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1 Executive Summary

This deliverable presents the execution and validation activities carried out on the KU Leuven (KUL) experimentation
platform within Use Case 1 (UC1) of the 6G-BRICKS project, demonstrating the operational readiness of the infrastructure
for supporting immersive communication applications in the media and broadcasting domain. Building upon the
infrastructure deployed during previous phases of the project, the deliverable validates the integration of key 6G enabling
technologies, including Cell-Free O-RAN, edge computing, and holographic communication platforms, through
representative Proofs-of-Concept. The reported activities confirm the capability of the KUL platform to provide a realistic
experimentation environment for evaluating immersive media services under operational conditions.

Two complementary Proofs-of-Concept have been successfully implemented and experimentally validated. The first PoC
demonstrates real-time volumetric holoconferencing integrated into a professional broadcast workflow, where remote
collaborators are represented as 3D holograms and interact live with a studio presenter and VR-connected participants.
The platform integrates a Cell-Free O-RAN radio access network, edge computing resources, and holographic
communication and virtual production software provided by different project partners. The experiments evaluate the
ability of the infrastructure to sustain interactive frame rates and reliable throughput across varying client positions,
including at the edge of radio coverage, where the multi-RU Cell-Free access network shows the most promise. The second
PoC validates multiuser team-building activities in the Metaverse, where participants engage in collaborative
brainstorming and co-design sessions supported by full-body holographic capture. Using an extended version of the same
holographic communication platform, the PoC assesses the benefits of edge- and in-network-assisted service delivery,
including reduced latency, reduced bandwidth consumption through in-cloud transcoding, and improved scalability
through dynamic server migration, relative to centralized cloud baselines.

The experimental campaign demonstrates that the deployed Cell-Free infrastructure satisfies the communication and
operational requirements of both immersive media applications. The holoconferencing experiments confirm stable, low-
latency streaming and sustained interactive frame rates, with the multi-radio-unit Cell-Free deployment shown to
meaningfully extend usable coverage compared to a single radio unit, particularly for users at the edge of the service area.
Similarly, the multiuser team-building use case demonstrates the feasibility of bringing compute closer to the network
edge, confirming clear latency and bandwidth benefits over conventional cloud-based deployment while maintaining
service continuity during dynamic server migration.

Beyond conventional network performance evaluation, the deliverable also assesses the societal and operational impact
of the developed solutions through a comprehensive Key Value Indicator (KVI) framework. By combining objective system
measurements with stakeholder feedback, the evaluation demonstrates high levels of digital inclusion, trustworthiness,
and perceived sustainability for both demonstrators, with participants consistently reporting confidence in the technology
and expected reductions in the need for physical travel. The strong alignment between technical performance and
stakeholder perception further confirms that the proposed 6G technologies not only improve network capabilities but
also enhance user confidence and the practical value of next-generation immersive media services.

Overall, the successful deployment, integration, and validation of the KUL experimentation platform confirm that the
infrastructure has matured into a robust environment for immersive media experimentation over 6G. The results
demonstrate the practical viability of combining Cell-Free O-RAN connectivity with edge-deployed holographic
communication and virtual production tooling to deliver low-latency, multi-modal experiences suitable for both broadcast
and collaborative use cases.

© 6G-BRICKS 2023 Page|9
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2 Introduction

2.1

Mapping 6G-BRICKS Outputs

Th purpose of this section is to map 6G-BRICKS Grant Agreement commitments as shown in the following table, both
within the formal Deliverable Task description, against the project’s respective outputs and work performed.

Cell-free technologies. 1 considers two
scenarios:

PoC scenarios

Section 4.2 -
Experimental
Setup

Section 4.3 -
PoC Scenarios

6G-BRICKS GA 6G-BRICKS GA Component Outline Respective Justification
Component Document
Title Chapter(s)
DELIVERABLE
Deliverable 6.4 - Report of vertical executions in KUL testbed
TASKS
Task 6.2 This task will demonstrate and showcase | Section 3.2 - The first two sections demonstrate
Concurrent the experimental scenarios at the KUL | Experimental the experimental setups and trial
Verticals tests in | platform, which are detailed in Sec. | setup scenarios for PoC 1, and the last
KU Leuven | 1.2.5.1, in terms of beyond 5G capacity . two sections for the PoC 2. They
. . Section 3.3 - )
Platform and spectral efficiency due to Distributed show the testbed infrastructure

and scenarios considered to

evaluate the PoCs

i) the first scenario demonstrates and | Section 3.4 - | This section provides the KPIs and
evaluates a relatively static | Performance KVIs for PoC 1

holoconferencing scenario, aiming to | Evaluation

demonstrate what is technically feasible

with  distributed cell-free in ideal

conditions.

ii) the second scenario will emulate a | Section 4.4 - | This section provides the KPIs and
boundless scenario, with mobile users | Performance KVIs for PoC 2

where diverse edge computing capabilities | Evaluation

are considered.

KPI and KVI values collected via
experimentation and showcasing events
will be reported, alongside lessons

learned, bottlenecks identified and their

© 6G-BRICKS 2023
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impact on Service-Level KPIs (SKPIs) guide

the Vertical industry

2.2 UC and PoCs KPIs

KPI Name Description Section
KPI1 Improve the spectral efficiency by | Improvement of the spectral efficiency when using | 3.4.2.1
a factor of 2 cell-free architecture.
KPI12 25% reduction of fronthaul | Reduction of fronthaul signalling when using | 3.4.2.2
signalling sequential processing compared to non-sequential.
(]
O
o Vertical End-to-end delay (ms) Time for data to travel from capture to rendering 3.4.2
KPI1
Vertical | Transmission delay Time spent on data transmission over the transport | 3.4.2
KPI2 network.
KPI1 80% reduction of blocking Improve signal blocking with multiple cell-free RUs | 3.4.2.1
extending coverage (measured in PoC1).
KPI12 up to 30s service migration Session continuity demonstrated among Edge and | 4.4.2
xHaul deployment of services.
KPI3 10ns synchronization accuracy Synchronization accuracy between the 2 RUs. 4.4.2
Vertical Encoding/decoding delay (s) Time taken for encoding on sender side, decoding | 4.4.2
~ KPI1 on receiver side, or performing the transcoding
§ process on the server side.
Vertical | fps (frames/s), including captured | Frame rate at which video is captured, transmitted, | 4.4.2
KPI12 fps and received/rendered fps transcoded and rendered.
Vertical Downlink Bandwidth (Mbps) per | Amount of bandwidth consumed by each client for | 4.4.2
KPI3 stream / per client downlink video data consumption, with or without
transcoding
Vertical X-Haul end-to-end latency End-to-end latency over the mmWave link. 4.4.2
KPl4

© 6G-BRICKS 2023
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2.3 Deliverable Overview and Report Structure

This deliverable documents the execution and evaluation activities performed in the KU Leuven testbed for the UC#1
developed within the 6G-BRICKS project. The report presents the experimental setups, trial methodologies, KPI/KVI
evaluation frameworks, analysis of results, and key findings obtained from the execution of the two PoCs.

The remainder of this document is organized as follows:

e Section 3 presents UC1 — PoC 1: Holoconferencing in Broadcasting (BRAIN):
e Section 4 describes UC1 — PoC 2: Multiuser Team-Building Activities (i2CAT).
e Section 5 concludes the deliverable

e Section 6 provides the references used in the deliverable

© 6G-BRICKS 2023 Page | 12
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3 UC1-PoC 1: Holoconferencing: Telepresence in a Broadcasting environment
3.1 Overview

The Proof of Concept 1 (PoC1) developed within UC1 of the 6G-BRICKS project focuses on immersive holoconferencing
and collaborative broadcasting over the KUL 6G infrastructure. The main objective of the PoC is to demonstrate how next-
generation communication networks, combined with volumetric telepresence, edge computing, and virtual production
technologies, can enable real-time interactive and immersive media experiences involving both local and remote
participants in a shared virtual environment. The PoC1 KPIs are reported at the KPI Table below (i.e. Table 10).

The PoC implements an interactive, professional-grade virtual environment from which to broadcast a sports program on
Formula 1, including the participation of, and live interaction between, a presenter and remote collaborators/experts who
can jointly discuss presented video feeds and interactive 3D models of components of a Formula 1 car. The experience
combines conventional broadcast workflows with immersive XR interaction, allowing users connected through VR devices
to participate in the session as if physically co-present in the same studio.

Figure 1 shows an overview of the recreated virtual studio for the Formula 1 program. Figure 2 shows a capture of the
Point of View (PoV) of the teleported user in VR mode. Figure 3 shows a capture of the final produced program, with the
presenter represented as a video billboard in the middle, and two remotely holoported users represented as 3D Point
Cloud holograms, one of them interacting with parts of the Formula 1 car.

Figure 1. Formula 1 broadcasting scenario

Figure 2. VR participant's point of view.

© 6G-BRICKS 2023 Page | 13
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Figure 3. View of the final produced program, including the presented and two holoported users.

The experimental setup seamlessly integrates several heterogeneous XR or Metaverse technologies and software
platforms provided by different project partners:

i2CAT provides a real-time multi-user holographic communication platform (termed HoloMIT), which includes
RGB-D capture, 3D Point Cloud reconstruction for human-size holograms, holographic streaming, session
orchestration services, and multiuser interaction features.

Brainstorm (BRA) contributes the virtual production subsystem based on the InfinitySet platform, which is
responsible for scene composition and immersive broadcast rendering. It has been additionally extended for
integration of remote holographic participants into the virtual studio environment.

Ektacom (EKT) contributes with a Remote Rendering engine integrated with a HoloMIT client, capable of
generating and sending a rendered 3602 video stream from a given position of the 3D VR environment to (massive)
lightweight clients.

The collaborative session includes three different participant modalities:

A broadcast presenter integrated into the virtual studio through a real-time video compositing workflow. During
the experimental campaign, the presenter was captured using a standard webcam combined with Al-based
background removal techniques, enabling flexible deployment without requiring a physical chroma setup. The
resulting transparent 2D video feed was integrated into the 3D virtual environment through the InfinitySet
rendering engine. Although a simplified capture setup was used during the trials, the workflow remains
compatible with professional broadcast camera systems.

