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EXECUTIVE SUMMARY

This deliverable reports the activities carried out in Task 3.3 “Reconfigurable intelligent surfaces” during the first
year of the project. Reconfigurable Intelligent Surfaces (RISs) are expected to play a crucial role in next-generation
wireless networks as they enable the smart radio environment (SRE) design paradigm, integrating the propagation
environment into system optimization for improved performance of wireless applications. While RISs might
represent a low-cost and energy-efficient solution to extend the coverage, especially in harsh propagation
environments, and to add more degrees of freedom in interference shaping and medium access control (MAC)
strategies, they introduce new challenges that could make them not always convenient if not properly tackled. For
instance, identifying the proper model and simulation tools properly accounting for the main electromagnetic
effects, finding low-complexity, low-overhead RIS optimization strategies, defining suitable and low-overhead
control channel protocols, and investigating the additional interference that RIS might generate in the presence of
close subnetworks, especially if they are not coordinated, are the main issues to be addressed.

In this context, it is fundamental to understand to what extent RISs might be beneficial for in-X subnetworks under
study in 6G-SHINE and how they can be exploited. With this purpose in mind, in this deliverable first a survey and
classification of RIS technologies is provided, both available and under-study. The main models to characterize and
design RISs are detailed along with possible integration into Ray-tracing tools under development in WP2. A
preliminary analysis of promising RIS technologies that are expected to improve the Key Performance Indicators
(KPIs) as well as the main design issues for the use cases identified in WP2 are presented. This analysis represents
a baseline for the subsequent research activity aimed at identifying RIS-aided PHY/MAC methods and RIS
optimization algorithms. In this direction, some preliminary investigations and optimization methods are
presented. Specifically, starting from the analysis of the state-of-the-art, a RIS-aware MAC framework for 6G-SHINE
in-X subnetworks in which users are grouped based on their traffic characteristics, position, mobility, and their
Quiality-of-Service (QoS) requirements is proposed. Some results on RIS deployment and optimization strategies
are reported, highlighting the underexplored interference issues in RIS-aided systems and comparing various RIS
hardware architectures as well as proposing a new one offering spatial-selective properties. In addition, the
optimal RIS configuration in multiple users multiple-input multiple-output (MU-MIMO) scenarios are investigated
through the proposal of a low-complexity rate and weight adaptation strategy. An initial mapping of the methods
to the KPls, Key Value Indicators (KVIs), and use cases of the project, whose definition is presented in deliverable
D2.2 [1], is provided. The concepts and results presented in this deliverable are based on works that are currently
in progress, and further findings and recommendations will be provided in deliverable D3.4 at M28.
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1 INTRODUCTION

Reconfigurable intelligent surfaces (RISs) are considered one of the key technological breakthroughs of next-
generation wireless networks. According to the emerging smart radio environment (SRE) design paradigm, in which
the propagation environment is incorporated into the system design and optimization loop, the introduction of
RISs allows dynamic control over the radio propagation environment. This, in turn, enhances the performance of
wireless-based applications with a reduced or more hardware-efficient infrastructure.

Therefore, it is of interest to understand to what extent RISs might bring advantages in In-X subnetworks to
approach the targeted KPIs/KVIs and help in achieving the following project objectives:

e Objective 3. “Design new physical layer (PHY) enablers for scalable requirements in terms of latency,
reliability, or throughput, tailored to devices with constrained computational capabilities by leveraging
the opportunities offered by short range subnetworks. “

e Objective 4. “Develop new effective medium access control (MAC) solutions for efficient multiplexing of
diverse traffic types in a subnetwork, including deterministic traffic. “

Along this direction, this deliverable describes the identified RIS technologies and the related models for future In-
X subnetworks. It also reports a preliminary set of RIS optimization strategies studied in Task 3.3. The concepts and
results presented in this deliverable are based on works that are currently in progress, and further findings and
recommendations will be provided in Deliverable D3.4. The activities carried out in Task 3.3 are all related to the
technical component (TC) #7 (RIS enhancements) defined in 6G-SHINE. For what the elements composing the
subnetwork are regarded, this deliverable will adopt the nomenclature defined in deliverable D2.2 [1].

In section 2, a classification of available or under-study RISs and non-reconfigurable intelligent surfaces (N-RISs) is
presented based on different features and technologies (Subtask 3.3a: "Identification of RIS technologies for the
considered in-X subnetwork scenarios”). One fundamental aspect of an RIS is its analytical and simulative modelling.
To address this aspect, the main analytical models for RISs, consisting of arrays of tuneable elements or
metamaterials (impedance sheet), are reported. Additionally, there is a discussion on how such models can be
integrated into ray-tracing tools to obtain more accurate simulations. Building upon the aforementioned
classification, the section concludes with a preliminary analysis of the most promising RIS technologies (if any) for
each scenario/use case identified in WP2. This includes providing initial insights into the potential advantages in
terms of KPIs. For the most promising solutions, design and optimization methods will be developed and assessed
in the next project period.

In section 3, preliminary investigations on the RIS-generated interference between subnetworks and/or microcells
are presented (Subtask 3.3c: “RIS deployment and interference mitigation strategies”). In fact, in many scenarios
(e.g., industrial) a subnetwork is meant to co-exist with a microcell. When the subnetwork is equipped with a RIS,
the RIS may reflect signals from the microcell causing unwanted and uncontrolled interference. Interference issues
are underexplored for RIS-aided systems in general, and for RIS-aided subnetworks in particular. Within this
context, in this section we consider several potential RIS hardware architectures and compare them with respect
to interference. An analysis of the coexistence of RIS-equipped subnetworks with a micro-cell is presented by
considering that a RIS is reflecting all impinging signals which implies that a RIS may potentially cause interference
to the macro-cell also in separate frequency bands as its reflection characteristics is typically not strongly
bandlimited. To mitigate or avoid interference, a novel spatial-selective RIS architecture is proposed and compared
with a conventional non-selective RIS.

Section 4 addresses the design of RIS-aware MAC Protocols (Subtask 3.3b: “RIS aware PHY and MAC protocols”). It
should be noted that conventional MAC protocols may underperform when enabling medium access to multiple
users since these do not harness the benefits of RIS which may lead to improved user performance. Therefore, a
RIS-aware MAC framework for 6G-SHINE X-subnetworks, in which users are grouped based on their traffic
characteristics, position, mobility, and their QoS requirements, is introduced. The section concludes with some
initial considerations for the control channel and its involvement within the design of RIS-aware MAC protocols.
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Finally, in section 5, preliminary results on RIS optimization strategies are reported (Subtask 3.3c: “RIS deployment
and interference mitigation strategies”). In particular, the problem of reducing both the communication overhead
and computational complexity is tackled by reducing the dimension of the RIS optimization problem. This is
achieved by employing a more streamlined set of potential RIS configurations, transforming the RIS optimization
problem into an assignment problem. A second study addresses the optimal RIS configuration in MU- MIMO
scenarios by proposing a rate weight adaptation strategy which aims at achieving a form of proportional fairness
among subnetwork elements (SNEs).

We present below an initial -but not exclusive- mapping of the methods to the KPIs/KVIs and use cases of the
project, whose preliminary definition is presented in deliverable D2.2. In particular, Table 1 describes the main
KPIs targeted by the presented methods.

Regarding the KVIs, it is worth mentioning that being 6G-SHINE a low Technology Readiness Level (TRL) project,
we do not aim at directly measuring the impact of the designed solutions in terms of KVIs, as such assessment will
only be possible once the designed solutions are implemented and integrated into a coherent system design
(beyond the scope of the project). Still, KVIs are at the centre of our technology design, and we speculate how our
solutions can be the basic “bricks” for addressing environmental, economic, and social sustainability for future in-
X subnetwork products. In particular, below we report the envisioned KVIs associated with the introduction of RIS
technologies in In-X subnetworks:

o Environmental sustainability: improved energy efficiency and reduced use of electronic material thanks
to the semi-passive nature of RISs.

o Social sustainability: improved scalability enabled by RISs can ease the support of a larger number of
sensors an extended coverage without adding active devices such as Access Points (APs). Infrastructure
support for industry and innovation, with improved efficiency and productivity, together with improved
workers safety thanks to a more reliable system.

o Economic sustainability: Reduced installation and maintenance costs with respect to active APs.

Table 2 presents the mapping of the presented methods to the use case categories (and specific use cases) as
defined in deliverable D2.2 that can mostly benefit from them. This does not exclude that other use cases can take
advantage from them. We remark that we do not aim at evaluating each presented method for all the mapped use
cases. In our performance evaluation, we rather highlight the main use case or use case category of interest, as we
believe the extension to a different use case with similar KPIs is straightforward.

Finally, Table 3 highlights potential involvement of the proposed methods in the 3rd Generation Partnership
Project (3GPP) standardization process. It has to be remarked that while an extended and more complex form of
RIS, namely Network Control Repeater (NCR), has already been standardized as a part of 3GPP’s upcoming Rel-18
[105], RISs intended as semi-passive electromagnetic devices have not yet been studied in 3GPP. While some
companies proposed including RIS as a study item (SI) in 3GPP for Rel-18, most considered it premature and
suggested exploring it for 6G technology instead. Consequently, the proposal was not approved for Rel-18. To
address standardization, the European Telecommunications Standards Institute (ETSI) Industry Specification Group
(ISG) for RIS was established in September 2021. It serves as the pre-standardizing group for RIS, aiming to define
use cases, deployment scenarios, and requirements towards global standardization [107,108].

Expectations expressed in these tables reflect the vision and understanding at the current time of the project, and
they might be revised in the second year of the project based on research results as well as on the monitoring of
the current standardization activities carried out in WP6.
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TABLE 1 KPIs TARGETED BY THE PRESENTED METHODS

Technology/method

Main target KPIs

MIMO scenarios

Optimal RIS configuration in multiple users

Communication support for high number of SNEs.
Minimum experience data rate assured for the SNEs.
Extended coverage.

Non-diagonal and low-rank RIS technologies

Data rate, latency, maximum number of users,
interference reduction.

RIS-aware MAC protocol for subnetworks

Number of users, data rate, latency.

TABLE 2 MAPPING BETWEEN PRESENTED METHODS AND USE CASES AS DEFINED IN D2.2

Technology/method

Main use case category(ies) Relevant use cases

Optimal RIS configuration in
multiple users MIMO scenarios

Industrial Robot control, Unit test cell

Non-diagonal and low-rank RIS
technologies

Robot control, in-vehicle wireless
subnetwork zone

Industrial, vehicular

RIS-aware MAC protocol for
subnetworks

Industrial and Consumer Subnetwork swarms, immersive
education, augmented reality

navigation

TABLE 3 STANDARDIZATION POTENTIAL OF THE PRESENTED METHODS.

Technology/method

Standardization potential

Optimal RIS configuration in
multiple users MIMO scenarios

This method has potential relevance for 6G standardization, 3GPP Radio
Access Network (RAN) 1 Release 19 and beyond to support communication
systems with many SNEs that communicates with just one access point
(AP) and guarantee broadband services to all the SNEs [105]. A reduced
number of APs entails a reduced amount of necessary power supply, thus
allowing for more sustainable systems.

Non-diagonal and low-rank RIS
technologies

One form of a non-diagonal and low-rank RIS has already been
standardized as a part of 3GPP’s upcoming Rel-18, namely Network
Control Repeaters (NCRs) [105]. This work will likely be continued in many
future releases. Problems of NCRs identified in this deliverable, and its
solutions (to be further developed in upcoming deliverables) have,
therefore, high potential for standardization.

RIS-aware MAC protocol for
subnetworks

This method has more exploratory nature and in the preliminary design,
there are no considerations to aim at standardisation. However, as we
further develop and evaluate the method, the intention is to identify and
develop facets of the protocol suitable for standardisation into ETSI RIS ISG
or 3GPP RAN 2.
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2 RIS TECHNOLOGIES AND MODELS

2.1 RISTECHNOLOGIES

Smart radio environment (SRE) is an emerging design paradigm for next-generation wireless networks according
to which the propagation environment enters in the loop of the system design and optimization. This is possible
through the introduction of reconfigurable intelligent surfaces (RISs) that allow to dynamically control the radio
propagation environment to improve the performance of wireless-based applications with reduced or efficient
hardware infrastructure [2,3]. As it will be detailed later, a RIS can be realized using conventional antenna array
technologies or metasurfaces made of metamaterial. While the transition from theoretical concepts and new ideas
to precise definitions and applications is ongoing, a key attribute defining RISs is their dynamic response
reconfigurability, achieved with low-cost hardware, thereby holding the potential for high energy efficiency [4,5].
However, to determine the actual benefits of the RIS technology in terms of cost, performance, and energy
efficiency, rigorous quantification is essential, and these benefits are application-dependent, competing with
alternative technologies such as active multi-antenna relays and smart repeaters [5]. Nevertheless, theoretical [6],
algorithmic [7], and experimental [8] works within the established community demonstrate clear advancements
and value propositions in many contexts even though in many others their potential advantage is not completely
clear [9].

Within these diverse fields of application, RISs play a crucial role in the realm of electromagnetic wave control and
manipulation. The spectrum of capabilities they offer is extensive, encompassing reflections, refractions,
absorptions, and focusing, which collectively contribute to reshaping and directing electromagnetic waves in the
radio propagation environment. Furthermore, RISs exhibit the capacity for manipulating the polarization of
electromagnetic waves, thereby enhancing the adaptability of these surfaces to varying communication scenarios.
The capability for beam splitting, focusing, and steering further extends the potential applications of RIS technology
in wireless communication systems. Beyond these fundamental manipulations, RISs facilitate analogue processing,
offering a unique approach to signal modification and enhancement. Additionally, they support collimation, a
process that aligns electromagnetic waves into parallel beams, contributing to efficiency in communication and
precision in sensing applications. Moreover, the ability to modify the amplitude and phase of electromagnetic
waves enhances the fine-tuning capabilities of RISs, allowing for advanced control over signal properties. This
versatility in electromagnetic wave control positions RISs as promising candidates for addressing the complex
challenges and demands of modern wireless communication systems. RISs find applications in communication [10],
sensing [11] (e.g., human activity recognition [12] and digital twins [13]), as well as localization/tracking [14] and
detection of passive objects [15]. Ongoing research is exploring new directions, leveraging RISs for
mapping/imaging to reconstruct a high-fidelity and resolution map of the surrounding radio environment and
detect the presence of unknown objects within it [16].

In the framework of the 6G-SHINE project, the introduced RIS taxonomy functions as a systematic framework for
comprehending and categorizing diverse functionalities of RISs. It facilitates the identification of potential
modalities for their application in the scenarios outlined in the 6G-SHINE project. Drawing upon existing literature
[17,18,19], this taxonomy utilizes varied criteria for the classification of RISs, considering their operational features,
functionalities, and implementations. The resulting classification, delineated in Table 4, provides a comprehensive
overview of the nuanced roles that RISs can undertake in wireless communication, sensing, and related
applications. This methodical approach enhances the systematic exploration and comprehension of potential
applications and benefits associated with RIS technology in the context of the 6G-SHINE project.

Page 13 of 67



Project: 101095738 — 6G-SHINE-HORIZON-JU-SNS-2022

TABLE 4 RIS CLASSIFICATION

Feature

Type

Reconfigurability

e Reconfigurable surface (RIS)
e Static surface (N-RIS, smart skin)

Local vs global boundary e Diagonal
conditions e Non-diagonal
Power e Passive
e Active
Selectivity e Space-time selective

e Space-frequency selective (metaprism)

Data bearing

e No data bearing
e Data bearing (e.g., coding metasurfaces)

Reflecting / Transmitting

e R-RIS/T-RIS

Implementation technology

e Metasurfaces-based

e Antenna arrays-based

The RISs’ classification can be structured into multiple categories, each delineated by distinct characteristics that
significantly influence their operational capabilities.

The first feature pertains to reconfigurability, distinguishing between reconfigurable surfaces and static surfaces
(non-reconfigurable) [19]. Reconfigurable surfaces have the capability to dynamically adapt and alter their
properties. Depending on the reconfiguration rate (today up to 1 million conf/s), the platform can be sufficiently
flexible for real-time adjustments in response to changing communication conditions. This implies that they need
a dedicated control channel with associated protocol and signalling overhead as well as a power supply for the
control logic even though they might be passive from the electromagnetic (EM) point of view. In contrast, static
surfaces are configured during the fabrication process and hence lack the ability to undergo dynamic
transformations. However, they require neither a power supply (fully passive) nor a dedicated control channel.
They are often referred to as smart skin [20]. In the following we will call them non-reconfigurable intelligent
surfaces (N-RIS) even though we will use the term RIS to denote generic intelligent surface.

The second category focuses on the type of EM boundaries imposed by the RIS. When boundaries are local, the
reflected EM field at a certain surface location/element depends only on the incident EM field at the same
location/element. Instead, global boundaries refer to the case where the reflected EM field at a certain surface
location/element might depend also on the incident field in a different location/element provided that the overall
RIS is passive. This means that locally, the reflection coefficient might be larger than one (amplification) even
though the RIS is passive because of the coupling between the different elements. In terms of modelling, this
classification distinguishes between diagonal and non-diagonal matrices, reflecting the configuration of the phase
shifts imparted by the intelligent surface. Diagonal matrices imply independent adjustments to each element and
local boundary conditions, whereas non-diagonal matrices denote interdependence among the phase shifts and
global boundary conditions and allow for spatial selectivity, as investigated in section 3.2 [21].

