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1 Executive Summary 

Deliverable 4.4, titled: “Final report on Joint Communication & Sensing (JCAS) and Near-Field 
components” provides the final outcomes of Task 4.1 “, Integration of JCAS” and Task 4.2 “, Near-
field components for Reconfigurable Intelligent Surfaces (RIS)” as part of the 6G Library enablers 
within the SUNRISE-6G project. It covers the activities focusing on the final development and 
validation of key algorithms, as well as the corresponding testbeds that support both 
communication and sensing functionalities.  

The document discusses Enabler 1: JCAS for  Cell-Free massive Multiple-Input Multiple-Output 
(CF-mMIMO), focusing on the design details, experimental testbed implementations, and final 
experimental validations of the JCAS algorithms developed by KU Leuven (KUL). The chapter 
highlights the trade-offs between allocating radio resources (e.g., bandwidth and antennas) and 
the achievable performance in JCAS operation. The final results from the first testbed experiment 
show that, based on channel state information, data compensated for both frequency and spatial 
phase offsets enable user equipment localisation with a spatial estimation error of only 1.2 cm. 
The testbed operates at 3.5 GHz and uses an Orthogonal Frequency Division Multiplexing (OFDM) 
sensing waveform with 100 pilot subcarriers spaced at 180 kHz, yielding an 18 MHz 
communication bandwidth signal. The second final experiment examined the trade-off between 
the algorithm's sensing performance and the radio resources required, as a function of sensing 
accuracy. The second experiment was conducted on a distributed massive Multiple-Input 
Multiple-Output (MIMO) testbed. The same 100-subcarrier OFDM signal was used, and based on 
the results, the optimal split between the sensing and communication signals is in the range of 
3:97 to 9:91, i.e., only 3% to 10% of the bandwidth is required for sensing. 

Enabler 1: Localisation and Sensing for CF-mMIMO section focuses on integrated localisation and 
radio sensing within a CF-mMIMO architecture. The validation of the algorithms has been 
conducted using a hybrid methodology that combines simulation-driven evaluation with early-
stage experimental extraction of radio measurements from the IS-Wireless Open Radio Access 
Network (O-RAN) platform. The validation environment supports insertion of static and dynamic 
objects, including pedestrians, vehicles, unmanned aerial vehicles (UAVs), and static blockers. 
Mobility patterns, signal attenuation, Doppler effects, and multipath perturbations can be 
systematically varied to evaluate detection robustness under varying radio conditions. Vehicles 
generate stronger reflections and more pronounced Doppler signatures than pedestrians. As a 
result, the detection confidence increases quickly and remains stable over time, and the proposed 
algorithm clearly separates pedestrians and vehicles based on combined feature patterns. 

Enabler 2: JCAS for RIS details the experimental setup and experimental concept of RIS validation 
performed by EURECOM. The evaluations were conducted in an indoor scenario in which the 
communication signal from a 28 GHz frequency range 2 (FR2) 5G O-RAN base station (BTS) by 
LiteON was routed via RIS by Greenerwave around the corner to mobile user equipment (UE) by 
Quectel. The corner in the corridor blocked the line-of-sight signal, and the final results from the 
experiments show significant Radio Frequency (RF) performance improvements up to 18 dB in 
Reference Signal Received Power (RSRP), 9.5 dB in uplink (UL) Signal-to-Noise Ratio (SNR), and 
4 dB in downlink (DL) Signal-to-Interference-Noise Ratio (SINR). The experiments were 
conducted with distances of 3 and 4 meters between the BTS and the RIS, and between the RIS 
and the UE, respectively. The experiments confirmed the theoretical expectation that the impact 
of the RIS diminishes as the RIS aperture shrinks at longer link ranges. 

Enabler 3: Near-Field RIS Components focuses on near-field RIS components, covering the design 
of focal-point beamforming, the validation of the measurement setup in the RIS lab, and the final 
test results at the University of OULU (UOULU). The developed beamforming algorithm considers 
the distances and angles between the transmitter, the RIS, and the receiver. The developed 
Beamforming Engine is a fully independent computational module capable of modelling near-
field spherical-wave propagation, calculating per-cell incident and reflected phases, and 
producing a 1-bit configuration for all 3200 RIS cells. This software platform is used for 
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automated measurement and seamlessly integrated with external measurement equipment.  
UOULU has integrated two BTSs, TMY Technology, Inc. (TMYTEK) and LiteON, with the RIS from 
Greenerwave. The measured results show that the RIS improves the signal quality between the 
BTS and the UE when direct communication is blocked. The results indicate that received power 
is maximised at the nominal angle, showing linear behaviour, with the signal remaining nearly 
constant when both the Tx and Rx angles increase (or decrease) by the same amount. 
Furthermore, sidelobes of the RF beam are observed in the RIS measurement. 
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2 Introduction 

D4.4 constitutes the final consolidated report on JCAS and Near-Field RIS components developed 
under Tasks 4.1 and 4.2 of the SUNRISE-6G project. It builds upon the initial report and presents 
the mature designs, implementation progress, performance evaluations, and integration aspects 
of the proposed solutions. 

JCAS integrates wireless communication and environmental sensing within a unified framework, 
enabling simultaneous data transmission and high-precision situational awareness Error! 
Reference source not found.. In indoor scenarios, JCAS addresses challenges such as multipath 
propagation, dynamic obstructions, and the need for real-time adaptability by leveraging RIS. 
These programmable metasurfaces dynamically manipulate electromagnetic waves to enhance 
signal coverage, mitigate interference, and enable fine-grained sensing [2] . RIS-aided localisation 
exploits both far-field and near-field characteristics to improve accuracy. Far-field RIS 
configurations optimise beamforming for angular estimation and device tracking over extended 
ranges, making them suitable for large indoor spaces such as warehouses or auditoriums [3] . 

In contrast, near-field RIS architectures, where wavefront curvature is non-negligible, utilise 
phase and amplitude variations across array elements to achieve millimetre-level precision in 
proximity-based applications, such as human motion detection or robotic navigation in cluttered 
environments [4] . The synergistic use of far- and near-field RIS not only enhances localisation 
robustness against shadowing and fading but also supports dual-functionality networks that 
balance communication throughput and sensing resolution [5] . Most research focuses on hybrid 
RIS designs, adaptive algorithms for dynamic indoor topologies, and energy-efficient 
implementations, positioning RIS as a key enabler for future smart indoor systems that require 
seamless integration of sensing, localisation, and connectivity [6] , [7] , [8] . 

This deliverable explains the three JCAS enablers developed for the SUNRISE-6G project. D4.4 
provides a comprehensive description of these enablers, detailing their system architecture, 
algorithmic frameworks, hardware considerations, and validation results. 

1. Enabler 1: JCAS for CFmMIMO and Localisation and Sensing for CFmMIMO,  
2. Enabler 2: JCAS for RIS,  
3. Enabler 3: Near-Field RIS Components. 

The document highlights the technical advancements achieved since the initial report and 
clarifies their contribution to the overall SUNRISE-6G system objectives. 

2.1 Mapping SUNRISE-6G Outputs 

The purpose of this section is to map SUNRISE-6G Grant Agreement (GA) commitments, both 
within the formal Deliverable and Task description, against the project’s respective outputs and 
work performed. 

Table 1: Adherence to SUNRISE-6G GA Deliverable & Tasks Descriptions 

SUNRISE-6G 
Task No. and 

Title 
SUNRISE-6G GA Task Description 

Respective 
Document 
Chapter(s) 

Justification 

Task 4.1 
“Joint 
Communicat
ion and 
Sensing for 
RIS and 
CFmMIMO” 

This task focuses on the integration of 
sensing blocks into a CF-mMIMO 
communication setup. The sensing 
functional pipeline will be disaggregated 
over the relevant processing blocks (O-RU, 
O-DU, O-CU, Near-RT-RIC), and the 
performance complexity trade-off of 
multiple partitioning schemes will be 

 
 
 
 
 
 
 
 

Chapters 3, 4 and 5 
cover the final 
activities of Task 4.1. 
 
Chapter 3 explains the 
basic JCAS algorithms 
for CFmMIMO, their 
implementation in the 
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studied. Relevant blocks will be 
implemented to enhance the experimental 
facility on the one hand and to allow 
benchmarking of sensing performance 
with other approaches on the other hand, 
as described in subsection 1.2.1.1.4. The 
joint communication and sensing starts 
with a baseline experiment and a 
functional pipeline. This baseline will be 
extended with predictive sync, to reduce 
sync overhead. Also, other partitioning 
will be explored. Finally, resource 
allocation for different sensing scenarios, 
and as a function of different 
communication requirements, will be 
studied. The outcome of this task will be 
datasets and learning models, as well as 
data collection software and algorithms 
for resource allocation. 

 
 
Chapter 3 
Chapter 4 
Chapter 5 

KUL testbed, and their 
final experimental 
validation. 
 
Chapter 4 discusses 
the final results of 
localisation and 
sensing for CFmMIMO 
in the ISRD testbed. 
 
Chapter 5 presents 
the final JCAS results 
for the RIS, conducted 
by the EURECOM 
testbed. 

Task 4.2 
“Near-Field 
RIS 
components”  

This task shall develop the power-
concentrating focal point algorithms for 
the Greenerwave mmW RIS acquired from 
the CONVERGE project. The focal point 
beamforming and channel estimation 
algorithms are required for successful 
communications in the near-field, namely 
the use of hybrid beamforming (HBF) or 
dynamic metasurface antenna (DMA) 
solutions. The algorithms will be 
developed in a manner that considers the 
physical characteristics of the mmW RIS 
platform. The algorithms developed will 
be deployed in a RIS control computer in 
collaboration with GRW. For the full 
communication link, as transmit and 
receive parts, we shall deploy Albesmart 
OAI-based mmW transceivers and/or 
mmW-capable commercial phones. The 
reflective surface, communications 
equipment and measurement setup will be 
deployed and calibrated in an anechoic 
chamber, and a set of measurements will 
be performed to assess the performance of 
the RIS in near-field NLOS 
communications scenarios. 

