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— Spatial modulation, media-based modulation
MdINMIEHdES & orfand HIHE = 81S))

— Smart Radio Environment

Radio Environment

Wireless

( ) Environment (H) ,

End-Points
Optimization:
max {f(Tx,Rx)}

Smart Radio Environment

Wireless

( ) Environment (H) .

Joint
Optimization
max{f(Tx,Rx,H)}

t?

a =60

FIGURE 10. Example of different radiation patterns of a reconfigurable antenna (dipole). Two
bits can be mapped into the realization of four different radiation patterns: “00” — « =0,

“01” - a =30, “10” - « =60 and “11” - a = 90.

a =90
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@ A smart radio environment (SRE) is a wireless environment that is turned into
a smart reconfigurable space and that plays an active role in transferring and
processing information.

® The wireless environment itself is turned into a software-reconfigurable entity,
— whose operation is optimized to enable uninterrupted connectivity, QoS guarantee,

— and where the information is transmitted without necessarily generating new signals but
recycling the existing ones whenever possible.

® The possibility of creating wireless systems with state-dependent channels opens new
opportunities for overcoming some fundamental limitations in designing current wireless
networks.

— The ultimate performance limits of wireless networks may not have been reached yet.

— Customizing and controlling the wireless environment may open new opportunities for
network optimization.

— The radio waves may be used more efficiently.
— The spatial capacity density may be increased.
® How to tailor smart radio environments into the real world?
— programmable frequency-selective surfaces,
— smart reflect-arrays or mirrors in the environment,
— embedding arrays of low-cost antennas into the walls of buildings,

— coating the environmental objects with reconfigurable meta-surfaces.

Radio Environment

recewver control

Yy

Marco Di. Renzo, et al, “Smart Radio Environments Empowered by Al Reconfigurable Meta-Surfaces: An Idea Whose Time Has Come,” arXiv:1903.08925v1 [cs.IT] 21 March 2019
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@ (Metasurface 7|HF HEAF Bl =101 OFE|| L} Prototype)

® MIT2| RFocus prototype2f NTT DOCOMOZ2| Smart glass prototype

— HEet FHX 20| i Sot= X5 M+4d 7|5 8=

& 2O M R K| 5 CHH|LE(RIS: Reconfigurable Intelligent Surface)
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@ (S. Maci, "Present and future trends in metasurface antennas,” in
Huawei Technology Summit. Munich, Germany, Oct. 2019.)
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Fig. 2. MIT’s RFocus prototype (photo: Jason Dorfman, CSAIL).
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Fig. 3. NTT DOCOMO’s prototype (photo: NTT DOCOMO).
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Metamaterial, Metasurface

P (Metamaterial) AFHA H Ol =MW OHAl 2= %é‘i 2 Ad delD CE E2 22E SN2 X
N

Aot HOot)| ?lol =2l 8 Z or/and 52 SAESES KES USELZ EH= =&
® Metamaterial is an arrangement of periodic structures of unit cells in which the average size of a unit cell
should be much smaller than the impulsive wavelength of the light.
— materials with negative permittivity below plasma frequency and positive permeability = Artificial Dielectric
— negative value of permittivity and permeability . No such material is found in nature. 2 Negative-Index Material

— negative permeability below plasma frequency and positive permittivity. It includes ferrite materials. 2> Artificial
Magnetics

® Chronological development of metamaterials

— (1904) Possibility of negative phase velocity accompanied by an anti-parallel group velocity were noted by Horace
Lamb and Arthur Schuster

— (1959) V.M. Agranovich and V.L. Ginburg reported repercussions of negative permittivity, permeability, and group
velocity in their study of crystals and excitons.

— (1968) V.G. Veselago first studied the effect of negative permittivity and permeability has on wave propagation.
— (1996) John Pendry proposed Split Ring Resonators (SRR) to realize a negative permittivity.

— (2000) David R. Smith is the first in the world to realize that a medium with an effective negative index of refraction
physically exists.

— (2006) At microwave frequencies, the first real invisibility cloak was realized.

R. Rani, et al., “Metamaterials and their applications in patch antenna: a review,” International Journal of Hybrid Information technology, Vol. 8, No.11, 2015, pp.199-212
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Metamaterial, Metasurface

» (Metamaterial OFHIL}) leaky-wave antennas (LWAs) 2} resonator-type small antennas.

® (LWAs) =& 0| MO M EEHZ BAHLE =&

— CRLH(composite right/left-handed) Transmission Line metamatwerial 2 7 & & LWA= J| = LWAOI A
= 7EOI 2 EZEAI0E HAE ZE0IH SLUHAN M2 Y A= ItsSotH &

® Metamaterial J| 8t Z2& & A& OHH| L}

CRLH J|Et £ 2 =4 S & CHH| L

Y. Dong, et al., “

antennas with negative-order modes and zeroth-order resonators.

Miniature antennas based on the metamaterial loadings, such as the €/u -negative materials, high p
shells, and the magnetic photonic crystals.

Meta-= & OFH| LE: antennas based on the split-ring resonators (SRRs), complementary split-ring
resonators (CSRRs).

SRR can be considered as a resonant magnetic dipole which has been widely used to synthesize
metamaterials.

CSRR, originally introduced by Falcone et al. in 2004, has been proven to exhibit negative
permittivity. It also has been considered to behave as an electric dipole.

