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Abstract xiii

MSc Thesis

Design and Development of a Packet Routing Mechanism in Distributed
Sth Generation Base Stations with Multiple Radio Access Technologies
(multi-RAT)

Dimitrios Kefalas

Abstract

5G networks represent a major technological evolution, aiming to meet diverse service re-
quirements through enhanced Mobile Broadband (eMBB), ultra-reliable low-latency commu-
nications (URLLC) and massive machine-type communications (mMTC). To achieve these
goals, the convergence of different Radio Access Technologies (RATs) under a unified sys-
tem, known as multi-RAT, has been proposed. RATs in generally can be divided into 3GPP
technologies (LTE and 5G NR) and non-3GPP technologies (WiFi). Focusing on 5G net-
works, integrating non-3GPP access can combine the strengths of both technologies; how-
ever, core-level solutions, such as the N3IWF, lack RAN coordination and joint resource
management between NR and WiFi.

In this thesis, a unified RAN-level integration of non-3GPP technology, namely WiFi,
into the 5G O-RAN architecture is proposed. WiFi is integrated as a DU within the O-RAN
framework, enabling packet-level traffic steering across 5G and WiFi DUs. A user-based
slicing scheme for the WiFi DU is also proposed. Utilizing the Near-RT RIC, we deployed
two different xApps that use LSTM-based traffic forecasting to predict UE demand: The
first xApp applies a non-prioritizing policy, using the 5G DU as the main interface and dy-
namically offloading or splitting traffic to the WiFi DU when demand exceeds capacity. The
second xApp defines two sets of priority and non-priority UEs, with both groups initially
utilizing the WiFi DU as their main interface. During traffic congestion, priority UEs are
able to utilize up to 70% of the WiFi capacity, while the remaining bandwidth is allocated to
non-priority UEs. When WiFi resources are insufficient, both priority and non-priority UEs
are offloaded to the 5G DU to meet their demand. The proposed system was implemented
and evaluated on a testbed with real-world datasets. Our findings highlight that the proposed
O-RAN multi-RAT system, effectively exploits their complementary capabilities to satisfy

UE requirements for QoS and traffic demand.
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Lepiinyn XV

Metantuylokn AmmAopotikny Epyacio

YyEO10ONOC KOl AVATTUEN PNy OVIGHOD OPOROAOYTONG TUAKETOV GE
KOTOVEPNRUEVOVS OTAOHOVS 51)C YEVIAS TOAALATAMY TEYVOLOYLAOV

acvppoatc tpocPacng (multi-RAT)

Anpntprog Keparag

’
Iepiinyn

Ta diktvo 5G avTITPOSMOTELOLY LUiK CNILAVTIKY] TEXVOAOYIKN EEEMEN, e GTOYO TNV KAAVYT| TTOIKi-
A®V ATOLTGEMVY VANPESIOV HEG® Tov enhanced Mobile Broadband (eMBB), twv ultra-reliable low-
latency communications (URLLC) kot t@v massive machine-type communications (mMTC). I'ia v
eMitevén avTOV TOV 6TOY®V £YEl TpoTadel 1 chykAion dtapopeTikdv Teyvoroyidv Acvpuatng I1po-
oPaong (Radio Access Technologies, RATs) cg éva evomomuévo cvotnua, yvootd og multi-RAT.
I'evikd, o RATs pmopovv va dwakpifovv og texvoroyieg 3GPP (LTE kot SG NR) ko og 1e)voroyieg
un 3GPP (6nw¢ to WiFi). Ectidlovtog ota diktva 5G, n evoopdtwon un 3GPP npoécPaong puropet
V0L GLVOVAGEL TO, TAEOVEKTILOTO, KO T@V 6V0 TEXVOLOYIDV' GTOGO, 01 ADGELG EMTESOV TVPTVAL, OTTMOG
10 N3IWF, otepovvtar cuvtoviopov 61o eninedo tov RAN kot kowng diayeipiong mopwv petad NR
kot WiFi.

>tV Topovoo SMAMUATIKY Epyacio TpoTeiveTol o evomomuévn evooudtmoon g un 3GPP
teyvohoyiag, oniadn tov WiFi, oto 5G O-RAN apyitektovikd miaicto o€ eninedo RAN. To WiFi gv-
copat@veral og Distributed Unit (DU) oto mhaicio tov O-RAN, emtpémovtag tnv kabodnynon g
kivnong oe eminedo makétov peta&d tov DUs 5G kot WiFi. TIpoteivetal emiong éva oynua slicing
Bacwopévo oe ypnoteg yo. to WiFi DU. A&omoidvtag to Near-RT RIC, avarntoydnkav dvo dtopope-
TIKG XApPpPS 7OV Yp1ooTolovy Tpofreyn (tmong péom LSTM yuo v mpoPreyn g {tnong tov
UEs: To nmpdto XApp £popprolet pio oMtk Ympic Tpotepardtres, ypnotponoidviog 1o SG DU wg
KOPLa SlEmOPN Kot SLVOUIKE EKPopTdVOoVTaG 1| Kortapepilovtag v kivinon mpog to WiFi DU 6tav
{qon vrepPaivel T yopnrikdtnTa. To devtepo XApp opilel dvo ouddeg, pe UEs mpotepardtntog
KOl YOPIg TPOTEPUOTNTA, OOV KAl 01 dVO apyKd ypnoiponotovv to WiFi DU wg kbpia diemapn. Ze
TEPLOOOVE SLUEOPN NG, To. UES mpotepatdtntog pmopovv va a&lomomcouvy mg katl 70% g yopn-
TiKoTNTag Tov WiFi, evd to vmdlouro gvpog Lovng katavépetar ota UEs yopig mpotepaidtnta. Otav
ot topot tov WiFi dev enaprovv, tdco ta UEs mpotepardotnrag 6co kot to. UEs yopic Tpotepaidtra
expopt@vovtal oto 5G DU yia v kdioyn e (mong tovg. To TpoTevoievo GUGTN A VAOTOL-
Onke kat a&loloynOnKe o€ SOKILACTIKN TAATQOPLLO E TPAYLLATIKA dedopéva. To amoTeAEGHATA oG

Katadekvoovy 611 10 Tpotevopuevo O-RAN multi-RAT oo eKPHeETOAAEDETOL ATOTEAEGUATIKA TIG
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xvi Hepiinymn

GUUTANPOUATIKEG SuVOTOTNTEG TV £TEPOYEVOV RATS Yo v kdAvyn Tov artattioemv T@v UEs cg

QoS kot {ynon xivnone.
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Chapter 1

Introduction

5G networks represent a major technological evolution, designed to meet the diverse
and demanding requirements of modern communication systems by enabling enhanced mo-
bile broadband (eMBB), ultra-reliable low-latency communications (URLLC), and massive
machine-type communications (mMTC). One direction that the scientific community has
identified in order to address these heterogeneous service requirements is the convergence of
different radio access technologies within a unified system. This approach, known as multi-
Radio Access Technologies (multi-RAT), enables the coordinated operation of multiple radio
technologies under a unified architecture to optimize resource utilization, enhance capacity,

and support flexible service delivery.

In general, Radio Access Technologies (RATs) can be classified into two main categories:
3GPP and non-3GPP technologies. 3GPP technologies refer to radio systems standardized by
the 3rd Generation Partnership Project, such as LTE and 5G NR, offering native support for
mobility, QoS, and advanced radio features. Non-3GPP technologies, such as WiF1i, operate
in unlicensed spectrum and provide cost-efficient, high-bandwidth connectivity for local-area

deployments.

The integration of non-3GPP radio access technologies into the 3GPP-based systems is
motivated because of the complementary advantages that these technologies offer to each
other. As already mentioned, 5G NR offers QoS, mobility support, and advanced radio fea-
tures, while WiFi provides cost-efficient, high-bandwidth connectivity in unlicensed spec-
trum, ideal for indoor use and traffic offloading. By bridging these two worlds, operators can

combine the benefits of both and create a flexible, scalable and more efficient access network.

The scientific community and industry operators have performed several standardization

1
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2 Chapter 1. Introduction

activities to define frameworks for integrating non-3GPP technologies into 3GPP systems.
In 5G systems, the Non-3GPP Interworking Function (N3IWF) was introduced to support
secure and efficient connection of non-3GPP user equipments with the 5G Core Network
(5GCN). This function allows mobility management, establishment of sessions and integra-
tion of the user plane using standard interfaces. However, the integration based on N3IWF
suffers from operating at the core network level rather than the RAN, leading to increased
signaling overhead, higher latency, lack of unified scheduling, and limited low-layer coordi-

nation between 3GPP and non-3GPP technologies.

In this thesis, an alternative approach is explored: the direct integration of non-3GPP
access, and in particular WiFi, in the MAC and PHY layers of the 5G Radio Access Network
(RAN). In the proposed architecture, a non-3GPP technology namely the WiFi is converged
into the 5G system architecture as a Distributed Unit (DU) in a disaggregated 5G RAN, and
this enables joint scheduling, traffic steering and slicing over heterogeneous interfaces, while
staying compatible with the 5G protocol stack. This low-layer integration enables the packet
level routing decisions, allows a tighter coordination between the RATs, and removes the

need for intermediary internetworking functions.

The work of this thesis addresses not only the technical challenges for integrating WiFi
as DU—Ilike the unified identification of the user, the adaptation of protocols and the en-
forcement of QoS—but also proposes and evaluates traffic steering methods based on the
O-RAN architecture. In particular, controllers as xApps are developed, in order to dynam-
ically provision the resources of the 5G and WiFi DUs according to predicted demand and
priorities of the users. In this way, a flexible multi-RAT system is achieved, that can adapt in
real-time depending on the network conditions, the user requirements and the service-level

agreements.

In summary, this thesis is contributing to the current efforts for realizing unified multi-
RAT 5G networks, by showing how non-3GPP technologies can be integrated in 5G RAN,
and how this can enable smarter and more efficient utilization of the wireless resources in the

future heterogeneous access networks.
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1.1 Thesis’ scope 3

1.1 Thesis’ scope

The primary objective of this thesis is to design and implement traffic steering mech-
anisms in a multi-RAT environment, with a specific focus on the collaborative operation
between WiFi and 5G within the RAN. More precisely, this work explores the integration of
WiFi as an additional access technology within the 5G RAN, by embedding it functionally
at the MAC level of the NR protocol stack. WiFi is treated as an independent DU, similar to
the 5G DU, allowing both of them to be jointly utilized by the scheduler.

Based on this architecture, two different traffic steering policies are designed and imple-
mented, both developed as xApps and executed on top of the O-RAN architecture, using the
nearRT - RAN Intelligent Controller (nearRT-RIC) as the main control point.

The first policy follows a hierarchical approach where the 5G DU is the main interface,
and the WiFi DU is only activated when the predicted demand exceeds the capacity of the
5G DU. If the total traffic demand exceeds the capacity of the WiFi link, then the traffic is

split and routed simultaneously to both DUs.

The second traffic steering logic follows a more priority-aware model. Priority UEs are
granted access to the WiFi DU first. Based on our experiments, the WiFi DU offers lower
latency and higher throughput compared to the 5G DU, making it the primary interface. As a
result, non-priority UEs also utilize it when sufficient resources are available. When conges-
tion appears or priority UEs request more resources, a 70% bandwidth threshold is applied
in favor of the priority UEs, and the remaining WiF1 capacity is dynamically allocated to the
non-priority ones. Additionally, the policy enables simultaneous routing over both interfaces

(5G and WiFi), promoting flexibility and efficient resource utilization.

The thesis is developed and evaluated over the real-world testbed NITOS. In our setup,
we generate realistic traffic using UDP throughput traces from a real-world dataset, while we
also use a demand forecasting method based on Long Short-Term Memory (LSTM) neural
networks trained on historical traffic patterns. This forecasting is then used as input to our

traffic steering logic, allowing proactive resource allocation decisions.

To conclude, this thesis goes beyond a simple convergence of WiFi into 5G at the MAC
layer. It also contributes to how traffic is scheduled in a multi-RAT RAN context, making a
small but meaningful step towards smarter and more flexible resource management in next-

generation access networks.
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4 Chapter 1. Introduction

1.1.1 Contribution
The contribution of this thesis can be summarized as follows:

* Designed and implemented a multi-RAT O-RAN system with WiFi DU integration

* Designed and implemented a CU-scheduler for packet-level traffic steering among the

Multi-RAT DUs
* Proposed a user-based slicing mechanism at the WiFi DU.

* Designed and implemented a non-prioritizing xApp for dynamic traffic steering using

LSTM-based UE traffic demand prediction.

* Designed and implemented a prioritizing xApp that allocates WiFi DU capacity pref-
erentially to priority UEs while offloading non-priority UEs to the 5G DU during con-

gestion.

» Experimentally validated the system in a real testbed (NITOS/SLICES-RI) using real-

world datasets to evaluate throughput, interface utilization, and latency.