Chapter 6 

Chapter 6 covers the 
final activities for 
Task 4.2.  
 
This chapter explains 
the beamforming 
algorithm developed 
by UOULU for 
SUNRISE-6G and its 
final validation using 
the test infrastructure 
and equipment 
located at UOULU. 

Deliverable Description 

D4.4 ‘Final report on joint communication and sensing and Near-Field components’ 

Final report on joint communication and sensing for RIS, CFmMIMO, and Near-Field components 
for RIS. 
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2.2 Deliverable Overview and Report Structure 

The remainder of this deliverable is divided into three separate technical chapters, each 
describing the activities and work performed for a specific Enabler.  

Chapters 3, 4 and 5 cover the final outcomes of  Task 4.1.  

Specifically, Chapter 3 focuses on Enabler 1: JCAS for CF-mMIMO, describing the basic JCAS 
algorithm for CF-mMIMO, its implementation on the KUL testbed, and final experimental 
validation.  

Chapter 4 continues the discussion of Enabler 1 by presenting the final results of localisation and 
sensing for CF-mMIMO in the ISRD testbed environment.  

Chapter 5 describes the final results of Enabler 2: JCAS for RIS from EURECOM’s testbed. 

Chapter 6 discusses the outcomes of Task 4.2, focusing on the third Enabler: Near-Field RIS 
Components.  

Finally, the conclusions of the work described in the deliverable are drawn in Chapter 7. 
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3 Enabler 1: JCAS for CFmMIMO 

The goal of this section is to provide insights into the trade-off between the allocation of radio 
resources (e.g., bandwidth and antennas) and the achievable performance in JCAS systems. To 
this end, we present the KUL CF-mMIMO experimental testbed, designed to analyse how large 
antenna arrays can reduce bandwidth requirements to achieve a certain sensing accuracy.  
Specifically, the aim was to investigate the optimal allocation of radio resources that maximises 
the sensing accuracy with minimum reduction of communication capacity for the user. 

3.1 Introduction 

The preliminary research showed that a dual bi-static and mono-static sensing algorithm could 
achieve up to 50 cm localisation accuracy using a single radio sensing configuration and a known 
location of a single UE (cf. D4.11). However, this came with an excessive bandwidth requirement 
of approximately 90% of the radio's 400 MHz effective bandwidth. This means that for such an 
application, only 10% of the subcarriers could be allocated for communication, which is not 
feasible. To address the optimisation of the trade-off between the radio resources, the 
communication capacity and sensing performance, we investigated two distinct experimental 
JCAS architectures:  

1. A massive MIMO uniform linear array, where antennas are densely arranged along a 
single spatial dimension,  

2. A distributed antenna array, representing a cell-free (CF) massive MIMO topology with 
antennas grouped across multiple access points.  

These setups enabled a systematic evaluation of sensing and communication performance under 
varying resource constraints, providing experimental evidence on how antenna configuration 
and bandwidth allocation affects sensing accuracy and link capacity. 

3.2 KUL Testbed: CF-MIMO Experimental Setup 

To address the large bandwidth requirements for the sensing application reported in D4.1, we 
investigate how large antenna arrays can reduce the per-radio-link frequency resources while 
improving sensing accuracy. Two topologies have been investigated:  

1. The antennas are distributed as a linear uniform array throughout one of the spatial 
dimensions,  

2. The array of antennas is spatially distributed as a subset of Nap (number of access points) 
by NL (number of antennas) configuration. 

3.2.1 KUL Testbed Setup 1: Massive MIMO Uniform Linear Antenna Array 

In the first scenario, we investigate how to improve the sensing performance of the 
communication system by using a massive MIMO array of antennas configured in a large Uniform 
Linear Array (ULA) of N = 64 antennas. The antennas are separated by 0.07m each and connected 
in groups of 2 to a total of 32 Radio Units (RUs), as shown in the Testbed Setup in Figure 1. 

The 32 RUs of the testbed correspond to National Instruments (NI) Universal Software Radio 
Peripheral USRP-2942. The UE is also emulated by the same Software Defined Radio (SDR).  The 
RUs are configured for a bandwidth of 18 MHz operating at 3.5 GHz. The OFDM sensing waveform 
consists of 100 pilot subcarriers spaced at 180 kHz.  

These pilot signals are used for Channel Estimation across the array of antennas and further 
extract the location of the UE implicit in the channel state indicator (CSI) data. After channel 
estimation, the CSI data are recorded for 5 seconds, corresponding to L = 10,000 OFDM symbols.  

 
1 D4.1 open access link: https://sunrise6g.eu/wp-content/uploads/2025/07/20250403_SUNRISE-6G_D4.1_v1_FINAL.pdf  

https://sunrise6g.eu/wp-content/uploads/2025/07/20250403_SUNRISE-6G_D4.1_v1_FINAL.pdf
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Figure 1: KUL Massive MIMO Uniform Linear Antenna Array 

The measured CSI is represented as a tensor 𝒓: 

𝒓 ∈ 𝐶𝑁×𝐾×𝐿      (1) 

where N is the number of antennas, K is the number of subcarriers, and L is the number of ODFM 
symbols. This tensor will serve as input to the JCAS algorithm to estimate the UE's location, as 
further outlined in subsection JCAS Algorithm, Algorithm 1. 

To determine the ground-truth location of the UE, a Motion Capture System (MoCap) is calibrated 
to share the same coordinate system as the MIMO testbed. It achieves millimetre-level accuracy 
by tracking a marker attached to the UE. 

3.2.2 KUL Testbed Setup 2: Massive MIMO Distributed Antenna Array 

In the second scenario, we investigate how to improve the sensing performance of the 
communication system by using a massive MIMO array of antennas configured in a large linear 
array of N = 64 antennas. The 64 antennas are distributed in groups of 8 antennas and 8 Virtual 
Access Points (AP), each AP consist of 4 RUs. Figure 2 shows the Testbed Setup. Essentially, it 
comprises the same infrastructure as the previous setup, but with a different configuration for 
the antenna array. 

 

Figure 2: KUL CFmMIMO Distributed Antenna Array 

In this setup, the experimental goal is to investigate the amount of radio resources (i.e., antennas 
and subcarriers per RU) to achieve 1-2 cm accuracy, to be capable of detecting micro movements 
such as the chest expansion of a human when breathing. 
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3.3 JCAS Algorithm 

Two different algorithms have been studied and tested in the final setup. Proposed algorithms 
are described in the following sub-chapters, and results are presented in Chapter 3.4. 

3.3.1 JCAS Algorithm 1: Massive MIMO Uniform Linear Antenna Array 

This section introduces JCAS Algorithm 1, which leverages a Massive MIMO ULA Array to enable 
joint communication and sensing for UE localisation. The algorithm processes CSI measurements 
and applies calibration techniques to mitigate frequency and spatial phase offsets, enabling 
accurate position estimation. 

From a state-of-the-art perspective, UE localisation in OFDM-based massive MIMO and ISAC 
systems has primarily relied on CSI-based methods that combine the delay-domain resolution of 
OFDM with the spatial resolution of large-scale antenna arrays. The literature has extensively 
examined frequency synchronisation and compensation for carrier-related phase distortions and 
has more recently identified antenna-dependent spatial phase offsets as a major source of 
performance degradation in practical deployments. This has motivated the development of 
calibration-oriented and joint synchronisation approaches to restore phase coherence across 
both subcarriers and antennas. However, despite these advances, the combined treatment of 
frequency- and spatial-phase incoherence within a practical, experimentally validated 
localisation framework remains insufficiently addressed in the current state of the art [10] . 

3.3.1.1 Problem Setting and Signal Model:  

A static UE transmits a predefined pilot signal to N receiver antennas arranged as a ULA (cf. Figure 
1). The signal received at each antenna differs according to its respective distance 𝑑𝑛 from the 
UE. The received signal at the n-th antenna during one single OFDM symbol is expressed as:  

𝑟𝑛𝑘 = 𝛼𝑛𝑒
−𝑗2𝜋(

𝑓𝑐
𝑐

+
Δ𝑓

𝑐
𝑘)𝑑𝑛 + 𝑤𝑛𝑘     (2) 

where 𝑘 ∈ 1,2, … , 𝐾 is the OFDM subcarrier index, 𝛼𝑛 denotes the signal amplitude accounting 
for path loss, 𝑓𝑐 is the carrier frequency, 𝛥𝑓 is the subcarrier spacing, and 𝑐 is the speed of light. 
Further,  𝑤𝑛𝑘 is the complex additive white Gaussian noise, being: 

𝑤𝑛𝑘 ∼ 𝒞𝒩(0, 𝜎𝑛
2)      (3) 

In practice, the measurements include two impairments: frequency-dependent phase offsets 𝜙𝑛𝑘
𝑓

 

across subcarriers and spatial (antenna-dependent) phase offsets 𝜙𝑛
𝑎. The measured CSI then 

becomes: 

𝑟𝑛𝑘̃ = 𝛼𝑛𝑒
−𝑗2𝜋(

𝑓𝑐
𝑐

+
Δ𝑓

𝑐
𝑘)𝑑𝑛𝑒𝑗𝜙𝑛𝑘

𝑓

𝑒𝑗𝜙𝑛
𝑎

+ 𝑤𝑛𝑘    (4) 

3.3.1.2 Calibration Algorithm: 

Inputs: Measured CSI 𝒓̃ ∈ 𝐶𝑁×𝐾×𝐿 collected over 𝐿 OFDM symbols, and a single extrinsic 
calibration point (𝑥𝑐𝑎𝑙 , 𝑦𝑐𝑎𝑙) (measured from a MoCap system) used once to estimate/correct 
static phase offsets. 