Antennas loaded with metasurfaces: electromagnetic band gap (EBG) mushroom structures, patch-
type reactive impedance surface(RIS).

They are able to miniaturize the antenna size, reduce the surface wave as well as to improve the
radiation characteristics.

RIS composed by periodic metallic patches, the mushroom-like high-impedance or artificial
magnetic conductor (AMC) or EBG structures, and the uniplanar compact photonic band gap (UC-
PBG) surface.

Metamaterial based Antenna” Proceedings of the IEEE, Vol. 100, No. 7, July 2012, pp. 2271-2285

(a) (b)

Fig. 1. Equivalent circuits for the symmetrical CRLH unit cells.
(a) T-type model. (b) =-type model [21].
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Metamaterial, Metasurface

& (Vetasurface) S = WEECH 0= &KX CH A= WHEEC IR 2 2x& HHOMN E X = 7&K substrate?
Ol IIEECH&E2 2019 2SS E2 RAM X)) 2K BHE X

® General metasurface transforms an incident wave {; into a reflected wave {, and a transmitted wave ,. A metasurface is typically an

electrically very thin (6 < M), electrically relatively large (L,, L, > A), homogenizable (p,, p, < A) non-periodic, and bianisotropic
electromagnetic structure.

— An electromagnetic meta-surface is made of a two-dimensional array of sub-wavelength metallic or dielectric scattering particles that
transform the electromagnetic waves in different ways.

— The major difference between a surface and a meta-surface lies in the capability of the latter of shaping the radio waves according to the

generalized Snell’s laws of reflection and refraction. For example, the angles of incidence and reflection of the radio waves are not necessarily
the same in a meta-surface.

o UAL MX}7|IE CtYot A o 2 HSBHA| 7| = 7| s (BHAL =23, S, £, focusing, B L}, splitting, OF'sf 21 X{ 2|, collimation, H =,

Chs 2EH, 2128 5 347 7Is.

INCIDENT FIELD

gl TOTAL
r—0 ' EMITTED
FIELD

|§:) z\j —

/ Pr <A
N 7
META-ATOM | Total current : | Switch element ‘
» P

SUBSTRATE J\ N

Current nduced Current induced Current y KA = o

by other meta- directly by the inbound/outbound via << \

atoms incident wave the switch elements

Y. Vahabzadeh, et al. “Computational Analysis of Metasurfaces,” IEEE J. on multiscale and multiphysics computational technique, Vo. 3, 2018, pp.37-49.
C. Liaskos, et al. “Realizing wireless communication through software defined hypersurface environments,” in Proc. IEEE 19th Int. Symp. WoWMoM, Chania, Greece, Jun. 2018, pp. 1415.



Reconfigurable Intelligent Surface

& (Reconfigurable Intelligent Surface, RIS) THESF FMXH'E =HE 0
MZE O Z LKA S| 2|5l Metasurface =32 X| a8 E X+
STt oKt HH A[AH

@ Its transverse size is much larger than the wavelength of the radio waves
(e.g., a few tens or a few hundreds times larger than the wavelength depending on the functions

to realize), and its thickness is much smaller than the wavelength of the radio
waves.
— An RIS is referred to as a zero-thickness sheet of electromagnetic material.

® The RIS is constituted by composite material layers that are made of
metallic or dielectric patches printed on a grounded dielectric substrate.

— Each patch can be modeled as a passive scattering element, and is referred to
as unit cell or scattering particle.
— The size and inter-distance of the unit cells can be either of the order of the

wavelength (usually half the wavelength) or can be smaller than the
wavelength (usually 5-10 times smaller than the wavelength).

— The metasurface may transform the incident electromagnetic (EM) fields into
desired EM fields through appropriate, locally distributed, balanced
absorptions and gains.

Marco D. Renzo, et al. “Smart Radio Environments Empowered by Reconfigurable Intelligent Surfaces How it Works, State of Research, and Road Ahead,” IEEE JSAC, Vol. 38, No. 11, pp. 2450-2525, Nov. 2020
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Reconfigurable Intelligent Surface

® (Passive Intelligent Mirrors, PIM) a physical metasurface composed of
many small-unit reflectors equipped with simple low-cost sensors
and a cognitive engine.

— Each unit of the mirror is able to reflect a phase-shifted version of an Small PIM Unks
incoming electromagnetic field. Thus, by suitably designing the phase
shifts, it is possible to constructively combine the signals reflected by
the different units, which effectively makes the PIM an active medium.

Channek H1

* APIMis able to act as an amplify-and-forward relay.

® A reconfigurable meta-surface is a meta-surface in which the
scattering particles are not fixed and engineered at the
manufacturing phase, but can be modified depending on the stimuli
that the meta-surface receives from the external world.

— Multiple elementary scattering particles that realize some specific
wave transformations can be connected by using electronic circuits
that activate only those that synthesize the specified wave R
transformation of interest for a given network configuration. This wave

_ - Supercellof TTeeeo__ 3
scattering particles [0l

N Orrf.ﬂ.lmn
functionality is, e.g., realized by using PIN diodes. L >
«, Generalized Snell’s Law
— The European-funded project VISOR-SURF have recently built the " ) Bt
prototype of a software-controlled meta-surface that makes the Reasz:d ) e i

wireless environment fully reconfigurable.