Remote holographic collaborators captured through Orbbec RGB-D cameras connected to Holomit Native Clients.
These clients acquire RGB and in-depth information simultaneously and subsequently generate real-time point-
cloud representations of the participants. The generated volumetric video streams are transmitted through the
Holomit communication server components to the remaining clients participating in the shared session. HoloMIT
has been extended to support the transmission of the video billboard from the presenter’s capture, provided by
InfinitySet, beyond the 3D Point Cloud holograms from the remote users’ capture.

Premium VR participants connected through VR headsets (e.g. Meta Quest 3) executing immersive Holomit
clients. These users are able to navigate freely inside the virtual studio, observe the remaining participants, and
interact collaboratively with different virtual objects integrated into the scene (e.g., parts of the Formula 1 that
can be interactively presented).
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e Audience participants, who can receive a passive rendered 3602 video stream from the produced program, and
watch on a conventional 2D screen (e.g., smartphone, tablet, laptop) or an immersive 3D screen (e.g. VR headset).

The virtual production scenario was designed as an interactive Formula 1 analysis program. Multiple 3D assets and
multimedia panels were integrated into the studio, including Formula 1 vehicle components, explanatory animations, and
contextual visual elements. Users could interact with different objects using VR controllers or through the broadcast
operator controlling the InfinitySet environment. Several interactive assets implemented multi-stage visualisation
workflows. For example, Formula 1 components such as steering wheels could transition between different visualisation
states, including complete assembly views, exploded internal views, annotated overlays, and animated representations of
internal mechanisms. Likewise, multiple video feeds, including the output from the produced program, were inserted into
diverse virtual screens in the shared environment, thereby enriching the experience, augmenting the sources of
information and enhancing the situational awareness.

From an architectural perspective, the PoC follows a distributed edge-enabled deployment model. The Holomit
orchestration services, communication server (SFU), and monitoring infrastructure were deployed on dedicated edge
servers within the KU Leuven testbed. The Brainstorm virtual production subsystem was executed on a GPU-enabled
workstation equipped with an NVIDIA RTX 4090 GPU and connected directly to the Holomit communication server through
a wired connection. In parallel, the immersive XR clients relied on the experimental 6G wireless infrastructure through
smartphone tethering configurations connected to the Cell-Free O-RAN network deployed within the KU Leuven facilities.

The experimental setup therefore enabled the evaluation of several critical aspects associated with immersive
communications over future 6G infrastructures, including real-time volumetric streaming, distributed XR interaction,
multiuser synchronization, immersive scene orchestration, and low-latency collaborative broadcasting workflows. The
execution campaign additionally validated the feasibility of combining virtual production technologies and holographic
communications within a unified immersive media environment operating over a distributed 6G-enabled edge
infrastructure.

3.2 Experimental setup

Figure 4 provides an overview of the PoC1 architectural deployment. The KUL experimentation setup is built around a 6G-
enabled Cell-Free O-RAN infrastructure combined with edge computing and high-performance immersive communication
hardware. The testbed integrates radio access equipment, synchronization modules, edge servers, GPU-based processing
platforms, and XR (capture and presentation) devices to support holographic communications and collaborative
Metaverse applications.

On the one hand, the radio infrastructure is based on the I1S-Wireless Cell-Free O-RAN implementation and consists of two
distributed Open Radio Units (O-RUs), each composed of an NI USRP x410 software-defined radio connected to a
dedicated mini-server responsible for Low-PHY processing. The USRPs are interconnected through high-speed optical links
and synchronized using a precise timing distribution system based on an NI Octoclock and a PTP Grandmaster connected
to a GPS receiver. This synchronization setup ensures coherent operation between the distributed radio units.

The centralized O-DU and O-CU functionalities are hosted on an HP ProLiant server, which performs High-PHY processing
and interfaces with the 5G/6G core network. All radio and compute components are interconnected through a central
switching infrastructure enabling fronthaul, midhaul, and backhaul communications across the testbed. The edge
computing infrastructure includes multiple HP Enterprise Edge servers and high-performance GPU-enabled workstations
equipped with NVIDIA RTX 4090 GPUs. These systems host and run diverse server-side Metaverse components introduced
next. On the other hand, the involved Metaverse platforms involve both client- and server-side software and hardware
components:

e C(lient-side components:
o GPU-equipped laptops running the HoloMIT clients. These laptops are connected to an RGB-D camera
(specifically: Orbbec Femto Bolt) and to a VR headset (specifically: Meta Quest 3)
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o A GPU-equipped (RTX 4090) running the InfinitySet instance, interfaced with a HoloMIT client application.
It receives the live video feed for the presenter from a 2D video camera (e.g., webcam, Ipad with tracking),
and it can also adjust the rendered scenes based on the viewports captured by a tracking-enabled iPad.

o A lightweight client device (e.g., laptop without need for a dedicated GPU, smartphone, standalone VR
headset) to consume the rendered 3602 stream from the produced program

e Server-side components:

o One Edge server (no need for a dedicated GPU) to run the Control Plane (i.e., session management and
orchestration), User Plane (i.e., media and events forwarding) functions of HoloMIT, as well as metrics’
registration capabilities.

o One Edge server (need for dedicated GPU, like RTX 4080 or 4090) to run a HoloMIT client instance
interfaced with the Remote Renderer.

Edge Server 1 Edge Server 2 Presenter (PC with GPU, 2D cam)
Panelist1 s . v el
Y eesessesessssesesenen, H [ )
Laptop, VR Headset, 5 PiEdge JICOM | : /—\ : = Virtual
1 RGB-D cam i (Continuum Service ) : Hilee i2CAT, \: i (Holo Native Producti
v L ! [{&Feanc| iclentn roduction
: 3 - : : : lient N+1 .
: : i Holo \E C Engine
: |(Orchestrator J|i. | fHolo Native\ [i . BRAINSTORM :
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. Metaverse Service / '\ /.:' ol
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Figure 4. UC1 - PoC1 architecture

Client devices connect wirelessly to the Cell-Free infrastructure through smartphones configured as 6G access gateways
using IS-Wireless SIM cards, or alternatively via a wired Ethernet connection (baseline). These devices provide connectivity
for VR headsets and client systems participating in the immersive sessions.

A demo video showcasing the PoCl deployment and final result at KU Leuven lab can be watched at:
https://youtu.be/3KxrMWLrEiM

3.3 PoC scenarios

The experimental campaign conducted at the KU Leuven facilities focused on validating immersive collaborative
broadcasting workflows over the 6G-BRICKS infrastructure. The trials were designed to evaluate the feasibility of
combining holographic telepresence, XR interaction, and virtual production technologies within a shared low-latency
communication environment supported by the Cell-Free O-RAN platform, when using both single-RU (Baseline) and multi-
RU (Cell-Free) setups, and connecting the clients from a diverse set of positions and distances to the two available RUs.

The demonstration scenario reproduced an interactive Formula 1 analysis programme in which local and remote
participants collaboratively explored virtual assets and discussed different technical aspects of a Formula 1 vehicle. The
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virtual studio environment integrated multiple multimedia panels, 3D objects, animated vehicle components, and
immersive interaction mechanisms designed to emulate advanced future broadcasting workflows.

The execution campaign involved three distinct participant roles operating simultaneously within the same immersive
environment:

e Alocal broadcast presenter integrated into the virtual studio through the Brainstorm InfinitySet virtual production
engine.

e Two remote holographic collaborators captured using Orbbec RGB-D cameras and represented as real-time point-
cloud holograms. The collaborators could optionally use Meta Quest 3 headsets during the immersive sessions.

e Passive —and potentially mobile — audience participants receive a rendered 3602 video stream from the resulting
Metaverse experience (Figure 5).

Figure 6. Example of audience view from the lightweight player captured in the VR headset.
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During the demonstrations and tests, the immersive users connected through Meta Quest 3 headsets were able to
navigate freely inside the virtual studio environment and observe the remaining users from different viewpoints. The users
could reposition themselves around the virtual set and interact collaboratively with different Formula 1 objects placed on
the studio desk. Interaction was performed using the Meta Quest 3 controllers, which provided laser-pointer-based object
selection and manipulation capabilities. Several interactive Formula 1 assets implemented progressive multi-stage
visualization workflows. For example, steering wheel models could transition between different states including complete
assembled views, exploded internal component visualization, rear-side inspection modes, contextual labelled overlays,
and animated operational sequences. These interaction stages were synchronized across the immersive environment so
that all connected participants observed the same scene state simultaneously.

In parallel with the immersive interactions, the broadcast production workflow integrated a virtual camera control system
developed by Brainstorm. The system used an iPad-based tracking application connected to InfinitySet, allowing an
operator to move physically inside the experimentation space while controlling the position and orientation of the virtual
broadcast camera in real time. This enabled dynamic cinematic control over the immersive scene and allowed the
generation of live broadcast outputs synchronized with the collaborative XR session.

The integrated PoC1 was showcased to visitors at KU Leuven in two public demonstration events in November 2025 and
May 2026, proving the overall system’s reliability and getting valuable and promising feedback (see section on KVIs).

Likewise, diverse technical trials were executed following an iterative validation methodology in which different
deployment and connectivity configurations were evaluated in order to analyse the behaviour of the immersive
communication workflows under multiple operational conditions for the involved Cell-Free network.

Initially, an experimental configuration with all participants and associated processing entities were connected via wired
Ethernet connections was conducted. This initial evaluation setup was meant to validate the correct operation of the
involved Metaverse components (i. e., HoloMIT holographic communication platform, InfinitySet virtual production
engine, and Remote Rendering pipeline) independently of the experimental 6G infrastructure. This initial validation phase
included a first test with the usage of external cloud-based server components and a second test by deploying these
server-side components on the Edge servers available at the KU Leuven testbed.

Subsequent trials progressively introduced wireless and mobile 6G connectivity into the immersive workflows. In a first
wireless configuration, one of the holographic participants connected through the experimental 6G infrastructure using
smartphone tethering while the remaining systems continued operating through wired connections. Additional trials then
extended the wireless deployment to both holographic users simultaneously, allowing the evaluation of concurrent real-
time point-cloud transmission over the Cell-Free O-RAN platform.

