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This is the 3rd and final deliverable of Work Package 4 (W849 E LISNA YSy G+t w! b AYT
WP4 focuses on the deployment of 6@ beyond 5G cellular network infrastructure. Deliverable D4.3
describes final deployment and performance evaluatiorivad BGPP enablers, threeRAN enablers,

and three Disruptive enablers. The deliverable also reports on a final implementation of the Trial

/| 2y 0GNRBEttSNY bSé SylFrof SNE FNBE AydSaNradSR FyR GSad
5GTN) and Southdde (5GBarcelona and 5TONIC), and performance results are also documented if
available. Deployment includes also XR trial controller meant to ease the automatic deployment of XR
related experiments and remote use of testbed.

Among the 3GPP XR enablers, advanced simulations proved the ability of nretmtrdlled repeaters

in indoor environment to boost indoor XR network performance and ensure robust QoE under
demanding usage conditions. The Netwadsisted Rate Control APhsvdesigned to enhance XR
service rate adaptation by integrating explicit rate recommendations from the network, which will be
tested in I2CAT laboratory and integrated within the South Node infrastructure. ABS&&capacity
enhancement was proved tofettively perform traffic steering and switching in maintaining service
quality for latency and bandwidthsensitive XR applications across heterogeneous access networks.
Energy and applicatieaware management of 3GPP infrastructure highlighted the ingraré of both
energy and application awareness when making optimization decisions for the infrastructure. Finally,
the upgrades and evaluation of experimental RAN infrastructure in the South and North Nodes
demonstrated the statef-the-art performance avéable in the test facilities setup by the 6@
project.

Among the GRAN XR enablers, congestion aware load balancing enabled proactive mitigation of
congestion, efficient user distribution across cells, and sustained service quality for XR applications
within O-RANenabled networks. Energgware endto-end resairce management proved that the
maximum power consumption of the overaltRAN infrastructure can be controlled by limiting the
allowed data rates of lower priority users. FinallyRBN enabled slicing to support XR services proved
slice isolation prevestextra latency spikes from appearing when another slice is overloaded with data.

Among theDisruptive XR enablers, the Hifinequency transceivers for HR1S and ISAC at 140 GHz
and 300 GHz demonstrated successful establishment of wireless links capable of reliably delivering a
high throughput with beamsteering functionality, mostly aligninghsstmulations, and in some cases
requiring the development of multiple new measurement capabilities during the project. Baseband
implementation for THRIS and ISAC based onrFBE demonstrated how to build a full disruptive
system by splittingt into their baseband and frontend components that are offline integrated in the
lab, and theoretically studied a technique to estimate and equalize any type of ddispigrsive
channel for higkspeed applications. Finally, Deep Reinforcement LearnirigLXCfor THRIS
demonstrated significant advancements and improvements in the performance of the DRL algorithm
compared to previously employed methods to benefit from coverage improvements with very large
RIS structures.

The final Trial Controller implementation comprises a Unified Web Portal (designed with the aim of
managing the trial on both the North and South web portals) and the corresponding web portals and
adapters of the North and South Nodes. The Trial Controled Qosium as the KPI collection engine
for North Node and South Node monitoring.
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In addition to the results and conclusions, next steps are hinted for each of the -abewvgoned
enablers and Trial Controller to successfully leverage the results obtained in tX&R@%oject for
future lines of research.
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eMBB enhanced Mobile Broadband

EPC Evolved Packet Core

ETSI European Telecommunications Standards Institute
FDD Frequency Division Duplexing

FoV  Field of View

FMI  Finnish Meteorological Institute

FPS Framerate Per Second

FR Frequency Range

gNB 5G NodeB

GPS Global Positioning System

GPU Graphics Processing Unit

GUI  Graphical User Interface

HMD HeadMounted Display

HW  Hardware

IAB Integrated Access and Backhaul

IF Intermediate Frequency

InH Indoor Hotspot

ISAC Integrated Sensing and Communications
KPI  Key Performance Indicator

KPM Key Performance Measurements
L1/L2 Layer 1/Layer 2

LO Local Oscillator

LoS Line of Sight

MBB Mobile Broadband

MIMO Multiple-Input Multiple-Output

ML Machine Learning

mmWavémmw Millimeter-wave

MQTT Message Queuing Telemetry Transport
MR  Mixed Reality

MTU Maximum Transmission Unit

NCR Network Controlled Repeater

NCRFwd NCR Forwarding
NCRMT NCR Mobile Termination

NGRAN

NI
NLoS
NN
NR
o2
OoCu
O-DU

Network Interface

Non Line of Sight
North Node

New Radio
Outdoorto-Indoor
O-RAN Central Unit
O-RAN Distributed Unit

O-RAN Open Radio Access Network

ORU
PAPR
PRB
PTP
QoE
QoS
RAN
RB
RC

O-RAN Radio Unit

Peak to Average Power Ratio
Physical Resource Block
Precision Time Protocol
Quiality of Experience

Quality of Service

Radio Access Network
Resource Block

RAN Control
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RF RadioFrequency

RI Research Infrastructure

RIC  RAN Intelligent Controller

RIS  Reconfigurable Intelligent Surface
RL Reinforcement Learning

RMSE Root Mean Squared Error

RRH Remote Radio Head

RRM Radio Resource Management
RSRP Reference Signal Received Power
RSRQ Reference Signal Received Quality
RT Real Time

RU Radio Unit

SCFDESingleCarrier Frequency Domain Equalization
SCS Subcarrier Spacing

SDR SoftwareDefined Radio

SINR Signalto-Interference plus Noise Ratio
SMO Service Management ar@drchestration
SN South Node

SNR Signailto-Noise Ratio

SotA Stateof-the-Art

SW  Software

T Task

TCP  Transmission Control Protocol
TDD Time Division Duplexing

THz  Terahertz

TRX TransmitReceive

UDP User Datagram Protocol

UE User Equipment

ul User Interface

UL Uplink

UMa Urban Macro

UP User Plane

UPF User Plane Function

URLLC ultra-Reliable and Low Latency Communications

VR Virtual Reality

\YAY Volumetric Video

WP  Work Package

XR ExtendedReality

XRM XR and Media Services
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1 b¢wh5!/ ¢Lhb

XRasan umbrella terncoveringVirtual Reality (VR), Augmented Reality (AR) and Mixed Reality (MR)
which provides immersive experiences from a blend of the virtual and real worlds and finds
applications in several emerging use cases across different domains and sectors. XR requires
performance enablers that can support stringent requirements with respedowo latency, high
capacity, low power consumption and high reliability, among other KRlgmard2023.

This delerable D43 introduces thefinal designdone in the projectandfinal evaluationof identified
new XRenablertechnologies that have been identified in the project alatumentted in [D4.1 and
[D4.2] Structure follows the categorization #fRenablers to three alternative paths frono®A to 6G

- 3GPPbased evolution pathOPENRAN (GRAN), and DISRUPTIVE addition to XR enablers
contributing to three alternative paths, this documentdescribes also the deployment of Trial
Controller, which is implemented tease the automatic deployment of XBlated experimentations
in the two test facilities of the projec&futh Node andNorth Node) [D4.2]

11h. WO /@ 61 9 59[L+9w! . [9

This deliverable hathree main objectivedor each new XR enabland for the Trial Controllef1)
Justification of the valueor motivation of each enablesupportingthe respective path towards 6G
(2) Solution design of the implemented enablgiving the reader a sufficient level of details of the
structure of each new asséb suppat the utilization of XR based services in a moldtlevironment
and (3)final validation result®f the deploymentsf available.

12{¢w!/ ¢!'w9 hC ¢19 59[L+t9w!.[9

The 6GXR project aimdo demonstrak technological feasibility of innovative radio spectrum
technologies of beyond 5G and 6G spectrum and validate arte@edd beyond 5G architecture
including endto-end service provisioningupporting evolution from current architectures amdth
slicing capabilities, and at cloud implementation level (Open RAN).

Therefore the deliverable D&.is coveringthe state of the art folRAN,beyond 5G RAN, core, and
opensource networks,as well asdisruptive RANXR enabling technologies Those enabler
techndogies are catgorizedto support alternative paths from 5G networks towards 6G as described
above.

Thedeliverable D& is structuredasfollows:

1 Chapter 2develos the five identified XR enablers followinthe evolution of 3aGPP
definedextensions foiXRsupport ineach 3GPRelease

1 Chapter Jocuses ordevelopingthree enablers relevant t®©-RANarchitecture, and
utilizing customized xARBRAPPs allowingnodifying the RAN behaviotw maximize
the operational efficiencpased on the service needs.
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1 Chapter 4developsthree DISRUPTI\#hablers relevant for higfrequency solutions
and RISthus assuming mobile connectivity for tailoradtwork use.

1 Chapter 5developsthe trial controller common designcomponentsand selected
deployments tanorth and southexperimentation sites.

1 Chapteré concludeghe document.

1.3¢ wD9¢ ! 'h5@ 9¢hl/99 59[ L+9w! . [ O

This deliverable is a public report which targets the project consortium, stakeholders, academic an
research organizations, EU commission services, and the public.
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2 oDttt - w 9b! . [ 9w{

21{ | aa!woDh-®&®@b! . [ 95m{® L Db

In order to fill some of th@on-solved gaps ithe XR capabilitiesf 5G New Radio (NR) in Rirll R16,
[D4.2]presented fiveiechnology enablers supporting XR functionaliie8GPP[D4.2]descrited the
interim enabler research results with the@lue or motivation of each enableexplaired the slution
designand providedinitial validation results of theleploymentsif available

This chapter completes the design and implementation results obtained with thetdstenical
enablersby providingtheir final solution design, final evaluation results, and main takeaways and
conclusions

220Dttw wht hpB5. [ 9w{Y 59{LDb !b5 CLb! |
wo{ [¢{

2.2.1 Network-Controlled Repeatere indoor environment

2.2.1.1 Motivation

The adoption of 3GRMetwork-Controlled Repeaters (NCRs) were proposed from critical indoor
deployment challenges which were detailed in deliveraljled.l] and [D4.2] As documented in
[D4.1] these adverse conditions notably diminish user experience (QoE) for XR services, requiring
novel solutions beyond traditional deploymentgsSousa2024][Xu2022] To overcome such
impediments, [D4.2] showcased the effectiveness of NCR deployment by employing advanced
beamforming and dynamic network control, facilitating enhanced coverage and substantial
improvements in Signdb-Noise Ratio (SNR) and user throughput within indoor scenarios.

[Goyal2025]

The motivation for adopting 3GPP Netwet@ontrolled Repeaters (NCRs) stems from critical indoor
deployment challengesddressedin the deliverables Building upon the validated effectiveness
documented inMD4.2], D4.3 introduces notable advancements and expansions in the NCR deployment
scenarios. Thentire workflow of the methodology is as shown Kidure 1)major evolution pertains

firstly to the use of advanced simulation parameters specifically optimized for Frequency Range 1 (FR1)
bands, aimed at enhancing NCR performance and ensuring comprehensive validation at these widely
utilized frequencies.

2.2.1.2 FinalSolution cesign

As highlighted in Deliverablgb4.1] Indoor XR applications typically encounter substantial signal
attenuation due to structural blockages, high Outda@ofindoor penetration losses, and propagation
constraints, especially prominent at higher frequency bands (FR2). This is further vailidfied2]
through initial deployments using systelevel simulations.

Advancements insubcarrier spacing(SCH BW Scenarip Building on the intermediate results
documented in[D4.2] D4.3 introduces significant enhancements in the NCR solution deployment,
particularly leveraging advanced parameters in the FR1 band. Aewaytion includes explicitly
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utilizing a SCS d5 kHzand 50MHz as Bandwidtitombined with XB®ptimized trafficmodelling
specifically using gaming traffic profiles available from standard 3GPP XR traffic models. This
represents a marked departure from the previously used generiebtdfer traffic model, thus
ensuring closer alignment with realistic XR service demamibtionally, scenario realism has been
improved through updating the simulation environment to the detailed Aveiro street map scenario,
enabling more accurate assesent of NCR performance in practical urban conditions.

ScalingNCR parametersin this phase, the i2CAT scenai® consideredby modifying the NCR
deployment setup. Specifically, the NCR position was adjusted to be slightly closer to the user, enabling
a more accurate emulation of indoor deployment characteristics. This change supports more
representative performance analysisspecially in dense XR environments where user proximity
critically impacts signal quality and reliability.

Traffic Models In this phasewe evaluate the performance of NetwoefBontrolled Repeaters (NCRS)

under Frequency Range 1 (FR1) with a bandwidth of 50 MHz and subcarrier spacing (SCS) of 15 kHz.
The scenario is based on the Aveiro street map and assumes XR gaming traffic to hidllecteanand

use case.

Simulation using Vienna
5G SLS base simulator

Mapped to real-world
urban scenario

i2CAT, Aveiro Advancements Channel models
to FR2, Traffic emulate real

deployment

nario

mcdels, Scaling
NCR parameters

Figurel: NQR methodology flowchart.

2.2.1.3 Finalevaluation results

The simulations focused on enhanced bandwidth conditioB8 MHz 100MHzand utilizedvarious
traffic types reflecting realistic XR usmses. The evaluated scenarios involved both-Bi@zRled and
baseline without NCRJonditions, at specific outdoan-indoor (O2l) wall losses of 10 dB, highlighting
challenging yet realistic indoor coverage conditions for XR applications.
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Figure2: NCR performance under the band FRA,50MHz, SCS=15kHz, traffic model 8§se gaming, and
Aveiro street city Map scenario.

The obtained results clearly demonstrate substantial performance gains through NCR deployment
(Figure2). Theempirical cumulative distribution functioreCDJplots indicate notable improvements

in user throughput when NCRs were employed. Specifically, the throughput values reached up to
approximately 31 Mbps in NG#habled conditions, while scenarios without NCR exhibited throughput
levels considerably loweprimarily distributed below 25 Mbps. Additionally, both DL and UL SINR/SNR
results reflected meaningful enhancements when NCR was activated. The DL SINR distributions shifted
distinctly toward higher values (around 40 dB with NCR), indicating betteryjaalit more reliable XR
experiences. Similarly, UL SNR distributions displayed significant improvement, enhancing from
predominantly negative or marginal values to consistently positive ranges with NCR deployment.

Graph Interpretation and NCR Performance Analysis (Percentiles of E@B#xplained inTablel.

Tablel: Throughput Uplink and Downlink measurements (Bandwidth = 50 MHz, XR Gaming)Traffic

Metric Scenari | Median  (50th | Higher Interpretation
o] percentile) Percentile
Throughput (XR Gaming) Without NCR ~22 Mbps 90th percentile] NCR significantly improveg
~30 Mbps throughput, especially for use

below median, enhancing X
gaming experience.

With NCR ~30 Mbps 90th percentile
>31 Mbps
Downlink (DL) SINR Without NCR ~25 dB 70th percentile:l NCR deployment notably shift
~30 dB SINR higher, enhancing sign
quality for better XR use
experiences
With NCR ~32 dB 70th percentile
~35dB
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Uplink (UL) SNR Without NCR ~8 dB 80th percentile] NCR significantly improves
~20 dB indoor UL conditions, crucid
for uplink-intensive XR

services.

Results on Scalingnd Traffic models

By repositioning the NCR closer to the user in the i2CAT indoor scenario, we observed consistent
performanceimprovements across key metrics. The ECDF (@tn Figure3 demonstrate a clear
increase in throughput and SNR for both uplink and downlink when the NCR is present, compared to
the no-NCR baseline The Block Error Rate (BLER), a critical metric that reflects the proportion of
transmission blocks that are received with errors, shows a significant reduction across all users

A lower BLER indicates higher link reliability and fewer retransmissions, which directly translates to
more efficient use of network resources and improved Quality of Service (QoS) for latmsifive

XR applications. These findings highlight how smdjiisiments in NCR positioning can lead to
measurable gains in signal quality and user experience within realistic indoor deployment scenarios.

Under the traffic models we evaluated NCR performang®ler different traffic conditions, two sets

of traffic models were used. The first graplgure3 (b)was generated using standard traffic models
available in the simulator, including full buffer, gaming, and video streaming configurations. These
were used to establish a baseline for NG&aviour under generic and controlled simulation
environments. In contrast, the second graph presents NCR performance based on experimental data
collected from real XR use cases, including volumetric video over TCP, holographic communication over
IMS data channelsand highrate collaborative VR applicatior(Sable 2. These realvorld traces
introduce varying transport protocols, packet sizes, and data tratasging from 4.1 Mbps to 88
Mbpst providing a comprehensive view of NG&haviourunder realistic XR traffic. The comparison
highlights the gap between analyticalodelling and actual application demands, reinforcing the
importance of incorporating experimental traffic profiles for accurate system evaluation.

