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1 Introduction

In the present deliverable, we report the research work carried out by the consortium -GGRISE

multi-user algorithms and protocols for application to reconfigurable intelligent surfacegiB&s)smart

radio environments. The research findings reported in the present deliverable are in agreement with the
initial specifications reported indelivea bl e D4. 1 titled AOn depl oyment
based connectivityo. The results reported in the
further elaborate and finalize the intermediary results provided in delive@é2and D4.3

1.1 Deliverable objectives
The objectives of the present deliverable are the following:

(1) To report specifications and final results on fundamental performance limits aid& smart
radio environments, which account for Riffled channel modebnd the associated control
overhead.

(2) To report specifications and final results on the design and optimisation of control signalling
protocols, channel estimation algorithms, resource allocation and scheduling policies to support
the efficient deploymentfdrISs in smart radio environments.

(3) To report specifications and final results on the design and optimisation of resilient, energy effi-
cient, and joint communication and computation mechanisms with low electromagnetic field ex-
posure for application to poweand latencyconstrained (edge) cloud services.

1.2 Deliverable structure

After reviewing the key performance metrics éaly Performance Indicator&Pls) specified in deliv-
erable D4.1, which drives the development of the research work within WP4 andStBé R Iproject,

the present deliverable is logically organized in compliance with the tasks of WP4. More specifically,
deliverable D4.4 is organized in three main macro sections that are focused on:

(1) The fundamentals of muitiser network connectivity for BE systems (i.e., Section 3).
(2) The design of multuser techniques for RISE communications (i.e., Section 4).
(3) The design of mukuser techniques for RESmobile edge computing (i.e., Section 5).

In this document, mukliiser can refer also to muRilS systemswhich require coordination techniques

as well. Moreover, we remark that with RISE system refer to every kind of network including RISs,

whil e wéembowdd &d-ai dedd RW& refer to systems where
used to shance the achievable performance.

As far as the first macro section is concerned, in TaHler@ list 13 main research and technology
contributions made by the RISE> consortiumfour of them were already detailed in D4.2, whereas the
remainingnine are novel contributions described by this deliverable. The list ofitenew contribu-
tionsis as follows: (i) Scattering Aware Reconfigurable Intelligent Sur{&#RIS);, (i) Randomized
control of coherence time via RIS; (iii) Metrics from directi@solved signalo-noise ratios: Analytical
characterisation of modes and channels using Slepian method extended to nearfield; (iv) Metrics from
directionresolved signalo-noise ratios: Channels, mutual information and capacity derived from direc-
tion- and positiorresolvedSignal to Noise RatioSNR) using raytracing in multireflective environ-
ments; (v) Modefree channel hardening algorithm with {bbsed experiment to alwate the channel
hardening performance in the reverberation chamber environment; (vicdkenent modulation
schemesn RIS communications; (vii) Capacity analysis of laRis-systems; (viii) On thenaximum
achievableSumRate of the RIS ided Multiple-InputMultiple-Output (MIMO) broadcasthanne] (ix)
Extradegreesf freedom(DOF) in RIS tuning viarotationandmovement

As far as thesecondmacro section is concerned, in Tabi& e list17 main research and technology
contributions made by the RISES consortium5 of them were already detailed in D4.2, whereas the
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remaining 2 are novel contributions described by this deliverable. The list ofZinew contribution is
as follows:(i) Randm accessrotocolwith channeloracleenabled by a Reconfigurable Intelligent Sur-
face; (i) Multi-RIS massiveaccessprotocolvia schedulingandcontention (iii) Generalizedunitary ap-
proximatemessagepassingfor doublelineartransformatiormodel (iv) Direct tensorbasedestimation
of broadbananmWavechannelswith RIS; (v) Channeéstimationwith smultaneouseflectingandsens-
ing hybrid reconfigurablentelligentmetasurfacegvi) Uplink multiplexing of enhanced Mobile Broad-
band(eMBB) / Ultra Reliable Low Latency CommunicatioRLLC) servicesassistedby RISs (vii)
Distributed surrrate maximization of cellular communications with multiple RISs; (Vlifonomous
RIS solution with Energy harvesting and Sedhfiguration(ARES) towards6G ; (x) Localizatiorbased
Orthogonal Frequency Division Multiplexif@FDM) framework for RISaided systems; (x) Ri8ided
URLLC with imperfect device tracking; (xi) Twomescaledesignfor RIS-aided massive MIMOsys-
temswith imperfectChannelStateInformation CSI); (xii) RIS area illumination strategies.

As far as the third macro section is concerned, in Talllevg list 6 main research and technology con-
tributions made by the RIS&EG consortium: 4 of them were already detailed in D4.2, wherea®th
maining 2 are novel contributions described by this deliverable. The list of the 2 new contsilsuéisn
follows: (i) Modelbased joint optimisation of RIS, wireless and computing resources for eaféigignt
edge inferencg(ji) Mixed modetbasedand datadriven joint optimization of RIS, wireless and compu-
ting resources for energpfficient edge inference.

Finally, the present deliverable is concluded with a summary of the main obtained scientific contributions.

1.3 Definitions and taxonomy

The mainnotation symbols appearing throughout the document are listEabie 1-1. Miscellaneous
self-contained notatiasintroduced in certain contributiomgll be defined per case. In listed figures and
algorithms, the notation may follow that of the corresponding publication, for a consistent presentation.

Table 1-1: Definition of the main notation symbols.

Parameter Notation Parameter Notation Parameter Notation
Total number 0 Receive sig- W Transmit i
of UEs nal at UE k symbol for
UE k
RIS phase Number of 0 0 O Base station o
shift matrix RIS elements (BS) pre-
coder
Power budget 0 Working _ Receiver €
at the BS wavelength noise
Sum rate Y Rate of UE k Y Working fre- "Q
quency

2 Metrics and KPlIs

2.1 KPIs for control channels

The metrics considered in this WP have been presented in detail in D4.2. Their definitions and further
analysis for the objectives of RISE> have been the focus of WP2. Since this deliverable presents this
projectds final Cc 0 n tr enhdmeed dormectvityf commuomecationo dhdtitac-gi e s f
cess Edge ComputindMEC) systems, this section provides a taxonomy of the metrics considered per
contributiontogi ve an overview of the WP6s contributions
here is given below and their associated contributions are givieabla2-1.

RISE-6G Public 13
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1 SNR: The ratio of the desired signal power to the background noise power, indicating signal
clarity and quality, indicating the link quality (Definition: D4.2/2.2).

1 SINR (Signalto-InterferenceplusNoise Ratio): An extension of the SNR metric whoomsid-
ers interference from other signals, providing a more accurate measure of signal quality in the
presence of interference scenarmg,,multi-user communications (Definition: D4.2/2.2).

I Sum-Rate: The total data rate achieved by all users in a aéebystem, used to assess the over-
all system capacity (Definition: D4.2/2.2).

1 Mutual Information (MI): The amount of information that can be reliably transmitted over a
channel, considering both the signal power and noise. Ml gives an inforrfagiametc perspec-
tive on the optimal link capacit@pecifically, given a transmitted sigrnabnd a received signal
« the Ml is expressed as

‘Ol Ow Oah
where’O w denotes the entropy of the transmit signal @dgo denotes its contlonal entropy when
observinga The maximum average mutual information, in an instant of a signaling interval, when trans-
mitted by a discrete memoryless channel, the probabilities of the rate of maximum reliable transmission
of data, is termed as the cimel capacity.

T Minimum Rate: In a multiuser system, this metric is the minimum data rate (i.e., spectral effi-
ciency (SE)i defined in D4.4/2.2) among all participating users. It is used to assess reliability
and fairness schemes.

1 Throughput: The actual da rate achieved in a communication link, accounting for various fac-
tors including channel conditions, protocol overhead, and packet loss (Definition: D4.2/2.2).

1 Goodput: The useful data rate received at the application layer, excluding protocol overhead and
retransmissions. The exact definition of this metrics depends on protocol implementations.

1 EZ2E (Endto-End)Delay: The time it takes for a packet to travel from tbarse to the destina-
tion in a communication network, including all processing and transmission delays. This metric
is of particular importance in MEC systems, where computation is offloaded to a remote machine
(Definition: D4.2/2.1).

1 Outage Probability: The likelihood that a wireless link's performance (normally, spectral effi-
ciency, adefinedin D4.2/2.1) falls below a specified threshold due to fading or other impair-
ments. This definition is closely related to the definition of reliability in D4.2/2.3.

1 Power Consumption: The amount of energy used by wireless devices (in particular, RISS) to
operate per time unit.

1 HarvestedPower. The amount opowercollected from the environment via RF chairisvire-
less devices (in particular, RISS).

1 Channel Temporal Carelation: The extent to which the wireless channel's characteristics re-
main consistent over time. Itlmsed orself-correlation of the channel as a function of the time.

9 Direction-Resolved SNR:SNR measured and analysed with respect to different spgaeat
tions, considering antenna patterns and beamforming.

1 NMSE: Normalised meaisquared error between the estimated/received signal or channel matrix
and the original signal or channel matrix. In this deliverable, it is used in the context of channel
estimation to assess the performance of the proposed schemes (Definition: D4.2/2.6).

RISE-6G Public 14



Document:

H2020-ICT-52/RISE-6G/D4.4

Date: 30/09/2022 Security:  Public

RISE-6G Status: Final Version: 1.0
===2

Table 2-1: Metrics per contribution considered in this deliverable.
Metric(s) Primary Contribution Objective Contribution(s)
Sumrate Capacity Analysis 351
Channel Temporal Correlation | Channel Analysis 3.5.2
DirectionResolved SNR Channel Analysis 3.5.3
SNR Channel Analysis 3.5.4,355
SINR System Analysis 3.5.6
Mutual Information Capacity Analysis 3.5.7
Throughput Multiple Access 441,442
NMSE Channel Estimation 443,44.4,445
Outage Probability URLLC and eMBB slicing 4.4.6
Sumrate Rate Enhancement 4.4.7
Power (gained) Power Harvesting 448
Goodput Resource allocation for ISAC 4.4.9
Power (consumed) URLLC 4.4.10
Minimum Rate Rate Enhancement 44.11
SNR Communication with blockage 4.4.12
E2E delayi Power consumption | MEC classification 511,512

3 Fundamentals of Multi-User Network Connectivity for RISE Systems

3.1 Joint Active and PassiveBeamforming

In this section, we give the most general definition of the rugkir problem in RI&ided wireless net-
works.We show how the key aspect is the joint optimization of the (active) beamforming at the BS and
the (passive) beamforming at the RIS. In the default settings, a given nundret o$ersYEs) 0 is
scheduled to be servetithe same timdérequency resources.

Focusing on the downlink, It denote the received signal at te:@le antennaJE "Q whichreadsas

@ B Bgois ta
where E 7. and denote the channel vectors from the RIS to the UE, from the BS to thenRIS
from the RIS to the UE, respectively, and all other notatéye defined as in Sectiéh Here, the BS
precoder and the RIS phaslgifting matrix contribute together to the received signal quality. Hence, their
optimization must be jointly considered. ll‘O be the considered network utility function, such that we
can define the followingptimization problem

i 'i!’j(')l ho

where the first constraint is required to guarantee that the-ghdseonfiguration at the RIS is given by
a diagonal matrix and that the incoming sigisahot amplified, while the second constraint limits the
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transmit power at the BS. Note that in the most general definition of such problem, the RIS is treated as
anideal hardware capable of any continuous phksiséf. However, several existing works caies the
more practical case of a discrete set of pisiing configurations.

3.1.1 Capacity analysis

In [MAD23], by exploiting tools from random matrix theory, thermus characterize the asymptotic
achievable capacity of a muRIS system, which is valid in the regime of large number of both BS
antennas and RIS elements. Specifically, the mutfaimation between transmitter and receiver is
shown to converge to@aussian distribution. As a result, an optimal capaityieving RIS configura-

tion is derived by exploiting the channel correlation matrices only. Hence, since the optimized RIS con-
figuration can be kept constant for several channel frames, this framevemilicable without the need

to acquire costly instantaneous CSl, as is the case for many existing works.

In the sequel fte detailed analytical results in Section 3.5.3 apply in the special case of ray densities that
are uniform in the set formed ingtreceiver phase plane by rays arriving from tia@smitter Tx).

Section 3.5.4 considered complex, lossy and metareflective environmbatgthe density is variable

and, although degre®f-freedom estimates outlined in Section 3.5.3 are still vdielsingular values of

the channel matrix depend on the detailed variation of this density, which can be used to define a local
SNRthat is resolved in terms @&oA, as well as position. The methodology used is based on a represen-
tation of bothTx andrecever (Rx) correlation functions in terms of (distinct) ray densities, using the
Wigner transform. Using ragracing approaches such@gnamical Energy Analysi@OEA), it is possi-

ble topropagate th&x ray density to th&x, where it is compared with a rdgnsity defined birRx noise

to define aSSNR(x,p)that depends cAoA (coordinatep) as well as position (coordinate

3.1.2 Cascaded/Linear channel model

In this section, we describe approaches to maximize the chosen network utility function under conven-
tional cascadetihear channel modigi.e., the one described in Secti®d where the RIS configuration
is represented by a diagonal matrix of phase shifts.

In this regard, the choice of the objective function is of paramount importance, especially for massive
access scenarios. Indeed, it must be choserotide highperforming solutions while guaranteeing ef-
ficiency and scalability. While several existing works focus on maximizing the rate of each UE (see, e.g.,
[WZ19]), which is a highlychallenging norconvex problem, ifMDS21] the sum mean squared error
(SMSE of the received signal has been shown to have a convex structieetivotoptimization varia-

bles separately, i.e., ando. Such property allows to obtain an efficient and convergent algokithm
alternating optimizatiorthat is shown to outperform conventional staft¢he-art MIMO beamforming
techniques in the absence of the RIS, thus demonstrating its potential gains in terms of systgm sum

Moreover, in[PTD22], the authors investigate the achievablenrate optimization in a BC in the pres-

ence of multiple RISs and with multiple mudtntenna users. Due to the raomvexity of the optimization

problem and the possibility thatlocal optimization method may be trapped in a bad local optimum, the
authors exploit the duality between the Gaussian MBAf@adcast ChanneB(C) and the multipleaccess

channel (MAC), to derive optimizatn al gor i t hms t ar ge tticasgndtthe RISuser s
phase shifts in the dual MAC alternatively. The
position method with a block coordinate maximization (BCM), while the phase shifts of the RIS elements

are computed sequentially ance dormulated in a closefdrm expression. Two timefficient alterna-

tives are also provided, based on approximate alternating optimization and projected gradient.