Then, a core set of experimental conditions for both the single-RU and multi-RU setups of the Cell-Free network, with a
target client moving from/to different positions and distances between the two RUs, were conducted, as sketched in
Figure 7.

In the first set of trials, the single-RU baseline setup was enabled, and a target client was iteratively moved from a close
distance to the RU to a further distance to assess the network performance degradation (i.e., throughput, packet loss,
spectral efficiency) and their impact on the resulting Metaverse service. The trials were conducted for both a native and
a lightweight client, although the reported results are focused on the latter as: (i) they allowed for moving to Positions 4
and 5, outside the lab, given than native clients need to be connected to the camera and headsets, while the lightweight
client can be perfectly mobile; and (ii) results for native clients are reported as part of PoC2. These clients were connected
to the 6G Cell-Free via a smartphone-based UE connected via USB tethering (and a 10m cable that eased the mobility,
especially for native clients).

In the second set of trials, the multi-RU cell-free setup was enabled by activating both RUs, and the same mobility
conditions as for the single-RU setup were recreated.
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Figure 7. Map layout of the KU Leuven testbed, indicating the RUs and UE positions in the performed objective tests for UC1 PoC1.

The figures below illustrate how UC1-PoC1 partners were moving from Position 1 to Position 5 in different test conditions.

Figure 8. Lightweight video player running on a laptop connected from Position 1 (top left), Position 2 (top right), Position 3
(bottom left) and Position 4 (bottom right) during the tests
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3.3.1 Target Key Performance Indicators (KPIs)

UC1 PoC1 has considered different relevant Key Performance Indicators (KPIs) from its key 6G and Metaverse enablers,
which are briefly outlined next.

KPIs from 6G enablers

e Cell-Free Network
o Uplink / Downlink Throughput per UE (Mbps)
o Uplink / Downlink PRB Usage (%)

KPIs from Metaverse enablers

e Native Clients
o Delays (ms), including Round Trip Time (RTT), transmission and end-to-end delays
o Throughput (Mbps)
o Sent/ received frames per second (fps)
e Lightweight Clients (Metaverse Enabler)
o Bitrate (Mbps)
o Received frames per second (fps)
o % packet loss / number of packets lost
o Max gap between received packets

Both types of KPIs are reported at the KPI Table (i.e. Table 10). There values are calculated from a comprehensive
experimentation campaign performed at the KUL testbed, as outlined in Section 3.4.

3.4 Performance Evaluation

The performance analysis of UC1-PoC1 was designed to evaluate both the technical performance of the immersive
communication platform and the qualitative value provided by the proposed 6G-enabled collaborative broadcasting
workflows.

The evaluation campaign combined quantitative Key Performance Indicators (KPIs), focused on communication,
rendering, and network performance, together with qualitative Key Value Indicators (KVIs), focused on user experience,
trustworthiness, accessibility, and sustainability aspects associated with immersive holographic collaboration.

The analysed KPIs covered both Metaverse Enablers and 6G Enablers. From the immersive application perspective, the
evaluation focused on throughput, communication delays, rendering frame rate stability, and packet loss during
collaborative XR sessions involving real-time point-cloud transmission and synchronized multiuser interaction. From the
network infrastructure perspective, the analysis additionally considered wireless throughput behaviour, spectral
efficiency, packet loss, and coverage stability under different radio conditions.

The experimentation campaign also evaluated several KVIs associated with the broader impact of immersive holographic
communications. These included aspects related to digital inclusion and fairness, trustworthiness of real-time holographic
interactions, and energy efficiency enabled by distributed immersive participation workflows.

The performance analysis was conducted across the different trial scenarios described in Section 3.3, including wired
baseline deployments, local edge-based deployments, hybrid wired/wireless configurations, fully wireless immersive
sessions, and mobility-oriented wireless experiments involving changing antenna proximity conditions.

The following subsections present the KPI and KVI evaluation results obtained during the experimentation campaign.

3.4.1 Visual Evidences of Conducted Trials

A set of showcase videos are next references to complement the reported KPIs with visual evidence of the conducted
trials and the impact on the resulting performance and Metaverse experience:
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e Demo video showcasing the Cell-Free network performance in a single-RU setup for a moving UE running iPerf
tool: https://youtu.be/lgQpfgoOmig

e Demo video showcasing the Cell-Free network performance in a multi-RU setup for a moving UE running iPerf
tool: https://youtu.be/3uRtSjlJBUg

e Demo video showcasing the overall PoCl performance when using a multi-RU setup:
https://youtu.be/ TXSHOjjnLE

e Demo video showcasing the overall PoCl performance when wusing a single-RU setup:
https://youtu.be/it8w7 AH1 |

3.4.2 KPIs Performance Evaluation

The KPI evaluation focused on analysing the behaviour of the immersive communication platform under the different
deployment configurations described in Section 3.3. The performed measurements covered both application-level metrics
associated with holographic communications, XR interaction, and immersive consumption, as well as network-oriented
metrics related to the experimental 6G infrastructure.

One of the primary analysed KPIs was throughput, with a key focus on the downlink path as we used TDD scheme of 7D2U
slot patterns to enable Single-RU and Multi-RU setup to validate the KPI, as received by the lightweight client device.

3.4.1.1. Single-RU (Baseline) setup

The following Figure graph demonstrates a direct correlation between the changing locations of a Single-RU and its
network performance, likely illustrating a mobility test—such as a user moving away from a signal source or passing
through areas with varying physical obstructions. In the initial environment (Loc 1), near to the O-RU, we receive high
throughput performance and highly stable conditions, suggesting proximity or a clear line of sight to the transmitting
antenna, which allows for peak downlink throughput. As we move far from the RU intermediate areas (Loc 2 and Loc 3) in
Figure 9, the throughput performance drops due to the fact that the user is moving far from the O-RU. At the cell edge of
the RU at Loc 4 the throughput performance drops almost to zero. This is because the user is out of the coverage of the
RU. The throughput performance of the UE served by the single-RU is significantly improved by our multi-RU, which will
be discussed in the next section of the deliverable.

KPI Timeseries — Single RU
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Figure 9: DL throughput performance of Single-RU.
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The following Figures and Tables provide average, standard deviation and peak / max values of the KPIs measured on the
mobile lightweight client running on a laptop from each position. In the following figures (one figure per KPIl), each
position, with a duration of 120 seconds each, is indicated under the x-axis.

Packet loss rate (Time Series value) in Positions 1-5

fraction_lost

Reset view

Position 1 Position 2 Position 3 Posttion & Position 5

Figure 10. Lightweight client Packet error rate (Single RU case)

Packet loss rate (Average, Standard Deviation, Max value) in Positions 1-5

Table 1. Lightweight client Packet error rate (Single RU case)

Packet loss rate Average Standard deviation Max value
Position 1 0.0369 0.0295 0.0859
Position 2 0.0365 0.0303 0.0781
Position 3 0.0000 0.0000 0.0000
Position 4 0.0000 0.0000 0.0000
Position 5 0.0255 0.0644 0.1953

Frames per second for the received video in Positions 1-5

framerate Yeais: fps

Reset view

17340517

|2 device_id=grullier-ThinkPad-T14-Gen-4 | device_name=EKPlayer | session_id=3: 30 1|

T L J T 1 J T

Position Position 2 Position 3 Position 4 Paosition 5

Figure 11. Lightweight client Frame per second (Single RU case)

Frames per second for the received video (Average, Standard Deviation, Peak value) in Positions 1-5
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Table 2. Lightweight client Frame per second (Single RU case)

Fps Average Standard deviation Peak value
Position 1 29 1 30
Position 2 27 3 30
Position 3 30 0 30
Position 4 30 0 30
Position 5 23 4 24

Bitrate of the received video payload (time series)

video_bitrate Y-ais: kbps

Reset view

Position 1 Position 2 Position 3 Position 4 Position 5

Figure 12. Lightweight client video bitrate (Single RU case)

Bitrate of the received video payload (Average, Standard deviation and Peak values)

Table 3. Lightweight client video bitrate (Single RU case)

Bitrate (kbps) Average Standard deviation Peak value
Position 1 2929 379 3723
Position 2 2792 564 4310
Position 3 2615 146 2893
Position 4 2370 444 3035
Position 5 2392 525 2979

End to end latency (time series values)
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Figure 13. Lightweight client end to end latency (Single RU case)

End to end latency (Average, Standard Deviation and Peak values)

Table 4. Lightweight client end to end latency (Single RU case)

Latency (ms) Average Standard deviation Peak value
Position 1 656 1 658
Position 2 726 101 870
Position 3 868 3 873
Position 4 868 3 872
Position 5 1198 1452 8586

Max gap between received packets

max_seq_gap_pt_%6 Yeads: none

Reset view

T L ) T L J T
Position 1 Position 2 Position 3 Pasition 4 Position 5

Figure 14. Lightweight client Max gap between received packets (Single RU case)

The max gap between received packets was 0 for all test conditions.

3.4.1.2. Multi-RU (Cell-Free) setup

The multi-RU (i.e., multiple x410 USRP) is connected to a single DU, but serves as a single/shared cell operating on the
same frequency band/channel. The 2 "cells" will have the same PClI and centre frequency, so they will appear to a UE as
one cell. Allow wider coverage than our current single RU setup, i.e., being able to have RAN serve 2 different UEs in
different rooms provided each has a connected RU. As for being able to walk with the UE from RU to RU with a seamless
transition of the UE provide benefits over throughput performance. The UE is receiving the same data from both RUs,
then it helps massively with PDSCH decoding, that improve the throughput. The multi-RU massively improved throughput
in cell-edge areas of both single-RU, which is illustrated in Figure 15. This section repeats the same measurements,

reported in section 3.4.1.1 (baseline setup) with the Cell-Free multi-RU setup.
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Figure 15. illustrates the DL Throughput across five distinct locations over a 150-second period. It shows stable throughput
performance across Loc 2 and Loc 3. As the time series progresses into Loc 4, the throughput begins to fluctuate, averaging
roughly between 60 and 90 Mbit/s. By Location 5, the throughput further degrades, fluctuating primarily between 20 and
30 Mbit/s before a brief spike near the 135-second mark. Compare with the throughput performance of single-RU at the
Loc4 and Loc 5, the multi-RU setup provides performance improvement in the worst-case scenario where the UE is moving
very far from the single-RU. Overall, the multi-RU solution provides a network configuration that successfully maintains
functional and largely optimal, and across the majority of the tested areas.

