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ABSTRACT The concept of Smart Cities has been introduced as a way to benefit from the digitization
of various ecosystems at a city level. To support this concept, future communication networks need
to be carefully designed with respect to the city infrastructure and utilization of resources. Recently,
the idea of ‘smart’ environment, which takes advantage of the infrastructure in order to enable better
performance of wireless networks, has been proposed. This idea is aligned with the recent advances in
design of reconfigurable intelligent surfaces (RISs), which are planar structures with the capability to
reflect impinging electromagnetic waves toward preferred directions. Thus, RISs are expected to provide
the necessary flexibility for the design of the ‘smart’ communication environment, which can be optimally
shaped to enable cost- and energy-efficient signal transmissions where needed. Upon deployment of RISs,
the ecosystem of the Smart Cities would become even more controllable and adaptable, which would
subsequently ease the implementation of future communication networks in urban areas and boost the
interconnection among private households and public services. In this article, we provide our vision on
RIS integration into future Smart Cities by pointing out some forward-looking new application scenarios
and use cases and by highlighting the potential advantages of RIS deployment. To this end, we identify
the most promising research directions and opportunities. The respective design problems are formulated
mathematically. Moreover, we focus the discussion on the key enabling aspects for RIS-assisted Smart
Cities, which require substantial research efforts such as pilot decontamination, precoding for large
multiuser networks, distributed operation and control of RISs. These contributions pave the road to a
systematic design of RIS-assisted communication networks for Smart Cities in the years to come.

INDEX TERMS Reconfigurable intelligent surfaces, smart cities, channel estimation, Internet of Things,
precoding, relaying, research challenges, unmanned aerial vehicles, vehicular communications.

I. INTRODUCTION

RECONFIGURABLE intelligent surfaces (RISs) are
emerging as a promising technology to meet the ever-

increasing demands of wireless networks beyond 5G [1].
RISs are intelligently designed artificial planar structures
with reconfigurable properties enabled via integrated elec-
tronic circuits, which can be programmed to reflect an
impinging electromagnetic wave in a controlled manner.
RISs are manufactured with low-profile, light weight, cheap
materials that can be shaped with conformal geometries,

thus easing their deployment on a variety of environ-
ment surfaces, such as facades of buildings, walls, ceil-
ings, etc., [2]. The signal propagation from transmitters to
receivers can therefore be assisted by steering the RIS-
reflected signals in directions that enhance the resulting
signal quality, which in turn can be exploited to attain sub-
stantially higher spectral efficiencies compared to current
wireless systems [3]. Furthermore, co-channel interference
can be reduced or avoided by choosing different propa-
gation paths for the interfering signals. This is especially
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important in urban environments with dense deployment of
terminals.
Smart Cities are an emerging concept relying on the har-

monization of digital technologies at a city level [4]. The
idea is to improve accessibility to public services, advance
digitization of the urban environment, and monitor various
societal processes as well as city assets in a large scale. More
and more cities worldwide are deploying Smart City-related
components at different levels, e.g., with respect to the city
administration (e-governance) [5], [6]. In the foreseeable
future, the Smart City components are expected to become
a unified and controllable entity with potential features of
self-management [7]. Another driver of the digitization and
Smart City evolution is the deployment of the Internet of
Things (IoT) with a large number of monitoring devices con-
nected to the city infrastructure. These devices will provide
advanced monitoring capabilities, from which new services
of Smart Cities will emerge [8].

A. MOTIVATION
The seamless integration of future communication networks
with the Smart City components is necessary for a suc-
cessful digital transformation. In this context, RIS might
be the ideal candidate technology to comprise the basic
infrastructure of those future networks, since the RIS-
assisted communication environment of a city would itself
become a controllable asset (‘smart environment’ [3]). Thus,
a symbiotic relation between Smart Cities and their com-
munication infrastructures is envisioned. On the one hand,
future communication systems would exploit the benefits of
the controllable Smart City environment, such as improved
quality-of-service (QoS), resource utilization, and security.
On the other hand, Smart Cities would certainly benefit
from a flexible and context-oriented broadband connectiv-
ity between the Smart City public service providers, private
households/entities and sensor networks. For this, RIS should
be deployed at as many objects as possible, including both
stationary (e.g., smart buildings) and mobile (e.g., vehi-
cles) objects, so that the connectivity among base stations
(BSs), RISs, and end-users/terminals would be improved;
see Fig. 1 for an illustration. Through this, the Smart City’s
inherent intelligence can be further nourished by the added
intelligence of the supporting communication infrastructure.
A distinct advantage of employing RISs in Smart Cities

is the substantially reduced energy consumption for power-
ing wireless systems, given the expected energy efficiency
gains (by an order of magnitude) associated with RIS [9].
Accordingly, the deployment of RISs in future Smart Cities
will help mitigate the ecological concerns raised in var-
ious countries with respect to the utilization of fossil
fuel. Furthermore, the controllable signal propagation can
relieve human exposure to RF radiations, thus addressing
some health concerns that are raised due to the prolifer-
ation of wireless technologies and devices, especially in
very high frequencies, such as millimeter-wave and THz
communications.

FIGURE 1. Example of RIS-assisted signal propagation in Smart Cities, where Smart
Buildings (SBs), unmanned aerial vehicles (UAVs) and even smart public transport
vehicles (SPTs) are equipped with RIS and collaborate to enhance the connectivity
and functionality of Smart Cities. Signals reflected from SB, UAV and SPT are
indicated by red, blue and purple arrows. The trajectory for the motion of the bus is
depicted with a green arrow.

B. CONTRIBUTIONS
In this work, we focus on the research challenges for the
development of innovative communication concepts based on
RIS within the scope of Smart Cities. For this, we consider
the promising configurations of RIS-assisted networks and
discuss the most likely design problems and re-architecturing
directions to integrate RISs into Smart City infrastructures
in order to harness their properties of scalability, spectral
efficiency, resiliency, and energy efficiency. Hence, the main
contributions of this article are summarized as follows:

• A brief technical description is provided on the exist-
ing RIS technology and on the design of RIS-assisted
communications.

• The key use cases for the RIS deployment in Smart
Cities are identified and their peculiarities with respect
to RIS-assisted signal propagation are discussed.

• The research challenges pertained to the design of RIS-
assisted wireless networks, which need to be faced in the
near future, are identified. Some examples are formu-
lated mathematically in order to substantially facilitate
future research, since each problem can be readily
addressed based on our work.

• Further research challenges and opportunities are
explored, which are likely to be targeted in the long
run.

Throughout the open literature, the research challenges of
integrating RISs into wireless networks are solely discussed
within the existing network architectures and the traditional
urban ecology [10]. However, today’s landscape of cities and
the corresponding communication infrastructure will soon be
supplanted by new generations of wireless systems to com-
plement the digital transformation toward Smart Cities. This
observation motivates us to fill this gap in the existing lit-
erature by providing a vision of RIS-assisted Smart City
networks along with the proposal of some relevant research
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challenges. Specifically, the contributions of this work pro-
vide a high educational and technical value for researchers
and system designers, since the potential research challenges
and open problems are elaborated and their importance is
clarified. Hence, it is possible to prioritize challenges that
need to be assessed in the near future and consider possible
directions/opportunities in the far future.
This article is organized as follows. In order to under-

stand how the intelligence of RIS can be incorporated into
the Smart City environment, we provide a review of existing
works in Section II. Section III provides an overview of the
existing state-of-the-art methods and system configurations
of RIS-assisted communications. This includes signal pro-
cessing a t transmitters and receivers as well as the general
end-to-end system model. The role of RISs within the Smart
City concept is explained in Section IV, in which various
scenarios/use cases are addressed. In addition, the differ-
ences with respect to signal propagation and likely design
approaches are pointed out. The existing research challenges
for the design of large RIS-assisted networks in Smart Cities,
expected to be addressed in the near future, are discussed
in Section V. Further research challenges and opportunities
for the more distant future are described in Section VI. This
article is then concluded in Section VII.

C. NOTATION
Scalars are denoted by italic letters, while vectors and matri-
ces are denoted by boldface letters (lowercase for vectors
and uppercase for matrices). Calligraphic letters, like F ,
denote sets. The set of complex, real, integer, and natural
numbers are respectively denoted by C,R,Z, and N. The
notations �{·} and �{·} denote the real and imaginary parts
of a complex argument, respectively. The rectifier operator
is defined as [x]+ = max{0, x}, for any x ∈ R. The notations
(·)T, (·)H, and (·)† stand for transpose, Hermitian trans-
pose, and pseudo-inversion operations on (·), respectively.
The Frobenius-norm and 2-norm are respectively denoted
by ‖ · ‖F and ‖ · ‖2.

II. PRIOR WORKS
A. REVIEW OF RIS
The performance of a wireless communication system is
ultimately determined by the underlying communication
channel, which is traditionally considered to be an uncontrol-
lable entity, being usually characterized by some probabilistic
model. In this context, most of the conventional wireless
communication techniques (e.g., beamforming and channel
coding) either neutralize or exploit the propagation effects
between transmitting and receiving ends, starting from the
assumption that the channel behavior cannot be controlled.
RIS is a disruptive concept that can be used for enhancing

the performance of communication systems by controlling
the propagation of travelling electromagnetic waves, owing
to the added capability of real-time reconfigurability and
control of the RIS’s adjustable antenna elements.

RIS has been named a new paradigm in wireless com-
munications in [1]. The authors proposed RIS as one of
the key enablers for the 5G and beyond systems. In par-
ticular, research challenges and directions for the design
and deployment of RIS based on the prior work [11] have
been addressed. Since RIS represents a fundamentally new
concept of signal propagation, channel modeling and acqui-
sition are of utmost importance for the system design.
Hence, multiple works have been dedicated to these top-
ics, e.g., [12], [13]. Furthermore, advanced techniques of
multi-antenna transmissions need to be developed taking
into account the peculiarities associated with controllable
signal reflections. An additional motivation for the theoreti-
cal investigations in this area has been provided in [14]–[16],
where the first experimental results for RIS-assisted signal
propagation have been presented.
Recently, more and more works started to appear with a

similar approach as RIS but using a different naming for
this technology, e.g., Intelligent Reflective Surface (IRS),
Large Intelligent Surface (LIS), Intelligent Mirrors, etc., [10],
[17], [18]. Although the key idea of controllable reflective
panels was the same for all these technologies, small theo-
retical deviations in the manufacturing or configuration have
motivated the researchers to refer to RIS using different
names.
Most of the relevant works in the research field of

RIS focus on indoor scenarios [1], [10], [11], [15]–[21],
where the reflections from the walls can be potentially very
harmful without RIS. Using RIS, the number of connected
devices in such scenarios can be increased without causing
a performance degradation for the network due to harmful
co-channel interference signals. Outdoors, the target applica-
tion would be Smart City. So far, however, only a few works
have investigated RIS-assisted outdoor scenarios [22], [23].
The main innovation addressed in these works is the use of
unmanned aerial vehicles (UAVs). In such scenarios, UAVs
can act not only as receivers, but also as mobile relays to
serve as access points for multiple terminals. In particular,
the beamforming toward UAVs and the tracking of the UAV
position by the BS has been investigated in [23].
Recently, several surveys on the advances in RIS tech-

nology and the creation of a smart environment have
been published. For further details on RIS, we refer the
reader to [10], [24], where all relevant studies have been
described and future challenges in a general context have
been addressed.

