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Executive summary
This is deliverable D1 "Technical Report NF-PERSEUS 2023". This document provides an overview of the progress
of the studies undertaken in NF-PERSEUS project and their progress by the end of 2023.

Chapter 1 delves into the advantages of cell-free architectures and their pivotal role in shaping the future of 6G
wireless networks. Cell-free architectures, which move away from the traditional cellular network model, offer sev-
eral compelling benefits that make them a promising solution for the next generation of mobile communication.

Chapter 2 describes the main use cases identified for the NF-PERSEUS project and their KPI, providing an in-
ventory of use case specifications, representative deployment scenarios and technical requirements. It presents
also the MAMIMOSA sounder which will be employed to perform massive MIMO channel measurments for the
considered NF-PERSEUS scenarios.

Chapter 3 examines and discusses relevant reference scenarios based on RIS. This analysis sheds light on the
technical challenges involved and the potential performance that can be achieved.

Chapter 4 provides an in-depth analysis of the performance metrics used to evaluate cell-free network architec-
tures. It presents the studies and research activities undertaken within Work Package 3 (WP3) and summarizes
the progress made by the end of 2023. It presents some potential PHY layer solutions studied in the framework of
NF-PERSEUS project. These solutions comprise advanced precoding/combing schemes and multi-carrier wave-
forms which are adequate for cell-free architectures.

Chapter 5 provides an overview of the progress of the studies undertaken in WP4 and their progress by the end of
2023. WP4 deals with radio resource management and aims at introducing novel multi-user access schemes and
resource allocation algorithms dedicated to distributed antenna systems, with an emphasis on achieving power and
spectrum efficient massive access in scalable B5G sub-7GHz networks.

Chapter 6 presents an overview of electromagnetically consistent communication models for Reconfigurable In-
telligent Surfaces (RISs). These models aim to describe the communication mechanisms and performance charac-
teristics of RISs, which are emerging technologies that can dynamically control the propagation of electromagnetic
waves. The chapter then goes on to showcase preliminary results obtained based on a communication model for
RISs that is grounded in multiport network theory. Multiport network theory provides a framework for analyzing the
electromagnetic behavior of complex systems, which is particularly relevant for understanding the operation and
capabilities of RISs.

Chapter 7 summarizes the studies undertaken in WP2 related to Radio-Frequency Front-End Modules, Recon-
figurable antennas and RIS aspects of the project NF-PERSEUS. Specifically, it provides details about the design
and manufacturing of Hybrid PA architecture, design and manufacturing of highly efficient miniature and reconfig-
urable antennas using in particular agile metamaterials and/or biosourced technologies.

Chapter 8 gives the conclusion.
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Chapter 1 : Introduction

The advent of 6G wireless technology is expected to provide notably augmented data rates and traffic capacities
in comparison to its predecessors, accompanied by a significant reduction in data connection latency. Neverthe-
less, these advancements are mainly achieved for User Equipment (UEs) situated in proximity to the cell centres.
Besides, the persistent issues of inter-cell interference and handover problems, inherent to the cellular framework,
continue to impose limitations on performance at the cell peripheries. Therefore, large variations of data rates are
witnessed throughout the cells, with high peaks at cell centres and a low Quality-Of-Service (QoS) at cell-edges.
To alleviate these issues, beyond 5G networks necessitate a transition towards a cell-free paradigm, wherein the
absence of cellular boundaries can efficiently mitigate the inter-cell interference and handover issues, albeit intro-
ducing several new challenges.
The alternative structure of cell-free massive multiple input multiple output (CF-mMIMO) [21, 57] consists in dis-
tributing an important number of access points (APs) over the deployment area. These APs cooperate to serve
UEs optimally, by exploiting the massive macro-diversity gain. Each of these densely deployed APs is equipped
with a small number of antennas and is generally connected to a central processing unit (CPU) via fronthaul links
constituted by high-capacity coaxial cables, fiber optics or wireless links. By doing so, the average distance between
each UE and its serving APs is reduced compared to the classical cellular configurations and shadow fading is also
combatted by the spatial diversity.
In the following we cite some of the particularities, challenges, and open issues in CF-mMIMO as identified in the
recent litterature and studied in the NF-PERSEUS project.

Channel estimation and pilot assignment
Using Time Division Duplexing (TDD), channel estimation (CE) is performed in uplink [14], where APs can compute
local channel estimates using pilots transmitted by the UEs. Regardless of the choice of the CE method, pilot con-
tamination appears in CF-mMIMO, just as in any large-scale communication system, due to pilot reuse. However,
it tends to be a lesser concern when compared to the context of cellular massive MIMO, especially when each AP
is equipped with a limited number of antennas and serves only a moderate number of UEs.
Nonetheless, the precision of CE in CF-mMIMO has a direct impact on inter-user interference, a factor that gains
increasing prominence as the network attains higher levels of density. Pilot contamination both reduces the CE
quality, which hinders coherent transmission, and makes it harder to reject interference between pilot-sharing UEs.
To limit these negative effects, proper pilot assignment techniques [19,142] need to be implemented, particularly in
a massive access scenario where the number of UEs is close to that of APs. This last challenge is of great concern
as it poses heavy constraints on the scalability of CF-mMIMO systems.

AP selection
Two distinct transmission scenarios are used in CF-mMIMO [26]. In the first one, all the APs across the network
collaboratively serve each UE; this scenario is referred to as the ‘ALL’ framework. However, it is both impractical and
energy-inefficient in expansive geographical areas, where each UE maintains physical proximity to only a subset of
APs.
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Consequently, a more commonly employed framework, known as Dynamic Cooperation Clustering (DCC), is pre-
ferred. Under DCC, each UE is exclusively served by a pre-selected set of APs, thus necessitating the division of
APs into partially overlapping subsets when serving the UEs. AP clustering schemes were studied in [19,26] based
on large-scale channel parameters. However, it remains essential to adapt such selection schemes to high mobility
scenarios such as in Vehicle-to-Infrastructure (V2I) communications.

Centralized and distributed deployment scenarios
Centralized and distributed architectures have been explored in the context of CF-mMIMO [26]. In uplink, when
using the centralized approach, the pilot and data signals received at all serving APs are gathered through the fron-
thaul links at the CPU, which performs channel estimation and data detection. Therefore, optimal (but unscalable)
or suboptimal scalable centralized receive combining methods can be applied at the CPU. In this scenario, APs
only act as remote-radio heads or relays.
In the uplink distributed operation, local estimates of the UE channel response and data are computed at the APs.
They are then gathered and combined at the CPU which computes a weighted average of the local estimates and
then proceeds to the final detection. The distributed operation requires that APs be equipped with powerful proces-
sors but enables an ultra-dense deployment of APs. Therefore, the CPU capabilities become dimensioned based
on the number of UEs, but largely unaffected by the number of APs. This brings the possibility to add new APs
to the network without having to upgrade the CPUs. Two additional advantages of the distributed scenario are the
drastic reduction in fronthaul signalling compared to the centralized operation and the avoidance of the fronthaul
quantization distortion (inevitable in the transmission of signalling information).
Considering downlink, with the centralized operation, the CPU selects the precoding vectors and computes the
signals to be transmitted, while the APs only take in charge the physical transmission. This scenario enables cen-
tralized precoding where the signals transmitted from multiple APs can be coherently received at desired UEs while
also suppressing the undesired UEs signals.
In the distributed operation of downlink, each AP receives the data from the CPU and designs the locally trans-
mitted signal using local precoding based on the locally available channel estimates. The signals transmitted from
the serving APs are coherently received at the desired UE, but the interference suppression capability is reduced
compared to the centralized operation since each AP can only suppress the interference that itself is generating.
This is a limiting factor since APs are envisioned to have only few antennas.
As a result, in both uplink and downlink, centralized operation can achieve substantially higher spectral efficiency
(SE) than the distributed operation. However, it poses many implementation challenges, as already mentioned.
This is an open issue that deserves a deep analysis.

Power allocation/control
In addition to signal detection (in uplink) and precoding (in downlink), power allocation (or control in uplink) needs to
be properly designed. Some previous works [17,26] have introduced optimization techniques that aim to maximize
a network-wide utility function, typically SE, energy efficiency (EE) or max-min fairness. While allowing to reach
quasi-optimal solutions, such strategies necessitate heavy computations that hinder their applicability in low-latency
contexts. Therefore, heuristic power allocation (PA) techniques [26, 60] were proposed in this context, such as
fractional power control. Such methods rely on pre-defined precoding schemes like maximal ratio (MR), zero-
forcing (ZF) or minimum mean-squared error (MMSE). However, while being scalable, they provide solutions that
are far from the optimal. Given the importance of optimizing the energy usage of networks and maximizing the
terminals battery life, further investigations are essential in this prospect.

Provisioning of backhaul links
As the density of APs distributed across the coverage area grows, it becomes evident that the burden on the back-
haul (connecting APs to the core network) of the cell-free system will quickly surpass that of conventional cellular
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networks. Employing wired solutions like optical fiber can prove to be cost-prohibitive in wide areas. The wireless
solution, while being more viable, introduces its own set of challenges [143], encompassing issues like spectrum
availability and the reliability of delivering high data rates over wireless links.
In order to pave the way for realistic implementations of cell-free networks, innovative strategies for backhaul pro-
visioning are needed, that can be inspired from the methods used in Cloud Radio Access Network (C-RAN). A
possible solution [143] to tackle the problem entails conducting research to minimize backhaul requirements by
decentralizing processing as much as possible and employing heavy signal quantization for data transmitted over
the backhaul.
Inband backhauling [130] can also constitute an alternative solution, where data transmission over the backhaul
links occurs within the same spectral bands as those utilized for the access links (connecting APs to users). The
objective behind this reuse is to optimize the overall system SE, provided that the interference generated is properly
managed by well-designed resource and power allocation techniques.

Reconfigurable Intelligent Surfaces in cell-free
Despite the considerable gains in SE offered by massive MIMO in general and more particularly by CF-mMIMO,
concerns exist regarding the implementation costs and EE of multi-antenna systems [143]. Indeed, it has been
demonstrated that significantly increasing the number of antennas is not the best solution to enhance the EE of
future networks. This is due to the fact that the total energy consumption rises linearly with the number of RF chains
needed by the active components, while data rates exhibit logarithmic growth. One potential approach to reach
a spectrally and energy-efficient system while keeping hardware costs to a minimum is by embracing the concept
of passive MIMO, specifically in the form of reconfigurable intelligent surfaces (RIS). The latter are composed of
numerous small elements that can reflect incoming signals in a controllable manner. In contrast to CF-mMIMO and
cooperative relays, which rely on active hardware components to enhance signal propagation conditions, RISs are
believed to require only minimal operational power.
In fact, the purpose of the RIS technology is not to supplant or compete with traditional massive MIMO or CF-mMIMO
but to complement it. It can be deployed in a flexible manner to address coverage gaps or to enhance capacity in
areas where it is required.
One of the main challenges in this context is the joint optimization of the transmit beamforming vectors and RIS
parameters [55, 76] that needs to be performed in a way to maximize the network metric by solving a non-convex
optimization problem. Obtaining globally optimal solutions entails a high computational complexity, even for systems
of moderate size. Several other open issues that need to be studied in RIS-empowered systems include channel
estimation, transmission of RIS control information, optimal RIS deployment positions, to name a few.
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Chapter 2 : Use cases of NF-PERSEUS

2.1 Introduction
This chapter describes the main use-cases identified for the NF-PERSEUS project and their respective KPIs. The
technical requirements and the deployment scenarios are described reporting the main deployment opportunities
for cell-free networks and the use-cases identified. It presents also the MAMIMOSA sounder which will be employed
to perform massive MIMO channel measurments for the considered NF-PERSEUS scenarios.

2.2 Tbps experienced data rates for ultra-dense areas [S1]

2.2.1 Description and technical requirements
Table 2.2.1 illustrates the description of the first use case and its technical requirements and challenges.

2.2.2 Measurement scenario(s)
This measurement campaign will be carried out on the Cité Scientifique campus in Villeneuve d’Ascq, in an area
measuring 160m× 280m, as shown in Figure 2.1. We plan to carry out this campaign in June 2024, depending on
weather conditions. We plan to take L = 20 different positions for the Tx, and K = 40 different positions for the
Rx, which will correspond to a cell-free network with 20 access points (APs) and 40 users. User positions will be
measured both indoors and outdoors, to match a real cell-free network use case. We plan to take 15 measurement
points in the P3 building, spread over two different floors, 3 in P4 on the ground floor, 3 in P7 on the ground floor,
and the rest outdoors. The Rx positions will be distributed over the area to be covered. By way of illustration, we
have placed 10 possible Tx positions on the figure.

2.2.3 Technical setup and radio configuration
The measurements will be performed using the maMIMOSA (massive Multiple Input Multiple Output Sounder Ar-
chitecture) channel sounder, the technical specifications of which can be found in Chapter 6. To summarize, the
channel sounder operates at a frequency of 5.89 GHz with a bandwidth of 80 MHz. The data are modulated using
orthogonal frequency-division multiplexing (OFDM) with 8192 subcarriers and a subcarrier spacing of 12.21 kHz
prior to transmission. A pilot transmission scheme is employed at the Tx antennas to achieve a frequency spacing
of 97.66 kHz between consecutive measured subcarriers on a single antenna. The Tx is equipped with a linear
array of 8 vertically polarized patch antennas. The Rx will be equipped with two linear arrays of 4 omnidirectional
antennas each, placed at either end of the carriage and separated by 1.5m. In this way, one recording will cor-
respond to two different users situated 1.5m apart. This enables us to double the number of user positions. The
measurement frame corresponds to 100 consecutive OFDM symbols. This will enable us to obtain the large-scale
parameters by averaging over these 100 symbols.

The following table summarizes the parameters:
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General description In order to expand network capacity and align with exponentially grow-
ing traffic demand, we consider a wide deployment of access points
(APs) at a cell-free network. It will result in high network densifica-
tion in dense urban area (e.g. campus, airports, stadiums, ...), where
inter-AP distances could be less than 100 meters.

Scenario High data rates for dense population areas (crowded outdoor area
(square), . . . )

Parameters

Environment Outdoor/Indoor
Coverage range 500 m2/ 1 km2

Service Video streaming, Ex-
tended/Augmented reality, video
downloading, social networking,
. . .

Mobility Static
Link visibility LoS/NLoS

Technical requirements

Frequency band 5,89 GHz TDD
Bandwidth Up to 80 MHz
Tx power 20-30 dBm
TDD both UL and DL
Waveform OFDM or post-OFDM, ICS 12.2

kHz (u=0), FFTsize = 1024, 818
active subcarriers, 103 subcarriers
as GuardBand at each side

Technical challenges

- Massive number of simultaneous connections and high traffic
volume

- Deployment in wide open area

Table 2.1: Use case 1. Description and technical requirements

Number of APs 20
Number of antennas per AP 8
Number of user positions 80
Number of antennas per user 4
bandwidth 80 MHz
Central frequency 5.89 GHz
Doppler No Doppler measured

Table 2.2: Campus scenario parameters

Dissemination: Public 10



Del. 1 – Technical Report NF-PERSEUS 2023

Figure 2.1: Cité Scientifique campus in Villeneuve d’Ascq.
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2.3 Smart factory [S2]

2.3.1 Description and technical requirements
Table 2.3.1 illustrates the description of the second use case and its technical requirements and challenges.

General description Digital Twins have been shown to significantly impact the transforma-
tion of industries, such as factories’ automation. In this use case,
we focus on monitoring and control of digital twins related real-time
processes bu using the CF-mMIMO technology. This latter can en-
sure the bidirectional communication between the digital and physical
twins, as well as to send control signals. Through this use case, we
will show the capability of CF-mMIMO technology to provide extremely
high reliability and low latency for for a large massive number of de-
vices, with an emphasis on enhancing the energy efficiency.

Scenario Robotized factories, warehouses and logistics

Parameters

Environment Outdoor/Indoor
Coverage range 60 000 m2/ 10 000 m2

Service Control, monitoring, digital twin
Mobility Static
Link visibility LoS/NLoS

Technical requirements

Frequency band 2.4 or 3.8 GHz TDD
Bandwidth Up to 20 MHz
Tx power 20-30 dBm
TDD both UL and DL
Waveform OFDM or post-OFDM, OFDM

5GNR, Fs=61.44MHz, ICS
15/30KHz (u=0,1)

Technical challenges

- Extremely high reliability and low latency

- Massive number of simultaneous devices

- High accuracy synchronization in case of sporadic traffic

- High energy-efficiency (sensors under batteries)

Table 2.3: Use case 2 description and technical requirements

2.3.2 Deployment scenario(s)

Deployment characteristic(s)
In this scenario, we will study the performance of a communication system for a small factory environment. Typically,
a small factory or, equivalently, a workshop or storage area, consists of an indoor environment located in a fairly
large building (of the order of 20,000 to 160,000 m2). Such an area can be arranged with ceiling of different heights
(up to 25 m), and can be organised with a highly variable density of furniture or partitions. Depending on the height
and density of the machinery and furniture, different types of clutter can arise, with different clutter sizes, typically
from 2 m to 10 m.
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Strong shadowing and a high probability of LOS obstruction is expected in the Small Factory Environment.
Regarding the channel multipath structure, the large number of possible scatterers are expected to yield large delay
and angular spreads.

Deploying a dense cell-free topology has several benefits, among which the enhancement of radio conditions
and link availability due to the increased LOS coverage. The reliability should also be significantly increased by the
useful combination of various radio links. For positioning purposes, a dense radio infrastructure can also be very
helpful.

Regarding channel modelling, the large size of this indoor environment along with the nature of the surrounding
material (flat metallic and/or plastic or wooden structures) will probably make it possible to model the channel using
empirical propagation models and simplified ray tracing/launching type of modelling.

Environment description(s)
For the PERSEUS project, the Small Factory environment was not intended as a priority scenario regarding exper-
imental investigations, and therefore no dedicated channel sounding campaign is planned within the course of the
project. The project will nonetheless benefit from experimental data, through collaboration with an external partner
who will complementarily provide a set of measured channel responses and make it available to the PERSEUS
project for further analysis and processing.

The measurements will take place in a factory of size 21,000 m2, as shown in Figure 2.2. The factory is composed
of three main zones each with different shapes, sizes, materials, and clutter density. Zone A is composed of metallic
machines and metallic storage containers. Zone B is almost empty for the purpose of movement of factory workers
transporting factory loads. Zone C contains metallic lockers and wooden benches and some metallic housing units.
The data collected during this measurement campaign will be provided to the PERSEUS project in the first quarter
of 2024.

2.3.3 Technical setup and radio configuration

General system parameters
The Small Factory use case will be addressed using the C-band (between 3.7 and 4.2 GHz), which is a well suited
band for high capacity and reliability demanding scenario as it will provide more spectrum availability. The param-
eters considered in this scenario are summarized in Table 2.4.

Frequency band (MHz) 3700-4200
Duplexing mode TDD
DL/UL ratio Symmetric (1:1)
Bandwidth (MHz) 100

Table 2.4: Small Factory general system parameters.

Access point configuration
The APs are equipped with up to 16 antenna elements and transmits a max power between 20 and 30 dBm. In
terms of directivity, different types of antennas can be used, depending on the installation conditions, varying from
an omni-directional antennas down to 60° aperture antennas.

UE configuration
In this scenario, the simplest UE devices like sensors are equipped with a low-complexity low-power radio-end
comprising from 1 to 2 antenna elements. Higher end UEs may be equipped with a maximum of 4 antenna elements.
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Figure 2.2: Small Factory example environment.

Finally, various mobility levels up to 30 km/h can be integrated in the simulation scenarios. In particular, three
levels are considered : Fixed sensor (0 km/h), Pedestrian (from 0 to 3 km/h), and Automated Guided Vehicles with
speeds up to 30 km/h.

2.3.4 System services & required KPIs

Service requirements
The reliable communications and possible localization requirements corresponding to the activity of Small Factories
will put strong constraints on the system. The communication systems will need a high reliability, with low latency,
in particular to make it possible for both operators and autonomous vehicles to work simultaneously in a safe
environment.

The traffic may also be sporadic, which means that the required throughput demand can be irregular from almost
zero communication to the challenging situation of a large number of devices transmitting large amounts of data
simultaneously.

Finally, the number of communicating devices in a Small Factory scenario can be massive, with hundreds of
connected objects. This constraints along with the fact that most devices will be battery-operated also raises the
requirement of low-energy communication systems.
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Main KPIs
The communication network in the factory scenario is expected to offer different types of

• Telepresence and mixed reality applications where high capacity and data rates are required.

• Remote control of robots and UAVs where low latency and high reliability are mandatory.

• Sensors: high availability requirement and high density of connected equipment but with sporadic traffic and
low required data rates.

The corresponding KPI requirements are illustrated in Table 2.5

Use Case Telepresence and mixed reality Remote Control Sensors
Peak Data Rate (Mbps) 1000 100 0.1

Experienced Data Rate (Mbps) 50 10 0.01
Reliability (%) 99.9 99.9999 99.99
Availability (%) 99.9 99.9999 99.99

Table 2.5: KPI requirements for the Small Factory scenario.

2.4 V2I in sub-urban environment [S3]

2.4.1 Description and KPIs
Table 2.4.1 illustrates the description of use cas S3 and the technical requirements and challenges.

2.4.2 Measurement scenario(s)
For these measurements, we will use the lab’s van for the Rx, fitted with antennas on the roof. Three measurement
scenarios are planned: 1 straight line, 1 crossroads, 1 roundabout. This campaign will extend the preliminary results
of vehicular cell-free channel sounding described in [113]. In [113], no Doppler has been measured, and just one
drive was considered. The campaign will also take place on the Cité Scientifique campus. Precise locations have
not yet been defined.

