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Abstract: The reconfigurable intelligent surface (RIS) is an emerging technology, which will hopefully bring a new
revolution in wireless communications. The RIS technology can be deployed in an indoor/outdoor environment to
dynamically manipulate the propagation environment. The RIS consists of a large number of independently
controllable passive elements, and these elements are involved in realizing high passive beamforming gain. Different
from the conventional active phased antenna array, there is no dedicated radio-frequency (RF) chain installed at the
RIS to perform complex signal processing operations. Therefore, it does not incur additional noise while retransmitting
the incident wave, which is substantially a unique feature from the conventional wireless communication systems.
Taking advantage of its working principle, RIS has been deployed in various practical scenarios. In this tutorial, at first
we will review the latest advances in RIS, including the application scenarios such as the system and channel model,
the information theoretic analysis, the physical realization and design, key signal processing techniques such as

precoding and channel estimation, and prototyping. Finally, we discuss interesting future research problems for the

RIS-aided communications.
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1 Introduction

The reconfigurable intelligent surface (RIS), also
named as intelligent reflecting surface (IRS), large
intelligent surface (LIS), programmable metasurface,
etc., is an emerging technology which is envisioned to
be integrated with high spectral band to achive high
specral  efficiency in the future  wireless
communications.

RIS is a physical-layer technology that can be
deployed in an indoor and outdoor environment to
manipulate the propagation of electromagnetic (EM)
waves by varying the key electric and magnetic

characteristics of an RIS surface. Besides having the
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potential to control the EM waves, RIS can be
deployed to control the properties of the radio channel
by adding an adequate sensing capabilities to itll]. A
reconfigurable metasurface is a rectangular array
composed of a large number of controllable elements,
where each controllable element can change the phase,
amplitude, or polarization of the incident EM wave.
The metasurface manipulates the incident EM wave
received from the transmitter and then retransmits the
EM wave towards the receiver. It is worth mentioning
here that each RIS element controls the environment
independently. Thus, by designing the coefficients of
these RIS
beamforming with high array gain. Different from

elements, we can realize passive
conventional active phased arrays, there are no
dedicated transceivers installed at RIS to perform
complex signal processing operations. As a result, no
additional noise will be introduced by the RIS while
redirecting the EM wave. These unique characteristics
stand out from the

enable this technology to
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conventional active phased arrays. Usually, RIS acts as
a mediator between transmitter and receiver to assist
communication. By deploying an RIS between
transmitter and receiver, the wireless propagation
channel can be controlled dynamically, which is
substantially a unique feature compared to
conventional wireless communication that focuses only
on the design of transceivers!2l,

The idea of controlling wireless propagation has
recently gained attention with the advancement of
metamaterialsi3: 4. Different from all-natural materials,
metamaterials are artificially designed materials that
exhibit unusual EM properties such as negative
permittivity and permeability®>-¢). The idea of

intelligently controlling the wireless propagation
environment in a wireless communication system
originated back in 2012, where the intelligent walls
were proposed!’! to change the indoor coverage by
controlling the transparency of the intelligent walls
according to different demands. Then, In 2014, Kaina
et al. designed a binary phase-shift based electrically
tunable metasurface that acted like a spatial microwave
modulator®l. In this work, the authors!®] proved that the
received signal power at the user side can be
effectively increased or suppressed using different
phase shifts. Moreover, Cui et al. in Ref. [9] realized
passive beamforming using digital coding metasurface.
The digitally coded metasurface has the potential to
manipulate the EM wave via different coding
sequences of “0 s” and “1 s”, which are controlled by a
biased diode. Interestingly, all of the above-mentioned
works have put more effort in the designing of
metasurfaces, which opened a new era in the field of
wireless communications in terms of controlling the
propagation environment.

The metasurface/RIS brings many new opportunities
fields of

wireless

and challenges to researchers in the

information  theory, electromagnetics,
communications, and signal processing(!%l. Since 2018,
there are a steeply increasing number of papers about
RIS, trying to answer the following important yet
challenging questions. What is the system capacity?
What are the performance limits? How can we model

the channel of the RIS? How do we implement the RIS
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elements and arrays? How to optimize the tuning
coefficients for wireless signal transmission? How to
obtain the channel state information (CSI)? How can
we combine the RIS with other existing technologies in
wireless communications? Can we get some
experimental results by building prototypes? What are
the potential application scenarios of RIS in future
communication systems?