B. REVIEW OF SMART CITIES
The initiative of moving toward Smart Cities is closely
related to the digital transformation [25], [26]. Here, the trig-
gering factor for the Smart Cities is the ongoing urbanization
and growing population [27]. Novel technologies offer cities
the possibility to contribute to the well-being of the citizens
by increasing the number and variety of services while reduc-
ing the long-term operation costs. Furthermore, the decision
makers (mayors, policy makers, and business developers) are
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expected to rely more and more on the situational awareness
acquired by real-time monitoring of processes and assets in
the cities, so that those players can both establish a regu-
latory framework as well as take informed decisions that
are capable of quickly reacting, or even anticipating, to
emergencies [7], [28].
The Smart City concept is closely related to the older

concepts of Smart Home, Smart Factory (Industry 4.0),
Smart Grid, etc. All of these applications appeared inde-
pendently and have seen promising developments in the
recent years. Nevertheless, a generalization and unification
of these independent components is envisioned and, accord-
ing to the increasing interest by the research community,
will be addressed very soon as well.
Urban challenges associated with Smart Cities can be

tackled using the broadband connectivity, a wide range of
low-cost real-time sensors, machine-to-machine communica-
tion, cloudification and virtualization of services, big data
analytics, and visualization tools [8], [29], [30]. Hence, the
envisioned digital transformation is empowered by the tech-
nological progress in the field of wireless communications
and computer science.
For a better insight into the Smart City technology, let us

consider the basic structure of the Smart City model with
the following components [31]:

• Services/Applications
• Platforms
• Communication
• Sensors/Actuators

These components represent architectural layers, which need
to be carefully designed in accordance with the service
requirements. The services and applications are dictated by
the respective ecosystems connected to the Smart City. The
platforms are provided by the stakeholders and should move
toward open access and non-proprietary platforms according
to the current trend. The layer of sensors and actuators will
be based upon the growing infrastructure of the IoT, which
imposes massive machine-type connectivity to be provided
by the Smart City. Besides IoT, traditional user equipment,
such as smartphones and notebooks, can be connected to the
Smart City via specific interfaces (if available). Nevertheless,
the connection between the upper layers, i.e., platforms and
services, and lower layer, i.e., IoT, is established using wire-
less communications. Hence, wireless technology plays a
fundamental role as an enabler for Smart Cities.
All these layers are vulnerable to security and privacy

attacks, such that sufficient security is required throughout
the whole architecture. This problem is even more chal-
lenging given the distributed nature and scalability of the
resulting system [32], [33]. On the other hand, the objective
to provide massive/universal connectivity is very challenging
as well. In order to guarantee both the QoS and the target
communication security, it is of paramount importance to
substantially improve the performance of the main system
enabler, namely the underlying communication system.

FIGURE 2. Example of signal propagation in smart environments. Signals from the
BS are passively relayed to the terminals.

There are many works describing various visions for Smart
Cities and corresponding enabling technologies. For more
information on this topic, we refer the reader to [7].

III. EXISTING RIS TECHNOLOGY
This section reviews the existing methods for the design
of RIS-assisted wireless networks. It starts with a general
system model for the multiuser communication and moves
on to the specific aspects of the main system components and
signal processing therein. The mathematical derivations pro-
vided in this section will be useful for the proposed problem
formulations in the subsequent section.

A. SYSTEM MODEL
The system model of RIS-assisted communication networks
has a higher diversity of components than usual communica-
tion systems. In particular, smart environments can include
a large number of RISs and active relays with arbitrary or
structured deployment. For the sake of simplicity, we shall
initially focus on RIS-assisted environments without the use
of active relays.1 Also, the deployment of RISs and the
distribution of users depend on the specific scenario, which
will be further detailed in Section IV. Accordingly, the basic
system model described here consists of a BS equipped with
multiple transmit/receive antennas, single antenna terminals,
and multiple RISs as passive relay devices, as illustrated in
Fig. 2.
More specifically, a BS equipped with L transmit antennas,

N RIS devices, and K single-antenna terminals are assumed.
Clearly, there are many paths for the signal propagation,
including a waveguide-like propagation where the signal is
guided with reduced power losses via consecutive reflections
from one RIS to another. The resulting transmission channel
may depend non-linearly on the parameters and number of
RISs.
The signal propagation for downlink transmissions2 can

be described using a common matrix notation:

y[t] = H
(
θ (1), . . . , θ (N)

)
[t] · x[t] + w[t], (1)

where x[t] ∈ C
L×1 and y[t] ∈ C

K×1 denote the transmit-
ted and received signal vectors, respectively, during the t-th

1. Active relaying, hybrid relaying, and mobile multihop relaying are
considered promising research directions in the Smart City context and
will be covered in Sections V and VI.

2. Although we shall not address uplink transmissions here, they are also
of interest for future RIS-assisted communication systems.
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symbol interval, with t ∈ Z. In addition, w[t] represents a
realization of a zero-mean wide-sense stationary (WSS) addi-
tive white Gaussian noise (AWGN) with covariance matrix
diag{σ 2

w,1, . . . , σ
2
w,K}, where σ 2

w,k is the noise power associ-
ated with the k-th terminal. Note that RISs only reflect the
signals without injecting any additional noise signals unlike
traditional active relays. Furthermore, the downlink chan-
nel matrix H(θ (1), . . . , θ (N))[t] ∈ C

K×L is a function of the
parameters θ (n) ∈ C

Q(n)×1, with n ∈ {1, . . . ,N}, comprising
the reflection coefficients associated with the Q(n) reflective
elements/planes of the n-th RIS.3 In this work, the notation
(·)(n) will be consistently employed to refer to a mathemat-
ical object (scalar, vector, matrix) associated with the n-th
RIS, for n ∈ {1, . . . ,N}.
It is assumed that the q-th complex reflection coefficient

of the n-th RIS can be written as

θ(n)
q = η(n)

q · ejφ(n)
q ,∀(n, q) ∈ {1, . . . ,N} ×

{
1, . . . ,Q(n)

}
,

(2)

with φ
(n)
q ∈ [0, 2π) denoting the corresponding phase shift,

and η
(n)
q ∈ [0, 1] denoting the corresponding reflection effi-

ciency. An interesting feature of RISs is the possibility to
configure the parameters (φ

(n)
q , η

(n)
q ) so that the travelling

signals are not simply scattered but guided to an intended
receiver. This aspect makes RIS-enabled channels vary with
the patterns of the RIS’s reflective elements. In this con-
text, establishing suitable path-loss models that capture all
nuances of changes induced by the presence of RISs is
essential for the corresponding performance evaluation.
Given that most of the models discussed here apply to a

single snapshot, the dependency on the parameter t will be
omitted in the following discussions, for the sake of notation
simplicity.
Inspired by previous works, such as [20], [21], a simple

model for the downlink channel matrix is

H
(
θ (1), . . . , θ (N)

)
= HB-U︸ ︷︷ ︸

BS-to-user link

+
N∑
n=1

H(n)
R-U︸ ︷︷ ︸

RIS-to-user link

· �(n)︸︷︷︸
RIS steering

× H(n)
B-R︸ ︷︷ ︸

BS-to-RIS link

, (3)

wherein HB-U = [hB-U,1 hB-U,2 · · · hB-U,K ]T ∈ C
K×L,

with hB-U,k ∈ C
L×1 modeling the direct link between BS

antennas and the k-th user equipment/terminal, H(n)
R-U =

[h(n)
R-U,1 h(n)

R-U,2 · · · h(n)
R-U,K ]T ∈ C

K×Q(n)
, with h(n)

R-U,k[t] ∈
C
Q(n)×1 modeling the direct link between the n-th RIS’s

reflective elements and the k-th user equipment/terminal,
�(n) = diag{θ (n)} ∈ C

Q(n)×Q(n)
comprises the reflection

coefficients of the n-th RIS, and H(n)
B-R ∈ C

Q(n)×L models
the link between BS antennas and the n-th RIS’s reflective

3. One usually has Q(n) � L ≥ K for all n ∈ {1, . . . ,N}.

elements. Note that �(n) is the matrix that can be optimized
to assist the signal propagation, whereas the other matri-
ces are not under the system designer control. This will be
further detailed in the next subsection.

B. SIGNAL PROCESSING AT THE TRANSMITTERS
The role of the signal processing at transmitters is to pro-
duce message-related signals which, after passing though
the communication channel, can be reliably reconstructed
by sufficiently empowered receivers. When multiple transmit
antennas are available, a basic processing scheme to increase
spectral efficiency is beamforming, so that the transmit sig-
nals are steered toward specific directions. Alternatively,
when channel-state information (CSI) is available, construc-
tive overlap of the signals propagating through different paths
can be induced at the receivers via proper precoding at the
transmitter.
In MU scenario, where communication-related resources

(e.g., physical channel, available transmit power, etc.) are
shared among different users, the signal processing chain
at the transmitter side is responsible for dealing with
interference as well as possibly implementing resource-
allocation strategies. Indeed, considering the efficient usage
of the available resources, there is a natural tendency for
MU communication systems to work in an interference-
limited regime. Traditionally, interference is considered to be
a performance-impairing factor in wireless communications
and, for this reason, precoding techniques (key components
of the signal processing chain at the transmitter of downlink
systems) were originally developed to mitigate or cancel
out multiuser interference (MUI) using CSI. Nonetheless,
information theory shows that known interference does not
affect the underlying channel capacity [34]. Thus, by trying
to eliminate the interference, the overall system performance
might be reduced, if traditional channel-level precoding is
applied. This type of precoding refers to the data-independent
precoding strategy, which is solely based on the available
CSI. In fact, the information-theoretic approach in [34]
shows that the optimal transmitter adapts its signal to the
interference instead of attempting to cancel it out. Following
this approach, symbol-level precoding (SLP) accounts for the
underlying MUI by shaping the transmitted waveforms so as
to induce constructive interference (CI) at each user. SLP is
a non-linear technique that employs CSI along with users’
data to form the precoder [35], [36].
By collecting the symbols to be transmitted for each one of

the K users during a symbol interval in the vector s ∈ C
K×1,

one can obtain the transmitted signal vector via precoding
as follows:

x = P · s, (4)

in which P ∈ C
L×K is the so-called precoding matrix. For

channel-level precoders, P does not depend on the partic-
ular symbols to be transmitted, whereas for symbol-level
precoders P is determined in function of s. The possi-
ble performance advantages from adopting an SLP scheme
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comes at the price of the computational complexity. Both
types of precoders require CSI information for designing P.