3.1.3 Impedancebased channel model

The signal model employed aboigebased on conventional commcation and antenna theory and as-
sumes absence of mutual coupling (i.e.,-aaf/elength inteelement distance), fdield, and independ-

ence between the signal attenuation and phase shift at each RIS UiiZzédlB]. Depending on the
application environment and the available practical hardware, some of these assumptions may not hold
in reallife scenarios.
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In this regard, an electromagnetiompliant and mutual colipg aware channel model was recently in-
troduced iNGD21] (further details can found in D3,3)hich is equivalent to a MIMO channel. Under
this setting, the abov&gnal model is modified as follows (for the case of shagienna transmitter)

w O i 3
where the channel coefficient is given by
Qe @ ) 4 A AL 4 R

with ® accounting for internal impedance of the voltagaagator of the transmitter, load impedance of

the receiver, and seifnpedance of the transmit and receive antennas, whirggis the (self) mutual
impedance betwea) and@, where YiYii'Ystand for the transmitter, the receiver and the RIS, @esp

tively. MoreoverZt  represents the tunable (diagonal) impedance matrix at the RIS. Under this model,
the optimization procedure requires to deal with the inverse operation, which further compounds the
complexity of designing optimal RIS strateg{@dD21], [QD21], [MPS23] In this regard[MPS23]

extend the framework presented jMDS21] and Sectior3.1.2to this nonlinear channel model by ex-
ploiting the Neumann series to linearize the expression in small iterative updates of the matrix of tunable
RIS impedances:

A treatment of degreef-freedom estimation and an accompanying analytical approximation (in 2D) of
channel strengths based on the geometry in phase space of the set of rays connecting transmitter to re-
ceiver were previously studied, which made simplifyasgumptions that the receiver was in thditdd.

Section 3.5.3 extended it to ndald geometries for which the relevant ray sets are more complex. This
contributionaimsto evaluate information metrics in large, complex environments where direetlimgd

of the propagated wave solution is not feasible. To account for the more general case, a coordinate trans-
formation is foundwhich deforms nedfield geometries into the rectilinear setting for which this con-
ventional Slepian analysis applies, atlagproximately.

3.1.4 Channel statistics

Motivated by the growing concerns on the applicability ofg®annel frame RIS optimization frame-
works that require instantaneous J8IAG22a]and[CAG22b] deal with the design of moncoherent
modulation scheme for a REdedsingleinput multipleoutput SIMO) network. In this contexthe
authors propose to exploit the robust naturBifferential Phase Shift KeyindPSK), which is proven

to work well under fasvarying channels. With the proposed framework, the control channel previously
used for CSI acquisition is removed, and thgesponding timdrequency resources are used for com-
munication, thus improving the overall network performance. Moreover, thanks to tHeelmenent mod-
ulation scheme, the RIS configuration can be chosen at random, thus allowing to remove most of the
resairces dedicated to the RIS control chammelresulting in asimplified design of RISaided networks,
especially under massive deploymafthile theaforementioned works have demonstrated the potential
benefits brought by relying solely ahannel statigts (seefMAD23], [CAG22a] and [CAG22Db]), in
[ICS23], theauthors investigate how the RIS can be exploited to alter such statistics in a desifearway.
instance, the RIS can be used to create @diftime diversity in slowfading channels. In this way, the
RIS may be used to render and control a razttering environment.

3.2 Static versus NomadidRIS

In the previous section, we assumed a static RIS position, e.g., mounted on the facadklioigeobu
indoor wall. However, this might not be the case for some novel RIS use cases.

In this regard, consider tmewly definecconcept of aito-ground network, whereby aerial devices, such
asUnmanned Aerial VehicledJAVs), are used to facilitatine communication between a BS and a set

of target UEs by flying above obstacles and providing enhanced connection reliability. In this context,
RISs can be leveraged to alleviate the limited battery life of such devices, while guaranteeing advanced
beamfaming capabilities.
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Owing to the nosstatic RIS position, the aforementioned multer problem formulation is modified by
introducing the variation of the RIS position and orientation over [iWS22] [SAH27.

However since UAVs might be subject to unwanted perturbations caused by meteorological phenomena,
the system needs take into account a degree of uncertainty on the (nominal) position and orientation of
the RIS[MSL23)].

While the aforementioned works study how to counteract thelpp@ssisalignments induced by random
and unwanted rotations of the RIS surfacdJ&S22] it is propose to exploit the extra degree of free-
dom given by the RIS ori¢gtion to improve the system performance. Indeed, in this case the RIS orien-
tation is optimizedo maximize the received signal power at a given receiver loc&ttwnesults show

that the optimized RIS rotation has a greater impact as compared teHieatiRIS positioning problem.

3.3 Exploiting the Frequency Domain in RISE Systems

While in Sectior3.1, the problem of multuser network connectivity in RISE systems is treated by de-
signing optimized beamforming techniques both at the RIS and at the BS, advanced RIS hardware design
may be ex|wited to achieve mulirequency operation, without the need of redundant deployments.

Indeed, novel RIS designs allow to operate on different frequency bands with the same hardware. In this
way, the users may be scheduled in the frequdoayain as weland/or multiple RATs may be sup-
ported. IN[MAM22], the RIS unit cell is replaced by a reconfigurable patdfenna, i.e., an antenna
whose operating frequency may bgdmically configured. By doing so, and depending on the chosen
working frequency, the intexzlement spacing may be different than the conventionawsilélength.

As a result, the array response may be corrupted by mutual coupling effects. A soltiisrptoblem

may be given by selectively turniadf antenna elementspas to restore independence across the array

of antennas. The choice of the elements activation requires additional optimization, which is coupled with
the current propagation envinment and application scenario.

3.4 Autonomous RISs

The abovementioned methods rely on a control channel between the BS and the RIS, which is used to
communicate to the RISC the optimized phsisit configuration. Moreover, the BS exploits the availa-
ble CSlat the transmitter (C3$) to optimize the given network utility metric.

In reatlife scenarios, such assumptions may be unpractical or even unfeasible. Hence, recent works have
introduced the concept of sebnfiguring RISs, whereby the RISC exploits oiolgally availableCSI to
automatically find the best RIS configuration.

In [ADS22], the authors propose to embed the RIS with basic sensing capabilities and deftbte it
hybrid RIS (HRIS) A fraction of the incident signal is redirected to a sensing branch on the RIS. Both
signal components are phesdfted by the same amount, which is different for each unit cell. During
uplink transmission, the power of the sigohtained by summingp all the outputs of sensing branches
across the array can be exploited to infer the location of the intended receiver. Such information, together
with the known BS position, is then exploited to selfifigure the RIS by aligning b the direction of
maximum power as computed by the sensing branch.

3.5 Contributions from RISE -6G

The following table lists the relevant contributions from REBE in the multiuser connectivity design
for RISE systems and summarizes the key sygameters.
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Table 3-1 Contribution from RISE -6G on fundamentals of multtuser network connectivity.

Title

Scope

Optimization
variables

#BS

#RIS

CSl

Continu-
ous/ quan-
tized
phase
shift

Delivera-
ble/ Section
no.

SARIS: Scattering
Aware Reconfigu-
rable Intelligent
Surface (Optimi-
zation of the RIS
configuration un-
der the imped;
ancebased chan
nel model)

Minimizing
SMSE

BS  beam-
forming con-
figuration
and RIS tuna;
ble imped-
ances.

Perfect

Quan-
tized/bou
nded.

D4.4B3.5.1

Randomize con
trol of coherence
time via RIS

Coherence
time

Seed for ran
domized RIS
phaseshifts,
RIS number
of elements

Line-
of-
sight
(LoS)
com-
ponent
known

Continu-
ous

D4.413.5.2

Metrics from di-
rectionresolved
signako-noise ra-
tios:  Analytical
characterisation o
modes and char
nels using Slepial
method extended
to nearfield

Neatfield
degreeof-
freedom esH
timation
and analyti-
cal approxi-
mation of
channel
strengths

N/A

Unkno
wn

N/A

D4.43.5.3

Metrics from di-
rectionresolved
signatto-noise ra-
tios: Channels
mutual infor-
mation and capac
ity derived from
direction and po-
sition-resolved
SNR using ray
tracing in multi
reflectiveenviron-
ments

Analytical
approximat
ion of
channel
strengths in
the case of
variable ray
densities

N/A

Unkno
wn

N/A

D4.4B3.5.4

Modelfree
channel hardenini
algorithm with
lab-based
experiment to
evaluate the

channel hardenin

Maximize
SNR

RIS phase
shifts

un-
known

Quantized

D4.43.5.5
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performance in
the reverberation
chamber
environment
Non-Coherent Analysis of | N/A Any | Un- Both D4.43.5.6
Modulation NCDS in known
Schemes in RIS | presence of
communications | RIS
Capacity analysis| Ergodically | RIS  phaseg Mul- | Statis- | Continu- | D4.43.5.7
of largeRIS- optimal RIS| shifts tiple | tical ous
systems profiles
On the Maximum| Maximize (user s 0 Mul- | Perfect| N/A D 4.4B8.5.8
Achievable Sum | Achievable | ance matrices tiple
Rate of the RIS | Sumrate and RIS
Aided MIMO phase shifts
Broadcast
Channel
Extra Degrees of | Analysis of| RIS rotation 1 Un- Continu- | D4.4/3.5.9
freedom in RIS | the directiv-| and position known | ous
tuning via Rota- | ity patterns | optimisation.
tion and Move-
ment
Joint activepas- | SMSE BS and RIS 1 Perfect| Quantized| D4.2/3.5.1
sive beamforming beamforming
(RISMA) configura-

tions.
A FrequencyAg- RIS phase 1 Perfect| Continu- | D4.2/3.5.3
nostic RISbased | Maximize | shifts, activa- ous
solution SLNR tion profile,
(FABRIS) and BS pre-

coder
RIS-Empowered | Maximize | BS and RIS 1 Statis- | Continu- | D4.2/3.5.2
UAV Communi- | Minimum | phaseshifts tical ous
cations forRobust| SNR
and Reliable Air
to-Ground Net-
works (RIFE)
A Self-Configur- | Maximize | RIS phase 1 Un- Continu- | D4.2/3.5.4
ing RIS Solution | Sum Rate | shifts known | ous
Towards 6G
(MARISA)
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3.5.1 SARIS: Scattering Aware Reconfigurable Intelligent Surface (Optimization of the RIS
configuration under the impedancebased channel model)

Motivation and context

In this section, we summarize the contributiofNiPS23] which focuses oextendng the endto-end
mutual coupling aware and electromagnetenpliant channel model, which was initially proposed in
[GD21] for the case of pure LoS betweenRiS and RISRX to the case of complex propagation envi-
ronments with scattering clusters.

We consider the system model depicteBigure3-1, wherein a multantenna BS serves multiple single
antenna terminals with the aid ofiaelementRIS whose antenna elements are spaced Moreover,

by exploiting the discrete dipokgpproximatioYHO7], we model the scattering clusters as collections
of thin-wire halfwavelength dipoles that are assumed to bplaoar with the RIS.

CIC 1]

N I | | - Scattering
E===s
| N |

oo 0:0 D

@ % e Tar e

% D
° R J
Base Station 4 @

Figure 3-1 RIS-aided propagation environment with scattering clusters.

In this setting, we model the etatend MIMO channel as

L AL /R AL /R AL
il L 44 = = = = = = = NE
AL L Lo AL AL N[
AL 1L i h AL &= £ K 4 AL AL
Hoa ML
En

where the code lette®&¥HBhH stand for the Rx, Tx, RIS and scattering objects, respectively. Moreover,

'H is a diagonal matrix modelling the loads of each scattering dipole. In this way, by suitably adjusting
such load we can model any kind of realistic scattering object. Lastly, the tunable RIS impedance matrix
is modelled as

H AERC ©
with 2 a constant value modelling the RIS internal circuit lossesgatide tunable reactance of each
RIS unit cell.

Methodology

In this context, we formalize the problem of jointly optimizing the BS and RIS active and passive beam-
forming vectors, respectilye via the RISMA framework ifMDS21]. In particular, in this context, the

RIS passive beamforming vector is identified via the matrix of tunable impedEincesience, given

the expression of the channel provided above, we have the additional complexity of having the optimiza-
tion variable inside an inverse matric operation. To deal with this issue, we employ the Neumann series
[QD21]. Specifically, at each iteration of our proposed approach, we optimize only a small update of

‘H ,asH H 8Hence, thanks to the Neumann series we can formulate the inverse matrix
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operation and make it linear in which is now our new optimization variable. Indeed, i small

enough, we have that= 'H 7 T T Wherey = H for any nondiago-
nal matrix=38

After a series of mathematical reformulations, eamcast the problem in the samedanvex nature of
[MDS21]]. The formulated optimization algorithm is dubbedsad1S$which is formally proven to con-
verge to a stationary point JMPS23]

Results and outcome

In the latter, we provide some numerical results pf a¢ UE setting by comparing SARIS with two
reference schemes, namely the blookrdinate descent weight®&inimum Mean Squared rieor (BCD
WMMSE) algorithm ifADD21] and amismatcheanodel, which corresponds to ignoring the interactions
between the RIS and the scattering objects (i.e., by sétting 'H ). In Figure 3-2 we show the
convergence of the considered algorithms for different valuésasfdQon the lefthand side, while we
show the convergence versus the gadfi2 for. ¢ tandA 17y. Here, we demonstrate how SA-
RIS is both faster and more stable than reference schentéguhe 3-3, we show the achievable sum
rate of theconsidered schemes versus the number ofdJf&ft-hand side) and the number of scattering
clusters. (right-hand side), for different values 6fandQ Details on the numerical results can be
found in[MPS23]