1.2 Thesis Structure

This thesis is organized into six chapters. Chapter 1 introduces the general context of
the work, starting with a brief historical overview of the evolution of cellular networks and
WiFi technology. It also discusses the motivation behind the convergence of heterogeneous
wireless access technologies, highlighting the need for unified operation within the RAN.

Chapter 2 provides the theoretical foundation of the work, presenting the essential con-
cepts underlying 5G architecture, the O-RAN model, and the functionality of the RAN Intel-
ligent Controller (RIC).

Additionally, Chapter 3 discusses related research works from the literature are reviewed,
particularly those focusing on multi-RAT operation, traffic steering, and resource manage-
ment in radio access networks.

In Chapter 4, the system architecture is described, where WiFi is integrated as an addi-
tional Distributed Unit (DU) at the MAC layer of the 5G NR protocol stack. The operation
logic of the proposed system is analyzed in detail. It also presents the design and imple-

mentation of the two traffic steering algorithms, both developed as x Apps operating over the
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1.2 Thesis Structure 5

RIC. The first one follows a non-prioritizing hierarchical decision-making strategy, while the
second introduces UE priority awareness and dynamic bandwidth allocation between users.

Chapter 5 presents the experimental platform and testbed environment employed for the
development and validation of the proposed system. It details the experimental evaluation of
both xApps, conducted on the real-world NITOS testbed. The performance analysis focuses
on interface utilization, per-UE throughput distribution, and fairness within the dual-RAT
setup.

Finally, Chapter 6 concludes the thesis with a summary of the findings and proposes
directions for future work, such as the integration of slicing mechanisms and the exploration

of reinforcement learning techniques for more intelligent and adaptive scheduling policies.
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Chapter 2

Background

This section will analyze some basic features of the technologies used in the proposed
system. Initially, the basic architecture of cellular networks will be presented, giving emphasis

to the 5@, followed by a discussion regarding the WiFi technology and its integration aspects.

2.1 Cellular Networks - From Analog to Broadband: The
Path to 4G

Cellular networks have experienced rapid technological advancements in recent decades.
In particular, the traditional, monolithic architectures of earlier generations of cellular net-
works (from 1G to 4G) have evolved into highly flexible, disaggregated, virtualized, and
cloud-based systems (5G and beyond).

1G

To understand the overall evolution of cellular networks, it is worthwhile to present some
brief details of each generation. Starting with the 1G cellular network, the first generation
of cellular networks, which supported only Analog voice transmission, had small data trans-
mission capabilities, and operated in the 800MHz band. It was characterized by enormous
energy consumption and a lack of security systems.

The system architecture of the 1G system as depicted in Figure presents significant
differences from the architectures of later cellular networks. It was the first one to introduce
the innovation of organizing an area into cells, where each cell contains a base station (BS)

responsible for wireless communication with user equipment (UE). The BS and the Mobile

7
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8 Chapter 2. Background

Figure 2.1: 1G system architecture

Switching Center (MSC) communicated with wired lines. An MSC was primarily responsible
for basic connectivity such as connecting base stations, routing voice calls and others. Each
MSC was responsible to communicate with the Public Switched Telephone Network (PSTN)

in order to enable external voice communication.

2G

The second generation of cellular networks, 2G, was the first cellular network capable to
support digital transmission. It introduced the digital voice communication through GSM and
enabled the basic data services such as SMS and MMS. 2G was able to operate in multiple
bands such as 850 MHz, 900 MHz, 1800 MHz, 1900 MHz, achieving better spectral effi-
ciency through the proposed access techniques such as the Time Division Multiple Access
(TDMA) and the Code Division Multiple Access (CDMA), offering better call quality.

2G inherited its system architecture from the 1G, with one key difference: the existence
of the Base Station Controller (BSC), which is located between the BTSs and MSC and is
responsible for handling Radio channel allocation, Handovers, and Power level control, as
well as Frequency hopping. Although 2G inherits the same concept of cells and centralized
switching from 1G, its architecture is more layered and functionally advanced marking a
clear evolution rather than a reuse of the 1G architecture. The system architecture of the 2G

cellular networks is depicted in Figure 2.2.

3G

The third generation of cellular networks, commercial named 3G, it introduced signif-
icant improvements in mobile data transmission rates and multimedia capabilities over its

predescessors, paving the way for the upcoming mobile internet era. As its primary radio
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2.1 Cellular Networks - From Analog to Broadband: The Path to 4G 9

Figure 2.2: 2G system architecture

Figure 2.3: 3G system architecture

access technology, 3G utilized the Wideband Code Division Multiple Access (W-CDMA),
having peak data rates of 2 Mbps for stationary users and around 384 kbps for the mobile
ones, operating under various frequency bands such as 850 MHz, 900 MHz, 1700 MHz, 1900
MHz, and 2100 MHz. 3G was the first cellular technology that introduced a packet-switched
data oriented architecture, making feasible the mobile internet connectivity and building the
foundation for creating IP-based mobile networks. The aforementioned network transforma-
tion from traditional circuit-switched voice services to packet-switched oriented networks is
one of the most significant evolutions in the cellular networks.

Focusing more to the 3G architecture, we can easily understand that it builds upon the
foundation of 2G by maintaining the existing voice-centric MSC and introduced two new
key components: the Universal Terrestrial Radio Access Network (UTRAN) and the evolved

Core Network, which had as responsibility to support internet connectivity (see Figure R.3).

As already mention, with the integration of these new entities, 3G managed to achieve
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10 Chapter 2. Background

a seamless transition from traditional voice communication to a more data-oriented mobile

experience.

4G

The next cellular generation of the 3G, namely the 4G, played a crucial role in the evolu-
tion of the system architecture of cellular networks since it redesigned an entirely all-IP based
system architecture, which significantly increased data rates and enabled seamless support
for real-time applications. This all-IP based architecture eliminated all the circuit-switched
components and supported both voice and data transmissions over a unified, packet-switched
IP network. Significant evolution was not only limited to the system architecture but also took
place at the RAN with the adoption of OFDMA (Orthogonal Frequency-Division Multiple
Access) in the downlink and SC-FDMA in the uplink, which offer high spectral efficiency,
low latency, and improved data transmission speeds. These transmission speeds could reach
up to 100 Mbps under ideal conditions. This high transmission rate capability occurred due
to the adaptation of the MIMO (Multiple Input Multiple Output) antenna technology, which
further enhanced throughput and network reliability of the 4G RAN. Depending on the region
in which the 4G network is deployed, 4G supports a wide range frequency operating bands,
offering greater flexibility and capacity than 3G.

The 4G system architecture can be divided into two main domains: the Evolved UMTS
Terrestrial Radio Access Network (E-UTRAN) and the Evolved Packet Core (EPC), as de-
picted in Figure 2.4. Both of these two components which constitute the Evolved Packet Sys-
tem (EPS). Focusing more on the RAN part, the E-UTRAN, is consisted of two primary com-
ponents: the User Equipment (UE) and the eNodeB (Evolved Node B). The eNodeB which
actually is the base station of the 4G era, it is responsible for control and user plane operations
such as managing the radio resources, performing handovers, maintaining the Quality of Ser-
vice (QoS), and forwarding user data to the EPC. As already mentioned, it handles both user
plane and control plane operations and interfaces directly with EPC components, specifically
the Mobility Management Entity (MME) and the Serving Gateway (S-GW).

The EPC is consisted of four key entities: the Mobility Management Entity (MME), the
Serving Gateway (S-GW), the Packet Data Network Gateway (P-GW), and the Home Sub-
scriber Server (HSS). The MME is responsible for control plane functions, such as control-

signaling, user authentication, session establishment, and bearer management. The EPC in-
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Figure 2.4: 4G system architecture

teracts with the HSS to get the subscriber profiles and authentication credentials. The S-GW
is responsible for forwarding user plane traffic between the eNodeB and the P-GW and for
maintaining seamless data flow as the user moves between different cells.

The P-GW connects the LTE network to the external Packet Data Networks (PDNs), such
as the global internet, and also is responsible for IP addressing, maintaing QoS policies, and
applying traffic management rules. Finally, the HSS serves as subscriber database responsible
for storing authentication information, mobility data, and service authorizations.

To sum up, 4G was a turning point, marking the shift from centric systems to a distributed,
all-IP architecture capable of supporting application with high-speed data transmission and
real-time communication demands. This evolution expanded mobile network capabilities but
also raised user demands for greater transmission speed, lower latency and reliability. As 4G
was not designed to meet the enormous requirements of today UEs which want the support of
emerging use cases like massive loT and ultra-low-latency control, it paved the way for 5G,

which introduces a cloud-native, service-based architecture to address these new challenges.

2.2 5G: A New Era in Mobile Network Architecture

5G is the direct successor to 4G in the evolution of cellular technologies and was devel-
oped to overcome the limitations of earlier generations. Its primary objective is to enable more
flexible and scalable network architectures, offering significantly improved performance in
terms of latency, reliability, and data throughput. These enhancements aim to meet the grow-
ing demands of users and support a wide range of emerging applications, including real-time
services, and large-scale IoT deployments. Furthermore, 5G aims to transform cellular net-
works into cloud-native environments through the adoption of a service-based architecture,

converting all 5G entities into virtualized network functions designed to support scalability
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12 Chapter 2. Background

and dynamic resource orchestration.

5@ also introduces three primary service categories namely Ultra-Reliable Low-Latency
Communication (URLLC), enhanced Mobile Broadband (eMBB), and massive Machine-
Type Communication (mMTC), aiming to enable the support for a broad range of demanding

and diverse applications.

+ Ultra-Reliable Low-Latency Communication (URLLC): URLLC aims to achieve both
ultra-high reliability and ultra-low latency, two performance metrics that have tradi-
tionally been difficult to achieve simultaneously. This service focuses on meeting the

needs of mission-critical applications that require minimal delays and data loss.

* Enhanced Mobile Broadband (eMBB): eMBB aims to support data-intensive applica-
tions by addressing the demand for significantly higher data rates and increased net-
work capacity. It focuses to provide seamless high-speed connectivity by exploiting ca-
pabilities of previous mobile generations, offering improved spectral efficiency, wider

bandwidth, and advanced antenna technologies such as massive MIMO.

* Massive Machine-Type Communication (mMTC): mMTC is designed especially to
support the connectivity needs resulting from the Internet of Things (IoT) devices. The
network behaviour these devices have is to generate small, infrequent data transmis-
sions. mMTC focuses on enabling energy-efficient and cost-effective communication

for low-power devices, often deployed in dense or remote environments.

To support the aforementioned services, 5G utilized multiple technologies in order to deal

with the corresponding demands. The following examples are indicative:

* Millimeter Wave (mmWave): With the usage of mmWave, 5G can expand the opera-
tional band frequencies above 24 GHz, aiming to achieve very high data rate transmis-

sion speed. This technology is especially suitable for short-range communication.

* Massive Multiple Input Multiple Output (MIMO): Massive MIMO is the evolution of
the MIMO technology used in LTE It can utilize up to hundreds of antennas at the
BS, enabling multiplexing and serving multiple users simultaneously, improving the

spectral efficiency and the network capacity.
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* Beamforming: This technology aims to direct the radio signals transmitted from the
BS toward specific connected devices, reducing the interference while simultaneously

increasing the signal strength.

* Network Slicing: Network slicing is responsible for creating multiple virtual networks
on top of the same physical infrastructure. Each slice serves specific service require-

ments, and isolation between slices is ensured to improve resource utilization.

* Virtualization: 5G utilizes virtualization to decouple hardware from software functions.
This adaptable architecture streamlines network management, enhances resource allo-

cation, and speeds up the deployment of new services.

2.2.1 5G System Architecture

5G has two main architectures for deploying it in real networks: Non-Standalone Archi-
tecture (NSA) and Standalone Architecture (SA).

In the NSA, the 5G network is deployed with the support of a CN derived from 4G, sup-
porting some functions from 5G. This architecture connects eNBs and gNBs to the same CN
while they can directly communicate via the Xn interface. Thus, NSA networks can support
higher data rates, lower latency, and increased capacity compared to 4G, as 5G innovations
at the RAN level have been incorporated into the system. However, since the CN is lim-
ited to 4G functionalities, NSA lacks features such as network slicing and other capabilities
introduced in the 5G Core.

As mentioned above, 5G, to meet the increasing demands of customers in high-volume
data transmission and low-latency demands of services, had to adopt more flexible and dis-
tributed architectures. 5G utilizing the Network Function Virtualization (NFV) technology
creates a service-based architecture (SBA) at both CN and RAN levels to solve the problems
of monolithic architectures of previous generations. Thus, the 5G CN is transformed into a
cloud-native deployment through the decomposition of the functions of the 4G CN entities.

More specifically, the basic 5G CN now consists of the following entities:

* Authentication Server Function (AUSF): The AUSF handles user authentication in 5G,

replacing the Home Subscriber Server (HSS) authentication functions in LTE.