The third feature focuses on the power aspect, discerning between EM passive and active RISs. Passive RISs rely

on the reflection and manipulation of incident signals without additional energy input, whereas active RISs
incorporate powered elements that actively contribute to reinforce the reflected EM wave. Often, active RISs are
referred to as smart repeaters or Network Control Repeaters (NCRs).

Another characteristic of the RIS technology is selectivity. It is a versatile feature that allows for tailored control
over electromagnetic waves. Space-time selectivity enables dynamic adjustments in both spatial and temporal
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domains, as seen in [22], while space-frequency selectivity, as seen in metaprisms, adds an additional layer of
control by selectively manipulating different frequency components based on their spatial characteristics. These
capabilities make RISs powerful tools for applications in communication, sensing, and other areas of
electromagnetic wave manipulation. Regarding frequency-selective antennas, literature [23,24,25] provide
insights where the reflective properties of the metasurface-based surfaces are dependent on the frequency of the
incident signal. Spatial selectivity typically refers to the capability of reflecting a signal coming only from a specific
direction and as highlighted previously, require non-diagonal structures imposing global boundaries.

In the context of RIS, data bearing means that the surface is designed or configured to carry information in
backscatter mode or used as a smart transmitting or receiving antenna. In backscatter mode, the information can
be encoded in the way the surface interacts with incident electromagnetic waves, altering their phase, amplitude,
or polarization based on specific coding schemes. Backscatter Communication (BackCom) is based on passive
reflection and modulation of an incident wave, has emerged as a cutting-edge technological paradigm for self-
sustainable Internet-of-things (loT). Nevertheless, contemporary BackCom systems are limited to short-range and
low data rate applications only, rendering them insufficient on their own to support pervasive connectivity among
the massive number of loT devices. In this regard, RISs have come to the forefront to improve the propagation
conditions by passive signal reflections, in fact the reflected signal can be combined with direct link signals, either
constructively, to boost the received signal strength, or destructively, to attenuate the co-channel interference,
hence improving overall system performance [26, 27]. In [28] a self-conjugating metasurface (SCM) is a type of
phased array antenna system designed to automatically align itself with the direction of an incoming signal. The
key principle behind retrodirective antenna arrays is to retransmit a received signal back to the source, and this
retransmitted signal carries information that enables the source to adjust and align the transmission path. They
have applications in various fields, including radar systems, satellite communication, and wireless networks. They
offer a self-aligning capability, making them valuable in situations where maintaining a stable and reliable
communication link is essential. In the context of intelligent surfaces used as antennas, it is worth mentioning the
dynamic metasurface antenna (DMA) which introduces the concept of real-time reconfigurability, allowing
adaptive adjustments to the radio environment as communication conditions evolve. DMAs, as transceiver
architectures, employ meta-elements as the RF front end, showcasing hybrid beamforming capabilities with both
analogue and digital signal processing [29]. Other examples are the coding metasurfaces, that are a specific type
of metasurface designed to encode information in the electromagnetic response. By carefully engineering the
properties of individual meta-elements, coding metasurfaces can be programmed to perform specific tasks or
communicate information to receiving devices [30]. Coding metasurfaces use a pattern or code in the arrangement
of their meta-elements to control the interaction with incident electromagnetic waves. This code is designed to
achieve specific functionalities, such as beam steering, focusing, or polarization conversion. They find applications
in areas such as imaging, communication, and sensing. A RIS with integrated sensing capability has been proposed
in [31].

The RISs can be used mainly in two different ways: as reflecting or transmitting RIS. The Reflecting-RIS (R-RIS)

[32,33,34] is primarily designed to manipulate incoming electromagnetic waves by reflecting them in a controllable
manner. The surface elements of the RIS can adjust the phase, amplitude, or polarization of incident waves to
achieve specific outcomes, such as beam steering, signal enhancement, or interference suppression through
reflective mechanisms. On the other hand, a Transmitting-RIS (T-RIS) [35] is designed to allow electromagnetic
waves to pass through the surface with controllable characteristics. The surface elements of the RIS can be
adjusted to modify the transmitted waves' properties, such as their phase, amplitude, or polarization, to achieve
specific objectives, like beam shaping or optimizing the link quality.

Regarding the RIS’ implementation technologies, a rough classification can be done between RISs whose cells can

be seen as small radiating elements with tuneable load impedance [36,37,38, 39, 40-43], i.e., using volumetric
metamaterials with several wavelength thick or simply conventional antenna arrays with dynamic loads (array-
type RISs), and subwavelength metasurfaces producing a modification of the EM field which can be modelled as
impedance sheets [44, 45, 46, 47, 48].
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The RIS configured as arrays of tuneable radiating antenna elements allow for dynamic adjustments to selectively
control the direction, polarization, and phase of impinging electromagnetic waves, thereby enabling optimal
beamforming, polarization control, and phase modulation for customized communication channels. Simplifying,
each element of the antenna-array-based RIS is an antenna whose load can be configured to change dynamically
the way the element backscatters the impinging EM wave. Typically, pin-diodes are used to change the load.

The concept of metamaterials and metasurfaces was born in electromagnetics in 2000, and then, extended to
other fields of physics (acoustics, mechanics, thermodynamics, etc.) [9]. With reference to the last decades, we
can identify three main generations of metasurfaces. The first generation of metasurfaces is characterized by
structures whose electromagnetic response does not change in space and time. Typical applications in antenna
systems are cloaking devices, lenses, polarization transformers, wide-angle impedance matching sheets, spatial
filters, high-impedance surfaces and artificial magnetic conductors, etc. The second generation includes
inhomogeneous structures (quasiperiodic, gradient structures) exhibiting a surface impedance that varies point by
point. Metasurface-based RISs are made of metamaterial and are composed of many closely spaced sub-
wavelength unit cells (e.g., 1/10 of the wavelength), often called meta-atoms. This dense presence of meta-atoms
makes the metasurface acting as an impedance sheet, altering surface impedance characteristics to influence the
interaction with the impinging EM field. This alteration determines the EM boundary conditions imposed by the
surface that facilitate enhanced impedance matching, beam steering, and improved communication outcomes
through the tailored manipulation of reflected and transmitted electromagnetic waves [49]. Metamaterials are
artificially engineered materials whose properties go beyond what Nature offers. Typical applications in antenna
systems are: metasurface antennas, beam pointing towards anomalous directions, etc. The third generation is
characterized by homogeneous and inhomogeneous structures whose properties are controlled in time [9]. The
ability to control the properties in both space and time allows implementing tunable, time-modulated,
reconfigurable, and programmable metasurfaces. Metasurfaces may provide full control of the reflected and
transmitted electromagnetic fields. In Figure 1, the main functionalities that can be realized using metasurfaces
are illustrated, in particular they are (a) bandpass frequency selective surface; (b) bandstop frequency selective
surface; (c) high-impedance surface; (d) narrowband perfect absorber; (e) twist polarizer; (f) right-handed circular-
polarization frequency selective surface; (g) linear-to-circular polarization converter; (h) two-dimensional leaky-
wave antenna with a conical-beam pattern; (i) focusing transmit array; (j) focusing reflect array; (k) at Luneburg
lens; (1) hologram. The degrees of freedom available in the third generation of metasurfaces make them a unique
tool for designing a new generation of antenna systems and a key-enabling technology for future (beyond 5G)
communication systems.
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Focus Focus

FIGURE 1 SELECTED FUNCTIONALITIES OF METASURFACES [44].

Surveys on the main technologies adopted to realize metasurfaces can be found in [44, 19], whereas surveys on
the main applications of metasurface in the field of wireless communications can be found in [50, 51,52,53,54,55].
It is obvious that the metasurface-based RIS is a sophisticated concept which requires a complex fabrication
process. Recently, metagrating based-RIS has been introduced [56] using a periodic array of scatterers. Compared
to the metasurface, only the scatterers of the metagrating are sub-wavelength, while the distance between them
is comparable to wavelength. This allows it to be significantly simpler to fabricate and can afford broader
bandwidths because of the larger footprint of the constituent elements.

Finally, it is worth mentioning the novel concept of hybrid reflecting RISs has been recently proposed as a promising
unification of conventional RISs and relays, to facilitate the creation of an enhanced intelligent and reconfigurable
environment [57]. Another very promising opportunity offered by metasurfaces is the possibility to perform some
processing operations directly at the EM level with consequent significant reduction in terms of complexity, cost,
energy consumption, latency, and size compared to the digital counterpart. In this perspective, an example is given
by the Stacked Intelligent Metasurfaces (or Stacked RIS) [58,59]. A stacked RIS refers to a configuration where
multiple RIS layers are vertically stacked on top of each other. Each RIS layer is a planar structure comprising
numerous passive elements, such as reflective or refractive units, that can manipulate the phase and amplitude of
incoming electromagnetic waves. The vertical arrangement of multiple RIS layers allows for increased degrees of
freedom in shaping and redirecting the incident waves. This stacking enables more intricate control over the signal
propagation environment, offering the potential for improved signal quality, coverage, and link performance. The
individual RIS layers can be dynamically adjusted to adapt to changing communication conditions or user
requirements, providing a versatile and adaptive solution for wireless communication.

In summary, the classification of RIS technologies unveils a diverse array of methodologies and possible
employments, each offering unique advantages in optimizing wireless communication. These categories highlight
the versatile applications and potential contributions of RIS technologies in advancing the concept of a smart radio
environment.
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2.2 RIS MODELS

As illustrated in the previous section, there are several types of RISs as well as several technologies to realize them,
each of them obeying a specific model. In the following, we will focus on the models associated with the most
widely used types of RIS, respectively, the RIS made of an array of tuneable elements and RIS made of a
metasurface acting as an impedance sheet.

2.2.1 ARRAYS OF TUNABLE RADIATING ANTENNA ELEMENTS

This implementation typically makes use of standard antenna array technology therefore qualifying it as a
metasurface is improper. Nevertheless, it has earned significant attention within the realm of RIS due to its relative
ease of achieving reconfigurable surfaces and most of today prototypes and products rely on it. Considering a RIS
composed of a planar array consisting of N x M cells (i.e., antenna elements), a comprehensive equivalent model
of the (n, m)-th cell of the metasurface positioned at p,, as illustrated in Figure 2.
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element of the cell

FIGURE 2 METASURFACE COMPOSED OF ELEMENTARY CELL. [23]

This model comprises a radiation element (antenna) positioned above a ground screen loaded with a cell-specific
impedance Z,,,, wheren = 1,2,...,Nandm = 1,2, ..., M. Like conventional antenna arrays, the cells are typically

separated by % with 1 denoting the wavelength. The load impedance is designed to be unmatched with the

antenna impedance Z, , leading to the generation of a reflected wave that is emitted back by the radiation
element, i.e., backscattering. The corresponding reflection coefficient in the presence of an incident plane wave
with a 3D angle 0;,. = (0;nc) Pinc) and observed at an angle © = (0, ¢) is given by [36,37]

Tum (Oine ©) = VF (O )F(0)G:Thm = Brm (Oime, ©)eiPnm

where we adopt the conventional spherical coordinate system in which it holds ¢ € [0,2) (azimuth) and 8 €
[0, m)(inclination). Here, F (@)represents the normalized power radiation pattern, accounting for potential non
isotropic behaviour, of the radiation element; G, is the boresight antenna gain; [,,,, denotes the cell-specific load
reflection coefficient, B, (Oine, ©) is the reflection coefficient amplitude, and ¢,,,,, is the reflection coefficient
phase. Note that a more rigorous model should also account for the signal reflected by the antenna according to
its structural radar cross section component. F(0) is given by
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cos?(8), 06¢€[0,r/2),¢ €[0,2rm)
0, otherwise

F(6) = {

The parameter g is contingent upon the specific technology adopted and the dimension of the cell, and it is
correlated with the boresight gain, i.e., G, = 2(q + 1). Following an approach similar to [37], one possibility is to

. . . 4 . .
set G, so that the effective area of the cell A, is equal to the area of the cell, i.e., G, = Acf, assuming an ideal

radiation efficiency. Considering a cell with '51 it follows that G, = 5dBi and q = 0.57. A similar model is

presented in [3] with g = 3. The load reflection coefficient is given by

I =an_ ZO
" Zem o

Through meticulous design of the impedance Z,,, at each cell, diverse reflective behaviours of the metasurface
can be achieved. As indicated in the previous equation, it becomes apparent that realizing the ideal model, which
assumes a maximum (unit) reflection amplitude regardless of phase shift—commonly employed in the literature—
is challenging in practical applications. Specifically, the minimum amplitude occurs near zero phase shift and
approaches unity at —m and . This phenomenon arises because as the phase shift approaches zero, image
currents align in-phase with reflecting element currents, resulting in increased energy loss and consequently lower
reflection amplitude. Additionally, the resistive component of Z,,, cannot be zero in practice. For instance,
varactor diodes, typically employed in realizing programmable RISs, exhibit a typical resistance of 2.5 Ohm.
Consequently, RISs must strike a balance between reflection amplitude and phase alignment [60].

The model does not account for mutual coupling that may arise between closely situated cells, potentially
impacting the optimization and performance of RIS-aided wireless communication. In [61], the authors develop a
circuit-based model where cells are characterized as coupled short dipoles, representing the RIS in terms of
impedance matrices conducive to optimization tools [62]. However, this model does not consider the potential
presence of a shielding plane near the RIS and diverse antenna element structures. A recent example of an accurate
yet straightforward analytical model for computing the reflection amplitude and phase of RIS can be found in
[62,32]. This model relies on a transmission line circuit representation of the RIS, encompassing the physics behind
the structure, including the impact of all pertinent geometrical and electrical parameters. The proposed
representation of the RIS enables consideration of the effects of incidence angle, mutual coupling among elements,
and the interaction of the periodic surface with the RIS ground plane.

In the context of frequency-selective and passive metasurfaces — metaprism - mentioned in section Error!
Reference source not found., the load reflection coefficient [}, is frequency-dependent and, according to its
design, it is possible to realize different reflecting behaviour of the metasurface.
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FIGURE 3 RIS-AIDED NLOS SCENARIO IN AN INDUSTRIAL IN X-SUBNETWORK

Transitioning to a system level use of the model, let us consider the reference scenario in Figure 3, representing
an industrial subnetwork with a high density of sensors in a specific three-dimensional space requiring coverage
even in Non-Line-of-Sight (NLOS) conditions due to obstacles. The RIS facilitates the establishment of a virtual Line-
of-Sight (LOS) propagation condition between the transmitter (TX) and the monitored area. Suppose that the TX is
equipped with an antenna array composed of N, antennas and the RX with Nr antennas. The RIS has K = NxM
cells each of them characterized by the reflection coefficient r;,,,, , n = 1,2,...,N,m = 1,2,... M, defined before.
We stack the K coefficients into the vector r of size K and define the diagonal K x K matrix ® = diag(r) (often
denoted to as T) characterizing the reflection characteristics of the RIS. Denote with G, the K x Nt channel matrix
of the MIMO link TX-RIS and with G, the N7 x K channel matrix of the MIMO link RIS-RX. The cascade TX-RIS-RX
channel is given by [63]

G = qu)Gz

with

2nnd, 2nmd,,
Dy = _T (Ux(Ojne) + U (0)) — 1

(uy (einc) + uy (@))

where we have defined the quantitiesu, u, = sin6 cos(¢), u, =sinfsing, andd, = d, = %, being d,, and

d,, the elements spacing in the x and y directions, respectively.

In the near field propagation regime, where the plane wave approximation no longer holds, the design of the RIS
becomes more challenging. In [63], the optimal configuration of the RIS that maximises the mutual information
has been found. In particular, it is shown that in general the optimal RIS must be characterized by a non-diagonal
matrix @ even though for conventional geometry the adoption of a diagonal RIS provides a good approximation.

The model for the reflection coefficients 1,,,, above implicitly assumes that no coupling is present between the
elements of the RIS leading to a diagonal matrix @. To ensure broader applicability, RISs characterized by a non-
diagonal matrix ® have been introduced [64,65,66], where also the coupling between elements can be tuned thus
offering more design flexibility and spatial selectivity at the expense of a higher complexity (see also section 3.2).
In any case, due to the passive and lossless attributes inherent in the RIS, the matrix must be unitary, i.e., @Hd =
I. A non-diagonal low-rank matrix can also be obtained through a NCR which has been standardized in 3GPP Rel-
18 [104,105].
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2.2.2 METASURFACES AS IMPEDANCE SHEET

Typically, metasurface-based RISs are characterized by an extremely thin nature (i.e., thickness much smaller than
the wavelength) [33, 34, 40, 41, 42,44, 45, 46, 47, 55]. The composite structure constituting these metasurfaces is
assumed to exhibit material-like behaviour in the electromagnetic sense, allowing for homogenization on the
wavelength scale. Consequently, the metasurface can be effectively characterized by its surface-averaged
properties. The parameters of these metasurfaces result from the two-dimensional surface averaging of
microscopic currents on the same wavelength scale. This implies that the unit cell sizes of composite metasurfaces
are considerably smaller compared to the wavelength.

