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Executive summary

This deliverable focuses on the preliminary design of the control and orchestration system envisioned within
the framework of the PROTEUS-6G project. First, a Service Management and Orchestrator (SMO) system has
in charge the integrated management of different network segments including the radio access network
(RAN), the transport, and the core networks, and accomplishing with continuous adaptations based on the
traffic and network status (e.g., functional split reconfiguration). Then, a hierarchical Paket-Optical Software
defined Networking (SDN) controller is responsible for the control of xhaul system, comprising a packet layer
controller and an optical layer controller. The packet SDN controller will be responsible for managing end-to-
end flows at the packet layer, which includes routing packets through the packet x-haul network. On the
other hand, the optical SDN controller will be responsible for managing end-to-end connections at the optical
layer across the fronthaul and midhaul network. A key innovation in the optical domain is the control of
digital sub-carrier multiplexing (DSCM) and point-to-multi-point connectivity (P2MP). DSCM

introduces an additional level of multiplexing within an optical channel: i.e., the digital sub-carriers.

DSCM offers a finer granularity for data rate adaptation, particularly suitable for the targeted x-haul
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scenario. The P2MP architecture permits to aggregate sub-carriers (thus, traffic) all-optically. The PROTEUS-
6G Optical SDN controller manages DSCM and P2MP. Finally, a telemetry system permits to observe the
network segments and optimally re-configure them according to the actual network status and conditions
(e.g., degradations).

The whole control system, the control components, their interfaces (and data models) are here presented.
This deliverable and the related activities contribute to the project Objective 6: Dynamic management and
adaptation of the PROTEUS-6G x-haul (fronthaul and midhaul) network to enable dynamic functional split. In
particular, these activities contributes to the WP5 objectives: 05.1: Design data models and protocols [...];
05.2: Investigate autonomous networking architectures for control, orchestration and service management
[...]; 05.3: Investigate, design, and implement SDN control and telemetry architectures [...]; 05.4: Investigate,
design, and implement multi-layer transport SDN orchestration architectures for seamless integration of the
IP layer with the PROTEUS-6G optical x-haul network, considering optical pluggable modules [...]; 05.5:
Investigate, design, and implement a service management and orchestration system for seamless integration
of the non-real-time RAN intelligent Controller and the x-haul SDN orchestrator to enable dynamic functional
split; 05.6: Define the interfaces among the packet SDN controller, optical SDN controller, multi-layer SDN
orchestrator, and service management and orchestration system.
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1. Introduction

The development of the targeted PROTEUS-6G packet-optical x-haul networking infrastructure, simplifying
and optimizing network operations and supporting ultra-high capacity, low-latency and energy-efficient 6G
cellular and cell-free MIMO radio access services requires the design and the implementation of ad-hoc
intelligent software orchestration/management/control plane. Objectives of the control, management, and
orchestration system are an efficient utilization of packet and optical resources (including the recent
availability of digital sub-carrier multiplexing transmission) and the support of flexible functional splits (FFSs)
adapting the fronthaul to different operational conditions, distribution of users, traffic demands, and use-
cases. The designed control, management and orchestration system will also be able to configure advanced
and novel physical layer sub-systems, such as smart pluggables supporting Digital Sub-carrier Multiplexing
(DSCM), whose control requires new design of resource allocation algorithms, data models, and — in general
— control and management functionalities.

Software Defined Networking (SDN) controllers are key elements enabling such automation and
softwarization, embedding the intelligence required to meet such functionalities. SDN fosters the
centralization of control and management functions to a logically centralized SDN controller offering a series
of functionalities such as data plane configuration and operation administration and maintenance. Several
SDN controllers have been implemented in the past: e.g.,, ONOS [1]. Recently, the TeraFlow controller is
emerged as a flexible and modular architecture based on micro-services, particularly interesting since easily
extendable and augmentable, and highly scalable [2]-[5]. Regarding protocols, NETCONF [6]-[8] based on
YANG language [9] has emerged in the context of SDN providing both control and management
functionalities: i.e., data plane configuration capabilities and the transport of monitoring information,
respectively. NETCONF is of particular interest since it operates on data encoded in XML — thus, commonly
used XML tools can be adopted to process NETCONF content — and it is based on YANG, which is a “highly
readable” language. Telemetry also plays a relevant role [10][11] to retrieve the information needed to react
—and re-configure — the network according to specific conditions given by the traffic and the infrastructure
(e.g., degradations, faults).

PROTEUS-6G WP5 aims at designing and implementing such a control, management, and orchestration
system. A key innovation is the control of DSCM and point-to-multi-point connectivity (P2MP). DSCM
introduces an additional level of multiplexing within an optical channel: i.e., the digital sub-carrier. DSCM
offers a finer granularity for data rate adaptation, particularly suitable for the targeted x-haul scenario.
Moreover, DSCM offers new capabilities for traffic aggregation. Indeed, digital sub-carriers can be aggregated
all-optically through passive couplers or PROTEUS-6G low-loss interleavers, thus it can be exploited to
aggregate traffic while limiting the deployment power consuming and expensive routers/electronic switches.
P2MP is the node architecture or the type of connectivity generally referred to as in conjunction with DSCM
[12]-[14]. Also, P2MP requires new control and management functionalities, as highlighted in this document.

Structure of the Deliverable: This deliverable will focus on the preliminary design of the PROTEUS-6G control
enablers. First, Sec. 2 will highlight the objectives of the PROTEUS-6G control system. Sec. 3 will review the
state of the art of SDN solutions, with the aim of identifying the suitable ones to build on for the automation
of the PROTEUS-6G data plane. Then, Sec. 4 will present the architecture of the proposed control,
management, and orchestration system. Finally, Sec. 5 will draw some conclusions.
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2. Objectives of PROTEUS-6G Management, Orchestration, and
Control

The PROTEUS-6G project aims at designing and deploying a multi-layer (packet/optical) x-haul
(fronthaul/midhaul) SDN orchestration plane, integrating telemetry and autonomous networking
functionalities. The SDN controller leverages a cloud-native approach, utilizing microservices hosted within
containers that interact through well-defined APls and workflows. These protocols and interfaces use model-
driven designs and advanced frameworks to ensure efficient and effective network management. The
resulting x-haul SDN control plane addresses the unique challenges of a disaggregated packet/optical
network, incorporating the advanced optical nodes and transceivers defined in PROTEUS-6G. This setup
enables dynamic management of packet-optical connectivity services, supporting the adaptive
reconfiguration of RAN functional splits and meeting the communication demands associated with different
levels of centralization.

The x-haul SDN orchestration system includes both a packet layer controller and an optical layer controller,
coordinated by a hierarchical SDN orchestrator. The packet and optical SDN controllers work closely with the
multi-layer orchestrator to ensure proper coordination of end-to-end packet-optical connectivity between
RU, DU, and CU across the fronthaul and midhaul network. The hierarchical SDN orchestrator manages
overall network policies and routing rules for both layers, ensuring that the network operates efficiently and
meets the requirements of the 6G x-haul architecture.

The packet SDN controller manages end-to-end packet flows, including routing, enforcing security policies,
and maintaining Quality of Service (QoS). This involves configuring and managing packet switching nodes,
such as CSGW routers at cell sites and metro and regional routers at access and regional central offices. It
also implements the routing rules and policies defined by the SDN orchestrator. Meanwhile, the optical SDN
controller oversees end-to-end connections within the optical layer, configuring and managing advanced
optical nodes and transceivers, such as joint-switching SDM/WDM ROADM, circular subcarrier mux/demux,
subcarrier mux/demux, WSS, lite-coherent transceivers, and Sub-Carrier Multiplexed (SCM) transceivers.

The PROTEUS-6G multi-layer SDN orchestration integrates autonomous networking capabilities, enabling
services to be delivered in an agile, rapid, and scalable manner without human intervention. This is achieved
by gathering real-time information (e.g., telemetry and monitoring) from the packet-optical data plane,
which is analyzed using machine learning (ML) algorithms to support estimation and prediction. The results
guide the x-haul SDN orchestration system to optimize packet-optical resources or ensure continuous x-haul
connectivity. This creates a closed control loop where the network is monitored, decisions are made, and
actions are implemented by the SDN orchestrator.

To maximize the potential of PROTEUS-6G solutions and to align with future integration opportunities and
industry standards, a comprehensive control framework is implemented. This framework supports the
management of the physical layer technologies, service management, and control of the RAN and x-haul
networks. It aligns with standards such as the Service Management and Orchestration (SMO) framework
described by O-RAN, which is responsible for network orchestration, management, and automation.
Architecturally, the SMO integrates a non-RT RIC that communicates with the near-RT RIC and uses a
Transport Interface to interact with the NBI of the SDN Orchestrator. By collecting data on the status of the
RAN and transport network, the SMO can generate configuration requests that are propagated to lower
levels, providing a holistic view of the network and efficiently accommodating requested slice profiles.
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Figure 1. High-level view of the PROTEUS-6G control, orchestration and management system.

