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1 Executive Summary 
The document D4.1, titled “Initial Report on Joint Communication and Sensing and Near-Field 
Components,” provides an initial report on the Integration of Joint Communication and Sensing (JCAS) and 
near-field components for Reconfigurable Intelligent Surfaces (RIS) as part of the 6G Library enablers 
within the SUNRISE-6G project. It covers the activities for Task 4.1 and Task 4.2, focusing on the 
development and validation of key algorithms, as well as the corresponding testbeds that support both 
communication and sensing functionalities.  

The report is structured into three main technical chapters: 

Chapter 3, Joint Communication and Sensing for CFmMIMO, details the design, implementation, and 
experimental validation of JCAS algorithms, emphasising resource allocation via the water-filling 
algorithm and demonstrating bistatic and monostatic sensing at the KU Leuven. The first experimental 
validation in SUNRISE-6G of a JCAS algorithm using a CFmMIMO testbed at KU Leuven allows 
demonstrating dynamic power allocation between communication and sensing via a water-filling 
algorithm. The proposed experimental design enables the optimisation of subcarrier allocation based on 
real-time channel conditions, thereby balancing data transmission and sensing accuracy while leveraging 
the Target Peak-to-Noise Ratio (TPNR) metric. Initial experiments confirmed the effectiveness of target 
localisation, with trade-offs between communication capacity and sensing performance. Future 
improvements will address multipath effects, enable the tracking of moving targets, and enhance the real-
world applicability of Integrated Sensing and Communication (ISAC) in 6G networks. 

Chapter 4, Enabler 2: JCAS for RIS, details the experimental setup and preliminary experimental concept 
for Eurecom’s RIS validation. A first algorithm and design for optimising RIS beamforming in Non-Line-of-
Sight (NLoS) scenarios are proposed by Greenerwave RIS, which features electronically tunable pixels, 
enabling dynamic reflection control and improved signal redirection. Eurecom testbed for further 
validating the RIS integration within an O-RAN-based 5G network is presented. The integration of a RIS 
provided by GRW with the existing O-RAN-based 5G network setup is currently underway. Ongoing 
testing and validation efforts are focused on assessing the impact on system efficiency and network 
coverage. The results of this initial integration will be thoroughly analysed and presented in the following 
deliverable of the specific task. 

Chapter 5, Enabler 3: Near-Field RIS Components focuses on near-field RIS components, covering the 
design of focal point beamforming, channel estimation techniques, and the practical challenges 
encountered during initial tests at the University of OULU (UOULU). The experimental design advances 
Near-Field RIS by optimising beamforming through equivalent phased-array modelling and impedance 
tuning. A Digital Fourier Transform (DFT)-based approach refines phase shift calculations for precise 
wavefront shaping. Experimental validation by the UOULU’s 6G lab tested and evaluated the RIS operation 
beyond the Fresnel region, considering effective phase front linearisation and reflection pattern 
optimisation. Further refinements include adaptive impedance tuning for frequency-dependent reflection 
coefficients, enabling greater flexibility in dynamic wireless environments. 
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2 Introduction 
JCAS integrates wireless communication and environmental sensing within a unified framework, enabling 
simultaneous data transmission and high-precision situational awareness [1]. 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, exploit 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 enablers developed in the context of the SUNRISE-6G project regarding 
JCAS: 

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

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 Deliverables and Task Descriptions 

SUNRISE-6G 
Task No. and 

Title 
SUNRISE-6G GA Task Description 

Respective 
Document 
Chapter(s) 

Justification 

Task T4.1:  Joint 
Communication 
and Sensing for 
RIS and 
CFmMIMO 

This task focuses on the integration of 
sensing blocks into a Cell Free massive 
MIMO (CFmMIMO) 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 
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 functional 
pipeline. This baseline will be extended with 
predictive sync, to reduce sync overhead. 

Chapter 3 

Chapters 3 and 4 cover 
the initial activities for 
Task T4.1.  
Chapter 3 explains the 
basic algorithms of JCAS 
for CF-mMIMO, their 
implementation in the 
KUL testbed, and their 
initial experimental 
validation.  
Similarly, Chapter 4 
describes the JCAS for 
RIS from Eurecom. 
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Also, other partitioning will be explored. 
Finally, resource allocation for different 
sensing scenarios, and as 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. 

Task T4.2 
Near-Field RIS 
components  

This task shall develop the power-
concentrating focal point algorithms for 
the GRW 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 takes into account 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 4 

Chapter 5 covers the 
initial activities for Task 
T4.2. This chapter 
explains the basic 
algorithms to be 
translated into 
components for 
SUNRISE, their 
implementation, and 
mapping on the test 
infrastructure and 
equipment located at 
UOLU. 

Deliverable Description 
Deliverable D4.1: Initial report on joint communication and sensing and Near-Field components. 
Initial report on joint communication and sensing for RIS, CFmMIMO, and Near-Field components for RIS. 

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. Each chapter begins with a theoretical overview, 
state-of-the-art contributions, and innovative developments within the SUNRISE-6 G framework. 
Furthermore, the specific models and algorithms are presented, followed by the results achieved. 

Chapters 3 and 4 cover the initial activities for Task T4.1. Specifically, Chapter 3 focuses on Enabler 1: 
Joint Communication and Sensing for CFmMIMO. Here, the basic algorithm of JCAS for CFmMIMO is 
described, along with its implementation in the KUL testbed and initial experimental validations. 
Similarly, Chapter 4 describes the JCAS for RIS from Eurecom (i.e., Enabler 2).  

Chapter 5 discusses the initial activities for Task T4.2, focusing on the third Enabler (i.e., Near-Field RIS 
Components). The conclusions of the work conducted in this Initial Report on Joint Communication and 
Sensing and Near-Field Components are presented in Chapter 6. 
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3 Enabler 1: Joint Communication and Sensing for CFmMIMO 
3.1 Introduction 
In this section, the details of the testbeds considered for the development and validation of JCAS 
algorithms are presented. The KU Leuven testbed comprises a Cell-Free Massive MIMO (CFmMIMO) 
antenna array, which provides a cutting-edge research platform for investigating innovative JCAS. This 
testbed enables the experimental validation of CFmMIMO systems, with a focus on advanced 
beamforming, synchronisation, and user tracking. In the following sections, the specific architectural 
design used in SUNRISE-6G, key components, and capabilities are highlighted, as well as how this setup 
supports the JCAS functionality. 

3.2 State-of-the-Art and Innovations 
JCAS is a promising technique for future 6G networks. One of the typical JCAS systems aims to enable 
sensing capability using communication infrastructure, where sensing functions range from environment 
awareness to localisation and even vital sign estimation. The ultimate idea behind it is to provide 
additional services to the users [9], [10] . A key trade-off in JCAS systems is how to allocate resources 
between communication and sensing. 

In [11], the authors analyse a JCAS system where communication and radar functions share the same 
frequency spectrum. They aim to maximise the output Signal-to-Interference-to-Noise-Ratio (SINR) at the 
radar receiver while meeting communication throughput and power constraints. Their results show that 
power allocation between communication and sensing varies across different frequency bands. For 
instance, some bands are fully occupied by communication subcarriers without any sensing subcarriers. 
This indicates that to balance both communication and sensing performance, sensing subcarriers should 
not be uniformly spaced across the entire frequency spectrum. However, such non-uniformity poses 
challenges for traditional sensing signal processing techniques, such as the Fast Fourier Transform, which 
assumes a uniform subcarrier spacing [12] . 

The work in [13] offers an optimisation approach to reduce the impact of non-uniform subcarrier 
allocation on sensing. They leverage the sparsity of the sensing environment (i.e., the assumption that the 
number of targets is sparse) and incorporate the L1 norm to encourage this sparsity. However, they do 
not consider how different multi-band channel conditions affect performance. On the other hand, in [14] , 
a method is proposed to select sparse sub-bands based on the Cramér-Rao Bound (CRB) for improved 
ranging performance. Although it provides insights into effectively selecting the location of subcarriers 
over the frequency spectrum to achieve optimal sensing performance, this approach assumes fixed system 
parameters. It does not account for the communication throughput constraints essential for JCAS systems. 

In this novel enabler, a water-filling approach will allocate resources. First, a portion of the available 
resources will be assigned to the communication function to meet the required data rate. The remaining 
resources will then be allocated to sensing. As the required data rate changes, the number of resources 
allocated to sensing will vary accordingly. This setup will simultaneously capture communication and 
sensing channels, allowing for the exploration of trade-offs between communication throughput and 
sensing performance under various multi-band sensing channel conditions. 