In this paper, we provide a comprehensive survey on
the emerging RIS technology and discuss its key
aspects that have been discussed in the existing works
to realize the objective of future 6G communications.
For this purpose, we organize this paper based on the
modeling of RIS-aided

communication, discuss potential research problems

system and path loss
for RIS-aided systems, and also discuss the hardware
implementations while highlighting the key prototypes
of RIS-sided systems, as summarized in Fig. 1. At first,
we comprehensively overview regarding the key RIS
technology in Section 1 and then highlight the system
model of RIS-aided communication in Section 2. The
path loss models considering near- and far-fields as the
key apsects are briefly summarized in Section 3. In
Section 4, we categorize the literature that solely
worked on the asymptotic performance limit of RIS-
aided communication. Sections 5 and 6 mainly discuss
the procoding and channel estimation problems for
RIS-aided communication. We then investigate the
impact of system performances by aiding RIS with
other technologies, such as simultaneous wireless
information and power transfer (SWIPT),
orthogonal multiple access (NOMA), physical layer
vehicle (UAVs), and

non-

security, unmanned aerial
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backscatter communications in Section 7. To realize
discuss RIS
implementation and its available prototypes in Sections

practically, we then hardware
8 and 9, respectively. Section 10 illustrates the possible
applications where RIS can be implemented to further
improve the performance of wireless systems. We
present the challenges and future research directions
for RIS-aided communication in Section 11. Finally,

we conclude our survey in Section 12.

2 System model of RIS-aided

communication system

2.1 Signal model

We consider an RIS-aided wireless communication
system as shown in Fig. 2. A massive multiple-input
multiple-output (MIMO) base station (BS) with M
antennas serves a single-antenna user with the aid of an

N-element RIS.  Considering the  downlink
transmission, the system model is given by
yz(hT+fT@G)wx+n (1)

where y € C is the received signal at the user, h € CM*!
is the direct channel between the BS and the user
regardless of the RIS, f e CM*! is the channel between
the RIS and the user, @ € CN*V is the tuning coefficient
matrix at the RIS, G € CV*M is the channel between the
BS and the RIS, w e C¥*! is the precoding vector at the
BS, x € C is the transmitted signal at the BS, and n€ C
is the additive noise, respectively. The tuning
coefficient matrix @ = diag(#), where § < CM*! is the
tuning coefficient vector of RIS, which subjects to
certain constraints of the RIS hardware. For a typical
RIS that only controls the phases but does not change
the amplitudes of incident signals, the coefficients

RIS
ooo

O

O

O
ooo

User

Fig.2 System model of downlink transmission in RIS-aided
single-user communication system.

should have unit modulus, i.e., we can write
0=[ej91,ej€2,...,ej9’\’], where 6,60,,...,0y €[0,21) are
the phase shifts.

When the user is equipped with K antennas, we can

easily modify Eq. (1) and rewrite the equation as
y=(H"+F'0G)wx+n 2)
where y e KX H e CM*K F e CVN*K and n e CKX1,

2.2 Channel model

(1) Rayleigh channel model: The simplest channel
model is the Rayleigh-fading channel. In the Rayleigh-
fading channel model, all coefficients of h, f, and G
subject to independent and identical (i.i.d.) circularly
symmetric complex Gaussian distribution, i.e.,
h~CN (0,02 uxu), f ~CN (0,03 yxy), and vee(G) ~

20.2

h7 f’
are related to the distance between BS and user end
(UE), the distance between RIS and UE, and the

distance between BS and RIS, respectively. Since these

CN(O, (TZGIMNxMN)[l 1,12] The variances o and o7,

distances are usually different from one another, it is
impossible to normalize these three channels at the
same time. As a result, we need to set proper values for
o2, o2,
channel for simulations.

