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Reconfigurable Intelligent Surfaces vs. Relaying:
Differences, Similarities, and Performance Comparison

M. Di Renzo, Fellow, IEEE, K. Ntontin, Member, IEEE, J. Song, F. H. Danufane, X. Qian, F. Lazarakis,
J. de Rosny, D.-T. Phan-Huy, Member, IEEE, O. Simeone, Fellow, IEEE, R. Zhang, Fellow, IEEE,
M. Debbah, Fellow, IEEE, G. Lerosey, M. Fink, S. Tretyakov, Fellow, IEEE, and S. Shamai (Shitz), Fellow, IEEE

Reconfigurable intelligent surfaces (RISs) have the potential of realizing the emerging concept of smart radio environments by
leveraging the unique properties of metamaterials and large arrays of inexpensive antennas. In this article, we discuss the potential
applications of RISs in wireless networks that operate at high-frequency bands, e.g., millimeter wave (30-100 GHz) and sub-millimeter
wave (greater than 100 GHz) frequencies. When used in wireless networks, RISs may operate in a manner similar to relays. The
present paper, therefore, elaborates on the key differences and similarities between RISs that are configured to operate as anomalous
reflectors and relays. In particular, we illustrate numerical results that highlight the spectral efficiency gains of RISs when their
size is sufficiently large as compared with the wavelength of the radio waves. In addition, we discuss key open issues that need to

be addressed for unlocking the potential benefits of RISs for application to wireless communications and networks.

Index Terms—5G, 6G, reconfigurable intelligent surfaces, relays, smart radio environments.

I. INTRODUCTION

A. Possible Migration to High-Frequency Bands

By 2022, it is expected that the global mobile data traffic
will reach a monthly run of 77 exabytes, which corresponds
to a 7-fold growth compared with the monthly run of 2017.
Such demands may not be accommodated by current cellular
standards that utilize only sub-6 GHz frequency bands. A
key feature of future wireless networks is hence the potential
migration to higher frequencies, e.g., the millimeter (30-100
GHz) and sub-millimeter (above 100 GHz) wave bands [1].

Extensive measurements have been conducted at the mil-
limeter wave band and, more recently, the sub-millimeter
wave band. These have demonstrated that the use of highly
directional steerable antennas enables mobile communication
at such high frequencies [1]. However, millimeter and sub-
millimeter wave frequency bands are highly susceptible to
blockages from large-size structures, e.g., buildings, on the
radio path [1, Tables 4, 5]. In addition, millimeter- and sub-
millimeter wave signals may be severely attenuated by the
presence of small-size objects, e.g., human bodies and foliage.
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B. Relay-Aided Transmission

A possible approach for circumventing the unreliability of
high-frequency channels is to sense the environment and to
identify, on a real-time basis, alternative propagation routes
through which the same information-bearing signal can be
received. To this end, an established method is the deploy-
ment of relays that capitalize on the concept of (distributed)
cooperative diversity [2]. The use of relays can effectively
turn a single non-line-of-sight (NLOS) link into multiple line-
of-sight (LOS) links. This approach requires each relay to
be equipped with a dedicated power source and with the
necessary front-end circuitry for reception, processing, and re-
transmission. For these reasons, the use of relays may result
in an increase of the network power consumption and may
require a larger capital expenditure for deployment.

In addition, the network spectral efficiency offered by relay-
aided systems depends on the duplexing protocol employed
for transmission. If a half-duplex (HD) relaying protocol is
employed, transmitters and relays are not allowed to trans-
mit concurrently on the same physical resource. This issue
can be overcome by employing a full-duplex (FD) relaying
protocol, but at the cost of: (i) introducing high loop-back
self-interference at the relay because of the concurrent trans-
mission and reception of signals; (ii) generating co-channel
interference at the destination, since relays and transmitters
emit different information on the same physical resource; and
(iii) increasing the signal processing complexity and the power
consumption of the relays. Relays, therefore, are utilized in
an adaptive fashion, depending on channel and interference
conditions, for improving the network performance [2].

C. Passive Non-Reconfigurable Reflectors

When the LOS path is of insufficient quality, another
approach to establish alternative routes is through passive non-
reconfigurable specular reflectors, e.g., dielectric or metallic
mirrors [3]. This method for coverage enhancement has the
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Fig. 1. Possible uses of reconfigurable intelligent surfaces. (i) Anomalous
reflection: a radio wave incident at an angle of 0 degrees is reflected towards
an angle of 45 degrees. (ii) Focusing lens: a radio wave incident at an angle
of 0 degrees is focused (beamforming) towards a specified location in order to
maximize the energy at that point. (iii) An RIS illuminated by a feeder reflects
two phase-modulated signals by mimicking a two-antenna transmitter, thus
encoding information on the reflections of the metasurface. These functions
can be obtained by appropriately configuring the phase response of the RIS
(i.e., by optimizing ®(z) in [17, Eq. (H)]).

potential benefit of being more cost efficient as compared with
relaying, especially in high-frequency bands. However, a main
limitation of non-reconfigurable reflectors is that they cannot
enable the dynamic shaping of the impinging waves, since
their operation cannot be modified after fabrication, i.e., at the
time of deployment and operation. Due to the highly dynamic
nature of the wireless environment and the nomadic nature
of mobile communications, it would be beneficial that such
reflectors be capable of adaptively shaping the radio waves
based on actual blockage and environmental conditions.