3.3 JCAS Algorithm 
The JCAS algorithm is designed to dynamically allocate resources between communication and sensing 
functions in a shared system. For this, a water-filling algorithm allows leveraging adaptive power 
distribution to optimise subcarriers’ power allocation based on real-time channel conditions. This 
approach ensures efficient spectrum utilisation while maintaining a balance between communication 
capacity and sensing performance. The algorithm incorporates the Target Peak-to-Noise Ratio (TPNR) as 
a key metric to evaluate the effectiveness of sensing, providing insights into the trade-offs between 
subcarrier allocation strategies. 
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3.3.1 Water Filling Algorithm 

In this algorithm, the total power is fixed and limited, with a portion allocated to communication and the 
remainder to sensing. The base station can dynamically adjust the proportion of power allocated to 
communication and sensing in real time, allowing fine-tuned control over the performance of both 
functions. During the uplink, the user transmits a pilot sequence that is used to estimate the bi-static 
communication channel frequency response. This estimated channel response is then used in the 
downlink to allocate resources between communication and monostatic sensing functions. Specifically, 
the water-filling algorithm is applied to optimise the distribution of subcarriers. 

The water-filling algorithm works by dividing the total bandwidth into N subchannels using Orthogonal 
frequency-division multiplexing (OFDM) modulation. The sub-channels do not need to be contiguous. 
When an appropriate cyclic prefix is added to each OFDM symbol, each subchannel experiences flat fading 
but with different channel gains. The algorithm assigns more power to subchannels with favourable 
conditions, while subchannels in poor conditions receive little or no power. These underutilised 
subchannels are then repurposed for mono-static sensing, enabling efficient dual functionality. 

The TPNR metric is proposed to evaluate sensing performance. TPNR provides a measure of the 
detectability of sensing targets in a noisy environment. Specifically, TPNR represents the ratio of the main 
target peak to the next highest value within the unambiguous distance range, excluding the main lobe. 

As the communication capacity requirement changes, the resource allocation between communication 
and sensing is dynamically adjusted to adapt to the new conditions. Our analysis examines how the 
number and frequency placement of subcarriers affect TPNR and communication capacity. Initial results 
show that non-uniform subcarrier spacing can improve sensing performance by concentrating resources 
in specific frequency bands, but this requires careful optimisation to avoid degrading communication 
performance. By incorporating TPNR, we offer insights into the trade-offs in subcarrier allocation, 
emphasising the need for balanced resource optimisation to enhance both communication and sensing 
efficiency. 

This algorithm explores the trade-offs between communication capacity and sensing performance under 
varying multi-band sensing channel conditions, providing a robust mechanism for balancing these two 
functions.  

3.3.1.1 System Model 

The system has a fixed total power budget 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 . The power is shared between the communication and 
sensing functions: 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 , where 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the power allocated to the sensing functionality, 
and 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 is the power allocated for communication (i.e., chat, voice, video, etc). The OFDM channel is 
divided into 𝑁𝑁 different subcarriers. Each subchannel 𝑖𝑖[𝑖𝑖 = 1,2, … ,𝑁𝑁] has a channel gain ℎ𝑖𝑖 , and noise 
power σ𝑖𝑖2. The signal-to-noise ratio (SNR) of each subchannel is then defined as: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 = |ℎ𝑖𝑖|2

𝜎𝜎𝑖𝑖
2         (1) 

3.3.1.2 Working Principle 

The water-filling algorithm allocates power to each subchannel so that the total communication capacity 
is maximised. The power allocation is based on subtracting the inverse of the SNR from the target water 
level, ensuring that more power is assigned to subchannels with better conditions. 

The power allocated to 𝑖𝑖th subchannel  𝑃𝑃𝑖𝑖  is given by: 

𝑃𝑃𝑖𝑖 = max �0, 𝜇𝜇 − 𝜎𝜎2

|ℎ𝑖𝑖|2
�      (2) 

Where m is the "water level" determined by the total power constraint ∑ 𝑃𝑃𝑖𝑖 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑁𝑁
𝑖𝑖=1 . 
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The water level µ is chosen such that the total power allocated to all subchannels equals the 
communication power budget Pcomm: 

∑ max 𝑁𝑁
𝑖𝑖=1 �0, 𝜇𝜇 − 𝜎𝜎2

|ℎ𝑖𝑖|2
� = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐    (3) 

Subchannels with 𝑃𝑃𝑖𝑖  = 0 are considered underutilised for communication and are repurposed for sensing. 
Thus, Psensing = Ptotal−Pcomm. The hardware determines the power budget. It depends on the maximum 
power available at the power amplifier without considering its non-linear operation. For example, in the 
KU Leuven testbed, 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 25 𝑑𝑑𝑑𝑑𝑑𝑑. 

The system dynamically adjusts the power allocation between communication and sensing based on 
changing requirements and channel conditions: 

1. Uplink Channel Estimation: 

o During the uplink, the user transmits a pilot sequence, which is used to estimate the bi-
static communication channel frequency response ℎ𝑖𝑖 . 

2. Downlink Resource Allocation: 

o The estimated channel response is used in the downlink to allocate power and subcarriers 
between communication and sensing functions. 

3. Trade-off Between Communication and Sensing: 

o As the communication capacity requirement changes, the algorithm adjusts Pcomm

 and Psensing to maintain an optimal balance: 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑓𝑓�𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟�, 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐     (4) 

Creq is the required communication capacity in bits per second. 

The Water Filling Algorithm offers several key advantages in dual-function systems that integrate 
communication and sensing [15] . First, it ensures efficient power utilisation by maximising 
communication capacity through the preferential allocation of power to subchannels with stronger 
channel conditions (higher SNR). This approach optimises the use of available resources while adhering to 
the total power constraint. Second, the algorithm provides flexibility by dynamically adjusting the power 
distribution between communication and sensing in real-time, enabling the system to adapt to fluctuating 
communication demands or varying sensing requirements.  

In scenarios where sensing accuracy is more important, such as obstacle detection for moving vehicles, 
communication performance can be sacrificed to have better detection. However, in cases where sensing 
performance is not critical, such as locating a person in a shopping mall, sensing performance can be 
sacrificed to allow for a higher communication data rate. Third, it achieves dual-function optimisation by 
repurposing underutilised subchannels, those allocated minimal or zero power for communication, for 
mono-static sensing tasks, thereby ensuring that both functions operate efficiently without resource 
conflicts.  

Finally, the algorithm demonstrates robustness by maintaining a balanced trade-off between 
communication capacity and sensing performance, even under dynamic multi-band channel conditions, 
ensuring reliable operation across diverse scenarios. These features collectively make the algorithm a 
powerful tool for ISAC systems in 6G networks, as well as other applications that require adaptive 
resource management. 

3.3.2 Initial Implementation of Joint Mono-Static Sensing and Bi-Static Communication  

The implemented algorithm comprises two main phases: channel estimation and resource allocation 
with sensing. In the channel estimation phase, the user equipment transmits a pilot sequence, which the 
Universal Software Radio Peripheral (USRP) uses to estimate the bi-static communication channel 
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frequency response, denoted as Hc. Subsequently, in the resource allocation and sensing phase, the system 
employs the water-filling algorithm (cf. Section 3.3.1) to allocate subcarriers for both communication and 
sensing based on the estimated capacity. A subset of subcarriers is designated for data communication 
between the USRP and the user equipment. In contrast, the remaining subcarriers are used to estimate the 
mono-static sensing channel frequency response, Hs, between the USRP and the target. By leveraging the 
known X-Y positions of both the USRP and the user equipment, the target's X-Y position is inferred 
through the combined information from 𝐻𝐻𝑠𝑠  and 𝐻𝐻𝑐𝑐 .  

Monostatic radar sensing refers to a radar configuration in which the transmitter and receiver are co-
located, typically using the same antenna for both signal transmission and reception. In this setup, the 
radar transmits a signal that reflects off a target, and the same system detects the reflected signal to 
extract information about the target's distance, velocity, and characteristics. The round-trip time of the 
signal, along with Doppler shifts, enables accurate estimation of the target's position and motion [17] .  

Bi-static radar sensing is a radar configuration in which the transmitter and receiver are positioned at 
separate locations, as opposed to the co-located arrangement in monostatic radar systems. This spatial 
separation enables the system to exploit different propagation paths, enhancing target detection and 
localisation capabilities. By measuring the time delay, Doppler shift, and angle of arrival of reflected 
signals, bi-static radar can provide valuable information about a target's position, velocity, and 
characteristics [17] .  

