

2. Dynamic functional split reconfiguration: Provide dynamic reconfiguration of the selected
functional split between the RU, DU, and CU. Include RAN configuration, based on O-RAN
Alliance, i.e. fully integrated with a Non-real-time Radio Intelligent Controller.

3. Continuous adaptation and service management: Adapt to continuously changing
environments, such as the introduction of new services and shifts in traffic patterns, based
on metrics retrieved by the telemetry system.

4. Optical and Packet x-haul network configuration: Enable reconfiguration of the packet-
optical x-haul network through the transport ETSI TFS SDN orchestrator.

In practice, the system receives deployment requests from the Operation Support System (OSS)/ Business
Support System (BSS) , which may include specific slice constraints such as latency, bandwidth, or availability
requirements. The SMO is responsible for orchestrating service deployment while simultaneously configuring
transport and RAN components (including packet, optical, and RAN layers) to align with the requested slice
parameters.

The Context serves as the system’s database, storing the current state of each service, along with all related
metadata. The Intent Handler translates high-level OSS/BSS service requests into actionable service-level
instructions for provisioning the selected functional split. Regarding RAN optimization, the Near-RT RIC
supports closed-loop automation based on near-real-time metrics and interacts directly with RAN
components (CU/DU) via standardized APIs. It enables use cases such as mobility management, load
balancing, and congestion control. In parallel, the Non-RT RIC focuses on longer-term RAN optimization,
resource allocation, and planning through analytics on historical data. It communicates with the Near-RT RIC
and other management systems through open APIs and hosts multiple rApps, each addressing a specific
optimization task (for instance, one rApp may evaluate and propose functional split reconfigurations).

The SMO maintains observability over the RAN, O-Cloud, and transport network using a telemetry
client, which collects real-time metrics and system state information. This information drives the
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generation of configuration requests that are tailored to current network conditions. To support this, a set
of rApps have been developed under Task 2.4, focused on algorithms for optimal radio and transport
configurations. These rApps are packaged as SMO-integrated components.

Furthermore, the Intent Handler transforms OSS/BSS service intents into IETF Network Slice Model-
compliant representations and passes them to the SDN Orchestrator via the Transport client, enabling the
reconfiguration of the x-haul network to accommodate the functional split deployment.

SMO NBI
Context Intent Handlers Lk
RU/CU/DU |
Corr-'lpute e PR TE|eF\16tN Partition Selection Trar_lsport
Client Client Client
(Prometheus)
IETF Network Slice Service Model
01 Al Tel " Packet — Optical Xhaul SDN Orchestrator
elemetry
I—I I—l
0z Near-RT Optical SDN Packet SDN
RIC Controller Controller
. optical |, .| Packet
devices ) switches

o ook ol

1 1
: 1 | 1
i ! | I 1 !

- | Midhaul ! Backhaul
e : Mg Cee Nl ]
I 4 ! !

1 4 1

Fronthaul
Low MAC] LU ™ e | SeTseerees

High PHY

' Tow PHY )i '_E! _______ |
W

Figure 1. PROTEUS-6G SMO High-Level Architecture.

To this end, Figure 1 illustrates the final high-level architecture of the SMO within PROTEUS-6G and its
interaction with the different segments. The interfaces are based on O-RAN SMO reference architectures,
standards, and working groups. Specifically, the SMO platform will interface with the O-RAN 02 interface for
intercommunicating with O-Cloud to handle the infrastructure resources and services (onboarding,
instantiation, scaling and termination). Moreover, the SMO will interface with the O-RAN O1 for enabling the
management of the RAN services, including LCM, alarm handling and performance monitoring. In addition,
the Al interface links the Non-RT-RIC with the Near-RT-RIC, facilitating policy transfer and operational
guidance. Lastly, the SMO interfaces with the packet-optical xhaul SDN Orchestrator to configure the
transport network based on service-specific demands received from OSS/BSS. More details about the SMO
implementation, interfaces details, and technologies used are provided in the subsection 3.1.

The integration of coherent pluggable transceivers into IPODWDM networks is reshaping the traditional
separation between IP and optical domains. By embedding optical transmission capabilities directly into IP
routers, these pluggables enable streamlined architectures that promise both cost and operational
efficiencies. However, this convergence also challenges established control plane designs and raises
fundamental questions about the appropriate locus of control for the configuration and management of
optical parameters [2][3].

A central architectural dilemma emerges: should optical pluggables be configured and managed by
the IP controller, which already governs the router and offers operational simplicity, or by the optical
controller, which has comprehensive visibility and control over the Optical Line System (OLS). While
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the IP controller benefits from its proximity to the pluggables, it lacks the optical domain awareness
necessary to calculate critical parameters such as launch power, modulation format, and wavelength
selection. In contrast, the optical controller is well-positioned to compute these parameters accurately,
leveraging its holistic view of the optical layer, but it typically operates at arm's length from the pluggables
themselves, relying on mediated access through the router.

This architectural tension reflects broader questions about control hierarchies, domain separation, and
mechanisms for cross-layer coordination in disaggregated network environments. Additionally, operational
debates surrounding control rights—whether the optical controller should be granted read-only visibility or
full read/write access—highlight the need for well-defined architectural models that balance autonomy,
programmability, and inter-domain trust.

In this section, we present an architectural analysis of the control plane options for managing optical
pluggables in IPoDWDM networks. We compare the capabilities and limitations of IP- and optical-controller-
based approaches, examine their implications for network automation and scalability, and discuss potential
models for inter-controller coordination. Our analysis aims to provide a structured framework to support
design choices in the evolution toward tighter IP and optical integration.

2.2.1 Architectures for management of coherent pluggable transceivers in IPoWDM
networks

The management of coherent pluggable transceivers in IPoDWDM networks has become a key architectural
consideration as operators seek to simplify network design while maintaining performance and flexibility
across the IP and optical domains. Multiple control architectures have been proposed to address how these
pluggables are configured and monitored, each with its own trade-offs in terms of complexity, scalability,
and operational safety. This section provides an overview of four representative management approaches,
summarizing their main characteristics and highlighting the associated challenges.

1. Dual SBI Management with Read/Write Access for Both Controllers (IETF Model)

In this model, both the IP controller and the optical controller have direct read/write access to the pluggable
transceivers through their respective southbound interfaces (SBIs). Coordination between the two domains
is handled by an IPoWDM orchestrator, which mediates between the controllers to ensure consistency.

This approach enables full programmability from both the IP and optical sides, allowing each controller to
apply domain-specific policies directly at the pluggable level. However, one of the key disadvantages of this
model is the risk of out-of-synchronization problems when both controllers attempt to access or modify the
pluggable configuration simultaneously. Without strict coordination, this can lead to conflicting updates and
operational instability.

Main disadvantage:
e Qut-of-sync problems when both IP and optical controllers access the pluggables.
2. Single SBI Management with Control Exclusively in the IP Domain (TIP MANTRA)

The second approach simplifies the control architecture by providing read/write access exclusively to the IP
controller, while the optical controller only interacts with the Optical Line System (OLS). The optical controller
receives pluggable-related information through the IPOWDM orchestrator, which acts as the intermediary
between the two domains.

While this model reduces the risk of conflicts and centralizes the control logic, it increases the complexity of
the orchestrator, which now must gather and convey pluggable configuration data toward the optical
controller. This may lead to scalability limitations as the orchestrator becomes a critical dependency

for cross-domain coordination.
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Main disadvantage:

e Increased complexity of the IPoWDM orchestrator, which needs to convey information on pluggables
to the optical SDN controllers.

3. Dual SBI Management with Read-Only Access for the Optical Controller (TIP MANTRA)

In this variant of the dual SBI model, the optical controller is limited to read-only access to the pluggables,
while the IP controller retains full read/write control. The IPoWDM orchestrator facilitates coordination but
enforces the separation of roles, allowing the optical controller to monitor transceiver parameters without
direct configuration rights.

This design reduces the risk of conflicting updates but places full responsibility for the configuration of the
pluggables on the IP controller. Consequently, the IP controller must handle not only IP-layer functions but
also the complexities of optical parameter management, which may require optical domain knowledge that
is typically outside its scope.

Main disadvantage:

e Increased complexity of the IP controller, since it is responsible for the configuration of the
pluggables.

4. Host-Independent Management with Dedicated Pluggable Controller (OPEN XR Model)

The fourth architecture introduces a dedicated pluggable controller, independent from the IP router and the
optical controller. This controller directly manages the transceivers, while the IP controller and the optical
controller continue to operate within their respective domains. The IPoWDM orchestrator remains in place
to coordinate across the different control domains.

This model supports disaggregation and vendor interoperability by decoupling pluggable management from
the router platform. However, it requires the deployment and integration of an additional control plane
component—the pluggable controller—which adds overhead and architectural complexity.