To address the design and implement a novel service management, orchestration and control system for the
PROTEUS-6G multi-layer (packet/optical) x-haul network, the following objectives have been defined:

e Design data models and protocols for key optical network elements developed in the PROTEUS-6G
project to be fully programmable and monitorable.

e Investigate autonomous networking architectures for
management of the PROTEUS-6G x-haul network.

e Investigate, design, and implement SDN control and telemetry architectures for the PROTEUS-6G
photonic x-haul network to manage fronthaul/midhaul connections.

e Investigate, design, and implement multi-layer transport SDN orchestration architectures for
seamless integration of the IP layer with the PROTEUS-6G optical x-haul network, considering optical
pluggable modules integrated into the routers.

e Investigate, design, and implement a service management and orchestration system for seamless
integration of the non-real-time RAN intelligent Controller and the x-haul SDN orchestrator to enable
dynamic functional split.

o Define the interfaces among the packet SDN controller, optical SDN controller, multi-layer SDN
orchestrator, and service management and orchestration system.

e Integrate the optimization algorithms developed in WP2, such as the energy-efficient traffic
engineering algorithms for optimization of energy consumption, selection algorithms for the optimal
radio split, etc..

control, orchestration and service
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3. State of the art of the control and management plane

3.1 Integrated management of different segments (RAN, Transport, CN)

The integrated management of different segments within telecommunications networks, specifically Radio
Access Networks (RAN), transport networks, and core networks (CN), is pivotal for the effective operation
and optimization of modern communication systems such as 5G and beyond. This section provides the most
relevant open-source, state-of-the-art solutions for the management of RAN, Transport and CN segments.
These solutions are being evaluated to determine their suitability for adoption by the PROTEUS-6G project.
Afterwards, the most appropriate solution will be further extended and adapted to serve as a Service
Management and Orchestration (SMO) system, addressing and fulfilling the project's specific requirements
for providing dynamic reconfiguration (in continuous changing environments), of a) the selected functional
split for the RU/DU/CU, b) the packet-optical x-haul network, and c) the RAN.

3.1.1 Open Network Automation Platform (ONAP)

ONAP is an all-encompassing platform designed for the orchestration, management, and automation of
network and edge computing services for network operators, cloud providers, and enterprises. It offers real-
time, policy-driven automation for both physical and virtual network functions, facilitating the smooth
deployment of new services and comprehensive lifecycle management—essential for 5G and next-
generation network [15].

The ONAP platform enables organizations and their network/cloud providers to quickly and dynamically
deploy network elements and services. It supports real-time, policy-driven automation and closed-loop
control for responsive service management. Key requirements include:

e Design Framework: Detailed modeling of services, including resource specifications, policy rules, and
management analytics.

e Orchestration Framework: Automated, policy-driven service instantiation and elastic management.

e Analytics Framework: Continuous monitoring and adjustment of services based on design, analytics,
and policies to handle scaling and healing.

ONAP differentiates itself by decoupling service details from its core orchestration and management engines,
by combining the DevOps/NetOps approaches with structured models and processes. By utilizing cloud-
native technologies like Kubernetes, ONAP enables rapid deployment and integration, unlike traditional OSS
platforms that usually offer complex development cycles.

The platform enables dynamic lifecycle management, and allows the easy integration of new services,
components and technologies, without affecting existing operations. It is designed to handle large networks
and numerous services, driven by metadata and policy for flexible automation, while also enhancing the
scalability of the system which is a basic KPI for the project. Additionally, it should be noted that ONAP's
functional architecture and open-source code foster industry alignment and collaboration.

The ONAP architecture, shown in Figure 2, includes functions for both design-time and runtime operations,
as well as capabilities for managing the ONAP platform itself. The ONAP architecture key components can be
divided based on their roles as follows:

e Design-Time Environment: Facilitates the onboarding of services and resources into ONAP and the
design of required services.

e External API: Provides northbound interoperability for seamless integration with external systems
(aligned with TM Forum specifications, MEF, etc.)

e Run-time Environment: Features a model and policy-driven orchestration and control
framework for automated service and resource instantiation and configuration, along with
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SDN controller interfacing. It also supports cloud interoperability through Multi-VIM/Cloud and
includes an analytics framework for dynamic management of healing, scaling, and updates.

e OOM (Open Orchestrator Manager): Manages cloud-native installations and deployments in
Kubernetes-managed cloud environments.

o ONAP Shared Services: Offers common capabilities across ONAP modules, including the Optimization
Framework (OOF) for declarative, policy-driven optimization tasks like placement, and scheduling.

e Shared Utilities: Provides support tools for ONAP components.

o Information Model and Framework Utilities: Continuous evolving to harmonize topology, workflow,
and policy models from various standards organizations, including ETSI NFV MANO, ETSI/3GPP, O-
RAN, TM Forum SID, ONF Core, OASIS TOSCA, IETF, and MEF.

© ONAP

OPEN NETWORK AUTOMATION PLATFORM RELEASE 11 »KOHN«

Design-Time Run-Time Manage ONAP
e Jusoc [

Service Design & Creation Po
(SDC)

ServicalNF Desion

ANF Oriboanding

ViorkfNow Designer

Controller Design Studio (COS)
DCAE Desgn Studio

Catalog

Utilities Managed Environment

ONAP Shared Utilities External Systems 3rd Party Controllers SVNFM EMS
Function Layer

F
VNI PNF
m Hypervisor [ OS Layer OpenSck Commercial VIM Kubemetes Public Cloud

Private MPLS Private » Public
Edge Cloud OC Cloud Cloud

Color Legend: Desigr Orchestration & Management | Operations

Figure 2. High-level view of the ONAP architecture with its microservices-based platform components?.

Furthermore, the ONAP interacts with O-RAN A1l interface (APl) for RAN Management. This interface
connects to a new logical function, the Non-RT-RIC. within the SMO layer to a new logical function, the Near-
RT-RIC within the RAN. The Al interface enables the Non-RT-RIC to provide policy guidance to the Near-RT-
RIC, directing its operations. These policies, defined by the O-RAN Alliance, are mentioned as "A1l Policies."
The main objective of the Al Policy functions is to facilitate non-real-time radio resource management,
optimize higher-layer procedures, and enhance policy management within the RAN. These functions provide
guidance, parameters, policies, and Al/ML models to assist Near-RT RIC operations. As shown in Figure 3, the
Al Policy functions exist within the ONAP eco-system, leveraging existing infrastructure to support Non-Real-
time control of the RAN.

! https://docs.onap.org/en/kohn/platform/architecture/index.html#onap-architecture
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Figure 3. Functional view of the A1 Policy functions in ONAP.

3.1.2 Open-Source Mano (OSM)

OSM [16] is developing an open-source Management and Orchestration (MANO) stack aligned with ETSI NFV
Information Models. As a community-led project, OSM delivers a production-quality MANO stack that meets
operators' requirements for commercial NFV deployments. OSM provides comprehensive management and
orchestration capabilities for virtualized network functions (VNFs) and network services, aligning with many
of the key functions expected of an SMO.

It is based on a completely infrastructure-agnostic Information Model (IM), fully aligned with ETSI NFV
SOL006, that is capable of modelling and automating the full lifecycle of Network Functions (virtual, physical
or hybrid), Network Services (NS), and Network Slices (NST/NSI), from their initial deployment (instantiation,
Day-0, and Day-1) to their daily operation and monitoring (Day-2). Moreover, OSM IM augments ETSI NFV
SOL006 by adding the support of Network Slices, day-1 and day-2 primitives at VNF and NS level, and
Enhanced Platform Awareness for dataplane workloads.

OSM offers a unified northbound interface (NBI) based on NFV SOLOO05, facilitating full system operation and
management of Network Services (NS) and Network Slices under its control, while it enables lifecycle
management of NSs and Network Slice Instances (NSI), providing necessary abstractions for client systems to
completely control, operate, and supervise the NS/NSI lifecycle without exposing unnecessary details of the
underlying components.

Figure 4 present OSM integration with the different domains. Staring from the service orchestration and
resource management, OSM orchestrates the end-to-end network services, managing the lifecycle of VNFs
and CNFs, which is a core aspect of SMO functionality, while it handles resource allocation, scaling, and
optimization across various infrastructure environments, including private and public clouds. In addition,
OSM can integrate with multiple Virtualized Infrastructure Managers (VIMs) and employs policy-driven
mechanisms to guide the behavior of network functions and services. With regards to WIM (WAN
Infrastructure Manager) integration with OSM, it enhances OSM’s capabilities to orchestrate not just virtual
network functions (VNFs) within a single domain but also manage the connectivity between different

domains or physical locations, which is essential for complex service deployments. WIM is responsible

for managing the WAN (Wide Area Network) connectivity between different data centers, sites, NFVI-
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PoPs or network domains, and abstracts the underlying WAN technologies (SD-WAN, traditional IP, etc.),
providing a unified API for managing network links and simplifying provision and monitor operation. In
addition, WIM handles the configuration and optimization of network paths, ensuring that the required
bandwidth and quality of service (QoS) are maintained for the inter-domain connections.