KPI Timeseries — Multi RU
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Figure 15: DL throughput performance of multi-RU.

The following tables provide average, standard deviation and peak / max values of the KPIs measured on the mobile
lightweight client running on a laptop from each position. In the following figures (one figure per KPI), each position, with
a duration of 120 seconds each, is indicated under the x-axis.

Packet error rate (time series)

fraction_lost

L J L
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T T
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Figure 16.Lightweight client Packet error rate (Multi RU case)

Packet loss rate (average, standard deviation, peak value)
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Table 5. Lightweight client Packet error rate (Multi RU case)

Packet loss rate Average Standard deviation Peak value
Position 1 0.0255 0.0200 0.0703
Position 2 0.0367 0.0179 0.0664
Position 3 0.0328 0.0237 0.0781
Position 4 0.0357 0.0277 0.0938
Position 5 0.0000 0.0000 0.0000

Frames per second for the received video in Positions 1-5

Pos

T 1

ition 1

Figure 17. Lightweight client Frame rate (Multi RU case)

Position 2

T |

Position 3

Position 4

Frames per second for the received video (Average, Standard Deviation, Peak value) in Positions 1-5

Table 6. Lightweight client Frame rate (Multi RU case)

T

Position 5

Fps Average Standard deviation Peak value
Position 1 19 4 21
Position 2 20 1 21
Position 3 20 1 21
Position 4 20 1 21
Position 5 30 0 30

End to end latenc

y (time series values)
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Figure 18. Lightweight client end to end latency (Multi RU case)

End to end latency (Average, Standard Deviation and Peak values)

Table 7. Lightweight client end to end latency (Multi RU case)

Latency (ms) Average Standard deviation Peak value
Position 1 830 5 845
Position 2 831 7 854
Position 3 832 6 852
Position 4 926 68 995
Position 5 971 4 989

Bitrate of the received video payload (time series)

video_bitrate Y-axis: kbps

Position 1 Position 2 Position 3 Position 4 Position 5

Figure 19. Lightweight client video bitrate (Multi RU case)

Bitrate of the received video payload (Average, Standard deviation and Peak values)

Table 8. Lightweight client video bitrate (Multi RU case)

Bitrate (kbs) Average Standard deviation Peak value
Position 1 2056 381 2709
Position 2 2084 487 2735
Position 3 2013 482 2660
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Figure 20. Lightweight client Max gap between received packets (Multi RU case)

The max gap between received packets was 0 in all test conditions.

3.4.2.1 Performance Comparison of Single-RU with Multi-RU setup
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Figure 21: Average throughput performance comparison between Single-RU and multi-RU.

When comparing average throughput performance of Multi-RU with Single-RU as shown in Figure 21, we observe the

behaviour as follows:
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e Location 1: Both configurations perform optimally here, quickly reaching and maintaining average DL Throughput
of ~110 Mbit/s. This suggests that Location 1 is likely in close proximity to the RU1 with excellent line-of-sight.

e Locations 2 & 3: We observe significant changes in average throughput performance. While the multi-RU setup
successfully sustains average throughput (105~108 Mbit/s) across both serving areas, the Single-RU setup
experiences a rapid and severe drop-off of throughput to (19 ~ 39 Mbit/s).

e Locations 4 & 5: The Multi-RU setup manages to provide moderate average throughput performance (25-70
Mbit/s) of the UE while the UE is served by both RUs with the same physical cell identity (PCl). Conversely, the
Single RU setup almost entirely fails to maintain a usable connection, with throughput dropping to near 1.9 Mbit/s
throughout Location 5. At the Location 5, itis very much visible that the multi-RU solution improve the throughput
(Mbit/s) for the 5% worst users by a factor of ~13 compared to the cellular case (i.e., the single-RU case) via the
improved reliability of multi-band processing and CF networking.

The comparison clearly demonstrates that relying on a Single-RU serving the UE provides a dramatic and rapid loss of
average throughput as the user moves through different physical locations (from Loc 1 to Loc 5). The Multi RU setup
effectively mitigates this degradation by handing off or providing overlapping coverage, extending high-speed data rates
significantly further.

3.4.2.2 Fronthaul signalling reduction via sequential processing

We performed an additional experiment to validate the KPI titled “25% reduction of FH signalling overhead”. This
reduction is validated experimentally through an over-the-air two-node prototype in GNU Radio using Pluto SDRs, which
confirms that the sequential estimation scheme, analytically evaluated in [5], is implementable with negligible accuracy
loss relative to centralized processing.

Unlike conventional centralized architectures, where each Access Point (AP) forwards its received 1Q samples to a Central
Processing Unit (CPU). The proposed sequential architecture distributes the signal processing among the APs. Each AP
locally refines the users’ signal estimates using its own received observations and forwards only the updated signal
estimate and its associated error statistics to the next AP. Consequently, raw received signals do not need to be
transported throughout the network, significantly reducing the amount of information exchanged over the fronthaul while
maintaining the same signal estimation accuracy.

== <zg

(ﬁ) ((( )
L { ﬁ) ( &) J

Figure 22. Sequential fronthaul topology considered in [5], showing the baseline single-path (SP) daisy-chain and the Two-Path
(TP) variant used to mitigate compression mitigate compression noise accumulation over long chains

Analytical Fronthaul Scaling:

At every hop [, AP [ forwards a refined signal estimate §, € CX*1 together with an error covariance matrix C;, where K is
the number of users. This payload size is fixed and independent of the AP's position in the chain. The covariance matrix
additionally changes only infrequently and does not add to the per-sample signalling load. Summed over L hops, this gives:

Totalgeq < L - K (linear in L)
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For comparison, consider a non-sequential daisy-chain baseline in which APs relay raw received signals without local
compression, so each AP must forward its own signal plus everything already relayed by preceding APs. This is introduced
here as an illustrative baseline representing the absence of sequential processing. Under this assumption, the payload at
hop Lis I X N(where N is the number of antennas per AP), giving:

L(L+1)
2

For the network configuration in [5], we evaluated L = 12 APs,M = 120 antennas (10 antennas per AP), K =
20 users:

Totalyon—geq X N - (quadratic in L)

Totalpon—seq = 10 - 2 = 780

Totalge, = 12 - 20 = 240

. 240
reduction =1 — — =~ 69%.
780

Signaling growth: quadratic vs. linear Reduction vs. KPI target
100 -

=T
3000 1 —— Non-sequential (raw relay) ' fl\.-\[]_m' etal
: config)

= Sequential processing

2500 80

2000 59% at L=12

60 1
1500

40 1
1000 -

Total fronthaul signaling (rel. units)
Fronthaul signaling reduction (%)
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i crossover - Sequential processing reduction
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Figure 23. Fronthaul signalling scaling with the number of APs L (K=20 users, N=1- antennas/AP, matching the configuration in

[5]). Left: total signalling load for a non-sequential raw-relaying baseline (quadratic in L) vs. sequential processing (linear in L).
Right: resulting percentage reduction, crossing the 25% KPI target at L=4.3.

The fronthaul signalling reduction enabled by sequential processing exceeds the 25% KPI target for any network with more
than 4 APs, and continues to grow with network size.

Experimental validation:

The structural fronthaul-reduction argument above depends on sequential processing preserving estimation accuracy
relative to centralized processing. This was validated experimentally in a two-AP, two-UE over-the-air prototype built with
GNU Radio and PlutoSDR hardware. Sequential (OSLP) and centralized (LMMSE) uplink signal estimates were compared
under real wireless propagation, hardware impairments, and imperfect synchronization. The table below summarizes the
KPI descriptions from D6.3 [4] and presents an overall performance comparison between the Cell-Free implementation
and the baseline single-RU architecture. Position 5 was chosen for this comparison, as it best represents the benefits of
cell-free architecture.

Table 9. Similarity between sequential (OSLP) and centralized (LMMSE) signal estimates across measurements, showing 100 %
agreement at 1073

Similarity (%)
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Measurement Tolerance 1073 Tolerance 10~

Data Number UE1 UE2 UE1 UE2
1 1 100 100 75 81.89
1 2 100 100 85.50 78.21
2 1 100 100 87.53 94.95
2 2 100 100 79.13 84.65

Constellation Diagram (First 100 Samples)
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Figure 24. Constellation diagram comparing centralized LMMSE and sequential OSLP signal estimates over the air, showing
overlapping estimates up to quantisation-level discrepancies.

Estimates matched up to a discrepancy on the order of 1073, attributed to numerical precision and quantisation rather
than the sequential architecture itself. This confirms that the fronthaul savings identified in the analytical study are not
offset by a loss in signal estimation accuracy when implemented on real hardware.

The following table presents a summary of the KPIs presented in this PoC1:

Table 10. KPIs Summary Table for UC1-PoC1

KPI Name Description Units of Measurement Baseline Cell-free (multi-RU)
KPI1 x2 SE | Improve the  spectral | - Single RU | >5 times
Improveme | efficiency by a factor of 2 improvement
nt demonstrated at
Position 5 (Figure 21)
KPI2 25% - (Baseline | Sequential
reduction of in this | architecture achieves
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fronthaul caseisthe | > 25% reduction
signalling non- starting from 4 APs
sequential | (Figure 23)
architectu
re)
KPI3 80% Improve signal blocking | - 0.0255 100% error-free
reduction of | with multiple cell-free RUs packet transmission in
blocking extending coverage. error rate | Position 5 (Table 5)
in Position
5
Vertical | End-to-end | Time for data to travel from | Milliseconds (ms) 1198 971
KPI1 delay (ms) capture to rendering
Vertical | Transmissio | Time spent on data | Milliseconds (ms) 1.9 NA
KPI12 n delay transmission over the
transport network.

3.4.3 KVis Evaluation

In addition to the quantitative KPIs analysis, the experimentation campaign for PoC1 also considered test campaigns with
users to assess and validate the potential benefits and impact of the developed technology in our society, by means of a
set of relevant Key Value Indicators (KVIs).

The feedback from users was collected via live demonstrations showcased at the KU Leuven testbed (Figure 25), in two
rounds (November 2025, May 2026). In total, 18 users participated in the demonstrations, in pairs, interacting live with
the presenter, who was a colleague from Brainstorm, and experiencing the TV show on Formula 1.