Main disadvantage:
e A new dedicated controller for pluggables must be deployed.

Dual SBI management of IPoWDM routers with IP and Optical ~ Dual SBI management of IPoWDM routers with the Optical

controllers having read/write access to Pluggables (IETF)

controller having read-only access to TPs (TIP MANTRA)

P IPOWDM Optical P 1PowDM Optical
Controller Orchestrator Controller Controller Orchestrator Controller
i : Read-only access
Read/Write Read/Write access ﬂ Read/Write Yy ﬂ

access
Pluggable

o
5

Single SBI management of IPOWDM routers (TIP MANTRA)

access
Pluggable

h”OLS
'\

Host-independent management (OPEN XR)

[ IPOWDM Optical P IPOWDM Optical
Controller Orchestrator Controller Controller Orchestrator Controller
SON W @ SON SON @
No access Read/Write

Read/Write
access

Pluggable

to
pluggables

Figure 2. IPoOWDM Management of Optical Pluggable Transceivers architectures
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Based on this preliminary analysis, we have selected single SBI Management and Dual SBI management
architectures to be potentially considered for PROTEUS-6G SDN control and orchestration architecture. Note
that host-independent management solution was already explored in [4]. Next we evaluate in detailed both
options to make a final decision for implementation with ETSI TeraFlowSDN (TFS) controller [5].

2.2.2 Single SBI Management

Option A: OTSi Service Computation at the Optical Controller

One of the proposed architectural approaches, defined within the TIP MANTRA framework, relies on Single
Southbound Interface (SBI) management, where the OTSi (Optical Tributary Signal Interface) service
computation is delegated to the optical controller. In this model, the IP controller remains responsible for
configuring the pluggables hosted within the IP routers, while the optical controller handles the computation
and provisioning of the optical transport service, including the configuration of the OLS.

The operation of this architecture is structured into a sequence of interactions among four key entities: the
IP controller, the optical controller, the IPoWDM orchestrator, and the IP routers. The process begins with
the discovery of pluggable capabilities by the IP controller. Using NETCONF/OpenConfig, the IP controller
retrieves key parameters from the router, including supported transmission modes, required Optical Signal-
to-Noise Ratio (OSNR), and tolerable transmit (TX) and receive (RX) power levels. This capability information
is then conveyed to the IPOWDM orchestrator via RESTCONF/OpenConfig, ensuring that the orchestrator has
an up-to-date view of the available transceiver features.

The orchestrator acts as a coordination layer between the IP and optical domains. It forwards the pluggable
capability information to the optical controller, which uses it as input for OTSi service planning. The service
planning request is issued through the ONF TAPI (Transport API) Path Computation interface, explicitly
including the discovered transceiver parameters. This enables the optical controller to factor in the
transceiver characteristics when calculating the optical path and selecting appropriate modulation formats,
wavelengths, and power levels.

The OTSi service computation is performed entirely within the optical controller, leveraging its full visibility
into the optical domain, including topology, OLS state, and performance metrics. Once the service
computation is completed, the optical controller provides the computed service response back to the
orchestrator via the TAPI interface, detailing the planned optical path and media channel requirements.

Following the service computation phase, the orchestrator interacts with the optical controller to initiate the
media channel setup through ONF TAPI Service Provisioning. The optical controller then proceeds to
configure the OLS devices using NETCONF/OpenConfig or OpenROADM interfaces, establishing the required
media channels across the optical transport infrastructure.

Once the media channel is provisioned, the orchestrator coordinates the configuration of the pluggables on
the IP routers. The orchestrator transmits the computed optical parameters—such as target central
frequency, output power, operational mode, and administrative state—to the IP controller via
RESTCONF/OpenConfig. The IP controller applies these settings to the pluggables through
NETCONF/OpenConfig, ensuring that the transceivers are correctly aligned with the optical service
parameters.

In parallel with the pluggable configuration, the orchestrator also instructs the IP controller to complete the
packet flow configuration using IETF L2/L3 VPN Service Provisioning models. This ensures proper alignment
between the IP forwarding plane and the underlying optical transport path. Finally, the IP controller performs
the necessary router configuration to activate the service, applying the remaining IP-level settings through
NETCONF/OpenConfig.

This architecture promotes a clear separation of concerns between the IP and optical domains while
enabling coordinated service delivery through the orchestrator. The optical controller remains
responsible for the computation and provisioning of optical transport services, while the IP controller
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handles the direct configuration of router-based transceivers and IP forwarding functions. The orchestrator
plays a central role in mediating between these domains, facilitating capability exchange, configuration
distribution, and cross-layer alignment.

Option B: OTSi Service Computation at the IPoWDM Orchestrator

As a variation of the Single SBI management architecture, this option introduces a different allocation of the
OTSi service computation responsibility. Unlike Option A, where the optical controller performs the service
computation based on pluggable capabilities provided by the IP controller, Option B centralizes this function
within the IPOWDM orchestrator itself. This design aims to simplify coordination between domains by
consolidating service planning logic at the orchestrator level while maintaining device-level configuration
through the respective domain controllers.

In this approach, the discovery of pluggable capabilities still begins at the IP controller, which queries the
routers using NETCONF/OpenConfig to retrieve the transceivers' supported parameters, such as transmission
modes, OSNR requirements, and power levels. This information is then communicated from the IP controller
to the orchestrator via RESTCONF/OpenConfig interfaces.

Parallel to the pluggable discovery, the orchestrator performs discovery of the OLS topology and capabilities
by interacting directly with the optical controller through the ONF TAPI Context Service. The orchestrator
issues an OLS discovery request, and the optical controller replies with the relevant topology and capability
data, completing the cross-domain visibility required for accurate service computation.

With both pluggable and OLS capabilities collected, the OTSi service computation is carried out by the
orchestrator itself. This computation determines the required parameters for both the media channel setup
and the pluggable configuration, including frequency selection, modulation format, and power settings.
Centralizing the computation at the orchestrator simplifies the service planning process and avoids
dependency on the optical controller’s internal computation mechanisms.

Following the computation, the orchestrator triggers the media channel request toward the optical controller
via the ONF TAPI Service Provisioning interface. The optical controller handles the media channel provisioning
and configures the OLS devices accordingly, using NETCONF/OpenConfig or OpenROADM models.

For the pluggable configuration, the orchestrator provides the computed transceiver parameters to the IP
controller via RESTCONF/OpenConfig, which then applies these configurations directly to the pluggables
through NETCONF/OpenConfig communication with the router. This maintains the integrity of the single SBI
management model, where the IP controller remains the only entity with direct configuration access to the
pluggables.

Finally, the orchestrator coordinates the packet flow configuration by instructing the IP controller to
provision the IP forwarding plane according to the computed optical path. This is performed using IETF L2/L3
VPN Service Provisioning models, followed by the final IP router configuration to complete the service setup.
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Figure 3. Single SBI management of IPOWDM routers

2.2.3 Dual SBI Management of IPoOWDM Routers with Read-Only Optical Controller

Provisioning management

This architecture represents a dual Southbound Interface (SBI) management model in which both the IP
controller and the optical controller interface directly with the IPoWDM routers, but with asymmetric control
rights. Specifically, the IP controller holds full read/write access to configure the optical pluggable
transceivers, while the optical controller only has read-only visibility into those same transceivers. This
control structure reflects a compromise between operational safety and cross-domain coordination, and it is
promoted in the TIP MANTRA framework.

The process begins with the optical controller performing read-only discovery of the pluggables
installed in the routers. Through NETCONF/OpenConfig, the optical controller obtains passive data
such as transmission capabilities, OSNR requirements, and acceptable TX/RX power levels. This read-

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D5.1

only access ensures that the optical domain can factor in transceiver constraints without risking configuration
conflicts.

Once the pluggable characteristics are known, the IPoWDM orchestrator requests an OTSi service planning
operation from the optical controller via the ONF TAPI Path Computation Service. The optical controller, using
its knowledge of the OLS and read-only visibility into pluggables, computes a suitable configuration for both
the optical media channel and the transceivers, but it does not directly apply the settings.

The resulting service plan — including computed wavelength, modulation format, power settings, and
required optical parameters — is returned to the orchestrator. The orchestrator then instructs the optical
controller to provision the optical path, which includes configuring the OLS using NETCONF/OpenConfig or
OpenROADM protocols.

Meanwhile, the orchestrator passes the transceiver configuration (computed by the optical controller) to the
IP controller, which is the only entity authorized to apply changes to the pluggables. The IP controller
configures the transceivers accordingly via NETCONF/OpenConfig.

The orchestrator then proceeds to coordinate packet-level service instantiation through the IP controller,
using standard models like IETF L2/L3 VPN Service Provisioning. The IP controller finalizes the setup by
applying the necessary routing and forwarding configurations on the router.

