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Abstract—The design of 6th Generation (6G) wireless networks
points towards flexible connect-and-compute technologies capable
to support innovative services and use cases. Targeting the 2030
horizon, 6G networks are poised to pave the way for sustainable
human-centered smart societies and vertical industries, such
that wireless networks will be transformed into a distributed
smart connectivity infrastructure, where new terminal types
are embedded in the daily environment. In this context, the
RISE-6G project aims at investigating innovative solutions that
capitalize on the latest advances in the emerging technology of
Reconfigurable Intelligent Surfaces (RISs), which offers dynamic
and goal-oriented radio wave propagation control, enabling the
concept of the wireless environment as a service. The project
will focus on: i) the realistic modeling of RIS-assisted signal
propagation, ii) the investigation of the fundamental limits of
RIS-empowered wireless communications and sensing, and iii) the
design of efficient algorithms for orchestrating networking RISs,
in order to implement intelligent, sustainable, and dynamically
programmable wireless environments enabling diverse services
that go well beyond the 5G capabilities. RISE-6G will offer two
unprecedented proof-of-concepts for realizing controlled wireless
environments in near-future use cases.

I. INTRODUCTION

The 5th Generation (5G) of wireless networks is at an
early deployment stage, providing a single platform for a
variety of services and vertical applications [1]. However,
novel concepts as well as new services and related use cases,
incorporating new enabling technologies to satisfy future needs
[2], are already being identified for addressing the current
predictions for the performance requirements of the next 6th
Generation (6G) of connect-and-compute networks around
2030. Among those predictions belong the up-to-10 Gbps/m3

capacity, 100µs latency, 1 Tb/J energy efficiency, and 1 cm
localization accuracy in 3 Dimensions (3D) [3], which will
need to be offered individually or in various combinations.

As a common view, wireless networks are designed consid-
ering the signal propagation environment as a black box that
cannot be artificially controlled. This would exacerbate the

simultaneous fulfilment of fundamentally conflicting targets,
such as boosting quality of experience for different types
of services at different places of intended users (e.g., ultra-
high data rate in hotspots, extreme reliability in factories,
and massive connectivity in ultra dense areas), limiting the
signal to non-intended users (e.g., users’ ElectroMagnetic
Field Exposure (EMFE) and eavesdroppers), and limiting the
network and device energy consumption. Recently, there has
been a surge of interest in Reconfigurable Intelligent Surfaces
(RISs) [4] as hardware-efficient and highly scalable means to
realize desired dynamic transformations on the signal propaga-
tion environment in wireless communications [5], [6]. RISs are
man-made surfaces with thousands of reconfigurable elements,
which can support various functionalities (e.g., control multi-
path geometry for localization, limit EMF exposure, mitigate
obstructions, and extend radio coverage in dead zones). The
RIS technology is envisioned to coat objects in the wireless
environment [7] (e.g., building facades and room walls), and
can operate either as a reconfigurable beyond-optics reflector
[8], or as a transceiver when equipped with active transmit [9]
and receive [10] radio-frequency elements.

The modeling of signal propagation in such novel RIS-
empowere conditions appears very challenging [11], [12]
involving a number of algorithmic solutions. In [13], a free-
space model based on an impedance matrix formalism for RISs
with discrete elements has been presented, while the corre-
sponding optimization of the RIS settings for communication
purposes is largely disussed in [4], [12]. Additional research
directions focus on the challenging task of channel estimation
in RIS-empowered communication systems, where multiple
users and multiple RISs with large numbers of elements and
non-linear hardware characteristics are considered [14]. The
relevant literature includes pilot-assisted cascade channel esti-
mation approaches [15] as well as deep learning frameworks
[16] that overcome the need for explicit channel estimation.