Some channel-level precoding techniques have already
been proposed [20], [21] for MU multiple-input single-output
(MISO) RIS-assisted downlink systems. These works use
efficient algorithms to maximize the sum-rate of all users
by jointly optimizing the BS precoder P = [p1 p2 · · · pK ]
and the RIS passive beamformer θ (1). Both works assume
that only N = 1 RIS is available and that the BS has
a perfect CSI knowledge. More specifically, by defining
the signal-to-interference-plus-noise ratio (SINR) of the k-th
user as

γk =

∣∣∣∣
(
hTB-U,k +

(
h(1)
R-U,k

)T
�(1)H(1)

B-R

)
pk

∣∣∣∣
2

∑K
k′=1
k′ 
=k

∣∣∣∣
(
hTB-U,k +

(
h(1)
R-U,k

)T
�(1)H(1)

B-R

)
pk′

∣∣∣∣
2

+ σ 2
w,k

(5)

and given some weights ωk > 0, with k ∈ {1, 2, . . . ,K},
representing relative priorities across different users, these
works initially targeted to solve the problem4

maximize
P,θ (1)

K∑
k=1

ωk log2(1 + γk) (6a)

subject to θ(1)
q ∈ F , ∀q (6b)
K∑
k=1

‖pk‖2
2 ≤ P̄, (6c)

in which P̄ models a maximum transmit power constraint
that must be satisfied by the BS precoder, whereas F denotes
the feasible set of reflection coefficients, which models the
additional constraint the RIS passive beamformer has to sat-
isfy. The feasibility set can be defined in three different
ways, namely: (i) general reflection F = {θ ∈ C||θ | ≤
1} = {ηejφ |(η, φ) ∈ [0, 1] × [0, 2π)}, (ii) continuous-phase
shifter F = {θ ∈ C||θ | = 1} = {ejφ |φ ∈ [0, 2π ]}, and (iii)
discrete-phase shifter F = {ejφ |φ ∈ {0, 2π

τ
, . . . ,

2π(τ−1)
τ

}},
with a limited number, τ ∈ N, of discrete phase-shifts.
It is worth highlighting that both general reflection and
continous-phase shifter are considered in [20] from a more
theoretical perspective, whereas the discrete-phase shift
models the practical case of finite-size RIS. Both works
in [20], [21] proposed convenient surrogates to the gen-
eral problem in (6) so that they could find suboptimal
solutions under different assumptions. Their results suggest
that the RIS-assisted framework provides significant energy
efficiency gains compared to conventional relay-assisted
communications.
Moreover, symbol-level precoding (SLP) techniques work-

ing in an MU RIS-assisted scenario have already been

4. So far, it is typically assumed that the optimization is carried out
centrally at the BS. Nevertheless, future system configurations may enable
a distributed operation of RIS as well. This option will be addressed in
Section V.D. In addition, the issues related to the design of control signaling
from the BS to the RISs are discussed in Section V.B.

proposed in [37], [38]. The work in [37] considers a sce-
nario, where a RIS passively modulates a carrier produced
by an RF signal generator; a passive beamforming method
is then designed to minimize the maximum symbol error
rate (SER) across the multi-antenna users to be served. On
the other hand, the work in [38] follows the traditional
SLP strategy while optimizing the reflective elements on
a channel-level basis. The authors approach the problem
by considering an M-sized constellation for which they
define the matrix X ∈ C

L×MK
, whose columns collect all

possible precoded signals obtained from (4). The targeted
optimization problem is

minimize
X,θ (1)

‖X‖F (7a)

subject to θ(1)
q ∈ F , ∀q, (7b)

ỹk = XT
(
hB-U,k +

(
H(1)

B-R

)T
�(1)h(1)

R-U,k

)
,∀k
(7c)[

�
{
ỹk,ie

−j∠sk,i
}

− σw,k
√

γk

]
tan ϕ

−
∣∣∣�

{
ỹk,ie

−j∠sk,i
}∣∣∣ ≥ 0, ∀k, i, (7d)

in which F models a continuous-phase shifter, ỹk,i = [ỹk]i,
i ∈ {1, 2, . . . ,MK}, denote all possible noise-free received
signals at the k-th user equipment, ϕ > 0 is an angle
that defines the region of constructive interference for the
received PSK constellation, and the constraints in (7d)
enforces CI. Thus, the reflective elements are optimized
globally so that CI is attained, irrespective of the actual
transmitted symbols s. As in the channel-level solutions, the
work in [38] actually solves some convenient surrogates for
the problem in (7). Resource allocation is also tackled in [38]
by solving an alternative QoS balancing problem, aiming to
maximize the minimum QoS for a given average transmit
power budget.

C. SIGNAL PROCESSING AT THE RECEIVERS
The shaping of the environment not only affects the design of
the transmitting devices, but also the design of the receivers.
In fact, controlled reflections from RIS can be used to reduce
multipath and improve the signal quality, such that the com-
plexity of the signal detection is generally reduced compared
to the environments without RISs.
In contrast to conventional communication systems that

employ relays equipped with sufficient signal processing
capabilities, RISs are usually nearly passive and equipped
with minimal on-board signal processing components. This
makes channel estimation a key challenge for the proper
deployment of smart environments, given the massive num-
ber of links that need to be estimated as well as the cascaded
structure of the dyadic backscatter channel, which is formed
by the forward and backscatter links [39]. Therefore, novel
algorithms and protocols should take into account the com-
plexity of RISs and avoid heavy signal processing operations
running on RISs.

1786 VOLUME 1, 2020



Most of the prior works on RIS mainly focus on design-
ing the reflection coefficients under the assumption of
perfect CSI [40]–[44], which facilitates the derivation of
system performance upper bounds, but it is still unfea-
sible in practice. On the other hand, some works have
recently proposed novel channel estimation methods for RIS-
assisted single-user communication systems. For instance,
a channel estimation approach is developed using least-
squares estimator for a passive RIS-assisted system that
serves a single-antenna energy harvesting user via a multi-
antenna power beacon [45]. In [13], a channel estimation
approach for a passive RIS-aided MISO communication
system has been designed based on a minimum variance
unbiased (MVU) estimator, where the RIS’s elements follow
an optimal series of activation patterns. Moreover, [12] has
investigated channel estimation for a RIS-enhanced orthog-
onal frequency-division multiplexing (OFDM) system for a
single user served by the full reflection of the RIS at all
time, i.e., all RIS’s elements are switched ON with max-
imum reflection amplitude during both channel estimation
and data transmission phases. In [46], a channel estimation
protocol based on the minimum mean-squared error (MMSE)
estimator has been proposed.
While the aforementioned works aim to provide a suffi-

cient channel estimation accuracy with the least complexity,
some of the more recent works have proposed more com-
plex estimator structures in order to better exploit the
flexibility associated with RIS. A two-stage estimator has
been introduced in [47] as a combination of the con-
ventional MMSE-based MIMO channel estimator and the
so-called bilinear adaptive vector approximate message-
passing (BAdVAMP) scheme based on maximum-likelihood
and MMSE metrics. More recently, a novel grouping and
partitioning method for the hierarchical channel estimation
has been proposed in [48], where multiple RIS’s reflective
elements receive the same control signal and operate as one.
Apart from the channel estimation, further signal propagation
parameters need to be estimated as well, such as frequency
and timing synchronization among transmitters and receivers.
In this context, RISs can help to reduce the Doppler effect,
as it has been shown in [49].

IV. USE CASES FOR RIS IN SMART CITIES
In this section, we propose some potential deployment sce-
narios for RIS in Smart Cities, and discuss their correspond-
ing implications for the signal propagation, highlighting
advantages and opportunities. We make a basic distinction
between stationary scenarios, where RISs are attached to
immovable objects, and mobile scenarios otherwise.

A. STATIONARY SCENARIOS
RISs can be appropriately configured to steer the non-line-
of-sight (non-LoS) links into low coverage areas, where LoS
transmissions are impossible due to obstructions/shadowing.
Similarly, RISs may be configured to redirect some unde-
sirable signals to avoid interference with other concurrent

communications, or creating destructive interference toward
the malicious users. Additionally, the autonomous stationary
low-power IoT devices (sensors and actuators) can bene-
fit from RIS deployment for sustainable recharging through
concentrating the energy toward them. Accordingly, several
potential applications can be foreseen, where RISs can be
deployed as part of the stationary environment of Smart
Cities. Among the most relevant applications,5 we identify
the following.

1) SMART HOMES

Smart home is a concept similar to Smart City, which how-
ever supports a digital transformation of a small indoor
ecosystem rather than a large (city-level) ecosystem. In this
context, many sensor and actuator nodes are installed and
wirelessly interconnected. Through this, the quality of liv-
ing can be improved, if the joint operation of the ‘smart’
(i.e., sensor/actuator-equipped and reconfigurable) devices
can adapt their operation to the needs of humans.
RISs can be deployed in the interior walls of homes with

diverse sizes in order to enhance the local connectivity of var-
ious devices that rely on wireless connectivity for operation,
especially if these devices are located in different rooms sep-
arated by walls. Since RIS is inexpensive and lightweight, its
deployment may not require too high additional deployment
costs. Smart homes are an especially promising application
of RIS due to the short distances between the devices, such
that the RIS-reflected signal path is not much longer (and
correspondingly not much more attenuated) compared to the
direct path. Hence, the main purpose of RISs in this con-
text is to enhance the spectral efficiency via constructive
interference.

2) SMART BUILDINGS

The facades of large buildings may be coated with RISs
to offer opportunities for the coverage enhancement and
spectral efficiency increase. Correspondingly, the smart envi-
ronment can provide a better integration of mobile objects
including pedestrians and vehicles into the Smart City.
Furthermore, smart buildings represent an interface

between the indoor and outdoor entities, which should facil-
itate the access of private households to the public domains.
Specifically, this interface can be established by connect-
ing RISs deployed as part of smart homes with the RISs
used for the coating of the building. In addition, the two
RISs can cooperate as parts of the same entity, e.g., in order
to avoid interference between the communication systems
in- and outdoors, which would enable higher spectral effi-
ciencies and higher frequency reuse factors. Hence, the
deployment of RISs in smart buildings should follow an
adequate strategy that suits the purpose of the Smart City,
i.e., starting with the buildings in areas with many potential

5. These and other potential use cases of stationary RIS deployment have
been briefly mentioned in [24] and other conceptual works, while our work
provides a very detailed view on the individual features and challenges of
each use case.
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smart home customers and developed outdoor infrastructure
offering ubiquitous public services.

3) SMART FACTORIES

Smart factories have been envisioned with the concept
Industry 4.0, which relies on massive machine-type commu-
nication. Just like in traditional IoT, RISs can help extend the
coverage, thus avoiding granular clustering of the network.
For this, RISs can be deployed on or embedded in the equip-
ment of the factory. Thus, the harmful interference from the
scattered signals of densely deployed network nodes can be
substantially reduced.
However, the application of RIS in smart factories is even

more beneficial. In fact, the presence of large metallic objects
in some industrial premises makes the wireless propagation
environment very destructive for communications. In this
context, RIS represents a suitable approach for fine-tuning
the signal reflections in order to find a path around the
obstacles and thus increase the coverage even in very harsh
environments. In particular, the signal path may be estab-
lished via reflections from one RIS to another in a multihop
fashion. The design problem for such multihop connectivity
is considered one of the future challenges and is discussed
in Section VI.