2.4.3 Technical setup & radio configuration
At Tx, the antennas are patches, mounted in a horizontal linear array. 4 configurations are planned: 1 AP with 8
antennas, 2 APs with 4 antennas, 4 APs with 2 antennas, 8 APs with 1 antenna. The Rx consists of 4 omnidirectional
antennae spread across the van roof. We have configured the system for a maximum speed of 90 km/h, i.e. a
maximum Doppler frequency of 495 Hz. The frame is shown in Figure 2.3:

This frame provides 1.6 Hz of Doppler resolution, with a range of +/− 512.6 Hz. In summary, the parameters
are as follows:

2.5 Massive MIMO Radio Channel Sounder: MaMIMOSA
To this end, a massive MIMO radio channel sounder operating between 2 and 12 GHz with 80 MHz bandwidth
has been jointly developed by the University of Lille (IEMN CNRS) and Ghent (Belgium) for 5G mobility scenarios
such as V2X communications. The architecture relies on the physical and reconfigurable software radio channel
sounder MIMOSA [73] which is capable of performing real-time measurements at 1.35 GHz like reported in [136] to
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General description The advancements of wireless communication technologies has pro-
moted the rapid development of vehicular communications and intel-
ligent transport systems (ITS). As an important part of vehicular com-
munications, vehicle-to-infrastructure (V2I) is used for the huge data
transmission between vehicles and roadside units. The CF-mMIMO
technology has the potential to offer an effective solution to the chal-
lenges of managing vehicular communications and ensuring consis-
tent signal quality across all areas. This is achieved through the use
of multiple antennas and spatial processing techniques, which can
enhance signal reception and mitigate interference between various
users or devices within the network.

Scenario Autonomous vehicle

Parameters

Environment Outdoor/Indoor
Coverage range 500 m2/ 1 km2

Service Control, monitoring
Mobility 30-70 km/h
Link visibility LoS/NLoS

Technical requirements

Frequency band 5,89 GHz TDD
Bandwidth Up to 80 MHz
Tx power 20-30 dBm
TDD both UL and DL
Waveform OFDM or post-OFDM, ICS 12.2

kHz (u=0), FFTsize = 1024, 818
active subcarriers, 103 subcarriers
as GuardBand at each side

Technical challenges

- Extremely high reliability and low latency required for accuracy
control

- Handover management

Table 2.6: use case 3: description and technical requirements

Number of APs 1-8
Number of antennas per AP 1-8
Number of user positions 1 moving user
Number of antennas per user 4
bandwidth 80 MHz
Central frequency 5.89 GHz
Doppler Doppler resolution of 1.6 Hz, range +/- 512.6 Hz

Table 2.7: V2I scenario parameters

analyze the stationarity of V2I radio channel in a Suburban Environment. MaMIMOSA has been designed to fulfill
all the constraints identified in time-varying massive MIMO channels such as high Doppler resolution with a large
Doppler span, spatial antenna selection, compactness, energy consumption, etc. The sounding parameters of the
developed massive system can be freely selected depending on the studied environment resulting in the measured
massive MIMO radio channel without the need for additional tedious post-processing. As of now, MaMIMOSA is
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Figure 2.3: Frame measurement in V2I scenario.

being setup to perform 64 x 16 massive radio channel measurements at 5.89 GHz for V2X communications. The
1.3 GHz frequency of MIMOSA is used as an intermediate frequency (IF) to transpose the baseband signal to RF
at 5.89 GHz with 80 MHz bandwidth.

2.5.1 MaMIMOSA Architecture

Frame Structure
The basic 64 × 16 Massive MIMO transmitting frame structure consists in one 51.2µs preamble subsequently
followed by 8 OFDM symbols of 121.92µs including the cyclic prefix as illustrated in Fig. 1. Hence, the total
OFDM sequence to measure a full 64 × 16 massive MIMO matrix is 1 µms. The preamble provides the time
synchronization of the frame such that the OFDM symbols can be decoded. Each OFDM symbol corresponds to
an 8-antenna subarray out of 64 and the OFDM sequence (i.e. subarray sequence) can be selected by the user.
The time duration between consecutive frames can be manually set from 1 ms to any larger values depending on
the desired maximum Doppler shift. As initially developed for MIMOSA [73], the total number of transmitted OFDM
subcarriers per symbol Nt is 8192 which can be uniformly distributed on each antenna element using interleaved
OFDM. For instance, the frequency space δF between the subcarriers of a single antenna is 97.66 kHz, meanwhile
the frequency space of between subcarriers is 12.21 kHz. The automatic gain control (ACG) is performed with the
cyclic prefix for each symbol and is used to correct the measured MIMO matrix.

Figure 2.4: MaMIMOSA Frame Structure.

Transmitter and Receiver Unit
The MaMIMOSA transmitter (Tx) chain is presented in Fig. 2. It is composed of 4 parts: 1) ”time and position”
records information such as the GPS position and 3D position of the antenna array (yaw, pitch, roll). The reference
rubidium clock is also found to synchronize all Tx signals. 2) The signal manager is organized thanks to a computer
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embedded into a chassis which also includes the FPGA-based digital processing cards to generate and send the
signals. 3) The baseband signals are first mixed at 1.3 GHz as an intermediate frequency (IF). It is then transposed
to any frequencies between 2 and 12 GHz with a second mixer. The different mixing stages are all synchronized
with the 10 MHz local oscillator (LO). The operating central frequency of the sounder is selected by the user and
depends on the RF filters and antennas. The maximum bandwidth is 100 MHz with output power values which can
be selected between 0.01 W to 0.5 W per RF chain (maximum power of 4 W for the 8 outputs).

Figure 2.5: MaMIMOSA Tx Chain.

Figure 3 presents a front and back picture of MaMIMOSA highlighting the compactness of the sounder. The
two bottom chassis form the basis of MIMOSA (operating at 1.35 GHz) whereas the two top chassis extend it to a
massive system. The top chassis is the switching box with 8 inputs (back) and 64 outputs (front) which are controlled
via the FPGA. The insertion losses are 1.7 dB with a switching time of 100ns and 40 dB isolation between ports.
The chassis beneath includes the filters and second RF mixer. A tablet can be used with a keyboard and mouse to
configure the unit and visualize the selected transfer functions or power delay profiles for example.

Similarly, the Rx chain is composed of several parts (Fig. 4). The RF module transposes the received signals to
the IF module and then to baseband. The AGC adjusts the signal strength to optimize the signals at the input of the
analog-to-digital converter (ADC). The different mixing stages are all synchronized with the 10 MHz LO. The digital
signals are then processed by the digital processing unit to compute in real-time the complex transfer function H(f,t)
via the FPGA cards. The data is sent to an embedded PC either for display or record on a 300 GB hard drive. The
GPS position and 3D antenna array orientation are tagged along the data. A rubidium reference clock synchronizes
all signals like for Tx. The receiver has 16 inputs such that the processing is performed in parallel. The bandwidth
is 100 MHz and the AGC dynamic is 64 dB with 0.5 dB step. Both Tx and Rx units can be powered with Li-ion
batteries that provide up to 8 hours of continuous measurements.

Calibration Procedure
The calibration procedure is automatically performed in eight consecutive steps by using an 8× 1 combiner placed
after the Tx output switches connected to a 1×16 splitter placed before the Rx inputs. Each step corresponds to an
8× 1 subarray of the Massive array. The measurement cables are also included into the procedure to remove their
contribution from the radio channel. The splitter transfer functions are also measured and removed. The measured
64 x 16 system transfer function is recorded in a single file. It is then used dynamically to calibrate the radio channel
transfer function each time it is measured. This calibration procedure is possible because the signal sent to each
emitting port is mapped to a specific set of frequencies thanks to frequency-division multiplexing.
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Figure 2.6: Picture of the MaMIMOSA Tx Unit from the (a) front and (b) back.

Figure 2.7: MaMIMOSA Rx Chain.
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Massive antenna array and receiving antenna Since the target application is V2X communications, a dedicated
massive antenna array operating at 5.89 GHz with 80 MHz bandwidth is considered. The array can sit on a tripod as
an example and will primarily be used as a static access point for V2I scenarios. The MaMIMOSA antenna array will
be a vertical planar array of 10× 10 antennas and is currently being designed and built by the University of Ghent.
Since 64 elements of the array can be connected via SMA coaxial cables to the Tx unit, the remaining antennas
(array perimeter) will be used as dummies and connected to 50Ω loads to attenuate the finite array side effects.
The elementary element is a vertically polarized patch (duroid 5880) with 250 MHz bandwidth at −10 dB around
5.89 GHz. This bandwidth much larger than the available 100 MHz bandwidth of the sounder is needed to obtain
sufficient bandwidth for the final array due to coupling effects. The plots were simulated with Sim4Life (ZMT, Zurich,
Switzerland), a full-wave 3D multiphysics simulation platform. The finite-difference time-domain (FDTD) technique
was used to simulate S11 and S21.

Fig. 5 presents the 10 × 10 array with the radome in transparency and support cables on the back. Since
all patches of the array are mono-polarized, a 90◦ rotation of the array will allow selecting either the vertical or
horizontal polarization. Finally, all 16 antennas that will be used at the Rx side consist in the same patch antenna
than for Tx. Each antenna can be integrated into a dedicated support that can be safely attached to a high-speed
moving vehicle or simply set on a table.

Figure 2.8: MaMIMOSA Tx Massive Array.

2.5.2 Cell-free MaMIMOSA Upgrade
A new network architecture without the concept of cells appeared a few years ago: the cell-free mobile network
[58] [36]. In the cell-free context, an important number of access points (APs) distributed over a large geographical
area cooperate to optimally serve the users (UE). These APs are equipped with a small number of antennas and
are connected to a central processing unit (CPU) via a wired or wireless backhaul link. The cell-free concept
encompasses the 5G massive MIMO technique wherein many antennas are densely distributed over the area. As
a result, cell-free massive MIMO can be viewed as a generalization of 5G massive MIMO. Due to the proximity and
diversity of APs, it offers a far more uniform coverage and increased connectivity. In particular, critical life-safety
services considered in upcoming vehicular networks specifically rely on a highly uniform QoS. Although the cell-
free massive MIMO has recently received a lot of attention at the theoretical level, the validation of this approach for
outdoor vehicular applications was only demonstrated with the currently discussed sounder [113]. This was done
by upgrading the real-time channel sounder MaMIMOSA to measure channels in such distributed configurations.
In particular, it was recently set up to measure the time-varying 64 × 16 radio channel at 5.89 GHz with an 80
MHz bandwidth as presented earlier. The upgrade consists in geographically distributing the transmit antennas
using up to 500 meter-long RF-over-fiber (RoF) links. This enables the real-time channel between a vehicle and a
network of distributed antennas to be measured. The current MaMIMOSA configuration supports up to 8 single-
antenna APs or L APs equipped each with a N–antenna array, with L × N = 8. Based on the measurements,
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the performance of the different topologies are compared in terms of the achievable mean SNR, delay spread, and
path loss characteristics.

For the time being, eight 500 meter-long RoF links with 1 dB/km attenuation loss are connected to MaMIMOSA
and TX as shown in Fig. 6 and 7. The RF-optical converters integrate a power amplifier to compensate for the
insertion losses at the expense of a 27 dB noise figure. The output power was set to 0 dBm for each RF chain and
a 15 dB gain power amplifier was placed in between the optical/RF module and antenna to reach a 15 dBm transmit
power signal with 40 dB SNR. The length of all coaxial cables was 2.5 m. A hybrid calibration procedure using one
of the RoF links was performed since both RoF and coaxial links are used.

Figure 2.9: Cell-free sounding architecture using 8 RoF links and one coaxial link.

Figure 2.10: MaMIMOSA transmission system with the 500m long RoF links.

2.5.3 Doppler characteristics of the system
Critical features of multidimensional radio channel sounders designed to assess Doppler characteristics are the
Doppler span and resolution. The former defines the maximum Doppler shift of the multipath components (MPC)
whereas the latter defines the observable minimum Doppler difference between MPC. The Doppler resolution is
inversely proportional to the capability of the system to treat the received signals and record the processed data
on the physical hard drive. Depending on the massive MIMO radio channel configuration desired by the user and
investigated vehicular scenario, the system has been designed to be as flexible as possible to select the best
Doppler parameters without significant intercarrier interference. Basically, the recording time can be increased by
either increasing the interframe time, intersymbol time in a frame, or decreasing the number of Rx users. The
configuration parameters can be set by the user for different mobility scenarios and Doppler resolution values.
Overall, the system is limited by the 100 Mo/s data transfer from the FPGA cards to the hard drive. Evidently, the
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recording is also bounded by the hard drive capacity. As an example, for an urban scenario where the regulated
speed is typically 50 km/h (±277 Hz maximum Doppler shift), a massive 64× 16 MIMO channel can be measured
during 120 seconds with a 1 Hz Doppler resolution and 300 Hz Doppler span. This only requires 15 GB on the hard
drive and the measurement can be repeated to entirely fill the remaining space.
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Chapter 3 : RIS-Empowered Scenarios and Use Cases

3.1 Introduction
Reconfigurable Intelligent Surfaces (RIS) corresponds to a planar surface composed of unit-cells, whose prop-
erties can be controlled dynamically to ’tune’ the incident wireless signals through reflection, refraction, focusing,
collimation, modulation or absorption. RIS can be potentially deployed for both indoor and outdoor usage, including
offices, airports, shopping centres, lamp posts and advertising billboards, and may take any shape or be integrated
onto objects. Its characteristics may also result in low energy consumption, making RIS a sustainable technology
solution. RIS can be configured to operate at any part of the radio spectrum, including frequencies from below 6
GHz to THz, and may harness tools from Artificial Intelligence (AI) and Machine Learning (ML) to enable systems
operation and optimization.

As RIS is envisaged to be a new enabling candidate wireless technology for the control of the radio signals
between a transmitter and a receiver in a dynamic and goal-oriented way, turning the wireless environment into a
service. This has motivated a host of potential new use cases targeting at: i) the enhancement of various system
key-performance-indicators (KPIs), and ii) the support of new wireless technology applications and capabilities.

These include enhancements to the capacity, coverage, positioning, security, and sustainability, as well as the
support of further sensing, wireless power transfer, and ambient backscattering capabilities.

The European Telecommunications Standards Institute (ETSI) started in 2021 an Industry Specification Group
(ISG), which is in charge of defining this technology and to identify promising use cases and application scenarios.
The aspects are discussed in this chapter.

3.2 Definition and General Structure
RIS is considered a key candidate wireless technology trend for future networks. RIS corresponds to a new network
node composed of an arrangement of scattering elements called unit-cells, whose properties can be dynamically
controlled to change its electromagnetic behaviour. The response of RIS can be controlled dynamically and/or
semi-statically through control signalling such as to tune the incident wireless signals through reflection, refraction,
focusing, collimation, modulation, absorption or any combination of these. As a new network node dynamically
and/or semi-statically configured by the RIS controller, turning the wireless environment from a passive to an intel-
ligent actor such that the channel becomes programmable. This trend will expand basic wireless system design
paradigms, creating innovation opportunities which will progressively impact the evolution of wireless system archi-
tecture, access technologies, and networking protocols (see Figure 3.1).

RIS can be implemented using mostly passive components without requiring high-cost active components such
as power amplifiers, resulting in low implementation cost and energy consumption. This allows easy and flexible
deployment of RIS, with the possibility of RIS taking any shape and to be integrated onto objects (e.g. walls,
buildings, lamp posts, etc.). RIS are supposed to run as nearly-passive devices and hence are unlikely to increase
exposure to EMF, and in fact, they can potentially be used to reduce EM pollution in legacy deployments. These
associated characteristics suggest RIS may be considered as a sustainable environmentally friendly technology
solution. RIS may have different structures with considerations of cost, form factor, design and integration.
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Figure 3.1: Illustrative diagram of RIS, a new type of network node where its response can be adapted to the status
of the propagation environment through control signalling (Credits: ETSI ISG RIS)

3.3 ETSI ISG RIS
ETSI is a leading organization for the development of standards on information and communication technologies,
fulfilling European and global market needs. ETSI has over 900 members from 64 countries over 5 continents.
ETSI produces specifications, standards, reports and guides, enabling technologies in a multi-vendor, multi-network,
multi-service environment. Standards are created in an open approach, thanks to the direct participation of members
and contribution-driven consensus-based working procedures. The standardization work is carried out in different
technical groups, which include ISG.

ISGs are the perfect tool for developing early standardization activities, resulting from fundamental and applied
research projects, targeting for the publication of deliverables where technological aspects are streamlined for con-
sideration by standards organizations. In September 2021, ETSI launched ISG-RIS, with the objective of reviewing
and establishing global standardization activities for the IS technology, which focused on the following aspects:

• Definition of use cases, key performance indicators, and deployment and operational scenarios;

• Radio-frequency aspects, including surface models, channel characterization, radiation characterization, and
radiation exposure limits;

• RIS-aided air-interface technologies, mechanics, and requirements;

• System and network level control signaling aspects;

• System and network architecture considerations;

• Baseline evaluation methodology and performance analysis (link-level and system-level);
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• RIS microelectronics, enabling technologies, and proof-ofconcepts (prototyping);

• RIS verification and validation.

In the first phase from 2021 to 2023, the activities of ISG-IS were focused on three main work items (WIs),
including:

• WI-1: Use cases, deployment scenarios and requirements – WI-1 focused on identifying relevant use cases
for RIS, with the corresponding general key performance indicators, deployment scenarios, and operational
requirements for each identified use case. This includes system/link performance, spectrum, co-existence,
and security.

• WI-2: Technological challenges and impact on architecture and standards – WI-2 focused on technological
challenges to deploy RIS as a new network entity, the internal architecture, framework and required interfaces
for RIS and the potential recommendations and specifications to standardization groups for supporting RS as
a network entity.

• WI-3: Communication models, channel models, and evaluation methodology – WI-3 focused on communi-
cation models striking a suitable trade-off between electromagnetic accuracy and simplicity for performance
evaluation and optimization at different frequency bands; channel models (deterministic and statistical) that
include pathloss and multipath propagation effects, as well as the impact of interference for application to
different frequency bands; channel estimation, including reference scenarios, estimation methods, and sys-
tem designs; and key performance indicators and the methodology for evaluating the performance of RIS for
application to wireless communications, including the coexistence between different network operators, and
for fairly comparing different transmission techniques, communication protocols, and network deployments.

The second phase (initial specifications) of ISG-IS kicked off in September 2023. The group is currently working
on the following three WIs:

• WI-4: Implementation and practical considerations – The scope of WI-4 is to investigate relevant implemen-
tation and practical considerations for RIS in a wide range of frequency bands and deployment scenarios and
provide possible solutions and prototyping results.

• WI-5: RIS-aided air-interface technologies and mechanics – The scope of WI-5 is to identify use cases,
deployment scenarios, and transmission and reception schemes for diversity and multiplexing in RIS-aided
channels.

• WI-6: Multi-functional IS – Modeling, optimization, and operation – The scope of WI-6 is to identify tech-
nological challenges and solutions for multi-functional RIS, incorporating transmission, reflection, sensing,
computation, and other potential functions, as well as corresponding appropriate deployment scenarios and
resource allocation schemes.

The activities of ISG-RIS during the second phase will be tailored to providing an initial specification framework
for the technology. A major objective of ISG-RIS is to establish collaborations with other relevant ISGs, which are
focused on emerging technologies that have strong ties with RIS. The most relevant and related ISGs are ISG-THz
on THz communications and ISG-ISAC on integrated sensing and communications (ISAC). Specifically, ISG-THz
concentrates on channel sounding and modeling for IS-aided channels and ISG-ISAC concentrates on how IS can
be exploited for improving the performance of ISAC, as well as how ISAC can be exploited for improving the operation
and deployment of RIS. In summary, standardization activities for RIS and its applications in THz communications
and ISAC are under a vivid debate by standards organizations.

In what folliws, we summarize the use cases and scenarios identified by ISG-RIS during the last three years.

3.4 ISG-RIS Use Cases
RIS is envisaged as a new enabling candidate wireless technology for the control of the radio signals between a
transmitter and a receiver in a dynamic and goal-oriented way, turning the wireless environment into a service. This
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Figure 3.2: RIS as a solution to blockage (Credits: ETSI ISG RIS)

has motivated a host of potential new use cases targeting at: a) the enhancement of various system KPIs; and b)
the support of new wireless technology applications and capabilities. These include enhancements to the capacity,
coverage, positioning, security, and sustainability, as well as the support of further sensing, wireless power transfer,
and ambient backscattering capabilities.

3.4.1 Coverage enhancement
Due to the influence of obstacles such as buildings and trees, the wireless signal coverage is uneven and the prob-
lem of weak coverage often occurs in the actual mobile communication system. Weak coverage areas may be small
and discrete, however their adverse effects may be serious. Terminals in these areas may not be able to obtain
guaranteed quality-of-service. Deploying more access points in the weak coverage area is a method of high cost
and low efficiency. RIS provide a low-cost and easy-to-implement method. By deploying RIS in the appropriate
location, line-of-sight propagation paths between the access point and the RIS as well as between RIS and the
terminal can be established in the weak coverage area to achieve coverage enhancement. Simple reflecting RIS
may be sufficient to provide robust communication links toward end terminals, but in more demanding scenarios,
use cases involving more advanced RIS hardware architectures, like ones performing coherent/non-coherent mod-
ulation, baseband measurement collection, and consequently sensing, or acting as decodeand-forward relays may
prove more effective despite their increased cost. RIS can enhance the cell coverage in many realistic scenarios
listed as follows.

Figure 3.2 demonstrates the most common and intuitive application of RIS, i.e. serving as a solution to blockage
issues, which applies to both outdoor and indoor scenarios. Figure 3.3 illustrates a quite common variant of the
blockage problem, in which the BS deployed in one corridor needs to serve UEs in a perpendicular hallway. Due to
the high penetration loss, such a link is not feasible without the assistance of RIS. In addition, to avoid blockages
in a complicated environment, multiple RIS can be configured in a cascaded manner for coverage extension, as
shown in Figure 3.4. Figure 3.5 shows an outdoor scenario, in which a BS on the roof of a building needs to serve
a UE in street canyon. Given the ordinary antenna radiation pattern, the downtilt angle, and the building blockage,
the quality of service provided to the UE can be expected to be poor. Using a huge RIS installed on the wall of the
opposite building can effectively reflect the signal to the blind spot, thus enhancing the cell coverage. Figure 3.6
shows an example coverage enhancement application of RIS in an Outdoor To Indoor (O2I) scenario, in which BS
can serve UE in underground garage with the help of RIS links, given the extraordinary blockage and O2I loss
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Figure 3.3: RIS redirects beams to form link between BS and UE in different hallways (Credits: ETSI ISG RIS)

3.4.2 Spectral efficiency
In wireless communication networks, channels between the transmitter antennas and the receiver antennas may
have strong correlation, which limits the number of eigen channels for parallel data transmission. By deploying RIS,
the channel correlation problem can be alleviated. With more eigen channels, the communication networks can ob-
tain higher spatial multiplexing gains and spectral efficiency. In particular, the increased received signal power that
enhances coverage also translates into increased spectral efficiency. However, there are several additional mech-
anisms by which a RIS may increase spectral efficiency. In various scenarios, for example at higher frequencies,
the channel is often dominated by one or two paths. With the addition of a RIS, the available degrees of freedom
in the channel increases, and the spatial multiplexing rank can be increased. Beyond improving the signal power
and rank of the desired terminal, a RIS can also be used to suppress interference, e.g. co-channel and inter-cell
interference. Just like a RIS is capable of signal boosting towards a certain area, a RIS may also be capable of
signal nulling.

