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Abstract

Future wireless networks are expected to constitute a distributed intelligent wireless communications, sensing, and
computing platform, which will have the challenging requirement of interconnecting the physical and digital worlds
in a seamless and sustainable manner. Currently, two main factors prevent wireless network operators from building
such networks: (1) the lack of control of the wireless environment, whose impact on the radio waves cannot be
customized, and (2) the current operation of wireless radios, which consume a lot of power because new signals are
generated whenever data has to be transmitted. In this paper, we challenge the usual “more data needs more power
and emission of radio waves” status quo, and motivate that future wireless networks necessitate a smart radio
environment: a transformative wireless concept, where the environmental objects are coated with artificial thin films
of electromagnetic and reconfigurable material (that are referred to as reconfigurable intelligent meta-surfaces),
which are capable of sensing the environment and of applying customized transformations to the radio waves. Smart
radio environments have the potential to provide future wireless networks with uninterrupted wireless connectivity,
and with the capability of transmitting data without generating new signals but recycling existing radio waves. We
will discuss, in particular, two major types of reconfigurable intelligent meta-surfaces applied to wireless networks. The
first type of meta-surfaces will be embedded into, e.g., walls, and will be directly controlled by the wireless network
operators via a software controller in order to shape the radio waves for, e.g., improving the network coverage. The
second type of meta-surfaces will be embedded into objects, e.g., smart t-shirts with sensors for health monitoring,
and will backscatter the radio waves generated by cellular base stations in order to report their sensed data to mobile
phones. These functionalities will enable wireless network operators to offer new services without the emission of
additional radio waves, but by recycling those already existing for other purposes. This paper overviews the current
research efforts on smart radio environments, the enabling technologies to realize them in practice, the need of new
communication-theoretic models for their analysis and design, and the long-term and open research issues to be
solved towards their massive deployment. In a nutshell, this paper is focused on discussing how the availability of
reconfigurable intelligent meta-surfaces will allow wireless network operators to redesign common and well-known
network communication paradigms.
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1 Methods/experimental

This is a vision paper, which puts forth the emerging
paradigm of smart radio environments empowered by
reconfigurable intelligent meta-surfaces.

2 Wireless futures—beyond communications, but

without more power and radio waves
Future wireless networks are expected be more than
allowing people, mobile devices, and objects to com-
municate with each other (https://www.comsoc.org/
publications/ctn/what-will-6g-be). Future wireless net-
works have the potential to be turned into a distributed
intelligent communications, sensing, and computing plat-
form. Besides connectivity, more specifically, the platform
will be capable of sensing the environment to realize the
vision of smart living in smart cities by providing context-
awareness capabilities, and of locally storing and process-
ing information. Such processing could accommodate the
time critical, ultra-reliable, and energy-efficient delivery
of data, and the accurate localization of people and objects
in environments and scenarios where the Global Posi-
tioning System (GPS) is not an option. Future wireless
networks will have to fulfill the challenging requirement
of interconnecting the physical and digital worlds in a
seamless and sustainable manner.

What is currently slowing down wireless network oper-
ators from building truly pervasive wireless networks that
are capable of enabling communications, and of collecting
and understanding data from the physical world?

There exist two fundamental limiting factors:

1 Wireless network operators struggle to power the
continuous sensing and actuation of millions (or
billions) of devices, and to continuously connect
them to the Internet due to the high power
consumption of the wireless interface. This
originates from the current operation of wireless
radios, which consume a lot of power during data
communication because the radios themselves are
the devices that generate every wireless signal [1].

2 Wireless network operators struggle to provide users,
devices, and connected objects with uninterrupted
connectivity and quality of service guarantee in harsh
propagation environments. This originates from the
lack of control that we have of the wireless
environment, whose impact on the signals cannot be
adaptively customized as we desire [2].

The usual response of wireless network operators to the
tremendous increase of traffic demands consists of using
more power and emitting more radio waves. This is usu-
ally achieved by transmitting signals in new frequency
bands, i.e., using more spectrum, and by deploying more
cellular base stations, i.e., densifying the network. Even
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though new generations of wireless networks are always
more energy and spectral efficient than the previous ones,
the power consumption and the emission of radio waves
always increase from past to new generations [3].

Therefore, it is time to identify alternative solutions to
the de facto approach “more data via more power and
more emissions of radio waves.” In this context, in partic-
ular, two intriguing questions are naturally brought to the
attention of the wireless community:

e What if wireless network operators could control the
wireless environment by allowing energy-constrained
devices to sense and report the measured data
without using new radio waves, but by just recycling
those that are generated by their own network and,
possibly, without the need of batteries?

e What if wireless network operators could customize,
via a remote software-operated controller equipped
with predictive capabilities, the propagation of the
radio waves in the environment in order to increase
the data rate without increasing the power
consumption?

In the present paper, we put forth and elaborate on
the emerging concept of smart radio environments, as
the fundamental distributed wireless platform, under the
control of the wireless network operators, that integrates
communications, sensing, and computing capabilities, as
well as the enabling technology to realize the wireless
future envisioned by the two questions above.

What is a smart radio environment? A smart radio envi-
ronment is a wireless environment that is turned into
a smart reconfigurable space and that plays an active
role in transferring and processing information [4]. Smart
radio environments largely extend the notion of software
networks: currently, the operation of wireless networks
is software-controlled and elastically optimized to sup-
port heterogeneous requirements (e.g., enhanced data
rate, high energy efficiency, low latency, ultra-reliability,
massive connectivity of objects) [5]. In our definition
of smart radio environments, the wireless environment
itself is turned into a software-reconfigurable entity [6],
whose operation is optimized to enable uninterrupted
connectivity, quality of service guarantee, and where the
information is transmitted without necessarily generat-
ing new signals but recycling the existing ones whenever
possible [1].

How to tailor smart radio environments into the real
world? Fortunately, different but converging solutions are
recently emerging to realize the vision of smart radio
environments. This includes deploying programmable
frequency-selective surfaces [7, 8], and smart reflect-
arrays or mirrors [9-11] in the environment, embedding
arrays of low-cost antennas [4, 12, 13] into the walls of
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buildings, and coating the environmental objects with
reconfigurable meta-surfaces [14]. Meta-surfaces, in par-
ticular, are thin meta-material layers that are capable of
shaping the propagation of radio waves in fully customiz-
able ways [15], and, thus, have the potential of making
the transfer and processing of information more reliable
[16-20]. In addition, they constitute a suitable distributed
platform to perform low-energy and low-complexity sens-
ing [21], storage [22], and analog computing [23, 24].
Thanks to these unique properties, the high controllabil-
ity of the radio waves, the high deployment scalability [25],
and the economic advantages that they bring about [26],
reconfigurable meta-surfaces are today considered to be
a core technology to fulfill the challenging requirements
of future wireless networks. In the present paper, to avoid
ambiguity and in agreement with the Greek etymology
of the word “meta” (i.e., beyond), we will use the term
meta-surface to denote any surface that is engineered to
have properties that are not found in naturally occurring
surfaces.