D. Nearly Passive Smart Surfaces

Propitiously, electromagnetic-based reconfigurable struc-
tures that are capable of applying specified transformations
to the impinging radio waves do exist and can operate at
different frequency bands [4], [S]. In the literature, these
structures are often referred to as large intelligent surfaces,
intelligent reflecting surfaces, digitally controllable scatterers,
software-controllable surfaces, and reconfigurable intelligent
surfaces (RISs). In this article, we will employ the term RISs
in order to highlight their capability of being configurable
after deployment. When deployed in wireless networks, RISs
have the potential of turning the wireless environment, which
is highly probabilistic in nature, into a programmable and
partially deterministic space, which is referred to as smart
(or intelligent) radio environment [6].

E. Organization of the Paper

The aim of the present article is to elaborate on the differ-
ence and similarities between RISs and relay-aided systems.
To this end, the rest of the present paper is organized in six
sections. In Section II, we briefly introduce the emerging tech-
nology of RISs. In Section III, we briefly introduce the concept
of RIS-empowered smart radio environments. In Section 1V,
we discuss the differences and similarities between RISs and
relays. In Section V, we compare the performance of RISs and
relays with the aid of numerical simulations. In Section VI,
we briefly discuss some important open research issues that
need to be tackled in order to leverage the potential benefits
offered by RISs. Finally, Section VII concludes this paper.

II. RECONFIGURABLE INTELLIGENT SURFACES
A. What is an RIS?

An RIS is an artificial surface, made of electromagnetic
material, that is capable of customizing the propagation of the
radio waves impinging upon it. RISs can be implemented in
different ways, including: (i) the realization of large arrays
made of inexpensive antennas whose inter-distance is of the
order of half the wavelength [7]-[10]; and (ii) the use of
metamaterial elements whose size and inter-distance is much
smaller than the wavelength [[L1]. The interested readers are re-
ferred to [11]] for a comprehensive overview on the theory and
applications of RISs in the context of wireless communications
and networks. In the present article, we focus our attention on
the implementation of RISs based on metamaterials, which are
referred to as metasurfaces.

Broadly speaking, an RIS is a software-defined surface
whose architecture can be realized at low cost, size, weight,
and power (C-SWaP). As elaborated in [7]]-[10] for imple-
mentations based on inexpensive antennas and in [12f], [13]]
for implementations based on metamaterials, the architecture
of an RIS is substantially different as compared with phased
arrays or multiple-antenna systems (see, e.g., [10, Sec. 7],
[12, Fig. 7], [13l Fig. 1]). More specifically, RISs necessitate,
in general, the largest number of scattering elements, but
each of them needs to be backed by the fewest and least
costly components. In addition, active elements, e.g., power
amplifiers, are usually not necessary for operating RISs. In
the present paper, we focus our attention on a qualitative and
quantitative comparison between RISs and relays.

Metasurface-based RISs, in particular, are very thin — their
thickness is much smaller than the wavelength — sheets of
electromagnetic material that are engineered to possess pe-
culiar properties that cannot be found in naturally occurring
materials [4]]-[6]. A metasurface is a sub-wavelength array
formed by sub-wavelength metallic or dielectric scattering
particles that are referred to as meta-atoms or unit-cells [4]]-[6].
It can be described as an electromagnetic discontinuity that is
sub-wavelength in thickness, with typical values ranging from
1/10 to 1/5 of the wavelength, and is electrically large in
transverse size. Its unique properties lie in its capability of
shaping the electromagnetic waves in very general ways [[L1]].

B. Reconfigurable Metasurfaces

Metasurfaces can be either reconfigurable or not. In non-
reconfigurable metasurfaces, the meta-atoms have fixed struc-
tural and geometrical arrangements, which result in static
interactions with the impinging radio waves that cannot be
modified once the metasurfaces are manufactured. In recon-
figurable metasurfaces, the arrangements of the meta-atoms
can be modified and programmed based on external stimuli.
The reconfigurability can be enabled by electronic phase-
changing components, such as semiconductors or graphene,
which are used as switches or tunable reactive and resistive
elements. They can be either inserted between adjacent meta-
atoms or can be used to adjust the properties of individual
meta-atoms. As recently demonstrated in [4]], the wavefront
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of the radio waves scattered by a metasurface can be ma-
nipulated by controlling the status of the switches, and can
be optimized through a central controller based on software-
defined networking (SDN) technologies.