The general link topology of these use cases is illustrated in Figure 3.7. In addition, as a configurable component
that affects the communication channel, RIS potentially provides a new degree of freedom for multiple access. An
example of RIS multiple access is demonstrated in Figure 3.8, in which different BS/UE links can utilize different
sub-arrays on a RIS panel. It has been argued that adding an RIS may have beneficial effects on the channel
distribution and rate of fading, for example from a fast-fading Rayleigh distribution without RIS to a slower-fading
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Figure 3.4: Cascading RIS links assist UEs to form links with BSs regardless of blockage (Credits: ETSI ISG RIS)

Figure 3.5: BS serves UE in street canyon using large RIS on building walls (Credits: ETSI ISG RIS)
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Figure 3.6: RIS application in an O2I scenario, in which BS serves UE in underground garage using RIS (Credits:
ETSI ISG RIS)

Figure 3.7: Utilizing RIS with MIMO: multiplexing and interference management (Credits: ETSI ISG RIS)

Rician distribution with RIS. Such effects may positively impact both spectral efficiency and reliability, for example
through more efficient link adaptation.
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Figure 3.8: RIS multiple access (Credits: ETSI ISG RIS)

3.4.3 Beam management
In wireless communication systems such as NR, beam management is widely used to mitigate signal propagation
losses during wireless transmission. Beam management is aimed at establishing and maintaining a set of beam
pair links between the transmitter and the receiver, which can improve the system’s spectral efficiency and provide
a cost-effective solution with reliable coverage, especially in high frequency bands. The RIS beamforming can be
realized by adjusting element’s reflecting angle. RIS will manage different group of elements pointed to different
user and the signal strength of it will be proportional to the number of elements. Compared with massive MIMO, less
power is used by RIS to reach a same beamforming gain. Similar to MIMO, a multipleelements RIS can produce
beams to focus the signal at specific users or towards certain directions. The reflective elements on RIS can send
the same signal with equal wavelengths, therefore the targeted beam is provided with enhanced signal strength in
a specific direction. Beam management is one of the most essential blocks for aiding communication, particularly
in higher frequency range such as FR2 (24,25 GHz - 71 GHz). Typically, multiple beams are configured by network
and from the configured set of beams, one or more beams are indicated to the UE for downlink and/or uplink. Due
to dynamic variables in the environment, the path between the BS and the UE(s) may be blocked and this may
lead to the issue of beam blockage, more so in FR2. For this reason, multiple TRPs can be deployed by network to
provide an additional/alternative set of beams from another TRP. However, deploying multiple TRPs require network
planning and increased cost for network deployment. RIS can provide an alternative solution or further complement
multiple TRP based deployment. RIS elements can be configured to adjust the properties of the reflecting signal
in terms of phase, amplitude, polarization, etc. With optimal configuration, highly direction beams can be reflected
from RIS towards the intended target receiver. Essentially, with RIS deployment, additional/alternative beams can
be configured and dynamically indicated. Moreover, this can be done in both cost and energy efficient manner.
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Figure 3.9: Utilizing RIS for secure communication (Credits: ETSI ISG RIS)

3.4.4 Physical layer security
The uncontrolled propagation of confidential signals caused by the uncertainty of wireless propagation channels
is one of the reasons that affect the security of communication systems. Building an intelligent and controllable
wireless propagation environment by deploying RIS can effectively avoid the leakage of confidential signals to
eavesdroppers and improve the security of communication systems.

As is illustrated in an example scenario in Figure 3.9 without RIS, the data sent to a UE can be easily leaked to
eavesdroppers via natural reflections by the wall, ceiling, etc. To solve this problem, RIS can redirect the reflections
to a trusted region, which hence reduces the data leakage to potential eavesdroppers and enhances the communi-
cation security. RIS, as many other technologies with high potential for wireless applications, can also be deployed
in malicious ways, that is, an eavesdropper may install a RIS to benefit from its capability to provide a strong wireless
link towards a legitimate system, thus enabling the successful decoding of the legitimate transmitted data. In such
cases, the adoption of only artificial noise transmissions by the legitimate system may be incapable of guaranteeing
secrecy, necessitating also the consideration of a legitimate RIS.

3.4.5 Localization and sensing
Positioning service is already available in the traditional wireless communication systems. However, the accuracy
is limited by the location, availability of LoS and number of BS. Compared with deploying BS, deploying RIS is
more flexible and the cost is lower. With the assistance of RIS, the communication networks can obtain higher
spatial resolution and positioning accuracy. The positioning accuracy of indoor scenario can also be improved by
the deployment of RIS.
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In the future 5G advanced and 6G wireless networks, many new applications strongly impose requirements on
both the communication and sensing performance. Integrated Sensing And Communication (ISAC) systems are
envisioned as a promising technology where the network has the capability to collect and extract information from
the environments. Generally, sensing mainly depends on the Line of Sight (LoS) link between the transmitter and
the target for the cellular based ISAC system. It is quite challenging to sense targets without LoS connections.
And in the legacy system, only either Base Station (BS) or User Equipment (UE) can be considered as valid entity
to conduct the sensing operation. Such services are only available in the localized region and additional set-up
(including RFs) may be required. Moreover, the sensing performance (e.g. localization) of BS will be decreased
with the increase of target distance from the receiver. By deploying RIS, a LoS link can be established to provide the
sensing service for the NLoS areas and an extra LoS reflected link can be provided by the RIS to sense the target
from a different angle, thus the sensing performance of the RIS-assisted networks can be significantly improved.
Further, the different type and capabilities of assisted RIS, e.g. the fully-passive RIS and the semi-active RIS, can
be considered according to the different scenario requirements of the RIS-assisted ISAC systems.

3.4.6 Energy efficiency
Wireless power transfer – Wireless power transfer has been proposed to enhance the use time of devices powered
by batteries. The RIS can realize the power transfer between the BSs and users when the signals are blocked
between the transmitter and energy harvesting users. With the assistance of RIS, the users can not only receive
the communication signal, but also the harvested energy from the RIS, permitting a reduction of transmit power and
improving the energy efficiency.
Energy harvesting – Current wireless networks have been designed primarily for communications purposes, in
turn allowing other use cases such as communications-based positioning. Therefore, in existing wireless networks,
even low-power devices such as Internet of Thing (IoT) devices, wireless sensors, and Machine to Machine (M2M)
type devices still rely on an external power source, e.g. a battery, for communication. Since radio waves can carry
both information and energy, RIS is a promising component in self-sustained wireless networks because RIS can
enhance both information and energy transfer performance. For example, RIS may be partitioned and some of RIS
elements or partitions could be utilized for collecting radio-frequency energy from the environment, while other RIS
elements or partitions could be used for aiding communication. Deployment of the RIS could be simplified, one of
the main reasons is that it does not rely on external power source(s) if energy harvesting for RIS is possible. In
some cases, RIS may be integrated onto IoT devices to harvest the energy and directly power such devices. Signal
energy may also be focused to other devices for enhanced energy harvesting at the devices.
Power saving –With the highly demand data rate requirements of future wireless networks, the energy consumption
has been a great concern. Many energy-efficient solutions have been developed to ensure green and sustainable
wireless networks. The network performance in terms of coverage and data rates can be significantly improved by
deploying RIS, less BS transmit power and fewer BSs would be required in the RIS-assisted scenario to achieve
a given coverage or data rate target. RIS-assisted deployments can be an attractive solution to enhance network
performance, while reducing network energy consumption and improving network energy efficiency compared with
legacy amplify-and-forward relay solutions. Similarly, deploying RIS can also improve the energy efficiency of users
considering the uplink transmission assisted by the RIS. In other words, RIS can be considered as an energy
efficiency enabler for the future wireless communication networks.

The available RIS hardware architectures can be classified into passive, hybrid, semi-active and active types
according to their capabilities to manipulate the impinging signal. A passive RIS consists of passive or nearly
passive components that might not require dedicated power supply, enabling connectivity for massive connections
with extremely low power consumption and minimal complexity. An active and semi-active RIS, on the other hand,
may embed radio-frequency circuits, signal processing units or power amplifiers.

The RIS power consumption depends mainly on the type and resolution of its individual reflective elements.
Both passive and active RIS are designed to consume less power than the traditional solutions such as micro BSs
or relays. Although the active RIS requires additional power dissipation to support its active load impedance, its
basic operating mechanism remains the same as that of passive RIS, directly reflecting the incident signal and
making the required adjustments at electromagnetic level.

Using RIS as a part of new solution for indoor and outdoor radio access networks will help to reduce the power
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Figure 3.10: Programmable wireless data centers with RIS installed (Credits: ETSI ISG RIS)

consumption of the network. Specifically, to provide coverage to a given area, RIS-assisted networks require less
BSs to be deployed.
EMF exposure minimization – Another perspective of the power consumption is the ElectroMagnetic (EM) ex-
posure to human bodies. There are requirements for arbitrary low EM thresholds for certain services and/or in
certain areas, as required by some customers or the regulatory bodies of some regions. Thus, one of the potential
requirements for next-generation networks is to limit the level of transmission power to meet requirements for low
EMF exposure, while guaranteeing the network performance.

Using RIS as network nodes can help limiting EMF exposure in two different ways. Using RIS can help to
provide coverage and enhance transmission without significantly increasing the transmission power of the network
and/or the user equipment, and thus, limiting the EM exposure level around the BS and/or close to the UE. Certain
optimization can also be carried out jointly for BSs and RIS to meet strict EM constraints in special deployment
scenarios.

3.4.7 Programmable Wireless Data Centers
Agile network management system in data centers can require advanced technological solutions, such as RIS, to
alleviate the cabling cost and boil down the overall connection complexity. Each server placed in the data center
is connected with a wireless connection component enabling communication via directive wireless propagation via
the physical propagation elements of the RIS. RIS can be placed on the rear panel of the racks as well as walls
and ceiling to dynamically and remotely control directive wireless communication links, e.g. TeraHertz or mmWave
technologies, between different servers within a single rack i.e. intra-rack connection management, and between
different racks, i.e. inter-rack connection management, as shown in Figure 3.10. Given the daunting complexity of
setting-up and controlling such a system, machine-learning-based approaches can be deployed to automate the
multiple processes required in a systematic manner. This RIS-based solution can enable a new level of automation
in data-centers (re-)configuration as well as resilience to hardware failures and upgrades.
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3.5 ISG-RIS Deployment Scenarios
Whilst there are clear benefits and capabilities offered by RIS, its deployment still remains on the conceptual level.
RIS may require a very large number of unit-cells to achieve significant performance gains. This in turn renders the
effective configuration of the RIS response in a dynamic fashion challenging. RIS may also require rapid channel
sounding operations to estimate channels between the RIS, TRPs, and UEs. However equipping RIS with signal
processing capabilities would increase the deployment cost due to hardware, but also reduces the attractiveness
of RIS in terms of ease of deployment, as well as increasing the complexity of the algorithms and protocols needed
for its seamless integration. It is therefore important to develop a clear understanding of where RIS may serve as
an attractive deployment solution versus other technologies.

3.5.1 Operating environment
Indoor scenarios – For indoor scenarios, line-of-sight transmission cannot be guaranteed in some areas such as
corridors, corners and stairs. In addition, shadow fading may be serious due to the influence of obstacles such as
human bodies and furniture. Deploying RIS on the surface of walls or furniture can establish additional transmis-
sion links to improve coverage, increase received signal strength as well as SNR. Data rates can be improved for
individual users and the overall system throughput can be improved as well. Indoor scenarios such as automated
industrial factories may also benefit from the improvements in localization accuracy.
Outdoor scenarios – For outdoor scenarios, mobile terminals and UEs at the edge of the cell or in the shadow area
may suffer serious propagation loss including path loss and shadow fading caused by obstacles such as buildings
or trees. RIS can be deployed on the facade of the building or along with base stations to establish additional trans-
mission links. In this way, the performance of these terminals can be significantly improved. In outdoor environment,
mobility can become more significant than indoor scenarios, especially considering that UEs on high speed trains
can travel at a speed of 350 km/h. In this case, dynamically reconfigurable phase shift matrices on RIS are needed
for fast beam tracking.
Hybrid scenarios – Hybrid deployment scenarios for RIS involve both indoor and outdoor environment, or describe
a mixed environment which is hard to be characterized by any single scenario. One example of hybrid scenario is
the outdoor to indoor scenario. It is challenging for base stations deployed outdoors to serve indoor users due to
the signal attenuation introduced by the walls or window glasses. The attenuation is more significant in FR2. One
conventional solution is to deploy micro-BS inside the building, which is of high cost. In this scenario, RIS are placed
on facades of buildings or are manufactured as transparent surfaces which can also be used as window glasses.
The RIS placed on facades can reflect signals to indoor environment of another building. RIS used as window
glasses, which are usually transparent, can focus the incident signals into certain areas in the room and achieve
good coverage. The focus points of such transparent RIS can be pre-configured according to indoor environment
or dynamically changed based on real-time demands.

3.5.2 RIS deployment
Static RIS – In a typical deployment, the RIS is mounted on a stationary structure, such as a building wall. In such
a deployment, the radio channel between a stationary base station and the RIS is largely static. The radio channel
between the RIS and a UE as well as between the base station and the UE may experience fast fading due to
movements at the UE side.
Nomadic RIS – Nomadic deployment option assumes possibility for RIS to change its physical location or ori-
entation in time. In some deployments, the RIS may be mounted on a non-stationary structure, such as a train
or a vehicle. For nomadic deployment of RIS, multiple scenarios are considered depending on where the RIS is
integrated including personal RIS, UE-integrated RIS, vehicle-integrated RIS.

In such a deployment, the radio channel between a stationary base station and the RIS as well as between the
base station and the UE may experience fast fading due to a moving RIS and a moving UE. However, if the UE is
moving with the non-stationary structure, for example if the UE is in the train, the radio channel between the RIS
and UE may fade relatively slowly. On the other hand, if the UE is not moving with the non-stationary structure, the
RIS to UE channel may fade rapidly as well.
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Three cases have been idetified:

1. Personal RIS scenario – In the personal RIS scenario, RIS is owned by an end-user, and the user can change
the location of RIS based on his own preferences without asking a permission from the network and without
notifying the network. Typically, personal RIS is a physically small device that is located in indoor areas, for
example, home or office spaces. The deployment option of multiple personal RIS within the same indoor area
could also be considered.

2. UE-integrated RIS scenario – In another scenario, RIS could be integrated into a user device, e.g. a mobile
device. In this case, mobility of the device implies the mobility of RIS, including the dynamic change of both
position and orientation.

3. Vehicle-integrated RIS scenario – Another common scenario for RIS deployment is placement of RIS on
mobile vehicles such as cars, trains, buses, etc. In this case, the mobility of the vehicle determines the
mobility of the RIS. Depending on the vehicle type, size, and location of operation, one or multiple RIS can be
integrated onto vehicle’s windows, roof, etc. Such nomadic RIS deployments could be facilitated by network
operators, enterprise owners (operating the vehicles) and end-users (for personal vehicles).

3.5.3 RIS control plane
The RIS control plane comprises of a large set of functions, which run to trigger RIS configurations at different
time scales and to acquire instantaneous RIS states. Control plane functions can be defined according to the RIS
management as per the categories: i) BS Centralized management; ii) BS Distributed management; iii) autonomous
RIS; and iv) UE-controlled RIS.

The RIS control plane controls a set of RIS and is responsible for the channel quality improvement for the
selected DL/UL/SL links in the dedicated area. The following functionalities can be supported by the RIS control
plane: 1) Channel measurements between RIS and network nodes, between RIS and mobile devices; 2) Positioning
measurements. 3) RIS control mode selection; 4) RIS configuration selection, providing the selected configuration
to the RIS; 5) Gathering and conveying to the RIS controller the relevant status information of data and control
planes (e.g. users data buffer states, traffic patterns, resource allocation decision, QoS information, etc.)

RIS control plane can allow the abstraction of logical functions from the underlying physical technology. In this
architecture option, link layer may comprise of links implemented based on different physical/MAC technologies,
operating on different bands (in-band, out-band), being wired or wireless. RIS control plane can implement a
specific scheduling mechanism for signalling within the RIS control plane.

Centralized management – Centralized management of RIS at the network side can assign and update one
or multiple base stations to provide the necessary configuration for RIS. Essentially, the control plane is located at
a central node, where the measurements and/or feedback information is processed, and corresponding decisions
are made to update RIS configuration. Up on determining the updated RIS configurations, the central node shares
the information with the BS(s) and instructs them to provide the updated configuration to RIS. In case of centralized
management, coordination among the participating BS(s) is not necessary.

Distributed management – Distributed management of RIS at the network side is handled locally by the partici-
pating BS where the RIS control plane is located. The BS communicating with the RIS is responsible for processing
the measurements and/or feedback information and making the decisions to update RIS configuration. For the
distributed management, multiple BSs may communicate with RIS and in such cases coordination among the par-
ticipating BS(s) is necessary to avoid any conflict. In addition, multiple RIS can be managed by multiple distributed
BSs, based on cooperative schemes, in order to achieve the optimization of the network’s system metric, such as
improving the achievable sum-rate performance.

Autonomous RIS – Autonomous RIS is capable of optimizing the gain of a reflected beam between a base sta-
tion and a user equipment without requiring dedicated control-plane functions. Autonomous RIS can require power
sensing capabilities, falling into the Hybrid RIS category, as per clause 4.2.3 of the present document. Autonomous
RIS can acquire a power profile through a sequential activation of probing beams. In particular, an autonomous
RIS can obtain the angular position of the base station and the user equipment by identifying power profile peaks in
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the acquired power profile. The autonomous RIS can locally compute the optimal configuration and autonomously
trigger it based on the angular positions.

UE-controlled RIS – In an indoor deployment scenario, RIS can be deployed as part of a personal network
or local access network. The local access or personal network can be the one operating in unlicensed spectrum
such as a WiFi network or the one operating in licensed spectrum such as a Customer Premises Network (CPN)
3GPP TR 22.858 or Personal Internet of Things Network (PIN) 3GPP TR 22.859. As CPN and PIN are identified as
small-scale, personal networks within the coverage area of a public network, the personal network entities such as
evolved Residential Gateway (eRG) for CPN and PIN element with management capability for PIN are responsible
for network management and/or control aspects. For WiFi networks, the WiFi access point(s) that provide(s) the
coverage is responsible for network management and control aspects. Moreover, it is expected that the UEs belong
to these personal and local access networks may have either direct or indirect connections or both.

3.6 Conclusion
This chapter has summarized relevant use cases and deployment scenarios for RIS according to the recommen-
dations from ETSI RIS, which will be considered as departing point for the research work conducted in the project.
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Chapter 4 : Performance Metrics and Advanced PHY
Layer solutions

4.1 Performance Metrics in Cell-Free Networks
The performance of modern radio access networks is essentially (at least in dense areas) limited by in-band inter-
ference, more specifically interference from users and/or base stations in close geographical proximity; this is due
to the necessity to operate in a limited bandwidth, which imposes some degree of spatial reuse of the available
radio spectrum. However, the impact of this interference on the network performance is affected by several factors:

Receiver-side processing and interference cancellation: If a receiver is able to decode and cancel interference
rather than treat it as noise, the effective SINR for the remaining users is increased. In a large radio access
network, we expect every signal to be decoded at some point in the network. Thus, in principle and considering
an ideal centralized joint decoder, all interference could be canceled. In practice, there are limitations due
to (i) the amount of information exchange required for the implementation of a fully joint decoder, and (ii) the
latency it would create if applied to large geographical areas.

Transmitter-side coordination and waveforms: The impact of in-band interference can be partly mitigated through
proper resource allocation and precoding, if the overhead (in terms of computing, signaling, and latency) as-
sociated with this coordination can be tolerated. On a deeper level, the choice of waveforms, coding rate,
and the pilot allocation strategy will have an impact on the ability of the receiver to perform efficient multi-user
interference cancellation with acceptable complexity.

The above discussion highlights the following important points:

• Information-theoretic models and metrics alone are not sufficient for the purpose of qualifying the perfor-
mance of a large, multi-site network; algorithmic limitations (in particular, those associated to the complexity
and latency of the distributed processing expected to take place in cell-free networks), should be taken into
account.

• Transmitter-side coordination can have a major impact on performance, however it typically involves significant
overhead; whether this overhead is acceptable in turn depends on the type of traffic (e.g. synchronization
overhead may be negligible in eMBB applications but become a dominant factor when considering sporadic
IoT-type traffic).

Thus, a sound performance evaluation framework should establish a trade-off between reliability and efficiency
metrics (spectral efficiency, area spectral efficiency, energy efficiency. . . ) and the resources in terms of computing
and signaling overhead required to achieve them; it should take into account the targeted class of traffic.

4.1.1 Metrics of Interest
Typical metrics in use to evaluate the performance of wireless networks are typically a combination of a few relevant
quantities:
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• per-user and aggregate throughput,

• latency,

• reliability (packet error rate, end-to-end delivery time. . . ),

• radiated power,

• consumed power (including overhead such as computing, cooling, power amplifier efficiency etc.),

• PAPR,

• bandwidth.

For single-cell scenarios, fundamental bounds from information theory can provide relevant benchmarks since
the channel is sufficiently close to canonical models such as the broadcast (downlink) or multiple-access (uplink)
channels. Furthermore, the performance of a given approach can often be characterized (sometimes approxi-
mately) analytically, and compared to the fundamental limits, allowing to draw universal (e.g. regardless of algo-
rithmic choices) and fairly interpretable conclusions. For instance, the spectral efficiency or the packet error rate
achieved by a given approach can be compared to the fundamental limits provided by the channel capacity region
and the finite blocklength capacity, respectively.

Conversely, in a multi-cell scenario, the situation is more intricate since the cell density plays a major role in
many performance trade-offs. Cell density can be modified through the inter-site distance, or through dynamically
powering on or off some of the access points or carriers; it impacts both the signal and the interference part of the
signal-to-interference ratio (SINR) analysis, and thus analyzing its effect on the overall system performance is non
trivial, especially when taking into account the impact of propagation, antenna array design, signaling, spatial reuse
of pilot and spectrum, algorithmic choices, etc. In multi-cell scenarios, it is generally more difficult to obtain analyti-
cal performance characterizations allowing to draw universal conclusions about the relative merits of the proposed
approaches; in that case, one has to resort to numerical simulations.

