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Abstract

This report describes the final 6GBLUR RAN and end-to-end architecture design, as initially developed by
CTTC, and later refined by considering the inputs from the operator, vendors, SME and university.
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Executive Summary and Key Contributions

The Blurring RAN (6GBLUR) is a coordinated project funded by UNICO MINECO program. 6GBLUR consists of
two subprojects, 6GBLUR-SMART (smart decision-making algorithms for efficient end-to-end resource
management) and 6GBLUR-JOINT (joint RAN and transport network control/orchestration mechanisms).

As part of 6GBLUR, 6GBLUR-SMART aims (i) to design and to validate a RAN control architecture adapting to
all the required decision timescales, from policy definition to scheduling, and (ii) to design and validate smart
algorithms for efficient end-to-end resource management, including decision-making at all timescales, with
real-time and non-real time decisions.

In this deliverable (E3: Final RAN and E2E Architecture Design), we present the final architecture as envisioned
by the entire consortium and elaborate on the key concepts (KCs). The architecture, initially defined in our
previous deliverable (E1: Project Plan), has been further consolidated in this document. This refinement
encompasses the integration of conventional mobile network architectures with various advancements,
including streamlining O-RAN through explainable Al with LLM integration and tailored QoS marking
strategies for fronthaul traffic, aiming for increased generality.

Furthermore, this deliverable provides expanded details on the KCs that will serve as the foundation for
realizing 6GBLUR's use cases (UCs) and proof-of-concepts (PoCs). This includes an in-depth analysis of such
key research concepts, their study in existing literature, and the progress 6GBLUR proposes beyond the
current state-of-the-art. In particular, the following KCs have been identified in 6GBLUR-SMART:

e K1.1 CU and DU implementation: open-source implementation of and ORAN platform of the E2
nodes CU and DU

e K1.2 RAN orchestration: focusing on the Open Fronthaul interface and the implementation of strat-
egies to improve its capabilities.

¢ K1.3 Dynamic configuration of topologies/architectures for MH distribution: the modular architec-
ture of O-RAN offers the possibility to exploit the appearance pf the FH and MH concepts and exploit
them to optimize the network conditions.

e K1.4 Micro-orchestration of virtual networks functions at DU-RU level: Introduction of FPGAs and
FPGA-base System-on-Chip to accelerate the DU and RU functions, the high and low-PHY layer func-
tions.

e K1.5 Dynamic configuration of FH for distributed and centralized architectures: applying the novel
concept of dynamic architectures of the O-RAN functions RU, DU and CU.

e K2.1 Development and characterization of FH and MH: implementation of an open-source solution
of the FH and MH for O-RAN testbeds.

e K2.2 Characterization of the FH and MH transport: characterization of the FH in order to achieve
more decentralized architectures in O-RAN.

e K2.3 Flexible functional split and physical layer: optimizing the best functional split in O-RAN by
enhancing the implementation of them in the ns3 5G-LENA simulator.

e K2.4 Radio Stack optimization: optimization of MAC layer protocols on more centralized architec-
tures.

e K2.5 QoS Management for time-critical immersive applications: design of effective QoS scheduling
algorithms.
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e K2.6 QoS strategies the transport for multi-service aggregation: characterizing the system behav-
iour from different QoS strategies for mapping the fronthaul traffic in an O-RAN-based 6G disaggre-
gated mobile network.

e K3.1 Al/ML Worflows in O-RAN: leverage advanced ML techniques to enhance the intelligence of
RAN, deployed as an xApp.

Finally, let us emphasize that, although some KCs are categorized under 6GBLUR-SMART and others under
6GBLUR-JOINT, there is a strong interrelationship between the two. Concepts explored in one subproject
frequently appear in the PoCs of the other subproject, and vice versa. This separation allows for focused
research and development while ensuring that ideas and solutions are shared across the project.
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1 Introduction

The blurring RAN (6GBLUR) is a project funded by UNICO MINECO program. 6GBLUR consists of two
subprojects, 6GBLUR-SMART (smart decision-making algorithms for efficient end-to-end resource
management) and 6GBLUR-JOINT (joint RAN and transport network control/orchestration mechanisms).

From a technical perspective, next-generation RANs must overcome numerous challenges, including
achieving high spectral efficiency, minimizing power consumption, enabling resource pooling, ensuring
scalability, and facilitating cross-layer interworking. To address these challenges, leading standardization
bodies like 3GPP and O-RAN are advocating for virtualized architectures. In these architectures, traditional
base station functions, historically located near antenna towers, are virtualized and distributed across various
logical nodes connected via fronthaul and midhaul links, and further connected to the core network through
backhaul links. This virtualization disaggregates baseband processing of individual cells across different
physical entities using specific functional splits, while also allowing the consolidation of baseband processing
for multiple cells in centralized locations for efficient resource sharing. This dynamic architecture adapts
based on network conditions and provider policies, effectively blurring traditional RAN boundaries.

Equipment vendors and Mobile Network Operators (MNOs) have adopted centralized virtualized RAN
architectures as an advanced system paradigm, aiming to reduce both capital and operational expenditures
while enhancing energy-efficient data rates in the radio access system. However, deploying such flexible
architectures presents five primary challenges: (i) stringent fronthaul capacity and latency requirements,
which will be exacerbated in 6G due to wider channel bandwidths, massive MIMO, higher modulation orders,
and increased carrier aggregation; (ii) the necessity for a novel RAN control architecture capable of managing
the disaggregated mobile network with real-time and non-real-time controllers; (iii) the selection and
implementation of potentially multiple and dynamic functional splits across multiple cells, considering shared
transport, computing, and baseband processing resources; (iv) variable latency requirements dictated by Key
Performance Indicators (KPIs); and (v) establishing trust in virtualized and open networks.

The overarching goal of 6GBLUR is to design an end-to-end architecture with efficient resource management
procedures and intelligent control mechanisms for virtualized, adaptive, and integrated mobile network
architectures. Managed resources span the distributed and disaggregated mobile network, including
spectrum allocation, network capacity, fronthaul resources, baseband processing functions, energy
consumption, computing resources, and storage. To effectively manage these resources and orchestrate
network operations intelligently in both real-time and non-real-time scenarios, Al/ML processes are
leveraged. This approach targets specific UCs such as deploying 6G disaggregated zero-touch mobile
networks as a service within O-RAN architectures and non-public networks (NPNs), implementing control
mechanisms for optimizing network performance with a focus on fronthaul capacity, centralization
strategies, QoS management, flexible functional splits, and digital twins for NPN networks, and developing
RAN control architectures and smart algorithms specifically for O-RAN and NPN environments.

As part of 6GBLUR, 6GBLUR-SMART aims to (i) design and validate a RAN control architecture that adapts to
all required decision timescales, from policy definition to scheduling, and (ii) develop and validate intelligent
algorithms for efficient end-to-end resource management, encompassing real-time and non-real-time
decision-making across all timescales. To achieve these objectives, multiple UCs and PoCs have been
developed to experimentally validate the project's KCs within various frameworks, including the integration
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of open RANs and 3GPP-defined non-public networks in an end-to-end architecture. The KCs for WP2 and
WP3 were initially discussed during the November face-to-face meeting (2023-11-20/21), where a leader was
assigned to each key concept based on their contributions in deliverable E1: Project Plan.

This deliverable (E3: Final RAN and E2E Architecture Design) provides a comprehensive report on the progress
in advancing the state-of-the-art of 6GBLUR-SMART’s KCs. It details the final architecture agreed upon by the
entire consortium, alongside an in-depth analysis of the various KCs involved in the project and the main
advancements to be demonstrated through the UCs and PoCs previously outlined in deliverable E1: Project
Plan. The document is organized as follows: Section 1 introduces the scope and motivation of the project;
Section 2 presents the final architecture; Sections 3 and 4 discuss 6GBLUR-SMART’s KCs related to WP2 and
WP3, respectively.

1.1 SMART Key Concepts

The 12 KCs in 6GBLUR-SMART are summarized below. These KCs, under study in both WP2 and WP3, are
aligned with the principal objective of the 6GBLUR-SMART project: to efficiently manage a 6G RAN
architecture by intelligently orchestrating all critical components.

TABLE 1. SMART KEY CONCEPTS.

Category KC Project WP Leader
K1.1 CU and DU implementation SMART 2 SRS
K1.2 RAN Orchestration SMART 3 CTTC

K1. RAN control
architecture and
orchestration

K1.3 Dynamic configuration of topologies/architec-

tures for MH distribution S 2 TiD

K1.4 Micro-orchestration of virtual network functions
at DU-RU level

K1.5 Dynamic configuration of FH for distributed and
centralized architectures

SMART 2 CTTC

SMART 3 TID

K2.1 Development and characterization of FHand MH SMART 2 SRS

K2.2 Characterization of the FH and MH transport SMART 3 TID
K2. Fronthaul K2.3 Flexible functional split and physical layer SMART 3 CTTC
and Midhaul op-
timization K2.4 Radio Stack optimization SMART 3 TID

K2.5 QoS Management for time-critical immersive ap-

plications SMART 3 CTTC

K2.6 QoS strategies the transport for multi-service ag-

e SMART 3 TID
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K3. Al/ML K3.1 Al/ML Workflows in O-RAN SMART 2 CTTC

1.2 Mapping of Smart Key Concepts and PoCs

Following the primary objective of the 6GBLUR-SMART project, the various PoCs developed will focus on
optimizing the performance of 6G networks. Table 2 illustrates the relationship between the PoCs and the
KCs.