4) SMART HOSPITALS

Smart hospital is an innovative concept, which is based on
the interconnection of the medical equipment and sensors
with the central processing unit. Combined with the popu-
lar research idea of remote surgery, this concept will give
rise to the automated medical treatment by making use of
the combined intelligence of qualified medical professionals,
who will be able to access the data of the patient and super-
vise his treatment remotely by using only the mentioned
processing unit.
RIS can be deployed in the walls of smart hospitals

(similar to smart homes) in order to facilitate the signal prop-
agation and attain higher reliability and lower point-to-point
latency due to better signal quality. While a large number of
sensors might be deployed in future hospitals, this massive
connectivity may not be the main purpose of RIS in this
application. Hospitals are more sensitive to electromagnetic
radiations due to the following reasons:

• radiation from communication systems, especially at
very high or very low frequencies, can interfere with
some medical equipment, which can lead to corrupted
measurements or even malfunction;

• security of the patients’ data needs to be guaranteed,
such that the exposure of the communication links to
public areas has to be reduced to a minimum in order
to avoid potential eavesdropping. The related research
challenges are discussed in Section V.

Correspondingly, the radio intensity has to be sufficiently low
to comply with very stringent regulations. In such scenarios,
RIS can play a crucial role to control the harmful radiations

without compromising communication quality by redirecting
the signals away from sensitive areas.

5) SMART BILLBOARDS

Billboards in Smart Cities may be considered as an
interesting option for RIS deployment of different sizes and
heights, which provide the connectivity to a large number
of users simultaneously whether they are indoors or out-
doors. The deployment costs are expected to be very low
while large billboards coated with RIS can provide sub-
stantial performance gains. Interestingly, this opens a new
business opportunity for the billboard owners. This use case
is somewhat similar to the smart buildings with the main
difference that no interface with smart homes is used.
In the context of deploying stationary RIS, several advan-

tages can be obtained in comparison with the mobile
scenarios, e.g., more accurate CSI, predicting the signal
propagation through stationary environments, and efficient
optimization to the transmit beamforming and RIS phase
shifts. Moreover, the quality of the end-to-end channels can
be characterized and optimized through RIS physical param-
eters such as size, position, and orientation. In order to
deliver the best communication performance, RIS should be
fully aware of the complex and non-stationary surrounding
environments where they are deployed, and thus, the spatial
distribution of RISs has to be optimally configured for the
best suitable functioning. However, this necessitates extra
intelligent resources on the network to tackle the real-time
planning/optimization and dynamic control.

B. MOBILITY SCENARIOS
The mobility in RIS-assisted communication networks has
typically been covered with respect to UAVs. So far, most
of the relevant works address this system aspect in terms
of tracking capabilities using the passive beamforming of
stationary deployed RISs. Recently, the mobility of RISs
themselves has been addressed, where RISs have been
attached to a UAV in order to combine the degrees of
freedom associated with the UAV and with the RISs, respec-
tively [50]. In general, the potential of RIS-enhanced mobile
infrastructure is very high due to a higher chance for
an LoS connectivity. However, the corresponding system
complexity might also be very high. In fact, permanent re-
synchronization of transmissions and channel estimations are
needed in order to be able to benefit from the spatial diver-
sity and high signal quality. These and other system aspects
may depend on the type of RIS mobility. In the following,
we discuss some of the possible mobility profiles that can
appear in the context of Smart Cities.
1) STOCHASTIC MOBILITY

Stochastic mobility is associated with the random motion of
mobile objects, especially end-users and uncontrolled UAVs.
While end-users are likely to be equipped only with the
receiver or transmitter, UAVs can either act as a mobile
network node or carry RIS6 for passive beamforming. In

6. Alternatively, a UAV itself can be coated with RIS.
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this context, the transmission channels may vary according
to some stochastic models, which need to be developed.
Specifically, we may assume a certain probability for each
direction of motion, which leads to the variation of the
channel gain. Hence, a probability density for the channel
evolution can be obtained. In order to guarantee the required
QoS, robust optimization seems promising for the design of
the passive beamforming.

2) STEERABLE MOBILITY

Steerable mobility is envisioned in the context of UAVs. In
fact, mobile RISs with a known and adjustable trajectory may
dramatically improve the connectivity, since the UAV would
act as a passive mobile relay. The benefit of this approach is
almost no power consumption as well as very high network
throughput. The latter stems from the fact that the relay
does not need to receive the signals but solely reflect them.
Correspondingly, it is unlikely to become a bottleneck for
the network performance. In addition, RIS can be flown to
a better position with a bigger impact for the signal qual-
ity, which is very beneficial as well. Correspondingly, this
steerable mobility can be included in the design of the com-
munication system as partially based on channel prediction
and partially based on control loop automation.

3) PREDICTABLE MOBILITY

Predictable mobility refers to the mobility of the infras-
tructure, which would follow a predefined route according
to some known rules, however, without the possibility to
adjust or control the trajectory. Within the scope of Smart
City, this mobility corresponds to the public transportation,
such as buses, trams, etc. This large mobile infrastructure
can be equipped with RIS and act as a relay as well.
Hence, the main functionality of the mobile RIS would be
preserved. However, unlike steerable RISs, public transporta-
tion is not controlled by the communication system, since
it has a completely different primary purpose. On the other
hand, the mobility is predictable, since all buses or trams
of the same lines follow the same route. Correspondingly,
the evolution of the communication channels and reflec-
tion coefficients can be predicted. Furthermore, the travel
route can be described as a sequence of states, such that the
channel variations can be predicted via specifically designed
Markov chains or using machine learning methods.

4) HYBRID MOBILITY

Hybrid mobility describes mobile parts of the Smart City
infrastructure, which do not fall in any of the previous
mobility category. As an example, private vehicles equipped
with RIS may partially follow the route of the public
transportation, especially buses. Partially, these vehicles
would resemble a stochastic mobility due to a large num-
ber of possible decisions and correspondingly states of
a Markov process. Of course, the balance between pre-
dictability and randomness in these cases depends on the
actual street scenario, such that in many cases there is no

legal option for changing the path. However, this type of
mobility may still differ from the well-defined predictable
mobility due to varying sizes of RISs and speed of their
motion.
The above scenarios for the application of RISs in Smart

Cities introduce additional restrictions on the design of
RIS-assisted networks. Hence, each research challenge dis-
cussed in Section V can be addressed independently for
each of the aforementioned scenarios. For each combination
of a challenge and a use case, the respective optimization
problems may differ according to the specific restrictions
imposed by the use case, which may dramatically affect
the way such problems are solved. As an example, channel
estimation in scenarios with predictable mobility does not
follow the simple MMSE solution explained earlier, but may
need to be incorporated into a specifically designed Markov
chain. In the following, we discuss the existing and future
research challenges, which can be tackled with respect to
the aforementioned scenarios.

V. EXISTING RESEARCH CHALLENGES
In this section, we describe some of the urgent research
challenges, which need to be addressed in the near future in
order to benefit from the promising functionalities of RISs in
Smart Cities. We also provide the reader with some concrete
examples on how to approach those challenges.

A. PILOT DECONTAMINATION
As explained previously, accurate channel estimation is one
of the essential prerequisites for the correct operation of
RIS. In this context, pilot contamination is one of the
most performance detrimental issues in large antenna-array
systems, e.g., massive MIMO systems [51], [52]. Due to a
large number of reflective elements, which resemble passive
antennas, this problem occurs in RIS-assisted networks as
well. Since RISs will be more densely distributed than BSs
in Smart Cities, pilot contamination in RIS-assisted systems
will be more complicated and different than in the mas-
sive MIMO systems. Therefore, more comprehensive studies
should be conducted for pilot decontamination in RIS-
assisted systems because the existing methods developed for
massive MIMO applications may not be effective [53]. For
instance, pilot decontamination can be reached via efficient
pilot assignment schemes with the objective of maximizing
the minimum average signal to interference ratio among the
served users. In our studied system model, as the number
of BS antennas grows large, the optimization problem can
be formulated as

maximize
Ps

min∀k

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

lim
L→∞

∣∣∣∣
(
h(n)
R-U,k

) T
�(n)H(n)

B-Rsk
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subject to:
∣∣∣θ(n)
q

∣∣∣ = 1, ∀q, (8b)
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where Ps denotes the set of pilot sequences sk, and here the
direct link between the BS and the k-th user was assumed
to be blocked. Additionally, obtaining the full channel esti-
mates for all reflective elements in RIS is a prohibitively
difficult process given the restricted channel training time.
Hence, an optimization of the length and the number of pilot
sequences that are required for a precise CSI with a moder-
ate training overhead is an important research direction. The
foreseen solution to this optimization problem can be the
exhaustive search method, which has a relatively low com-
putational complexity within a certain cell that has a specific
set of pilots, the greedy method is also an alternative solu-
tion, or any other effective solution that can be developed
to reduce the search complexity and find the global
optimal.
Furthermore, in RIS-enhanced propagation environments,

channel characteristics substantially differ from the conven-
tional channel models. Specifically, in a Smart City scenario,
some of the network nodes including RISs may exhibit
unique channel impairments, which should be taken into
account when developing the respective channel models.
More importantly, there are some challenges related to the
signal propagation that are overlooked in the existing litera-
ture, e.g., the presence of reflective arrays of arbitrary sizes
that may increase the probability of polarization mismatches
over the large arrays. Moreover, near- and far-field behavior
as well as the effective areas of the RIS’s elements have been
disregarded in RIS related studies so far. Future research
may consider developing a channel-modeling framework
that takes into consideration the various signal propagation
characteristics in mobile RIS scenarios, and then devising
channel estimators for dynamic channel conditions to cover
all possible system setups that would benefit from the RIS
concept.
In order to address channel prediction and to enhance

accuracy, the entire channel training phase may need to
incorporate all the aforementioned distinctive channel char-
acteristics of RIS-assisted networks. Specifically, novel
training schemes need to be developed, which account for
the spatial and temporal channel variations in stationary and
mobile scenarios. Particularly, a distinction among steer-
able, predictable, and stochastic mobility of devices has
to be cautiously addressed. As an example, the charac-
terization of dynamic UAV channels has to be taken into
account in developing channel estimation strategies with their
special propagation characteristics, such as airframe shad-
owing caused by the UAV’s structural design and rotating
capabilities.