In the cell-free context considered in NF-PERSEUS, some analytical performance characterization results have
been derived [61] [59] under simplified assumptions regarding e.g. propagation, synchronization, etc. However, we
expect that a significant amount of numerical evaluations will be required when considering non-trivial combinations
of propagation, hardware, signaling, and algorithmic architectures.

Thus, we suggest to focus on a small number of prototypical systems and scenarios, for which the baseline
approaches and the novel contributions developed in NF-PERSEUS will be evaluated using either analytical or
numerical approaches.

4.2 Hardware-aware Precoding/Combining for Cell-free massive MIMO

4.2.1 Introduction and Motivation
Cell-free massive MIMO (CF-mMIMO) has emerged as a revolutionary wireless technology leveraging the most
advantageous features of ultra-dense networks and cellular mMIMO technology while mitigating their associated
drawbacks.

Unlike conventional cellular networks, where the coverage area is divided into disjoint cells served by individual
base stations, CF-mMIMO systems rely on a large number of distributed access points (APs) connected to a central
processing unit (CPU). This distributed architecture aims to provide seamless wireless coverage and capacity across
the entire coverage area without cell boundaries. Very recently, a new scalable version of the CF-mMIMO was
introduced in [14], which incorporates fully distributed processing.

Although CF-mMIMO shows great promise in improving wireless communication, its real-world implementation
faces practical challenges [4]. One notable challenge is the densification aspect of CF-mMIMO, which can lead to
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increased system efficiency but comes with the trade-off of higher energy consumption and hardware costs. Indeed,
the impact of hardware quality on CF-mMIMO systems is particularly significant, especially when both APs and UEs
are equipped with high-quality hardware components. However, the use of low-cost hardware may be appealing
due to its affordability, despite the potential downside of decreased system efficiency. Therefore, it becomes crucial
to strike a balance between hardware cost and system performance to optimize the overall effectiveness of CF-
mMIMO deployments.

Figure 4.1: Power Consumption at BS and UE

As shown in Fig. 4.1, Power amplifiers (PAs) are among the most energy-consuming components in both base
stations and UE in wireless communication systems. Within this framework, PA non-linearity (NL) stands out as a
significant hardware impairment (HWI) within the analog transmission chain of communication systems. Specifi-
cally, the non-linear distortion (NLD) introduced by non-linear power amplifiers (NL-PAs) can degrade both channel
estimation and data transmission.

4.2.2 Methodology, current achievements
In broadband multipath wireless channels, encountering significant delay spread results in frequency-selective
fading, particularly in sub-6GHz bands. To effectively mitigate such channel imperfections, adopting orthogonal
frequency-division multiplexing (OFDM) scheme proves to be the most effective approach. OFDM encodes digital
symbols across multiple orthogonal subcarriers, thereby enabling robust transmission in frequency-selective fading
channels.

Thus, we propose combining OFDM with the scalable version of CF-mMIMO. This combination represents a
highly promising solution to address the escalating demands for higher data traffic and enhanced link readability.
Following 5G-NR, based on TDD mode, the uplink (UL) and downlink (DL) transmissions share the same frequency
band but are separated in time.

Our focus was on examining the effects of NL-PAs on both the UL and DL transmissions of CF-mMIMO-OFDM
systems. Specifically, in the UL scenario, user equipments (UEs) are equipped with NL-PAs, necessitating the
development of an iterative non-linear distortion (NLD) cancellation technique to mitigate the impact of NL-PAs on
transmission performance. Existing studies in the literature have predominantly focused on examining the impact of
HWIs at APs and/or UEs on the performance of CF-mMIMO systems, rather than addressing strategies to mitigate
this effect. In our works, we proposed techniques that can be implemented in a distributed and scalable fashion,
achieving benefits of CF-mMIMO-OFDM while taking into account the effects of hardware impairments caused by
NL-PAs.

OFDM-BASED UL CF-MMIMO UNDER HWIs
The presence of NL-PA at UEs affects both channel estimation and UL transmission. Consequently, we introduced
in [85,86] two NLD cancellation algorithms adequate for the scalable CF-mMIMO-OFDM systems. These algorithms
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Figure 4.2: OFDM TDD frame structure.

are designed to enhance the accuracy of channel estimation and mitigate the NLD effects on the UL transmission
phase. As shown in Fig. 4.3, NLD cancellation is performed locally at each AP in a distributed manner. Notably, this
implementation has the potential to simplify the system architecture by eliminating the need for additional processing
at both the UEs and the CPU.

Figure 4.3: CF-mMIMO-OFDM system with NLD cancellation algorithms. The algorithms are implemented in a
distributed manner, i.e, They are executed locally at each AP.

The proposed successive NLD cancellation techniques tries to mitigate the effects of using NL-PAs by estimat-
ing and subtracting the distortion signal from the received signals (pilot symbols and data symbols). The initial
estimated distortion is generally inaccurate, and the iterative process is used to refine the remaining distortion. The
iterative cancellation algorithm is mainly based on the following main steps : initial symbol estimation, distortion
approximation and distortion removal.

1. Initial information estimation : This step involves the initial estimation of the symbols (pilot/data) that were
originally transmitted by UEs. This estimate is used as a starting point for the distortion approximation and
removal steps.

2. Distortion approximation : In this step, the initial symbol estimate is used to estimate the distortion between re-
fined signal and the received one. We note that the NLD cancellation approach in channel estimation and data
transmission differs based on the available information. In fact, in channel estimation, the presence of known
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pilot symbols at APs provides a reference for approximating the distortion term, while in data transmission,
the absence of this prior knowledge imposes a different distortion approximation method.

3. Distortion removal : After approximating the distortion, the goal of this step is to remove the estimated distor-
tion from the symbol estimate.

Steps 3 to 5 are repeated iteratively.
The outcomes of the simulations have indicated that the proposed technique has a great promise in mitigating

the significant impact of HWIs, improving the spectral efficiency (SE) and energy efficiency (EE) performance of the
UL CF-mMIMO-OFDM systems.

OFDM-BASED DL CF-MMIMO UNDER HWIs
CF-mMIMO-OFDM systems exhibit a high peak-to-average power ratio (PAPR) during signal transmission. Hence,
the commercial viability of CF-mMIMO-OFDM systems is only possible if APs are deployed using power-efficient
and low-cost hardware. However, transmitting signals with high PAPR using such hardware leads to significant
HWIs, primarily caused by NL-PAs. As shown in Fig. 4.4, we note that the distortion induced by the NL-PAs is
directly proportional to the power allocated to the desired signal. Consequently, UEs with stronger channel gains,
i.e., the most robust connections, are disproportionately affected by this distortion, while weaker users experience
less impact. In classical massive MIMO systems, which typically involve co-located antenna arrays at the BS, a

Figure 4.4: Beamforming without taking into account HWI.

significant number of degrees of freedom (DoFs) are available due to the large number of antennas compared to
the number of served UEs. Several techniques have been proposed and investigated in the literature to exploit
these DoFs for PAPR reduction, as documented in references [8,139,140].

These techniques are impractical in centralized CF-mMIMO-OFDM systems, where high-capacity front-haul
connections are needed to enable data transfer between APs and a CPU. In response to the challenges posed
by heavy front-hauling overhead in centralized CF-mMIMO-OFDM systems, we propose a novel PAPR reduction
technique that operates locally at each AP. This technique eliminates the need for instantaneous information sharing,
thereby reducing front-hauling overhead significantly.

The proposed solution revolves around anticipating and mitigating distortion in transmitted signals. Rather than
subjecting signals to high PAPR that leads to severe, uncontrollable distortion from NL-PAs, our approach opts for
transmitting low-PAPR signals [138].

The key idea of our proposed solution, as shown in Fig. 4.4, is that each AP: (i) computes the frequency-
domain precoded signals {xt

m,∀m}, which are the reordered versions of {xn,∀n} and (ii) optimizes frequency-
domain signals {rtm,∀m}, referred to as peak-canceling signals (PCSs), that reduce the PAPR of the resulting
OFDM modulated signals {atm,∀m}. Frequency-domain PCSs are fine-tuned to ensure that distortion affecting the
strongest UEs is minimal or even eliminated, while distortion affecting the weakest UEs remains within acceptable
limits. In particular, distortions associated with PCSs are directed towards the weakest UEs in a flexible manner,
allowing us to maintain service continuity for these UEs.

4.2.3 Future works
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Joint PZF and Hardware aware precoding/combining
In the proposed techniques, we have evaluated and compared the performance of different combining/Precoding
techniques at the APs. It is shown that partial zero-forcing (PZF) combining/precoding scheme outperforms other
alternatives in terms of SE. The PZF scheme operates by categorizing UEs into strong and weak sets according
to their path loss, with a predefined grouping threshold. Typically, as mentioned in prior studies [20, 144], this
grouping threshold is set manually. However, by dynamically adjusting the grouping threshold based on the current
environment and channel characteristics, the PZF scheme can effectively adapt to changes in the strength and
distribution of UEs, thereby maximizing SE and overall system performance.

In the realm of CF-mMIMO-OFDM, addressing the dual challenge of minimizing PAPR and improving signal
quality is crucial. In response to this challenge, we aim to introduce a joint distributed technique for PZF precoding
and PAPR reduction. Since the grouping strategy is instrumental in controlling the distortions in the context of
PAPR reduction, the grouping threshold should be adjusted based on the system requirements and the optimization
goals. Hence, the idea here is dynamically adjust the grouping thresholds depending on the specific objective being
considered: either PAPR reduction or PZF precoding. This dynamic adjustment ensures that the system optimally
adapts to the requirements of each objective, enhancing performance accordingly.

In the same direction, for PZF combining, we aim to adopt an adaptive grouping strategy that adapts to changing
channel conditions and maximizes the SE jointly with NLD cancellation. In other words, we choose the optimal
grouping threshold ensuring a balance between inter-user interference and desired power enhancement.

Sequential precoding for cell-free with serial fronthaul
We consider the serial fronthaul topology in CF-mMIMO-OFDM systems where APs are connected in a chain-like
fashion. This topology enables the transmission of HWI between APs in a successive manner. This means that the
HWI data is communicated from one AP to the next in a sequential fashion along the fronthaul network.

We aim to introduce a sequential hardware-aware precoding scheme designed to uphold the constructive sum-
mation of contributions from each AP while mitigating the impact of hardware-induced distortion received by UEs on
every subcarrier. This is achieved through the exchange of local channel state information and estimated distortion
noise among successive APs.

4.3 Precoded Filter Bank waveforms

4.3.1 Introduction and Motivation
New wireless systems aim to cover a wide variety of application scenarios. Applications ranging from the connectiv-
ity of thousands of devices with low power consumption to high mobility scenarios with high transmission rates. In
this context, a waveform that can optimize the use of the available spectrum is essential in addition to mitigating the
various challenges present in the communication process in order to provide more stable and efficient communica-
tions. Orthogonal Time Frequency Space (OTFS) technology has emerged as one of the promising solutions to face
such challenges and is an alternative to Orthogonal frequency-division multiplexing (OFDM). Its ability to provide
ultra-high data rates, low latencies and, above all, robustness in high mobility scenarios, make OTFS an interesting
alternative within the 5G ecosystem [49]. Operating in the delay-Doppler (DD) domain, the OTFS technique can
be seen as a 2D Fourier transform introduced before the OFDM system. This makes OTFS convert time-varying
channels into invariant channels in a DD domain, making it robust in high mobility scenarios. On the other hand, Fil-
ter Bank Multicarrier (FBMC) systems have received a lot of attention to guaranty good time-frequency localization
and robustness to asynchronism. However, the complex orthogonality criterion is not satisfied since the filter bank
itself generates self interference in the system. Various precoding techniques have been proposed in the literature
in order to compensate for this interference and restore the complex orthogonality [27, 137]. In many cases, the
basis is to spread the symbols across the entire time band or across all subcarriers for this purpose [94] [100].
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4.3.2 Methodology, current achievements
In [69], the authors have introduce a filter-bank system with complex orthogonality as an alternative waveform to
OTFS. By employing part of the OTFS scheme, specifically part of the Symplectic Finite Fourier Transform (ISSFT),
the complex orthogonality of the system is recovered, resulting in a waveform that incorporates the main charac-
teristics of OTFS systems and and the use of well-located filters. The robustness in high mobility scenarios and
better spectral localization stands out. This new structure allows also the use of low complexity equalizers in the
time frequency domain. Figure 4.5 illustrates the complete block diagram of the 2D-FFT filter bank system.
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Figure 4.5: Block diagram of the 2D-FFT filter bank system

Simulation results have shown that the presented technique presents the same benefits as the OTFS technique
such as low latency, robustness to high mobility scenarios and also the benefits of the FBMC technique such as
good spectral localization. Furthermore, due to the filtering process, the system presents good error performance
in high mobility scenarios using a simple equalizer in the frequency domain, a performance that cannot be obtained
with OTFS modulation.

In [68] we have proposed a generalization of the so called 2D-FFT filter bank by making changes in the waveform
structure to obtain advantages in the symbol detection process. We have shown that by relaxing the rate factor of
the filter bank structure, the proposed scheme achieves a greater robustness in different application scenarios. We
have also perform a detailed analysis of the impact of this generalization in terms of PAPR and error performance
via the signal-noise-plus-interference ratio (SINR) and the signal-interference ratio (SIR).

4.3.3 Future works
In this workpackage, we will generally speaking propose and study waveforms for cellular and cell free MIMO
systems taking into account the main KPI (complexity, out of band radiation, robustness to non linearities, MIMO
compatibility, ....). We will also study channel estimation in the context of 2D-FFT filter bank scheme and evaluate
the potential of those waveforms in the context of the integrated and sensing communication (ISAC) [134]. The
optimization of the prototypes filters for filtered multicarrier communication will also be studied [40] [24]

4.4 Waveform transceiver design for improved robustness to impairments

4.4.1 Context and motivation
Since the introduction of the 4G/LTE, the data traffic increases significantly each year and new wireless applications
and services are continuously emerging [105]. This requires extremely reliable connections, with an availability of
99.999%. The latency also becomes a crucial constraint for emerging applications such as tactile Internet or factory
automation. Finally, efficiency in terms of resources utilization, such as energy and radio spectrum, is becoming
more and more critical.

Aforementioned services, including enhanced Mobile Broadband (eMBB), Ultra-Reliable low Latency Communi-
cations (URLLC), Vehicle to everything (V2X), etc), must coexist in a unique wireless environment. This introduces
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new challenges, requiring investigation on new techniques to fulfil network constraints, from the application layer to
the physical layer. For the latter, the current Orthogonal Frequency-Division Multiplexing (OFDM) waveform used
in 4G/5G may not be adapted to support all the resulting constraints [122]. In fact, OFDM represented an attractive
solution thanks to its high robustness against multipath channel through the introduction of a Cyclic Prefix (CP), its
orthogonality in both the time and frequency plane, its straightforward implementation with a Fast Fourier Transform
(FFT), and the simple per-subcarrier equalizer. OFDM is also known to efficiently support multiple Multiple-Input
Multiple-Ouput (MIMO) schemes [56] including massive MIMO.

However, the high Out-Of-Band Power Leakage (OOBPL) of OFDM compromises the coexistence of multiple
services in the same band as foreseen in next generation systems. In addition, it requires strict synchronization with
the base station in time and frequency for each user, which adds important signaling overhead. Consequently, the
latency and the energy consumption are highly impacted. In fact, with the emergence of efficient resource allocation
techniques for grant-free multiple-access, the support by the physical layer of relaxed synchronization becomes of
paramount importance. The waveform plays the central role in this regard. In this context, candidate waveforms for
beyond 5G will be investigated with a special focus on Filter Bank Multi-Carrier (FBMC)/Offset Quadrature Amplitude
Modulation (OQAM) [104] [53] and transformed domain waveforms such as Orthogonal Time-Frequency Space
(OTFS) [49].

However, filtered waveforms are considered several times more complex than state-of-the-art OFDM. Particu-
larly concerning FBMC, the use of the OQAM scheme requires to duplicate the processing units (or to double the
processing rate) when compared to OFDM. In addition, the filtering stage may introduce a non-negligible complex-
ity increase. Therefore, it is of high interest to investigate novel algorithms and hardware optimizations in order to
reduce the complexity and the energy consumption of these waveforms. While FBMC/OQAM offers several inter-
esting advantages with respect to OFDM, it has few important issues that need to be addressed. For instance, the
filtering operation introduces a ramp-up and ramp-down transitions at the beginning and the end of each transmit-
ted frame. To avoid significant spectral efficiency loss, the frame duration must be increased. However, beyond 5G
systems aim to use short frame sizes for several communication scenarios in order to reduce the latency. In addi-
tion, certain techniques designed for OFDM are not directly applicable to FBMC due to the OQAM scheme. Among
these techniques, there are the pilot structure for channel estimation, the FFT-spread to reduce Peak-to-Average
Power Ratio (PAPR), and the efficient support of MIMO schemes. Finding appropriate solutions to these technical
issues is crucial if a filtered waveform is adopted for certain services in future communication systems.

4.4.2 Tackled challenges and study objectives
The scientific and technical objectives can be summarized as follows:

• Physical-layer support for service coexistence within one waveform symbol in future networks.

• Limited out-of-band power leakage.

• Improved support of grant-free multiple access through relaxed synchronization.

• Improved robustness to time/frequency offsets and Doppler effects.

• Increased multiple access efficiency/Improved User separation.

The tackled technical challenges are:

• Filter design for reduced latency, improved user separation/performance.

• Advanced receivers for efficient interference management, service co-existence or numerology.

• Improved support of grant-free multiple access through relaxed synchronization.

• Efficient massive MIMO support.

• Reduced complexity transceivers for integration.
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Chapter 5 : Algorithms for Radio Resource Man-
agement

5.1 Introduction
The NF-PERSEUS project (PEPR-NF PC3) aims at achieving power and spectrum efficient massive access in
scalable B5G sub-7GHz networks, based on distributed massive multi-antenna (MIMO) infrastructures. In this con-
text, workpackage 4 (WP4) deals with radio resource management and aims at introducing novel multi-user access
schemes and resource allocation algorithms dedicated to distributed antenna systems. The work in WP4 is orga-
nized into two main tasks: 1) the proposal of new resource allocation algorithms dedicated to distributed massive
MIMO (mMIMO) and 2) the study of novel non-orthogonal and grant-free multi-user (MU) access techniques.

This chapter provides an overview of the progress of the studies undertaken in WP4 and their progress by the
end of 2023. It is organized as follows: Section 5.2 deals with resource management and innovative detection
algorithms for non-orthogonal multiple access (NOMA) techniques. The first topic addresses the challenges of im-
perfect knowledge of the transmission channel while the second studies new multi-user detection algorithms for
wireless transmission systems based on a quantum architecture. Section 5.3 describes two studies undertaken on
novel grant-free MU access techniques, with the use of artificial intelligence/machine learning (AI/ML) techniques
for system optimization. At last, Section 5.4 focuses more globally on optimizing resource management in cell-free
massive MIMO (CF-mMIMO) systems. The first theme jointly addresses network architecture, resource allocation
orchestration and multi-antenna processing. Then, the problem of resource allocation and precoding in the chal-
lenging context of centralized CF-mMIMO-OFDM based on the dynamic cooperation clustering framework is dealt
with. Finally, the third topic studies the trade-off between interference avoidance through antenna collaboration and
interference cancellation through NOMA techniques. Section 5.5 concludes the chapter.

Given that most of the WP4 tasks started in September or October 2023, the related work is still in its early
stages. Therefore, for each topic, the state of the art is presented, as well as the various directions of research
planned for the future.

5.2 Resource management and detection algorithms for NOMA

5.2.1 Leveraging channel predictions for improved fairness and sum-rate capacity
of NOMA

Context
NOMA provides a possible way to increase the system capacity by scheduling multiple users on the same channel.
The multiplexing can be done in the power domain [62] or in the code domain [74]. In power-domain multiplexing,
the transmitter divides its total transmit power between the users that are scheduled in the same time-slot and/or
on the same frequency. While this reduces the rate of each user compared with what it would have obtained had
it been scheduled individually without the other users, the overall sum capacity can be increased under certain
circumstances [32]. In order to experience these benefits, more computations are required at the receiver since
the receiver has to perform successive interference cancellation (SIC). Furthermore, as mentioned in [95], the
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improvements thanks to NOMA rely on perfect knowledge of channel conditions by the base station (BS), which is
not always the case in practice.

NOMA has been shown to be beneficial is several different settings: in uplink and downlink [126], in Nakagami
fading channels [5], for MIMO [80,141], for visible light communication technology without [129] and with [83] optical
intelligent reflective surfaces.

One of the problems in applying NOMA resides in determining which cluster or pair of users to be multiplexed,
and how much power to allocate to each one of them, in order to achieve a given objective, which may include
fairness [77,78]. In these latter works, pairing and power allocation are obtained solely on the basis of information
about the channel conditions at the decision instants, which is assumed to be perfectly known. However, some work
has been carried out on the problem of power allocation when only imperfect channel information is available [121]. It
has also been recently shown that by using predicted future channel information of users, proportional fair allocation
(or other similar concave fairness objectives) can be improved for vehicular users [87, 93]. In earlier works, power
allocation was performed based on the knowledge of parameters describing current channel conditions. This gives
good performance when the channel parameters form a stationary sequence. However, when channel parameters
are correlated, having some information on the future channel conditions can be helpful in the decision making. For
example, if the BS knows that some user will be going through an area of poor signal strength (gray area, tunnel,
etc.) in the near future, it may be useful to allocate some additional rate before this adverse event in order to improve
fairness. The information on the future channel conditions can become available from signal-to-noise ratio (SNR)
maps that give average SNR conditions of a particular geographical region as a function of time. When combining
SNR maps with the mobility patterns of the users, the BS can predict future channel conditions and leverage this
information in its decisions.

Objectives
Given that the knowledge of future channel conditions has been shown to improve fairness in vehicular networks,
the overarching aim of this task is to leverage this same knowledge to design user-pariring (or clustering) and power
allocation algorithms for both downlink and uplink NOMA in order to improve user fairness and sum-rate over a
given time-horizon. Towards this aim, we divide this task into two different subtasks:

• In the first one, we shall investigate optimal joint user-pairing (or clustering) and power allocation under imper-
fect channel conditions in a given time-slot and quantify the gains with respect to OMA. This improves over
the existing works in which user-pairing is fixed or given. Since future information is not perfectly known, this
can introduce some suboptimality in the decisions compared to when the perfect information is given. This
subtask will help understand how adversely imperfect information can influence the benefits of NOMA.