In terms of EM response, these metasurfaces reflect and transmit plane waves akin to sheets of homogeneous
materials (referred to as impedance sheets), distinguishing them from diffraction gratings that produce multiple
diffraction lobes. Metasurfaces can be conceptualized as effective two-dimensional structures designed to control
the relationships between EM field values on the two sides of the engineered sheet. This enables the realization
of complete control over reflected and transmitted waves using a thin sheet. Following Huygens' principle, the
electromagnetic fields generated by arbitrary sources in a given volume V' can be represented by equivalent
currents on the surface of that volume [44]. The conventional approach of utilizing metamaterials for controlling
and transforming electromagnetic fields involves engineering artificial materials in such a way that induced
polarization and conduction currents act as secondary sources, creating the desired fields inside or outside the
metamaterial sample.

Metasurfaces that are electrically and magnetically polarizable, with thickness much less than the wavelength, can
be constructed using small orthogonal electric and magnetic dipoles tangential to the surface. These dipoles, acting
as meta-atoms or unit cells, generate surface magnetic currents and electric currents, forming a dense set of
Huygens sources [45, 43]. For instance, an omega-shaped particle proposed in [67], can serve as meta-atom.
Generally, a metasurface is a composite planar layer comprising periodically arranged electrically small cells, which
are polarizable both electrically and magnetically. The electromagnetic properties of these cells can be described
by linear relations between the induced electric and magnetic dipole moments and the incident fields at the cell
positions. The amplitudes and phases of the reflected and transmitted plane waves depend solely on the surface-
averaged electric and magnetic current densities /, and J,,,, flowing on the metasurface, which are related to the
induced cell dipole moments. Homogenization models elucidate the relationships between the induced surface
current densities and the averaged electric and magnetic fields on the metasurface. These models express the
relations between the surface-averaged tangential electric and magnetic fields on the two sides of the metasurface
since surface current densities are equivalent to jumps in the tangential components of the surface-averaged fields
[68].

In this context, we focus on perfectly reflecting metasurfaces, which have garnered significant attention in the
communication theory community. However, recent interest in hybrid reflecting/transmitting metasurfaces has
emerged within the same community [69]. In the case of perfectly reflecting metasurfaces, assuming zero fields
behind the metasurface, the boundary condition at a location x on the surface can be expressed as

E.(x) = Z(x)n X H,(x)

In the context where E;(x) and H.(x) represent the tangential electric and magnetic fields, respectively, n is the
vector perpendicular to the surface, and Z(x) denotes the impedance of the surface, the tangential components
of the wavevector dictate the variation of Z(x) along the axis x. For the sake of simplicity in illustration, we
consider the variation of Z(x) along the axis x, which is directed along the tangential component of the
wavevector. Depending on the specific technology employed, the position-dependent impedance of the surface
(impedance sheet) can be intentionally designed. The methodology for mapping the desired impedance profile to
the specific design of each unit cell composing the metasurface is contingent on the technology in use. Examples
illustrating this mapping process can be found in [47, 48, 50, 51, 33], as well as in related references.
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The prevailing method for characterizing a reflecting metasurface, often referred to as a metamirror, involves the
application of the generalized reflection law, a concept commonly used in optics. This characterization is achieved
by assuming a single incident and reflected plane waves. As per the generalized reflection law, the local reflection
coefficient is defined as the ratio between the incident and reflected tangential electric fields at each point x of
the metasurface [47, 48, 70, 48].

E (@)
Q)
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r@) = fx) et =

n

FIGURE 4 ILLUSTRATION OF THE DESIRED PERFORMANCE OF AN IDEALLY REFLECTING METASURFACE AS IMPEDANCE SHEET [33].

where ¢(x) and ©(x) represent the position-dependent reflection amplitude and phase, respectively. Consider
the scenario where the design objective is to achieve complete reflection of a plane wave originating from a specific
direction 6; into another plane wave propagating in a different and arbitrary direction 8, (refer to Figure 4). In this
case, we examine the situation where the polarization of the reflected wave aligns with that of the incident wave
and involves transversal electric (TE) incidence so that

EP(x) = ED (x)

EX(x) = ED (x)

i ®
H? (x) = cos(8)HO(x) = cos(@i)E S
@)
ng)(x) = —cos(8,)H (x) = —COS(Qr)E U(X)

where 7 is the free-space impedance. The incident and reflected electric fields on the metasurfaces (setting
B (x) = 1 for full reflection) are
ED (x) = EO(x)e jksin(@x
E® (x) = EO(x)r(x) = EMeJksin(6x +jé¢(x)

In the given context, where k =27” is the wave number, and E®(x) = E™(x) we maintain generality by
assuming that the reflected plane wave can exhibit any desired phase shift ¢p(x) concerning the incident wave.
Employing these notations, the origin of the x axis can be selected such that both E® and E™ are real-valued
vectors. In this scenario, the desired field distribution at the surface of the metasurface is the superposition of two
plane waves, that are the incident and reflected waves:

E.(x) = EX(x) + E(x)

H,(x) = HO(x)+ HO (%)
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By substitution we obtain
E,(x) = EO(x)e /ksin®dx 4 ) g=iksin(6)x +jg(x)

™

®
H,(x) =ET(’C) eiksin(@)x 4 2 p=jlesin(8)x + j(x)

To obtain a reflection angle 8,, the phase of the reflection coefficient must satisfy the following relationship
ksin(6;) x + ¢(x) =k sin(6,) x .

It is noteworthy that the phase does not exhibit uniformity across the surface. By differentiating the equation, one
can ascertain the relationship between the incidence and refraction angles in relation to the gradient of the
reflection coefficient phase.

de(x) . .

dx k(sin(6;) — sin(6,.)) .
This outcome implies the most straightforward method for implementing refractive surfaces: creating a locally
periodic surface where the absolute value of the transmission coefficient is unity (representing a lossless Huygens'
sheet), and the phase of the transmission coefficient linearly varies as described in the previous equation. The
surface impedance of such a metasurface, capable of generating a single plane wave in the desired direction, can
be determined by combining previous formulas such that

e—j k sin(6;) x + e—j k sin(6y) x

cos(8;)e T ksin@)x — cos(h,)e~J ksin@r)x *

Z(x) =n

Nevertheless, adopting this approach does not yield the desired perfect reflection. Subsequently, we will elucidate
how the intended performance can be achieved precisely [48]. In essence, ®(x) =1 (or more generally
@(x) < 1) implies imposing local passivity (or passiveness with losses) on the metasurface. In such a scenario, the
power efficiency of the metasurface, defined as the ratio between the power of the reflected plane wave and the

power of the incident plane wave, indicates that an increase in the reflection angle results in a decrease in power

cos © . . . . . .
cos@r . Indeed, achieving ideal reflection into a single plane wave without any power loss
i

is feasible, but only if we permit periodic flow of power into the metamirror structure and back into space. It can

efficiency by a factor of

be demonstrated that this holds if the amplitude of the reflection coefficient equals [48]

__ cos(8y)
px) = Jcos(6,) °

While the metasurface achieves the intended function perfectly, it is imperative to note that the response must
exhibit strong nonlocal characteristics: the power absorbed in specific regions of the metasurface structure must
be propelled back from other areas. Alternatively, perfect reflection can be attained if the metasurface
incorporates active and lossy elements, albeit maintaining an overall lossless nature when averaged over the
surface area. This, however, comes at the cost of increased implementation complexity. In essence, the
metasurface is not locally passive but globally passive. The primary constraints of the design based on the
generalized reflection law, typical in optics, are associated with the assumption of an infinite-sized surface and the
local homogeneity assumption. It is crucial to observe that, in accordance with the definition of §(x), the local
reflection coefficient establishes the relationship between the incident and reflected fields for each point as if the
metasurface were locally homogeneous. This implies that waves incident at any point are specularly reflected,
albeit with varying phases at different points. Consequently, employing the local reflection coefficient for
modelling metasurfaces in far-field scattering calculations may not always be accurate. A homogeneous interface,
such as the boundary between two plain dielectrics, supports specular reflection. In this case, when illuminated by
a plane wave, any percentage of power reflected by such an interface is directed into a single wave propagating
away from the surface in the mirror direction. However, when the interface is not homogeneous, the scattered
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wave is generally a combination of all plane waves in the radiation continuum. For a periodic structure, their
integral sum straightforwardly reduces to discrete waves propagating toward specific directions, representing the
discrete diffraction orders. As per the Floquet theory, periodical variations in metasurface properties give rise to
multiple diffracted modes dependent on the illumination angle, period, and frequency.

Ground

FIGURE 5 FLoQUET MODESs [47]

Specifically, in accordance with the Floquet theory, selecting the spatial periodicity of the structure, D, along the
x-axis enables the definition of the propagation directions of reflected modes. When an infinite periodic
metasurface is illuminated by a plane wave at the incident angle 8;, the reflected field is defined as a superposition
of plane waves propagating in different directions, as illustrated in Figure 7, according to the relation [47, 71]

. . 2mn
sin 8,.,, = sinf; + %D
where 6,.,, represents the reflection angles of the propagating harmonics with an indexn = ...,—2,—1,0,1, ....

The presence of multiple propagation directions precludes the use of a singular reflection coefficient. To address
this, a reflection coefficient for modelling metasurfaces has been introduced in [71], defined as a composite of
individual reflection coefficients for each propagating reflected mode as

T'(X) — Z rne—jk(sinem —sinf;)x

n

where 1, represents the ratios of the complex amplitudes of the propagating Floquet harmonics for the tangential
reflected and incident electric field components at the metasurface plane. These coefficients correspond to the
individual reflection coefficients for each propagating diffracted mode. The effective reflection coefficient defined
by the aforementioned formula characterizes the macroscopic response of the metasurface and proves valuable
in calculating the reflected and scattered fields in the far-field. Its utility becomes evident when characterizing the
angular response of the metasurface for arbitrary illuminations, providing effective design tools for wireless
communication systems and other applications. This is particularly essential in realistic dynamic or multipath
scenarios where metasurfaces are illuminated from various directions and observed from angles different from
the intended reflection angle.

To compute the individual reflection coefficients of each reflected mode and, consequently, the macroscopic
reflection coefficient r(x) defined above, the starting point involves imposing a spatially varying surface
impedance. This impedance can always be locally defined as the ratio between the tangential components of the
surface-averaged electric and magnetic fields. The averaging is performed on the scale of the unit cells of the
metasurface. The surface impedance denoted as Z(x) is a periodic function of the coordinate x ( Z(x) = Z(x +
D) ). The incident power is distributed among the propagating modes based on the surface impedance of the
metasurface. The propagation direction of diffracted modes strongly depends on the illumination angle, and for
different illumination angles, the propagation directions of reflected waves change. Furthermore, this dependence
varies for different diffracted modes. The use of the surface impedance model enables the numerical investigation
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of power distribution among all diffracted modes are analysed using the mode-matching method, where the
amplitudes of all Floquet harmonics are computed by enforcing the impedance boundary condition. This method
has recently been applied to analyse metasurfaces, facilitating rapid calculations of scattering parameters [71].

While the above analysis serves as a valuable tool for infinite metasurfaces extending over a whole plane, it
becomes imperative to consider the scattering pattern of metasurfaces in realistic scenarios with finite sizes. A
number of approaches are available for real-life, finite-size metasurfaces. Of course, electromagnetic simulation
represents the reference, most accurate method. However, full-wave simulation is impractical when link-level or
system level simulation in presence of metasurfaces needs to be addressed due to the unbearable computation
time and/or memory requirements. Therefore, more efficient, simplified and yet electromagnetically consistent
methods, also known as “macroscopic models”, must be used. It is evident from the previous paragraphs that a
metasurface can be represented using a given surface impedance function, or in alternative using a proper
reflection coefficient, or better, “spatial modulation function”. In alternative periodic, or locally-periodic,
metasurfaces can be represented as diffraction gratings. Based on these descriptions, a number of models for real
metasurfaces have been proposed. In [71], a method based on Floquet harmonics is presented that provides
accurate expressions for the scattered field of finite-size periodic metasurfaces. The main analysis, however, is
limited to the far field only. The scattering of finite-size anomalous reflectors was explored in another recent study
[72] where physical optics and the vector Huygens principle are applied to model near-field and far-field scattering
from a finite-size RIS using an integral field expression.

Although not as rigorous as those mentioned above, the model proposed in [73] for reflecting metasurfaces, is
simpler and also takes into account the impact of diffuse scattering that may be caused by construction
inaccuracies, or phase errors with respect to the value of design, which are common when using control networks
with discrete-phase rotation states. The model assumes that the metasurface can be described as locally periodic,
and each surface element can be characterized using a “spatial modulation coefficient” and a few parameters
representing the relative intensities of the different reradiation mode, including the desired mode, the parasitic
modes and diffuse scattering, and must satisfy a physical soundness power balance:

N
Pi = PL'RZ Z my + Pl'T + PiSZ

n=1

where 1T represents the fraction of the incident power that is dissipated into heat, S?is the fraction of the incident
power that is scattered due to imperfections, and R? accounts for the corresponding attenuation of the N
reradiation modes of relative intensity m,. For each reradiation mode, the spatial modulation coefficient at surface
position (x,y) has the following form:

I(x,y) = R\my, A(x,y) exp(jx(x,y))

where A(x,y) and y(x,y) are the amplitude and phase modulation that the metasurface applies to the reradiated
field. Note that the amplitude term A (x, y) is introduced to take into account power transfer effects on the surface
in non-local metasurfaces. The spatial modulation coefficient can also be generalized into a matrix coefficient that
also takes into account polarization, as shown in [74]. The field is then computed for each reradiation mode using
a Huygens-based approach, while the so called “Effective Roughness” model is applied to compute the diffuse
scattering field. A “radiation integral” is used to compute each mode’s field as the superposition of the contribution
of wavelets generated by each surface element, in agreement with the Huygens approach.

A discrete version of the model, called “Antenna-Array-Like” (AAL) method, is then derived in section IIl.B of [73],
which has a simpler, discrete summation formulation, and greater computational efficiency. Moreover, it is very
suitable to model metasurfaces realized as arrays of tuneable antenna elements, for which it basically boils down
to an electromagnetically consistent version of the antenna array models described in section 2.2.1 of this
document.
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More recently, based on a similar parametric power-balance and spatial modulation coefficient representation, a
fully ray-based model has been derived for the computation of the field for each reradiation mode [74]. On the
base of the gradient of the local spatial modulation coefficient, the anomalous reflection angle of the reflected field
is computed. Moreover, using its second order derivatives, which are related to the local curvature of the
reradiated wavefront, the spreading factor of the ray is determined. Edge effects of finite-size metasurfaces are
also taken into account through a generalized version of Uniform Theory of Diffraction (UTD) theory that allows to
determine direction and characteristics of diffracted rays on the edge of the surface.

2.2.3 INTEGRATION OF RIS MODELS INTO RAY TRACING PLANNING TOOLS

In order to deploy RISs in a complex propagation environment, as the ones corresponding to the aforementioned
subnetworks and use cases, a planning tool able to efficiently predict the reradiated field by a RIS and its interaction
with the surrounding objects is needed.

Electromagnetic propagation in presence of a metasurface is a complex process that involves microscopic
propagation phenomena (coupling between meta-atoms, surface waves, etc.) within the metasurface structure.
Metasurfaces, and therefore RIS, are far from showing an ideal behaviour: they actually show dissipation,
diffraction, diffuse scattering and multiple reradiation modes, despite only one of them is usually the desired one.
Although microscopic propagation phenomena are crucial for the small-scale application of metasurface
technology to antennas and devices, only the overall, macroscopic behaviour in terms of radiative near-field and
far field scattering is relevant for their simulation, design and use for wireless networks. Full-wave, electromagnetic
methods that are necessary for proper simulation of the microscopic propagation phenomena are impractical for
the purpose due to their computational burden. A good trade-off between performance and accuracy is given by
ray tracing models, based on Geometric Optics and its extensions, such as the UTD. A suitable approach is then
based on the integration of ray tracing models with the macroscopic RIS reradiation models described in section
2.2.2 such as the AAL model or the fully ray-based approach.

In [75], the AAL model described in section 2.2.2 has been embedded into a 3D ray-tracing simulator developed at
CNIT [76]. Since the AAL model expresses anomalous reflection from the RIS as a sum of multiple contributions
from each one of its surface elements, and not as a set of rays that satisfy Geometric Optics rules, the AAL model
doesn’t seamlessly “blend” within the ray-tracing algorithm: anomalous reflection can only be handled in a
straightforward way as the last interaction of the ray-chain. Nevertheless, exploiting the reciprocity of the radio
link, and by swapping Tx and Rx positions for the purpose, we have been able to take into account also multiple-
bounce rays experiencing RIS scattering as the first interaction of the chain. The field contributions of such rays
have been added to the final result in order to obtain a realistic estimate of Radio Frequency (RF) coverage in
presence of a RIS.