C. Huang, et al., “Achievable rate maximization by passive intelligent mirrors,” in Proc. IEEE ICASSP, Calgary, AB, Canada, Apr. 2018, pp. 3714-3718.
R. Rani, et al., “Metamaterials and their applications in patch antenna: a review,” International Journal of Hybrid Information technology, Vol. 8, No.11, 2015, pp.199-212
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Reconfigurable Intelligent Surface

P (smart reflect-arrays) By optimally controlling the phase shift of each element on the reflect-array, the useful signals for each transmission
pair can be enhanced while the interferences can be canceled.

— Multiple wireless users in the same room can access the same spectrum band at the same time without interfering each other.

® The programmable metasurfaces enable us to benefit from multiple unique functionalities controlled by external stimuli.
— The tailored unit cell structures of metasurfaces have been showing powerful abilities in achieving perfect absorption, anomalous reflection,
focusing, imaging.

The properties of the metamaterials and metasurfaces can be adjusted by adding “tuning” capability in the unit cells. 2 Their
electromagnetic wave behavior can be tuned externally by modifying the stimuli. Such tuning can be controlled by a computer program.

— (Towards software-defined metasurfaces) A more elaborate way in making tunable metasurfaces is to have the tunability in the change of the unit
cell structural configurations.

By controlling the connectivity at different locations, reconfiguration of the structure is obtained, thus providing multiple and tunable
functionalities.

One challenge resides in the development of a platform that allows users to easily characterize and reconfigure the metasurface.

Access point

Microcontroller

m ’ T ™. Varactor
\ ' Reflector unit ’ \\
"‘ [ . Ground plane
Y ‘ i L I
A | X -/ . T
o b W _ - [SgE008aE
i ""' oooooooog Netwark
""" Micro—cor\'.ro!ler‘/ EII g g g g g g g Centrollable
4" ooooooogd Switches __ ( .
“‘ Conductve
. (a) The smart reflect-array design. (b) The fabricated reflect-array. o
Smart reflect-array s Resistive Environmeantal
Fig. 2. Testbed design of the smart reflect-array. e E—

X. Tan, et al., “Increasing indoor spectrum sharing capacity using smart reflect-array,” in Proc. IEEE ICC, Kuala Lumpur, Malaysia, May 2016, pp. 16.
F. Liu, et al. “Programmable Metasurfaces - State of the art and Prospects,” IEEE International Symposium on Circuits and Systems, Florence, Italy, May 2018.
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Reconfigurable Intelligent Surface

® (Large Intelligent Surfaces, LISs) LISs are useful for constructing an intelligent and active environment with integrated electronics and wireless
communications where each part of an LIS can send and receive electromagnetic fields.

— Mutual coupling effects and antenna correlations can be easily avoided, such that sub-arrays are large and the channel is well-conditioned for
propagation. Thus, LISs can be realized via Ultra-Massive MIMO (UM-MIMO).

— LISs are very useful for applications with low-latency, because channel estimation techniques and feedback mechanisms that LISs support are simple.

® (Intelligent Reflecting Surfaces, IRSs) IRSs will be utilized in 6G, because they foresee that wireless networks will be smart radio environments

which are potential to realize uninterrupted wireless connectivity and use existing radio waves to transmit data without generating new
signals.

— The highly probabilistic wireless channel is tuned into a deterministic space by using the software-controlled propagation of the EM waves in the
smart radio environment realized by IRSs. IRSs help to enhance the communication between a source and a destination by reflecting the incident

wave. By adjusting the reflection coefficients at the IRS, IRSs enable the reflected signals being coherently added to the receiver without adding
additional noise.

— IRSs can modify the signal phase and increase signal power. In particular, by utilizing local tuning, graphene-based plasmonic reconfigurable
metasurfaces can obtain some benefits, including beam focusing, beam steering, and control on wave vorticity.

— Unlike LISs, IRSs use passive array architecture for reflecting purpose.

@ RF signal generator

00
OO
00
OO

OO0 0
O00O0
OO0

OO

Surface with reflecting elements

Surface with radiating elements

. AF transmitter ( )
@ Receiving user A Receiving user g

“ . L. Fig. 5. Left: Large Intelligent Surfaces (an RF signal generator locates at the backside). Right: Intelligent Reflecting Surfaces (an RF signal generator locates 13
Y. Zhao, et al. “ A Survey of 6G Wireless Communications: Em 4 another location).




Reconfigurable Intelligent Surface

® Programmable Wireless Environments by HyperSurface

— Consider a scenario of wireless communications within a space. Users A and D are interested in optimal connection quality, user B is interested in wireless

power transfer, and user C requires eavesdropping avoidance measures. Finally, user E represents unauthorized access or interference attempts, which may be
deliberate or random.