A major difference between static and reconfigurable meta-
surfaces lies in their associated power consumption. Static
metasurfaces can be fully passive, since no active electronic
circuits are needed. Reconfigurable metasurfaces can only be
nearly passive, since some energy is needed to control the
switches, and to receive control signals for configuring them.
After the metasurface is appropriately configured, however, no
dedicated power supply is needed for signal transmission. In
general, the system to control the meta-atoms and the SDN-
based controller are important components of RISs, which
affect the rate at which the metasurfaces are reconfigurable
(L1

C. Uses of RISs in Wireless Communications

In wireless communications and networks, RISs can be
employed in multiple ways. In the recent literature, four major
uses have been considered as illustrated in Fig. [1]

Anomalous reflection/transmission [[14]]: The RIS is con-
figured in order to reflect or refract the impinging radios waves
towards specified directions that do not necessarily adhere to
the laws of reflection and refraction. The advantage of this
application is that the operation of the RIS is independent of
the fading channels and the locations of the receivers. The
limitation is that, in general, the signal-to-noise-ratio is not
maximized and the system capacity is not achieved.

Beamforming/focusing [9]]: The RIS is configured in order
to focus the impinging radio waves towards specified loca-
tions. The advantage of this application is that the signal-
to-noise-ratio is maximized at the locations of interest. The
challenge is that, in general, the optimization of the RIS
depends on the fading channels and the locations of the
receivers. Also, the system capacity is usually not achieved.

Joint transmitter/RIS encoding [15]: The RIS is config-
ured in order to optimize the system capacity. The advantage
of this application is that the specific status of the meta-atoms
is exploited to modulate additional data. The challenge is that,
in general, the transmitter and the RIS need to be jointly
optimized. In addition, the setup of the RIS depends on the
fading channels and the locations of the receivers.

Single-RF multi-stream transmitter design [16]: This
operation is similar to the previous one, with the difference that
the transmitter is a simple RF feeder located in close vicinity
of the RIS. The feeder emits an unmodulated carrier towards
the RIS, which reflects multiple data-modulated signals. This
approach is suitable to realize multi-stream transmitters by
employing a limited number of (even a single) RF chains.

Another potential application is the use of RISs for increas-
ing the rank of the wireless channel in multiple-antenna
systems. This is discussed in the next section with the aid of a
simple example, which is referred to as scattering engineering.

In summary, an RIS can be thought of as a multi-
function surface whose use and operation depend on how
the meta-atoms are arranged, designed, and optimized. For

example, phase gradient metasurfaces can operate as local
phase-gradient reflectors that function as anomalous mirrors,
anomalous scatterers, and focusing lenses [[17]]. In this article,
we are primarily interested in RISs that operate as anomalous
reflectors, since they constitute a fundamental element to
manipulate the radio waves impinging upon environmental
objects and, therefore, to realize smart radio environments.
In this article, we do not elaborate on the overhead for
estimating the channel and for configuring the operation of
the RISs. The interested readers are referred to [[10] for further
information on an efficient transmission protocol for acquiring
the necessary channel state information and to [18]] for a
theoretical study on the impact of the associated overhead.

III. WIRELESS 2.0: SMART RADIO ENVIRONMENTS
A. From Adaptation to Control and Programmability

From the viewpoint of a communication engineer, the
wireless environment is conventionally modeled as an exoge-
nous entity that cannot be controlled, but only adapted to.
To this end, communication engineers can only design the
transmitters, the receivers, and the transmission protocols in
order to achieve the desired performance. Common approaches
to capitalize on the properties of the wireless environment and
to mitigate its impairments include using multiple antennas,
employing complex encoding and decoding algorithms at the
end-points of the communication link, and adding additional
network infrastructure, e.g., relays, in an attempt to make
the transmission of signals more reliable. These solutions,
however, may increase the network complexity, the network
power consumption, and the network deployment cost [9].

RISs provide wireless researchers and engineers with a
different view of the wireless environment. Since RISs
are capable of shaping the wavefront of the radio waves
throughout the network, the wireless environment can be
in principle customized to suit the system requirements.
The wireless environment is not to be treated as a random
uncontrollable entity, but rather as part of the network design
parameters that are subject to optimization in order to support
diverse performance metrics, such as rate, latency, reliability,
energy efficiency, privacy, and massive connectivity. The over-
arching vision consists of coating environmental objects and
devices with digitally-controlled RISs, and programming them,
through environmental sensing and SDN-based protocols, for
shaping the radio propagation environment and meeting the
desired system requirements [4], [6].