(2) Multipath channel model: In addition to the

Saleh-Valenzuela

and o7 before generating a Rayleigh-fading

Rayleigh-fading channels, the

multipath channel model is widely used!3-16],
Specifically, the channel h between the BS and the
user, the channel f between the RIS and the user, and
the channel G between the BS and the RIS can be

respectively expressed by

Ly
h = ~pi ) a}b(97,y)) 3)
=1
Ly
f=pry ala(.y)) C)
=1

Lg
G= ooy ola(®.u})b(0 i) 5)
=1

where pp, pr, and pg are the distance-dependent
parameters; Ly, Ly, and Lg are the numbers of paths in
the corresponding channels; {a?}lL:hl, {oz{ }IL:fl, and {af}lLf1
represent the normalized complex gains for the
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Ly Ly

21 and {72y
the elevation angles and the azimuth angles at the BS

corresponding channels; {1/} represent

for h, respectively; {ﬂ;"}lLfl and {z//j"}[L:G1 represent the
elevation angles and the azimuth angles at the BS for
G, respectively; {0;};‘;1 and {w;}lef , Trepresent the
elevation angles and the azimuth angles at the RIS for
f, respectively; {9} }IL:G1 and {y] }IL:Gl represent the
elevation angles and the azimuth angles at the RIS for
G, respectively. a(d,y)eCV*!l and b(9,y) e CM¥1
represent the normalized array steering vector
associated to the RIS and the BS, respectively. For a
typical NyxN, (N =N;xN,) uniform planar array
(UPA), the Nx 1 array steering vector a(,4) can be

written by(l7]

a(d,p) = % [e—jansin(ﬂ)sin(w)n 1 //1]®[e—j2ﬂ:dcos(z//)n2 //l]
(6)

where n; =[0,1,...,Ni - 117, mp, =[0,1,...,N, —1]T; A is

the signal wavelength; d is the distance between
. . a A

adjacent elements usually satisfying d= 5[18].

Similarly, b(9,¥) can be also represented like Eq. (6)
by replacing N, n;, and ny by M, m; =[0,1,...,M; —1]7,
and my =[0,1,...,M>— 11T (M = M, x M>).

It must be pointed out that the channel models in this
subsection only apply to far-field radiation of EM
waves. When two components are close to each other,
the channel between them has more complicated
models. It is still an on-going research, which we will
present in the next section.

3 Path loss model

In the recent years, the researchers are testing ultra-
high frequencies such as mmWave and terahertz to

of future 6G
these
frequencies suffer large penetration/path loss problems

achieve the performance gain

communications. However, ultra-high
during transmission. Thus, by integrating the RIS
technology with these frequencies we can not only
achieve high spectral efficiency but also can minimize
the large path loss problem. Since RIS is an emerging
technology and is envisioned to be deployed in the
future 6G communication, therefore, new path loss
investigated to analyze the

models are being
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performance limit of RIS-aided communications. The
path model helps in estimating the link budget in
advance to install RIS in any communication scenario.
With an accurate path loss calculation, one can achieve
high beamforming gain in different application
scenarios, for instance, performing an accurate channel
estimation or precoding. Thus, summing up, the path
loss model provides the guidelines for the practical
performance analysis, the system design, and key
signal processing techniques in the RIS-aided wireless
communication system. Since the researchers are
adopting a conventional path loss model in most of the
RIS-aided wireless scenarios, however, a more
practical path loss model is required that could easily
be tackled and adjusted according to the practical
scenario.

Specifically, assuming that the signal is transmitted
with the transmitting power P, and is then reflected by
the RIS, finally is received with the receiving power Py,
the corresponding path loss refers to the ratio of the
transmitting power and the receiving power Pi/P;. As a
matter of fact, the path loss model can vary with the
EM field around the RIS. If the transmitter is far away
from the RIS, the spherical wave transmitted by the
antenna can be regarded as a plane wave when it
arrives at the RIS. In this case, the transmitter is called
to be in the far-field of the RIS. Otherwise, the
transmitter is in the near-field of the RIS. In this case
the EM wave arriving at the RIS is more complicated,
since it is no longer a plane wave. Generally speaking,
by denoting the large dimension D of the RIS and the
wave length A of the signal, the boundary between the

far-field and the near-field of the RIS can be denoted
2

2D
by B= — We can regard the system as the far-field

one if the distance between the transmitter and the RIS
is longer than B, while it is near-field when the distance
is shorter than B. Similarly, the relative position
between the RIS and the receiver can also be modeled
as far-field or near field according to the distance.