- S L BGSNS Page20of 125 © 2023-20256G-XRConsortium



6G XR D4.3: Finaldeploymentof beyond5G RAN, core, and opeource networks,

disruptive RANechnologies and trial controllgr Public

5Ga

1 T T T r 1 T
- = noNCR J - - noNCR J
0.9 F[——NCR ’ 0.9 F|——NCR ’
08t S 08 77
o, ‘ # s’
071 i’ 071 ’
f ’
06 ! 0.6 !
w I w U
Sos} ! Sost !
i} i w i
L ! L 1
04 s 0.4 ,
0.3F ,’ 0.3F I"
J 4
02f . 02t S
S s
01} .~ 0.1 7
- ’ —,
0 n ~ i 1 i I 0 b - I I I n
-60 -40 =20 0 20 40 -80 60 -40 -20 0 20 40
SNR-Downlink (Mbps) SNR-Uplink (Mbps)
10t 1
102 1
o 107
w |4
=
o
@ 104
g
-]
< s
107 ¢
i I ] ] I
I I O A
2 3 4 5 6 7 8 9 10
User Nr
(a) Results orscaling
T —— 3
08 o8} 4
= NCR full buffer
—— NCR Gaming
o6t ~—— NCR Video streaming 06 |
w
g &
b 8
04 F 0.4 4
—NCR - Volumetric Video
0z2p 0.2f ~—NCR - Holographic cal 1
~—— NCH - Virtual Reality
0 N " A 2 M N 0 " A A " . N
0 100 200 300 400 500 600 0 50 100 150 200 250 300
Throughput (Mbps) Throughput (Mbps)

(b) Results on traffic models

Figure3: (a) Impact of Adjusted NCR Position on SNR and BLER under FRIOBX¥z, SCS = 15 kNOR-
137.6145:67.8227]in the i2CAT Indoor Scenafi) Evaluaing NCR performanceith synthetictraffic models
in the simulatorand experimentafraffic modeldata collected through use cases.

2.2.1.4 Takeaways and conclusions
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These advanced simulations utilizing expanded bandwisithlingand specific traffic models confirm
b/ wQa LINI OG A O f-wolBdFARSEeAakios, Ryighasiding Ats/critibebrbld in substantially
boosting indoor XR network performance and ensuring robust QoE under demanding usage conditions.

2.2.2 Network asssted Rate Control API

2.2.2.1 Motivation

As outlined ifD4.1]and[D4.2] XR applications demand high data transmission rates in both uplink
and downlink directions to ensure seamless user experiences. However, since radio resources are
shared with general Internet users, the increasing XR traffic places signiftam on network
capacity, often leading to congestion and subsequent Quality of Service (QoS) degradation. Existing XR
services primarily rely on owthe-top (OTT) capacity estimation techniques to adjust media flow rates,
aiming to optimize user experience and minimize buffering. This is typically achieved through adaptive
bitrate algorithms that monitor metrics such as throughput, latency, and packetHimsgever,these
methods are insufficient for interactive XR applications due to their stringganhty and buffering
constraints. To guarantee reliable and highality XR experiences, more intelligent and adaptive
mechanisms are required.

Recognizing this challenge, 3GPP has envisioned the network as an intelligent platform capable of
providing realtime insights through standardized APIs to enhance service performance. In alignment
with this vision, the CAMARA project has developed APlgptomize service delivery, with the
CAMARA Quality on Demand (QoD) APl emerging as a critical enabler for XR applications. Within the
6GXR framework, leveraging netweaksisted mechanisms is essential to facilitate dynamic media rate
adaptation. One oftte key enablers in this context is the rate control API, which integratedineal

XR client feedback with netwogirovided capacity insights to optimize media rate adjustments,
ensuring both efficiency and quality in XR service delivery.

2.2.2.2 Solution design

To bridge the limitations of conventional rate control mechanisms, we propose NetXRate, an API
designed to enhance XR service rate adaptation by integrating explicit rate recommendations from the
network. The architectural design of NetXRate is illustramdeigured. Unlike oveithe-top (OTT) rate
control mechanisms, which rely solely on inferred network conditions, NetXRate introduces a direct
communication channel between the XR service and the network. This approach enables the rate
control function of XR applicians to subscribe to redlme networksupplied rate recommendations,
ensuring a more adaptive and informed media rate adjustment. The Network Exposure Function (NEF)
of the 5G Core facilitates this subscription, granting seamless access to networksin8igtay
innovation of NetXRate is its ability to provide rate recommendations at configurable intervals,
allowing XR services to receive dynamic updates on the maximum capacity available for a given session
at any moment. These recommendations act as gpeu bound rather than a strict enforcement
mechanism, ensuring that existing OTT rate control algorithms remain operational while benefiting
from enhanced network visibility. Instead of replacing traditional XR rate adaptation methods,
NetXRate complementthem by setting a maximum threshold that prevents excessive bandwidth
allocation beyond what the network can sustain. This approach enhances XR performance, mitigates
congestion, and ensuresmore reliable, higkguality user experience.

The NetXRate architectuittustrated inFiguredincludesthe key 5G Core components, specifically the
Network Data Analytics Function (NWDAF) and the NEF, to facilitate neassiled rate control.
NWDAF processes re@ine network data to generate rate recommendations, while NEF exposes this
information to XR services. A critical component of NetXRate is the NetXRate xApp, deployed within
the NearReaiTime RAN Intelligent ControllgNearRT RIC)It continuously monitors available
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capacity per cell and computes dynamic rate recommendations, ensuring XR traffic adapts to
fluctuating network conditions. The NetXRate xApp interfaces with NWDAF through-&7NOY1
interface, enablingreal A YS w! b Ay aA3aKida {2Thdsgrécdmdéendations ar€ Q &
then relayed through the NEF to the XR rate control function, ensuring that XR applications receive
network-aware guidance for media rate adjustmeni$ie overall NetXRate architecture integraties

Policy Control Function (PGif)ereuser priorities can be stored and managé&tiere are two options

to enforce uselpriority either by CAMARA QoD where user profilegth QoSrequirementsare used

or by using preconfigured priorities in the P@QfetXRate considers the latter casethe per user rate
recommendation.

UE 5G RAN 5G Core XR App provider
Client side measurements
XR CP —J
: NetXRate NWDAE i NetXRate API e
: XApp NextXRate Analytic NEF |
i Module :
’ PCF |
,NetXRate i o
NEARALE I A camarAcon | S User Priority
NearRT RIC Control
SMF XR CP
1
XR UP UPF XR UP
XR AF XR AF

Figured: Network Assisted rate control API architecture (NextXRate) with red arrow indicating the new
proposed analytics.

2.2.2.3 Final evaluation results

The NetworkAssisted Rate Control API has been evaluated thréughs3 simulator integrated with

the 5GLENA module is employed under an urban macrocell environment operating at 3.5 GHz with a
100 MHz bandwidth and 30 kHz subcarrier spacing. A proportional fair scheduler is utilized, optionally
enhanced with user pority weighting (e.g., XR:6, eMBB:1). The simulation spans 40 seconds across 9
seeds. XR traffic adopts dynamic adaptation strategies, while eMBB traffic includes HTTP, FTP, and
video streantg applications following standardized traffic models. Users are clustered into groups (10
eMBB, 6 XR), with eMBB traffic distributed in a 6/2/2 pattern and XR subgroups transmitting at 6, 12,
and 18 Mbps to emulate increasing frame rate demantisesimulationsareto assess the maximum
potential gains achievable when a tight integration between the RAN and the analytics module is
established. The analysis conducted in this deliverable has focused on realistic network scenarios
considering the coexistence of both xRl eMBB users within the same cell. Additionally, the benefits

of NetXRateare examined in scenarios where XR users are prioritized by the core neffwaokrate
adaptationstrategiescalled PacketSize anBA(Inter-Packet Arrivalare considered,iesestrategies

adjust the effective data rate through different mechanisms: the Packes®iatgymodifies the size

of each packet, while the IPA strategy alters the packet generation interval.

Figure5 and Figure6 illustrate the performance trends of XR and eMBB traffic flows, respectively, as
a function of the number of clusters, with and without XR priority. The analysis encompasses the
following scenarios: (i) NetXRate with a PacketSize adaptation strategy, (b)@J T with a PacketSize
adaptation strategy (red), (iii) NetXRate with an IPA adaptation strategy (purple), and (iv) OTT with an
IPA adaptation strategy (yellow).
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Figure5 (a) illustrates that XR users achieve only 10.6% or 17% of their requested resolution or FPS,
depending on the adaptation strategy employed. NetXRate with the IPA adaptation strategy
outperforms OTT up to four clusters but adopts a more conservative approath five clusters,
prioritizing stability over throughput-igure5(b) shows that OTT experiences an increase in outages
as the number of clusters grows, while NetXRate maintains-pear outages, reducing them by up to

13 percentage pointgzigureb(c) demonstrates that OTT applications endure longer outage durations,
with an average delay 270 ms greater than NetXRate, which significantly affects XR performance.
Figure5(d) presents the complementary cumulative distribution function (CCDF) of-fmipbint

delay, highlighting that NetXRate substantially reduces latency compared to OTT, even with the same
adaptation strategy. At the 99.9th percentile, NetXRate reportsayielof 11 ms and 19 ms for
PacketSize and IPA, respectively, whereas OTT experidetagsof 213 ms and 287 ms. This
AYLINPGSYSYyG Aa GGNROMzGASR G2 bSG-wlhiSQa NIdGS NBC
saturation.

Figure6Figure6Figure6Figure6

In Figure6 (a), NetXRate and OTT exhibit very similar normalized throughput, with only minor
variations observed in scenarios with 3 and 5 clusters. The disadvantage of NetXRate observed in the
non-prioritized case diminishes when XR priority mechanisms are appliedmphizvement is likely
attributable to the enhanced capacity allocated to XR users, which stabilizes their dataFHigie®

6(b) illustrates thatNetXRate continues to achieve fewer outages than OTT. However, in this
experiment, the increased capacity allocated to XR traffic also reduces the outage rate of OTT,
narrowing the gap between the two approaches to approximately 6 percentage points at most

finding is consistent with the results Figure6(c), where NetXRate shows higher outage durations in
configurations with 3 and 4 clusters, contrasting with the previous experiment where NetXRate
consistently achieved lower outage times.

When comparing internal variants of NetXRate, the-t@fed prioritization strategy outperforms the
PacketSizdased approach in terms of outage duration and latency. This indicates that IPA more
effectively leverages traffic prioritization to maintain sixe continuity. Conversely, the PacketSize
approach demonstrates superior performance in normalized throughput and outage occurrence,
suggesting a tradeff between maximizing throughput and minimizing service disruption. Delay trends
in Figured(d) remain consistent with earlier findings: NetXRate achieves lower delggsns and 110

ms at the 99.99th percentitecompared to OTT's 217 ms and 241 ms, respectively. These delay
reductions are likely a result of the additional capacity provisioned for XR traffic, which mitigates
severe network congestion.
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The results depicted are summarytbé provided resultsn the papersubmitted to IEEEransactions
on Broadcasting

2.2.2.4 Takeaways and conclusions

The next phase involves testing a simplified version of the API in the i2CAT laboratory, utilizing an
Amarisoft gNB. This experimentation is critical for defining the APl communication framework
between the network and the holoportation application devedopin WP3. Finally, the APl and the
holoportation application will be integrated and validated within the South Node infrastructure,
ensuring seamless interoperability.

2.2.3 ATSSS®ased capacity enhancement
2.2.3.1 Motivation

As highlighted iiD4.1 and[D4.2] Extended Reality (XR) services, particularly holoportation, impose
stringent bandwidth requirements in both uplink and downlink directions, necessitating advanced
solutions to ensure seamless and hignality reattime holographic communication. XR apptioas

are predominantly utilized in indoor environments, where-KVi7 is expected to be the primary
connectivity technology. However, its performance degrades under suboptimal coverage conditions,
necessitating the integration of additional capacity frpoblic 5GAdvanced/6G networks. To address

this challenge, the Adaptive Traffic Steering, Switching, and Splitting (ATSSS) facdlibes the
aggregation of WFi and 5GNR capacities within a unified raittess PDU session, employing various
traffic steering mechanisms. By incorporating ATSSS functionality within XR devicesidady.,
Mounted Displays and capture systems) and network infrastructure (e.g., User Plane Function), this
approach enables dynamic traffic distribution while maintaining transparency to XR applications.
Furthermore, ATSSS empowers Mobile Network Operatofddh) to implement tailored traffic
steering policies to optimize network utilization for XR services. The principal research challenge lies
in designing an efficient ATSSS forwarding function capable of enhancing service quality by maximizing
bandwidth utlization and minimizing latency, thereby addressing a critical bottleneck in thedaede
deployment of XR communications.

2.2.3.2 FinalSolution design

The envisionedbGXR ATSSS architect@stablishes a unified muliccess framework to enable
seamless traffic steering, switching, and aggregation across indo&i Wid public 5G networks. At

the core of the architecture lies thATSSS User Plane (UP) functresponsible for distributing and
routing IP traffic intelligently based on network conditions and policy directives. This function operates
within the Customer Premises Equipment (C&ff) intermediate network elements, enabling dynamic
path seletion without disrupting ongoing sessions.

To optimize XR service delivery, the ATABI&rchitecture shown irFigure?7, leverages flowbased

traffic steering, ensuring each hologram in a holographic communication session is transmitted via the
most suitable network path based on capacity estimation. Tihis REST API provides a programmable
interface for defining policypased routing rules in Linux environments. Unlike traditional routing,
which primarily considers destination IP addresses, this APl enables routing decisions based on flexible
criteria sud as source and destination IPs, ports, and transport protocols (TCP/UDP). The system
leveragesftables ip rules, firewall marks, and multiple routing tables to route traffic according to
configurable policy definitions. First, a configuration fite provided. It defines the relationship
between a technology (WiFi/5G), a network interface and a firewall nferkgrk).

Co-funded by
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Based on these details, the system is initially configured:
9 For each technology, an ip rule is added to match packets with the asdignmeatk. The rule
directs matched packets to a dedicated routing table.
1 Each routing table is configured with a default route via the specified interface. This ensures
that packets with the correspondifggmarkare forwarded through the correct network path.

With the system set up, the API is ready to receive requests. The API supports dynamic creation,
modification, and deletion of routing policies via HTTP endpoints. When aroeting policy is
created, the following policy enforcement mechanism is applied:
1 A correspondingpftablesrule is generated based on the policy definition.
9 This rule marks matching packets with the associ&adark.
1 Rules are inserted into the prerouting chain to ensure marking occurs prior to any routing
decision.

This mechanism enables rdahe, rulebased traffic forwarding aligned with applicatibevel or
network-level logic.

nft add rule inet atsss prerouting \ 0: ) from all lookup local
ip protocol tecp \ 32764: from all fwmark @x141 lookup 1082
tep dport <dst_port> \ 32765: from all fwmark @x7b lookup 1001
ip daddr <dst_ip> \ 32766: from all lookup main
meta mark set @x7b 32767: from all lookup default
S r

s s as
L}

——— —— ..‘ —— — ——
q ) ! ing |
| Incoming FORWARD POSTROUTING |- —p! Outgeing
I packet I l packet H

. . APPLICATION

Figure7: ATSS&Plarchitecturefeaturing rule-basedtraffic forwarding

2.2.3.3 Final evaluation results

The experiments were conducted in a controlled laboratory environment designed to emulate realistic
yet repeatable multiaccess conditions for XRaffic flows. Two Customer Premises Equipment (CPE)
units were deployed: one emulating an XR user generating uplieksive traffic, and the other acting

as a synthetic interferer injecting higlolume traffic to induce controlled congestion. The
experimental testbed integrated two heterogeneous access technologies:-gi Wetwork and a 5G
Standalone (SA) network deployed using an Amarisoft gNB connected to an Open5GS core network.
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Both CPEs were capable of miltOO0Sada O2yySOUA@AGEET SylofAy3da
functionalities.

In the initial phase, as illustrated Figure8, the XR user was connected to the-Winetwork and
consistently achieved uplink throughput in the range of3® Mbpg sufficient for immersive XR
streaming. This served as the baseline throughput under uncongested conditions. The interferer was
then actvated to generate highate uplink traffic on the same Wi channel. Due to contentieimased
medium access, significant congestion occurred, leading to a substantial degradation in XR user
throughput.