RISs will also have applications beyond communication,
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as in localization and sensing. 5G systems can make use of
time, power, and angle measurements to accurately estimate
the position and orientation of user devices [17]. Localization
algorithms can also turn received secondary paths in multipath
channels into an advantage by using their estimated location-
dependent radio parameters as a source of information. This
improves localization continuity in highly obstructed scenar-
ios, whenever a map/layout of the environment or a-priori
parametric semi-deterministic models are available. If not, the
map should be estimated using Simultaneous Localization And
Mapping (SLAM) methods. However, even in such multipath-
aided cases, the exploited ElectroMagnetic (EM) interactions
of the propagation environment remain uncontrolled. Despite
its inherent advantages, the use of RIS for localization has
received very limited treatment up to date. An overview of
main research challenges of RISs from the perspectives of
both localization and mapping was provided in [18].

Beyond the above-mentioned state-of-the-art on the RIS
technology, this paper highlights the RISE-6G project’s per-
spective that will build a novel wireless connectivity paradigm
empowered by RISs with a two-fold advantage: i) enable
highly concentrated in time and space service delivery to
intended end users and ii) remove energy from indoor/outdoor
regions where non-intended users are present. This paradigm
will pioneer the concept of the wireless environment as a ser-
vice, which will promote dynamical trade-off of high capacity
connectivity, Energy Efficiency (EE), EMFE, localization and
sensing accuracy, and secrecy guarantees over eavesdroppers,
while accommodating specific regulation on spectrum use,
data protection, and EMF emission.

II. RIS-EMPOWERED SYSTEM ARCHITECTURE

Traditionally, a wireless network infrastructure is based on
elements that operate at the PHY/MAC/link layers and above
(e.g., base stations, access points) or even Layer 1 only (e.g.,
repeaters). Differently from this, an RIS which controls the
propagation environment can be considered to operate at Layer
0. As such, RIS brings new directions in the evolution of
the wireless architecture, whose investigation is one of the
overarching objectives of the RISE-6G project. In this section,
use cases that can benefit from deploying RISs are introduced
with their associated Key Performance Indicators (KPIs) and
the related network architectures and deployment strategies.

A. Scenarios and Use Cases

Considering both sub-6GHz and millimeter-Wave
(mmWave) frequency bands, several scenarios and use
cases will be identified and analyzed according to the
following steps: i) specification of a reference scenario; ii)
technological and economical analysis of use cases that can
benefit from RIS operation; iii) analysis of the impact on
spectrum and EMFE; iv) detailed specification of a use case
that favorably illustrates the use of RISs in a given scenario.

Among the scenarios that are likely to benefit from the use
of RISs, the following will be prioritized:

C/P inband
C/P outband
Edge C/P

Edge DC

Core 
Network

Edge DC

Edge DC

Fig. 1. The RISE-6G system architecture showing the inband and outband
Control Planes (C/P) among RISs and the edge Data Centers (DC).

• Enhanced connectivity and reliability. If the Quality of
Experience (QoE)/Quality of Service (QoS) of a wireless
network is below expectation, an RIS is applied to
improve the radio coverage both in outdoor and indoor.
An RIS needs to be implemented in compliance with
regulations and EMFE limits;

• Localization and sensing. The RIS technology is expected
to enable advanced sensing and localisation techniques
for environment mapping, motion detection, opportunistic
channel sounding and passive radar capabilities applied
to various environments: industrial, high user-density and
indoor; and

• Sustainability and security. RIS-empowered networks are
expected to enable the reduction of the energy spent to
radiate the wireless signals, so as to improve the EE,
reduce the EMFE, and increase the security due to highly
directive and location-dependent communications.

Two exemplary scenarios that have been selected for RIS-
empowered networks are a train station and a vertical Industry
4.0 setup, respectively.

B. Metrics and KPIs for RIS-Empowered Wireless Systems

Relevant performance metrics and target KPIs to be used
by the technical work packages will be identified and defined,
and then re-assessed depending on the findings, in order to
assess the performance of RIS-empowered wireless systems
for the three types of scenarios defined in Sec.II-A: from the
traditional coverage/capacity metrics, such as data rate and
delay, to a set of KPIs related to localization and sensing,
such as spatial accuracy, localization availability, and mapping
latency. Furthermore, existing metrics on EE (delivered data
versus spent energy) will be supplemented by two other ones:
i) Spectral Secrecy Efficiency (SSE), initially defined as the
spectral efficiency attained at the intended user normalized by
the cost in terms of data rate successfully captured by the
eavesdropper; and ii) EMFE Efficiency (EMFEE), defined as
the data rate attained by intended users normalized by the cost
in terms of exposure of the intended and non-intended users.