Are reconfigurable meta-surfaces currently available?
We will elaborate on this question in the next sections.
It suffices to say that prototypes of reconfigurable meta-
surfaces are currently being developed [27], and startup
companies are developing the fundamental technology
that covers a wide range of the electromagnetic spectrum
(http://greenerwave.com/). For example, scientists of the
European-funded project VISORSURF [27] have recently
built the prototype of a software-controlled meta-surface
that makes the wireless environment fully reconfigurable.
Thanks to this breakthrough, it is today realistic to envi-
sion wireless networks where every environmental object
[15] is coated with an artificial thin film of electromag-
netic material [28], which senses the environment and
whose response to the radio waves is programmed to
optimize the performance.

At a time when the core technologies to realize reconfig-
urable and software-controllable meta-surfaces are con-
sidered to be feasible, communication theorists and wire-
less researchers are, however, challenged by three funda-
mental questions:

1 How to integrate the reconfigurable meta-surfaces
into wireless networks?

2 What are the ultimate performance limits of wireless
networks in the presence of reconfigurable
meta-surfaces?

3 How to attain such performance limits in practice?

In the next sections, we will discuss these three fun-
damental and open research questions, and, notably, we
will propose a new communication-theoretical model that
accounts for the peculiarities brought about by the smart
radio environments. Furthermore, we will elaborate on
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tools and methods towards the theoretic and algorithmic
foundation of smart radio environments.

3 Smartradio environments

In current wireless networks, the radio environment, i.e.,
the physical objects that alter the propagation of the
electromagnetic waves, is not controllable [2], and is per-
ceived, in addition, as an adversary to the communication
process, i.e., it has usually a negative effect that needs to
be counteracted by the transmitters and receivers [12].
By contrast, we define a smart radio environment as a
radio environment that is turned into a smart reconfig-
urable space that plays an active role in transferring and
processing information, and that makes more reliable the
exchange of data between transmitters and receivers.

To better elucidate the concept of smart radio environ-
ments in the context of wireless networks, we commence
this section by briefly introducing what a reconfigurable
meta-surface is. Detailed information about the research
efforts on designing reconfigurable meta-surfaces are
reported in the sequel. Then, we discuss two examples
that consider typical applications in communications and
in sensing.

3.1 Meta-surfaces and reconfigurable meta-surfaces

The fundamental constituting and enabling element of
the smart radio environment is the reconfigurable meta-
surface. What is a meta-surface?

As the Greek meaning of the word “meta,’ i.e., beyond,
suggests, an electromagnetic meta-surface is a surface
made of electromagnetic material that is engineered in
order to exhibit properties that are not found in natu-
rally occurring materials. A meta-surface is, in practice, an
electromagnetic discontinuity, which can be defined as a
complex electromagnetic structure that is typically deeply
sub-wavelength in thickness, is electrically large in trans-
verse size, and is composed of sub-wavelength scattering
particles with extremely small features [29]. In simple
terms, a meta-surface is made of a two-dimensional array
of sub-wavelength metallic or dielectric scattering parti-
cles that transform the electromagnetic waves in different
ways [30].

An example of meta-surface is sketched in Fig. 1, where
it is shown that it transforms an incident radio wave into
a reflected radio wave and a transmitted (or refracted)
radio wave. The specific arrangements of the scattering
particles (e.g., full or slotted patches, straight or curved
strips, various types of crosses) determine how the meta-
surface transforms the incident wave into arbitrary speci-
fied reflected and transmitted radio waves [31]. The major
difference between a surface and a meta-surface lies in
the capability of the latter of shaping the radio waves
according to the generalized Snell’s laws of reflection
and refraction [15]. For example, the angles of incidence
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and reflection of the radio waves are not necessarily the
same in a meta-surface. A reconfigurable meta-surface is
a meta-surface in which the scattering particles are not
fixed and engineered at the manufacturing phase, but
can be modified depending on the stimuli that the meta-
surface receives from the external world. For example,
multiple elementary scattering particles that realize some
specific wave transformations can be connected by using
electronic circuits that activate only those that synthesize
the specified wave transformation of interest for a given
network configuration [32]. In Fig. 1, this functionality is,
e.g., realized by using PIN diodes. It is worth mention-
ing, as better detailed in the sequel, that the reconfigurable
meta-surfaces may be equipped with embedded sensors
that could allow them to sense the status of the environ-
ment, e.g., the channel states between them and the base
stations, and between them and the mobile terminals, and
to report this information to the external world (i.e., a
network controller), which is capable of configuring their
operation via a feedback channel [2].

As discussed in [30], the synthesis and analysis of
meta-surfaces (just a single meta-surface) is an extremely
difficult task. An approach would consist of analyzing
the meta-surfaces by using a general-purpose full-wave
electromagnetic simulator. A meta-surface, however, is
electrically thin (i.e., its thickness is much smaller than
the wavelength), is electrically relatively large (i.e., the
other dimensions are larger than the wavelength), and
is composed of sub-wavelength particles with deeply
sub-wavelength features. Therefore, such a brute-force
approach turns out to be impractical, as it would require
large memory resources and would take a prohibitive
computation time, while giving little insight into the
physics of the meta-surface. In the sequel, we will dis-
cuss some emerging and recent techniques to circumvent

this issue, which are based on approximating the meta-
surfaces as local entities of general conformal shapes [33],
and in modeling the meta-surfaces as a zero-thickness
sheet (also known as sheet discontinuity model) [29].

Based on this discussion and on the complexity of
modeling and optimizing just a single meta-surface, the
“fil rouge” of the present article lies in elaborating the
fundamental gaps of knowledge behind the analysis and
synthesis of smart radio environments, in which many
reconfigurable meta-surfaces can be deployed and need to
be jointly optimized. In other words, we will address the
following question:

If we think of smart radio environments, how to model,
analyze, simulate, optimize, and orchestrate a multitude of
reconfigurable meta-surfaces that are spatially distributed
in a large-scale wireless network?

3.2 Reconfigurable environments: improving
communications

Figure 2 shows the operating principle that current wire-
less networks obey to. A mobile terminal (M) wants
to connect to the Internet via a cellular network. In
the absence of environmental objects (O1, 02, O3, O4),
BS1 is the base station that provides the best signal
to M. Due to the high blocking object O1, however,
the received signal is not sufficiently strong and M
connects to the Internet via BS2, while BS1 is kept
active to serve other users. Since BS2 is far from M,
even though it transmits at high power, the signal
received by M is not sufficiently strong for high-data rate
transmission.