• The second task will consider the optimization problem of user-pairing and power allocation over a give time
horizon instead of a single time-slot as is done in most of existing works. This dynamic optimization problem
will be based on SNR maps and future channel information of users. We shall aim to characterize how much
future information can help in improving the ergodic capacity or fairness as compared to the setting in which
only the current information is used.

In both subtasks, we shall aim to characterize analytically the benefits of NOMA with channel predictions (or
future information) and shall design lightweight user-pairing and power allocations algorithms [87, 93] since these
problems are generally complex and impractical to be solved adequately in real-time.

5.2.2 Quantum algorithms for NOMA detection/decoding

Introduction and motivation
In the context of the Internet of Things (IoT), the scientific community and operators are interested in the wire-
less transmission of short packets (mainly upstream), resulting from the sporadic transmission of several hundred
thousand nodes. Current technologies, based on the allocation of resources prior to transmission, are no longer
suitable. Indeed, their establishment cost (bandwidth, delays) is too large compared to the amount of data to trans-
mit. Ideally, one would therefore completely remove these resource allocation mechanisms, particularly for ultra
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reliable and low latency communications (URLLC) applications [106]. To this end, a NOMA system identifies each
node by a unique coded sequence which allows distinguishing it with a high probability from other nodes [109]. This
approach introduces interference (which can be treated with signal processing techniques), nevertheless it allows
for detecting the subset of active nodes at each moment at the BS. However, in practice, identifying active nodes
is very expensive in terms of computational resources. Indeed, it is necessary to test all possible combinations to
identify the most likely one. The search being done through an unsorted database, the maximum reliability is ob-
tained by exhaustive search, whose complexity grows at least linearly in the size of the set with classical algorithms.
There are sub-optimal routines to reduce this complexity, but at the cost of a performance degradation (in terms of
detection reliability).

The emergence of quantum technologies opens new perspectives. Indeed, the exhaustive quantum search
algorithms allow speeding up the computation time by exploiting the superposition principle [47]. Such algorithms
have already been considered for the detection of transmitted data in a multi-user wireless transmission system [16],
[128]. In particular, in [48], the Grover algorithm has been applied for the identification of active nodes and revealed
an advantage over classical approaches. Nevertheless, there are many avenues for improvement. Our goal is to
propose new multi-user detection algorithms for wireless transmission systems, based on a quantum architecture.

Methodology, current achievements
We consider a network where each user is assigned a unique code ci. The bitstring of active users (bi)1≤i≤N

is given by bi = 1 (resp. bi = 0) if the i-th user transmits its code (resp. remains silent). The users’ signals
are propagated over the same channel and are observed at the receiver side as a summation of all transmitted
contributions. In addition, we consider a transmission model where all emitted signals arrive simultaneously
at the receiver with the same amplitude (thanks to a feedback loop for example). We model the channel as
a perfect one with gain h = 1, along with an additive white Gaussian noise (AWGN) denoted by n. Thus, the
received signal can be written as follows:

y =

N∑
i=1

bici + n (5.1)

Our goal is to find the bitstring (bi) that minimizes the error between the measured signal ŷ and the reconstruction
made from our solution:

b̂ = arg min
b1,...bN

{
||ŷ −

N∑
i=1

bici||2
}

(5.2)

In a previous work, the team has considered the use of Grover algorithm to perform the minimum search.

Future perspectives
However, there is still room for improvement as the Grover algorithm is designed to find solutions which verify a
binary constraint (for example, belonging to a set, verifying an equality or inequality,...). Meanwhile, the minimum
search does not fall in this category. Although our previous study has used Grover to converge iteratively toward
the minimum, there is still room for a more efficient search.

To this aim, we want to address two main research directions. First, we want to better customize the Grover
algorithm to the specific needs of the targeted application. This can be done for the NOMA active user detection
problem, but also for the configuration of reconfigurable intelligent surfaces (RIS) in collaboration with some project
partners. In addition, we plan to consider the use of analog quantum algorithms, which opens the way for new
algorithms, more appealing for the minimum searching case.

5.3 Novel grant-free multi-user (MU) access techniques
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5.3.1 AI/ML techniques for distributed resource allocation in uplink NOMA

Introduction and motivation
Due to their dense deployment, machine-type devices (MTDs) produce a large amount of data to be transmitted.
Moreover, the mobile data traffic still follows an exponential increase with time. Widely-used beyond-5G applications
are expected to enforce a set of technical constraints such as massive connectivity, low latency and high through-
put [6] despite the spectrum crunch. Therefore, the investigation of new multiple access techniques becomes of
paramount importance towards meeting the aforementioned requirements. Driven by the above considerations,
NOMA has been proposed as a promising multiple access method for such networks.

With NOMA, several users can be served at different power levels while simultaneously reusing a given clas-
sical orthogonal multiple access resource block made of the same set of time, frequency and space or antenna
parameters. Although most studies related to power-domain NOMA focus on the downlink setting, some work re-
cently considered the application of NOMA in uplink scenarios [22,145]. Other studies have also shown that NOMA
helps achieve massive connectivity and low latency communications [125], making it a promising candidate for next
generation communication networks [89].

To reduce the signaling overhead, uncoordinated spectrum access has received significant interest in recent
literature [7, 75]. That said, few works have considered the uncoordinated spectrum access in an uplink NOMA
system. In fact, most of the available literature body on NOMA considers fully coordinated systems. Only a few
recent works considered semi-grant free communication systems [31] and fully uncoordinated ones [66].

The use of reinforcement learning and game theory for uncoordinated resource allocation has also recently
received increasing attention. Several studies [1,133,147] have considered reinforcement learning, and especially
the multi-armed bandits (MAB) framework, to enable users to organize their transmissions on the available channels
[133]. In the MAB framework, a set of players compete to find the actions, also called arms, that maximize their
expected gain or welfare [13]. Since the arm rewards are previously unknown to the players, there is a need to
achieve a trade-off between exploring the arms to learn their associated rewards, and exploiting the optimal arms
to maximize the achieved gain. Multiple algorithms have been proposed to solve problems modeled using the MAB
framework [1]. These algorithms have been widely used to study, among others, the opportunistic spectrum access
problem in cognitive radio systems [79], and the uncoordinated spectrum access problem [133].

In future communication networks, adding relays and RISs could be a solution to improve the quality of the
links, hence achieving higher spectral efficiencies to alleviate network congestion. A trade-off can always be made
between increasing the coverage area and the achieved throughput. In addition to that, they can be used to restore
communication links in damaged networks [131,132]. In order to ensure low-latency and high data rates in massive
networks, full-duplex capabilities at the relay/RIS level can be leveraged.

Proposed methodology, tackled challenges and objectives
To support the aforementioned key challenges for future networks represented by the never-ending increase in
mobile data traffic and massive connectivity, the proposed work targets grant-free multiple access where data is
transmitted without prior handshake with the base station to reduce both communication latency and signaling over-
head. However, signal collisions arise in the absence of central coordination. We propose to mitigate these collisions
through reinforcement learning techniques. Moreover, we propose to associate grant-free multiple access to NOMA
since it enables the support of multiple connected devices on the same resource. Finally, the introduction of relays
and RISs is expected to improve the link quality and hence enable higher spectral efficiencies while improving the
robustness of the network to fault and congestion.

The scientific and technical objectives can be summarized as follows:

• Largely improve spectral efficiency for future networks.

• Design of auto-configurable networks with agility and flexibility to improve robustness to failures and conges-
tion.

Dissemination: Public 48



Del. 1 – Technical Report NF-PERSEUS 2023

• Improve end-to-end delay and adapt resource allocation strategy to the requirements of the different traffic
types (latency, throughput, etc.).

The tackled technical challenges are:

• Efficient management of the problem of signal collisions due to the uncoordinated spectrum access, i.e. due
to the lack of a central controller and the distributed nature of the access demands.

• Efficient association of NOMA, grant-free access and relaying/RISs.

• Simultaneous support of the different traffic types in the same system, while satisfying the requirements of
their corresponding devices.

• Evaluation of the impact of resource allocation algorithms, NOMA, grant-free access and relaying on network
performance indicators such as number of served users, spectral and power efficiencies.

5.3.2 Distributed massive access processing for NOMA

Introduction and motivation
Several important scenarios are considered in the context of cellular networks and the NF-PERSEUS project, includ-
ing those involving devices with specific communication patterns. One such scenario is the massive machine-type
communication (mMTC), where a large number of devices transmit sporadic, small packets on the uplink chan-
nel, as also described in section 5.3.1. In traditional cellular communication, each device is allocated orthogonal
resources prior to data transmission in the uplink channel through a grant mechanism. However, this orthogonal
allocation requires signaling traffic to be exchanged on the control channels, which can be larger than the amount of
data being transmitted by the device, and hence, may lead to inefficient use of resources. Consequently, grant-free
methods [107] that eliminate or reduce control traffic are suitable for addressing these scenarios.

Naturally, removing the coordination introduces non-orthogonality, which results in the superposition of signals
from some or all of the devices. The efficient recovery of device transmissions requires specific methods that are
inherently related to NOMA and random access. Indeed, NOMA schemes have been the subject of a specific study
item in 3GPP for potential inclusion in Release 16 (5G), particularly for uplink transmissions, as reported in [135].
Several of these schemes rely on the SIC technique. When part of the superposed signal is successfully recovered,
it can be reconstructed and then subtracted from the superposition, thereby reducing its interference with the other
signals, which can then be (better) recovered.

Focusing exclusively on the SIC technique, a recent family of random access protocols, sometimes promoted as
“modern random access”, has been popularized in the past decade. It is mostly derived from the seminal protocol
Irregular Repetition Slotted ALOHA (IRSA) [84], and a whole family of protocols [12,97] have been developed. It is
based on the SIC applied at the packet level. However, most importantly, assuming transmissions in time slots, it
introduces and is based on inter-slot SIC: packets are transmitted several times, and recovering one of the replicas
allows the removal of the signal for all copies, including those of other slots.

This method shares similarities with some NOMA techniques but can also be applied to any packet transmission
technique. It has often been studied using an abstract and idealized channel model, such as a collision channel
without feedback [88], to which the assumption of perfect inter-slot SIC has been added. As such, it has been studied
as a random access technique and has renewed research in this field. Using methods from “modern coding theory”,
specifically density evolution for low-density parity-check (LDPC) codes, the seminal study [84] demonstrated how
to characterize the performance of the IRSA random access protocol, optimize its parameters, and achieve high-
performance results through numerical optimization (e.g., 0.965 packets/slot). It has been proven to asymptotically
achieve a throughput of 1 packet per slot for infinite frame lengths [91], which is the maximum achievable throughput
for the idealized channel model.

Adapting these methods to the context of grant-free mMTC in the context of cellular networks is thus of prime
interest, and the objective of the related tasks of the project.
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Proposed methodology, tackled challenges and objectives
The literature has proposed numerous variations of the IRSA protocol, exploring different enhancements and em-
ploying less idealized, more realistic channel models. Some of these variations have even closed the gap with the
NOMA literature, for instance, by considering channel estimation [114] and SIC failures [35] and applying both intra-
and inter-slot SIC [3,72,115], etc.

Building upon this body of work, our study will focus on variants of modern random access by considering
realistic physical-layer features, including the capture effect. Our main objectives are to enhance their performance
and practicality in the context of cellular networks. Specifically, we aim to introduce advanced NOMA techniques,
including the methods developed in this project. IRSA-based protocols can work with any modulation, including
already existing transmission schemes, and they do not necessarily require NOMA features such as advanced
multi-user detection. However, they can certainly benefit from NOMA methods that improve SIC.

It is worth noting that some results of the IRSA literature, namely those obtained through density evolution, are
valid only asymptotically when the frame size grows toward infinity. Thus, the non-asymptotic performance can be
significantly lower, and it is difficult to evaluate precisely. However, this decrease in performance may be alleviated
by using any form of external knowledge, feedback, or partial synchronization. Optimizing IRSA with one or both
types of considerations is challenging, and we will study the application of AI/ML techniques, which can be helpful
in addressing these issues. For example, in [54], an entire interaction protocol was learned through reinforcement
learning with proximal policy optimization (PPO) prior to IRSA transmission, and slot selection was also performed
through the policy model.

In summary, we aim to study variations of IRSA in realistic settings, incorporate NOMA improvements, optimize
through AI/ML techniques, consider forms of feedback, and finally, perform actual experimentation.

5.4 Resource management for cell-free systems

5.4.1 Radio resource orchestration for CF-MIMO systems

Introduction and motivation
The challenge of future telecommunication networks is threefold: unavoidable energy efficiency, high quality of
service and dynamic network deployment [149]. The open-radio access network (O-RAN) architecture defined
by the Open-RAN Alliance is part of the solution. In the O-RAN, the fronthaul connects a set of geographically
dispersed radio units (RU) to a distant O-cloud. Each RU is in charge of lower PHY functions and the O-cloud
is organized so as to enable resource sharing and virtualization of higher-layer functions. To further enhance the
flexibility, the O-cloud is split into an O-central unit (O-CU) connected via the midhaul to several O-distributed units
(O-DU). The O-DU are not necessary colocated, some of them are interconnected and they operate intermediate
network layers (radio link control, medium access control, higher PHY). The constraints imposed on the midhaul
as well as the fronthaul are to be considered for an holistic approach. [42] generalizes the O-RAN architecture
and it points key elements to be considered with a view to optimizing. Another part of the solution to take up
the threefold challenge is cell-free massive MIMO [92]. It consists in deploying a large number of multi-antenna
RUs that serve fewer single-antenna user equipments (UE) for each time-frequency resource unit. Multi-antenna
processing (MAP) combined with power control ensures multiple access. Improvements of the original scheme
were necessary to ensure scalability at the expense of a limited degradation of the throughput (see e.g. [14]):
they rely on dynamic user-centric cluster definition with locally-estimated chanel state information (CSI) and locally-
processed MAP. Different issues raised by the combination of cell-free massive MIMO with O-RAN architecture are
considered with some outline solutions in [102]. The radio channel capacity is obviously further increased thanks
to MAP techniques. Nevertheless, this is not the only major concern for an operator. A second key parameter is
the choice of the access network architecture due to its prevalence on the whole energy consumption. A third one
is the resource allocation to keep the promise of a high quality of service to all its subscribers. Holistic approaches
with global energy consumption are not straightforward. Even if it depends on the selected model, some useful
guidelines might be identified [2]. A first attempt dealing with the combination of cell free massive MIMO and O-
RAN architecture can be found in [149].
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Proposed methodology, tackled challenges and objectives
This project aims at an holistic optimization of a scalable CF-mMIMO system within O-RAN framework. The het-
erogeneity of the service requests is considered in addition to usual assumptions. Achievement passes through
multiple levers to be dealt with jointly: the network architecture, the resource allocation orchestration and the multi-
antenna processing. It takes into account different criteria among which global energy consumption and service
request satisfaction for all users.

In this project, we expect to address the following topics:

• the definition of fixed and dynamic parts of the network architecture (connections between O-DU, between
O-DU and O-RU), with mixture of split 7.2 and split 8 as defined by the O-RAN Alliance,

• the proposition of relevant coordination schemes that orchestrate the cooperation inter O-DU through channel
estimation (depth and nature of its distribution) and MAP,

• the dynamic UE allocation (UE association to a group of RUs and pilot sequence allocation) together with the
dynamic cluster definition (user-centric, network-centric or hybrid),

• the optimization of multi-antenna processing (inter and intra clusters),

• the consideration of the service request heterogeneity in the system optimization together with the energy
consumption.

5.4.2 Multi-user algorithms for spatial multiplexing

Introduction
As shown in studies such as [18, 37], mMIMO has proved its efficiency in boosting the throughput performance of
5G and beyond networks. However, its implementation in downlink raises many questions especially with regards
to the optimal number of users to be spatially multiplexed on a common time-frequency resource through precoding.
Some research works have shown that the recommended ratio of antennas to beams should be in the range of 2 to
8 [15,38], while others have proposed to push this range to much larger values by leveraging two non-incompatible
strategies:

• Devising efficient user-to-subband assignment techniques that are particularly suitable to the mMIMO context.
Such techniques are based on various selection criteria for user clustering, such as the inter-user channel
correlation, the channel condition number (CN), the achievable rate, etc.

• Incorporating NOMA techniques into mMIMO systems, which has shown to boost the number of users that
can be served on a common subband, as reported in [33,82,150].

Additionally, it is important to note that the improvements of these strategies can only be reaped when they
are coupled with adequate beamforming techniques, as shown in various studies [70,110–112]. For instance, [70]
proposes a simple clustering solution where highly channel-correlated users with maximum channel gain difference
are selected to be assigned to a single subband. The above approach is generalized in [110] for multi-subband al-
location with a variable number of clusters per subband and a moderate number of served users. In [112], a greedy
assignment technique of users to subbands and beams is introduced in the context of a crowded system, based
on a gradual relaxation of the correlation constraints. [111] proposes several resource allocation techniques that
aim to effectively serve a large number of users over a limited number of subbands, by leveraging the transmission
channel CN as an efficient criterion for subband loading. It was shown that the CN criterion, when used effectively,
can greatly overcome the correlation criterion that is widely used in most previous works in the field. Additionally,
it can yield system performance that is very close to that of the total throughput criterion, while having much lower
complexity.
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Challenges and proposed methodology
Despite the numerous advances recently realized in resource allocation for mMIMO, the application of these tech-
niques to the CF-mMIMO context remains a challenge to be met. Indeed, most of the works previously developed
in CF-mMIMO merely considered single-carrier transmission. In other words, subband allocation was rarely consid-
ered, except for the work in [67] that proposes a simplistic user-specific resource allocation method for the cell-free
massive MIMO-OFDM (CF-mMIMO-OFDM) context. Additionally, precoding and user scheduling become particu-
larly challenging in a centralized CF-mMIMO-OFDM that relies on dynamic cooperation clustering (DCC). In DCC,
the network of access points (AP) is divided into partially overlapping subsets such that each UE is exclusively
served by a set of APs that are pre-selected offline. The centralized DCC configuration comes as a trade-off, from
the signaling load perspective, between the centralized ’All’ scheme where all UEs are served by all APs with pre-
coding vectors that span the network size, and the distributed DCC configuration. The latter, where precoding is
performed on an AP-basis, necessitates the smallest amount of exchanged signaling information among all system
configurations, but also presents the lowest spectral efficiency.

In this work, we will tackle the problem of joint user scheduling, subband allocation and precoding in the chal-
lenging centralized DCC framework. We will develop efficient allocation techniques that fulfill the scalability require-
ment of cell-free systems. These techniques will allow to accommodate a massive number of served users with a
moderate number of activated APs, while ensuring heterogeneous QoS demands for UEs.

5.4.3 Hybrid NOMA/MIMO framework for interference avoidance or cancellation

Introduction and motivation
As the demand for high data rates and connected devices continues to rise, paradigm shifts are proposed for
an efficient management of the available resources in wireless communication systems. Over the years, system
architectures underwent an evolution from the unique central antenna system (CAS) per cell, to distributed antenna
systems (DAS) or remote radio heads (RRH) and cloud radio access networks (C-RAN) [124] to bring the access
nodes closer to the end users. This enables a better cell coverage and enhances the cell capacity by improving the
link quality due to reduced path loss and additional spatial diversity favoring line-of-sight communication. Moreover,
network densification increases the reuse per unit area of the available spectrum which significantly improves the
network capacity while enabling massive access. However, network densification cannot be indefinitely exploited as
one of the limits lies in the growing interference caused by the decreasing inter-site distance [29] which degrades the
network performance. Hence, a system wide coordination is required to mitigate the resulting inter-cell interference.

With coordinated multipoint (CoMP), cooperating cells can share the CSI of users when scheduling is performed
[34,98]. This sharing makes joint scheduling possible, hence avoiding interference. Different CoMP techniques have
been proposed in [34], out of which the most elaborate CoMP technique, joint transmission (JT-CoMP) performs a
joint precoding of the information signals, to enable a coherent reception. This requires enough backhaul capacity
so that user information is available at every transmission point of the CoMP BSs, and tighter synchronization
between JT cells is required. Despite its appeal, important challenges are yet to be tackled for full network wide
RRH cooperation in terms of complexity and required fronthaul signaling.

An alternative to interference avoidance resides in NOMA techniques where additional users can be served
at different power levels while simultaneously reusing a given classical orthogonal multiple access resource block
made of the same set of time, frequency and space or antenna parameters [10, 30, 103]. NOMA finds its roots
in the study of broadcast channels in information theory which consists of a single transmitter sending separate
information to multiple receivers. In the early seventies, a proposed coding scheme applying superposition coding
(SC) at the transmitter, coupled with SIC at the receiver, was shown to be optimal [11, 25], i.e. actually achieving
system capacity.

Hence, as a solution to the network-wide complexity and scalability, we propose to leverage a tradeoff between
interference avoidance through RRH collaboration and interference cancellation driven by NOMA techniques.
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Proposed methodology, tackled challenges and objectives
As mentioned earlier, cooperation between RRHs comes at the cost of a proportionally considerable amount of
fronthaul signaling and scheduling complexity with a difficulty to achieve the required scalability.

As a solution, we propose a two-step scalable approach to manage the resulting interference from the multiple
RRH operation through the application of collaboration and cancellation. First, we want to define a building block
for interference cancellation resorting to NOMA techniques applied to distributed antennas. Then, we propose
to scale multiple instances of the resulting component into dense RRH and user deployment scenarios through
selection/collaboration procedures. Hence, the approach is expected to be highly scalable by nature and is de-
signed to mitigate fronthaul signaling while applying the best tradeoff between interference avoidance through RRH
collaboration and interference cancellation through NOMA pairing.
The scientific and technical objectives can be summarized as follows:

• Improved network spectral efficiency through interference-limited user grouping and multiple RRH associa-
tions.

• Simultaneous support for uplink and downlink communication in the resulting dense network.

• Evaluation of end-to-end performance and obtained gains with respect to current state-of-the-art.

The tackled technical challenges are:

• Improved spectral efficiency for the 2-user/2-RRHs building block thanks to NOMA-inspired interference mit-
igation.

• Scaling of the 2-user/2-RRH building block to support larger connectivity through advanced RRH collabora-
tion/selection and environment-aware user clustering techniques with minimum fronthaul overhead.