In the project’s vision, an RIS-empowered network will
be able to dynamically generate “QoE boosted areas” where
customers can get guaranteed QoE, “localization boosted



areas” where they can enjoy high precision localization, “SSE
boosted areas” where they can enjoy secured communications,
“EMFEE boosted areas” where environment-conscious cus-
tomers can avoid EMFE, “EE boosted areas” where they can
improve their energy EE footprint. In such a way, the “boosted
performance” concept, which do not exist today in this context,
will be defined and implemented in areas identified by service
providers on the basis of marketing insights. Potential trade-
offs will be proposed when multiple targets and conflicting
KPIs are found. A high-speed train station will be one of the
primary use cases where this concept will be applied.

C. Network Architectures and Deployment Strategies

Suitable network architectures will be specified by lever-
aging on the technology components developed within the
project, as described in the subsequent sections. This will
be done for each scenario defined in Sec.II-A, according to
metrics and KPIs defined in Sec.II-B. Depending on scenarios
and application needs, flexible RIS devices will be organized
in a network of space-time reconfigurable mirrors, orchestrated
together by advanced algorithms running on ad-hoc controllers
so as to dynamically change the propagation settings of the
installed RISs, based on real-time/predicted network dynamics.

A key new element of the network architecture is the
communication channel through which an RIS is controlled
and reconfigured. There are two generic ways for RIS control:
i) in-band control, where the properties of the RIS are dynam-
ically configured by using the same wireless signals whose
propagation is affected by the RIS; ii) out-of-band control
(green connectors on Fig. 1), which takes place over a wired
or wireless communication interface not affected by the RIS
operation. For each scenario we will determine the appropriate
type/combination of RIS control channel to be used.

The most suitable RIS-empowered network architectures
and deployment strategies will be selected to be at least partly
implemented in a trial, as will be described in Section IV.

III. RESEARCH ON TECHNOLOGY COMPONENTS

A. Modeling, Design, and Characterization

Advanced EM-compliant and environment-aware RIS mod-
els will be developed within the RISE-6G project in order to
predict the operation of the RIS in the scenarios of interest.
The continuous models provided by metasurface theory will be
extended to capture the effect of the tunable discrete structure
of the RIS. Inherently, the fundamental research questions
concerning RIS modeling are centered around the ability to
include: i) the mutual coupling between unit cells for arbitrary
cell topology and tuning circuity within; ii) the near-field
interaction between transmitter/receiver and RIS; and iii) the
integration of RISs within the overall multi-path propagation
channel.

RISE-6G will consider impedance models that capture the
scattered field behaviour of the discrete surface structure as
well as the interaction among different close surfaces in multi-
RIS scenarios. Transmit and receive antenna arrays will be

also considered in the impedance formalism so that an end-to-
end channel model can be constructed between port voltages
and currents. These impedance models will rely, on one hand,
on the antenna theory with canonical elements, on the other
hand, they will exploit full-wave simulation of the unit cells
(hybrid model). These models will be exploited for design and
evaluation of RISs in ideal free-space conditions.

Rich multi-path fading can be captured by a purely statisti-
cal model, the Random Coupling Model (RCM) [19], obtained
for an antenna impedance operating in highly reflective, large,
and complex environments. Deterministic tools will be used
to predict the RIS-aided channel propagation. An energy flow
method that computes densities of rays on numerical meshes,
the Dynamical Energy Analysis (DEA), will be extended
to include the RIS effect on multi-path propagation. The
method represents ray densities in a joint space of position
and direction of travel, the so called phase-space, through
the Wigner function technique [20]. An averaging procedure
will embed the phase-space density of the RIS scattered
field into DEA. A model of the RIS scattered field obtained
from the Green function approach will be used to integrate
their behaviour within the DEA approach in order to have
a powerful and unique tool for including the RIS within
coverage planning tools. The model validation will be done
through a rich activity of EM characterization of both RIS
and the propagation environment itself [21].