A more general approach is the full integration in ray tracing tools of the macroscopic model presented in [74]:
being fully ray-based, such method does not suffer of the aforementioned limitation and the RIS can be located in
any point of the interaction chain. Moreover, this model is far more efficient than AAL and other Huygens-based
computation methods, while the degradation of the prediction accuracy is negligible, as shown in [74].
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2.3 IDENTIFICATION OF RIS TECHNOLOGIES/MODELS FOR IN-X SUBNETWORKS

In this section, for each use case of subnetworks categories described in WP2, the most suitable intelligent surface
technology, among those surveyed in section 2.1, is identified along with the purpose and expected benefit in terms
of KPIs improvement. This analysis must be intended as preliminary because it has to be corroborated by numerical
investigations. To this aim, for the most promising use cases, some preliminary design and optimization methods
are presented in sections 3, 4, and 5 and others will be developed and assessed in the next project period.

TABLE 5 SUITABLE RIS TECHNOLOGIES FOR CONSUMER SUBNETWORKS CATEGORY USE CASES

» Consumer Subnetworks Category Use Cases:
1. Immersive Education

— Description:
It aims to enhance interactive experience, beyond what it is possible within an ordinary classroom, or

for field excursions like historic sites, museums etc. To provide tutorial footage allowing an almost
“hands on” experience to be used with a generic device.
— RIS-aided KPIs : Full-duplex coverage extension at low cost and without additional latency

— Suitable RIS technology:
Purpose: Enable steering of beams towards individual users within a room.
Technology and design methods: RISs can be considered in this use case to cover slowly dynamic
situations where the movement of users is not predefined. Real-time optimization algorithms as well
as control protocols must be designed.

2. Indoor Interactive Gaming

— Description:
Extended reality (XR) in a place equipped with some equipment like sensors, the access point (AP) and

its antennas are placed in optimal location, and a high-end edge cloud server is located or attached
together with the AP. These sensors are used to obtain user(s) poses / orientations and then later to
be used for the XR scene generation. All of those sensor devices can communicate locally to an AP
within a subnetwork. There is also an edge cloud server that can be built-in to the AP or separately.
Game participants are wearing the Virtual Reality (VR) headsets and are equipped with sensors which
are attached to their bodies.

— RIS-aided KPIs: Full-duplex coverage extension at low cost and without additional latency

— Suitable RIS technology:
Purpose: Enable steering of beams towards individual users within a room
Technology and design methods: RISs can be considered in this use case to cover dynamic situations
where the movement of users/sensors is not predefined. Real-time optimization algorithms as well as
control protocols must be designed.

3. Virtual content production

— Description:
This use case is about virtual content production of live music. Performers produce 3D video content

that can be live or uploaded to social media. Performers in different locations perform live together.
Audience in different places far from the live studio (e.g., their home) can view content at different
angles of the production by using XR device. Multiple professional cameras and multiple microphones
are installed in a live studio where performer(s) will perform and are connected wirelessly with the
respective subnetworks. The performer(s) in different geographical location is(are) equipped with
similar installations.

— RIS-aided KPIs: High data rate. Full-duplex coverage extension at low cost and without additional
latency.

— Suitable RIS technology:
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Purpose: Enable steering of beams towards individual users within a room.

Technology and design methods: Since this use case is mainly indoor and in a stationary place, the RIS
would be an attractive technology to achieve ultra-high data rate. RIS could be useful for deploying
multiple transmission/reception points (TRP) operation with lower cost. In cases with multiple
subnetworks, RIS-induced interference may become problematic, wherefore non-diagonal RISs may be
superior.

Augmented Reality (AR) Navigation

Description:
The AR device via the glasses provides the augmented reality image containing the information that

could be useful to the user. The AR device may also be equipped with sensors, microphone, camera,
speaker, and communication module. An Artificial Intelligence (Al)/Machine Learning (ML) server is
used to assist the user by providing the user’s desired information based on various input to the server.
In practice, this operation is inspired by the usage of an Al/ML tool where the user asks a question, and
the answer is later provided by the AI/ML tool. In our case, the user may have interactive
communication so that she/he provides the enquiry and receives the intended information, such as
the best location and best route to the destination.

RIS-aided KPIs: Full-duplex coverage extension of NLOS conditions at low cost and without additional
latency

Suitable RIS technology:

Purpose: Enable steering of beams towards AR devices.

Technology and design methods: RISs can be considered in this use case to cover dynamic situations
where the movement of users/sensors is not predefined. Real-time optimization algorithms as well as
control protocols must be designed. The adoption of RISs in this use case appears very challenging and
its benefit not evident.

TABLE 6 SUITABLE RIS TECHNOLOGIES FOR INDUSTRIAL SUBNETWORKS USE CASES.

Industrial Subnetworks Use Cases:

Robot Control

Description:
Robot control operations are usually relying on wired industrial technologies such as Profinet

Isochronous Real-Time (IRT) or EtherCAT. This use case aims at translating such wired communication
technologies over wireless, while maintaining cycle times and expected quality of service. The purpose
of the use case is the control of moving and rotating parts in printing machines, force control, packaging
machines, or machine tool.

RIS-aided KPlIs:

Compared to relays or the deployment of additional APs, RIS allows to keep the latency and jitter at
the sub-ms and us levels, respectively, being the RIS passive from the EM viewpoint. In addition, the
generation of virtual paths through the RIS enhances the diversity and hence the reliability of the
wireless link. Since the subnetwork density can be very high, therefore generating potentially high level
of mutual interference, the presence of RISs might help in shaping the interference thus reducing its
effect and allowing the coexistence of a large number of sensors.

Suitable RIS technologies

Purpose: The RIS can be installed in proximity of robots and machineries, to create the favourable
propagation conditions, counteract blockage effects, increase the coverage, and limit the interference.
Technology and design methods: Both non-reconfigurable intelligent surfaces (N-RIS) and
reconfigurable intelligent surfaces (RIS) can be considered in this use case. N-RIS is suitable to extend
the coverage when the TX/RX are fixed or moving along the same pre-defined trajectory. The N-RIS can
be designed during the fabrication phase starting from Ray-tracing evaluations. RIS is suitable to cover
more dynamic situations where the movement is not predefined. In this case, real-time optimization
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algorithms as well as control protocol must be designed. For RISs, (i.e., not N-RIS), a non-diagonal
transfer matrix architecture offering spatial selectivity appears promising to avoid interference.

Unit test cell

Description:
A unit test cell is meant to perform quality assurance tasks of product parts in the manufacturing

process, as well as of devices used in the manufacturing process. For example, it can be used for
providing calibration and tolerance figures for actuators to be used in a factory, to make sure they
comply with predefined requirements during execution. The purpose of the use case is the quality
assurance tasks of product parts in the manufacturing process.

RIS-aided KPlIs:

RIS allows to keep the latency and jitter at the sub-ms and us levels, respectively. In addition, the
generation of virtual paths through the RIS enhances the diversity and hence the reliability of the
wireless link. To ensure support cycle times (below 1 ms) and the probability of having two consecutive
errors < 10/ RIS can be deployed to counteract blockage effects without increasing the latency.

Suitable RIS technology:

Purpose: The RIS can be installed in proximity of the cell to create the favourable propagation
conditions, counteract blockage effects, increase the coverage, and limit the interference.

Technology and design methods: N-RISs seem more appropriate for this use case. The N-RIS can be
designed during the fabrication phase starting from Ray-tracing characterization of the cell.

Visual inspection cell

Description:
A visual inspection cell performs quality assurance in the manufacturing process by means of video

feeds. The video feeds are processed, and quality control is performed, by eventually outputting
commands to actuators in case actions are to be taken for improving operation quality. The purpose
of the use case is the quality assurance in the manufacturing process by means of video feeds.
RIS-aided KPIs: N/A

Suitable RIS technology:
Purpose: The deployment of RISs appears not particularly advantageous in this use case.
Technology and design methods: N/A

Subnetworks swarms: subnetwork co-existence in factory hall

Description:
In many manufacturing processes, particularly those in the electronics or automotive sector, tasks can

be distributed among a swarm of smaller, specialized robots. Each robot is configured to perform a
specific function or a series of functions. Working in concert, these robotic swarms can assemble
intricate products with an expected level of efficiency that may surpass conventional assembly lines.
In this model, each robot not only performs its individual tasks but also shares information with the
other robots in the swarm.

RIS-aided KPlIs:
To ensure communication service availability with a minimum target value of 99.999%, RIS can be
deployed to counteract blockage effects without increasing the latency.

Suitable RIS technology:

Purpose: The RIS can be installed in proximity of machineries to create the favourable propagation
conditions, counteract blockage effects, increase the coverage, and limit the interference.

Technology and design methods: RISs can be considered in this use case to cover dynamic situations
where the movement of robots is not predefined. Real-time optimization algorithms as well as control
protocol must be designed. From the preliminary results presented in this delivery it can be concluded
that a NCR architecture appears to be a promising RIS technology; an NCR is a special type of RIS in
which the transfer matrix is low rank. As an alternative, a standard RIS with element permutation can
be considered; this is an example of a non-diagonal RIS architecture.

Subnetwork segmentation and management

Description:
The information technology (IT) infrastructure security is realized through horizontal and vertical
segmentation, or, in other words, through defence by depth and security zones. There is a certain
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target factory layout with a physical and logical plan of factory assets incl. sensors, actuators, robots,
Programmable Logic Controllers (PLCs), machines, etc. A subset of these assets needs to be put
together in the form of a subnetwork as they will jointly perform a production target along a value
chain.

RIS-aided KPIs: N/A

Suitable RIS technology:
Purpose: The deployment of RISs appears not particularly advantageous in this use case.
Technology and design methods: N/A

TABLE 7 SUITABLE RIS TECHNOLOGIES FOR IN-VEHICLE SUBNETWORKS CATEGORY USE CASES

In-Vehicle Subnetworks Category Use Cases:

Wireless zone electronic control unit (ECU): in-vehicle wireless subnetwork zone

Description:
In-vehicle zone is characterized by the presence of sensors and actuators that might support

automotive functions and systems from different in-vehicle domains. In the in-vehicle zone, there is
also a zone ECU that manages and controls the sensors and actuators that are located in this zone. This
use case considers that some of the cable links that connect the sensors/actuators to the zone ECU are
replaced by wireless connections and that the zone ECU also takes the role of an AP to manage these
wireless links.

RIS-aided KPIs: Increased coverage without the addition of latency and jitter.

Suitable RIS technology:

Purpose: To create the favourable propagation conditions inside the car hood / roof to increase the
coverage and limit the interference.

Technology and design methods: Non-reconfigurable intelligent surfaces (N-RIS), possibly non-
diagonal, represent the best solution for this use case. Their design is very scenario-specific requiring
off-line optimization algorithms exploiting ray-tracing tools.

Collaborative wireless zone ECUs: functions across multiple in-vehicle zones

Description:
This use case covers automotive systems and applications that require (or benefit from) collaboration

or offloading between functions, sensors and actuators located at different zones of the considered
6G-SHINE reference in-vehicle Electrical/Electronic (E/E) architecture. Each in-vehicle zone is
characterized by the presence of a wireless zone ECU, which integrates sensors and actuators that
might support automotive functions and systems of different in-vehicle domains. This use case covers
automotive systems and services that require for their execution the interaction and cooperation
between sensors, actuators and processing units located at different in-vehicle zones.

RIS-aided KPIs: N/A

Suitable RIS technology:
Purpose: The deployment of RISs appears not particularly advantageous in this use case.
Technology and design methods: N/A

Inter-subnetworks coordination: collaboration between subnetworks in intra/inter-vehicle
communications

Description:
There are two levels of Radio Resource Management (RRM):

1. Intra-vehicular RRM:

This optimizes the distribution of network resources among different components of the E/E
architecture within a vehicle, ensuring smooth and uninterrupted communication. It also involves
managing resources, for example, between different zones or components within the vehicle.

2. Inter-vehicular RRM:

This manages potential interference between adjacent vehicles to prevent any performance
degradation. This involves careful resource allocation to mitigate the risk of cross-vehicle interference,
which becomes especially important when vehicles are close to each other.
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This use case highlights the need for a sophisticated RRM system that can handle both these levels of
management efficiently, ensuring optimal performance of the wireless subnetworks in an automotive
E/E architecture.

RIS-aided KPIs: N/A

Suitable RIS technology:
Purpose: The deployment of RISs appears not particularly advantageous in this use case.
Technology and design methods: N/A

Virtual ECU: in-vehicle sensor data and functions processing at the 6G network edge

Description:
This use case focuses on integrating the in-vehicle network with the 6G parent network, following the

6G ‘network of networks’ paradigm. The goal is to seamlessly extend the in-vehicle embedded
computing capabilities to the edge/cloud. The connection from the in-vehicle network to the
edge/cloud is exploited in this use case to enable opportunistic offload and vehicle-network-cloud
cooperation to support advanced in-vehicle automotive functionalities critical for Autonomous Driving
(AD) and the continuous evolution and advancement of vehicles. This use case utilizes the high
capabilities of the in-vehicle High-Performance Computing Unit (HPCU) (and Connectivity Control Unit
- CCU) to act as the bridge between the in-vehicle network and the 6G parent network. In this use case,
the focus is on ensuring that offloading processing and functions from the in-vehicle network to the 6G
network does not affect service provisioning, even if there are changes in the quality-of-service levels
within the 6G parent network.

RIS-aided KPIs: N/A

Suitable RIS technology:
Purpose: The deployment of RISs appears not particularly advantageous in this use case.
Technology and design methods: N/A

Page 31 of 67




Project: 101095738 — 6G-SHINE-HORIZON-JU-SNS-2022

3 PRELIMINARY RESULTS ON INTERFERENCE AND CO-EXISTENCE ASPECTS IN RIS-
EQUIPPED SUBNETWORKS

In many industrial scenarios, a subnetwork is meant to co-exist with a microcell (e.g., an enterprise’s wireless
network). When the subnetwork is equipped with a RIS, potential problems arise. The reason being that the RIS
may reflect signals from the microcell. For a static intelligent surface (i.e., an N-RIS), this is not of any concern as,
from the microcell’s perspective, the surface could be seen as any other point of reflection. However, for RISs, said
reflections could be changed instantaneously, rendering the microcell with very little ability to estimate/predict
the reflections based on reference signals. In section 3.1, we take a closer look at this issue, and in particular
compare, from an interference perspective, two RIS implementations, namely a “standard RIS”, and a Network
Controlled Repeater (NCR). In section 3.2, novel spatially non-selective RISs are introduced as appealing solution
to mitigate or avoid interference.

3.1 CO-EXISTENCE OF RIS-EQUIPPED SUBNETWORKS WITH MICROCELLS
3.1.1 TARGET KPIs/KVIs AND USE CASES

The material to be presented is general and targets most use cases, but with a strong focus on the industrial ones
in which subnetworks are deployed within an already existing cell. Main KPIs addressed are interference mitigation
and communication support for a large number of nodes.

3.1.2 PROBLEM STATEMENT

We consider a subnetwork operating within a microcell. We consider two cases, (i) separate frequency bands for
the two networks, and (ii) the same frequency band. The effect that we study is that a RIS is reflecting all impinging
signals. This implies that a RIS may potentially cause interference to the microcell. Further, also for separate
frequency bands, the RIS may create interference as its reflection characteristics are typically not strongly
bandlimited.

Herein, we shall compare two RIS implementations, namely a “standard RIS”, and a Network Controlled Repeater
(NCR) [104]. Further information about these is provided in section 3.2. The setup is a microcell equipped with a
6G Base Station (BS) serving a User Equipment (UE), and a subnetwork equipped with an Element with High
Capabilities (HC) (or Element with Low Capabilities - LC) and a RIS/NCR serving a single SNE, as defined in
deliverable D2.2.

3.1.3 RESULTS ACHIEVED SO FAR

A simulator according to 3GPP’s 38.901 channel model, [77], has been implemented. The scenario considered is
the indoor factory model; see [77]. Parameters of the channel model are provided in Table 8 Parameters for the
simulator setup.

TABLE 8 PARAMETERS FOR THE SIMULATOR SETUP.

Parameter Value

Channel model TR 38.901

Scenario: HC — RIS/NCR Indoor factory, LOS with probability 1
Scenario: all other links Indoor factory, dense-high (= LOS with

probability dependent on distance)
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Dimension 120x60x10 m

Carrier frequency 3.8 GHz

Subcarrier spacing 15kHz

Number of subcarriers per system 512

Guard band between system 0

operating in different bands

RIS/NCR antenna Macro, 8dbi, TR 37.855
HC, 6G BS, and SNE antennas Isotropic

Number of antennas at SNE and UE 1
Number of antennas at HCand 6GBS 1

Polarization Single

RIS/NCR antennas 64

RIS/NCR amplification 30dB

RIS/NCR reflection bandwidth 1024 subcarriers (covers to bands)
HC, 6G BS, and RIS/NCR height 4m

SNE and UE heights Uniform between 0.5m and 1.5m

As shown in the table above, we consider single antenna for the HC, 6G BSs, UE, and SNE, while an M = 64
antenna element RIS/NCR is employed. Our simulations are performed with 512 subcarriers, and we have assumed
that the RIS has the same configuration across the entire band.