 Unified Data Management (UDM): The UDM manages subscriber data and policies,
serving a role similar to the HSS and parts of the PCRF in LTE.
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» User Data Repository (UDR): The UDR acts as the central data storage for network

functions, equivalent to the database portion of the HSS in LTE.

* Network Repository Function (NRF): The NRF, which allows dynamic discovery of
network functions, has no direct equivalent in LTE, as EPC functions are statically

configured.

* Access and Mobility Management Function (AMF): The AMF manages user access
and mobility, replacing the Mobility Management Entity (MME) in LTE.

 Session Management Function (SMF): The SMF handles session setup and traffic path
selection, splitting the role of the LTE Serving Gateway (SGW) and Packet Data Net-
work Gateway (PGW).

 User Plane Function (UPF): The UPF is the data forwarding plane in 5G, taking over
the user plane responsibilities of the SGW and PGW in LTE.

In SA 5@, the network is deployed using both the SBA-based 5G CN and various 5G
RAN implementations. A key characteristic of the SBA in the 5G CN is the separation of
network functions into Control Plane (CP) and User Plane (UP) entities, named Control User
Plane Separation (CUPS). Entities belonging to the UP are responsible for transmitting data
packets, while those belonging to the CP are responsible for creating control and signaling
messages. This design decision is reflected in the structure of the 5G protocol stack, which
clearly separates control and user plane protocols to align with the functional split of network

entities.

5G NR Protocol Stack

This paragraph will present all protocols constituting the 5G NR User and Control plane
Protocol stack. The protocols will be presented in a bottom-up approach, starting from the

layers that are common to both the control and user planes:

* PHY (Physical Layer): Modulates and transmits data over the air, handles MIMO, cod-

ing, beamforming.

* MAC (Medium Access Control): Responsible for scheduling, multiplexing, HARQ,

and prioritization of data.
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Figure 2.5: 5G NR Protocol Stack Control & User Plane

* RLC (Radio Link Control): Manages segmentation/reassembly, ARQ-based retrans-

missions, and in-sequence delivery.

These three layers form the foundation of both data and signaling traffic processing be-
tween the UE and the gNB.
The User Plane Specific Layers:

* PDCP (Packet Data Convergence Protocol): Handles user data encryption, header com-

pression, and in-sequence delivery. Used specifically for transferring user traffic.
The protocols that implement the control plane Protocol stack are the following:

* PDCP (Control Plane use): Similar to user plane PDCP, but handles only control sig-
naling data (e.g., RRC messages).

* RRC (Radio Resource Control): Manages connection setup/release, mobility, handovers,

security config. Present only in the control plane.

* NAS (Non-Access Stratum): It is located above RRC, connects UE directly with the

5GC (AMF), handling authentication, registration, and session control.
Figure 2.9 shows all the protocols previously presented in both the control and user plane

protocol stacks.
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Figure 2.6: RAN Functional Splits

2.2.2 5G RAN Functional splits

The primary architecture of the RAN in LTE relies on the D-RAN architecture. The CN
is connected via the backhaul interface to the Baseband Unit (BBU), which is responsible
for digital processing and various baseband functions. Then the BBU is connected to the
Remote Radio Unit (RRU) via the Fronthaul interface, which is responsible for transmitting
and receiving wireless signals. In this monolithic architecture, the BBU and RRU are typically

located together at the cell site.

Moving to the 5G era, the concept of dividing the computational processing of the BBU
to multiple nodes to support the growing demands and address scalability challenges dom-
inated. 3GPP has divided the BBU entity into two components: the Centralized Unit (CU),
responsible for network layer functionality, and the Distributed Unit (DU), which hosts the
Data Link Layer. Different functional splits were proposed based on the protocol stack, as
depicted in Figure 2.6

In this thesis, the functional split that will be used is the 3GPP Option 7.X, also referred
to as the PDCP/RLC split. In this configuration, the Central Unit (CU) is responsible for
the SDAP, RRC, and PDCP protocols, while the DU handles the RLC, MAC, PHY, and RF

functions.
In modern 5G disaggregated deployments, the DU is further split into the DU and the

Radio Unit (RU). In this architecture, the RU is responsible for the lower physical layer (Low
PHY) and the radio frequency (RF) functions, while the DU handles the upper PHY, MAC,
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and RLC layers. This separation allows for greater flexibility in deploying RAN components,
improved scalability, and more efficient utilization of edge and centralized resources.

The communication between the CU and the DUs has been standardized through the F1
interface, also known as the midhaul. The F1 Application Protocol (F1AP) enables interac-
tion between the CU and multiple DUs, supporting various wireless technologies such as
5G, LTE, and WiFi from the RAN perspective. While each DU is connected to a single CU
(one-to-one), a CU can serve multiple DUs (one-to-many), enabling flexible and scalable
deployments. This architecture also supports multiple cells, as each DU can manage one or

more, facilitating the implementation of micro-, pico-, and femto-cell networks.

2.2.3 O-RAN Architecture and Principles

Although the disaggregation and virtualization of the 5G RAN has solved many chal-
lenges that traditional monolithic approaches faced due to their limited flexibility and scal-
ability, it did not fully resolve critical issues such as optimizing radio resource management
and efficient spectrum utilization through real-time adaptation. To solve these limitations,
the O-RAN architecture was introduced to enable the reconfigurability of the RAN via open
and interoperable interfaces. O-RAN has three core principles: intelligence, openness, and

interoperability.

Intelligence

O-RAN introduces intelligence into the RAN through two specialized controllers: the
Near-Real-Time RIC and the Non-Real-Time RIC. The Near-RT RIC manages latency-sensitive
functions (e.g., handovers, interference control) via modular xApps, while the Non-RT RIC
handles higher-level tasks like policy management and ML model training. Another key com-
ponent in RAN management is the Service Management and Orchestration (SMO) frame-
work, responsible for overseeing configuration, monitoring, and lifecycle management across

the RAN.

Openness

O-RAN standardizes three key open interfaces E2, A1, and O1 that enable seamless inter-
action between components from different vendors, promoting interoperability and vendor

diversity. The E2 interface connects the Near-RT RIC to the disaggregated components of
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Figure 2.7: O-RAN architecture

the gNB, such as the CU and DU, each of which is considered an E2 node. The Al interface
allows the Non-RT RIC to provide policy guidance and ML model updates to the Near-RT
RIC, while the O1 interface enables the SMO to manage and monitor all network functions.
This open interface design ensures flexible integration and facilitates innovation across the

RAN ecosystem. The overall architecture including these open interfaces is illustrated in Fig-

ure 2.7,

Interoperability

O-RAN integrates the Interoperability in the RAN with the usage of xApps and rApps—
software applications that run on the Near-RT RIC and Non-RT RIC, respectively. A key
enabler of this modularity is the use of xApps and rApps—software applications that run on
the Near-RT RIC and Non-RT RIC, respectively. xApps and rApps aims to be vendor-neutral,
allowing operators to deploy, update, or replace RAN functions and policies on the air such

as traffic prediction and management, or fault detection and others.

2.3 WiFi

WiFi protocols are currently the most widespread wireless data transfer technologies,

without need for cables. The first WiFi protocol was released in 1997, and since then, multiple
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Figure 2.8: WLAN architecture

upgrades and optimizations have been developed in lacking generations, making it the leading
player in Wireless Local Access Networks (WLAN).

A WLAN typically follows a star topology, in which all wireless devices, known as sta-
tions (STAs), communicate through a central node called the Access Point (AP). The AP is the
bridge between the wireless client and the chosen wired network. This topology is depicted
in Figure .8,

The WiFi protocol stack, based on IEEE 802.11, follows the OSI model, and mainly
focus on the PHY and MAC layers. The PHY layer handles modulation, coding, and trans-
mission over the radio channel using techniques like DSSS, OFDM, or MIMO depending on
the standard. The MAC sublayer manages medium access using CSMA/CA, ensuring colli-
sion avoidance and reliability through acknowledgements and retransmissions. Higher layers,
such as network and transport, remain protocol-agnostic, allowing seamless integration with
TCP/IP networks.

The first WiFi standard, named IEEE 802.11, was introduced in 1997 and operated in
the 2.4 GHz ISM band, supporting a maximum theoretical data rate of 2 Mbps. It employed
Direct Sequence Spread Spectrum (DSSS) and Frequency Hopping Spread Spectrum (FHSS)
at the physical layer and used the Carrier Sense Multiple Access with Collision Avoidance
(CSMA/CA) protocol for medium access control. Due to its low data rate and limited range,
it was primarily suitable for basic wireless communication tasks and served as the foundation
for later, more advanced WiFi standards.

The second WiFi standard, IEEE 802.11b, was introduced in 1999 and also operated in
the 2.4 GHz frequency band. It significantly improved the maximum data rate, reaching up
to 11 Mbps, while maintaining compatibility with the original 802.11 standard. Like its pre-

decessor, it employed DSSS at the physical layer and utilized CSMA/CA as its medium ac-
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cess control protocol. One of its key advantages was its backward compatibility, allowing
seamless coexistence with 802.11-compliant devices, which facilitated broader adoption in

consumer and enterprise environments.

The IEEE 802.11a standard was released alongside 802.11b in 1999 but adopted a dif-
ferent approach by operating in the 5 GHz frequency band instead of 2.4 GHz. It introduced
OFDM at the physical layer, enabling significantly higher data rates of up to 54 Mbps. Like
previous standards, it relied on the CSMA/CA protocol for medium access control. Despite
offering better spectral efficiency and reduced interference due to the less crowded 5 GHz
band, its adoption was initially slower because of higher hardware costs and shorter range
compared to 802.11b. Moreover, it was not backward compatible with 802.11b due to the

different frequency bands.

IEEE 802.11g was introduced in 2003 as a hybrid solution combining the best features of
802.11aand 802.11b. It operated in the 2.4 GHz band—ensuring backward compatibility with
802.11b—while adopting OFDM as its modulation scheme, like 802.11a, to achieve data rates
up to 54 Mbps. The use of CSMA/CA remained consistent as the medium access protocol.
By offering higher speeds without sacrificing compatibility with existing 2.4 GHz devices,
802.11g became widely adopted and played a key role in expanding WiFi deployment in both

home and business environments.

IEEE 802.11n, released in 2009, marked a significant advancement in WiFi technology
by introducing support for both the 2.4 GHz and 5 GHz frequency bands (dual-band opera-
tion). It increased theoretical data rates up to 600 Mbps through the introduction of Multiple
Input Multiple Output (MIMO) technology, channel bonding (up to 40 MHz), and frame
aggregation techniques. The standard maintained CSMA/CA for medium access but greatly
improved spectral efficiency and throughput. Backward compatibility with 802.11a/b/g en-
sured smooth integration into existing networks, making 802.11n one of the most influential

and widely adopted WiFi standards at the time.

IEEE 802.11ac, also known as WiFi 5, was introduced in 2013 and operates at the 5 GHz
frequency band. WiFi 5 is able to support wider channels of 80 and 160 MHz, having higher-
order modulation (up to 256 QAM), and Multi-User MIMO (MU-MIMO) in the DL. As its
maximum theoretical data rate, it has 1 Gbps, making it the best candidate for high-bandwidth
applications such as HD video streaming and real-time communication. Like its predecessors,

it utilizes CSMA/CA for medium access control.
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The integration of WiF1 protocols into the 5G architecture unleashes significant potential
to create more flexible, scalable, and cost-efficient wireless networks. 5G can benefit from
the exploitation of unlicensed spectrum in the 2.4 GHz and 5 GHz bands. Operators can
offload traffic intelligently, extend indoor coverage, and reduce deployment costs due to the
significantly lower price of WiFi access points. The synergy between WiFi and 5G paves
the way for advanced applications in smart cities, industrial automation, and high-density

enterprise environments.

2.4 Machine Learning - LSTM

Al is one of the most innovative technologies that has been adopted in a wide range of
applications in today’s world. Al is concerned with creating systems that are capable of per-
forming tasks that require intelligence such as making decisions and predicting future values.
It has already been integrated into several areas in computer science such as networks, operat-
ing systems, digital signal processing, and many others. 5G networks have already integrated
the use of Al through the O-RAN ecosystem providing suitable components for the design,
training and use of Al systems as we saw in the O-RAN subsection 2.2.3. The applications
of Al in 5G address various challenges, such as predicting network data requirements, fore-
casting UE mobility, making decisions for tasks like network slicing, and many more.

One of the most widespread Al systems is Machine Learning, in which systems can be
trained from data by recognizing patterns and behaviors of the data set and improve their
performance without being explicitly programmed. The use of Machine Learning is particu-
larly adopted in applications such as recommendation systems, image recognition, and traffic
prediction.

ML can be classified into the following categories:
 Supervised Learning (SL) — learns from labeled data (e.g., classification, regression).

* Unsupervised Learning (UL) — finds structure in unlabeled data (e.g., clustering, di-

mensionality reduction).