Different RISs (transmittive and reflective) will be designed
in RISE-6G, spanning from sub-6 GHz to D-band. Differ-
ent technologies (PIN-diodes, varactors, and MEMS) will be
considered for unit-cell tunabilty, as well as realize space
and polarization configurability. Depending on the selected
frequency bands, different architectures will be proposed with
full or discrete phase control. Large RIS structures with more
than 400 unit elements will be fabricated.

B. RIS for Enhanced Connectivity and Reliability

A look at the current state-of-the-art in the RIS research
paints a research landscape in which there is a wide range
of assumptions. Those assumptions include different models
for the surface, the propagation channel, and communication
settings. This variety of assumptions makes it difficult to
draw meaningful conclusions in terms of performance limits
or system design choices. As advocated in RISE-6G, this
observation calls for a rigorous framework, encompassing: a)
an accurate communication model; b) an account of the control
signaling necessary for RIS operations; and c) a performance
evaluation framework assessing the essential features of RIS-
empowered communications. The majority of the current
research adopts simple communication models that fit far-
field communications and incorporate simplified models of the
surface [12]. However, the way a metasurface affects wireless
propagation properties depends on many characteristics, in-
cluding the properties of the surface and its unit elements, as
well as their interactions [13], their distance to the transmitter
and receiver, and the characteristics of the channel. RISE-
6G will develop communication models that are accurate
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Fig. 2. Localization and communication in RISE-6G will reinforce each other
rather than compete for the same resources.

and mathematically tractable, and that account for the circuit
design of the surface and its EM properties. Such models
are essential to design and optimize RIS-empowered systems,
but also to assess their performance limits, their advantages,
and limitations. Based on those accurate communication mod-
els, RISE-6G will investigate the connectivity and reliability
properties of RIS-empowered systems, providing fundamentals
in communication and assessing achievable performance. The
project will also focus on the design and optimization of
control signaling protocols, channel estimation methods, and
RIS settings, as well as resource allocation and scheduling
techniques to enable an effective and reliable support of RISs
for seamless distributed smart end-to-end support of com-
munication. Furthermore, RISE-6G will determine the best
strategies according to communication metrics for an easy and
flexible deployment of RISs considering boosted connectivity
areas.

Mobile Edge Computing (MEC) will also be deeply investi-
gated within the RISE-6G project. In particular, RISE-6G will
design a dense network of RISs to enhance the performance
of MEC systems, with the aim of delivering pervasive, low-
latency, and energy-efficient edge services to mobile users.
The key research question is: How to exploit and design
RISs in MEC to strike the best possible trade-off between
energy, latency, and accuracy of edge computing tasks? The
project will achieve this goal by jointly optimizing radio,
computation, and RIS resources to enable energy-efficient
edge computing, while keeping the overall QoS (i.e., delay,
accuracy) within a prescribed value dictated by the specific
application, and adapting on the fly to dynamic scenarios (e.g.,
mobility, blocking events). Machine learning will play a key
role in RISE-6G designs, enabling to learn how to optimize
edge resources over time, decide which users should be served
through the available RISs, and provide automation and self-
healing capabilities for optimal operational decision.

C. RIS for Enhanced Localization and Sensing

Localization and sensing are important enablers for the
RISE-6G vision: not only do they have inherent value in a
wide range of location-based services and applications, but
they can also support enhanced connectivity, highly localized

