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1 Executive Summary

This deliverable presents the execution and validation activities carried out on the EURE experimentation platform within
Use Case 2 (UC2) of the 6G-BRICKS project, demonstrating the operational readiness of the infrastructure for supporting
advanced Industry 4.0 applications over next-generation communication networks. Building upon the infrastructure
deployed during the previous phases of the project, the deliverable validates the integration of key 6G enabling
technologies, including Open RAN (O-RAN), edge computing, Reconfigurable Intelligent Surfaces (RIS), and immersive
digital technologies, through representative industrial Proofs-of-Concept (PoCs). The reported activities confirm the
capability of the EURECOM platform to provide a realistic and flexible experimentation environment for evaluating
innovative cloud-to-device services under operational conditions.

Two complementary Proofs-of-Concept have been successfully implemented and experimentally validated. The first PoC
demonstrates autonomous robotic operations within an Industry 4.0 environment, where a mobile robot performs
transportation tasks over a 6G-enabled communication infrastructure. The platform integrates an OAl-based O-RAN
deployment, a near-real-time RAN Intelligent Controller (RIC), a RIS-assisted radio environment, edge computing
resources, and robotic control applications. The experiments evaluate the ability of the infrastructure to provide reliable
low-latency communications required for autonomous navigation under both Line-of-Sight (LOS) and challenging Non-
Line-of-Sight (NLOS) propagation conditions. The second PoC validates an Augmented Reality (AR)-based remote
inspection service supported by a Digital Twin of the industrial environment. Using the ARTEMIS platform, remote experts
collaborate with field technicians through real-time video, audio, and digital overlays, demonstrating how advanced 6G
connectivity enables efficient remote maintenance and operational support while reducing the need for on-site expert
intervention.

The experimental campaign demonstrates that the deployed infrastructure satisfies the communication and operational
requirements of both industrial applications. The autonomous robotics experiments confirm stable end-to-end
communication with consistently low round-trip latency, high throughput, reliable connectivity, and successful mission
execution, including under RIS-assisted NLOS conditions. The results validate the effectiveness of combining O-RAN
disaggregation, intelligent radio control, and RIS technology to extend coverage and maintain communication quality in
challenging indoor environments. Similarly, the AR-based maintenance use case demonstrates the feasibility of supporting
immersive collaborative services over the experimental platform, enabling continuous interaction between remote
experts and field operators with communication performance compatible with industrial maintenance scenarios.

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 perceived safety, security,
trustworthiness, and usability for both demonstrators. The strong correlation 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 industrial services.

In addition, the deliverable presents a comprehensive evaluation of the radio, network, and energy performance of the
EUR 6G testbed. Since both Proofs-of-Concept were executed on the same infrastructure, using the same network
configuration and deployment environment, the reported communication performance is representative of the
underlying 6G platform rather than of a specific application. The network measurements, collected throughout the
execution of both PoCs, highlights the benefits of RIS-assisted deployments in improving coverage and communication
performance while reducing infrastructure requirements and energy consumption compared with conventional network
expansion strategies. These findings provide valuable insights into the design and deployment of efficient, reusable, and
energy-aware 6G infrastructures capable of supporting a wide range of future industrial services

Overall, the successful deployment, integration, and validation of the EUR experimentation platform demonstrate that
the infrastructure has reached a high level of operational maturity and is capable of supporting realistic experimentation
© 6G-BRICKS 2023 Page|9
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of advanced 6G technologies. The achieved results confirm the effectiveness of the 6G-BRICKS technology stack in enabling
reliable, low-latency, and intelligent Industry 4.0 services, while providing a reusable experimentation platform for future
project activities, cross-platform validations, and the broader SNS research community. The outcomes reported in this
deliverable constitute an important milestone towards validating cloud-to-device 6G technologies and contribute directly
to the project’s objective of establishing reusable and interoperable 6G experimentation infrastructures.

© 6G-BRICKS 2023 Page | 10
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2 Introduction

2.1  Mapping 6G-BRICKS Outputs
6G-BRICKS 6G-BRICKS GA Component Outline Respective Justification
GA Document
Component Chapter(s)
Title
DELIVERABLE
Deliverable 6.5 - Report of vertical executions in EURECOM testbed
TASKS
Task 6.3 - | This task will demonstrate and showcase | Section 3.2 — The first two sections
Concurrent the UC2 experimental scenarios at the EUR | Experimental setup demonstrate the experimental

Verticals tests
in  Eurecom
Platform

platform, which are detailed in Sec.
1.2.5.1, in terms of using RIS to increase
the mmWave indoor coverage and avoid
communications disconnection due to
obstacles. This will definitely allow a
constant and very high data rate and low
latency to sustain novel indoor scenarios.
UC2 considers two scenarios:

Section 3.3 — Trial
scenarios

Section 4.2 —
Experimental setup

Section 4.3 — Trial
scenarios

setups and trial scenarios for
PoC 1, and the last two sections
for PoC 2. They show the testbed
infrastructure and scenarios
considered to evaluate the PoCs

i) the first scenario demonstrates
autonomous robot activity in a factory by
showing that robots can freely move inside
the factory while benefiting from
extremely low latency communication

Section 3.4 —
Performance analysis

This section provides the KPls
and KVIs for PoC 1

ii) the second scenario demonstrates and
evaluates visual inspection in Industry 4.0
using Twin Digital and AR.

Section 4.4 —
Performance Analysis

This section provides the KPls
and KVIs for PoC 2

The aim is to show that RIS-based 6G
guarantee extreme data rate and low
latency inside the flat.

Section 5 - RIS
improvements to
network

performance and

energy consumption

This  section provides the
network  performance and
energy consumption comparing
the cases of using RIS and
without using RIS.

© 6G-BRICKS 2023
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2.2 UCs and PoC KPI

Each PoC includes a set of specific KPIs used to validate the execution of the experiment. Among these KPI, we highlight
in the following table, for each PoC, the KPI outlined in the DoW to validate the PoC.

KPI Description Section

PoC1 | KPI1.1: This KPl was measured at the Robot level. It is the time | Section 3.4.1
Extreme Low | needed to control the robot from the application sitting at the
latency  for | edge.

robot control
(0.1 -20 ms)

KPI1.2: 100% | This KPI measure the RSRP level at UE level when using and | Section 5.1
full coverage | not using the RIS. It clearly indicates the gain in terms of
of the factory, | coverage extension when using the RIS which can be

no translated to a coverage KPI as explained in the corresponding
disconnection | section.

due to

obstacles

PoC2 | KPI2.1: Very | This KPl was measured by computing the bandwidth achieved | Section 4.4.1.3.3
high at the application level.
bandwidth
(about Gbps)
in the whole
factory  for
video and 3D
model
streaming

KP12.2: This KPl was measured at the application level analysing the | Section 4.4.1.3.3
Extreme Low | latency.
latency  for
rapid scene
analysis (0.1 -
20 ms)

KPI2.3: 100% | It is similar to KPI1.2. Section 5.1
full coverage
of the factory,
no
disconnection
due to
obstacle
(Similar to
KPI1.2)

© 6G-BRICKS 2023 Page | 12
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2.3 Deliverable Overview and Report Structure

This deliverable documents the execution and evaluation activities performed in the EUR testbed for the industrial vertical
use cases developed within the 6G-BRICKS project. The report presents the experimental setups, trial methodologies,
KP1/KVI evaluation frameworks, performance analysis, and key findings obtained from the execution of two representative
Industry 4.0 Proofs-of-Concept.

The remainder of this document is organized as follows:

e Section 3 presents UC2 — PoC 1: Autonomous Robots in Industry 4.0. The section describes the robotic platform,
the O-RAN and RIS-enabled communication infrastructure, the experimental scenarios, and the methodology used
to evaluate system performance. Detailed KPI and KVI analyses are provided together with the main conclusions
derived from the experimental campaign.

e Section 4 describes UC2 — PoC 2: AR Inspection of Industry 4.0 Digital Twin on Site. This section introduces the
ARTEMIS AR platform and the digital twin maintenance scenario executed over the 6G-BRICKS infrastructure. The
experimental setup, communication, and AR preparation procedures, KPl evaluation results, and overall
conclusions are discussed.

e Section 5 presents the network measurements collected throughout the execution of both PoCs, highlighting the
benefits of RIS-assisted deployments in improving coverage and communication performance while reducing
infrastructure requirements and energy consumption compared with conventional network expansion strategies.

e Section 6 provides the conclusion of the deliverable.

e Section 7 provides the references used in the deliverable.

© 6G-BRICKS 2023 Page | 13
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3 UC2-PoC 1: Autonomous Robots in Industry 4.0
3.1 Execution overview

The Proof of Concept 1 (PoC1) developed within UC2 of the 6G-BRICKS project targets the deployment and evaluation of
an autonomous robotic platform operating in an industrial environment under the coordination of a 6G network
infrastructure (via Turtlebot 4 machine). The primary objective is to demonstrate that next-generation wireless
connectivity, combined with edge computing and Reconfigurable Intelligent Surface (RIS) technology, can sustain the low-
latency, high-reliability communication requirements inherent to Industry 4.0 robotic applications.

At its operational core, the PoC involves a TurtleBot (a compact, programmable mobile robot) executing transport tasks
within a factory-like testbed. Upon receiving a mission command from a centrally hosted Control Server, the robot
navigates autonomously from a designated source position (Position A) to a target destination (Position B), relying on real-
time sensor data and remote computational support. The execution loop encompasses task assignment, sensor-driven
perception, wireless data offloading, edge-side processing, and final actuation, so each stage is critically dependent on the
underlying 6G network performance. What distinguishes this PoC from conventional robotic deployments is the deliberate
integration of 6G-specific features into the operational pipeline. Communication between the robot and the edge
infrastructure is routed through an Open RAN (O-RAN) compliant stack, augmented by a RIS panel that extends coverage
in Non-Line-of-Sight (NLOS) scenarios commonly encountered in industrial floor layouts. This configuration allows the
experiment to serve not only as a functional demonstration of autonomous transport, but also as a controlled
measurement environment for quantifying the real-world impact of 6G networking primitives on robotic mission
performance.

The execution was carried out across multiple trial runs (there were 2 in total trial runs, one in June 2025 and one in March
2026), each following a standardized workflow to ensure measurement reproducibility. Logging infrastructure was
embedded at both the robot side (via ROS 2 topics and action servers) and the network level (via FLEXRIC Key Performance
Measurement reports), enabling fine-grained post-hoc analysis of latency, reliability, and mission outcome. The results
were analysed post-mortem and presented in Section 3.4.

3.2 Experimental setup

The experimental infrastructure was assembled to reflect a realistic, albeit controlled, industrial deployment scenario. The
setup spans three interconnected layers (the robotic platform, the radio access network, and the edge/cloud processing
infrastructure), each contributing distinct functional roles to the overall system.

Firstly, the robot used in this PoC is a TurtleBot equipped with a differential drive base, a 2D LiDAR sensor for
environmental scanning, and an on-board camera for visual perception. A Raspberry Pi serves as the onboard computing
unit, hosting the ROS 2 navigation stack responsible for local path planning, obstacle avoidance, and odometry. Wireless
connectivity is provided through a Quectel 5G/6G modem connected via USB-C, which interfaces the robot with the radio
access network. The ROS 2 Navigation Stack (Nav2) manages the full navigation pipeline on the robot side, integrating
LiDAR scans for Simultaneous Localisation and Mapping (SLAM), generating costmaps, and executing velocity commands
to the drive system. Mission requests and execution feedback are exchanged with the Control Server via a TCP-based
communication layer wrapped around ROS 2 action clients, enabling bidirectional command-response flows with
structured message parsing.