Lastly, while primarily focused on NFV, OSM’s open architecture and standard-based approach allow it to be
integrated with O-RAN components, facilitating the management and orchestration of both virtualized and
containerized RAN functions. However, this implementation is still in development and has not yet reached
a baseline version.
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Figure 4. OSM Interaction with domains?.

3.1.3 Nephio: Cloud Native Network Automation

Nephio [17] is an open-source project/ framework, led by Google and Linux Foundation, focused on
simplifying and automating the deployment and management of cloud-native network functions and
infrastructure, particularly for 5G networks and beyond. Utilizing Kubernetes, Nephio orchestrates and
manages both virtualized and containerized network functions, providing a framework that enhances
operational efficiency and reduces complexity. It facilitates end-to-end automation by supporting high-level
intents describing the user needs from the data center to the edge, promoting consistent management
practices across diverse environments.

Nephio offers declarative APIs and Kubernetes-native workflows, enabling service providers to achieve faster,
more reliable deployments and operations. Its design supports multi-cluster and multi-cloud environments,
ensuring scalability and flexibility. Nephio's emphasis on cloud-native principles helps streamline network
operations, making it easier to manage the dynamic and distributed nature of modern telecom networks. Its
Kubernetes-based architecture provides a robust and scalable foundation for orchestrating network services
across various domains, aligning with the core objectives of an SMO to enhance efficiency, automation, and
service agility in complex network environments.

2 https://osm.etsi.org/wikipub/index.php/File:0sm-interaction-with-domains.png
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Figure 5. Nephio configuration Layers and Domains3.

Figure 5 presents Nephio configuration layers. Cloud automation layer (1) offers Kubernetes-based CRDs and
operators for cloud infrastructure, adhering to industry standards like the O-RAN 02 interface. These CRDs
and operators integrate with existing Kubernetes projects (e.g., Google Config Connector, AWS Controllers
for Kubernetes) to ensure uniform automation across cloud providers. For workload resource automation
(2), Nephio manages network function containers and their requirements using Kubernetes primitives and
industry extensions. This approach is advantageous due to the fact that replaces complex Infrastructure-as-
Code templates with a Configuration-as-Data model, enabling simple, declarative network function
automation through structured CRDs. Lastly, in workload configuration (3), it provides tools to integrate
existing Yang and industry models with Kubernetes CRDs, ensuring compatibility with standards like 3GPP.
Moreover, Nephio Release 2 delivers major advancements for handling O-RAN components in addition to 5G
core applications and workloads, since it is integrated with OpenAirinterface [18]. It includes RAN network
functions (CU-CP, CU-UP, and DU) from OpenAirinterface, enabling comprehensive design, deployment, and
end-to-end testing of full RAN use cases. Finally, we should mention that is designed to be compatible with
SDN principles and can interface with SDN controllers and technologies to enhance network automation,
management, and flexibility.

3 https://wiki.nephio.org/display/HOME/Overview+of+Nephio
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3.1.4 OpenSlice

OpenSlice [19] is a prototype open source, operation support system, designed for the management and
orchestration of network slices, services and resources in 5G ecosystem. It supports VNF/NSD onboarding to
OpenSourceMANO (OSM) and NSD deployment management. It is also fully compatible with TM Forum
OpenAPIs regarding Service Catalog Management, Ordering, Resource, etc. OpenSlice offering tools and
standards for automating the lifecycle management of slices, services and resources, including capabilities
for their creation, modification, and deletion. It focuses on ensuring that they will meet performance,
security, and reliability requirements, and provides a way to orchestrate resources across different network
domains. Essentially, OpenSlice aims to simplify and streamline the management of more complex requests,
making it easier for operators to deploy and maintain customized network environments. It offers
standardized TM Forum APIs for deploying services and products, managing resources and for testing the
deployed services.

Figure 6 presents OpenSlice overall architecture, its components and highlights how the microservices of the
platform are interconnected.
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Figure 6. OpenSlice overall architecture®.

It should be noted that OpenSlice can be deployed in multi domain scenarios, following TMF Open APIs that
are introduced not only for exposing catalogues and accepting service orders, but also implementing the
East-West interfaces between the domains, fulfilling also the LSO requirements as introduced by MEF.
Currently, OpenSlice does not interface with O-RAN API’s and cannot be classified as an SMO. However, it
can be readily adapted and extended to support O-RAN integration and configuration, as well as integration
with SDN controllers like Teraflow SDN.

3.1.5 Considerations on the SOTA of SMOs

Current SMO solutions offer open interfaces to computing controllers, enabling the dynamic deployment of
Distributed Unit (DU) and Centralized Unit (CU) instances. However, these solutions typically do not interface
with front-haul or mid-haul transport segments, as the connections between the Radio Unit (RU), DU, and
CU are statically configured. Moreover, packet flows are set up statically based on the initial network planning

4 https://openslice.readthedocs.io/en/latest/architecture/architecture/
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and remain unchanged post-deployment due to the fixed nature of the RAN functional split, while the
management of these flows is often handled through Software-Defined Networking (SDN). Despite the
diversity of these technologies, fronthaul and midhaul networks today are typically statically configured. The
link capacities are predetermined, and the data flows between the Radio Unit (RU), Distributed Unit (DU),
and Central Unit (CU) are established during the initial deployment of the cell sites. Additionally, there is
currently no unified orchestration model that effectively integrates both the x-haul (front-haul, mid-haul,
backhaul) network and the Radio Access Network (RAN).

3.2 [IPoWDM SDN control

IP (Internet Protocol) over WDM (Wavelength Division Multiplexing) - IPoDWDM describes a network
architecture where traditional, separate transponder/muxponder network components are eliminated,
replaced by IP routers that incorporate built-in coherent transceiver modules, available either as pluggable
or fixed units.

The main driving force behind integrating IP with Optical technologies is to simplify the entire transmission
chain by reducing the number of components that require planning, installation, management, and
maintenance. This integration not only removes the need for intermediate transponder/muxponder units
but also eliminating the standard "grey" client transceivers that interconnect the switches or routers with
transponder/muxponders.

IP and WDM network domains have traditionally been managed as distinct entities within the
telecommunications infrastructure, due to their distinct operational functionalities and requirements. IP
networks, which are designed for routing and switching packets, require management practices focused on
ensuring connectivity, quality of service, and efficient routing. On the other hand, DWDM networks, which
are responsible for the optical transmission of data over long distances, necessitate specialized attention to
optical signal integrity, wavelength assignment, and bandwidth provisioning. This separation in management
practices not only reflects the specialized skills required to operate each type of network but also enhance
the separate optimization of the performance and reliability of each layer independently. However, this
division can lead to challenges in coordination when integrating optical pluggable transceivers in the IP
router, requiring a more unified management strategies.

3.2.1 Option 1: Dual SBI management of IPoWDM routers.

It is proposed by TIP MANTRA. The IP SDN Controller is responsible for configuring the IPoWDM routers,
including the integration of coherent pluggable modules. To prevent synchronization issues, the Optical
Controller is assigned read-only permissions. These permissions enable the Optical Controller to engage in
tasks such as device discovery, performance monitoring, and fault management without altering the
configuration or state data of the IPoWDM routers.

Furthermore, the Optical SDN Controller provides services related to path computation and optical service
provisioning. Meanwhile, the IP SDN Controller is responsible for exposing the optical line interface
configuration API. The packet-optical orchestrator plays a critical role by orchestrating the entire workflow.
This system allows for a streamlined management process, although alternative approaches to orchestration
and workflow management can also be considered to enhance operational efficiency or address specific
network demands.
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3.2.2 Option 2: Single SBI management of IPoOWDM routers (TIP MANTRA)

This second option is also proposed by TIP MANTRA. In this second proposal, the IP SDN Controller (primary
entity) interfaces directly with the IPOWDM routers and is responsible for all associated management related
functionalities. This setup significantly influences the Northbound Interface (NBI) of the IP SDN Controller,
which now needs to provide detailed information about the optical line interface's physical impairments and
performance metrics. This includes data on transmission modes’ capabilities, such as required Optical Signal-
to-Noise Ratio (OSNR), and permissible transmit and receive power levels, all of which are essential for optical
channel network planning.

Additionally, the IP SDN Controller's Southbound Interface (SBI) is focused on configurations related to the
optical line interface, as well as device discovery, performance monitoring, and fault management. The
Northbound Interface is further tasked with facilitating device discovery, enhancing performance monitoring,
and improving fault management strategies.