— A HyperSurface tile is envisioned as a planar, rectangular structure that can host metasurface functions over its surface with programmatic control. It comprises a
stack of virtual and physical components

Tobal policy: - Diode array approach ~_
Minimize cross- C /e OR S
interference « Embedded control ; CC'ﬂfl‘s%UraiG-ﬂ
agents approach, " 0
e EM fundtion

correspondence
Catewdy //" ‘ i

= Tile central power supply
* Inter-tile communication
» Tile-to-external-world )
communication

] 2
«Environmental sensing / <
duties (optional) /
Switch element/ Tile S LM
Controllable state orientation ABSORB (incoming
(ON/OFF) direction, frequency)

STEER (incoming/outgoing
direction, frequency)

C. Liaskos, et al. “A New Wireless Communication Paradigm through Software-Controlled Metasurfaces,” IEEE Comm. Magazines, Sep. 2018, pp. 162-169. 14



Reconfigurable Intelligent Surface

Potential Application

P Potential applications of Reconfigurable Intelligent Surfaces in Smart Radio Environments

suppression

Applications Descriptions
Coverage An RIS can be configured in order to create adaptable non LoS links in deadzone (or low coverage) areas in which
enhancement | LoS communication is not possible or it is not sufficient.
Interference | An RIS can be configured to steer signals towards specified directions or locations not only for enhancing the

signal quality, but for suppressing unwanted signals that may interfere with other communication systems.

Security
enhancement

This application is similar to interference suppression, with the difference that an RIS can be configured to worsen
the signal detected by eavesdroppers by either creating destructive interference or by altering the reflection of
signals towards locations not occupied by unauthorized users.

Channel rank

The spatial multiplexing gain that can be achieve in multiple-antenna systems depends on how well conditioned the

backscattering

enhancement | channel matrix is.
An RIS can be appropriately configured in order shape the wireless environment in a way that the channel matrix
has a high rank and a condition number close to one, so as to increase the channel capacity.
Focusing An RIS of large geometric size (in further text referred to as electrically large RIS) can operate in the radiative near-
enhancement | field at transmission distances up to a few tens of meters. Therefore, the scattered radio waves can be focused
towards spatial spots of narrow size, so as to capillary serve dense deployments of users without creating mutual
interference.
Radio The high focusing capabilities of RISs of large geometric size can be capitalized for finely estimating the location of
localization mobile terminals and devices, so as to support high-precision ranging, radio localization, and mapping applications.
enhancement
The high focusing capabilities of RISs of large geometric size can be exploited for concentrating the energy towards
tiny and energy-autonomous sensor nodes, so that the radio waves can be employed, simultaneously, to recharge
the sensors and to transmit inf ormation.
Ambient Consider a low power sensor node that is embedded into a smart surface for environmental monitoring. Any time

that a radio wave impinges upon the smart surface, the RIS may be configured to modulate/encode the data sensed
by the low power sensor into the scattered signal, e.g., by transmitting the sensed data through the time-domain
scattered waveform (see Fig. 5). This enables low power sensors to piggyback information into ambient radio waves
without creating new radio signals and, de facto, by recycling existing radio waves for communication [24], [25].

- -

malicious user
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~
’Rl.‘i-nullud Ty {{ ]:|
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Marco D. Renzo, et al. “Smart Radio Environments Empowered by Reconfigurable Intelligent Surfaces How it Works, State of Research, and Road Ahead,” IEEE JSAC, Vol. 38, No. 11, pp. 2450-2525, Nov. 2020 15



Reconfigurable Intelligent Surface

Potential Application

P Applications of Reconfigurable Intelligent Surfaces in Wireless Networks

EM-based design of RISs Communication-based design of RISs

These functions correspond to elementary transformations of | For a communication engineer, a fundamental question may be: \What is the optimal design
the radio waves that can be directly specified at the EM level. | or use of an RIS in order to maximize the channel capacity?

Communication engineers view RISs as black boxes in which some The functions of RISs are not specified a priori, but they are the result of an optimization problem and
parameters (knobs) can be optimized for improving the network may be different depending on the performance metric of interest.
performance. For example, RISs may be employed for realizing advanced modulation and coding

schemes by directly operating at the EM level.

(Metasurface-based transmitters) An RIS is viewed as an integral part of a transmitter.

RIS based modulation: a metasurface-based version of spatial modulation and index
modulation

reflection refraction absorption focusing RIS-based multi-stream transmitter: metasurface-based version of multi-antenna spatial

: \ \ M multiplexing
‘ ‘ : modulation symbols: X}, X,... [T RIS
\L P s - RIS based-encoding | : —

RIS state: R1, R2, ... —
encoder — m Rr_,— ﬂl
- - —
| B
polarization splitting analog processing collimation \ jl 'IL Ul )
\ \ \
I\ |
\/ \ > [“;\ N
\V J \/ ! ~
) ¥ y 4 y 2 Ly fee;:'\
. - " . . (unmodulated
Fig. 5. Electromagnetic-based elementary functions. RF signal)

Marco D. Renzo, et al. “Smart Radio Environments Empowered by Reconfigurable Intelligent Surfaces How it Works, State of Research, and Road Ahead,” IEEE JSAC, Vol. 38, No. 11, pp. 2450-2525, Nov. 2020 16



Reconfigurable Intelligent Surface

Potential Application: Coverage Enhancement

@ Coverage Enhancement

® The Two-ray system model with an RIS made of many reconfigurable meta-surfaces

— A ssimple RIS example is made of meta-surfaces that act as programmable reflectors.

* Assume that the ground floor is coated with an RIS that is made of N reconfigurable
meta-surfaces each of which capable of tuning the angle of reflection according to the
Snell's law and the phase of the reflected ray independently of the other meta-surfaces.

2

— By direct inspection of (7), two major conclusions can be drawn from Pr = (N +1)°P (?) ‘

1) the received power is proportional to N2, which is the number of phases of the RIS that
can be controlled independently,

and 2) the received power decays with the inverse of the square of the distance between
the transmitter and the receiver.