Upon detecting that the throughput dropped below a predefined quality threshold, a traffic switching

event was triggered as per ATSSS policy rules. The XR traffic was seamlessly migrated from the
congested WFi access to the 5G SA network. This switciragess was executed through soft
KFYR2@GSNJ £t 23A0 G2 SyadaNB YAYAYIFf &SNWAOS RA&NHzL]
throughput recovered, validating the capacity of the 5G link to handle the XR session in s then
uncongested state.

To further evaluate the adaptability of the ATSSS mechanism, the interferer was switched to the 5G
YySig2Nl @ !'a dzLJ Ayl RSYIFIYR AYyONBIraSR: GKS 3Ib. Qa f
inducing observable congestion effects. This was reftkotea gradual decline in XR user throughput,

again breaching the service quality threshold. Consequently, another ABS&® switching decision

was made, redirecting the XR traffic back to the-RlViaccess. This reverse handover successfully
restored upink performance, demonstrating the dynamic responsiveness of the ATSSS framework.

CPE Uplink Throughput

|

5G Only

B
=)

|

WiFi Only

|

WiFi Only

Uplink Throughput (Mbps)

/

WiFi with
Interference

5G with
Interference

11:00:00 11:00:25 11:00:50 11:01:15 11:01:40 11:02:05 11:02:30 11:02:55 11:03:20 11:03:45 11:04:10 11:04:35 11:05:¢

Figure8: Comparative analysis @PE uplink throughpuotvertime inWiFiand 5Gaccess networks

2.2.3.4 Takeaways and conclusions

These results underscore the effectiveness of ATSSS traffic steering and switching in maintaining
service quality for lateneyand bandwidthsensitive XR applications across heterogeneous access
networks. The ability to dynamically respond to changing estign conditionsdemonstrated that
ATSSHriven traffic switching enables effective mitigation of uplink throughput degradation caused
by localized congestion. The key conclusion is that seamless andipadieg transitions between Wi

Fi and 5G access morks, as enabled by the ATSSS framework, significantly enhance service
robustness and continuity for uplirdensitive applications like XR.
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Future work will focus on advancing the traffic steering decision logic through predictive models such
as reinforcement learning, incorporating muttimensional QoS metrics (e.g., latency, jitter, PRB
utilization), and extending the approach to meuliger, multi-session environments. These
enhancements aim to further optimize ATSSS responsiveness and scalability -wondabG
deployments.

2.2.4 Energy and Application aware management of 3GPP infrastructure
2.2.4.1 Motivation

The transition times betweengNB/cell level energy conservation methadghe current SoTA 3GPP
compliant RAN systesrare usually in the order of >>1s to minutes (slow control) depending on which
methods are wanted to be activated or deactivat&en if they are not very well suited for dynamic
resource optimisations, they provide more significant energy saving potential as they operate on
higher hierarchical level than the more dynamic methods. A handful of RAN configurations or energy
saving sates havebeen selected for testing. The XR applications fromaX&Guse casddCl4 are
SYdzfA i SR yR GKS AYLI OO 2F (GKS RATFTFSNBY(d w!hb
support the related services are evaluated through measurementsh@dgime for thedifferent
configurationchanges to take effect in the RAN and their impact ondherall energy consumption

are known through WP5 tests and results, the feasibility of using different energy conservation
methods is assessed from the point of viewttod 6GXR use case applications

2.2.4.2 Solution design

Figure9 presents the test setup used for the final measuremeiitse scalability of XR applications is
assessedby measuringhe maximumthroughputof a single capacity or coverage cell usimgiPerf3
[iPerf2025]traffic generator software. The generated test traffic emulates the key applications used in
the 6GXR use cases UBL Reaitime Holographic Communications as well as in the use case; UC4
Collaborative 3D Digital Twlike EnvironmentAfter measuring the maximum throughput achievable
with the emulated application traffic patterns, the scalability of each>X@Guse case is assessed by
estimating the maxnum number of simultaneous XR users supported by the different RAN energy
saving configurations.

In the test setup ifrigure9, the 3GPP Next Generation RAN {RI&N) component are drawn with blue
colour, the 5GCore Network (5GC) components are drawn with dark magenta, and network
management platform is drawn with purple. The RAN state controller used to change the RAN
configuration is drawn with yellow colour. It is a component developed in WP5 and utilidesltiests.

The different databases containing energy and KPl measurement data as well as the traffic models
based on the 66XR use cases are drawn with orange colour.
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Laptop +5G modem
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Network management

RAN state
controller

gNB
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Figure9: 3GPP NRAN test setufor energy and application aware resource control

As discussed ifD4.2] based on the initial tests performed in the 6 use case UGSEnergy
Measurement Framework for Energy Sustainability, the most suitable and effective energy saving
methods in the 3GPP RAN infrastructure (includimg coverage cell and one capacity cell) are
Discontinuous Transmission (DTX), shutting down active transmftitss known as MIMO muting)

and putting the capacity cell to sleep mode (light or deep sleepich results in a RAN infrastructure
where only the coverage cell is activEhe coverage caltilised in the experimenbperates at the n7

5G frequency band (FDD, BW: 10 MHz, MIMO: 4x1) and the capacity cell at the n78 5G frequency band
(TDD, BW: 60 MHz, MIMO: 4x2). Both gNBs are installed inteahe mast and the cells are
overlapping Intermediate results in WP5 indicate that each of the listed energy saving methods can
potentially decrease the overall energy consumption at the RAN infrastructure level by additional 10
% when compared to a baseline configuration with no dynamic enexging methods activated as
shown inTable2. The configuration changes between the RAN energy saving states are performed so
that the methods on higher rows ifable2 stay active when new methods from the lower rows are
activated, i.e., DTX stays on when automatic shutdown of active transmitters is activated as an
additional energy saving method. More detailed results on the actual achieved energy savings in the
North Node test facilities will be reported in the 6(R deliverable D5.2 in the end of the project.

Table2: Tested 3GPP RAN energy saving methods/configurations

Energy saving method Power saving potential

Baseline configuratiog No RAN energy savin| Baseline

DiscontinuousTransmissiom DTX 10 % saving compared to baseline
Shutting down active transmittersMIMO 20 % saving compared to baseline
muting

Putting a capacity cell to sleep mode (light or 30-50 % saving compared to baseline
deep sleepy; Coverage cell only

Table3 lists the XRpplicationsemulated in the tests, maps them to the 6@ use cases, and provides
the basic characteristics of the data traffic exchanged between the UE and the nefarkraffic
parameters have been attained by recording and analysing the data traffic traces of the real
applications developed in WP3 and WREre detailed results on thénal development versions of
these applicationsvill be reported in the 6&XR deliverable D6.1 andD6.2 in the end of the project.
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Table3: Utilized test traffic patterns

Related use case Emulated XR application Data traffic characteristics (per useri

UCZ12 ¢ RealTime Volumetric Video (VV) Transport protocolTCP

Holographic Avg. packet size: 26000 B

Communications (user Avg. packet rate: 50 packets/s

plane optimizations) Avg. data rate: 10.4 Mbps

UC3¢ RealTime Holographic allover IMS | Transport protocolUDP

Holographic Data Channel Avg. packet size: 1000 B

Communications (control Avg. packet rate: 510 packets/s

plane optimizations) Avg. data rate: 4.1 Mbps

UC4¢ Collaborative 3D | Virtual Reality (VR) Transport protocol: UDP

Digital Twinlike Avg. packet size: 1310 B

Environment Avg. packet rate: 8400 packets/s
Avg. data rate: 88 Mbps

2.2.4.3 Final evaluation results

Figurel0 presents the measured maximum throughput values for the differend@&Guse cases with
different energy saving methods activated in the 3GPP RAN infrastructure containing the single
capacity cell and a coverage c&ach throughput value presented in the chart is the highest measured
throughput after averaging over the whole duration of a thménute test run. During the
experiments, the maximum throughput value is defined by gradually increasing the number of
emulated XR users for the different use cases diggstep according to the traffic parameters show in
Table3. This means that, e.g., for UC4, each step added 88 Mbps (1310 B data packets and 8400
packets/s) to the overall load offered to the network. For UiBed applications, the maximum is
achieved when the throughput saturates and the emay latency in thair interface starts to increase
rapidly. For TGBased applications, the congestion control mechanisms of the protocol throttle and
saturate the throughput before the oneay latency is severely affected.

- S L BGSNS Page310of 125 © 2023-20256G-XRConsortium



»
6G XR D4.3: Finaldeploymentof beyond5G RAN, core, and opeource networks, ’qu
disruptive RANechnologies and trial controlldrPublic

Maximum throughput for UC1-4 application traffic
with different 3GPP RAN energy saving states
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Figurel0: Measured maximum throughputs for && UCH with different 3GPP RAN energy saving states.

It can be seen fronrigurel0that the different transport layer protocol and packet sizes have a clear
impact to the maximum throughput that can be achieved in the DL direction when no energy saving
methods are active in the RAN infrastructure. For 42Cthe maximum throughput of 81Mbps is

mainly limited by TCP utilised as the transport layer protocol. For UC3 and UC4, which both use UDP
as the transport layer protocol, the difference between their respective maximum throughputs of 519
Mbps and 545 Mbps is caused by the differeircthe data packet size. Smaller packet size adds both
protocol and processing overhead into the system. It should be noted that the Maximum Transmission
Unit (MTU) size that can be used in the VTT 5GTN test facility infrastructure is 1400 B, which means
that the TCP packet size for UZin the experiments is smaller that indicatedTiable3.

As expected, the maximum DL throughput for each use case starts to decrease when more energy
saving methods are activated in the RAN. However, the drops in the throughputs differ between the

use cases. When DTX is activated, the relative drop in thend2throughput (4 %) is much smaller

0KFG GKS RNRLI AYy GKS !/ 0Qa GKNRAZAKLIzG owHp 720 | yR
muting as also activated, the relative drop inthe UC@a G KNR dzZ3KLJdzi oO6wHnAn 220 A& A
RNR2LI Ay HNEBAKLIWAZOWMK 2720 YR !/ nQad G§KNRdAzZZKLIMzO 6 ¢ 2
protocol used by the XR application is a factor when it comes to the impact of the different RAN energy
saving methods to the application layer performance.

When the capacity cell is put to sleep and the XR users are served by toapawity coverage cell,

the throughputs achieved for each use case are practically the same. As the tested energy saving
methods are not impacting the UL data transfer, the saae be said for the UL throughputs of all use
cases in both the capacity cell and coverage cell.

Figurell provides the estimated amounts of XR users the measured maximum throughputs are able
to support of the different use cases. The estimate is calculated simply by dividing the measured
maximum throughput values frorfrigure 10 with the data rates generated by individual XR users
shown inTable3. When assessed from the service scalability perspective, the differences between the
use cases are much larger than the maximum throughput values suggested. The relative drops in the
user amounts also differ greatly from the drops in the throughput. Rigiklights the need for use case

or even application specific consideration when assessing the ‘wédeetween the service or user
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needs and RAN energy savings in real networks. In addition to the network load, it is also important to
know what kind of applications are generating the load so that the RAN control algorithms can reliably
estimate the real impact of the changed energying states into the service quality and user
experience offered to the customers.

Maximum number of simultaneous XR users
with different 3GPP RAN energy saving states
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B No RAN energy saving DTX MIMO muting Coverage cell only

Figurell: Estimated number of simultaneous XR users supported in different 3GPP RAN energy saving states.

2.2.4.4 Takeaways and conclusions

The performed measurements revealed interesting differences between th¥R@se cases when it
comes to the achieved throughputs and use case scalability in different RAN energy saving states. The
results highlight the importance of both energy and apgiicn awareness when making optimisation
decisions for the infrastructure with configuration transition times spanning from tens of seconds to
minutes. If a wrong optimisation decision is made and the configuration change executed, it takes a
long time tocorrect the situation by reverting to the previous configuration. This can potentially cause
serious service interruptions for the XR users served by the network.

2.2.5 Upgrade and evaluation of experimental RAN infrastructureSN and NN
2.2.5.1 Motivation

In this section wesummarize th&8GPP networks that have been deployed in the campus environments
of the South Node (SN) and the North Node (NN), while providipgrfarmance evaluatiomunder
realistic radio conditions. These results are expected to guideldsegn of the experiments that will

be executed in the SN and the NN as part of@pen Call 3

2.2.5.2 Deployed network architectureand proposed measurement methodology

2.2.5.2.1 3GPP SN deployment

Followingthe South Nodedepicted in[D4.1]and[D4.2] The measurement campaign aims to evaluate
network coverage and throughput at key locations by conducting performance validation telSilon

and FR2 cells. Measurements include TCP/UDP upload and download throughput and RTT latency,
using iPerf3 and ICMP tests. The tests are performed at selected locations, with results averaged over
multiple repetitions to ensure reliability. Data is exported éoralysis, comparing performance trends
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based on distance from the antenna to assess coverage and cafdwtargettest locationsfor FR1
shown inFigurel2 are LAMPPOSTILAMPPOST BIB andVertex buildingvhile for FR2, the tests are
conductedat the entrancejndoor and infront of i2catbuilding. The measurement to@ Perf. Each

test is performed 5 times per location then each metric is computed by the average per location (time
averaged and across 5 sampléeR)emeasurement testare RTT ICMP tests (for latency evaluatjon)
iPerf TCP Download (DL) throughpitterf TCP Upload (UL) throughpiRerf UDP Download (DL)
throughput, iPerf UDP Upload (UL) throughpand ame way latency with Qosium (DL+UL)

Figurel2: Map oftarget testlocations with red squares showing the location of the antennas

- MeasurementEnvironment:

Table4: List of measurement environment equipment

5G CPE: Askey NUQ3000M

5G gNB Ericsson gNB flight rack

5G Core: Connected via VPN to 5TONIC

S[[BSEVEIEN S5TONIC (Located in Madrid) ai2CAT (Located in Barcelona)

- Network configurations:
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Tableb: List of network configuration parameters for FR1 and FR2

Parameter FR1 (MieBand- n77) FR2 (HigiBand- n258)
Frequency Range 37003980 MHz 26 GHz

Band Name n77 n258

Duplex Mode TDD TDD

TDD Pattern DDDSU DDDSU

Bandwidth Allocation 40 MHz 400 MHz @ x100 MHzarrier)
Power per Carrier 5W 2.5W per carrier

Thelist of KPIs measured ateatency Uplink throughput, andDownlink throughput

2.2.5.2.2 3GPP NN deployment

The North Node measurement campaign is based on the plans presenfed.zl chapter 2.2.5.4.
Measurements focus on the verificatidbL capacity, UL capacignd low communication latencies
utilising the new gNBsinstalled into the North Node test faciliies to enable optimum
parameterisations for different use cases. Both FR1 and FR2 tests will be implemented. Data
throughput capacity is measured on L3I&el for oneway delay separately for both DL and ULtJes

will be executed in different locations across both VTT and University of Oulu campus areas.

Similarly to the South Node tests, the utilisestasurement tool isFerf3. Each test is performed 5
times per locationand each metricpresented in the resultss the averagel value for eachocation
(time-averaged and across 5 samples). The measurement tests ard TR&?f Dthroughput, iPer8
TCP Uthroughput, iPerf UDPIQhroughput, iPerf UDP UL throughput, and emayDL and Ulatency
with 10 Mbps UDP strearll measurements are done using the Qosi@nsium2025measurement
tool.

UOULU 5GTN

Table6: List of measurement environment equipment at UOULU 5GT Rhodgty

5G CPE:
5G gNB:

QuectelRM30

Nokia gNBs

Qumucore

Local edge server at UOULU premises

5G Core:
Edge Server:

Table7: List of network configuration parameters for FR1 and FR2 at UOULU 5GTN test facility

Parameter FR1 (MieBand- n77)

Frequency Range 3800-4000 MHz

Band Name n77

Duplex Mode TDD

TDD Pattern DDDSU

Bandwidth Allocation 200 MHz (total), 100 MHz (used)
Power per Carrier 5 W (outdoor), 0.15 W (indoor)

Co-funded by
the European Union
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Figurel3: FR1 outdoor and indoor installation, UOULU 5GTN

Figurel3represents the location of both indoor and outdoor (FR1 n77) radio installat@unsoutdoor
deployment consists of thregectors,ensuring omprehensive areaoverage The outdoor radios are
64 TRX massive MIMO Nokia radios urnitdoor coverage isupplementedby NokiaPicas (AWHQW)
4T4Rradio installations in labs and server rooms.