Let us now consider, on the other hand, Fig. 3. The
objects (01, 02, O3, O4) are now coated with reconfig-
urable intelligent (possibly Al-based, as envisioned at the
end of this paper) meta-surfaces that modify the radio
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waves by introducing, in a software-controlled and pro-
grammable manner [2], localized and location-dependent
gradient phase shifts onto the signals impinging upon
them. Such abrupt phase discontinuity along the meta-
surface is the key element for wave manipulation, e.g.,
to absorb, refract, reflect the signals in agreement with

the generalized laws of reflection and refraction (beyond
Snell’s laws) [15]. Figure 3 illustrates how this fundamen-
tally changes the operation of wireless networks. The link
between BS1 and M is still obstructed by the high blocking
object O1. In this case, however, the responses of the
reconfigurable intelligent meta-surfaces on 02, O3, and
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O4 are controlled and optimized to refract or reflect
towards anomalous (i.e., not compliant with Snell’s laws)
directions, the waves throughout the network, thus alter-
ing the spatial distribution of the intended and inter-
fering signals. For example, O2 refracts the signal from
BS1, by producing a strong received signal at M, while
avoiding to interfere towards other users (unwanted direc-
tions), and O3 reflects the signals towards M, thus further
strengthening the intended signal at M. This is possible
by capitalizing on the sensing capabilities of the reconfig-
urable intelligent meta-surfaces, and on their capabilities
of reporting the sensed data to a network controller that
processes it and computes the best wave transformations
to apply in order to shape the radio waves according to
the locations of the base stations and mobile terminals
[2]. This solution requires, in general, that the reconfig-
urable intelligent meta-surfaces are equipped with some
power sources, e.g., batteries, energy harvesting and stor-
age modules, or a combination of them. In addition, nano-
networking protocols within the reconfigurable intelligent
meta-surfaces are needed in order to support their recon-
figurability [34]. If the reconfigurable intelligent meta-
surfaces are not equipped with sensing capabilities, the
radio links can be estimated by the base stations and the
mobile terminals via appropriate control signals. The base
stations and the mobile terminals are then in charge of
reporting this data to the network controller, which is,
in turn, responsible for computing the best configura-
tion setup of the reconfigurable intelligent meta-surfaces,
and for sending the corresponding control signals
to them.

It is worth mentioning, in addition, that focused
transmissions from the reconfigurable intelligent meta-
surfaces, which are similar to time-reversal focusing [35],
could be used for enhancing the security of communica-
tion networks [36].
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3.3 Reconfigurable environments: sensing and
computing

Let us now consider Fig. 4, which shows a person wearing
a smart t-shirt with embedded sensors for health moni-
toring. In a conventional wireless system, each time the
sensor needs to report the sensed data to a mobile ter-
minal M, it has to emit a new radio wave that drains its
small size battery [1] and increases the spectrum usage.
This is overcome if the t-shirt is coated with an recon-
figurable intelligent meta-surface. Rather than emitting a
new signal, the data of the sensor can be embedded into
the reflected signal from the BS. Assume, for simplicity,
that the sensor needs to report a single bit of information.
If the bit is “0,” the reconfigurable intelligent meta-surface
does not alter the reflected signal from BS1. If the bit is “1,
the reconfigurable intelligent meta-surface encodes the bit
into the reflected wave from the BS, by, e.g., differentiat-
ing it. This is depicted in Fig. 5. Generally speaking, the
reconfigurable intelligent meta-surfaces can introduce a
delay by first storing and then releasing the reflected signal
[22], or can modify the emitted waveform by differenti-
ating/integrating the reflection [23, 24], or by encoding
the bit into a specified value of its reflection coefficient.
This approach allows the sensor to report the data to the
mobile terminal M without emitting any signals and in an
energy-free manner. It simply recycles the reflected signal
that originates from the BS. This approach, in particular,
allows battery-constrained tiny devices to take advantage
of the signals emitted by large-size devices with less strin-
gent energy constraints, and to convey their own sensed
data for free. This approach, which we will call meta-
surface based modulation, is new and can be considered
a major generalization of distributed spatial modulation
that was introduced in [37]. Thanks to this new concept,
wireless network operators can offer new services with-
out emitting additional radio waves, and without adding

(c )))

BS

Reconfigurable intelligent meta-surface
(smart medical t-shirt)

Fig. 4 Smart radio environments: sensing and computing
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batteries into the environment. They simply recycle their
own already existing radio waves. It is worth mentioning
that the concept of meta-surface-based modulation can
be applied to the network scenario depicted in Fig. 3 as
well, in order to enable long-range transmissions. These
applications are discussed in the sequel.

3.4 A new communication-theoretic model
The case studies illustrated and discussed in the previ-
ous two sections highlight that, in current wireless net-
works, the devices and transmission protocols are usually
designed and optimized to adapt themselves to the radio
environment. Smart radio environments are fundamen-
tally different: rather than optimizing (only) the end-
points, i.e., the devices, the radio environment is dynam-
ically configured and assists the transfer and processing
of information between the devices. Potentially, the end-
point radios can be made as simple as possible, with major
economic advantages for wireless network operators [26].
Broadly speaking, we can say that current wireless net-
works operate according to three main postulates:

1 The environment is usually perceived as an
“unintentional adversary” to communication and
information processing.

2 Only the end-points of the communication network
are usually optimized.

3 Wireless network operators have usually no control
of the environment.

Smart radio environments, on the other hand, provide
wireless network operators with new degrees of freedom
to further improve the network performance, since the
environment is not viewed as a passive entity and it is not
taken for granted, but can be customized as the wireless
network operators desire.

Conceptually, the difference between current wireless
networks and smart radio environments is depicted in
Fig. 6. According to Shannon [38], the system model is
given and is formulated in terms of transition probabili-
ties (i.e., Pr(y/ x)). According to Wiener [39], the system
model is still given, but its output is fed back to the input,
which is optimized by taking the output into account.
For example, the channel state is sent from a receiver
back to a transmitter for channel-aware beamforming. In
smart radio environments, by contrast, the environmen-
tal objects are coated with meta-surfaces that are capable
of sensing the system’s response to the radio waves (the
physical world), and of feeding this response back to the
input (the digital world or network controller) [2]. Based
on the sensed data, the input and the wave manipulations
applied by the meta-surfaces can be jointly optimized and
configured through a software controller. For example, the
input signal can be steered towards a meta-surface, which
is configured to reflect it towards a given receiver, which
is, in turn, steered towards the meta-surface.

In contrast to Shannon’s and Wiener’s models, which
have been widely researched during the last decades, the
theoretic and algorithmic foundation of the system model

Smart Radio Environment

Shannon « Wiener
y .
Xﬁ Pr(y/x) $ 2 Pr(y/x) X 3 CL;;?;}Z;(‘ Yy

Fig. 6 New communication-theoretic model for smart radio environments
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for smart radio environments is unknown. In the next
sections, we will elaborate on the fundamental gaps of
knowledge that need to be addressed towards filling this
fundamental open research issue. A fundamental ques-
tion, in particular, immediately raises to our attention by
directly inspecting Fig. 6:

To be optimally configured, how much sensed and feed-
back data do smart radio environments need?

From Fig. 6, in fact, it is apparent that, to turn the con-
cept of smart radio environments into reality, a critical
issue to address is constituted by the amount of sensed
data that the meta-surfaces need to gather and to make
available (feedback) to an overarching network controller
in order to be able to configure and optimize the envi-
ronment as a function of the network conditions. Efficient
solutions need to be developed in order to reduce the
amount of sensed data for network optimization, and, at
the same time, in order to make it available (i.e., report,
transmit) to the network controller with low overhead and
high-energy efficiency.