5.5 Conclusion
This chapter presents a summary of the various studies undertaken as part of WP4, dealing with resource manage-
ment in CF-mMIMO networks. The work in WP4 focuses on innovative resource (time, frequency, antenna, transmit
power) allocation algorithms, the proposal of novel non-orthogonal and grant-free multi-user access techniques and
global energy-efficient orchestration for CF-mMIMO systems.

Given that most of the WP4 tasks started in September or October 2023, the related work is still in its early
stages. Therefore, for each topic, the state of the art is presented, as well as the various planned directions of
research for the future.
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Chapter 6 : RIS Modeling: Preliminary Results

6.1 Introduction
A reconfigurable intelligent surface (RIS) is a planar structure that is engineered to dynamically control the electro-
magnetic waves. In wireless communications, RISs have recently emerged as a promising technology for realizing
programmable and reconfigurable wireless propagation environments through nearly passive signal transforma-
tions. With the aid of RISs, a wireless environment becomes part of the network design parameters that are subject
to optimization.

RIS-empowered smart radio environments are an emerging field of research in wireless communications with
several open research issues to be tackled, in order to quantify the gains that can be expected in realistic wireless
network deployments. The major open research challenges encompass how to efficiently perform channel estima-
tion, how to enable the control of the RIS, where to best deploy RISs, how to efficiently integrate RISs in system-level
and ray tracing simulators, etc. A major open research issue, in addition, consists of developing models for RISs
that are electromagnetically consistent and sufficiently tractable for evaluating the performance and for optimizing
RIS-assisted wireless networks from a signal-level and system-level perspective.

In this charpter we first overview electromagnetically consistent communication models for RISs and then we
show preliminary results obtained based on a model based on multiport network theory.

6.2 Communication Models for RISs
We overview three communication models for RISs that have recently been proposed in the literature. The consid-
ered communication models are given as examples, in order to clarify the modeling assumptions and the conditions
under which they can be applied.

6.2.1 Locally Periodic Discrete Model
A widely used model for RISs is based on a locally periodic design, in which periodic boundary conditions are
applied at the unit cell level. In general, each RIS element is assumed to be comprised of several identical unit
cells. To illustrate this communication model, which is widely utilized in wireless communications, we consider the
analytical expression of the path loss.

The RIS is modeled as illustrated in Fig. 6.1. For ease of description, we assume that (i) each RIS element
is constituted by a single unit cell, (ii) all the unit cells have the same size and shape, and (iii) the inter-distance
between adjacent unit cells is the same. Therefore, the RIS is modeled as a periodic arrangement of identical
unit cells. The scattering response of each unit cell is configured thanks to a tuning circuit and a biasing line. We
assume that there exist M unit cells in each row and N unit cell in each column of the surface. Therefore, the total
number of reconfigurable unit cells is MN . The surface area of each unit cell is dxdy, with dx and dx being the
horizontal and vertical sizes of each unit cell, respectively.

The RISs considered in this chapter are assumed to operate as a reflecting surface and, therefore, each unit cell
is characterized by a complex reflection coefficient, which is defined as the ratio between the reflected electric field
and the incident electric field. We denote the reflection coefficient of the (m,n)th unit cell as Γm,n. In particular,
the example of considered RIS comprises unit cells that can apply two phase shifts (binary cells) depending on the
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Table 6.1: Examples of reflection and transmission coefficients for RISs with discrete-valued phase shifts (two-state
and four-state control).

Reference Reflection Coefficient Transmission Coefficient

f = 27 GHz |Γ1| = 0.9, ̸ Γ1 = 165◦

|Γ2| = 0.7, ̸ Γ2 = 0◦
–

f = 33 GHz |Γ1| = 0.8, ̸ Γ1 = 150◦

|Γ2| = 0.8, ̸ Γ2 = 0◦
–

f = 3.6 GHz |Γ1| = 0.46, ̸ Γ1 = 20◦

|Γ2| = 0.55, ̸ Γ2 = 215◦
|T1| = 0.58, ̸ T1 = 300◦

|T2| = 0.81, ̸ T2 = 123◦

f = 2.3 GHz

|Γ1| = −1.2 dB, ̸ Γ1 = −205.5◦

|Γ2| = −1.2 dB, ̸ Γ2 = −383.2◦

|Γ3| = −0.8 dB, ̸ Γ3 = −290.2◦

|Γ4| = −0.7 dB, ̸ Γ4 = −110.3◦

–

Table 6.2: Example of reflection coefficient for an RIS with continuous-valued phase shifts

Voltage Reflection coefficient
amplitude ( |Γ| )

Reflection coefficient
phase (̸ Γ)

0 V -1.517 dB 32.798◦

0.25 V -1.807 dB 40.854◦

0.5 V -3.156 dB 46.807◦

0.75 V -5.59 dB 53.543◦

1 V -9.576 dB 70.32◦

1.25 V -20.563 dB -167.158◦

1.5 V -6.615 dB -73.171◦

1.75 V -3.029 dB -49.627◦

2 V -1.959 dB -35.908◦

2.5 V -0.874 dB -23.263◦

3 V -0.749 dB -16.087◦

3.5 V -0.469 dB -12.663◦

4 V -0.528 dB -9.925◦

5 V -0.439 dB -6.906◦

configuration of the tuning circuit. For illustrative purposes, the values of the reflection coefficients are reported in
Table 6.1. In Table 6.1 and Table 6.2, for completeness, we report two other examples of RISs that are modeled
based on the same principle. One of the examples reported in Table 6.1 considers an RIS that can simultaneously
reflect and refract the incident electromagnetic waves. For this reason, it is characterized by a reflection coefficient
and by a transmission coefficient, Tm,n, which is defined as the ratio between the refracted electric field and the
incident electric field. The unit cells of the RIS in can be configured in two different states that are characterized
by the pairs (Γ1, T1) and (Γ2, T2). The other example reported in Table 6.1 operates as a reflecting surface but its
unit cells can be configured in four different states. The RIS in Table 6.2 is modeled as a periodic array of unit cells.
In addition, it operates only in reflection mode and is characterized by the reflection coefficient Γm,n. However,
the reflection coefficient of each unit cell can be varied continuously as a function of a control voltage. Therefore,
the phase shift applied by each unit cell can be tuned more finely. In the five examples of RISs reported in Table
6.1 and Table 6.2, we note that the amplitude and the phase of the reflection (and transmission) coefficient are not
independent of each other. Also, the amplitude of the reflection coefficient is not unitary and it is not independent of
the phase shift. In general, in addition, the reflection and transmission coefficients reported in Table 6.1 and Table
6.2 depend on the angle of incidence of the electromagnetic wave. The examples reported in the two tables are
referred to the canonical case of normal incidence.

Assuming that the set of possible reflection coefficients (the RIS codebook), as a function of the tuning circuit,
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Figure 6.1: Conceptual architecture of a reconfigurable intelligent surface.

of a single unit cell of the RIS is given, we are interested in an analytical model for computing the power observed
at a given location of an RIS-assisted communication link. The RIS is assumed to be centered at the origin and to
lie in the xy plane (i.e., z = 0). The received power can be formulated as follows:
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and the following notation is used:
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Figure 6.2: Illustration of the concept of (locally) periodic boundary conditions.

• P (Tx) and P (Rx) are the transmitted and received powers, respectively;

• G(Tx) and G(Rx) are the antenna gains of the transmitter and receiver, respectively;

• λ is the wavelength of the electromagnetic wave and j =
√
−1 is the imaginary unit;

• r
(Tx)
m,n is the distance between the transmitter and the center point of the (m,n)th unit cell, and r

(Rx)
m,n is the

distance between the center point of the (m,n)th unit cell and the receiver;

• dm,n is the distance between the center point of the (m,n)th unit cell and the center point of the RIS (i.e., the
origin);

• d
(Tx)
0 is the distance between the transmitter and the center point of the RIS, and d

(Rx)
0 is the distance between

the center point of the RIS and the receiver;

• z(Tx) and z(Rx) are the Cartesian coordinates of the transmitter and receiver on the z-axis, respectively.

By using (6.1), it is possible to formulate the received power for any locations of the transmitter and receiver as
a function of the location of the RIS and of the configuration of the unit cells. Therefore, the optimal configuration
of the MN unit cells of the RIS can be identified in order to, e.g., maximize the received power depending on
the location of the receiver. More precisely, let Γ denote the M × N matrix of reflection coefficients Γm,n and let
Γm,n ∈ {Γ1,Γ2, . . . ,ΓΣ} be the Σ possible reflection coefficients of each unit cell of the RIS. In Tables 6.1 and 6.2,
we have Σ = 2 or Σ = 4 and Σ = 14. With this notation, a typical problem formulation reads as follows:

max
Γ

P (Rx) (Γ) (6.3)

s.t. Γm,n ∈ {Γ1,Γ2, . . . ,ΓΣ} ∀m,n (6.3a)

As mentioned, the set of Σ states in (6.3), i.e., the RIS codebook, is determined by characterizing the electro-
magnetic response of the constituent unit cell of the RIS by employing a local design. In order to understand the
applicability and accuracy of the received power model in (6.1), based on the solution of the optimization problem in
(6.3), it is instructive to analyze in detail the meaning of local design at the unit cell level and the concept of periodic
boundary conditions mentioned in Section II. To this end, we consider, as an example, a binary unit cell that can
take only two states, i.e., Σ = 2 and Γm,n ∈ {Γ1,Γ2}.

The reflection coefficients Γ1 and Γ2 are obtained by utilizing the procedure sketched in Fig. 6.2. The reflection
coefficient Γ1 is estimated by considering an infinite-size RIS whose unit cells are all identical and the tuning circuits
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are set to the same configuration. Therefore, the RIS is effectively turned into an infinite and spatially homogeneous
sheet with no phase variation along the entire surface. In this configuration, the reflection coefficient is well defined
as the ratio between the reflected electric field and the incident electric field. Since the surface is spatially homoge-
neous and of infinite extent, only specular reflection is allowed. The obtained structure is usually analyzed with the
aid of full-wave electromagnetic simulators, which model the infinite size of the surface and the periodic repetition
of the elementary unit cell by applying the so-called periodic boundary conditions. Thanks to this procedure, the
reradiation characteristics of the unit cell in the first possible state are characterized by taking into account that it
is immersed into a neighbourhood of identical unit cells. This implies that the mutual coupling and the interactions
among all the identical unit cells in the homogeneous sheet are inherently taken into account when characterizing
Γ1. The same procedure is repeated for estimating Γ2, with the only difference being that the tuning circuits are set
to the configuration that results in the reflection coefficient Γ2.

Having characterized the reflection coefficients Γ1 and Γ2, if necessary as a function of the angle of incidence
of the electromagnetic wave, the communication model in (6.1) stipulates that we may configure the state (either
Γ1 and Γ2 in the example of Fig. 6.2) of each unit cell independently of the others and regardless of the states of
the neighboring cells. An example is given in the right-hand side illustration of Fig. 6.2, in which the unit cells are
configured to realize beam splitting. However, caution needs to be paid when (6.1) is utilized and the reflection co-
efficients Γ1 or Γ2 are obtained by applying locally periodic boundary conditions at the unit cell level. The reflection
coefficients Γ1 and Γ2 are, in fact, determined by assuming that a unit cell configured in a given state is immersed
in an infinite homogeneous repetition of identical unit cells. When the RIS is configured to operate in practice, as
sketched in the right-hand side illustration of Fig. 6.2, each unit cell is, however, immersed in a spatially inhomoge-
neous array whose neighboring unit cells can be all different from each other. This implies that the spatial symmetry
imposed by the periodic boundary conditions does not hold anymore and the interactions (mutual coupling) among
nearby unit cells are taken into account only in an approximate manner. In addition, the RIS is not of infinite extent
but has a finite size. This implies that the notion of reflection coefficient is only an approximation and it holds only
under the limit of physical optics. For these reasons, the unit cells are not typically optimized individually and in-
dependently of each other, but they are optimized in groups, so as to ensure that the periodic boundary conditions
utilized when characterizing each unit cell individually are approximately fulfilled during the normal operation of the
RIS as well. The right-hand side illustration of Fig. 6.2 is a typical example in which the unit cells are split in groups,
each containing 24 unit cells, and the groups are optimized such that the states (Γ1 or Γ2) of all the unit cells in a
group are the same. The minimum required size of the group of unit cells for ensuring that (6.1) is accurate enough
for wireless applications is usually characterized with the aid of full-wave simulations.

6.2.2 Multiport Network Model
The communication model for RISs introduced in the previous sub-section is widely employed in wireless communi-
cations and several optimization frameworks, under some simplifying assumptions. The local design at the unit cell
level is a widely used method for characterizing the reflection and transmission characteristics of an RIS. However,
the mutual coupling among the unit cells is only approximately taken into account, since the possible reflection coef-
ficients of each unit cell (i.e., the RIS codebook) are typically characterized by applying periodic boundary conditions
at the unit cell level. The accuracy of the model in (6.1) can be improved by, e.g., not characterizing the reradiation
properties of each unit cell individually but by analyzing, with full-wave simulations, the reradiation of groups of unit
cells as a function of all the possible combinations of their states. In this case, periodic boundary conditions may be
applied at the granularity of a group of unit cells in lieu of a single unit cell. The optimization accuracy of the model
usually increases at the expenses of the modeling and optimization complexity.

A different communication model that account for the electromagntical mutual coupling by design is based on
multiport network theory. The model resembles a conventional single transmitter-receiver pair MIMO communica-
tion link in the presence of an RIS. The transmitter and the receiver are equipped with M0 and L0 ≤ M0 antenna
elements, respectively. The antenna elements are assumed to be thin wire dipoles of perfectly conducting mate-
rial. The model can be generalized for application to radiating elements different from thin wire dipoles, which are
considered in [9] for analytical tractability. Each thin wire dipole at the transmitter is driven by a voltage generator
that models the transmit feed line, and each thin wire dipole at the receiver is connected to a load impedance that
mimics the receive electric circuit. For simplicity, we assume that the number of symbols (streams) sent by the
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Figure 6.3: Communication model of a reconfigurable intelligent surface based on mutually coupled impedances.

transmitter is equal to the number of receive antennas. The transmission between the transmitter and the receiver
is assisted by an RIS, which comprises P nearly passive thin wire dipoles that are independently configurable (by
an external controller) through tunable impedances. Compared with the illustration of the RIS in Fig. 6.1, a thin
wire dipole in Fig. 6.3 can be viewed as an approximation for a unit cell. The model can be generalized to different
physical structures for the unit cells, e.g., patch antennas.

Based on the system model in Fig. 6.3, the RIS-assisted channel is optimized by appropriately setting the tunable
impedances connected to the thin wire dipoles. More specifically, we are interedted in computing an L0 ×M0 end-
to-end channel matrix that formulates the voltage measured at the ports of the receive antennas as a function
of the voltage generators connected to the ports of the transmit antennas, i.e., vRx = HvTx, where vTx is the
M0 × 1 vector that collects the driving voltages at the transmitter, vRx is the L0 × 1 vector that collects the voltages
measured at the ports of the antennas at the receiver, and H is the L0 ×M0 channel matrix that accounts for the
radiating elements (the thin wire dipoles) and the propagation of the electromagnetic waves. Specifically, H can be
formulated as follows:

H =
(
IL0

+Ψr,rZ
−1
r −Ψr,t(Ψt,t + Zt)

−1
Ψt,rZ

−1
r

)−1

Ψr,t(Ψt,t + Zt)
−1 (6.4)

where IL0
is the L0 × L0 identity matrix, and Zt and Zr are the M0 × M0 and L0 × L0 diagonal matrices that

comprise the internal impedances of the transmit generators and the load impedances of the receive antennas,
respectively. Furthermore, the following shorthand notation is introduced:

Ψt,t = Zt,t − Zt,s(Zs,s + Ztun)
−1

Zs,t (6.5)

Ψt,r = Zt,r − Zt,s(Zs,s + Ztun)
−1

Zs,r (6.6)

Ψr,t = Zr,t − Zr,s(Zs,s + Ztun)
−1

Zs,t (6.7)

Ψr,r = Zr,r − Zr,s(Zs,s + Ztun)
−1

Zs,r (6.8)

where Zx,y, for x, y ∈ {t, s, r} with t, s, and r identifying the transmitter, the RIS, and the receiver, respectively, is
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the matrix of mutual (or self if x = y) impedances between the thin dipoles of y and those of x, which characterizes
the signal propagation and the mutual coupling between x and y, and Z

(k)
tun is the P ×P diagonal matrix of tunable

impedances of the RIS. The matrices Zx,y for x, y ∈ {t, s, r} account for the microscopic structure of the RIS and
the locations of the transmitter, RIS, and receiver. They can be either computed with the aid of full-wave simulators
or can be computed analytically by relying on some approximations. For example, the induced electromagnetic field
method can be utilized for computing the mutual and self impedances, as well as a sinusoidal approximation for the
current distribution on the thin wire dipoles. Given the RIS microstructure and the system topology, the impedances
in Zx,y for x, y ∈ {t, s, r} need to be computed only once, and are not usually considered optimization variables in
the context of wireless communication systems of networks.

On the other hand, the matrix Ztun, which allows the reconfigurability of the RIS, is the matrix to be optimized for
steering the electromagnetic wave that is emitted by the transmitter and impinges upon the RIS towards the location
of the receiver. Let us consider, for example, that the transmitter and the receiver are equipped with a single antenna,
i.e., M0 = L0 = 1, and that the objective is to maximize the power at the location of the receiver. Then, the matrix
H is a scalar, i.e., vRx = HvTx, and the optimization problem as a function of Ztun can be formulated as follows:

max
Ztun

|H (Ztun)| (6.9)

s.t. Ztun,p ∈ {Z1,Z2, . . . ,ZΞ} ∀p = 1, 2, . . . , P (6.9a)

where Ztun,p is the pth element of Ztun and {Z1,Z2, . . . ,ZΞ} is the set of Ξ possible discrete values of the tuning
impedances that can be implemented.

The matrices defined in (6.5)-(6.8) have a physical meaning and interpretation as well. For example, Ψr,t

represents the transfer matrix (the channel) between the transmitter and the receiver, which accounts for the direct
link (Zr,t) and the RIS-reradiated link Zr,s(Zs,s + Ztun)

−1
Zs,t. This latter term is the product of three factors: Zs,t

represents the transfer function from the transmitter to the RIS; Zr,s represents the transfer function from the RIS
to the receiver; and (Zs,s + Ztun)

−1 models the reradiation from the RIS. The matrix Zs,s is, in general, a full
matrix and reduces to an almost diagonal matrix, i.e., the amplitudes of the elements in the main diagonal are much
larger than the off-diagonal elements, diagonal matrix, if the mutual coupling between any pair of thin wire dipoles
is negligible.

The channel matrix in (6.4) can be simplified in several scenarios of practical relevance. If, for example, the
transmitter, the receiver, and the RIS are in the far-field of each other, (6.4) can be simplified without ignoring the
mutual coupling among the thin dipoles of each RIS. The self impedances Zx,x are, in fact, independent of the
transmission distances of the transmitter-receiver, transmitter-RIS, and RIS-receiver links, and they depend only on
the inter-distances between the thin wire dipoles that comprise the transmitter, the RIS, and the receiver. In the
far-field region, therefore, the following simplifications can be applied:

Ψt,t ≈ Zt,t (6.10)
Ψr,r ≈ Zr,r (6.11)

Ψr,rZ
−1
r −Ψr,t(Ψt,t + Zt)

−1
Ψt,rZ

−1
r ≈ Ψr,rZ

−1
r (6.12)

In the far-field region, therefore, H in (6.4) can be approximated as follows:

Hr,t ≈
(
IL0 + Zr,rZ

−1
r

)−1
Zr,t(Zt,t + Zt)

−1 (6.13)

−
(
IL0

+ Zr,rZ
−1
r

)−1

∗ Zr,s(Zs,s + Ztun)
−1

Zs,t

∗ (Zt,t + Zt)
−1

In (6.13), it is not difficult to recognize that the first addend on the right-hand side corresponds to the direct link
between the transmitter and the receiver, and that the second addend on the right-hand side corresponds to the
RIS-reradiated link that accounts for the internal impedances of the voltage generator at the transmitter, the load at
the receiver, the transfer matrices Zs,t and Zr,s that characterize the propagation of the electromagnetic wave from
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the transmitter to the RIS and from the RIS to the receiver, respectively, and the term (Zs,s + Ztun)
−1 that accounts

for the mutual coupling and the tuning circuits of the RIS.
The communication model in (6.4), and especially the simplified version in (6.13), are relatively simple to use in

wireless communication systems and networks due to the resemblance of H with a typical MIMO channel model.
It is necessary to understand, however, the assumptions and the conditions under which (6.4) can be applied.
Besides the computation of the matrix Zs,s that, if done analytically, usually requires some approximations, the
main assumption made to obtain H in (6.4) is that the tiny antenna elements are assumed to be minimum scattering
antennas. In simple terms, this assumption implies that a radiating element (a thin wire dipole in Fig. 6.3) does not
radiate if it is open circuited, and, therefore, it is like if it is not present (it is “invisible”) in the network. Concretely,
this implies that the pth thin wire dipole that constitutes the RIS in Fig. 6.3 does not reradiate in the presence of an
electromagnetic wave if Ztun,p → ∞ and, therefore, it can be removed from the system model. This is, of course, an
approximation, since the presence of the thin wire dipole always perturbs the electromagnetic field. This assumption
is usually acceptable for scattering elements that are much smaller than the wavelength, as the elements of an RIS
are usually assumed to be. Nevertheless, caution needs to be paid when applying the communication model in
(6.4) for ensuring that the approximation of minimum scattering antennas is fulfilled.

6.2.3 Inhomogeneous Sheets of Surface Impedan
In this sub-section, we consider models for RISs that abstract their microscopic structure and are focused on the spe-
cific wave transformations that the metasurface, as a whole, is intended to realize. More precisely, a metamaterial-
based RIS whose unit cells have sizes and inter-distances much smaller than the wavelength is homogenizable and
can be modeled as a continuous surface sheet through appropriate surface functions. This modeling approach is
not dissimilar from the characterization of bulk (three-dimensional) metamaterials, which are usually represented
through effective permittivity and permeability functions that determine the wave phenomena based on Maxwell’s
equations. The only difference is that a metasurface is better modeled by effective surface parameters, which mani-
fest themselves in electromagnetic problems that are formulated as effective boundary conditions. These boundary
conditions can be expressed in terms of surface polarizabilities, surface susceptibilities, or surface impedances (or
admittances). In this chapter, we focus our attention on modeling an RIS through surface impedances.