Outputs:  

(i) Calibrated CSI 𝒓̂ (frequency and spatial phases removed);  
(ii) 2-D localisation map 𝒜(𝑥, 𝑦);  
(iii) UE position estimate as the peak of 𝒜(𝑥, 𝑦); 

3.3.1.3 Frequency Phase Offset Estimation and Compensation: 

First, the frequency phase offset is estimated using the Least Square Estimator (LSE). With the 
ground truth location provided by the MoCap system, the ideal received signal 𝑟𝑛𝑘(𝑙) can be 
modelled as in the first equation. Then, the frequency phase offset can be estimated as: 
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𝜙𝑛𝑘
𝑓̂

= arg min
𝜙

𝑛𝑘
𝑓

∑ |𝑟𝑛𝑘̃(𝑙) − 𝑒𝑗𝜙𝑛𝑘
𝑓

⋅ 𝑟𝑛𝑘(𝑙)|
2

𝐿
𝑙=1     (5) 

where 𝑟𝑛𝑘̃(𝑙) is the measured signal, and 𝑙 =  {1,2, . . . , 𝐿} is the symbol index. The optimal 
solution of the LSE is given by: 

𝑒𝑗𝜙𝑛𝑘
𝑓̂

=
𝒓𝒏𝒌

𝑯 ⋅𝒓𝒏𝒌̃

𝒓𝒏𝒌
𝑯 ⋅𝒓𝒏𝒌

       (6) 

As a result, the compensated signal can be simply derived as: 

𝑟𝑛𝑘̂(𝑙) = 𝑟𝑛𝑘̃(𝑙) ⋅ 𝑒−𝑗𝜙𝑛𝑘
𝑓̂

     (7) 

3.3.1.4 Spatial Phase Offset Estimation and Compensation: 

As a result of range processing, 𝑁 Line of Sight (LoS) signals with spatial phase offset calibration 

are used to compute the localisation image, where the phase offset 𝑒𝑗𝜙𝑛
𝑎̂

 is estimated by 
comparing the measured signal with the ideal signal: 

  𝑟𝑛
𝐿𝑜𝑆 = 𝑒−𝑗2𝜋

𝑓𝑐
𝑐

𝑑𝑛        (8) 

as: 

𝑒𝑗𝜙𝑛
𝑎̂

=
𝑟𝑛

𝐿𝑜𝑆̃

𝑟𝑛
𝐿𝑜𝑆        (9) 

Then the compensated signal becomes: 

𝑟𝑛
𝐿𝑜𝑆̂ = 𝑟𝑛

𝐿𝑜𝑆̃ ⋅ 𝑒−𝑗𝜙𝑛
𝑎̂

      (10) 

3.3.1.5 UE Localisation: 

Finally, using the fully calibrated data, we compute the localisation map as: 

𝒜(𝑥, 𝑦) = |∑ ∑ 𝑒
𝑗2𝜋(

𝑓𝑐
𝑐

+
Δ𝑓

𝑐
𝑘)(𝑑𝑛(𝑥,𝑦)−𝑑𝑛)𝐾

𝑘=1
𝑁
𝑛=1 |

2

   (11) 

Then, the final estimation of the UE location is determined by: 

(𝑥, 𝑦̂) = 𝑎𝑟𝑔max
𝑥,𝑦

𝒜(𝑥, 𝑦)     (12) 

3.3.2 JCAS Algorithm 2: Massive MIMO Distributed Antenna Array 

The goal of the second sensing algorithm is to extract a user’s breathing waveform implicitly 
embedded in the uplink OFDM channel’s CSI, even in the presence of interference from moving 
objects. Our main aim is to investigate how many radio resources a realistic JCAS-based sensing 
application requires, compared to the communication link itself.  

The key idea of the developed algorithm is to exploit spatial macro-diversity across multiple 
distributed antennas and intelligently fuse the best signals using a new quality metric called 
Sensing-Signal-to-Interference Ratio (SSIR). The algorithm operates in two stages:  

1. Local respiratory signal extraction at each antenna (i.e., implicitly embedded in the RF 
channel variations).  

2. Distributed fusion using Weighted Antenna Combining (WAC) for robustness. 

 

CSI acquisition 

The CSI is collected when the UE (in Figure 2) transmits uplink pilots in time division duplex 
(TDD) mode. Each of the N distributed AP antennas estimates the CSI ℎ𝑛(𝑘, 𝑡). 



D4.4 ‘Final report on joint communication and sensing and Near-Field components’ 

©SUNRISE-6G  Page | 17  

3.3.2.1 Range Processing and Local Breathing Signal Estimation 

To isolate the chest-reflection path and coherently aggregate the subcarriers, the per-antenna CSI 
is converted to the range domain via Inverse Discrete Fourier Transform  (IDFT): 

ℎ𝑛
(𝑑)(𝑑, 𝑡) =

1

𝐾
∑ ℎ𝑛(𝑘, 𝑡)𝑒−

𝑖2𝜋∆𝑓𝑘𝑑

𝑐𝐾
𝑘=1      (13) 

The breathing waveform of each antenna, 𝑏𝑛(𝑡), is then estimated by tracking the phase changes 
of the dominant range bin. Then, the quality of each antenna is evaluated using SSIR, which is 
defined as: 

𝑆𝑆𝐼𝑅  =  10 log10
𝐸𝑠𝑢𝑏𝑗

𝐸𝑖𝑛𝑡𝑒𝑟𝑓
      (14) 

with, 

𝐸𝑠𝑢𝑏𝑗 = ∫ 𝑆(𝑓)𝑑𝑓
 

 
,  𝑓 ∈ 𝐹𝑠𝑢𝑏𝑗,         𝐸𝑖𝑛𝑡𝑒𝑟𝑓 = ∫ 𝑆(𝑓)𝑑𝑓

 

 
,  𝑓 ∈ 𝐹𝑖𝑛𝑡𝑒𝑟𝑓   (15) 

Where 𝐹𝑠𝑢𝑏𝑗 and 𝐹𝑖𝑛𝑡𝑒𝑟𝑓  represents the frequency band of interest for the subject’s respiration 

and the interference, respectively. The normal respiratory rate for an adult at rest is 10 to 30 
breaths per minute (BPM), i.e., 0.16 Hz - 0.5 Hz in the frequency domain. Based on this, we set 
the 𝐹𝑠𝑢𝑏𝑗 ∈ [0.02,  0.5] , capturing low-frequency components associated with breathing, while 

the interference band is defined as 𝐹𝑖𝑛𝑡𝑒𝑟𝑓 ∈ [0.5,  
𝑓𝑠

2
]  , representing higher frequency 

components beyond the typical respiration range. 𝑆𝑓 is the Power Spectral Density (PSD) derived 

from the complex CSI ℎ𝑛(𝑘, 𝑡). A higher SSIR value signifies reduced interference impact on the 
sensing signal. 

3.3.2.2 Weighted Antenna Combining 

So far, we have estimated the embedded breathing pattern from the RF signal at each antenna 
𝑏𝑛(𝑡) and corresponding 𝑆𝐼𝑅𝑛 values. To improve the estimation quality, inspired by the 
Maximum Ratio Combining (MRC) theory in MIMO systems, we combine the outputs of all 
antennas through a weighted sum, where each antenna’s contribution is determined by its locally 
estimated SSIR value. Antennas with weak SSIR are excluded via a thresholding rule. To avoid 
degenerate cases in which all SSIR values fall below the threshold, we introduce a fallback 
mechanism that retains only the top-K% of antennas, ensuring robustness. We refer to this 
process as WAC. The antenna selection is given by: 

𝐴𝛾 = {
{𝑛 | 𝑆𝑆𝐼𝑅𝑛 ≥ 𝛾}, 𝑖𝑓 ∃𝑛 ∶ 𝑆𝑆𝐼𝑅𝑛 ≥ 𝛾

{𝑛 | 𝑆𝑆𝐼𝑅𝑛  ∈  𝑡𝑜𝑝 − 𝐾%}, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
   (16) 

where 𝐴𝛾 denotes the selected antenna subset, and K serves as a tunable parameter (K = 5 in our 

implementation). The weighting is defined as: 

𝑤𝑛 = {

𝑆𝑆𝐼𝑅𝑛

∑ 𝑆𝑆𝐼𝑅𝑗𝑗∈𝐴𝛾

, 𝑛 ∈  𝐴𝛾

0, 𝑛 ∉  𝐴𝛾

     (17) 

The final respiration estimate is then expressed as: 

𝑏(𝑡) = ∑ 𝑤𝑛
𝑁
𝑛=1 𝑏𝑛(𝑡),       (18) 

where 𝑏(𝑡) denotes the local estimate from the n-th antenna. 

 

Evaluation 

The final estimated breathing waveform extracted from the RF signal is evaluated by computing 
the correlation between the estimated respiration signal and the motion-capture ground truth, 
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i.e., how similar the sensed RF estimation is, compared to the MoCap accurate estimation 
(millimetre level resolution): 

𝑐𝑜𝑟𝑟  =  
⟨𝑏(𝑡), 𝑏𝐺𝑇(𝑡)⟩

|𝑏(𝑡)|∙|𝑏𝐺𝑇(𝑡)|
      (19) 

The correlation value ranges between 0 and 1, where a value of 1 indicates that the estimated 
signal is identical to the ground truth. This metric provides more informative insights than BPM, 
particularly in scenarios with varying breathing rates. The Average Correlation is then the 
average over many samples/tests. 

3.4 Final Experiments and Validation Results 

This subsection presents the experimental validation of the proposed JCAS framework using the 
KUL experimental testbed. The experiments aim to quantify the trade-offs between sensing 
accuracy, communication capacity, and bandwidth allocation under different antenna 
configurations. Two complementary experiments are conducted:  

1. The first evaluates a massive MIMO uniform linear antenna array, focusing on improving 
localisation accuracy through phase calibration and array gain;  

2. Investigates a distributed CF-mMIMO configuration, analysing how the number of 
antennas and OFDM subcarriers influence sensing and communication performance.  

Together, these experiments provide empirical insights into how CF-mMIMO architectures can 
enable efficient and accurate sensing while maintaining high communication throughput using 
limited spectral resources. 