In this section, we will introduce the literature about
the path loss model in the RIS-aided system from two
aspects: the far-field and the near-field. The basic
diagram of near- and far-fields communication system

is illustrated in Fig. 3.
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Far-field

Fig. 3 Near- and far-fields communication system.

3.1 Far-field

Recently, few works have been reported which
investigate the path loss model in the far-field of
For instance,
Refs. [19, 20] explained that all elements of the finite-
sized RIS can individually act as diffuse scatters when

the RIS-aided communicationl!9-22],

the transmitter and the receiver both lie in the far-field
of the RIS. Similar to a phase shifter, each sub-
wavelength-sized RIS element scatters the incoming
signals with a unique phase shift. By denoting the
incident angle J; from the transmitter to the RIS and
assuming the scattered waves from the RIS can reach
the maximum value in the observation angle ¢, leading
to the receiver, Ref. [19] derived the far-field path loss
model in terms of physical optics techniques:

@< did, )2

(7
GG, ‘abcos(1;)

PLtar-field =

where G; and G, are transmitting and receiving gains,
respectively, ax b is the size of the RIS, d; represents
the distance from the transmitter to the center of RIS,
d, represents the distance from the center of RIS to the
receiver. A more comprehensive far-field path loss
model has been proposed in Ref. [21], taking the power
radiation pattern and the gain of the RIS element into
account. With the intelligent control of RIS elements,
the signals received at the receiver are phase-aligned to
achieve beamforming. Thus, the free-space path loss
model for the far-field beamforming case can be

represented byl2!]
prbeam _ 647> (d1d>)*
farfield GG GN2N2d dy A2 F (9, ) F (O, ) A2

(3)
where G represents the gain of the RIS elements; N,

and N, represent the number of rows and columns of

RIS elements; d,xd, represents the size of an RIS
element; 9y, Yy, P, and ¥, represent the elevation angle
and the azimuth angle from the center of the RIS to the
transmitter, and the elevation angle and the azimuth
angle from the center of the RIS to the receiver,
respectively; F(d9,y) is the normalized power radiation
pattern of the RIS element; 4 is the amplitude of the
reflection coefficient for each RIS element.
Furthermore, the authors in Ref. [21] validated the
performance of the proposed theoretical path loss
models through extensive numerical simulations and
experimental measurements. The prior studies!!9722] on
RIS-aided communication have proved the far-field
path loss model to be inversely proportional to (did>)?,
which is based on free-space. However, if we consider
a more practical propagation environment by
considering reflection, diffraction, and scattering, the
far-field path loss model may be modified as inversely

proportional to the higher power of d;d>.
3.2 Near-field

When the transmitter or the receiver is in the near-field
of the RIS, EM wave receives at different RIS elements
may have different angle of arrivals. The path loss
modeling for near-field is more complicated. Reference
[22] analyzed the near-field path loss model in two
cases: near-field beamforming and near-field
broadcasting. In the near-field beamforming case, the
received signal power is only maximized for a specific

user. The corresponding path loss model can be

represented by
3
beam — 64n
near-field u v 2
VFeombine
242 combine
GiGiGd,d, 22 ) g
x=1-uy=1-v AR
)
N N.
where u= 7)6, v= jy, and Feombine = F’x(ﬂ;’fy,z//;)fy)x
F(9 0t YF@ 0k JF™ (975 ,95Y)  represents  the

effect of the normalized power radiation patterns on the
received signal power. Let U, denote the RIS element
and Y7

represent the elevation angle and the azimuth angle

1 Ix x rx
in the x-th row and y-th column, P U 05,

from the transmitting antenna to U,,,, and the elevation

angle and the azimuth angle from the receiving antenna
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t t r r s
xy> Pxy 19x,y’ Wiy Txys

to Uy,, respectively. ¢ and r
are the elevation angle and the azimuth angle from U, ,
to the transmitter, the elevation angle and the azimuth
angle from U,, to the receiver, the distance between
the transmitter and U,,, the distance between the
receiver and U,,, respectively. F™*(J,¢) and F™(3,¢)
denote the normalized power radiation patterns of the
transmitter and the receiver, respectively.