Figure 25. Showcased demonstrations of UC1-PoC1 at KU Leuven testbed

Demographics

From the 18 users, 13 were male, and 5 were female. They were aged between 24 and 60 years old (average = 31, standard
deviation = 12). Their nationality was: Belgian (6), Spanish (5), French (2), Chinese (2), Italian (1), Indian (1), and Moroccan
(1). 14 participants can be considered final users (i.e., content consumers), while 4 of them can also be considered
stakeholders that produce business out of these showcased technologies.
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Their familiarity and previous expertise with the technologies involved is summarized in the charts provided in Figure 26.

Indicate your level of familiarity with immersive technologies,
like eXtended Reality (XR)

Familiar
5,6%

Not familiar at all

Expert
1M11%

Somewhat familiar
27.8%

Slightly familiar

What's your previous experience with virtual production tools?
(select the most approximate option)

Monthly basis or less

| have no previous exp...

Yearly basis or less

Indicate your level of familiarity with network technologies, like
6G

Slightly familiar
1,1%

Expert
16,7%

Somewhat familiar

Familiar
50.0%

What'’s your previous experience with holographic
communication tools? (select the most approximate option)
Daily basis or less

59

v ly basis or less ——

Yearly basis or less

| have no previous exp...
58,8%

Figure 26. UC1-PoC1: Users’ familiarity and previous expertise with the involved technologies

Perceived Performance and Impact

The participants’ opinion on the perceived performance by the UC1-PoC1 technology and its potential impact on the media
landscape is summarized in the different charts provided in Figure 27. The results obtained are highly positive, reinforcing
the satisfactory system’s performance in terms of visual quality, delays, multimodal integration and stability, but also
reflecting the participants’ opinion on the positive impact of the technologies presented.

The showcased demonstration performed in a robust and
stable manner

The visual quality of the holographic representations of the
volumetric participants is sufficient to naturally interact and c...

Neutral

Partially Disagree
5,6%

Partially Agree

Strongly Agree

Partially Agree
55.6%

Strongly Agree
72,2%
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The quality of the holographic representations of the presenter Delays in the audiovisual communication were appropriate to
is sufficient to naturally interact and communicate with him / her provide a seamless, interactive communication

Partially Agree
16.7%

Partially Agree
38,9%

Strongly Agree
55,6%

Strongly Agree
All VR elements (holograms, screens, 3D objects) are
presented in a coherent and realistic spatial manner
Partially Agree
16.7%
Strongly Agree
83,3%
The demonstration has potential to become a powerful tool to Next-gen networks like 6G will contribute to enhancing the
connect and communicate with remote people in real-time performance and interoperability of XR services
Partially Agree
1,1%
Partially Agree
Strongly Agree
72.2%
Strongly Agree

88,9%

Figure 27. UC1-PoC1: Participants' opinion on the perceived performance and potential impact

Key Value Indicators (KVIs)

Finally, participants were asked about three specific KVIs that are or can be provided by the presented UC1-PoC1
technology.

Digital Inclusion / Fairness

This first KVl was selected to assess to what extent the developed and showcased technologies facilitate equal access to
key services, regardless of the users’ location and any physical or economic constraints. The feedback gathered is reported
in Figure 28, reflecting that users in general highly value the potential and benefits of the presented technology in that
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regard (with only one participant having shown ‘neutral’ with the associated assertion), and in addition that it can also
provide benefits to users with accessibility needs or from underrepresented areas.

The potential impact is reinforced with extra collected feedback in this regard, with all users having stated to have enjoyed
the showcased demonstration, strongly agreed that these presented technologies will positively impact both final and
professional users in the media consumption sector, and that they would be interested in using these kinds of services if
offered in the near future (with 12 participants showing a strong interest). This supports the chances of achieving
successful adoption rates in the future.

Holoportation and virtual production, combined with 6G The presented technology can allow users with accessibili?y
networks, can contribute to inclusiveness, fairness and equal needs or from underrepresented areas to access key services
opportunities to access key services (e.g. education, industry... (e.g., education, health, connection with industry experts...)

5.6%

Partially Agree

Partially Agree

Strongly Agree
55.6%

Strongly Agree

72,2%

Figure 28. UC1-PoC1: Users' feedback on Digital Inclusion and Fairness KVI

Trustworthiness

This second KVI was selected to assess whether the real-time audiovisual interaction with real-time captured holograms
and not with impersonal and inexpressive avatars increases the users’ perceived trustworthiness, and whether the
technologies performed in a reliable manner, creating trust and confidence in their adoption. The gathered results are
summarized in the charts in Figure 29, reflecting the general positive receptiveness and potential of the presented
technologies on trustworthiness and reliability. The subjective opinions on reliability are consistent with the measured
performance metrics, as the whole integrated system performed in a stable and smooth manner across all test sessions,
with no crashes and perceptual performance degradations. Trustworthiness in the resulting technology is also reinforced
by the general and overall satisfaction index ratios reported by all participant users in the demonstrations.

The fact of being able to recognize the holoported participants
and the presenter contributed to increase the ‘trustworthiness’

in the service and associated experience
Partially Disagree

The showcased technology has performed in a reliable and
satisfactory manner, providing confidence in its usage

Partially Agree

Partially Agree

Strongly Agree

Strongly Agree
61,1%

Figure 29. UC1-PoC1: Users’ feedback on Trustworthiness KVI

Energy Efficiency
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This third KVI was selected to assess whether the fact of being enabled to participate remotely in virtual activities and
services contributes to minimizing the need for physical resources, facilities and involved travels, and thus to reduce
energy consumption. The gathered results in this regard are summarized in the charts in Figure 30. First, it can be observed
that most users (>80%) believe that this technology can avoid the need for travel to participate in shared activities. In this
with this, the results of PoC2 will provide further statistics about the number and types (regional, national, international)
of travels that can be avoided when referring to collaborative use cases rather than in an entertainment use case as it is
PoC1. Regarding this factor, it is important to highlight that effective multiuser activities were conducted with just using
off-the-shelf client and server devices, together with affordable XR devices (RGB-D sensors, VR headsets), which did not
exceed CPU and GPU usage levels above 60% in the performed experiments, and which could be deployed in practice in
any ubiquitous location. This clearly results in major cost and energy savings compared to the need for physical travel for
multiuser gatherings. In addition, it is important to remark the fact that all recreated scenarios and assets are virtual,
which greatly minimizes the energy needs and costs compared to the need to build them, as well as the scalability and
replicability of the underlying service (see last chart in Figure 30). These last factors were highly appreciated by the
stakeholders involved in the study.

The showcased technology has performed in a reliable and The showcased technology can contribute to environmental
satisfactory manner, providing confidence in its usage sustainability by minimizing the need for travels

Partially Disagree.

Partially Agree Partally Agree
Strongly Agree 1=
Strongly Agree a4 49
Neutral
The showcased technology can contribute to societal A Metaverse platform like this one can guarantee the
sustainability by minimizing the need for travels, associated replicability and sustainability of services (e.g., TV broadcast,
costs, and providing new business opportunities education, culture) compared to physical counterparts
Neutral
Pémally Disagree
Partially Agree
,stm‘.ngly Aaree Strongly Agree

Partially Agree

Neutral

Figure 30. UC1-PoCi: Users’ feedback on Energy Efficiency and Sustainability KVIs

General Feedback

Overall, the obtained KVI feedback confirms the benefits and potential of the proposed 6G-enabled technologies to
support future immersive media services combining real-time holographic communications, distributed virtual
production, and collaborative XR workflows in the entertainment sector.
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3.5 Conclusions

The execution of UC1-PoCl at the KU Leuven testbed demonstrated the technical feasibility of combining real-time
volumetric holoconferencing, XR interaction, and virtual production within a single immersive broadcasting workflow
operating over a 6G-enabled Cell-Free O-RAN infrastructure. The lightweight client KPI measurements showed that the
platform sustained interactive frame rates of approximately 19—-30 fps and generally low-to-moderate packet loss across
the tested positions, with performance degrading as expected at the furthest, multi-wall position (Position 5), where
latency variance and peak packet loss increased markedly.

The comparison between the single-RU and multi-RU configurations (Section 3.4.2.1) showed that the multi-RU setup
consistently matched or substantially outperformed the single-RU setup as the client moved away from the radio units,
most notably at the cell-edge positions (Loc 4 and Loc 5), where the multi-RU configuration sustained 70.0 Mbps and 25.5
Mbps average downlink throughput, respectively, compared to 14.8 Mbps and 1.9 Mbps for the single-RU setup. At the
closest position (Loc 1), both configurations performed comparably (110.1 vs. 100.3 Mbps). These results confirm that the
multi-RU Cell-Free deployment materially extends usable coverage and mitigates the throughput collapse otherwise
observed at the cell edge with a single RU, validating distributed Cell-Free operation as an effective strategy for sustaining
immersive service quality under client mobility.

From a qualitative standpoint, the two public demonstrations (November 2025, May 2026) involving 18 participants
produced strongly positive feedback across all three assessed KVIs (digital inclusion/fairness, trustworthiness, and energy
efficiency/sustainability), with the large majority of respondents strongly agreeing that the technology performed reliably
and has genuine potential for future media production and remote participation use cases. Reported system stability (no
crashes across all sessions) corroborates the subjective trust ratings, and most participants (>80%) indicated the
technology could reduce the need for physical travel to participate in similar activities.

Overall, PoC1 validates the core hypothesis that distributed Cell-Free 6G infrastructure, combined with edge-deployed
holographic communication and virtual production tooling, can support low-latency, multi-modal immersive broadcasting
at a quality sufficient for both casual and professional audiences, with the multi-RU deployment providing a clear
performance advantage for maintaining service quality as users move away from a single radio unit's coverage area.
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4 UC1-PoC 2: Multiuser Team Building Activities
4.1 Overview

The Proof of Concept 2 (PoC2) developed within UC1 of the 6G-BRICKS project focuses on collaborative team building
activities in the Metaverse deployed over a 6G-enabled infrastructure. The main objective of PoC2 is to demonstrate that
team building activities (e.g., brainstorming and 3D co-design sessions) can be effectively and naturally performed when
introducing Edge computing and in-network computing capabilities, provided by ICOM, to the Cell-Free network, which
were not present in PoC1. The PoC2 KPIs are reported at the KPI Table below (i.e., Table 12). Even further, PoC2 aims to
demonstrate different benefits over baseline conditions:

(i) delay reduction when strategically deploying Metaverse server components as close as possible to the client devices,
which includes leveraging in-network computing capabilities provided by the XHaul infrastructure by Intracom, compared
to cloud deployment baselines.