B. CONTROL SIGNALING
Another important challenge is the remote control of the
RIS’s elements. This has been addressed in only a few
works, such as [14], which describes a proof of concept in an
indoor environment. In fact, this challenge has been mostly
neglected so far, and most works simply assume that the
optimized phase shifts can be uploaded into the memory of

the RIS’s microcontroller. This approach, however, requires
a well synchronized, and possibly dedicated, control link
between BS and RIS. While an almost perfect synchroniza-
tion can be assumed for stationary scenarios, it may become a
real challenge in case of RIS mobility due to the time-varying
channels and fading effects.
Also, in presence of multiple RISs, the co-channel

interference from multiple control signals may lead to imper-
fect adaptation of RISs and thus a quick performance
degradation. In order to resolve this issue, orthogonal chan-
nels might be used, thus reducing the overall system capacity,
or otherwise very strong forward error correction (FEC)
codes and adaptive frequency plan might be used. However,
FEC codes with low coding rate impose a high latency,
which is not desirable.
Interestingly, the update frequency for the RIS’s elements

has an impact on the coherence time of the communication
channels, such that the coherence time is no longer solely
related to the physical processes within the environment,
e.g., stationary reflection or slowly moving obstacles [54].
Correspondingly, the faster the adaptation of RIS, the
smaller is the coherence time of the channels. On the other
hand, the update frequency depends on the time-varying
processes in the network. This leads to a trade-off between
the signal quality and the accuracy of the known system
parameters.
Another problem for the design of the control sig-

naling is the amount of data to be transmitted to RIS.
Depending on the size of the surface, each RIS may con-
tain hundreds of reflective elements, which need to be
adjusted. Correspondingly, the power consumption associ-
ated with the control signals may not be negligible as
typically assumed. Furthermore, in order to achieve a timely
update of all RIS’s reflective elements, the signal bandwidth
needs to be sufficiently large. One option is to incorpo-
rate the amount of the overhead into the optimization,
as proposed in [55]. Another possible solution to both
high-power and bandwidth consumption is to reduce the
quantization resolution [14], such that the amount of data
to be transmitted is reduced at the cost of lower accuracy.
Alternatively, the panels of each RIS can be clustered, such
that the updates may be executed per cluster instead of
per panel. In this context, the optimal number of clusters,
the shape of each cluster, and the update protocol need to
be designed in accordance with the network requirements.
Thus, assuming a predefined maximum number of clusters
R(n) < Q(n), for n ∈ {1, . . . ,N}, then a clustering of the
set of indexes {1, . . . ,Q(n)} of the RIS’s reflective elements
can be denoted by the sets Q(n)

1 , . . . ,Q(n)
R(n) , which satisfy

two conditions, viz.: (i) Q(n)
1 ∪ · · · ∪ Q(n)

R(n) = {1, . . . ,Q(n)}
and (ii) Q(n)

r ∩ Q(n)
s = ∅ for r 
= s. In this case, all

reflection coefficients of the n-th RIS is parameterized by

θ̃
(n) ∈ C

R(n)×1. Taking these definitions into account, then a
possible problem formulation for the clustering of the panels
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is similar to (6), as follows:

maximize
P

θ̃
(1)

,...,θ̃
(N)

Q(n)
1 ,...,Q(n)

R(n) ,∀n

K∑
k=1

ωk log2(1 + γk) (9a)

subject to
K∑
k=1

‖pk‖2
2 ≤ P̄, (9b)

θ(n)
q = θ̃ (n)

r ∈ F , ∀q ∈ Q(n)
r , ∀r, ∀n. (9c)

In this context, the number of clusters R(n) is subject to a dis-
tinct investigation. Obviously, the clustering strategy affects
the precoding vector and power consumption. The solution
for this problem is likely to comprise parts of the solution of
problem (6) and partially a set partitioning algorithm under
the umbrella of alternating optimization.

C. PRECODING FOR LARGE MULTIUSER SYSTEMS
When it comes to precoding, the existing techniques assume
a simplified scenario with only one static RIS, which might
not be suitable to some use cases described in Section IV. In
contrast, multiple RISs can substantially increase the spatial
diversity thus making precoding even more promising. For
instance, inspired by the problem description in (7), one
might target solving the optimization problem

minimize
x

θ(1),...,θ(N)

‖x‖2 (10a)

subject to θ(n)
q ∈ F , ∀n, q, (10b)[
H

(
θ (1), . . . , θ (N)

)
· x

]
k

∈ C k, ∀k, (10c)

which models a transmit power minimization under the con-
straints of using feasible reflection coefficients belonging to
F (general reflections, or continuous-phase shifters, or even
discrete-phase shifters, as defined in Section III-B) and of
enabling constructive interference at the receiver side accord-
ing to the general SLP methodology detailed, for instance,
in [35], [36]. More specifically, H(θ (1), . . . , θ (N)) is defined
in (3) and [H(θ (1), . . . , θ (N)) · x]k, which is the noise-free
signal received by the k-th user, must lie in the corresponding
constructive-interference region of the complex plan, denoted
as C k ⊂ C. In addition to being dependent on the param-
eters σw,k and γk, the constructive-interference regions C k

are constellation-dependent, and that is why we have omitted
their analytical definitions here — see [35], [36] for further
details on how to define C k as function of σw,k, γk, and the
adopted symbol constellation. As for possible strategies to
solve this problem, one may resort to alternating optimization
techniques considering separately the optimization of the
precoded signal and the reflection coefficients.
One should note that, although the dependency of the

RIS’s reflection coefficients on the symbol slot t is not
explicitly denoted, all optimization variables actually depend
on t. Thus, solving the problem in (10) constitutes a real
challenge in the practical scenarios wherein CSI knowledge

is not always readily available/reliable and the configuration
parameters of RIS cannot be updated in a symbol-level basis.
Therefore, it is part of the existing research challenges to

conceive meaningful surrogates for the problem in (10) to
enhance both spectral and energy efficiencies using multiple
RISs as (possibly mobile) relays. For this, optimization-based
iterative methods as well as data-driven solutions might be
considered.
In addition, resource allocation (e.g., power, subcarriers,

etc.) must also be considered for RIS-assisted environments
to further increase the energy efficiency of the system. More
specifically,

• power allocation techniques,
• user scheduling with the focus on unicast-
ing/multicasting schemes,

• carrier assignment in multicarrier communications for
frequency-selective channels

are examples of problems to be addressed in the near-future
for the envisioned use cases.

D. DISTRIBUTED OPERATION
Smart environments can be realized by deploying RISs in
centralized, distributed, or hybrid manners.
In centralized implementations, a central entity con-

trols the communication-related activities of the other
network entities, such as the programmable environment. An
interesting option for the centralized architecture is based on
software-defined networking, see [1]. In centralized imple-
mentation scenarios, RISs are completely passive, since they
only need to receive their configuration parameters from the
central controller, and reflect the impinging signals accord-
ingly. The central controller therefore needs to have reliable
processing and communication capabilities to obtain CSI
via some suitable protocols and, most importantly, without
relying on RIS’s own processing/communication capabilities.
On the other hand, in distributed implementations of RISs,

some additional sensing and processing functionalities are
required for the surfaces to be able to autonomously optimize
themselves based on the environmental state information and
network configuration. This can be realized through boosting
RIS’s capabilities by embedding low-power sensors as well
as communication and digital processors. Thus, the inherent
signaling overhead of a centralized solution can be traded
off by an increased computational burden over the RIS with
the corresponding higher deployment costs. In-between the
centralized and distributed implementations, a hybrid imple-
mentation may employ RISs with different capabilities to
trade off the implementation complexity and power con-
sumption of RISs in the distributed implementation with
the higher channel estimation and signaling overhead that
are necessary to feed the central controller in centralized
implementations.
Let us consider a concrete example of distributed operation

from a precoding perspective. Assume that, at the t-th sym-
bol slot, a reasonable estimate of the BS precoding matrix
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P(n)[t−1] is available at the n-th RIS along with CSI knowl-
edge of both BS-to-RIS (i.e., H(n)

B-R[t]) and RIS-to-user (i.e.,
H(n)

R-U[t]) links; then it is possible to obtain a local soft esti-
mate ŝ(n)[t] = (H(n)

B-R[t]P(n)[t− 1])†y(n)[t] of the transmitted
symbols s[t], where y(n)[t] is the RIS’s received signal. Thus,
for the n-th RIS, the following optimization problem can be
targeted:

minimize
P(n)[t],θ (n)[t]

‖P(n)[t]ŝ(n)[t]‖2 (11a)

subject to θ(n)
q [t] ∈ F , ∀q, (11b)

(
h(n)
R-U,k[t]

)T
�(n)[t]H(n)

B-R[t]P(n)[t]

× ŝ(n)[t] ∈ C (n)
k [t],∀k, (11c)

where C (n)
k [t] ⊂ C is the corresponding CI region parame-

terized by a given SINR γ
(n)
k , satisfying

∑
n

√
γ

(n)
k = β

√
γk,

for a predefined parameter β ∈ (0, 1]. Once all N RISs solve
this problem, they can self-configure according to the optimal
θ (n)[t]. Besides, at the symbol slot t + 1, the n-th RIS can
use as precoding matrix either: the optimal P(n)[t] calculated
locally at slot t, or a convenient combination of its neigh-
boring (locally calculated) RIS’s precoding matrices — the
neighboohood is formed so that several RISs jointly coop-
erate to enhance performance through dedicated signaling
channels — with its own locally calculated precoding matrix,
or finally the actual BS precoding matrix P[t + 1], which
might be broadcasted from time to time, following a deter-
mined protocol that prevents RISs from getting accumulated
performance degradation.
Again, the problem in (11) might be approached through

convenient surrogates that best suit the available mathemati-
cal/computational tools. One might also consider formulating
different problems using data-driven approaches relying on
(distributed) least-mean squares (LMS) and recursive-least
squares (RLS) adaptive filtering algorithms for online beam-
forming, or using more recent artificial intelligence tools,
like federated learning. Besides, the model itself might be
generalized to account for multiple reflections on different
RISs, as discussed in the next section.

E. HYBRID RELAYING
Cooperative communication is known to be beneficial for
the throughput of wireless networks, since the overall path
loss can be substantially reduced by placing a relay between
source and destination. The signals received by the relay
are typically amplified, (optionally) processed and then for-
warded. Various configurations of relays are known in the
literature [56], [57]. Relaying methods differ mostly in the
type of signal processing — e.g., amplify-and-forward (AF),
filter-and-forward (FF), and decode-and-forward (DF) relays
— and the availability of sufficient radio resources — e.g.,
energy-constrained and buffer-aided relays.
RISs are typically viewed as passive relays with the cor-

responding passive beamforming capabilities. However, as

pointed out in Sections III and V-D, signal processing at RIS
is performed in order to make use of the control signaling
or from the environment sensing. Hence, a very promising
extension of the passive RIS-based relaying strategy is to
combine passive and active relaying into a hybrid RIS-based
relaying. The resulting optimization problem comprises the
design of the RIS’s elements and the characteristic param-
eters of the relay, e.g., amplification factor or buffer size.
Assuming an amplification factor α > 0, the active path can
be described by the respective SINR

γk,act = α2|hTR-U,act,kHB-R,actpk|2
α2

∑
l 
=k Il + α2‖hR-U,act,k‖2

2σ
2
z + σ 2

w,k

, (12)

where HB-R,act represents the channel matrix for the link
connecting the BS antennas with the active antenna(s) of a
RIS-relay. Moreover, hR-U,act,k represents the channel vector
for the link between the active antenna(s) of a RIS-relay
and the antenna of end-user k. The interference received by
the relay is given by Il = |hTR-U,act,kHB-R,actpl|2. Note that
these matrices and vectors differ from the ones we assumed
for the signal propagation via passive reflection from RIS.
In addition, unlike passive relaying, active RIS-relay would
amplify the received noise with the variance σ 2

z .
The SNR of the passive path is given in (5). Hence, a

hybrid AF relaying problem can be formulated as follows:

maximize
x,α,θ (1)