The received signal at the SNE, at subcarrier n, reads

Yin = hl,l,nxl,n + h2,1,nx2,n + xl,nsl,nTtl,n + xz,nsz,nTtl,n
while the received signal at the UE reads

Yon = hl,z,nxl,n + h2,2,nx2,n + xl,nsl,nth,n + xZ,nSZ,nTtZ,n
where

® hyq,isthescalar channel from the HC to the SNE at subcarrier n, h, , ,, is the scalar channel from the HC
to the UE at subcarrier n, h; ; , is the scalar channel from the 6G BS to the SNE at subcarrier n, and h; , ,
is the scalar channel from the 6G BS to the UE at subcarrier n.

e S;n and s, are the 1 X M channel vectors from the HC and the 6G BS to the M RIS antennas,
respectively, at subcarrier n.

e t;nandt,, arethe M X 1 channel vectors from the RIS to the HC and 6G BS, respectively, at subcarrier
n.

® Xx,nandx,, are the data symbols transmitted by the HC and the 6G BS, respectively, at subcarrier n. All
data symbols are independent and identically distributed.

o Tisthe M X M transfer function of the RIS.

For a standard RIS, we have that T = diag(exp(j¢p;) exp(i¢p,) ...exp(ipy)) where diag(-) is a diagonal matrix
with its argument along the main diagonal. However, for an NCR, we have a non-diagonal transfer function

T = [exp(ja;) ...exp(jay)]"[exp(jB1) -..exp(jBm)].

The difference between an NCR and a standard RIS is that the former is spatially selective, whereas the latter is
not (see section 3.2.3.1 for further information on spatially selectivity).
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The Signal-to-Interference Ratios (SIRs) at subcarrier n for the SNE and the UE, without any RIS, read, respectively,

% _ |h1,1,n|2 % _ |hZ,2,n|2
in — 2n —
|h2,1,n|2 |h'1,2,n|2
With the RIS present, the corresponding SIRs become
- |h1,1,n + Sl,nTtl,n|2 - |h2,2,n + SZ,nTtZ,n|2
yl,n - yz,n

|h2,1,n + SZ,nTtl,n|2 - |h1.2,n + Sl,nthz,n| .

In selecting the optimal T, the optimal strategy is to perform a joint optimization, e.g., the ensuing capacity from
T. This is SNR dependent and a very challenging optimization, wherefore we have chosen to optimize it according
to

T = arg max Z|51,nft1,n|2

n

This is, still, not a trivial optimization due to the fact that T is built up from phasors. In order to solve it, we have
relied on numerical optimization. We remark that the optimization is made for the subnetwork, i.e., the link HC-
SNE, without taking the direct link hy ;1 , into consideration. However, based on experiments beyond what is
presented herein, we have noted that this assumption does not significantly alter our conclusions. Finally, we
introduce the reference SIR.

_ |h1,1,n + Sl,nTtl,n|2

2
|h2nl

T1

which represents a benchmark SIR for a situation in which the RIS does not reflect any signal originating from 6G
BS towards the subnetwork SNE.

In what follows we present our observations on the average gains yy, ¥, ¥;,¥,, and 7; when averaged over
subcarriers (n) and channel realizations.

3.1.3.1. SAME FREQUENCY BAND FOR SUBNETWORK AND MICROCELL

We assume a simulation setup according to Figure 6 just below. The results for the averaged SIRs are provided in
Table 9 corresponding to Figure 6. From the results in Table 9, we may observe that a RIS implementation in fact
decreases the SIRs both for the subnetwork SNE and the microcell UE. We observe this by noting that y,, > 7p for

p = 1,2. However, by noting that 7; = 21.7 we can make the conclusion that the RIS is indeed boosting the
received signal at SNE, but unfortunately it also reflects the 6G BS’s signal towards the SNE, which results in an
overall loss.
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60
=
Subnetwork SNE in this area [E] .
l Macrocell UE in area (A) or (B)
50
RIS/NCR
40 H
- A
E 30| Iﬂ =
= s Microcell 6G BS
Subnetwork HC
20 1
10 H
0 1 1 1 i i 1
0 20 40 60 80 100 120
X [m]

FIGURE 6 AN INDOOR FACTORY MODEL IS ASSUMED, WITH TWO 6G BSS SHARING THE FREQUENCY BAND

TABLE 9 AVERAGE SIRS CORRESPONDING TO FIGURE 6

SIRs [dB] Y1 V2 2 Y, 51
RIS 10.7 10.8 8.6 9.3 22
NCR 10.7 10.8 12.2 6.7 22

For an NCR, the situation is somewhat different. For this case we have ¥, > y; so the NCR indeed increases the
SIR at the SNE. However, ¥, <y, which implies that the microcell UE experiences a 3.5 dB SIR drop due to
activation of the NCR. Althoughy, > y;, we still have a 10 dB gap to 7; which implies that the NCR is not very
efficient (due to interference). As a conclusion to this case, we may say that without the RIS/NCR, the subnetwork
and the microcell can indeed co-exist, as y; = ¥, = 11dB, but the subnetwork cannot benefit from a RIS, and can
only mildly so from an NCR — but this comes at the expense of a major drop in performance for the microcell UE.

We next proceed with an investigation on the role played by the assumed location of the microcell UE. Wherefore
we assume two possible regions where it may be located, see Figure 7. It may be understood that the average
values for y4, ¥,, and 7, are unaffected by the location of the microcell UE (since there is only a single antenna at
6G BSs), wherefore those values are copied from the above table. The results for the two locations, (A) and (B),
are summarized in Table 10. We may see, that with an active RIS, the microcell UE is still degraded, but slightly less
so.

Altogether, we may conclude that co-existence between a RIS-equipped subnetwork and a microcell is challenging
when both systems operate at the same frequency. This is a consequence of the RIS/NCR, as they can co-exist
without the presence of the RIS/NCR.
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60
=
Subnetwork SNE in this area I UE |
l Macrocell UE in area (A) or (B)
50
40 1
A
E 3 { (< )
> Microcell 6G BS
Subnetwork HC
20 A
10 H B
0t i
0 20 40 60 80 100 120
X [m]
FIGURE 7 THE MICROCELL LC IS EITHER IN THE REGION A OR B.
TABLE 10 AVERAGE SIRS CORRESPONDING TO FIGURE 7
SIRs [dB] Y1 Y2 71 72 T1
RIS 10.7 A:15.3.B:19.8 AandB: 8.6 A:10.6.B:14.2 22
NCR 10.7 A:15.3.B:19.8 AandB:12.2 A:8.3.B:12.2 22

3.1.3.2. DIFFERENT FREQUENCY BANDS FOR SUBNETWORK THE MICROCELL

For this case the subnetwork and the microcell do not interfere each other, so one may ask why a RIS would matter
for interference properties? The reason is that the when the RIS of the subnetwork is reconfigured, it is done so
abruptly. This may abruptly change the propagation channels for the microcell, which implies that the channel
cannot be tracked by reference symbols (e.g., Demodulation Reference Signal (DMRS)).

Assume that the RIS/NCR is inactive, i.e., its gain is set to null. The channel between the microcell 6G BS and its
associated UE is

|R|* + N,

1% 1AI° ™
Ny |E|2 + N,

2 -
Vo = hpxy +wpl =log|14+— |+ —Re(h*h) —
No No

where h,, denotes the channel between the 6G BS and the UE, x,, the symbol transmitted at subcarrier n, and w,,
is complex Gaussian noise with variance Nj.

When the RIS/NCR is active, the received signal at the UE reads
J_/n = (hp + 5, Ttp)xn, + Wy

where T is of the same form as before.
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Assume now two cases: (1) The UE has estimated the channel during a period in which the RIS/NCR is inactive, i.e.,
the UE knows the value h,,, and the RIS/NCR becomes active. (2) The UE has estimated the channel during a period
when the RIS/NCR is active, i.e., it knows the value h,, + s, Tt,, and the RIS/NCR switches to an inactive mode. In
both cases, we are in the domain of mismatched receivers. The rate that can be supported for a receiver that
decodes on the basis of an estimate i but where the true channel is h reads (in nats/channel use)

Al Al

i = log[ 1+ ) 4 2 pefh -y — 1L 1R+ No
mism — 10§ NO NO e No

IA” + N,

For case (1), we set A = h,, h = h,, + s,Tt, and for case (2) h = h, + s,Tt,, h = h,,. Based on experiments
beyond what will be presented herein, the results for cases (1) and (2) are very similar, wherefore we only present
results for (1). Our results are shown in Figure 8, where N, is a reference value which is irrelevant, and the
scenario is the same as that considered in Figure 6. The blue curve is the achievable rate for the UE without any

RIS/NCR, i.e., it is given by
|, |?
I=E]|l 1
[og( i No

where the average is both over the subcarrier index and the location of the UE. The red and black curves are the
rates of UE with a RIS and NCR present, respectively under assumption that UE has estimated the channel with the
RIS/NCR present. That is, they are computed as

h, + s,Tt,|?
I=FE [log(l + M)]
No
where the expectation is now taken also over the location of the SNE — as it determines the RIS/NCR configuration.
Finally, the red and black curves with markers, are the rates of the UE when the RIS/NCR is activated, but where
the UE has formed its channel estimate when the RIS/NCR was not active, i.e., they equal L,;sm,.

8 T T v | T ,
Mo RIS/NCR
7r RIS active, no mismatch 4
MCR active, no mismatch
—=— RIS inactive, mismatch
6F —e=— NCR inactive, mismatch

Achievable rate, [nats/channel use]

0 1 I I
25 30 35 40

20
N,o/Ny: (98]

FIGURE 8 ACHIEVABLE RATES. SEE MAIN BODY OF TEXT FOR DESCRIPTION.
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Interestingly, and importantly, we observe that a RIS of the subnetwork has significantly higher impact on the
microcell than an NCR. In fact, a reconfiguration of a RIS in the subnetwork essentially destroys the communication
of the microcell —despite the fact that they operate at different frequencies. On the other hand, a reconfiguration
of an NCR in the subnetwork has no impact for microcell communications below 3 nats/channel use. The reason
for this behaviour may be clearly seen in that the black curve is close to the blue: the NCR interferes with the
microcell to a much smaller extent than a RIS.

We may conclude that for RIS/NCR assisted subnetworks, an NCR has much smaller impact on neighbour cells than
a RIS. However, also an NCR may degrade performance in the microcell, and it is therefore concluded that some
form of protocol should be designed so that reconfigurations are less harmful. For example, the RIS/NCR may only
be allowed to be reconfigured at certain given time instances, or at very slow rates. This would allow the microcell
to track the channel via its DMRS. Another solution would be for the subnetwork to indicate to the microcell each
time a reconfiguration occurs.

3.1.4 FUTURE ACTIVITIES

The work so far has identified interference issues with RIS and NCR deployments in subnetworks and has
demonstrated that in some cases a subnetwork should ideally not reconfigure its RIS without indicating this to
surrounding cells. However, we have made our demonstration based on fairly generic channel models. In future
work, we plan to expand our investigations to use cases and scenarios more tailored to the 6G-SHINE use cases. If
we find that the identified issues indeed pertain to a wide array of use cases, then our ambition is to embark on
protocols for co-existence of RIS-empowered subnetworks with other cells.
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3.2 INTERFERENCE ASPECTS OF SUBNETWORKS: COMPARISON BETWEEN SPATIALLY SELECTIVE AND
SPATIALLY NON-SELECTIVE RISs

3.2.1 TARGET KPIS/KVIS AND USE CASES

The material to be presented are general and targets most use cases, but with a strong focus on the industrial ones
in which subnetworks are deployed within an already existing cell. Main KPIs addressed are interference mitigation
and communication support for a large number of nodes.

3.2.2 PROBLEM STATEMENT

In the recent past, massive research efforts have been devoted to RIS technology. However, simulations and
experiments are commonly limited to link-level studies — system-level studies are scarce in publicly available
literature. System- and link-level simulations differ in a variety of ways, but here we are concerned with
interference aspects of RIS deployments. Interference issues are largely non-existent in link-level studies, while
profound in system-level. Therefore, we argue that interference issues are underexplored for RIS-aided systems in
general, and for RIS-aided subnetworks in particular.

Different RIS hardware architectures have different interference properties. Herein we consider several potential
RIS architectures and compare them with respect to interference.

3.2.3 RESULTS ACHIEVED SO FAR

Figure 2 provides an illustration of a typical RIS implementation. Remembering what was introduced in section
2.2.1 and invoking notation and derivations ensuing said figure, shows that if a signal s, (0;,.) impinges upon
unit-cell (n, m) from a direction 0y, i.e., Spm(0inc) are the components of a so called steering vector, then the
backscattered narrowband signal v,,,,, from this cell reads

Unm = Snm(einc)rnm(einm 0) = Snm(einc) F(einc)F(e)Ganm

The term /F(O;,.)F(0)G. is the same for all cells, wherefore we ignore it for the rest of this section (in fact, we
set F(0)G. = 1,V0, i.e., omni-directional antennas). With that, we have v,,,;;;, = Sy, (Qinc)um- In the direction O,
the received signal, save for path loss, reads

Y(Oine, ©) = Z Snm (0)Spm (Oinc) Tosm.-

nm

A “RIS configuration” is a particular setting of [},,,, that yields a large value of y(0;,., ©). Recall from section 2.2
that

T — an - ZO
M Zm + Zo

When Z,,,,, is strictly imaginary-valued, we have |[},;,| = 1, and optimizing the RIS configuration amounts to
finding an imaginary Z,,, such that [, = $;m(0)s5m(0inc) (where it has been assumed that s,,,(-) are
normalized to unit magnitude). Due to the bijective nature of the functional relationship between I},,,, and Z,,,,,,
this is always possible. For Z,,,,, with a resistive component (such as 2.5 Ohm mentioned in section 2.2), the
optimization is more cumbersome, but still doable in closed form after some lengthy, but straightforward,
manipulations.

Let us focus, with a slight loss of generality, exclusively on the case of strictly imaginary valued Z,,,,,. We then, for
the configuration [y, = S5 (0)s5,(Oinc), have that |y(0;,., 0)|? = (NM)?. One may now consider what
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happens in case a signal impinges from another direction, ©j,., but the RIS configuration remains [, =
Spm(0)s5 (Oino). It is easily verified, see [97], that there exists® a direction @’ such that we have |y(0;,.’, 0)|?> =
(NM)2. Put simply, this implies that a RIS reflects a signal impinging from any direction, not only the configured

one.

In general, this may lead to increased interference in systems, but a perhaps more daunting problem is that a non-
RIS aided transmitter serving a receiver, may serve said receiver via another cell’s RIS without being aware of it. If
so, then said TX-RX pair’s propagation link will change abruptly whenever the RIS is reconfigured. Such abrupt
channel change cannot be captured by normal reference symbols and will lead to outdated Channel State
Information (CSI). This situation may be especially challenging for subnetworks as it may be foreseen that a
subnetwork operates in close vicinity to another cell. If the RIS belongs to the subnetwork, then it is the neighbour
cell that may experience problems, while if the RIS belongs to the neighbour cell, then the subnetwork may suffer.
For general cellular systems, these effects have been studied in the very recent paper [98].

Our objective is twofold:

1. Find RIS architectures that are spatially selective, i.e., they only reflect signals from a configured
direction.

2. Perform simulations to investigate whether spatially selective RISs offer meaningful gains for
subnetworks co-existing with other cells.

3.2.3.1 SPATIALLY SELECTIVE RIS

A spatially selective RIS can be achieved in various ways. In fact, in 3GPP a RIS-like device is a part of Rel-18 and is
termed NCR. An NCR is spatially selective by design and has an architecture as depicted in Figure 9.

Phase changer

A

Panel 1

0 %
0 %

Panel 2

0 F

FIGURE 9 ARCHITECTURE OF NCR (WITHOUT FILTERS AND AMPLIFIER)

An NCR has two antenna arrays (a.k.a. panels) [104]. The received signals at, say, panel 1 are first phase shifted
and then added up. The resulting signal is then split (lower black dot) into multiple signals. Each one is phase
rotated and then transmitted from the antennas at panel 2. In an NCR, the idea is that panel 1 configures its phase
shifters so that it beamforms towards, say, an HC while panel 2 beamforms towards the SNE. An NCR as defined
by 3GPP is equipped with bandpass filters and a bi-directional amplifier; these two components are located
between the two black dots. The bi-directional amplifier is HC-controlled and is configured based on the uplink

1 Some exceptions exist, see [97].
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(UL)/down link (DL) scheme of the cell. However, an amplifier is not strictly necessary and the architecture in Figure
2 is reciprocal by nature and constitutes an alternative to a conventional RIS (shown in Figure 2). The NCR has both
pros and cons compared to a traditional RIS:

e For a a given number of antennas, only half of them are involved in reception and the other half in
transmission. This gives a 3dB loss at both panels, so that a 6dB overall loss results in comparison with a
traditional RIS.

e  While a traditional RIS reflects a signal impinging from any direction, an NCR only reflects signals from
configured directions, i.e., it is spatially selective. To understrand this, it suffices to note that the transfer
matrix linking the antennas at panel 1 and panel 2 is a rank 1 matrix.

We also remark that the NCR in Figure 9 is fully reciprocal. That is, if panel 1 beamforms towards the 6G BS and
panel 2 towards the LC, then the NCR works both for UL and DL traffic (This is also true for traditional RISs, but not
for some of the RIS architectures to be presented shortly).