24 SARIS ® d=)\4,N=16

— — BCDWMMSE ® d=\/8 N=64 18
U PR Mismatched d=)\/16, N = 256
® d=)\2,N=4

N
o

Sum Rate [bps/HZ]
&
\\\
\
\
\
\
Sum Rate [bps/HZ]

~~~~ e R
L e ot i i o e o e e e ] — — BCDWMMSE ~ ® R =10°
| | | | ® R =10 R, = 10
1000 2000 3000 4000 5000 50 100 150 200 250
Iteration index Iteration index

Figure 3-2 SARIS algorithm convergence for different values of N and d (lefhand side) and R (right-hand

side).
SARIS ® d=\4,N=16 SARIS ® d=)\4,N=16
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300N\ ....... Mismatched d=)\/16, N = 256 gl Mismatched d=)\/16, N = 256
. ® d=M2,N=4 - ® d=)\N2,N=4
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Figure 3-3 Sum rate obtained with SARIS and the reference schemes versus the number of UEs L {left
hand side) and the number of scattering clusters Nright -hand side), for different values of N and d.
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Relation to other RISE6G contrilitions

This contribution creates a link between advanced channel models derived in WP3, such as the one in
[GD21], to optimization methods characterized in WP4, sudiM@S21]. Indeed, it provides a frame-

work for joint actve and passive beamforming under electromagnetic compliant and mutual coupling
aware channel modelsvhich are intrinsically more complex to tackle as compared to standard cas-
caded/linear modes, as described in Sedn

3.5.2 Randomize control of coherence time via RIS (Method to control the coherence time of a
UE through the change of configuration of an RIS)

Motivation and context

In the current literature, theresanumerous use cases showing how an RIS can control the wireless prop-
agation to improve the communication performance by maximizin@ttadity of Service QoS. How-

ever, relatively few works explore how to use an RIS to shape the temporal chann@sstsitiski as the
channel correlation. Such a control could be used to induce temporal diversity fiadiog/channels,
avoiding prolongednfavourablgropagation to the receiver. To study how the RIS can shape the channel
temporal statistics, we anafythe scenario with a single transmitter, receiver, and RIS. The RIS config-
uration changes randomly at every time step, with phase shifts sampled from a uniform distribution over
the interval* —H —, parameterized byt “

Tx Rx

f hp [k} f Time-variant RIS configs.
RIS - —
|~ ————
g[k} P [k] h[k] Static RIS configs.

Discrete time

Channel gain

Figure 3-4 RIS-aided communication system

Methodology

To characterize the channel temporal correlation, we first define the disoretearying channel model.

In this model, each complex coefficient representing a channel link comprises a constant LoS component
and a timevarying nonLoS (NLoS) component. dpecially, the NLoS componentnsodelledas a sta-

tionary firstorder autoregressive (Yp ) random process with parameter | p. Given the channel

model, we derive the autocorrelation function (ACF) of the equivalent transneitteiver channel con-
sidering uniformly di s[tC643]peg.t12).derikdd 8dn the AM@Fs tee clsahnielf t s (
temporal correlation[iCS23], eqg. 14) strongly dependandthepat he nt
rameter of their phase shifts distributienTherefore, we propose a randomized framework to control

the channel correlation kgetting—andi to yield a target temporal correlatiofGS23], egs. 17 and

19). The interested reader can refeflt©S23] for all the details on the system model, the problem for-
mulation, and the proposed randomized framework.

Results and outcomes

Figure3-5 depicts the channel temporal correlation versus the digimegedelay, considering different

values of the phase shifts distribution parameter. One can observe that, when the RIS basfgjatic

rations ( T1), the correlation crosses 0.9 at the time delay of 1000 samples. For the other-eigrves,
designed using the proposed framework to yield the correlation of 0.9 at the delays of 750, 500, and 250
samples. SimilarlyFigure 3-6 shows the channel temporal correlation, but now considering different
values of the number of URIk3$he corlatemoeossessD.9 atlthetimeh e ¢ ¢
delay of 50 samples. Using the proposed framewiik, calculated for the other curves to yield the
correlation of 0.9 at the delays of 100, 200, and 400 samples. These results demonstrate that, with the
proposed randomed framework, channels with a slow decay correlation can be speeded up by increasing
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Figure 3-7: Channel temporal correlation versus (left) the AR(1) parameter and (right) the Rice factor

Relation to other RISEGG contributions

[ICS23]

This works shows #working principles of using the RIS in an alternative way with respect to standard

communication techniques, allowing the device to further enhance performance to users having terrible

channel condition and high coherence tikve remark that thimethodcan be seen as an instance of an
autonomous RIS, because the process is performed by the RIS device without the control of an external
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entity. The proposed approach can be used by dedicated RISs installed for this purpose in rich scattering
environmentFurther study needs to be carried on to provide a feasible hardware with such capabilities.

3.5.3 Metrics from direction -resolved signalto-noise ratios: Analytical characterisation of modes
and channels using Slepian methodextended to nearfield

Motivation and context

We have previously provided a treatment of degifelgeedom estimation and an accompanying analyt-

ical approximation (in 2D) of channel strengths based on the geometry in phase space of the set of rays
connecting transmitter to receiver. Worksdebed here applies to a continuum limit of transmitter and
receiver antennae. The previous work made simplifying assumptions about this set that effectively as-
sumed the receiver was in the-faald. These results are extended to Ffeed geometries fowhich the

relevant ray sets are more complex. This contribution, along with the next, is part of a broader strategy at
UNOT of leveraging rayacing simulations, emerging from approaches such as DEA, to evaluate infor-
mation metrics in large, complex emiments where direct modelling of the propagated wave solution

is not feasible.

Methodology

As with the treatment of the field case previously considered, the underlying methodology is based
on a solution of related integral equations using Prolatergplal Wave Functions, due to Slepian. To
account for the more general case, a coordinate transformation is found which deforfiedchgaom-

etries into the rectilinear setting for which this conventional Slepian analysis applies, albeit approxi-
mately.

Results and outcomes

Figure3-8 (left), taken from{ CMG23], illustrates the set of rays arriving in the phase plane of the receiver
from the transmitter in a neéield LoS setup. Unlike the fdield case, where the edges of this region of

the phase plane are nearly straight, the boundary of this set is strongly curved and shows significant left
to-right asymmetry. We derive an arpeeserving coordinate transformation so that the ray set forms a
parallelogramin the phase plane: a treatment previously publish§d@®23] then applies and predicts

singular values accurately, as shown onritpet of Figure3-9.
//

Qg

Figure 3-8 The generalized calculation treats neafield cases (illustrated figuratively on the left), for which

the set of rays from transmitter to receiver is considerably deformed: the figure on the right shows an ex-

ample of such a set, shaded green and denotedthe phase plane of the receiver (parametrized by position
and direction/momentum variable where is the angle of arrival at the receiver).

A key parameter in this treatment is provided by the number of degrees of freedom in the system, deter-
mined by thearea of the intersecting set. This depends on geometry of the transetéier system as
exemplified on the left dFigure3-9, where the numberf degrees of freedom is plotted as a function of
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distance between parallel arrays. The singular values of the channel matrix are then calculated in the same
way as in the fafield model, using the tunnelling approach[6f523b] except that it accounts for the
deformed ray set.

8.0 - Vol Tunnelling model
6.0 —
D " [
4.0 } }‘n 05 F
|
2.0 d
0.0 5 Coe e |,
2L 4L 6L 8L 00 05 1.0 15 0
zZ n/D

Figure 3-9 DOF estimates from phasespace geometry are exemplified on the left. The right pt shows an
example of the channel strengths of the deformed model, which are well described by the analytical models
developed (continuous curves).

Relation to other RISE6G contributions

The directiorrelved signalto-noise ratio can be served as metrics for thedptBnizatiorrbasedstud-
ies in WP4, and the sustainable RIS solutions as focused on WP6, especially in supporting the channel
model based RIS optimizations.

3.5.4 Metrics from direction -resolved signal-to-noise ratios: Channels, mutual information and
capacity derived from direction- and positionresolved SNR using raytracing in multi -
reflective environments

Motivation and context

The detailed analytical results in the previous section apply ispbeial case of ray densities that are
uniform in the set formed in the receiver phase plane by rays arriving from the transmitter. In complex,
lossy and metareflective environments, the density is variable and, althoughafefyeeelom estimates
outlined in the previous section are still valid, the singular values of the channel matrix depend on the
detailed variation of this density, which can be used to define a local-tigmaise ratio that is resolved

in terms of angle of arrival as well as pasit

Methodology

The methodology used is based on a representation of both transmitter and receiver correlation functions
in terms of (distinct) ray densities, using the Wigner transform. Usingraaing approaches such as

DEA, we can propagate the tramgier ray density to the receiver, where it is compared with a ray density
defined by receiver noise to defin&SBR(x,p)that depends on angle of arrival (coordingtas well as

position (coordinate).

Results and outcomes

We derive a formula (illusaited and implemented here for 2D) for the mutual information of the form in

which SNR(x,p) is evaluated in closed environments using a DEA approach. A mutual information that

is scaled by the degred-freedom estimation of the previous section is indepenhdf frequency and

allows comparison of results across the spectrum: it is illustrated for a particataped 2D enclosure

in part (a) ofFigure 3-10 using sign&to-noise ratiosSSNR that have been calculated both for a single
realisation (Aunaveragedo) and after smearing of
of frequency. These are each compared with a corresponding direct spectral evaluation of singular values

of the channel matrix. This sdefined mutual information can be optimised using a wfiterg argu-

ment within the raydensity settingCBG23]
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Figure 3-10 A calculation of scaled mutual information using DEA simulation of a 2D Eshaped
enclosure is compared in part (a) with direct spectral evaluation, for both averaged and unaver-
aged densities. Part (b) illustrates the Weyl estimataf eigenvdues (scaled by a loss factor de-

noted <Q>on which this is based).

The calculation of mutual information and channel capacity by local sigmalise ratio is based on an
averaged prediction of eigenvalues using a Weyl counting forpralaously reported, which can also
be made independent of frequency byappropriate scaling of counting variables and is exemplified for
an L-shaped enclosure Figure3-10.

Relation to other RISE6G contributions

The channel model and metrics proposed and derived in thisameviersatile in supportingptimiza-
tion-basedstudies in WP4. The metrics and models are also with great potential in supporting the estim
tion algorithms for RISbased localisation and mapping studies in WP5.

3.5.5 Model-free channel hardening algorithm with lab-based experiment to evaluate the chan-
nel hardening performance in the reverberation chamber environment

Motivation and context

RIS devices have emerged as an effective way to control the propagation channels for enhancing the end
usersodo performance. However , ®radd freqpendy raspanaetofaon i n
large number of radiating elements, which is challenging inwedd applications due to high compu-
tational complexity. In this work, a mod#ke crossntropy(CE) algorithm is proposed to optimize the
binary RIS configeation for improving the SNR at tHex. One key advantage of the proposed method

is that it only requires system performance indicators, e.g., the received SNR, without the need for channel
models or channel estimation. Both simulations and experimentdagected to evaluate the perfor-
mance of the proposemtossentropyalgorithm. This study provides an experimental demonstration of

the channel hardening effect in a maltitenna Rl&ssisted wireless system under rich multipath fading.

An RIS-assisted ammunication system is considered as illustrate#figure 3-11, where the RIS is
equipped with N reflective elements located between thtdnna BS and the singdatenna UE

Figure 3-11 An illustration of the RIS -assisted communication system with N = 152 elements.
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Methodology

The objective of the RIS optimization problem is to maximize the SNR of the UE by optimizing the phase
shifts of the RIS elements. This problem involving N integers is nonconvex, hence challenging to obtain
the solution, especially when N igde. It can be formulated as

i A®0 ,subjecttoo; {0, 1}, n=1, é, N,

whereuvdenotes the SNR of the U= @ denotes the phase shifts of N RIS elemenasdo
denotes the binary phase shift of ththrelementd =0andd = 1 represent a, 0 and
respectively.

The crossentropy algorithmdenotedn this section a£E algorithm, is considered to solve this RIS
optimization challenge for the SNR improvement, which mainly depends on the Kullboi&r cross
entropy and the importance sampling in an iterative mgdi€v05]. The detailedstepsfor the binary
RIS optimizatioraregiven in Algorithm 1The interested reader can refef®Z23] for further details.

Algorithm 1: CE Algorithm for RIS Optimization.

Step 1: Initialize the Bernoulli probability vector PY = { PP},
with P = 0.5, where P, denotes the initial probability of the
n-th RIS element to be one. Set the total number of iterations
as T and the iteration index ¢ = 1. o
Step 2: Randomly generate K samples {a’}7, according to
Bernoulli distribution with probability P~ where
a’ = {x) };}": 1, and &, denotes the binary phase shift of the
n-th element of the j-th sample (RIS configuration).
Step 3: Commit each RIS configuration and collect the
corresponding performance indicator, e.g., received SNR.
for j=1: K do
- Commit ' as RIS configuration.
- Record the received SNR as &;.
end for )
Step 4: Sort {'}'*, in a descending order as {z” }g’\{:l with
respect to &;. o
Step 5: Select the best J = [ K| samples from {x }f,‘}:l.
where ¢ denotes the quantile and generally ranges from 0.01 to
0.1 [18], and then update the probability vector P* with
J 7
P! = ¥ n=1,....N.
if P’ converges to a binary vector then
Break
else if t = 7" then
Post-process P’ to be a binary vector with P}, =1
if Pi > 0.5, otherwise P, =0, n=1,...,] N.
else
Set ¢ =t+1 and go to Step 2.
end if
Step 6: Return P' as the optimized RIS configuration ™,

Results and outcomes

Both simulations and experiments are conducted for performance evaluation of the proposed CE algo-
rithm. For the simulations shown Higure 3-12a, the average SNR is ontf.9 dB without RIS. The
proposed CE algorithm increases the SNR to nearly 11 dB at 5 iterations, which then surpasses the bench-
marks with a SNR advantage of around 7 dB. From experiment results sheiguraB-12b, the average

SNR is only 4.8 dB without RIS, while the MH and SA converge to an infericoptitmal solution at

around 8.3 dB. The proposed CE algorithm enhariee$SNR to over 12 dB, which outperforms the
benchmarks by around 4 dB.
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Figure 3-12 Performance on different numbers of iterations.

Figure3-13validates that the average SNRs of all algoritimyErove with an increasing number of RIS
elements. Theroposed CE method outperforms the benchmarks in terms of both SNR and channel hard-
ening, and it shows greater advantages than the benchmarks with growing numbers of RIS dlaments.
practical experiments achieve stronger channel hardening than simulktiBiture 3-13a, a curve of

is also given, which demonstrates that the CE algorithm achieves a similar trend as indicated by the
square law expectatigBS20] between the SNR and the . Despite the fact that the SNR improvements
in Figure3-13pb slightly deviate from the square law due to the potential influence of imperfect RIS ele-
ment deactivation, the CE approach leads to significant SNR enhancemehtiandl hardening.
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Figure 3-13 Performance on channel hardening.

To further evaluate the channel hardeningggenance Figure3-14 demonstrates the ratio between the