* Reinforcement Learning (RL) — learns optimal actions through interaction with an en-

vironment using rewards and penalties.
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LSTM block

Figure 2.9: LSTM architecture

Among the aforementioned ML categories, SL is particularly relevant for time-series pre-
diction tasks, where historical input-output pairs are used to train models. A widely used SL
method for sequential data is the Recurrent Neural Network (RNN), which can capture tempo-
ral patterns by retaining information from previous time steps. However, standard RNNs of-
ten struggle with learning long-term dependencies due to the vanishing gradient problem. To
address this, Long Short-Term Memory (LSTM) networks were introduced. LSTMs enhance
traditional RNNs by introducing memory cells and gating mechanisms that help preserve rel-
evant information over longer sequences, making them particularly effective for time-series
prediction tasks.

In the Figure 2.9 below the gates of the Istm are illustrated:
» The forget gate decides which parts of the previous cell state to discard.

* The input gate determines which new information will be added to the cell state, com-

bining the sigmoid output and the candidate values produced by the tanh layer.

* The updated cell state is computed by combining the retained past memory and the

new information.

* Finally, the output gate regulates what part of the updated cell state is passed to the

next hidden state, again using tanh and sigmoid activations.

2.5 Conclusion

In summary, this chapter provided a detailed overview of the technological foundations
relevant to the design and development of the proposed multi-RAT 5G system. It presented
the evolution of cellular networks from the analog 1G all the way through the virtualized and

disaggregated 5G, highlighting key innovations such as functional splits, O-RAN principles,
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and the integration of WiFi as a complementary access technology. Furthermore, it exam-
ined the important role of ML and particularly the LSTM networks in enabling intelligent,
data-driven decision-making within the network. This section built the foundation for under-

standing the system-level contributions and mechanisms proposed in the following chapters.
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Chapter 3

Related Work

In the effort to integrate non-3GPP Distributed Units (DUs) into the disaggregated 5G Ra-
dio Access Network (RAN) architecture, it is essential to follow the frameworks and guide-
lines defined for untrusted non-3GPP access in 5G systems. From the early stages of cellular
evolution, particularly in the 3G era, the integration of WLAN technologies had already been
identified as a key objective. In []1]], WLANs were proposed as independent components in-
terfacing with the core network (PLMN) via proxy servers, rather than being integrated into

the UTRAN access layer.

With the advent of 4G, 3GPP Release 12 introduced two methods for WLAN integra-
tion: LTE-WLAN Aggregation (LWA) and LTE-WLAN Radio Level Integration with IPsec
Tunnel (LWIP). LWA operates at the PDCP layer [2], while LWIP uses IP-layer tunneling

through IPsec connections [3].

The formalization of non-3GPP integration matured in 5G Release 15, which introduced
the Non-3GPP Interworking Function (N3IWF) [4], a core network function that interfaces
non-3GPP UEs with the 5G Core Network (SGCN). N3IWF acts as a gateway, communicat-
ing with the AMF, SMF, and UPF to manage mobility, session establishment, and user-plane
tunnels via GTP-U. In [§], the integration of WiFi and satellite systems through the N3IWF
component is examined, showing that the introduced overhead is minimal when processing
standard WiFi traffic. Likewise, the work in [6] explore the authentication and authorization
mechanisms involved in integrating WiF1 access into 5G via the N3IWF, and provides useful

insight regarding convergence and security design aspects.

At the same time, 3GPP 5G-NR Rel. 16 [7] has standardized the notion of Access Traf-
fic Steering, Switching and Splitting (ATSSS). This newly introduced functionality allows

25
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traffic steering across multiple access technologies, allowing high granularity beyond a sin-
gle PDU session [8]. A Multi-Access PDU session is introduced for each UE, allowing data
to be served over one or more simultaneous connections (3GPP access, non-3GPP access,
untrusted non-3GPP access). ATSSS resides on the core network side, and allows end-to-
end PDU sessions to be established over multiple RATs, by making use of a Multipath-TCP
(MPTCP) proxy established with the UPF function.

In parallel, 5G introduced the concept of network slicing, enabling multiple logical net-
works to coexist over shared infrastructure. Extending the slicing concept into the RAN,
known also as RAN slicing, brings several challenges especially because of the unstable radio
environment and constraints in available spectrum. The work in [9] deals with the problem of
interference between slices by proposing a heuristic algorithm for resource block allocation,
aiming to achieve more efficient and also fair resource distribution in networks with multiple

slices.

Although WiFi does not implement slicing in the same way as 5G, recent standards such
as IEEE 802.11ax and 802.11be have incorporated mechanisms like Multi-SSID (Multi-SS)
to support user separation and QoS differentiation [[10]. However, these mechanisms primar-
ily address bandwidth efficiency and user isolation rather than fine-grained, traffic-aware

resource allocation.

Several research efforts have explored WiFi slicing from an architectural and algorithmic
perspective. In [[11]], FlowVisor and OpenFlow are used to implement isolated slices by man-
aging flows and hardware resources such as CPU and forwarding tables. In [12], slicing is
treated as a stochastic optimization problem with the goal of ensuring minimum bitrates and
bounded queue delays through packet scheduling. At the MAC level, [[13] proposes a time-
division approach based on pausing and resuming mac80211 queues, enabling fine-grained,

runtime slice control via TDMA -like mechanisms.

Some recent works have further explored the performance implications of hybrid 5G/WiFi
deployments in practical settings. For instance, [14] proposes a dual-zone architecture in
which WiFi-6 serves the inner zone of a cell and 5G the outer zone, leveraging spatial dis-
tribution to balance traffic load. While this approach highlights the benefits of multi-RAT
coexistence, it relies on static assumptions and cannot dynamically adapt to user mobility
or real-time demand. Likewise, in [15], WiFi mesh links are examined in the context of In-

tegrated Access and Backhaul (IAB). Even though they are cost-efficient, such links brings
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variability in both latency and throughput, more noticeable in multi-hop topologies. The study
points out the importance of using traffic steering mechanisms and choosing dynamic paths,
in order to reduce the performance drops that may happen in these kind of hybrid backhaul
configurations. Unlike the approach in [[16], which relies on CQI prediction and a centralized
traffic steering logic for selecting between LTE and WiFi DUs using pre-defined thresholds,
this thesis propose a MAC-level integration of WiFi as a Distributed Unit (DU) inside the
5G RAN. Furthermore, it introduces two xApp-based traffic steering schemes that runs on
top of the O-RAN Near-RT RIC and supports per-UE routing with prioritization and flexible
bandwidth allocation in real time.

Despite the significant progress in integrating non-3GPP technologies like WiFi into 5G
networks and in exploring slicing mechanisms in isolated environments, most existing works
consider either high-layer interworking solutions (e.g., N3IWF) or MAC-level slicing in stan-
dalone WiFi systems. These approaches often lack real-time traffic adaptability and unified
control under a common 5G RAN architecture. Moreover, prior research generally treats cel-
lular and non-cellular access as loosely coupled components, without a shared, packet-level
steering logic. In contrast, this thesis introduces a unified MAC-layer integration of WiFi as a
fully DU within the disaggregated 5G RAN, enabling joint scheduling across heterogeneous
interfaces. It further proposes and evaluates two x App-based traffic steering policies executed
on the Near-RT RIC, showcasing how demand-aware, prioritization-sensitive scheduling can

be achieved within a hybrid multi-RAT setup.
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Chapter 4

System Architecture

4.1 Introduction

This chapter describes the system architecture that integrates the necessary components
and modifications for a 5G system to support multi-RAT integration, with a primary focus
on WiFi. The role and usage of each component in our system architecture are subsequently
explained, along with a discussion of the potential limitations of our implementation. As
mentioned earlier, the reference 5G stack that will be utilized in order to perform the inte-
gration is the 3GPP Option 2 split described in [|1 7] and demonstrated in [[18], [19], in which
CU includes the protocols of the PDCP layer and above, and DU includes the RLC layer and

below.

4.2 Enabling Multi-RAT Support in SG-RAN

5G and WiFi protocol stacks present significant differences, since these wireless tech-
nologies were designed with different objectives. 5G aims to support connectivity in wide-
area mobile networks, guaranteeing QoS and mobility control, in contrast to WiFi, which is
optimized for local-area access, being simpler and flexible. 5G has been specifically designed
to support a full core network stack for session management, mobility, and user authentica-
tion, whereas WiFi mainly acts as a wireless last-hop AP, bridging end-user devices to the
broader IP network without offering native core network functionalities.

Although the lower protocol stacks share the same layers (MAC and PHY), 5G and WiFi
have a totally different point of view regarding the functionality of these layers. The MAC

29
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layer in 5G is scheduled and fully controlled by the gNB or the DU to coordinate transmis-
sions. In contrast, the MAC layer in WiFi is contention-based, relying on CSMA/CA, where
devices compete for access, resulting in unpredictable delays. The PHY layer in 5G is de-
signed for high performance and flexibility across various spectrum bands offering features
like scalable OFDM numerology, massive MIMO and tight synchronization for mobility. On
the other hand, WiFi’s PHY is optimized for simplicity and short-range operation in unli-
censed bands with less emphasis on synchronization and mobility support.

Despite these differences, interaction between the MAC and PHY layers remains essen-
tial, as this is the point where RAT interface directly with the rest of the RAN. By performing
the WiFi integration in the 5G-RAN at the MAC/PHY layers, it becomes feasible to incor-
porate non-3GPP technologies like WiFi into the 5G architecture without compromising the
integrity or functionality of the core 5G protocol stack.

By integrating non-3GPP technologies such as WiFi into the 5G architecture at the MAC
and PHY layers, we preserve the core functionalities of the 5G protocol stack without the
need to introduce additional components like the N3IWF. However, approaches that rely on
higher-layer interworking mechanisms tend to introduce complexity and latency when they

are integrated in sensitive networks such as the 5G one.

Figure 4.1: Hybrid 5G RAN architecture with support for WiFi-based DU

In this implementation, the goal is to replace the 5G MAC and PHY layers at the DU side
with their WiFi counterparts, effectively incorporating a WiFi-based DU into the 5G RAN.

This approach aims to enhance the performance of the RAN by leveraging the advantages of
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WiFi—such as low-cost deployment, operation in unlicensed spectrum, and efficient traffic
offloading—while still preserving the upper-layer functionalities of the 5G stack at the CU.
By maintaining compatibility with the 5G core and control architecture, this design enables
seamless multi-RAT integration within a unified framework.

The network stack concept of our proposed integration is illustrated in Figure §.1]. As is
depicted, the 5G CU keeps the standard 5G protocol stack at the upper layers, the SDAP and
the PDCP, which are responsible for QoS mapping, encryption, and in-sequence delivery.
The interesting part takes place at the DU level, where two parallel implementations are
supported: a typical 5G DU, which includes RLC, NR-MAC and NR-PHY and the WiFi-
based DU, which replaces the lower layes of the typical 5G protocol stack with EEE 802.11
MAC and PHY. This hybrid configuration enables the CU to interface with either a traditional
5G radio stack or a WiFi-based radio access, allowing for flexible and efficient multi-RAT
support while maintaining compatibility with the 5G CN.

Since this work aims to support hybrid DU implementations, it is necessary to discuss
the required operations over the F1 protocol related to DU registration, capability exchange,
and data transfer processes. The communication between the 5G CU and a standard 5G DU
follows the typical F1 Application Protocol (F1AP) as defined by 3GPP, operating over the
traditional GTP-U tunnel for user-plane data forwarding. However, to support the integration
of WiFi-based DUs, we utilized a custom protocol referred to as F1 over IP (F10IP) based on
TCP. The TCP usage was preferred over the UDP one to ensure reliable, in-order delivery of
packets, which is essential for maintaining the integrity of the F1 protocol in WiFi-based DU
integration.

To integrate WiFi DUs into the 5G architecture, we define three key operational processes

within the custom F1oIP communication protocol:

» Registration Process: Enables initial connectivity and topology awareness between

the CU and WiFi DU, establishing their identities, roles, and available capabilities.

* Capability Exchange Process: Allows the CU and WiFi DU to communicate sup-

ported functionalities, ensuring compatibility and appropriate resource management.

» Data Transfer Process: Manages the user-plane transmission of PDCP SDUs between
CU and WiFi DU, encapsulating data within a unified and technology-agnostic packet

format.
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Registration

In our proposed architecture, the registration and discovery process for the WiFi DU does
not follow the traditional approach defined by 3GPP. In our case the CU is the one responsible
to perform a registration request to the WiFi DU, not the opposite way as happens in typical
3GPP systems. The decision for this reversal implementation was motivated by the role of
the WiFi DU integration, which is implemented as a specific feature of the modified CU.
This approach enhances security, as the CU maintains explicit control over the WiFi DU

association process, ensuring only authorized and pre-configured WiFi DUs are accepted.