Most of the KCs will be incorporated into UC2PoC1, which aims to characterize and analyse the feasibility of
the proposed architecture across different network topologies and scenarios (e.g., low, medium, high-
capacity traffic) to support the deployment options explored in UC1.! This characterization and analysis will
help identify the limits of such network deployments, with the goal of extending theoretical boundaries. This
effort will impact the network's capital and operational expenditures by enhancing hardware and software
elements and procedures, achieving higher levels of centralization, and reducing the need for human
intervention in network operations, all while maintaining the Quality of Service (QoS) for users.

Additionally, the KCs related to two of the PoCs in UC3 are summarized, focusing on smart methods for
resource optimization of the RAN in an O-RAN based 6G network.

TABLE 2. MAPPING OF KEY CONCEPTS AND POCS

KC PoC
UC1PoC2 UC2PoCl1 UC3PoC2 UC3PoC3

K1.1 CU and DU implementation X X X
K1.2 RAN Orchestration X
K1.3 Dynamic configuration of topologies/architectures

T X
for MH distribution
K1.4 Micro-orchestration of virtual network functions

X

at DU-RU level
K1.5 Dynamic configuration of FH for distributed and «
centralized architectures
K2.1 Development and characterization of FH and MH X X X
K2.2 Characterization of the FH and MH transport X
K2.3 Flexible functional split and physical layer X

" Due to the main concepts worked in 6GBLUR-SMART subproject, this document includes only the analysis of the
network deployment of UC1 PoC2. For further details about the analysis of UC1 PoC1, please refer to the 6GBLUR-JOINT
E1 document.
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K2.4 Radio Stack optimization X
K2.5 QoS Management for time-critical immersive ap- «
plications
K2.6 QoS strategies the transport for multi-service ag- «
gregation

K3.1 Al/ML Workflows in O-RAN
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2 Final RAN and end-to-end architecture

The final architecture has not suffered modifications from the one described in deliverable E1. The primary
objective is to construct a 6G disaggregated mobile network that integrates the virtualized RAN and core
components. This objective is within 6GBLUR-JOINT. By adhering to service-based approaches, this
innovative architecture (see Figure 1) treats the end-to-end network as a virtual service, abstracting specific
hardware to meet the distinct requirements of various services and applications. 6GBLUR envisions a future
where the mobile network, from RAN to core, operates as a flexible and adaptable entity, ready to cater to
the evolving needs of users and services. Through the power of disaggregation and virtualization, 6GBLUR
empowers the mobile network to transcend its traditional boundaries by fostering a cohesive ecosystem.
The virtualized RAN and core components operate in unison, allowing for dynamic resource allocation, rapid
service deployment, and enhanced scalability.

SO
I

RL
RAN

WIM ’ VIM
controller

5G |NWDAF
NFs [ NEF

5G CP

Non-trusted AF)

Monitoring

//{r' . //7777\‘\
< Edge =~ —>C_ Regional > Cloud >
.

e
Set of computing and networking resources

FIGURE 1. 6GBLUR ARCHITECTURE.

Besides, a significant effort will be devoted to the development of a cutting-edge 6G disaggregated and
virtualized RAN architecture. The objective is to design a sophisticated RAN control architecture capable of
efficiently managing multiple flavours of O-RAN deployments. This objective is within the 6GBLUR-SMART
sub-project. Such objective entails adapting to a diverse array of decision timescales, ranging from policy
definition to real-time scheduling. By carefully orchestrating the virtualized RAN components through
elements like the near real-time Radio Intelligent Controller (RIC), non-real time RIC, and SMO, 6GBLUR aims
to create an agile and adaptable network infrastructure that optimizes RAN-related resource allocation.
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2.1 Orchestration and end-to-end management

In the pursuit of seamless orchestration and end-to-end management within the network, 6GBLUR
introduces a comprehensive set of elements that work in synergy [1]. At the forefront, the Service
Orchestrator (SO) takes centre stage, offering a robust suite of capabilities for network service and resource
orchestration. This empowers the instantiation of network slices across diverse domains, enabling seamless
connectivity and collaboration.

Supporting the service orchestrator is the Resource Layer (RL), a vital component that serves as the hosting
ground for both physical and virtual compute, storage, and networking resources. Within this layer, network
slices and end-to-end services find their execution space, while the infrastructure at vertical sites is diligently
managed. It is within this resource layer that the required transport resources are orchestrated, enabling the
interconnection of components spanning the network different domains.

To further bolstering the orchestration and management capabilities, 6GBLUR incorporates the Virtual
Infrastructure Manager (VIM), encompassing edge, regional, and cloud domains. The VIM takes
responsibility for controlling and managing the computation, storage, and network resources within the
Network Function Virtualization Infrastructure (NFVI) of a specific operator’s domain. This centralized control
ensures efficient resource allocation and utilization, optimizing network performance across various
infrastructure domains.

To orchestrate and manage the overall transport network infrastructure, the WAN Infrastructure Manager
(WIM) comes into play. The WIM acts as a central entity that controls and configures the connectivity
between different NFVI points of presence (PoPs). It establishes and manages the links, routes, and network
resources required for seamless communication between endpoints within the O-RAN architecture. The WIM
optimizes network resources, ensures quality of service, and enables efficient utilization of transport
infrastructure across the entire O-RAN network.

In addition, 6GBLUR integrates a powerful monitoring platform that excels at capturing the intricacies of a
heterogeneous set of services and technological domains. Equipped with functionalities like log aggregation,
a scalable data distribution system, and dynamic probe reconfiguration, this platform provides
comprehensive insights and monitoring capabilities to ensure the network’s smooth operation and swift
response to any anomalies.

Completing the array of elements is the Al/ML Platform (AIMLP), which takes on the role of managing and
deploying Al models. Leveraging data gathered from different network domains, the AIMLP configures and
trains these models, offering a catalogue of Al models that can be tuned and chained together to create more
complex decision-making frameworks. These Al models are consumed by other 6GBLUR building blocks to
enable intelligent decisions at various layers, such as service arbitration and service scaling, further enhancing
the network’s adaptability and efficiency.

2.2 5G Core and beyond

Looking beyond 5G, the evolution of the core network takes on immense importance in shaping the future
of telecommunications. At the heart of this evolution lies the data plane, embodied by the User Plane
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Function (UPF), which plays a crucial role in facilitating data transmission, inspection, and management
within the network. Notably, UPFs can be dynamically deployed across different domains, including edge
locations, empowering the core network with edge capabilities. This flexible deployment enables efficient
data processing and routing closer to the end-user, enhancing latency-sensitive applications, enabling edge
computing functionalities, and delivering seamless user experiences on a distributed and scalable level.

Several mechanisms are being developed that establish trusted and secure interactions between the core
network and third-party applications. Among these mechanisms, the Network Exposure Function (NEF)
stands out, providing a means for third parties to engage with the core network as untrusted Application
Functions (AFs). Collaborating with the Network Data Analytics Function (NWDAF), the NEF facilitates on-
demand reconfiguration of the User Equipment’s (UE) data plane. This dynamic reconfiguration capability
unlocks a wealth of opportunities for personalized service delivery, enabling real-time optimization and
customization of the network experience for individual users.

A groundbreaking concept emerging within the core network landscape is that of Non-Public Private
Networks (NPNs). NPNs revolutionize network provisioning by offering dedicated, private network
environments specifically tailored to the requirements of enterprises, industries, and government
organizations. By providing enhanced security, reliability, and control, NPNs empower businesses to deploy
customized network solutions aligned precisely with their needs. This revolution paves the way for optimized
operations, tailored services, and increased operational efficiency.

Another exciting advancement in core network innovation is the concept of a Network Digital Twin (NDT).
By creating virtual replicas of the physical network infrastructure, network operators gain comprehensive
and dynamic insights into the behaviour and performance of the network. These network digital twins offer
significant benefits for the development and deployment of 6G networks, enabling operators to simulate,
test, and optimize network configurations in a virtual zero-risk environment. Leveraging these virtual replicas,
operators can proactively manage network resources, optimize performance, and seamlessly adapt to
evolving user demands, ensuring a network experience that is both adaptive and seamless.

2.3 Transport

Managing the transport infrastructure in O-RAN networks encompasses several key components, including
the Fronthaul (FH), Midhaul (MH), and Backhaul (BH) segments. These components, together with the WAN
Infrastructure Manager (WIM), play crucial roles in establishing and maintaining connectivity between
various endpoints in different NFVI-PoPs.

The Fronthaul (FH) segment of the transport network is responsible for carrying time-sensitive and latency-
critical data between the Radio Units (RUs) and the Distributed Unit (DU) in the O-RAN architecture. This
segment requires high bandwidth and low latency to ensure efficient transmission of real-time traffic. To
manage the Fronthaul, advanced techniques such as Common Public Radio Interface (CPRI) and Ethernet-
based fronthaul protocols are employed, allowing for high-speed data transfer and synchronization.

The Midhaul (MH) segment acts as a bridge between the Fronthaul and Backhaul segments, facilitating the
transport of traffic between the DU and CU. The MH segment typically spans a larger geographical area than
the Fronthaul, requiring scalability and flexibility to accommodate varying network demands. To manage the
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Midhaul, technologies like Ethernet, IP/MPLS, and microwave links are employed, providing efficient
connectivity and bandwidth allocation.