variance and the mean square of the collected SNRs with increasing numbers of RIS eRwttents.
simulation and experiment results indicate that the ratio generated by the CE algorithm and benchmarks
generally keeps decreasing with larger N, and the proposed CE algorithm remains the lowest, which
illustrates that the channel hardening performasiperior to the benchmarks. Additionally, the per-
formance of the CE algorithm generally follows the trend of the curve of the theoretical scaled 1/N.
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Figure 3-14 Performance on channel hardening (variance=mean”2).
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Relation to other RISE6G contrbutions

This work studies the channel model free based solutions for the RIS optimization under laboratory en-
vironment, which complements to the moeteked studies in WP3, and an additidhalof of Concept
(PoQ prototype for the WP3 and WP6, e for comparison purposes.

3.5.6 Non-coherent modulation £hemes in RIS communications

Motivation and context

The exploitation of RISs is mainly based up to date on the classical Coherent Demodulation Scheme
(CDS), where the knowledge CSl is essential for the optimised configuration of the RIS tunable elements,
the precoding and combining matrices, as well agslémodulation of the signal at the receiving node.

This processing task is not straightforward since aaumvex design optimisation needs to be solved,
increasing the operational complexity of the fIi8powered communication system. Furthermore, the
overteads increase when OFDM transmissions are taken into consideration, where the complexity of the
channel estimation and optimisation scales with the number of subcptd20§, and coherence time is
always assumed to be long enough to cope with the channel training and uplink/downlink data transmis-
sion stages.

On the contrary, the Ne@DS (NCDS) is an alternative demodidatscheme that does not require CSI.
NCDS is more robust than CDS for low SNR scenarios, where the latter scheme additionally suffers from
noise pollution in the channel estimates. Motivated by the above, this contribution investigates the use of
the NCDSstrategy of DPSK method in the presence of RIS for SIMO OFDM sy<siEmG22a]
[CAG22b]. DPSK is robust in very fast timearying channels because it only requires that the channel
response is quastatic over two contiguous symbols. This combination requires neither channel estima-
tion nor solving a notconvex optimisation mblem. Consequently, the channel training stage is no longer
required and the side link to control the RIS is removed, since the passive elements of the RIS can be
configured by any random phases. Hence, the proposed solution is not only able to ingpefficehcy

of the system, but it is also capable of reducing the processing complexity, especially for broadband multi
carrier waveforms, simplifying the massive deployment of RISs.

The analysis conducted [RAG22a] [CAG22b] includes the characterisation of the expected SINR,
considering both an idealistic and a realistic channel model and provides approximate analytical expres-
sions for the Symbol Error Probability (SEFPhe numerical evaluation shows that the analysis is backed

by the simulated scenarios and illustrates the superiority of the proposed NCDS system over a relevant
CDS one. Besides, the performance of the proposed NCDS does not suffer from any perfoemance
isation when low resolution quantisation (even at 1 bit) is considered for the RIS phase configurations,
unlike CDS.

Methodology
Two channel models are considered:

1. Independent and Identically Distributed (1ID) channel moda:a benchmark, we conisr the
case where the el ements of the channel freque
are |11 D. This channel mo d e | is used for the
proposed NCDS, and comparing it with a more realistic geceneiieband channel model. The
smallscale fading of the respective channels is modelled according to the Rayleigh distribution.

2. Geometric wideband channel modebr a more realistic performance evaluation, the two links
(BS RI'S and RI S edwihageometric widebandarodelenade zp of the super-
position of several separate clusters, where each of them has a different value of delay and gain.
Moreover, each cluster is comprised of a certain number of rays with different angles of arrival
and departure. The delays and geometrical positions of each cluster/ray are typically character-
ised by the Delay and Angle Spreads (DS and AS), respectively. The recommended channel
model for 5G is use[BGPPri16]

RISE-6G Public 30



Document: H2020-ICT-52/RISE-6G/D4.4
Date: 30/09/2022 Security:  Public
RISE-6G Status:  Final Version: 1.0

=8

The DPSK scheme involves encoding the constellation symbols at the transmitter in the time domain
along each subcarrier, so that the first symbol constitutes a reference symbol. The rest of the symbols in
the burst are encoded as the product of the previous encoded signal with the current symbol to be sent
(scaled accordingly to satisfy power constraints). Note that a single reference symbol is only required at
the beginning of the burst in order to allow thi#edential demodulation, which represents a negligible

over head. At the receiveroés end, the decoding ca
the useful symbol to be decided (poll ut ed olsy t he
interference produced by the noise and the received differential symbol in two time instants, as well as a
term resulting exclusively by the noise. The decoding procedure first decodes the known reference sym-
bol at the beginning of the burst to deduhe effective channel coefficients and then proceeds to decod-

ing the rest of the symbols by used the decoding symbols of the previoud\stepthat the proposed

scheme does not need knowledge of the CSI, nor does it require optimisation of thefigigaten.

Therefore, random RIS profiles are utilisettlare reconfigured after each channel coherence frame ends.

Analytical expressions for the SINR and the SEP
The SINR for the SPDK scheme under IID channels can be expressed as (EfCR&22a]with a
change of notation for consistency purposes)

wherel is the number of receive antennas, an are constant terms depending on the noise levels

and transmission power. The form of the above expression indicates that not only the number of the
receiver antennas improves the system performance, but also the number of the RIS elements helps to
reducethe interference and noise terms, by providing an additional spatial diversity gain. Consequently,
the RIS isable to improve the overall performance of the system. Furthermore, as clearly indicated from
the numerator, the performance of the system wihiggh, even though the number of antennas and/or

the number of the RIS elements are not very large, since these values are multiplied.

Considering the 5G compatible geometric model, the analytic expression for the SINR in this case may
be expressed as (E2P in[CAG22a]with a change of notation)

P 6 CG p T ooy p
— P CL € U € —

r 00 ¢ VU € 00 ¢ r

where,0 and0 quantify ctannel gains anél , ¢ denote noiseelated terms, illustrating that the ideal

IID channel model constitutes an upper bound of the achievable SINR. Obviously, the spatial correlation
of the antennas at the receiver and the RIS passive elements iglitmtiperformance of the system for

this geometric wideband channel model as compared to the IIDSiedlarly to the previous case, both

the number of antennas and the number of passive eleimeatdributing to enhance the SINR.

The analysis of Section 4 fEAG22a]provides an expression for the SEP of the decoded symbol under
the DPSK scheme, however, since it is not straightforwardpress in closed form, it is skipped from

the present text for brevity. The SEP values of the numerical evaluation below are evaluated numerically
via numerical integration methods.

In terms of computational complexity, assuming burstsyeymbols per chanel frame, the encoding
process requiré&’complex products for the encoding phase and p “Y p complex products at
the decoder, which is of the same order asitfi&products required by the OFDM CDS, while the latter
also supposes a computatad complexity of polynomial relation 1 for the iterative optimisation ap-
proach, as well as an added overhead for the channel estimation process.
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Results and outcomes

Figure 3-16 illustrates the SINR performance as a function of the UE transmit power of the proposed
NCDS with & DPSK for both the IID Rayleigh and the geometric wideband channel models considering

4 receiving antennas and different values for RIS elements (denotedl witthe legend) and AS sys-

tems. As clearly shown, the performance for the IID channel modespamds to the best case for all
simulatedRIS elementvalues. On the other hand, for tteseof geometric wideband channel, the per-
formance depends on the spatial correlation. When the angular positions of the clusters/rays are separated
(i.e., high AS)the performance is better compared to the low AS case. Evidently, his improvement be-
comes even better for large RIS sizes. It is also showngrfigure that the SINR analysis presented

above §hown with black solid lines) accurately characterizes th6&R e mpower ed system p
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Figure 3-16 SINR performance of NCDSin 1ID and geometric channels considering differenRIS
sizes and ASs.
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Figure 3-15SEP performance of the pNCOPRIDa gddi@dliS channelslcon-
sidering different RIS sizes.
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Similarly to the previous figureRlSs with more elements result in improved performance and the 11D
channel yields better performance than the geometric one. The approximateal 8#sPof the analysis

are plotted in dotted lineshowcasing that the analysis is accurate enough.
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Figure 3-17 SEP performance comparison between the proposed NCDS and the baseline CDS

Finally, a comparisoonf the NCDS approach along with the baseline @$owcased ifrigure3-17
over different mobility scenarios, accounting for channel estimation overheads, ttiainresmalised

factors for the CDS case to account for the time slots spent for channel estimation and optimisation, thus

allowing for a fair comparison. The results illustrate that the proposed NCDS scheme significantly out-
performs CDS for large RIS sizkloreover, even for the smalSs the NCDS outperforms CDS, due

to the fact that the latter is not able to obtain accurate channel estimates due to the presencé&lo§ noise
happens because the UEG6s tr ans meénumberooivesourcéesshati n
can be devoted for CSI estimation while maintaining a reasondldieefy.

Relation to other RISE6GG contributions

The majority of the contributions in this deliverable that focus on thesrdtancing problem in general

involve solving optimisation problems based on information relating to the users or the system (e.g.,

instantaneous CSI, statistical CSI, user positiong, atd therefore introduce unavoidable measurement
and computational delays. In contrast, the aislpf this contribution offers an alternative for high
mobility scenarios where the estimation process may pose significant overheads.

3.5.7 Capacity analysis of largeRIS-systems

Motivation and context

RIS optimisation techniques, such as those proposedsimlétiverable or works appearing in literature
primarily focus on pechannel frame configuration of the profile of the metasurface. This operation may

entail substantial overheads in terms of channel acquisition and often assumes that both the computation
and the configuration switching delays occupy a negligible part of the channel frame. As the maturity
level of the metasurface prototypes as well as the development of relevant infrastructure and algorithms

increases, it remains unclear whether such remqénts can be satisfied in all deployment scenarios. This

problem is magnified by the fact that the number of RIS elements is expected to grow in very large scales.
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Taking the above into consideration, this contribufistAD23] provides a performance analysis of
multi-RIS systems in terms of achievable capacity, as the number of BS and RIS elements becomes as-
ymptotic. The main result of this endeavour a closed forpresssion for the RIS configuration that is
asymptotically optimal when only statistical CSl is considered.

Methodology

Using tools from random matrix theory and statistical physics, analytic expressions for the ergodic Ml
and its variance are presented,doyisidering the limit of of large antenna numbers and large numbers
for the reflecting elements of the RISs (Eq4.38in[MAD23]). Following the central limit theem, the
distribution of the MI performance converges weakly to a Gaussian distribution (RemgikkADR23]).

The asymptotic properties of the correlation matrices corresponding to the incoming and outgoing EM
waves to and from the RISs (Proposition 2\MMAD23]), which albws for the solution of the capacity
maximisation objective function to be expressed in terms of the asymptotic form of the eigenvectors of
the channel correlation matrices. This leads to a clfis®d expression for the optimal RIS phase shifts,
using ony knowledge of the statistical properties of the channel matrix. Concretely, for LoS channels,
the covariance matrices are drahk and the capacity expression can be approximated using the first
eigenvectors of the cascaded channel, which are shownRoupier modes. Lei ; and A  be the
wavevectors that correspond to the projection on the surface ol#adRIS of the mean direction of
arrival and departure of the EMMhsudavesnds energy.

*h A A e

is asymptotically optimal. This result holds as an approximation even for the cases where the channel is
not pureLoS, butit might be LoSdominant.

Ergodic Mutual Information in Nats

- .|..p+‘. O &, Optimal Numerical
4 ®, Optimal Analytic
150 = = =&, = I Analytic
+ Monte Carlo Simulations

10 L L 1 L L L 1 1
5 10 15 20 25 30 35 40 45

Angle Spread o in Degrees

Figure 3-18 Performance evaluation of the closedorm expression for the ergodically optimal RIS configu-
ration.

Results and outcomes

A comparison of the above analytic expression with numerical optimisation algorithms and Monte Carlo
simulations has been conducted, with the results indicating the applicability of thefdimsexkpression
despite small numbers of BS ad& antenna arngs used The results are depictedfingure3-18, where

8 and 4 antennas has been set for the BS and receiver(s), respectively. The(RISthasetements,

black lires indicate 1 UE, blue lines indicate 2 UEs, while red lines indicate 3 Thesinset figure
depicts the distribution of the eigenvalues of the incoming (white ellipsis) and outgoing (black ellipsis)
EM waves with incoming angle 3@nd outgoing angle 70respectively, as well as angle spread°of 5

The numerical resulsdditionallyillustrate that ergodic RIS optimisation (irrespective of the algorithmic
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approach used) is more beneficial in small angle spreads, which correspondslio$arel LoSdom-

inated environments. In rich scattering environments (high angle spread), the optimised RIS performance

offers a smaller increase compared to fipedfile or randomly tuned RIS.

Relation to other RISE6GG contributions

This contribution offers a solutionf®IS tuning with minimal computational overheads when statistical

CSl information is only available. As a result, it is complementary to most algorithmic approaches pre-

sented in this deliverable that are designed to operate orcagranelframe basis. fie deployment and
signalling of the implemented methéallow that of contribution of Section 6.14 of D4.3.

3.5.8 On the maximum achievableSum-Rate of the RISaided MIMO broadcast channel

Motivation and context

In [PTD22], we investigate the achievable suate optimization in a BC in the presence of RISs. We
solve this problem by exploiting the wddhown duality between the Gaussian MIMO BC and the MAC,

andwecorrepondi ngly de

RIS phase shifts in the dual MAC.

rive three

al gorithms

whi

We consider a BC in which one BS simultaneously sebvasers, as shown Figure3-19. Both the BS

and the users are equipped with multiple antennas, such that the BS

t teer havéd (and=

antennas, respectively. The BS antennas are placed in a uniform linear array (ULA}ewdmt@nna
separationv In a similar manner, all the antennas of a single user are placed in a ULA widnitgena
separationw,. To improve the system performanée,RISs are also present in the considered commu-
nication environment. Each Rt®nsists of! » :reflecting elements which are placed in a uniform rec-

tangular array (URA), so that the separation betweeoghief adjacent RIS elements in both dimen-

SioNs isw. = y

YA

BS
User1
(o - D—
SIzeol I Aans
_4\\ *-“ “q__/‘a’ /, -
‘. *:':' - z.c:'_._p_ User k
A ‘:::___-_~.{,:'—"D_
® SRl s x
RIS1 RIS 2

Figure 3-19: Aerial view of the considered communication system for the case of 2 RISs.

Methodology

The achievable rate optimization problem for the-R$Sisted MIMO BC can be expressed as

O