Capability

The proposed system is designed to support multiple non-3GPP wireless technologies,
such as mmWave, WiFi, and others. Therefore, after completing the registration process,
the WiFi DU advertises its DU Type ID to the 5G CU, indicating the specific technology
supported by the DU. Knowing the DU type enables the CU to efficiently manage network
resources, steer traffic appropriately, and balance load across multiple RATs. Additionally,
it ensures correct packet handling, protocol compatibility, and awareness of each DU’s sup-

ported capabilities and features.

Data Transfer Process

The F1oIP protocol defines how data is transferred between the CU and WiFi DU over
the midhaul interface. For downlink (DL) traffic, the CU sends data packets encapsulated
in FlolIP headers, including necessary identifiers such as DU type and packet information.
On the uplink (UL), the WiFi DU encapsulates user payloads received from UEs with PDCP
headers and F1oIP metadata before transmitting them back to the CU. This allows both ends
to handle data consistently, regardless of the underlying wireless technology.

Putting everything together, F10IP is a lightweight protocol that enables seamless com-
munication between the 5G CU and non-3GPP DUs, such as the WiFi DU used in this im-
plementation. It ensures unified data and control exchange across heterogeneous access tech-

nologies while preserving compatibility with the 5G core.
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4.3 WiFi-DU Functionality

In a heterogeneous RAN environment where multiple DUs—such as 5G NR and WiFi-
based units—coexist, a fundamental challenge arises in consistently identifying UEs across
different access technologies. Each RAT uses its own identification scheme: 5G NR relies
on RNTIs (Radio Network Temporary Identifiers), while WiFi operates based on MAC ad-
dresses. Since these identifiers are not shared or synchronized across DUs, the CU cannot di-
rectly associate incoming or outgoing packets with the correct UE unless a translation mech-
anism is in place. This mismatch complicates unified scheduling, traffic steering, and session
management. To address this issue, a mapping layer is introduced at the WiFi DU to translate
between RNTIs and MAC addresses. In the downlink, the DU maps the RNTI provided by
the CU to the corresponding MAC address of the target UE. In the uplink, the DU extracts
the MAC address from incoming frames and resolves it to the correct RNTI for encapsulation
before forwarding to the CU.

Different procedures are applied depending on whether data is routed back to the CU
through the F1 interface or directly transmitted to UEs via the WiFi NIC on the DU. This
distinction is necessary due to the dual role of the WiFi DU, which functions both as part of the
5G disaggregated RAN and as an IEEE 802.11 AP. As an AP, the WiFi DU handles standard
WiFi procedures such as association, authentication, and link management, requiring UEs to
establish a connection using the 802.11 protocol stack.

In the UL direction, data packets are received from connected UEs through the WiFi stack
and processed by the DU to extract the payload, typically at the IP layer or above. The WiFi
DU receives data frames from UEs over the IEEE 802.11 stack. Upon reception, it identifies
the source MAC address and performs a MAC-to-RNTTI lookup to assign the correct RNTIL.
Before forwarding these packets to the CU, the DU encapsulates the payload in a PDCP
header to ensure compatibility with the PDCP instance at the CU. This step is crucial for
maintaining uniformity in user-plane data handling across both 5G and WiFi DUs.

Conversely, in the DL direction, data from the CU arrives at the DU already encapsulated
in a PDCP PDU. The WiFi DU first removes the PDCP header and extracts the raw payload.
Before transmitting the packet, the DU is responsible for adding the appropriate IEEE 802.11
MAC header and mapping the RNTI to the corresponding MAC address of the target UE. This
mapping ensures that each packet is correctly addressed at the link layer. The finalized frame

is then passed to the WiFi NIC driver for wireless transmission over the 802.11 interface. The
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above-described procedure is depicted in Figure §.2.

Figure 4.2: WiFi DU Functional Workflow for UL and DL Data Paths

4.3.1 Slicing in WiFi-DU

One of the primary objectives in the integration of WiFi as a non-3GPP DU in 5G RAN
architectures is to extend slicing capabilities of a typical 5G system to the newly added WiFi
DU entity. The proposed slicing mechanism for the WiFi DU exploits the Quality of Service
(QoS) features of the IEEE 802.11 standard to enforce user-based slicing at the data plane
using software-defined networking (SDN) components.

The proposed WiFi DU slicing mechanism utilizes the Type of Service (ToS) field in the
IP packet headers, which corresponds to the Differentiated Services Code Point (DSCP). This
field is used to classify and prioritize traffic flows, mapping each user or service to a specific
Access Category (AC) in the MAC layer. The mac80211 driver, which is used in Linux-based
WiFiimplementations, provides four hardware-supported priority queues: Background (BK),

Best Effort (BE), Video (VI), and Voice (VO). Each queue is associated with different medium
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access parameters, allowing higher-priority traffic (e.g., Voice) to gain preferential access to

the wireless channel as shown in Table §.1].

Table 4.1: Mapping of UP, ACs and MQs

User Priority | Access categories (ACs) | mac80211 queue (MQs)
1 Background (BK) 3
2
0 Best Effort (BE) 2
3
4 Video (VI) 1
5
6 Voice (VO) 0
7

User Priority (UP) value acts as an essential mapping layer between the ToS/DSCP field

and the MAC-layer ACs. Specifically, each ToS value is translated into a corresponding UP,

as defined by the IEEE 802.11 standard, and each UP is then mapped to a particular AC. This

process ensures that packets are enqueued into the appropriate MAC queue (MQ) based on

their QoS class.

Table 4.2: ToS-UP mapping

ToS val | User Priority
0-31 0
32-63 1
64-95 2
96-127 |3
128-159 | 4
160-191 | 5
192-223 | 6
224-255 | 7

Slicing at the WiFi DU is happening by dynamically adjusting the ToS field of outgoing

IP packets , in accordance with the slicing policies advertised from a controller. For each DL
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flow, the WiFi DU’s agent intercepts the traffic and assigns an appropriate ToS/DSCP value,
reflecting the intended slice requirements. This ToS value is mapped to the corresponding
User Priority (UP), which determines the Access Category (AC)—namely Background (BK),
Best Effort (BE), Video (VI), or Voice (VO)—within the MAC layer, as supported by the
mac80211 driver. Through this process, packets are steered into distinct hardware-backed
MAC queues, enabling the WiFi DU to enforce prioritization among users or services and

effectively allocate wireless resources in line with the network slicing framework.

4.3.2 Anatomy of WiFi DU
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Figure 4.3: WiFi DU Functional Workflow for UL and DL Data Paths

The proposed architecture of the WiFi DU is presented in Figure #.3. As described in the
previous section, we implement user-based slicing at the WiFi level by assigning different
ToS values to IP packets depending on their destination UE, based on earlier scheduling de-
cisions. To keep the configuration delay as low as possible, we avoided changing the ToS
values at the application layer using standard libraries. Instead, we forward the packets to an
Open vSwitch (OvS) instance, which is programmed with flow rules that handle the neces-
sary ToS modifications. As shown in Figure §.3, to supportslices with different priorities, we
connected as many virtual Ethernet (veth) interfaces as the ACs along with the WiFi NIC to
the OvS. Since veth devices are created in pairs, we added extra virtual interfaces to complete
the setup—one end of each pair connects to OvS, while the other receives packets from our
agent. On the agent side, in the downlink data path, we updated the application so that packets
are routed through the appropriate veth interface depending on their assigned priority. OvS
changes the ToS value of each packet based on the interface it enters through and forwards it
to the WiFi NIC. Packet routing between the high- and low-priority paths is adjusted every
few packets, depending on the client or destination IP, to match the desired traffic distribution

ratio.
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44 5GCU

For the 5G CU to be able to support a seamless integration of the WiFi-DU, it needs
to adopt a centralized PDCP aggregation mechanism. In the proposed system architecture,
PDCP sequence numbers play a pivotal role in preserving packet order and ensuring reliable
data delivery across multiple DUs. In case each DU was responsible for maintaining its own
independent PDCP instance and sequence number management, significant problems would
arise related to sequence number consistency, resulting in potential issues such as packet re-
ordering and loss at the UE side. By centralizing the PDCP sequence number management
at the CU, all the 5G data traffic in the uplink (UL)—independently from the selected DU—
is assigned sequence numbers from a unified PDCP context per UE. This centralized mecha-
nism is particularly necessary in the UL direction, as a multi-homed UE can generate uplink
traffic through both the 5G and WiFi interfaces, making it essential for the PDCP sequence
number to be assigned at the CU to maintain ordering and integrity across heterogeneous
paths. This centralized approach guarantees that packets can be correctly reassembled and
delivered in order, even when traffic is split dynamically between 5G and WiFi DUs as part
of the proposed load balancing strategy.

A specific scheduler must be developed at the CU level in order to support traffic dis-
tribution among the heterogeneous DUs from the CU. In a multi-RAT environment, traffic
conditions, user demands, and radio resources are highly dynamic and may vary per user or
service slice. Static rules or conventional round-robin algorithms do not support the flexi-
bility to adapt to rapid fluctuations in channel quality, network congestion, or evolving QoS
requirements. Contrary to these, the introduction of a dedicated scheduler that adapts forward-
ing decisions per UE enables the enforcement of advanced slicing policies, efficient resource
utilization, and dynamic service differentiation. In the proposed system, the scheduler is in-
tegrated at the CU between the PDCP and RLC layers in order to enable dynamic forwarding
decisions per packet to the 5G DU or WiFi DU, based on xAPP’s decision. Although this
approach introduces additional processing latency, the overall latency is minimized due to
the performance impact of delay-sensitive services.

The presented scheduler implements a per-UE, proportional traffic allocation policy be-
tween the WiFi DU and the 5G DU. At the beginning of each scheduling interval, the sched-
uler receives, for each UE, the data traffic and the target WiFi traffic ratio. Using these pa-

rameters, it computes the total number of packets to be transmitted and the number of packets
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to be forwarded to the WiFi DU and to the 5G DU, respectively.

As packets arrive during the interval, the scheduler extracts the RNTI from each packet
to identify the corresponding UE. For each UE, it maintains counters tracking the number
of packets sent to each interface. The scheduler then checks whether the number of packets
already sent to the WiFi DU is less than or equal to the computed quota. If so, it forwards the
incoming packet to the WiFi DU and increments the corresponding counter. Otherwise, the

packet is forwarded to the 5G DU.

This approach ensures that, over each interval, the traffic for every UE is distributed
between the WiFiand 5G DUs according to the forecasted volume and the specified allocation
ratio, thereby enabling fine-grained control over load balancing and resource usage across

heterogeneous access technologies.

The proposed scheduler implements the algorithm depicted in [I|. In this algorithm the
traffic of each UE is distributed proportionally between the WiFi DU and the 5G DU in each
scheduling interval. Each predefined interval, the scheduler receives from the xApp the total
forecasted data volume and the target WiFi allocation ratio for each UE. To calculate the
number of packets for each UE that must be sent to each DU, the scheduler first determines
the total number of packets based on the forecasted data volume and the predefined packet
size. Then, the ratio provided by the xApp determines the number of packets that should be
forwarded to the WiFi DU.

When a packet arrives, the scheduler extracts the RNTI from each packet and identifies
the UE destination. For each UE counters are maintained to track the packets forwarded to
the WiFi1 DU and the 5G DU within the interval. If the counter for WiFi DU is less than the
computed quota, the packet is forwarded to the WiFi DU, and the counter is incremented.

Otherwise, the packet is sent to the 5G DU.
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Algorithm 1 Scheduler Algorithm

Require: For each UE u: ratio wifi[u], bw_forecast[u], rnti[u]; constant pkt len

1: for each scheduling interval do

2:  for each UE u do

3: num_packets_total[u] < {%ﬁfijJ

4: num_packets wifi[u] <— |num_packets_total[u] x ratio wifi[u] |
5 num_packets 5g[u] < num_packets_total[u] — num_packets wifi|u]
6: count_wifi|u| < 0

7: count Sg[u] < 0

8:  end for

9:  for each incoming packet do

10: Extract RNTI from packet and identify UE u

11: if count wifi[u] < num_packets wifi[u] then

12: Forward packet to WiFi DU

13 count wifiu| <— count wififu| 4 1

14: else

15: Forward packet to 5G DU

16: count_5g[u] < count S5g[u] + 1

17: end if

18:  end for

19: end for

4.5 Experiment Assumptions

Before presenting the scheduling algorithms and the criteria we followed, we should first

discuss the policy with which the tested SG DU shares its resources among the UEs. When

a UE connects to the 5G system, the DU assigns radio resources, ensuring fair allocation

among the active UEs, in case the UEs belong to the same slice. The available DL Resource

Blocks (RBs) are evenly divided among the connected UEs. Subsequently, if N UEs are

connected to the same 5G DU and have similar channel conditions, then each of them is as-

signed with total RBs/N RBs per transmission interval, resulting in nearly equal maximum

DL throughput.
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Compared to 5G, WiFi follows an entirely different strategy. Regarding the DL, a WiFi1
AP does not perform fair allocation in advance but in a more dynamic way. WiFi does not
evenly share the medium among all connected STAs (stations), but only among those actively
transmitting or receiving at a given moment. As long as the capacity of the wifi channel is not
filled, active STAs can transmit or receive as many data packets as they require. Only when
the demands of the active clients reach the capacity of the WiFi channel does the contention-

based access mechanism of the WiFi result in almost fair resource sharing among them.