In the KUL implementation of the JCAS algorithm, bi-static and monostatic sensing are combined. In the 
laboratory implementation, the user's position is fixed a priori and known by the "base station". In a real-
world scenario, because the base station can determine the accurate position of a mobile user by 
combining multilateration between multiple base stations and the Global Positioning System (GPS) info on 
user devices, it is possible to estimate the location of the target accurately. The mobile user acts as a 
passive radar receiver.  

Subcarrier allocation can be implemented in two ways: communication-centric or localisation-centric, 
as shown in Figure 1. 

When the allocation is communication-centric, the base station first allocates the communication 
subcarriers according to the OFDM channel estimation. Then, the water-filling algorithm allocates 
localisation subcarriers on the sub-bands that are not used by the OFDM system for communication. 
These subcarriers are not optimal for communication due to their high attenuation, but they can be 
reserved for sensing without significantly impacting communication performance. While this method 
ensures that communication performance does not significantly drop while sensing a target position, the 
localisation accuracy can suffer due to the non-uniform distribution of localisation subcarriers and the 
high attenuation that localisation subcarriers encounter in the attenuated sub-band space to which they 
are allocated. 

When the allocation is localisation (or sensing) -centric, the localisation subcarriers are allocated before 
the communication ones. In this case, localisation subcarriers can be allocated uniformly, leaving unused 
space for communication subcarriers. After the sensing subcarrier allocation, the OFDM system 
determines where to allocate communication subcarriers in the remaining spectrum that is free after 
sensing, provided the channel is suitable according to the channel estimation. In this case, localisation 
performance is better than in the communication-centric case, but the communication performance 
significantly drops (i.e., channel capacity). 

In both cases, it is possible to find a balanced trade-off between the number of subcarriers allocated to 
communication or sensing. In the former case, namely the communication-centric allocation, this is done 
by ensuring that the power budget for the OFDM symbols remains constant and the remaining power is 
allocated to sensing. In the latter case, the trade-off consists of determining how many subcarriers are 
assigned to sensing. 
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Figure 1: Communication vs Sensing Centric Flow Chart 

3.4 First Experiments and Validation Plan 
This section presents the first set of experiments designed to validate the proposed methodologies. 
Subsection 3.4.1 provides a brief description of the Cell-Free testbed infrastructure for JCAS, and 
Subsection 3.4.2 provides the specific details of the KUL experiment, which focuses on joint 
communication and sensing. 

3.4.1 KU Leuven Testbed: Cell Free Setup 

The distributed architecture of the CFmMIMO testbed (schematic representation in Figure 2) at KUL 
consists of thirty-two National Instruments USRPs (2942R/USRP RIO) (Figure 3 – right side). The thirty-
two USRPs are equally divided into two sub-systems, each of which supports 32 Access Points (APs). The 
system also features substantial centralised and distributed processing power, i.e., 32 distributed Field 
Programmable Gateway Arrays (FPGAs) processing per two antennas and three centralised FPGAs for 
central processing.  
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Figure 2: KU Leuven Testbed Schematic Representation 

The two sub-systems are connected to the MIMO processor (analogous to CPU) via two 40-meter optical 
fibres responsible for the front-haul. The testbed also includes a second part (Figure 3 – left side), which is 
used for 6G prototyping. This part uses three 400 MHz CFmMIMO Radio Units (RUs) via NI X410 USRPs. 
The radio units, denoted as USRP x410 by National Instruments, are capable of operating either in a stand-
alone (embedded) mode or as host-based systems with network streaming capabilities. These units cover 
a frequency range from 1 MHz to 7.2 GHz, with tunability extending up to 8 GHz. The RUs have an 
instantaneous bandwidth capacity of up to 400 MHz. The radios are controlled by the testbed controller, 
which is a compute server.  

A second machine runs the commercial Distributed Unit (DU)/Central Unit (CU) software by IS 
Wireless.  The testbed utilises a dedicated, custom set of antennas for beamforming and MIMO 
experimentation in various bands (multi-band scenario), encompassing both sub-6GHz cellular bands and 
mm-wave bands. To ensure precision in timing and synchronisation, a Rubidium clock governs the entire 
testbed. The clock is distributed using the Octoclock distributor from National Instruments. Precise 
synchronisation is one of the most important components for sensing. Finally, the testbed is equipped 
with a set of Cartesian robot positioners, ensuring accurate placement of the test user's equipment. This 
will enable experiments with beam forming, accurate position prediction and tracking, and precise power 
measurement at various positions within the test area.  

 

Figure 3: KU Leuven Laboratory 
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KUL's testbed radio infrastructure is interconnected via a dedicated high-speed 100 GbE fibre link to a 
compute cluster. KUL's compute cluster, whose development started in the context of the 6G-BRICKS 
project, is centred around a Hewlett-Packard (HP) Enterprise Edge server featuring a dual Xeon Gold 6430 
processor (32 cores and 64 threads). The controller has 1 Terabyte (TB) of Double Data Rate 5 (DDR5) 
PC5-4800-2R memory and 960GB of Serial Advanced Technology Attachment – Solid State Driver (SATA 
SSD) storage. The computing infrastructure supports the core operational aspects of the testbed and 
provides provisions for machine learning, training, and data processing.  

Users can perform number crunching and Artificial Intelligence (AI) training using an NVIDIA A100 
accelerator card in conjunction with Tensor Flow or PyTorch. Data sets are stored locally and are publicly 
accessible, ensuring reproducibility. Moreover, the computer cluster can host the DU and RAN Intelligent 
Controller (RIC) modules that operate on a dedicated server connected to the main computer via a 40G 
Ethernet link. The software stack used for the experiment is entirely configurable by the user, who can 
either choose the CU/DU stack provided by IS Wireless (ISRD) or write custom code to control the RU's 
directly.  The full testbed functionality is described in [18] . 

3.4.2 KU Leuven JCAS Experiment 

The initial experiment and first validation consist of setting up a target in the lab at a known distance from 
the base station (transmitter), as shown in Figure 4. The water-filling algorithm is then used to allocate 
power dynamically to communication and sensing. After the allocation, the channel impulse response is 
used to estimate the position of the known target, and the error between the estimated and the real 
positions is calculated.  

 

Figure 4: JCAS Setup to Validate the Water Filling Algorithm 

The GUI (Figure 5) shows the channel impulse response for sensing and communication channels, the 
channel capacity in Mbps, the Peak-to-Side lobe Ratio (PSR), which is a measure of how sharp your peak 
is, the subcarrier allocation, and the estimated position in comparison to the real one. The more power 
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and carriers are allocated to sensing, the more accurate the position estimation is. However, when more 
power and sub-carriers are allocated to communication, the system capacity increases, of course, at the 
cost of lower localisation accuracy.  

An important remark should be made regarding the sensing channel impulse response shown in the 
bottom left corner of Figure 5. In Figure 5, P0 represents the peak related to the position of the 
transmitter, P1 indicates the position of the target, and P2 corresponds to the peak related to the 
reflection from the wall behind the target. After P2, it is also possible to spot that the pattern is repeated, 
although with heavy distortion and very low power. The distance marked on the x-axis is twice the actual 
distance to the target, which is normal due to the nature of the experiment. The signal propagates towards 
the target and then bounces back towards the RU. This is the mono-static channel defined in the sections 
above. The reflections on walls (multipath effect) are one of the major issues to be addressed to 
consolidate the implementation of this enabler/component. In the next phase of the project, the algorithm 
will be able to correct for the effects of multipath, localise moving targets, and generate appropriately 
labelled datasets. This will be achieved by using multiple antennas and RUs organised in a CF 
configuration.  

 

Figure 5: Graphical Interface of the KU Leuven Experiment 

The setup has been demonstrated at the 5th IEEE JC&S Symposium 2025 [19] . The JCAS demonstration is 
implemented as three separate components: a web interface, a middleware component, and a back-end 
component. The backend component is directly responsible for running the water-filling allocation 
algorithm, channel estimation, and all other signal processing procedures. The backend is also responsible 
for the initialisation and control of the USRPs. The middleware is responsible for collecting the data from 
the backend and serving it as a web interface via a REST API. The entry points in the middleware return 
the corresponding data or error messages in JSON format.  

Finally, the front-end is a web application that runs in the user's browser and interacts with the 
middleware via Asynchronous JavaScript and XML (AJAX) calls. The web front-end is only used for 
demonstration and debugging purposes, and it will not be included in the final implementation of the JCAS 
component. In the final implementation, the middleware will interface directly with the SUNRISE 
federation portal. 