it 1

L
{e& 4
|

whered ; @ the achievable rate for t

g

&S

FHlg

h user {|g the input covariance matrix obe

shifts of the RIS elementsd || the maximum total power at the BS.
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Due to the noftonvexity of the optimization problem and the possibilit thlocal optimization method
may be trapped in a bad local optimum, we propose three different iterative algorithms which operate in
the dual MAC, each of which provides a locally optimum solution.

The first al gorithm, which we <call the Alternat|
covariance matrices and the phase shifts of the
iance matrices are obtained by a dual decompositiethod with a block coordinate maximization

(BCM), while the phase shifts of the RIS elements are computed sequentially and formulated in a closed

form expression.

As it can be desirable to increase the time efficiency of the aforementioned sequentiabtiph, we
introduce the approximate AO algorithm, which uses a gratiesed method for optimizing simultane-
ously the phase shifts of the RIS elements.

Finally, the alternating projected gradient method (APGM) algorithm applies a gradssd metht
for optimizing the usersd covariance matrices an

Results and outcomes

We plot inFigure3-20the average performance of the proposed algorithms over 100 channel realizations.
For each channel realization, we also compute the best performance of the three algorithms when they
areconer gent, whi ch Figure320. bk eotce thad thesatgdrithimsrachieve different
sumrates. Therefore, in systems with low degrees of freedom, all atgedthms need to be run to
increase the probability that the maximum state is obtained. In general, through a large number of
numerical experiments, we have observed that the APGM algorithm usually provides goexfftrade
between the achievable strate and complexity, and thus it is the recommended choice in most scenarios
(see [PTD22]).

N
=
2 _
&
z — APGM 2
& —— Approx. AO
o
z — AO
21 \ | | — Beit |
0 20 40 60 30 100

Sub-iteration

Figure 3-20 Average achievable suntate of each proposed algorithm and their best surate performance

Relation to other RISEGG contributions

Simulation results show that the proposed algorithms tend to converge to the same achievedie sum
overall butmay prodee different sunrate performance for some specific situations, due to the non
convexity of the considered problem. Also, the gradmeased optimization methods are generally more
time efficient. In addition, we demonstrate that the proposed algoritmzceide a significant gain in
the RISassisted B@vith multiple RISs and that the gain depends on the placement of the RISs.
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3.5.9 Extra degreesof freedomin RIS tuning via rotation and movement

Motivation and context

While RIS configuration selection, as well as suitable location for positioning RISs have been studied in
the literature, the problem of rotating the surface to favourable propagation control has not been widely
considered. To that end, this contributidAS22] studies the extra degrees of freedom in the overall
system performance brought by optimising the mechanical rotation of the surface in terms of the channel
camcity. This analysis extends to the related problem of locattection. Although the RIS location

has a big impact on the performance, the results showcase that the RIS rotation plays a more important
role-i.e., a considerable improvement can be olatdiby properly rotating the RIS rather than moving

it over a wide area. For instance, we can achieve more than 200% performance improvement through
rotating the RIS by 42.14°, while an 150% improvement is obtained by shifting the RIS over 400 meters.

(b) Front view of the system

Figure 3-21 Overview of the RIS rotation and position system under examination.

Methodology

The analysis entails expressing the gains of the composite RIS channels in terms of the power patterns of
the BS, UE and RIS antennas, which in turn depend on the AoAs and AoDs of the impinging/outgoing
signals. This illustrates that the compositennel gain is maximised when the AoAs/AoDs of the RIS
coincide with the directions of the main lobes of the BS and UE. By considering the latter as fixed, a
closed form expression is derived about the RIS rotation angles that achieve the optimal @@pewity

rem 3 in[JAS22). The upper bound of the optimal capacity can be expressed as in EqJAS22]

The geometry and basic notation used in this contribution is giv€igume3-21.

Next, the problem of optimal location of the RIS isisidered, by assuming that the RIS can be located
along the BSUJE line carrier and that its loweand upper bounded. When the altitude of the RIS is
relatively low, its optimal position along the BSE carrier can be derived in clostmm, and particu-
larly, when the selected height is much smaller than th&JBSlistance, the RIS is preferably deployed
directly above the TX or the BS (Corollary 4[iPAS22). In thegeneral case, however, the optimal
position selection cannbegiven in closed form, therefore, a simplified exhaustive algorithm is used in
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the performance analysis which identifies effective position regions, i.e., sets of positions where the ex-
pected 8IR is above a given threshold.

Results and outcomes

As numerical evaluation, the effects of the RIS rotation, position, and antenna directivity have been con-
sidered, along with their interplays. To evaluate the performance brought only by rotating the surface,
Figure3-22 depicts the ergodic capacity achieved as a factor of rotation angle for three diffefd&t BS
distancesi, . Therotation angle of the RIS plays a critical role in the achieved capacity of the system.

9

Ergodic capacity (bit/s/Hz)
(3] (98] N o N ~ ed]

—

230 _ 1]0 - 10
Rotation angle at RIS 6’0 (°)

Figure 3-22 Achieved capacity as a function of RIS rotation angle for different horizontal RIS positions.

Further evaluating the RIS rotation angle over different RIS positions,Fagtire 3-23, the benefits of
appropriate RIS positioning are illustrated. In a similar marfiguyre 3-24 showcases the performance
increase brought to the system by more directive RIS radiation patterns (with the directivity factor de-
noted as) ).
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Figure 3-23 Achieved capacity as a function of RIS rotation angle for different RIS positions and antenna
configurations.

Finally, Figure3-25 compares the ergodaapacities of different locations under three cases: (i) no rota-

tion at the BS, UE antennas and RIS (as a baseline), (ii) the optimal rotations at the antennas: both the BS
and UE are with optimal rotations pointing to the RIS centre, while RIS is initla direction without

rotation; (iii) all three nodes are in optimal rotations. When the antennas and RIS rotate with optimal
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angles, the performance surpasses those in the other two cases. There is also a big gap between the per-
formance with only optiml rotation at the antennas and that with optimal rotations at the antennas and
RIS. This proves the necessity of appropriately adjusting the antennas and RIS rotations in guaranteeing

a high performance.

b
o

o Upper Bound
——Monte Carlo: #; = —5°
e Monte Carlo: 0y = 5°
----- Monte Carlo: No ratation

[a—
()}
T

Ergodic capacity (bit/s/Hz)

Transmit power (dBm)

Figure 3-24 Achieved capacity over transmit power under different RIS beam directivity values.

Optimal Rotaions at Antennas and RIS

15 4 X: 0
Y: 500
Z:12.46
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o ©
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Figure 3-25Impact of RIS position and rotation of RIS, BS, and UE antennas in the ergoditapacity.

Relation to other RISE6G contribution

This contribution is complementary to the phase configuration optimisation approaches proposed in this
deliverable. In practice, the rotation optimisation approach supposes a fixed, dibeeinaeRISwhich
may be satisfactory for many use cases.
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4 Design of Multi-User Techniques for RISE Communications

A complete design of multiser communication techniques requires accounting for the different aspects
of access, channel estimation, communication paters optimization and data transmission. Differently
from standard communications, RISs configuration design needs to be addressedide®I§/stems
consideringhe impact that the configuration can have in the various operations. Indeed, RISs aonfigur
tion can beoptimizedto increase the performance of a data transmission but can also be used to perform
opportunistic variation of the environment improving the performance of various oper#titnssec-

tion, we present the design of the various phadf RISaided wireless communications.

4.1 RIS-aided access procedures

The access procedure regards the admission of one or more users to the network. As discussed in D4.2,
the approach of 5G NR makes uséofvnlink (DL) synchronization signals transmitted by the BS. The

users attempting network access listen to the incoming signal, try to decode the information within, and
try to connect to the BS using synchronization and access messages. In case of MIMO BS, the DL syn-
chronization signals are transmitted multiple times, while the beamforming of the BS sweeps to a certain
number of beamformer vectors enabling it to cover the area of interest.

As presented in D2.and D4.3similar procedurecan be employed by the Risded network, in which

the RIS may sweep through a set of possible configurai@®ik22], [CSL23]. During the sweeping

DL transmission phaseccurs, in which the BS transmigynchronization signals tet the UEs learn
which configuration provides a sustainable SNR. Exploiting this information, each UEs casasznd
signals during the access (UL) phase. Here, we stress the necessity of a careful dékite skt of
configurations available at the RIl&d 2) the estimation techniques at the R&gardinghe RIS con-
figuration design, aetof codebook for DL ard UL phases must be designed. Generally, the configura-
tions are known to thRIS and the BS, sthatthe RIScan triggetthe procedure, and the BS can use the
configuration knowledge to perform further prodagkestimationin the accesphaseln principle, the

DL codebook should contain enough configurationdltiminate at least the whole area of interest.
Sweepingthrough configuration generates spatial diversity and may reduce the number of coflsions.
the other handhavingmany configurations inteass the time for the configuration estimation phase,
thusreducing the available throughput. Hence, the design of codebook and estimation techniques must
considetthis tradeoff. Preliminary results on this method were given in D4.2/Section 4.4.3mEtisd

and its result are further analysed in Sectighlof this deliverable.

When multiple RISs are deployedfuather possibility is to combine the scheduled transmission with

random accegd€YH22]. I n this case, a frame structure cons
andcont ended userso6 transmission, the |l atter compi
of the frame, DL training sequences are sent by the Bi& synchronization signalsand areusel by

all the users to estimate the channel. Thenrdheurce allocation is made in a centralized way for the
scheduled users, while the contended UEs schedule the use of resources and RISs through distributed
optimization. More details are given in SectA.2

4.2 CSIl estimation in multi-user RIS networks

CSl estimation might be the bottleneck in the design of communication techniques-tod&dSystems.

The presence of the RIS constrains the system to estimate multiple channels simultaneously, whose di-
mension increases with the number of elements dki8eOn the other hand)agenumber of elements

is desirable to reach a certain gain provided by the RIS. Therefore, the need for fast and accurate CSI
estimation techniques is of fundamental importance.

One solution analysed in D4.2/Section 4.4.1ossideringthe different timehorizon that static and dy-
namicchannehave Whenthe RIS and the BS are statize BSRIS channethangs slowly with respect
to the RISUE channel. Exploiting this feature, a solution based on parallel decompositioriiaedrbi
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estimation of the channel has proven to reach good performance with very fast convergence, being able
to track time varying channe¥AK22] .

It is well known that the use of message passing techniques in combination with the exploitation of the
sparsity structure of the channel can improve the CE performance. Different procedures based on this
principle has been design for Ré&led networks, ansidering narrowband transmission with multiple
RISs[MLY23], and broadband transmission with sinBlS [MSL23]. These techniques show better
NMSE performance with respect to algorithms in literatallewingthe reduction of overhead generated

by the transmission of pilot sequendesrther details are given in Sectiohd.3and4.4.4

When considering RISs capable of sensing operatiansHRIS), specific techniques can be designed
to exploit the possibility aficquiring individual channels at the REJA23. An analysis on the benefits
of the use of HRIS for CSI acquisition in given in Secdohs

4.3 Transmission parameter optimization in RIS-aided networks

The general problem of optimizing the beamforming for both BS and RIS has been described in Section
3.1; here we discusghe consideratianfor optimizingthe transmission parametar realistic scenarios,
showingstrategiedased on different informaticacquired bythe decision maker.

4.3.1 CSl-based optimisation

As mentioned, CSI acquisition is a complex task for theddi®d networks. However, when the CSI of

the separate linkge.g., BSRIS and RISUES) is availablethe optimization of the RIS configuration
become areasier task. Nevertheless, the decision maker usually needs to optimize RIS configuration
together with other transmission parameters, such as BS beamformer or resource block allocation, while
targeting a specific goal.

For example, D4.2/4.4-4.4.54.46 present differengolutions abléo maximise the sum rateased on
CSI knowledgein different scenariodVith the same aipmew solutions envisiang the use of distrib-
uted optimizationof the available resourceshen multiple RISshave been recentljnvestigated
[KSI+22], [KDA22]. Further detad on the specific solutions cdre found in Sectiond.4.7.

The spatial diversity brought by the Rt&n also bexploitedto slice different kind of service. On this
matter, saltion for multiplexing eMBB and URLC exploit the knowledge of the eMBB CSI to assist
URLLC communication, even when the CSI of the latter is unknown at the trang8@t€23a] Indeed,
the knowledge of the CSI of a subset of users is enoulgh tee RIS loads configurations thaillify
the interference on other transmissions. Further details are given in Sedttn

If a HRIS can be deployed, application of sahfiguration design can be considete@voiddeploying
newinfrastructureandto reduce the burden of explicitly controlling the RADS22]. Moreover, novel
solutions incorporating energy harvest{iidd) can bancluded[ADS23]. Through the acquisition of the
separate link€S|, the HRIS can selfonfigureto provide boosted connectivity towards UEs, while max-
imize its own EH. Further details are given in Sectigh8

4.3.2 Localization-based optimization

Recently, many works have shown that transmission parameter optimization design can be made using
the information related to the receiver position, overcominghéexl of CSI estimation. Localization

based solutions are particularly suitable when the coherence time of the channeliie shioscenarios
wherethe acquired CStan easily beutdated and/or inaccurate.

In D4.2/4.4.24.4.5, two solutions based on classical optimization methodsnantline learning tech-
nigueswere developedn this deliverable, we present two novel $os that optimise theommunica-
tion resourcedased on localization informatig8KP23] [SCK23a] Section4.4.9presents a resource
allocation solution thatanrobustly allocate the time and frequency resources of aalRKIOFDM
transmission based on the (perfect) UE positioning. SedtibhOdeals URLLCtraffic, allowing a low
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complexity minimum power solution that uses imperfect tracking information to optimize RIS beam-
forming and transmit power.

4.3.3 Mixed strategies

Recently,new design mixing localizatichased and CSiased optimization have been developed. In
general, the idea is to reduce the overhead of the CSI acquisition by using positioning to perform a rough
beamforming optimization of the RIS. Then, CSl is acquireceutite same RISonfiguration,and the

BS transmission parameters are optimigéds22] [ZPR23] Sectiond.4.11describes the solution, also
analysing the impact of electromagnetic interfere®aetion4.4.12investigate the protocol data frame

and the algorithmic requirements needed to applyl@&lizationbased mixed strategies.

4.4 Contributions from RISE -6G

Table4-1 lists all relevant contributions from RISES in the design of muHiiser techniques for RISE
systems. The table specifies the scope of the algorithm proposed, which information is basddtan,