4.6 Scheduling xApps

For the proposed system to forward packets effectively across the multi-RAT DUs, the
aforementioned scheduling algorithm needs to be managed from a dedicated xAPP deployed
at the near-RT RIC. In this section, two different xAPPs will be proposed, the first one applies
a fair-share, non-prioritizing scheduling policy. In contrast, the second one is based on a
prioritization scheme using the WiF1 DU slicing described in Section 2, aiming to enhance

the QoS by prioritizing latency-sensitive UEs in the 5G multi-rat environment.

4.6.1 Non-Prioritizing Multi-RAT Scheduling with Demand-Aware WiFi

Allocation

The first XAPP implements a Non-Prioritizing Multi-RAT Scheduling with Demand-
Aware WiFi Allocation scheme. This algorithm aims to distribute traffic across the 5G and
WiFi DU without performing UE prioritization. This XAPP can be divided into three phases.
Initially, the xApp connects to the Near-RT RIC, retrieves a pre-trained machine learning
model from the Service Management and Orchestration (SMO) framework, and subscribes
to the E2 Agent’s Radio Config (RC) Key Performance Metrics (KPM), to obtain the KPI
DRB.UEThpDI from the CU node, which is the only E2 node that registers with the near-RT
RIC.

In the first phase (Phase 1), the xAPP continuously monitors the reported DL throughputs
of the UEs. In the second phase (Phase 2), at every predefined interval 7', the xApp uses the
pre-trained LSTM model to forecast the UE throughput for the next two time steps, based on
a sliding window of the past 10 measurements. In the last phase (Phase 3), xAPP performs

the routing decision for the packets. The core idea is to assign each UE to a DU that can inde-

Institutional Repository - Library & Information Centre - University of Thessaly
04/09/2026 01:10:12 EEST - 216.73.216.250



4.6.2 Prioritizing Multi-RAT Scheduling with Demand-Aware WiFi Allocation 41

pendently satisfy its forecasted demand. In case the users’ requirements exceed the capacity
of the WiFi DU and the 5G DU, then a converging policy arises that forwards the packet to
both DUs simultaneously. Based on the discussion in Section 4.5, 5G performs fair resource
sharing, as its capacity is evenly distributed among all connected UEs, whereas WiFi utilizes
a contention-based access scheme. Therefore, in the following algorithm, the 5G capacity is
evenly shared among all connected UEs. In contrast, the WiFi capacity is evenly distributed
only among the active UEs—and only when their aggregate demand reaches the total channel
capacity. Given the presence of a single Access Point (AP), this distribution does not rely on
CSMA/CA contention mechanisms, but is instead explicitly enforced by our fair-share algo-
rithm, which deterministically allocates resources based on current UE demand. The WiFi
model introduced in this XApp is not entirely accurate, but it is a high-level abstraction that
effectively approximates WiFi performance. This simplification enables fast estimation of the
dynamic channel conditions, essential for maintaining near real-time responsiveness within
the xApp operating on the Near-RT RIC. All the aforementioned resulted to following: The
scheduler follows a hierarchical decision process. First, all traffic is routed to the 5G DU,
which is treated as the main interface. If the predicted UE demand is higher than the capacity
of the 5G DU, then all traffic gets forwarded to the WiFi DU instead. In case the total demand
is even higher than what the WiFi DU can handle alone, then the traffic is splitted between
both 5G and WiFi DUs at the same time, filling first the 5G DU and send the remaining to
the WiFI DU. After completing the routing decision, the xApp informs the CU scheduler
the forecasted demand of each UE, along with the corresponding packet ratio to be routed

through the WiFi DU. The described algorithm can be seen at Algorithm [.

4.6.2 Prioritizing Multi-RAT Scheduling with Demand-Aware WiFi Al-

location

The first two phases of the proposed algorithm that implements the Prioritizing Multi-
RAT Scheduling with Demand-Aware WiFi Allocation are the same as those in the Prioritiz-
ing Multi-RAT Scheduling with Demand-Aware WiFi Allocation. In the third phase (Phase
3), the xApp performs the core routing decision based on the predicted demands. The key
innovation of this scheduling policy is that it prioritizes certain UEs, explicitly defined in a
priority set, granting them preferential access to the WiFi DU with the ability to utilize up
to 70% of the channel’s capacity. If the total demand from these priority UEs exceeds the

available WiFi capacity, the WiFi bandwidth is equally divided among them. Only after this
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allocation the algorithm evaluates whether any WiF1 bandwidth remains to be offered to the

non-priority UEs.

Algorithm 2 xApp-Non-Prioritizing Multi-RAT Scheduling with Demand-Aware WiFi Al-

location
Require: constants TOTAL 5G_CAPACITY, TOTAL_WIFI CAPACITY

Require: Pretrained LSTM Model Phase 1 — Monitoring:

1: Receive current thr Di[u] from E2 interface
Phase 2 — Prediction:

2: prediction[u] - LSTM _forecasting(curr_thr DI[u])

3: FAIR_5G_SHARE < TOTAL 5G_CAPACITY / #UEs
Phase 3 — Routing Decision:

4: for i = 0 to prediction_step step s do

5:  wifiCandidates + {}

6: for each UE u do

7: if prediction[u][i] > FAIR_5G_SHARE then

8: ADD u TO wifiCandidates

9: end if

10: end for

I1:  totalWifiDemand <— Y~ ivcandidates
12:  if totalWifiDemand < TOTAL_WIFI_CAPACITY then

prediction[u]

13: for each u IN wifiCandidates do

14: wifiShare[u] <— prediction[u]

15: end for

16: else

17: share <~ TOTAL_WIFI_CAPACITY / |wifiCandidates|
18: for each u IN wifiCandidates do

19: wifiShare[u] <— share

20: end for

21:  endif

22: for each UE u do

23: if prediction[u + 7] < FAIR_5G_SHARE then

24: route[u] «— 5G_DU_only

25: wifiRatio[u] < 0

26: else if u € wifiCandidates and prediction[u + 1] < wifiShare[u] then
27: route[u] «~ WiFi DU only

28: wifiRatio[u] < 1

29: else

30: route[u] « Split 5G+WiFi

31: wifiRatio[u] < (prediction[u] — FAIR_5G_SHARE) / prediction[u]
32: end if

33: end for

34. SEND routing decisions, wifiRatio TO CU via E2 control
35: SEND prioritized UEs to WiFi-DU via custom E2 interface
36: SEND forecasted Throughput per UE TO CU via E2 control
37: end for
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Algorithm 3 xApp-Prioritizing Multi-RAT Scheduling with WiFi Allocation to Priority UEs

Require: Constants TOTAL_5G_CAPACITY, TOTAL_WIFI_CAPACITY
Require: Pretrained LSTM model, Priority UE set P

. Phase 1 — Monitoring:

. Receive current thr D1[u] from E2 interface for all UEs

. Phase 2 — Prediction:

. prediction[u] +— LSTM_forecasting(thr D1[u])

. FAIR_5G_SHARE < TOTAL_5G_CAPACITY / #UEs

. Phase 3 — Routing Decision:

. for i = O to prediction_horizon step s do

priorityWiFiCap <— 0.7 * TOTAL_WIFI_CAPACITY
nonPriorityWiFiCap <— 0.3 ¥ TOTAL_WIFI_CAPACITY

0: priorityUEs <— {u € P | prediction[u][i] > 0}
1 nonPriorityUEs <— {u ¢ P | prediction[u][i] > 0}
{— Allocate WiFi to Priority UEs —}

12: totalPriorityDemand <— > prediction|u][i]
u € priorityUEs

13: if totalPriorityDemand < priorityWiFiCap then

14: for each w € priorityUEs do

15: wifiShare[] <— prediction[][i]
16: end for

17: priorityWiFiCap <— priorityWiFiCap - totalPriorityDemand
18: else

19: share <— priorityWiFiCap / |priorityUEs|
20: for each w € priorityUEs do

21: wifiShare[w] < share

22: end for

23: priorityWiFiCap < 0

24: end if

{— Allocate WiFi to Non-Priority UEs —}

25: totalNonPriorityDemand <— > prediction|u][i]
w € nonPriorityUEs

26: if totalNonPriorityDemand < nonPriorityWiFiCap then

27: for each w € nonPriorityUEs do

28: wifiShare[u] < prediction[][i]

29: end for

30: nonPriorityWiFiCap <— nonPriorityWiFiCap - totalNonPriorityDemand
31: else

32: share <— nonPriorityWiFiCap / |nonPriorityUEs|
3 3: for each w € nonPriorityUEs do

34. wifiShare[u] <— share

35: end for

36: nonPriorityWiFiCap < 0

37:  endif

{— Final Routing and Ratio Computation —}
38: for each UE u do

39: demand <« prediction[«][i]

40: wifiUsed <— wifiShare.get(u, 0)

41: if wifiUsed > demand then

42: route[u] «— WiFi DU only

43: wifiRatio[u] « 1

44 else

45: g5Alloc <— min(FAIR_5G_SHARE, demand - wifiUsed)
46: served <— wifiUsed + g5Alloc

47: if wifiUsed > 0 then

48: route[u] — Split SG+WiFi
49: else

50: route[u] <= 5G_DU_only
51: end if

52: wifiRatio[u] +— wifiUsed / demand
53: end if

54 end for
55 : SEND routing decisions, wifiRatio TO CU via E2 control
56: SEND forecasted throughput per UE TO CU via E2 control

57: end for
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4.7 Final System Architecture

Figure 4.4: 5G Multi-RAT system architecture

Putting everything together, the final system architecture is depicted in Figure 4.4, which
proposes a 5G multi-RAT architecture integrating 5G RAN and WiFi DUs under a unified
5G CU. The CU includes SDAP, PDCP, and an interface selection module that routes traf-
fic either to the 5G DU via GTP-U or to the WiFi DU via FloIP over TCP. A Near-RT
RIC hosts two xApps: a non-prioritizing xApp implementing fair-share scheduling, and a
prioritizing xApp that applies slice-aware decisions using DSCP-based classification at the
WiFi DU. Both xApps utilize a pretrained LSTM model from the SMO to predict UE Thr and
send interface assignment instructions over E2. The WiFi DU replaces RLC/MAC/PHY with
PDCP2MAC, 802.11 MAC, and PHY, enabling packet translation and slicing via UP-to-AC
mapping. Multi-homed UEs receive dynamically steered traffic per xApp policy, while cen-
tralized PDCP sequence number management at the CU ensures sequence consistency across
RATs.

In this chapter, the system architecture of a 5G RAN network that supports a WiFi-based
DU was presented. It introduces the architectural and functional differences between 5G
and WiFi stacks. At the same time, it proposes a hybrid integration of the WiFi DU into
the 5G RAN at the MAC/PHY layer using the 3GPP Option 2 split. Following, the custom
data plane protocol (F1oIP over TCP) for the communication between the 5G CU and the
WiFi-based DU was presented. Moreover, the internal mechanisms of the WiFi DU were
analyzed, including user identification, uplink/downlink packet translation, and MAC-layer
slicing through DSCP-to-AC mapping. The role of the 5G CU was also discussed, highlight-

ing the centralized PDCP mechanism and the integration of a packet scheduler capable of
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distributing traffic dynamically across heterogeneous DUs. Finally, the chapter introduced
two xApps hosted at the Near-RT RIC: one implementing a non-prioritizing scheduling pol-
icy and another applying prioritization through slice-aware WiFi allocation. These xApps rely
on an LSTM-based prediction model and provide the CU with per-UE traffic steering deci-

sions, enabling intelligent, adaptive multi-RAT scheduling under realistic QoS constraints.
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Chapter 5

Experimental Architecture & Results

5.1 Introduction

This chapter introduces the software and hardware tools, system setup, and experimental
infrastructure used to implement and evaluate the proposed 5G multi-RAT system. It also
presents and analyzes the experimental results of the proposed 5G system, focusing on metrics
to evaluate the effectiveness of the WiFi DU integration and the proposed traffic steering

mechanism.

5.2 Software Tools

5.2.1 Docker & Docker-Compose

As mentioned earlier, the 5G CN is based on NFV, where each NF is deployed as a
containerized service. Containers implement a virtualization method that provides isolated
environments for NFs. Some of their advantages over other traditional virtualization meth-
ods, such as Virtual Machines, are that they are more lightweight, offer faster startup times
and better resource efficiency, making them ideal for deploying microservices applications,
such as the 5G CN. The most widely used container engine, and the one chosen for our
implementation, is the Docker Container Engine. Some of their advantages over other tradi-
tional virtualization methods, such as Virtual Machines, are that they are more lightweight
and offer faster startup times and better resource efficiency, making them ideal for deploying

microservices applications, such as the SGCN. Since SGCN involves multiple NFs (such as
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AMEF, SMF, and UPF), in this implementation, the Docker Compose tool was used. Docker
Compose is a tool that allows you to define and deploy multi-container Docker applications
using a single YAML file. In the context of the 5G CN, Docker Compose enables the orches-
tration of all necessary NFs by specifying their images, environment variables, networking

configuration and dependencies.