Secondly, the radio access layer follows an O-RAN disaggregated architecture, implemented using the OpenAirinterface
(OAl) software stack. The network consists of a Radio Unit (RU) provided by LiteON, connected through the Open Fronthaul
interface to an OAI Distributed Unit (DU) and a Centralised Unit (CU). Core network functions are handled by the OAI Core
Network (CN) component. Timing synchronisation across the fronthaul is maintained by a PTP Grand Master clock and an
associated switch, both sourced from FibroLAN. A key element of the setup is the RIS panel developed by CEA, which is
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integrated into the network via an E2 proxy connected to the FLEXRIC-based RAN Intelligent Controller (RIC). The RIS
Control xApp, deployed through the 6G-BRICKS Experimentation Layer, communicates with the RIS E2 proxy using the E2
interface with Key Performance Measurement (KPM) and RAN Control (RC) service models. This arrangement enables
dynamic RIS configuration in response to measure channel conditions, allowing the system to maintain connectivity in
NLOS conditions without manual intervention.

Figure 1 below illustrates the overall system architecture, highlighting the interconnections between the robotic platform,
the O-RAN stack, the RIS subsystem, and the Control Server residing at the local edge.
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Figure 1. UC2-PoC1 System Architecture: Robot, O-RAN Stack, RIS Subsystem, and Control Server.

Thirdly, the Control Server is deployed at the local edge node and serves as the orchestration centre for all mission
operations. It issues task commands to the robot, monitors execution status, and logs telemetry data received over the
6G link. The server runs the TCP-based mission dispatcher alongside monitoring daemons that correlate ROS-level
execution events with network-level KPM reports, providing an integrated view of system behaviour throughout each
trial.

3.3 Trial scenarios

The experimental trials were structured around a core operational scenario in which the TurtleBot is tasked with
transporting an object from a designated source (Position A) to a target location (Position B) within the testbed arena.
This base scenario was selected for its direct relevance to real-world intralogistics applications, while remaining sufficiently
constrained to allow controlled measurement of individual system variables. The TurtleBot platform used in the
experiments is shown in Figure 2, equipped with onboard computing and communication modules for autonomous
operation.

Each trial began with the Control Server dispatching a mission command to the robot. Upon receipt, the ROS 2 action
client on the TurtleBot accepted the goal, initiated the navigation pipeline, and began streaming LiDAR and odometry
data. The robot’s navigation state, SLAM information, and movement behaviour were monitored through RViz, as
illustrated in Figure 3. This visualization supported the validation of robot localization, obstacle perception, and mission
execution. In trials designed to assess NLOS conditions, the RIS panel was configured to reflect the 6G signal around
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physical obstructions placed between the robot and the RU, simulating the cluttered radio environment typical of factory
floors. The experimental 6G/RIS communication setup used for these trials is presented in Figure 4.

Two distinct trial configurations were executed:

Line-of-Sight (LOS) baseline: trials conducted with unobstructed radio propagation between the robot's UE and
the RU, serving as the performance reference for latency and reliability measurements.

Non-Line-of-Sight with RIS active: trials in which physical barriers were introduced along the radio path and the
RIS panel was enabled, evaluating the system's ability to maintain the required QoS through intelligent beam
manipulation.

For each configuration, multiple runs were performed to accumulate statistically meaningful measurement samples.
Mission commands were issued using the compatible TCP format (e.g., distance:0.2, max_translation_speed:0.1),
processed by a robust parser designed to handle formatting variations arising from the terminal environment used in part
of the control stack. ROS 2 execution logs, including goal acceptance timestamps, result poses, and action lifecycle events,
were captured for subsequent KPI computation.
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Figure 2. RViz visualization of the TurtleBot navigation and SLAM environment during autonomous operation.
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Figure 3. Experimental 6G/RIS communication setup: LiteON Radio Unit (RU) on the left and CEA Leti RIS panel on the right,
used for low-latency connectivity and NLOS coverage evaluation in UC2-PoCi1.
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Figure 4. TurtleBot autonomous robot platform equipped with onboard computing and communication modules for Industry
4.0 experiments.
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3.4 Performance Analysis

The performance analysis of UC2-PoC1 is structured around two complementary evaluation frameworks: Key Performance
Indicators (KPIs), which capture objective, quantitative measurements of system behaviour, and Key Value Indicators
(KVIs), which contextualize technical observations within broader societal and stakeholder-perceived dimensions.
Together, these two frameworks provide a multi-layered assessment that aligns with the 6G-BRICKS evaluation

methodology.

3.4.1 KPI Evaluation Results

Three primary KPIs were defined for this PoC, each targeting a distinct operational dimension of the robotic system. Table
1 summarises the KPls, their target values, measurement methods, and the colour-coded thresholds used for result

classification.

Table 1. KPI Definitions and Evaluation Thresholds for UC2-PoC1.

Efficiency

KPI Target Measurement Method Threshold (Green / Yellow /
Red)

Latency (RTT) | 0.1-20ms Timestamp-based RTT measurement <10 ms / 10-20 ms / >20 ms

(Corresponds to KPI

1.1 of DoW)

Connectivity >99% Connected Time / Total Operational Time >99% / 95-99% / <95%

Reliability

Mission  Execution | > 95% ROS action results / execution logs >95% / 85—-95% / <85%

Communication Latency (RTT)

The first KPl evaluates the end-to-end Round-Trip Time (RTT) between the Control Server and the TurtleBot during mission
execution. RTT measurements were obtained through ICMP-based timestamp monitoring and analysed under both

baseline LOS conditions and RIS-assisted communication scenarios.
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Figure 5. RTT Stability and Distribution — Baseline LOS Scenario
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As illustrated on the left side of Figure 5, the baseline LOS scenario demonstrated highly stable network behaviour. After
the initial measurement, the RTT rapidly stabilised around approximately 2 ms and remained almost constant throughout
the experiment. The smooth evolution of the RTT values indicates predictable and reliable communication behaviour
suitable for real-time robotic applications. The RTT distribution presented in the right side of Figure 5 confirms that the
majority of RTT samples are concentrated within a narrow range close to 2 ms, indicating low latency dispersion and highly
stable network performance. No major fluctuations or unexpected peaks were observed during the measurements.
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Figure 6. RTT Variability and Stability — Baseline LOS Scenario

The statistical analysis illustrated on the left side of Figure 6 further confirms the limited RTT variability, with a very small
interquartile range and only a minor isolated outlier observed during the measurements. This behaviour demonstrates
that the communication infrastructure satisfies the green KPl threshold and provides deterministic low-latency
communication appropriate for robotic control and industrial automation services. In the RIS-assisted scenario, the RTT
measurements remained stable within the approximate range of 2.5-3.1 ms. As illustrated in the right side of Figure 6 and
the left side of Figure 7, the communication link preserved low latency and stable behaviour despite the more challenging
propagation conditions introduced by the RIS-assisted setup. Although a slight increase in average RTT compared to the
baseline scenario was observed, the latency remained well below the maximum acceptable KPI threshold of 20 ms. The
RTT variability analysis presented on the right side of Figure 7 shows limited dispersion and the absence of significant
outliers, confirming stable network behaviour and reliable communication performance during the RIS-enabled trials.
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Figure 7. RTT Distribution and Variability — RIS-Assisted Scenario
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Overall, the RTT evaluation confirms that both the LOS baseline and RIS-assisted configurations provide stable low-latency
communication capable of supporting reliable autonomous robotic operation.

Connectivity Reliability

The second KPI evaluates the reliability and stability of the wireless communication link during robot operation.
Connectivity reliability was assessed using throughput measurements, packet loss dynamics, and jitter analysis under RIS-
enabled communication conditions.
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Figure 8. Throughput Stability and Packet Loss — RIS-Enabled Communication

The throughput stability measurements shown on the left side of Figure 8 demonstrate that the communication link
maintained sustained transmission rates around 780-820 Mbps for most of the experiment duration. The relatively stable
throughput profile indicates reliable wireless behaviour suitable for continuous robotic communication and real-time data
exchange. A temporary degradation event was observed around the 27—-31 second interval, during which throughput
dropped sharply before rapidly recovering. This behaviour coincided with the packet loss spike illustrated on the right side
of Figure 8, where packet loss briefly approached 100%. The simultaneous occurrence of throughput degradation and
packet loss confirms a short-duration disturbance in link quality rather than a persistent communication failure.
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Figure 9. Throughput-Loss Correlation and Jitter Stability — RIS-Enabled Scenario

The correlation analysis presented on the left side of Figure 9 demonstrates a clear inverse relationship between
throughput and packet loss. High packet loss values correspond to significantly reduced throughput, while stable low-loss
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conditions maintain high transmission capacity. This behaviour validates the direct impact of wireless link quality on
communication reliability. Additional analysis of jitter behaviour, illustrated on the right side of Figure 9, indicates that
packet delay variation remained relatively low during most of the experiment. Although occasional jitter spikes were
observed, the overall stability of the jitter profile confirms that the network remained suitable for real-time robotic
applications requiring deterministic communication performance.

Overall, the RIS-assisted setup maintained communication reliability above the acceptable KPI threshold, confirming that
the 6G link remained stable throughout the trial campaign under the tested propagation conditions.

Mission Execution Efficiency

The third KPI measures the percentage of navigation tasks successfully completed by the TurtleBot during autonomous
operation. Mission execution efficiency was evaluated using ROS 2 action server outputs, execution timestamps,
navigation logs, and post-navigation pose validation.

During the LOS baseline trials, the robot successfully completed nearly all assigned transportation missions between
predefined locations. ROS execution logs confirmed successful goal acceptance, navigation execution, and final pose
generation with stable localisation performance throughout the missions. In RIS-assisted NLOS scenarios, mission
execution remained highly reliable despite the additional communication complexity introduced by the wireless
propagation conditions. The stable RTT behaviour shown in Figure 5, Figure 6 and Figure 7, together with the reliable
throughput, low packet loss, and stable jitter behaviour presented in Figure 8 and Figure 9, contributed directly to
maintaining successful navigation performance and uninterrupted task execution. By contrast, temporary communication
degradation events, such as the throughput reduction and packet loss spike observed in Figure 8, demonstrated the
potential impact of network instability on autonomous robotic behaviour. Increased communication instability can
negatively affect SLAM consistency, navigation responsiveness, and mission continuity.

Overall, the Mission Execution Efficiency KPI confirms that the 6G-enabled robotic architecture supported consistent
autonomous task execution within the operational objectives defined for UC2-PoC1.

3.4.2 KVI Evaluation Results

The KVI evaluation framework extends the performance assessment beyond raw technical metrics, incorporating both
system log-derived observations and the perceptions of human stakeholders gathered through structured questionnaires.
This dual-source approach reflects the principle that the societal value of 6G technology can only be fully assessed by
combining objective measurements with subjective experience. Four KVIs were evaluated, distributed across the
Innovation and Democracy value categories. Although the analysis is structured around the defined KVI domains, selected
operational aspects are also reflected within the corresponding KVI metrics. In particular, message queue efficiency, SLAM
data retention, and network responsiveness are indirectly assessed through the questionnaire items related to queue
saturation, dropped messages, RPLIDAR data loss, command responsiveness, lifecycle connection monitoring, and node-
state availability.