setting of the scenario. Moreover, the last coligpacifieswhere to find the contribution (deliverable

and section numbers), considering that the contributions listed in D4.2 are not reported here if no updates
were provided.

Table 4-1 Contribution of RISE -6G on design of multiuser techniques

Title Scope Based on #BS | #RIS | LoS/ | Continu- Delivera-
ous/ quan- ble/ Section

MRS tized phase| no.
shift

Tensorbased Fast CSl es{ Transmission 1 1 LoS/ | Continuous| D4.2/4.4.1
Channel Track4 timation of pilot, par- NLos
ing for RISEm- allel  factor
powered Multi decomposi-
User MIMO tion and bi-
Wireless  Sys: linear estima-
tems tion
SumRate Opti-| Maximize | Statistical 1 1 LoS/ | Continuous| D4.2/4.4.2
mization of Re-| the positioning NLoS

configurable In-| throughput | information
telligent  Sur-
faces Based o
Statistical PosiH
tion Information

RIS Orchestraj Online con-| Reinforce- 1 Mul- | LoS/ Quantized | D4.2/4.4.4

tion algorithms| figuration | ment Learn- tiple | NLoS

for online con-| optimiza- | ing and

figuration tuning| tion Multi-Armed

based on Rein Bandit ap-

forcement proaches

Learning

Supervised Phase shift | Deep Neural 1 Mul- | LoS/ | Quantized | D4.2/4.4.5
learning of opti-| of multiple | Network tiple | NLoS

mal phase con| RIS at once| learning ap-

figuration baseg proach

on user position
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Reconfiguration| Multi LoS beam- 1 LoS Continuous| D4.2/4.4.6
of the physical beamform- | forming
layer for multi| ing toward
beamforming different re-
ceivers

Random Accesy Access of] Sweeping 1 LoS Continuous| D4.4/4.4.1
Protocol  with| new and in- through a
Channel Oraclg termittently | RIS code- (Updated
Enabled by a Re| active users book from

: D4.2/4.4.3)
configurable In-
telligentSurface
Multi-RIS Mas- | Multiple Centralised Mul- | LoS/ | Any D4.4/4.4.2
sive Access Proj access an( scheduling tiple | NLoS
tocol via Sched-| scheduling | and distrib-
uling and Con- uted conten{
tention tion policies
Generalized Generalize | UL pilot 1/ LoS/ | Any D4.4/4.4.3
Unitary Approx-| narrowband transmission Mul- | NLoS
imate Message | CSl estima- tiple
Passing for tion method
Double Linear
Transformation
Model
Direct Tensor | Broadband | UL pilot 1 LoS/ | Any D4.4/4.4.4
Based Estima- | CSI estima-{ transmission NLoS
tion of Broad- | tion method
band mmWave | for the dou-
Channels With | ble-path
RIS BS-RIS-UE
Channel Estima; CSI estima- Simultane- 1 LoS Continuous| D4.4/4.45
tion with Simul- | tion method| ously receiv-
taneous Reflect{ for hybrid | ing and re-
ing and Sensing| RISs flecting RIS
Hybrid Recon-
figurable Intelli-
gent Metasur-
faces
Uplink Multi- Multiplex- | Simultane- 1 LoS Continuous | D4.4/4.4.6
plexing of ing UL traf- | ously receiv-
eMBB/URLLC | fic with dif- | ing and re-
Services As- ferent QoS | flecting RIS,
sisted by Recon interferene
figurable Intelli- nulling
gent Surfaces
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RIS-Empowered Distributed | Distributed | Mul- | Mul- | LoS/N | Continuous| D4.4/4.4.7
Multi-user com-| resource al{ optimization | tiple | tiple | LoS
munications: location for| and succes
Distributed RIS-aided | sive concave
sumrate maxi- | communi- | approxima-
mization of cel- | cations tion
lular communi-
cations with
multiple RISs
ARES: Autono- | Joint self | Sensing with 1 1 LoS/N | Quantized | D4.4/4.4.8
mous RIS solu- | configura- | directional LoS
tion with Energy | tion and en4{ power meas
harvesting and | ergy self | urements of
Selfconfigura- | sufficiency. | the UEs ang
tion towards 6G BS transmis-
sion. Collec-
tion of a por-
tion of the en-
ergy imping-
ing on the
HRIS for en-
ergy havest-
ing.
Localizationr OFDM-like | (perfect) UE| 1 1 LoS/ | Continuous| D4.4/4.4.9
based OFDM multi-user | localization NLoS
framework for | resource al{ information
RIS-aided sys- | location
tems
RIS-aided Power con- (imperfect) | 1 1 LoS/ | Continuous| D4.4/4.4.1
URLLC with trol to sat-| UE localiza- NL 0
. L X : 0S
imperfect device isfy tion infor-
tracking URLLC re-| mation
guirements
Two-Timescale | CSI estima- on some prej 1 1 LoS/ | Continuous| D4.4/4.4.1
Design for Re- | tion forspa-| defined pilot NL 1
; . . . 0S
configurable In-| tially inde- | signals
telligent Sur- pendenand
faceAided spatially
Massive MIMO | correlated
Systems with Rician fad-
Imperfect CSI | ing models
RIS area illumi- | Beamform- | User position 1 1 LoS Continuous| D4.4/4.4.1
nation strategieq ing toward| estimation 2
user loca- and blockage
tion or tar-| areas
get area
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4.4.1 Randomaccessrotocol with channel oracle enabled by a Reconfigurable Intelligent
Surface

Motivation and context

RISs represent a revolutionary advancement for the next generation of wireless systems, empowering
them to manipulate radio waves and create intelligent radio environments wigméwgy consumption.

While existing literature primarily focuses on the PHyer aspects and the modelling of related elec-
tromagnetic phenomena in R&Ssisted communication systems, integrating RIS into higlger pro-

tocols to harness the full potential of PHY benefits remains an underexplored area. One compelling chal-
lenge inincorporating RIS into higher layers is addressing#melom access (RA) probletm this sce-

nario, individual resource allocation and coordination amdBEgare unfeasible. We encounter two in-
triguing questions:

1. How can we effectively coordinate trarissions to avoid collisions, ensuring that only one UE
transmits during a given period?

2. When collisions occur, what is the optimal approach for retransmitting packets?

We focus on a system model motivated by an application in an industrial scenariowasrshigure
4-1, where the coverage of & can be extended by using RMishout the need to install multiple APs.

—_—
@min

dmax

>

blockages

=3
a

out-of-band _
control channel

y :
! * RIS

T Y | )
Dy /2 ,l_ Dy /2 far-field region
origin

Figure 4-1 System model of an industrial application scenario with one RIS and multiple UEs trying to con-
nect to the AP[CSL23]

Methodology
The poposed RISassisted random access protocol is visudpicted in

Figure 4-2. The structureconsists of two independent modulds: Channel Oracle and B. Access
Drawing inspiration from the carrier sensing approach, our protocol's core concept revolvesaesund
bling each UE to develop a model for channel coefficient variations across the reflected angular space
controlled by the RIS. The Channel Oracle module facilitates this distributed learning process, consider-
ing that the RIS control lies with the AP, rtbe UEs. Leveraging the output from the Channel Oracle,

the Access module guides how the UEs attempt to transmit packets to the AP over theaesdtichan-

nel. Notably, the AP needs more prior information about the UEs and retains control over theeRIS.
dependency on the Channel Oracle output is crucial for the UEs to benefit from the environment control
facilitated by the RIS. Without it, the Access module could be replaced with conventional protocols. The
Access module is more frequently employegbiiactice than the Channel Oracle modihesummary,

the protocol works as follows:

Channel Oracle:the AP sends pilots while the RIS sweeps through a set of configurations; this enables
the UE to learn a model that tells it how its channel is affectedebRRIS.
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Access:ithe UE exploits the model learned during the Channel Oracle to design access policieis so that

can choose when to send packets. At the same time, the RIS is controlled to sweep again through another

set of configurations.

RIS-C AP RIS UE
CC

o  hemaemad
=
== [<—change configs.=} ;
2|2 = pilots | |UE learns a
G g = . Pco . model f
5|5 © - 3 | model Jk
>
=]
g
E w  [*change configs ™ packets y
S ] - - - access
1 8 ac policy

<
| 2 I

Figure 4-2 Time diagram of the proposed RISassisted random access protocol. The RIS denotes the RIS

controller, connected to the AP via the control channel (cc). Operations occur sequentially in time following
the top-down direction. The protocol is comprised is comprised of two modules: channel oracle and access.

The red arrow illustrates collision since, hypothetically, another UE decided to send a packet during the
same access configuratiofCSL23]

We provide concrete designs for the Channel Oracle and Access modules. We design the configuration

codebook for the Channel Oracle module to guarantee that the UEs learn getsl iWedrelate the size

of this codebook with the performance of the model. We design the access module to ensure good SNR

conditions for all the UEs in the coverage area and reduce the probability of collisions among UEs.

The work also proposes how to aokvledge the UEs that their packets were decoded correctly when
using the RIS. For more practical details about the protocol, refer to the WaRLA3].

Results am outcomes

The evaluation presentedfigure4-3(a) assesses the expected overall throughput for the prdptised

assistegbrotocol with three different access policies, assuming a switching time equal to 0. The switching
time tells how long it takes for the RIS to load the configuration into its elements. The access policies are

as follows and are based on transmitting oeyiof the same packet:
1. R-configurationaware random policyR:=CARAP). Each UE sampleR access configurations

randomly and without replacement from the access configuration codebook by using a probabil-

ity mass functi

on to

e gaahl configtrationtinithe coddbdpls.
2. R-greedystrongestonfigurations access policR{GSCAP). This access policy works by sus-
ceptibly getting the R best configurations concerning their channel gain.
3. Strongesminimum access policy (SMAP). In this hetidspolicy, the UE transmits just two
replicas: one at the strongest access configuration and another at the access configuration, ensur-
ing a mini mum SNR so

t he

AP

can

decode

channe

t he

Notably, ourandomaccesgprotocol consistently outperforms thaseline, regardless of the access pol-

icy employed. The FESCAP access policy stands out, offering an impressive 66.18% higher throughput

than the baseline on average.

In Figure4-3(b), we explore the impact of control commands and hardware operation at the RIS on the
throughput. We observe that a switching time equal to the symbol time renders the protocol impractical

due to significant overhead froeweeping over access configurations. Consequently, from a protocol

standpoint, rapigwitching RIS and a CC between the AP and the RIS are desirable. To mitigate the
impact of switching time, one potential approach is to reduce the size of the accesskogblth may

lead to more collisions on average.
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Figure 4-3 Performance of the proposed methodgCSL23]

Relation to other RISEGG contributions

The proposed randomaccess procedure can retrieve information on the CSI of the users for every con-
figuration of the RIS involved in the access phase throligloracle procedure. At the end of the access
phase, the BS is informed on which configuration each user prefers for transmission. This information
can be used as initialization to RIS profile optimisation algorithms. Moreover, every configuration is
relaed to a certain position in the space. Hence, a prior information on the location can be obtained and
propagated to WP5 localization algorithms as initial pdtally, the beansweeping procedures ex-
ploited inthis contributionare used in the fieldials of WP7.

4.4.2 Multi -RIS Massive Access Protocol via Scheduling and Contention

Motivation and context

Next Generation Multiple Access (NGMA) protocols will be designed to handle massive numbers of
connections, heterogeneous data traffic, offering bgttral efficiency and ultd@aw latency services.

In that regard, the deployment of RISs has the potential to offer a new layer of reconfigurability in ac-
commodating large numbers of users in different resource blocks, both in terms of RIS phaseaeonfigur
tion for higher spectral efficiency, as wellamnsideringyet unexplored multiple access schelftggure

4-4). This contribution concerns the design of a NGMA sahemder a MAC protocol incorporating
RISs[CYH22] offering improved system throughput and access fairness while revealing an emerging
tradeoff relationship between ¢ghtwo objectives in practical scenarios of static users operating together

with mobile ones.
Next Generation
——— Multiple Access
l (NGMA)
MAC A RIS

Protocol Configuration

L.

High Efficiency Interplay Low Complexity

~—— Y

b))
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Figure 4-4 RIS-aware MAC scheme for NGMA offering efficiency and complexity benefits.
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Figure 4-5 The system considered in the MAC scheme including scheduled and contention transmission
phases with multiple RISs serving static and mobile users.

Methodology

The considered scenario assumes K users participating in sfiadive time frames, while Z new users

are participating in individual frames. The users are split into groups of static and mobile devices, where

the new users are assumedbémlways mobile. The users are served by M RISs in their communication
towardthe BS. During a frame, based on pilot transmission and computation, static users communicate
with the BS by scheduling M RISs, while mobile users comioate with the BS using these RISs by
contention. The ratio of the transmission period of two typbs/isU, whi ch is opti mi sed
the computing periodlhe overall system for a single time frame is giveRigure4-5.

Specifically, after the pilot transmission stage, the BS performs a classification operation of their users
according to their perceived mobility patters to predict which ones are mobilehéstdones are static.

For each of the static users, the individual links are then estimated. Based on the channel information, the
BS computes the MAC protocol parameters and allocates the slots, power, and RIS usages for static users
over nonroverlappig subchannels. The reflection parameters of the scheduled RISs are computed at the
BS to support the transmission of all static users.

After the scheduled transmission phase elapses, the algorithm proceeds to a contended transmission mode
solved via disibuted optimisation. The unscheduled mobile users start their multiple access and compute
the RIS configuration by themselves based on estimated CSI, which is calculated accordiraipgmsub

nel and sensing. A distributed coordination function schemegesed for negotiating access with the

BS which involves backoff and computing, requessend messages, and clasend feedback, before

the selected user is allowed to select RIS phase profiles and transmit their data on their occupied sub
channel.
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Theobjective of the system is to maximise the total throughput which, givemithetDivision Multiple

Access TDMA) and Frequencypivision Multiple Access (FDMA) schemes, as well as the combination

of scheduled and contended transmissions can be expasstbexdconstrained sum of the partial through-

put of all users participating in the transmission schemes under the analysis proyiZiéd 22]. This
problem can be @®mposed into partial stfroblems, so that an alternating optimisation scheme is em-
ployed to attain satisfying solutions, incorporating both centralised RIS configuration methods as well as
distributed configuration algorithms.

Results and outcomes
Introducing RISs enhances the quality of wireless links, thereby attaining the following benefits of the
MAC protocol.
1. MAC efficiency improvemen®n the one hand, a lemomplexity RIS configuration will reduce
the computing cost; On the other hand, the adeg¢sscy of static and mobile users can be re-
duced by the loveomplexity scheduling and the lesontention collision, respectively. Thus, the
efficiency of the MAC protocol is improved.
2. MAC fairness improvemenBecause of the separation of static and reobgdlers and the low
complexity operation on them, the fairness of users can be enhanced.
A scenario of a network consisting of a BS, 2 RISs having 128 elements each and 200 users is evaluated
in [CYH22] by using as two baselines schemes the strategy of performing centralised multiple access
across all static and mobile users (Scheme 1), as well as operating in a purely distributed/contention mode
(Scheme 2). The impaof the presence and the number of RISs, along with their numbers of elements is
also studied. The results are presentdeigure4-6 andFigure4-7 below:
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Figure 4-6 Comparison of the total throughput between the proposed system and the baselines while also
considering the case of no RISs.
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Figure 4-7 Comparison of the total throughput between the proposed system and thmaselines for different
numbers of RISs, different numbers of elements per RIS, and different ratios of scheduling vs contention.
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Relation to other RISE6GG contributions