3.4.1 JCAS Experiment 1: Massive MIMO Linear Antenna Array 

The measured CSI data from the Experimental Setup 1 (in Figure 1) is post-processed to 
sequentially estimate and correct frequency and spatial phase offsets through extrinsic 
calibration using a single previously known UE location. Figure 4 shows the result after 
compensation for both frequency and spatial phase offsets. The UE can be accurately localised 
with a spatial estimation error of only 1.2 cm. The localisation error is lower than that achieved 
by using a single 400 MHz wideband RU and dual monostatic-bi-static triangulation by an order 
of magnitude 10 i.e., ~50 cm to only 1.2 cm (cf. D4.12). Notice that increasing the number of 
antennas can reduce the bandwidth available in the RF wireless channel by a factor of 20.    

 

 

Figure 3: Visualisation of the UE Localisation Results 

 

 
2 D4.1 open access link: https://sunrise6g.eu/wp-content/uploads/2025/07/20250403_SUNRISE-6G_D4.1_v1_FINAL.pdf  

https://sunrise6g.eu/wp-content/uploads/2025/07/20250403_SUNRISE-6G_D4.1_v1_FINAL.pdf
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3.4.2 JCAS Experiment 2: Massive MIMO Distributed Antenna Array 

In Experiment 2, the trade-off between the algorithm's sensing performance and the radio 
resources required, as a function of sensing accuracy (i.e., the number of antennas and OFDM 
subcarriers required for sensing pilots), has been investigated. We also analyse the 
communication performance using the effective link capacity as a metric. In this experiment, the 
experimental testbed for distributed CF-mMIMO  is used (see Figure 2). 

Figure 4 shows the accuracy of the sensing algorithm to track the 1-2 cm movement variation of 
the human (caused by breathing) as depicted in Figure 2 as a function of the number of OFDM 
subcarriers. Also, the capacity of the communication link is analysed. Notice that here we do not 
implement radio resource splitting between communication and sensing but instead analyse the 
performance of each if a certain number of subcarriers K is allocated to it.  

The system bandwidth, determined by the number of OFDM subcarriers K and the subcarrier 
spacing Δ𝑓, defines the available spectral resources. As illustrated in Figure 4, increasing the 
number of OFDM subcarriers allocated to user data results in a linear increase in communication 
capacity. 

 

Figure 4: Sensing and Communication Performance with different numbers of subcarriers 

The sensing algorithm achieves an excellent average correlation (i.e., ~0.85) for an OFDM 
waveform of only 9 subcarriers allocated for sensing, and even from K=3, the average correlation 
is close to 0.8. Notice that in the evaluated scenario, increasing the number of subcarriers beyond 
K=9 does not improve sensing performance. Therefore, in an OFDM configuration of 100 
subcarriers, the optimal K splitting between sensing and communication is in the range between 
3:97 and 9:91, i.e., only 3% to 10% of the bandwidth is required for this sensing application. 

Figure 5 shows the accuracy of the sensing algorithm as a function of the number of antennas, 
considering the use of the full 18 MHz bandwidth (i.e., K=100). It illustrates the sensing and 
communication performance as the number of randomly selected receive antennas varies, 
considering a transmission period 𝑇𝑃 = 5.56 𝜇𝑠, signal-to-noise ratio 𝑆𝑁𝑅 = 5 𝑑𝐵, coherence 
time 𝑇𝑐 = 5 𝑚𝑠, and 𝑘 = 100. 

Notice that, in this case, the antenna space can be used for both communication and sensing 
because they are fully integrated at the hardware level. In CF-mMIMO systems, the number of 
distributed receive antennas 𝑀 is a critical factor in improving both communication and sensing 
performance. In communication, increasing the number of antennas provides array gain, 
enhancing the effective SNR and enabling higher capacity through spatial diversity. For sensing 
applications, particularly under interference conditions, a larger antenna array enhances 
robustness and spatial diversity, improving signal quality.  
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Figure 5: Sensing and Communication Performance with varying numbers of Randomly Selected Receive 
Antennas 

As shown in Figure 5, the communication capacity (blue line) increases monotonically with the 
number of antennas due to maximal-ratio combining gain. The maximum sensing accuracy 
(~0.85 average correlation) is achieved near M = 20 antennas.  Notably, even with only a few 
antennas (M = 3), the system achieves 0.75 of correlation performance [10] . 

3.4.3 Datasets 

The datasets used for experiments are available as part of a major dataset generation effort 
involving 6G-BRICKS, MULTI-X, and SUNRISE-6G projects, aimed at facilitating frictionless 
reproducibility of experimental models and validation.  

• Experiment 1: The dataset has not yet been published in a public repository. It is pending 
curation and post-processing. Nevertheless, raw data is available upon request. 

• Experiment 2: the data used can be found via this link: https://ieee-
dataport.org/documents/respiration-sensing-cell-free-massive-mimo-0 . 

https://ieee-dataport.org/documents/respiration-sensing-cell-free-massive-mimo-0
https://ieee-dataport.org/documents/respiration-sensing-cell-free-massive-mimo-0
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4 Localisation and Sensing for CFmMIMO 

The goal of this section is to address integrated localisation and radio sensing within a CF-mMIMO 
architecture in a simulated environment. 

4.1 Objective 

The objective is to enable detection, classification, and localisation of general objects (non-UE 
targets) using existing 5G NR radio signals without dedicated sensing hardware. Unlike 
conventional positioning systems that rely on cooperative UEs, the proposed framework extends 
sensing capability to: 

• Static infrastructure and blockers 
• Pedestrian-type movers 
• Ground vehicles 
• Dynamic clutter (crowds) 

The solution exploits distributed RUs in CF-mMIMO to capture channel perturbations from 
reflections, blockage, Doppler shifts, and power anomalies. Sensing is integrated at the DU level 
processing and fused centrally for decision-making. The enabler comprises two tightly coupled 
components: 

1. Localisation Algorithm (range estimation + multi-RU fusion) 
2. General Object Detection Algorithm (detection + classification + confidence scoring) 

The overall goal is to maximise sensing accuracy while minimising impact on communication 
capacity. 

4.2 Testbed for Experimental Setup 

This section presents the testbed used to validate the proposed localisation enabler. It outlines 
the experimental setup, including the system architecture and the radio signal features extracted 
from the O-RAN platform to support sensing and localisation functionalities. 

4.2.1 Architecture 

The validation of Enabler 1 for localisation has been conducted through a hybrid methodology 
combining simulation-driven evaluation with early-stage experimental extraction of radio 
measurements from the IS-Wireless O-RAN platform. While the General Object Detection and 
Localisation algorithms were primarily validated within a controlled simulation environment, the 
sensing feature pipeline has been aligned with real measurements collected from the operational 
O-RAN stack. This ensures that the developed models are grounded in deployable RAN telemetry 
rather than purely synthetic abstractions. The validation is conducted on the ISW testbed 
consisting of: 

• 3 to 30 distributed RUs 
• Centralised DU processing layer 
• Near-RT RIC-compatible sensing engine 
• MATLAB/Python-based simulator 
• Real-time telemetry capture (RSRP, SINR, CSI statistics, Positioning Reference Signal 

(PRS)/ Sounding Reference Signal (SRS) derived features) 

The experimental platform has been primarily used to validate signal availability, measurement 
stability, and feature resolution. Full-scale over-the-air trials with non-cooperative targets are not 
yet the primary objective. Instead, the emphasis is on ensuring that the sensing observables 
required by the General Object Detection and Localisation algorithms can be accessed within the 
IS-Wireless O-RAN implementation and exposed in a format compatible with DU-level processing 
and Near-RT RIC integration.   



D4.4 ‘Final report on joint communication and sensing and Near-Field components’ 

©SUNRISE-6G  Page | 22  

The minimum validated geometry consists of: 

• 3 RUs arranged in triangular topology (120° separation) 
• 2D operational area (0–100 m × 0–100 m) 
• Optional 3D extension for UAV scenarios 

This emulation framework allows precise control of RU topology, propagation conditions, and 
object behaviour. A baseline configuration with three spatially separated RUs arranged in a 
triangular geometry has been used to ensure sufficient spatial diversity for localisation. The 
environment supports insertion of static and dynamic objects, including pedestrians, vehicles, 
UAVs, and static blockers. Mobility patterns, signal attenuation, Doppler effects, and multipath 
perturbations can be systematically varied to evaluate detection robustness under varying radio 
conditions. 

4.2.2 Signal Features Used for Sensing 

The system reuses communication signals: 

• PRS-based timing features 
• SRS-based uplink channel estimation 
• CSI-RS derived multipath statistics 
• RSRP/SINR variations 
• Doppler spread estimation 
• Channel impulse response perturbations 

4.3 Sensing for the Object Detection Algorithm 

The sensing component of Enabler 1 enables detection and classification of non-cooperative 
objects using existing 5G NR radio measurements within a CF-mMIMO architecture. The 
algorithm operates without requiring the object to transmit any signal. Instead, it passively 
observes perturbations introduced in the radio channel, leveraging distributed RU measurements 
and DU-level processing. The sensing pipeline consists of three logical layers: anomaly detection 
at the RU level, multi-RU fusion, and object classification. 

At the RU level, sensing observables are derived from CSI-RS statistics, PRS-related timing 
features, SRS-based uplink channel estimates, and conventional KPIs such as RSRP and SINR. The 
algorithm continuously monitors deviations from baseline channel behaviour. These deviations 
include: 

• Power fluctuations exceeding statistical thresholds, 
• Sudden multipath profile changes, 
• Doppler spread variations, 
• Temporal variance anomalies. 

A statistical deviation metric is computed using normalised residuals: 

𝑍𝑖 =
𝑋𝑖−𝜇𝑖

𝜎𝑖
      (20) 

where 𝑋𝑖  represents the current measurement, and 𝜇𝑖 , 𝑎𝑛𝑑 𝜎𝑖 are baseline mean and standard 
deviation values learned during nominal conditions. When ∣ 𝑍𝑖 ∣exceeds a predefined sensitivity 
threshold, the RU flags a potential object presence. Each RU generates a confidence score 𝑤𝑖 ∈
[0,1], combining anomaly magnitude, persistence over time, and measurement consistency. This 
confidence is not binary but continuous, allowing graded influence in subsequent fusion. 