IPoWDM Orchestrator | IP Controller | | Optical Controller | IP Router | OoLS |
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! ! ' Pluggable discovery (read-only)
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Y
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Figure 4. Dual SBI management of IPoOWDM routers with Read-Only Optical Controller: Provisioning management
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Failure management

This architecture extends the Dual SBI management model—where the IP controller has full control over
pluggables and the optical controller has read-only access—by introducing a complete failure management
workflow for coherent pluggables. It outlines how alarm detection, performance degradation, and recovery
actions are coordinated between controllers and orchestrators to restore service continuity following
pluggable-related impairments.

The failure management process begins with a proactive subscription to alarms and telemetry. The IPoWDM
orchestrator subscribes to notifications from the optical controller using TAPI RESTCONF, while the optical
controller itself subscribes to the IP router’s alarm streams via NETCONF/OpenConfig. These subscriptions
allow the optical controller to receive real-time metrics and performance indicators such as OSNR, signal
degradation, or hardware failures.

When a failure or impairment is detected by the router, it reports physical impairment and alarm data to the
optical controller. The optical controller then performs an analysis of performance metrics, correlates
symptoms, and detects that the issue originates from a specific pluggable.

Upon identifying a failure, the optical controller notifies the orchestrator using TAPI RESTCONF notification.
The orchestrator then initiates an OTSi service replanning request toward the optical controller using the
TAPI Path Computation Service, seeking a viable alternative optical path or parameter set.

The optical controller then executes the recomputation of the optical service, which includes both the media
channel and the pluggable configuration, ensuring that the new setup will meet optical performance
requirements. The resulting computed configuration is returned to the orchestrator via a standard OTSi
service response.

Once a new configuration is available, the orchestrator sends a media channel reconfiguration request to the
optical controller via TAPI Service Provisioning, prompting the optical controller to reconfigure the OLS using
NETCONF/OpenConfig or OpenROADM interfaces.

Simultaneously, the orchestrator must also coordinate the reconfiguration of the affected pluggables, which
it does by forwarding the new pluggable parameters to the IP controller using RESTCONF/OpenConfig. These
parameters may include a new central frequency, updated target output power, or operational mode
adjustments.

The IP controller then applies the updated pluggable configuration to the router using NETCONF/OpenConfig.
Once the physical layer is re-established and stabilized, the orchestrator resumes the upper-layer recovery
by instructing the IP controller to perform packet flow reconfiguration (e.g., rerouting traffic via IETF L2/L3
VPN provisioning). Finally, the IP controller reconfigures the router accordingly to complete the failure
recovery process.
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Figure 5. Dual SBI management of IPoOWDM routers with Read-Only Optical Controller: Failure management
2.2.4 PROTEUS-6G IPoWDM Management architecture implementation

After the detailed analysis of the single and dual IPOWDM management architectures, PROTEUS-6G SDN
control and orchestration architecture will deploy the dual IPoOWDM management architecture. PROTEUS-
6G SDN control and orchestration architecture will be implemented in TeraFlowSDN (TFS). Future work will
focus on implementing the necessary features for pluggable control within the cloud-native, open-source
ETSITFS controller, and validating the proposed architectures in 6G X-haul use cases defined by the PROTEUS-
6G project. Particular attention will be given to supporting TFS, enabling Xhaul adaptation to varying capacity
requirements through the use of smart pluggables with Digital sub-carrier multiplexing (DSCM) capabilities.

TFS controller is being developed within the framework of the ETSI standardization body. TFS consists
of a modular architecture where several modules cooperate with each other through a bus structure
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triggering specific functions which accomplish the control and management of the network. TFS is based on
micro-services, each one deployed independently making use of containers to isolate the functionalities of
the components. The communication between them occurs through a custom Google Remote Procedure Call
(gRPC)-based open interface. This approach provides benefits in terms of resiliency, scalability, and flexibility,
much needed in cloud-scale applications. In general, TFS is able to scale the management of a large number
of flows. Its objective is to support cloud scale use cases in high-capacity IP and optical networks such as
autonomous networks or security applications in beyond 5G and 6G networks. It offers comprehensive
support for IP over optical transport networks, with OpenConfig compatibility for the IP layer and, recently,
the optical layer, augmented to support the control of multi-band and Space Division Multiplex optical
networks based on parallel fibers.
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3. Implementation of architecture enablers

3.1SMO

3.1.1 Architecture

The architecture design of the first release of the SMO that is based on O-RAN reference architecture [6],
along with the technologies used, are presented in Figure 6, while the components and interfaces details are
described below:
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Figure 6. SMO Architecture - Technologies used.

e NBI: Exposes high levels intents to the OSS/BSS systems to support dynamic functional split
deployment and transport network configuration. It is implemented as a Flask-based Python API [7],
offering RESTful endpoints for receiving service requests and dispatches them to the proper Intent
Handler for translating them into internal orchestration “actions within the SMO.

o Infrastructure-Level Resource Management API:
*  http://[“SMO-IP”:“SMO-PORT”]/api/intents/infrastructure
= Body (example):
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intentId”: "oran-infra-fs2",

infrastructure-deployment™,

"platform”: “maestro",

"deploymentMethod”: "helm",
"components": ["ru”, "cu", "du","nr-ue"],
istry.ubitech.eu/n zestro-apps/”,
: "functional-split-2",

: "1.e.8"

.
constraints": {

"orderDate": "2024-05-14T18:11:432",
"testbed": "Ubitech"

"location™:"Athens”

Figure 7. Inten-based request to SMO for functional split provisioning.

The purpose of this intent is to instruct the SMO to initiate the deployment of a specific RAN
functional split configuration across the targeted testbed infrastructure. The “intentld”
uniquely identifies the request, while “intentType” specifies the nature of the intent, in this
case, infrastructure-deployment. The “objectives” section defines the deployment
parameters, including the target platform”(e.g., Maestro), deployment method (e.g., Helm),
the set of RAN components involved (ru, cu, du, nr-ue), and the location of the Helm chart
and container registry. Version control is maintained via the “serviceVersion” field. The
“constraints” field includes operational metadata such as the intended deployment
timestamp, testbed identifier, and geographical location. Finally, the metadata block

references the specific network slice ID and the functional split to be instantiated (e.g., split-
2).

o Network-Level Management API:
= http://[“SMO-IP”:“SMOQO-PORT"]/api/intents/slice
* Body (example):

intentId”: "oran-slice",
intentType": "network-slice",
objectives™: {

"platform™:"TeraFlowSDN",
1 "eMBB",
"1@ms",

h': "BEREMbps

g
"1 "2024-85-14T10:11:43Z"
"Ubitech",

n”:"Athens"

"oran-slice”,

n": “"oran-infra-fs2"

Figure 8. Intent-based request to SMO for transport network configuration.

The following JSON object represents a network slice deployment intent, submitted through
the SMOQ’s Northbound Interface (NBI). This intent type is classified under "intentType":
"network-slice" and enables OSS/BSS systems to request the provisioning of a logically
isolated end-to-end transport network slice over an existing infrastructure. The “intentld”
uniquely identifies the slice request. The objectives block outlines the service-level
requirements, including the target orchestration platform (TeraFlowSDN), the desired
service type (eMBB etc.), and the associated performance constraints such as latency
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and bandwidth. These parameters serve as slice QoS requirements to be fulfilled by the SMO
and the transport network. The “constraints” section includes operational and contextual
metadata such as the testbed location, the request submission timestamp, and the
responsible testbed entity. Finally, the “metadata” block contains internal linkage
information: the “sliceld” is used for tracking and lifecycle management, while the
"dependsOn” field creates an explicit reference to a previously submitted infrastructure
deployment intent. This ensures that the slice provisioning is chained to the successful setup
of the required RAN components.

e Context and Intent Handlers: The MongoDB-based Context module serves as the system database,
storing persistent state information, deployment metadata, and infrastructure topology required for
orchestration and lifecycle management operations. The Intent Handlers act as the logic layer
between the Northbound Interface (NBI) and the internal orchestration components. They are
responsible for interpreting the high-level service or infrastructure intents received from OSS/BSS
systems via the NBI and dispatching them to the appropriate internal modules and interfaces.

e Compute Client: It is responsible for interacting with the underlying O-Cloud infrastructure to
retrieve and manage resource and service-related information. It enables the SMO to a) support
placement decisions for deploying RAN components (e.g., CU/DU) and b) interface with Kubernetes
to handle the deployment of the functional split, including (re)configuration, performance
monitoring, and lifecycle management. It connects the SMO with external Service and Resource
Orchestrator Platforms, capable of handling the advanced resource and service orchestration
workflows, by utilizing TMF specification APIs such as “TMF641: Service Ordering APl REST
Specification [8]”. In our case, Maestro [9] and OpenSlice [10] platforms are used as the external
Service and Resource Orchestrator platform. Moreover, the OpenAirinterface [11] open-source
implementations for DU, CU and emulated RU are utilized to replicate the functionality of a 3GPP-
compliant functional split within the RAN architecture, packaged as Docker images.

o Telemetry Client: It is responsible for the collection and aggregation of observability data from
various parts of the network (RAN, transport, and cloud infrastructure). Prometheus [12] is used to
scrape the metrics from the exporters installed at each infrastructure domain.

e Transport Client: It connects the SMO to the Packet—Optical Xhaul SDN Orchestrator and is
responsible for configuring and managing the transport network. This interface is essential for end-
to-end service provisioning, utilizing the IETF Network Slice Service Model [13], ensuring that the
transport domain can support the required functional split and slice performance targets.