The protocol aspects and the signalling characterisation of this NGMA scheme hagéudeshunder

D4.3. Moreover, this MAC scheme is based on riRI8 optimisation techniques, therefore the various

RIS tuning procedures proposed in the current deliverable may be incorporated in the proposed scheme
with little or no modifications of theverall algorithm. The exact methodology depends on the charac-
teristics of the system and the kind of information that can be collected, as well as the capabilities of the
RISs, including the potential phase configuration profiles and reconfigurabildgydel

4.4.3 Generalizedunitary approximate message passinfpr double linear transformation model

Motivation and context

The double linear transformation model 6 & 6 w plays an important role in a variety of science
and engineering applications, wheésés estimated through known transformation matricesmdo from
the noisy measuremegit Our aim in this paper is to develogeneralized algorithm with low complexity
and high robustness for the target modglich can be employed in channel estimatproblem of RIS
aided MISO system and muRIS-aided MISO system (as depictedrigure4-8). The great significance
of the proposed algorithm ifdt it is not only applicable to Ri&sisted communication, but to any
problem that satisfies the double linear transformation model

RIS RIS1
. o
G (__,.-*f /] ("//,.-"x h,
-
ya |
BS - User BS *————————i————————— ¥ User
| ¥ ¥
Obstacle \“‘w\\obsmcle N
G, \\
RIS2

Figure 4-8 System model. (a) Single RIS aided communication syste(b) Multi-RISs aided communication
system[MLY23]

Methodology

Decoupling® from the double linear transformation modegla hard task due to the high complexity
brought by the multiplication of the unknown matrix (vector) with the transformation matftx\IVIM).

The proposed algorithntermed a&sD-UAMP, applies the ““threstep approximation” method to derive

a tractable simplification of the combined messagsipggMP) BREP rule and the double unitary trans-
formation to enhance the robustness. We further implement the EP rule that can fit arbitrary input mes-
sages, broadening the use of the proposed algorithm. As a generalized algorithAMEDcan be
applied b address the generalized Bayesian inference problem, i.e., the arbitrary prior probadility of
and likelihood function ofy, where® 0 & Gs the noiseless measurement.

The interested reader can refeftiLY23] for all the details on the system model, problem formulation,
and algorithmic solutions.

Results and outcomes

The RISaided wireless communication signal model coincides with the double linear transformation
model; thus, the channel estimation problem can be solved by our generalized algorithm. We apply the
proposed algorithm to Ri8ided MISO syster(Figure4-9 andFigure4-10) and multiRIS-aided MISO
system(Figure4-11 andFigure4-12) to evaluate the effectiveness of the proposed algorithm.

In Figure4-9, we compare the NMSE performance among various channel estimation methods. It can be
seen that the proposed DUAMSBL algorithm exhibits the optimal performance among all estimation
algorithms.In Figure4-10, we evaluate the impact of pilot overhead on the NMSE. It is intuitive that the
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performance of DUAMPSBL is superior to the other algorithms. LS fails when &4 since the algo-

rithm cannot garantee the unique solution with insufficient observations. Both-A&fed algorithms

and \VOMP take full advantage of the angular sparsity of the channel, thus reducing the pilot overhead.
In Figure4-11, we compare the NMSE performances of the various algorithms. First, the D\$&RNMP
algorithm provides the superior performance for both H1 and H2 as expected. In addition, the estimation
of H1 is more acurate than that of H2. It is due to the fact that H1 has more variables to be estimated
than H2 in the angular domairigure4-12 shows the NMSE péormance with respect to the pilot over-
head. First, it can be observed that the proposed algorithm outperforms the benchmark in all cases. Alt-
hough the performance of EEMM-VAMP improves rapidly with increasing pilot overhead, it is still
lower than thabf the proposed DUAMFSBL. In addition, DUAMPSBL can achieve almost the same

level of estimation accuracy as that ofOMP with half of the pilot consumption, leading to a huge
reduction in pilot overhead.
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Figure 4-9 NMSE performance of the single RISaided MISO system vs. SNRMLY23]
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Figure 4-10 NM SE performance of the single RISaided MISO system vs. the pilot overheadd( [MLY23]
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Figure 4-12 NMSE performance of the multi-RIS-aided system vs. the pilot overhead!{ [MLY23]

Relation to other RISE6GG contributions

Channel estimation is a fundamental task for-Bit&d communication. The proposed algorithm is
mainly applicable to the channel estimation problem in narrowban@igés system Broadband
RIS-aided channel estimation algorithm can be four[dM8L23].

4.4.4 Direct tensor-based estimatiorof broadband mmWave channels withRIS

Motivation and context

RIS has generated a lot of interest in relation to the next generation of wireless communication, as it offers
the possibility to control part of the wireless propagation environment and potentially boost the commu-
nication performance. The use of RISigs new challenges related to the acquisition of CSl since plenty

of RIS reflecting units increase the dimension of the CE praldare to the presence of double paths
channel, i.e., from the UE to the RIS and from the RIS to the BS, the passive capatfitiie RIS, and

the large quantity of channel coefficisid be estimated, a single training sequence is not enough to
separately infer the channel paths and solve the CE problasimethod is developdd estimate the
doublepath channel usingdirect tensorial computatioithis contributioninvestigates the mmWave due

the limited number of paths characterizing the spectrum, simplifying the computational complexity of the
solution. This solution can be easily extended for the6&hiHz spectrum.
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Figure 4-13 System model [MSL23]

Methodology

We address the channel estimation problem in mmWave systems aided by RIS and propose a peak de-
tectionmessage passing (PDMP) algorithm and a peadctionaverage (PDAVE) algorithm. The angle

and delay parameters of the channel are estimated from thedimatisional structure of the received

tensor by exploiting the properties of the array steering vector (ASV). Different from the ceuseubn
caronical polyadic decomposition (CPD) method, the proposed algorithm directly obtains the angle and
delay parameters from the mudtimensional structure of the tensor rather than from the factor matrices
Finally, the channel gain is further estimated by lewyipg the message passing method.

The interested reader can refefMSL23] for all the details on the system model, problem formulation,
and algorithmic solutions.

Results and outcomes

In the simulation, we analyse two different cases: angle separation (AS), i.e., the different angle and delay
parameters in different main lobes, and without angle separation assumption, marked by bawals"
marking against the SCPddgorithmic in literaturgZWS22].

In Figure4-14, we compare the performance with respect to the number of available subdamibese

SNR TdB and timeslotsO  p @We find that the proposed algorithm exhibits the best results even
under the "NAS" assumption. It is interesting that the accurathyed8CPD gets worse as the number

of subcarriers increases, while the performances of PDMP and PDAVE improve. The behaviour of the
SCPD comes from the fact that there are more variables to be estimaledsabcarriers increases
otherwise, in PDMP anBDAVE, the higher the number of subcarriers, the better the performance due
to the averaging operations.figure4-15, we compare the performanceté proposed algorithm as a
function of the SNR, wheré@ p @0 ¢ v.¢The proposed algorithm still exhibits the best perfor-
mance, especially in the low SNR regime. In SCPD, the delay and angle parameters are obtained from
intermediate estimationsvhose pocedure suffers from the presence of noise. For the proposed algo-
rithm, they are directly estimated framerall tensgrwhere the averaging operation improves estimation
performanceFigure4-16 shows the NMSE performance as a function of the number of time slots, where
SNR 1tdB andd ¢ u.{he proposed algorithm shows excellent performance, even when few time
slots are available. Although the perf@mce of SCPD increases rapidly with the growitthe number

of timeslots its performance is significantly lower than the proposed algosithm
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Relation to other RISE6GG contributions

Channel estimation is a fundamental task for-Ril&ed communication. The proposed algorithm is
mainly applicable to the channel estimation problem in broatikdfDM-like RIS-aided system This

method can used to feed the communication procedures and resource allocation techniques that requires
CSl information in setting where the direct channel is blocked.

4.4.5 Channelestimationwith simultaneous reflectingand sensing Hybrid Reconfigurable In-
telligent Metasurfaces

Motivation and context

The process of channel estimation becomes more involved when RISs are deployed with multiple ele-
ments due to the high dimensionality of controllable paths. Therefore, simultyrrediesting and sens-

ing RISs (i.e i Hy b r i d)poffdr &Rgh $roposition of value due to their inherent capabilities in
collecting and potentially processing impinging signals. To that end, this contritt8&238 considers

the algorithmic formulation of the channel estimation procedure for the uplink of auseitiHRIS
empowered communication system. Considering first a fimdgesetting, we theoretically
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Figure 4-17 A simple model for the proposed HRIS operation.

quantify the advantage of HRISs in notably reducing the number of pilots needed for channel estimation,
as compared to the case of purely reflectRlSs. The MSE performance in estimating the individual
channels at the HRISs and the BS is presented in elosadwhile a firstorder differentiation algorithm

is given to optimise the HRIS phase and pes@itting configuration for minimising theverall estima-

tion error when noisy channels are considered.

Methodology

The exemplary system ismposedf a MIMO BS whera) UEs send uplink pilot signals via the HRIS.

The UEBS link is assumed blocked and the controller colocated with the RIS decides on its receiving/re-
flecting configuration as well as the fraction of the signal power that will be absorbed. The considered
HRIS-empowered mukiuser MIMO communication system operating in the uplink directsimce the

HRISs architecture enables the metasurface to reflect the impinging signal in an-&emlenment con-
trollable manner, while simultaneously sensing a portiaity tfiis contribution presents a mathematical
model of the hybrid metatom elements for HRI8mpowered wireless systems in a manner that is ame-
nable to system design, as showirigure4-17. The parameteér models the portion of the impinging
signal at theéxth metaatom of the HRIS that gets tunably reflected, whileands { model the meta

at ombds ¢ ontghith dnd thebjding effgcthokits sesponse together with the analog phase shift
before tha -th receive RF chain, respectively. Specifically, for&hi element, a portion of this signal,
dictated by the parametér € ~ an , is reflected with a@ontrollable phase shijft & TtFr;“ ,

and thus the reflected signal from tii¢h element at the -th time instant can be expressed as:

u i mT A OTh
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while the remainder of the observed signal is locally processed via awatdgning and digital pro-
cessing. The signal forwarded to théh RF chain via combining, with N plghead) |, from thedith
element at the-th time instant is consequently given by

Up 1 p mT A & OTh
wheres ; ¢ N Tig® represents the adjustable phase that models the joint effect of the response of
the&th -th metaatom and the subsequent analog phase shifting.

The reconfigurability of HRISs implies that the parametees as well as the phase shifts¢ and

« & are externally controllable. It is noted that when an element is connected to multiple receive RF
chains, then additional dedicated analog circuitry (e.g., conventional networks of phase shifters) is re-
quired to allow the signal to be forwardeith a different phase shift to each RF chain, at the possible

cost of additional power consumption. Nonetheless, when each element feeds a single RF chain, then the
model inFigure4-17 can be realised without such circuitry by placing the elements on top of separated
waveguidesFollowing the mathematical formulation of the paper for the case of thefneésehannels,

it is proved that the true channelscan beveatt ed perfectly when the numbe
the fraction of the total RIS elements over the number of receiving elements, multiplied by the number
of participating usersProceeding to the case of noise in the channels, the estimatioemroah be
expressed as the sum of the MSEs of the estimations of the partial links. Note that the estimation of the
UE-RIS links depends only dn ¢ and” £ , while the estimation of the RIBS link depends addition-

ally one ¢ . Since those express®are composed of differentiable analytical operations, the minimi-
sation problem is tackled via gradient descent through automatic differentiation, setting a regularisation
penalty for the violation of the constraints.

Results and outcomes

For the case dhe absence of noise, this methodology demonstrates the intuitive benefit of HRISs in
facilitating individual channel estimation with reduced number of pilots, as compared to existing tech-
niques for estimating the cascaded WRIS-BS channels (e.g.WLC20Q]). For instance, for a multiser

MIMO system withO p ¢BS antennag) YHRIS RF chainsy  QUEs,and) ¢ THRIS el-
ements, the adoption of an HRIS allows recovering the partial links separatelyt using tpilots. By
contrast, the method proposed WLC20] requires transitting over 90 pilots to identify the cascaded
channel coefficients. This reduction in pilot signals is directly translated into improved spectral effi-
ciency, as less pilots are to be transmitted in each coherence duration.

Figure4-18 demonstrates the effect of the powgelitting ratio of the HRIS architecture. When most of
the signal power i s a-RIS tinkshae éstinjated with highey @doiuocem-) , t he
pared to the RIBS link and viceversa.
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Figure 4-18: Estimation performance of the partial UE-RIS (left) and RIS-BS (right) links for different
power splitting parameter value choices.
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Figure4-19 displaysthe evaluation of the HRIS architecture for channel estimation in comparison to the
purely reflective RIS approach piVLC20], for different system parameter values and alternative HRIS
deployment (i.e by setting the HRIS configuration and poveglitting randomly or only partially con-
nectingthe receiving elements to RF chainBhe HRIS proposal offers substantial benefits in terms of
pilot lengths and total number of RIS elements, while requiring only limited number of RF chains.
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Figure 4-19 Performance evaluation of the channel estimation proceduracrossdifferent systemparameter
values.

Relation to other RISE6GG contributions

This algorithmic approach and numerical analysis of channel estimation with an HRIS builds on top of
the depbyment scenario presented in the contribution of Section 6.13 of D4.3, utilising the signalling and
data flow considerations specified therein. Similarly, the channel estimation procedure is one of the core
components of the setbbnfiguring RIS solutionpresented as the contribution of Section 6.10 in D4.3.

4.4.6 Uplink multiplexing of eMBB/URLLC services assistetly Reconfigurable Intelligent Sur-
faces

Motivation and context

The fifth generation of wireless communication technology and beyond are envisioned to simultaneously
support heterogeneous services with different QoS requirements and traffic characteristics. In particular,
eMBB require extremely high data rates, whilRWULC services demand high reliability and low latency.

The contrast between the requirements of these two services makes it very challenging to jointly serve
eMBB and URLLC UEs. In the uplink, this is even more difficult since UEs cannot communicatlydirect
and, consequently, coordinate the access among themselves. Meanwhile, reconfigurable intelligent sur-
faces with their potential of enabling a programmable environne@nésenti promising technology to
support the coexistence of eMBB and URLLC services.
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Figure 4-20 Structure of the UL frame divided into training, computing, and payload transmission phases.
The ongoing eMBB traffic is punctured by URLLC transmission.