B. Illustrative Example of Smart Radio Environment

An example of smart radio environment is sketched in
Fig. Pl where four application scenarios are identified.

Signal engineering: Assume that small cell 1 wishes to
communicate with mobile terminal (MT) 1, but the LOS link
is blocked by an object. In this case, small cell 1 redirects the
transmitted beam towards RIS 1 that coats object 1, and assists
the communication by shaping the incident wave towards MT
1 so that the received signal strength is maximized.

Interference engineering: While small cell 1 communi-
cates with MT 1, small cell 2 communicates with MT 2.
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Fig. 2. Example of smart radio environment.

Therefore, an interfering signal reaches MT 1 from small cell
2. To suppress it at MT 1, RIS 2 is programmed to shape the
impinging radio wave from small cell 2 towards MT 1 in a
way that the two signals are destructively combined at MT 1.

Security engineering: In the absence of RIS 3, the signal
emitted by small cell 1 and intended to MT 1 is reflected from
object 3 towards a malicious user that overhears it. To avoid
this, RIS 3 is programmed to shape the reflection towards MT
1 so that it is steered away from the malicious user while being
decoded more reliably, via diversity combining, at MT 1.

Scattering engineering: The multiple-antenna small cell 2
wishes to convey information to the multiple-antenna MT 3
with the aid of multiple-input multiple-output transmission.
The channel between small cell 2 and MT 3 has, however,
a low rank (low scattering environment), which negatively
affects the attainable data rate. To avoid this issue, small cell
2 directs the signal intended to MT 3 towards RIS 4, which
appropriately shapes it so as to create a rich-scattering envi-
ronment (high rank channel) for high data rate transmission.

From the analysis of these four scenarios, it is apparent
that, with the aid of RISs, the propagation of radio waves
in wireless networks may be engineered and optimized, at a
low complexity, in a way that benefits the network.

IV. RECONFIGURABLE INTELLIGENT SURFACES VS.
RELAYS

In this section, we elaborate on differences and similarities
between RISs that are employed as anomalous reflectors and
relays. The comparison is made here on a qualitative basis,
and is complemented, in the next section, with results that
compare RISs and relays on a more quantitative basis.

A. Hardware Complexity

Relays are usually viewed as active devices that need a
dedicated power source for operation. They are equipped
with active electronic components, such as digital-to-analog
converters (DACs) and analog-to-digital converters (ADCs),
mixers, power amplifiers for transmission, and low-noise
amplifiers for reception. Several electronic components are
typically needed for implementing decode-and-forward (DF)
and amplify-and-forward (AF) relaying. The deployment of
relays may, thus, be costly and power-consuming, especially

for realizing multiple-antenna designs at millimeter and sub-
millimeter wave frequency bands [[1]. If, in addition, FD relays
are used, the complexity is further increased due to the need
of eliminating the loop-back self-interference by using tailored
antennas and analog/digital signal processing methods.

In contrast, RISs are composite material layers that are
made of metallic or dielectric patches printed on a grounded
dielectric substrate. Their configurability is ensured through
low-power and low-complexity electronic circuits (switches
or varactors) [14]. RISs are envisioned to be of lower com-
plexity than relays, especially at mass production and if
realized by using inexpensive large-area electronics, since
no dedicated power amplifiers, mixers, and DACs/ADCs are
usually required. A prototype of large-size RIS made of 3,720
inexpensive antennas has recently been realized [9].

B. Noise

The active electronic components used in relays are re-
sponsible for the presence of additive noise that negatively
affects the performance of conventional relaying protocols.
In AF relaying, for example, the noise is amplified at the
relays. The impact of additive noise can be mitigated by
employing DF relaying, at the expense of decoding and re-
encoding (regeneration) the signal at the relays and increasing
the signal processing complexity and power consumption. In
FD relaying, the impact of residual loop-back self-interference
further deteriorates the system performance.

On the other hand, RISs that behave as anomalous reflectors
are not affected by additive noise. However, they may be
impaired by phase noises [19]. If they are nearly passive, in
addition, they cannot amplify or regenerate the signals [3].

C. Spectral Efficiency

The spectral efficiency of relay-aided systems depends
on the adopted duplexing protocol. Under HD relaying, the
achievable rate is generally scaled down by a factor of two,
since different physical resources are used for the data emitted
by the transmitter and by the relay. The end-to-end signal-to-
noise ratio, on the other hand, can be increased by capitalizing
on more favorable propagation conditions for the relayed sig-
nal, and by optimally combining the direct and relayed signals.
Under FD relaying, the achievable rate is not scaled down
by a factor of two, but the relay is affected by the residual
loop-back self-interference, and the receiver is impaired by
the interference generated by the concurrent transmission of
the transmitter and the relay.