VTT 5GTN

The network and user equipment used during the VTT 5GTN test facility performance verification
measurements is listed ihable8. The network configuration parameters for the tested FR1 and FR2
gNBs are presented ifable9.

Table8: List of measurement environment equipment at VTT 5GTN test facility

5G CPE: Sierra Wireless EM929BR1) and Asus Snapdragon for Insiders (FR2)
5G gNB: Nokia gNBs

5G Core: Open5GS

S[[BSIEVEIEN Local edge server at VTT Ophemises

Table9: List of network configuration parameters for FR1 and FR2 at VTT 5GTN test facility

Parameter FR1 (MieBand-n77) FR1 (MieBand-n78) FR2 (HigiBand- n258)

Frequency Range 3800-4000 MHz 35103570 MHz 26 GHz

Band Name n77 n78 n258

Duplex Mode TDD TDD TDD

TDD Pattern DDDSU DDDSU DDDSU

Bandwidth Allocation | 200 MHz (total), 100 | 60 MHz 800 MHz (DL), 400
MHz (used) MHz (UL)
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| Power per Carrier | 0.25 W (indoor) | 5W (outdoor) | 0.125W (outdoor) |

Figurel4 presents the locations of the tested gNB sites (i.e., installation locations of the gNB antennas)
with small triangles. The green triangles represent the FR1 gNBs and red triangles the FR2 gNBs. The
green and red crosses Figurel4 mark the locations where the UEs were during the FR1 and FR2
measurements, respectively. All FR1 measurements were performed from the indoor lab space near
to the FR1 gNBs. The antennas of the FR1 cell #1 operating at the n77 frequency band are installed
indoors in the lab where the UE is also located, whereas the antennas of the FR1 cell #2 operating at
the n78 frequency band are installed outdoors on the roof of the VTT building and pointing roughly to
north. Both FR2 cells #1 and #2 operating at the&W2B6quency band have their antennas installed
outdoors next to the parking lot and pointing north. In all measurement locations (lab, parking lot, and
sidewalk), the received signal strength and quality at the UEs was excellent with recorded values of
Rekrence Signal Received Power (RSRRY23 dBm, Reference Signal Received Quality (RERQ)

dB, andSignalto-InterferenceplusNoise RatidSINR} 23 dB.

FRiceina N | o T DRRaEiER
60Mhz@n78 " - - . DL:800Mhz

] | 7 UL: 400 MHz
, ﬂ . FRlcellyt | @n258
AR < 00MHz @ n77 "

Figurel4: FR1 and FR2 gNB antennas (triangles) and measurement locations (crosses) at VTT 5GTN test facility.

2.2.5.3 Finalnetwork evaluation

2.2.5.3.1 SN performance evaluation

In Figurel5, the downlink (DL) and uplink (UL) throughput performance over FR1 was evaluated using
iPerf-based measurements at two distinct locations within the test ate®VPPOST 1situated near

the radio access point, and théertex Buildingbeingthe furthest measurement point from the
antenna systemAt LAMPPOST1, the measured DL throughput achieved 420 Mbps for TCP and 320
Mbps for UDP, indicating a robust and stable radio tiakrthe antenna. The UL throughput at the
same location was recorded at 40 Mbps for TCP and 38 Mbps for UDP, demonstrating symmetrical
uplink performance close to the theetical limits under favorable radio conditiorSonversely, at the
Vertex Building, a significant degradation in throughput was observed due to the increased path loss
and reduced signal quality at this distant location. The DL throughput dropped to 40 Mbps for TCP and
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20 Mbps for UDP, while the UL throughput deteriorated further, falling below 1 Mbps for both TCP and
UDP traffic. This sharp decline is attributed primarily to the lower received signal strength and potential
interference or fading effects encountered atgter distances from the transmission source.

For the evaluation of FR2 (mmWave) performance, the same $e¢rdfbased throughput tests were
conducted as in the FR1 case. The measurement campaign focused on two distinct coverage sectors,
denoted Sector 1 (S1) and Sector 2 (S2), as illustrateidjimel6.

1 Sector 1 (S1) includes three representative test locations:
o the entrance of the i2CAT building (outdoor),
o the indoor area within the i2CAT premises,
o and thepedestrian crossing adjacent to the building.
1 Sector 2 (S2) corresponds to the Tables aa@aopen space located further from the building
and oriented differently with respect to the antenna beams.

The system under test employed carrier aggregation across four 100 MHz carriers, resulting in an
aggregated bandwidth of 400 MHz in the FR2 band. All throughput results presented reflect this
aggregated configuration.

At the i2CAT entrance (S1), the downlink (DL) throughput reached 2.16 Gbps for TCP and 2.18 Gbps for
UDP, demonstrating negreak performance under liref-sight (LoS) and favorable channel
conditions. Similarly, at the Tables area (S2), the DL throughgsislightly lower, with 2.01 Gbps for

TCP and 2.04 Gbps for UDP, suggesting minor degradation due to orientation, distance, or
beamforming alignment.

In contrast, when the receiver was placed indoors (S&presenting a nosine-of-sight (NL0S)
environment the DL throughput experienced a marked reduction, reaching 0.69 Gbps for TCP and
0.63 Gbps for UDP, respectively. This significant drop is attrilatalnigh penetration loss associated
with FR2 frequencies and the lack of reflective paths or efficient beam coverage indoors.

TheUplink (UL) throughput also exhibited strong performance at outdoor locations. At the entrance
(S1), the UL throughput reached 411 Mbps for TCP and 420 Mbps for UDP, while at the Tables area
(S2) it measured 360 Mbps for TCP and 373 Mbps for UDP. Theks vaidate the uplink capability

of FR2 systems under aggregated bandwidth conditions inalighed outdoor scenarios.

In summary, the FR2 throughput measurements demonstrate the substantial capacity of mmWave
systems in open, LoS environments, while also highlighting the inherent challenges in indoor or NLoS
scenarios due to severe path loss and signal blockage.
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To characterize the latency performance of the wireless network under evaluation, a series-of one
minute measurement sessions were conducted at a fixed physical location. The primary objective was
to quantify endto-end latency in downlink (DL) directionsder controlled traffic conditionfor FR1.

Traffic generation during each session was achieved using the iPerf tool, configured to transmit a UDP
stream at 10 Mbps. This fixedte configuration ensures a uniform traffic load across all test sessions,
thereby isolating the effects of network dynagsion latencyehaviourwithout introducing variable

rate congestion artifacts.

To monitor the latency experienced during these transmissions, th@osium probe-based
measurement platform was employed. Qosium operates by passively tracing network traffic and
timestamping each transmitted and received packet, enabling precise latency estimation on a per
sample basisAt each location, UDfest session of 10Mbps is conducted for duration of 1 minditais

is repeated for three timed-ollowing data collection, pogirocessing was conducted to extract the
average onaway latency for each individual test sessi@ubsequently, to obtaithe representation

of network performance at the measured locatiom @average latencyas computed by aggregating

the latency values across @kbstsessions conducted at thidcation

As illustrated inthe downlinkmeasurementsshown inFigurel?, although with a less pronounced
variation. At LAMPPOST1, the downlink latency is recorded at 6.952 milliseconds, which slightly
increases to 7.167 milliseconds at Vertex. These results suggest that the downlink latency remains
relatively stable, indicatig more robust performance likely attributed to higher transmit power and
optimized scheduling on the network side.

FR1 Downlink Latency Tests (UDP 10 Mbps)

=
[=]
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a8 T615
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Figurel7: Compaative analysis oDowrlink latency at different locations

2.2.5.3.2 NN performance evaluation

In this subsection, the North Node performance evaluation results are presented first for the UOULU
5GTN test facility and then for the VTT 5GTN test facility site.

UOULU 5GTN
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Max Throughput Measurements (n77)
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Figurel8 Max throughputmeasurements foFR1 (n77)

Maximum throughput measurements are shown in the FigureVi&.have both indoor and outdoor
coverage for our FR1 n77 base station. Our UEpasisionedcloser to the indoor picait islikely that
UEwasconnected to this pico cetlue to its proximity Both UDP and TCP traffic were generated for
network performance evaluatioffior different traffic conditions and potentiabverload scenarios
Maximum DL throughput for TCP traffic was 922.51 Mbps784d08 Mbps for UDP traffiSimilarly
maximum UL throughput for TCP traffic was 156.4 Mbps and 153.6 Mbps for&ffid t
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Figurel9: Delay measurements for slice/channel overl@@d1)

Figure 16 shows delay measurements for slice overload scenario. Two UEs were commghetadme
slice and one of them used to overload the slidgerageDL delay is 7.8 nfer 10 Mbps UDP traffic
and 17.5 ms for the overloaded channel. While average UL delay is 1112 vhisps UDP traffiand
24.47 ms for the overloaded channel.

VTT 5GTN

Figure 20 presents the maximum throughput values measured at the VTT 5GTN test facility. As
discussed in subsectidh2.5.2.2 all measurements except the ones performed against the FR1 n78
gNB were done indS conditions, and even the d& measurements had excellent signal strength and
guality recorded at the UE. Hence, the presented results can be considered as the best case practical
5G performance achievable at the VTT 5GTN test facility in its current state of deployEaeht.
throughput value presented in the chart is the average value over five test runs each lasting five
minutes, except FR2 n258 results which are averaged over twaniivete test runs one performed

in the parking lot and one in thedgwalk location marked iRigurel4.
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Maximum TCP and UDP throughputs for FR1 and FR2 cells
at VTT 5GTN test facility
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Figure20: Maximum throughput measurements for TCP and UDP traffic at VTT 5GTN test facility.

In FR1, the measured maximum TCP throughputs in the DL direction are 940 Mbps and 760 Mbps for
n77 and n78, respectively. In the UL direction, the throughputs are 150 Mbps for n77 and 89 Mbps for
n78. Without the congestion control functionality of TCPpiray to throttle the offered load, the
achieved averaged UDP throughputs in the DL direction are lower with the measured maximum of 821
Mbps for n77 and 667 Mbps for n78. In the UL direction where scheduling of the data transmission
slots is done by the gdlbased on requests by the UE, the difference between TCP and UDP is negligible.
For n77, the maximum UDP throughput in the UL direction is 152 Mbps and for n78 it is 84 Mbps.

In FR2 at the n258 frequency band, the measured maximum TCP throughput in the DL direction is over
2.8 Gbps. For UDP, the measured maximum was approximately 2.5 Gbps. In the UL directions, the
measured maximunthroughputs were 214 Mbps for TCP and 209 Mbps for UDP. It should be noted
that the peak throughput values especially for the DL direction are significantly higher reaching values
of 3.5 GbpsThe main limitation othe current set up is that useR2 UE (Asus smartphone) is not

able to sustain thenaximumthroughputperformance throughout longer test r@> 15 minutesjiue

to overheating issue@-igure20). Use of a larger form factor UE device with better coaliiigmake it
possible to utilize thdull capacity of theFR2 connectivityor long continuous data streaming tests
Thiswill make it possible to utilize th&ll capacity of the=FR2 connectivityor long continuous data
streaming tests

Figure21 presents the measured oneay latencies for the FR1 and FR2 cells at the VTT 5GTN test
facility. All presented values are measured with 10 Mbps UDP data tEdfitlatencyvalue presented

in the chart is the average value over five test runs each lasting five minutes, except FR2 n258 results
which are averaged over two fivainute test runs one performed in the parking lot and one in the
sidewalk location marked iRigurel4. The measurements were done between the UE and a network
edge server at VTT Oulu premises. The measurement end points are time synchronised using LinuxPTP
[LinuxPTP202%nd hardwarebased timestamping, which resultsjis-level synchronisation accuracy

in the utilised test facility infrastructure.
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One-way latencies for FR1 and FR2 cells
at VTT 5GTN test facility
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Figure21: Oneway latency measurements for UDP traffic at VTT 5GTN test facility.

In FR1, the measured average DL latency is 7.6 ms for both n77 and n78. The measured average UL
latency is 13.1 ms for n77 and 12.8 ms for n78. In FR2 at the n258, the values are 6.5 ms in the DL
direction and 11.3 ms in the UL direction.

2.2.5.4 Takeaways and conclusions

The resultprovided in this section demonstrate the stapé-the-art performance available in the test
facilities setup by the 6&R project. Multgbpspeak data rates and sub0 msone-way latenciesre
available in all the 6&R test facilitieswhichprovide a forwardooking baseline twalidatefuture XR
services.
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Deliverable[D4.2] presented threeO-RANtechnology enablerfor RAN optimizatiommplemented as
rApps or xAppghat can be used to enhandke performance of XR applicatiofer different verticals

in relation to the6GXR secases The analysis included a motivation, an initial solution design, and the
initial resultsobtained for each of them

This chapter completes the solution design, evaluation results, and main takeaways and conclusions
of the threeO-RANenablers.

32hw! b t-wh{B8%b! . [ 9w

3.2.1 Congestion aware load balancing
3.2.1.1 Motivation

As highlighted iniD4.1]and [D4.2] the holoportation service in 6GXR Use Case 1 imposes significant
capacity demands in both uplink and downlink, necessitating mechanisms to ensure service quality in
O-RANenabled public networks. To address this challenge, the 6GXR congmstioa load balncing
enabler leverages-B®AN capabilities to optimize network resource allocation dynamically. In a typical
deployment, holoportation users, primarily located indoors, share network resources witkelfest
Internet users across multiple cells. Whilengentional cell selection relies on signal quality metrics
(e.g., RSRP/RSRQ), Mobility Load Balancing (MLB) can further enhance network efficiency by steering
users away from congested cells. The proposed solution integrates gNBs with-eealdane RAN
Intelligent Controller (neaRT RIC), utilizing thihe standardized interface E2 specified by théR@N
Alliance that enables neaeaktime control, monitoring, and optimization of RAN nodes (.g., gNB, O
DU, GCU) by the NeaRT RIC via service modelgecifically the ERey Performance Measurement
(KPM) service model for congestion estimation and the E2 RAN Control service model for intelligent
handover decisions. A dedicated congestion estimatidop monitors PRB utilization across cells to
detect potential congestion, while a load balancingpp facilitates user handover to less congested
cells, ensuring optimal holoportation service performance. This framework not only enhances XR
service quality but also enables netweskde load balancing for all users, improving overall resource
efficiencyin ORANenabled networks.

3.2.1.2 Solution design

The proposed congestieaware load balancing mechanism optimizes radio resource allocation for XR
services in GRAN by dynamically mitigating network congestion. The Congestion Detection Function
(CDF) rApp monitors PRB utilization, detects congestion, tagders proactive load balancing,
embedding congestion reporting for faster decisimaking. The UE Location rApp tracks4teak UE
positions, while the Handover Execution xAppning in the Near RT RIC enswgeamless transitions.
Leveraging @ ! b @earreattime RAN Intelligent Controller (nHRIC), the solution enhances
network efficiency and reduces service disruptions. Experimental validation confirms improved
handover execution and minimizes XR service interruptions, with future work focusipgedictive
congestion management and scalability.

The proposed congestieaware load balancing solution consists of the following core components:
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3.2.1.2.1 CDF implementation

3.2.1.2.1.1 Reactive CDF

The Congestion Detection Function (CDF) rAppa key component within the RAN Intelligent
Controller (RIC) ecosystem, responsible for detecting and mitigating congestion in real time. By
continuously monitoring Physical Resource Block (PRB) utilization via the standardized E2 Key
Performance Meas@ment (KPM) service model, the CDF rApp identifies congestion scenarios that
may degrade network performance. Once congestion is detected, the rApp autonomously makes load
balancing decisions to redistribute traffic across available resources, ensuringabpérvice quality.
Additionally, it incorporates builin congestion reporting capabilities, eliminating reliance on external
systems and streamlining the congestion management process within thereaidime RIC (NRRIC)
framework.

The UE Location rAppnhances network awareness by tracking User Equipment (UE) operating in the
RRC_CONNECTED state. It communicates with thRIGR® retrieve accurate, retiine location data

for UEs within specified cells. This geolocation insight enables a rangelichtipps, from resource
optimization and mobility analytics to enhanced user experience strategies. The rApp also exposes a
dedicated external API, allowing thighrty applications or network functions to query current UE
locations anl their serving cell information. This supports advanced use cases such as targeted
handovers, emergency response, and locaovare services within the RAN.