The questionnaire structure, stakeholder interaction methodology, and KVI assessment approach were aligned with the
guidelines and evaluation templates defined in D6.3 of the 6G-BRICKS project. These templates provided the basis for the
formulation of stakeholder-oriented questionnaires and the systematic collection of qualitative feedback associated with
each KVI domain. In addition, a dedicated demonstration video presents the UC2-POC1 demo use-case and the
guestionnaire used to support the KVI-based evaluation.

Table 2 provides an overview of the four KVIs, their thematic focus areas, and the specific metrics used in their assessment.
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Table 2. KVI Framework for UC2-PoC1.

Category KVIID Focus Area Key Metrics
KVI 11 - | 11 —Safety Communication and node failures | Queue overflow events, node
Innovation affecting safe robot operation initialization failures, SLAM instability,

shutdown events

KVI 12 - | 12 —Security Protection against unauthorized | Command success rate,

Innovation access and communication | communication integrity, system
integrity resilience under load

KVI 13 - | D3 — Digital Inclusion Accessibility, usability, and | Queue status, dropped messages,

Democracy reliability of robotic data handling | SLAM data retention, transform

mismatches

KVI 14 - | D4 — Trustworthiness Reliable positioning and | Pose consistency, wheel _drop

Democracy trustworthy autonomous robot | transforms, timestamp
behaviour synchronization, transform drift

KVI 11 — Safety addresses the degree to which the system operates without endangering personnel or equipment. From
a technical standpoint, this was assessed by analysing ROS 2 logs for queue overflow events, node initialisation failures,
unplanned shutdown sequences, and SLAM instability indicators. These events were treated as proxies for system fragility
that could, in a real deployment, lead to hazardous robot behaviour. The questionnaire dimension targeted robotics
researchers, engineers, and industrial operators, asking them to rate their perception of safety during demonstrated robot
operation. The combined score reflects both the technical robustness of the system and the degree of trust it inspires in
human observers.

KVI 12 — Security evaluates the resilience of the system against unauthorised access and command integrity violations.
Metric collection focused on command success rates and the consistency of the TCP-ROS communication channel under
load conditions. The associated questionnaire explored stakeholder awareness of the security architecture and their
confidence in the system's ability to resist interference. Given the sensitivity of industrial robotic systems to command
injection or denial-of-service scenarios, this KVI carries particular weight in the overall PoC evaluation.

KVI D3 — Digital Inclusion examines the extent to which the system is accessible and reliable for a broad range of users,
including those with limited technical expertise. Metrics derived from the system logs included message queue saturation
events, dropped message counts, and SLAM data retention rates — all of which affect the usability of the system in
practice. The questionnaire component gathered feedback on the perceived ease of interaction with the control interface
and the clarity of system status feedback provided to operators.

KVI D4 — Trustworthiness targets the reliability and predictability of the robot's behaviour as perceived by its users. This
KVl was assessed through transform consistency metrics extracted from the ROS 2 TF tree — specifically,
wheel_drop_right transform sequences, pose consistency across navigation runs, timestamp synchronisation accuracy,
and transform drift over time. Questionnaire items asked participants to rate their confidence in the robot's ability to
execute tasks as intended and to report accurately on its state. A cohort of 20 participants was recruited for the survey
component, meeting the minimum threshold defined for this PoC.

Following the definition of the KVI evaluation framework in D6.3, the present section focuses on the first set of results
collected through the UC2-POC1 questionnaire. The questionnaire was designed to capture stakeholders’ perceptions of

© 6G-BRICKS 2023 Page | 22




=
D6.5 Report on Infrastructure setup and readiness vertical tests BR ‘(:KS

the autonomous robotic system across four key dimensions: digital inclusion, trustworthiness, safety, and security. To
date, it has been completed by 24 participants (Figure 10), providing a useful initial dataset for descriptive statistical
interpretation. The analysis that follows presents the main findings per KVI, focusing on response distributions, percentage
trends, and the dominant answer categories. Since the available results are provided in aggregated form, the
interpretation is based on descriptive statistics rather than inferential testing. This approach allows the evaluation to
highlight both the positive perceived value of the use case and the areas where further technical refinement could
strengthen the overall performance of the UC2-POC1 demonstrator.

Gender

Male

Male Female
Figure 10. Gender distribution of UC2-PoC1 survey participants (n=24): 75% Male, 25% Female

11 — Safety
Importance of lifecycle connection monitoring

The importance of monitoring the establishment and destruction of the robot’s connection to the lifecycle manager was
rated very highly. In Figure 11, 21 participants (88%) selected Very Important, 2 participants (8%) selected Slightly
Important, and 1 participant (4%) selected Not Important. This result shows a strong statistical agreement that lifecycle
connection monitoring is a key safety-related parameter. The high concentration in the “Very Important” category
indicates that participants associate connection state visibility with safe and controlled robotic operation. This result also
provides an indirect indication of network responsiveness, since stable lifecycle connections are necessary for timely
command execution, navigation bring-up, and recovery from communication disruptions.
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How impaortant is it to monitor the establishment and destruction of the robot’s connection to the lifecycle manager for ensuring safety during
operations?

Very Important

1 Not Important

Slightly Important

Very Important Slightly Important Not Important

Figure 11. Stakeholder assessment of the importance of monitoring robot-lifecycle manager connection events for operational
safety (n=24): 88% rated it as Very Important
e (Client state and node status criticality

In Figure 12, the question on monitoring client state and ensuring that all nodes are active during navigation bring-up
produced the same distribution: 21 participants (88%) selected Very Critical, 2 participants (8%) selected Slightly Critical,
and 1 participant (4%) selected Not Critical. This repeated 88% strong-positive response rate reinforces the safety
relevance of node-level monitoring. It shows that stakeholders do not perceive safety only as a physical or mechanical
issue, but also as a software and system-state issue. Active node verification is therefore statistically supported as an
important safety mechanism in the UC2-POC1 evaluation. Therefore, the client/node-state metric contributes to the
interpretation of responsiveness, as inactive or unstable nodes can delay system reactions and reduce the reliability of
network-driven navigation commands.

How critical is it to monitor the state of the client and ensure all nodes are active during navigation bring-up for avoiding safety incidents?

Very Critical

1 Mot Critical

Slightly Critical

Very Critical Slightly Critical Mot Critical

Figure 12. Perceived criticality of monitoring client state and node availability during navigation bring-up for safety incident
prevention (n=24): 88% rated it as Very Critical
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12 — Security
e Security incident reporting

In Figure 13, the security incident question was answered by 22 participants, with 2 empty responses. Among the valid
responses, 22 participants (100%) answered No to having experienced or observed security-related incidents such as
unauthorized access, data leaks, or control takeover. This is the strongest positive security result in the dataset. The
absence of reported incidents indicates that, within the current evaluation context, the TurtleBot system was not
associated with observed security breaches. However, since the result is based on reported experience rather than
penetration testing, it should be interpreted as a strong perception-based indicator rather than definitive proof of security
robustness.

Have you experienced or observed any security-related incidents (e.g., unauthorized access, data leaks, control takeover) while using the
TurtleBot?

22

No

Figure 13. Reported occurrence of security-related incidents during TurtleBot operation (n=22): 100% of respondents reported no
incidents

e Frequency of security-related issues and security trust

In Figure 14, for the frequency of security-related issues, 18 out of 22 participants (82%) answered Rarely, while 4
participants (18%) answered Occasionally. No participant selected “Frequently”. This distribution indicates low perceived
occurrence of security problems during TurtleBot operations. The fact that all responses fall between “rarely” and
“occasionally” supports a positive security interpretation for the use-case. In terms of trust, 13 participants (59%)
expressed High Trust in the TurtleBot’s ability to prevent security threats and unauthorized access, 7 participants (32%)
expressed Moderate Trust, and 2 participants (9%) selected No Trust. Therefore, 91% of valid respondents expressed
moderate or high trust. This result confirms that the system is generally perceived as reliable from a security perspective,
while the small percentage of low trust suggests that further security enhancements would be beneficial.
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How often do security-related issues (e.g., network attacks, data corruption, unauthorized control access) occur during TurtleBot operations?

Rarely

Occasianally

Rarely Occasionally

Figure 14. Perceived frequency of security-related issues during TurtleBot operations (n=22): 82% reported rare occurrences, with
18% noting occasional incidents

e Effectiveness of security mechanisms and need for additional features

The current security mechanisms were evaluated positively. In Figure 15, 12 participants (55%) rated them as Very
Effective, 9 participants (41%) as Moderately Effective, and 1 participant (5%) as Ineffective. Therefore, 96% of
respondents considered the current security mechanisms at least moderately effective. At the same time, 19 out of 22
participants (86%) answered that additional security features should be integrated into the TurtleBot system, while 3
participants (14%) answered No. This combination is important: participants generally evaluate the current security
mechanisms positively but still support further enhancement. Among the proposed additions, real-time intrusion
detection appears to be the dominant priority, with 11 mentions out of 19 valid answers, corresponding to approximately
58% of those who answered the follow-up question. This indicates that stakeholders are mostly interested in moving from
passive or baseline security mechanisms toward continuous, proactive security monitoring.

How effective are the current security mechanisms (e.g., encryption, authentication, firewall protections) in preventing unauthorized access
to the TurtleBot system?

Very Effective

1 Ineffective

Moderately Effective

Very Effective Meoderately Effective Ineffective

Figure 15. Stakeholder evaluation of the effectiveness of current security mechanisms in preventing unauthorised access to the
TurtleBot system (n=22): 55% Very Effective, 41% Moderately Effective, 5% Ineffective
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At the same time, the statistics reveal several areas of improvement. Queue saturation and dropped messages are not
dominant failures, but they are recognized as operationally relevant. Sensor discrepancies are not widely reported, but
when they occur, they can affect navigation accuracy. Safety risks from connection disruptions are not reported by the
majority, but the 21% positive responses indicate that fail-safe handling remains important. Finally, security incidents were
not observed, yet 86% of respondents still support additional security mechanisms. Therefore, the KVI results can be
interpreted as positive but not final. They show that the UC2-POC1 demonstrator is perceived as valuable and
operationally promising, while the same dataset also provides clear evidence-based directions for technical refinement.

D3 - Digital Inclusion / SLAM and Queue Handling
e Queue full status and system stability

The first indicator examines how frequently the message queue reaches full capacity during robotic operations in Figure
16. Out of 24 responses, 20 participants (83%) reported that the queue reaches full capacity occasionally; 3 participants
(13%) answered rarely, and only 1 participant (4%) selected frequently. This distribution shows that queue saturation is
present, but it is not reported as a constant or dominant operational issue. The concentration of responses in the
“occasionally” category suggests that the system may experience temporary load conditions during operation, but these
do not appear to be perceived as persistent failures. From a KVI perspective, this supports a generally positive
interpretation of system stability, while also indicating that queue monitoring remains an important parameter for
maintaining reliable robotic behaviour. This metric also provides an indirect indication of message queue efficiency, as the
low percentage of frequent queue saturation suggests that the queue mechanism is not perceived as a persistent
operational bottleneck.