E. Basar, et al. “Wireless Communications through Reconfigurable Intelligent Surfaces,” IEEE Access Vol. 7, 2019 17



Reconfigurable Intelligent Surface L

Potential Application: Coverage Enhancement (9/) L
. . g |

P RIS-Mediated Propagation goob . .
® The radiation density clearly exposes different behaviors for the array near-field and its far-field / grD gl gs"
region. TX/ g0 L g0 ‘
— The array far-field region unsurprisingly exposes a path-loss related to r*in both the linear and 8 5 UDDJ

planar configurations.
— The array near-field exposes a seemingly oscillatory behavior around r~? and r3 for the planar and
linear configurations, respectively.

® |t becomes desirable to remain within the array near-field region, which enlarges with

Fig. 2. Schematic view of Tx, Rx and RIS.

Scattered radiation density vs. distance to RIS

frequency for an IRS of fixed physical dimensions as exposed in Table I.
— The latter becomes specially appealing to improve the RIS coverage with increasing frequency (e.g. -
for mm-wave) where diffraction is strongly compromised. .
10
==
= Planar RIS
o
L
3
s A
TABLE 1 g Linear RIS
-5 L
ARRAY FAR-FIELD LIMIT v FOR A 1m2-S1ZED RIS OVER SEVERAL e 0
FREQUENCIES OF OPERATION
_ _ rep = 100A
| Frequency of operation | Array near-field limit ryy |
. <i| >

800 MHz 25 m | Array near-field | Array far-field

1.9 GHz 6.3 m ] .

2.4 GHz 20 m 10° 10 102 10°

5.8 GHz 193 m Distance to RIS (r/A)

100 GHz 333 m

28 GHz 933 m Fig. 3. Radiation density (power per unit area) of the field scattered by RIS

60 GHz 300 m versus distance for the setup of Fig. 2.

J. C. B. Garcia, et al., “Reconfigurable intelligent surfaces: Bridging the gap between scattering and reflection,” IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp. 2538-2547, 2020. 18



Reconfigurable Intelligent Surface

Modulation

@ Programmable metasurface-based RF chain-free 8PSK wireless transmitter

® The programmable metasurface utilized in our transmitter has been elaborately designed to have a full 360° phase response and its
reflectivity is about 85% at the working frequency of 4.25 GHz.

10°
500
unit cell 4501
i 1071 ¢
..~ two varactor diodes @“ 400
350
*-two capacitors = 300 g 107
w 5
programmable metasurface T 250 E
f: =
1 : 5 200 2109}
: '7 il S 150 == bias voltage versus phase responsa
. ! @ o BPSK poits —%— metasuriace-based with 6.144 Mbps
18 ! rows 2 100} : ' —8— conventional with 6.144 Mbps
119 ‘ = 107 1
i
l' |
8 & | ‘ o
32 columns 0 2 4 6 8 10 12 14 16 18 20 -55 -50 -45 -40 -35 -30 -25 =20
bias voltage, V transmission power from feed antenna, dBm

Fig. 3 Relationship between the bias voliage and the phase of the reflected

Fig. 8 BER versus transmission power
electromagnetic wave

W. Tang, et al., “"Programmable metasurface-based RF chain-free 8PSK wireless transmitter," Electron. Lett., vol. 55, no. 7, pp. 417420, Apr. 2019 19
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Open Research Issues

P EM-based circuital models

State-of-the-art

Issues, Problems, Limitations

Directions

The homogenized and macroscopic model-based
approach (either based on surface susceptibility
functions or surface impedances) is a powerful
method for analyzing and optimizing RISs.
It constitutes a suitable interface between the physics
phenomena underlying the operation of RISs and the level of
abstraction that is needed for obtaining adequately accurate
but sufficiently tractable models for application to wireless
communications.

This approach hides some aspects
related to the practical realization of
RISs, which may be convenient to
preserve in the analytical formulation.

For analyzing and optimizing wireless networks, it may
be appropriate to start from simple models for the unit
cell of metasurfaces and to obtain equivalent EM-based
circuital models for metasurface structures, which
explicitly account for the mutual coupling among the
unit cells as a function of their size, inter-distance, and
spatial arrangements.
—> This will allow us to better understand the
potential benefits and limitations of sub-wavelength
metasurface structures, and to better quantify the
potential gains for wireless applications.
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Open Research Issues

P Path-loss and Channel Modeling

State-of-the-art

Issues, Problems, Limitations

Directions

Recently, a few initial research works have attempted to
shed light on modeling the path-loss of RISs.

In [13], the authors perform a measurement campaign in an anechoic
chamber and show that the power reflected from an RIS follows a scaling law
that depends on many parameters, including the size of the RIS, the mutual
distances between the transmitter/receiver and the RIS (i.e., near-field vs. far-
field conditions), and whether the RIS is used for beamforming or broadcasting
applications.

In [76], the authors employ antenna theory to compute the electric field in the
near-field and far-field of a finite-size RIS, and prove that an RIS is capable of
acting as an anomalous mirror in the near-field of the array. The results are
obtained numerically and no explicit analytical formulation of the received
power as a function of the distance is given. Similar findings are reported in
[77].

In [78], the authors study, through experimental measurements, the power
scattered from passive reflectors that operate in the millimeter-wave
frequency band. Also, the authors compare the obtained results against ray
tracing simulations. By optimizing the area of the surface that is illuminated, it
is shown that a finite-size passive reflector can act as an anomalous mirror.