(ii) bandwidth reduction in downlink when strategically and dynamically performing in-cloud transcoding functions on the
Edge server of interest for running Metaverse sessions, compared to media forwarding baselines (as in PoC1).

(iii) scalability and reliability increase when being able to instantiate and select additional Edge servers where to run
specific Metaverse server components, compared to static and single-server baseline deployments.

The core Metaverse technology adopted in PoC2 is HoloMIT by i2CAT [1] [2], as in PoCl. However, HoloMIT has been
extended with the following key features to run and demonstrate PoC:

(i) support for multi-sensor capture setups to reconstruct the full 3602 volume of the participants’ holograms in real-time,
unlike PoC1, which is based on single sensor capture setups;

(ii) support for multi-user interaction capabilities, in particular to perform shared collaborative and co-design activities like
brainstorming on a shared board, with the possibility to create personalized post-its, and co-assembly using 3D Lego bricks.

(iii) support for a virtualized Multipoint Control Unity (MCU) for volumetric video [3], capable of performing strategic in-
cloud transcoding processes for each incoming volumetric video stream.

Figure 31 provides an overview of the deployment of XR hardware devices for UC1-PoC2 (with 3 RGB-D sensors capturing
each user), while Figure 32 provides screenshots of the diverse enabled features by UC1-PoC2.

Figure 31. Deployment of XR hardware components for UC1-PoC2
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Figure 32. Interactive and Collaborative multiuser features implemented for UC1-PoC2: (i) Lego bricks co-assembling; (ii) slides /
video / post-it sharing; (iii) audiovisual communication and free exploration of Metaverse scenarios

4.2 Experimental Setup

Figure 33 provides an overview of the experimental setup for UC1-PoC2 deployment. Its commonalities with UC1-PoC1
deployment are summarized next:

(i) The Cell-Free network by IS-Wireless, with the two distributed O-RUs, the two smartphone-based UEs, and the rest of
components detailed in Section 3.2

(ii) The Edge computing servers, which are also used to run the HoloMIT server components detailed for PoC1, in addition
to the usage of a second Edge server to demonstrate dynamic server switching, load balancing and instantiation of in-
cloud transcoding functionalities

The newly added components are summarized as follows:
(i) The extra supported RGB-D cameras for real-time full-body hologram capture

(ii) The XHaul infrastructure by Intracom, who’s in-network computing capabilities are assessed to validate its
effectiveness to run live multiuser Metaverse sessions with holographic communications.
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A demo video showcasing the PoC2 deployment and final result at KU Leuven lab can be watched at:

https://youtu.be/VVVrbInfFYg
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Figure 33. UC1- PoC2 architecture

4.3 PoC Scenarios

The following trial scenarios and Test Conditions (TC) were planned to assess the objectives for UC1-PoC2 introduced in
Section 4.1. These TCs are leveraged to calculates the set of KPIs that are related to the PoC2 components, as reported at
the KPI Table (i.e., Table 12). The aforementioned TCs were configured taking into account hardware limitations of the
USRP X410s, which were unable to sustain uplink throughput higher than 10Mbps (due to the high computational
complexity of 5G-NR decoding). Therefore, we selected TCs with a total bandwidth lower than 10 Mbps as detailed next:
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TC1.1 (baseline 1 — external cloud server, <5Mbps). A Metaverse session with 2 holoported users connected via
wired Ethernet to a comm server (SFU) deployed on an external cloud (Azure), with holographic streams encoded
at a data rate of ~2Mbps

TC1.2 (baseline 2 — external cloud server, ~10Mbps). A Metaverse session with 2 holoported users connected via
wired Ethernet to a comm server (SFU) deployed on an external cloud (Azure), with holographic streams encoded
at a data rate of ~5Mbps.

TC2.1 (In-network Computing on XHaul, <5Mbps). A Metaverse session with 2 holoported users connected via
wired Ethernet to a comm server (SFU) deployed on the in-network computing unit within XHaul, with holographic
streams encoded at a data rate of ~2Mbps.

TC2.2 (In-network Computing on XHaul, “10Mbps). A Metaverse session with 2 holoported users connected via
wired Ethernet to a comm server (SFU) deployed on the in-network computing unit within XHaul, with holographic
streams encoded at a data rate of ~5Mbps.

TC3.1 (Edge server, <5Mbps). A Metaverse session with 2 holoported users connected via wired Ethernet to a
comm server (SFU) deployed on a powerful and close Edge server, with holographic streams encoded at a data
rate of ~2Mbps.

TC3.2 (Edge server, ~10Mbps). A Metaverse session with 2 holoported users connected via wired Ethernet to a
comm server (SFU) deployed on a powerful and close Edge server, with holographic streams encoded at a data
rate of ~5Mbps.
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e TCA4.1 (In-network Computing on XHaul + Cell-Free Network, <5Mbps). A Metaverse session with 2 holoported
users connected via the Cell-Free network to a comm server (SFU) deployed on the in-network computing unit
within XHaul, with holographic streams encoded at a data rate of ~2Mbps.

e TC4.2 (In-network Computing on XHaul + Cell-Free Network, ~10Mbps). A Metaverse session with 2 holoported
users connected via the Cell-Free network to a comm server (SFU) deployed on the in-network computing unit
within XHaul, with holographic streams encoded at a data rate of ~5Mbps

e TC5.1 (Edge Server — no transcoding, ~10Mbps). A Metaverse session with 2 holoported users connected via
wired Ethernet to a comm server (SFU) deployed on a powerful and close Edge server, with holographic streams
encoded at a data rate of ~5Mbps (similar to T3.2)

e TC5.2 (Edge Server — with in-cloud transcoding, ~10Mbps). A Metaverse session with 2 holoported users
connected via wired Ethernet to a comm server (SFU) deployed on a powerful and close Edge server with in-cloud
transcoding capabilities, with input holographic streams encoded at a data rate of ~5Mbps, and output
holographic streams encoded at a data rate of ~2Mbps

Test Case 5 (Edge Server <> XHaul) will specifically showcase the ability to dynamically switch from one comm server on
XHaul to another on the Edge server based on different criteria (e.g. position in the virtual world, bandwidth consumed /
available, semantic aspects, etc.).

4.4 Performance Evaluation
4.4.1 Visual Evidence of Conducted Trials

The next showcase video is meant to complement the reported KPIs with visual evidence of the conducted trials and the
impact on the resulting performance and Metaverse experience: https://youtu.be/VVVrbInfFYg

4.4.2 KPIs Performance Evaluation

A summary of the obtained results for each TC is provided in Table 11 and from Figure 34 to Figure 45, from which the
following insights are formulated:

e Interactive holographic comm session in the Metaverse performs successfully with both XHaul (TC2.1) and the
Cell-Free network (TC4.1), as long as the total exchanged traffic does not exceed the performance limits of such
6G enablers (i.e. <10Mbps in uplink bandwidth for the Cell-Free network, <10Mbps ingress bandwidth for the in-
network computing unit within XHaul). When these thresholds are surpassed, then performance limitations
appear (high delays, re-transmissions, connection outages...), as observed in TC2.2 and TC4.2, which are not an
issue in baseline conditions (Ethernet, powerful servers).

e XHaul network switches use internal management VLAN interfaces for communication between the embedded
control-plane hardware (a general-purpose Intel x86 CPU) and the switch's forwarding fabric. To protect the CPU
from excessive traffic, policers on the CPU port limit the maximum ingress bandwidth directed to the CPU. The
specific XHaul switch vendor limits this bandwidth to 10 Mbps. XHaul end-to-end latency is defined as the time
required for a packet to traverse the switch's control-plane Linux networking stack, the forwarding fabric, and the
mmWave link connecting XHaul switches. When the ingress traffic exceeds the 10 Mbps CPU policer limit, excess
packets are queued while only 10 Mbps of traffic is forwarded to the CPU. This queue buildup introduces
additional queuing delay, resulting in latency spikes. Conversely, as long as the ingress traffic remains below the
10 Mbps threshold, XHaul end-to-end latency remains constant and deterministic. Within the safe / supported
bandwidth levels, the deployment of the Metaverse comm server (i.e. the SFU) on XHaul provides comparable
results - in terms of delays, jitter and fps variability - to its deployment on a more powerful Edge / local server
(connected to the same LAN) and much better results (i.e. less than half delays) than its deployment on a remote
cloud server (Azure), which is the baseline.

e In stability conditions, the Cell-Free network provides similar QoS metrics to Ethernet baselines in terms of
throughput and fps, with a slight increase in delays, as reported for TC2.1, TC3.1 and TC4.1.
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e The capability to dynamically switch between diverse Edge servers running the Metaverse comm module is
successfully demonstrated, keeping session continuity (Figure 45). In addition, the dynamic activation of in-cloud
transcoding capabilities (by means of an MCU for volumetric video) is shown to reduce the downlink bandwidth
(TC5.1 vs TC5.2, and Figure 45), while keeping fps stability and just slightly increasing the end-to-end delays in the

ongoing session.

Therefore, take aways from the obtained KPIs could be summarized as:

o delay reduction over >56% due to the Edge or in-network deployment of virtualized server functions,

compared to cloud deployments (baseline);

e downlink bandwidth reduction >50% by activating in-cloud transcoding, compared to basic media forwarding

using a SFU (baseline).