3.5 Novelty compared with current wireless networks

In this section, we briefly compare smart radio environ-
ments against widely employed technologies to enhance
the performance of wireless networks. To better eluci-
date the difference and significance of smart radio envi-
ronments, we consider, as an example, a typical cellular
network.

3.5.1 Current wireless networks

The distinguishable feature of cellular networks lies in the
users’ mobility. The locations of the base stations cannot,
in general, be modified according to the users’ locations.
Some exceptions, however, exist [40, 41], and we elabo-
rate on them below. The mobility of the users throughout
a location-static deployment of base stations renders the
user distribution uneven throughout the network, which
results in some base stations to be overloaded and some
others to be underutilized. This is a known issue in cellular
networks and is tackled in different ways.

Two interlinked approaches are load balancing [42] and
the densification of base stations. Network densification
is a promising solution, but it has its own limitations [43].
It is known, e.g., that network densification increases the
network power consumption as the number of base sta-
tions per square kilometer increases. This is exacerbated
even more with the advent of the Internet of Things (IoT),
where the circuit power consumption increases with the
number of users per square kilometer [44]. Ultra-dense
network deployments, also, enhance the level of interfer-
ence, which needs to be appropriately controlled in order
to achieve good performance [43]. In addition, each base
station necessitates a backhaul connection, which may not
always be available.
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Other solutions based on massive multiple-input-
multiple-output (MIMO) schemes could be employed, but
they usually necessitate a large number of individually
controllable radio transmitters and advanced signal pro-
cessing algorithms [45]. Similar comments (i.e., power
consumption, hardware complexity, blocking of links)
apply to using millimeter-wave communications [46, 47].
It is worth mentioning that millimeter-wave systems
can take advantage of reconfigurable meta-surfaces as a
source of controllable reflectors that can overcome non-
line-of-sight propagation conditions and can enable the
otherwise impossible communication among the devices
[10]. Reconfigurable intelligent meta-surfaces that act
as reconfigurable reflectors, in particular, constitute a
promising solution to establish strong non-line-of-sight
links whenever the line-of-sight is not available or it is
just not sufficiently strong to achieve a good connectiv-
ity or a high throughput. This is often the case of sig-
nal transmission in high-frequency bands, which include
millimeter-wave and beyond 100 GHz communications.

Without pretending to be exhaustive, other relevant
solutions that are typically used in wireless encompass
retransmission methods that negatively impact the net-
work spectral efficiency, the deployment of specific net-
work elements, e.g., relays, which increase the network
power consumption as they are made of active elements
(e.g., power amplifiers), and that either reduce the achiev-
able link rate if they operate in half-duplex mode or are
subject to severe self-interference if they operate in full-
duplex mode [48, 49]. It is worth mentioning, in particular,
that reconfigurable intelligent meta-surfaces that act as
reconfigurable reflectors are different from relays, since
their main functionality is to reconfigure the multi paths
in a way that they are optimally combined at the intended
destination. In addition, they are not affected by the self-
interference and by the noise amplification effects, since
reflectors are not affected by such impairments.

3.5.2 Smart radio environments

In contrast to the aforementioned technologies, smart
radio environments are fundamentally different. The
reconfigurable meta-surfaces can be made of low-cost
passive elements that do not require any active power
sources for transmission [50]. Their circuitry and embed-
ded sensors can be powered with energy-harvesting mod-
ules as well [34, 51]: an approach that has the potential
of making them truly energy-neutral. They do not apply
any sophisticated signal processing algorithms (coding,
decoding, etc.), but primarily rely on the programmabil-
ity and re-configurability of the meta-surfaces, and on
their capability of appropriately shaping the radio waves
impinging upon them [32]. They can operate in full-
duplex mode without significant or any self-interference,
they do not increase the noise level, and do not need any
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backhaul connections to operate. Even more importantly,
the meta-surfaces are deployed where the issue naturally
arises: where the environmental objects, which, in cur-
rent wireless networks, reflect, refract, distort, etc., the
radio waves in undesirable and uncontrollable ways, are
located. The cost, however, comes from the overhead that
is needed for controlling the reconfigurable intelligent
meta-surfaces.

Since the input-output response of the meta-surfaces is
not subject to conventional Snell’s laws anymore [15], the
locations of the objects that assist a pair of transmitter
and receiver to communicate, and the functions that they
apply to the received signals can be chosen to minimize
the impact of multi-hop-like signal attenuation, as illus-
trated in Fig. 7. In addition, the phases of the scattering
particles that constitute the meta-surfaces can be opti-
mized to coherently focus the waves towards the intended
destination without using active elements. These func-
tionalities, in addition, are transparent to the base stations
and the mobile terminals, as there is no need to change
their hardware and software.

The specific characteristics and properties of the meta-
surfaces can be exploited to recycle existing radio waves
and to foster the seamless integration of communica-
tions with sensing, storage, and computing (see Fig. 5).
Furthermore, the number of environmental objects can
potentially exceed the number of antennas at the end-
point radios, which implies that the available options for
system optimization can potentially exceed that of cur-
rent wireless network deployments [4]. The freedom of
controlling the response of each meta-surface and choos-
ing its location via a software-programmable interface
makes, in addition, the optimization of wireless networks
agnostic to the underlying physics of wireless propaga-
tion and of the meta-materials. It enables, in addition, the
seamless integration of the reconfigurable meta-surfaces
into software networks. Further information about the
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programmability via software and the integration of
reconfigurable meta-surfaces into software networks can
be found in (http://www.visorsurf.eu/publications/).

Finally, despite the practical challenges of deploying
robotic (terrestrial) base stations that are capable of
autonomously moving throughout a given region [40, 41],
experimental results conducted in an airport environ-
ment, where the base stations were deployed on a rail
located in the ceiling of a terminal building [52], showed
promising gains. The possibility to deploy mobile recon-
figurable meta-surfaces is, on the contrary, practically
viable. The meta-surfaces can be easily attached to and
removed from objects (e.g., facades of buildings, indoor
walls and ceilings, advertising displays), respectively, thus
yielding high flexibility for their deployment. The posi-
tion of small-size meta-surfaces on large-size objects,
e.g., walls, can be adaptively optimized as an additional
degree of freedom for system optimization: thanks to
their 2D structure, the meta-surfaces can be mechanically
displaced, e.g., along a discrete set of possible locations
(moving grid) on a given wall.

4 Communication-theoretic and algorithmic
foundation

In this section, we summarize current research activities
that are related to the concept of smart radio environ-
ments. It is apparent that the concept of reconfiguring the
radio environment has been implicitly proposed by a few
authors, but only recently it received major attention from
the research community.