The packet-optical SDN orchestrator is critical in this architecture, enabling a range of functions including the
discovery of optical line interface capabilities within each IP router, managing multi-layer topology and
service models, provisioning services, and overseeing performance monitoring and alarm management.

Given that the Optical line interface is not managed through the Optical SDN Controller’s Southbound
Interface, the Northbound Interface of the Optical SDN Controller must offer a path computation API which
allows to provide the required optical line interface details for the end-to-end path computation and
impairment validation. Interim solution could be based on optical line interface maximum capacity based on
a trial and error approach between packet optical SDN Controller and Optical SDN Controller.

This APl should enable the provision of necessary details for end-to-end path computation and impairment
validation. As an interim solution, the interaction between the packet-optical SDN Controller and the Optical
SDN Controller might rely on a trial-and-error method to estimate the maximum capacity of the optical line
interface.

This comprehensive approach ensures that the IP SDN Controller's NBI not only handles device-related
functionalities but also exposes crucial APIs for optical line interface configuration, bolstering the system's
overall efficacy and integration.
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3.2.3 Option 3: Dual SBI management with the optical controller having read-write
access to the pluggable

The IETF draft-davis-ccamp-photonic-plug-control-arch-02 introduces a third option for managing packet
devices, which includes dual Southbound Interface (SBI) management with the optical controller having read-
write access to the pluggable modules. This model differs from the first two options by potentially eliminating
the need for a higher layer controller to coordinate between domain controllers, though such a controller
could still be included if desired.

The benefits of this approach include increased flexibility and autonomy, as the optical controller has direct
control over the optical configuration and adjustments. This can lead to quicker responses to network
conditions and demands without waiting for upper-layer intervention. The architecture of the network is also
simplified by reducing the layers of control, which can decrease the complexity and overhead associated with
managing multiple controllers. Moreover, direct access by the optical controller to the pluggables allows for
precise adjustments of performance parameters, such as power levels and wavelength assignments, directly
affecting the efficiency and quality of optical network services.

However, this approach comes with drawbacks. The primary concern is the risk of configuration conflicts, as
both the packet and optical controllers can write to the pluggable. This could lead to operational
inconsistencies and might necessitate additional mechanisms for effective conflict resolution. Managing the
network might also become more complex, as ensuring that both controllers synchronize their actions
without overriding each other’s configurations can be challenging. Furthermore, the potential reduction in
centralized oversight without a higher layer controller could be detrimental in scenarios where a
comprehensive view of the network's state is essential for decision-making and troubleshooting.

Overall, this third option proposes an innovative yet complex way to manage pluggable modules by providing
dual SBI management capabilities, which offers operational flexibility but also introduces challenges related
to direct control and coordination.
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3.2.4 Option 4: Host-independent management.

This option is proposed by Open XR. The current standard for module management relies on register-based
standardized information models. These models must be supported by both router hosts and pluggable
modules to ensure interoperability. When introducing new DWDM transceiver technologies, it is necessary
to update these standardized information models, which requires consensus and implementation across
both the smart optical modules and routers. This interdependence often ties together the development and
deployment cycles, potentially delaying the adoption of new technologies.

The Open XR network architecture seeks to address and mitigate these delays by decoupling these
development timelines. It achieves this through the management of smart optical modules by the Open XR
Controller. This controller interacts with the Open XR module using a combination of data plane and/or
standardized DCN (Data Communications Network) Ethernet ports located on the router. To support this
architecture, a Communication Agent Service is defined that operates on the host router. This service is
responsible for relaying messages from the Open XR Controller received via the host’s DCN port to the
embedded pluggable module. Notably, this service is designed to function as a pass-through and does not
require frequent updates, even as the features of the smart pluggable module continue to evolve.

Additionally, the Open XR network architecture facilitates the management of the Open XR pluggable module
through the host router where the module is installed. It also provides an alternative management pathway
for an Open XR module situated at the remote end of an Open XR link via a GCC/XSC (General Communication
Channel/XR Supervisory Channel). This setup is particularly advantageous for modules that are installed in
customer-owned equipment where a direct DCN connection to the router may not be available, offering a
clear demarcation point at the electrical interface of the Open XR module. This flexibility and additional
management pathway help streamline the integration and management of new optical technologies in
diverse networking environments.

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




Deliverable D5.1

Router Open XR
Manager Controller

Leaf __I_ e
HOSt 1 XR Optic

CMIS

100G/400G

100G/400G

\ )(R' ptic

rem— ) 7
Leaf . Power Splitter
HOSt 2 \_-ﬁ Optic 100G/400G

100G/400G

3.2.5 Considerations on the SOTA of IPoOWDM SDN control

The four options for IPoDWDM SDN control offer different approaches to managing the integration of IP and
optical technologies, each with its own challenges. The first option, dual SBI management, involves the IP
SDN Controller taking full control of IPoWDM routers while the Optical Controller has read-only access. This
separation minimizes synchronization issues but limits the Optical Controller's visibility into optical
performance, potentially complicating fault management and monitoring. The second option, single SBI
management, centralizes control through the IP SDN Controller, simplifying the architecture but placing a
heavy burden on the controller to manage detailed optical data, including physical impairments. This
approach risks reliance on trial-and-error methods for capacity validation and may reduce flexibility in path
optimization.

In contrast, the third option allows the Optical Controller direct read-write access to the pluggable modules,
offering more operational flexibility and faster adaptation to network conditions. However, this introduces
the risk of conflicting configurations between the IP and Optical Controllers, requiring mechanisms for
conflict resolution and coordination, which can add complexity to the management process. The fourth
option, host-independent management, decouples the development of new optical technologies from the
router hosts, enabling faster integration and deployment. However, it depends on standardized information
models and communication agents, which can introduce interoperability challenges and require alignment
across industry standards.

Each option presents a trade-off between flexibility, simplicity, and the ability to manage complex optical
data, highlighting the need for research on IPoWDM SDN control.

3.3 Optical SDN control

3.3.1 ONOS

ONOS (Open Network Operating System) [1] is an open source SDN controller written in Java, released in
2014. It encompasses protocols such as Openflow, P4Runtime, and NETCONF. ONQOS follows the principles
of Code Modularity and Configurability, which mean that the system is extensible with new
subsystems or applications and the user has the ability to configure which subsystems are loaded at
any time. At the same time there is Separation of Concern, with each subsystem having a clear
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function, and Protocol Agnosticism, in the sense that it provides internal abstractions that can handle any
southbound protocol in a uniform way.

Essentially ONOS is a monolithic application composed of three main components: Distributed Core, NB Core
API, SB Core API. The Distributed Core is responsible for storing the network state, providing information to
the NB APl and configuration to the SB API. The NB Core API, exposes specific interfaces, to which applications
can adhere and communicate with ONQOS, providing higher-level functionalities. The SB Core APl exposes a
specific interface, which are consumed by device providers and handle the translation of the abstract models
of ONOS to the specific models of each different device (OVS, bmv2, stratum, etc.) or protocol (SNMP,
OpenFlow, P4Runtime, NETCONF, etc.).

3.3.2 TeraFlow

The emerging TeraFlow SDN (TFS) controller has been developed within the framework of the ETSI
standardization body [2]. TFS consists of a modular architecture where several modules cooperate with each
other through a bus structure 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 (despite some augmentations).

It covers a wide range of use cases defined by multiple ETSI standardization groups. It seamlessly integrates
with existing NFV (Network Function Virtualization) orchestrators, such as ETSI Open-Source MANO (OSM),
and MEC (Multi-Access Edge Computing) frameworks. This integration enables standardization groups and
research initiatives to experiment with cutting-edge features including flow aggregation and management at
the service layer, integration of network equipment at the infrastructure layer, Al/ML-based security, and
forensic evidence for multi-tenancy. The TFS basic architecture is shown in the figure below.
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Figure 7 TeraFlowSDN basic architecture
TeraFlowSDN is composed of the following components:

e Context: interfaces with the underlying database to manage the information related to the network
topology, the configuration rules of the network elements, the connectivity services, the transport
network slices, the policies, and their attributes.

e SouthBound Interface (SBI): Manages the interactions with the underlying network elements using
different plugins to support different protocols, data models, and APIs.

e Service: Is responsible for the creation, update and deletion of connectivity services.

e Path Computation: Provides path computation capacities to compute the routes for the
connectivity services. It features and Algorithm API to enable the development of new routing
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and path computation algorithms. Note that in a recent implementation including the Optical SDN
controller, this functionality for the optical layer is embedded in the Optical module itself.

e NorthBound Interface (NBI): Exposes a set of REST-API—based endpoints to external OSS/BSS/NFVO
systems to facilitate their integration with the TeraFlowSDN controller.

e Monitoring: Manages and organizes the metrics and KPIs collected from the network devices and
services and exposes them to the rest of components.

e Telemetry: It is responsible to collect telemetry data and expose them to other components.

e Automation: Listens for device-related events and leverages zero-touch operations for the network
elements and intermediate SDN controllers.

e Analytics: It performs processing of data exposed by other modules
e Policy: Manages the translation of policies into specific device configurations.