K∑
k=1

ωk log2
(
1 + γk,MRC

)
(13a)

subject to
K∑
k=1

‖pk‖2
2 ≤ P̄, (13b)

K∑
k=1

α2
(
‖HB-R,actpk‖2

2 + σ 2
z

)
≤ P̄z, (13c)

where Pz represent the available power at the relay, while
γk,MRC = γk,act+γk denotes the maximum SNR obtained via
maximum ratio combining (MRC) technique. Here, the solu-
tion to problem (6) may be combined with a linear search for
the optimal value of α. However, more complicated relaying
problems, such as FF or buffer-aided, may require a more
specific and complicated (probably iterative) solution.
In this context, an important question to be addressed is

regarding the preferred type of relaying and beamforming.
As discussed earlier, the degree of freedom of RIS-assisted
networks is much higher than for the same networks with-
out RISs, which implies a very high complexity of the
optimization. Hence, the dominant system aspects need to be
identified in order to reduce the complexity whenever pos-
sible. This can be done by assessing the dependency of the
system performance on passive and active signal paths and
by evaluating the respective contributions to the resulting
signal quality and data rate. More specifically, data-driven
methods can be employed in order to determine the suitable
scenarios, for which active, passive, or both relaying types
are more beneficial.
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F. SECURITY AND PRIVACY CONTROL
As mentioned earlier, privacy and security are of utmost
importance in a Smart City. In order to enhance these system
aspects, physical layer security (PLS) techniques can be
employed. PLS is a popular research field, which has been
used in various applications in order to enhance the secrecy
and data protection against eavesdropping. Typically, artifi-
cial noise is transmitted in order to reduce the signal quality
for the eavesdropper [58].
Since RISs are responsible for the improvement of the

signal quality via passive relaying, the same approach can
be used to reduce the signal quality for the eavesdropper.
However, passive RIS cannot emit artificial noise. Hence,
other tactics are needed in order to reduce the signal quality
at the target location.
One of the promising methods is to apply passive beam-

forming of RIS in order to avoid signal reflections in the
direction of a possible eavesdropper [59].
An alternative approach is to partially redirect some of the

data streams in order to increase the amount of interference
at the eavesdropper. Assume a single eavesdropper with
NEve antennas and two legitimate users with respective chan-
nel H1(θ

(1), . . . , θ (N)) and H2(θ
(1), . . . , θ (N)). In addition,

assume that the CSI for the link between BS and the eaves-
dropper (that is interested only in the data of the first
legitimate user) is perfectly known7 and described by a chan-
nel matrix HEve(θ

(1), . . . , θ (N)). We obtain the covariance of
the received useful signal and the covariance of the received
interference at the eavesdropper as

D = HEve

(
θ (1), . . . , θ (N)

)
p1pH1 H

H
Eve

(
θ (1), . . . , θ (N)

)
,

(14)

K = HEve

(
θ (1), . . . , θ (N)

)
p2pH2 H

H
Eve

(
θ (1), . . . , θ (N)

)
,

(15)

respectively. Accordingly, the channel capacity between the
BS and the potential eavesdropper is given by

CEve = log2 det

(
INEve +

(
σ 2
EveINEve + K

)−1
D

)
, (16)

in which σ 2
Eve denotes the power of the additive noise at

the eavesdropper. The channel capacities for the legitimate
links are given by C1 = log2(1+γ1) and C2 = log2(1+γ2),
respectively. Hence, for the secrecy rate, we obtain [C1 −
CEve]+. The optimization problem, which aims at increasing
the secrecy of the first legitimate user while satisfying the
demand Cdemand of the second user is given by

maximize
p1,p2

θ(1),...,θ(N)

[C1 − CEve]
+ (17a)

subject to C2 ≥ Cdemand, (17b)

7. Of course, the exact position of the eavesdropper is not available in
practice, such that robust optimization is usually preferred. However, we
assume perfect CSI for the eavesdropper in order to illustrate the proposed
approach.

θ(n)
q ∈ F , ∀n, q, (17c)

‖p1‖2
2 + ‖p2‖2

2 ≤ P̄. (17d)

The solution to this problem might be similar to the tradi-
tional jamming methods in presence of cooperative relays.
Of course, the effectiveness of this approach depends on the
number of data streams, which are permitted to be utilized
as interference. In the context of Smart City, the choice of
the data streams to become interference needs to be made in
accordance with the network management. As an example,
open access services are well suited, since a high level of
protection is not required for them.

VI. FUTURE RESEARCH CHALLENGES AND
OPPORTUNITIES
After the initial deployment of RISs in Smart Cities, the
functionalities and operation principles of RIS may go
through multiple updates as it is common for communication
systems. Hence, we can anticipate more advanced schemes
and system configuration to become trendy research fields in
the more distant future. In the following, we motivate some
of these research directions.

A. MOBILE MULTIHOP RELAYING
Multihop relaying (MHR) is a typical generalization of
the basic relaying concept with multiple relays between
source and destination. This concept has become a promising
research direction with the introduction of wireless sensor
and ad hoc networks [60]. However, the main drawback
of this generalization lies in the system design complexity,
which increases with each relay.
In addition, the mobility of some relays represents an

additional degree of freedom, which can be explored in
the respective scenarios. Interestingly, the mobility of the
nodes/relays still contributes to the increase of the network
coverage and throughput despite the stochastic motion of
relays [61]. However, one of the main disadvantages of this
type of network is its fast changing topology. Recently, this
research area has re-gained an increased attention with the
introduction of UAVs. The degrees of freedom associated
with the motion of a UAV can be exploited to enhance the
signal quality. In particular, the changes in signal propagation
due to the motion of nodes/users can be accounted for by
designing the optimal trajectories for multiple UAVs, which
leads to higher probability of LoS transmission in each hop,
lower path loss and higher throughput.
The existing works involving RISs and UAVs focus mainly

on active beamforming using UAVs and passive beam-
forming using static RISs, which are combined in a joint
optimization. A more challenging and potentially more bene-
ficial architecture may involve mobile RIS-assisted multihop
relays. Here, the idea would be to attach RISs to multiple
UAVs, such that each mobile relay can perform hybrid relay-
ing/beamforming, as explained earlier. In this context, the
optimization appears to be very complicated due to the
mobility of multiple relays. Hence, it should be either carried
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out at the base station or using distributed computation meth-
ods employed by the RIS. Furthermore, RISs can be attached
to other mobile objects according to the mobility scenar-
ios discussed in Section IV. In this context, beamforming
and resource allocation need to be combined with multihop
relaying by taking into account the mobility profiles.
In addition, the impact of the relay mobility on the system

performance needs to be analyzed. Imperfect channel state
information accumulated over a large number of reflections
and hops can have a very harmful impact on the signal
quality and accuracy of the optimization solution. Hence, the
maximum number of mobile relays and the type of relaying
needs to be carefully selected for each use case.

B. WIRELESS RIS NETWORKS
We distinguish between the operation of RIS in centralized
vs. distributed manner, as explained in Section V-D. In the
former case, RISs have a sole functionality of actuators,
which execute the commands from the BS. Hence, no com-
plicated signal processing at the RIS is required in this case.
In the latter case, RIS is capable of making own decisions
and can be viewed as part of a wireless sensor and actuator
network (WSAN), a self-organized network (SON) or an ad
hoc network (AHN), where the nodes adjust their operation
to reach a common goal. In other words, a wireless RIS
network can be established, where RIS devices represent a
sub-system, which has the task of improving the commu-
nication environment for other Smart City components. Of
course, this requires additional intelligence for the design of
RIS, since the sensing and communication capabilities are
needed in each network node [62]. In this context, the design
of the resulting WSANs is very challenging due to the high
degree of freedom associated with RISs.
Among the various challenges in the context of networking

with RISs, the previously mentioned hybrid mobile multihop
relaying needs to be further extended to ensure the connec-
tivity despite the complexity for the system optimization. It
seems to be inevitable that suboptimal schemes with reduced
complexity will be used for a sufficiently low latency and
low power consumption at the relays.
In the context of Smart City, the integration of such

WSANs requires a careful cross-layer design using the exist-
ing methods of WSANs, SONs and AHNs, which should
coordinate their transmissions with the services provided
by the Smart City. Specifically, the higher OSI layers are
important in order to guarantee the connectivity within such
networks, which is essential for the accurate shaping of the
communication environment.
Furthermore, the self-configuration methods associated

with the SONs should be incorporated in order to facili-
tate distributed operation and independent functionality of
the network. However, due to the high complexity of self-
configuration methods and RIS-assisted networks in general,
the respective design problem may not be tractable analyti-
cally. Hence, machine learning and artificial intelligence will

be the most promising tools of system design for wireless
RIS networks in future.

C. POWERING OF RIS DEVICES
In scenarios where RISs are part of an autonomous wire-
less network, the flexibility for the deployment of RISs is
based on the independence from the BS in terms of signal-
ing and resources. Specifically, the nodes enhanced by RISs
are expected to use rechargeable batteries whenever possible.
Since the power consumption is known to be very low, we
can anticipate the application of energy harvesting (EH) and
even simultaneous wireless information and power transfer
(SWIPT). Note that the application of EH and SWIPT for
the charging of low-power devices in presence of RISs has
already been addressed [63], [64], while the powering of
RISs themselves is a novel research opportunity. Although
the design of highly reflective surfaces coupled with energy
harvesting seems to be very challenging, a combination of
both in terms of a clever arrangement of the reflective ele-
ments is realistic. In this context, the optimization problem
for the passive beamforming, relaying, etc. becomes even
more complicated than discussed earlier, since parts of the
signal might need to be reflected toward adjacent RISs
for charging. A distinct advantage of this technique would
be that parts of the electromagnetic radiation will be con-
sumed by the surfaces, such that the unnecessary radiation
is removed from the environment leading to a green envi-
ronment and Green Smart City. This provides an additional
motivation for the design of such low-power RIS-assisted
networks.

VII. CONCLUSION
This article brought up several practical and thought-
provoking research directions to integrate RIS technology
into wireless communication platforms of Smart Cities. First,
the most promising scenarios and use cases for the deploy-
ment of RIS-assisted communication networks and services
were introduced. Based on these scenarios, several potential
research challenges and future opportunities for the appli-
cation of RISs in Smart Cities were proposed. Then, the
key enabling designs of RIS-assisted networks were dis-
cussed, spanning a wide-ranging of problems and challenges
that need to be tackled to push forward toward the digital
transformation of Smart Cities. Specifically, pilot decon-
tamination, precoding for multiple surfaces, and distributed
operation are foreseen to require more immediate research
efforts. Furthermore, new application scenarios of future
RIS-assisted Smart Cities with novel features and properties
were presented. Through this, the unprecedented research
challenges that arise based on this integration were dis-
cussed. In short, this article introduced several practical
aspects of RIS-assisted communication networks that can
potentially trigger more in-depth thinking and enrich the
state-of-the-art of Smart City communications and smart
wireless environments.