While NCR architectures have a well established position in contemporary literature, our next architectures are
novel over the state-of-the-RIS-art. Our proposed architectures are depicted in Figure 10. The left architecture is
more general than the right, but also more complicated. Let us first explain the operations of the left architecture.
A signal arriving at an element, say, the top right one In the figure, is first phase rotated, and then enters a, possibly
reconfigurable, permutor. For the permuation shown in the figure, said signal would leave the RIS from the
rightmost element at the third “row” of the RIS. Note, however, that a signal entering the RIS at said rightmost
element of row 3, would not leave the RIS from the top right element as the circulators break the reciprocity. This
implies that the permuation is not symmetric, and this will have important consequences later.

o]

@
@90 0
.T.

A

.

L,

| EO—.,

Permutation o
%
@
@

FIGURE 10 PROPOSED ARCHITECTURES FOR SPATIALLY SELECTIVE RISS

Circulators are somewhat bulky components, and it would be prefereble if they could be dispensed with. To that
end, we have the right architacture, which is circulator free. In this architecture, an element arriving at an element
(m,n) is phase rotated and then leaves the RIS from an element (m’, n"). Meanwhile, a signal arriving at element
(m’,n") leaves the RIS from element (m,n) and undergoes the very same phase shift. Thus, the permutation is
symmetric, circulator free, but only has one phase shifter per 2 antenna elements.
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Let s(O;,c) denote an NM X 1 column vector comprising all the elements s,,,;,(0;j,c) according to the reader’s
favorite order of vectorization. Said vector represents the steering vector of the impinging signal. We may define
s(0) in a verbatim manner. For the left architecture, the received signal at the receiver reads

y(einc: 0) = ST(@)PD (r)s(@inc);

where P is an NM X NM permutation matrix, D(-) denotes a diagonal matrix with its argument along the main
diagonal, and T is a vector comprising the variables [}, (in the same order as that for s(0;,.)). A well-known fact
of permutation matrices is that, unless PT = P, we have in general that xTPy # yTPx. The implication of this is
that

}I(@, G)inc) = ST(einc)PD (F)S(@) * y(Ginc: 9):
i.e., the RIS is no longer reciprocal. Thus, the phase shift configuration must be different in UL and DL. Before we
offer a solution to this problem, we mention that the RIS configuration T is trivial to find, namely:

I'=5"(Ojpc) © PTS*(G)

which produces |y(Oiye, ®)]%2 = (NM)?, i.e., the permuted RIS offers equally high gain as a traditional,
unpermuted, RIS. In the reverse direction, we must configure the phase shifts as I'*, and by doing so, we obtain
ly(©, ©i,.)|? = (NM)?. A natural question is whether we may find a RIS configuration T for which it holds that
|y (Bine, ®)1? = |y(0, ©5,.)|?> = A and where A is as close as possible to (NM)?2. This will be answered in Theorem
2.

If we consider the right architecture of Figure 10, we have the same model y(0;,¢, ®) = sT(0)PD(I')s(0;,.), but
where PT = P, and if P,y = Py, = 1, then T, = I[y. The symmetry of P implies that for any I it holds that
Y(Oine ) = y(0, 05,0), i.e., the RIS is reciprocal. However, to determine the RIS configuration is now not entirely
obvious as there is a single-phase shifter for every pair of antennas. We summarize our findings in Theorem 1.

Theorem 1. For the RIS architecture in the right part of Figure 10, assume P, ,» = P, , = 1 and define

oot = S¢(Binc)sy () Cor p = Sp1(Binc)s,(O).

For a random permutation matrix P drawn uniformly over the set of permutation matrices, and for all pairs
(Oinc, O) except for those in a set of measure 0, the RIS configuration

* *
C[‘{,I + C{,l'e
Lp=Tpy =1 .

+c
Copr T Cprp

achieves

|y(®inc: e)lz T |Y(®: ®inc)|2 _ 4

lim = — ~ 0.4053 (—3.92dB).
VA

N,M—mow - N,]\l/lrgoo (NM)?
Proof. See [97].
To achieve a reciprocal version of the left architecture of Figure 10, we have
Theorem 2. For the RIS architecture in the left part of Figure 4.1.1, assume P, , = 1 and define
e = 5p(Oinc)sp(0)  dp = 5(0)syr (Bjnc).

For a random permutation matrix P drawn uniformly over the set of permutation matrices, and for all pairs
(Bine, ©) except for those in a set of measure 0, the RIS configuration
c; +d;
c; +d;

b=
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achieves

|y(®inc: e)lz T |Y(®: ®inc)|2 _ 4

lim = — ~ 0.4053 (—3.92dB).
VA

MM (NM)?Z  NMoe  (NM)?
Proof. See [97].

Theorems 1-2 states that for random directions, and as the RIS grows large, both architectures of Figure 10 are
equally well performing in terms of reflection gain in the configured directions, under the assumption that a
reciprocal RIS is desired. The price to pay is about 4dB, and this “price to pay” refers to

e Making the left architecture of Figure 10 reciprocal.
e Using 50% less phase shifters in the right figure compared with the left one.

So far, we have not at all discussed spatial selectivity — the rationale of introducing the architectures in Figure 10.
We do this next, in Theorem 3.

Theorem 3. For the RIS architecture in the left part of Figure 10 and with max(N, M) > 4, there exists a
permutation matrix P such that, for the configuration I' achieving |y(0;,c, ©)]2 = (NM)?, there exists no other
directions (0, 0,) # (O;,c, ©) such that |y(0,,0,)|? = (NM)?, except if (0., ®) belongs to a set of measure 0.

Proof. See [97].

A discussion of Theorem 3 is in place. First of all, Theorem 3 only guarantees existence of a permutation for which
the RIS is spatially selective — it does not reveal how difficult it is to find such P. However, in practice this is
extremely easy: any randomly chosen P will do. Moreover, the permutation P may be separable in its rows and
columns (i.e., an element (n,m) is permuted to an element (0, (n), 0,(m))). Secondly, the Theorem does not
guantify what the attenuation in all other directions may be. To further sharpen Theorem 3 constitutes an excellent
research task for the young and ambitious researcher, but is beyond the scope of the 6G-SHINE project. Finally,
Theorem 3 does not provide any information about the right architecture of Figure 10, or for a reciprocal version
of the left one. However, natural extensions of Theorem 3 are easily verified, by means of numerical simulations,
to be valid: Select a reciprocal RIS structure, either the left one or the right one, then |y(0,, 0,)|?> = 4(NM /m)?
only happens for (04, 0,) = (O;,., 0) and (04, 0,) = (0, 0;,.), save for (O;,., ©) belonging to a set of measure 0.

To quantify the degree of spatial selectivity we provide some simulations next for N = M. It is shown in [97] that
the configured directions (0, 0;,.) have no relevance on the attenuation of other directions and are therefore
irrelevant. The reflection pattern of the RIS is fully characterized by |y(0,, ©,)|? and we know that |y(©,,0,)|? ~
N* for (04,0,) = (0, 0;,.) and |y(0,,0,)|?> « N* for (0,,0,) far from (@, 0;,.). Loosely speaking, we may
define the “main lobe” B as all (0,, ®,) for which |y(@;,0,)|? ~ N*and we may then define the volume of this
main lobe. More precisely, we define

5= i V@1 ODP

nin N subject to ||(kq, k3) — (k, kinc)||? < 62

where k-variables are directional cosines associated with the @-variables. The relationship between & and f8
means the following: For all directional pairs (0, ®,) that are no more than § away from the configured pair
(0, ©;,c), the beamforming gain is at least . For example, if we set 8 = 0.5, then § gives the radius of a 4-ball in
which all directions are at most 3dB attenuated; the radius being given in terms of a directional cosine coordinate
system.

We may then define the degree of spatial selectivity as

0,,0,)|?
T= maxusub]‘ect o ||(ky, ky) — (k, kine) |12 > 62

01,0, N4
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and we remark that a smaller T means better spatial selectivity; this definition implies that for directions farther
away from the configured pair than some &, T is the maximum beamforming gain.

M=10 M=20

n
n

0.1 0.2 0.3

FIGURE 11 RESULTS FOR A AND B FOR 100 RANDOMLY SELECTED PERMUTATIONS (BLACK).

In Figure 11 we plot B against 6 for 100 randomly selected permutations; we consider three different values of
M = N, namely, 5, 10 and 20. The blue and the red curves highlight the top and bottom curves, respectively. The
green curves are the ensuing results for the identity permutation, i.e., a traditional RIS. We can draw the following
conclusions:

e Asystem designer has freedom in the design of the main lobe: By carefully selecting the permutation, one
may choose a permutation with a "widest” (top, blue curve) and “narrowest” (bottom, red curve) main
lobe.

e As M grows, there is less and less difference among permutations, and it appears that any randomly
selected permutation suffices. This is most natural as average behaviours across the RIS are dominant.

e In general, the shape of the main lobe is not drastically changed compared with that of the identity
permutation, but it appears to widen slightly.

The results for T are shown as empirical Cumulative Distribution Functions (CDFs) in Figure 12 generated from the
same set of 100 randomly generated permutations as in Figure 11. We remark that the identity permutation,
corresponding to the green curves in Figure 11, leads to T = 1 as such RIS is not spatially selective. In generating
the CDFs in Figure 12 we have chosen § € {0.3,0.15,0.08}, for M € {5,10,20}; these values for § can be
understood from Figure 11.

1 T T

0.8
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CDF
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FIGURE 12 EMPIRICAL CDFs OF T FOR 100 RANDOM PERMUTATIONS.

Page 44 of 67



Project: 101095738 — 6G-SHINE-HORIZON-JU-SNS-2022

3.2.4 FUTURE ACTIVITIES
In view of the system aspects presented in section 3.1, a spatially non-selective RIS may be a favourable path

forward to avoid interference. Our plan is to conduct system-level simulations to determine to what extent non-
diagonal RISs may improve the interference situation discussed in section. 3.1.
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4 RIS-AWARE MAC PROTOCOLS FOR SUBNETWORKS

RIS-aware MAC protocols can be modelled using basic insights without focusing on specific protocol design, by
considering two fundamental transmission modes: multiplexing and diversity [78]. In the case of multiplexing, the
propagation conditions are learned, and adaptation of the user’s transmission rate is done, whereas if RIS is
included, then conditions can be estimated, and specific channel can be created to facilitate the user rate
adaptation. In the case of diversity, the user rate is fixed, and the channel may or may not support the rate,
whereas if RIS is included, the rate can be fixed and supported by some RIS configuration. These basic insights are
used as a starting point to design a specific RIS-aware MAC protocol for subnetworks. It should be noted that
conventional MAC protocols may underperform when enabling medium access to multiple users since these do
not harness the benefits of RIS which may lead to improved user performance.

This contribution is comprised of three subsections: a subsection on brief overview of the state-of-the-art for RIS-
aware MAC protocols, a subsection on preliminary design guidelines of the specific RIS-aware MAC protocol for
subnetworks, and a subsection on considerations for the control channel and its involvement within the design of
RIS-aware MAC protocol.

4.1. ABRIEF OVERVIEW OF THE STATE-OF-THE-ART

The state-of-the-art overview is used to identify all parameters relevant for building RIS-aware (or RIS-aided) MAC
protocol for subnetworks. Further, the impact of these parameters on the performance is investigated in order to
develop intuition about how RIS MAC protocol would perform for the subnetworks use cases. In principle,
designing RIS-aided MAC is the reservation of RIS (or RIS elements) for each user before the transmission. There
are a few preliminary studies where researchers have proposed a framework about how to reserve RIS resources
[79]. In [79], the proposal is to divide the access in two phases, i.e., negotiation phase and transmission phase, as
depicted in Figure 13. It is basically a hybrid of carrier-sense multiple access (CSMA) and Time Division Multiple
Access (TDMA); the negotiation phase uses CSMA to reserve RIS resources and the data transmission phase uses
a TDMA approach. The negotiation phase is contention-based, where each user competes for the access using
some random backoff mechanism and then negotiates with the central unit (i.e., 6G BS) to reserve the RIS
resources, power resources, channel resources, and time resources. During the transmission phase, RIS may be
controlled, and elements can be switched on/off for each user on granted resources during the negotiation phase.
The control of the RIS from the RIS controller entity can be done via a control channel which is important, and
frequently overlooked aspect when it comes to RIS deployment, and development of RIS-aware protocols. Hence,
we have included some considerations around the control channel in subsection 4.3.

Negotiation phase (CSMS/CA) RIS-assisted Transmission phase (TDMA)

&
< »

\4

A

handshake slot

FIGURE 13 MAC FRAMEWORK FOR RIS ASSISTED TRANSMISSIONS.

Al-based techniques have been used to develop RIS-aware MAC protocols in centralized, decentralized and hybrid
ways in [80]. In the centralized approach, the BS enables each RIS-controller to configure the propagation
environment. The BS in this case estimates the concatenated BS-RIS-UE link, calculates the phase reconfiguration
of the RIS, and allocates resources using deep learning. Similarly, in the decentralized RIS-aware MAC, each UE
configures the propagation environment, and each UE negotiates with the RIS controller. In this case, computation
and channel sensing are carried out at each UE and UE uses reinforcement learning (RL) to determine RIS
configuration. In hybrid RIS-MAC, the frame is divided for scheduled users (centralized) and for competing users
(decentralized) after pilot transmission and computing periods. A similar way MAC framework has been proposed
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in [81], in which static users are using scheduled period and mobile users compete for RIS configuration for RIS-
assisted transmission.

The work in [79] is a distributed technique where each user contests to access the channel and to reserve RIS
resources. In [82], the authors propose a centralized and scheduling-based method for joint optimization of RIS
group allocation and RIS reflection parameters in RIS-assisted downlink transmissions of Unmanned Aerial Vehicles
(UAVs) with users especially when the LOS path is blocked or when there is poor channel condition. The problem
is formulated as a multi-task learning problem that employs deep learning. The model takes UAV-user pairs, RIS
size (number of elements etc) and channel conditions and outputs a transmission strategy of UAV-user pairs, which
includes RIS element allocation and phase shift configuration. In [83], genetic algorithm is used to allocate a RIS
and RIS elements to a particular user whereas the channel gain, transmit power and reflection coefficient is
provided as the input. The elements of RIS are dynamically assigned to a user as opposed to [79, 82] where RIS
elements are equally divided among users.

In RIS-assisted environments, for users with heterogenous demands, the multiplexing of Enhanced Mobile
Broadband (eMBB), ultra-reliable and low latency communication (URLLC) and massive machine-type
communication (mMTC) traffic creates additional challenges. Inspired by pre-emptive puncturing in 5G New Radio
(NR), authors in [84] propose a solution to assist the URLLC traffic by temporarily muting the eMBB users and
relying solely on eMBB Channel State Information (CSI). In [85], authors consider eMBB and URLLC services in
existence with RIS and how RIS resources can be allocated for each service or jointly. This is done by jointly
optimizing the power allocation at the BS and phase-shift matrix for RIS elements for eMBB. For URLLC, power and
frequency allocation and RIS phase-shift matrix are optimized. The idea is to proactively allocate the phase-shift
matrix before each time slot and for these three optimization-based solutions are provided, one for eMBB services,
one for URLLC and one for joint eMBB and URLLC.

4.2 PRELIMINARY DESIGN OF RIS MAC PROTOCOL FOR SUBNETWORKS

Having surveyed the state-of-the-art works, we have identified parameters that have impact on performance and
propose the following preliminary design of RIS MAC protocol for 6G-SHINE X-subnetworks, which is illustrated in
Figure 14. The basic idea is to create groups of SNEs based on their subnetwork traffic characteristics, position,
mobility (static or mobile) and their QoS requirements (URLLC, eMBB or mMTC etc). Further, the SNEs may also be
grouped based on their position, and whether their transmissions occur when the SNEs are in the far-field or the
near-field region. The far-field and the near-field classification may provide an important distinction when
designing a RIS-aware access protocol for subnetworks. We divide the frame into pilot training phase or negotiation
phase where each user is configured with RIS elements and time, and frequency resources as depicted in Figure
14. Top right hand side of Figure 14 also shows some conditions, checks and actions that are considered in this
preliminary design such as: checking SNE category (SNEC) on per coherence block level (users may switch
categories due to their mobility or changes in the traffic patterns), then configuring the RIS over Control Channel
(CC) and adjusting time and frequency resources (similar to allocation of dynamic grants and configured grants in
5G).