3.1.2 Interfaces

Table 1. SMO Interfaces Description.

Interfaces with Description Type (REST APIs, gRPC etc.)

OSS/BSS, External Exposure of SMO APIs (through REST API (HTTP/HTTPS) -
Orchestrators and NBI) — High Level Intents Custom Intent API
Platforms, End-user

Management of Infrastructure REST API (HTTPS) -
resources (compute, storage, Kubernetes API, ETSI SOL003,
network) - Cloud Platform TMF638, TMF641, TMF645
Control (O2 interface)

O-Cloud
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Configuration, performance REST APl (HTTP, HTTPS) -
O-CU, O-DU monitoring, and lifecycle TMF638, TMF641, TMF645,
management (O1 interface) Kubernetes API

Policy-based = communication REST APl (A1 Interface -
Near-RT RIC between Non-RT RIC and Near- JSON/YAML)
RT RIC (A1 interface)

Metrics and observability data REST API (Prometheus

Telemetry collection exposure Format)

Configuration and control of IETF Network Slice Model
transport network for x-haul (REST API)
connectivity

Packet — Optical Xhaul
SDN Orchestrator

3.1.3 Key Novel Features

The key novel features of this first implementation release of the SMO can be summarized under the
following pillars:

e Intent-Based Orchestration: A Flask-based NBI exposes REST APIs for high-level service and
infrastructure intents, enabling dynamic functional split deployments and transport slice
provisioning. Intent Handlers interpret and route intents to the appropriate internal interfaces
(Compute, Transport, etc.).

e Standards-Based Integration: IETF Network Slice Model is used for transport orchestration and TMF
APIs (e.g., TMF641[14]) are used for the provisioning of a dynamic functional split.

e Observability Framework: Prometheus is used for collecting metrics from RAN, transport, and cloud
layers to support closed-loop control in the future releases.

3.1.4 Implementation progress and remarks

The first implementation release of the SMO enables initial end-to-end orchestration of both the RAN
infrastructure and the transport network, leveraging OpenAirinterface-based CU, DU and RU applications.
Additionally, dynamic reconfiguration of the transport network has been validated using TeraFlowSDN and
the IETF Network Slice models, tested over an emulated packet-switching environment. While this represents
an initial integration effort, the implementation and demonstrated workflow provides a solid foundation for
the final release, which will incorporate both packet and optical devices to support a fully integrated end-to-
end x-haul transport network.

Moreover, it is worth noting that the SMO has been fully dockerized and can be executed as a microservice
in any cloud-native environment, such as Kubernetes, as illustrated in Figure 9. With regards to the
dockerized CU, DU and emulated RU instances, developed by OpenAirinterface, Figure 10 demonstrates that
the SMO can deploy them within the internal UBITECH testbed. The solution provided by the
OpenAirinterface project (OAl NR-UE) is also used for emulating UEs and generating traffic. Notably, it can
be observed that the functional split components are distributed across different nodes within the
Kubernetes cluster, validating the SMO’s orchestration capabilities. As of Month 18 (M18), the SMO
source code is hosted in a private GitLab repository maintained by UBITECH. It will be made publicly
available during the final implementation cycle, no later than Month 30 (M30).
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Figure 9. Deployment of the SMO as a microservice within a Kubernetes cluster.

Nuc 3 node

Figure 10. Deployment of CU, DU, and emulated RU components across separate nodes in the Kubernetes cluster.
3.1.5 Future updates expected

In the next phase, the core of the SMO will be extended to sustain more complex requests by supporting the
dynamic deployment of multiple functional splits (i.e. 2, 7.2, 8 etc.). This will require testing over an xHaul
network composed of transport network agents developed within the PROTEUS-6G project. Additionally, the
enhancement of the SMQ’s Northbound Interface (NBI) will be explored, not only to support custom intent-
based APIs, but also to expose standardized service order requests. This aims to improve alignment with
standardized OSS/BSS integration practices. Finally, the rApp microservices developed in WP2, designed for
optimizing and managing dynamic functional split deployments, will be integrated into the SMO stack as part
of the Non-RT RIC, enabling intelligent, policy-driven control and closed-loop automation.

3.2.1 Architecture

SDN Orchestrator architecture ( ) consists of following components:

e Mapper : is responsible for translating high-level client service requests into the specific technical
requirements needed for network implementation. It interprets requests, identifies service
demarcation points, and determines the feasibility of fulfilling the request with available
network resources. If necessary, it coordinates with external modules or controllers to
provision new resources, ensuring that all service parameters are accurately mapped to the
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infrastructure. The Mapper thus serves as a bridge between client intent and the technical realization
of network slices.

e Realizer: is tasked with the actual instantiation of network slices. Upon receiving instructions from
the Mapper, it interacts with domain-specific controllers to allocate the appropriate technologies
and resources for each slice. The Realizer establishes connectivity, such as L2-VPN or L3VPN links,
between designated service points and manages the provisioning of additional services, including
optical transport, as required. This component ensures that the network slice is deployed according
to the specifications and resource allocations defined by the Mapper.

e E2E Orchestrator : oversees the comprehensive orchestration of network services across all domains
and layers. It manages the sequence of actions required to fulfill service requests, communicates
with the Planner to obtain the list of services to be configured, and coordinates with both IPAM and
the Realizer to allocate resources and deploy services. The E2E Orchestrator ensures that the entire
service lifecycle—from planning to deployment and management—is executed efficiently and in
accordance with network policies and requirements.

e Path Computation : is responsible for evaluating the feasibility of network slice requests and
generating tentative paths and service lists for each domain. It analyzes the requirements,
determines optimal routing and resource allocation, and produces a detailed plan that includes all
necessary parameters. The Planner’s outputs are subsequently verified or completed by IPAM before
being passed on for implementation.

NBI: provides a standardized communication channel between higher-level applications or
orchestration platforms and the SDN controller. Through the NBI, external systems can request,
customize, and monitor network services, enabling integration with business support systems (BSS),
operations support systems (OSS), and other orchestration layers.
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Figure 11 SDN Orchestrator components
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3.2.2 Interfaces

Table 2 SDN Orchestrator Interfaces Description.

Interface with Description Type of Interface

Allow the orchestrator to communicate
configuration changes and receive updates from RESTCONF (OpenConfig)
the controller.

SDN Packet
Controller

SDN Optical

Controller Path computation and service provisioning. ONF TAPI

Configuration and control of transport network for

SMO x-haul connectivity.

IETF Network Slice Model

3.2.3 Key Novel Features

The new features and enhancements in initial development are listed below:

e Implementation of the IETF Network Slice Controller together with TFS to develop the SDN
Orchestrator.

e Extend SBI support to manage TAPI Path Computation endpoints (DSCM CPs management).

e New Tapi Handler: implementation of TAPI management in TFS for service provisioning.

3.2.4 Implementation progress and remarks
The network Slice Controller (NSC) integration with TeraFLow is in process. L2VPN and L3VPN [P slices are
currently managed. The extension for optical services is under development.
The integration of NSC with TeraFlow allows TFS to perform the orchestration part while NSC takes care of
the service management part for the different domains.

3.2.5 Future updates expected

In the next phase, the integration between NSC and TeraFLow will be finalized, enabling the management of
TAPI services through the Orchestrator and integration with Optical SDN Controller to perform Path
computation

3.3 SDN Packet Controller

This section describes the design of the Proteus-6G SDN Packet Controller, outlining the relevant features
and the adopted standard. It has been implemented using ETSI TeraFlowSDN. Several new functionalities
have been developed, and existing functionalities have been extended to satisfy the project’s
requirements. Specifically, the virtual network support has been enhanced and a new module for
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managing the coherent pluggable transceivers is introduced. The next section details the architecture design,
along with the internal components and their interaction.