In [79], the authors study the path-loss of RISs in the far-field regime by
leveraging antenna theory. The obtained results are in agreement with those
reported in [76] and [77] under the assumption of far-field propagation.

In [42], the authors use the scalar theory of diffraction and the Huygens-
Fresnel principle in order to model the path-loss in both the near-field and far-
field of RISs, which are modeled as homogenized sheets of electromagnetic
material with negligible thickness. By using the stationary phase method, the
authors unveil the regimes under which the path-loss depends on the sum and
the product of the distances between the RIS and the transmitter, and the RIS
and the receiver. The proposed analytical approach is shown to be sufficiently
general for application to uniform reflecting surfaces, anomalous reflectors,
and focusing reflecting lenses.

A major research issue for
analyzing the ultimate
performance limits, optimizing the
operation, and assessing the
advantages and limitations of RIS-
empowered SREs is the
development of simple but
sufficiently accurate models for
the power received at a given
location in space when a
transmitter emits radio waves that
illuminate an RIS.

In order to evaluate the performance limits of RISs in

wireless networks, we need realistic models for the

propagation of the signals scattered by metasurfaces.
It is necessary to abandon the comfortable
assumption of far-field propagation, since several
promising applications and potential advantages of
RISs may emerge in the radiative near-field regime.
It is necessary to relay upon physics-based models
for the propagation of EM fields in proximity of
metasurfaces and to account for their circuital
models in the problem formulation.
Besides the development of accurate path-loss
models for link budget analysis, it is necessary to
develop fading models for sub-wavelength
structures, both at the microscopic level, which
account for individual unit cells, and at the
macroscopic level, which may be more easily
integrated into communication-theoretic
frameworks.

Marco D. Renzo, et al. “Smart Radio Environments Empowered by Reconfigurable Intelligent Surfaces How it Works, State of Research, and Road Ahead,” IEEE JSAC, Vol. 38, No. 11, pp. 2450-2525, Nov. 2020
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Open Research Issues

P Fundamental Performance Limits

State-of-the-art

Issues, Problems, Limitations

Directions

Recent results have pointed out, in a simple point-to-point communication
setup, that the channel capacity is achieved by performing joint encoding at
the transmitter and RIS, whereas typical criteria that rely on maximizing the
power of the received signal are sub-optimal.
However, these findings are obtained by considering simple models for
the metasurface structure, which are in agreement with conventional
assumptions in communication and information theory.
RISs have been under study for unveiling their fundamental performance
limits and the impact of the imperfect knowledge of various systems

parameters on their achievable performance.
In this context, several exact, approximate, and asymptotic analytical frameworks
have been developed in order to quantify the advantages and limitations of RISs in
different network scenarios.

RISs can be employed for different
purposes, which include
beamsteering, beamforming,
focusing, modulation, and joint
modulation and encoding with the
transmitter.

Depending on the specific
application and wave
transformation applied, the
ultimate performance limits are not
known yet.

The ultimate performance limits of
RISs, how to best configure RISs to
achieve them, and the actual gains
with respect to other well
established technologies are not
known yet.

P Robust optimization and resource allocation

State-of-the-art Issues, Problems, Limitations

Directions

Physics-based models for simple metasurfaces, e.g., perfect anomalous
reflectors, are more complex than the typical models that communication
theorists employ in formulating resource allocation problems.
As an example, the amplitude and phase responses of a metasurface
operating as a perfect anomalous reflector are not independent of each
other, and the resulting metasurface structure is locally non-passive.

It is necessary to integrate physics-based models for
metasurface structures into resource allocation
problems, and to explicitly account for the impact
of the sub-wavelength structure of RISs and the
associated design constraints and shaping
capabilities of the radio waves.

Marco D. Renzo, et al. “Smart Radio Environments Empowered by Reconfigurable Intelligent Surfaces How it Works, State of Research, and Road Ahead,” IEEE JSAC, Vol. 38, No. 11, pp. 2450-2525, Nov. 2020
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Open Research Issues

P Constrained system design and optimization

State-of-the-art Issues, Problems, Limitations

Directions

One of the potential novelties of RISs is the possibility of manipulating the radio
waves impinging upon them without the need of relying on on-board power
amplifiers and signal processing units. Some advantages of these assumptions lie in
the opportunity of reducing the EM field exposure of human beings and in making the
metasurfaces easier to recycle. 2 These assumptions introduce constraints on the
operation of RISs when they are deployed in wireless networks.

Usually, the restrictions on performing signal processing operations on the
metasurfaces have an impact on the overhead that is associated with gathering the
necessary environmental information for optimizing and configuring RISs.

The fundamental trade-off between
the complexity and power
consumption of RISs, as well as the
associated overhead needs to be
carefully investigated and assessed.

P Large-scale networks: Deployment, analysis, and optimization

Directions

State-of-the-art Issues, Problems, Limitations
RIS-empowered SREs have several potential applications, which | It instrumental to quantify the performance
encompass indoor and outdoor environments. limits of SREs in large-scale deployments.
The vast majority of research activities conducted so far have For example, a relevant question may be to identify

considered the analysis of optimization of “small-size” networks,| the density of RISs to be deployed for increasing the
usually networks that are made of a single RIS coverage probability or the energy efficiency in a large

- . . o industrial factory or even in the downtown of a city.
In add|.t|on, the anajly5|s of these simple scenar.los is bas?d. on This is an almost unexplored research problem to be
modeling assumptions that may not necessarily be sufficiency tackled.

realistic for the assessment of sub-wavelength metasurfaces.