5.2.2 OpenAirlnterface

To deploy all 5G components, we used OpenAirInterface (OAI), an open-source software-
based implementation of the full 5G protocol stack aligned with 3GPP standards. It supports
fully open-source SDR solution built on x86 architecture, supporting UE, gNB, and CN func-
tionalities. It is one of the most wide-used 5G implementations that supports end-to-end 5G
system testing, all the way from radio access through core network functionalities. Its usage is
especially highlighted in experimental setups, algorithm prototyping, and validating custom

network configurations in research environments.

OAI - 5G CN

OPENAIR-CN-5G is an open-source implementation of the 3GPP specifications for the
SGCN. It includes all major NFs required for full 5G core functionality: AMF, AUSF, LMF,
NEF, NRF, NSSF, NWDAF, PCF, SMF, UDM, UDR, and UDSF. The UPF component is
provided in two variants: a standard UPF with optional eBPF support, and a high-performance
VPP-based version (UPF-VPP). This modular architecture enables flexible deployment, sup-
ports network slicing and analytics, and provides a complete SBA-compliant 5G core suitable

for research and prototyping.

OAI - 5G RAN

OAI-5G RAN framework supports multiple gNB deployment architectures, ranging from
monolithic implementations—where all RAN functions are co-located in a single entity—to
fully disaggregated setups that follow the 3GPP-defined split into CU-CP, CU-UP, and DU
components. This flexibility allows researchers to explore and deploy different levels of RAN
functional separation. In our work, we adopted the F1-based architecture, where the gNB is
split into a CU and one or more DUs, and communication between them is governed by the

3GPP-compliant F1 interface, consisting of the F1-C (control plane) and F1-U (user plane)
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protocols. This configuration enabled us to integrate and manage multi RAT DUs, including

our proposed WiFi-based DU, under a common CU control framework.

OAI-RF Simulator

The OAI RF simulator is a software-based radio interface emulator tool that allow testing
and validation of gNB and UE without needing physical RF hardware like USRPs. It simu-
late the RF link in digital domain between the gNB and the UE. The generated 1/Q samples
are exchanged through shared memory or UDP sockets. This makes it suitable for functional
testing, debugging and protocol development in a more controlled and repeatable environ-
ment. In this thesis, the RF simulator is used to simulate the physical RF hardware between

5G DU and the connected UEs.

OAI-FlexRIC

OAI-FlexRIC is an open-source, lightweight RAN Intelligent Controller (RIC) platform
designed to support the development and deployment of custom xApps for near-real-time
control in Open RAN environments. It adheres to the O-RAN architecture and provides a
modular and programmable framework for controlling various RAN components through the
standardized E2 interface. FlexRIC includes an E2 termination, a flexible agent framework,
and a runtime environment for executing XApps that can subscribe to RAN KPIs and apply
control actions. Its architecture enables fine-grained control over radio resource management
functions, such as scheduling, handovers, and slice enforcement, making it ideal for exper-
imental research and prototyping of RIC functionalities. In our implementation, FlexRIC

served as the near-RT RIC hosting the xApps responsible for multi-RAT traffic steering.

5.2.3 Open vSwitch

Open vSwitch (OVS) is an open-source virtual switch that allows programmable control
of network traffic in virtualized and software-defined environments. In our system, OVS was
used inside the WiFi DU to apply user-based traffic slicing. Using custom flow rules, OVS
changes the ToS field of IP packets depending on the slice to which each user belongs. Packets
with specific ToS value are then forwarded to the coresponding AC in the 802.11 MAC layer,

enabling packet prioritization. This enables user-based slicing in the WiFi without requiring
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changes to the application logic or kernel, providing a lightweight solution for slice-aware

traffic handling.

5.2.4 Athl10k

Ath10k is an open-source Linux driver for Atheros 802.11ac WiFi chips. Qualcomm
Atheros first developed it and then released to the Linux community. It supports chipsets
like QCA988x and QCA6174 and can run in both AP and STA mode. Ath10k works with the
mac80211 layer in the Linux kernel and supports features like MU-MIMO, beamforming,
and packet injection. It also allows for configuring channels and regulatory domains to com-
ply with local wireless rules. One important thing is that it supports firmware offloading, so
not everything runs on the CPU—things like encryption can be handled directly by the chip,
which helps the system perform more efficiently. Ath10k is part of the Linux kernel and is
still being updated. Due to these factors, it is widely used in various wireless devices, includ-
ing routers, access points, and network cards. In our implementation, the ath10k driver was
used in the WiFi DU to enable communication with the 802.11ac wireless interface acting as

an AP and support slicing through the mac80211 subsystem.

5.2.5 Hostapd

Hostapd is a user-space daemon used to enable AP functionality on Linux-based sys-
tems by interfacing with wireless drivers and the mac80211 framework. It allows a system
with a compatible wireless card to operate as a full-featured WiFi access point, supporting
features such as WPA/WPA?2 authentication, IEEE 802.1ac, MAC address filtering, and mul-
tiple SSIDs. In our implementation, hostapd was used in the WiFi DU to manage the AP mode

of the wireless interface, allowing UEs to associate and communicate through the WiFi link.

5.3 Hardware Components

5.3.1 WiFi NIC - Atheros AR9380

As WiFi NIC we utilized the Atheros AR9380, which support the IEEE 802.11ac proto-
col suite, offering high-speed wireless communication over the 5 GHz band. In our setup, we

used the AR9380 both as the AP and STA side, establishing the WiFi connection between the
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WiFi DU and the UE. This card is compatible with the ath10k driver and performs well un-
der 802.11a/n/ac modes, making it a good choice for experimental setups. It supports MIMO
capabilities and high data rates, which helped to achieve reliable connection for our traffic
steering and slicing tests. The AR9380 allowed us to focus on the software part of the imple-
mentation without worrying for the stability of the wireless link, which was very important

for the evaluation of the multi-RAT system.

5.4 Experimental Infrastructure

Slices-RI

Not being limited to simulation results, the proposed system was tested under real-world
conditions in a testbed. SLICES-RI is a European Research Infrastructure that aims to sup-
port large-scale experimentation in future network technologies like 5G, 6G, IoT and cloud-
native systems. It provides access to remotely controllable and programmable testbeds lo-
cated across various European countries. These testbeds are equipped with advanced hard-
ware and tools that help researchers conduct experiments in both real and emulated envi-
ronments. One of these national nodes is NITOS in Greece, which we used in this thesis to

deploy and test the proposed system.

Nitos

Since 2007, the NITLAB team of the University of Thessaly has developed and main-
tained the NITOS testbed, an open-source experimental platform for networking research.
As already mentioned, NITOS is the Greek node of the SLICES-RI infrastructure [?], hosted
at the University of Thessaly, Greece. It offers a powerful and remotely accessible environ-
ment for testing next-generation wireless systems under real-world conditions. To evaluate
our proposed multi-RAT system, we utilized the NITOS testbed, as it provides a controlled
yet realistic setup for deploying and testing 5G and Wi-Fi networks. It consists of three parts:
the Indoor RF Isolated Testbed, the Outdoor Testbed, and the Office Testbed. All nodes are
high-end machines equipped with Intel Core 15/i7 CPUs, 8 GB RAM, SSDs, and UNIX-based
systems. The nodes are also combined with commercial hardware and various types of UEs
like USB dongles and Android phones. Some nodes include SDR platforms, such as 10 N210
USRPs, 12 B210 USRPs, 4 X310 USRPs, and 4 ExXMIMO?2 boards. In this thesis we utilized
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the Office Testbed to perform the experiments.

5.5 Experimental Architecture

Figure 5.1: 5G Multi-RAT Experimental Architecture

Putting everything together, below is the list of all components used in the implementation

along with the corresponding software and hardware tools as illustrated in ??:

* 5GCN: Docker, OAI

* Near-RT RIC: OAI FlexRIC

* 5G CU: OAI

* 5G DU: OAI (RF Simulator)

* WiFi DU: Hostapd + Ath10k driver + Open vSwitch (OVS) + Atheros AR9380
* Multi-homed UE (5G side): OAI UE (RF Simulator)

* Multi-homed UE (WiFi side): Ath10k driver + Atheros AR9380 (ath10k)

5.6 Dataset

The publicly available dataset in [20] contains 5G traces collected from a major Irish
mobile operator and includes two mobility scenarios (car and static) and two application types

(file download and video streaming). From all possible combinations, we selected the static
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mobility pattern with a downloading application because it has the highest bitrate demand
with less variation, which makes it more suitable for our system evaluation. Another reason
is that the static scenario contains more entries compared to the mobility one, which also helps
in training the ML model better. Because our proposed method is based on forecasting the
UE throughput, we kept only the DL bitrate column and removed the rest 25 features (such as
Longitude, Latitude, PINGAVG, PINGMIN, PINGMAX, etc.) as they were either not helpful
or redundant. For training the LSTM model, we used data from three out of the five available
days, and the other two were used to simulate the traffic demand of two different UEs. During
the preprocessing stage, we applied min-max normalization in the range of 0—100 Mbps, and
used spline interpolation to smooth the data and reduce unnecessary noise, making it more

suitable for model training.

5.7 LSTM

To estimate the upcoming throughput demands of the UEs, we replay a realistic dataset
as described in Section .6, generating traffic over the 5G network components. The xApp
collects relevant KPI values, which are used to predict near-future network demand. We treat
this as a time-series forecasting task and utilize a Long Short-Term Memory (LSTM) neural
network, a commonly used deep learning model for demand prediction in modern cellular

networks.

The model comprises two LSTM layers with 224 and 64 neurons respectively, followed
by a dense output layer with 2 units. The architecture and hyperparameters, including the
number of neurons per layer, learning rate, and dropout configuration, were proposed by the
Keras Tuner tool based on the training dataset and the target prediction horizon. The model
takes the last 20 time steps as input and produces predictions for the next 2 steps. The LSTM
model was pre-trained offline at the SMO layer, using 10 epochs and the Adam optimizer
with a learning rate of 0.0034. It achieved a MAE of 1.384 on the test set, providing a good
balance between accuracy and generalization.

As the focus of this thesis is not on the optimization of the ML model itself but on its
application within a real-time RAN control framework, no comparative study with other al-
gorithms was performed. The trained model is deployed as a forecasting module within the

xApp, enabling real-time throughput prediction using the most recent 20 UE Throughput
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values as input.

Table 5.1: LSTM Model Parameters

Parameter Value
Architecture 2 LSTM layers + Dense output layer
1st LSTM Layer 224 neurons

2nd LSTM Layer 64 neurons

Dense Output Layer | 2 units

Input Last 20 time steps

Output Prediction for next 2 time steps
Optimizer Adam

Learning Rate 0.0034

Epochs 10

Tuning Keras Tuner (hyperparameter search)

Performance (MAE) | 1.384 on test set

5.8 Experimental Results

Based on the experiments conducted on the NITOS testbed, we observed the following
behaviors. In our experimental setup, as aforedescribed the Wi-Fi access point was imple-
mented using the Atheros AR9380 chipset with the ath10k pci. The NIC was configured for
operation with a single spatial stream (1x1 MIMO) and a 40 MHz channel width in the 5 GHz
band, enabling 802.11ac functionality. Under these conditions, the system operated at MCS
7 achieving a theoretical maximum PHY rate of 150 Mbps. Through extensive experiments
using UDP traffic, the setup consistently delivered real-world throughput of approximately
120 Mbps, corresponding to about 80% of the theoretical PHY rate. This value aligns with ex-
pectations, considering the MAC-layer overhead, interframe spacing, CSMA/CA contention,
and protocol headers inherent in Wi-Fi operation.

The maximum downlink throughput through the 5G DU using the RF simulator was ap-
proximately 60 Mbps, while for the WiFi DU, UDP traffic managed to succeed almost the

same with 120 Mbps, closely matching the performance of the baremetal WiFi access point
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and demonstrating that the integration of the WiFi DU within the 5G RAN architecture does
not impose significant overhead or degradation in achievable throughput.

Particularly interesting are the uplink measurements, where the WiFi DU outperformed
the 5G DU, as the 5G DU was limited to around 10 Mbps, whereas the WiFi DU, due to its
symmetric nature, achieved similar uplink transmission speeds as in the downlink. A note-
worthy observation is the latency difference between the two DU technologies: the WiFi DU,
due to its simpler protocol stack, achieved an average RTT of approximately 2.509 ms, while

the 5G DU achieved around 11.752 ms.