P1 P2 
P0 
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4 Enabler 2: JCAS for RIS 
4.1 Introduction 

RIS are designed to control the reflections of electromagnetic waves in smart environments, thereby 
extending network coverage without requiring an increase in the number of sources. JCAS is another 
emerging paradigm that integrates wireless communication with environmental sensing capabilities. By 
leveraging RIS, JCAS systems can simultaneously improve network performance while enabling precise 
object detection and localisation. This section explores the fundamental aspects of RIS technology, 
including its modelling, design considerations, and control algorithms, to enable JCAS. Furthermore, it 
explores the experimental setups necessary for evaluating RIS performance in real-world scenarios.  

4.2 State-of-the-Art and Innovations 
The integration of RIS into wireless communication has been extensively studied over the past decade 
with numerous theoretical and experimental advancements. The fundamental principle behind RIS is the 
ability to manipulate electromagnetic waves by dynamically adjusting the phase shifts of reflective 
elements. These elements, often realised as meta-surfaces, can be programmed to steer signals in desired 
directions, effectively enhancing communication performance in challenging propagation environments. 

Authors in [20] have developed both deterministic and statistical models to characterise the impact of RIS 
on wireless channels. To fully exploit the potential of RIS, advanced optimisation techniques such as Deep 
Reinforcement Learning (DRL) and metaheuristic algorithms have been employed to dynamically 
configure RIS phase shifts [22] . The practical deployment of RIS requires seamless integration with 
current wireless technologies, such as 5G and beyond. Efforts have been made to standardise RIS-assisted 
communication protocols and evaluate their impact on system performance [23] . Research institutions 
and industry players have developed RIS testbeds to validate theoretical models and assess real-world 
performance [24] . These testbeds provide valuable insights into hardware limitations and practical 
implementation challenges. 

Our approach introduces a novel method to control RIS via xApps through the O-RAN E2 interface, 
enabling real-time and flexible reconfiguration of RIS elements within an open and standardised network 
architecture. This allows for seamless integration with existing mobile networks while optimising RIS 
phase shifts dynamically. Additionally, we propose new algorithms tailored for JCAS applications, 
leveraging RIS to enhance both communication and sensing capabilities. Our methodology aims to bridge 
the gap between theoretical advancements and practical implementations by validating these concepts in 
experimental testbeds. 

4.3 RIS Modelling and Control Algorithm 
The concept of integrating RIS into wireless communications emerged in the early 2010s. RIS are designed 
to control the reflections of electromagnetic waves in smart environments, thereby extending network 
coverage without requiring an increase in the number of sources. Additionally, with the adoption of 
millimetre waves (mm-waves) in 5G communications, propagation in Non-Line-Of-Sight (NLOS) scenarios 
has become more challenging. RIS can help enhance data rates, minimise unnecessary transmissions, and 
reduce handovers caused by Radio Link Failures. In the following subsection, the RIS modelling, design 
considerations and control algorithm are presented. 

4.3.1 RIS Modelling 

Greenerwave has developed a millimetre-wave RIS based on electronically tunable pixels with binary 
phase modulation. In the FR2 band [25], [26], we designed a 25 cm x 25 cm metasurface to operate 
around a frequency of 28.5 GHz. This RIS comprises M×N=1600M \times N = 1600 pixels (where M=40M 
= 40 and N=40N = 40), each with dual polarisation (PH, PV) and two binary states (ON/OFF). The pixels, 
based on PIN diodes, are engineered to achieve a significant phase shift between binary states (close to 
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π/pi) and exhibit minimal dissipation (< -2 dB) across a bandwidth of 25.5 GHz to 29 GHz [7] . These 
metasurfaces can be modelled analytically to predict their reflected radiation patterns in all directions, 
considering an incident wave in both near and far fields. By strategically configuring the states of 
individual pixels (PIN diodes), out of 23200 possible configurations, we can direct the reflected wave 
toward users in various azimuth and elevation angles and reshape it into beams of different widths. 
Binary phase RIS analytical model [27] . 

The reflection of the electromagnetic wave impinging on RIS can be controlled by judiciously switching 
PIN diodes. The states of PIN diodes determine the phase of the local reflection coefficient along the RIS. 
The distribution of the phase φnm, where n and m number pixels in the array 𝑚𝑚 𝜖𝜖 {0, … ,𝑀𝑀 − 1} and 
𝑛𝑛 𝜖𝜖 {0, … ,𝑁𝑁 − 1}, is established according to the following equation: 

Φ𝑛𝑛,𝑚𝑚 = Φ𝑟𝑟(x𝑛𝑛, y𝑚𝑚) −Φ𝑖𝑖(x𝑛𝑛, y𝑚𝑚)         (5)    

where Φ𝑖𝑖(x𝑛𝑛, y𝑚𝑚) and Φ𝑟𝑟(x𝑛𝑛, y𝑚𝑚) are the phase distributions created by the incident and the desired 
reflected waves at the position x𝑛𝑛, y𝑚𝑚 of the 𝑛𝑛,𝑚𝑚 the pixel in the cartesian plane with respect to the RIS 
centre.  

Assuming that  𝐸𝐸𝑖𝑖  is the incident wave created by the transmitting (Tx) antenna that illuminated the RIS, 
the radiation pattern 𝐸𝐸𝑟𝑟(𝜃𝜃,𝜑𝜑) in 𝜃𝜃,𝜑𝜑 directions created by the RIS set to a given pixels' binary 
configurations can be approximated as follows: 

𝐸𝐸𝑟𝑟(𝜃𝜃,𝜑𝜑) = ∑ ∑ E𝑖𝑖(x𝑛𝑛, y𝑚𝑚). f𝑛𝑛,𝑚𝑚(𝜃𝜃,𝜑𝜑). Γ𝑛𝑛,𝑚𝑚. cos�θ𝑛𝑛,𝑚𝑚�. exp �𝑗𝑗 2𝜋𝜋
𝜆𝜆
𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃)� . [x𝑛𝑛 cos(𝜑𝜑) + y𝑚𝑚 sin(𝜑𝜑)]𝑀𝑀−1

𝑚𝑚=0
𝑁𝑁−1
𝑛𝑛=0  (6) 

where: 

- f𝑛𝑛,𝑚𝑚(𝜃𝜃,𝜑𝜑) represents the scattering pattern of each pixel (𝑛𝑛,𝑚𝑚) in the array.  
- Γ𝑛𝑛,𝑚𝑚 is the local reflection coefficient from the 𝑛𝑛,𝑚𝑚 the pixel:  Γ𝑛𝑛,𝑚𝑚 = A𝑛𝑛,𝑚𝑚. exp�𝑗𝑗.Φ𝑛𝑛,𝑚𝑚� with A𝑛𝑛,𝑚𝑚 

is the reflection amplitude of the pixel and Φ𝑛𝑛,𝑚𝑚 is the reflection phase given in (5). 
- E𝑖𝑖(x𝑛𝑛, y𝑚𝑚) is the electric field of the incident wave at the 𝑛𝑛,𝑚𝑚 th pixel, 
- θ𝑛𝑛,𝑚𝑚 is the θ-angle at which 𝑛𝑛,𝑚𝑚 th pixel sees the Tx antenna. 

As the RIS is composed of microstrip patched printed circuit, we may assume that  f𝑛𝑛,𝑚𝑚(𝜃𝜃,𝜑𝜑) = 𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃)  
and the equation of the RIS becomes as follows:  

𝐸𝐸𝑟𝑟(𝜃𝜃,𝜑𝜑) = 𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃)∑ ∑ E𝑖𝑖(x𝑛𝑛, y𝑚𝑚). A𝑛𝑛,𝑚𝑚. exp�𝑗𝑗Φ𝑛𝑛,𝑚𝑚� . cos�θ𝑛𝑛,𝑚𝑚�. exp �𝑗𝑗 2𝜋𝜋
𝜆𝜆
𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃)�  [x𝑛𝑛 cos(𝜑𝜑) +𝑀𝑀−1

𝑚𝑚=0
𝑁𝑁−1
𝑛𝑛=0

y𝑚𝑚 sin(𝜑𝜑)]           (7) 

Figure 6 illustrates the mutual positions of the RIS, receiving (Rx), and Tx horn antennas within the 
spherical coordinate system. 