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Methodology

In this contributiofSCK23b] we propose an UL Ri8ssisted multiplexing scheme to support the coex-
istence of eMBB and URLLC traffic. The scheme is based on computing two RIS condigsirdthe

first optimizes the QoS of the eMBB UE. The second configuration focuses on supporting the QoS of the
URLLC UE based on the idea of interference nulling (IN), where reliable URLLC transmissions are made
possible even in the presence of eMBB ifgiemce. At the BS, the computation of a RIS configuration

to assist the URLLC transmission is challenging, since only eMBB CSI is available at the BS. The idea
is to find a configuration that mitigates the interference caused by the eMBB traffic to LtheCldRe.

To that end, we present two methods for computing the URbdighted configuration. The first one is

a heuristic based on phasors rotation (PR). The second one is an alternating projection algorithm to ap-
proximate a configuration that nulls the BB interference (IN). Both strategies use only the CSI of the
eMBB UE. Intuitively, the first method tries to cancel out the channel gain of the eMBB UE by compen-
sating the phase shifts of the RIS elements via subtraction, while the second achievelyiidpypm a
conventional optimization method. The idea of IN using RIS is addressed in thelitecanire[JY22],

but it has not been applied before to support diffeservice modes. To satisfy the URLLC Hatency
requirement, our scheme relies on detecting the start of the URLLC traffic locally at a hybrid RIS, intro-
ducing minimum overhead and low computational complexity. Performarareigsedoy evaluating

the Spectral Efficiency$E) of the eMBB UE and the outage probability and latency for the URLLC one.
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Figure 4-21 Outage probabilities of URLLC UE (a) and eMBB UE (b).The RIS hasd elements.

Resultsand outcomes

Figure4-21(a) presergthe URLLC outage probability as a function of the spectral efficianttyeMBB

and URLLC UEs using the same transmit potyer 1 . The performance of the configurations com-
puted by the proposed PR and IN algorithms reveal that it is possible to improve the reliability of the
URLLC transmission relying only on eMBB CSI. In fact, in the provided figure, the IN configuration
improves the outage probability by up to 3 orders of magnitude compared to the random one. Comparing
the PR and IN algorithms, IN presents outage probability up to 6 times lower. However, the PR algorithm
yields a better tradeff due to its computationally singimplementation.

Figure4-21(b) depicts the eMBB outage probability as a function of the spectral efficiency for different
values of, which is the fraction of thenini-slots punctured by URLLC (including the transmission of
the URLLC preamble, payload, and RIS configuration switching) out of the total eMBB payload. Note
that the outage probability improves,adecreases, since the proportion of eMBB rsioits firee from
URLLC traffic increases. Hence, given the spordmkbaviourof the URLLC traffic, high SE can be
provided to the eMBB UE by optimizing the number of nslats in the payload transmission phase.
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Relation to other RISE6GG contributions

The proposetkchnique can be generalized to provide a way of multiplexing the traffic of different users,
where the CSl is available only for some of them. Since it follows a generic frame structure (including
training, computation and payload phases) it can be mgnéad using control strategies and architec-
tures introduced in D4.3. Similarly, for the training and CSI acquisition it can use the existing approaches,
such as the ones presented in this deliverable.

447 RIS-empowered multruser communications: Distributed sim-rate maximization of cellu-
lar communications with multiple RISs

Motivation and context

RISs are lately considered as a key enabling technology for future generation wireless communication
networks, constituting a promising solution for raatj smart adio propagation environmerfRDP19]

The concept of RI®nabled smart wireless environments necessitates the efficient orchestration of mul-
tiple RISs. However, the vast majority of the-topdate optimization frameworks considers calized
approaches, which require large overhead (in terms of time and power consumption) of control infor-
mation exchange usually in a central network orchestrator. In this contripgsor22], [KDA22] , we

instead investigate the impact of multiple distributed passive RISs, each one of them being controlled by
a singleantenna BShat performs OFDM transmissions to its assigned siagtenna receiver, in the
presence ointerfering neighbaring channels Referringto Figure 4-22, we consider the design of a
multi-user RISempowered and OFDMased wireless system comprisinghjofommunicating pairs. We

focus on the downlink direction and assume that each BS send®ation to its associated UE using a
common set of physical resources, e.g., time and bandwid¢hBS and the UE are both equipped with

a single antenna, but the genesation to the multiantenna case is stréigiward. Also, we assume that

each BS cacontrol an RIS, which is placed closely ttoienhance the communication with its UE. The

RISs are assumed to compris@assive reflecting elements, and are connected to a controller, which
adjusts their pattern for desired signal reflection. Wernafltr to eachBRISUE t r i pl et as a
In this context, the research question that we tackldas: to derive a fully distributed algorithm for
network resource optimization, where each BS can optimize its communication parameters (i.e., power
allocation and RIS phase shifts) requiring only a limited exchange of information with ottier BSs

RIS 1
wess  Direct channels

s RIS-reflected channels

== == |nterfering channels

Figure 4-22 Distributed scenario with RIS-aided interference channels, with Q=BS-RIS-UE triplets.

Methodology

Differently from other studies, we consider that each RIS 1aktan element is dictated by a frequency
selective profile, according to the Lorentzian frequency response, which is more accurate for the consid-
ered OFDMbased multcarrier modulations, agcently presented [iKSI+22]. Based on the described
system model, ifKDA22] we formulate a design optimization problem focusing on the overal sum
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r a t neaRimisation andaving as free parameters the power allocation ovesubearriers and the
surfacesodo reflection profil es. T otedomiimsationfranhee r e s u
work and propose a Successive Concave Approximation (SCA) algorithm, which tackles the decoupling
of the power allocation and the parameters of the Lorentzian responses.

Concretely, the achievable stmate performance objective ung®wer and RIS reflectivity constraints

is not jointly concave and, therefore, the problem has generally multiple local optima. The solution re-
quires in general a centralised approach. Nevertheless, the solution the anfl{Si82#] shows that

the solution can be reached in a distributed fashion, by allowing a very limited exchange of control data
among the userg.oreach user, a (strongly) concave surrogate is built for the objective function that can
be computed thanks to limited exchange of information among users and can be easily optimised in an
iterative fashion. To this aim, the original problem is rewrittem asimmation of two (nenoncave)
terms, the first one expressing the wuserds achi e
parameters for the current iteration, while the second describes thatsufaccounting for interference)
brough by the target user to the rest of the users. The first tamnaiedby a strongly convex surrogate
function, while the second term is linearised, using the method of interference pricing vectors that quan-
tify the amount of interference produced by thgource allocation of the user under investigation toward

the other user€onsideringnterference prices into the overall optimisation help maximising the social
sumrate utility function thanks to cooperation among users, which aviaderingtoo nmuch with each

other. Finally, the surrogate function is solved for the local power allocation and RIS phase shifts, ac-
counting for the pricing vectors. The first splbblem admits a multevel water filling solutiorfPF05]

and can be solved in closed form. For the Lorentz@rstrained RIS responses an iterative scheme based

on the penalty dual decomposition metfiei20]is employed. Interestingly, the framework takes into
consideration the exchange of interference prices, pursuing a fullgauperative approach, thus trad-
ing-off performance (in terms of sumate) with control infomation burden.

Results and outcomes

The considered approach has been evaluated in a system with Rayleigh channel fading, 16 OFDM sub-
carriersand ¢or0 T BSUE-RIS cells and 50 RIS elements. Its performance is givéfigire

4-23 having as baseline the case without RISs in any cell. It can be observed that, for all evaluated
schemes, the total achievable states increase witttansmit powerwhereas in the high SNR regime

(i.e., dove 20 dBm), a saturation trend is present. baisaviouiis expected by noting that the interfer-

ence with theneighbouringusers is inevitable. In addition, as illustrated, inserting one RIS for each user,
even with a relatively small number of unitrlents, leads to higher sum rate, confirming the benefits of

the RIS technology.

T T T T
+ Proposed Frequency Selective with Q = 3
snsfb=ss No RIS with Q@ = 3

@ Proposed Frequency Selective with @ = 2
e =+ No RIS with @ = 2

Achievable Rate in bits/s/Hz

a it -

| | | | |
0 5 10 15 20 25 30
Transmit Power in dBm

Figure 4-23 Achievable sumrate performance in bps/Hz as a function of the transmit power for each BS, for diffe
ent number of users Q, with and without RISs.
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Relation to other RISE6GG contributions

This contribution is set on the decentralized deployment and control strategy, discussed in D4.3 and is
designed to address the problefinformation exchange between the nodes. The application scenario is
related to the mukicell and share®|S usecases investigated under WP2. Since the optimization scheme

of this approach depends on local CSl at each user-usgltichannel estimatidechniques are assumed

to be in use, such as those discussed in this deliverable, with special focus on the channel estimation using
a simultaneously reflective and sensing RIS due to its lower overhead and the added benefit of estimating
each individualink. The distributed algorithmic framework proposed in this contribution can be extended

to tackle also other optimization problems involving RISs such as, e.gerRiBwered edge computing,
distributed RISaided localization, and so on.

4.4.8 ARES: Autonomous RIS solution with Energy harvesting and Seltonfiguration towards
6G

Motivation and context

The necessity of a complex and fesntrol channel@C) supporting reatime RIS configuration to adapt

to the eveichanging channel conditions and the neediopextensive power distribution system support-

ing the energy requirements for operating the RIS hardware are two major challenges to be faced to pave
the way for commercially viable RIS devices.[kDS22], we first introduced the concept of setin-

figuring RIS to overcome the need for explicit CC availability. Starting from JADS23], we propose

a novel RIS design named ARES: Autonomous RIS with EH anet8elfiguration, which is capable of
combining the sel€onfiguring capabilities of HRISs with EH techniques.

ARES is the first fully autonomous RIS solution both from ¢batrol and the energy supply point of
view. This facilitates the seamless installation of HRIS devices throughout the service area without re-
quiring modification of the existing network infrastructure or power distribution system.

Methodology

In ARES we éverage the novel HRIS hardware architecture depictejime4-24. The HRIS consists

of two branches: a reflection branch and an absorption brancheleachnibf theRIS is equipped with

a bank of directional couplers. These couplen®ute a fractior- p of the impinging wave signal for
reflection, while the remaining fractienis absorbed by the surface and routed through an RF circuit
toward either a power detector or an energy harvesting module.

Both the reflection and absorption branches hamelile phase shift banks, which can be controlled in-
dependently. The phase shift bank at the reflection branch allows us to set the desired reflection beam
pattern, while the phase shift bank in the absorption branch enable us to focus the absorptiidesproper

of the RIS toward intended directions.
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Figure 4-24 Reference diagram of HRIS with EH capabilities.
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To acquire CSI, the RIS autonomously performs directional power sensing and constructs a power profile
indicating the angle of arrival of the signals emitted by the communicating devices. With such infor-
mation, we cametrievethe CSI of the RIBS and the RISJEs channelf)ADS22]. In ARES, we exploit

the seobtained CSI both for communication and EH operation. Specifically, we optimize the configura-
tion of the reflection branch to maximize the reflected path gain offered by the RIS, which supports com-
munication betweeBS and UEs. Simultaneously, we optimize the phase shifters of the absorption branch
to directionally focus the absorption properties of the RIS towards the sensed AoA directions, thus max-
imizing the harvested energy. The harvested energy is then colleetegchargeable battery that powers

the RIS hardware.

Results and outcomes

In this contribution we show the performance of tleharge/discharge process of the baftergdelled

by means of an irreducible Markov Chain. This allows us to statisticallpateathe lifespan of the
autonomous HRIS through the probability of falling to a low battery charge state corresponding to a
minimum level3 of energy available to operate the HRIS. When the level of energy stored in the battery
falls belows, the batterys considered to be in a loss of charge (LoC) state. The probability of LoC as a
function of the battery size is shownRigure4-25. From the results, the highdre battery size the lower

the LoC probability.
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Figure 4-25Loss of charge probability against the battery capacity. N = 40 metatoms, Q = 2. The scenario
includes K = 75 wusers with traffic e =

Relation to other RISE6GG contributions

The contribution shows the feasibility of fully autonomous HRIS with energy harvesting aadrsfidf

uration capabilities. Such devices do not require an explicit CC and the availability of a power supply at
thedeployment site to operate. This contribution enables agile and seamless RIS deployment, which is in
line with the work package objectividere, more focus is given on the algorithmic point of view of the
contribution; the details on the EH results areegiin D6.4, being one of thepicsinvestigated in work
package 6.

4.4.9 Localization-based OFDM framework for RIS-aided systems

Motivation and context

Efficient integration of RISs into the current wireless network standard is not a trivial task due to the
overhead generated by performing CE. Indeed, in mghr systems, RIS channel estimation procedures
need pilot sequences whose length is proportional to the number of RIS elements and the number of UEs
in the system.
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Hence, the CE procedure may lead toumfeasible overhead when serving a large number of users.
Considering the relevance that integrated sensing and communication (ISAC) has gained to enable the
connected intelligence promised by the 6G, it is natural to imagine the use of the locdlifatioation

available in RlSaided networks to help the scheduling decision: instead of wasting tiragctuainging

CE pilot sequences, the knowledge of the UEs position can be used to optimize the data transmission

Figure 4-26 Scenario under consideratiofSKP23]

Methodology

We consider an UL RKaided communication scenasbown inFigure4-26, where a singlantenna

BS, an RIS, and set of singdmtenna UEs are present. The BS is assumed to have perfect knowledge of
the UEs®6 position, and it wy slexisiond. Adcadinglyndn @FDiWla t i o n
time-frequencyis considered, where in every time slot a portion of OFDM synibobserved for data
communication, whileéhe othersare reserved for localizatiomaveformusedto keep track of the user
position At the keginning of each time slot, the RIS loadsirgle configuration, which is kept for the
whole timeslot duration.The configurations are designed in order to cover the overall area of interest.
UEs are multiplexed through orthogonal sRB allocation, ashown in the timdrequency example

given inFigure4-27. The resource allocation can then be made in a robust way considering the position
information and the impact of the fading in the direct®S channelThe interested reader can refer to
[SKP23]to the details of implementation and design.

Figure 4-27 Example of proposed OFDM data framegSKP23]
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