RISs that are configured to operate as anomalous reflectors
are not subject to the half-duplex constraint and the loop-back
self-interference. In addition, the surface reflection coefficient
of the metasurface can be designed for optimally combining
the signals received from the transmitter and the RIS.

D. Power Budget

Relays require an independent power source for operation,
which is used for transmitting the signals (RF power) and for
supplying power to their electronic components.
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In contrast, RISs are suitable for nearly passive implemen-
tations, since non-reconfigurable metasurfaces can be realized
with fully passive components, and low-power active com-
ponents (switches or varactors) are needed only for ensuring
their reconfigurability. Also, the low-power nature of switches
and varactors makes the use of energy harvesting a suitable
candidate for realizing close-to-passive implementations.

In relay-aided systems, it is usually assumed that the total
RF power is allocated between the transmitter and the relay,
so as to ensure a total power constraint. In RISs, the trans-
mitter uses the total RF power. Also, the power reflected and
scattered by the RIS depends on its transmittance, which can
be optimized through an appropriate design of the metasurface
[14]. In the ideal case, the total power reflected by an RIS is
the same as the total power of the impinging radio wave.

E. Average Signal-to-Noise Ratio vs. Number of Elements

Let us consider a multiple-antenna relay that employs max-
imum ratio weighting for reception and transmission. If N
antennas are used at the relay, the average end-to-end signal-
to-noise ratio increases linearly with N [2]], [20].

On the other hand, the average end-to-end signal-to-noise
ratio of an RIS made of N individually tunable antennas
(or N reconfigurable metasurfaces that operate as anomalous
reflectors, each of them made of an appropriate number
of meta-atoms to realize the desired wave transformations)
increases, in the far-field of the RIS, gquadratically with N,
while still being subject to the energy conservation principle
(91, (1], (191, [20]. In the near-field of the RIS, on the
other hand, the scaling law is different, as elaborated in [17]]
and in further text. Based on existing prototypes for wireless
applications, N may be of the order of a few thousands if
the RIS is realized by using individually tunable inexpensive
antennas [9]], and of the order of ten thousands if it is based
on metasurfaces [21].

The different scaling law as a function of N can be un-
derstood as follows. In relays, the available power is allocated
among the N antennas so that the total power is kept constant.
In RISs, in contrast, each constituent element reflects, after
scaling the received signal by the transmittance and with no
noise addition, the same amount of power received from the
transmitter.

It is worth mentioning that, however, the more favorable
scaling law as a function on N does not necessarily imply that
RISs outperform relays. For a fixed total power constraint, in
fact, the path loss as a function of the transmission distance
cannot be overlooked. This is discussed next by considering,
for ease of exposition and without loss of generality, a free-
space propagation model and N = 1 for both relays and RISs.

F. Average Signal-to-Noise Ratio vs. Transmission Distance

For simplicity and consistency with the numerical results
reported in the next section, we consider a two-dimensional
space where a source emits cylindrical radio waves. A relay
is assumed to be located at the origin. Likewise, a one-
dimensional RIS of length 2L is centered at the origin. The
distance from the transmitter to the relay/RIS is denoted by

dsr and the distance from the relay/RIS to the receiver is
denoted by drp. By using the notation in Table|l} the received
power as a function of the transmission distance d can be
written as |E (d)|* o (kd)™" [17).

Under these assumptions, the end-to-end power received
from an AF relay scales with the reciprocal of the product of
the transmitter-to-relay distance and the relay-to-receiver dis-
tance [2], i.e., as (k2dSRdRD)71. When considering the effect
of noise, the end-to-end signal-to-noise ratio of both DF and
AF relaying scales with the reciprocal of the distance of the

weakest of the two paths, i.e., as min {(deR)_l, (deD)_l}

The interested readers can find the details of the corresponding
analytical derivations in [22, Egs. (2), (5), (6)].

The total power reflected by an RIS, and, therefore, the
scaling law of the received power as a function of the distance,
depends on the relation between the geometric size of the RIS,
the wavelength of the radio wave, and the relative transmitter-
to-RIS and RIS-to-receiver distances. Based on [17, Sec. III-
B], two notable regimes are worth of analysis.

o Electrically large RISs: If the geometric size of the
RIS is large enough as compared with the wavelength
and the transmission distances (dsr and drp), the RIS
behaves, asymptotically, as an anomalous mirror. In this
regime, the power received from the RIS and the end-to-
end average signal-to-noise ratio at the receiver scale, as
function of the distance, as (akdsr + 6/<:dRD)_1, where
« and [ depend on the specified angles of incidence and
reflection of the radio waves [[17, Eq. (10)]. Notably, the
end-to-end average signal-to-noise ratio at the receiver is,
asymptotically, independent of the length, 2L, of the RIS
[L1].

o Electrically small RISs: If the size of the RIS is not
large enough as compared with the wavelength and the
transmission distances (dsg and dgrp), the RIS behaves,
asymptotically, as a diffuser. In this regime, the received
power and the end-to-end average signal-to-noise ratio
at the receiver scale, as a function of the distance, as
412 (alngRD)f1 [17, Eq. (11)]. This is the same scaling
law as for the received power of AF relaying. Notably,
the end-to-end average signal-to-noise ratio depends on
the length, 2L, of the RIS.