 

Figure 6: Schematic of RIS, Rx, and Tx Horn Antennas in Spherical Coordinates 
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4.3.2 Near-Field Configuration 

The first scenario resembles a classical reflect array antenna configuration. The incident wave radiated by 
the Tx (horn) antenna is modelled as a spherical wave, and the reflected wave is assumed as a plane wave 
that propagates towards the receiver direction in a spherical direction given by  𝜃𝜃𝑅𝑅𝑅𝑅 , 𝜑𝜑𝑅𝑅𝑅𝑅 [7] : 

Φ𝑛𝑛,𝑚𝑚 = −2𝜋𝜋
𝜆𝜆

sin(𝜃𝜃𝑅𝑅𝑅𝑅)[𝑥𝑥𝑛𝑛. cos(𝜑𝜑𝑅𝑅𝑅𝑅) +𝑦𝑦𝑚𝑚. sin(𝜑𝜑𝑅𝑅𝑅𝑅)] + 2𝜋𝜋
𝜆𝜆
�(𝑥𝑥𝑛𝑛 − 𝑥𝑥𝑇𝑇𝑇𝑇)2 + (𝑦𝑦𝑛𝑛 − 𝑦𝑦𝑇𝑇𝑇𝑇)2 + 𝑧𝑧𝑇𝑇𝑇𝑇2  (8) 

where: 𝑧𝑧𝑇𝑇𝑇𝑇 = 𝐷𝐷𝑇𝑇𝑇𝑇 . cos(𝜃𝜃𝑇𝑇𝑇𝑇),   𝑥𝑥𝑇𝑇𝑇𝑇 = 𝐷𝐷𝑇𝑇𝑇𝑇 . sin(𝜃𝜃𝑇𝑇𝑇𝑇) cos(𝜑𝜑𝑇𝑇𝑇𝑇)  and  𝑦𝑦𝑇𝑇𝑇𝑇 = 𝐷𝐷𝑇𝑇𝑇𝑇 . sin(𝜃𝜃𝑇𝑇𝑇𝑇) sin(𝜑𝜑𝑇𝑇𝑇𝑇) 

The value of Φ𝑛𝑛,𝑚𝑚 for each n.m the pixel was used to decide the ON/OFF state of the pixels. Hence, using 
[7] , we were able to t-field radiation pattern under different steering direction, such as 𝜃𝜃𝑅𝑅𝑅𝑅 =
30°, 45° 𝑎𝑎𝑎𝑎𝑎𝑎 60° assuming 𝜑𝜑𝑅𝑅𝑅𝑅 = 0, 𝐷𝐷𝑇𝑇𝑇𝑇 = 145 mm, 𝜃𝜃𝑇𝑇𝑇𝑇 = 45° and 𝜑𝜑𝑇𝑇𝑇𝑇 = 270°. Figure 7 shows the Near-
Field Configuration and Results of the Radiation Pattern Analytical Model for Different RIS Configurations. 

 
Figure 7: Near-Field Configuration and Radiation Pattern Analytical Model 

4.3.3 Far-Field Configuration 

This scenario can be assimilated to RIS used as an access point (5G gNB, ...) extender [28] . The Tx antenna 
is placed far from the RIS, so both incident and reflected waves can be modelled as plane waves. The 
equation of the distribution of the phase of the n,m the pixel of the RIS can be formulated as in [7] :  

Φ𝑛𝑛,𝑚𝑚 = −2𝜋𝜋
𝜆𝜆

sin(𝜃𝜃𝑅𝑅𝑅𝑅)[𝑥𝑥𝑛𝑛. cos(𝜑𝜑𝑅𝑅𝑅𝑅) +𝑦𝑦𝑚𝑚. sin(𝜑𝜑𝑅𝑅𝑅𝑅)] + 2𝜋𝜋
𝜆𝜆

sin(𝜃𝜃𝑇𝑇𝑇𝑇)[𝑥𝑥𝑛𝑛. cos(𝜑𝜑𝑇𝑇𝑇𝑇) +𝑦𝑦𝑚𝑚 . sin(𝜑𝜑𝑅𝑅𝑅𝑅)] (9) 

The phase has a periodic profile that cannot be approximated well by only two-phase states. When 
applying a near-field-like PIN, diodes state decisions with respect to Φ𝑛𝑛,𝑚𝑚, a very strong undesired lobe 
appears in addition to the main lobe. 

Different methods have been used, from the one used in the near field to decide the pixel states (ON/OFF) 
based on the reflection angle distribution Φ𝑛𝑛,𝑚𝑚 and it gave much better performances. Equation 6 was 
used to simulate the radiated reflected field analytically. Figure 8 shows the Far-field Configuration and 
Results of the Radiation Pattern Analytical Model for Different RIS Configurations. 

 
Figure 8: Far-field Configuration and Radiation Pattern Analytical Model 
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4.3.4 RIS Specifications 

The RIS is characterised by the following specifications: 

Table 2: RIS Specifications 

Parameter Value 

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

Operating Temperature (ambient) 5 ~ 40 °C 

Storage Temperature (ambient) 5 ~ 40 °C 

Operation condition Indoor use only 

Dimension 350 mm * 260 mm * 40 mm 

Weight (RIS only) 1.8 kg 

Interface Micro USB  

Frequency range of operation 25.5-29.5GHz 

Polarisation H-pol and V-pol 

Scan Range (Azimuth, Elevation) +/- 60° 

3dB-beamwidth at boresight direction tunable from 3° to 9° 
Average Power Consumption  
average 1 polarisation / 2 polarisations  10W / 22W  

Control software Python 3.8.5 
Emitting antenna (recommended for near-to-far 
field operation mode), not included in the 
package. 

WR34 waveguide horn antenna (SAR-1725-34-
S2) 

4.3.5 RIS Control Algorithm 

The RIS developed by Greenerwave (GNW) allows different types of control algorithms: 

1. Narrow-beam steering based on S-parameters using a Vector Network Analyser (VNA) or 
equivalent test setups. 

2. Beam management capabilities based on the Gradient Descent (GD) algorithm: The control is 
achieved through optimisation using GD of the RIS configuration, based on measurements of the 
Rx Received Signal Strength (RSS). 

3. Wide/narrow beam management of the RIS enables the establishment of coverage, enhancing 
throughput and ensuring localisation and tracking (when needed). RSS feedback from the Rx is 
needed in this case. 

4.4 First Experiments and Validation Plan 
This section presents the preliminary considerations for future experiments designed to validate the 
proposed methodologies in this chapter. Subsection 3.4.2 provides a brief description of the Eurecom’s RIS 
testbed infrastructure for JCAS, and Subsection 4.4.2 preliminary details of the RIS experiment. 
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4.4.1 Eurecom Testbed: RIS Setup 

Figure 9 illustrates EUR's experimental testbed, which integrates Open RAN (O-RAN) components with 
the RIS from GNW. The system includes several key components, each with distinct roles. The Quectel 
form communicates with the RU via the air interface and uses an E2 proxy to connect with the RIC 
through the E2 interface (reporting Reference-Signal-Receive-Power (RSRP)).  

The RIS, provided by GNW, 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 third-party JCAS xApps to manage and optimise beams, 
including RIS beams and DU beams, via E2: KPM (Key Performance Measurement) and Radio Control (RC) 
service models. The system is synchronised 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 in accordance with O-RAN standards. The RIS adjusts the 
propagation environment, and the RIC optimises the entire system using xApps for advanced beam 
control. E2 Proxies enable communication between the RIS, UE, and RIC through E2 interfaces. The 
primary goals of this setup include testing RIS integration with Open RAN for performance enhancement, 
evaluating AI-driven JCAS optimisation using RIC xApps, and ensuring interoperability across different 
vendors and technologies. 

 
Figure 9: Eurecom Experimental Testbed 

Test Setup 

The intended setup included the following components: 

• RIS created and provided by Greenerwave 
• RU from Liteon and provided by Eurecom 
• UE from Quectel provided by Eurecom 
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The planned test scenario was designed to place the UE and the RU in a NLoS position, with the RIS 
strategically positioned to maintain a line-of-sight (LoS) connection with both the RU and the UE. The 
objective was for the RIS to beamform the radiation from the RU towards the UE, enabling both downlink 
(DL) and uplink (UL) communication through the RIS. The setup is shown in Figure 10. 

4.4.2   Eurecom JCAS: RIS Experiment 

The integration of the RIS provided by GRW with the existing O-RAN-based 5G network setup is currently 
underway. Ongoing testing and validation efforts are focused on assessing the impact on system efficiency 
and network coverage. The results of this initial integration will be thoroughly analysed and presented in 
the following deliverable of the specific task. 
4.4.2.1 Expected Key Results  

Despite the initial objectives, proper communication through the RIS should be established during the test 
campaign. Key developments during the campaign should include: 

• The installation of required RIS software tools on the Eurecom computers. 
• A tutorial session on how to use the RIS, operate the supplied tools, and connect the RIS to the 

network. 

 
Figure 10: Test Setup for RIS Validation 

4.4.2.2 Considerations from the Expected Results Analysis  

Several factors would contribute to the challenges during the test campaign. Herein, we describe the 
major challenges and pitfalls. 