Several use cases have been identified for RIS integration in X-subnetworks in the 6G-SHINE deliverable D2.2 [1].
The integration of RIS in each use case requires careful design of novel RIS-aware MAC protocols. For instance, RIS
can dynamically adjust the wireless environment, and this will involve considering RIS or RIS elements in scheduling
of resources among the SNEs. The SNEC may depend on 6G-SHINE use cases presented in the Deliverable D2.2 and
each use case may be configured with pre-determined length of pilot's phase, dynamic and scheduled access
phase. For a highly dynamic environment with mobile users, dynamic scheduling time may be increased and in the
same way the environment with more static users, the scheduling period may be increased. Similarly, depending
on the SNEs and use cases, the subcarrier allocation may also be adjustable.
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FIGURE 14 PROPOSED RIS-AWARE MAC FRAMEWORK FOR X-SUBNETWORKS

4.3 CONTROL CHANNEL CONSIDERATIONS FOR RIS MAC PROTOCOL DESIGN FOR SUBNETWORKS

The state-of-the-art on RIS MAC protocols shows that the efficiency of the protocol is increased when there is a
possibility to dynamically adjust the RIS configuration of the RIS element (via control channel between the RIS and
a RIS controller) compared to the case when the RIS element has a fixed configuration. In order to have the RIS
element configured, it is necessary that the element is capable of receiving control information from the radio
infrastructure (primarily from the RIS controller). There are two main principal types of channels for sending
control information: out-of-band and in-band [86]. In the case of out-of-band control channel, the transmission of
the control information does not use portion of the useful bandwidth in the subnetwork and may be implemented
as a wireless channel that uses different spectrum compared to the subnetwork, or even as a wired link. In the
case of in-band control channel, the transmission of the control information uses a portion of the useful bandwidth
in the subnetwork which affects the overall capacity of the subnetwork. In the case of using out-of-band control
channel, it is implied that the control information must be sent before the actual data transmission. However, in
the case of using in-band-control channel, the control information may be sent before the actual data transmission
and it may be sent simultaneously with the actual data transmission. These aspects have to be included in the RIS
MAC protocol design and depend on the subnetwork use case. For example, industrial subnetworks that do not
require large bandwidth for data transmissions may be more suitable for in-band control channel signalling,
whereas use cases where XR traffic is exchanged may require out-of-band control channel signalling to configure
the RIS elements.
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5. PRELIMINARY RESULTS ON RIS DEPLOYMENT AND OPTIMIZATION STRATEGIES

The optimization of the configuration of the RISs deployed in a given scenario depends on a myriad of factors such
as the geometric configuration (position of devices and RISs), the QoS requirements, multi-device interference,
and the instantaneous propagation channel state. While in a single-device single-RIS MIMO scenario the optimal
RIS configuration has been recently found analytically for far- and near-field free-space propagation conditions
[106], when employing many devices (e.g., SNEs), realistic channel conditions, and multiple RISs, such an
optimization might require unsustainable communication overhead (e.g., for the RIS control channel and CSI
estimation), and computational complexity stemming from the large number of configuration parameters of a RIS.
This might even be more severe when operating in the propagation near-field regime as typically happens when
working at high frequencies with large antenna arrays or large RISs. In this context, in section 5.1 a practical
approach to mitigate both communication overhead and computational complexity by reducing the dimension of
the optimization problem in a near-field scenario is presented. In section 5.2, a rate weight adaptation strategy
aiming at achieving a form of proportional fairness among SNEs, to improve the quality of service for nodes with
poor signal propagation conditions from the HC, is illustrated along with some preliminary results.

5.1 NEAR-FIELD RIS ALLOCATION STRATEGIES FOR RIS-AIDED MIMO COMMUNICATIONS IN THE
PRESENCE OF MULTIPLE USERS

5.1.1 TARGET KPIS/KVIS AND USE CASES

Aligned with the 17 United Nations Sustainability Development Goals (SDGs), the proposed strategy demonstrates
relevance in the realm of industry, innovation, and infrastructure. More precisely, it tackles the challenges
associated with communication within industrial environments featuring a high number of nodes. By doing so, it
contributes to the development of a robust communication infrastructure and fosters a work environment that
promotes productivity and well-being, optimizing communication performance and resource allocation.

5.1.2 PROBLEM STATEMENT

The exploration of enhancing communication performance through a RIS-assisted system has garnered significant
attention within the wireless community in recent years. However, compared to most existing works in the
literature, two primary constraints emerge. Broadly speaking, the planar structure of RIS, composed of numerous
scattering elements (equivalently addressed as atoms or unit cells), necessitates optimization that relies on a
central controller determining the phases for each RIS atom. Subsequently, this decision is communicated to a
local controller, responsible for configuring the RISs accordingly. Regrettably, this method suffers from two major
drawbacks: the burden of communication overhead and the computational complexity stemming from the
substantial number of atoms requiring optimization. This limitation hinders the deployment of systems with a large
number of RISs and SNEs, constraining potential use cases.

To address these issues, a practical approach involves mitigating both communication overhead and computational
complexity by reducing the dimension of the optimization problem. This is achieved by employing a more
streamlined set of potential RIS configurations, transforming the problem into an assignment problem. Essentially,
this approach employs a management technique directly at the physical layer resources, facilitating simpler
optimization procedures. In other words, we propose a strategy for allocating RISs in a multi-SNE MIMO scenario,
aiming to maximize the weighted system throughput. Each RIS is subdivided into tiles, as opposed to considering
individual atoms, and each tile is preconfigured with the capacity to serve each node. Consequently, this eliminates
the challenge of finding the best configuration of each single atom. The schematic representation of this scenario
is depicted in Figure 15.
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FIGURE 15 SCHEMATICAL REPRESENTATION OF THE PROPOSED APPROACH

Reframing the problem as an assignment problem yields a simplified approach, enabling optimization in scenarios
with numerous nodes and multiple RISs. This underscores one of the key benefits of incorporating RISs in wireless
communication—an appreciable enhancement in system fairness. Specifically, this improvement aims to elevate
the quality of service for nodes experiencing suboptimal signal propagation conditions from the HC.

In the context of this study, we focus on a downlink communication scenario featuring a single HC and multiple
SNEs, each benefiting from the assistance of multiple RISs. The intelligent surfaces are structured into non-
overlapping tiles, each comprising a specific number of atoms. The information symbols, assumed to be zero-mean
and independently and identically distributed (i.i.d.) random variables (RVs), are transmitted to the SNEs through
a compound channel. This channel encompasses both the direct HC-to-SNE link and the concatenated HC-to-RIS-
to-SNE channel.

Similar to the approach in [87], our consideration for the direct HC-SNE link involves a spatially non-stationary
narrow-band clustered channel model. This model, commonly applied in millimeter-wave (mmWave)
communications, incorporates near-field and far-field effects of electromagnetic propagation in the presence of
large antenna arrays. The channel consists of a LOS component and a NLOS component, which includes numerous
clustered paths, each corresponding to a macro-level scattering path. Specifically, we assume that the centre of
each multipath cluster lies on an ellipse with foci coinciding with the antennas of the HC and SNE. For simplicity,
we assume all centres are on the same ellipse. Each cluster consists of multiple paths, and each path is represented
by a point randomly placed within a small maximum distance from the cluster centre. Consequently, all paths of a
given cluster reach the receiver within a limited angular spread, aligning with typical mmWave channels. The path
loss for the channel is modelled according to the channel model for indoor office (10) and shopping mall (SM) NLOS
scenarios at 28 GHz, as detailed in [88].

In the context of RIS-assisted communications, considerations vary for the indirect HC-RIS-SNE link. Near-field
effects become significant when the RIS size is large and transmission distances are short [89]. In such cases, the
plane wave approximation breaks down, and spherical waves must be considered. Consequently, the channel is
non-stationary along the RIS, necessitating the consideration of transmission distances between the RIS unit cells
and the antennas of the HC and SNEs, beyond angles of incidence and scattering. Generally, RISs are strategically
deployed to maintain LOS with the HC and SNEs, providing more benefits when the HC and SNEs are in NLOS [90].
It is worth noting that, unlike the direct HC-SNE link, the NLOS component of the channel is absent for the HC-RIS
and RIS-SNE channels, as it is associated with second- and higher-order reflections, typically negligible and thus
ignored in this study.

The signals incident on the surfaces undergo reflection towards the SNEs based on the RIS's responses, specifically,
the phase shift coefficients of the RISs assigned through reconfiguration. In our model, to streamline the design of
these coefficients, typically derived for individual atoms, each tile, comprising multiple atoms, is associated with a
single SNE through a linear combination of potential basis functions. Mathematically, this can be expressed as b =

Zm 1ymb(m) where N,, is the total number of SNEs, and the sets {b™)} and {y,,} represent the possible basis
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functions and the binary allocation variables respectively. The allocation is executed by setting the binary
coefficients of the linear combination, such that the tile is assigned to SNE m if the m-th coefficient is 1 and 0
otherwise, with the constraint that each tile is assigned to only one SNE. Assuming each small tile is in the far-field
region concerning the SNEs, the m-th basis function is designed as a function of the angle at which the tile perceives
the corresponding m-th SNE. In other words, a tile assigned to the m-th SNE redirects the signal received from the
HC toward that SNE.

At this stage of the study, certain assumptions about the RIS model impact the RIS response. For each surface, we
assume that the mutual coupling among scattering elements can be neglected, meaning the RIS response ¢ =
diag(b) for every surface is a diagonal matrix. Additionally, we assume that the surface induces pure phase shifts—
i.e., the amplitude of the reflection coefficients for each atom is one. This assumption is reasonable under the
hypothesis that every RIS scattering element, or port, is matched with a purely reactive impedance and the RIS is
lossless, with a perfectly ideal scattering matrix with 0 values, indicating total reflection of the impinging energy.
[88].

In this initial study, the selected allocation strategy is heuristic, assigning the tile to the nearest SNE. This choice
underscores the system's capability to effectively handle a large number of SNEs.

5.1.3 RESULTS ACHIEVED SO FAR

In our simulation scenario, we envision an indoor environment spanning a 30 x 30 m area. Within this space, a
multiple-antenna HC is deployed, featuring 16 antennas arranged in two linear arrays, each comprising 8 antennas.
The HCis strategically aligned in the (-y, z) plane and situated at the coordinates (30, 15, 2) within the environment.
Consequently, the scenario includes multiple SNEs scattered randomly throughout the designated area, each
receiving support from various RISs. This setup reflects a dynamic and diverse communication environment,
allowing for the exploration and evaluation of communication strategies and optimizations in a real-world, indoor
context.

3 RISs
30m
/ ~.30m
//
B : “‘~////
e- ~ ///-‘
® .

C
o SNEs area

FIGURE 16 WORKING SCENARIO

As reported in Figure 16, for the simulations we use a configuration with 3 RISs divided in 4 x 4 tiles, for a total
number of 48 tiles. Each tile comprises 200 scattering elements. Two RISs in position (10, 0, 3) and (5, 30, 3) are
oriented along the (x, z) plane while one in (0, 15, 3) is along the (y, z) plane. All antennas and the RIS elements are
spaced half wavelength apart. As for the SNEs we consider individual antennas SNEs.
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TABLE 11 SIMULATION PARAMETERS

SYSTEM PARAMETER VALUE
Working frequency 28 GHz
Noise power spectral density 174 dBm/Hz
Transmit power 20 dBm
Noise figure 8 dB
Antenna gains in transmission and reception 3 dBi
Bandwidth 30 kHz

The entailed simulation parameters are summarized in Table 11. The results are then given in terms of spectral
efficiency (bits/s/Hz) for a single subcarrier and are obtained by Monte Carlo simulations. In this case we consider
the system to be frequency non-selective, i.e., the RIS optimization would not change considering a large
bandwidth. The direct HC-SNE link is modelled according to two different channel models, 10 and SM (see [87])
with probability 70% and 30%, respectively. Note that both cases refer to an NLOS situation, but IO corresponds
to stronger attenuation with distance, while SM represents a qualitatively better direct connection. Conversely,
the HC-RIS and RIS-SNE connections are assumed to occur under LOS conditions, taking advantage of the greater
RIS height.
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FIGURE 17 PERFORMANCE COMPARISON BETWEEN RIS-D AND RIS-RANDOM CONFIGURATIONS FOR 6, 12, 18 SNES.

In Figure 17 we present the outcomes for the proposed algorithm (RIS-D), where tile allocation follows a heuristic
based on a minimum distance criterion, and for the case where the RISs are randomly configured (RIS-random).
The results are delineated in terms of maximum, average, and minimum rates, computed as the average over all
the simulations of the best, all, and the worst SNEs rates, respectively. Scenarios involving 6, 12, and 18 SNEs have
been considered for the simulations. Notably, the system demonstrates robust support for a high number of SNEs,
ensuring commendable performance with manageable complexity. More specifically, in relation to the chosen
allocation criterion, due to the competition for finite resources, there is a slight performance degradation observed
in the minimum rate as the number of SNEs increases, decreasing of almost 87 % when passing from 6 to 18 SNEs.
However, the results remain satisfactory in terms of maximum and average rates: in the former case the maximum
rate improvements is around 3.85 % for 18 SNEs, compared to the results for 6 SNEs only, while in case of the
average rate there’s a decrement of around 43 %. This indicates that, while there may be a marginal reduction in
the minimum rate, the overall system performance remains robust, demonstrating the effectiveness of the
proposed algorithm in supporting diverse communication scenarios with a substantial number of SNEs.
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5.1.4 ADVANCEMENTS WITH RESPECT TO THE STATE OF THE ART

In the context of RIS-aided scenarios, we explore the feasibility of employing a physical layer resource management
technique to streamline subsequent RIS optimization processes, especially in scenarios involving numerous RISs
and SNEs. While existing literature has delved into physical resource management in RIS-supported systems, there
is a notable gap in addressing communication overhead and computational complexity arising from the
configuration of a large number of atoms on the surfaces.

Previous studies, such as [91-94] have tackled weighted sum rate maximization problems, system throughput
maximization, and resource allocation in various RIS-aided scenarios. For example, in [91], a weighted sum rate
maximization problem is formulated to jointly optimize the deployment location and reflection coefficients of one
RIS as well as the power allocation to the HC in a multi-SNE scenario. To this end, three different access schemes
are considered, namely non orthogonal multiple access (NOMA), frequency division multiple access (FDMA), and
TDMA, and the solutions are obtained using monotonic optimization, Semidefinite Relaxation (SDR), and exploiting
the time-selective nature of RIS. Alternate optimization (AO) and successive convex approximation techniques are
used to provide low complexity suboptimal solutions, and a local region optimization method is applied to optimize
the RIS deployment site. A similar study is conducted in [92], where the average sum rate optimization problem in
a two-SNE scenario with the option of using NOMA, FDMA, or TDMA is investigated. The problem is formulated in
terms of two matching schemes, dynamic phase matching and one-time phase matching, and the optimal resource
allocations are determined using Lagrangian dual decomposition. The system throughput is also maximized in [93],
where a RIS-supported NOMA system is considered. The problem is formulated as a joint optimization problem for
channel allocation, decoding order of NOMA SNEs, power allocation, and RIS reflection coefficients, using a three-
stage novel resource allocation algorithm that considers the different objectives separately. In [94], the authors
study a RIS-enhanced Orthogonal Frequency Multiplexing (OFDM) system with frequency-selective channels. In
this case the main objective is to maximize the achievable rate by jointly optimizing the power allocation and RIS
coefficients and a suboptimal solution is obtained through AO.

As previously stated, in relation to the works presented in the literature, there has been a lack of considerations
regarding the communication overhead and computational complexity, however, one approach to mitigate both
issues is to introduce an RIS allocation problem that necessitates simpler and faster resolution techniques.

Following this line of research, the problem of assigning RIS to multiple SNEs in a NOMA scenario is explored in
[95], where the SNE outside the field of view of the RISs are directly served by the assigned HC, while the remaining
SNEs are served by the RISs. Conveniently divided into sub-areas, each RIS is dedicated to a different SNE, thus
achieving a degree of fairness. Instead of the original non-convex and non-linear integer programming approach,
the structure of the problem is exploited to find a suboptimal solution with marginal performance degradation.
The solution meets certain fairness criteria, including the requirement for each SNE to be allocated a minimum
number of RIS elements, an adaptable step size for the selected number of assigned elements, and the necessity
to assign more elements to SNEs with weaker RIS-SNE channel gain. In [96], a RIS-supported dual connectivity (DC)
architecture is proposed. The joint resource allocation of the RIS-supported DC is formulated as an optimization
problem that yields the optimal SNE time fraction for scheduling. In this context, binary variables are used to
indicate whether the SNE is associated with a RIS or not. The solution is obtained considering the Karush-Kuhn-
Tucker (KKT) constraints applied to the decomposed original problem and using a heuristic approach.

Our approach takes inspiration from the existing works but further simplify the RIS optimization problem framing
it as a heuristic allocation problem. Our chosen allocation strategy is symbolic at this stage, to emphasize that, in
contrast to existing literature, our proposed approach can handle systems with a high number of RISs and nodes
due to the reduced computational complexity we provide. This emphasis on computational efficiency addresses a
crucial aspect often overlooked in prior works, making our approach more practical for real-world implementation
in scenarios with numerous RISs and SNEs.
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5.1.5 KPIs REACHED SO FAR AND ONGOING ACTIVITY

Simulation results give evidence to the potential of the proposed approach in handling system with high number
of SNEs, as it may happen in industrial scenarios with many sensors and actuators. Building upon the introduced
allocation strategy in this work, the primary objective for the current phase is to introduce an RIS optimization
strategy, distinct from the heuristic approach. This optimization strategy is aimed at maximizing the system rate in
a fair manner for the SNEs being served.
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5.2 OPTIMAL RIS CONFIGURATION IN MULTIPLE USERS MIMO SCENARIOS

5.2.1 TARGET KPIS/KVIS AND USE CASES

The main focus of the work is focused on the industrial environment in which we aim at addressing the problem
of providing a satisfying minimum experience data rate assured for the SNEs. Within the framework of the 17
United SDGs, the proposed strategy holds significant relevance in the field of industry, innovation, and
infrastructure. The focus on fairness enforcement aligns with the overarching goal of creating inclusive and
sustainable systems. In the context of industry, innovation, and infrastructure, where a myriad of nodes such as
sensors and actuators are integral components, ensuring fairness becomes crucial.