The analysis of electrically large RISs is a relevant case
study because of the large geometric size that some implemen-
tations of RISs may have. A recent prototype of RIS reported
in [21]), whose size is 1 m? and whose frequency of operation
is 10.5 GHz, is shown to operate in the far-field at distances
greater than 70 m based on analytical formulas and at distances
of the order of 28 m based on experimental measurements.
In a typical indoor environment, in particular, the authors of
[21] have empirically validated that the received power scales
with the sum of the distances, thus confirming the operation
of RISs as anomalous mirrors in practical operating scenarios.
Further information and examples on the difference between
electrically large and electrically small RISs can be found in
(11, Fig. 30].
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TABLE I
RATE (R) FOR RELAYS AND RISs.
Transmission frequency fe
Wavelength A

Wave number k=2m/\

Electric field (distance d) | |E (d)| = Eo/\/ kd [17, Eq. (1)]

Transmit power (RIS) P

Transmit power (relay) Pr = P/2

Noise power (receiver) No

Self-interference IS = 10No Pr

HD DF relay — (1/2)log, <1 (Pr/No) |E ()| )
FD DF relay R = log, (1+ (Pr/(No + Is)) |E (d)]*)
Ideal FD DF relay R = log, ( 1 (Pr/No) |E (d )|2>

RIS - General formula R = log, (1 + (P/No) | Eyis (d)| )

RIS - Mirror (exact) E,is (d) in [17, Eq. (3)]

RIS - Mirror (short d) FElris in [17, Eq. (10)]

(d)
RIS - Mirror (long d) E,is (d) in [17) Eq. (11)]
RIS - Lens (exact) E,is (d) in [17) Eq. (3)] with P(z) =0

G. Takeaway Messages from the Comparison

Based on the considerations and case studies analyzed in the
previous sub-section, it is interesting to compare the scaling
laws of RISs and relays as a function of the transmission
distance. Let us assume, for simplicity, dsg = drp = do,
i.e., the RIS/relay is located equidistantly from the transmitter
and receiver. Also, let M}, denote the number of meta-atoms
of the RIS and let A/D with D > 1 be their inter-distance.
Thus, 2L = My, A/D, and the average end-to-end signal-to-
noise ratio scales, as a function of the distance, as follows:

« Relay-aided transmission: o< 1/dg;
o Electrically large RIS: o« 1/ (adg + Sdp);
o Electrically small RIS: o 4L%/d3 o M2, /d3.

Accordingly, the following conclusions can be drawn.

o Relay-aided transmission and electrically large RISs (i.e.,
with a slight abuse of terminology, for short distances
dy) offer a similar scaling law as a function of the
distance. Since RISs are not subject to the half-duplex
constraint and the loop-back self-interference, they have
the potential of providing a better rate than relays if, for
a fixed size of the RIS, the distances are not too long.

o Compared with relays, electrically small RISs (i.e., with
a slight abuse of terminology, for long distances dj) offer
a less favorable scaling law as a function of the distance.
However, the average end-to-end signal-to-noise ratio of
electrically small RISs scales quadratically with their size,
i.e., quadratically with M, if D is kept fixed. Thus, a
sufficiently large RIS (but still electrically small) has the
potential of outperforming relay-aided transmission.

Based on these findings, it can be concluded that RIS-
aided transmission may outperform relay-aided transmission
provided that the size of the RIS is sufficiently large.

V. NUMERICAL RESULTS

In this section, we report some numerical illustrations in or-
der to quantitatively compare RISs and relays. For simplicity,
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—+8— RIS (Mirror) - Exact
25 1 RIS (Mirror) - Short Distances
RIS (Mirror) - Long Distances
RIS (Focusing Lens) - Exact

Rate [bit/s/Hz]
°

-
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Fig. 3. Data rate of RISs and relays versus the transmission distance.
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Fig. 4. Data rate of RISs and relays versus the transmission frequency.
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Fig. 5. Data rate of RISs and relays versus the size of the RIS.