- Operational Workflow

1 The CDF rApp continuously monitors PRB utilization to detect congestion in real time.

1 If the congestion threshold is exceeded, affected UEs are identified and prioritized for load

balancing.

1 The CDF rApp queries the UE Location rApp to retrieve potential target cells with lower
resource utilization.
A congestioraware handover decision is made based on PRB availability and UE proximity.
The HO xApp requests UE measurement reports to confirm target cell suitability.
If the target cell meets the criteria, a netwedssisted handover is executed.
The process is optimized to maintain XR service continuity with minimal latency.

=A =4 =4 =9

3.2.1.2.1.2 Predictive CDF

To incorporate predictive capabilitieso the CDF, an Mlapplication has beendesignedand
implementedwhich predicts whether there will be congestion in the next minute. The prediction is
constant and can feed back new information, in background, to adapt to new congestion patterns that
may arise. This process is performed for multiple cells at the same thmenifial ML model should
therefore be chosen and trained for each cell.

The dataset, structured on a peell basis, was enriched through the application of netwlexkel
equations derived from the available telemetry variables. This process enabled the reconstruction of
high-resolution temporal data with a granularity of ormainute. A controlled congestion rate of
approximately 50% per cell was established to balance class distribution. The resulting time series
exhibited neither pronounced seasonality nor significant linear autocorrelation, thus supporting robust
predictive nodelling. The target variable for prediction is the uplink PRB load discharge percentage,
which serves as the congestion indicator. A cell is in a congested state when this value reaches or
exceeds the 80% threshold.
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Historical data is used as features to capture complex relationdhipas beerobservedout that the
models with the best performance are XGBoost and an LSTM neural network, trained with the initial
80% of the series and evaluated on the final 20%. They are tested with and without retr&pirajl
(which measures how well a model finds all true congestion instaneésycorgwhich shows how

well a model detects true congestion while avoiding false congestion pdertiscomputational weight

are measted. In retrained models, the ability to learn new patterns and remember old ones is also
assessed.

The LSTM model consists of three layers designed to learn temporal sequences with a window of a size
according to the cell. lutilizesdropout to avoid overfitting and has an adjustment for possible
imbalance between classes. For the XGBoost model, several hyperparameters are defined to increase
accuracy and avoid overfitting

For feedback updates, the LSTM is refit with a reduced learning rate and a rolling window of 5 000
samples. The XGBoost model, by contrast, is retrained from scratch on a sliding history of 40 000
samples.

3.2.1.2.2 HO API implementation

TheHandoverAPI(Amarisoft HOAP) as highlighted ifiD4.1]and[D4.2] enables networkcontrolled
mobility managemento orchestrate seamless handovers. It proactively collects and processes UE
measurement reports to evaluate radio conditions arglghbouringcell suitability prior to initiating
handover procedures. Th&Plincorporates congesticiawareness by triggering handovers when the
serving cell experiences excessive load, thereby offloading traffic and maintaining service quality.
Through predictive mobility strategies, it reduces service disruption and ensures wonfor delay
sensitive and higlpriority applcations in dynamic network environments.
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Figure22: Design of @RAN CDF function to enforce HO upon congestion
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3.2.1.3 Final evaluation results

3.2.1.3.1 CDF evaluation
3.2.1.3.1.1 Reactive CDF evaluation

The evaluation of the Congestion Detection Function (CDF) was conducted in a controlled 5G
Standalone (SA) testbed, utilizing an Amarisoft gNB (UltiBateedition) connected to an Open5GS

core network. The test scenario comprised two User Equipment (UES) served by a single 5G cell: one
functioning as the holographic user and the other as an interfering user. The interferer was configured
to generate high taffic loads, thereby pushing the Physical Resource Block (PRB) utilization beyond a
predefined congstion threshold.

Upon exceeding this threshold, the CDF emitted -teak congestion alerts to a centralized
orchestration system, referred to as the holographic orchestrator. The orchestrator, upon receiving
these alerts, triggered an intefiased mitigation response bwstructing the holographic client to
reduce its transmission bitrate. This adaptation helped mitigate congestion and stabilize the network's
service quality.

Figure23 the comparative impact of the orchestration decisions. When the orchestrator acted upon
the CDF alerts, the system dynamically adjusted the holographic data rate, effectively preserving
perceptual quality and preventing service degradation. In contrasenithe orchestrator disregarded

the congestion alerts, sustained PRB overutilization led to a significant decline in the visual quality of
the holographic stream, manifesting as reduced resolution and increased artifacts. The findings
validate the role othe CDF as a critical enabler for proactive congestion management in holographic
communication scenarios within 5G networks
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Figure23: Snapshot oftte holographic call with/without CDF alerts

3.2.1.3.1.2 Predictive CDF evaluation
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The modelsfor the predictive CDthat have worked best are the XGBoost with feature lags #rel
LSTM with lag metrics as features.

Figure24 depicts theresults by looking at the Cell: CATX0133Q1A, whebkaviouris common in the
group of cells studied.
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Metrics for constant model 0.9672 Recall
(global) 0.96223 F1_score

_ . 0.9708 Recall
Metrics for refitted model 0.9608 F1_score

(global)

Computational weight 0.003 s predicting
0.73 s training

Code Complexity

Learning new patterns in Guaranted
feedback
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Forget where you don't train In long times we have no security

.
and op@ource networks, ’qu

0.9426 Recall
0.9362 F1_score

0.96466 Recall
0.95317 F1_score

0.06 s predicting
13.3 s training

Good at short times.
In long times we don’t know it.

Figure24 XGBoost and LSTM Models Comparison Table

Figure25 and Figure26 show how the metrics differ between refitted (every 3000 new data) and

constant versions of both models.
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Figure25 XGBoosRefitted model Recall vs Constant model Recall
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Figure26 LSTMRefitted model Recall vs Constant model Recall

Based on the metrics in tHeigure 21it is possible to conclude thahe XGBoost model outperforms
the LSTM model a little bettemore concretely:

1 Within each model, the refitted technique gives a slight improvement over the constant
model. This does not happen for adllls,and the reason is that the data test does not always
show new patterns from which retraining can learn.

1 XGBoost quickly adapts to new patterns but can overwrite older ones, so we retrain it using
an extensive historical window to preserve past knowledge.

1 The LSTM shows good stability and improves in setndining However, due to its nature as
a black box, it is not known how it balances the weights with the new information and how it
forgets the old information.

i The computational weight (in terms of time) of the LSTM model is 18 times slower per
retraining and 20 times slower in prediction than the XGBoost.

In view of these results, the most convenient model in this context and with these datarnsfitied
XGBoostmodel Now, each cell can load this pr@ined model with its training data.

3.2.1.3.2 HO API evaluation

The performance evaluation was conducted in a controlled laboratory environment utilizing two
Customer Premises Equipment (CPE) devices: one configured as an XR user and the other as an eMBB
user generating uplink (UL) traffic. Both the serving aegyhbouringcells were deployed using
Amarisoft gNBs. Initially, the XR user operated exclusively on Cell 2, where the UL load remained below
the congestion threshold of 80%. Upon activation, the eMBB user introduced substantial UL traffic,
causing the UL loadhcCell 2 to exceed the defined threshold. This congestion resulted in a noticeable
RSANI RIFGAZ2Y 2F GKS - w dzid FNIRes. [n KeNidrks] kheddamdoverl & A f
mechanism was triggered, and the XR user was migrated from Cell 2 to Cell 1. Following the handover,
the XR user was able to achieve the target throughput, with UL load levels on both cells remaining
within acceptable limits. $isequently, the eMBB user ceased transmission, thereby alleviating
congestion on Cell 2. Consequently, another handover was initiated to relocate the XR user back to
Cell 2. These results demonstrate that increased UL load in the serving cell negatpasdysiddR
performance, whereas the handover to a less congesteidhbouringcell effectively restores the

required throughput by reallocating sufficient radio resources.
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Figure27: Plot of uplink PRB utilization vs time for both cells

UE UL Throughput {bps)
HO Cell 2-+Cell 1
) HO Cell 1-+Cell 2
A eMBB User

A

40 Mbyfs

0 bfs

@

14:11:00

= UEE7-510 == LETE ng 1803-507 == LE1E04-571

Figure28: Plot of UE uplink throuput vs time for both cells

3.2.1.4 Takeaways and conclusions

The integration of congesticaware load balancing mechanisms withiFR@BNenabled networks, as
proposed for the 6GXR Use Case 1, represents a pivotal advancement in supportiogplaigity
services like holoportation. By leveraging neeaktime RIC fuationalities specifically the E2 KPM

and RAN Control service modelalongside intelligent rApps for congestion estimation and load
balancing, the solution dynamically adapts to network conditions. This enables proactive mitigation of
congestion, efficienuser distribution across cells, and sustained service quality for XR applications.
Ultimately, the proposed architecture fosters improved spectral efficiency, enhanced user experience,
and scalable support for nexteneration immersive services within hebgeneous network
environments.

As a next step, the framework will be extended to include rate recommendation mechanisms triggered
upon congestion detection. This enhancement aims to guide holographic clients in adjusting
transmission rates to maintain service continuity under constrdire®nditions. Validation and
performance testing of this complete solution are planriedusethe Amarisoft 5G testbed, enabling
realworld assessment of its effectiveness in dynamic RAN scenarios.
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3.2.2 Energyaware endto-end resource management
3.2.2.1 Motivation

In the OGRAN architecturgthe control loopg(fast control) operating at ~1 s timescalethe nearRT
RICcan be utilsed to performdynamicRAN resource managemeriixtending the experimentation
related toRAN energy efficiency optimization methods executed at the network and gNB/cell level in
3GPP networkat >>1 s timescaléslow control), this enablerstudies the KPI monitoring and dynamic
UE specific radio resource management functiondlitythe ORAN architecture and assesses the
potential benefits from the point of view of power consumption optimisatiBasedon the change in
the cell load and related E2 Nodeomprised of a single CU, DU, and Balyer consumption when
two different types of XR apiphtionsare used (Appl and App2), a data rate limitkApp running in
the nearRT RIC adjusthe UE specific resourcds better serve theneeds of the high priority XR
user/application in an energy efficient mannefo be in line witlthe experiments performed in the
3GPP network infrastructurésee subsectio2.2.4 Table3), the XR applicationsmulatedin the G
RAN tests wilbe Collaborative VIRepresenting a high bitrate Appl amtblographic Call over IMS Data
Channelepresenting a low bitrate App2

3.2.2.2 Solution design

Figure29presentsthe overall design to introduce the desired functionality and potential energy saving
benefits into an GRAN architecture. The-®! b | NI K EXiINSd® GaupdBedta are drawn with
blue colour, whereas theearRTRIC platform is drawn with purple. The xApps providing the required
monitoring and control functionalities for the enabler are drawn with yellow colour and the utilised
external databases with orange. The UE is drawn with dark magenta cblgure29 also shows the
requiredinformationexchangéetween the different components. The green arrows indicate the flow
of energy monitoring data, blue arrows the flow of KPI monitoring data, orange arrows the flow of
decision algorithm input data between the xApps, and red arrows the control signadiiagavards

the E2 Node olJE.

NearRT RIC

pwr_thold

¢ kpm_mon

load_thold

r———a——— —— | — =~ — — — — — —

E2 Node|
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E— Energy monitoring data
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|
|
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|
: Algorithm input data

rate_mod
—_—> Network control data

Figure29: O-RAN test setup and information flows.

The required monitoring and control functionality for the tested enalsan beimplemented on top
of the GRAN platform as xApp3he xApps are divided into logical components providing a specific
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capability into the overall monitoring and control functionality, which from the implementation
perspective can also deployed as a single xApp if prefeiradle11 in Annex8.1 describes the
functionalityof the xAppsn more detail. Tablel2in Annex8.1lists the messages exchanged between
the xApps, GRAN architecture components, and energy measurement framework shokigune29.

For the collection of GRAN Key Performance Measurements (KPM), E2 interface services are accessed
through the Accelleran dRAX APIs provided by the utilis&RN platform. The control signalling for

the rate limiting functionality can be based on thmodification of UEspecific SessioAggregate
Maximum Bit RatéSessiorAMBR)parameter througft3GPP messaging procedures which, instead of
5GC, are initiated from by the ne&T RIC for more dynamicitjlternatively, the rate limiting
functionality can be bsed on the modification of the sliespecific Physical Resource Block (PRB) quota

if the UEs running XR applications are using a dedicated slice and other UEs are using another slice.

The test setup used to test th@otential energy savintpenefits of the enabler utilises WP5 enablers in
the form of the energy measurement framework including tarlo Gavazzi EM111 energy asaty
devicesfor monitoring the energy consumption in the AN architecture as well as the related data
collection and distribution pipelines based on InfluxDB and MQTT brokers. More information on the
energy measurement framework can be found from the & deliverble [D5.1]

3.2.2.3 Finalevaluation results

This subsection presents the measured baseline values for thve! (b LI FGF2N¥Qa GKN
performance, power consumption, and their interdependency at different levels of network load. All
tests are performed in an -BAN deployment consisting of singlearRTRIC, CU, DU, and RU
components as well as of a dedicated Open5GS 5GC instance. The hardware infrastructure consists of
two Supermicro AS015AMT servers, one hosting the CdearRTRIC, and 5GC software as
containerised services and one running the protocol stack, as well as of a Benetel RAN650 RU.
These valuesanbe used as input foa simple thresholebased control logic in the data rate limiting

XApp (rate_lim) that is responsible for making decisions on the increasing or decreasing the-Session
AMBR value for individual active UBs PRB quota for individual network slicéddowever, the
implemented monitoring functionalitat the ORAN platform provides a variety of KPIs in addition to

the ones utilized in this experiment, so it can dksgilitate the integration of more complex algorithms

e.g.,by 39 party developers.

Figure30 presents the achieved average DL throughput values for different levels of offered network
load. All throughput values on the presented curves are the highest measured throughput after
averaging over the whole duration of a fimginute test run. During the experiments, the maximum
throughput value is defined by gradually increasing the number of eedila&XR users in the
contributing to the overall network loadAll testtraffic is generated with iPerf8Perf2025]server
located at the network edge, emulating the XR user with applications frofKf@@se cases UC3 and
UC4 with parameters shown Fable3. All test traffic is using UDP as tiiansport layer protocol. As

UDP does not include any congestion control mechanisms, it enables us to overload the E2 Node by
using only DL traffic. As can be seen from the throughput curves preserftaglLire30, the larger data
packet size of UC4 results in a higher maximum throughput, which saturates around 770 Mbps when
the offered network load starts to approach 1 Gbps. For UC3, the smaller data packets size and,
consequently, higher number of individual datackets to process results into a maximum throughput
around 610 Mbps, which is achieved already before the offered network load reaches 800 Mbps. This
indicates that the E2 Node is overloaded much faster by the larger amount of smaller packets, as
expectal.

Co-funded by
the European Union
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Offered load vs. average DL throughput:
UC3 and UC4
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Figure30: Measured maximum DL throughputs for UC3 and UCA4.

Figure31 presents the measured average power consumption for the wheRAN infrastructure

during the maximum throughput test described above. The higher amount of processing needed to
handle the larger amount of smaller packets generated in UC3 can also bersé¢bka power
consumption. The difference comes from the CU, RIC, and 5GC services, all of which are focusing on
the processing related to the higher protocol layers and handling of the user plane data packets.
Overall, the measured power consumption with3Jdata traffic is approximately-¥4 W higher than

with UC4 data traffic at the same level of offered network load.

Network load vs. power consumption:
UC3 and UC4

2 360
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Figure31. Measured power consumption of theRAN infrastructure for UC3 and UC4.

Taking into consideration the nearly linear relationship between the achieved throughput and offered
network load under 500 Mbps for both UC3 and UCRigure32, a simple verification test for energy
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consumption optimisation with the xAppased dynamic control approach described in subsection
3.2.2.2was performed. In the test setup, two UEs are receiving a varying amount of data from the
iPerf3 edge server. UEL is a high priority XR user receiving emulated traffic streams from UC4. UE2 is a
low priority user receiving a continuous UDP data strear8Qft Mbps. In the beginning of the 26
minute test run depicted ifrigure32, UE1 starts to receive one UC4 data stream at 88 Mbps (dark blue
dotted line) and UE2 starts to receive its full 300 Mbps UPD data stream (orange dotted line). The
number of UC4 data streams received by UE1 are increasing by one every 5 minutes. Wthed the

UC4 data stream is added for UE1 around 11 minutes into the test, the combined data rate of UE1 and
UE2 (green solid line) crosses the example threshold of 500 Mbps and the maximum data rate of UE2
is limited to 200 Mbps to compensate. Again, asfihverth UC4 data stream is added for UE1 around

16 minutes into the test, the 500 Mbps threshold for the combined data rate is crossed and the
maximum data rate of UE2 is further limited to 100 Mbps. Finally, UE1 stops receiving all four of its
UC4 data srams around 21 minutes into the test and the data rate limitations of UE2 can be lifted so
that it again receives the full 300 Mbps as in the beginning of the test.