How often do you observe the message queue reaching full capacity during robotic operations?

Occasionally

20

1 Frequently

Rarely

Occasionally Rarely Frequently

Figure 16. Observed frequency of message queue reaching full capacity during robotic operations (n=24): 83% reported
occasional saturation, with only 4% reporting frequent occurrences
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e Impact of full queue and dropped messages on SLAM

The impact of a full queue on the robot’s ability to process data and respond to network commands was mainly evaluated
as moderate. In Figure 17, 15 participants (63%) selected 2 — Moderate Impact, 8 participants (33%) selected 3 — Significant
Impact, and only 1 participant (4%) selected 1 — No Impact. This means that 96% of respondents acknowledged at least
some level of impact from queue saturation. Therefore, the queue mechanism is statistically shown to be a relevant
operational factor for SLAM and network responsiveness. However, since the majority selected “moderate” rather than
“significant”, the results suggest that the issue is manageable within the current setup and does not fully undermine the
perceived value of the use-case. A similar pattern appears for dropped messages. 17 participants (71%) considered their
effect on map accuracy and robot navigation as moderately significant, while 7 participants (29%) considered it very
significant. No participant selected “not significant”. This indicates that dropped messages are clearly perceived as
important for SLAM quality, but the dominant response again points to a controlled rather than critical impact. These
findings also reflect two operational dimensions: SLAM data retention and network responsiveness. The impact of
dropped messages is directly linked to the ability of the system to retain critical SLAM data, while the impact of a full
gueue on network commands provides an indirect view of network responsiveness under load conditions.

What level of impact does a full queue have on the robot’s ability to process data and respond to network commands?

2 — Moderate Impact

1 1— No Impact

3 — Significant Impact

2 — Moderate Impact & — Significant Impact 1- No Impact

Figure 17. Perceived impact of message queue saturation on the robot's data processing and command responsiveness (n=24):
63% Moderate Impact, 33% Significant Impact, 4% No Impact

e Inclusivity and accessibility of the SLAM system

The inclusivity-related responses are strongly positive. In Figure 18, for the question on whether the current message
handling system adequately ensures inclusivity by preventing data loss from key components such as RPLIDAR, 21
participants (88%) answered Yes, while 3 participants (13%) answered No. The same distribution appears for the
accessibility of the SLAM system for factory workers with different technical skills: 21 participants (88%) answered Yes,
while 3 participants (13%) answered No. These results indicate a high level of perceived inclusivity. The repeated 88%
positive response rate suggests that the current implementation is generally viewed as accessible and supportive of
different user profiles. At the same time, the minority of negative responses highlights areas for further improvement,
particularly in user interface simplification, map visualization, guided workflows, and operator-friendly alerts. From an
operational perspective, this result can also be associated with SLAM data retention, since preventing data loss from
RPLIDAR contributes directly to maintaining map quality and navigation reliability.
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Do you think the current message handling system adequately ensures inclusivity by preventing data loss from key components like
RPLIDAR?

Ne

Yes No

Figure 18. Stakeholder assessment of whether the current message handling system adequately prevents data loss from critical
components such as RPLIDAR (n=24): 88% affirmed adequacy

D4 — Trustworthiness
e Importance of sensor position and orientation monitoring

In Figure 19, the results show a very strong agreement regarding the importance of accurate sensor position and
orientation monitoring. Out of 24 participants, 22 participants (92%) selected Very Important, while 1 participant (4%)
selected Slightly Important and 1 participant (4%) selected Not Important. This is one of the strongest results in the
dataset. The 92% “Very Important” response rate confirms that sensor monitoring is considered a central requirement for
reliable autonomous movement. Statistically, the distribution is highly concentrated in the most positive category,
showing clear stakeholder alignment on the importance of sensor accuracy for movement reliability.

How important is the accurate monitoring of sensor position and orientation (e.g., wheel_drop_right) for ensuring reliable robot movement?

Very Important
22

1 Slightly Important

Mot Important

Very Important Not Important Slightly Important

Figure 19. Perceived importance of accurate sensor position and orientation monitoring (e.g., wheel _drop_right) for reliable
robot movement (n=24): 92% rated it as Very Important
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e Observed discrepancies due to incorrect sensor data

In Figure 20, regarding whether participants had observed discrepancies in the robot’s movements due to incorrect sensor
alignment or positioning data, 20 participants (83%) answered No, while 4 participants (17%) answered Yes. This result
supports a positive interpretation of system reliability, since the majority of participants did not report movement
discrepancies. However, the 17% positive incident observation rate is still meaningful, because the reported examples
include navigation drift, path deviation, map misalignment, and inaccurate obstacle detection. Therefore, while the
system appears reliable for most participants, the results also justify the need for continued monitoring, calibration, and
sensor validation mechanisms.

Have you ever observed discrepancies in the robot's movements due to incorrect sensor alignment or positioning data?

No

20

No Yes

Figure 20. Reported occurrence of robot movement discrepancies attributable to incorrect sensor alignment or positioning data
(n=24): 83% reported no such discrepancies

e Trust in sensor data handling and data integrity

Trust-related results are generally positive but more balanced than previous indicators. In Figure 21, for the system’s
ability to securely and accurately handle positional and orientation data, 12 participants (50%) selected High Trust, 11
participants (46%) selected Moderate Trust, and 1 participant (4%) selected No Trust. This means that 96% of participants
expressed either moderate or high trust in the system. The equal presence of high and moderate trust indicates that
stakeholders recognize the value of the current implementation but also see room for strengthening confidence. A similar
distribution appears for data integrity. 12 participants (50%) expressed High confidence, 10 participants (42%) expressed
Moderate confidence, and 2 participants (8%) selected Low confidence. Therefore, 92% of respondents placed their
confidence at a moderate or high level. This result indicates that the system is perceived as trustworthy overall, while
additional measures such as encryption, redundancy, anomaly detection, and secure logging could further improve
confidence.
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Do you trust the current system’s ability to securely and accurately handle positional and orientation data for navigation in dynamic
environments?

High Trust

1 No Trust

Moderate Trust

High Trust Moderate Trust No Trust

Figure 21. Stakeholder trust in the system’s ability to securely and accurately handle positional and orientation data in dynamic
environments (n=24): 50% High Trust, 46% Moderate Trust, 4% No Trust

Across all four KVIs, the evaluation highlighted a consistent pattern: technical robustness, as evidenced by stable ROS 2
logs and reliable network metrics, correlates positively with favourable stakeholder perception scores. This alignment
strengthens the argument that investment in 6G infrastructure quality translates not only into measurable engineering
gains but also into broader societal value. Through this structure, the operational indicators mentioned in the evaluation
framework are addressed within the most relevant KVI metrics rather than as a separate standalone section. Message
Queue Efficiency is reflected in the queue saturation and queue impact results, SLAM Data Retention Rate is reflected in
the RPLIDAR data-loss and dropped-message findings, while Network Responsiveness Score is reflected in the command
responsiveness, lifecycle connection, and node-state monitoring results.

3.5 Key conclusions

UC2-PoC1 has demonstrated, under control but realistic experimental conditions, that 6G connectivity — particularly
when augmented with RIS technology and an O-RAN-compliant network architecture is capable of sustaining the
operational requirements of autonomous industrial robots. The convergence of low-latency communication, intelligent
coverage extension, and edge-side processing enabled the TurtleBot to execute transport missions with a level of reliability
and efficiency consistent with Industry 4.0 deployment targets.

Several key findings emerge from the combined KPIl and KVI analysis:

e The O-RAN stack based on OAl components delivered sub-10 ms RTT latency in LOS conditions, validating its
suitability for time-sensitive robotic control applications.

e Mission execution efficiency remained above the 95% target in all configurations where the 6G link was stable,
confirming the causal relationship between network quality and mission-level outcomes.

e The KVI framework, combining system-level logs with stakeholder questionnaire data from 20 participants,
produced coherent and interpretable results, validating the dual-source evaluation methodology adopted by 6G-
BRICKS.
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e Stakeholder perceptions of safety, security, and trustworthiness aligned closely with the objective technical
measurements, suggesting that the engineering choices made in this PoC — particularly regarding RIS integration
and O-RAN deployment — have a tangible positive effect on user trust.

From a technology gap perspective, the trials also surfaced areas warranting further investigation. Latency spikes observed
during SLAM map updates indicate that tighter co-scheduling between computational offloading and ROS navigation
cycles could yield further performance gains. Additionally, the current RIS configuration relies on static beam patterns
informed by prior channel measurements; an adaptive, real-time RIS reconfiguration mechanism driven by FLEXRIC xApp
feedback would be expected to improve NLOS performance further.

In summary, UC2-PoC1 provides compelling empirical evidence that the 6G-BRICKS technology stack constitutes a viable
foundation for next-generation industrial automation. The results contribute directly to the project's deliverable portfolio
and inform the design of subsequent PoCs targeting higher mobility profiles and multi-robot coordination scenarios.
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4 UC2-PoC 2: AR Inspection of Industry 4.0 Digital Twin on Site
4.1 Execution Overview

In this proof-of-concept, the goal is to enable remote assistance for inspections and maintenance of equipment on the
factory floor without having the need for skilled experts to be physically located there by using the ARTEMIS AR platform.
The platform enables digital twin features, which allow the environment of the factory floor to be represented far away
from where an expert is located. Both sites have a continuous link (data and video) whereby the field personnel can report
to the expert about the status of the equipment and ask for assistance from the expert. The expert is knowledgeable about
the equipment and can help to understand the current state of the equipment provided by the digital twin environment.
The expert can walk the field personnel through the maintenance procedure or troubleshoot a problem in the factory.
Messages, files, video, and audio are transmitted between the expert and the personnel on the factory floor.

The execution of this PoC took place in EUR on two occasions. The first occurred in May 2025 and the second in April 2026.
Several developments had to take place to ensure that the statistics and KVIs can be captured and analysed. The results
were analysed post-mortem and presented in Section 4.4.

4.2 Experimental Setup

The following diagram depicts the final experimental setup for PoC. On the far left, the Tablet and AR Glasses are located
along with the test equipment used for inspection and maintenance. These are connected to the 6GBRICKS network at
EURE via the Quectel 5G mmWave development kit. The expert resides at the workstation, and they are connected to a
different Quectel 5G MMWAVE kit. On the far-right side, the Application server resides, which hosts the ARTEMIS AR web
application.

6G-BRICKS Experimentation layer

! Deploy xApps

RIS v

- E2:RC SM
@ . =

RAN Intelligent Controller (FLEXRIC)

OPEN AIR

E2: KPM, RC
SMs

AR Glasses UE

nEn (Android Native)

- ‘ Open Fronthaul
=
ﬂnu Ethemet UsB-C — { )

RU

>
Request - Response
(HTTP / WebRTC)

- - -
Yu] OPEN AIR OPEN AIR OPEN AIR
Electrical MikroTik LITEL)Y = e o = teia Local Edge
Control Panel QUEITEL
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USB-C ==
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Figure 22. The experiment set-up
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The RIS, provided by CEA, dynamically enhances or redirects radio signals and also includes an E2 proxy for communication
with the RIC, enabling control via the E2: RC SM (Radio Control Service Model). The RU, from Liteon, handles radio signal
transmission and reception, connecting to the DU through the O-RAN Open Fronthaul interface. The system uses the O-
RAN Software Stack, which includes the OpenAirinterface (OAI) DU, OAI CU, and OAI CN, each responsible for real-time
radio processing, higher-layer radio functions, and core network functionalities, respectively.