4.1 Current research landscape

The idea of reconfiguring the radio environment to make
it smart, in contrast to current wireless networks, has
emerged only recently and in different forms. Notable
examples include: intelligent walls [7, 8], smart reflect-
arrays [9—-11], and low-cost devices embedded into walls

Fig. 7 Smart ratio environments: environmental routing
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[4], which are viewed as a contiguous surface of elec-
tromagnetic material [53—-59]. The solution analyzed in
[13] and [53], in particular, is based, in contrast to other
research efforts, on using electromagnetically active mate-
rials, which entail an increase of the power consumption.
In our view of smart radio environments, the reconfig-
urable intelligent meta-surfaces are, on the other hand,
made of passive or almost passive electromagnetic mate-
rial. The authors of [54-59], in particular, focus their
attention on the performance evaluation and optimiza-
tion of passive reconfigurable intelligent meta-surfaces,
which act as tunable and reconfigurable reflectors. A
special instance of smart radio environments is media-
based modulation [60—-62], in which reconfigurable radio
frequency (RF) mirrors, which act as on-off switches,
are deployed around a radiating element and are used
to encode information onto the different channel states
obtained by configuring the status of the switches. Media-
based modulation is a single-RF modulation scheme, sim-
ilar to beamspace MIMO [63], spatial modulation [64,
65], load modulation [66], and index modulation [67]. The
use of reconfigurable meta-surfaces to make the environ-
ment reconfigurable is currently being researched under
the auspices of the European-funded VISORSURF project
[27]. The vision of the project consists of coating the
environmental objects with reconfigurable meta-surfaces
whose response to the radio waves is programmed in soft-
ware [2]. Compared with other solutions, the use of meta-
surfaces have major economic benefits, e.g., they reduce
the waste of resources [26], and offer a more accurate con-
trol of the radio waves, and a better deployment scalability
(see Table 1 in [25]).

The use of meta-surfaces to make the radio environ-
ment smart relies on three technological breakthroughs:
(1) the possibility of fabricating meta-surfaces with arbi-
trary and controllable wave manipulation functionalities,
(2) the possibility of making the response and func-
tionality of the meta-surfaces reconfigurable based on
the network conditions, and (3) the possibility of con-
trolling the meta-surfaces via a software-defined inter-
face that enables their seamless integration into the
software-defined networking paradigm [2, 5]. Luckily,
these technology enablers are today possible with current
technology.

Meta-surfaces that synthesize several types of wave
transformation across the entire telecommunication spec-
trum can be efficiently fabricated, [17-20], [68-79]. For
example, methods for the synthesis of meta-surfaces with
complete control of the transmitted and reflected waves
[80], and efficient computational frameworks to optimize
large-area meta-surfaces [81] are available. The meta-
surfaces are suited for applications beyond communica-
tions, e.g., sensing signals [21, 82], storing and releasing
data [22, 83], and analog computing [23, 24, 84, 85].
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This is instrumental in order to exploit them for sensing
besides communications, and in order to interconnect
the physical and digital worlds in a seamless manner,
as described in the previous sections and illustrated in
Figs. 4 and 5.

The reconfigurability of the meta-surfaces is currently
possible in different ways [32]. In [27], e.g., a net-
work of miniaturized controllers, passive patches, and
active binary switches is embedded throughout the
meta-surface. The status of the switches determines the
response of the meta-surface. To make the meta-surfaces
as passive as possible, in addition, energy-harvesting
modules are used. The reconfigurable intelligent meta-
surfaces, in fact, are expected to consume much less
power than current devices, and, thus, energy harvest-
ing solutions are considered to be a viable option. In
[27], the controllability in software of the meta-surfaces
is ensured via a gateway that connects the meta-surface
to an external controller: based on the sensed data,
the controller computes the best wave transformations
to apply, and sends the configuration of the switches
that synthesizes them to the meta-surface. This operat-
ing principle fulfills the communication-theoretic model
in Fig. 6, and enables the integration of the reconfig-
urable meta-surfaces into the software-defined network-
ing paradigm [5, 86]. Protocols to enable the exchange
of data within the reconfigurable meta-surfaces with
stringent energy, latency, and robustness are available
as well [87-91]. In these papers, it is proved, in par-
ticular, that wireless technologies in the millimeter and
terahertz bands are suitable to realize nano-networking
protocols for enabling the transmission of data within the
meta-surface.

4.2 Fundamental gaps of knowledge: a
communication-theoretic perspective

From the state-of-the-art assessment elaborated in the
previous section, it is apparent that smart radio environ-
ments enabled by reconfigurable intelligent meta-surfaces
are a recent but feasible technology. More precisely, dif-
ferent types of meta-surfaces can be efficiently fabricated,
can be made reconfigurable, and can be controlled in soft-
ware. Current research activities are, however, focused
on implementing testbeds, fabricating new meta-surfaces,
and designing nano-networking and software-defined
protocols. These research efforts are primarily related
to the research fields of physics with focus on meta-
materials and electromagnetism, computer science with
focus on software-defined networking, and on system-
on-chip design with focus on nano-communications and
networking protocols. These aspects are, in particular,
well tackled and discussed in several recent papers pub-
lished by the scientists of the VISORSURF project (http://
www.visorsurf.eu/publications/).
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In the present paper, on the other hand, we focus
our attention on the fundamental gaps of knowledge
towards realizing the vision of smart radio environ-
ments from the point of views of communication
theory and wireless communications. Based on the
state-of-the-art assessment elaborated in the previous
section, in fact, the theoretic and algorithmic foun-
dation of smart radio environments are unexplored
in the context of communication theory and wireless
communication research. More precisely, the follow-
ing fundamental research questions have no answers
yet:

1 What are the fundamental performance limits
(overhead included) of large-scale wireless networks
in the presence of reconfigurable intelligent
meta-surfaces?

2 What analytical methodologies to use for unveiling
such fundamental performance limits?

3 What algorithms and protocols to use for achieving
such fundamental performance limits?

4 What is the optimality of such algorithms and
protocols, and are they implementable in practice?

5 What algorithms and protocols to use in order to
leverage smart radios environments as a unified
platform that integrates communications, sensing,
and computing?

6 What simulation tools to use for validating the
predicted ultimate performance limits and scaling
laws, as well as to evaluate the achievable
performance of the proposed algorithms and
protocols in realistic large-scale wireless networks?

7 What is the economic impact of smart radio
environments on the upcoming 5G and future 6G
markets, and is it sustainable?

8 Wehat are the performance gains of smart radio
environments compared with current wireless
networks?

From the communication-theoretic standpoint, smart
radio environments can be viewed as the synergistic amal-
gamation of reconfigurable intelligent meta-surfaces and
large-scale wireless networks. With this in mind, we have
identified four fundamental and open research issues that
need to be solved in order to answer the above-mentioned
questions. In the following paragraphs, we will elaborate
on these four fundamental gaps of knowledge in commu-
nication theory and wireless communications, and we will
briefly discuss promising approaches to tackle them. We
consider them, in fact, fundamental components to lay
the communication-theoretic and algorithmic foundation
of smart radio environments, and therefore to enable the
seamless integration of reconfigurable intelligent meta-
surfaces in large-scale wireless networks.
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4.2.1 The need of computational analytical frameworks for
the synthesis and analysis of reconfigurable
meta-surfaces in smart radio environments—the role
of the zero-thickness sheet model

How to incorporate the physical structure and characteris-
tics of many spatially distributed meta-surfaces (of generic
geometry and shape) into utility functions, beyond the
electromagnetic field, that are relevant to design wireless
networks that are deployed over large geographical areas?