1794 VOLUME 1, 2020



REFERENCES

[1] C. Liaskos, S. Nie, A. Tioliaridou, A. Pitsillides, S. Ioannidis,
and I. Akyildiz, “A new wireless communication paradigm through
software-controlled metasurfaces,” IEEE Commun. Mag., vol. 56,
no. 9, pp. 162–169, Sep. 2019.

[2] K. Wu, P. Coquet, Q. J. Wang, and P. Genevet, “Modelling of free-form
conformal metasurfaces,” Nat. Commun., vol. 9, p. 3494, Aug. 2018.

[3] M. D. Renzo et al., “Smart radio environments empowered by recon-
figurable AI meta-surfaces: An idea whose time has come,” EURASIP
J. Wireless Commun. Netw., vol. 2019, p. 129, May 2019.

[4] V. Albino, U. Berardi, and R. M. Dangelico, “Smart cities: Definitions,
dimensions, performance, and initiatives,” J. Urban Technol., vol. 22,
no. 1, pp. 3–21, 2015.

[5] J. Roy, E-Government in Canada: Transformation for the Digital Age.
Ottawa, ON, Canada: Univ. Ottawa Press, 2006.

[6] K. A. Paskaleva, “Enabling the smart city: The progress of city e-
Governance in Europe,” Int. J. Innov. Reg. Develop., vol. 1, no. 4,
pp. 405–422, 2009.

[7] S. Musa, “Smart cities—A road map for development,” IEEE
Potentials, vol. 37, no. 2, pp. 19–23, Mar./Apr. 2018.

[8] A. Zanella, N. Bui, A. Castellani, L. Vangelista, and M. Zorzi,
“Internet of Things for smart cities,” IEEE Internet Things J., vol. 1,
no. 1, pp. 22–32, Feb. 2014.

[9] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and
C. Yuen, “Reconfigurable intelligent surfaces for energy efficiency
in wireless communication,” IEEE Trans. Wireless Commun., vol. 18,
no. 8, pp. 4157–4170, Aug. 2019.

[10] S. Gong et al., “Towards smart radio environment for wireless commu-
nications via intelligent reflecting surfaces: A comprehensive survey,”
IEEE Commun. Surveys Tuts., early access.

[11] H. Yang et al., “A programmable metasurface with dynamic polar-
ization, scattering and focusing control,” Sci. Rep., vol. 6, Oct. 2016,
Art. no. 35692.

[12] B. Zheng and R. Zhang, “Intelligent reflecting surface-enhanced
OFDM: Channel estimation and reflection optimization,” IEEE
Wireless Commun. Lett., vol. 9, no. 4, pp. 518–522, Apr. 2019.

[13] T. Jensen and E. De Carvalho, “An optimal channel estimation
scheme for intelligent reflecting surfaces based on a minimum vari-
ance unbiased estimator,” in Proc. IEEE Int. Conf. Acoust. Speech
Signal Process. (ICASSP), Apr. 2020, pp. 5000–5004.

[14] A. Welkie, L. Shangguan, J. Gummeson, W. Hu, and K. Jamieson,
“Programmable radio environments for smart spaces,” in Proc. 16th
ACM Workshop Hot Topics Netw., 2017, pp. 36–42.

[15] T. J. Cui, M. Q. Qi, X. Wan, J. Zhao, and Q. Cheng, “Coding metama-
terials, digital metamaterials and programmable metamaterials,” Light
Sci. Appl., vol. 3, no. 10, p. 218, Oct. 2014.

[16] X. Tan, Z. Sun, J. M. Jornet, and D. Pados, “Increasing indoor spec-
trum sharing capacity using smart reflect-array,” in Proc. IEEE Int.
Conf. Commun. (ICC), 2016, pp. 1–6.

[17] S. Hu, F. Rusek, and O. Edfors, “Beyond massive MIMO: The poten-
tial of data transmission with large intelligent surfaces,” IEEE Trans.
Signal Process., vol. 66, no. 10, pp. 2746–2758, Oct. 2018.

[18] C. Huang, A. Zappone, M. Debbah, and C. Yuen, “Achievable rate
maximization by passive intelligent mirrors,” in Proc. IEEE Int. Conf.
Acoust. Speech Signal Process. (ICASSP), 2018, pp. 3714–3718.

[19] C. Huang, G. C. Alexandropoulos, A. Zappone, M. Debbah, and
C. Yuen, “Energy efficient multi-user MISO communication using
low resolution large intelligent surfaces,” in Proc. IEEE Globecom
Workshops (GC Wkshps), Dec. 2018, pp. 1–6.

[20] H. Guo, Y.-C. Liang, J. Chen, and E. G. Larsson, “Weighted
sum-rate maximization for reconfigurable intelligent surface aided
wireless networks,” IEEE Trans. Wireless Commun., vol. 19, no. 5,
pp. 3064–3076, May 2020.

[21] B. Di, H. Zhang, L. Song, Y. Li, Z. Han, and H. V. Poor, “Hybrid
beamforming for reconfigurable intelligent surface based multi-
user communications: Achievable rates with limited discrete phase
shifts,” IEEE J. Sel. Areas Commun., vol. 38, no. 8, pp. 1809–1822,
Aug. 2020.

[22] D. Ma, M. Ding, and M. Hassan, “Enhancing cellular communications
for UAVs via intelligent reflective surface,” in Proc. IEEE Wireless
Commun. Netw. Conf. (WCNC), 2020, pp. 1–6.

[23] S. Li, B. Duo, X. Yuan, Y. Liang, and M. Di Renzo, “Reconfigurable
intelligent surface assisted UAV communication: Joint trajectory
design and passive beamforming,” IEEE Wireless Commun. Lett., vol.
9, no. 5, pp. 716–720, May 2020.

[24] M. D. Renzo et al., “Smart radio environments empowered by recon-
figurable intelligent surfaces: How it works, state of research, and road
ahead,” IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp. 2450–2525,
Nov. 2020.

[25] K. T. Pupek, I. Pihir, and M. T. Furjan, “Smart city initiatives in the
context of digital transformation—Scope, services and technologies,”
Manag. J. Contemp. Manag. Issues, vol. 24, no. 1, pp. 39–54, 2019.

[26] A. Cocchia, “Smart and digital city: A systematic literature review,”
in Smart City. Cham, Switzerland: Springer, 2014, pp. 13–43.

[27] A. Caragliu, C. D. Bo, and P. Nijkamp, “Smart cities in Europe,” J.
Urban Technol., vol. 18, no. 2, pp. 65–82, 2011.

[28] M. N. I. Sarker, M. Wu, and M. A. Hossin, “Smart governance through
bigdata: Digital transformation of public agencies,” in Proc. IEEE Int.
Conf. Artif. Intell. Big Data (ICAIBD), 2018, pp. 62–70.

[29] T. Brandt, W. Ketter, L. M. Kolbe, D. Neumann, and R. T. Watson,
“Smart cities and digitized urban management,” Bus. Inf. Syst. Eng.,
vol. 60, pp. 193–195, Apr. 2018.

[30] S. Bibri, “The IoT for smart sustainable cities of the future: An
analytical framework for sensor-based big data applications for envi-
ronmental sustainability,” Sustain. Cities Soc., vol. 38, pp. 230–253,
Apr. 2018.

[31] A. Gaur, B. Scotney, G. Parr, and S. McClean, “Smart city architecture
and its applications based on IoT,” Procedia Comput. Sci., vol. 52,
pp. 1089–1094, 2015.

[32] D. Eckhoff and I. Wagner, “Privacy in the smart city—Applications,
technologies, challenges, and solutions,” IEEE Commun. Surveys Tuts.,
vol. 20, no. 1, pp. 489–516, 1st Quart., 2017.

[33] K. Zhang, J. Ni, K. Yang, X. Liang, J. Ren, and X. S. Shen, “Security
and privacy in smart city applications: Challenges and solutions,” IEEE
Commun. Mag., vol. 55, no. 1, pp. 122–129, Jan. 2017.

[34] M. Costa, “Writing on dirty paper (Corresp.),” IEEE Trans. Inf.
Theory, vol. IT-29, no. 3, pp. 439–441, May 1983.

[35] M. Alodeh et al., “Symbol-level and multicast precoding for multiuser
multiantenna downlink: A state-of-the-art, classification, and chal-
lenges,” IEEE Commun. Surveys Tuts., vol. 20, no. 3, pp. 1733–1757,
3rd Quart., 2018.

[36] A. Li et al., “A tutorial on interference exploitation via symbol-
level precoding: Overview, state-of-the-art and future directions,” IEEE
Commun. Surveys Tuts., vol. 22, no. 2, pp. 796–839, 2nd Quart., 2020.

[37] R. Liu, H. Li, M. Li, and Q. Liu, “Symbol-level precoding design
for intelligent reflecting surface assisted multi-user MIMO systems,”
in Proc. 11th Int. Conf. Wireless Commun. Signal Process. (WCSP),
Oct. 2019, pp. 1–6.

[38] R. Liu, M. Li, Q. Liu, and A. L. Swindlehurst. (2019). Joint Symbol-
Level Precoding and Reflecting Designs for RIS-Enhanced MU-MISO
Systems. [Online]. Available: https://arxiv.org/abs/1912.11767

[39] Y. Liang, R. Long, Q. Zhang, J. Chen, H. V. Cheng, and H. Guo,
“Large intelligent surface/antennas (LISA): Making reflective radios
smart,” J. Commun. Inf. Netw., vol. 4, no. 2, pp. 40–50, 2019.

[40] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and
C. Yuen. (2018). Large Intelligent Surfaces for Energy Efficiency
in Wireless Communication. [Online]. Available: http://arxiv.org/abs/
1810.06934

[41] M. Cui, G. Zhang, and R. Zhang, “Secure wireless communication via
intelligent reflecting surface,” IEEE Wireless Commun. Lett., vol. 8,
no. 5, pp. 1410–1414, Oct. 2019.

[42] C. Pan et al., “Multicell MIMO communications relying on intel-
ligent reflecting surfaces,” IEEE Trans. Commun., vol. 19, no. 8,
pp. 5218–5233, Aug. 2020.

[43] Y. Xu, Z. Qin, Y. Zhao, G. Li, G. Gui, and H. Sari.
(Feb. 2020). Resource Allocation for Intelligent Reflecting Surface
Enabled Heterogeneous Networks. [Online]. Available: https://doi.org/
10.36227/techrxiv.11697666.v1.

[44] Z. Wang, L. Liu, and S. Cui, “Intelligent reflecting surface assisted
massive MIMO communications,” in Proc. IEEE 21st Int. Workshop
Signal Process. Adv. Wireless Commun. (SPAWC), 2020, pp. 1–5.

VOLUME 1, 2020 1795



KISSELEFF et al.: RECONFIGURABLE INTELLIGENT SURFACES FOR SMART CITIES: RESEARCH CHALLENGES AND OPPORTUNITIES

[45] D. Mishra and H. Johansson, “Channel estimation and low-
complexity beamforming design for passive intelligent surface
assisted MISO wireless energy transfer,” in Proc. IEEE Int.
Conf. Acoust. Speech Signal Process. (ICASSP), May 2019,
pp. 4659–4663.