5.2.2 PROBLEM STATEMENT

The possibility of developing a RIS-aided system for rate maximization has been widely investigated in recent years
in the wireless community. However, as highlighted in section 5.1, most of the work presented in the literature
often overlooks two significant limitations associated with introducing RISs into communication systems, i.e., the
computational complexity deriving from the necessity of optimizing every single element of the planar structure
and the communication overhead due to the necessity of transmit the optimized RIS configuration to a local
controller that subsequently applies it to the surface.

In order to get rid of these two limitations we leveraged on the possibility of recasting the RIS optimization problem
into an allocation problem (see section 5.1) in which the allocation is performed in order to maximize the weighted
system throughput [99]. The simplification that results from formulating the problem as an assignment problem
allows optimization in a scenario with many nodes and many RISs, highlighting that one of the advantages of
introducing RISs in a wireless communication context is to significantly increase the fairness of the system, i.e., to
improve the quality of service for nodes with poor signal propagation conditions from the HC. To this aim we
further propose a rate weight adaptation strategy which aims at achieving a form of proportional fairness among
SNEs.

We consider a downlink communication scenario with one HC and multiple SNEs aided by multiple RISs. Each RIS
consists of non-overlapping tiles grouping a given number of atoms. Information symbols, assumed to be zero-
mean and i.i.d. RVs, are conveyed to the SNEs by means of a compound channel that includes the direct NLOS HC-
SNE link and the cascaded HC-RIS-SNE channel. The HC-RIS and RIS-SNE channels are assumed to be in LOS, and
the expressions can be derived accordingly. The signals that impinge on the surfaces are reflected towards the
SNEs according to the RISs’ responses, i.e., the phase shift coefficients of the RISs, assigned through
reconfiguration. In our model, to simplify the design of the coefficients, usually derived for every single atom, each
tile, grouping many atoms, is associated with one SNE. This association is accomplished through a linear
combination of potential basis functions, with binary coefficients determining whether the tile is allocated to the
SNE or not. In this phase of the work, assumptions are made about the behaviour of RISs that allow for the
derivation of simplified models, which can be effectively employed for system optimization purposes. We assume
that, for each surface, the mutual coupling among scattering elements can be disregarded, resulting in the RIS
response being a diagonal matrix. Additionally, we posit that the surface induces pure phase shifts, implying that
the amplitude of the reflection coefficient for each atom is unitary. This assumption is justifiable under the
hypothesis that each RIS scattering element, or RIS port, is characterised by a purely real internal impedance and
is terminated on a purely reactive impedance [88].

System optimization is performed leveraging on two different variables, i.e., the allocation variables which impact
the final RIS phase reflection coefficients, and the precoding matrices used at the transmitter side to direct the
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informative signal intended for the SNE towards its direction. After expressing the system rate in terms of these
variables the problem formulation is expressed in terms of a weighted maximization problem in which the system
weighted rate is maximized with constraints about the binary allocation variables and the total maximum power
at the transmitter side. At this initial step the weights are actually unitary while further studies are presented in
the following to enforce system fairness.

Due to the nonconvex nature of the proposed problem, which makes it challenging to solve directly, we divide it
into two subproblems—precoding optimization and tile allocation optimization. The overall problem is then solved
through an AO approach between these two subproblems. This iterative process is schematically summarized in
Figure 18.

Initialization

il i
1 , _ - I
: Precoding Optimization: ,
" Fix allocation and compute optimal precoding I
AQOupto " I
convergence | I
: : I
: Tiles Allocation: |
| Fix precoding and compute optimal allocation I
I
\
5 n J /

FIGURE 18 FLOW CHART OF THE PROPOSED ALGORITHM

For the precoding optimization the allocation variables are held fixed and the solution to the first subproblem can
be achieved using the Weighted Minimum Mean Square Error (WMMSE) minimization approach. The WMMSE
algorithm leverages the close relationship between the Signal-to-Interference-plus-Noise Ratio (SINR) and Mean
Square Error (MSE), in order to find a locally optimal solution to the sum-rate problem [100]. To do that it is
sufficient to introduce the MSE matrix and to apply some mathematical elaboration to convert the problem into
an actual WMMSE minimization problem. The solution to the problem is found by means of AO combined with
Block Coordinate Descent (BCD) algorithm. More details can be found in section IlI-B of [87].

Using the same approach as for precoding optimization but fixing the set of precoding matrices instead of the
allocation variables, the tile allocation optimization problem can be formulated as a WMMSE problem as well. Also
in this case, by means of mathematical elaborations we are in the position of recast the problem into the form of
a non-homogeneous quadratic integer programming problem that, however, does not admit an algorithmic
solution of acceptable complexity. One way to circumvent this problem is to relax the integer constraint for the
allocation variable with a convex constraint, so that the problem turns out to be a quadratic (i.e., convex)
programming problem with affordable complexity. The relaxed problem has a solution that is a lower bound for
the original problem. Moreover, by projecting the relaxed solution on the feasible set of the original problem one
can find a good integer solution. In other words, given the relaxed solution, the projection operator sets for every
tile the allocation variable to 1 for the SNE that maximizes the entries of the relaxed solution corresponding to the
tile and to 0 the entries of all other SNEs.

For the final step a weight adjustment procedure for the weighted rate maximization is presented. The weights of
the proposed approach can be evaluated using an online iterative procedure with the goal of maximizing a long-
term utility that enforces fairness, for instance. To do so we define a utility function which depends on the average
rate achieved after every optimization procedure and we derive a utility maximization problem in terms of the
precoding matrices and the allocation variables. Applying a Taylor series expansion with respect to the current
time instant and considering the quantities that depends on it, the utility maximization problem can be rewritten
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in the same form as the original weights rate maximization problem with the weights corresponding to the first
order derivative of the utility function computed at the previous time instant.

5.2.3 RESULTS ACHIEVED SO FAR

For the simulation scenario we consider an indoor environment with an area of 30 x 30 m, in which a multiple
antenna HC, consisting of 16 antennas arranged in two linear arrays of 8 antennas each, is aligned in the plane (-y,
z) and located at the point (30,15,2) m. Hence, we have multiple SNEs with random positions in the considered
area supported by multiple RISs. The scenario is illustrated in Figure 19.

3 RISs 6 RISs 12 RISs
T z
p a
e . - ..
20m . . *
L
. . 2
. _ > 30m . " m' r
a __,-‘ . - . x ) s I . LT
> S
e HC o SNEs area e 4 x 4 RISs e 4 x 2 RISs o2 x 2 RISs

FIGURE 19 WORKING SCENARIO

For the simulations three main configurations have been used, with 3, 6, and 12 RISs. To provide an unbiased
comparison among the three scenarios the total amount of tiles has been kept constant to 48, each tile provided
with 200 elements, thus entailing a 4 x 4, 4 x 2, and 2 x 2 tiles configuration for the case with 3, 6 and 12 RISs
respectively. The RISs centres positions and orientations used in the three scenarios are provided in tabular form
for the different tiles’ configuration in Table 12.

TABLE 12 TILES CONFIGURATION, POSITION AND ORIENTATION FOR RISS INVOLVED IN SYSTEM SIMULATIONS

TILES CONFIGURATION POSITION ORIENTATION

axa (10,0, 3) (x, 2)
(5,30, 3

(0,15,3

4x2 (0,20, 3
(0,10, 3
(3,0,3) (x, 2)
(13,0, 3)
(8,30, 3)
(18, 30, 3)
2x2 (0, 24, 3) (y, 2)
(0, 18, 3)
(0,12, 3)
(0,6, 3)
(2,0,3) (x, 2)

(v, 2)

)
)
) (v, 2)
)
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(13, 30, 3)
(18, 30, 3)

All antennas and RIS elements are spaced half wavelength apart. As for the SNEs, unless otherwise specified, we
consider individual antennas SNEs. The simulation parameters are reported in Table 8 of Section 3.3. The results
are given in terms of spectral efficiency (bits/s/Hz) for a single subcarrier and are obtained by Monte Carlo
simulations for the cases in which 4, 6, and 8 SNEs are considered. In this simulation campaign we consider the
system to be frequency non-selective, i.e., the RIS optimization wouldn’t change considering a large bandwidth.

The direct HC-US link is characterised by two different channel models, Indoor Office (I0) and Shopping Mall (SM),
each with a probability of 70% and 30%, respectively (refer to [87]). Both cases represent NLOS scenarios, where
10 indicates stronger attenuation with distance, and SM signifies a qualitatively better direct connection. In
contrast, the HC to RIS (HC-RIS) and RIS to SNE (RIS-SNE) connections are assumed to occur under LOS conditions,
taking advantage of the greater height of the RIS.

Max rate Avg rate Min rate
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FIGURE 20 PROPOSED SCHEMES COMPARED FOR MAX (LEFT), AVG (MIDDLE), AND MIN (RIGHT) RATES, 3 RIS CONFIG.

In Figure 20 the outcomes computed for the 3-RIS configuration are displayed, representing maximum, average,
and minimum rates for the proposed WMMSE optimization approach with RIS allocation and constraint relaxation,
denoted as WMMSE-CR. In these instances, the weights in the maximisation process are uniformly set to 1,
indicating the absence of a specific scheduling policy for fairness. Equivalently, the utility function U(x) = xis
employed.

For comparison purposes, we also give the cases WMMSE, which corresponds to the optimal WMMSE approach
presented in [87] (optimization of each RIS atom without RIS allocation), WMMSE-D corresponding to the case in
which the tiles are allocated to the closest SNEs, and WMMSE-random, which corresponds to the case where the
RISs are not optimised, i.e., they are given a random configuration and very little advantage can be gained by RIS.
This last case closely resembles an environment without the presence of RIS.

The results indicate a close match between WMMSE-CR and WMMSE, confirming that the proposed RIS
assignment does not notably compromise performance while considerably reducing algorithmic complexity. In
addition to this advantage, the results for the minimum rate (on the right of the figure) reveal that the main
advantage obtained by the presence of RISs is fairness, i.e., RISs facilitate a more pronounced increase in the
minimum rate, while exhibiting less pronounced advantages in terms of average or maximum rates. Conversely,
for WMMSE-CR, there remains a notable difference between the maximum and minimum rates, a distinction that
amplifies with an increasing number of SNEs. The WMMSE-D method yields superior performance in terms of the
maximum rate, albeit at the expense of the minimum rate, yielding a reduction in fairness.
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FIGURE 21 MaAX (L), AvG (C), AND MIN (R) RATES USING WMMSE-CR vs THE NUMBER OF SNES WITH 3, 6, AND 12 RISs

Figure 21 provides a thorough comparison, showcasing the results obtained from the WMMSE-CR algorithm in
scenarios featuring 3, 6, and 12 RISs. The presented results show maximum, average, and minimum rates across
scenarios involving 4, 6, and 8 SNEs. Clearly, as the number of RISs increases, there is a simultaneous decrease in
both maximum and average rates, coupled with an increase of the minimum rate. More specifically better
performance in terms of the minimum rate is achieved for the case with 8 SNEs and 12 RISs, compared with the
case of 6 SNEs and 3 RISs. This implies that, even when more SNEs compete for finite resources, those with the
lowest allocation still achieve superior results. These observations underscore that the primary performance
enhancements facilitated by RISs are notably evident in terms of achieving fairness across diverse communication
scenarios.
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FIGURE 22 MISO vs MIMO WMMSE-CR-WA RESULTS FOR SUM OF SNES’ UTILITY (L) AND MIN TIME AVG.

To emphasize this aspect, we conducted simulations employing the Weight Adaptation (WA) strategy. The
outcomes for the WA approach are depicted in Figure 22, including a comparison between scenarios with MIMO
and Multiple-Input Single-Output (MISO) configurations (L = 4 and L = 1, respectively). Specifically, the figure
employs a proportional fairness utility function, U(x) = log(x). Achieving a stable solution in this case requires
running the WMMSE algorithms a sufficient number of times. At each iteration, the weights are updated, and new
average rates are determined for each SNE. Subsequently, the algorithms are executed with the updated weights
for the subsequent time step.

The figure presents the value of the objective function (left) and the minimum rate (right) as a function of the
iteration index. This applies to scenarios where RISs are optimized according to the proposed algorithm (WA) and
where RISs are assigned a random configuration (WA-random). On the left side of the figure, it is evident that, for
both MISO and MIMO cases, the WMMSE-CR-WA RIS optimization approach significantly enhances the objective
function compared to the WMMSE-CR case, represented by the starting point of each curve. On the right side of
the figure, the minimum rate is also substantially increased with the WA approach, while no significant
improvement is observed with a random RIS configuration. In this case, only precoder optimization is performed,
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effectively. Regarding the comparison between different numbers of antennas on the SNEs' side, the simulation
results indicate that the MIMO case yields higher rates, aligned with expectations.

5.2.4 ADVANCEMENTS WITH RESPECT TO THE STATE OF THE ART

The primary comparison for the proposed algorithm can be drawn in relation to the methodology presented in
[87]. This approach introduces an optimization algorithm for configuring RISs in a multi-SNE MIMO system, aiming
to maximise the system sum rate by utilising only the statistical characterization of the mobile SNE locations.
Consequently, the proposed approach does not necessitate the estimation of instantaneous CSI or second-order
channel statistics for RIS optimization. This characteristic significantly alleviates, or even eliminates, the need for
frequent reconfiguration of RISs, which is a critical challenge in RIS-based systems. However, in this approach, the
optimization strategy pertains to every single RIS scattering element, offering no additional complexity reduction
beyond the RIS optimization rate. In fact, when considering the linear programming approach applied to cases
where RIS optimization operates at the level of individual atoms, the algorithm complexity becomes comparable
to the cube of the number of individual RIS atoms [102]. In contrast, with the proposed approach, the complexity
is contingent on the total number of tiles. In other words, if the total number of tiles is much smaller than the
number of elements, a significant advantage in terms of system complexity can be achieved.

5.2.5 ACHIEVED KPIS AND FUTURE ACTIVITY

Simulation results actually shows the effectiveness of the proposed approach in terms of the minimum SNE rate
assured for the SNEs involved in the communication system. This work can be viewed as an initial stride towards
an approach where the aim is to ensure identical performance for all SNEs, such as minimizing power for a fixed
rate per SNE. A similar problem was tackled in the foundational work [103], but the proposed solution is
exceedingly intricate and challenging to apply in practical scenarios. Therefore, the emphasis on diminishing
system complexity through intelligent RIS allocation becomes especially crucial in this context. Considering the
reduced complexity offered by our approach, future investigations could delve into exploring more intricate RIS
models.
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6. CONCLUSION

This deliverable has reported the activities carried out and initial results obtained during the first year of the project
as planned in Task 3.3 “Reconfigurable intelligent surfaces”. The long-term goal is to assess to what extent RISs
might be beneficial for in-X subnetworks under study in 6G-SHINE and how they can be exploited towards the
achievement of objectives 3 and 4 of the project.

After a survey and classification of available and under-study RIS technologies, the main models used to
characterize and design RISs, detailing potential integration into ray-tracing tools, have been described. A
preliminary analysis of the main design issues and the promising RIS technologies expected to enhance the target
KPIs has been carried out for the use cases defined in WP2. This analysis serves as a foundational reference for the
ongoing research activity which aims to develop RIS-aided PHY/MAC methods and RIS optimization algorithms.

Some preliminary investigations have been reported in this deliverable. Notably, a RIS-aware MAC framework for
6G-SHINE X-subnetworks that categorizes users based on their traffic characteristics, position, mobility, and QoS
requirements has been proposed. Regarding RIS deployment and optimization strategies, an initial investigation
of the effect of RIS-generated interference in scenarios where microcells and in-X subnetworks coexist has been
presented by comparing various RIS hardware architectures included a novel one. The investigation has been
extended to multiple users MIMO scenarios through a rate weight adaptation strategy with the purpose of
understanding the optimal RIS configuration maximizing the achievable rate while reducing the signalling overhead
and computational burden. Each presented method has been put in relationship with the KPIs/KVIs and use cases
of the project.

The concepts and results presented in this deliverable are based on works that are currently in progress, and
further findings and recommendations will be provided in deliverable D3.4. Specifically, the next planned activity
is mainly oriented towards the following aspects:

- Embed models for RIS in the ray-tracing tool.

- Expand the investigations about the coexistence of RIS-equipped subnetworks with macro-cells to the
most promising 6G-SHINE use cases. As a second step, design protocols for coexistence of RIS-empowered
subnetworks with other cells.

- Conduct system-level simulations to analyse the effectiveness of spatially non-selective RIS to avoid
interference.

- Design of novel RIS-aware MAC protocols, for instance, in which the RIS can dynamically adjust the
wireless environment, also including the RIS in the scheduling process of resources among the SNEs.

- Inclusion of in-band or out-band control channel aspects in RIS-aided MAC protocol design depending on
the specific subnetwork use case.

- Extend the proposed low-complexity RIS optimization strategy for multi-user MIMO scenarios aimed at
maximizing the system rate in a fair manner.

Other aspects are not excluded to be tackled in the future activity in case new critical issues will emerge during the
next investigations.
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