Recently, TFS has been augmented to support the control of multi-band and space-division-multiplex (SDM)
optical networks based on parallel fibers [5]. The related software — which can be retrieved in
https://labs.etsi.org/rep/tfs/controller/-/issues/106 within the repository of TFS — is summarized by the
following architecture.
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Figure 8 TFS controlling optical layer

In particular, the introduction of the optical component permits to support resource allocation in a multi-
band SDM infrastructure supporting also optical band switching, i.e. a configurable portion of wide spectrum
that might be an entire band (e.g., the S band) or a portion of it. In this software release, also other
components have been extended. A relevant extension has been applied to SBI supporting a NETCONF plugin
with extended OpenConfig YANG data model describing optical nodes supporting multi-band, parallel fibers,
and optical band switching.

3.3.3 Considerations on the SOTA of Optical SDN controllers

ONOS is a robust but complex SDN controller and, unfortunately, recently its development seems to have
stopped in 2022, when the last update has been released in the github repository. At the same time there is
an effort to transition from ONOS to HONOS, adapting the Distributed Core to microservices. However,
HONOS is heavily focused on 5G-RAN, instead of other parts of a network, and its roadmap is not deeply
defined. As such, we do not consider ONOS or HONOS as a basement to build the Optical SDN controller
within the framework of the PROTEUS-6G project.

Regarding TFS, given its timing relevance, its scalability, its modular architecture based on isolated
microservices (and thus functionalities) that permit to easily augment and extend TFS properties, and
because of the support of the control of an already advanced optical data plane, the PROTEUS-6G
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consortium aims at adopting TFS for the Optical SDN controller. At the moment, a proper control of digital
sub-carrier multiplexing and point-to-multi-point is missed and this will be a contribution of PROTEUS-6G.

As a summary, Table 1 shows a brief description of the different data modelling languages, protocols and
frameworks for the configuration, control, and monitoring of Proteus6G infrastructure. The different
components and software elements that will be described in subsequent sections are relying, using and
extending these elements to demonstrate the use cases.

Table 1 Proteus6G adapted data modelling languages, protocols and frameworks for the configuration, control and monitoring of
Proteus6G infrastructure.

Interface/Protocol Description

YANG A versatile data modeling language employed to create standardized data models
across various Standards Development Organizations (SDOs). Most data models
utilized in the Proteus6G control plane architecture are based on YANG.

RESTCONF This web-based protocol facilitates the configuration and management of network
devices using RESTful principles. It offers a standardized approach for interacting
with network elements through HTTP methods such as GET, PUT, POST, and
DELETE. RESTCONF enables developers to streamline network management tasks
and retrieve operational data using conventional HTTP verbs and URIs.

NETCONF A network management protocol designed for configuring and managing network
devices. It utilizes XML-based data encoding and secures communication via SSH
or TLS. NETCONF provides a standardized framework for device configuration,
state retrieval, and software updates, thereby enhancing network automation and
orchestration capabilities.

OpenConfig A collection of YANG data models specifically designed for controlling optical
transceivers. These models are versatile and can be applied to both discrete
transceivers and pluggable interfaces.

Transport AP| A comprehensive set of YANG models developed for transport network control.
TAPI enables dynamic provisioning of connectivity services across single or
multiple domains. It is particularly significant for provisioning services at both the
Digital Signal Rate (DSR) and Photonic media (optical) layers.

OpenROADM platform | The OpenROADM models establish industry standards for network element
and terminal device interfaces and functionalities, as well as network and service management. The
Device YANG model provides a detailed framework for representing various
network devices, including transponders, ROADMs, and ILAs.Advanced pluggable
modules (e.g., ZR/ZR+): These modules are managed through a
NETCONF/OpenROADM agent, which handles the configuration of transmission
frequency and power. Additionally, the agent enables the setup of performance
data collection using gNMI-based streaming telemetry.
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3.4.1 Considerations on SOTA of interfaces and protocols

Given its wide adoption across industry, the control architecture of PROTEUS-6G will rely on YANG for the
modeling of the different elements. Regarding the selection of the specific data models for PROTEUS-6G
purposes, it is advisable to extend existing standard YANG models. Among those, Openconfig is easily
extensible to model device-level data. Given that it fully models a packet device and open optical terminals
it is the best candidate for the packet-optical devices. Moreover, Openconfig allows to contribute back in a
Github repository, making possible to standardize the data model developments in the project (for example,
for P2MP). For the interactions with the optical controller, the use of the yang based Linux Foundation
Transport API, extending it whenever necessary, is a choice aligned with the industry trend.

4. PROTEUS-6G management, orchestration and control
architecture

4.1 SMO

To fully unlock the potential of PROTEUS-6G solutions and take advantage of future integration opportunities
while ensuring alignment with standards, PROTEUS-G considers a control, management and orchestration
framework for all the underlaying segments that the project targets. Hence, as mentioned in 3.1.5, based on
the current status of available SMO solutions, the integration of SDN control systems across various
technology layers (e.g., IP, Ethernet transport, WDM) remains challenging, as each layer often has its own
customized control systems, while the establishment of multi-layer transport connections and flows across
different technologies requires operators to configure each layer independently, separate from the overall
SMO system.

Furthermore, it is important to mention that as we progress towards the era of 6G, the concept of Open RAN
(O-RAN) has become increasingly significant. As a consequence, it is crucial for PROTEUS-6G SMO to follow
O-RAN standards proposed architectures [20] for incorporating and managing configurations in accordance
with these standards. O-RAN focuses on creating open interfaces and protocols between the various
components in the RAN, including radios, hardware, and software. It provides specific interfaces within the
RAN architecture, such as those for the fronthaul (connecting the DU, to the RU) and the midhaul (connecting
the CU, to the DU) segments. In addition, O-RAN introduces an SDN-based approach to create a more open
and interoperable RAN ecosystem, while it employs standardized interfaces and open APIs to support multi-
vendor interoperability and new use cases.

Regarding the key components of the O-RAN SMO architecture, it includes Near-RT RIC and the Non-RT RIC,
both integral to service management and network orchestration. The Near-RT RIC operates and enables
closed-loop automation and optimization of the RAN based on Near-real-time network conditions and
performance metrics. It communicates with RAN elements (CU/DU) via standardized open APIs, gathering
network condition data to provide policy-based control and optimization. This controller supports various
use cases, such as mobility optimization, load balancing, and congestion control. On the other hand, the Non-
RT RIC focuses on long-term RAN optimization and planning through historical data and predictive analytics,
to evaluate and determine network planning, capacity planning, resource allocation etc. It interacts with the
Near-RT RIC and other network management systems using standardized open APIs, offering insights and
recommendations for RAN configuration.

Given the aforementioned points, the PROTEUS-6G SMO will rely on available baseline standardized
solutions and their respective interfaces, for the design and the implementation of a novel service
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management, orchestration and control system to ensure compatibility and effortless integration of multi-
domain components. The core functions of the SMO can be categorized as follows:

1. Dynamic functional split reconfiguration: Provide dynamic reconfiguration of the selected
functional split between the RU, DU, and CU.

2. 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.

3. Optical and Packet x-haul network configuration: Enable reconfiguration of the packet-
optical x-haul network through a transport Software-Defined Networking (SDN)
orchestrator.

4. O-RAN integration: Include RAN configuration, based on O-RAN Alliance, i.e. fully integrated
with a Non-real-time Radio Intelligent Controller.

In detail, the system will receive a network slice from an upper application orchestration layer, which may
include specific constraints such as latency, bandwidth, and other performance metrics. The role of the SMO
is to orchestrate/ manage the service deployment and to efficiently configure the involved networks
components—including RAN, optical, and packet component—to align with the required slice profiles. On
top of the Non-RT RIC, several rApps are deployed, each responsible for addressing specific tasks. For
example, an rApp could be designed to calculate the appropriate functional split for each requested slice.
The request for a functional split is directed to the Non-RT RIC and from it to the Near-RT RIC, for configuring
the RAN elements. Additionally, the SDN Orchestrator is notified through the Transport Interface to
reconfigure the x-haul network in order to accommodate the new functional split. The SMO maintains
observability over the RAN and available resources via the Non-RT RIC, as well as the O-Cloud, while also
having the capability to receive status updates on the fronthaul and midhaul networks. By gathering
information about the status of the RAN and Transport network from their respective entities, SMO can
generate appropriate configuration requests. To achieve this functionality, it is necessary to implement
specific components within the SMO. These components will provide the required interfaces and enable the
reception of events related to service requirements as described in Deliverable 2.1. Moreover, it is important
to consider the need to align this effort with Task 2.4, which will focus on developing algorithms for optimal
radio and packet-optical configurations. It is essential to ensure that these algorithms can be packaged into
a component that can be integrated into the SMO.
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Figure 9. PROTEUS-6G SMO High-Level Architecture.