The Backhaul (BH) segment is responsible for carrying aggregated traffic from multiple RAN sites to the core
network. It serves as the backbone of the O-RAN transport network, providing connectivity between the RAN
sites and the centralized network resources. Managing the Backhaul involves ensuring high-capacity links,
efficient routing, and resilience to handle the increasing data demands of modern wireless networks.
Technologies like Ethernet, IP/MPLS, microwave, and fiber optic links are utilized in the Backhaul segment to
provide reliable and high-speed connectivity.

24 RAN

6GBLUR approaches the RAN domain mainly from O-RAN, a groundbreaking approach to mobile
communication networks that promotes flexibility, interoperability, and innovation. It disaggregates network
components and utilizes (virtualized) open interfaces, and virtualization to enhance performance, reduce
costs, and foster competition. In particular, disaggregation allows splitting the functionalities of a base station
into different units and deploying them at diverse locations of the network. This collaborative and modular
approach drives rapid evolution and benefits network operators and users with improved capabilities and
innovative services.

In Open RAN networks, the traditional base station is split/divided into three components that can be placed
in different geographical locations and can perform different processing functions/operations: the Radio Unit
(RU), the Distributed Unit (DU) and the Centralized Unit (CU). RU and DU are connected through a fronthaul
network, while DU and CU are connected through the midhaul network. Virtualization enables functional
splitting, which determines which protocol layers’ functions are implemented in each CU/DU/RU unit. The
3GPP specifications defined functional split Option 2 for CU/DU split, therefore considering a midhaul
network with a fixed PDCP/RLC split. The O-RAN Alliance went a step further and defined functional split
Option 7.2x (intra-PHY split) for the DU/RU split, thus introducing (beyond the 3GPP vision) the open
fronthaul network and the DU/RU split. In addition to the two-layer split and the definition of standardized
interfaces to enable open network architectures and interoperability, the Open RAN philosophy has
standardized network intelligence through the introduction of RAN Intelligent Controllers (RICs) to manage
the network, including near-real time RICs and non-real time RICs.
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3 WP2-related Key Concepts

3.1 SMART-K1.1: CU and DU implementation

As opposed to most of the other key-concepts (KC), which are heavily research-driven, this key-concept,
together with key-concept SMART-K2.1, is mostly focused on providing support for the experimental
assessment of the other KCs. Therefore, the main objective is to implement an open-source RAN (Radio
Access Network) platform that, although being based on 5G specifications, provides some cutting-edge
features that are not currently deployed in commercial networks, which will establish the basis for the
aforementioned experiments.

One of the most interesting features of the CU/DU implementation within the 6G-BLUR project will be the
support for RAN slicing. RAN slicing [2] [3] refers to the concept that involves the creation of multiple isolated
and customizable logical networks within the RAN physical infrastructure. These slices are tailored to
accommodate the unique requirements of various services and applications in 5G. RAN slicing is a crucial
element within the larger Network slicing framework, which encompasses the end-to-end customization of
resources across RAN, transport, and core networks to meet the diverse demands of various services.

RAN slicing enables the segregation and allocation of specific radio resources, such as spectrum, bandwidth,
latency, and quality of service (QoS), to different slices based on their distinct service requirements. This
segregation ensures that each slice receives dedicated resources to fulfil its particular demands.

RAN slicing focuses on customizing and optimizing the radio access part of the network to meet specific
service-level requirements. For instance:

e Enhanced Mobile Broadband (eMBB): High data rates, high throughput, and improved user
experience for applications like high-definition video streaming, virtual reality, and online gaming.

e Massive Machine-Type Communications (mMTC): Support a massive number of connected devices
with sporadic transmissions, like sensors in smart cities, agriculture, or industrial loT.

e Ultra-Reliable Low-Latency Communications (URLLC): Ultra-low latency, high reliability, and
availability for critical applications like autonomous vehicles, remote surgery, and industrial
automation.

RAN Slice-aware Radio Resource Management (RRM)

RAN slicing in the MAC scheduling [4] entails (i) the mapping of UE bearers into given slices, and (ii) the
allocation of radio resources to different slices, in such a way that users get served according to the agreed
KPMs for the different slices they belong to. The radio resource allocation involves several decision-making
processes that determine both the quantities of time/frequency resources and the policies the scheduler
should follow when serving the slices.

Slice-aware scheduling can be subdivided into two problems: (i) Inter-slice scheduling, and (ii) Intra-slice
scheduling. Inter-slice scheduling primarily consists of allocating radio resources across the active slices in a
DU to meet minimal traffic requirements. For instance, slices may be configured with different
minimum/maximum PRB ratios per slot, and it will be the role of the inter-slice scheduler to ensure that the

*

e Financiado por Plan de Recuperacién, UN I C N
M |a Union Europea Transformacion Eﬁ{- BEEspaNA <C tt‘
e ‘ a -

i Resiliencia
NextGenerationEU y 1+D Centre Tecnoldgic de

Telecomunicacions de Catalunya



E3: Final RAN architecture design 21

agreed target PRB ratio requirements are met. Intra-slice scheduling, in contrast, consists of allocating radio
resources to different UE bearers within a given slice, following an agreed UE scheduling policy. UE scheduling
policies define the priorities in which user bearers should be served within a given slice, and the mapping of
time/frequency resources to different bearers, based on the radio conditions of the communication channel.
Scheduling policies target the optimization of a given metric for the UE bearers it serves, metrics that can be
customized to the specific use-case; for example, common scheduling policies are Guaranteed Bitrate—that
has the objective of serving users with a guaranteed throughput—or Proportional Fair—which aims to
improve the average throughput, without starving users that suffer from less favorable radio conditions—or
also Minimum Latency—which aims to minimize the bearers’ latency, instead of maximizing the throughput.

Planned RAN slicing features

Within the 6G-BLUR project, SRS aims to implement and support various RAN slicing features, including the
following points.

e APIs for RAN slice configuration - Implement APIs in the SRS DU for configuring RAN slices. The
operator will be able to configure each slice via a configuration file. The implemented APIs should
expose the traffic metrics of each active RAN slice to the RIC. Key metrics include the slice minimum,
average, and maximum latency, as well as throughput.

e Mapping of S-NSSAI to RAN slices - As per the 3GPP standard, each UE Data Radio Bearer (DRB) is
assigned a Single-Network Slice Selection Assistance Information (S-NSSAI), which is used to uniquely
identify its Network Slice. It is then the responsibility of the DU to map the UE DRBs to the RAN slices
that were made available in the DU. The operator will be able to define this mapping via a
configuration file.

e RAN slice-aware scheduler - The MAC scheduler will need to support the multiplexing of different
RAN slices and the allocation of radio resources within a RAN slice in such a manner that it meets the
agreed traffic requirements [5]. This capability can be achieved through various techniques, namely
through the selection of different scheduling policies on a per slice-basis (e.g. proportional fair,
optimizing for maximum throughput and/or lowest latency, hybrid) or the allocation of dedicated
radio resources to slices to meet minimal latency or throughput requirements. SRS will primarily
target the allocation of dedicated radio resources to slices.

3.2 SMART-K1.3: Dynamic configuration of topologies/architectures for MH
distribution

Introduction

Open RAN's modular architecture breaks down base stations into separate components (RU, DU and CU),
offering flexibility and cost savings. This is the so-called horizontal disaggregation sought in this disruptive
evolution of the radio access networks [6]. Operators can optimize each part independently, fostering
competition among vendors and tailoring networks to specific needs. This separation of tasks, together with
the possibility of deploying dynamically the units as virtualized functions in different DCs (Data Center),
allows to obtain numerous advantages [7].
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Also, FH and MH links concepts are born, which can be exploited to optimize the network conditions and,
consequently, offer the best conditions depending on the use case. All of this ultimately improves efficiency
and reduces costs further. Overall, Open RAN's approach offers a flexible, cost-effective solution for modern
networks.

State-of-the-art (SoA)

In recent research and real deployments, Open RAN architectures have embraced distributed topologies as
the basis of its design. In these setups, the DU is typically located at the cell site, establishing a direct point-
to-point connection with the CU, situated closer to the core network. Also, these entities’ locations are fixed,
resulting in a static topology that does not adapt to the needs that may arise. This conventional deployment
pattern, while functional, presents certain limitations that hinder the realization of its full potential.

Firstly, this distributed approach fails to harness the advantages afforded by DU centralization. But more
importantly, the static nature of this static topology restricts flexibility and adaptability, posing challenges in
accommodating dynamic network demands and evolving service requirements. With fixed point-to-point
connections between DU and CU, operators may encounter limitations in scaling capacity, adjusting
coverage, or deploying new services efficiently. This lack of flexibility in the RAN can impede innovation and
the ability to respond swiftly to changing market dynamics or technological advancements.

Beyond SoA

In light of these limitations, there is a compelling proposition to establish a dynamic architecture that can
intelligently respond to various conditions, including network load, service types, use cases, and other
dynamic factors [8]. At the core of this proposal is the concept of network orchestration and automation,
where intelligent algorithms and policies governed, for example, by the SMO, control the allocation and
optimization of resources in real-time. By leveraging advanced analytics, artificial intelligence, machine
learning, and automation technologies, operators can dynamically adjust the locations of the instances of DU
and CU or change the routes between these two entities leveraging the MH configuration. This dynamic
approach enables the network to optimize the services offered to end-users continually, thereby maximizing
both QoS and QoE.