Rate limiting example:
Network load vs. power consumption
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Figure32. Example of the changes in the overall network load atA® infrastructure power consumption
with high priority XR UE (UE1) and low priority UE (UE2).

The solid light blue line irrigure 32 shows the measured power consumption of theR@AN
infrastructure during the described test run. The power consumption is measured 1/s, but to smooth
out the measurement noise, the curve shows the average consumption over gattufe step where

the amour of UC4 data streams received by UE1 is changed.-@ikis ¥n the righthand side ifFigure

32 shows that by limiting the total network load to 500 Mbps the power consumption also saturates
to 380 W level. Taking into consideration the power consumption curvésgure32, the potential
savings achieved with this simple approach varies from few Watts up to ten Watts, which in terms of
relative power consumption is few percents, but adds up when the network deployment consists of
more than one cell side and there are alsgtter level power saving methods (discussed in subsection
2.2.4 in use.
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3.2.2.4 Takeaways and conclusions

The performed measurements confirmed the two assumptions used as main motivation for the design
of the dynamic energy consumption optimization functionality folR@N architectures. First, the
measurements showed that the network load and power consumpéon directly linked also in a
disaggregated RAN deployment and the power consumption is not only dependent on the overall load,
but also on the data traffic parameters causing the load. Second, the verification test with two UEs
proved that the maximum peer consumption of the overall-®AN infrastructure can be controlled

by limiting the allowed data rates of lower priority users when saving energy is made the most
important objective at the system level. These early results encourage us to seek fuythemnid
energy consumption optimisations also with more complex algorithmic approaches in the future and
show that there is also interesting opportunities fcét Barties to experiment with these topics on top

of suitable GRAN platforms.

3.2.3 O-RAN enabled slicing to support XR services
3.2.3.1 Motivation

This enabler wasglescribed m [D4.2] with Slit-8 for FR1 Plan during the creationf [D4.2] was to
update the system with FR2 Rtdm LiteOn That has now been dores the LiteOn FR RU has been
integrated into the Allbesmam®AIBOX base@RANsystem.Otherwise the system has been kept as
it wasfor the FR1 implementation where Ettus USR410 was used as tRadio Unit RY. System
details are described in the documeii4.2]and theywill not be repeated in this document boinly
the changes and upgrades to the system explained and defined.

3.2.3.2 FinalSolution design

As described in therpvious chapter, the radio unit of the system defined in fbég.2] was upgraded
to supportfunctional RANSplit-7.2a. Previouslysystem supprted $lit-8 where the majority of the
radio relatedtasks even thelower physical laye(PHY,)are performed in the DUIn Split7.2alower
functionsof the physical layeare executed in the RlUas found in mospracticalRU implementations

[O-RAN.

Inthe OAIBOX setygNB connects to RIC via E2 interfa¢&pps is hosted on this NeReal Time RIC.

RAN slicing is being manged by xAppsdefining SLAs and dynamically controling MAC schedular.
Exclusive PB® are assigned at the MAC layer for isolation. When maximum throudgspeatuested

by multiple UEs, PRBs are divided dynamically among both slices. So xApps adapt the slice
configuration in real time to meetpecificUE requirements.
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Figure33: O-RANenabled slicing to support XR systems

Other components of the systeare the same as in the FRtomposition. Slices are to be the same,
exaept that the frequency will naturally be changemibe in band n2% instead of the n77Test cases
remain the same tguaranteethe comparaility of the FR2est results with theones from the previous
FR1tests

Y.
v
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Figure31: O-RAN FRgnmWave)split 7.2a setup

In Hgure 31, on the left sidethere is aliteon radio connected to a robot arm. On the rigdtle there
are CU and DU components which are hostedAdibesmart OAIBOX he systemoperates on n257
(FR2nmWave) band The user equipment used for the measurements is Quectel RM530 module.
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3.2.3.3 Final evaluation results

Figure 32 below shows thiaroughput values for both URLLC and eMBB slice in scenatio this
measurement scenario both UEs are connected to the networksdigerating under normal traffic
load conditions.
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Figure32: Throughput measurements for scenario 1 (normal load)
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Figure33: Delay measurements for scenario 1 (normal load)

Figure 34 belowrovidesthe visual comparison betweethata throughput and latencies for both URLLC
and eMBB slices in scenarioURLLC is shown on the left side of the picture and eMBB on the right
side Downlink values are shown in green colour and uplink values are shown in blue colour.
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Traffic, primary, bits/s

Hgure 34: Throughput ad latenciesfor both slices irscenario 1 (normal load)

Figure 35 below shows the throughput values for both URLLC and eMBB slice in scenario 2. In this
scenario eMBBIlise was overloaded by generating the background traffic. OReis connected to
URLLC slice and other to overloaded eMBB slice.

Throughput eMBB Slice loaded
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0.57

mDL Mbps mUL Mbps

Figure35: Throughput measurements for scenario 2 (eMBB slice overloaded)
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Figure36: Delay measurements fecenario 2 (eMBB slice overloaded)

In aboveFgure 36,latency measurements are shown for scenarioLdtency measurementare
performedin both directions and visual comparison can also be seen in Figure 37 Ibowlink
values are shown igreen colour and uplink values are shown in blue colouthe Figure 37, the right
side represents th&JRLLGIice while theleft sidecorrespondgo the eMBBslice.

Delay Traffic, prin

Figure37: Throughput and latencies for both slices in scenario 2 (eMBB slice overloaded)

3.2.3.4 Takeaways and conclusions

In the presented measurement resulis is clearly visible that similar behaviour thatasin FR1
measurements presented ifD4.2] can be observed. Wen eMBB slice is overloaded with data in
downlink direction, theeMBB downlink latency increasess inthe FR1setup. Measurement results
alsohave many latency spikes visible when te®IBBslice is overloaded with dats was done earlier

also in theFR1tests. These spikes impact theser VR glasuality of Experiencpist as they did with
FR1With FR, as in FR1, hen inspecting the URLLC slice, it can be seen that the overloaded eMBB
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slice is not impacting the URLtgSources The downlink latencyor URLLG in the same range as in
the test case 1 without extra latency spikbsit are experienceith eMBBslice So, the slice isolation
in the FR2test platformwith split 7.2a is working as expectednd in similar ways it was working
when usinghe FRIRUwith split 8

In this enabletO-RANimplementationpresented in D4.2vas upgradedrom FR1RUat 3.8 GHz to
support also FR2 RU 26 GHz. Then the santests executed for the FR1 case were repeatedHer
FR2 setupAs the LiteOn FR2 RU did not support spliu only split 7.2aso the resource share
betweenRU and DU was changed to support split 7IRaanbe concluded thatmplementation in
both casesFR1 withsplit 8+ USRP X41RUand FR2 with split 7.2& LiteOn Rlwere working as
expectedand dice isolation is workings it should be in both test cases
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[D4.2] describedthe motivation and initial solution design and evaluation resultsnfew disruptive
technology enablers in the areas &feconfigurable Intelligent SurfaceRl$, THz andSubTHz
frequency bandsandintegrated Sensing and Communicatidt8AQ. Analysis was made relation

to their applicability foeGXR use casda addition,some suggestions for integratiaf the baseband
THzRIS and ISAC components with the Higlguency transceivers in 140 GHz and 300 GHz were
made.

This chapter completes thdescription by providingletails ofthe final solution design andinal
evaluation results of theproposed disruptive enablersTo facilitate the integrationan offline
mechanism based on fildetween the baseband anBFtransceiverds describedandsome useful
results of theintegration process are givenAn additional enabler for channel estimation and
equalization in doubhgispersive channels is alpooposed, andhe correspondingevaluation results
are providedn the form of numerical simulations.

42c B L{w! t erLvthot hg 5. [ 9 w{

4.2.1 HighFrequencyTransceivesfor THzRIS and ISAC
4.2.1.1 Motivation

To stimulate the adoption and further development of XR applications, XR technologies should support
wireless connectivity with extremely high data rates and ISAC capabilities for s€hsirent wireless
connectivity solutions cannot satisfy the throughput andaccurate sensing requirements of XR use
cases High throughput and accurate sensimgn best be obtained usingvide band spectrum, as
currently available in the mrwvave and sublHz spectrum. The smlled subTHz regime involves
frequencies betweerdl00 GHz and 300 GHz and is considered the most promising range ferighra
frequencies, where some regulation already exists for communications and active/passive sensing
services. Above it, the THz frequency range further extends from 300 GHz upTtézlbut is less
explored due to limited availability of efficient transceiver components. Tl (116170 GHz),

the Gband (146220 GHz) and the-bland (220330 GHz) are considered as the frequency bands where
sufficient spectrum can be allocated foireless communication with data rates of 100 Gbit/s and
beyond. Utilizing these frequency bands regsidisruptive researcito overcome the challenges
inherent to operating at such high frequencies.

4.2.1.2 140GHz Transceiver design

4.2.1.2.1 Final Solution design

In [D4.3, the 140 GHz transmitteand its evaluation system have been describ&te reference
receiver from commercial waveguideomponents isnow replaced withthe 140 GHz integrated
receiver moduleThisfull communication link setip isdepictedschematicallyn Figure34.

At the core of this seup are the 140 GHzransmitter module(Teradio TX in the figur@nd the140
GHz receiver module (Teradio RX in the figure

They are both connecteth a signalgenerator generating 15 GHz local oscillator frequernsignal.
Both in the transmitter as in the receivehis local oscillator inpuis needed to generate carrier
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frequency for themixersin the receiver and transmitter frorendsa factor Shigher in frequency, at
135 GHz.

At the side of the transmitter, an arbitrary waveform generator (AWG) is tedédput a baseband
signal to the transmitter fronends. Commercial #ienuators andbiastees are usedto give the
baseband signal thewing and offset expected by the chip.

At the side of the receiver, the received baseband signal, witlof3€t removed,is captured by a
digitizing oscillosope.

Alab power supplys only used for the offsetoltage of the biagees Theteradio modules gettheir 4
power domains from a dedicated P@Bh a5V ushC power inputthat is mounted on the backside
of the RF modules.

Wethe correctfront-end settinggboth for transmitter andeceiver modulesthrougha Raspberry Pi
with a dedicatedinterfaceboard mountedon its GPIO pin headekpart from calibration settingshe
most noteworthy setting of thefront-ends arethe phase shifter settingdy adjusting therelative
phaseof the 4front-ends,the resulting beam pattern of thenodule can be adjusted

The full setup can be controlled from a host P&er anetwork.
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Figure34: 140 GHz communication link st
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4.2.1.2.2 Final evaluation results

We evaluated theperformanceof the Dband linkby placing thesetup described irthe previous
paragraph in &hamber withwalls absorbing electromagnetic wavesshown inFigure35. It is not
a full anechoic chambebut itis sufficient for a stabléne-of-sight link.In the figure belowthe unit
on the right(in purple casinpis the eceiver unif the unit on the lef(in white casing) is the transmitter
unit. In the depicted seup, the distance between both units is about 1.5m dhe receivers placed
on aprogrammable turntableBy rotating the turntablewe can measure the link for giveeception
angleto obtain a bearrpattern measurement.

A setup the modules positions switchedvith the transmitter on the turntable anthe receiverat a
fixed position vas used for théransmission angle measurements.
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/

Figure35: D-band link in absobe cage

Figure36 and Figure37 show the beam patterrfor the transmitter and thereceiver respectivelyin
both cases, thdbeam of themeasured modul€TX or RX¥)as steeredo azimuthanglesfrom -60° to
+60° in steps of 10For each case, the beam pattern wagasured in step of Hrom -70° to + 70.
For the readability of the figurdinesare only plottedfor a limited rangearound thepeak observed
signal strength From the figure we can conclude thiabth TX and RKodulesallow beamsteering
without significant signal level reduction azimuth angles fromd0° to +4C
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Figure36. TXBeam pattern for various beamsteering configurations
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Figure37: RX beam pattern for various beamsteering configurations

Next to thebeam pattern measurementsye also performed EVM measuremertsthe DBand link
using arB802.11adlike single carrier, frequency domain equalised waveforime highest link capacity
was observedisinga 4 GHz Bandwidth QPSK modulated wavefdm Glps. Received baseband
spectrum and constellation diagram are showrrigure38.
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Figure38: Baseband spectruand constellation diagram of highest throughput mode

The spectrally most efficient mode using(up to) 1 GHz of bandwih and a 16 QAM modulatign
yielding a throughpuof 2.6 Gbpsor a spectral efficiency of 2.6 bits/Heceived baseband spectrum
and constellation diagram of this mode is showrigure39.
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Figure39: Baseband spectrum and constellation diagram of most spectrally efficient mode

4.2.1.2.3 Takeaways and conclusions

We evaluated d&-band linkconsisting of dransmitter and receiver modulepoth with 4 front-ends
and antennas to support analog beasteering in the azimuth plandVe have demonstrated a link
capableof reliablydelivering a physical layer throughput of up&@ Gbpsusing a bandwidth o4 GHz
and up t02.6 Gbpsusing a bandwidth of 1 GHlsing thebeamsteering functionalitythis link carbe
adjustedin the azimuth plane foangles between40°® and +40, both for thetransmitter and the
receiver.

4.2.1.3 300GHz Transceiver design

4.2.1.3.1 Final Solution design

The6GXR300 GHz Transceiver design is an ongoing activity during the project duration. The 300 GHz
transceiver includes both receiver and transmitter functionalities and the receiver part has been now
implemented and verified with the measurementBhe final 300 GHarray chip during the 6GXR
projectwas taped out to IHP SiGe proc@s®December 2024The final RF chips will be availabie

June 2025 anthose will be testedintil the end of 2025 or to the end of the projedthe final 300 GHz

RFIC will be verdd with overthe-air (OTA) measurements since thnatennas of the antenna array

have been integrated into th&FIC The implemented RFIC will beounted on specially designed
printed circuit board PCB enabling OTA testing. Theal w C L vadbaperformancecannot be
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validatedanymorewith conducted measurementsut only viaOTAmeasurementssincethe RFIC
doesnot have output pads, just integrated antennas.

The final 300 GHehip is an arrayreceiver which is based on thegreviouslyimplemented RF
architecture of the 300 GHz sliding intermediate frequency (IF) receiver chip and a photograph of the
RF chip are shown Figure40.
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Figured40: RF architecture of the designed 300 GHz sliding IF receiver and photograph of the manufactured RFIC
SNM+2028

The slidingF receiver is based on a double downconversion of the RF signal, first {blyitsisoand

then by onethird of carrier frequency, respectively. The selection of RF, LO and IF frequencies causes
image frequencies to fall at orthird of carrier frequency which is very far from the passband of the
first mixing stage. This easthe implementation of the image frequency filtering inside of the receiver.
The receiver has been designed to be fully differential.

The local oscillator (LO) signal uses doubling frequency stages wherdradoency reference signal,

in this case 50 GHz, is raised to the required mixing frequency inside the chip. The LO signal at two
thirds and onethird of the carrier frequency isagerated by the multiplication of the external LO signal

of 50 GHz. First, the external LO input signal frequency is multiplied by 2 by a frequency doubler that
generates the LO signal at 100 GHz. This signal is amplified and then divided into two gththsf P

the LO chain generates the LO signal for the RF mixer using one additional frequency doubler and LO
signal amplifiers. PatH generates quadrature LO signal for I/Q mixer stages by using signal amplifiers

and a quadrature hybrid coupler (QHC)96rdegree phases shithefinalRFlZ& [ h ISYSNI (A 2y
path has been modified so that it can be driven with 12.5 GHz reference signal instead of 50 GHz
compared to be previougeneration 300 GHz RFIC.