Marco D.

Renzo, et al. “Smart Radio Environments Empowered by Reconfigurable Intelligent Surfaces How it Works, State of Research, and Road Ahead,” IEEE JSAC, Vol. 38, No. 11, pp. 2450-2525, Nov. 2020
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Open Research Issues

» EM-based communications: “Layer-0” networking

® RISs may open the possibility of designing wireless networks in which the entire protocol stack for communication is realized through an
appropriate shaping and manipulation of the radio waves at the EM level.

— This does not encompass only physical layer functionalities but the medium access control layer and the routing layer as well.

State-of-the-art Issues, Problems, Limitations Directions

In scenarios with a high density of mobile terminals and devices, RISs may be employed to create | Research on the potential uses,
a large number of orthogonal wireless channels that may be employed for achieving high spatial | advantages, and limitations of

capacities through EM-based medium access control protocols with reduced overhead and capitalizing on RISs for the design
contention time, as well as for enabling spatial multiplexing gains in rank-deficient wireless of communication protocols
environments. beyond the physical layer is almost

RIS-empowered SREs may be viewed as an opportunity to realize EM-based routing protocols | unexplored to date but deserves
(see, e.g., Fig. 34), according to which the radio waves are routed from the transmitter to the | major attention and research
receiver via controlled reflections and refractions at low latencies, low transmission efforts.

delays/jitters, and high reliability, since all operations are realized directly at the EM level.

Fig. 34. Electromagnetic-based routing in smart radio environments (repro-
duced from [47]).
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Open Research Issues

P Ray tracing and system-level simulators

® The deployment phase of new technologies is usually preceded by extensive system-level simulation studies and field test trials. In this context,
the use of ray tracing and system-level simulators plays a crucial role for overcoming the limitations of simplified analytical studies, and for
taking into account realistic spatial topologies, e.g., three-dimensional maps for territories, cities, streets, buildings, and floor plants of
apartments, offices, etc.

State-of-the-art Issues, Problems, Limitations Directions

Current tools that are employed to this end are not suitable for application to
RIS-empowered SREs because the wave transformations and the scattering
models of metasurfaces are not integrated into them.

The so-called generalized laws of reflection and refraction that can be viewed
as approximations of the response of metasurfaces to impinging radio waves
according to the assumptions of geometric optics are not available in
commercial ray tracing tools and system-level simulators.

Marco D. Renzo, et al. “Smart Radio Environments Empowered by Reconfigurable Intelligent Surfaces How it Works, State of Research, and Road Ahead,” IEEE JSAC, Vol. 38, No. 11, pp. 2450-2525, Nov. 2020 50



Open Research Issues

» Beyond far-field communications

State-of-the-art Issues, Problems, Limitations Directions
Most research works conducted in the recent present on RIS- Research on the fundamental performance | In light of the potential applications that
empowered SREs rely upon far-field assumptions. limits, design constraints, and potential may be unlocked, e.g., highly focusing
RISs may be made of geometrically large surfaces of the order of a applications and benefits of near-field capabilities, the near-field regime is
few square meters. This implies that RISs may operate in the near- communications in RIS-empowered SREs worthed of further attention from the
field regime in relevant application scenarios, e.g., in indoor has not received significant attention so far.| research community.

environments.

The use of geometrically large RISs opens the possibility of building
new wireless networks that operate in the near-field regime, which is
not a conventional design assumption in wireless communications.

» Beyand communications
State-of-the-art Issues, Problems, Limitations Directions

Most research works conducted in the recent present on RIS- | The capabilities of RISs for these applications and
empowered SREs are focused on applications that are related | the expected performance as a function of their

to communications. size, sub-wavelength structure, and near-field vs.
RISs offer opportunity for research that go beyond far-field operation constitute an open research
communications. problem.
The high focusing capability of electrically large RISs offers the In addition, radio localization and mapping can be
opportunity of using them for high-precision radio localization and considered to be important enablers for realizing

mapping (i.e., the construction of a model or map of the environment). important communication-related tasks

Marco D. Renzo, et al. “Smart Radio Environments Empowered by Reconfigurable Intelligent Surfaces How it Works, State of Research, and Road Ahead,” IEEE JSAC, Vol. 38, No. 11, pp. 2450-2525, Nov. 2020 51



¢ XX Ol sS AL A2 O T FHRE BN ST 7= 2| M2 2|H d5= =25 AKX, 0
D EUAMEEE M+d 7tse A0E FAX 2 2tF o 2 B = 241t Of2lf use caseOf| A 1 £A0HE F 442t
a5 77| Fx SAO A0 ds e 2 et A e X o 2 Vhsttope
® nlosZ 2ot ZE X3t =2H 2 S EX|H S0 thet HH | X| 24
) 7L|-IA=-1| I7:|I-_JI\_§ Cﬂ'(')lj. AO-I% '<'E'>|: F rlk= APl ™HAS OlAL 'l'IJSL:| AH O &REAL spatial modulation %

e mart Radio Environmen
) Shannon , ) s '—:}med y

—>»| Pr(y/x) > z =3 Pey/x)