 Environmental Factors: 

The test environment could introduce significant reflections, allowing the UE to receive a considerable 
amount of energy directly from the RU without requiring the RIS. The measured RSRP should be a 
reference for measurement. 

 Distance Constraints: 

The RU-UE distance may play a significant role in implementing the test setup. A proximity RU-UE would 
diminish the ability to highlight the RIS's contribution to improving RSRP. 

 UE Beamforming Capabilities: 

The UE itself featured a 64-element array for beamforming. The inability to control or access the beam 
direction at any given time could reduce confidence in the measured performance, as key variables could 
not be fixed or properly managed. 
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5 Enabler 3: Near-Field RIS Components 
5.1 Introduction 
A RIS is a reflective surface that can modify the shape of the incident field on its aperture to create a 
reflected beam focused on a certain distance from it. The working principle of any reflective surface is, 
indeed, the ability to change the phase and the amplitude of the reflected beam with respect to the 
incident one. As this occurs at the cell level, the reflected beam is akin to the beam radiated by an 
equivalent corporate-fed phased array, whose antennas correspond to each cell of the RIS. This is indeed 
the easiest way to calculate the phase required on the reflected beam to focus it in a specific direction. The 
concept is illustrated in Figure 11 and Figure 12.  

Specifically, Figure 11 shows the schematic representation of a RIS as an array of cells which modify the 
phase of the incoming rays (in blue) to focus the reflected beam (in green) on the focal point F. Figure 12 
shows the equivalent representation of the RIS as a phased array whose phase shifters act like those used 
for classic beamforming to focus the beam towards F. 

  

Figure 11: Schematic Representation of a RIS as an Array of Cells. 

 

Figure 12: Equivalent Representation of the RIS as a Phased Array. 

The complexity of the RIS implementation is thus delegated to the design of the cells, which behave as 
equivalent circuits composed of parallel impedance separated by transmission lines whose dielectric 
constants are those used for the cell substrate [29] , as shown in Figure 13 and Figure 14. 
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Figure 13: Representation of a Cell with Several Dielectric Layers Separated by Metallic Patterns 

 

Figure 14: Equivalent Representation of the Cell as an Electric Circuit 

The equivalence of the RIS cell to an electric circuit is essential in the design process, as the values of the 
parallel impedance determine the shape of the metallic layers that separate the dielectrics [29] [30] . 
Indeed, the phase shift that the RIS cell provides to the incident radiation is related to the equivalent 
impedance of the electric circuit by the well-known relation: 

 Γ = 𝑍𝑍0−𝑍𝑍eq

𝑍𝑍0+𝑍𝑍eq
        (10) 

where 𝑍𝑍0 is the free-space impedance, and 𝑍𝑍eq is a function of the equivalent circuit characteristics, as well 
as of the inclinations of the incident and reflected beams, together with their polarisations. The design 
process of a classic reflective surface can thus be summarised in the following points: 

• First, the target focal point of the reflected beam must be used to determine the phase of the 
reflected rays. Indeed, the length of the optical path from the centre of each cell in the RIS to the 
focal point must be compensated by the initial phase of the corresponding ray on the cell surface. 

• Second, the phase distribution of the incoming radiation must be measured or assumed.  
• Third, the difference between the phase of the reflected beam and the phase of the incident beam 

must be calculated to determine the reflection coefficient of each cell. 
• Fourth, the equivalent impedance of each cell must be computed from its reflection coefficient. 
• Fifth, the circuit parameters are optimised to provide a certain 𝑍𝑍eq, which finally determines the 

shape of the cell. 

Regarding the cell parameters of the RIS, they can be configured automatically by the software provided 
by the manufacturer under the conditions specified in the accompanying spreadsheet. 

5.2 State-of-the-Art and Innovations 
The RIS will be one of the new radio network components in the coming 5G advanced and 6G 
telecommunication networks. The first network trials for 5G mmW RIS systems were conducted very 
recently, as presented in [31]. The RIS will enable the transmission of the communication signal around 
the blocking object, and the distances between the link ends, and the RIS are crucial factors in determining 
the effectiveness of the RIS operation.  
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Traditionally, communication systems have been designed to operate in far-field environments, where the 
base station and mobile device are located far from each other, and thus, communication occurs with 
planar wavefronts. When the size of the reflected surface increases with respect to the communication 
signal lengths, the RIS becomes electrically large, and the far-field region starts to grow fast. In such 
circumstances, the base station or the mobile user is easily located in the near field of the RIS, especially in 
the indoor environment. For example, for a RIS with an aperture size of 1 m employed at the frequency of 
28 GHz, the resultant Rayleigh distance is approximately 187 m [32] , or the RIS of diameter 30 cm leads 
to a far-field range of 18 meters.  

There are proposals presented in the literature about Rthatstems that may operate near-field in the RIS. 
The RIS operation, acting as a radio lens, is proposed in [33].  A prototype of mmW RIS, which may 
operate in the near field of the TX end of the link, is presented in [27] . The operation of the RIS has been 
validated with a continuous wave (CW) signal without signal modulation, as reported in [27] . A near-field 
RIS operation at the RX end of the link, when the input signal is a planar wave, has been investigated 
through simulations in [34] . A near-field focusing RIS with prototype evaluations has been presented in 
[35] . 

The aim of the enabler development is to develop, based on commercial mmW RIS hardware, a 
demonstration platform that enables dynamic 5G communication operation when the location of the 
transmitter changes in the near-field of the RIS. Typically, the transmitter location is fixed to near-field RIS 
where beamforming is easier to perform. The necessary algorithms will be developed to support this 
operation, and the performance of the RIS will then be evaluated in conjunction with 5G communication 
signals. 

5.3 Focal Point Beamforming Algorithm and Channel Estimation Algorithms 
There are many ways to implement beamforming using reflective metasurfaces. As a generic principle, the 
distribution of the reflected electric field on the surface of the RIS can be easily calculated as the Digital 
Fourier Transform (DFT) of the target far field [29], [36] :  

𝐸𝐸(𝑥𝑥,𝑦𝑦) = ∑ ∑ 𝐸𝐸�𝑘𝑘𝑥𝑥 ,𝑘𝑘𝑦𝑦�𝑁𝑁
𝑛𝑛=1

𝑀𝑀
𝑚𝑚=1 𝑒𝑒−𝑗𝑗�𝑛𝑛𝑛𝑛∆𝑘𝑘𝑥𝑥+𝑚𝑚𝑚𝑚∆𝑘𝑘𝑦𝑦�∆𝑘𝑘𝑥𝑥∆𝑘𝑘𝑦𝑦   (12) 

where 𝑘𝑘𝑥𝑥 , 𝑘𝑘𝑦𝑦 and 𝑘𝑘𝑧𝑧 are the three components of the wave vector in the spatial domain, such that the 
elevation and the azimuth can be easily computed as: 

 𝜃𝜃 = tan−1
�𝑘𝑘𝑥𝑥2+𝑘𝑘𝑦𝑦2

𝑘𝑘𝑧𝑧
 and 𝜑𝜑 = 𝑘𝑘𝑦𝑦

𝑘𝑘𝑥𝑥
       (13) 

respectively. It is extremely important to outline that only those points having a real value of 𝑘𝑘𝑧𝑧 must be 
considered for the DFT. Therefore, since: 

 𝑘𝑘𝑧𝑧 = ��2𝜋𝜋𝜋𝜋
𝑐𝑐0
�
2
− �𝑘𝑘𝑥𝑥2 + 𝑘𝑘𝑦𝑦2�       (14) 

The spatial domain for the DFT transform is given by the condition: 

 𝑘𝑘𝑥𝑥2 + 𝑘𝑘𝑦𝑦2 ≤ �2𝜋𝜋𝜋𝜋
𝑐𝑐0
�
2

      (15)  

The computed field on the RIS aperture can thus be used to determine the amplitude and phase of the 
reflected beam. The variation of these values from those of the incident wave determines the required 
reflection coefficient of each cell and, therefore, the equivalent impedance and design parameters of the 
system. A schematic of this approach for designing a reflective surface is shown in Figure 15.  Figure 16 
shows the respective pseudocode of the algorithm to determine the equivalent impedance of each cell of 
the RIS starting from the target far-field, expressed in terms of  𝑘𝑘𝑥𝑥 and 𝑘𝑘𝑦𝑦. 
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Figure 15: Design Flow of a Reflective Surface 

 

 

Figure 16: Pseudocode of the Algorithm to Determine the Equivalent Impedance of each cell of the RIS 

The equivalent impedance of each cell is used to determine its design (or calibration) parameters. 
Determining the cell parameters is even simpler in the case of a single focal-point beamforming. In fact, in 
this case, each cell should simply provide a reflected phase shift that equals the phase variation of the 
radiation along each ray at the nominal frequency, as shown in Figure 17. The easiest way to compute the 
reflection coefficients is to consider the phase shifts due to the optical path from each cell to the focal 
point at the nominal frequency. 
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Figure 17: Reflection Coefficients Computed via Phase Shifts at the Nominal Frequency 

In both cases, the focal point will be affected by squint, which can be mitigated by making the reflection 
coefficient frequency-dependent, for example, through the use of cavities for cell implementation. 