The RIC, powered by FlexRIC from OAI, runs xApps that manage and optimize beams, including RIS beams and RU beams,
via E2: KPM (Key Performance Measurement) and Radio Control (RC) service models. The system is synchronized by a PTP
Grand Master from FibroLAN, with components interconnected through a switch. In the workflow, the UE transmits data
received from the RU, which is then processed by the DU, CU, and CN following O-RAN standards. The RIS adjusts the
propagation environment, and the RIC optimizes the entire system using xApps for advanced beam control. E2 Proxies
enable communication between the RIS, UE, and RIC through E2 interfaces.

4.3 Trial Scenario

The scenario we are demonstrating for this PoC is one where maintenance and inspection take place for an electrical
control panel (depicted in Figure 25). In this workflow, the field technician initiates the on-site work and requests
assistance from a remote expert. The communication infrastructure supporting both the factory floor personnel and the
remote expert is facilitated by dedicated Quectel User Equipment (UE), as shown in Figure 23.

The following steps took place in the scenario:

1. Field Personnel visits the factory floor

2. Expert personnel log in and monitor the situation using the ARTEMIS Web Application (Figure 27)

3. The maintainer logs into the system locally using a tablet (Figure 26)

4. Scan the QR code on the equipment

5. Identify the object in the AR world, utilizing visual interfaces such as the ARTEMIS AR Glasses (Figure 24),
prompting the relevant Points of Interest (POls) to appear

6. Open the PDF associated with a single POI.

7. Expert Personnel remotely add notes to the POls.

8. Add new maintenance record (planned, actual, log values, text)

9. View maintenance record on Artemis Web

10. View historic records on Artemis Web

11. Check maintenance logs on CMS

12. Field Personnel makes a call by selecting & calling online experts

13. Expert draws on the augmented 3D object; field personnel can view this spatial information in real-time.

14. Expert highlights certain POls, and the trainee/maintainer can view those annotations.

15. Bilateral chat text and images between expert and field personnel (instant messaging)
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Figure 23. Quectel UE for the factory (LEFT) and for the expert (RIGHT)

Figure 24. ARTEMIS AR Glasses
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Figure 25. Electrical Control Panel
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Maintenance Metrics: Radar Chart

Figure 27. Expert using ARTEMIS Web Application
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Prior to the execution of the scenario several preparation steps had to take place which are described below.
4.3.1 Communications Preparation
The following steps need to be taken to ensure that the communications are working:
1. Insert EUR SIM cards into the Quectel Modem Kits
Change connection details to connect to the network
Wait for modems to connect (greenlight etc)

Connect router to the 1%t Quectel Modem via USB

2

3

4

5. Connect workstation to the 2" Quectel via USB

6. Connect tablet directly to router with USB-C adaptor

7. Connect AR glasses to the tablet

8. Check connectivity to the ARTEMIS Application Server from both the tablet and the workstation
4.3.2 AR Preparation

The following steps need to be taken to ensure that the electrical control panel is defined and registered within the
ARTEMIS AR platform:

1. Scan the 3D Object using the Visual Slam Tool

2. Add points of interest (switches) on the generated 3D map/object

3. Using the Artemis OIT app, upload the 3D object map to the Artemis Web
4

Using the Artemis OIT app, select the 3D object, take screenshots of the actual object and of the Points of Interest
(POI) -send information to Artemis Web

5. Add multimedia (text, image, video, PDF, notes, tags) to each point of interest within the Artemis Web Application

6. Create the QR Code for the tablet to identify the particular electrical control panel in the factory
4.4 Performance Analysis

4.4.1 KPI Evaluation Results

4.4.1.1 Introduction

In the following sub-section, we report back on the executions or experiments performed for PoC 2. We analyze the results
and compare the results from the various experiments and draw a conclusion related to performing the use-case with the
infrastructure at EUR.

4.4.1.2 Experiments

The focus of the experiments was to introduce step-by-step the use-case into the EUROCOM infrastructure, thereby
understanding its capabilities and limitations.

4.4.1.2.1 Experiment #1 — EUR

The scope of this experiment was to simplify the deployment of the use-case, and thus the Application Server resided on
the internet while both “clients” were connected to the EUR network. Results are reported in Table 3.
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Table 3. Experiment #1 - EUR

Identifier

Experiment #1

Description

Execute the above steps at EUR with the following settings on the 5G Network

No Max MCS

TX preparation :10 slots

Target SNR: 25db

Pusch Threshold: 10db

In this experimental setup the ARTEMIS tablet is connected to the EURECOM testbed via
the QUECTEL UE while the workstation is connected via a 5G Mobile phone to the EURECOM
testbed. The ARTEMIS platform is hosted on the internet.

Date

2025-05-05

Architecture

e
@/56 MMWAVE

EUROCOM 5 INTERNET artemis. satways net
QUECTEL UE
use 56
Cable Tethering
— .
MIKROTIK Ethernet 5G Phone
\H ARTEMIS CMS Web Client
ARTEMI; Tablet

Field Personnel - Tablet
General Available Bandwidth 5348.5Kbps

Raw Round-Trip Time 152.5 ms

Frame Width x Height 1280 x 720

Dropped Frames 726.75

Average litter Buffer Delay 140.8 ms

Higher JBD = more buffering = more delay but better

smoothness.
Lower JBD = lower latency but possibly choppier
video/audio if the network is unstable.
Remote Audio Outbound | Jitter 9.95 ms
Round trip time 168.5 ms
Lost 52.75 packets
Media  Type  Video | Inter-Frame Delay Variance 13.95ms?
Inbound e A low IFD means frame delivery is consistent

— smooth playback.

e Ahigh IFD means there's jitter — frame delays
are fluctuating wildly, which leads to
stuttering, lag, or uneven motion in the video.
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Lost 108 packets
Frames per second 29.94 fps
Bitrate 2277.5 Kbps
Decode 7.62 ms

Media  Type Video | Encode 12.67 ms

Outbound Header Rate 69.0 Kbps
Buffering 29.0 ms
Packet Rate 357.75 packets/second
Bitrate 2862.25 Kbps
Estimated Rate 67.25 fps

Remote Video Outbound | Jitter 10.125 ms
Round Trip Time 165.25 ms
Lost 516.5 packets

Media  Type  Audio | Header Rate 9.0 Kbps

Outbound Packet Rate 49.75Packets/second
Bitrate 15 Kbps

Video Source Frame width x height 1704 x 1080
Framerate 56.75 fps

Audio Source Duration 398.775 seconds

Remote Audio Inbound Level 5.0%
RMS (Root Mean Square) - loudness 0.4725
Concealed (synthesized) 1128069
Arrival Delay 770.22 seconds
Average Jitter Buffer Delay 92.70 ms

Media  Type  Audio | Jitter 14.5 ms

Inbound Lost 19 packets

Expert Personnel — CMS/Digital Twin

Latency 162.37 ms

Incoming FPS 97.16 fps

Outgoing FPS 30.1 fps

Incoming Bandwidth 2543.988 Kbps

Outgoing Bandwidth 2421.087 Kbps

Incoming Audio Jitter 9.7421875 ms

Incoming Video Jitter 10.96 ms

Round Trip Time Incoming Audio 168.74 ms

Round Trip Time Incoming Video 164.21 ms

Outgoing Video Resolution Width 720

Outgoing Video Resolution Height 1280

4.4.1.2.2 Experiment #2 — EUR

In this experiment (results reported in Table 4) the Application Server was installed on the “edge” of the EUROCOM
network while both “clients” were connected to the EUROCOM network.
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Table 4. Experiment #2 - EUR

Experiment #2

Identifier
Description Execute the above steps at EUR with the following settings on the 5G Network
Max MCS 20 (Download and Upload)
TX Preparation: 5 slots
Target SNR: 25db
Pusch Threshold: 0db
In this experimental setup the ARTEMIS tablet is connected to the EURECOM
testbed via the QUECTEL UE while the workstation is connected via a 5G Mobile
phone to the EURECOM testbed. The ARTEMIS platform is hosted on the internet.
Date 2025-05-06

Architecture

EDGE
Aremis Web

G MMWAVE
P
—

EUROCOM §G
QUECTEL UE

uss 56

l‘ \.
B! [ o
MIKROTIK Ethemet \\’\wm.» remem.\
5G Phone
I
‘ <=

TEMI
ARTEMIS Tablet ARTEMIS CMS Web Client

Field Personnel - Tablet

General

Available Bandwidth 3573.25 Kbps
Raw Round-Trip Time 161.2857 ms
Frame Width x Height 1280 x 720
Dropped Frames 0

Average litter Buffer Delay 160.157 ms

Higher JBD = more buffering =
more delay but better
smoothness.

Lower JBD = lower latency but
possibly choppier video/audio if
the network is unstable.

Remote Audio Outbound Jitter 4.95 ms
Round trip time 168.75 ms
Lost 17.5 packets

Media Type Video Inbound Inter-Frame Delay Variance 13.075 ms?

e A low IFD means frame
delivery is consistent —
smooth playback.

e Ahigh IFD means there's
jitter — frame delays are
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fluctuating wildly, which
leads to stuttering, lag,
or uneven motion in the

video.
Lost 93 packets
Frames per second 30.05 fps
Bitrate 1908.5 Kbps
Decode 7.4 ms
Media Type Video Outbound Encode 15.10 ms
Header Rate 61.75 Kbps
Buffering 34.875 ms
Packet Rate 315.75 packets/second
Bitrate 2527.75 Kbps
Estimated Rate 56 fps
Remote Video Outbound Jitter 9.175 ms
Round Trip Time 163.25 ms
Lost 129.75 packets
Media Type Audio Outbound Header Rate 9.0 Kbps
Packet Rate 50 Packets/second
Bitrate 16 Kbps
Video Source Frame width x height 1704 x 1080
Framerate 58.3156 fps
Audio Source Level 0.5%
Duration 99.25 seconds
RMS (Root Mean Square) - | 0.2725
loudness
Remote Audio Inbound Level 0%
RMS (Root Mean Square) - | 0.00
loudness
Concealed (synthesized) 263147.0
Arrival Delay 158.575 seconds
Average litter Buffer Delay 68.25 ms
Media Type Audio Inbound Jitter 2.75 ms

Lost 18.0 packets
Expert Personnel — CMS/Digital Twin
Latency 151.64ms
Incoming FPS 49.68 fps
Outgoing FPS 30.21 fps

Incoming Bandwidth

2941.17 Kbps

Outgoing Bandwidth

2113.93 Kbps

Incoming Audio Jitter

5.28 ms

Incoming Video lJitter

8.55 ms

Round Trip Time Incoming Audio

150.383 ms

Round Trip Time Incoming Video

150.298ms
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Outgoing Video Resolution | 720
Width

Outgoing Video Resolution | 1280
Height

4.4.1.2.3 Experiment #3 — EUR

In the last experiment, the scope was to use the previous experimental setup but include the use of the RIS in the EUR

infrastructure. Results are in Table 5.