3.3.1 Architecture

The figure below presents the SDN packet controller architecture design along with internal components and
external interactions. At the higher level, the Packet controller interact with E2E Orchestrator via NBI using
RESTCONF-based (IETF/OpenConfig) interface and with network device (e.g. router) via SBI using NETCONF-
based (OpenConfig) interface. At NBI, the Packet controller supports various standard interfaces (e.g. L3VPN
and IETF Slice) to communicate with higher-level entities. While the SBI provides standard protocols drivers
(e.g. NETCONF and gNMI) to communicate with underlaying network infrastructure.
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Figure 12: ETSI TeraFlowSDN Packet controller internal components and their interfaces.

e NBI: The interface enables higher layer entities, primarily the E2E Orchestrator, to communicate
with the Packet Controller. Now, the NBI has been extended to support a RESTCONF-based
(IETF/OpenConfig) interface to facilitate standard-compliant network topology. Specifically, the
interface is being used to coordinate parameters of DSCM pluggables. Similarly, the E2E
orchestrator leverages this same interface to request IETF network topology information.

e Service: The Service component is responsible for life-cycle management of a service instance.
Upon receiving a request, it selects the appropriate service handler based on the information
provided in the request, retrieves any necessary information from the Context service and issues
the resulting configuration to the SBI for execution. Correspondingly, after the SBI response, the
Service component updates the information in the Content service, relays the response to the
NBI.

e  Virtual Network Topology (VNT) Manager: The VNT manger is responsible for maintaining
the virtual network topology abstraction. It provides APIs to request, update and delete
virtual link, and to expose virtual network topology information. Furthermore, it also
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configures the underlaying device (e.g. router) via dedicated drivers. Consequently, the E2E
Orchestrator instruct, the VNT manger through the NBI to directly apply changes on the network.

e Pluggables: The component is responsible for managing and configuring the coherent pluggable
transceivers via appropriate SBI driver. This ensures vendor-agnostic operations from routers
down to coherent pluggable transceivers via OpenConfig data model.

e  SBI: The interface provides support for network device connectivity via appropriate drivers in a
hardware-agnostic way. To fulfil the project requirements, the NETCONF-based (OpenConfig) and
gNMl-based (OpenConfig) drivers have been extended. Particularly, the support for managing the
DSCM pluggables via router interface will be added, to perform both read and write operations
to enable efficient configuration.

3.3.2 Interfaces

Currently, there are two interfaces, as mentioned in architecture design:

Table 3: List of interfaces exposed by the IP SDN controller

Interface with Description Type of Interface

Allow the orchestrator to communicate
Orchestrator configuration changes and receive updates from RESTCONF (OpenConfig)
the controller.

Network device Allow controller to apply configuration on the

(e.g. Router) router and pluggable through driver. NETEORIFEN (Spenearite)

3.3.3 Key Novel Features

The new features and enhancements in initial development are listed below:

o New NBI Support: A new NETCONF-based IETF interface support is added to request the network
topology information in a standard way.

e Extended SBI Support: The SBI have been extended to manage coherent pluggable transceiversin a
vendor-agnostic way.

o New Service Handler: A new handler will be added to manage coherent pluggable transceivers
configuration request.

3.3.4 Implementation progress and remarks

The NBI extension has been developed as per IETF RFC 8795 [15] within the scope of PROTEUS-6G. This
RESTCONF-based interface exposes IETF topology information, including nodes and links. Furthermore, the
NBI extension is being developed in the scope of PROTEUS-6G, to add support for the DSCM OpenConfig data
models. A counterpart extension is also under development to control the pluggables in the underlying IP
routers.
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3.3.5 Future updates expected

In the next phase, the complete coherent pluggable transceivers support will be added, to enable E2E
orchestrator to configure DSCM pluggables parameters through the Packet controller’s NBI.

3.4 Optical SDN Controller

3.4.1 Architecture

The optical SDN controller is based on TeraFlowSDN [1][5] and includes the management of pluggable
transceivers supporting DSCM, through interactions with other control modules. Since their introduction to
the market, pluggable transceivers — being directly installed into routers — have led to a debate over which
controller should be responsible for their configuration and management [17]: the optical SDN controller or
the packet SDN controller. Here, the following approach is adopted:

e The configuration parameters of pluggable transceivers, such as operational mode (OP mode),
central frequency, etc., are determined by the Optical SDN controller, which has visibility of the
optical physical layer and spectrum resources.

e The configuration is ultimately applied by the Packet SDN controller, as pluggable transceivers are,
de-facto, part of routers — or more generally, part of Layer-2 or Layer-3 interfaces.

Besides this, the proposed architecture is designed to also control and manage DSCM and point-to-multipoint
(P2MP) in a “vendor-neutral” way.

The architecture of the Optical SDN controller is based on TeraFlow and it is shown in Figure 12.a at the main
module. The Optical component (Figurel2.b) includes three main blocks: i) the Provisioning Manager, ii) the
Databases (DBs), and iii) the DSCM routing and spectrum assignment (DSCM-RSA) Engine. The Provisioning
Manager is interfaced with the TeraFlow Service component, which feeds the Optical module with the optical
service requirements (e.g., source and destination pair and requested line rate). Upon service request, the
Provisioning Manager triggers the DSCM-RSA engine which runs resource allocation algorithms exploiting a
series of DBs. Besides typically exploited DBs — such as Traffic Engineering Database (TED), Label Switched
Path database (LP-DB), and Physical Layer database (PL-DB) — the control of DSCM and P2MP imposes the
adoption of additional databases: DSCM-DB holding information of digital subcarriers (DSCs) at a given optical
central frequency, and P2MP-DB holding information of established P2MP connections (e.g., tree route,
central frequency, used DSCs).

Then, the core of the Optical module is the DSCM-RSA Engine, capable of allocating resources for both
classical point-to-point (P2P) and P2MP connections. Thus, two types of connections are envisioned: P2P and
P2MP.

P2MP connectivity requires the computation of a tree, instead of a route. The DSCM-RSA Engine should also
account for DSCM specifications of the pluggable transceiver (e.g., XR 400G). An example of specifications
for a transceiver available in the market is summarized in [1]. Several operational (OP) modes are supported
with an overall aggregated line rate (i.e., considering all DSCs). Each OP mode is associated with specific OSNR
requirements (e.g., 400G requires at least 24 dB of OSNR). The number of supported DSCs is limited to a
maximum of 4, 8, or 16. The DSC spacing can range between 50 MHz and 300 MHz, depending on the guard
band adopted between DSCs.
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Figure 13.(a) Optical SDN controller architecture; (b) Optical component managing DSCM.

Such devices are typically controlled through a proprietary management system. On the contrary, PROTEUS-
6G targets their management in a vendor-neutral way through an OpenConfig-inspired approach and YANG
model proposed in the project. Figure 14 shows part of the augmented OpenConfig terminal-device
YANG data model for controlling DSCM. In addition to traditional parameters (within the optical-
channel layer of the YANG tree) — such as the central frequency of the optical channel (i.e., frequency),
the target-output-power and the operational-mode (i.e., a specific combination of symbol rate,
coding, and modulation format) —, parameters describing DSCM have been introduced. First, the spacing
among DSCs has been added (digital-subcarrier—-spacing): this parameter which can range from
50 to 300 MHz, may depend on the guard band between the subcarriers. A list of subcarrier groups is then
introduced. Grouping subcarriers allows an optical connection, such as a leaf node in a P2MP configuration,
to utilize a specific set of subcarriers. Each group of digital subcarriers has several defined attributes,
including the group identifier, the number of subcarriers in the group, and the list of individual digital
subcarriers that comprise the group. Regarding the latter list, each digital subcarrier is assigned an identifier,
followed by an attribute indicating whether the subcarrier is active or inactive, and finally, a defined power
level for each subcarrier (digital-subcarrier-output-power). The config parameters (i.e.,
configuration parameters) are then replicated as state parameters, which are read-only, enabling a network
operator to verify the proper configuration of the terminal device. Moreover, given that the number of
subcarriers in commercial products can vary (typically 4, 8, or 16), total-number-of-digital-
subcarriers has been included as a state parameter. Additionally, the state parameters include
performance monitoring metrics, such as the optical sighal-to-noise ratio (osnr) and the pre-forward-error-
correction bit error rate (pre—-fec-ber). These state parameters are typically represented as instant,
average, minimum, and maximum values; however, only several parameters are shown for simplicity.