The answer to this question is the essence of the first
fundamental gap of knowledge that we are faced with.
To the best of our knowledge, there exists no analytical
approach that allows us to account for the wave manip-
ulations introduced by reconfigurable meta-surfaces into
utility metrics that are of interest in communication the-
ory, e.g., the coverage probability, the spectral efficiency,
the energy efficiency, and the delay.

A suitable approach to overcome this issue consists of
using the so-called zero-thickness sheet model for the
meta-surfaces, which can be used for planar and con-
formal meta-surfaces [29, 33, 92]. Based on this model,
the meta-surfaces are assumed to have zero-thickness,
and their geometric and electromagnetic parameters are
mapped onto specified waves’ transformations by using
surface susceptibility tensors. By using this approach, the
meta-surfaces can be modeled as systems of arbitrary
input-output response, which can be optimized to max-
imize some given utility functions. The main issue is
that this modeling approach is efficient to formulate the
discontinuity of the electromagnetic field of individual
meta-surfaces, but closed-form solutions are not always
available [30]. How to use this model for system-level
performance analysis and optimization is, in addition,
unknown at present, and it requires one to commence the
analysis directly from Maxwell’s equations.

Overcoming this gap of knowledge on how to amal-
gamate communication-theoretic models for wireless
signals and wireless networks with electromagnetic-
theoretic models for reconfigurable meta-surfaces is a
necessity for analyzing and optimizing smart radio envi-
ronments. To elucidate the significance of this problem,
let us consider an example. Suppose that one succeeds
in obtaining an expression of the spectral efficiency of
a cellular network as a function of the surface suscep-
tibility tensors of the meta-surfaces that coat the walls
of buildings, and that one succeeds in identifying the
best surface susceptibility functions that optimize the
spectral efficiency. This achievement will be instrumen-
tal for two reasons [29]: (1) if the susceptibility functions
can be implemented in practice, i.e., there exist physi-
cal structures that synthesize them, then we will be able
to optimize the wave manipulations of the meta-surfaces
in large-scale networks; and (2) if the susceptibility func-
tions cannot be implemented in practice, i.e., there exist
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no physical structures that synthesize them, then we will
be capable of identifying practical meta-surfaces that yield
a close-to-optimal spectral efficiency, will be able to quan-
tify the loss with respect to the optimum, and will be able
to unveil the constraints to impose on communications-
related parameters, e.g., the density and transmit power
of the base stations in a cellular networks or the density
of meta-surfaces, to obtain optimal performance but with
surface susceptibility tensors that can be realized.

This simple example clearly illustrates the necessity and
relevance of developing computational analytical frame-
works for the synthesis and analysis of reconfigurable
meta-surfaces in smart radio environments.

4.2.2 Tractable analytical frameworks for modeling,
analyzing, and optimizing smart radio environments
in large-scale wireless networks—the role of random
spatial processes

The integration of reconfigurable meta-surfaces into a

wireless network is not only limited to identifying an

electromagnetic-based and analytically tractable physi-
cal model for the meta-surfaces. The meta-surfaces are
expected to be attached to environmental objects or be
even part of the fabrics of the objects themselves, e.g., the
facades of buildings, and the walls of rooms. The envi-
ronmental objects are, in particular, distributed in space
according to very complex spatial patterns. Besides the
need of parametric, computational, and electromagnetic-
compliant models for the meta-surfaces and the need of
incorporating them into the signal models used in wire-
less, modeling and optimizing smart radio environments
necessitate spatial models that account for (i) the distri-
bution of the locations of the meta-surfaces in large-scale
wireless networks, (ii) the wave manipulations applied by
the meta-surfaces depending on their spatial locations

and on the radio waves impinging upon them, and (iii)

the spatial locations and wave manipulations applied by

other randomly distributed meta-surfaces. We lack these
tractable models in communication theory and wireless
networks.

Let us elaborate a little bit further on the reasons
behind this fundamental gap of knowledge. The most
suitable analytical tools and spatial models for repre-
senting the locations of the transmitters, receivers, and
environmental objects in large-scale wireless networks
are stochastic geometry and random spatial processes
[93-108]. In 2011, notably, Poisson point processes were
used to formulate the coverage probability in cellular
networks [109]. Since then, their application to the mod-
eling and analysis of wireless networks has been relent-
less [110-112]. Also, spatial processes have found many
applications beyond communications, e.g., localization
[113-115], caching (local data storage) [116-118], dis-
tributed sensing, and data fusion [119-121]. Fundamental
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issues, however, remain open to use them for modeling,
analyzing, optimizing wireless networks [122]. When it
comes to modeling the spatial distribution of reconfig-
urable intelligent meta-surfaces and to incorporate the
wave manipulations applied by the meta-surfaces, in par-
ticular, it is not difficult to realize that the models applied
to date cannot be applied, since they are based on assump-
tions that are not compliant with the operations of the
meta-surfaces.

In order to understand these fundamental limitations
of current models, let us consider a concrete example. In
smart radio environments, the environmental objects are
coated with reconfigurable intelligent meta-surfaces that
can reflect, refract, absorb, and modulate data onto the
received signals. In the current literature, the environmen-
tal objects are always modeled as entities that can only
attenuate the signals, by making the links either line-of-
sight or non-line-of-sight [123—128]. Modeling anything
else is known to be difficult. In [129], the authors have
investigated the impact of reflections, but only based on
conventional Snell’s laws. This work highlights the analyt-
ical complexity, the relevance, and the non-trivial perfor-
mance trade-offs: the authors emphasize that the trends
highly depend on the fact that the total distance of the
reflected paths is almost always two times larger than the
distance of the direct paths. This occurs because, based on
Snell’s law, the angles of incidence and reflection are the
same.

What if meta-surfaces-coated spatially distributed
objects optimize the reflected signals in directions possibly
different from those predicted by the Snell's law? What if
the signals’ propagation is altered in ways different than
reflection?

Generally speaking, none of the currently available tools
can be applied because the way how radio waves are
reflected depend on the position of the transmitters and
receivers, which has never been the case before. These two
questions exemplify the fundamental gap of knowledge
that we are faced with. Only recently, we have introduced
in [130] the first approach that allows one to compute
the probability that a spatially distributed meta-surface
can act as a reflector under the assumption that it can
reflect signals originating from any possible directions and
towards any possible directions. The physical response of
the meta-surfaces is, however, not taken into account yet.

Besides modeling the impact of environmental objects
and meta-surfaces as blocking elements, several other
fundamental modeling issues need to be overcome to
be able to incorporate the reconfigurable intelligent
meta-surfaces into wireless networks. This includes the
impact of spatial correlations among randomly distributed
meta-surfaces, e.g., [131-145], the impact of near-field
propagation effects that need to be taken into account
if large-scale meta-surfaces are deployed in confined
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environments, e.g., in indoor settings, and the compelling
need of developing abstraction models that are suitable
and amenable for system optimization [146—-148].