Table 5. Experiment #3 - EUR

Identifier Experiment #3
Description Execute the above steps at EUR
Date 2026 - 02- 18

Architecture

As depicted in Section 4.2

Field Personnel - Tablet

e A low IFD means frame delivery is
consistent — smooth playback.

e A high IFD means there's jitter — frame
delays are fluctuating wildly, which leads
to stuttering, lag, or uneven motion in

General Available Bandwidth 2654.4 Kbps
Raw Round-Trip Time 51.6 ms
Frame Width x Height 1280 x 720
Dropped Frames 0
Average litter Buffer Delay 142.69 ms
Higher JBD = more buffering = more delay but
better smoothness.
Lower JBD = lower latency but possibly choppier
video/audio if the network is unstable.
Remote Audio Outbound Jitter 12.21 ms
Round trip time 52.7 ms
Lost 14.6 packets
Media Type Video Inbound Inter-Frame Delay Variance 2.63ms?

the video.
Lost 104.6 packets
Frames per second 30.6 fps
Bitrate 935.2 Kbps
Decode 6.779 ms
Media Type Video Outbound Encode 12.01 ms
Header Rate 53.8 Kbps
Buffering 32.16 ms
Packet Rate 284.2 packets/second
Bitrate 2241.4 Kbps
Estimated Rate 96.4 fps
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Remote Video Outbound

Jitter 13.83 ms
Round Trip Time 52.8 ms
Lost 485 packets

Media Type Audio Outbound Header Rate 9.2 Kbps
Packet Rate 50.1Packets/second
Bitrate 16.1 Kbps
Video Source Frame width x height 1704 x 1080
Framerate 60 fps
Audio Source Duration 268.97 seconds
Remote Audio Inbound Level 0.0%
RMS (Root Mean Square) - loudness 0.032
Concealed (synthesized) 447492

Arrival Delay

406.08 seconds

Average litter Buffer Delay 104.96 ms
Media Type Audio Inbound Jitter 11.2 ms
Lost 33 packets
Expert Personnel — CMS/Digital Twin
Latency 30.51 ms
Incoming FPS 53.96 fps
Outgoing FPS 30.08 fps

Incoming Bandwidth

2506.81 Kbps

Outgoing Bandwidth

2822.999 Kbps

Incoming Audio lJitter

7.41 ms

Incoming Video Jitter

9.555 ms

Round Trip Time Incoming Audio

36.44 ms

Round Trip Time Incoming Video

29.33 ms

Outgoing Video Resolution
Width

720

Outgoing Video Resolution

Height

1280

4.4.1.3 Results

4.4.1.3.1

In Table 6 we provide a side-by-side comparison of the three experiments for the field technician. In the last experiment,

Comparison Results — Field Technician

we achieved the KPls, which so a great improvement over the previous experiments.

Table 6. Comparison Results - Field Technician

Category Field Description Experiments
#1 #2 #3
General Available Bandwidth (Kbps) 5348.5 3573.25 2654.4
Raw Round-Trip Time (ms) 152.5 161.2857 51.6
Frame Width x Height 1280 x 1280 x 1280 x
720 720 720
Dropped Frames 726.75 0 0
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Average litter Buffer Delay (ms) 140.8 160.157 142.69
Higher JBD = more buffering = more delay but better
smoothness.
Lower JBD = lower latency but possibly choppier
video/audio if the network is unstable.
Remote Audio | Jitter (ms) 9.95 4.95 12.21
Outbound Round trip time (ms) 168.5 168.75 52.7
Lost (number of packets) 52.75 17.5 14.6
Media Type Video | Inter-Frame Delay Variance (ms"2) 13.95 13.075 2.63
Inbound e Alow IFD means frame delivery is consistent —
smooth playback.
e Ahigh IFD means there's jitter — frame delays
are fluctuating wildly, which leads to
stuttering, lag, or uneven motion in the video.
Lost (number of packets) 108 93 104.6
Frames per second (fps) 29.94 30.05 30.6
Bitrate (Kbps) 2277.5 1908.5 935.2
Decode (ms) 7.62 7.4 6.779
Media Type Video | Encode (ms) 12.67 15.10 12.01
Outbound Header Rate (Kbps) 69.0 61.75 53.8
Buffering (ms) 29.0 34.875 32.16
Packet Rate (packets/second) 357.75 315.75 284.2
Bitrate (Kbps) 2862.25 | 2527.75 2241.4
Estimated Rate (fps) 67.25 56 96.4
Remote Video | Jitter (ms) 10.125 9.175 13.83
Outbound Round Trip Time (ms) 165.25 163.25 52.8
Lost (number of packets) 516.5 129.75 485
Media Type Audio | Header Rate (Kbps) 9.0 Kbps 9.0 Kbps 9.2 Kbps
Outbound Packet Rate (packets per second) 49.75 50 50.1
Bitrate (Kbps) 15 16 16.1
Video Source Frame width x height 1704 x 1704 x 1704 x
1080 1080 1080
Framerate (fps) 56.75 58.3156 60
Audio Source Duration (seconds) 398.775 99.25 268.97
Remote Audio | Level 5.0% 0% 0.0%
Inbound RMS (Root Mean Square) - loudness 0.4725 0.00 0.032
Concealed (synthesized) 1128069 | 263147.0 447492
Arrival Delay (seconds) 770.22 158.575 406.08
Average litter Buffer Delay (ms) 92.70 68.25 104.96
Media Type Audio | Jitter (ms) 14.5 2.75 11.2
Inbound Lost (number of packets) 19 18 33
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4.4.1.3.2

Comparison Results — Expert

In Table 7, we provide a side-by-side comparison of the three experiments for the expert user. In the last experiment we
achieved the KPIs, which so a great improvement over the previous experiments.

Table 7. Comparison Results - Expert

Field Description Experiments

#1 #2 #3
Latency (ms) 162.37 151.64 30.51
Incoming FPS (fps) 97.16 49.68 53.96
Outgoing FPS (fps) 30.1 30.21 30.08
Incoming Bandwidth (Kbps) 2543.988 2941.17 2506.81
Outgoing Bandwidth (Kbps) 2421.087 2113.93 2822.999
Incoming Audio Jitter (ms) 9.7421875 5.28 7.41
Incoming Video Jitter (ms) 10.96 8.55 9.555
Round Trip Time Incoming Audio (ms) 168.74 150.383 36.44
Round Trip Time Incoming Video (ms) 164.21 150.298 29.33
Outgoing Video Resolution Width 720 720 720
Outgoing Video Resolution Height 1280 1280 1280

4.4.1.3.3 Summary

The following table provides individual test experiment results, while at the end there is a table allowing for comparisons
of the results. The results include more statistics apart from those identified in D6.3 — Report on Infrastructure setup and
readiness vertical tests. The KPIs identified in D6.3 were measured through 2 Experiments (Experiment #1, and Experiment
#2) and are summarized in Table 8. The results from the last experiment are used to measure against the KPls of DoW and
validate them.

Table 8. KPI Results

KPI Name Description Target KPI Result
Smooth visual | Measure the system's ability to | >=10 fps (D6.3) ~ 26 fps Field Technician
experience deliver a  smooth  visual ~ 15 FPS Expert
experience
Real-time Data | Measure the system's ability to | < 2 seconds (D6.3) Field Technician
Delivery deliver real-time data to Remote Audio Outbound
managers and supervisors Jitter - 12.21 ms
Remote Video Outbound

Jitter - 13.83 ms
Media Type Audio Inbound
Jitter - 11.2ms

Expert

Incoming Audio lJitter - 7.41
(ms)

Incoming Video Jitter - 9.555
(ms)
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25.8 ms from the side of the
Field Technician
30.51 ms from the side of the

Measure the delay of data | 20ms (GA)

transfer

Latency
(Corresponds to
KPI 2.2 of DoW)

Expert
Coverage Measure the RSRP of the cell High Coverage (GA) -60 dBM
Bandwidth Measure the bandwidth | ~1Gbps (GA) 800 Mbps
(Corresponds to | provided

KPI. 2.1 of DoW)

4.4.2 KVI Evaluation Results

The KVI evaluation framework extends the performance assessment beyond raw technical metrics, incorporating both
system log-derived observations and the perceptions of human stakeholders gathered through a structured questionnaire.
This evaluation was supported by a dedicated demonstration video! showing the system's live operation and trial
workflows within the EUR premises. This dual-source approach reflects the principle that the societal and business value
of 6G technology can only be fully assessed by combining objective measurements with subjective experience. Three core
KVIs were evaluated and distributed across the Ecosystem value category. The questionnaire structure, stakeholder
interaction methodology, and KVI assessment approach were aligned with the guidelines and evaluation templates
defined in D6.3 of the 6G-BRICKS project. These templates provided the basis for the formulation of stakeholder-oriented
guestionnaires and the systematic collection of qualitative feedback associated with each KVI domain.

Table 9 provides an overview of the three KVIs, their thematic focus areas, and the specific metrics used in their
assessment.

Table 9. KVI Framework for UC2-PoC2.

Category KVIID Focus Area Key Metrics
Ecosystem | E1 — Business | Commercial benefits, operational | Stakeholder Satisfaction Index (SSI), task
Value efficiency, and usability for vertical | efficiency gains, user-friendliness ratings.
industries and telco operators.
Ecosystem | E2 - Industry scaling, productivity boosts, and | Projected Revenue Growth Rate (RGR),
Economic financial optimization vectors. Operational Cost Reduction Rate (CRR), and
Growth downtime contraction.
Ecosystem | E3 — New Multi-sector  integration, stakeholder | Stakeholder Engagement Rate (SER),
Value Chain collaboration footprint, and infrastructure | Technology Accessibility Rate (TAR)
feasibility.

4.4.2.1 Questionnaire Evaluation Results

Following the definition of the KVI evaluation framework in D6.3, the present section focuses on the results collected
through the UC2-PoC2 questionnaire. The questionnaire was explicitly designed to capture stakeholders’ perceptions of
the 6G-enabled Digital Twin platform across three core dimensions: Business Value, Economic Growth, and New Value
Chain. Having exceeded the required dataset threshold through expert participation, the PoC has reached a sufficient

1 Available at 6G-BRICKS online Repository here.
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baseline for a comprehensive descriptive statistical interpretation. The analysis that follows presents the main findings
per KVI, focusing on response distributions, mathematical estimations using range midpoints, and the dominant feedback
trends. Since the available results are provided in aggregated form, the interpretation is based on descriptive statistics
rather than inferential testing. This approach allows the evaluation to highlight both the verified positive perceived value
of the use case and the specific areas where further infrastructure refinement or technical standardization could
strengthen the overall market footprint of the UC2-PoC2 demonstrator.

e KVI E1: Business Value — Stakeholder Satisfaction Index (SSI)

Business Value addresses the degree to which the 6G-enabled digital twin deployment demonstrates clear commercial
benefits and operational utility for vertical industries and telco operators. From an evaluative standpoint, this was
assessed primarily through the Stakeholder Satisfaction Index (SSI), which captures perceived overall system value
and real-time interface usability. These indices serve as proxies for operational readiness and market viability in real-
world industrial deployments. The questionnaire dimension targeted research engineers, project managers, and
telecommunications experts, asking them to rate their explicit perception of usability and effectiveness during
demonstrated digital twin operations. The combined score reflects the cross-disciplinary capability of the system to
coordinate multi-user interactions and inspire confidence in enterprise operators. Figure 28 illustrates the
comparative stakeholder ratings, showing a strong concentration of positive responses (scores of 4 and 5) across both
perceived system value and ease of use. This positive trend is further detailed in Figure 29, where 85.7% of
respondents rated the system's overall value as 4 or 5, and Figure 30, where 85.7% similarly gave high ratings for user-
friendliness. Also, it must be noted that evaluating operational efficiency improvement remains long-term challenging
for the duration of the project. After discussion with stakeholders, it is evident that it is even too early to definitively
log actual baseline variations. However, it is a very useful indicator for future tracking once the platform matures into
steady-state production.