Once the Optical SDN controller has computed the tree of the P2ZMP connection and determined the
configuration parameters of the pluggables, it passes this information to the Orchestrator, which in turn
forwards it to the Packet SDN controller. The Packet SDN controller then configures both the router and the
pluggables installed within it, enforcing the configuration by directly accessing the common management
interface specification (CMIS) registers of the transceivers. CMIS [18] defines a standardized protocol that
enables module configuration and status reporting, ensuring reliable and consistent management between
the host system (i.e., the router) and the pluggable modules.
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module: openconfig-terminal-device-digital-subcarriers

augment /oc-platform:components/oc-platform:component:
+--rw optical-channel
+--rw config

+--rw frequency? oc-opt-types:frequency-type

+--rw target-output-power? decimale4

+--rw operational-mode? uinti16

+--rw line-port? -> /oc-platform:components/component/name

+--rw digital-subcarrier-spacing? decimale4
+--rw digital-subcarriers-group* [digital-subcarriers-group-1id]
+--rw digital-subcarriers-group-id uwntie
+--rw number-of-digital-subcarriers? uinti6
+--rw digital-subcarrier-group-size? uinti6
+--rw digital-subcarrier-id* [subcarrier-id]
+--rw subcarrier-1id uintie
+--rw active? boolean
| +--rw digital-subcarrier-output-power? decimalé4d
+--ro state

+--ro frequency? oc-opt-types:frequency-type
+--ro target-output-power? decimaléd
+--ro operational-mode? uint16
+--ro line-port? -> Jfoc-platform:components/component/name
+--ro total-number-of-digital-subcarriers? uintl6
+--ro digital-subcarrier-spacing? decimale4
+--ro digital-subcarriers-group* [digital-subcarriers-group-1id]
+--ro digital-subcarriers-group-1id uintlé
+--ro number-of-digital-subcarriers? uint1e
+--ro digital-subcarrier-group-size? uinti16
+--ro digital-subcarrier-id* [digital-subcarrier-1id]
| +--ro digital-subcarrier-id uintie
| +--ro active? boolean

| +--ro digital-subcarrier-output-power? decimalé4d
+--ro output-power

| +--ro instant? decimal64
| +--ro avg? decimal6d
| +--ro min? decimalé4
| +--ro max? decimal64
|

+--ro interval? oc-types:stat-interval
+--ro input-power

+--ro osnr

+--ro pre-fec-ber

Figure 14 Augmented OpenConfig YANG data model to control DSCM transceivers.

As mentioned above, each pluggable module supports a distinct set of OP modes that define its capabilities.
It is therefore essential to select an OP mode that is compatible with the router. At this stage, the breakout
of physical ports on the packet-optical devices must be performed to match the selected configurations. The
central frequency of the hub node is configured first, along with its desired output power. Once the OP modes
at the leaf nodes (i.e., lower-speed interfaces) are configured, their central frequencies are derived relative
to the frequency of the hub, following a predefined spacing pattern. This structured frequency assignment
allows the embedded control plane at the hub to map subcarrier groups to their corresponding leaf nodes.
Notably, these are nominal rather than actual transmission frequencies; the precise configuration and real-
time status can be retrieved using appropriate CMIS registers. Similarly, in commercially available DSCM
pluggables, the transmission output power at the leaf nodes is initially set to a default value. The actual power
is then dynamically adjusted by the hub’s control channel based on the established connection and
performance requirements.

3.4.2 Interfaces

The Optical SDN controller exposes both Southbound Interfaces (SBI) and Northbound Interfaces (NBI) as
summarized in Table 4.

e SBlinterfaces connect to the optical data plane and, in the context of the PROTEUS-6G architecture,
are used to configure the optical line system and retrieve state information from pluggable modules,
e.g., the list of supported OP modes.

e NBI interfaces connect to the Orchestrator and are used to pass the computed configuration
parameters of pluggables. The Orchestrator then interacts with the Packet SDN controller to
enforce the configuration decisions made by the Optical SDN controller on pluggables.
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Table 4 Optical SDN controller interfaces.

Interface with Description Type of Interface

To configure the optical line system (e.g., optical NETCONF with OpenConfig for

SBI switches) — OLS - and to retrieve state the OLS and augmented
parameters of pluggable transceivers OpenConfig for pluggables
NBI To exchange information with the Orchestrator REST API

3.4.3 Key Novel Features

The main novelty lies in the vendor-neutral management of pluggable transceivers supporting DSCM. The
Optical SDN controller advances beyond the state of the art by incorporating:

e Computation of a tree for P2MP connections

e Management of digital subcarriers through dedicated databases

e Selection of subcarriers to meet a specific service request

o The selection of DSCM and pluggable configuration parameters following an augmented OpenConfig
YANG model for DSCM

e An NBIl interface to pass configuration parameters of pluggables to the Orchestrator

e An SBl interface to retrieve state parameters of pluggables following the augmented OpenConfig
YANG model for DSCM.

3.4.4 Implementation progress and remarks

The implementation of the Optical SDN controller is in progress with the following features now enabled:

e Retrieval of state parameters from pluggable transceivers

Databases for storing information on digital subcarriers and P2MP connections
P2MP tree computation based on the algorithm described in [16]

e Allocation of digital subcarriers

e Selection of configuration parameters for pluggables.

3.4.5 Future updates expected

The main update will involve NBI between the Optical SDN controller and the Orchestrator to pass
configuration parameters.

3.5 OPM Agent

An initial version of optical performance monitoring (OPM) is developed to acquire the relevant parameters
associated with optical signals. It is a model-driven Optical Channel Monitor (OCM) pipeline that performs
real-time analytics and expose derived KPIs via gNMI/NETCONF interface.

3.5.1 Architecture

The architecture design of OPM in presented in Figure 15, along with a description of each component.
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Figure 15: The OCM agent internal components and their interconnections.

e NBI: It is a NETCONF/gNMlI-based interface to expose telemetry data. It is the entry point for the
optical controller to request and receive telemetry data.

e Manager: It is a central entity responsible for management of request life cycle and coordinates
between sub-services.

e Subscription and Schedular Manager: It creates and maintains active connections with the OCM
device. It schedules the tasks to request telemetry and later process and store the response in Redis
database.

e Redis: It is a key-value memory database to store spectrum and extracted performance parameters.
It supports publish interface to store new values and subscribe consume new values.

o Signal Identification: It is responsible for detecting power peaks and obtaining the spectrum of each
optical channel. Then feeding this to parameter extraction module.

e Parameter Extraction: This block oversees extraction of different parameters of a given signal
spectrum that includes Channel spectral occupancy, overall power per channel and OSNR estimation
per channel.

e Python Class/C++ Library: They are responsible for extraction of actual spectrum from the SPI-based-
USB SBI. The python class manages the execution of request and integration with higher layer
function. While C++ library interacts with physical OCM hardware through SBI to extract full
spectrum.

e SPl-over-USB: It is a physical Serial Peripheral Interface (SPI) to connect OCM device through USB
cable to computer with installed C++ library to get access.

e OCM Hardware: A physical device that provides the spectrum values across the configured
wavelength span.

o Polarization Beam Splitter (PBS): The polarization beam splitter, decomposes the input optical signal
into the two orthogonal, horizontal (H) and vertical (V) polarization components and forwards each
component to its own OCM so that the optical spectrum of H and V can be measured
independently.
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3.5.2 Key Novel Features

e OCM Agent: An on-device optical channel monitoring pipeline that supports lower-level network
automation.

e Signal Identification and Parameter Extraction: Provide support to extract channel frequency and
power, then compute performance indicators locally on the device, eliminating the need of multi-
stage monitoring path.

e Hardware Agnostic SBI: An interface that hides the vendor specific SPI details so that OCM agent can
request spectrum parameters without knowledge of actual module’s internal semantics.

3.5.3 Implementation progress and remarks

Current implementation includes the full assembling of OCM hardware, setting up lab environment to
understand the correct working of OCM device. A Python wrapper is designed and implemented to serve
spectrum extraction requests from the upper layer. A Redis instance is deployed and integrated to store full
spectrum and derived parameters.

Figure 16: Two OCM hardware devices connected with RaspberryPi through SPI-over-USB interface

3.5.4 Future updates expected

In the next phase, these Signal Identification and Parameter Extraction function will be developed against the
defined KPIs. Further, the NETCONF/gNMI north-bound interface will be implemented to allow the optical
controller to communicate directly with the OCM agent.

3.6 ULCTP Agent

The main progress has been made in development of the agent tailored specifically for (ULC) Lite-Coherent
transponder. Recognizing the necessity for streamlined yet robust control capabilities, a specialized YANG
model was meticulously developed. This model is rooted firmly in the widely adopted standard OpenConfig
terminal device model, ensuring compatibility, modularity, and ease of integration within existing network
management ecosystems.

The introduced YANG augmentations, distinctly highlighted within the structured model representation,
incorporate key new parameters.
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3.6.1 Architecture

In the figure below, we present a simplified representation of the standard OpenConfig YANG model,
specifically openconfig-terminal-device.yang. This model highlights parameters grouped under two subtrees:
the Logical Channels and Optical Channel.