4.2.1.3.2 Final evaluation results

Since the final 300 GHz RFIC is not available at the time of writindiscuss based on measurement
results of the previous generation 300 GHz RHhg.operation of the implemented 300 GHz receiver

has been verified with singlmne sinewave (CW) measurements and with modulated signal
measurements. First, the CW angp&ameter measurements of the receiver have been measured.
The measurement setup arttle gain curve of the receiver are shownFigure4l. Themeasured3-

dB and &dB RF bandwidths of the receiver are 26 GHz and 36 GHz, respectively when keeping fixed
baseband frequency at 2 GHz.
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Modulated signal measurements have been done with the following measurement equipment setup
with the developed 300 GHz receivermielow Figure42.
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Figure42: Modulated signal measurement setup for 300 GHz receiver tegiim024

A modulated signal is generated from the Keysight M8195A arbitrary waveform generator (AWG).
'aAy3d +5LQ&8 2wodn Y2RdzZ I SR TFTNBIdzSyde SEGSYRSNI
upconvertedtosubt | Tk ¢ 1 T  FNBIjdzZSyOASaod | orbbdstQhe lovJaugp® NI | Y LKt
power of the mFEX. PA is followed by a mechanical waveguide attenuator to control the overall RF

L2 6SNJ 32Ay3 G2 (GKS 5!'¢d ¢¢2 aSLINIGS YSeardakiQa
both mFEX and DUT. The input LO sigh&DaGHz is provided with the help of PSG and an external

Marki Markowave MMERO60LU frequency doubler. The downconverteddéw/Q modulated signal

Ad RSY2RdzZ F SR IyR FylfeT SR gA0GK (GKS KSftLI 2F YSe
SignalAnalysis (VSA) 89600 software, respectively.

Onemajor challenge of the previouonducted RF performanaaeasurementwas to performinput

signalpower sweeg with both CW and modulated signaigh known power level in the input of the

RFICThe power calibrationwas improved by implementing measurement setup as showridanre
43.
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Figure43:. Modulated signal measurement setup for 300 GHz receiver tef§iig2025]

The additionapower amplifierPA2 enabled improved signal level €@W testing that the signal level
can be measured accurately with RF power meter. The RF power meter provides absolute power level,

but the dynamic range of those is limited and thus additional power amplification is needékefor
accurate power calibration.

Thefinal evaluations of the 300 GHRFIC will be performed with OTA measurements and for this
purposewe have developed a robotic arbrased OTA measurement system to be used in RF anechoic
chamber.Theblock diagram of the developed robotic arm OTA system is shoWwigime44.
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Figured4: Block diagramand photographof 300 GHz OTéeasurement setup at University of Oulu
[HRM+202b

4.2.1.3.3 Takeaways and conclusions

The300 GHz RFIC development Iha@gn doneduring the project duration and the final chip will be
availablein Jure 2025. The final validations will be performed OTA maanére second half of 2025.

Thedevelopmens of measurement systems for 300 Gklio verifications for conductive and OTA
have been essential for the success of the project. SimithdyCW andhe modulated measurements
require different measurement systemso during the project we have developed multiple new
measurement capabilities up to 330 GH2JOulu
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MeasuredRF performances from the 300 GHz RFICs have been mostly aligning with simulations results
but significant debugging of the chimd continuous development aheasurement systeshas been
required to achieve these results.

We will continue the measurement system developmént 300 GHz systenthat when those are
needed for 6G extreme data rate system validations then we will be ready for the purpose.

4.2.2 Basebandmplementationfor THzRIS and ISAkased on SEDE
4.2.2.1 Motivation

XR Metaverse use cases like remote control, remote maintenance, enterprise metaverdgeneeal
holographic communications, and collaborative 3D digital #ike environment demand ultrigh
bandwidths and sensing capabiliti®édost of the current approaches at very high frequencies to cope
with these use cases generally exhibit very limited communication capabilities and lack ISAC
capabilities. 66&XR has bridged that gap by developing an 1&&g@ble baseband design for StiHz
communications integratedith the High-Frequency Transceivers for TRIS and ISAC

In addition to that further research isalsoneeded to cope with scenariosharacterized byhighly
doubly-dispersive channels, like those encountered at high mobilities or in the presence of significant
phase noise. Botlsituations lead to delay andDoppler channel impairments that need to be
compensated at the receive side prior to performing sensing detection or data demodulsitish of

the date-of-the-art approaches rely on novel waveforms (like OTH&OFDM,etc.) with better
Dopplersupport and are therefore less applicable to existing waveforms lik€DEBM or SEDE.
Further work ighusneeded to accomplish thigoalwhile keeping the characteristics of the waveform
unchanged

4.2.2.2 Solution design

The solution design of this enabler comprises two main components described in what follows.

4.2.2.2.1 Baseband Integration with  the High -Frequency Transceivers

The ISA€apable baseband for StitHz communicationwas designed with thgoalof being able to
integrate it with the HighFrequency Transceivers for TRES and ISASGuch integration allowsor
performing experimental measurements in a controlled lab environmtérat can be more valuable
than any simulated results.

An offline integration mechanism was usedease the integration process while overcoming some of
the hardwareconstraintsat these frequenciesSubTHz transmission requires very large bandwidths
and significantly higher processing capabilities at the basebandware In order to circumvent the
constraintsthat most of the current available programmable baseband platforms pose, an offline
integration approach was leveraged based on text files containing 1Q sampglesiafber otransmit

and receive waeform symbols. These filésd, orwere produced from, laboratory equipment capable

of parsing the contents and generating a baseband waveform that is then upconverted {6Haub
frequencies by the higfrequency transceivers isubsection4.2.1 The contents include one 1,Q
sampleper linein floating- or fixed-point format, with as many files as symbols are transmitted

A simple transmission was first testéal check the main RF characteristics of the waveform signal,
with the following configuration:
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SCS =960 kHz

BW =1.152 GH2@0 RB 4200 complex constellation values perBQE symbol)
With CP

Sampling frequency = 1.966 Gsps

FFT size = 2048

16QAM modulation

1 RRC roloff factor = 0.35

Furtherintegration involved multiplexing DMR$ke and PTRIke signals with dataso thatchannel
estimation and phase noise compensatmould be performed on detectigmespectively.

= =4 =4 =4 =4 =9

At the receive side,ustable1Q samples were captured by dowonvertingand quantizinghe analog
signalreceivedby the 140 GHz and 300 GHighFrequency fansceiversnto the basebandlomain
Anysynchronizationinaccura@sin the received signal &ve overcomeby leveraging the cyclic prefix
duration, andthe useful part of the symbol was taken after leaving a guard time equal to one half of
the CP durationFurther channel estimation, phase noise compensation, and equalizatiost be
performed to yield the decoded data.

4.2.2.2.2 Channel estimation and equalization in doubly  -dispersive channels

This techniqueaims to study the problem of ISAC detection in channels igh delay and Doppler
spread assuning a waveform withFrequency Domain Equalization (FDE) capabilides, SCFDE,
CPZROFDM, DF$§OFDM,FM-OFDM, CIOFDM,etc. Although this is not implemented in the
baseband testbedthis is a relevant problem tgtudy that can bring multiple insightsfor ISAC in
scenarios with high mobility and/or high phase noise impairments, as often encountered in ISAC.

Areference signadtructurelike inFigure45is proposed to be added on the tirieequency grid of the
waveform. It comprises two components in yellow denoted as YR8 and NS, respectively, that
can coexist with other data and control information in the tifinequency grid defined for the
waveform. The presence of \ABS and NHRS enables separate estimation of thed-term and short
term channel components, respectively. The ldagn channel components are the multipath delays,
whose changes are several orders of magnitudes slower than the-wrartchannel components
represented by the multipath complex amplites. Both longterm and shoriterm channel can be
collectively referred to as incremental CSIl. The goal is to estiimatemental CSin channels
characterizedy significantdelay spread and Doppler spread.
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Figure45: Reference Signal structure based on incremental CSI estimation

The solution, as detailed in the Ann@2, reduces to solving the optimization problem
or AQCETH AA _AA AE h

where @, are the complex multipath amplitudes that characterize the tid@nainchannel impulse
responseThis vector, together with the multipath delays estimated via-R® completes the channel
characterization for any doublgispersive channel with arbitrary variation statistics.

4.2.2.3 Finalevaluation results

4.2.2.3.1 Results on the Baseband Integration with the High -Frequency Transceivers

In this sectionthe results of a first integration of the TX path with the 140 GHz and 300 GHz High
Frequency Transceivers are shown.

Figure46 provides the RF output spectrum of the 300 Gitzasurement syst@ measured byJOulu
after down conversion to baseband. Tloperational bandwidth is ~800 MHaligned with the
theoretical one(1.152/2x1.35 = 7776 GHz) andsmaller than the nominal 1.152 GHre to the
smoothening effect of the RRC filter. TB¥Mplot is not showing a correct constellation because the
lab equipment did not incorporate the appropriate-5OE decoding algorithms for this waveform.

Similarly Figure47 provides the RF spectrum of the 140 GHz measuremsgstem obtained by IMEC.
The same operational bandwidth close to 800 MHz is visible in the spectrum.

Plots related to the RX integration will be provided later.
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4.2.2.3.2 Results on the Channel estimation and equalization in doubly -dispersive
channels

In this section, the bit error rate (BER) performaneséh piecewise channel estimation and
equalizationwas assessed for ZBFDM and FMDFDMin two different highspeed channel models
These waveforms were considered givibeir singlecarrier nature(similar toSGFDRE and the fact
that they can naturallyncorporate a ZP fie|dasneeded for highly timevarying channelsResults can
easily beextendedto SCFDEf the CP field is replaced by ZIfhe results depicted are a summary of
the provided results in thpapersubmitted to IEEEransactions o€ommunications.

A WBRS transmission with 4 symbols spanning full bandwiiihl MHz for a 1024-point FFTsize
and a subcarrier spacing of 15 Rhizasset to estimatethe multipath delays of the channel, with a
periodicity of 99 slots. A NBS transmissiomased on M = 32 or 64 wast in every symboPiecewise
MMSE equalization was considered with 1. Results for &TSI Highway NLOS chammetel at
300 km/h, a carrier frequency of 4 GH284 active subcarrierdyl = 32,and QPSK and 16QARre
plotted inFigure48. The NBERS overhead is 25%, while the \NB overhead is negligible. It is apparent
that FMOFDM and Z®FDM behave much better than €C#FDMwith both ideal or LS channel
estimation with a degradation 08-4 dB at BER = 1Qvith respect to ideal piecewise estimation

100 T T T T T T
~ 14 dB CP-OFDM

16QAM  cp.OFDM

FM-OFDM ¢

Bit Error Rate
)
(%]
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41 N i
10 ' ZP-OFDMj
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............ LS CP_OFDM
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Figure48: bit error rateperformanceof piecewise estimation and equalizationa Highway NLOS channel
model at 300 km/land M = 32

Similar results arebtainedin Figure49 with a 3GPP TBC (300) channel model at 300 km/h, with M
= 64and 256 active subcarriens this case to account for the more complex multipath praf2é taps)
In this case the degradation5s6 dB at BER = 1@espite the higher NBRS overhead (50%).
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Figured9: bit error rate performance of piecewise estimation and equalization in a 3GP® {BDD) channel
model at 300 km/h and M = 64.

The NMSE for both channel models is plottedrigure50, where the value ofhe squared bounabf

the piecewise approximation error  (explainedin the Annex8.2) is also shownlt is apparent that

most of the NMSE is dominated by imperfections in the channel estimation process, rather than the
piecewise approximation errowhich justifies the applicability of the piecewise approach.
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Figure50: NMSE and squared bound for Highway NLOS an€TBQ0) channel models at 120 km/h and 300
km/h.

Both the overheads and the degradation incurred in the proposed realistic channel estimation and
eqgualization techniques arna line with other stateof-the-art, like 5G NRwhere channel estimation
typicallyincurs overheads between 33% and 50% at the OFDM symbols carrying &dR8en 100%
overhead (full symbol devoted to DMRS) when using-&6FDM in the ULChannels at very high
speeds generally requinmultiple DMRS symbols per slot. In the extreme casdoobly-dispersive
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channels with significant variations within the syml@DMRSike signal needs to be mapped in every
symbol to properly track the channel variations.

4.2.2.4 Takeaways and conclusions

The proposed &seband implementation for THRIS and ISA@ith SGFDEaims to enablevery high
throughputs (as foreseen in THz and SiHiz technologies) and high sensing accuracgl(@sed by
the very high bandwidths and small carrier wavelengths in these bands) for XR applicaivamsthe
challenging amount of baseband processing required with-tiesd equipment, the processing
functionswere developedn the form of Matlab blocks for easier pastocessing of the received
samplesafter passing through the Higfrequency transceivers and a real channel in the wathout
suffering ay constrains on the bandwidth$he results obtainedemonstratethe possibilityto build
a full disruptive system by splittingt into baseband and frontend componentbat are offline
integratedin the lab

Future lines of workould aim to implement the blocks in specialized hardware (e.g., based on USRPs
or FPGAs) teenable reattime experiments and to develop ISAC algorithms leveraging the fine
resolution of the testbed

ISAC applications often require tracking hgpeed targets in challenging environments wstinong
multipath, Doppler and phase noiseChannel estimation and equalizatidn these conditions
sometimes rely on assumptiorespriori madein the channel, e.g., to mimic its variations via BEM
models.We have proposednd evaluatedh technique to estimate and equalize any type of doubly
dispersive channelia a Reference Signal inserted, or superimposed, to subcarriers of the signal
waveform applicable to waveforms with FDE capabilitiesler any type of channel with negiori
assumptions on their variationsurther works in this field could aim to apply it to different waveform
types and compare their resilienge the presence of channel impairments.

4.2.3 Deep Reinforcement Learning for THS
4.2.3.1 Motivation

The 6G disruptive XR proposed enablers, as described in refioftd] and [D4.2] highlight
Reconfigurable Intelligersurfaces (RIS) and DesginforcementLearning (DRL) as essential solutions

to overcome the inherent challenges faced by wireless networks at mmfaydHz frequencies. RIS
technology, combined with DRL algorithms like Deep Deterministic Policy Gradient (DDPG),
dynamically configures phase shifts in RIS elements, significantly improving spectral efficiency and
adaptability [Huang2020] Report D4.3 extends this foundational work by introducing substantial
advancements, notably refining RIS chanmebdelling for more accurate simulations at THz
frequencies and finduning machine learning algorithms such BRL algorithms to enhance learning
efficiency and convergence, thus optimizing network performance fulfthen2019]

4.2.3.2 FinalSolution design

The final solution design is basically divided into two parts:

Part 1. The THRIS performance evaluatianinitially, comprehensive evaluations of TFRIS
performance were conducted &8 GHzThese evaluations systematically assessed RIS configurations
with varying numbers of RIS elements (N). Specifically, we examined configurations across two main
scales: low N (ranging from 4 to 64 RIS elements) and high N (ranging from 64 up to 250&i8)elem
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These studies clearly demonstrated significant spectral efficiency (SE) gains as the number of RIS
elements increased. This enhancement is attributed primarily to increased beamforming gains and
improved RIS optimization techniqug¢gulchi2024] Building upon these results, we extend our
simulations toWl @ LISNJ bQ 6 KSNB S &f(NNBeYrairhber off RISN&Eethen@)e f dzS &
considered.The goal here is tpush the boundaries of THRIS technology, understanding its upper
limits in terms of spectral efficiency, beam forming and steering capabilities, anetimesal
optimization adaptability under realistic conditionAdditionally, simulations and evaluations are
being extended to a higher frequency bandldD GHz Next, simulations and evaluations have been
extended to higher frequency bands &#0 G4z and 300 GHZThis transition involves critical
modifications, specifically in the positioning and distances among the transmitter, RIS, and receivers
to accurately reflect realistic THz scenariogsdmjunctionwith an XR indoor scenari&valuations at

140 GHz similarly cover three categories of RIS elements: low N, high N, andNHgades.

The proposed system model represents an indoor XR meeting use case scenario operating at a
frequency of140 GHz It comprises a transmitter (TX) positioned at coordinates (3, O 3nd a
Reconfigurable Intelligent Surface (RIS) at coordinates (0,r, S)rategically placed opposite each
other. Four receivers (RX1 at (5, 5, 1)m, RX2 at (6, 4, 1)m, RX3atl{dn, and RX4 at (55, 1)m)

form two distinct user clusters located outside the direct coverage area of the TX. The RIS utilizes
directional beamforming to steer signals effectively toward these user clusters. Different receiver
positions are explored tanalysethe impact of directional beamforming on system performance.