The adopted modeling approach is, specifically, referred to as macroscopic. Classical wave phenomena in
materials or metamaterials are determined by the collective effects of a very large number of atoms that interact
with the incident electromagnetic waves. The electromagnetic fields around individual atoms can be described
by microscopic Maxwell’s equations. If the sizes of the atoms that constitute the material and the distances be-
tween them are much smaller than the wavelength, the electromagnetic fields and the sources in the material can
be spatially averaged, thus effectively transforming microscopic Maxwell’s equations into macroscopic Maxwell’s
equations. For a metasurface-based RIS, the same principle applies: If the RIS is electrically large and is made
of sub-wavelength reconfigurable scattering elements (unit cells) whose inter-distances are much smaller than the
wavelength, it is homogenizable and can be modeled through continuous surface averaged (macroscopic) surface
impedances. More specifically, two conditions need to be fulfilled to make an RIS homogenizable [41, Section 2.1]:
(i) the first homogenization condition requires that the incident field varies little over one spatial period (the largest
inter-distance among the unit cells) of the RIS, i.e., max {dx, dy} ≪ λ; and (ii) the second homogenization condition
requires that the evanescent field scattered by the RIS is negligible at the observation point, i.e., |z| > max {dx, dy}
for the RIS in Fig. 6.4, where λ is the wavelength of the electromagnetic wave, and dx and dy are the horizontal
and vertical sizes of its unit cells (assuming that the unit cells are identical in size). The second condition is typically
fulfilled in the far-field of the RIS microstructure.

Under these assumptions, an RIS can be modeled as an inhomogeneous sheet of polarizable particles (the unit
cells) that is characterized by an electric surface impedance and a magnetic surface admittance, which, for general
wave transformations, are dyadic tensors. These two dyadic tensors constitute the macroscopic homogenized
model of the RIS. The average total electric and magnetic fields that illuminate the RIS induce electric and magnetic
currents that introduce a discontinuity between the electromagnetic fields on the two sides of the RIS (below and
above the surface), which provides the means for manipulating the wavefront of the incident electromagnetic waves.
Once the homogenized and continuous electric surface impedance and magnetic surface admittance are obtained
based on the desired wave transformations, the microscopic structure and physical implementation of the RIS
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Figure 6.4: System model: An RIS as an inhomogeneous sheet (inhomogeneous boundary if the RIS is impene-
trable) of surface impedance

in terms of unit cells can then be obtained. Generally speaking, once the macroscopic surface impedance and
admittance are determined, appropriate geometric arrangements of sub-wavelength unit cells and the associated
tuning circuits that exhibit the corresponding electric and magnetic response are characterized by, typically, using
full-wave electromagnetic simulations.

Based on this modeling approach, an RIS is characterized by a set of algebraic equations that results in boundary
conditions for the electromagnetic fields at the two sides of the surface. This set of equations is referred to as
generalized sheet transition conditions. Under the assumption that only the tangential components of the electric
and magnetic polarization densities are induced in the metasurface and that the RIS lies in the xy-plane (i.e., z = 0)
as illustrated in Fig. 6.4, the generalized sheet transition conditions can be formulated as follows:

Et
tot

(
x, y, z = 0+

)
+Et

tot

(
x, y, z = 0−

)
(6.14)

= 2Zse (x, y)
(
ẑ×Htot

(
x, y, z = 0+

))
− 2Zse (x, y)

(
ẑ×Htot

(
x, y, z = 0−

))
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Ht
tot

(
x, y, z = 0+

)
+Ht

tot

(
x, y, z = 0−

)
(6.15)

= −2Ysm (x, y)
(
ẑ×Etot

(
x, y, z = 0+

))
+ 2Ysm (x, y)

(
ẑ×Etot

(
x, y, z = 0−

))
where Zse (x, y) and Ysm (x, y) are the electric surface impedance and the magnetic surface admittance dyadic
tensors that constitute the homogenized macroscopic model of the RIS. In addition, the following definitions for the
electric and magnetic fields in (6.14) and (6.15) hold:

Ftot

(
x, y, z = 0+

)
= Finc

(
x, y, z = 0+

)
+ Fref

(
x, y, z = 0+

)
(6.16)

Ftot

(
x, y, z = 0−

)
= Ftra

(
x, y, z = 0−

)
(6.17)

Ft
tot

(
x, y, z = 0±

)
=
(
ẑ× Ftot

(
x, y, z = 0±

))
× ẑ (6.18)

where ẑ is the unit norm vector that is normal to the RIS as illustrated in Fig. 6.4, andFinc (x, y, z = 0+), Fref (x, y, z = 0+)
and Ftra (x, y, z = 0−) with F = {E,H} are the incident, reflected, and transmitted (refracted) electric and mag-
netic fields evaluated on the two sides of the RIS, respectively.

The equations in (6.14) and (6.15) completely characterize the RIS in terms of wave transformations and can
be utilized for the analysis and synthesis of an RIS. As far as the analysis is concerned, it is usually assumed that
Zse (x, y) and Ysm (x, y) are known, and one is interested in solving (6.14) and (6.15) for obtaining the surface
electric and magnetic fields in the close vicinity of the RIS, but at distances at which the homogenized model can
be applied (as detailed in further text). As far as the synthesis is concerned, it is usually assumed that either
the surface electric and magnetic fields in the close vicinity of the RIS are explicitly known or that an objective
function that depend on them is known, and one is interested in identifying the corresponding functions Zse (x, y)

and Ysm (x, y) that provide the desired electromagnetic fields or that maximize the objective function of interest.
These techniques are referred to as direct and inverse source problems, respectively.

One of the main advantages of modeling an RIS through inhomogeneous sheets of impedance and admittance
dyadic tensors lies in the possibility of incorporating them into Maxwell’s equations by leveraging the equivalence
principle and the radiation integrals, which allow us to express the electric and magnetic fields anywhere in the
volume of interest directly as a function of Zse (x, y) and Ysm (x, y) . The main assumption for using this approach
consists of resorting to the physical optics approximation. Even though some approximations are usually needed
to obtain the reradiated electromagnetic field, the resulting analytical framework is electromagnetically consistent
and accounts for the physical implementation of the RIS. Another main advantage of the model for RISs based
on inhomogeneous sheets of impedance and admittance dyadic tensors is that the mutual coupling among all the
constitutive elements of the RIS (the unit cells) is inherently taken into account, since the model inherently abstracts
the physical implementation of the RIS. The subsequent discretization of the RIS in unit cells based on the functions
Zse (x, y) and Ysm (x, y) implicitly accounts for the local interactions and for the mutual coupling among the unit
cell themselves.

When modeling an RIS as an inhomogeneous sheet of impedance and admittance dyadic tensors, caution
needs to be paid, however, to some implicit assumptions that are made. One of these assumptions is that the RIS
is modeled as a device with zero thickness. In practice, however, an RIS has a finite thickness and is made of
discrete and finite-size unit cells. In order for the homogenized (continuous) version of the RIS, which is utilized at
the design stage, to accurately represent the reradiation properties of the manufactured metasurface, it is necessary
that the thickness of the RIS and the cross section of the unit cells are much smaller than the wavelength of the
electromagnetic waves. If these conditions are met, the components of the surface fields that are related to the
discretization of the RIS in unit cells can be ignored, provided that the observation point is not too close to the surface
of the RIS. As a rule of thumb, the observation point should be at least at a distance |z| > t/2 + max {dx, dy},
where t is the thickness of the RIS and dx and dy are the horizontal and vertical sizes of its unit cells (assuming
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that the unit cells are identical in size). In practice, this condition does not pose any constraints in the context of
wireless communication systems and networks, since we are not usually interested in observation points that are
so close to the RIS.

Due to these positive features, representing an RIS as an inhomogeneous sheet of surface impedance consti-
tutes a suitable abstraction model for understanding the achievable performance limits of RISs in wireless networks
and for their optimization as a function of different design criteria. In the next section, we utilize this modeling ap-
proach and elaborate how it can be leveraged for obtaining electromagnetically consistent analytical frameworks
for RISs that are suitable for performance evaluation and for wireless networks optimization. In the next section,
more specifically, we focus our attention on an RIS that operates in reflection mode and that is impenetrable, i.e.,
the electric and magnetic fields at z = 0− are equal to zero in (6.17). In this case, the RIS is an inhomogeneous
boundary of surface impedance.

6.3 Multiport Network Theory – Preliminary Results

6.4 System and Channel Model
Let us consider an RIS-aided communication channel that consists of a transmitter withNT antennas, a receiver with
NR antennas, and an NS-port loaded scatterer that models the RIS. The RIS-aided communication link between
the transmitter and the receiver can be represented by a linear network with N = NT +NS+NR ports. The N -port
network can be characterized by a scattering matrix S that relates the vector a of the incident power waves on the
ports with the vector b of reflected power waves from the ports. In mathematical terms, we have b = Sa.

The S matrix can be decomposed as bT

bS

bR

 =

 STT STS STR

SST SSS SSR

SRT SRS SRR

 aT
aS
aR

 (6.19)

where ax and bx for x ∈ [T, S,R] are the incident and reflected power wave vectors at the transmitter (T ), RIS (S)
and receiver (R) ports, respectively. Accordingly, Sxy for x, y ∈ [T, S,R] are the scattering sub-matrices that relate
the vectors bx of the reflected power waves with the vector ay of the incident power waves.

In a general configuration, the NT ports of the transmitter are connected to voltage generators that are charac-
terized by a set of power waves ag = {ag,1, . . . , ag,NT

} and a set of internal impedances Zg = {Zg,1, . . . , Zg,NT
}.

Also, the NR and NS ports of the receiver and the RIS are connected to the sets of loads ZR = {ZR,1, . . . , ZR,NR
}

and ZS = {ZS,1, . . . , ZS,NS
}, respectively. Therefore, the sub-vectors in (6.19) are related to the loads by the

following expressions:
aT = ag + ΓTbT ; aS = ΓSbS ; aR = ΓRbR (6.20)

Specifically, Γx for x ∈ [T, S,R] is a diagonal matrix with entries Γx,i = (Zx,i −Z0,i)/(Zx,i +Z0,i), where Z0,i

is the reference impedance at the i-th port. Usually, Z0,i = Z0 = 50Ω. To ensure that the ports of the transmitter
and receiver are matched for zero reflection, we consider ΓT = ΓR = 0. Under these conditions, from (6.20) and
(6.19) it is possible to derive the end-to-end channel matrix that relates the incident power wave vector aT = ag
and the output power wave vector bR, i.e., bR = Ĥe2eaT , as

Ĥe2e = SRT + SRSΓS(U− SSSΓS)
−1SST (6.21)

where U denotes the identity matrix. By adjusting the matrix ΓS of reflection coefficients of the RIS, the received
power can be optimized.

An end-to-end communication channel model based on the impedance parameters can be utilized as well.
Since the scattering and impedance matrices are related by the expression S = (Z− Z0U)(Z+ Z0U)−1, the two
channel models are equivalent. However, we show next that the representation in terms of scattering parameters
may be more convenient when optimizing the end-to-end channel response as a function of the load impedances
of the RIS. First, we discuss some interesting features of the representation in terms of scattering and impendance
parameters for RIS-aided channels based on multiport network theory.
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6.5 Scattering vs. Impedance Representations
The end-to-end channel matrix in (6.21) consists of the sum of two terms, where only the second depends on the
loads connected to the ports of the RIS through the diagonal matrix of reflection coefficients ΓS . It is worth noting
that the first term SRT depends on the direct transmitter-receiver link and the transmitter-RIS-receiver link when the
ports of the RIS are connected to matched loads, which results in ΓS = 0. Due to the physical presence of the
RIS, this latter contribution is always present even if the direct transmitter-receiver link is blocked by the presence
of physical obstacles, and it includes the structural scattering of the RIS. This is different from the representation
in terms of impedance parameters, in which the structural scattering of the RIS is decoupled from the direct link
and is embodied into the transmitter-RIS-receiver link. Therefore, the representations in terms of scattering and
impedance parameters are equivalent, but the terms (and their physical meaning) in the two equations are not
one-to-one related.

To better understand this subtle difference, let us consider the SISO setting, and let us assume that the ports
of the RIS are all terminated to the reference impedance Z0 (perfect port matching). Specifically, we obtain the
following (always assuming that the ports of the transmitter and receiver are matched for zero reflection):

Ĥe2e(Z0) = Y0

[
ZRT − ZRS(ZSS + Z0U)−1ZST

]
(6.22)

where ZSS is the matrix of self and mutual impendances of the RIS.
If the ports of the RIS are terminated to Z0, we have, as mentioned, ΓS = 0. Thus, the second addend in (6.21)

is zero, and, by comparing (6.21) with (6.22), we obtain SRT = Ĥe2e(Z0). It is apparent that SRT depends on the
RIS in contrast to ZRT in (6.22).

To get further engineering insights, let us analyze the case study with no mutual coupling between the RIS
elements. Also, let us assume ZSS = Z0U in (6.22) but the ports of the RIS are terminated to generic impedances.
From S = (Z − Z0U)(Z + Z0U)−1, therefore, we obtain SSS = 0. Then, (6.21) reduces to Ĥe2e = SRT +
SRSΓSSST . In this case, we retrieve the transfer function that is usually utilized in wireless communications, with
ΓS denoting the diagonal matrix of reflection coefficients.

Let us analyze again the case study with no mutual coupling and ZSS = Z0U, but the ports of the RIS are
terminated to Z0. In this case, ΓS = 0 in (6.21). If ZRT = 0, from (6.22) we obtain

SRT = Ĥe2e(Z0) = − Y0

2Z0
ZRSZST (6.23)

Therefore, we see that, even if the direct transmitter-receiver link is blocked by physical objects and the reflection
coefficient of the RIS is equal to zero, the received signal is not equal to zero, sinceSRT ̸= 0. This terms is equivalent
to a specular reflection from the RIS and includes the so-called structural scattering, which occurs when all the ports
of the RIS are terminated to Z0. In communication papers, this term is usually ignored: In fact, if the direct transmit-
receiver link is blocked and the reflection coefficient is zero, it is assumed that the received signal is zero as well. It
is worth noting that in the model in (6.21) based on the scattering parameters, the structural scattering is contained
in SRT ̸= 0. In the model in (6.22) based on the impedance parameters, on the other hand, the structural scattering
is not contained in ZRT , but in the RIS-dependent term.

Finally, let us consider (6.21) and let us assume that SSS is a diagonal matrix for simplicity. Even if the reflection
coefficients in ΓS are assumed to have a unit modulus, we evince that the presence of the RIS has an impact on the
amplitude and phase of the incident signal. Also, the impact of the phase and the amplitude cannot be decoupled.
This is due to the term ΓS(U − SSSΓS)

−1. If the elements of ΓS have a unit modulus, the RIS operates only on
the phase of the incident signal if and only if SSS = 0. If SSS is not a diagonal matrix, the relationship between the
amplitude and the phase is, in general, even more pronounced.

6.6 RIS Optimization
The RIS optimization problem is formulated for the SISO case, i.e., NT = NR = 1. In this case, (6.21) can be
written as

bR =
[
SRT + SRSΓS(U− SSSΓS)

−1SST

]
aT (6.24)
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Figure 6.5: Convergence vs. iterations: (a) dy = λ/4; (b) dy = λ/8 ; (c) dy = λ/16

In this setting, we consider the optimization problem

max
Γ

∣∣SRT + SRSΓ(U− SSSΓ)
−1SST

∣∣2 (6.25)

s.t. |Γk| = 1 for k = 1, . . . , NS

where Γ = ΓS and Γk = Γk,k to simplify the notation.
The main challenge in solving (6.25) is that the objective function depends on the inverse of a matrix, which in

turn depends on Γ that is the optimization variable. This makes the problem strongly non-convex. To circumvent
this problem, we use an iterative algorithm that provably allows us to increase the objective function at each iteration
and hence to find a local optimum for the problem at hand.

To elaborate, we denote by Xk the k-th tunable reactance of the RIS and by Σk = jXk−1
jXk+1 = ejϕk . Also, we

assume that the parasitic resistances of the tunable impedances of the RIS are much smaller than Z0 = 50Ω.
The algorithm works iteratively and adjusts ϕk at each iteration, by introducing small perturbations with respect to

the previous iteration, i.e., ϕ(m+1)
k = ϕ

(m)
k + δ

(m)
k . Under these assumptions, the matrix inversion can be linearized

by using the Neumann series approximation, and the problem in (6.25) can be solved. Specifically, with the aid of
some mathematical manipulations, one can show that the optimum δ

(m)
k at the m-th iteration is

δ
(m)
k =

{
∆m if

∣∣∣A(m) + C
(m)
k ∆m

∣∣∣ ≥ ∣∣∣A(m) − C
(m)
k ∆m

∣∣∣
−∆m otherwise

(6.26)

where ∆m ≪ 1 is the step-size, Γ(m) is the vector of reflection coefficients at the m-th iteration, A(m) = SRT +

SRSQ
−1
m SST , Qm =

(
Γ(m)

)−1 − SSS , C(m)
k = b

(m)
1,k b

(m)
2,k , where b

(m)
1,k , b(m)

2,k are the entries of b(m)
1 = SRSPm and

b
(m)
2 = Q−1

m SST , with Pm = jQ−1
m

(
Γ(m)

)−2
ejϕ

(m) , where ejϕ
(m) is a diagonal matrix whose entries are ejϕ

(m)
k .

6.7 Numerical Results

The RIS is centered at the position (0, 0, 2) m, and the transmitter is located at the position (4, 0, 3) m. The receiver
is located at the position (0, 7, 4, 1) m, i.e., it is located at an angle of nearly 80 degrees with respect to the direction
of specular reflection. The transmitting and receiving antennas, as well as the scatterers of the RIS are identical
perfectly conducting z-directed dipoles with radius λ/500 and length L = 0.46λ. The RIS dipoles are arranged
as a uniform planar array, and the spacing of the elements is dy = λ/Q with Q = 4, 8, 16 in the y direction and
dz = 3/4λ in the z direction. The RIS has approximately the shape of a square with an area 4λ2.

In Fig. 6.5, we illustrate the convergence properties of the proposed algorithm, which is denoted by S-OPT,
and compare it against the benchmark scheme proposed based on the impedance parameters, which operates on
the impedance parameters and is denoted by Z-OPT. The comparison is given in terms of the squared norm of the
end-to-end transfer function in Sec. 6.4, which is denoted by G. Ae assume that the direct link is negligible due to
the presence of obstacles between the transmitter and receiver.
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It is observed that S-OPT outperforms Z-OPT. This is attributed to the fact that small perturbations of the step size
of S-OPT result in larger variations of the S-parameters, hence increasing the convergence speed of the algorithm.

6.8 Conclusion
In this chapter, we have first overviewed the most utilized communication models for RIS. Then, we have focused on
the multiport network model, and have compared the scattering and impedance representations for an RIS-aided
channel. Also, we have developed an algorithm for optimizing the RIS configuration in the presence of electromag-
netic mutual coupling based on the scattering parameters, which is shown to outperform existing algorithms based
on optimizing the impedance parameters.
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Chapter 7 : Radio-Frequency Front-End Modules,
Reconfigurable antennas and RIS: preliminary re-
sults

7.1 Introduction
The content of this chapter relates to Radio-Frequency Front-End Modules, Reconfigurable antennas and RIS as-
pects of the project and constitutes WP2. This WP2 is thus composed of three parts which will be detailed in the
next three paragraphs.
The WP as a whole comprises nine tasks:

• Task C2-1 : Design and manufacturing of Hybrid PA architecture

• Task C2-2 : Design and manufacturing of highly efficient miniature antennas

• Task C2-3 : Design of multifunction and reconfigurable antennas using in particular agile metamaterials (base
station or gateway)

• Task C2-4 : High performance frontend transceivers for 5G MIMO applications

• Task C2-5 : Design, Realization and testing of reconfigurable antenna with biosourced technologies

• Task C2-6 : Reconfigurable antenna and advanced RF architectures

• Task C2-7 : RIS-assisted multiuser massive MIMO systems

• Task C2-8 : Holographic cell free massive MIMO

• Task C2-9 : MU-MIMO with low PAPR transmission

Only a few tasks have begun (C2-5). The others are planned later in the project, or have been delayed due to
recruitment difficulties linked in particular to the authorities’ response time regarding the validation of candidates.

The following paragraphs describe the context and objectives of each field of research gathering the different tasks
listed above as identified in the WP2 working plan. The progress of the work and any next steps are also exposed.

7.2 Design of innovative power amplifier architectures
The shift to scalable and highly integrated distributed mMIMO solutions raises new research questions. One impor-
tant research challenges is to increase the energy efficiency and linearity of the Power Amplifier (PA) over a wide
bandwidth and a large output power back-off range.
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7.2.1 Design and Manufacturing of Hybrid PA architectures
The transmitter and more specifically the PA usually dominates the energy consumption of wireless systems. The PA
is a critical component that must be co-designed with the system architecture and digital signal processing functions,
like Digital Pre-distortion, to minimize the overall energy consumption while respecting system requirements.

Objective
This work aims to develop next generation of energy efficient and scalable PA solutions for future distributed mMIMO
systems. In this task, we will address key PA architecture and design challenges with emphasis on integration, power
consumption reduction, linearity improvement and bandwidth extension. Exploration of load and supply modulation
techniques together with GaN and silicon co-design/co-integration appears as key to address these needs. To fully
utilize the potential of these technologies, we will investigate innovative Hybrid PA architectures and integration
schemes.

Status
During the first period of the project, CEA has been working on compiling the state of the art of Load Modulated
Power Amplifier architectures, focusing more specifically on Load-Modulated Balanced Amplifiers.

Next steps
In the next steps, new PA architectures and design will be investigated.

7.2.2 High performance front-end transceivers for 5G MIMO applications
Inherent nonlinearities in PAs introduce distortion, compromising signal quality and limiting system performance. To
address this challenge, digital predistortion (DPD) has emerged as a powerful technique that compensates for PA
nonlinearities, restoring signal integrity. Conventionally, DPD has been applied as a post-processing step, relying
on post-measurement data to characterize PA nonlinearities and design the predistortion system. This approach,
however, suffers from several limitations. First, it is necessary to manufacture the PA and measure its performance
before DPD can be applied. This is a time-consuming and expensive process, especially for high-power PAs.
Second, this post-manufacturing approach also means that the PA performance is fixed, which reduces the flexibility
of the system and does not proactively address potential nonlinearities at the design stage. Third, the DPD system is
usually designed as a standalone black-box model which does not take into account the PA architecture and its core
features. Codesign involves integrating DPD into the PA design process, optimizing both the amplifier architecture
and the predistortion system in a synergistic manner. Despite these advantages, codesign also presents challenges.
One key challenge lies in the need to perform linearization as early as possible, typically at the electrical simulation
level. This requires accurate nonlinear models of the PA and the DPD system, which can be time-consuming and
computationally expensive to achieve.