(_terminal-device ) I:I\' augment foc-platform:components/oc-platform:component )

(__oc-opt-term:optical-channel )

e logical-channels D) ”
—_— (_config )

* frequency
* target-output-power
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Figure 17: Utilized standard parameters from the OpenConfig model

The parameters depicted in blue are those accessible and controllable via the transceiver laboratory setup at
HHI. The parameters shown in white, however, represent values to be obtained directly from the novel
hardware components developed within WP4, namely from the Transmitter PIC (Tx PIC), Receiver PIC (Rx
PIC), and the All-Optical Signal Processing (AOSP) unit integrated into the TRX assembly.

During the development we identified the necessity of introducing additional parameters beyond the
standard model. These supplementary parameters are required to more comprehensively characterize and
manage the capabilities of the novel hardware solutions, as detailed further in the following sections.

3.6.2 Key Novel Features

AOSP Augmentations:

e pol-tracking-enabled (boolean, read-write): Enables or disables polarization tracking.
e num-degrees-of-freedom (integer, read-only): Number of polarization degrees of freedom.
e rate-of-change-per-degree-of-freedom (list, read-only): Specifies the rate of polarization change per
degree of freedom.
o rate (decimal64, read-only)
e chromatic-dispersion (decimal64, read-write): Configures the chromatic dispersion.

Tx-PIC Augmentations:
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e pilot-bias-x/y: Parameters to set pilot biases on the transmitter PIC.
e pilot-frequency-x/y: Parameters to control the frequencies of pilot tones.

Rx-PIC Augmentations:

e PD Bias voltages / Photo currents: Monitors photodetector bias voltages and currents.
These supplementary parameters enable comprehensive characterization and efficient management of the
new hardware solutions, facilitating enhanced operational precision and reliability.

3.6.3 Implementation progress and remarks

These augmentations were developed in close alignment with WP4 partners to accurately reflect the evolving
characteristics and functionalities of the new hardware. It is important to note that during the ongoing
hardware development within WP4, additional parameters may become accessible, or some currently
defined parameters may no longer be accessible through the hardware interfaces. Nevertheless, this
augmented YANG model serves as the foundation upon which our TP-agent will be built and further refined.

3.6.4 Future updates expected

In the next phase, the NETCONF agent will be developed running on a simulated data plane environment to
begin integration and interoperability testing with other WP5 components. This setup will facilitate
comprehensive validation and further development of the management functionalities prior to integration
with the finalized hardware components.
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4. Integration of the Control Management and Orch. System

4.1 Software Releases Overview

Table 5 provides an overview of the software releases, detailing the objective and test case associated with
each release, the components involved, and the corresponding target outcome and deadline. Each release is
led by a designated partner responsible for delivering the targeted demonstration or publication. An optional
fourth release is also outlined, focusing on performance monitoring and autonomous fault handling.

Table 5. Software Releases Overview.

Releases Objective

Discovery of

Provisioning of

Involved
Components

Target Deadlin | Leader
e Partner

capabilities a transport slice = Qg SR G 583205% I\‘/IJ18,25 CTTC
IPoWDM for a split option _ EoE SDN Ctrl aper emo (Jun25)
routers with (dynamic pap
DSCM functional split) - Packet SDN
Coherent Ctrl
Pluggable
Release 1  Transceivers - SMO (optional
(CPT) and WP6)
rovisioning of a
’E)ransport E - DSCM agent
network  slice
service
Provisioning of Cell-free
an optical Massive MIMO - Opt. SDN Ctrl OFC 2026 I\:I)22t’25 CNIT
channel for ULC - E2E SDN Ctrl (Oct’25)
ue (optional WP6)
monitoring
Release 2  functionalities - SMO (optional
WP6)
- TP Agent
- OPM Agent
Reconfiguration Reconfiguration
of transport of RAN slice - Opt. SDN Ctr 5(?2060 “,128’26 UBI
network  slice and transport _ Eog SDN Ctrl (Apr26)
service with slice for a split
Release 3 pscM CPTs  option - Packet SDN
(reconfiguration  Ctrl
of dynamic
- SMO

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D5.1

flexible - DSCM agent
functional split)

Performance Reconfiguration
Monitoring and of a transport - (Ot SIEN T N L B
Autonomous slice because of _ gog SDN Ctrl
Fault Handling an alarm/failure
of DSCM CPT  detected at the - Packet SDN
DSCM CPT Ctrl
(autonomous
fault - SMO
management
for dynamic

functional split)  _ g agent

Release 4
(Optional)

- OPM Agent

Furthermore, Table 6 summarizes the key novel features introduced in this document for each architectural
enabler, as described in Section 3:

Table 6. Key Novel Features per Architecture Component (M18)

Architecture Components | Key Novel Features (M18)

e Intent-Based Orchestration: Introduced a Flask-based NBI
exposes REST APIs for high-level service and infrastructure
intents.

SMO e Standards-Based Integration: IETF Network Slice Model is used
for transport orchestration.

e Observability Framework: Prometheus is used for collecting
metrics from RAN, transport, and cloud layers.

e Implementation of the IETF Network Slice Controller together
with TFS to develop the SDN Orchestrator

e Extend SBI support to manage TAPI Path Computation endpoints
(DSCM CPs management)

e New Tapi Handler: implementation of TAPI management in TFS
for service provisioning

SDN Orchestrator

e New NBI Support: A new NETCONF-based IETF interface support
is added to request the network topology information in a
SDN Packet Controller standard way
e Extended SBI Support: The SBI have been extended to manage
coherent pluggable transceivers in a vendor-agnostic way
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e New Service Handler: A new handler will be added to manage
coherent pluggable transceivers configuration request

e Computation of a tree for P2MP connections

e Management of digital subcarriers through dedicated databases

e Selection of subcarriers to meet a specific service request

e The selection of DSCM and pluggable configuration parameters

Optical SDN Controller following an augmented OpenConfig YANG model for DSCM

e An NBI interface to pass configuration parameters of pluggables
to the Orchestrator

e An SBI interface to retrieve state parameters of pluggables
following the augmented OpenConfig YANG model for DSCM

e OCM Agent: An on-device optical channel monitoring pipeline
that supports lower-level network automation

e Signal Identification and Parameter Extraction: Provide support
to extract channel frequency and power, then compute
performance indicators locally on the device, eliminating the
need of multi-stage monitoring path

e Hardware Agnostic SBI: An interface that hides the vendor
specific SPI details so that OCM agent can request spectrum
parameters without knowledge of actual module’s internal
semantics

OPM Agent

e Introduced additional parameters to support comprehensive
characterization and effective management of the new hardware
solutions, thereby enhancing operational precision and reliability

ULC TP Agent for the implemented augmentations:
o AOSP Augmentations
o Tx-PIC Augmentations
o Rx-PIC Augmentations

For this release, the focus of our approach is on simplifying the management and control of coherent
pluggable transceiver integration, even supporting digital sub-carrier multiplexing. Previously, multi-layer
controller architectures were proposed to handle these pluggable transceivers, but each has its own trade-
offs in terms of complexity, scalability, and operational safety.

Our proposed approach allows both packet and optical controller read access to coherent pluggable
transceiver but write access is only restricted to packet controller. The optical parameters (including sub-
carrier configurable parameters) required to configure coherent pluggable transceivers should be
communicated through higher orchestration layer. Which reduces the risk of conflicting configuration

but added the increased optical parameter management complexity to the packet controller.
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In IPoDWDM, a single device straddle on both domains, without coordinated approach can arise “out-of-
sync” configuration conflicts if both controllers try to configure same device. Therefore, a hybrid dual SBI
management model is implemented in which both packet and optical controller directly access the coherent
pluggable transceivers via router but with read-only access to optical controller. This setup features dynamic
multi-layer control of pluggable transceivers and coordination support by a cloud-native microservice-based
SDN platform. The NETCONF-based OpenConfig (augmented to support digital sub-carrier multiplexing) dual
interfaces are configured on router to provide access to both controllers in parallel. This design effectively
centralized the configuration on packet controller while allowing optical controller to directly read pluggable
transceivers configuration to establish light path.
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Figure 18: A distributed testbed view of the demo scenario, including SMO, E2E Orchestrator, packet and optical controller.