3.3 SMART-K1.4: Micro-orchestration of virtual network functions at DU-RU
level
Introduction

Orchestrating cloud computing resources has traditionally focused on how compute workloads could be
scaled, migrated, and executed across (highly) distributed computing elements in the cloud continuum. The
latter typically comprises computing clusters powered by server-grade multicore processors, or high-end
general-purpose processors (GPP) along with graphics processing units (GPU), which are used as function
accelerators. With the movement of application and services towards the telco Edge, new considerations
have arisen given the heterogeneity of the compute stratum used in Edge computing nodes. While the far
edge may still typically look-like a small-scale datacenter, the near and extreme edge typically feature a
heterogenous ecosystem of computing elements such as small footprint GPUs, embedded GPPs, micro-
controllers, field programmable gate arrays (FPGA), application-specific integrated circuits (ASIC) and
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System-on-Chip (SoC) devices that combine some or all the previous computing elements in the same silicon
fabric [9].

SoA

Lately, the trend of multiprocessing SoCs devices has been enriched by embedding yet another type of
processing elements optimized for artificial intelligence (Al) processing which is denoted as Al engines.
Furthermore, with the latest advances in Al, purpose-built neural processors able to carry out intensive Al/ML
workloads have been added to the bill [10], [11], along with Deep Learning accelerators employed for training
and inference [12] [13]. These processing devices feature edge or cloud-optimized versions in order to
address application or service-driven needs. Another striking difference of the computing resources in
central clouds, as opposed to those in the far/extreme edge, is that compute resources are scarce and need
to be leveraged with the most efficient way [14], exploiting at maximum their compute footprint, while
satisfying a number of other KPIs related to energy efficiency and reduced latency.

In such edge environments, the operation granularity of hierarchical multi-site orchestrators needs to be
extended or contemplated by engaging smaller-scale micro-orchestrators [15] able to efficiently leverage the
computing granularity and address the heterogeneity of Edge computing elements. This is especially
challenging in complex SoC devices that embed different general-purpose and accelerator-driven processing
elements [16].

FPGA-based SoC devices are used as function accelerators across the fifth generation (5G) radio access
network (RAN) and edge/cloud application domains. For instance, having as a reference the open RAN
Alliance (O-RAN) architecture, this type of devices are encountered i) in open radio units (O-RU) accelerating
low physical layer (PHY) digital signal processing (DSP) functions, ii) in open distributed units (O-DU)
accelerating specific high-PHY functions (i.e., channel coding), iii) in open central units (O-CU) accelerating
cryptography functions, iv) in the near-real-time RAN intelligent controller (RIC) hosting the inference of
different machine learning (ML) models in the form of xApps, v) in network interface cards (NIC) for high-
speed network interfacing, vi) in network switches for line-rate packet processing and also lately for in-
network computing purposes, vii) in edge nodes accelerating applications that have high-performance, low
latency and low power consumption prerequisites, and viii) in cloud computing infrastructures accelerating
a wide range of compute intensive applications.

The underlying complex architecture of these multi-processing devices and the heterogeneity of the
processing elements, makes challenging and cumbersome the combined virtualization of all the underlying
compute resources, the exposure of deep telemetry data and the deployment of such devices in Kubernetes
clusters. Equally challenging is the run-time fine grain adaptive management of the computing resources
either at task or at function level. Different efforts both from industry and academia have been trying to
address these challenges, focusing on specific use cases and offering ad-hoc solutions for specific families of
SoC devices, aiming to serve concrete end-applications. For instance, Microsoft's Catapult v2 [17] work
focuses on the offloading of network processing from the embedded processor to the FPGA area of the SoC
device over Microsoft’s Azure framework. Also, the work of IBM Research divides the FPGA spatially into
distinct application regions, where hardware accelerated applications are to be programmed; the Service
Logic secures access to shared off-chip memory and a dedicated host Processor-based server [18]. Finally,
Amazon’s AWS F1 instance (FPGA-containing VM instances) offers connectivity to eight FPGA cards which are
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connected to a single physical server and a dedicated FPGA-only interconnection network [13]; no sense of
abstraction or multi-tenancy is contemplated. Multiple academic works have also explored the deployment
of FPGAs in cloud environments, but their thorough review goes beyond the scope of this abstract.

Beyond SoA

Currently, FPGA SoC devices are typically used as monolithic compute resources in the 5G telco cloud
continuum; that is a single function/application reserves the entire device per timeslot (i.e., no multi-tenancy
is applied), or multiple functions from one or different users reserve the entire device on a permanent basis
(i.e., no time division multiplexing of resources is applied). But most importantly, this situation only refers to
the FPGA resources of these SoC devices, which means that the variety of their compute resources are
underexploited in the spatial and time domain. This deficiency becomes highly critical in edge environments
where the processing requirements are elevated due to increasing deployments of edge applications and
services offered to end users and vertical industry players. In order to serve the high-performance, latency-
sensitive and power efficiency requirements of such edge applications, edge infrastructure owners need to
flexibly leverage in a fine grain mode the full capacity and features of such devices. To achieve this, different
programming methods like partial reconfiguration, asymmetrical multiprocessing and virtualization among
many others need to be combined to create an overlay framework. Similarly, full observability needs to be
contemplated in these devices to be able to adaptively manage the resources at run-time. By doing so, edge
infrastructure owners could not only efficiently offer sixth generation (6G) services to their clients, but they
could reduce their operating expenditures (OPEX) through a more energy-efficient management of the SoC
accelerators.

In this work we aim to apply an Al/ML-driven micro-orchestration of application and virtual networking
functions (AF and VNF respectively) running on FPGA SoC devices [9], or on similar SoC devices featuring top-
up Al engines [9]. The latter will be typically employed in the far and deep edge to address the stringent
latency, throughput and energy efficiency budgets of novel 6G applications and services. This type of micro-
orchestrator would be able to reconfigure, scale, migrate, or replace functions across the SoC fabric and
would also be able to split and place the computational load in different on-chip processing elements (e.g.,
the layers of a given complex neural network inference model) based on i) non-real-time policies and ii) near-
real-time operating scenarios, and iii) real-time extreme Edge applications/services with highly varying
operating conditions. To achieve this, the micro-orchestrator will leverage a wide range of on-chip extracted
telemetry data for the training process of ML model (e.g., execution performance, fine grain power
consumption of all processing elements, throughput of embedded buses, on-chip sensing data), and the
reconfiguration framework described in [16]. The micro-orchestrator could be seen as a hierarchical data-
driven intelligent controller application that would be devised by training a ML model with RAN traffic
conditions combined with context-related semantic information and the mentioned on-chip telemetry data.
Using the notions of O-RAN specifications, the micro-orchestrator could take the form of combined rApp and
XxApp, or a new type of real-time application located at the extreme edge [19]. The micro-orchestration could
be also extended to cover multiple FPGA SoC function accelerators residing in the same edge computing
cluster, likewise, applying a distributed split computing scheme. Although the Al/ML-driven micro-
orchestration could be applicable to any type of AF or VNF accelerated in FPGA SoC devices, the initial focus
will be laid on the O-RU and O-DU parts of the RAN. The rather static functionality of accelerated functions
residing in the O-DUs and especially O-RUs, is expected to be challenged in 6G Use Cases, to contemplate,
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device discovery, parameter exposure and run-time function reconfiguration based on real-time control
loops [20]. This will open up new avenues to support a number of different applications and services built
around massive MIMO techniques and cell-free architectures.

3.4 SMART-K2.1: Development and characterization of FH and MH

Similarly to key-concept SMART-K1.1, this key-concept is mostly implementation focused. The objective is to
provide an open-source implementation of the O-FH interface between O-DU and O-RU. Although the
implementation will follow the O-RAN specifications (a necessary requirement to be able to use commercial
hardware to build the PoC set-ups), the fact that it is developed inside the project allows for fine tuning and
customizations that will be instrumental for the innovations introduced by the other key-concepts.

Introduced in 5G networks, the functional disaggregation paradigm will play a fundamental role in future
RAN architectures, including the one proposed by 6G-BLUR. As mentioned before, the idea is to split the gNB
into a number of units that are dedicated to specific functionalities, are deployed at different locations of the
network and implemented on different hardware platforms. The Open FrontHaul Interface (O-FH) is the
communication interface used to link a Distributed Unit (DU), which implements the RLC layer, the MAC layer
and (most of) the PHY layer, with one or multiple Radio Units (RU), which are in charge of the OFDM
modulation/demodulation and the RF processing [21]. This separation of functionalities is known as Split 7.2x
and finds a good tradeoff between keeping the RU as simple as possible (size, weight, power, ...) and limiting
the interface throughput.

The O-FH interface consists of two logical planes, namely the CUS plane for control data, user data and
synchronization, and the M plane for the management of the RU. As the name suggests, the CUS plane is
further split into different data flows to exchange data between the DU and the RU ( [21]- Section 4.3)

1. User plane:
a. Data flow la: flow of IQ data in the frequency domain (before OFDM modulation) on
downlink (DL)
b. Data flow 1b: flow of IQ data in the frequency domain (after OFDM demodulation) on uplink
(UL)
c. Data flow 1c: flow of PRACH IQ data in the frequency domain
2. Control plane:
a. Data flow 2a: Scheduling commands (DL and UL) and beamforming commands
b. Data flow 2b: License-assisted access (LAA) listen-before-talk (LBT) configuration commands
and requests
c. Data flow 2c: LAA LBT status and response messages
3. Synchronization plane:
a. Data flow S: timing and synchronization data

Each O-FH message belongs to a specific data flow that is encapsulated in an eCPRI message which is
transported over an Ethernet frame.