Assuming that the RIS is large enough to cover all
users in a specific area, Ref. [22] derived the near-field
broadcasting path loss model. They advocated that the
signal is transmitted from the mirror image of the
transmitter by taking the RIS as the symmetric plane.
On this condition, the propagation distance from the
transmitter to the receiver is regarded as d;+do.
Therefore, the corresponding near-field path loss can

be approximately expressed as

167%(dy +d»)?

P Lbroadcast ~
GG 12A2

near-field ~

(10)

Different from the above analysis of near-field path
loss model, Refs. [23,24] proposed the path loss
between the two RISs from the perspective of
microscopic EM field. In Ref. [23], the RIS is
approximated as a continuous array of an infinite
number of infinitesimal antennas, where any current
distribution can be synthesized at the RIS. The source
current of the transmitting RIS can generate the electric
field satisfying the Helmholtz wave equation. The
outgoing wave from any point source can be given by
the tensor Green’s function, which is the function of
spatial coordinates. When calculating the path loss
between the transmitting RIS and the receiving RIS,
the double integral of the spatial position function is
applied over the spatial area of the transmitting RIS
and the receiving RIS.

4 Performance analysis for RIS

In this section, we will review the existing works that
contributed to analyze the performance of RIS-aided
wireless systems. Particularly, we will firstly introduce
the asymptotic power scaling law, and then analyze the
achievable rate for RIS-aided wireless systems.
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4.1 Asymptotic power scaling law

A fundamental question that is concerned by most of
the researchers is how much power gain can be
achieved by using the RIS in future communication
systems. To answer this question, some researchers
have analyzed the asymptotic power scaling factor for
RIS-aided wireless systems!!3.15.25.261  They have
studied the relation between the received power P, at
the user side and the number of the reflecting elements
N at the RIS side such that when the number of RIS
elements N tends to infinity, i.e., N — co.

The asymptotic power scaling law considering ideal
phase shifts is firstly characterized in Ref. [13], where
they proved that the received power P;, by carefully
designing the reflecting coefficients, tends to increase
quadratically with the increase in the number of
reflecting elements N. To be more specific, Ref. [13]
analyzed the received power of a single-antenna user
supported by a single-antenna BS with the help of an
RIS, assuming that the received power at the user side
is dominated by the power of the reflected signal from
the RISII3.25], Neglecting the direct path between the
BS and the user, the system model Eq. (1) reduces to
y=fT@gx+n, where g denotes the channel between
the RIS and the BS. In this case, the received power P;
is determined by the transmit power and the channel
gain, which can be expressed as

Pr=Pt|fT@g|2=

N 2
P T llgmyle oo
n=1

(11)
where P; is the transmit
f~CN (0,0'?,1 ) denotes the N x 1 channel vector for the
RIS-user link, @=diag<e191,...,ej"N) is the diagonal
matrix denoting the reflecting coefficients at the RIS,
and g ~CN (O,o-gl) is the N x 1 channel vector for the
BS-RIS link. Note that for every element of the
channel vectors f and g, we
fTm) = [f" )| e and gn) = |g(m)| .

With the received power calculated in Eq. (11), the

power at the BS,

assume that

asymptotic power scaling law can be expressed by the
following proposition.

Proposition 1. After optimizing the reflecting
coefficients at the RIS, when N — oo, the received
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power at the user side satisfies

2.2 2
Pteo I (12)
16
Proof: In order to obtain maximum received power,
the reflecting coefficients of the RIS should make the

phase of each summation term el®*#+¥») in Eq. (11)

P, — N2

aligned with each other to achieve constructive
summation, i.e., 6;=—(¢,+y,)3. In this way, the
maximum received power can be given by

2

P, =P, (13)

N
DU llg)
n=1

where |f(n)| and |g(n)| for n=1,2,...,N are independent
Rayleigh random variables with mean nof/2 and
Vmo,/2, respectively. According to central limit
SN IFTmlgml/N —
E(fT(n)g(n)) =noroy/4. Thus, the asymptotic power

theorem, when N — oo,

received at the user when N — oo can be written as

2.2 2
Py LTI N (14)

This completes the proof.