Part 2. DRL simulationk parallel to evaluating RIS performance at bathGHzand 140 GHzwe
further extended our efforts on theDeep Reinforcement Learning (DREpnt, emphasizing
algorithmic refinement and accuracy enhancemeritse theorical and mathematical foundations of
the algorithm and process is webkplainedas D4.1 and D4.2

Specifically, we conducted detailed figning of our Deep Deterministic Policy Gradient (DDPG)
algorithm. We varied critical hyperparameters, notably increasing the number of training episodes to
achieve more robust learning convergence, especially when dealing with a higher number of RIS
elements (highN). This finetuning effort allowed us to carefully observe the algorithrh&haviour

over extended training periodshe ingiration of which was taken frofSaglam2023jacilitating the
identification of optimal configurations to maximize spectral efficiency g&inghermore, to ensure
precise, realistic, and reliable DRL training, we integrated our refined DRL framework directly with
accurate channel data generated by MATLAB's detailedRTSizhannel modeling. This integration
ensured that the DRL agent learnadd optimized the RIS configurations based on realistic channel
characteristics, closely reflecting practical deployment scenarios. Consequently, this led to improved
adaptability and spectral efficiency performance of the BIRten RIS systentThis refied and
carefully integrated DRL approach is now being consistently applied and validated across both
frequency bands, allowing us to accurately assess, compare, and confirm the effectiveness and
scalability of our optimized DRL solutions for a wide rarfgel8 element configurations (low, hilyh
anddeployment scenariog he advanced results are provided in ffigure5lbelow. As our next step,

we extended our investigation tb40GHzcenario to explore the feasibility and potential benefits at
higher THz frequencidsgure51.
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4.2.3.3 Final evaluation results
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Figure51: First advanced improved DRL results showing the efficacy of DRL

Analysis of the Improved DRL Results at 28 GHz:

The graphglearly illustrate significant advancements and improvements in the performance of the
Deep Reinforcement Learning (DRL) algorithm compared to previously employed methods, namely the
Cosine Similarity algorithm and the Random Phase method.

Compared to the earlier simulations (ldfand graphs), the updated DRL simulations (rigdmd

graphs) show remarkable improvement in the overall spectral efficiency and scalability with increasing

N. The previous DRL implementation (left graphs) had modest performance gains and sometimes
saturation at higher values of N. However, the refined DRL method ("DRL E10") on the right clearly
resolves this limitation, showcasing significantly better resulspeeially noticeable at moderate-

high RIS elemenbeints (N=100 to 250 and up to 400he finetuned DRL algorithrachieved through

Y2NBE LINBOAAS GNIAYAYy3I SLIAA&2RSA -RIS/cRanrelO@eteldi S A y (¢
precise channel modeling, thus leading to more realistic learning and better optimization decisions.
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THzRIS performance evaluatioat 140 and 300 GHz cover three categories of RIS elements: low N,
high N, andHyper-N and are shown iRigure52.
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Figure52: Average spectral efficiency (SE) versus number of RIS eléfentdU-MIMO and MUMISO
systems across low, high, and hyper N regimes. Results are shown for random and cosine phase configurations
at 140 GHz and 300 GHz

Insights from the results:

The DRL approach consistently outperforms the other two methods across all tested values of RIS
elements N). At lower RIS element counts (up to about N=50), DRL demonstrates rapid improvement
in spectral efficiencyAverage SE clearly exceeding both the cosine and random methaédsigher

RIS counts (N > 100), DRL shows a robust upward trend, achieving higher spectral efficiencies than
previously recorded, highlighting the effectiveness of the refined DRL training and channel modeling
integration The previous DRL implementation agliv.2]also the left graphs iRigure51 had modest
performance gains and sometimes saturation at higher valués biowever, the refined DRL method
("DRL E10") on the right clearly resolves this limitation, showcasing significantly better results,
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especially noticeable at moderate-high RIS element counts (N=100 to 250 and up to @d@) of the

main reasons for these improved results is credited to the-fimeed DRL algorithm achieved through

Y2NB LINBOA&AS {GNIXAyAy3d SLIAaAa2RSa IR Rhain€ GadaNbusi S A Y (
leading to more realistic learning and better aptzation decisions. This precise modeling directly

resulted inhigher achievable spectral efficiency in practical scenarios

Additionally, fom the simulationsn Figure52, wedraw the following key observations:

Spectral efficiency (SE) increases consistently with the number of RIS eleméatsossall scenarios,
confirming the benefit of larger surfaces for both MUMO and MUMISO systems.

Random phase configurations outperform cosiimsed designsn both MIMO and MISO setups,
especially at lowelN, suggesting higher diversity or constructive scattering with randomized phases.

MU-MIMO consistently achieves higher SE than MUSQ indicating that spatial multiplexing gains
are better exploited when both transmitter and receiver are equipped with multiple antennas.

Performance gains saturate in the hype&v regime, with diminishing returns a#/grows beyond a
certain point, particularly visible for cosine phase configurations.

Low N regimes show severely limited SRith values remaining well below 1 bit/s/Hz in many cases,
highlighting the inefficiency of small RIS deployments without proper phase optimization.

Importance of Maximum Spectral Efficiency (SE)

The theoretical importance of achieving maximum spectral efficiency (SE}astdSMIMO systems

is clearly highlighted bj¥igit2020] who emphasize optimal RIS configurations as essential for ideal
communication performance. The provided graph at 140 GHz shows the theoretical maximum SE
(maxSE) represented by the black line, which serves as an upper bound achievable with perfect channel
state information. Notably, our Deep Reinforcement Learning (DRL) method closely approaches this
theoretical limit, significantly outperforming conventional methods such as the cosine similarity and
random phase approaches, especially at higher numbeRd®klements (N). The narrow performance

3L 6SG6SSy GKS 5w[ FYR YFE{9 RSY2yaiN}i{iSa (G4KS 5
the accuracy of channel modeling and algorithm refinement in our approach.

The black linelabeled "maxSE" clearly represents this theoretical maximum SE. It illustrates the
idealized scenario of perfect RIS configuratidine brown dotted line labeled "DRL" closely
approaches the max SE curve, particularly noticeable at moderate and high RIS element counts (N >
100) Figure53. The small gap between DRL and max SE highlights how effectively ycbadeRL
method approaches the theoretically optimal scenafimnversely, the Cosine Algorithm and Random
Phase methods remain significantly below the max SE across all RIS sizes, emphasizing their suboptimal
nature in practical settings.

The improvements made in the DRL algoritivith LargeN for 28GHz and 140Gldzshown irFigure

530ne of the main reasons for these improved results is credited to thetdined DRL algorithm

F OKASOSR GKNRdAAK Y2NB LINBOAA&AS G(GNIAyAy3d -BIgJAaz2RSa
channel data thus leading to more realistic learning and betternojgaition decisions. This precise
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{ %

modeling directly resulted in higher achievable spectral efficiency in practical scenarios fa2&oth

GHz and 140 GHeeFigure53.
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Figure53: Spectral efficiency vs RIS elements calculated with different phase optimization approaches such as
DRL, cosine algorithm and random phases

4.2.3.4 Take aways an€onclusions

The presented results strongly encourage further exploration and confidence in extending DRL
simulations to very high RIS element coudtgerN scenarios as indicated in the first pgotedicting
even higher gains in spectral efficiency.

Given the promising nature of the refined DRL performancabHzand 140GHzwe are optimistic
about extending these evaluations ¢peater RIS elements 140 GHalong with new explorations at

300GHz At higher frequencies, where path losses and environmental complexities are even more

LINEYy 2dzy OSRZ 5w[ Q&

RIFELIGIFOAEAGE GAff

also intend to explorenulti-RIS scenarios with oturther developments
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The architecture of the 6&R trial controller is structured to facilitate seamless experiment
management across different geographical locations. It consists of a UnifiedP@v&td, which acts as
the central point for user management, trial management, and facility selection.

This portal connects to two regiespecific web portals:
1 South Web Portal (linked to the 6&R Facility iMadrid - Barcelona, Spain)
1 North Web Portal (linked to the 6&R Facility in Oulu, Finland)

Each of these portals serves distinct roles in managing experiments, NST (Network Slice Template)
handling, transportation, and data visualization. The architecture enables secure remote access for
experimenters, ensuring effective control over trials arfdcility interactions. The current
implementation does not enforce HTTPS or miatitor authentication (MFA) directly at the portal
level. However, access to the portals is restricted through a secure internal VPN, which acts as a
gateway to the system.hls VPN ensures that only authorized users can reach the login interface. The
VPN supports various authentication mechanisms, including username and passwordjn@ne
Passwords (OTP), and Passkey/WebAdhsed authenticationThese methods are available to users

but are not enforced by default. Users who voluntarily enroll in any rfadtior or passwordless
authentication method will be required to use it during logil. users are required to use MFA only if
they have previously enrolled in one. Addin@ TP, Passkeys, or other WebAull@sed methods is
voluntary unless enforced by access policy.

The inclusion of APIs and node adapters further facilitates interoperability between different facilities.
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Figure54. Trial Controller Architecture

This section provides a comprehensive explanation of the final implementation of the Trial Controller,
detailing its core functionalities and system architecture. It covers the integration of different
components, including the Unified Web Portal, faciligrtals, APl interactions, and experiment
management processes.

The trialcontrollerhas three main components. The unified web portal, the north web patad the

south web portal. By authenticating and entering the unified web portal, the user can define the trial
and be transferred to the desired portalhen, in the north and south web portals, the user defines
the Network Slice Template (NST), creates an experiment, send NST to the node adapters (NNA/SNA)
and finally controls the experiments, including edit, start, stop, delete and status of the expésime
The following subsectienwill break down each module, explaining its role in ensuring efficient trial
execution and seamless experiment handling.

5.1.1 Unified Web Portal

The unified web portal is designed with the aim of managing the trial on both the north and south web
portals. The unified web portal is implemented using the Django framework, includingDjatngo
applications to handle useauthentication, registration, permissionand trial managementAs a
frontend, it usesReact.jsand uses PostgreSQL agadabase By logging into this system, the user can
create a trial and theraccording to the user's needsie user igedirected tothe desired portal lorth
or South). The main key of communication between the unified web portal and the north and south
portalsis the triallD. By creating a trial, a unigue number aadrial facility areassigned to itEach of
the North andSouth web portalanonlyaccess andiewtrialsthat were assigned to their owfacility
during the trial generationprocess inthe unified portal Some features of theUnified webportal
include:

1 User management: including registration, logging in and out, forgetting passedd

editing user information.
1 Trialmanagementcreate delete and edit the trial.
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1 Transfer to facilityBy clicking on the facility, the user is redirected to tesired web portal
facility (North or South)

The followingrigure55to Figureb9illustrate the main sections dhe Unified webportal.
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Figure55. User login page ithe Unified web portal
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Figure56. User signup page ithe Unified web portal
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Trial ID Trial Name Start Time End Time Facility description Action
58 testl 2025-03-13 00:00:00 2025-03-16 00:00:00 Oulu testl S © B
59 test2 2025-03-13 02:00:00 2025-03-14 01:00:00 South test2 y 2RO |
60 test3 2025-03-13 03:00:00 2025-03-14 03:00:00 South test3 V2RO |
61 testd 2025-03-15 00:00:00 2025-03-17 10:00:00 Oulu test4 Y 2ECHN |
62 testS 2025-03-17 02:00:00 2025-03-18 02:00:00 Oulu testS VAR |
63 test6 2025-03-19 00:00:00 2025-03-2100:00:00 South test6 S © B

1-60f6

Figure57. Unified web portal
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Figure58. Unified web portaltrial definition
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Figureb9. User profile irthe Unified web portal

In Figure60to Figure63the sequence diagrasrelated tothe Trialcontroller are presented,which
include Trial Managementand UserManagement Since the architecture and design of applications
differ between theNorth andSouth portals, the sequence diagrams have been provided separately for
each portal.

5.1.1.1 TrialManagement

The Trial Management sequence diagram illustrates the process of handling trials within the system.
It begins with a user creating a trial, where the system stores the start and end times in UTC format.
Then, he user can select a facility and is redirected to féglity portal login page, carrying the Trial

ID managed by the frontendpplication After logging in, the user can proceed with experiment
creation. Trials can be edited only before they reach their end tilfiehetrial management process

runs similarlyboth when the Unified Web Portal interaoivith the North Node and South Node test
facilities.

The only differencésthe APIs to delete the experiment when the trial ID is deletéd.user decides

to delete a trial, theUnified Web Portagénsures that all associated experiments in theility portals

are also deleted. This is executed by calling an APl endpoint to remove related experiments, including
those running inNorth Node Adapter(NNA)and South Node Adapter(SNA) ensuring a complete
cleanup of trialrelated data.ln the case ofhe North Node the Unified Web Portal calls the Noriveb

portal APIswhich subsequently call tHeNA,while in the case othe South Nodeit directly calls the

SNA.
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Trial Management—Northern Portal Connection
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Figure60. Trial Managemerg Northern Portal Connection
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Trial Management-Southemn Portal Connection
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Figure61. Trial ManagemerntSouthern Portal Connection

5.1.1.2 User Management

The User Management sequence diagram details the registration, authenticaiesyord recovery
and deletion processes within the systératweenthe Unified Portalthe North Porta) andthe South
Portal

In the case of thé&lorth Node,the Unified and facility portals have the same credentials. It means that
the useronly registers in the Unified Web Portathichtriggers an API request to create the user in

the North Portal with the same credentials. Users can then edit their profiles, and the system ensures
synchronization between portals through API calls. During login, the system authenticates users and
provides accesw the necessary functionalities. If a user chooses to ddlet@ account, the systm

first removes all trials and associated experiments, followed by deleting the user from both the Unified
and North portals. The system ensures proper data integrity by handling deletions systematically
through API requests to remove user data and relaggperiments.
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User Management Across Unified and Northern Portal
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Figure62. User Management Across Unified and Northern Portal

In the case of the South Node, Unified and facility portals dousethe same credentialdt means

that the User Managementin the South Node facility works differenttitan the North Node oneas

the usercredentials at thefacility portalare not the samef the Unified portal In the South Portal

the admins of the MEC Orchestrator in South Node assign the experimenter an appProvithécid

will be used for the login. With this, together with the user and password, a record in the MongoDB
database will be saved.

When performing login with user and password, a session record will be saved on MongoDB with the
sessionld (which is the unique identifier MongoDB has for the record) and the generated OAuth token
from MEC Orchestrator API.
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User Management Across Unified and Southern Portal

User Unified South SNA
I |

1 User Registration

I
|
!
I
Register in Unified ‘

| The user is created.

Register user in South
with appProviderld (generated by CGE).

Y

Register user in South
with appProviderld (generated by CGE). |
>

The user is created.
«

I
I
1
I
I
I
I
I
I
I
I
I

{  Edit User

|
I |

| |

Edit user
I

| The user information will be edited, and the user can view it in Unified.

|
|
|
|
|
|
|
I |

.
: i Login & Logout User :
I |
Logi I |
L rogn |
I I |
I | Login |
I |
| |
I | |
logout |
| | |
| | |
1 : { Delete User ;
I I |
I I |
Delete User |

Call the API to delete experiments with DELETE method:
http://10.15.126.160:30081/south-node-adapter/v3/experiment/end Trial/{trialld}

|
Call the API to delete all experiments related to the Trial ID

Y

et e Tttt | |

All trials related to the user will be deleted.

|
|
|
|
|
The user will be deleted. |
|
|
|
|

Figure63. User Management Across Unified and Southern Portal

5.1.2 North Node Web Portal and Adapter

TheNorth web portal is designetb managethe experiments.The North web portal is implemented
using the Django framework, including tigangoapplications to handleisersand experiments Asa
frontend, it usesReact.jand uses PostgreSQL as a datab&lseNorth web portalhandlesexperiment
actions and fetches KPIs from Qosium to visuadizaltsin the dashboardBy logging into this system,
the user can createraexperiment including trial name, target facility, start and end tirmgplication
name,and selecting slice type.
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When a user creates an experiment, an N$dtWork Slice Template) is generated, which can then be
sent to the NNA via an API cdlhe user is able to control the experiment, including editing, starting,
stopping, deleting, and checking its statdsiditionally, the North Portal includes a dashboard to

visualize data retrieved from Qosium. This is achieved using APIs and the Grafana plugirtifoereal

data display.

The followingFigure64 to Figure68illustrate the main sections d@he North webportal.

6G-XR Home Page .
-
Welcome to North Portal
Signin to your account
Experiment Management and Analysis
Username
Password
et

-

Figure64. User login page ithe North web portal
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Figure65. North web portal

Figure66: North web portalexperiment definition
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