To this end, Figure 9 present the initial architecture of the SMO within PROTEUS-6G, and how it will interact
with the different network segments. The interfaces are based on the O-RAN SMO reference architectures,
standards and working groups. The SMO platform will interface with the O-RAN Al API for managing the
RAN. This interface links the Non-RT-RIC with the Near-RT-RIC. The Al interface allows the Non-RT-RIC to
provide policy guidance to the Near-RT-RIC, directing its functionalities and actions. These actions are defined
by the O-RAN Alliance and are designed to support Non-real-time radio resource management, optimize
higher-layer procedures, and enhance policy management within the RAN. Moreover, all the algorithms
developed within WP2 for RU/DU/CU partition selection, as well as other potential rApps, will be integrated
and running within the PROTEUS-6G SMO. In addition, through the 02 interface, the SMO should control the
computational resources across RU, DU, CU infrastructure. Furthermore, through the transport interface,
the platform will be able to connect with an Optical and Packet SDN controller, using a new interface,
ensuring that end-to-end packet-optical connectivity services between RU, DU, and CU across the fronthaul
and midhaul network are effectively coordinated. Finally, the PROTEUS-6G SMO will be interconnected with
a telemetry external system for receiving data regarding the runtime status and state of the different
segments. This integration is crucial for the optimization of decision-making algorithms with the SMO.

Finally, it is worth noting that, based on the functionalities and features outlined above, the implementation
and development of the SMO will contribute to the following WP5 objectives:

e 05.2: “Investigate autonomous networking architectures for control, orchestration and service

management of the PROTEUS-6G x-haul network”.

05.5: “Investigate, design, and implement a service management and orchestration system for
seamless integration of the non-real-time RAN intelligent Controller and the x-haul SDN orchestrator
to enable dynamic functional split”.

05.6: “Define the interfaces among the packet SDN controller, optical SDN controller, multi-layer
SDN orchestrator and service management and orchestration system”.

05.7: “Integrate the optimization algorithms developed in WP2, such as the energy-efficient

traffic engineering algorithms for optimization of energy consumption, selection algorithms

for the optimal radio split, etc.”.
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4.2 Orchestration of optical pluggable in IP over optical networks

In the traditional approach to packet-optical SDN orchestration, the packet and optical SDN controllers
operate independently of each other, with the multi-layer SDN orchestrator simply forwarding requests to
the appropriate controller. The optical SDN controller is the unique entity accessing the transponders, while
the packet SDN controller is the unique entity configuring the packet node. This approach is not sufficient to
manage the disaggregated packet-optical network with advanced optical nodes and transceivers defined in
PROTEUS-6G. One of the challenges is managing the SCM transceivers, which are optical pluggable modules
directly integrated in the IP routers. To overcome these limitations, a more integrated and coordinated
approach is needed, where the multi-layer SDN orchestrator plays a key role in managing both the packet
and optical layers. Next we detail two different architectural solutions that are considered.

4.2.1 Optical pluggable transceivers managed by SDN controllers

To manage optical pluggable transceivers, standard APIs (e.g. gRPC or OpenConfig) can be used to configure
and monitor them through the Packet SDN controller. These interfaces enable the hierarchical multi-layer
(packet-optical) orchestrator SDN orchestrator and the optical SDN controller to manage the optical
pluggable modules using high-level, vendor-neutral commands. Moreover, pluggable optical transceivers can
be designed to provide detailed performance metrics, such as optical power levels, bit error rates, and signal-
to-noise ratios. The SDN controllers can then use this information to monitor network performance and
adjust pluggable settings as needed to optimize network performance. However, the integration of
pluggable SCM transceivers in the SDN control architecture as required in PROTEUS-&G needs an extension
of the APIs in order to address the specific point-to-multipoint (PTMP) functionalities which is based on low-
loss filtering sub-system.

The packet-optical SDN orchestration system for PROTEUS-6G x-haul should adopt an integrated approach,
with the hierarchical multi-layer orchestrator playing a more active role in managing both the packet and
optical layers. To enable coordinated control of packet-optical routers, several solutions will be considered:

e The first approach involves providing access to the packet-optical routers solely from the packet SDN
controllers, as depicted in Figure 10. Here, the packet SDN controller is responsible for configuring
both the packet forwarding and the optical pluggable modules. The optical parameters are pre-
determined by the optical SDN controller and exchanged with the packet SDN controller through the
multi-layer SDN orchestrator.
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Figure 10. PROTEUS-6G xhaul SDN orchestration system architecture with optical pluggable modules controlled by the IP and
Optical SDN controller

e The second approach, as shown in Figure 11, entails joint control of the packet-optical routers by the
packet SDN controller and the optical SDN controller. In this scenario, the packet SDN controller
configures the packet forwarding, while the optical SDN controller enforces the configuration of the
optical pluggable modules. To avoid any possible conflicts, appropriate solutions need to be
implemented to ensure coordinated access and proper control segregation. The Telecom Infra
Project (TIP) also proposes an intermediate solution where the optical controller has read access to
the optical pluggable modules of the packet-optical routers, but the packet SDN controller enforces
their configuration after receiving the required configuration values from the optical SDN controller
through the multi-layer SDN orchestrator. Although this solution avoidies the issue of having two
controllers with write rights on the same device, simplifying the implementation but by introducing
additional latency in the communication channel between the optical SDN controller and the packet-
optical router.
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Figure 11. PROTEUS-6G xhaul SDN orchestration system architecture with optical pluggable modules controlled by the packet SDN
controller

Overall, careful consideration of the pros and cons of each approach is necessary to determine the most
effective solution for coordinated control of packet-optical routers in the presence of pluggable SCM
transceivers that required specific extensions to standard APIs.

4.2.1 Optical pluggable transceivers controlled by a dedicated transponder
controller

This approach utilizes a dedicated controller for managing DSCM transceivers, allowing focused control over
these optical components. The transponder controller connects to the packet nodes, where SCM transceivers
are installed, through a dedicated interface. This setup enables the packet SDN controller to maintain its
standard API (e.g., OpenConfig) for managing packet flows while incorporating a separate interface for
handling PTMP (Point-to-Multipoint) functionalities within the DSCM transponders. This separation
preserves a modular structure, ensuring seperate roles between packet and optical management.

The packet SDN controller manages the packet-based xhaul (transport) network and interfaces with the SDN
orchestrator using standard APIs like IETF L2/L3 VPN, facilitating interoperability with other network layers.

Two potential implementations for integrating the transponder controller with the overall SDN architecture
are:

e Solution 1: Transponder Controller Managed by the Packet-Optical Xhaul SDN Orchestrator. In this
configuration, the packet-optical Xhaul SDN orchestrator manages the transponder controller (as
shown in Figure 12). The orchestrator serves as the central coordination point, managing interactions
between packet networks, SCM transponders, and the optical layer. The optical SDN controller
supports this setup by providing access to TAPI (Transport API) media channel services, such
as spectrum allocation and availability. The orchestrator handles service provisioning,
resource allocation, and multi-layer optimization, aiming to streamline the integration of
different network elements and ensure smooth operations across layers. This setup can be
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beneficial for networks where detailed management of optical parameters is essential. However, it
requires a well-defined interaction between the optical SDN controller and the orchestrator to
ensure effective coordination.

e Solution 2: Transponder Controller Managed by the Optical SDN Controller. In this approach, the
transponder controller is directly managed by the optical SDN controller (as depicted in Figure 13).
The optical SDN controller manages both the configuration and monitoring of optical paths, including
tasks like spectrum assignment and optical signal quality, as well as the management of SCM
transceivers. It provides TAPI digital services (e.g., bit rate capabilities) to the packet-optical SDN
orchestrator, offering a clear view of the optical resources. This setup is particularly suited for
scenarios where a weak integration of packet and optical resources.