services’ provision, as well as opportunistic environmental
and context awareness. As shown in Fig. 2, it is our vision
that in RISE-6G we see localization and communication as
mutually reinforcing, rather than competing for the same
resources. Several fundamental research questions still need to
be addressed in this field of RIS-aided localization, mapping,
and sensing, in addition to the issues already faced by RIS-
enabled communications (e.g., RIS EM and channel modeling,
channel estimation). First of all is the issue of localization-
oriented RIS control: where should RIS be placed, how should
they be controlled and optimized, at which time scales, in
order to provide optimal localization accuracy and/or cover-
age? Secondly, given a chosen RIS-based system architecture,
along with suitable RIS control methods, how do we esti-
mate the users’ locations and possibly their orientations, in
a resilient (e.g., against radio obstructions), highly flexible
(e.g., on-demand) and scalable way (without necessitating re-
deployment or re-planning), with minimum footprint in terms
of latency, overhead, and overall consumption? To address
these questions, RISE-6G aims at developing localization-
oriented architectures and control methods, operating jointly
at RIS and system levels, benefiting from highly directional
RIS operations, overall multipath channel reconfigurability,
and a combination of model-based and data driven processing
tools. Similarly to data communications, security, and low
EMF, we envision the use of localization-boosted areas, where
high performance could be guaranteed. We will also devise
novel algorithms for positioning, tracking, as well active
and passive detection, which relax the synchronization and
overhead requirements inherent to conventional localization.
This should lead to higher accuracy, service continuity, and
flexibility than non-RIS solutions.

D. RIS for Enhanced Sustainability and Security

Enhancements in terms of sustainability and security will be
attained by exploiting a novel and disruptive approach in the
design and deployment of RIS-empowered networks, taking
into account non-intended users such as EMF exposed users
and eavesdroppers. This can be accomplished by leveraging
sensing and EM-field 3D maps acquisitions enabled by RISs.
We propose to feed the envisioned network with more knowl-
edge on the non-intended users. Ideally, one would make a
RIS smart enough to detect human bodies and configure itself
to actively avoid EMF exposure (or eavesdropping) on them.

More precisely, we propose to jointly optimize RIS and
beamforming in terms of EMFEE and SSE in addition to
the more traditional EE metric. We will compare different
levels of available knowledge for non-intended users. On
one hand, EMF exposed users can fall in the category of
overt non-intended users, i.e. users that want to be identified
as non-intended users so that the RIS-empowered network
avoids them. Such overt non-intended users may cooperate
to provide knowledge. On the other hand, eavesdroppers fall
in the category of covert non-intended users, i.e. users that do
not want to be discovered; no cooperation is expected from
such users. Thi terminology is illustrated in Fig. 3. The level



Fig. 3. Illustrating the concepts of EE-boosted, EMFEE-boosted, and SSE-
boosted areas, as well as the intended users and the overt and covert non-
intended users.

of signal at non-intended users will be taken into account as
a constraint for the design of the active transmitting nodes’
beamforming and the RIS tunable configurations. We will
also devise coordinating beamforming algorithms and compare
centralized and distributed solutions. We will consider solu-
tions based on deep learning using cutting-edge neural network
structures (e.g., generative adversarial networks). We will also
propose new schemes to optimize the trade-off between the
efficiency metrics, in the particular cases where EMFEE (or
SSE) is improved at the expense of EE.

Finally, RISE-6G will use the beyond state-of-the-art
physics-based modeling and simulation tools for RISs, de-
scribed in Sec. III-A, to assess RIS-empowered networks in
terms of EE, EMFEE, and SSE, taking into account the non-
intended users in the assessment in various propagation envi-
ronments. Measurements with a commercial 5G base station
connected to the live network of Telecom Italia [22] will also
pave the way for in-situ tests at the field trial facilities.

IV. RIS-EMPOWERED TRIALS FOR 6G USE CASES

Realistic use cases will substantiate the attainable perfor-
mance of RIS-empowered environments, while pursuing dif-
ferent objectives, such as overall performance optimization and
localization accuracy maximization. This will be performed
and hereafter described by means of two different field-trials
that cover public and private scenarios: i) a public train station;
and ii) a private smartly connected factory.

A. Use Case 1: Train Station

An RIS-empowered solution will be properly and carefully
set up in the train station located in Rennes, France, as
depicted in Fig. 4. To facilitate the deployment of such
proof-of-concept, generic distribution control networks will
be developed to centrally control all RIS-based equipment
considered in the scenario. We will identify key validation
points as the following: i) interfacing with RISs in terms
of maximal density of independent channels over each RIS
interface; and ii) cost, power consumption, and complexity
scaling functions with desired system performance.