Implementation details

The development of the O-FH interface within 6G-BLUR will build on top of the SRS O-FH library. This O-FH
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implementation has been split into different components to make it modular, easy to extend, easy to
maintain and easy to test. The two main components are mapped to the transmitter and the receiver side,
both of which include all the data flows previously mentioned. Individual libraries have been developed for
different compression algorithms ( [21] - Section 8.1.2 and Appendix A), eCPRI packing and unpacking and
raw Ethernet frame management.

Additionally, for performance reasons, both the transmitter and the receiver are executed concurrently in
different threads to minimize the latency required to process the 1Q samples.

Next steps

In the context of 6G-BLUR, SRS plans to extend the functionality of the O-FH interface with a number of
optimizations to improve its efficiency and support the other advances proposed by the project. For instance,
the Data Plane Development Kit (DPDK) [22] can be used to reduce the latency introduced when passing
network data between the kernel and the user space, an operation that requires data copying and a context
switch. On a similar note, 1Q sample compression/decompression and packing/unpacking can be further sped
up using SIMD instructions. Moreover, several tests and adjustments are needed to meet the requirements
of the 6G-BLUR use cases. For instance, even though the SRS O-FH implementation is already compliant with
the transmission and reception window parameters specified by the O-FH specification, these parameters
have to be tuned to adapt to the specific link and network requirements of UC2 PoC1, which deals with non-
dedicated, long-distance fronthaul networks. Also, it is planned to implement vLAN separation for the user
plane and the control plane. This will allow using different vLAN IDs for the control plane and the user plane
messages, for better orchestration of the network. Relevant configuration options will be added to control
this behavior.

3.5 SMART-K3.1: Al/ML Workflows in O-RAN
Introduction-Streamlining O-RAN Through Explainable Al with LLM Integration

The basic objective of this key concept is to leverage advanced ML techniques to enhance the intelligence of
RAN, deployed as an xApp of 6GBLUR: Enhancing RAN Operations with LLM-Based Dynamic Dashboard and
Full Dynamic RAN Slicing.

Large Language Models (LLMs) have emerged as powerful text processing tools that inject intelligence into
various domains, including natural language understanding, generation, and translation. Recent versions of
LLMs have expanded beyond text to support multiple modalities such as video, audio, and voice, enhancing
their versatility and applicability.

SoA

Our project, 6GBlur, aims to revolutionize RAN operations by introducing full dynamic RAN slicing,
underpinned by advanced machine learning (ML) techniques. We focus on creating, adjusting, and deleting
preconfigured RAN slices dynamically to optimize network efficiency and user experience. By incorporating
explainable Al (XAl) and Large Language Models (LLMs), we ensure transparent decision-making processes
and provide network operators with intuitive, adaptive dashboards for insights into network performance
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and xApp decisions. The project will leverage ML-ops for robust backend infrastructure, enhancing the O-RAN
ecosystem's capabilities for future networks.

LLMs currently lack an understanding of their environment, so deploying them in an actual O-RAN scenario
requires a grounded approach. This can be achieved through careful system message design and prompt
engineering, incorporating relevant O-RAN deployment details during LLM inference. Additionally, complex
tasks cannot be accomplished in a single attempt, even by an intelligent human, necessitating the breakdown
of tasks. An agent-based workflow has emerged as a powerful paradigm, decomposing problems into various
components, providing tools for the LLM, and offering feedback from the environment [23]. This approach
effectively bridges the gap between the LLM's lack of grounding and the complex dynamics of systems like
O-RAN. In the case of O-RAN systems, digital twins can be utilized to provide feedback and facilitate the
development of LLM-based agent workflows.

Beyond SoA
Main achievements expected to be implemented at the end of the projected are summarized below:

1. Dynamic RAN Slicing with ML: Implement ML for dynamic RAN slicing, adapting in real-time to
network demands. Ensure efficient resource allocation and fulfillment of user QoS requirements.

2. LLM-Based Adaptive Dashboard: Develop an adaptive dashboard powered by LLMs, offering
intuitive insights into network performance. Utilize LLM agents for automatic conflict detection
among xApps, optimizing network management.

3. Explainable Al Integration: Incorporate XAl to make the ML-driven decision-making process
transparent and trustworthy. Build confidence among network operators in automated operations.
ML-Ops Infrastructure: Establish a robust backend infrastructure for deploying and managing xApps
and potential rApps. Support the evolution of the O-RAN ecosystem in anticipation of future network
demands.

4. Innovation and Novelty: Introduce dynamic RAN slicing, LLM-based dashboards, and ML-ops
frameworks. Enhance operational efficiency, transparency, and adaptability in RAN operations.

5. Exploitation Potential: Offer RAN slicing as a service, enabling new use cases like XR and AR/VR.
Improve conflict mitigation among xApps through XAl, ensuring smoother operations.

6GBLUR represents a significant leap forward in RAN operations, harnessing the power of ML, LLMs, and XAl
to introduce dynamic and fully adaptive network management. By enhancing the O-RAN ecosystem's
capabilities, our project sets the stage for future network innovations, ensuring optimized resource
allocation, enhanced user experiences, and a new standard in network operations transparency.
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The diagram in Figure 2 illustrates the deployment of monitoring, prediction, and control xApps in the Near-

Real-Time RIC. The O-RAN system is divided into two slices, each catering to different types of applications
or virtual operators
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4 WP3-related Key Concepts

4.1 SMART-K1.2: RAN Orchestration
Introduction

Mobile networks are continuously evolving thanks to the significant efforts being made through research and
standardization. This evolution has enabled the improvement of the services offered and the support of
various novel use cases, such as Industry 4.0, autonomous driving and smart cities. 5G networks have played
an important role in the establishment of such use cases, through the introduction of advanced features and
technologies. However, despite the improvements brought by 5G, time-critical applications, such as that of
the immersive technologies of eXtended Reality (XR) and Cloud Gaming (CG), still remain a challenge due to
their stringent requirements in terms of data rates and latency. Open Radio Access Network (RAN) is a
technology that leverages disaggregation and intelligence, thus empowering the network with flexibility,
scalability, and automation. It is thus envisioned to play a key role in the next generation networks [24]. In
fact, Open RAN is considered to be an enabler for XR and CG applications, since it is expected to meet the
imposed requirements thanks to the enhanced network performance, the dynamic resource allocation, the
adaptability of the network based on traffic changes and the intelligent network management [25].

O-RAN Alliance? is a community formed by various Mobile Network Operators (MNOs) in order to provide
standardized specifications for the Open RAN architecture. The O-RAN architecture adopts the functional
split 7.2x, where the gNB functionality is split into the Central Unit (CU), Distributed Unit (DU) and Radio Unit
(RU) (defined as O-CU, O-DU in the O-RAN specifications [26]). The CU is further divided into the Control
Plane CU (CP-CU), that includes the RRC and PDCP layers and the User Plane CU (UP-CU) that the SDAP and
the PDCP layers. The DU includes the RLC, MAC and high-PHY layers, while the RU includes the low-PHY layer.
Moreover, control loops are introduced, known as RAN Intelligent Controllers (RICs) that enable flexible and
automated radio resource management through a set of open interfaces. The interconnection of the various
functional blocks is achieved through a set of open interfaces. One of the most important specified interfaces
in the O-RAN architecture is the Open Fronthaul that interconnects the DU with the RU and that allows for
interoperability among equipment of various vendors. The Open Fronthaul, however, can result in a
bottleneck and degrade the performance of the air-interface, especially when considering time-critical
applications such as the XR and CG and/or various RUs share the same fronthaul link with target the
operator's cost reduction.

SoA

Various works in the literature have targeted the study of the constraint fronthaul in disaggregated
architectures. While a variety of possible solutions have been investigated, one promising strategy is that of
fronthaul compression, where the information that is transmitted through the fronthaul link is either reduced
partially, or completely. An adaptive compression optimization is presented in [27] that targets to minimize
the fronthaul transmission rate, while the work is further extended in [28], where two adaptive compression
schemes are proposed that minimize the fronthaul transmission rate considering the BLER constraint.

2 O-RAN Alliance, Available at https://www.o-ran.org/, 2024. Accessed: 5-02-24.
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Another solution is presented in [29], where a linear prediction coding with adjustable scaling is used to
perform fronthaul signal compression. The combination of fronthaul compression and BS selection is
proposed in [30]. Another scheme that is considered in the specifications of O-RAN [21] is modulation
compression that reduces the 1Q bitwidth transmitted through the fronthaul link in the downlink direction.
The reduction is carried out considering the modulation order in the air, therefore it achieves a trade-off
between the fronthaul and the air interface [31]. [32] and [33] presented an interesting approach where
modulation compression is combined with fronthaul-aware scheduling methods. Their study has shown that
this combination improves significantly the resource utilization, while the impact on the air interface is
limited.

Beyond SoA

Despite the fact that fronthaul compression strategies has been demonstrated to be an effective tool for
addressing the limitations imposed by the fronthaul, most of the existing works are studying predominantly
simplistic traffic models that do not present stringent requirements, such as those inherent in XR and CG
traffics. With this work we will target to fill this gap and provide a study related to the impact that the
constraint fronthaul link can have on XR and CG traffic, using 3GPP defined realistic scenarios. To perform
the evaluation, the strategies presented in [32] and [33] will be implemented and extended using the open-
source 5G-LENA network simulator. Various extensions will be performed to the algorithms with target to
improve even further the achieved performance. Moreover, various schedulers, including QoS schedulers
proposed throughout the project, will be studied in conjunction with the Fronthaul Control and evaluations
will be performed focusing on time-critical applications, such as the XR and CG.