Each solution has distinct advantages. The first solution allows for more specialized control of optical
parameters, which can be useful in dynamic optical environments, but it may increase the complexity of
integration between the packet and optical domains. The second solution leverages the orchestrator's ability
to coordinate across multiple network layers, potentially simplifying integration and deployment. However,
it requires an orchestrator capable of managing this complexity.
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Figure 12. PROTEUS-6G xhaul SDN orchestration system architecture with dedicated TP controller/manager under the packet-layer
SDN orchestrator
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Figure 13. PROTEUS-6G xhaul SDN orchestration system architecture with dedicated TP controller/manager under the optical SDN
controller

4.3 Optical component managing digital sub-carriers

The TeraFlow Optical component designed and developed within PROTEUS-6G leverages the
Optical component proposed in the EU FLEX-SCALE project [21][5] and available in the TeraFlow
repository https://labs.etsi.org/rep/tfs/controller/-/issues/106. In this project, the Optical component is
specifically designed to manage digital sub-carriers and the (pluggable) transceivers supporting
digital sub-carrier multiplexing (DSCM) recently available in the market and point-to-multi-point
(P2MP) connectivity. The Optical component then utilizes a resource allocation scheme accounting
for an additional level of granularity/multiplexing: i.e., digital sub-carriers. The resource allocation
algorithm allocates digital sub-carriers which enable a finer granularity of the line rate, thus better
adapting to dynamic traffic requests in the context of 6G and beyond traffic. Another relevant property
of DSCM is that it enables traffic aggregation at the optical layer, saving electronic layer-2/3
interfaces, as summarized in Figure 14. Different digital sub-carriers (e.g., at the same optical central
frequency f) coming from different routes (typically referred to as leaves) are aggregated by a
passive coupler. As a result, several connections will form a tree, as shown in Figure 15. In this
context, the routing engine should have to provide a tree as an output. Moreover, such an optical
aggregation imposes also constraints at the physical layer: e.g., since different digital sub-carriers
are transported over different fibers before being aggregated, they also experience different
attenuation levels and, to properly be detected, the difference in the power level of aggregated digital
sub-carriers coming from different leaves should not exceed a given threshold [22].

The design of the Optical component mainly contributes to the WP5 Objectives: 05.1 (Design
data models and protocols for key optical network elements developed in the PROTEUS-6G

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




Deliverable D5.1

project to be fully programmable and monitorable); 05.2 (Investigate autonomous networking
architectures for control, orchestration and service management of the PROTEUS-6G x-haul
network).
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Figure 15 Optical tree as a result of P2MP

The proposed Optical module is summarized with the architecture in Figure 16.

TED LP-DB P2MP-DB DSCM-DB PL-DB

Optical

DB Component

Engine

Provisioning Manager

Figure 16 Optical component managing DSCM and P2MP
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The Optical component holds 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 — 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 sub-carriers at a given optical central frequency, P2MP-DB holding
information of established P2MP connections (e.g., tree route, central frequency, used digital sub-
carriers).

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:

- P2P: a connection between a source and a destination pair (s-d) pair
- P2MP: a connection (tree) between a set of sources S and a destination d.

The flow-chart of the resource allocation algorithm run at the DSCM-RSA engine for a P2P
connection is summarized in the figure below: the OP mode (modulation format, symbol rate, FEC)
is assigned upon path computation; depending on the selected OP mode and requested line rate, a
set of digital sub-carriers (DSC) is assigned; then, the resulting spectrum (spectrum assignment —
SA) is allocated.

P2P request

Path
computation
OP mode
assignment
DSC
assignment

Figure 17 Flow chart of the resource allocation algorithm for a P2P connection

The flow-chart of the resource allocation algorithm run at the DSCM-RSA Engine for a P2MP
connection is summarized in the figure below: in this case, a tree is computed between a set S of
sources and a destination d, the OP mode (modulation format, symbol rate, FEC) is assigned upon
tree computation depending on physical layer performance; depending on the selected OP mode
and requested line rate coming from each leaf in the set S, a set of digital sub-carriers (DSC) is
assigned; then, the resulting spectrum (spectrum assignment — SA) is allocated over the tree.
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Figure 18 Flow chart of the resource allocation algorithm for a P2MP connection

The DSCM-RSA engine should also account for DSCM specifications of the (pluggable) transceiver
(the so-called XR400). An example of specification for a transceiver available in the market is
summarized in the table below. Several OP modes are supported with an overall aggregated line
rate (i.e., considering all DSCs). Each OP mode is supported with OSNR requirements (e.g., 400G
requires at least 24dB of OSNR). A maximum number of DSCs is supported with values of 4, 8 or
16. The DSC spacing is configurable with values ranging between 50 and 300 MHz, depending on
the adopted guard band between DSCs. The power of DSC should be managed: e.g., as long as
the power imbalance among all received DSCs of a P2MP connection is within 8-10 dB, the signals
can be properly detected [22]. It is worth noticing that a proper equalization strategy can be adopted
to keep the power imbalance within the transceiver requirements.

Tab. Example of DSCM specifications

OP mode (net rate, symbol rate, modulation format, - 400G DP-16QAM (OSNR requ.=24dB)

FEC) - 300G DP-8QAM (OSNR requ.=20dB)

- 200G DP-QPSK (OSNR requ.=15dB)

64 Gbaud (4Gbaud per carrier)

64-68 Gbaud depending on guard band between sub-
carriers

Number of sub-carriers 4,8,16

Sub-carrier spacing (configurable, but the same for all) | 50-300 MHz
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List of sub-carriers: same modulation format for all sub-carriers
-sub-carrier id (implementative constraint)

-active (boolean)

-OP mode

-power

4.4 Monitoring, telemetry, and analytics for XHaul

For covering the monitoring, telemetry and analytics aspects, an optical performance monitoring (OPM)
subsystem is expected to be developed/evolved from a basic implementation to become functional in a
hybrid SDM/WDM scenario. These OPMs should be regarded as a performance measurement system that
can be deployed at any part of the network to acquire the relevant parameters associated to the signals
present there any time. A simplified scheme of the OPM together with the corresponding agent is shown in
Figure 19.

SDN Controller

OPM Agent

Signal | Parameter
identification extraction

A

A

Optical Input OJE
Front-end

—~>  ADC

OPM Hardware Platform

Figure 19 Scheme of the OPM platform and agent.

The OPM hardware platform is expected to operate as a polarization-resolved spectrum analyzer and can be
regarded as an optical/electrical (O/E) front-end plus an analog to digital converter (ADC).

So, it can be controlled by the OPM agent by means of an agreed API (e.g. SPI commands) or by low-level
commands interfacing the different devices composing the platform, in case a full custom design is
approached. For example, the optical front-end can be interfaced to specify the wavelength range to acquire,
the wavelength resolution, the sweep speed and other relevant parameters for the acquisition of the optical
spectrum.

So, the monitoring agent can recover the desired optical spectrum in orthogonal components defining the
signal state of polarization. Besides configuring the OPM hardware for a proper spectrum acquisition,
the monitoring agent also includes a signal identification module and a parameter extraction module.
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The selected figures of merit are then passed to the control plane to optimally configure the different
network elements.

Since the acquired spectrum can be quite large and contain several channels, the signal identification module
is in charge of detecting the power peaks and slicing the spectrum accordingly in order to obtain the specific
spectrum of each optical channel. This data is then fed to the parameter extraction module.

The parameter extraction block is in charge of extracting the different relevant parameters and/or figures of
merit for a given signal spectrum. These parameters correspond to various performance metrics:

Channel spectral occupancy

Power spectral density per channel
Overall power per channel

OSNR estimation per channel

It should be noted that the OSNR is the most common parameter used to measure the degradation of the
signal quality, because it is transparent to bit rate and modulation format and can be easily related to the
BER, which is the main performance indicator for optical transmission. Nevertheless, the other parameters
may suggest other network malfunction like a fiber break or proneness to fiber non-linear effects.

These parameters are then communicated to the SDN controller by employing a gNMI protocol. In fact, a
polling for data retrieval is initially targeted, although other subscription modes are under study. The idea is
that this information then arrives at optical SDN controller for allowing the network to react according to
these measurements for achieving an efficient transmission/network operation.

The integration and communication between various controllers in complex systems like Proteus-6G require
well-defined interfaces and protocols. These interfaces play a crucial role in enabling seamless interaction,
data exchange, and coordination among different components of the infrastructure.

In the context of Proteus-6G, a variety of data modeling languages, protocols, and frameworks are employed
for the configuration, control, and monitoring of the infrastructure. These elements form the foundation
upon which the different components and software elements of the system are built, extended, and utilized
to demonstrate various use cases.

As a summary, Table 2 shows a brief description of the different protocols among controllers.