4.2.3 Design of communication protocols for seamlessly
integrating communications, sensing, and
computing—the role of spatial modulation

As mentioned in previous sections, future wireless net-

works will not only offer communication services but will

be also an integrated platform that is intended to provide
the users with communications, sensing, computing (or,
more in general, distributed information processing), and
localization services by using the same network infras-
tructure.

Then, two fundamental questions naturally arise in the
context of smart radio environments:

1 Are reconfigurable intelligent meta-surfaces a
suitable technology to realize such a platform that
integrates communications and distributed
information processing?

2 If so, what algorithms and protocols to use in order to
seamlessly interconnect the physical and digital world
by using reconfigurable intelligent meta-surfaces?

We are not aware of any solutions and proposals to
address this fundamental gap of knowledge. In the pre-
vious sections, in addition, we have emphasized that
a fundamental difference between smart radio envi-
ronments and current network models (see our pro-
posed communication-theoretic model in Fig. 6), lies
in the amount of sensed data and feedback overhead
that is needed in order to optimize and customize the
environment, i.e., to optimize the wave transformations
applied by the reconfigurable meta-surfaces. While the
reconfigurable meta-surfaces offer a unique platform
for distributed sensing, distributed computing, and dis-
tributed information processing, two major issues deserve
attention:

1 The amount of sensed data that is necessary for
optimizing the reconfigurable meta-surfaces needs to
be reduced as much as possible.

2 The sensed data needs to be reported at low energy,
power, and bandwidth cost, in order to avoid to be
the bottleneck of the overall system.

We commence by elaborating the second issue and post-
pone the discussion of the first issue to further text below.
The fundamental reason why sensing is, in general, not
resource efficient lies in the fact that, in wireless com-
munications, the devices generate new signals every time
that they have to transmit data. In other words, the sen-
sors consume power and bandwidth, as well as increase
the level of interference and the usage of spectrum, every
time that they need to report their data. This needs to be
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avoided. In Fig. 5, we have described how this issue can
be overcome by employing the principle of meta-surface-
based modulation, which foresees to encode the data
sensed by the meta-surfaces into specified wave transfor-
mations of the meta-surfaces themselves. By using this
approach, the sensed data is piggybacked into the sig-
nals received by the meta-surfaces and emitted by other
devices, thus providing an efficient solution for transmit-
ting data without generating new signals. For example,
signals’ reflections are employed for encoding data in a
resource-free manner. It is worth mentioning that with the
term “sensed data,” we refer to the data that is sensed to
optimize the wave transformations of the reconfigurable
intelligent meta-surfaces and to the data sensed for other
different purposes, e.g., health monitoring (Fig. 4).

Our proposed approach has some similarities, but major
differences, with bistatic backscatter communications
[149]. Despite the recent research activities in backscat-
ter communications, in fact, major limitations in terms
of tradeoff among data rate, error rate, communication
range, and energy efficiency exist [150]. Similar to bistatic
backscatter communications, meta-surface-based modu-
lation consists of modulating the data of sensors available
in the meta-surfaces for various applications, into the
signals, e.g., reflected or refracted, by the meta-surfaces
and that originate from other transmitters. This approach
results in a distributed sensing platform that does not
need any energy for transmitting the sensed data because
the signals emitted by other devices for other purposes
are used instead. The sensed data can be modulated, e.g.,
onto the reflection coefficient or the radiation pattern of
reconfigurable meta-surfaces.

Besides being a promising enabler for realizing a dis-
tributed platform for interconnecting the digital and phys-
ical worlds in a seamless manner, meta-surface-based
modulation is also a promising solution to report feed-
back data and efficiently collect the necessary contextual
information to optimize the operation of reconfigurable
meta-surfaces. More precisely, the feedback data can be
embedded, e.g., onto the reflections of other signals with-
out necessitating any additional resources. Recent results,
in fact, show that data can indeed be encoded into recon-
figurable features of radiating elements, such as antennas
[151-153]. This motivates the principle of meta-surface
based modulation as an enabling transmission protocol to
report feedback data without using extra resources. The
theoretic limits and practical algorithms to leverage this
approach are, however, unknown.

4.2.4 System-level simulation of large-scale wireless
networks in the presence of reconfigurable
meta-surfaces

How to efficiently simulate a large-scale wireless network,

where each environmental object is coated with a reconfig-
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urable meta-surface whose waves’ transformations adhere
to the generalized Snell’s laws, and are chosen to maxi-
mize network-wide utility functions that account for the
physical structure, the finite size, and geometry of each
meta-surface?

This question constitutes a major gap of knowledge for
analyzing and optimizing smart radio environments. To
the best of our knowledge, in fact, there exist no sim-
ulators that account for general (in agreement with the
generalized Snell’s laws) wave transformations that can
be realized by reconfigurable meta-surfaces spatially dis-
tributed in large-scale wireless networks [154].

The fundamental reasons at the origin of the lack of such
simulators are the following:

e A meta-surface is a highly complex structure: it is
electrically thin, is electrically large, and is made of
sub-wavelength particles. Because of these peculiar
characteristics, no commercial software is capable of
efficiently simulating meta-surfaces that are modeled
as a sheet of zero thickness [155, 156]. Efficient
numerical algorithms that generalize finite difference
time or frequency domain methods and account for
individual meta-surfaces have been recently proposed
in [33, 155]. However, they are not scalable for
application in large-scale wireless networks.

® Ray optics modules available in commercial
multi-physics simulators implement conventional
Snell’s laws [2]. In [25], ad hoc rotations of the spatial
derivatives of the meta-surfaces are applied to
overcome this limitation. The approach, however, is
applicable only to planar meta-surfaces, is an
approximation, and is difficult to generalize.

® Due to memory and computation time, it is not
possible to simulate an entire (large-scale) wireless
network by using a full-wave simulator that models
the meta-surfaces as a zero-thickness sheet [30, 157].

It is necessary, therefore, to develop system-level simu-
lators that integrate ray optics modules that are in agree-
ment with generalized Snell’s laws, and that, more in gen-
eral, allow us to account for general wave transformations
that can be applied by the reconfigurable meta-surfaces.
The availability of such system-level simulators is essential
in order to substantiate new theoretical models and scal-
ing laws, as well as to test and optimize new algorithms
and protocols in realistic environments. Some interesting
preliminary results based on a graph-based model for the
smart radio environments can be found in [158].

4.2.5 Environmental Al: Al for smart radio environments

It is apparent that smart radio environments are a
very complex system to design. This originates from
the large number of parameters to be optimized based
on the contextual information that is gathered by the
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reconfigurable intelligent meta-surfaces and that is made
available to the network controller. As depicted in Fig. 6,
this usually requires a large amount of sensed data from
the sensors embedded into the reconfigurable meta-
surfaces. Collecting, processing, and reporting this large
amount of data are usually resource consuming, since
these operations need to be executed every time that
the network conditions change, e.g., the channel changes,
and the positions of the users change. Therefore, as
already mentioned, it is extremely important to reduce the
amount of sensed data that is necessary for optimizing the
operation of the reconfigurable intelligent meta-surfaces.