[46] Q.-U.-A. Nadeem, H. Alwazani, A. Kammoun, A. Chaaban,
M. Debbah, and M. Alouini, “Intelligent reflecting surface-assisted
multi-user MISO communication: Channel estimation and beamform-
ing design,” IEEE Open J. Commun. Soc., vol. 1, pp. 661–680,
2020.

[47] J. Mirza and B. Ali, “Channel estimation method and phase shift
design for reconfigurable intelligent surface assisted MIMO networks,”
2019. [Online]. Available: arXiv:1912.10671.

[48] C. You, B. Zheng, and R. Zhang, “Channel estimation and passive
beamforming for intelligent reflecting surface: Discrete phase shift
and progressive refinement,” IEEE J. Sel. Areas Commun., vol. 38,
no. 11, pp. 2604–2620, Nov. 2020.

[49] E. Basar and I. F. Akyildiz, “Reconfigurable intelligent surfaces
for doppler effect and multipath fading mitigation,” 2019. [Online].
Available: arXiv:1912.04080.

[50] H. Lu, Y. Zeng, S. Jin, and R. Zhang, “Enabling panoramic full-angle
reflection via aerial intelligent reflecting surface,” in Proc. IEEE Int.
Conf. Commun. (ICC), 2020, pp. 1–6.

[51] T. L. Marzetta, “Noncooperative cellular wireless with unlimited num-
bers of base station antennas,” IEEE Trans. Wireless Commun., vol. 9,
no. 11, pp. 3590–3600, Nov. 2010.

[52] H. Al-Hraishawi, G. A. A. Baduge, H. Q. Ngo, and E. G. Larsson,
“Multi-cell massive MIMO uplink with underlay spectrum sharing,”
IEEE Trans. Cogn. Commun. Netw., vol. 5, no. 1, pp. 119–137,
Mar. 2019.

[53] M. Jung, W. Saad, and G. Kong, “Spectral efficiency in large
intelligent surfaces: Asymptotic analysis under pilot contamina-
tion,” in Proc. IEEE Global Commun. Conf. (GLOBECOM), 2019,
pp. 1–6.

[54] T. Rappaport, Wireless Communications: Principles and Practice,
2nd ed. Upper Saddle River, NJ, USA: Prentice-Hall, 2002.

[55] A. Zappone, M. Di Renzo, F. Shams, X. Qian, and M. Debbah,
“Overhead-aware design of reconfigurable intelligent surfaces in smart
radio environments,” IEEE Trans. Wireless Commun., early access,
Sep. 18, 2020, doi: 10.1109/TWC.2020.3023578.

[56] K. Liu, A. Sadek, W. Su, and A. Kwasinski, Cooperative
Communications and Networking. Cambridge, U.K.: Cambridge Univ.
Press, 2009.

[57] E. Hossain, D. I. Kim, and V. K. Bhargava, Cooperative Cellular
Wireless Networks. Cambridge, U.K.: Cambridge Univ. Press,
2011.

[58] A. Mukherjee, S. A. A. Fakoorian, J. Huang, and A. L. Swindlehurst,
“Principles of physical layer security in multiuser wireless networks: A
survey,” IEEE Commun. Surveys Tuts., vol. 16, no. 3, pp. 1550–1573,
2014.

[59] X. Yu, D. Xu, Y. Sun, D. W. K. Ng, and R. Schober, “Robust
and secure wireless communications via intelligent reflecting sur-
faces,” IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp. 2637–2652,
Nov. 2020.

[60] R. Shorey, A. Ananda, M. C. Chan, and W. T. Ooi, Mobile,
Wireless, and Sensor Networks: Technology, Applications, and Future
Directions. Hoboken, NJ, USA: Wiley, 2006.

[61] L. Xiao, T. E. Fuja, and D. J. Costello, “Mobile relaying: Coverage
extension and throughput enhancement,” IEEE Trans. Commun.,
vol. 58, no. 9, pp. 2709–2717, Sep. 2010.

[62] I. F. Akyildiz and M. C. Vuran, Wireless Sensor Networks, vol. 4.
New York, NY, USA: Wiley, 2010.

[63] Q. Wu and R. Zhang, “Weighted sum power maximization for intel-
ligent reflecting surface aided swipt,” IEEE Wireless Commun. Lett.,
vol. 9, no. 5, pp. 586–590, May 2019.

[64] Y. Zheng, S. Bi, Y. J. Zhang, Z. Quan, and H. Wang, “Intelligent
reflecting surface enhanced user cooperation in wireless powered com-
munication networks,” IEEE Wireless Commun. Lett., vol. 9, no. 6,
pp. 901–905, Jun. 2020.

STEVEN KISSELEFF (Member, IEEE) received the
M.Sc. degree in information technology from the
Technical University of Kaiserslautern, Germany,
in 2011, and the Ph.D. degree in electrical engi-
neering from the Friedrich-Alexander University
of Erlangen-Nünberg (FAU), Germany, in 2017,
respectively.

He was a Research and Teaching Assistant with
the Institute for Digital Communications, FAU,
from October 2011 to July 2018. From 2012
to 2013, he was a Visiting Researcher with the

State University of New York, Buffalo, USA, and the Broadband Wireless
Networking Lab within the Georgia Institute of Technology, Atlanta,
USA. From 2018, he joined with the Interdisciplinary Centre for Security,
Reliability and Trust, University of Luxembourg, as a Research Associate.
His research activities are mainly focused on the satellite communica-
tions, random access, wireless power transfer, and reconfigurable intelligent
surfaces.

WALLACE A. MARTINS (Senior Member, IEEE)
received the Electronics Engineer degree from
the Federal University of Rio de Janeiro (UFRJ),
Brazil, in 2007, and the M.Sc. and D.Sc. degrees in
electrical engineering from the UFRJ in 2009 and
2011, respectively. He was a Research Visitor with
the University of Notre Dame, USA, University
de Lille 1, France, and Universidad de Alcalá,
Spain, in 2008, 2016, and 2018, respectively.
Since 2013, he has been with the Department of
Electronics and Computer Engineering (DEL/Poli)

and Electrical Engineering Program (PEE/COPPE), UFRJ, where he is cur-
rently working as a Tenured Associate Professor (on leave). He served as an
Academic Coordinator and the Deputy Department Chairman (DEL/Poli)
with the UFRJ, from 2016 to 2017. Before joining UFRJ, he worked as an
Associate Professor with CEFET/RJ, Brazil, from 2010 to 2013. He is cur-
rently working as a Research Associate with the Interdisciplinary Centre,
Security, Reliability and Trust, Université du Luxembourg. His research
interests are in the fields of digital signal processing, especially adap-
tive signal processing and graph signal processing, digital communications,
with focus on equalization, and precoding for wireless communications. He
received the Best Student Paper Award from EURASIP at EUSIPCO-2009,
Glasgow, Scotland, and the 2011 Best Brazilian D.Sc. Dissertation Award
from Capes. He is a Member of Associate Editor with the editorial board
for the IEEE SIGNAL PROCESSING LETTERS.

HAYDER AL-HRAISHAWI (Member, IEEE)
received the B.Sc. and M.Sc. degrees in engineer-
ing from the Department of Electrical Engineering
with Al-Mustansiriya University, Baghdad, Iraq, in
2003 and 2006, respectively, and the Ph.D. degree
in electrical engineering from the Department of
Electrical and Computer Engineering, Southern
Illinois University Carbondale, USA, in 2017. He
is currently working as a Research Associate with
the Interdisciplinary Centre, Security, Reliability
and Trust, University of Luxembourg. He has

also held several industrial positions with Motorola Solutions, Huawei
Technologies, and Nokia Networks. His current research interests include
designing and analysis of spectrum-sharing techniques for massive MIMO
systems, wireless energy harvesting, physical-layer security, and resource
allocation for satellite communications. He is a Member of Associate
Editor with the editorial board for IEEE ACCESS.

1796 VOLUME 1, 2020

http://dx.doi.org/10.1109/TWC.2020.3023578


SYMEON CHATZINOTAS (Senior Member, IEEE)
received the M.Eng. degree in telecommunica-
tions from the Aristotle University of Thessaloniki,
Thessaloniki, Greece, in 2003, and the M.Sc. and
Ph.D. degrees in electronic engineering from the
University of Surrey, Surrey, U.K., in 2006 and
2009, respectively.

He is currently a Full Professor/Chief Scientist I
and the Co-Head with the SIGCOM Research
Group, SnT, University of Luxembourg. He was
a Visiting Professor with the University of Parma,

Italy, and he was involved in numerous research and development projects
for the National Center for Scientific Research Demokritos, the Center of
Research and Technology Hellas, and the Center of Communication Systems
Research, University of Surrey. He has coauthored more than 400 technical
papers in refereed international journals, conferences, and scientific books.

Prof. Chatzinotas was a co-recipient of the 2014 IEEE Distinguished
Contributions to Satellite Communications Award, the CROWNCOM 2015
Best Paper Award, and the 2018 EURASIC JWCN Best Paper Award.
He is currently with the editorial board of the IEEE OPEN JOURNAL

OF VEHICULAR TECHNOLOGY and the International Journal of Satellite
Communications and Networking.

BJÖRN OTTERSTEN (Fellow, IEEE) was born
in Stockholm, Sweden, in 1961. He received the
M.S. degree in electrical engineering and applied
physics from Linköping University, Linköping,
Sweden, in 1986, and the Ph.D. degree in
electrical engineering from Stanford University,
Stanford, CA, USA, in 1990.

He is currently the Director of the
Interdisciplinary Centre for Security, Reliability
and Trust, University of Luxembourg. He has
held Research Positions with the Department

of Electrical Engineering, Linköing University, the Information Systems
Laboratory, Stanford University, the Katholieke Universiteit Leuven,
Leuven, Belgium, and the University of Luxembourg, Luxembourg. From
1996 to 1997, he was the Director of Research with ArrayComm, Inc., a
start-up in San Jose, CA, USA, based on his patented technology. From
1991, he was appointed as a Professor of signal processing with the Royal
Institute of Technology, Stockholm, Sweden. From 1992 to 2004, he was
the Head of the Department for Signals, Sensors, and Systems, KTH, and
from 2004 to 2008, was the Dean of the School of Electrical Engineering.

He was a recipient of the IEEE Signal Processing Society Technical
Achievement Award in 2011 and twice a recipient of the European
Research Council Advanced Research Grant, from 2009 to 2013, and from
2017 to 2022. He has coauthored journal papers that received the IEEE
Signal Processing Society Best Paper Award in 1993, 2001, 2006, and
2013, respectively, and seven IEEE Conference Papers Best Paper Awards.
He has served as an Associate Editor for the IEEE TRANSACTIONS

ON SIGNAL PROCESSING and the Editorial Board for the IEEE Signal
Processing Magazine. He is currently a Member of the Editorial Boards
of the EURASIP Signal Processing Journal, the EURASIP Journal of
Advances in Signal Processing, and the Foundations and Trends of Signal
Processing. He is a Fellow of EURASIP.

VOLUME 1, 2020 1797



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