4.2 SMART K1.5: Dynamic configuration of FH for distributed and centralized
architectures
Introduction

Open RAN heralds a revolutionary shift in base station architecture by adopting a three-tiered processing
approach, dividing functions into RU, DU, and CU. Called horizontal disaggregation, this approach not only
enhances deployment flexibility but also improves some functionality while simultaneously driving down
costs. With RU handling radio transmission and reception, DU managing baseband processing at the cell site,
and CU orchestrating network control functions closer to the core, Open RAN topology presents a more
versatile, efficient, and cost-effective infrastructure.

SoA

But at present, Open RAN networks primarily depend on static and distributed topologies. This means that
the radio access network elements, RU, DU, and CU, are typically deployed in fixed locations, maintaining a
consistent configuration over time [26] [34]. Moreover, RU and DU are collocated at the cell site, giving little
flexibility to the configuration of the FH according to the needs and therefore not leveraging the numerous
advantages of centralized architectures.

Beyond SoA

The spatial diversity in the Open RAN architecture presents an additional opportunity: dynamic architectures.
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This would enable the dynamic relocation of network elements to align with the unique requirements of each
scenario, ensuring consistent attainment of the expected QoS standards. In this sense, the research is more
focused to provide flexibility to offer a network that is more responsive to the different and increasingly wide
range of use cases [35]. The aim is to adapt dynamically, through automation and Al/ML algorithms, and
controlled for example by the SMO, both the topology of the network, to meet the QoS of the different
services according to the variable network loads found in the FH; and also, the split configuration, to set it to
the most appropriate configuration for each type of use cases.

The chosen split option depends on the scenario, given that the split configuration is a tradeoff between
radio performance and transport capacity. Higher-layer splits relax transport capacity requirements unlike
the Lower-layer splits that are more beneficial for the radio performance, but they may require a more
expensive and high-capacity transport network [36].

The optimal approach would involve implementing a flexible architecture capable of dynamically selecting
the most suitable split configurations based on the prevailing radio performance requirements and the
availability of transport resources [34]; and the most suitable topology based on the timing and performance
needs. This adaptive architecture would seamlessly adjust the distribution of functions in real-time, ensuring
efficient resource utilization and optimal network performance under varying conditions.

4.3 SMART-K2.2: Characterization of the FH and MH transport
Introduction

As it is well known, in traditional RAN networks the BS (Base Station) constitutes a single processing unit,
formed by the RU (Radio Unit) and the BBU (Base Band Unit), which is responsible for managing the data of
a single cell site [6]. In this type of deployment, all components and interfaces are proprietary and are not
interoperable with those of other vendors.

In Open RAN networks, however, both units are disaggregated into DU (Distributed Unit) and CU (Centralized
Unit), where each of them is responsible for processing specific functions from RAN protocol stack and are
separated by the different split options standardized by the O-RAN Alliance [21], depending on the functions
remain in each unit. This separation of tasks, together with the possibility of deploying dynamically the units
as virtualized functions in different DCs (Data Center), allows to obtain numerous advantages [37], providing
greater flexibility and scalability to the network design, allowing more efficient deployments and greater
virtualization, among others. In addition, all components, interfaces and NFs (Network Function) are open
and from different suppliers, which gives the system greater flexibility, faster TTM (Time To Market) and
better capacity to evolve when new technologies and use cases need to be provided [38].

Within this approach there are two main types of architectures [39]: distributed and centralized. In the
former, there are two options: full distributed site (DU and CU located at the cell site) and partial distributed
(or centralized, depends on the direction seen), where DU is at the cell site and CU is centralized. The most
common deployment is the second one, DU at the cell site and CU centralized, which is typically called “D-
RAN”. The centralized topology considers typically full centralization, DU and CU centralized, which is typically
named as “C-RAN” and it is an evolution of the previous case, where only CU is centralized. In this case, all
the equipment (DU and CU) is moved to be located closer to the core with the intention to serve multiple cell
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sites, obtaining numerous advantages such as pooling gains, cost reduction, better scalability, improved
efficiency features, better load balancing, improved network operation and maintenance, etc.

SoA

It could be easily concluded then that the network evolution should follow the trend to move progressively
to these centralized deployments [40], [41]. This means centralizing the DU from the cell site to a central
location deep in the network and closer to the core than the edge. This would mean evolving the networks
to meet the specific conditions required by the fronthaul interface so that it could be achieved. For this
reason, in order to be able to deploy this architecture (C-RAN), it is first necessary to characterize FH interface
trying to derive different types of profiles that will be representative of different RAN scenarios imposing
different requirements in time and capacity to see their behavior under those conditions [42].

We require characterizing FH interface in time because of eCPRI properties. eCPRI is the O-RAN FH protocol
used between RU and DU to allow open and multi-vendor interoperability between radio and baseband unit.
eCPRI is a very latency sensitive protocol, which has some time constraints that needs to be met. The most
limiting factor is perhaps the HARQ (Hybrid Automatic Repeat Request) protocol, which allows a maximum
time in FH of 250 us [43]. In the case of the MH, it is more tolerant as it supports a maximum RTT delay of
around 10 ms.

FH characterization in capacity is also important due to the expected high amount data expected to be
coursed due to the centralization of several cells. Current transport networks are not prepared to support FH
traffic along with the other supported services, since they were not dimensioned initially for this double
purpose. Unlike, MH imposes less stringent requirements, not only in time but also in capacity, as expected
capacity will not be so high, and it could be served by using the existing network.

Thus, the issue with the existing transport networks is that they are limited to a maximum capacity resulting
from the actual services offered (coursed though) today, but they cannot accommodate the huge amount of
traffic that would require C-RAN deployments, to course FH data rate. Thus, in case to support C-RAN
deployments, there are two possible options: (1) upgrade completely all the transport network, dimensioning
considering now FH traffic, which will require to a significant investment for the MNO but also complexity
and long times until this complete evolution will be a reality; (2) use P2P links, through dark fiber deployment
between RU at the cell site and DU need to be deployed ensuring required latency and capacity are met, but
this will limit the scalability of these scenarios to just few locations, as it is not practical to deploy in each cell
site P2P links. Hence, the work proposed here aims to explore the option of evolving those links to re-use,
as much as possible, existing transport network (with the required optimizations and upgrades but seeking
for minimal changes) so that they can support these type of centralized scenarios, where DU is deep in the
network, and allow centralized DUs to aggregate traffic from multiple sites, adding complexity to the amount
of data they can support and to the DU processing capabilities.

Beyond SoA

Consequently, it is necessary to study the FH interface in detail under this centralized topology based on
characteristics of the existing transport network. From a theoretical point of view, this means characterizing
different link profiles, especially the FH since it is the most crucial and limiting, needing to analyze different
parameters to examine the performance of the links under different radio conditions and different level of
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cell aggregation (centralization). From this, it will be possible also to extract valuable information to carry out
the dimensioning of the transport network elements for different scenarios under different radio load
conditions. From a practical perspective, this can be characterized by using network emulators plugged in
between DU-RU, for emulating those identified FH profiles, and between DU-CU, for characterizing the MH,
in an Open RAN E2E testbed, to validate whether the assumed stress conditions are going to be feasible and
ensuring operation of this network topology (C-RAN).

Moreover, the timings observed on the DU side will serve as an input for analyzing and determining necessary
adaptations in the DU protocol stack to allow the required level of centralization. Additionally, this study will
function as a means to accurately determine the sizing of the network components, as mentioned previously.
By considering timing and capacity constraints, it becomes feasible to ascertain the quantity and capacity of
elements implicated in the centralized architecture blueprint.

Furthermore, it will provide valuable insights into the extent of optimization required to achieve the desired
level of centralization within the network. It will involve implementing various mechanisms aimed at
addressing potential impairments that may arise, particularly concerning the competition between FH traffic
and other traffics injected in the same routers (network elements) of the transport network.

Finally, as it can be seen, studying the characterization of the links following industry standards, using real
equipment and real transport network data allows not only to know which scenarios are potentially valid,
but also provides different outcomes for other analyses to be performed so that together, integrating all the
work, it is possible to build deployments based on centralized architectures that in the short term can offer
to users the numerous advantages that this type of topologies present.

4.4 SMART-K2.3: Flexible functional split
Introduction

5G has developed different technologies to enhance flexibility and efficiency within mobile networks. The
new 5G virtualized base station can be divided into three components that are placed in diverse geographical
locations: the Radio Unit (RU), the Distributed Unit (DU) and the Centralized Unit (CU). RU and DU are
connected through a fronthaul network, while DU and CU are connected through the midhaul network.
Virtualization enables functional splitting that determines which protocol layers’ functions are implemented
in each unit. Depending on the chosen split, protocol layer functions can either be implemented locally in the
RU/DU, resulting in a distributed setup, or centrally, in the CU. It is worth mentioning that 3™ Generation
Partnership Project (3GPP) specifications just defined functional split Option 2 for CU/DU split [44], and so
just the midhaul network was considered with a fixed PDCP/RLC split, although there were studies in 3GPP
that analyzed the trade-offs of various functional split options [37] and further studies addressing specifically
the low-layer splits [45]. Open Radio Access Network (O-RAN) Alliance, instead, further defined the new RU
entity and adopted the so-called functional split Option 7.2x (intra-PHY split) for the DU/RU split [46].