Multi-RU fusion follows a cooperative decision logic. Detection is confirmed when at least one RU 
reports a strong anomaly, and geometric consistency is observed across neighbouring RUs. The 
confidence scores are aggregated to form a global detection score: 
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𝐶global =
∑ 𝑤𝑖𝑖

𝑁active
      (21) 

If 𝐶global exceeds the operational threshold (civil or defence profile dependent), the object is 

declared detected. 𝑁𝑎𝑐𝑡𝑖𝑣𝑒  represents the number of RUs that actively report a valid sensing track 
for the object at that time instant. 

Classification is then performed based on motion signatures and channel dynamics. Features used 
include Doppler magnitude, temporal stability, variance patterns, and optional elevation-related 
indicators. The classification logic distinguishes among static blockers, pedestrians, and vehicles 
using rule-based decision boundaries, with extensibility toward Machine Learning (ML)-based 
classifiers in future releases. 

4.4 Localisation Algorithm 

In our localisation design, we have adopted a dual-core strategy to ensure robustness across 
different object types and radio conditions. Rather than relying on a single geometric solver, we 
actively select between two complementary localisation mechanisms depending on 
measurement quality and RU visibility. This approach allows us to handle both strong reflective 
targets (e.g., vehicles) and weak or diffuse targets (e.g., pedestrians, blockers) within the same 
CF-mMIMO framework. 

The two localisation cores implemented in our algorithm are: 

• Core-A: Weighted Nonlinear Least Squares (WNLS) Trilateration 
• Core-B: Radio Tomographic Imaging (RTI) 

In addition, we implement a lightweight fallback strategy to guarantee graceful degradation in 
edge cases. 

4.4.1 Core-A: WNLS Geometry-Based Trilateration 

In our primary localisation core, we use confidence-weighted trilateration based on range-like 
estimates extracted from RU-level sensing features. Each RU 𝑖, located at position 𝐩𝑖 = (𝑥𝑖, 𝑦𝑖), 
estimates a distance 𝑟̂𝑖 to the detected object using radio signals (e.g., SRS/PRS timing offsets and 
CSI-based perturbation peaks). We associate each estimate with a confidence weight 𝑤𝑖 that 
reflects anomaly strength and measurement stability. We then compute the object position 𝐱 =
(𝑥, 𝑦)by minimising the weighted residual error: 

min 
𝐱

∑ 𝑤𝑖𝑖∈𝒮 (∥ 𝐱−𝐩𝑖 ∥2 −𝑟̂𝑖)2      (22) 

where 𝒮contains the selected RUs (minimum three). In practice, we interpret each RU estimate 
as defining a circle centred at 𝐩𝑖with radius 𝑟̂𝑖. We then compute the intersection that best 
satisfies all constraints in a weighted least-squares sense. We solve the optimisation iteratively 
using a Gauss–Newton update: 

𝐱𝑘+1 = 𝐱𝑘 − (𝐽𝑇𝑊𝐽)−1𝐽𝑇𝑊𝐫     (23) 

where 𝐽 is the Jacobian matrix, 𝑊 = diag(𝑤𝑖), and 𝐫 is the residual vector. In our design, we activate 
this core when: 

• At least three RU tracks exceed the confidence threshold, 
• The object exhibits strong reflective behaviour, 
• The RU geometry is well-conditioned. 

We primarily use WNLS for vehicles, as it produces stable, strong range-like signatures. We also 
allow pedestrians to be processed through WNLS when their channel perturbation remains 
temporally consistent. 
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4.4.2 Core-B: Radio Tomographic Imaging 

When geometric trilateration becomes unreliable, we switch to RTI. In this core, we do not 
depend on explicit range estimation. Instead, we reconstruct the object location from distributed 
link-level signal disturbances. 

In our implementation, we monitor attenuation or perturbation Δ𝑃𝑙on RU–UE links. When an 
object blocks or scatters signals, it introduces measurable deviations across multiple links. We 
discretise the spatial area into a grid and model link disturbances as: 

Δ𝑃𝑙 = ∑ 𝑤𝑙,𝑗
𝑗

𝑥𝑗 + 𝑛𝑙      (24) 

where 𝑥𝑗represents the disturbance intensity of spatial cell 𝑗, 𝑛𝑙  represents the measurement 

noise on link 𝑙 and 𝑤𝑙,𝑗encodes link geometry influence. We reconstruct the disturbance map by 

solving: 

𝐱̂ = (𝑊𝑇𝑊 + 𝜆𝐼)−1𝑊𝑇Δ𝐏     (25) 

where 𝜆 ensures regularisation and numerical stability. After reconstruction, we estimate the 
object position as the centroid of the strongest disturbance region. In our system, we select RTI 
when: 

• Fewer than three RUs provide confident range estimates, 
• The target generates weak or diffuse reflections, 
• The geometric configuration becomes unstable. 

We typically use RTI for pedestrian-like objects or static blocker scenarios where distributed 
attenuation patterns exist, but strong range-like measurements do not. 

4.4.3 Fallback Strategy 

In rare edge cases where both WNLS and RTI become unreliable, we apply a simplified fallback. 
We compute weighted midpoints of the most anomalous RU–UE links to produce a coarse but 
stable position estimate. This ensures that localisation does not collapse entirely under degraded 
sensing conditions. 

4.4.4 Experimentation and Validation Results 

We validated the sensing and localisation framework primarily at the simulation level using the 
SUNRISE-6G CF-mMIMO Digital Twin environment, with parameters calibrated from 
measurements extracted on the O-RAN side. Our goal was not only to check numerical accuracy, 
but also to confirm that the overall behaviour of the algorithm makes sense across different object 
types and radio conditions. 

We started by validating the “no object” scenario. In this case, we intentionally ran the system 
under normal channel drift and noise without inserting any target. The detection logic remained 
inactive, as expected. Because we enforce a hard guard together with temporal persistence, 
random KPI fluctuations did not trigger false alarms. This confirms that the baseline modelling 
and anomaly thresholds are well-tuned and that the system does not overreact to normal radio 
variability. 

Next, we evaluated class separation between pedestrian and vehicle scenarios. Vehicles generate 
stronger reflections and more pronounced Doppler signatures. As a result, the detection 
confidence increases quickly and remains stable over time. Pedestrians, on the other hand, 
introduce milder and more diffuse channel disturbances. Their Doppler values are lower, and 
reflection metrics fluctuate more. Despite this smaller margin, the classification logic remains 
consistent, and the algorithm clearly separates Class 3 (pedestrian) from Class 4 (vehicle) based 
on combined feature patterns rather than a single threshold. 
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We also carefully examined how the localisation method switches between WNLS and RTI. When 
three or more RUs provide stable and confident range-like estimates, the system selects WNLS 
trilateration. This typically occurs in vehicle scenarios, where reflections are strong and 
geometric constraints are reliable. In contrast, when the geometry becomes weaker, or range 
estimates are less stable (e.g., as observed in pedestrian cases), the algorithm automatically 
switches to RTI tomography. In these situations, distributed link disturbance mapping provides 
a more robust estimate than strict geometric trilateration. Across repeated simulation runs, this 
switching behaviour remained consistent and aligned with the target's physical characteristics. 
From a qualitative performance perspective, we observed the following trends: 

• For Background (Class 0) as shown in Figure 6 conditions, detection remains inactive by 
design. This confirms that the algorithm does not misclassify normal channel variations 
as object presence. 

• For Pedestrian (Class 3) scenarios as shown in Figure 7, detection margins are lower, as 
expected. In such cases, RTI often provides more stable localisation than WNLS, 
particularly when RU geometry is not ideal or when only two strong tracks are available. 

 

 

Figure 6: General Object Detection, Categorisation, and Localisation Through Sensing- No 
Object/Background (Class 0) 

 

The graphical validation environment further helped us verify system behaviour. The topology 
panel shows RU positions, object trajectory, and the comparison between true and estimated 
locations. The xApp output panel reports the detected class, selected localisation method, and 
engaged RU identifiers. Additional panels display Key Performance Indicator (KPI) z-score traces 
(RSRP, SINR, BLER) and DU-level sensing features, including Doppler, spread, confidence, and 
reflection metrics. These visualisations make it straightforward to correlate channel 
perturbations with detection and localisation decisions. Overall, the validation confirms that our 
sensing and localisation chain behaves coherently and predictably. Detection remains stable in 
nominal conditions, classification reflects physical signal characteristics, and the adaptive 
localisation core selection responds appropriately to measurement quality and RU geometry. 
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Figure 7: General Object Detection, Categorisation, and Localisation Through Sensing-Pedestrian (Class 3) 
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5 Enabler 2: JCAS for RIS 

The goal of this section is to study JCAS when RIS is used to enhance communication coverage, 
especially when a LoS link is unavailable. 

5.1 Introduction 

A RIS is a planar array composed of many low-cost, nearly passive reflecting elements that can be 
individually controlled [10] . By adjusting certain circuit parameters of each element, an RIS can 
modify the electromagnetic properties of incoming signals, such as their amplitude and phase. As 
a result, RIS introduces additional degrees of freedom (DoF) for beamforming, leading to 
significant beamforming gains [11] . 

The main motivations for integrating RIS into JCAS systems are summarised as follows: 

• Non-line-of-sight (NLoS) communication and sensing: When obstacles block the 
direct LoS path between the transmitter, receiver, or users, an RIS can be deployed to 
create a virtual LoS link. Similarly, in sensing applications, an RIS can form a virtual LoS 
path between the transmitter/receiver and targets located in NLoS conditions. 

• Interference management: RIS can actively shape the propagation environment by 
directing signals in specific directions. This enables the system to beamform radar signals 
toward targets while steering communication signals toward users, thereby mitigating 
interference between radar and communication functionalities. 

• Coverage enhancement: RIS can improve network coverage. For instance, in [12], it was 
shown that placing a 25×25 planar RIS in an optimal position can expand the coverage 
area by up to 40%. 