we consider N = 1, and assume that the RIS and the relay
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are located equidistantly from the transmitter and receiver. As
for the relay, the results are obtained by using the formulas
in Table [Il We focus our attention on analyzing the data rate,
but similar studies can be conducted for other performance
metrics, e.g., the error probability, the outage probability, and
the amount of fading [19]]. For simplicity, only DF relaying is
considered, since it provides a better rate than AF relaying, and
the performance trends are similar. In general, more advanced
relay-aided protocols may be employed at the cost of com-
plexity, and DF relaying is considered only as an illustrative
example. For benchmarking purposes, Table [I| reports also
the rate of an ideal FD relay, in which the residual loop-
back self-interference is assumed to be zero. A total power
constraint is assumed. Since the relay is located equidistantly
from the transmitter and receiver, the total power is equally
split between the transmitter and the relay. In general, the
power allocated to the transmitter and the relay needs to be
optimized as a function of the locations of the transmitter,
relay, and receiver [23]. As for the RIS, the intensity of the
electric field is obtained from the analytical frameworks in
[17], as reported in Table [l Without loss of generality, a bi-
dimensional system model is assumed as elaborated in [17}
Eq. (1)]. Therefore, the intensity of the electric field decays
with the square root of the distance.

The distance between the transmitter and the relay/RIS, and
the relay/RIS and the receiver is denoted by dy. The RIS
is modeled as a straight line centered at the origin, which
views the transmitter and receiver under an angle of 45 and 60
degrees with respect to the normal at the origin, respectively.
The total length of the RIS is 2L. The reflection coefficient of
the RIS is chosen as elaborated in [17, Egs. (2), (9)]. Further
information about the RIS can be found in [17]. The signal-
to-noise ratio at a distance of 1 m is P/Ny = 114 dB.

A. RISs vs. Relays as a Function of the Transmission Dis-
tance

In Fig. 3] we compare the data rate of an RIS and a relay
as a function of the distance dy, by assuming a transmission
frequency equal to f. = 28 GHz. For comparison, the RIS
is configured to operate as an anomalous reflector and as a
focusing lens. This latter case study is discussed next. The RIS
is of length 2L = 1.5 m, which corresponds to 140\. The exact
analytical framework in [17, Eq. (3)], and the approximations
for short and long transmission distances in [17, Eq. (10)] and
[L7, Eq. (11)], respectively, are reported. The figure shows that
an RIS provides a rate similar to an ideal FD relay without
the need of using a power amplifier. This is obtained thanks
to the size (effective length) of the RIS. By assuming, for
example, that the inter-distance between the meta-atoms of
the RIS is in the range A/5 and \/2, the results in Fig. 3| can
be obtained if the number of meta-atoms of the RIS is in the
range Mp,, = 700 and My,, = 280, respectively. The specific
implementation depends on the technology employed and the
range of directions for which specified anomalous reflection
capabilities are needed. It is worth noting that, based on Fig.
the RIS under analysis behaves as an anomalous mirror (i.e.,
it is viewed as electrically large) for distances dy up to 25-50
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m and as a diffuse scatterer (i.e., it is viewed as electrically
small) for distances d; greater than 75-100 m. Figure [3] shows,
in addition, that an ideal FD relay outperforms an RIS for large
transmission distances (greater than 150 m in the considered
setup). For long transmission distances, therefore, a larger RIS
may be needed for outperforming an ideal FD relay.

B. RISs: Anomalous Reflectors vs. Focusing Lenses

For completeness, Fig. |3| reports the rate of an RIS that is
configured to operate as a focusing lens (i.e., a beamformer),
as detailed in [17, Sec. III-C]. In this latter case, the intensity
of the received power scales as a function of the product of
the distance between the transmitter and the RIS, and the
distance between the RIS and the receiver [21]. As expected,
Fig. [3| shows that an RIS configured to operate as a focusing
lens outperforms, in general, an RIS configured to operate
as an anomalous reflector. It is interesting to note that, in
the setup of Fig. [3] an RIS that operates as a focusing
lens yields similar rates as the long distance approximation
of an RIS that operates as an anomalous reflector (a phase
gradient metasurface [17, Eq. (9)]). The price to pay for this
performance gain lies in the need of estimating the exact
locations of the transmitter and receiver, and in the need of
adapting the phases of the RIS to the wireless channels. An
anomalous reflector based on a phase gradient metasurface
requires, on the other hand, the knowledge of only the desired
directions of incidence and reflection of the radio waves. It
is interesting to observe, however, that a sufficiently long
RIS that is designed to operate as a simple phase gradient
metasurface is capable of outperforming an ideal FD relay.