Each functional split offers different trade-offs in fronthaul/midhaul capacity and latency requirements
versus implementation and network performance. Centralizing baseband functions offers significant benefits
for network operators. For instance, coordinating the same protocol layer across different cells can reduce
interferences, enhance reliability, or simplify handover procedure, while reducing costs [47]. However,
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achieving maximum centralization is challenging due to the limitations in midhaul network capacity, diverse
traffic delay requirements, functional splits constraints and asymmetric computational resources, among
others [48] [49]. The study in [50] examines the delay introduced across different functional splits. It is
concluded that as centralization increases, induced delay also increases. Therefore, it is observed that as
traffic latency requirements become more restrictive, the functions are processed at the edge (DU or RU), so
the average power consumption increases by 32.8%, resulting in higher operational costs. This observation
is further supported by [51] and [52], which highlight that higher low-latency traffic loads result in lower
centralization. Therefore, flexibility in choosing the optimal functional split is crucial to meet the diverse
throughput and latency demands of different traffic types and reduce operational costs. This flexibility allows
to serve diverse traffic types, optimizing resource utilization and network performance based on specific
requirements [53] (see Figure 3).

Data Network:
eg. Internet

5G-CORE

AAAAAAAAAAAAAAAAAAAAA RU(Spiit 7.2)

(| HighPHY i

RU, (Split4)

MAC
High PHY
Low PHY
RF

Core Network

Optical Fronthaul
Network

idhaul Network

FIGURE 3. CU-DU-RU IMPLEMENTATION EXAMPLE WITH FLEXIBLE FUNCTIONAL SPLITS FOR DIFFERENT TRAFFIC
TYPES.

SoA

Some current researchers have studied the selection of the best functional split considering the scenario
characteristics, traffic type, the used computational resources or operation monetary cost. The paper [54]
analyses different functional split backhauls and RAN implementation constraints and shows the benefits to
use different functional splits depending on the transport network characteristics. They highlight that the
biggest challenge in flexible functional splits lies within the architectural and implementation domains.

In [55] an optimization problem is proposed to select jointly the optimal functional split and routing path for
each RUs and CU pair, looking for a tradeoff between performance and associated monetary costs. The work
in [56] also relies on an optimization problem to select dynamically the optimal functional split considering a
scenario with heterogenous traffic where the midhaul bandwidth is limited. The optimization problem tries
to maximize the centralization of the Cloud Radio Access Network (C-RAN) system, and it concludes that the
dynamic functional split selection gives 90% more centralization over the static functional split. In [57], an
optimization problem is proposed which calculates the optimal baseband unit (BBU) hotel or centralization
placement for cost reduction considering a mixed functional split scheme. To reduce the cost, the
optimization goal is to decrease the number of BBU hotels and fibers in the network. They also propose a
heuristic algorithm to solve the proposed model for large network scenarios. The results show that a mixed
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functional split improves the BBU centralization comparing to each node working in a fixed split. The paper
in [58] selects the optimal functional split based on the traffic split, slice (logical network instance operating
on a shared network infrastructure [59]) specifications and different placement options, trying to maximize
the centralization degree and minimize the active servers. The results show that slices with more stringent
requirements do not support high centralized functional splits. Moreover, a heuristic algorithm is proposed,
to reduce the high computational complexity when solving the problem for large-scale scenarios. The authors
in [60] find the optimal functional split to minimize the operator’s total cost and satisfy the user
requirements. In order to do this, an optimization and a heuristic problem are proposed which select the
base stations that are inactive or sleeping, the functional split and routing path. In [61], the proposed
optimization problem seeks to identify the optimal functional split to minimize computational resources
usage while maximizing the centralization or aggregation level of functions. The main objective in [17] is to
reduce the operational cost. To do this, they select the optimal functional split, slice request admission,
CU/DU placement and the traffic routing.

TABLE 3. SUMMARY OF REFERENCES.

Problem formulation | Monetary cost Centralization

Optimiz. Heuristic

[61] N4 Maximize, while minimizing the
computational cost

[55] v Selection of optimal functional split,
MEC placement and routing path to
have a tradeoff between performance
benefits and monetary cost

[56] v Maximize, considering the midhaul
bandwidth and the given traffic
load at any given time

[57] v v Optimize BBU placement

[58] v v Minimize active servers Maximize

[60] v v Reduce active BS for power | Maximize
consumption

[62] N4 Select functional split, DU/CU
placement, traffic routing request
admission

The previous papers were focused in reducing operational costs and/or maximizing the centralization based
on some constraints such as traffic type, traffic load, computational resources, etc. Despite these
mechanisms are needed, there remains a notable scarcity in literature regarding detailed implementation of
flexible functional splits. The paper [63]is the first work that addresses flexible functional split
implementation challenges, where an adaptive 5G RAN implementation is proposed based on srsLTE [64]
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software platform, that provides runtime functions migration in order to support flexible functional splits.
They conclude that switching functional splits at runtime is possible at spences of introducing packet losses
or additional delay. The work in [65] has develop a testbed that supports four different functional splits using
the implementation of srsRAN 4G [66]. The work [32] proposes a FH-aware scheduling methods and uses the
ns-3 5G-LENA network simulator to evaluate it. In this case, the selected functional split is 7.2x from O-RAN.

Beyond SoA

In this context, we aim to extend and enhance the functional splits implementation within the ns-3 5G-LENA
simulator. Our objective is to analyze which is the best functional split based on factors such as traffic demand
and load. Based on the FH control implementation in the ns-3 5G-LENA simulator that is currently being
developed, where the capacity constraint set by 7.2x functional split is considered, in this work we will
contribute to this code by introducing the 4/6/7.x/8 functional splits capacity and latency requirements.
These constraints will limit the transmission of packets through the FH. This contribution is the first step
towards enabling the creation of functional split selection algorithms in ns-3 5G-LENA simulator that can
dynamically select the most convenient functional split based on the current scenario.

4.5 SMART-K2.4: Radio Stack optimization
Introduction

In modern times, there exists a widespread research and development within the centralization of the Open
RAN architecture [44], a strategic shift driven by the manifold benefits and advantages it promises to offer
[7]. Now, this progress focuses on the centralization architecture, deploying the DU in closer proximity to the
core network to achieve several benefits, for what it will be needed first to perform some modifications in
the system to make it a reality.

DU centralization overstresses some of the functions of RAN protocol stack, particularly those associated
with the MAC layer. This basically introduces a series of adjustments and considerations aimed at
accommodating the longer distances derived from that level of centralization and optimizing processing
techniques in the new architecture. As a consequence, the protocols operating within the MAC layer will
need to operate under longer latencies which this arises a need to assess and optimize the performance of
these protocols under these conditions to ensure efficient operation in these centralized scenarios as it
occurred before with the distributed topologies.

SoA

Nowadays, as outlined by the O-RAN Alliance, the maximum distance this link can sustain is approximately
20 km (equivalent to approximately 100 us in propagation time, one-way) [45], which correspond to the
requirements of eCPRI protocol involved between DU and the RU and the type of service. The utilization of
Split 7.2x involves splitting the physical layer, with the low-PHY residing in the RU and the high-PHY along
with the MAC layer located in the DU. Implementing these layers separately or at a greater distance from the
user point of view, results in increasing fronthaul latency which will result, in turn, a reduction of the time
budget available for the RU and DU to process L1 and L2 layers that are also highly sensitive to timing.
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The main limiting factor relies on the HARQ protocol, which operates at the MAC level [46]. HARQ plays a
pivotal role in enhancing the reliability of data transmission through error detection, correction, and
retransmission mechanisms triggered in response to packet loss or timeouts. Now, for LTE, the HARQ
protocol imposes receiving an ACK/NACK message within 8ms RTT. The DU processing time is usually around
2750 us [47], allowing only a time budget of 250 us for Round-Trip Time (RTT) between the RU and the DU
[51], [49], that is, the budget for the FH. Visually, this can be seen in Figure 4.

8 ms HARQ RTT

3 ms waiting 3 ms processing

/ ACK/ \ TB#2

: \TB #1 NACK

3 ms processing
FIGURE 4. HARQ ROUND-TRIP-TIME

As it is shown, it seems maximum allowed FH timing is limited to only 250us, as indicated above and, indeed,
we have found that is nearly the actual implementation in RAN networks from different vendors, which
imposes several challenges to achieve the presented centralization. Fortunately, there are different
proposals suggest it is possible to enhance this process and allow for a better timing, as it proposed in the
literature [50]. It has pointed out, for instance, the concept of early feedback. This approach entails providing
feedback at an early stage of the decoding process, leveraging the output from the decoder before its
completion. A notable example of this approach is outlined by [67], wherein the authors propose a two-step
prediction process. Initially, they estimate the bit error rate (BER) based on likelihood ratios, followed by
utilizing this estimation to predict the output of a block error indicator predictor using predefined thresholds.
This methodology effectively reduces latency and achieves a high accuracy rate of over 90% in generating
correct feedback messages. In addition, in [68] researchers forecast the necessity for a re-transmission by
analyzing the channel state information. This involves leveraging data on the quality and stability of the
communication channel to anticipate whether a message or data packet may require being sent again for
reliable delivery.

Beyond SoA

In light of this consideration, it becomes realistic to pursue the introduction of certain adjustments at the DU
to counterbalance the increased delays within FH network. This is essential to ensure the seamless operation
of all protocols within a network topology where certain functions are placed far away from the central site.
The implementation of these modifications involves a meticulous evaluation of the fronthaul latency
characteristics and the development of tailored solutions to mitigate any adverse effects on protocols
performance.