Objective
The main target contribution of this task is to develop an efficient codesign methodology and framework for PA
and DPD system, which can be applied at the electrical simulation level taking advantage of the latest advances
in RF simulators. A secondary target contribution is to develop a new DPD model that is optimised to address the
specificities of the PA architecture investigated in the other task of the work package.

Status
This task has not started yet. The task is being prepared: teams of WP2.1 are now coordinating to synchronize
work schedules. (Delayed compared to project proposal (technical annex) but initial dates required refinements. )

Next steps
Job description will be published in April, targeting a recruitment of a 18-month fixed-term contract, R&D Engineer
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or PostDoc for September 2024.

7.2.3 MU-MIMO with low PAPR transmission & Power Amplifier model for massive
MIMO antenna

Status
This task has not started yet. A post-doc position (duration 18 months) is awaiting recruitment.

Next steps
Study the impact of its characteristics on the performance of a transmitter system for a 5G application using CF-
mMIMO technology.

Major steps (dates to be set soon):

• State of the art on Digital Power Amplifier (DPA). Objective is to highlight the specific operating features of
this type of power amplifier. Possibly a demonstrator.

• Modeling of the amplifier based on simulations (potentially a realized circuit).

• Integration of the model into a transmitter system

• (Depending on progress) Improvement of system linearity.

7.3 Design of advanced antenna structures

7.3.1 Context and motivation
Massive MIMO (mMIMO), one of the key technologies of the future mobile communication system, offers a large
degree of beamforming capacity in order to improve spectral efficiency, network capacity, coverage, and feasible
data rates. Massive MIMO uses multi-antenna elements to support multiple users simultaneously. The essential
parameters of mMIMO antennas can be considered as frequency bands, gain, isolation, envelope correlation, ra-
diation pattern, polarization, and beamwidth. One possible way to increase throughput and data transfer rates in
current and future generations of mobile and wireless devices is to extend the bandwidth, as a higher bandwidth
provides a higher data rate.
Reducing the mutual coupling effects between antenna elements in large-scale arrays with limited space will offer
high isolation and low correlations for the system without limiting the system’s performance. Using beamforming
methods could boost the gain and efficiency of a mMIMO system. To enhance the overall system performance and
capacity, beamforming can be defined as a signal processing approach that is utilized with multiple antenna arrays
on the receiver side and/or transmitter side for sending or detecting multiple signals from multiple desired terminals
at once.
So, the main challenges imposed by mMIMO technology are integration and deployment of new compact radiating
structures in order to produce directional radiation with beamforming (or multi-beam) where the antenna spacing
generates negligible coupling effects between antennas and thus facilitates the system design and reduce power
consumption.
In summary, Cell-free mMIMO communication scenarios required multi-broadband aerials with multiple focusing
radiation properties both at the base station and also at the user terminal level. The use of compact directional unit
sources in dense antenna arrays for analog, digital or hybrid beam forming is a major area of innovation to optimize
the communication performance of these systems.
To address these challenges, several innovative approaches based on the concept of superdirective antennas,
metasurfaces antennas will be explored in mMIMO context. Moreover, the environmental footprint of mMIMO will
be minimized by using the bio sourced approach.
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7.3.2 Challenges and proposed methodology
During the course of the study, it is planned to foster collaborations with the partners involved in WP2 in terms
of antenna design using conventional substrates (IETR, CEA Leti, and RFM2 team at Télécom) and bio sourced
substrates (DHREAMS team at CROMA).
The antennas thus defined will be built and measured to confirm the performance obtained. A life cycle analysis will
be also realized to define a figure of merit (FoM) taking into account the performance and environmental impact.
Depending on the degree of maturity of the proposed solution, this antenna could also be used for testing (WP5).

Superdirective antennas :
One of the most challenging problems in antenna design is that of superdirective array, where it attracted for years the
interest of antenna engineers both from the theoretical and practical parts. Superdirective antenna array offers new
opportunities for wireless applications in terms of spectral efficiency, reduced environmental impact and use modes.
It is an attractive technique in overcoming the omnidirectional radiation pattern of small antennas; by forming an
array of closely spaced elements (d < 0.25λ) an extraordinary directivity can be achieved namely ”superdirective”.

These highly coupled miniature element antenna topologies allow the radiation to be shaped more pronouncedly
than their equivalent geometric surface assumed excited uniformly in phase and amplitude. This concept is par-
ticularly interesting for shaping the radiation of compact antennas, as observed by Uzkov in 1946 [43], who noted
increased directivity of end-fire isotropic source arrays as the spacing between the elements decreases to zero.
Long limited to theoretical developments, superdirectivity has been demonstrated experimentally in recent studies
[50] [71] [23] [51] making it possible to reconsider the well-known sensitivity problems of practical realization.
However, these studies have highlighted limitations such as limited radiation efficiency and/or reduced bandwidth.
Complementary research works have been initiated to solve these problems, notably with specific optimization
approaches [63] [119] [117] [108]. New superdirective antenna developments are necessary to match the re-
quirement of cell-free telecommunication antennas, and most particularly to miniaturize, to improve efficiency, to
reconfigure the radiation and to widen the operating frequency band.

Compact reconfigurable multi-access super directive antenna
The development of compact radiating sources with directional radiation over different frequency bands is conse-
quently studied at CEA Leti by drawing inspiration from the concepts of superdirective antennas. CEA Leti’s work
initially focuses on understanding loss phenomena in compact super-directive antenna structures with the aim of
optimizing radiation efficiency and obtaining supergain antennas. Using spherical wave expansion where a loss
model has been introduced, radiation optimized designs are tested and analyzed. Ways to improve the gain of su-
per directive antennas are finally considered. Also, the electronic reconfiguration of radiation is the object of study
aimed at controlling the pattern shape or the polarization of the transmitted electromagnetic field. On the other hand,
superdirective antenna bandwidth widening is studied for use in low cellular frequency bands where miniaturization
of radiating sources is critical. Particular arrangements of broadband sources are studied with the tool based on
spherical wave expansion in order to understand the limitations and propose improvements.
The following developments will consist in studying the integration of these concepts, partly on a typical user terminal
and partly on a compact base station. At the user terminal level, research will be focused on multi-beam formation
capability in low band and in the new FR3 low bands. For the base station, research activities aim to develop a
compact reconfigurable multi-access super directive antenna solution to serve mixed digital-analog architectures
suitable for MIMO processing.

Status
This task has not started yet.

Design of compact array made of superdirective antennas
The deployment of MIMO technology is based on the multiple-antenna array. However, when the MIMO antenna el-
ements are closely placed to each other, the mutual coupling between them leads to impedance mismatch, reduces
the radiation efficiency, and even affects the channel capacity. Thus, extensive efforts have been devoted to the
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coupling reduction between antenna elements, and a series of solutions have been put forward. The objective of
the work proposed by the IETR is to design a compact mMIMO system utilizing superdirective antenna arrays. Our
focus lies on reducing the coupling between the array elements and between arrays themselves and also deploying
the multi-objective optimization algorithm based on network characteristic modes that were previously developed in
our laboratory [118] in order to achieve maximum directivity with the minimization of the input reflection coefficient
in a large bandwidth. We propose to incorporate coupling in the optimization process. Moreover, we will integrate
the reconfiguration function into the superdirective antenna arrays for beamforming. Although of the remarkable
potential gain improvement introduced by the superdirective antenna arrays, there are several challenges that ob-
struct its practical realization, one of them is the superdirective beamforming vector that can affect the antenna array
performance and the calculation of this vector is known as a very challenging problem. To empirically validate the
theoretical and numerical results, we will fabricate various prototypes based on different technologies and assess
them using the technical platforms provided by IETR. The specifications for this antenna will also be defined once
the scenarios selected in WP1 have been studied.

Status
This work will be carried out as part of a PhD program. The candidate has been recruited since January 1st.

Next steps
The specifications for this antenna will also be defined once the scenarios selected in WP1 have been studied.

Metasurface antenna structure :
The objective of the work proposed by the RFM2 team at Télécom Paris is to develop an access point antenna,
associated with two metasurfaces, low profile, multi-band, with the possibility of having a steerable beam in one
of the bands. Metasurfaces have proved useful for improving antenna performance, combined with traditional
antennas, these metasurfaces can improve radiation properties. There are several types of metasurfaces with exotic
properties that are impossible to obtain with conventional materials. However, metamaterials often exhibit their novel
properties within a limited frequency range. This narrow frequency band characteristic is a real problem, as many
practical applications are broadband and/or multiband. It is therefore necessary to design tunable metamaterials
that can be reconfigured in frequency. With appropriate control, the metamaterial can be tuned to achieve the desired
property at the working frequency. Tunable metamaterials can also be used for adaptive antennas to control their
radiation pattern as a function of the environment, for example.
This work will be carried out as part of a PhD. The candidate has been identified and his recruitment is awaiting
validation (since December 1). As soon as the candidate has started, a state of the art will be proposed. The
specifications of this antenna will also be defined once the scenarios selected in WP1 have been studied.
The problem is as follows: in Rafael G. L. Melo’s PhD [44], we demonstrated that it was possible to place two
metasurfaces on either side of a broadband (bow-tie) antenna to obtain a low profile multiband directional antenna
compatible with European 4G/5G and Wi-Fi 2.4/5/6E standards and operating in the following bands: 2.40-2.70
GHz, 3.40-3.80 GHz, 5.17-5.83 GHz, and 5.93-6.45 GHz.

The first metasurface exploits both the perfect electrical conductor (PEC) and perfect magnetic conductor (PMC)
characteristics of a dual-band artificial magnetic conductor (AMC). The second metasurface, known as the Huygens
metasurface, enables the beam to be de-pointed in one of the operating frequency bands. By controlling the
polarization voltages on four varactor columns in the reconfigurable, multi-band Huygens metasurface, the beam
can be dynamically steered to ±51°, continuously, over a frequency range within the European 5G frequency range
(3.50 to 3.65 GHz) [45].
The aim of this thesis is to further develop this concept along several axes:

• Evolve the Huygens metasurface into a planar structure

• Add control elements to the artificial magnetic conductor to increase the antenna’s number of degrees of
freedom

• Develop a compact feeding system integrated into the antenna
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Status
This task has not started yet.

Multi-feed pattern reconfigurable antenna using bio-sourced substrate :
Most of the antenna structures for 5G make use of conventional substrates that are generally considered as e-
waste at the end of the life cycle. The primary goal of the work conducted at CROMA lab is then to reduce e-
wastes by proposing a state-of-the-art comparable structure using bio-sourced substrates. However, these kinds
of substrates are generally lossy with a low power handling. In this context, the objective is to design a multi-feed
pattern reconfigurable antenna. The multiple feeds allow for the energy to be combined directly on the radiating
structure, avoiding lossy power combination units generally required between a single feed antenna and the outputs
of power amplifiers. This structure also offers more degrees of freedom to reconfigure and allows the integration
of distributed amplifier network to enhance energy efficiency. Furthermore, to further reduce the losses, the multi-
feed structure should potentially be configured to refrain from the implementation of lossy matching networks. The
pattern reconfigurability, on the other hand, offers an increased space coverage thereby compensating the narrow
main lobe due to high gain. The power to be delivered to the structure is considered to be between 20-30 dBm and
the frequency range between 6-7 GHz.

This work will be carried out as part of a PhD student that has been identified. It has planned to go as follows:

• Characterize bio-sourced substrates to identify those with the best properties.

• Design and characterize conventional antennas using the selected bio-sourced substrate(s) to control error
sources and master the fabrication process.

• Design a multi-feed antenna on the bio-sourced substrate(s) and evaluate power handling capability

• Design a reconfigurable multi-feed antenna on the bio-sourced substrate(s)

• Design the distributed amplifier active antenna on the bio-sourced substrate.

• Define the Figure of Merit (FoM) taking into account both antenna efficiency and environmental impact

Status
Rim Berro started her PhD on 01 December 2023. She is now working on the review of different biosourced
substrates to select the potential substrates taking into account the RF (permittivity, loss) and mechanical (power
handling capability, surface roughness, strength,. . . ) properties. In parallel, she has started to design the first
antenna based on air-filled technological platform to reduce the effect of the substrate at the expense of a larger
footprint.

Next steps
The next steps are to fabricate and measure this antenna for the first demonstration and to study different transmis-
sion lines and antenna topologies.

7.4 Design of RIS

7.4.1 Context and motivation
Regarding the required key performance indicators (KPI’s) which are planned for 6G wireless systems, the most
challenging ones are the energy and spectrum efficiency targets, expected to be respectively at less 10 times and
5 times better for 6G than those of 5G. In these conditions, it is admitted that these KPI’s won’t be achieved by the
5G physical layer. This is particularly clear in the case of the spectrum efficiency since a prohibitive large number
of antennas along with active radio frequency (RF) chains are needed for massive MIMO to achieve high spectrum
efficiency and this results in high energy consumption and high hardware costs. The dense deployment of small
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base stations is also a possible solution but this entails high maintenance costs, network energy consumption and
hardware cost due to high-speed backhaul links. Furthermore, such network architecture is very demanding in
terms of sophisticated signal processing algorithms for interference management. The use of RIS (reconfigurable
Intelligent Surfaces) or IRS (Intelligent Reflecting Surfaces) combined with a cell free network architecture is maybe
a promising response for the deployment of 6G wireless communication systems. The RIS has the amazing property
to reconfigure the wireless propagation environment into a transmission medium with good transmission properties.
Up to now, the wireless propagation medium was considered as a randomly time varying entity that disturbs the
transmitted signals due to uncontrolled reflections, refractions and unexpected interference. Despite the use of
powerful signal processing tools such as channel coding, channel precoding and channel equalization, the image
of the wireless propagation medium as a disruptive environment is still present. Moreover, one has to recognize that
signal processing techniques have reached a certain level of saturation and technical breakthroughs to improve data
rate and performance reliability are unlikely to appear soon. It is logical in these conditions to think of the wireless
propagation medium as a new additional variable to optimize. The main desirable characteristic of RIS/IRS is
that they are composed of quasi passive low-cost reflecting elements. Each reflecting element can impose an
independent phase shift/amplitude on the impinging electromagnetic signals in a fully customized way. The phase
shifts imposed on the incident electromagnetic signals can be adjusted in real-time in reaction to the rapid variations
in the wireless propagation environment. The principle consists in tuning the phase shifts of the RIS/IRS in order to
combine constructively (or destructively in the case of interfering signals) the signals reradiated from the RIS/IRS
with the signals from other paths. Unlike conventional relaying techniques, an RIS/IRS contains no active device
such as power amplifier and thus it entails much reduced power consumption and reduced cost. Furthermore, due
to its quasi passive nature, an RIS/IRS can be easily integrated in the surrounding environment including building
facades, ceilings, street lamps and so on.

7.4.2 Challenges and proposed methodology
Of course, due to its appealing features, a lot of research work has been already published around RIS/IRS and their
potential use for 6G. A very complete study about the benefits of the use of RIS/IRS in the context of massive 5G
communications can be found in [148] with a very complete state of art concerning the signal processing techniques
used with RIS/IRS. Then, a very important work in [148] describes the impact of practical hardware impairments on
the performance of an RIS communication system. The work in [64] proved that it was possible in an indoor realistic
propagation environment to obtain a 26 dB power gain for a RIS/IRS prototype with 1100 controllable elements,
operating around 5.8 GHz band. The problem of joint carrier frequency offset (CFO) and channel estimation for
RIS-aided orthogonal frequency division multiplexing (OFDM) systems has been studied in [65], [81] taking into
account the presence of synchronization errors. In addition to these works one can add contributions in operation
principles [46], transmission design and applications [28], electromagnetic modeling [116] and channel estimation
[96].

Concerning the proposed work by XLIM, we would like to deal with the problem of huge number of channels
to be estimated. Since the complexity is prohibitively important, the machine learning techniques will be probably
considered. Quantifying the improvement due to the use of RIS/IRS in the context of a cell-free massive MIMO
transmission system is the main task we are getting involved in WP2, where the imprecision of channel estimations
could introduce significant degradation in rate.

Concerning the work proposed by L2S/ETIS, the research activities on RIS have been already conducted. Dur-
ing the first reporting period of the project, we have conducted extensive research on RIS-aided systems with focus
on modeling and optimization, with special interest in utilizing models that are so-called electromagnetically con-
sistent. The research activity has resulted in the publication of 9 research papers [90], [39], [123], [120], [101],
[146], [99], [52], [127]. Among them, we describe in what follows [90] and [52], with the latter being a joint work
between L2S and ETIS Lab. In [90], we focus on electromagnetically consistent models for RISs inheriting from a
recently proposed model based on mutually coupled loaded wire dipoles. While existing related research focuses on
free-space wireless channels thereby ignoring interactions between RIS and scattering objects present in the propa-
gation environment, we introduce an RIS-aided channel model that is applicable to more realistic scenarios, where
the scattering objects are modeled as loaded wire dipoles. By adjusting the parameters of the wire dipoles, the
properties of general natural and engineered material objects can be modeled. Based on this model, we introduce
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a provably convergent and efficient iterative algorithm that jointly optimizes the RIS and transmitter configurations
to maximize the system sum-rate. Extensive numerical results show the net performance improvement provided by
the proposed method compared with existing optimization algorithms. In [39], we consider an RIS-assisted multiple-
input multiple-output (MIMO) system in the presence of scattering objects. The MIMO transmitter and receiver, the
RIS, and the scattering objects are modeled as mutually coupled thin wires connected to load impedances. We
introduce a novel numerical algorithm for optimizing the tunable loads connected to the RIS, which does not uti-
lize the Neumann series approximation. The algorithm is provably convergent, has polynomial complexity with the
number of RIS elements, and outperforms the most relevant benchmark algorithms while requiring fewer iterations
and converging in a shorter time.

Status
A PhD student has been selected to work at XLIM on these aspects and is still waiting for the final administrative
process to converge. A post-doc candidate will also be sought to work at L2S/ETIS and address the above working
plan. Up to now, state of the art analysis and ongoing studies linked to the project in the different teams are being
pursued to be able to rapidly produce new results as soon as the PhD and post-doc arrive.

7.5 Conclusion
This chapter summarizes the various planned and undertaken tasks of the WP2 (RF FEM, Reconfigurable antennas
and RIS). The project is made up of three major tasks, each addressing a key element of the transmission chains of
5G and future 6G systems. The status of each major task is variable, given that most of the task are planned later
in the project or have being delayed due to recruitment issues. However, some subtasks have successfully started.

This report introduces some strategic elements of the development of innovative power amplifier architectures
(WP2.1), focusing on Hybrid PA architectures, digital predistortion and crest factor analysis for energy efficiency
and scalability.

The report also provides an introduction to advanced antenna structures (WP2.2) along with a detailed clas-
sification and analysis of various antenna types and innovative substrates. The main performance enhancement
techniques have been reviewed focusing on parameters like bandwidth, gain, and efficiency.

Additionally, the key role of RIS (WP2.3) in the development of 6G technologies has been introduced, along with
the main challenges and research directions. The focus on efficient channel estimation methods for the composite
RIS/IRS channel, and the development of optimal pilot symbol sequences and weight tap computations for phase
shifters, are critical steps towards reaching the full potential of RIS/IRS.

The integration of all these technologies is critical for the evolution of mMIMO systems, offering promising solu-
tions for the demands of future wireless communication systems.
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Chapter 8 : Conclusion

The emergence of 6G wireless technology promises significant improvements in data rates and traffic capacities,
along with a notable reduction in data connection latency compared to its predecessors. However, these advance-
ments primarily benefit UEs near cell centers, leading to persistent challenges at cell peripheries, such as inter-cell
interference and handover issues. To address these limitations, the transition to a cell-free paradigm, particularly
through the use of cell-free massive multiple input multiple output (CF-mMIMO), is studied in this project.
In CF-mMIMO, a multitude of access points (APs) is strategically distributed across the deployment area, cooper-
ating to optimize service for UEs by leveraging massive macro-diversity gain. This dense deployment reduces the
average distance between UEs and serving APs, combating issues like shadow fading through spatial diversity.
However, several challenges and open issues are associated with CF-mMIMO.
One critical aspect is channel estimation and pilot assignment in the uplink, where pilot contamination poses chal-
lenges despite the use of TDD. Proper pilot assignment techniques are essential, especially in scenarios with a
massive number of UEs and APs, impacting the scalability of CF-mMIMO systems.
AP selection is another consideration, with Dynamic Cooperation Clustering (DCC) being a preferred framework
over the impractical ’ALL’ scenario where the whole set of APs cooperate to serve each UE. Moreover, adapting AP
clustering schemes to high-mobility scenarios, such as V2I communications, is crucial and will be studied in this
project.
The choice between centralized and distributed beamforming in CF-mMIMO introduces trade-offs. While centralized
operations achieve higher SE, they pose scalability challenges. In contrast, distributed operations offer advantages
in reduced fronthaul signaling but may sacrifice SE due to limited interference suppression capabilities.
Power allocation/control, particularly in low-latency contexts, requires careful design, and heuristic allocation tech-
niques will be proposed to address heavy computational requirements of optimal solutions. Optimization of energy
efficiency and battery life is also of great importance, necessitating further investigations.
As the density of APs grows, backhaul provisioning becomes a critical concern. Innovative strategies inspired by
C-RAN methods will be developed in this project to minimize backhaul requirements, while considering challenges
such as spectrum availability and high data rate delivery over wireless links.
The integration of reconfigurable intelligent surfaces (RIS) in cell-free networks offers a potential solution to enhance
efficiency while minimizing hardware costs. RIS complements CF-mMIMO by reflecting incoming signals in a con-
trollable manner. However, challenges in joint optimization of transmit beamforming vectors and RIS parameters,
channel estimation, and optimal deployment positions must be addressed and constitute an important focus of this
work.
In conclusion, while CF-mMIMO holds promise for overcoming the limitations of traditional cellular networks, ad-
dressing challenges related to channel estimation, AP selection, deployment scenarios, power allocation, backhaul
provisioning, and integration of RIS is essential for realizing its full potential in future wireless communication sys-
tems. This projects aims at proposing innovative solutions that shall address this ensemble of challenges in order
to reap the maximum profit from the cell-free context.
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