• Improved channel conditions: Millimetre-wave (mmWave) and terahertz (THz) 
systems often suffer from low-rank channels dominated by a single LoS path, limiting 
multiplexing gains. RIS can enrich the channel environment, increase channel rank, and 
enhance overall system performance [13]. 

In this context, this work investigates the integration of RIS into a JCAS framework within an O-
RAN architecture. In particular, we propose a RIS control approach implemented as an O-RAN 
xApp, which leverages radio measurements to dynamically configure the RIS. Unlike conventional 
RIS optimisation methods that rely on offline optimisation, the proposed approach is designed 
for real-time deployment using practical network measurements. Furthermore, the solution is 
validated in a real FR2 experimental testbed, demonstrating its applicability in realistic scenarios. 

5.2 RIS Control Algorithm Within O-RAN Framework 

As described in D2.4: “Final SUNRISE-6G Overall Architecture”3, the RIS will be managed 
according to the O-RAN architecture, with a dedicated xApp responsible for executing the RIS 
control algorithm. This RIS control xApp will utilise two supporting xApps: the key performance 
measurement (KPMs) xApp and the Position xApp. The KPM xApp collects radio channel 
information from connected UEs, such as RSRP, reference signal received quality (RSRQ), and 
SNR, which are essential for effective RIS control. The Position xApp provides UE location data 
via ultrawideband (UWB) connectivity, which will soon be replaced by 5G connectivity.  

The use of xApps was chosen to enable experimenters to implement their own RIS control 
algorithms within an xApp and test them by uploading the xApp to our platform. Further details 
about the O-RAN approach and its architectural design can be found in D2.4. 

 
3 D2.4 open access link: https://sunrise6g.eu/wp-content/uploads/2026/03/SUNRISE-6G_D2.4-Final-SUNRISE-6G-
overall-architecture.pdf  

https://sunrise6g.eu/wp-content/uploads/2026/03/SUNRISE-6G_D2.4-Final-SUNRISE-6G-overall-architecture.pdf
https://sunrise6g.eu/wp-content/uploads/2026/03/SUNRISE-6G_D2.4-Final-SUNRISE-6G-overall-architecture.pdf
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5.3 FR2 Set-up 

The FR2 setup is fully compliant with O-RAN and comprises a commercial RU from LiteON 
Technology Corp., an Open AirInterface (OAI) distributed unit (OAI DU), an OAI central unit (OAI 
CU), and an OAI core network (OAI CN).  

The LiteON’s FR2 RU is a Category-A O-RAN compliant mmWave RU. It provides two independent, 
concurrent beams on the same 64-element (8x8) array, with an effective isotropic radiated power 
(EIRP) of 49 dBm. It uses the O-RAN 7.2 fronthaul interface and provides 120-degree horizontal 
and vertical beam widths. The unit operates in band n257 (26500MHz -29500MHz) with up to 
400 MHz operating bandwidth. Beam selection is handled by the O-RAN 7.2 C-plane application 
programming interfaces (API). 

The OAI DU server is equipped with an AMD EPYC 9374F processor from the Genoa family, 
providing 32 physical CPU cores. The processor can operate at a maximum clock speed of 
approximately 4304.9312 MHz and a minimum of 1500 MHz, offering flexible performance 
scaling based on workload demand. It also includes a large 256 MiB L3 cache, which helps 
improve data access efficiency and supports high-performance real-time telecommunications 
processing. The server is configured with 128 GB of RAM, providing sufficient capacity for 
virtualised RAN applications, low-latency workloads, and multi-process execution. 

For network connectivity, the OAI DU server uses an Intel E810-XXV network interface card that 
supports 10-gigabit and 25-gigabit Ethernet, making it suitable for high-bandwidth fronthaul 
communication in 5G environments. The server firmware is provided by ASUS, based on BIOS 
developed by ASUSTeK COMPUTER INC. The operating system installed is Ubuntu Pro 22.04, 
running with the 5.15.0-1038 real-time kernel, which is specifically optimised for deterministic 
latency and telecom-grade performance. 

The centralised unit-control plane/user plane (CU-CP/UP) and core network (CN) environment 
runs on a separate server using an Intel Xeon Silver 4316 processor with 20 CPU cores. This 
processor is designed for scalable cloud and networking applications, making it appropriate for 
CP, UP, and CN functions. The network interface on this system is an Intel X710 that supports 10-
gigabit Ethernet, providing reliable throughput for midhaul and backhaul connectivity. The 
detailed configuration parameters of the gNB are summarised in Table 2. 

Table 2: Selected gNB’s Configuration 

Parameter Value 

Absolute SSB Frequency 2090683 

DL/UL Frequency Band 257 

DL absolute Frequency Point A 2090043 

DL/UL Subcarrier Spacing 120 KHz 

PRB Numbers 66 

Preamble Received Target Power -118 dBm 

Power Ramping Step 2 dB 

DMRS Type A Position Pos 2 

Number of Downlink Slots 2 

DL-UL Transmission Periodicity 0.625 ms 

pMax 20 
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PRACH Configuration Index 135 

Number of DL Slots 2 

Number of DL Symbols 6 

Number of UL Slots 2 

Number of UL Symbols 4 

5.4 RIS Specification 

The Greenerwave RIS is a software-defined connectivity enhancement technology designed to 
improve wireless coverage and signal quality in both indoor and outdoor environments. It 
operates by passively controlling the reflection of electromagnetic waves, effectively redirecting 
signals toward end users and functioning as a smart relay between BTSs and user devices. Unlike 
traditional active repeaters, the RIS achieves this without generating its own radio signal, thereby 
offering a low-power, cost-efficient solution for network optimisation [7] . 

RIS technology can be deployed in a wide range of scenarios where conventional infrastructure 
may struggle to provide consistent coverage or capacity, including: 

• Industry 4.0 environments, such as smart factories or automated production lines, where 
reliable wireless communication is critical for machine coordination and real-time 
control; 

• Large public events or gatherings, to ensure uniform signal distribution across dense user 
populations; 

• Transportation hubs like airports, train stations, and seaports, where signal blockage and 
interference are common; 

• Large infrastructures such as shopping malls, campuses, and stadiums, requiring 
enhanced coverage; 

• Urban “white spots”, or coverage gaps in dense city environments. 
• Secure or sensitive buildings, where controlled and directed wireless connectivity can 

improve both performance and data protection. 

The RIS hardware module has compact dimensions of 350 mm × 260 mm × 40 mm, making it 
suitable for wall or ceiling mounting. Its operation is managed by a Python-based control software 
library, enabling seamless integration with programmable, automated network management 
systems. Multiple RIS panels can be tiled together, up to four units, to form a Large Intelligent 
Surface (LIS), thereby extending the effective reflection area and improving beamforming 
capabilities. The RIS can be configured in two ways: 

• High-level configurations, such as specifying the angle of departure (AoD) and angle of 
arrival (AoA) in three-dimensional space and the distance between the RIS and the RU, or 

• Low-level configurations, which directly define the activation state pattern (0 or 1) for 
RIS elements. 

If a low-level configuration is provided, the proxy directly transmits the binary states to the RIS 
hardware through a dedicated serial interface. For high-level configurations, the E2 interface 
proxy converts angles and distances into the corresponding binary element configuration pattern 
using precomputed beamforming profiles supplied by the RIS manufacturer and then sends the 
resulting state configuration to the RIS hardware.   

The technical specifications of the RIS are summarised in Table 3, which details its physical 
characteristics, electrical performance, supported frequency bands, and operational parameters. 
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Table 3: RIS Specification 

Supply Voltage 
5 VDC/200 mA (USB), 
12 V/4.5-5 A Barrel 
Jack 5.5 mm/2.5 mm 

RF Power Dissipation 
at Reflection 

2 dB 

Operating/ Storage 
Temperature (ambient) 

5 ~ 40°C RF Power Handling Max 50 W 

Weight (RIS only) 1.8 kg 

Average Power 
Consumption  

(1 polarisation/2 
polarisations) 

10 W / 22 
W 

Interface Micro USB 
Power Consumption 
max/min 

42W / 6W 

Frequency Range of 
Operation 

25.5-29.5 GHz 
3dB-Beamwidth at 
Boresight direction 

Tunable 
from 3° to 
9° 

Polarization H-pol and V-pol Tiling Capability 
Up to 4 
panels 

Scan Range (Azimuth, 
Elevation) 

+/- 60°   

5.5 Experiments and Validation Results 

In the experimental setup illustrated in Figure 8, we present an O-RAN-based architecture setup 
described in the previous section. The DU, CU, and CN are hosted on separate machines on the 
EUR facility Edge cluster. The RU is configured to generate a beam towards its boresight. For this 
test, both the RU and UE boresights aligned toward the centre of the RIS to maximise reflective 
efficiency. The RIS itself is connected to a laptop, which provides high-level configuration and 
control of its reflective parameters through a dedicated software interface.  

 

Figure 8: RIS Testbed in EURECOM 
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Once the DU, RU, and RIS are properly configured, the KPM xApp enables real-time monitoring of 
KPMs, including RSRQ, RSRP, Downlink/Uplink Block Error Rate (DL/UL BLER), Downlink SNR, 
and Uplink SINR. These metrics, which provide insight into RIS performance, can be observed in 
real-time through the visualisation interface shown in Figure 9. Please note that Figure 9 is a 
snapshot of real-time KPM monitoring while RIS is active. 

 

Figure 9: Real-Time Monitoring of the Parameters 

In our experimental scenario, the distance between the RU and the RIS is 3 m, while the distance 
between the RIS and the UE is 4 m. Both the RIS and UE are positioned at the same height relative 
to the ground, which implies that the elevation angle from the RIS to the UE is 0°. The AoA at the 
RIS, has an elevation of 5°, corresponding to the physical placement and alignment of the devices 
in the testbed. The results obtained from the experimental measurement are summarised in 
Error! Reference source not found., Error! Reference source not found. and Table 6. It is 
worth mentioning that RSRP indicated in the tables are the RSRPs reported by the gNB and not 
the UE. 