In this sense, it is planned in this project to study what are the modifications needed. Some of the options
could be explored basically relies on three concepts:
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e Allowing UL to send a pre-acknowledgment by the receiver even before the data has been sent by
the transmitter, so that the feedback arrives in time like in a typical link. In the case of DL, the BS
would assume that the packet is successfully received. For the time advance process, it is important
to remark that the receiver knows at which time the UE will transmit given that it is stated previously
by the scheduler, so also it knows when to send the pre-acknowledgment.

e Increase the number of HARQ processes per UE in both DL and UL as it is already defined by 3GPP in
Release 17 [69]. This number is chosen in relation to the RTT to ensure continuous transmission. The
more RTT, the more HARQ processes there should be, but minimizing them as much as possible,
given that it implies more signalization and processing [53]

e Another function defined in Release 17 could be explored is the option from the RRC layer of disabling
semi-statically (process by process) the number of HARQ processes in each moment based on a BLER
(Block Error Rate) target. In those cases, the reliability of the channel would rely more on the ARQ of
the RLC (Radio Link Control) layer in asynchronous mode, giving more flexibility to the
implementation since it allows a longer timeout.

All these solutions, among others, should be considered to make possible those centralized topologies at far
edge distances.

4.6 SMART-K2.5: QoS Management for time-critical immersive applications
Introduction

Next generation mobile networks (i.e., 5G and 6G) are designed to support time-critical technologies such as
eXtended Reality (XR) - encompassing Virtual Reality (VR), Augmented Reality (AR) and Mixed Reality (MR),
and Cloud Gaming (CG) that seamlessly blend the real with the virtual world, enhancing the user experience.
This evolution creates the opportunity for various industry sectors to integrate immersive experiences into
their services. Examples include the domains of entertainment, healthcare, real-estate, manufacturing and
education, among others [70].

Nevertheless, the inherently time-critical nature of these applications remains a challenge. In fact, properly
managing XR and CG traffic considering its stringent Quality-of-Service (QoS) requirements, in terms of
latency, bitrate and reliability is crucial, resulting in the need for advanced scheduling algorithms. Moreover,
XR applications such as VR and AR can generate traffic consisting of various streams (or flows), known as
multi-flow traffic, each one with distinct QoS requirements. To address these challenges, 5G New Radio (NR)
introduced the QoS model that is a new framework for QoS provisioning that moves the control at the QoS
flow level [71]. This architecture can be particularly beneficial for applications such as the XR, since it allows
the management of multi-flow traffic with time-critical requirements. However, 3GPP standardization does
not specify the technical and implementation details of the MAC scheduling algorithms. As such, the design
of effective scheduling algorithms is attracting the attention of researchers.

SoA

Several works in the literature have investigated QoS MAC schedulers for various use cases considering 5G
NR networks. For example, a QoS-aware and channel-aware Radio Resource Management (RRM) framework
has been presented in [72] considering a multi-numerology 5G NR network. The work is focused on the
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effective management of Best Effort (BE) and Guaranteed Bit Rate (GBR) traffic. Solutions based on machine
learning and reinforcement learning have also been studied. Work in [73] proposed a knowledge-assisted
deep reinforcement learning algorithm for time-sensitive traffic in 5G networks, while in [74] the authors
proposed the PreQoS mechanism that is a QoS prediction scheme for Vehicle-to-Everything (V2X) services in
beyond 5G systems leveraging machine learning techniques.

Although there is a vast amount of literature covering a broad spectrum of use cases, research on QoS
management for XR traffic is currently under way, therefore related work is still in its early stages. A
scheduling framework, called 5MART, has been presented in [75] considering heterogeneous traffic of VR,
video, VolIP and FTP. In this framework, the authors apply reinforcement learning and neural networks to find
the best scheduling decisions. Heterogeneous traffic is also studied in [76], where a resource allocation
scheme is proposed employing reinforcement learning for QoS provisioning. However, it's important to
acknowledge that while these approaches are addressing QoS provisioning for XR traffic, they may not fully
account for all the unique challenges posed by XR traffic, such as the generation of multiple service data flows
with different QoS requirements.

Beyond SoA

To address the challenges of the time-critical applications, such as the XR and CG, work will be focused on
proposing a generic QoS MAC scheduler that will perform QoS provisioning at the flow level and that will
properly treat various time-critical traffic types by taking into consideration the QoS requirements of each
service data flow. Our vision and novelty for this proposed scheduler is to satisfy the requirements of each
flow by considering a combination of QoS flow descriptors and real-time measurements. Moreover, to handle
multi-flow traffic, a QoS assignment algorithm at the level of Logical Channels (LCs) will be properly designed
and proposed, that will account for the QoS characteristics inside the various flows of the same user and
therefore ensure very fine flow-level granularity of the QoS scheduling.

4.7 SMART-K2.6: QoS strategies the transport for multi-service aggregation
Introduction

As mobile networks evolve towards more flexible and efficient architectures, the role of QoS in transport
segments becomes a crucial topic. The ORAN architecture, with its disaggregated and modular approach,
introduces new opportunities and challenges for QoS management. QoS in transport networks refers to the
ability to deliver traffic with varying performance requirements, such as latency, throughput, and reliability,
while efficiently utilizing network resources. With the advent of multi-service aggregation, where different
types of traffic are consolidated and transported over a unified network infrastructure, the need for
sophisticated QoS strategies becomes even more pronounced.

SoA

The state of the art in this field encompasses a variety of approaches aimed at optimizing resource utilization,
minimizing latency, and ensuring high reliability across a spectrum of services.

e Traffic Classification and Prioritization: One of the fundamental strategies in QoS management in-
volves the classification and prioritization of traffic based on its characteristics and requirements.
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This approach allows network operators to allocate resources more efficiently, ensuring that critical
services receive preferential treatment over less time-sensitive applications.

e Service Level Agreements (SLAs) and Traffic Engineering: SLAs define the performance parameters
guaranteed by the network operator to the end-users or service providers. Traffic engineering tech-
niques, such as traffic shaping, route optimization, and bandwidth reservation, are employed to en-
force SLAs and maintain desired QoS levels. These strategies enable proactive management of net-
work resources, mitigating congestion and ensuring consistent service delivery across diverse traffic
types.

e Dynamic Bandwidth Allocation: With multi-service aggregation, the demand for bandwidth varies
dynamically across different services and applications. Dynamic bandwidth allocation techniques,
such as Quality of Service-aware routing and traffic grooming, adaptively adjust resource allocation
based on real-time traffic conditions and QoS requirements. By dynamically allocating bandwidth to
accommodate peak demands and fluctuations in traffic patterns, these strategies enhance network
efficiency and responsiveness.

Keeping this in mind, the focus of this key concept is on characterizing the system behavior from different
QoS strategies for mapping the fronthaul traffic in an ORAN-based 6G disaggregated mobile network. It also
encompasses an experimental assessment of these QoS marking strategies and their validation through
measurement campaigns utilizing carrier-grade equipment. Additionally, the research explores the impact of
combining multiple traffic types in fronthaul scenarios of multi-service aggregation. This key concept will go
through several tasks:

e Theoretical Analysis of QoS Marking Strategies, developed by UNICAN: various theoretical models of
QoS marking strategies [77] [78] are presented and analyzed. The discussion delves into the benefits
and drawbacks of different approaches and their suitability for specific traffic types. The emphasis is
on understanding how these strategies affect fronthaul traffic when combined in a multi-service ag-
gregation environment. The analysis of QoS management in the network plays a crucial role, as it will
inform the definition of effective strategies and the development of guidelines for implementation.

e System Behavior Characterization, developed by UNICAN: Here, the system behavior resulting from
different QoS strategies is characterized through simulations and mathematical models, specifically
by using ns-3 [79]. The goal is to identify the impact of QoS strategies on different traffic types and
their overall effect on the transport aggregation network. The scenario will include a first node in
charge of marking traffic by using the DSCP [80] field in the IP header. Then, a second node will apply
QoS strategies based on commercial routers.

e Testing on real equipment: the TID laboratory will be the center of real equipment testing. With
access to several carrier-grade equipment, it will prove the theoretical calculations in a real-world
environment.

o Firstly, there will be tests on isolated nodes. These tests will include vendors such as Cisco,
Juniper, and others. In this way, it will be possible to demonstrate how the QoS strategies
developed affect traffic depending on the router on which they are implemented.

o Subsequently, the developed QoS strategies will be tested with a topology closer to a pro-
duction implementation. This topology will be built with the equipment that provided better
results in the previous tests, taking into account the limitations of the number of routers
available in the laboratory. The reference scenario to be replicated is the one proposed by
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Juniper [81] (Figure 5) in which one of the routers applies the marking, and another one
applies the QoS strategies.

4GeNB

5GgNB

FIGURE 5. JUNIPER VALIDATED DESIGN - 5G FRONTHAUL SERVICES TOPOLOGY

Beyond SoA

Our research extends beyond the state of the art, introducing novel contributions and insights that pave the
way for enhanced network performance and efficiency. The key innovations and contributions include:

e Tailored QoS Marking Strategies for Fronthaul Traffic: Building upon existing QoS marking strategies,
our research delves into the development of tailored approaches specifically designed for fronthaul
traffic in ORAN-based architectures. By leveraging insights from theoretical analysis and system be-
haviour characterization, we identify optimal QoS marking schemes that strike a balance between
resource efficiency and service differentiation.

e Real-world Validation and Testing: Going beyond theoretical analyses, our research conducts exten-
sive validation and testing of QoS strategies on real carrier-grade equipment in the TID laboratory.
Through rigorous experimentation and measurement campaigns, we validate the effectiveness and
practical applicability of our proposed QoS mechanisms in real-world scenarios, ensuring their read-
iness for deployment in production environments.
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