Table 11. Summary of results from Test Conditions (TC) for PoC2 of UC1. Cells in blue refer to comparable test conditions with
holographic streams at 2 Mbps and different instances of the servers. Cells in orange reflect test conditions that did not provide
satisfactory results due to the inability to handle the exchanged streams (either by the Cell-Free network or by XHaul, with

theoretical throughput limits of 10Mbps, but practical limits close to ~7-8Mbps)

Test Conditions (TC)

Received Throughput (Mbps)

Received fps

Transmission Latency (ms)

TC1.1. Server on Cloud (Holo | Max: 2.25 Max: 14.8 Max: 47.89
Streams @2Mbps) — | Min: 2.03 Min: 14.5 Min: 25.34
Ethernet Avg: 1.90 Avg: 14.63 Avg: 32.52
Stdv: 0.06 Stdv: 0.16 Stdv: 4.49
TC1.2. Server on Cloud (Holo | Max: 5.51 Max: 14.8 Max: 50.1
Streams @5Mbps) = | Min: 5.20 Min: 14.4 Min: 26.4
Ethernet Avg: 5.37 Avg: 14.6 Avg:34.3
Stdv: 0.07 Stdv: 0.17 Stdv: 4.88
TC2.1. Server on XHaul (Holo | Max: 2.31 Max: 14.5 Max: 18.73
Streams @2Mbps) — | Min: 1.92 Min: 13.6 Min: 8
Ethernet Avg: 2.07 Avg: 14.2 Avg: 11.70
Stdv: 0.09 Stdv: 0.15 Stdv: 2.75
TC2.2. Server on XHaul (Holo | Max: 5.30 Max: 12.4 Max: 10000 (upper limit)
Streams @5Mbps) — | Min: 0.05 Min: 0 Min: 74.26
Ethernet Avg: 2.42 Avg: 6.23 Avg: 6887.1
Stdv: 1.58 Stdv: 4.00 Stdv: 3000
TC3.1. Server on Edge (Holo | Max: 2.30 Max: 14.8 Max: 13.1
Streams @2Mbps) — | Min: 1.93 Min: 14.5 Min: 7.1
Ethernet Avg: 2.10 Avg: 14.68 Avg: 9.63
Stdv: 0.07 Stdv: 0.1 Stdv: 2.57
TC3.2. Server on Edge (Holo | Max: 5.5 Max: 14.8 Max: 15.2
Streams @5Mbps) — | Min: 5.21 Min: 14.6 Min: 7.4
Ethernet Avg: 5.40 Avg: 14.69 Avg: 10.54
Stdv: 0.05 Stdv: 0.17 Stdv: 2.62
TC4.1. Server on XHaul (Holo | Max: 2.26 Max: 14.5 Max: 171.1
Streams @2Mbps) - Cell- | Min: 1.92 Min: 13.6 Min: 52.6
Free Avg: 2.06 Avg: 14.2 Avg: 71.2
Stdv: 0.1 Stdv: 0.18 Stdv: 116.81
TC4.2. Server on XHaul (Holo | Max: 5.37 Max: 27.8 | Max: 10000 (upper limit)
Streams @5Mbps) - Cell- | Min: 0.08 (14.5) Min: 1149.8
Free Avg: 4.35 Min: O Avg: 7385.57
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Stdv: 1.72 Avg: 11.4 Stdv: 3294.16
Stdv: 7.37
TC5.1. Server on Edge | Max: 4.37 Max: 15.03 (End-to-End)
without transcoding (Holo | Min: 3.35 Min: 11.8 Max: 265
Streams @2Mbps) - Ethernet | Avg: 4.05 Avg:14.3 Min: 123
Stdv: 0.25 Stdv: 1.0 Avg: 155.08
Stdv: 34.2
TC5.2. Server on Edge with | Max: 3.1 Max: 27.8 | (End-to-End)
transcoding (Holo Streams | Min: 2.3 (14.5) Max: 284.0
@2Mbps) - Ethernet Avg: 2.51 Min: 0 Min: 127
Stdv: 0.24 Avg: 11.4 Avg: 181.08
Stdv: 7.37 Stdv: 35.09

In addition, the following figures complement the results from Table 11, by showing the temporal evolution from relevant
KPIs for a subset of the TCs.

Time Series Results for Test Case 2.1

15
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1 ~— Laptop_3_Leuven | PC_3 | Killer_E3100G_2_5_Gigabit_Ethernet_Controller
~— Laptop_3_Leuven | PC_3 | Killer_R__Wi_Fi_6E_AX1675i_160MHz_Wireless_Network_Adapter__211NGW
0.5
/ﬁ.\ »
A AATT———~— A A A A A~
08:39 08:40 08:41 08:42 08:43 08:44 08:45
May 21, 2026

Time

Figure 34. Throughput (Mbps)
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Time Series Results for Test Case 2.2
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Figure 35. Reception fps on client side
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Figure 36. Throughput on client side (Mbps)
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Figure 37. Reception fps on client side
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Time Series Results for Test Case 3.2
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Figure 38. Received throughput on client side (Mbps)
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Figure 39. Received fps on client side

Time Series Results for Test Case 4.1
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Figure 40. Received throughput on client side (Mbps)
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Figure 41. Received fps on client side

Time Series Results for Test Case 5
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Figure 42. Received throughput on client side (Mbps)
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Figure 43. Received throughput on the Edge Servers (Mbps)
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Figure 44. Transmission and reception fps on client side
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Figure 45. End-to-end (capture-to-render) latency for clients

The following table provides a summary of the KPI’s description presented in D6.3 [4] for PoC2, calculated by the TCs
above.

Table 12. KPIs Summary Table for UC1-PoC2

KPI Name Description Units of | Baseline TC2.1 TC3.1
Measurement (TC1.1)
KPI1 80% reduction of | This was measured in | - -
blocking PoC1, where the

baseline comparison of
singleRU and multi-RU
was performed.

KPI2 up to 30s service | Session continuity | seconds Metaverse  Service  Session s
migration demonstrated among migrated from xHaul to the edge
Edge and xHaul within < 500ms; Stable frame rate

deployment of services
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(Figure 35) without major
disturbances.
KPI3 10ns synchronization | Synchronization ns Achieved with the NI octoclock;
accuracy accuracy between the 2 Multi-RU setups do not work with
RUs. OTA synchronization alone without
additional mitigations for phase drift,
which were outside the scope of 6G-
BRICKS.
Vertical | Encoding/decoding Time taken for encoding | Milliseconds The delay was stable under 10 ms for
KPI1 delay (s) on sender side, decoding | (ms) all TCs (Table 11)
on receiver side, or
performing the
transcoding process on
the server side.
Vertical | fps (frames / s), | Frame rate at which | Frames per | 14.63 14.2 2.1
KPI12 including captured fps | video is  captured, | second (fps)
and transmitted, transcoded
received/rendered fps | and rendered.
Vertical | Downlink Bandwidth | Amount of bandwidth | Megabits per | 1.90 2.07 2.10
KPI3 (Mbps) per stream / | consumed by each client | second (Mbps)
per client for downlink video data
consumption, with or
without transcoding
Vertical | X-Haul end-to-end | End-to-end latency over | Milliseconds NA 2.07 2.10
KPI14 latency the mmWave link. (ms)

4.4.3 KVis Evaluation

In addition to the quantitative KPIs analysis, the experimentation campaign for PoC2 also considered test campaigns with
final users and stakeholders to assess and validate the potential benefits and impact of the developed technology in our
society, by means of a set of relevant Key Value Indicators (KVIs).

The feedback was gathered by participants who interacted with the real PoC2 demonstration at KU Leuven testbed, but
especially from users who watched the prepared demo video for PoC2 for such purposes: https://youtu.be/VVVrbInfFYg

Demographics

In total, 20 users completed the questionnaire. 14 participants were male, and 6 were female. Their age ranged between
26 and 56 years old (average = 40, standard deviation = 9.33). Their nationality was: Belgian (3), Spanish (10), Greek (2),
Italian (3), Cuban (2).

3 of them considered themselves to be final users, while 17 of them were professional users or stakeholders, including
the following profiles: Education (9), Content Provider (4), Service Provider (4).

Their familiarity and previous expertise with the involved technologies in UC1-PoC2 are summarized in the charts provided
in Figure 46. It can be appreciated that participants were in general a bit more familiar with XR technologies than with 6G

© 6G-BRICKS 2023 Page | 49



https://youtu.be/VVVrbInfFYg

D6.4 Report on vertical executions on KUL testbed BR 'CKS

technologies, and their previous experiences with holographic communication platforms was scarce, although they
consume immersive content with higher frequency.

Indicate your level of familiarity with immersive technologies, IGné:Iicate your level of familiarity with network technologies, like

like eXtended Reality (XR)

Slightly familiar

Somewhat familiar
15.0%

5.0%
Expert
5.0%

Somewhat familiar

Familiar

Familiar
50.0%

What's your previous experience with immersive media

What's your previous experience with holographic consumption? (select the most approximate option)

communication tools? (select the most approximate option)

Yearly basis or less

Weekly basis or less A
10.0%

10.0%

Weekly basis or less
25.0%

Daily basis or less
Daily basis or less

Monthly basis or less
15.0%

| have no previous exp...
_1ave no previous exp... T
200%

Yearly basis or less Monthly basis or less

Figure 46. UC1-PoC2: Users' familiarity and previous expertise with the technologies involved

Perceived Performance and Impact

The participants’ opinion on the perceived performance by the UC1-PoC2 technology and its potential impact in the media
sector are summarized in the different charts provided in Figure 47. The results obtained are highly positive, reinforcing
the satisfactory system’s performance in terms of visual quality, delays, multimodal integration and stability, but also
reflecting the participants’ opinion on the positive impact of the presented technologies.

Itis important to highlight that all participants having interacted with the live PoC2 — and not just watched the demo video
— also reflected to have been able to conduct the collaboration activities (interacting with post-it's and the share board,
and co-design with Lego bricks) in an intuitive and effortless manner.
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The visual quality of the holographic representations of the
volumetric participants seems sufficient to naturally interact and

communicate with remotely holoported people
Strongly Disagree
5.0%

Strongly Agree

Partially Agree
50.0%

Overall, the presented Metaverse proof of concept seems to be
of a high quality

Neutral
5.0%

Partially Agree
25.0%

Strongly Agree

The virtual environment and all associated visual elements
(holograms, screens, boards, interactive 3D elements) seem to
have been integrated in a coherent and realistic spatial manner

Partially Agree
30.0%

Strongly Agree
70.0%

The showcased proof of concept has potential to become a
powerful tool to connect, communicate and collaborate with
remote people in real-time

Neutral
5.0%

Partially Agree

Strongly Agree
75.0%

Next-generation networks like 6G will contribute to enhancing
the performance and interoperability of Metaverse and

Neutral

eXtended Reality (XR) services, like the one presented

10.0%

Partially Agree

Strongly Agree

Figure 47. UC1-PoC2: Participants’ opinion on the perceived performance and potential impact

Key Value Indicators (KVIs)

Finally, participants were asked about three specific KVIs that are or can be provided by the presented UC1-PoC2

technology.