On the top of the stack sits the SMO layer which is responsible for orchestration and management of service
deployment and configuration of involved network components. Beneath the SMO, an E2E SDN orchestrator
governs the management of converged IPoDWDM network. The E2E orchestrator coordinates two domain
controllers: the packet controller responsible for configuring routers and coherent pluggable transceivers,
and the optical controller responsible for OLS and read-only access to the same pluggables. The controllers
in the multi-layer architecture are based on the ETSI TeraFlowSDN controller, enhanced with extensions to
support IP virtual link management and optical channel management.
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Service Management
and Orchestration E2E Orchestrator Optical Controller Packet Controller 0oLS IP Router

[Read-only Discovery by Optical Controller |

Pluggable discovery (read-only)
(NETCONF OpenConfig)

[Service Slice Provisioning |

IETF Network Slice service
provisioning request

{OTSi Service Planning |

TAPI Path computation service request
for OTSi services planning

Path Computation parameters +
Pluggable discovered parameters
—

TAPI Path Computation service reply

[Media ch | Provisioning |

TAPI media channel service
(configuration parameters)

loop J [Optical nodes in computed path]

Configure the ROADM to set OTSi and allocate the
required media channels for wavelength mapping.

(TAPI Media channel service provisioning reply

IPluggahIe Configuration I

RESTCONF-OpenConfig pluggables configuration request
(configuration prarmeters)

loop J [IPOWDM routers hosting Pluggable]

NETCONF-OpenConfig
update pluggable configuration

Confirmation of pluggable updated configuration

{IP Layer Service Provisioning |

L2/L3 VPN service provisioning request

loop | [IPODWM routers hosting Pluggable]

NETCONF-OpenConfig
update router configuration

L2/L3 VPN service provisioning reply

{Service Slice Provisioning I

IETF Network Slice service
provisioning reply

Figure 19: A workflow how E2E orchestrator coordinate packet and optical controller to provision end-to-end slice request

The workflow demonstrates how E2E orchestrator coordinates the packet and optical controller to provision
an end-to-end slice request. The flow starts with the auto-discovery of coherent pluggable transceivers by
the optical controller via polling of NETCONF/OpenConfig interface. Once the transceiver characteristics are
known to E2E orchestrator, initiates the path computation request towards the optical controller via SBI (e.g.,
based on REST). With the full knowledge of the OLS and the read-only pluggables access, the optical controller
computes a suitable configuration for both optical media channel and transceivers, afterwards the
configurations are forwarded to the E2E orchestrator. To establish the underlying lightpath, the E2E
Orchestrator instructs the optical controller to provision optical path, which includes configuration of OLS
using NETCONF/OpenConfig interface and subsequently passes the computed parameters to packet
controller, which applies them to pluggables through the NETCONF/OpenConfig interface. Finally, the E2E
orchestrator communicates with the packet controller to perform the necessary configuration required to
create a network slice service. This workflow demonstrates the multi-layer automation along with the
conflict-free coherent pluggable transceiver control in IPoODWDM network supporting digital sub-carrier
multiplexing.
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5. Conclusions

This deliverable presented the final design of the control and orchestration system envisioned within the
framework of the PROTEUS-6G project and the first steps of the implementation of the control, management
and orchestration system. The work builds upon the foundations laid in D5.1 [1], expanding the system
architecture with refined technical components and introducing concrete software artifacts that enable the
coordinated operation of multi-domain transport and RAN resources. The objective of this document was to
provide additional context on the formal description of the control and orchestration system and of its
components, detailed architecture and concepts, implementation progress, and finally to lay the groundwork
for future developments and enhancements.

Key outcomes include the finalized architecture of the SMO layer, the SDN Orchestrator, and the various SDN
controllers (packet, optical), alongside auxiliary agents such as the OPM Agent and ULC TP Agent. The
integration strategy and software release roadmap have been clearly defined, with the first release
demonstrating functional orchestration across RAN and transport domains using intent-based APls and open
standards (e.g., TMF APIs, IETF Network Slice Model, OpenConfig, TAPI).

While significant progress has been achieved in terms of implementation and integration, several tasks
remain for future phases. The outcomes of this deliverable form a robust foundation for the subsequent work
in WP5 and will feed directly into the upcoming D5.3 and demonstration activities in WP6. This future
deliverable will provide a comprehensive report on the final stages of development, integration, and
performance validation of the system, marking the completion of this critical project phase.

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G




Deliverable D5.1

6. References

[1] PROTEUS-6G D5.1 Deliverable, “Preliminary design of the PROTEUS-6G service management,
orchestration and control enablers”, 2024.

[2] R. Vilalta, "Management of Pluggables in IP-over-DWDM: Who Rules Who?", ETSI TFS#7 EcoSystem
day, 2025. Available online: https://tfs.etsi.org/events/tfs7 ecosystem day/. Accessed: June 26,
2025.

[3] R. Mufioz, LI. Gifre, W. Akbar, R. Vilalta, R. Martinez, R. Casellas, “Dynamic SDN Control of Pluggable
Transceivers in disaggregated packet-optical networks for 6G Xhaul,” in Proc. International Conference
on Transparent Optical Networks, 2025.

[4] LI Gifre, R. Vilalta, J.C. Caja-Diaz, O. Gonzalez de Dios, J.P. Fernandez-Palacios, J.-J. Pedreno-Manresa, A.
Autenrieth, M. Silvola, N. Carapellese, M. Milano, A. Farrel, D. King, R. Martinez, R. Casellas, and R.
Mufioz, “Slice Grouping for Transport Network Slices Using Hierarchical Multi-domain SDN Controllers,”
in Proc. 2023 Optical Fiber Communications Conference and Exhibition (OFC), San Diego, CA, USA, 2023,

pp. 1-3.
[5] ETSI SDG TeraFlowSDN, https://tfs.etsi.org/
[6] O-RAN, https://www.o-ran.org/
[7] https://flask.palletsprojects.com/en/stable/
[8] TFM, https://www.tmforum.org/resources/specification/tmf641-service-ordering-api-rest-
specification-r18-5-0/
[9] Maestro, https://maestro-mkdocs.readthedocs.io/en/latest/
[10] OpenSlice, https://openslice-1.euprojects.net/
[11] OpenAirinterface, https://gitlab.eurecom.fr/oai/openairinterface5g
[12] Prometheus, https://prometheus.io/
[13] Dhody, D., Liu, X., Rokui, R., Qiang, L., and J. Tantsura, IETF Network Slice Mapping to Underlay

Networks, IETF Internet-Draft, draft-dhody-teas-ietf-network-slice-mapping-14 (work in progress),
May 2024. Available at: https://datatracker.ietf.org/doc/draft-dhody-teas-ietf-network-slice-
mapping

[14] https://www.tmforum.org/resources/specification/tmf641-service-ordering-api-rest-
specification-r18-5-0/

[15] X. Liu, I. Bryskin, V. Beeram, T. Saad, H. Shah, O. Gonzalez de Dios, “YANG Data Model for Traffic
Engineering (TE) Topologies,” IETF RFC 8795, 2020.

[16] N. Sambo, G. Meloni, G. Berrettini, F. Paolucci, A. Malacarne, A. Bogoni, F. Cugini, L. Poti, and P.
Castoldi, "Demonstration of Data and Control Plane for Optical Multicast at 100 and 200 Gb/s With
and Without Frequency Conversion," J. Opt. Commun. Netw. 5, 667-676 (2013)

[17] A. Sgambelluri et al., "Coordinating Pluggable Transceiver Control in SONiC-based Disaggregated
Packet-Optical Networks," 2021 Optical Fiber Communications Conference and Exhibition (OFC),
San Francisco, CA, USA, 2021, pp. 1-3.

[18] OIF Forum, “CMIS 5.3,” https://www.oiforum.com/wp-content/uploads/OIF-CMIS-05.3.pdf (2024).
Accessed: June 4, 2025.

PROGRAMMABLE RECONFIGURABLE OPTICAL TRANSPORT FOR EFFICIENTLY OFFERING UNCONSTRAINED SERVICES IN 6G



https://tfs.etsi.org/events/tfs7_ecosystem_day/
https://tfs.etsi.org/
https://www.o-ran.org/
https://flask.palletsprojects.com/en/stable/
https://www.tmforum.org/resources/specification/tmf641-service-ordering-api-rest-specification-r18-5-0/
https://www.tmforum.org/resources/specification/tmf641-service-ordering-api-rest-specification-r18-5-0/
https://maestro-mkdocs.readthedocs.io/en/latest/
https://openslice-1.euprojects.net/
https://gitlab.eurecom.fr/oai/openairinterface5g
https://prometheus.io/
https://datatracker.ietf.org/doc/draft-dhody-teas-ietf-network-slice-mapping/
https://datatracker.ietf.org/doc/draft-dhody-teas-ietf-network-slice-mapping/
https://www.tmforum.org/resources/specification/tmf641-service-ordering-api-rest-specification-r18-5-0/
https://www.tmforum.org/resources/specification/tmf641-service-ordering-api-rest-specification-r18-5-0/
https://www.oiforum.com/wp-content/uploads/OIF-CMIS-05.3.pdf