The Stakeholder Satisfaction Index (SSI) is calculated using the standard arithmetic mean equation across Perceived
System Value (V;) and Interface Usability (U;):
N
"~ N 2
i=1

e Calculated Final Index Score: 4.05/5.00
e D6.3 Target Metric Threshold: 24.00
e Evaluation Status: SUCCESS TARGET MET
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KVI E1: Business Value Stakeholder Ratings (N=21)

B Perceived System Value
14 41 mmm System Usability / Ease of Use

12 ~

10 -

Number of Respondents
[ee]

1 (Low) 2 3 4 5 (High)
Rating Score (1-5 Scale)

Figure 28. KVI E1: Business Value Stakeholder Ratings (N=21)

On a scale of 1 to 5, how would you rate the overall value of the Digital Twin system in improving

operational efficiency and decision-making?
21 responses

15

10
5
0 (0%) 0(0%)
0 | |
1 2

Figure 29. Overall value of the Digital Twin system
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How would you rate the ease of use and user-friendliness of the Digital Twin system?

21 responses

15
15 (71.4%)

3 (14.3%) 3 (14.3%)
0 (0%) 0 (0%)

Figure 30. Ease of use and user-friendliness of the Digital Twin system

e KVI E2: Economic Growth Results

Economic Growth evaluates the long-term potential of the digital twin architecture to drive workflow optimization,
limit resource expenditures, and generate sustainable revenue streams. Metric collection focused on projected
Revenue Growth Rates (RGR) and Operational Cost Reduction Rates (CRR) derived from stakeholder deployment
forecasting. Economic Growth evaluates the long-term potential of the digital twin architecture to drive workflow
optimization, limit resource expenditures, and generate sustainable revenue streams.

As noted in the evaluation methodology, Economic Growth is a long-term KVI that cannot be fully evaluated in real
time during the short duration of the project. To extract a meaningful evaluation baseline, specific questionnaire items
were used to log the assumptions and anticipatory projections of the trial participants.

The individual response distributions for these questions are synthesized in the multi-panel chart in Figure 31. The
weighted mathematical means derived from these expert assumptions are calculated using range-midpoints (P;) and
their exact relative frequencies (My,) for the anticipated Operational Efficiency Improvement, expected Downtime
Reduction Rate, anticipated Operational Cost Reduction Rate (CRR) and anticipated Revenue Growth Rate (RGR):

Weighted Metric Mean = Y,(P, X My)

Furthermore, it must be explicitly highlighted that certain objective indicators originally outlined in Deliverable D6.3,
specifically the Productivity Improvement Rate (PIR), Innovation Adoption Rate (IAR), and Employment Growth Rate
(EGR), cannot be provided with concrete empirical results at this stage of the project. Collecting data for these metrics
requires wide-scale market rollout, sustained commercial usage across multiple industrial sectors, and prolonged
observation of organizational hiring and technology-spreading trends over several years.

Because the current evaluation boundary is restricted to a short-term, localized proof-of-concept pilot, attempting to
measure these metrics now would be premature and speculative. Consequently, after thorough consultation with the
project stakeholders, it was determined that providing immediate results for these three indicators is unfeasible. They
remain, however, highly critical strategic target benchmarks for future tracking once the 6G-BRICKS multi-expert
digital twin platform transitions from an experimental demonstrator into a fully commercialized, mass-deployed
vertical market ecosystem.
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KVI E2: Economic Growth Projections - Stakeholder Assumptions (N=21)

Anticipated Operational Efficiency Improvement Expected Downtime Reduction Rate
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Figure 31. KVI E2: Economic Growth Projections - Stakeholder Assumptions (N=21)

e KVI E3: New Value Chain

New Value Chain examines the extent to which the 6G-enabled platform successfully stimulates cross-vendor
interoperability and establishes open, collaborative B2B ecosystems across diverse industries. Metrics derived from
the survey dataset included the Stakeholder Engagement Rate (SER), tracking active demonstration and workshop co-
execution frequencies, and the Technology Accessibility Rate (TAR), which evaluates the compatibility of legacy
enterprise IT setups with the digital twin system. The questionnaire component gathered critical feedback on
infrastructure readiness, preferred training methodologies, and key regulatory or operational hurdles. These hurdles
include cross-border data compliance (GDPR), API standardization, and initial deployment costs for smaller vertical
enterprises (SMEs) and RTOs.

Like the economic indicators, the establishment of an entirely new B2B cross-vendor value chain is a long-term goal
that cannot be fully realized during the pilot testing timeframe. To capture a reliable indicator of ecosystem readiness,
the survey tracked participant interaction levels, infrastructure compatibility, and budgetary constraints. The
aggregated distribution results for these parameters are visualized in Figure 32, which indicates strong ongoing
engagement efforts but highlights a significant proportion of respondents identifying cost as a factor requiring external
funding support.

Additionally, it is essential to clarify those empirical results for specific long-term objective indicators introduced in
Deliverable D6.3, namely the Feedback Applicability Score (FAS), Partnership Opportunity Rate (POR), and
Awareness Campaign Reach (ACR), cannot be meaningfully quantified within the scope of this pilot evaluation.
Computing the Feedback Applicability Score requires multiple iterative cycles of deployment where modifications are
continuously tracked against user suggestions over an extended period. Similarly, calculating the Partnership
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Opportunity Rate and measuring the full scope of an Awareness Campaign Reach depend on long-term commercial
exploitation plans, formal B2B contractual agreements, and wide-scale public dissemination strategies that extend far
beyond a localized proof-of-concept testing phase.

Because this evaluation was restricted to immediate pilot stakeholders, attempting to extract steady-state data for
these business-development indicators during the active project timeline is unfeasible. Stakeholders agreed that these
parameters are better suited as target performance benchmarks for the subsequent commercialization phase,
following the completion of the 6G-BRICKS project framework.

KVI E3: New Value Chain - Ecosystem & Technical Accessibility Matrix (N=21)

Stakeholder Engagement & Outreach (011) Existing Infrastructure Compatibility (015) Cost Feasibility Assessment

14 HEE Yes
3 No

@
=
Y

12

—
~N

—
o

o
-
=

@

o
IS

Number of Responses

Number of Responses

Number of Responses
(-]

] -
N

0 0 0 I
Invited to Demao/Workshop Actively Engaged 0-25% 26-50% 51-75% Yes, it is affordable. Somewhat affordable  No, it is beyond
Compatibility Bracket but needs funding our budget.

Feasibility Level
Figure 32. KVI E3: New Value Chain - Ecosystem & Technical Accessibility Matrix (N=21)

o OI1: Stakeholder Engagement Rate (SER)

This metric balances outreach with active participation, evaluating rows indicating formal workshop
invitations against active technical workshop co-execution. As depicted in Figure 33, while engagement
campaigns are active, exactly one-third (33.3%) of the surveyed participants have so far transitioned into
active engagement within a Digital Twin demo or workshop.

Active Workshop Coexecution Count
Total Stakeholder Number

SER=( )xlOO

Have you been actively engaged in a Digital Twin Demo or Workshop?
21 responses

® Yes
® No

Figure 33. Active engagement in a Digital Twin Demo or Workshop
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o 0I5: Technology Accessibility Rate (TAR)

This metric explicitly gauges the extent to which technological and resource barriers, such as legacy
infrastructure readiness, hardware availability, and technical configurations, impact the equitable
adoption of the system across diverse vertical market participants and Small and Medium-sized
Enterprises (SMEs). Figure 34 demonstrates that slightly more than half of the stakeholders (57.1%)
currently possess the necessary hardware or software to implement the digital twin, highlighting a notable
infrastructure gap for the remaining 42.9%.

Number of Stakeholders able to adopt Dig. Twin
Total Stakeholder Number

TAR=( )XlOO

Do you currently have the necessary hardware or software to implement the digital twin?
21 responses

® Yes
® No

Figure 34. Hardware and software readiness for digital twin implementation

4.5 Key conclusions
4.5.1 KPI

This experiment tests the RIS in an end-to-end digital twins environment of a factory floor. A RIS-assisted network link
(data and video) was leveraged by the field personnel to report to the expert about the status of the equipment and ask
for assistance from the expert. Experiment #3, where the RIS was leveraged, markedly improved the performance
compared to Experiment #1 and Experiment #2 that serves as the baseline. The RIS dynamically enhances the radio signal,
which results in RSRP improvements. These have a positive impact on the application performance (Smooth visual
experience, Real-time Data Delivery).

4.5.2 KVI

For the UC2-PoC2, the evaluation of the immersive, multi-expert Digital Twin platform yielded several strategic
conclusions regarding business value, economic viability, and market scalability. The platform successfully demonstrated
its immediate operational utility by securing a high final Stakeholder Satisfaction Index score. Experts strongly validated
the real-time 3D visualization layers and risk-free simulation environments as key drivers for improving distributed
industrial decision-making and troubleshooting. Because true macroeconomic indicators require extended commercial
exposure to fully mature, the financial and efficiency metrics logged represent expert stakeholder assumptions and
projected models rather than realized historical data. However, the expert cohort establishes a highly viable economic
baseline, with an anticipated operational cost reduction rate that successfully exceeds the project’s target threshold,
heavily driven by strong expected gains in organizational operational efficiency and equipment downtime contractions.
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The platform also demonstrated excellent multi-sector outreach by achieving an active Stakeholder Engagement Rate that
surpasses the baseline target threshold. Conversely, the calculated Technology Accessibility Rate places the platform in
the moderate accessibility performance band. This reveals that legacy infrastructure compatibility remains a prominent
hurdle for smaller vertical enterprises and partners. To transform these early stakeholder projections into long-term
market reality, future deployment phases must explicitly address the core value chain barriers identified by practitioners.

4.5.3 Overall

The KPls are satisfactory as the scenario execution ran smoothly with no perceived hiccups or delays during the execution.
The PoC demonstrated successfully, using the ARTEMIS AR platform, the benefits in terms of performance and value of
the 6G BRICKS solution in enabling digital twin capabilities between local and remote participants.
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5 RIS improvements to network performance and energy consumption

This section evaluates the contribution of the RIS to the network performance and energy efficiency. The measurements
were collected during the execution of both PoCs, which used the same network configuration and were conducted in the
same location; consequently, the results characterize the underlying communication infrastructure independently of the
application being executed. The analysis considers key network metrics, including received signal strength, latency, and
throughput, together with the energy consumption of the deployed equipment. Particular attention is given to the ability
of RIS to mitigate blockage and extend mmWave coverage in Non-Line-of-Sight conditions. This will clearly validate the
KPls “100% full coverage of factory, no disconnection due to obstacles” (KPl 1.2 and 2.3 of DoW). By comparing a
conventional network-densification approach based on an additional Radio Unit with an RIS-assisted deployment, the
section assesses the potential of RIS to maintain the required communication performance while reducing active
infrastructure and associated energy consumption.