5.8.1 xApp-Non-Prioritizing Multi-RAT Scheduling with Demand-Aware
WiFi Allocation

As described in Section 4.6.1, the non Prioritizing Multi-RAT Scheduling with Demand-
Aware WiFi Allocation scheme implements a scheduler that follows a hierarchical traffic
decision process. At first, all the traffic is routed through the 5G DU, which is considered as
the primary interface. If the estimated UE demand exceeds the capacity of the 5G DU, then
the traffic is entirely forwarded to the WiFi DU. In case the demand is even higher than what
WiFi DU alone can handle, the traffic is split and transmitted over both 5G and WiFi DUs
simultaneously.

Figure 5.2 illustrates the throughput per UE under the Non-Prioritizing Multi-RAT Schedul-
ing with Demand-Aware WiFi Allocation algorithm. The top subplot represents UE1, while
the bottom one shows UE2. The color coding indicate the selected routing path for each ses-
sion: blue for 5G DU, green for WiFi DU, and red when both DUs are used together.

The scheduler does not prioritize any specific UE, but instead distributes the traffic based
on the predicted throughput demands and available capacity on each DU. As it shown, both
UEs start by using the 5G DU, but when the demand increases, traffic is routed through the
WiFi DU. In sessions where the predicted demand is higher than the capacity of any single
DU, the traffic is splitted and transmitted over both DUs at once.

This behavior proves that the algorithm adapts to dynamic traffic patterns and performs
interface allocation in a fair and responsive manner. No user is given priority, and the interface
usage is guided mainly by demand.

Figure [5.3, illustrates the interface utilization for both UEs for each DU. At session

approz50, the demands of the UE1 increase, resulting in the steering of the UE1’s traffic
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UE Throughput Over Time (Routing Interfaces)
UE1 Throughput
100 T T T T T T T

! WiFi DU
_ 5G DY ——
8ot B | 5G +WiFiDU ——
uy | 4
o
: ' /\
s 60 |
= | V\ [
a \
£ \ \ '
g 40 \ \ 2 7
£ / -
£ W \/ \f
20 - \/
0 /_“'—"-“‘\_j 1 1 1 1
0 50 100 150 200 250 300 350 400 450
Session
UE2 Throughput
100 T T T T T T T WiFi DU
5G DU e
et 1 5G+WiFiDU ——
w
o \
= 60 .
El . ’
= ™\
£ / \
S 40r f ’
o
E [ ==
=
20 ‘\/\_-J \‘\_/\ /\/"’
0 1 1 I

] 50 100 150 200 250 300 350 400 450
Session

Figure 5.2: Per-UE throughput and interface selection over time

via the WiFi DU interface. Around session /75, a significant increase in UE2’s traffic de-
mand renders the 5G DU capacity inadequate to serve it fully. As a result, the xApp initiates
traffic offloading for UE2 through the WiFi DU, leading to a noticeable increase in WiFi DU
utilization. This creates a contention scenario, prompting UE1 to distribute its traffic load
across both interfaces to mitigate potential WiFi congestion. Due to the non-prioritizing na-
ture of the xApp, both UEs are treated equally, allowing them to utilize a comparable share
of the available DU resources. Consequently, UE1 begins dynamically balancing its traf-
fic between the 5G and WiFi DUs. From that point onward, UE1 maintains a dual-interface
transmission strategy, driven by its consistently higher predicted demand relative to UE2.
This behavior is clearly illustrated in the interface utilization plots, where UE1 exhibits more
sustained usage across both DUs, while UE2, having lower demand, eventually returns to re-
lying solely on a single interface. Following session ~200, the total demand from both UEs
declines. This trend is reflected in the reduction of throughput levels and the corresponding

decrease in utilization across both interfaces.
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Figure 5.3: Per-UE throughput and interface selection over time

5.8.2 Prioritizing Multi-RAT Scheduling with Demand-Aware WiFi Al-

location

As described in Section §.6.2, the proposed algorithm follows a dynamic policy that dif-
ferentiate between priority and non-priority UEs. Based on the experiments that was per-
formed in our tested environment, WiF1 appears to offer lower latency and better bandwidth,
that’s why it is selected as the priority interface. The idea behind the algorithm is simple —
both priority and non-priority UEs are allowed to use the link with better quality, which is the
WiFi DU in our case, while there is no contention. Once the priority UEs start to require more
bandwidth, the non-priority ones are getting redirected also to the SG DU, even though it is
not as efficient in latency performance. In scenarios where the demand of both categories ex-
ceeds the total WiFi capacity, the algorithm applies prioritization, reserving 70% of the WiFi
DU capacity for the priority UEs, since it offers lower latency and higher bandwidth. This
allocation ensures that priority users maintain a higher quality of service, while non-priority

users offload to the highest latency DU accordingly.
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In our tested environment, we assume ideal conditions where no external interference af-
fects the WiFi channels. This ensures that the contention-based nature of the WiFi DU is not
impacted by surrounding devices or background traffic. Under such a controlled setup, the
available bandwidth of the WiFi interface is fully dedicated to the connected UEs, enabling
a precise evaluation of the traffic steering logic without unexpected variability. In real-world
deployments, such interference could be mitigated by employing dynamic frequency selec-
tion mechanisms on the access point, allowing it to switch to less congested or free channels,
thereby maintaining stable performance and minimizing contention.
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Figure 5.4: Per-UE throughput and interface selection over time

Figure 5.4 presents the received throughput for two UEs with coloring that represent the
selected routing interface. The upper plot corresponds to UE1 which is the priority UE, while
the bottom one shows the throughput for UE2 which is a non-priority UE. The green color
indicates that the WiFi DU was selected, blue indicates the 5G DU, and red color means
that both interfaces are used in parallel to serve the demand. As seen, UE1 is routed mainly
through the WiFi DU, which is expected since the scheduler always prioritize this interface for
the priority UEs. This choice is based on the fact that the WiFi DU provide lower latency and
higher bandwidth, making it more suitable for serving priority traffic. In this setup, priority

UEs are allocating 70% of the WiFi DU capacity, ensuring preferential access to this interface.
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In contrast, UE2 uses the 5G DU interface alongside the WiFi DU for much longer pe-
riods than UE1, as it is a non-priority UE. This means that when the WiFi DU bandwidth
portion allocated for non-priority UEs becomes insufficient to serve its demand, the sched-
uler leverages the 5G DU to compensate and attempt to fulfill the requested throughput. This
behavior is clearly observed in the intervals where the red color appears in the plot for UE2,

indicating periods where both interfaces are engaged concurrently.

Per-UE Interface Utilization Over Time
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Figure 5.5: Per-UE throughput and interface selection over time

Figure 5.5 presents the per-UE interface utilization over time, illustrating how the sched-
uler distributes traffic across the available DUs for both UE1 and UE2. The upper plots show
the WiFi DU utilization for each UE, while the lower plots reflect their corresponding 5G
DU usage. It can be observed that UE1, as the priority UE, maintains consistently high uti-
lization of the WiFi DU, often reaching 70% usage, especially during the early sessions. This
confirms the intended behavior of the algorithm, which favors WiFi for serving the traffic
of priority UEs. The 5G DU utilization for UE1 remains close to zero for most of the time,
indicating that WiFi alone is sufficient to meet its demand, except for a few spikes where fall-

back to 5G was necessary since the requested demand of the priority UE exceed the WiFi DU

Institutional Repository - Library & Information Centre - University of Thessaly
04/09/2026 01:10:12 EEST - 216.73.216.250



60 Chapter 5. Experimental Architecture & Results

capacity. On the other hand, UE2 exhibits more dynamic behavior: it initially shares the WiFi
DU, but as UE1’s (priority UE) demand increases, UE2 is progressively pushed towards the
5G DU, as seen from the fluctuations in its 5G utilization. This offloading pattern is a direct

result of the 70/30 resource split mechanism applied when WiFi becomes over-utilized.

Interface Utilization and Traffic Over Time
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Figure 5.6: Per DU Utilization and transmitted Traffic

Figure B5.4 illustrates the overall interface utilization and traffic per DU over sessions,
aggregating the behavior of both UEs. The upper subplot shows the utilization of the WiFi
and 5G DUs as a fraction of their total capacity, while the lower subplot reports the actual
traffic transmitted through each interface in Mbps. It can be seen that the WiFi DU reaches full
utilization (close to 1.0) during the interval between session 60 and 200, which correspond
to the period where both UEs are actively demanding higher throughput. This heavy usage
of WiFi DU is expected, since it operates as the low latency and high bandwidth link in this
setup, and the scheduler naturally prefers it as the primary interface. During the same interval,
the 5G DU is also utilized in parallel, with its traffic and utilization increasing especially when
WiFi becomes saturated. This reflects the behavior of the algorithm where non-priority UEs
are offloaded to 5G once the priority users need more capacity on WiFi. After session 200,
demand starts to drop, and the WiFi alone is enough to handle the load, so 5G DU goes back

to zero.
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Figure 5.7: Per UE RTT

The RTT behavior observed in Figure b.7 is closely linked to the per-UE interface uti-
lization patterns shown in Figure 5.6. As the utilization plots illustrate, UE1 primarily uses
the WiFi DU, with utilization levels reaching up to 0.7 during high-demand periods, while its
use of the 5G DU is minimal — limited to just three distinct intervals, where utilization peaks
around 0.18. This explains why UE1’s RTT remains consistently low, typically between 2.5

ms and 3.5 ms, with only small increases during those brief 5G DU activations.

In contrast, UE2 relies much more heavily on the 5G DU interface. The UE2 5G DU
utilization plot shows several periods, particularly between sessions 100 and 200, where uti-
lization frequently exceeds 0.3 and even reaches 0.45. This greater reliance on the 5G DU,
which inherently introduces higher round-trip delays compared to the WiFi DU, results in the
notable RTT spikes seen for UE2 — with RTT values rising as high as 6—7 ms. These spikes
align with intervals where the WiFi DU share available to non-priority UEs is insufficient,
and the scheduler compensates by offloading significant portions of UE2’s traffic to the 5G
DU. Outside of these high-load periods, when UE2 can be served primarily by the WiFi DU,
its RTT aligns closely with that of UE1, confirming that the scheduler reverts to low-RTT

paths whenever possible.
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5.9 Conclusion

Putting everything together, the experimental results presented in this section demonstrate
the practical value of the proposed traffic steering strategy within a multi-RAT environment,
where WiFi and 5G DU operate concurrently. The algorithm effectively distinguishes the
priority and non-priority UEs, favoring the WiFi DU for priority users due to its lower la-
tency and higher bandwidth properties. When the WiFi DU becomes congested, non-priority
UEs are dynamically redirected to the 5G DU, allowing for more balanced load distribution
and maintaining acceptable service levels. The results indicate that the proposed mechanism
improves overall interface utilization while still respecting QoS needs across varying traffic
conditions. This behavior provides a solid basis for more scalable multi-RAT orchestration

in future wireless systems.
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Chapter 6

Conclusion

6.1 Summary

In this thesis, we presented how the cellular networks have evolved over the years, explor-
ing the changes that occurred in the architecture from the early days of 1G up to the modern
5G systems. We continued with a brief historical discussion on the WiFi evolution, and then
we discussed the potential benefits of the convergence of these two technologies. Following
that, we presented our Wi-Fi integration into the 5G System architecture by integrating at
the MAC level of the RAN as a Wi-Fi DU. We then implemented two distinct traffic steer-
ing algorithms, each reflecting a different strategy for handling dual-RAT connectivity in the
RAN. The first approach is a non-prioritizing scheduler that uses the 5G DU as the default
interface, offloading traffic to WiFi only when 5G capacity is exceeded, and splitting it if
necessary. The second algorithm adopts a priority-aware policy, assigning priority UEs to
the WiFi DU due to its better latency and bandwidth, while non-priority UEs use the 5G DU
unless excess WiFi capacity becomes available. Both mechanisms were deployed and evalu-
ated on the NITOS testbed — the Greek node of the SLICES-RI infrastructure — allowing us
to study their performance under controlled but realistic conditions. The results offer useful
insights into how traffic can be dynamically routed in multi-RAT environments, highlighting

the trade-offs between fairness, prioritization, and resource efficiency.
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6.2 Future Work

While the proposed traffic steering algorithms proved effective in managing dual-RAT
resources, several extensions could further enhance the flexibility and applicability of the
approach. One direction for future work is the integration of additional RATs, such as LTE or
mmWave, into the same scheduling framework. This would enable the development of more
complex and adaptive multi-RAT orchestration strategies. Furthermore, we aim to extend
our policies utilizing also network slicing not solely within the WiFi DU, but also across
the 5G DU component. In the current architecture, the 5G interface relies on a static fair-
sharing model for distributing resources among UEs, which may limit adaptability under
heterogeneous traffic demands. Introducing dynamic slicing mechanisms to both DUs would
enable more granular and policy-driven resource allocation, enhancing the system’s ability
to support differentiated service requirements and improving overall isolation and efficiency

in multi-tenant environments.
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