Table 2 Interfaces among controllers

Al Interface between Non-RT RIC and Near-RT RIC for policies and
enrichment

Database Interface Interfaces to access TED, LP-DB, PL-DB, DSCM-DB, and P2MP-DB
databases

DSCM-RSA API Internal interface between Provisioning Manager and DSCM-RSA
engine

E2 Interface between Near-RT RIC and RAN elements (CU/DU) for near-

real-time control and optimization
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F1
Fault Detection Protocol

N2/N3

NETCONF

OpenConfig Channel Monitor

O-CU-CP

O-CU-UP

O-DU
0O-eNB
01

02

Performance Monitoring Interface

gRPC

Service-Optical Interface

Spectral Monitoring Protocol
OSNR Measurement Protocol
Subcarrier Allocation Protocol

Transport Interface

Transceiver Control Interface

Channel Detection Interface

Power Monitoring Interface

OPM-SDN Controller Interface

Interface between CU and DU in 5G NR architecture
Protocol for detecting and reporting link interruptions and data leaks

Interfaces between RAN and Core Network in 5G (N2 for control
plane, N3 for user plane)

Standard interface for configuring and monitoring SCM pluggable
transceivers

Extended base interface for monitoring and reporting optical
channel state information

Interface between CU-CP and Near-RT RIC for control plane
management

Interface between CU-UP and Near-RT RIC for user plane
management

Interface between DU and Near-RT RIC for distributed unit control
Interface between legacy eNBs and Near-RT RIC for 4G node control

Interface between Non-RT RIC and RAN elements (CU/DU/RU) for
configuration and management

Interface between SMO and O-Cloud for managing O-RAN cloud
infrastructure

Interface for collecting performance metrics like OSNR and power
imbalance

Telemetry protocol for collecting detailed transceiver performance
metrics

Interface between TeraFlow Service component and Optical
module's Provisioning Manager

Protocol for measuring and analysing optical power spectrum
Protocol for measuring and reporting optical signal-to-noise ratio
Protocol for assigning digital subcarriers to connections

Interface between SMO and SDN Orchestrator for x-haul transport
network configuration

Interface to configure and monitor DSCM transceiver parameters

Interface for automatically identifying the number of channels
present in a fiber

Interface for measuring and reporting optical signal power levels

Interface for sending performance metrics from OPM to optical SDN
controller

In the context of the Proteus-6G project, particularly within Work Package 4 (WP4), a high-bandwidth
optical front-end is being under development. This hardware will be integrated with necessary lab
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equipment from HHI as part of Work Package 6 (WP6) to form the Proteus-6G Transceiver, which will be used
in final project demonstrations.

The transceiver will be actively controlled and monitored by the control plane developed in Work Package 5
(WP5). To achieve this, proper SDN (Software-Defined Networking) interfacing is required to ensure the new
prototype transceiver is visible and controllable by the SDN control plane. This interface will be implemented
by an SDN agent capable of communicating northbound with the control plane using standard protocols like
NETCONF and southbound with a mediator software. The mediator will be responsible of retrieving telemetry
data from the hardware, applying also the appropriate configurations to it. It consists of various device drivers
enabling the communication with the different subcomponents of the transceiver using their respective
interfaces and protocols. The design of the agent-mediator software stack is inspired by the implementation
of the transceiver agent development in the FLEXSCALE project. This work directly contributes to Objective
05.1, ensuring that the optical transceiver developed in the project is fully programmable and monitorable
through SDN interfaces.

SDN-Controller

(NETCONF)

Data Plane Hardware

Selecting an appropriate data model necessitates a detailed examination of the prototype hardware to
identify its monitoring and configuration capabilities. Basic configuration and monitoring possibilities, that
were identified from Lab Equipment, include:

e Configurations
o Changing the wavelength using the frequency parameter.
o Changing the data rate/modulation format using the operational-mode parameter.
o Adjusting the laser power using the output-power parameter.
e Monitoring metrics include:
o Performance metrics such as pre-FEC BER.
o Hardware parameters such as frequency, input power, and output power.
Given these parameters, it is practical to use the openconfig-terminal-device model as a base model for this
interface, as it already covers these configuration and monitoring parameters. Upon inspecting the prototype
hardware of WP4 in the red box, potential unique features can be identified, such as:

e Polarization demultiplexing

e Chromatic dispersion (CD) equalization

e Differential group delay (DGD) equalization
Whether these features/parameters will be readable/writeable by the exposed API of the WP4 hardware is
yet to be determined by WP4. These new features could be incorporated into the data model by using
parameters from the openconfig-terminal-device model such as chromatic-dispersion, polarization-mode-
dispersion, second-order-polarization-mode-dispersion, polarization-dependent-loss, sop-roc (State-
of-polarization rate-of-change) or by augmenting the base model to add new parameters, a process
that requires collaboration with WP4 to decide which parameters can be augmented.
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Conclusions

This deliverable presented the preliminary design of the control and orchestration system envisioned within
the framework of the PROTEUS-6G project. A Service Management and Orchestrator (SMO) system is
responsible for the integrated management of different network segments including the radio access
network (RAN), the transport, and the core networks, and accomplishing with continuous adaptations based
on the traffic and network status such as the functional split reconfiguration. A hierarchical Paket-Optical
Software defined Networking (SDN) controller is responsible for the control of xhaul system, comprising a
packet layer controller and an optical layer controller. A key innovation is the control of digital sub-carrier
multiplexing (DSCM) and point-to-multi-point connectivity (P2MP), which is tackled by the proposed Optical
SDN controller. Finally, a telemetry system permits to observe the network segments and optimally re-
configure them according to the actual network status and conditions (e.g., degradations).

This deliverable and the related activities contributed to the WP5 objectives, mainly required to achieve the
project Objective 6: Dynamic management and adaptation of the PROTEUS-6G x-haul (fronthaul and midhaul)
network to enable dynamic functional split.

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




Deliverable D5.1

5. References

[1] https://opennetworking.org/onos/

[2] https://www.teraflow-h2020.eu/

[3] R.Vilalta et al., "TeraFlow: Secured Autonomic Traffic Management for a Tera of SDN flows," 2021 Joint
European Conference on Networks and Communications & 6G Summit (EuCNC/6G Summit), Porto,
Portugal, 2021

[4] L.Gitre etal., "Demonstration of Zero-touch Device and L3-VPN Service Management using the TeraFlow
Cloud-native SDN Controller," 2022 Optical Fiber Communications Conference and Exhibition (OFC), San
Diego, CA, USA, 2022

[5] A.Sgambellurietal., "TeraFlowSDN controlling SDM and wideband optical networks," 2024 Optical Fiber
Communications Conference and Exhibition (OFC), San Diego, CA, USA, 2024

[6] R. Enns, M. Bjorklund ,J. Schoenwaelder, and A. Bierman, NetworkConfiguration Protocol (NETCONF),
IETF RFC 6241, Jun. 2011.

[7]1 M. Dallaglio, N. Sambo, F. Cugini and P. Castoldi, "Control and management of transponders with
NETCONF and YANG," in Journal of Optical Communications and Networking, vol. 9, no. 3, pp. B43-B52,
March 2017

[8] R. Mufioz et al., "SDN control of sliceable multidimensional (spectral and spatial) transceivers with
YANG/NETCONF," in Journal of Optical Communications and Networking, vol. 11, no. 2, pp. A123-A133,
Feb. 2019

[9] M. Bjorklund, YANG—A Data Modeling Language for the Network Configuration Protocol (NETCONF),
IETF RFC 6020, Oct. 2010.

[10] F. Paolucci, A. Sgambelluri, M. Dallaglio, F. Cugini and P. Castoldi, "Demonstration of gRPC Telemetry for
Soft Failure Detection in Elastic Optical Networks," 2017 European Conference on Optical
Communication (ECOC), Gothenburg, Sweden, 2017

[11] Y. Lee, R. Vilalta, R. Casellas, R. Martinez and R. Mufioz, "Scalable telemetry and network autonomics in
ACTN SDN controller hierarchy," 2017 19th International Conference on Transparent Optical Networks
(ICTON), Girona, Spain, 2017

[12] D. Welch et al., "Point-to-Multipoint Optical Networks Using Coherent Digital Subcarriers," in Journal of
Lightwave Technology, vol. 39, no. 16, pp. 5232-5247, 15 Aug.15, 2021

[13] N. Sambo, C. Castro, N. Costa, P. Castoldi and A. Napoli, "Energy Efficiency in Next-generation Optical
Networks," 2023 23rd International Conference on Transparent Optical Networks (ICTON), Bucharest,
Romania, 2023

[14] N. Sambo, F. Cugini, L. D. Marinis and P. Castoldi, "Solutions to Increase Energy Efficiency of Optical
Networks," 2024 Optical Fiber Communications Conference and Exhibition (OFC), San Diego, CA, USA,
2024

[15] https://www.onap.org/

[16] https://osm.etsi.org/docs/user-guide/latest/index.html

[17] https://nephio.org/2

[18] https://openairinterface.org/

[19] https://openslice.readthedocs.io/en/latest/

[20] https://www.o-ran.org/

[21] FLEX-SCALE D5.1 Deliverable, “Preliminary design of sustainable transport SDN control enablers for 6G”,
2023

[22] G. Simon, F. Saliou, A. Afonso, et al., “200 Gb/s coherent point-to-multipoint coexistence with 50G-PON
for next-generation optical access”, IEEE Photonics Technology Letters, pp. 1-1, 2024

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