The focusing effect that the reflective surface has on the incident beam determines its gain. Given 𝑃𝑃𝑡𝑡  the 
power of the transmitted signal, 𝐿𝐿𝑡𝑡𝑡𝑡  as the path loss from the transmitter to the reflector, 𝐿𝐿𝑟𝑟𝑟𝑟  the loss from 
the reflector to the receiver, 𝐺𝐺𝑟𝑟  the gain of the receiver, and 𝑃𝑃𝑟𝑟  the measured power at the focal point, the 
gain 𝐺𝐺𝑅𝑅𝑅𝑅𝑅𝑅 of the Device Under Test (DUT) can be computed as: 

 𝐺𝐺𝑅𝑅𝑅𝑅𝑅𝑅(dB) = 𝑃𝑃𝑟𝑟 + 𝐿𝐿𝑡𝑡𝑡𝑡 + 𝐿𝐿𝑟𝑟𝑟𝑟 − (𝑃𝑃𝑡𝑡 + 𝐺𝐺𝑟𝑟)     (16) 

This equation can be used to validate the correct functioning of the TMYTEK XRifle Dynamic RIS, whose 
gain is provided by its in-house designed software interface. 

5.4 First Experiments and Validation Plan 
In this section, the experimental RIS validation is presented. First, a brief description of the global testbed 
setup is presented in Section 5.4.1, and specific Near-Field RIS and mmWave design considerations are 
outlined in Section 5.4.2. A Matlab model of the beamformer is further showcased in subsection 5.4.3, and 
the experimental setup and validation are in subsection 5.4.4. 

5.4.1 UOULU Testbed 

Figure 18 presents the block diagram of the UOULU RIS measurement test bed installation in the 6G 
laboratory, which was created specifically for the activities of the SUNRISE-6G project. The main elements 
of the system are as follows: 

• Intelligent reflective surface operating at 28 GHz frequency band. There will be two different 
options for the RIS used in the setup: Greenerwave RIS 27 GHz and TMYTEK RIS 28 GHz. 

• The transmission test signal is generated with a TMYTEM beamformer operating at the 28 GHz 
band, and the USRP and the OAIBOX-connected 5GTN network generate the transmission signal. 

• The TMYTEK beamformer is controlled by a GUI control software, which allows for changing the 
direction of the TX signal of the beamformer transmission array. 

• The testbed receiver is implemented with an FR2 stand-alone test mobile terminal (Quectel 
RM530F), which supports stand-alone (SA) 5G mmWave communication. 

• The transmitter and receiver will be positioned on robotic arms, whose positions can be 
controlled using a control software wave (SW) provided by the manufacturer. 



D4.1 “Initial Report on Joint Communication and Sensing and Near-Field Components” 

©SUNRISE-6G  Page | 29  

• The TX unit will be located near the RIS, and the RX will be located in the far field. 

 

Figure 18: Complete RIS System Setup in UOULU Laboratory 

5.4.2 Near-Field RIS and mmWaves 

In general, the near-field region that should be considered for the design of a reflective array is the Fresnel 
region, where a complex relationship exists between the electric and magnetic fields of the radiating 
wave. However, in our case, the RIS provider defined the operative region of the device to be outside of 
this region, as the distance of the incident radiating source must be larger than 2𝐷𝐷

2

𝜆𝜆
 (Fraunhofer distance), 

where D is the largest dimension of the RIS. In this way, the only concerns of the test campaign relate to 
the shape of the incident phase front on the RIS surface and the non-parallelism of the reflected waves. As 
the manufacturer's spreadsheet also defines the incident source distance to ensure that the -3 dB 
beamwidth of the main incident lobe covers the RIS surface fully, the incident phase front on the RIS 
surface can be assumed to be linear, as shown in Figure 19. Incident rays can, therefore, be considered to 
be parallel, and the phase front is linear on the RIS surface.  

 
Figure 19: RIS Inside -3dB Beamwidth with Parallel Incident Rays and Linear Phase Front 

The non-parallelism of the reflected rays also poses problems for calculating the radiation intensity at the 
focal point. Indeed, in this case, the trapezoid rule should be applied when computing the vectorial sum of 
the electric field components. However, as the manufacturer has specified the RIS to be tested under the 
Transverse Electrical (TE) polarisation assumption, all the components of the electric field are parallel to 
the cell surface. This way, the intensity of the electric field at the focal point can be easily computed as the 
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sum of the electric field intensities from the various reflected rays. The direction of each component must 
still be considered, as shown in Figure 20. 

In summary, the Fraunhofer distance as 𝑅𝑅𝑓𝑓 = 2𝐷𝐷2

𝜆𝜆
, and the distance where the -3dB beamwidth perfectly 

matches the size of the RIS as 𝑅𝑅𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,𝐸𝐸 = 𝐿𝐿
2

cot �𝜃𝜃𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
2

�, the distance of the incident source from the RIS 
during the test campaign must satisfy the following conditions: 

𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ≥ 𝑅𝑅𝑓𝑓   if  𝑅𝑅𝑓𝑓 > 𝑅𝑅𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,𝐸𝐸     (11) 

    𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ≥ 𝑅𝑅𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,𝐸𝐸       if 𝑅𝑅𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,𝐸𝐸 > 𝑅𝑅𝑓𝑓, 

where a linear TE polarisation is assumed with respect to the RIS surface. Figure 20 illustrates the electric 
field at the focal point for transverse electric polarisation. 

 
Figure 20: Electric Field at the Focal Point under Transverse Electric Polarisation 

5.4.3 UOULU MATLAB Modelling of RIS Beamformer 

Implementing a Matlab script to compute the RIS configuration for correct beamforming requires 
knowledge of the coordinate systems of the DUT. They are defined for both the RIS and the Tx/Rx 
antennas, as shown in Figure 21. 

 
Figure 21: Coordinate Systems of RIS and Tx/Rx Antennas 

 

The coordinate transformation between the RIS and the Tx/Rx consists of two rotations in azimuth and 
elevation, as well as a translation along the Z-axis, as shown in Figure 22. 
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Figure 22: Coordinate Change Consisting of Two Rotations and a Translation on the Z-axis 

The coordinates ⟨𝑥𝑥|𝑦𝑦|𝑧𝑧⟩ are those represented in the RIS reference system, while 

 �𝑥𝑥Tx/Rx
′′′ �𝑦𝑦Tx/Rx

′′′ �𝑧𝑧Tx/Rx
′′′ �       (17) 

are related to the transmitter and receiver. The relation between these two coordinate systems is thus 
given, in a matrix form as: 

 �
𝑥𝑥
𝑦𝑦
𝑧𝑧
� = �

cos𝜑𝜑Az cos𝜃𝜃El − sin𝜑𝜑Az − sin𝜃𝜃El cos𝜑𝜑Az
cos 𝜃𝜃El sin𝜑𝜑Az cos𝜑𝜑Az − sin𝜃𝜃El sin𝜑𝜑Az

sin𝜃𝜃El 0 cos𝜃𝜃El
� �
𝑥𝑥′′′
𝑦𝑦′′′
𝑧𝑧′′′

� + 𝑑𝑑 �
cos𝜑𝜑Az sin𝜃𝜃El
sin𝜑𝜑Az sin𝜃𝜃El

cos 𝜃𝜃El
� (18) 

where d is the distance of the transmitter/receiver. Having defined the coordinate change allows an easy 
calculation of the position of the Tx/Rx antennas in the RIS coordinate system. If fact, by assuming: 

 �
𝑥𝑥Tx/Rx
′′′ = 0
𝑦𝑦Tx/Rx
′′′ = 0
𝑧𝑧Tx/Rx
′′′ = 0

        (19) 

as the Tx/Rx coordinates in their corresponding systems, we get: 

 �
𝑥𝑥Tx/Rx = 𝑑𝑑 cos𝜑𝜑Az sin𝜃𝜃El
𝑦𝑦Tx/Rx = 𝑑𝑑 sin𝜑𝜑Az sin𝜃𝜃El
𝑧𝑧Tx/Rx = 𝑑𝑑 cos 𝜃𝜃El              