In Error! Reference source not found. the azimuth angle of AoD is 36°, and in Table 6, the 
azimuth angle of AoA is 10°. 
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Table 4: Experimentation Results without RIS 

 

 

 

 

Table 5: 

Experimentation Results with RIS by changing AoA 

 

 

 

 

 

 

 Table 6: Experimentation Results with RIS by changing AoD 

 

Averaging the BLER values in both uplink and downlink was not feasible due to the dynamic 

configuration and adaptive behaviour of the gNB, such as Modulation and Coding Index (MCI) 

adjustments. The RU continuously adapts the modulation and coding scheme to maintain link 

quality under varying channel conditions, resulting in non-stationary BLER values over time. No 

noticeable variation was observed in RSRQ, indicating that the RIS primarily influences signal 

strength and directionality (as reflected in RSRP and SINR) rather than the overall interference 

environment perceived by the UE. As expected, we achieved performance gains of up to 18 dB in 

RSRP, 9.5 dB in UL SNR, and 4 dB in DL SINR, demonstrating the effectiveness of the RIS in 

improving link quality under NLoS conditions.  

Averaged RSRP -81 dBm 

Averaged UL SNR - 

Averaged DL SINR 17 dB 

Averaged RSRQ -11 dB 

RIS Azimuth AoA 6° 8° 10° 

Averaged RSRP  -79 dBm -64 dBm -63 dBm 

Averaged UL SNR 15 dB 22.5 dB 23.5 dB 

Averaged DL SINR 20 dB 20 dB 21 dB 

RSRQ -11 dB -11 dB -11 dB 

RIS Azimuth AoD 36° 38° 40° 42° 44° 

Average RSRP  -63 dBm -66 dBm -72 dBm -77 dBm -80 dBm 

Average UL SNR 23.5 dB 21.5 dB 17.5 dB 14 dB - 

Average DL SINR 21 dB 21 dB 20 dB 19 dB 18 dB 

RSRQ -11 dB -11 dB -11 dB -11 dB -11 dB 



D4.4 ‘Final report on joint communication and sensing and Near-Field components’ 

©SUNRISE-6G  Page | 33  

However, at longer distances, the impact of the RIS diminishes. This observation is consistent 

with theoretical expectations, as the small aperture size of the RIS limits its effective reflection 

area. As distance increases, the reflected beam widens and disperses, reducing the proportion of 

the incident wave that effectively impinges on the RIS surface. To compensate for this effect in 

extended-range scenarios, the use of a LIS becomes essential to achieve sufficient reflection gain 

and maintain performance. 
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6 Enabler 3: Near-Field RIS Components 

The goal of this section is to present studies of the RIS when it is operated in the near-field region. 
The first focal beamforming algorithm is introduced, and then the final results from the test bed 
are presented. 

6.1 Introduction 

Although the classical definition of “near-field” involves the intrinsic properties of the 
electromagnetic field to be either “reactive” or even “radiative”, without a proper distinction 
between electric and magnetic fields, this term is generally used with a different purpose in 
beamforming applications, where the operating region is always the “far-field” in a strict physical 
sense.  

Indeed, the transition zone from the “near” to the “far” field should be defined with respect to the 
physical dimension of the radiating elements, which are the RIS cells, rather than the RIS itself, as 
the single cells act here as antenna elements by themselves, whose dimensions are in this case 
comparable to the antenna apertures. The “near-field” definition used hereafter is therefore the 
engineering one, which comports the assumption of the phase front to be spherical in the “near-
field”, and flat in the “far-field”. Indeed, while the “far-field” (in an engineering sense) is the 
classical assumption made for determining the beam pattern of every antenna, device, etc., it is 
not possible to neglect the curvature of the phase front in the “near-field” case, where the goal is 
to focus the beam at a certain (finite) distance from the RIS. 

6.2 Focal Point Beamforming Algorithm  

UOULU has developed a beamforming algorithm that takes into account the distances between 
the transmitter, the RIS, and the receiver, as well as the angles between them. 

6.2.1 Implemented Beamforming Algorithm Description 

The validation process of the RIS prototype requires custom software for its calibration. For this 
purpose, the UOULU developed an in-house tool to arbitrarily set the RIS reflective properties, 
which is based on the beamforming algorithm described in chapter 4.2 of D4.1. It is noteworthy 
to note that its working principle consists of providing a 1-bit resolution phase shift to each cell 
of the RIS to obtain constructive interference in the nominal (near-field) focal point. In this 
framework, the following equation holds for each cell of the RIS, 

Δ𝜑 = [
2𝜋𝑓0

𝑐0
(𝑑𝑡𝑥 + 𝑑𝑟𝑥)]

0∘   180∘⁄
,      (26) 

 

Figure 10: Definition of Azimuth and Elevation with respect to the RIS coordinate system 

with 
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𝑑𝑡𝑥 𝑟𝑥⁄ = √(𝑑 cos 𝜓𝐴𝑧. sin 𝜃𝐸𝑙. − 𝑥𝑐𝑒𝑙𝑙)2 + (𝑑 sin 𝜓𝐴𝑧. cos 𝜃𝐸𝑙. − 𝑦𝑐𝑒𝑙𝑙)2 + (𝑑 cos 𝜃𝐸𝑙.)
2,   

(27) 

where d is the distance of the transmitter/receiver from the centre of the RIS, and 𝜓𝐴𝑧., 𝜃𝐸𝑙. are 
the azimuth and elevation that it forms with respect to the RIS reference system defined in Figure 
10. It is important to remark that the choice of the azimuth must be made prior to selecting the 
elevation, for the beamformer software to work properly according to Eq. (20). Specifically, in 
this context, the azimuth is defined as the rotation angle with respect to the RIS normal, while the 
elevation is the angle that the source/receiver forms with the RIS broadside (it can be 
equivalently defined as the rotation angle around the y axis, after that the rotation around z has 
been already performed). 

The 1-bit phase shift thus obtained from Eq. (19) is hereafter converted into the Boolean 
‘true’/’false’ format to be interfaced with the GreenerWave RIS property (encrypted) scripts, 
whose code access is restricted and cannot be modified. Indeed, as will be shown in the next 
paragraph, the software developed by the University of Oulu is divided into several scripts that 
interface with one another via Excel files, to maximise compatibility among different 
scripts/languages that compose the overall “Beamformer” tool. 

6.2.2 Beamforming Algorithm Software Integration 

The beamforming algorithm described in the section 6.2.1 has been fully integrated into a 
modular software architecture that ensures compatibility between the RIS hardware, the UOULU 
simulation modules, and the firmware libraries provided by GreenerWave. The integration 
strategy follows a layered approach, enabling the beamforming logic to be executed 
independently while providing an interface for higher-level measurement automation. 

At the lowest level, the RIS hardware is controlled by the encrypted GreenerWave firmware, 
which exposes a limited API for connecting to the RIS hardware via a COM port, powering it 
on/off, and applying a new pattern via a Boolean array representing the 3200 cell states.  

The core of the software system is the Beamforming Engine, developed by UOULU, which is a fully 
independent computational module capable of modelling near-field spherical wave propagation, 
calculating per-cell incident and reflected phases and producing a 1-bit configuration for all 3200 
RIS cells based on Δ𝜑. It supports arbitrary transmitter-receiver geometries, provides solid, 
reproducible patterns, and can run entirely without RIS hardware. Its ability to expose results in 
multiple formats (CSV and .png file of the pattern each time after updating with new values, a log 
file containing all the necessary steps and a final report in CSV format) ensures seamless 
integration with external measurement tools. The engine’s modular design allows it to serve as 
both a control tool for real RIS experiments and a standalone simulation environment for 
research and algorithm development.  

The automatic angle-scanning function, the latest software module developed by UOULU, 
searches through a predefined range of transmitter and receiver angles and computes the optimal 
RIS pattern for each combination. Instead of manually adjusting the azimuth and elevation angles 
one by one, the module automatically calculates the corresponding near-field focal point for every 
angle pair and generates the 1-bit RIS configuration that maximises the received power. This 
automation is possible because the beamforming engine can compute, for every angle 
combination, which direction the RIS should reflect the incoming signal to achieve the strongest 
possible focus at the receiver. As a result, the software can evaluate dozens or hundreds of angle 
combinations very quickly and consistently, without requiring any manual user intervention. 

The automated scanning system has been developed and used for measurements since it 
significantly simplifies and accelerates the RIS measurement process. In a fixed laboratory setup, 
where the RIS, transmitter and receiver remain in stable positions, the program automatically 
identifies the angle combination that produces the strongest signal, revealing the RIS’s most 
effective reflection direction. This not only makes testing significantly easier and more repeatable 
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but also demonstrates an important physical characteristic of RIS technology: its performance is 
typically strong only within a narrow angular range, and even small angular deviations can lead 
to noticeable power loss. By showing where the maximum signal occurs and how quickly the 
performance decreases outside that range, the automation provides clear evidence of how the RIS 
behaves in practice. 

6.3 Final Experiments and Validation Results 

This section presents the final experimental validation of the RIS-assisted communication setup. 
It describes the measurement configuration, calibration procedure, and laboratory experiments 
conducted to evaluate the impact of RIS beam steering on the performance of the received signal. 

6.3.1 RIS Set-Up Description 

The validation process for the RIS device requires that its high beamforming sensitivity be taken 
into account when selecting the test setup. In this context, the most important aspect of the 
measurement scenario is the ease of repeatability, which requires that each device (RIS/Tx/Rx) 
be easily positioned and oriented with respect to the others. Fixing the devices to the ground is 
therefore essential in the calibration phase, while measuring the relative distances and angles is 
also important but secondary. It is possible to eliminate residual errors in measuring the 
geometric setup parameters by properly fine-tuning the RIS operating mode using the in-house 
beamformer setup tool previously described. Three phases of the test setup can thus be identified 
as follows: 

1. First, every device must be fixed on the ground and properly oriented. Both the 
transmitter and the receiver must point towards the centre of the RIS. This can be 
achieved using laser pointers. 