Three relevant use cases have been identified that would
greatly benefit from an RIS-empowered solution: i) coverage
optimization for indoor shops; ii) dedicated resting areas for
instant video download and cloud gaming ensuring the highest
bandwidth and network efficiency; and iii) EMF limitations

Fig. 4. Envisioned RIS-empowered enhanced connectivity field trial at the
Rennes, France train station.

in private areas or for workers protection purposes. For High
Definition (HD) video connections, an RIS-empowered net-
work will work at 26 GHz by means of station infrastructure.
At 70 GHz, short-range high data rate video streaming will be
tested with a compact RIS-based reflector, and a 77 GHz radio
module to support at least 1.488 Gbps uncompressed HD video
streaming with commercial video encoder 4K transmission
will be demonstrated.

B. Use Case 2: Connected Factory

The RISE-6G project will deploy RISs within a smartly
connected factory scenario. In particular, it will focus on the
industrial operations in an automotive plant of Fiat-Chrysler
Automobiles (FCA). Inside the plant, a variety of processes
(logistics, for example, for sub-assembly, preparation, and
transport of components or group of components (called as
kits) from logistics areas to lineside) require precise posi-
tioning of their moving assets: components, containers, racks,
kit handlers, Autonomous Guided Vehicles (AGV), unmanned
aerial vehicles, and robots. In the case of the logistics process
of kitting, the composition of an assembly kit includes: i)
containers of different components brought to a common area
located near the final assembly line, stored and moving through
the area; and ii) components related to a single final product
(e.g. vehicle, engine) picked and housed together, forming a
kit.

The state-of-the-art defines operations performed in a mixed
way, partially automated (via AGVs) and partially manual
(via human operators) so that the complete kit is brought
to the assembly line in an automated way (via AGVs). The
RISE-6G advanced solutions will deploy RISs to enable a
complete mapping of the area (e.g., components, containers)
in order to coordinate the AGVs’ motion through continu-
ous communication, facilitating the mission management. In
particular, the component and container precise positioning
and location in the rack, are not fixed on beforehand (that is,
when the mission is given to the AGV) and might lead to a
mission failure and a in-situ action of a logistics operator.
In order to avoid potential failures it is, thus, crucial to
achieve extreme accuracy in the localization process of the
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Fig. 5. Envisioned RIS-empowered localization of AGVs equipped with a
camera in kitting operations in a FCA automotive plant.

components, containers, or AGVs that must be carried out by
means of advanced indoor localization techniques that cannot
rely on cameras and distributed sensors. A novel framework to
automatically control signal propagation properties by means
of RISs will be delivered. Such RISs will complement the
existing wireless network and enable a continuous communi-
cation channel between access points and the containers/AGVs
via sub-6GHz and Ka-band (26 GHz) links. Additionally,
cm-level localization demonstrations will be performed at 70
GHz and 130 GHz carrier frequencies. Finally, the proposed
solution will target at minimizing the number of installed
RISs required to seamlessly cover entire working areas, as
well as at identifying the best localization algorithms offering
resolution/refresh rate trade-offs.

V. CONCLUSIONS

This paper thoroughly overviewed the RISE-6G vision
which capitalizes on the emerging RIS technology. The main
technical challenges to properly tackle the unprecedented 6G
network design requirements via the project’s perspective
were described: i) definition of a novel network architec-
ture and operation strategies incorporating multiple RISs; ii)
characterization of the fundamental limits of RIS-empowered
communications, enabled by our proposed realistic and exper-
imentally validated radio wave propagation models; iii) design
of efficient solutions to enable online trading between high-
capacity connectivity, EE, EMFE, and localization accuracy
based on dynamically programmable wireless propagation
environments, while accommodating specific legislation and
regulation requirements on spectrum use, data protection,
and EMF emission; and iv) prototype-benchmark proposed
innovation via two complementary field trials with verticals.
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