Digital Inclusion / Fairness

As for PoC1, this first KVI was selected to assess to what extent the developed and showcased technologies facilitate equal
access to key services, regardless of the users’ location and any physical or economic constraints. 95% of participants
strongly agreed, and the rest partially agreed, that multiuser holoportation technologies, combined with 6G networks, can
contribute to digital inclusion, inclusiveness, and fairness, providing/facilitating equal opportunities to access key services
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(e.g., entertainment, education, culture, healthcare, connection with industry experts...). The participants, in addition,
agree in general (85% strongly, 15% partially) that the presented technology can allow users with accessibility needs or
from underrepresented areas to access such key services. Whilst concrete statistics about the Representation Equity
Index have not been collected, the gathered feedback so far envisaged the wide applicability of the presented
technologies, providing benefits to diverse regions, genres, and sectors.

The potential impact of PoC2 is reinforced with extra collected feedback in this regard, with all participants having stated
to have enjoyed the showcased demonstration, having strongly agreed that the presented technologies will positively
impact both final and professional users in the media consumption sector, and that they would mostly be interested in
using these kinds of services if offered in the near future (with 14 out 20 participants showing a strong interest). This
supports the chances of achieving successful adoption rates in the future.

Open Collaboration

This second KVI was selected to assess whether the fact of enabling real-time multiuser holographic communications
(which allows recognition of the holoported peers), augmented with multiuser interaction capabilities with VR controllers
and hand gestures, and realistic 3D spaces and elements, results in improved group interaction and collaboration
between remote team members compared to traditional 2D videoconferencing and avatar-based Metaverse platforms.
Participants in general agreed (80% strongly, 15% partially) with the associated assertion in the questionnaire, with only
one (%5) having shown neutral.

In addition, all users having interacted with the applications indicated to have been able to complete the collaboration
tasks effectively and effortlessly, with highly successful and promising co-creation participation rates, although a wider
sample would need to be gathered to derive conclusive results.

Safety

The third selected KVI was meant to analyse whether a Metaverse service like the one presented can contribute to
increase safety as it allows virtual and realistic manipulation of assets and machinery without being exposed to associated
risks in their physical manipulation and in the associated travels to do so. 95% of participants agreed (60% strongly, 35%
partially) with the associated assertion in the questionnaire, with only one (5%) having shown neutral.

All users having interacted with the live demo indicated to have felt safe when interacting with the system, and that it
would be useful as well to perform and conduct training activities on, more risky tasks and procedures.

Likewise, the feedback gathered on other relevant questions indirectly contributes to increasing safety. First, most
participants agreed (60% strongly, 35% partially) that the showcased technology can contribute to energy efficiency and
environmental sustainability by minimizing the need for physical environments and resources (but leveraging virtual
spaces integrating collaboration / teamwork / training tools and assets), and for travelling to participate in key services
and activities. Second, participants in general agreed (80% strongly, 20% partially) that the showcased technology can
contribute to societal sustainability by minimizing the need for travels, associated costs, and providing new business
opportunities. Third, participants in general agreed (85% strongly, 15% partially) that a Metaverse service like the one
presented can guarantee the replicability, scalability and sustainability of specific services (e.g., education, culture,
tourism, industrial activities) compared to physical counterparts.

Participants were also asked about how many travels per year a technology like this would save for them. The responses
were: 1-2 regional travels for 40% of them, 3-5 regional travels for 5% of them, and over 6 regional travels for 5% of them;
1-2 national travels for 45% of them, 3-5 national travels for 45% of them, and over 6 national travels for 20% of them; 1-
2 international travels for 80% of them, and 3-5 national travels for 45% of them. This reinforces the potential of this
technology for energy efficiency, costs reduction, and environmental sustainability.

Finally, most participants indicated interest (90%, with 70% having indicated a strong interest) in using a Metaverse
technology like the one showcased, if available, for specific use cases of interest (education, culture, professional
settings...), with 10% having shown neutral.
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Overall, the obtained KVI results confirm the benefits and potential of the proposed 6G-enabled technologies to support
future immersive media services combining real-time holographic communications, multimodal interaction and
collaboration features, and edge computing for conducting effective and natural team building activities in the Metaverse.

4.5 Conclusions

UC1-PoC2 successfully validated all three target benefits set out in Section 4.1. Edge and in-network (XHaul) deployment
of the Metaverse communication server reduced transmission latency by over 56% compared to the external cloud
baseline, while remaining within comparable throughput and frame-rate bounds, confirming the value of bringing
compute close to the radio edge. Activating in-cloud transcoding via the volumetric video MCU reduced downlink
bandwidth by more than 50% relative to plain media forwarding, at the cost of a modest increase in end-to-end latency,
demonstrating a viable trade-off for bandwidth-constrained access links. Dynamic migration between Edge servers was
also demonstrated while preserving session continuity, supporting the scalability and reliability objective.

Test conditions that exceeded the practical throughput ceilings of the Cell-Free network and the XHaul in-network
compute unit (TC2.2, TC4.2) showed clear, expected degradation (dropped frames, multi-second latency spikes),
confirming that the ~10 Mbps theoretical / ~7-8 Mbps practical limits identified for these 6G enablers are the binding
constraint for this class of service, rather than the Metaverse software stack itself. This is a useful boundary condition for
future capacity planning.

The KVI collection campaign (20 participants, predominantly professional/stakeholder users) reinforced these technical
findings. Strong agreement on digital inclusion, open collaboration, and safety benefits, with most participants reporting
they could complete co-design and brainstorming tasks effortlessly via the live demonstration. Reported expected travel
savings (particularly for national and international trips) further support the sustainability case made in Section 4.1.

Taken together, PoC2 demonstrates that edge- and in-network-assisted Metaverse service delivery is both technically
viable and positively received by representative end users and stakeholders, provided session bandwidth is managed
within the characterized limits of the underlying 6G infrastructure.
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5 Conclusions

This deliverable has reported the execution and validation of two Proofs of Concept: holoconferencing in a broadcasting
environment (PoC1) and multiuser team-building activities (PoC2) on the KU Leuven 6G-BRICKS testbed, both within Use
Case 1 on immersive media and broadcasting.

Across both PoCs, the KU Leuven Cell-Free O-RAN infrastructure, combined with edge computing resources and the
HoloMIT holographic communication platform, was shown to support real-time, multi-participant immersive experiences
with acceptable quality of experience under both wired and wireless connectivity, including client mobility scenarios. PoC1
established baseline feasibility for a relatively static, broadcast-oriented holoconferencing scenario, while PoC2 extended
this to a more demanding, mobile, multi-edge scenario, explicitly demonstrating and quantifying the benefits of edge/in-
network deployment (latency) and in-cloud transcoding (bandwidth) over centralized cloud baselines.

The obtained KPI results confirmed the capability of the KUL infrastructure to support demanding immersive applications
under both wired and wireless conditions. The Cell-Free O-RAN platform successfully provided connectivity for
holographic communications and XR interactions, while the edge computing infrastructure enabled low-latency
processing and service execution.

Beyond the technical evaluation, the performed KVI assessments highlighted the societal relevance of the proposed
solutions. Participants consistently identified benefits related to digital inclusion, trustworthiness, collaboration efficiency,
safety, and sustainability. The results indicate that immersive communication technologies supported by future 6G
infrastructures have the potential to transform how users participate in media production, education, training, and
collaborative professional activities.

© 6G-BRICKS 2023 Page | 54




D6.4 Report on vertical executions on KUL testbed BR .CKS

6 References

[1] S. Fernandez, M. Montagud, G. Cernigliaro, D. Rincdn, “Multiparty holomeetings: Toward a new era of low-cost
volumetric holographic meetings in virtual reality”. leee Access, 10, 81856-81876, 2022

[2] M. Montagud, M. Martos, A. Egea, S. Fernandez, “Social vr with holographic comms: Enablers for new engaging
experiences within the tv/video consumption landscape”, IEEE Transactions on Broadcasting, 2025

[3] S.Fernandez, M. Montagud, D. Rincdn, J. Moragues, G. Cernigliaro, “Addressing scalability for real-time multiuser
holo-portation: Introducing and assessing a multipoint control unit (mcu) for volumetric video”, In Proceedings of
the 31st ACM International Conference on Multimedia (pp. 9243-9251). 2023

[4] 6G-BRICKS Consortium, "D6.3 — Report on Infrastructure setup and readiness vertical tests", 6G-BRICKS Project
Deliverable, 2026.

[5] Ranjbar, V., Beerten, R., Moonen, M., & Pollin, S. (2026). Sequential Processing Strategies in Fronthaul Constrained
Cell-Free Massive MIMO Networks. ArXiv. https://arxiv.org/abs/2601.20721

© 6G-BRICKS 2023 Page | 55



https://arxiv.org/abs/2601.20721


  10 − 3


  l


  l


      𝒔 ~  l ∈  ℂ  K × 1


    𝑪  l


  K


  L


  T o t a   l  s e q ∝ L ⋅ K       ( l i n e a r   i n   L )


  l


  l × N


  N


  T o t a   l  n o n − s e q ∝ N ⋅   L  ( L + 1 ) 2           ( q u a d r a t i c   i n   L )


  L = 12   A P s ,   M = 120   a n t e n n a s    ( 10   a n t e n n a s   p e r   A P ) ,     K = 20   u s e r s


  T o t a   l  n o n − s e q = 10 ⋅   12 ⋅ 13 2 = 780


  T o t a   l  s e q = 12 ⋅ 20 = 240


  T o t a   l  s e q = 12 ⋅ 20 = 240


  r e d u c t i o n = 1 −  240 780 ≈ 69 %


   10  − 3


  𝟏   𝟎  − 𝟑


  𝟏   𝟎  − 𝟒


   10  − 3