& A0OIE BEMstd A= 26l rRIse| 7| 20| &| = Metasurface 232 7t&8H7}?
o SiXl HHE|X| SAS
s

| & £ 2t MIT2| RFocus prototype, NTT DOCOMOZS| Smart glass prototype & O| UX| 2, L2t 10 macroscopicPt
EE-II7|I:I|- |=_|| (_.H__
I.

o -,

™ susceptibility 22 AL EHA)O 2= Metasurface2| A X| A0 oA 7t QUL
o [j2tA], Rl ZAy |I"9f %5l Metasurface2| TFH?| A0 CHEE ZHEHSE R EIO| M A[ZE}SHO Metasurface T+2= 04| L
|

o

:_I_
S5t

Sy
A 7| o 7|8t 2|2 2 (ERe| A ZE mutual couplings 37|, A7t 744, S7HHX| Q| et +2 H#3)0| R
X Ol & =4

#
— %2021 & 5 F A% O F 2 7 EO pathFinder Z2MEO| N = XS X Metasurface® 20IE M 71 £H S F 22 MBHAIZ]7] 2[5}

SA 0|2, Z2|8 A HA7|Ste| =75 B3 CiEH 4t WM ES =St ris X[ | FAYQ O] F T 77T T T T _t" """ 1

ZA0|Ct, : HQ v’

&Six Eofm =9 A Qf & Al/A LY MH|A FHH2|X| 22 Of mid-band/mmWave AR, “mimi $5 T
HE2 CAPEX2f OPEX S I HA|ZF THSOM =X S O EA sl 23 A 217t ' —'o,.’l’ &
® RISZ nlOsQt FEHOI S X| 0| S35} B SH4r UF T = UX|T, CO|LHIIB1A| Hstohs 2 A ((@)) @)
g A= ME FE, A 27| A s = YA B2 P > g! | A

2 A

52



I ] spatial modulationdt @13
o= )\fRE' o= QX[EL B EE = 5E S0 Cigt 3=

0

QRIST ﬁ':'f reflector, &l 2E|0{ & Hl

OE
I
O
| >
Im
i)
|=|
g
Of>
I
1 1o
Hl
oot
ke,
rr

e
AT
Ha
rn O

Cifor =4 = Mol ds oA & E

& =350ot= Edf|H 0| TS| 5] S 7[0M £ HE Xt X2 E 22t 12|11 Massive MIMO 7| = 0|
HEIE[AX[ D K E 82 t% =LY | {5 RISE AFE 22 —'?—*J*H"eﬂ% oot XA A= FAII

® RISE MALZ| ot Ol M A SASH= Spatial Modulation 2 encoding= i
o AXNHe = Ha7tsot X HE 0| RIS 7|8H2| Massive MIMO 57:”E? R

encoder —’m n

e 2 MstAo| et A s a2

RIS 7|Ht ADHE T* I PELV PSS
AP H A Z2 0| ER

—
o o
71Zo RHME REHE ANEE = UEE 2R R

m

1. Marco Di. Remzo, et al, “Smart Radio Environments Empowered by Al Reconfigurable Meta-Surfaces: An Idea Whose Time Has Come,” arXiv:1903.08925v1 [cs.IT] 21 March 2019
2. E. Basar, et al. “Wireless Communications through Reconfigurable Intelligent Surfaces,” IEEE Access Vol. 7, 2019

3. C. Liaskos, et al. “A New Wireless Communication Paradigm through Software-Controlled Metasurfaces,” IEEE Comm. Magazines, Sep. 2018, pp. 162-169.

4. Allen Welkie, et al. “Programmable Radio Environments for smart spaces,”

5. Fu Liu, et al. “Programmable Metasurfaces - State of the art and Prospects,” IEEE 2018,
6. A. Pitilakis, er al. “Software defined metasurface paradigm - concepts challenges prospects,” 12th Internatinal congress on Artificial Materials for novel wave phenomena — Metamaterial 2018, pp. 483-485 53



L 4

z[2ot=Xo 2 T 75T Metasurface A7t 57
AOolE 2H0M A+ EHF;
® (1) 74 7t5%t Metasurfaceg 7 HEH A0 8&5t= 22 w2 F4
52t Metasurface2| 22, 24, Al =20, | M3t Sl 2H5=HHEH2 L
® (2) M+d 752 MetasurfaceO| = [If FM HER AL 3= d& A= FA LI
e (3) &A= d2st ds oA E Edst= LdEH2 FAILUIN?
H

E
ot
=
$0
Ral
=
2
|'>I
Ot
<
™
~t
Q
wn
c
a
o
o))
els
X
=

x| Ao tie

—

E
o

ERA0 sUHe = R LR RUe MTHE 7t

— o

& (21 MetasurfaceO| CH 2 macroscopicet 22 7| BF M 2 (H M susceptibility 2= YL EHA)2 Z = Metasurface”| BF
HEAL OHE[L} A obA[) R 20) CHel 24/ XMt S 9|l BEAF Metasurface2| THR| 20| CHo ZHEHSE 2 2O A

A|2fSL0] HEAF Metasurface 7220 Ci ot S5 M A7 |t 7|8 2| 2 2 E(EHe| 2 ZF mutual couplings 271, &7t

7t

2t STHElX| S| gtr2 B) G 2R

—
-
O]