2. A goniometer is placed under the RIS, and the angles between the boresights of RIS, 
transmitter and receiver are measured, as well as the relative distances between them. 

3. The measured geometric parameters (incident/reflected azimuth and elevation, and 
distances) are used as a starting point for the RIS calibration, and they are adjusted to 
maximise the received signal by using the in-house beamformer tool. 

 

Figure 11: Block diagram of the RIS Calibration Setup 

A block diagram of the calibration setup is shown in Figure 11, where the following parameters 
are considered as the starting point for the RIS calibration described in Table 7. 
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Table 7: Measured Geometric Physical Parameters of the RIS Calibration Setup 

Parameters Azimuth (°) Elevation (°) Distance (mm) 

Transmitter (Tx) 0 -30 1100 

Receiver (Rx) 0 50 1800 

It is noteworthy to remind that the elevation angles are measured with respect to the RIS 
boresight direction (corresponding to the 90∘of the goniometer), while all the devices are kept at 
the same level, comprising an 0∘azimuth. 

6.3.2 RIS Calibration 

A photo of the realised RIS calibration setup based on the TMYTEK BTS is shown in Figure 12, 
whose geometric parameters are reported in Table 7. The fine-tuning of these parameters to be 
used as the nominal ones requires a proper calibration of the RIS to maximise the received signal. 
The RIS has thus been connected to a LINUX laptop where the beamformer tool is running in 
Python. Then, the beamformer was launched with the aforementioned parameters to set the RIS 
to the starting point, and after that, the transmitter was turned on at a centre frequency of 28 GHz 
with 5G NR modulation and a channel bandwidth of 20 MHz. Consequently, a power level of –79.0 
dBm is measured for the received signal from the Rx. In order to determine the accuracy of the 
setup, it is now necessary to modify the beamformer parameter to check how much the received 
signal level will change. Note that all parameters in the Table 7 are internal coordinates of the 
implemented beamforming algorithm. 

 

Figure 12: Photo of the RIS Calibration Setup in UOULU RIS lab with TMYTEK BS 

To do that, it is necessary to proceed step-by-step: first, the elevation of the transmitter is 
adjusted, then the best Tx elevation is assumed to sweep the Rx elevation. After the Tx and Rx 
elevations have been adjusted, it is time to sweep the Tx distance and then the Rx distance, 
respectively. After that, all these optimal parameters have been found, a final check is also 
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performed by randomly changing each parameter (azimuth included) to determine the real 
contribution of the RIS to better link the transmitter and receiver. The most significant 
measurements performed in this first phase are reported in Table 8, where the nominal 
parameters (e.g. the ones which show the best performance) are reported in green. 

It is also evident that the received signal range is narrow (only 4.5 dB) during the calibration test, 
indicating a limited contribution of the measured RIS (GreenerWave) to the link budget. As a final 
result, an example of a test performed by the automated system, electronically sweeping the RIS 
control parameters with high accuracy, will be reported in the following paragraph. 

Table 8: Measured Signal Levels during Electronic RIS Calibration 

Tx 
Elevation 

Tx Azimuth Tx dist. 
Rx 

Elevation 
Rx Azimuth Rx dist. Rx Signal 

-30.0° 0.0° 1100 mm 50.0° 0.0° 1800 mm -79.0 dBm 

-31.0° 0.0° 1100 mm 50.0° 0.0° 1800 mm -79.5 dBm 

-29.5° 0.0° 1100 mm 50.0° 0.0° 1800 mm  -80.0 dBm 

-30.0° 0.0° 1100 mm 52.0° 0.0° 1800 mm  -81.0 dBm 

-30.0° 0.0° 1100 mm  50.4° 0.0° 1800 mm  -78.0 dBm 

-30.0° 0.0° 1090 mm 50.4° 0.0° 1800 mm -77.5 dBm 

-30.0° 0.0° 1100 mm 50.4° 5.0° 1800 mm -82.0 dBm 

-30.0° -4.0° 1100 mm 50.4° 0.0° 1800 mm -82.0 dBm 

6.3.3 RIS Measurements in the Laboratory 

The actual measurement setup in the RIS Laboratory is shown in Error! Reference source not 
found.. The figure shows the positions of the BT, RIS, and test UE. UOULU has integrated two BTSs 
with Greenerwave RIS. The first BTS is from TMYTEK shown in Error! Reference source not 
found. (a) which is called BBox. The BBox is a 5G mmWave analogue beamforming radio module 
with a 16-element antenna array, and it supports horizontal beamforming and steering. It 
operates as ULA 1x4 formation and supports frequencies from 26.5 – 29.0 GHz. Error! Reference 
source not found. presents the two experimental configurations used in the UOULU RIS 
laboratory, where Greenerwave RIS is integrated with TMYTEK and LiteON BTSs to evaluate RIS-
assisted signal reflection and beam steering performance. The second BTS in the measurements 
is from LiteON and it operates on 28 GHz frequency band, and this measurement setup is shown 
in Figure 13 (b). 

In both measurement setups, the receiving end is a mobile UE (Quectel’s test mobile terminal), 
and the RIS is from Greenerwave. 

The absorber wall between the BTS and the UE blocks direct wireless communication between 
them, forcing the test signal to be reflected by RIS between the wireless link ends. The BTS is 
located in the moving robotic arm in both measurement setups, so that the location of the BTS 
can be controlled via software. Heights of the BTS, RIS and UE are almost equal in laboratory tests 
and in this case only 1D-beam steering is required. The UOULU developed a beam steering 
algorithm, and the RIS supports 2D beam steering. 

The final measurement has been performed for both setups and TMYTEK result is reported in 
Figure 14. The 5G NR signal has been used in the measurement. The measurement results 
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obtained by electronically sweeping the RIS steering angles in the angular range comprised 
between –35 and –27 degrees for the Tx angle, and between 45 and 53 degrees for the Rx angle, 
with a resolution of 0.2 degrees for both.  

As expected, the received power is maximised at the nominal angle, showing linear behaviour: 
the signal remains nearly constant when both the Tx and Rx angles increase (or decrease) by the 
same amount. Sidelobes are also present alongside the main beam, showing the same linear 
behaviour. 

(a)  

(b)  

Figure 13: Measurement arrangements for Greenerwave RIS Measurements in UOULU 

 

Figure 14: Measured received signal strength as a function of the RIS steering angles in the TMYTEK BTS 
configuration 
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7 Conclusions 

This document provides the final report on the integration of JCAS and Near-Field RIS 
components within the SUNRISE-6G project. It outlines the progress made on Tasks 4.1 and 4.2, 
focusing on the development, implementation, and validation of JCAS algorithms and testbeds. 
Specifically, in the three main technical chapters (i.e., Chapters 3-4-6), the work performed, and 
the results for each of the enablers are addressed. 

Regarding Task 4.1, the JCAS for RIS and CFmMIMO enabler details the design and 
implementation of JCAS algorithms, with a focus on resource allocation using the water-filling 
algorithm developed by KUL.  The final results of the Enabler 1 tests show that, based on channel 
state information data compensated for both frequency and spatial phase offsets, user equipment 
localisation can be enabled with a spatial estimation error of only 1.2 cm. The testbed used in the 
experiments operates at 3.5 GHz and uses an OFDM sensing waveform with 100 pilot subcarriers 
spaced at 180 kHz, resulting in an 18 MHz communication signal bandwidth. The second final 
experiment examined the trade-off between the algorithm's sensing performance and the radio 
resources required, as a function of sensing accuracy. The second experiment was conducted on 
a distributed massive MIMO testbed. The same 100 subcarrier OFDM signal was used, and the 
optimal split between the sensing and communication signals is in the range of 3:97 to 9:91, i.e., 
only 3% to 10% of the bandwidth is required for sensing. 

Localisation and Sensing for CFmMIMO enabler studied on integrated localisation and radio 
sensing within the CF-mMIMO architecture. The proposed algorithms were validated using a 
hybrid methodology that combines simulation-driven evaluation with early-stage experimental 
extraction of radio measurements. The validation results showed that the proposed algorithms 
could classify pedestrians and vehicles using combined feature patterns derived from mobility, 
signal attenuation, Doppler shifts, and multipath perturbations. 

The JCAS for RIS (Enabler 2) has been studied by Eurecom with the experimental setup operating 
at FR2 at 28 GHz. The system included a 5G O-RAN BTS by LiteON, the RIS by Greenerwave and a 
mobile UE by Quectel. The experiments indoors at the corner of the corridor show significant RF 
performance improvements up to 18 dB in RSRP, 9.5 dB in UL SNR, and 4 dB in DL SINR when the 
corner blocked the direct line-of-sight signal compared to the case without RIS. The experiments 
were performed with 3- and 4-meter distances between the BTS and the RIS and the RIS and the 
UE, respectively. The experiments confirmed the theoretical expectation that the impact of the 
RIS diminishes as the RIS aperture shrinks at longer link ranges. 

In Task 4.2, the work on Near-Field RIS Components (Enabler 3) focused on developing focal 
point beamforming for RIS operating in the near-field region. The UOULU testbed operating at 28 
GHz has been used to validate the algorithm. UOULU has integrated two BTSs from TMYTEK and 
LiteON with Greenerwave’s RIS and UE by Quectel UE. The LiteON BTS configuration is the same 
for both Enabler 2 and 3 validations. The UOULU developed beamforming algorithm, which 
considers the distances and angles between the transmitter, the RIS, and the receiver, has been 
successfully integrated with RIS and other software, enabling automated RIS testing. The final 
results show that the RIS improves the signal quality between the BTS and the UE when direct 
communication is blocked. The results indicate that received power is maximised at the nominal 
angle, showing linear behaviour, with the signal remaining nearly constant when both the Tx and 
Rx angles increase (or decrease) by the same amount. Furthermore, sidelobes of the RF beam are 
observed in the RIS measurement. 

The work in Task 4.1 and Task 4.2 indicates that RIS can improve communication quality in a 
limited space without significant line-of-sight constraints. However, more studies will be needed 
on how those should be installed and operated in a real-time live 5G communication network.  
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