C. RISs vs. Relays as a Function of the Carrier Frequency

In Fig. il we compare the data rate of the RIS and relay as
a function of the transmission frequency f.. Two transmission
distances are considered, which may be representative of
indoor (dg = 10 m) and outdoor (dy = 100 m) scenarios.
The total length of the RIS is 2L = 1.5 m. If dy = 10
m, we obtain findings similar to Fig. If dy = 100 m,
in contrast, the performance trend is different: If f. is not
large enough (approximately greater than 20 GHz in the
considered example), the length of the RIS is insufficient for
outperforming an ideal FD relay. In this case, therefore, an
ideal FD relay outperforms an RIS at the price of a higher
complexity and power consumption. At higher frequencies,
on the other hand, an RIS provides similar rates as an ideal
FD relay. This is similar to the findings obtained in Fig. [3]

D. RISs vs. Relays as a Function of the Size of the RIS

In Fig.[5] we compare the data rate of the RIS and relay as a
function of the size of the RIS L, by assuming f. = 28 GHz.
Similar to Fig. @ two transmission distances are analyzed.
Once again, we observe that an RIS provides similar rates as
an ideal FD relay provided that it is sufficiently (electrically)
large as compared with the wavelength A. If dy = 100 m, for
example, this holds true if the length of the RIS is of the order
of L =0.5-0.75 m.
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It is worth noting that Figs. [3}f5] show, for short transmission
distances, the typical and expected oscillating behavior that is
caused by the sum of many fast oscillating secondary waves,
each with a different phase, reflected by the RIS [17, Eq. (3)].

VI. THE ROAD AHEAD

Theoretical and experimental research on RISs is still at its
infancy. Five fundamental and open research issues deserve,
in our opinion, more attention than others.

Physics-Based Modeling. Current research on RISs relies
on simplified models on how the metasurfaces shape the
impinging radio waves. Hence, there is a compelling need
for developing sufficiently accurate but analytically tractable
models for the metasurfaces, whose foundation is to be built on
the laws of electromagnetism and physics. For example, RISs
made of large numbers of inexpensive antennas are usually
modeled by ignoring the spatial coupling among the antenna
elements. Recent initial results on modeling the mutual cou-
pling of closely-spaced antennas for active surfaces can be
found in [24]]. As far as metasurface-based RISs are concerned,
on the other hand, appropriate homogenized models need to
be employed [IL1].

Channel Modeling. Current research on RISs relies on
simplified models for the wireless channels (i.e., the channel
fading). Typically, the same fading models as for conventional
multiple-antenna systems and phased arrays are employed
[L8]. These fading models may be applicable to RISs made of
large numbers of inexpensive antennas whose inter-distance
is larger than half of the wavelength, but their applica-
tion to metasurface-based RISs made of closely-spaced (sub-
wavelength) meta-atoms necessitates further investigation. In
addition, the assessment of the design constraints and the
analysis of the achievable performance of RISs for application
to frequency-selective fading channels is an open research
issue [25].

Experimental Validation. To be accepted by the wireless
community, these equivalent models need to be validated
through hardware testbeds and empirical measurements. Our
analysis reveals that the potential gains and applications of
RISs in wireless networks depend on the scaling law of the
received power as a function of the distance. There exist,
however, only a few experimental results (e.g., [21]) that have
validated these scaling laws as a function of the size of the
RISs, the transmission distances involved, and the specified
wave transformations applied by the RISs.

Constrained System Design. The potential gains and ap-
plications of RISs in wireless networks depend on their nearly
passive implementation. This imposes stringent constraints on
the development of efficient signal processing algorithms and
communication protocols. The absence of power amplifiers
and channel estimation units on the RISs implies, for example,
that no channel estimation can be performed at the RISs, and
new and efficient (low overhead) protocols need to be devel-
oped for acquiring the necessary environmental information
for controlling and programming their operation [10], [26].

Information and Communication Theory. Conventional
information and communication theoretic models applied to

wireless networks assume that the system, i.e., the environ-
ment, is represented by transition probabilities that are fixed
and cannot be optimized. The concept of smart radio environ-
ments based on RISs challenges this assumption, allowing the
channel states to be included among the degrees of freedom
for encoding and modulation. This opens up new venues for
system optimization that can provide a better channel capacity,
as recently reported in [15]].

VII. CONCLUSIONS

RISs are an emerging and little understood technology with
several applications in wireless networks. In this article, we
have discussed the differences and similarities between relays
and RISs that are configured to operate as anomalous reflec-
tors. This article complements the numerical study performed
in [20], where the authors compare the power consumption and
the energy efficiency of DF relays against RISs that operate
as focusing lenses, and in [27]], where the authors compare
the energy efficiency of AF multi-antenna relays against RISs
that are designed for optimal passive beamforming. With the
aid of simple scaling laws and numerical simulations, we have
provided arguments showing that sufficiently large RISs can
outperform relay-aided systems in terms of data rate, while
reducing the implementation complexity. The obtained results
unveil the advantages and limitations, as compared with relays,
of employing RISs that operate as anomalous reflectors in
wireless networks.
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