5.1 Network Performances

To recall, all the tests were done in an indoor environment, representing a factory flat situation. We start by presenting
the collected RSRP reported by UE during the experiment. RSRP is one of the most important radio metrics in 5G networks
because it provides a direct indication of the received signal strength from a serving cell. Measured over specific reference
signals transmitted by the base station, RSRP is widely used for coverage evaluation, cell selection and reselection,
handover decisions, and mobility management. RSRP has a direct impact on the QoS perceived by the user. Figure 35
compares the measured RSRP values with and without RIS assistance. The RIS significantly improves the radio conditions
by creating additional reflected propagation paths, thereby enhancing signal coverage and reception quality. The average
RSRP increases from approximately -90 dBm to -60 dBm, corresponding to an average gain of 30 dB. Expressed in terms
of attenuation, this represents approximately a 33% reduction in signal loss, while in linear power units the received signal
is approximately 1000 times stronger than in the non-RIS scenario. Such a substantial increase in received signal strength
provides a significantly larger link margin against signal blockage, fading, and mobility-induced channel variations, which
are the primary causes of mmWave connection interruptions in industrial environments. In the baseline scenario, an RSRP
around -90 dBm places the UE close to the receiver sensitivity threshold, where even small additional losses caused by
obstacles or movement can trigger link failures or temporary service interruptions. By increasing the average RSRP to
approximately —-60 dBm, the RIS maintains the received signal well above this critical threshold across the factory, greatly
improving the robustness of the mmWave link. During the experiments, the UE maintained continuous connectivity
throughout the monitored area, with no observed disconnections caused by obstacles, thereby validating the KPI of 100%
factory coverage. Although connection-break events were not explicitly counted, the large improvement in link margin
strongly supports the targeted reduction of mmWave connection breaks due to obstacles and UE mobility. The absence
of observed disconnections during the experiments is therefore considered a strong qualitative validation of the project
objective of reducing connection interruptions by up to 80% through RIS-assisted propagation enhancement (KPI 06.1:
Reduce by 80% the mmWave connection break due to obstacles and UE mobility by using RIS).
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Figure 35. RSRP metric
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Figure 36. Latency metric
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Figure 37.Throughput metric

The improvement in RSRP is clearly reflected in Figure 36 and Figure 37, which present the latency and throughput
measurements collected at the RAN. When the RIS is deployed, the latency is significantly reduced to approximately 3 ms,
whereas in the scenario without RIS support, the latency increases to around 9 ms. Similarly, the throughput achieved
with RIS reaches nearly 800 Mbit/s, while it drops to approximately 300 Mbit/s in the absence of RIS.

These performance improvements are primarily attributed to the enhanced channel conditions provided by the RIS. Higher
RSRP values improve signal quality and link reliability, thereby reducing the Block Error Rate (BLER) and the number of
retransmissions required at the radio interface. In contrast, poor channel conditions associated with low RSRP lead to
increased transmission errors and retransmissions, which negatively impact both latency and throughput.

5.2 Energy consumption

5.2.1 Overview

In this section, we compare two deployment strategies for extending 5G coverage: a configuration using two Radio Units
(2 x RU) and the PoCs’ configuration, which combines one Radio Unit with one Reconfigurable Intelligent Surface (RU +
RIS). The analysis is grounded in empirical power measurements captured during the PoC execution. The RU, operating at
approximately 116.8 W on a stable 230 V supply, represents a conventional active transmit element. The RIS controller,
drawing only 16.1 W on a 230V, functions as a low-power passive beamforming panel requiring only a small controller
board to operate. Because both devices exhibited flat, load-independent power consumption throughout the
measurement window, daily energy figures are extrapolated directly from their measured average power. This
extrapolation is independently validated by the RU meter log, which recorded an actual previous-day energy consumption
of 2.786 kWh, compared to the estimated 2.803 kWh — a discrepancy of less than 0.7%. All the results were obtained
using an intelligent socket that collects the data and sends it to a remote server in EURECOM testbed.

5.2.2 Device Characteristics and Measured Parameters

Table 10 summarises the measured electrical parameters for each device and the derived figures for the two combined
configurations.
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Table 10. Measured electrical parameters

Parameter RU RIS Controller 2xRU RU + RIS
Avg active power 116.8 W 16.1W 2336 W 1329W
Avg apparent power 124.1 VA 28.5VA 248.2 VA 152.6 VA
Power factor 0.940 0.580 0.940 ~0.87
Supply voltage 230V 230V 230V 230V
Avg current draw 539 mA 117.5 mA 1,078 mA 656 mA

5.2.3 Daily, Monthly and Annual Energy Estimates

Assuming continuous 24-hour operation at the measured average power, a reasonable assumption for always-on network
infrastructure, Table 11 presents energy consumption projections across three-time horizons.

Table 11. Energy consumption estimates across time horizons

Metric 1xRU 1 x RIS 2xRU RU + RIS
Avg power (W) 116.8 16.1 233.6 132.9
Est. daily energy (kWh) 2.803 0.386 5.606 3.189
Validated by meter log 2.786 kWh — — —
Est. monthly energy (kWh) 84.1 11.6 168.2 95.7
Est. annual energy (kWh) 1,023 141 2,046 1,164
Energy vs. 2xRU baseline = = baseline -43.1%

5.2.4 Deployment

Table 12 provides a head-to-head comparison of the two deployment strategies across the key criteria relevant to network
operators and energy planners.

Table 12. Deployment strategy comparison: 2 x RU vs. RU + RIS

Criterion

2 xRU

RU + RIS

Daily energy consumption

5.606 kWh

3.189 kWh (-43.1%)
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Annual energy consumption 2,046 kWh 1,164 kWh (-43.1%)
Total avg power draw 233.6 W 1329w

Power scaling with traffic Both RUs scale up under load RU scales; RIS stays constant
Active RF components 2 transmit chains 1 transmit chain + passive panel

5.2.5 Key finding

The RU + RIS configuration consumes 3.189 kWh per day compared to 5.606 kWh for 2 x RU, representing a 43.1%
reduction in daily energy consumption. Projected over a full year, this translates to a saving of 882 kWh, equivalent to
approximately 176 kg of CO; at a typical European grid emission factor of 0.2 kg CO,/kWh. This advantage becomes even
more pronounced under traffic load: while both RUs in a 2 x RU deployment will scale their power amplifier consumption
in response to increasing traffic, merely reaching 150—-250 W each, the RIS panel itself is entirely passive and its controller
power remains fixed regardless of the volume of reflected traffic it handles. This means the energy efficiency gain of the
RU + RIS architecture widens as network load increases, making it particularly well-suited to deployments at high-
utilization indoor or urban sites where coverage extension is needed without proportional increases in energy
expenditure.
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Conclusions

This deliverable reports the successful execution and validation of two complementary Industry 4.0 Proofs-of-Concept on
the EUR 6G-BRICKS testbed: autonomous robotic operations and AR-assisted remote industrial inspection using a Digital
Twin. Both PoCs were executed at the same location and over the same network configuration. Consequently, the radio
and network measurements collected during their execution characterise the capabilities of the common 6G infrastructure
independently of the application running on top of it. The results demonstrate that the platform can support
heterogeneous industrial services while providing the coverage, bandwidth, latency, reliability, and energy efficiency
required by demanding real-time applications.

PoC1 demonstrated that the 6G-BRICKS stack sustains autonomous robotic operation in both LOS and NLOS conditions.
The experimental campaign achieved sub-10 ms RTT, mission execution efficiency above 95%, and stable connectivity
throughout the robot’s autonomous transportation missions. The Reconfigurable Intelligent Surface (RIS) proved essential
for maintaining acceptable Quality of Service in NLOS scenarios, where obstacles affected the direct mmWave propagation
path. Stakeholder feedback from 24 participants on safety, security, digital inclusion, and trustworthiness was also closely
aligned with the objective technical measurements, confirming that the demonstrated system was perceived as reliable,
safe, and operationally valuable.

PoC2 demonstrated the feasibility of remote expert guidance for industrial inspection through the ARTEMIS AR platform
across three experimental campaigns. The progression from Experiments #1 and #2 to the fully RIS-enabled Experiment
#3 produced a clear improvement in end-to-end application performance. The field technician’s RTT decreased from
approximately 152 ms to approximately 52 ms, while the expert-side latency decreased from approximately 162 ms to
approximately 30 ms. These improvements supported more responsive interaction between the field technician and the
remote expert, strengthening the practical applicability of AR-assisted maintenance and inspection services. The
Stakeholder Satisfaction Index reached 4.05 out of 5.00, meeting the target of at least 4.00 established in Deliverable D6.3.

A central outcome of the combined experimental campaign is the demonstrated value of RIS technology for addressing
the propagation limitations of mmWave communications in indoor industrial environments. By creating a controlled
reflected radio path, the RIS improved coverage in areas where obstacles weakened or blocked the direct link. The
measured Reference Signal Received Power increased from approximately -90 dBm without RIS assistance to
approximately -60 dBm with the RIS, corresponding to an improvement of around 30 dB. This substantial gain
strengthened link quality and reliability, reduced the risk of service interruption, and extended usable mmWave coverage
without requiring the deployment of an additional active Radio Unit.

The improved radio conditions also resulted in substantially higher usable bandwidth and lower latency. With RIS
assistance, the measured throughput reached nearly 800 Mbit/s, compared with approximately 300 Mbit/s without RIS,
while network latency decreased from around 9 ms to approximately 3 ms. The results therefore show that the RIS does
more than restore connectivity in NLOS areas: it enables the network to use the available spectrum and radio resources
more effectively. This combination of extended coverage, increased throughput, and reduced latency is particularly
important for industrial applications involving autonomous systems, immersive communications, high-definition video,
Digital Twins, and continuous real-time data exchange.

The energy evaluation further confirms the advantage of RIS-assisted coverage extension compared with conventional
network densification. A deployment based on one Radio Unit and one RIS consumed an average of 132.9 W, compared
with 233.6 W for a configuration using two Radio Units. This represents an energy reduction of approximately 43.1%,
lowering estimated annual consumption from around 2,046 kWh to 1,164 kWh and saving approximately 882 kWh per
year under continuous operation. The advantage is particularly relevant because an additional Radio Unit introduces an
active transmission chain whose power consumption can increase with network traffic, whereas the RIS acts primarily as
a passive reflecting surface with comparatively low and largely traffic-independent controller consumption.
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Overall, the results provide strong experimental evidence that RIS technology is an effective and energy-efficient
complement to mmWave 6G networks. It extends indoor coverage, maintains connectivity under NLOS conditions,
increases available bandwidth, reduces latency, and lowers the energy and infrastructure required for coverage expansion.
The integration of RIS with the O-RAN-based EUR platform therefore offers a promising alternative to conventional
network densification. The successful execution of both PoCs confirms the operational maturity and reusability of the 6G-
BRICKS testbed as a platform for validating diverse, high-capacity, low-latency, and energy-aware industrial 6G services.
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