     (20) 

This notation simplifies the calculation of the distance between each cell of the RIS and the 
transmitter/receiver, which is necessary to determine the required phase shift. In fact, regarding Figure 
23, (RIS Coordinate System) it is possible to calculate: 

 𝑑𝑑Tx/Rx = ��𝑥𝑥Tx/Rx − 𝑥𝑥cell�
2 + �𝑦𝑦Tx/Rx − 𝑦𝑦cell�

2 + �𝑧𝑧Tx/Rx − 𝑧𝑧cell�
2   (21) 

where ⟨𝑥𝑥cell|𝑦𝑦cell|𝑧𝑧cell⟩ are the coordinates of the generic cell. This way, the phase of the transmitted signal 
on each cell of the RIS is given by: 

 𝜓𝜓Tx = tan−1 �− 2𝜋𝜋𝑓𝑓0
𝑐𝑐0

𝑑𝑑Tx�     (22) 

while the phase that the reflected signal should have to compensate for the free-space delay is given by: 

 𝜓𝜓Rx = tan−1 �+ 2𝜋𝜋𝑓𝑓0
𝑐𝑐0

𝑑𝑑Rx�      (23) 

at the nominal frequency. Finally, the phase configuration of the RIS is found by rounding the phase 
difference to 0 or 180 degrees, as ∆𝜓𝜓 = [𝜓𝜓Rx − 𝜓𝜓Tx]0o/180o . 
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Figure 23: Phase of the Incident and Reflected Beam on the RIS Cell 

5.4.4 UOULU RIS Beamforming Experiment 

The initial hardware implementation of the RIS involves building the RIS hardware and control software 
into the laboratory and testing their functionality. The initial test RIS is based on TMYTEK equipment 
since those were the first ones to arrive in UOULU. The first implementation of the RIS in the UOULU 
laboratory is shown in Figure 24. 

 
Figure 24: 28GHz RIS Hardware Setup in UOULU Laboratory with control GUI 

The control GUI SW software interface of the TMYTEL RIS supports the following features:  

• Define the incoming signal angle. 
• Define the reflected signal angle. 
• Distance of the RX and TX units from the RIS. However, at the moment of initial testing, both RX 

and TX distances were limited to be the same. Thus, not all functionality tests were performed due 
to this limitation. 

• It is possible to upload custom RIS antenna patterns to the RIS, but control details were not 
available at the time of testing. 
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The TMYTEK base station beamformer was not available at the time of the initial tests; therefore, the 
initial functionality tests were performed using CW or sine wave test signals. The modulated signal tests 
will be performed when the needed beamformer is available. 

The upper grey box is the RIS itself, and the bottom box is the controller unit, which is controlled by the 
GUI provided by the TMYTEK. 

The RIS beamforming tests were performed using GUI control, which automatically generates RIS antenna 
array activation patterns. The calculated far-field distance of the RIS used in the initial tests is 10.8 meters. 

The limitation of the TMYTEK GUI was that both RX and TX are assumed to be equal distances from the 
RIS. The reflection antenna pattern consists of vertical lines when the wavefront is completely planar, 
allowing the beam to be directed without requiring vertical steering. Example RIS antenna patterns when 
the TX and RX are at the same distance are shown in Figure 25. 

 
Figure 25: RIS Array Reflection Patterns from TMYTEK GUI 

Figure 25 presents the RIS array reflection patterns from the TMYTEK GUI when the incoming signal angle 
is at boresight (zero degrees), and the reflected signal angle is 60 degrees, with different similar distances 
between RX and TX and RIS. Both incoming and reflected signals are on the same plane, indicating no 
vertical beam steering. 

It is rare for both the TX and RX to be at the same distance from the RIS. The distance separation from the 
RIS will affect the required reflection pattern of the RIS. UOULU has developed a Matlab model to simulate 
required antenna reflection patterns. For example, if the TX is located on boresight 50 cm apart from the 
RIS and the RX distance is varied from 50 cm to 15 meters, the RIS patterns are shown in Figure 26. The 
second RIS radiation patterns, with a TX distance of 2 meters, are presented in Figure 27. 

 
Figure 26: TX Distance of 50 cm to RIS 

The RIS array reflection patterns from the UOULU Matlab simulator are shown when the incoming signal 
angle is at boresight (or zero degrees), and the reflected signal angle is 50 degrees, with the RX distance 
varied. 

a. TX distance of 50 cm to RIS presented in Figure 26,  
b. TX distance of 2 meters to RIS, as shown in Figure 27. 

Both incoming and reflected signals are on the same plane, indicating that there is no vertical beam 
steering. 
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Figure 27: TX Distance of 2 meters to RIS 

The initial functionality tests with short equal distances of TX and RX to RIS were performed in the Radio 
Frequency laboratory.  Figure 28 illustrates the setup for testing RIS functionality at a 1m distance in an 
RF laboratory environment, where both the TX and RX antennas are positioned in the near field of the RIS. 

 
Figure 28: RIS Functionality Test Setup with TX and RX Antennas in the Near Field 

The long-range functionality tests of the RIS were performed in a workshop at the UOULU, where we 
achieved an 11-meter line-of-sight measurement range. When the RIS was correctly controlled to direct 
the TX beam to RX, an 8 dB signal level improvement was recorded, which validated the correct operation 
of the RIS. The actual measurement setup is illustrated in the lab, as shown in Figure 29. 

 
Figure 29: Long-range RIS Functionality Tests at UOULU Laboratory. 

The horn antenna was used in the aforementioned initial tests, and those -3dB beamwidths were 
significantly wider than those of the TMYTEM base station beamformer. Thus, more accurate functional 
and radio performance measurements will be performed when the base station beamformer is available. 
The initial tests were performed with CW signals since they maximised the dynamic range of the 
measurements. 
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6 Conclusions 
This document provides an initial report on the integration of JCAS and Near-Field RIS components within 
the SUNRISE-6G project. It outlines the progress made in Tasks T4.1 and T4.2, focusing on the 
development, implementation, and initial validation of the algorithms and testbeds for joint 
communication and sensing. Specifically, in the 3 main technical chapters (i.e., Chapters 3-5),  the work 
performed and results for each of the enablers is addressed, i.e., 1) Joint Communication and Sensing for 
CFmMIMO, 2)Joint Communication and Sensing for RIS, and 3) Near-Field RIS Components.  

Regarding T4.1, the Joint Communication and Sensing for RIS and CFmMIMO enabler details the design 
and implementation of JCAS algorithms, focusing on resource allocation using the water-filling algorithm 
developed by KU Leuven. The algorithm dynamically allocates power between communication and 
sensing, enabling efficient systems with dual functionality. Initial experiments at KU Leuven testbeds have 
demonstrated the feasibility of combining monostatic and bistatic sensing with communication. 

The KU Leuven testbed has been used to validate the JCAS algorithms in the physical layer [18], [25]. The 
Eurecom testbed, integrating RIS with Open RAN components, is presented, and ongoing works to validate 
sensing algorithms and their integration within a complete RAN implementation (Enabler 2) will be 
presented in the next deliverable of this task. 

In T4.2, the work on Near-Field RIS Components (Enabler 3) focuses on developing focal point 
beamforming and channel estimation algorithms for RIS operating in the near-field region. The UOULU 
testbed has been used to validate these algorithms, with initial experiments demonstrating the ability to 
control and optimise RIS reflections for improved signal focus and coverage. 

The near-field RIS implementation has highlighted the importance of precise phase and amplitude control 
in achieving millimetre-level precision for proximity-based applications in the near-field region. Initial 
tests with TMYTEK RIS hardware have validated the theoretical models and provided insights into the 
practical challenges of deploying RIS in real-world scenarios. 

Key Contributions: 

• Algorithm Development: The water-filling algorithm and focal point beamforming techniques have 
been successfully implemented and validated. 

• Testbed Infrastructure: The testbeds at KU Leuven, Eurecom, and the UOULU have established the 
necessary infrastructure to implement, validate, and execute experiments in a repeatable manner, 
which is also integrated into the SUNRISE-6G federation. 

• Initial Validation: The initial experiments have demonstrated the feasibility of integrating JCAS 
and CFmMIMO technologies, with promising results in terms of localisation accuracy and resource 
allocation efficiency. 

Future work will include refining and implementing the algorithms, particularly in terms of sensing 
moving targets and integrating them into the federation platform. Future work will also involve collecting 
appropriate datasets to support future research in the JCAS field. 
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