In an era where machine learning is considered to be
a pervasive and effective solution for addressing sev-
eral complex problems, it is legitimate to investigate
its role in the context of smart radio environments
[159, 160]. This is especially true, in particular, in light of
the recently approved “ITU-T Y.3172 architectural frame-
work for machine learning in future networks including
IMT-2020” [161].

In principle, machine learning methods are power-
ful approaches for optimizing the reconfigurable meta-
surfaces. Reinforcement learning, in particular, imple-
ments the learning and decision-making procedures by
interacting with the environment: taking actions and
receiving feedback on the result of the actions that are
taken. By using this approach, we can envision recon-
figurable meta-surfaces that (i) directly interact with the
environment through their embedded sensors, (ii) make
decisions and take actions, in a distributed way, in order
to optimize the wave transformations that they apply to
the radio waves, and (iii) modify the radio waves based on
the subsequent response from the environment. We refer
to this process as environmental AL

It is a known fact, more in general that supervised
machine learning methods require massive amounts of
data that is difficult to gather in resource-constrained sys-
tems, or that is just not available in many application fields
(http://www.ainexus.com/). Thinking of applying, on the
other hand, reinforcement learning methods, it may take
a very long time before the system converges to a stable
and optimal operating point. In wireless networks, which
are highly dynamic in nature, the system may not converge
within the coherence time of the environment because
of the well-known exploitation-exploration dilemma of
reinforcement learning methods. There is, therefore, the
compelling need of developing machine learning algo-
rithms that can be optimized and designed by using small
amount of data and that can optimally converge in a time
much shorter than the coherence time of the wireless
environment.

In [160], we have suggested and proved with some pre-
liminary but promising results that transfer learning is a
suitable approach in order to reduce the amount of data
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for system optimization. Transfer learning is a method
that allows us to transfer the knowledge that is used in
a given context to execute a given task, into a different
but related context to execute another task [162]. The
approach that we have proposed in [160] consists of com-
bining together model-based and data-driven optimiza-
tion methods. The idea is to exploit prior knowledge of the
system based on mathematical models as the initialization
point from which machine learning methods start inter-
acting with the environment for system optimization. The
rationale of the approach lies in the fact that the initial net-
work status obtained from a model embeds many of the
most important features of the actual system, and, there-
fore, it will take less time and data for machine learning
methods to converge towards the optimal operating point.
The results illustrated in [160] in the context of optimizing
the deployment of a cellular network are based on deep
neural networks, and show promising performance. How-
ever, making transfer learning work in wireless networks is
not an easy task, since it is not guaranteed that the refine-
ment from the initial state obtained from a model will lead
to an optimized system that yields the same performance
as a system that is optimized by using only a large amount
of data. How to efficiently correct the mismatch between
the model and the actual system with few empirical data,
and to make the transfer of features positive, i.e., effective,
is an open and challenging issue in transfer learning for
wireless applications.

We think, in addition, that the future of wireless net-
works may be towards the realization of reconfigurable
intelligent meta-surfaces with memory and computing
power where machine learning is executed directly on the
meta-surfaces by leveraging federated learning concepts
[160, 163]. The broad range of Al chipsets ranging from
cloud AI to on-device Al in fact, enable this opportunity
(https://www.tractica.com/artificial-intelligence/huawei-
is-pushing-for-ai-training- at-the-edge/).

5 Concluding discussion: potential impact

The societal and economic impact of smart radio envi-
ronments can be radical and profound [26]. The vision of
coating every environmental object with a reconfigurable
intelligent meta-surface constitutes a transformative
wireless future: those objects that, ever since, have been
perceived as an unintentional adversary to wireless com-
munications are turned into programmable entities that
help making communications and information processing
more reliable and efficient. As an example: smart radio
environments can capitalize on the reflections of waves
to make the received signal stronger, which has major
benefits in virtual reality applications [10] and can be
an enabler for reducing the transmit power in sensitive
environments, e.g., hospitals, airplanes (https://www.
odwyerpr.com/story/public/6780/2016-04-26/dont-
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fly-planes-with-wi-fi-says-emf-health-advocate.html),
where the cabin and the walls and ceilings can be coated
with reconfigurable meta-surfaces. Also, we can think of
smart cities, where “smart” encompasses the environment
as well.

Smart radio environments largely expand the concept of
network softwarization from the logical domain into the
physical domain: the radio environment itself is viewed
as a software entity, which can be remotely programmed,
configured, and optimized. The concept of smart radio
environments is not restricted to enhancing wireless com-
munications, but is aimed at introducing a truly dis-
tributed intelligent wireless communications, sensing, and
computing platform that interconnects the physical and
digital worlds. Therefore, the expected impact of smart
radio environments goes beyond wireless and embraces
other fields of science, which include physics, computer
science, and machine learning.

Smart radio environments constitute, in addition, an
enabling sensing platform for interconnecting the phys-
ical and digital world. By recycling, e.g., the reflections
of radio waves and embedding the data of sensors into
them at a zero energy cost, the potential impact of smart
radio environments is beyond communications. Imagine
a smart radio space where the walls of rooms are coated
with sensing meta-surfaces that monitor the health status
of people. This will allow us to develop a truly pervasive
and preventive e-health system. Imagine to coat with sens-
ing meta-surfaces the bricks with which the kids play. This
will allow us to discern how they put the bricks together, to
infer their mental development, and how the human brain
works (https://pengyuzhang.github.io/talks.html). Imag-
ine a smart home that learns our habits and configures
the appliances around us as we desire, or that just moni-
tors the network to understand its behavior and to prevent
failures happening in the future [12]. This will definitely
improve our quality of life and will help us design better
networks. Due to the large amount of energy that these
three applications need, this vision is impossible with cur-
rent technologies. It can be realized, on the other hand, by
leveraging the concept of smart radio environments.

In this paper, we have put forth a new communication-
theoretic model for the analysis and optimization of smart
radio environments, which explicitly accounts for the
re-configurability of the radio environment via recon-
figurable intelligent meta-surfaces. Major research issues
need, however, to be solved in order to make the vision of
smart radio environments are reality:

e How to integrate the reconfigurable meta-surfaces
into wireless networks?

e What are the ultimate performance limits of wireless
networks in the presence of reconfigurable
meta-surfaces?
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e How to attain such performance limits in practice?

We hope that our newly introduced communication-
theoretic model will motivate other researchers to
develop the communication-theoretic and algorithmic
foundation of smart radio environments empowered by
reconfigurable intelligent meta-surfaces. It is worth men-
tioning that, in fact, NTT DoCoMo and Metawave have
recently run some experimental tests related to this tech-
nology, by using innovative 5G equipment provided by
Ericsson and Intel (https://www.businesswire.com/news/
home/20181204005253/en/NTT-DOCOMO-Metawave-
Announce-Successful-Demonstration-28GHz-Band).

As Marconi said many years ago, “It is dangerous to put
limits on wireless...”.
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