The quadratic relation in Formula (14) lies with the
fact that the RIS not only has a receiving gain of order
N by capturing a signal power proportional to N in the
BS-RIS link but also

beamforming gain of order N, similar to an MIMO BS,

achieves the transmit
in the RIS-user linkl13], The same work is also
extended in the multi-RIS scenariol?9] to realize a high
gain. On the other hand, this quadratic relation cannot
be achieved by scaling up the number of transmit
antennas in the massive MIMO scenario because the
transmit power does not scale up by the order of N.
Interestingly, the power scaling law Formula (14)
indicates that RIS enables us to trade space for transmit
power. That is to say, by deploying a large number of
low-cost reflecting elements at the RIS, we can scale
down the transmit power of the BS by a factor of 1/N?
without compromising the received power at the user,
which makes the system cost-effective and energy-
efficient.

For the analysis mentioned above, the authors have
assumed that the reflecting elements at the RIS can
adjust their phase shifts with arbitrary precision, which
may not be practical in real systems. Manufacturing

each reflecting element of RIS with large quantization
levels of phase shifts brings a higher hardware cost, not
to mention the number of elements for RIS is usually
very largel?3]. Therefore, the asymptotic power scaling
law under a more practical scenario, i.e., employing
discrete phase shifts for the RIS elements, was
investigated in Ref. [25]. Fortunately, the authors in
Ref. [25] found that RIS with discrete phase shifts
achieves the same squared power gain by deploying
asymptotically large number of reflecting elements.
Specifically, the b-bit phase shifts are assumed in
Ref. [25], where the number of phase-shift levels L can
be calculated as L = 2. The discrete phase-shift values
are obtained by uniformly quantizing the interval
[0,2m). Thus, the candidate set of discrete phase-shift
values at each element is given by

F ={0,A0,2A0,...,(L—1)A6} (15)
where A@=2n/LI?5], Other than the phase shifts, the

considered RIS-aided communication scenario is the
same as that with the ideal phase shifts. Therefore, the
received power P(b) is given by

Pi(b) = P|f"Og| =

N
. (16)
P T )l gyl Ot onin
n=1

where 6, € F. Then, the asymptotic power scaling law
with discrete phase shifts can be formulated by the
following proposition.

Proposition 2. After optimizing the reflection
coefficients at the RIS, when N — oo, the received
power at the user side with discrete phase shifts

satisfies
ool b 2
8 . T
Py(b) — No%o2 + N(N 1) 1é (; 51n(2—b))

a7)

Proof: According to Proposition 1, the optimal phase
shifts can be calculated as 6 = (—)(¢,, +¢,)!13]. Thus, it
can be verified that for discrete phase shifts, the
maximum received power can be achieved by setting
(23], Let 6, =60, + ¢+, =6, — (=)
(¢n+yn) =0, —0;, denote the quantization error of the

0, = argminges |t9 -6,

discrete phase shifts with respect to the optimized
phase shifts, we have
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Pi(b) =

N i
DI mllgme™
n=1

u 18
Pt[Z|fT(n)|2|g<n>|2+ 1"

n=1

2

Py

N N o
2 T<n>llg<n>lIfT<i)||g(i>|e19"_Jgi)

n=1i#n

It is worth pointing out that fT(n), g(n), and el are

independent random variables. Moreover, as {9,,}2’:1 is
uniformly distributed in #, the quantization error {f,}
is also uniformly distributed in [-m/2%,7/2"], and thus
&(eln) = &(e %) = 22 /nsin(n/(2%)). Therefore, according

to the central limit theorem, when N — oo, we have

N N N
DU PlgmP - NodoZ,  and > m)ligml

n=1 ) n=1i#n

FTgt iB,—if; 71:2O-f0-g 26 m 2 .
DIg@le™ i — N(N-1) o |7 sinl , which

completes the proof.

Proposition 2 shows that the asymptotic quadratic
power gain of O(N?) can also be achieved by using
discrete phase shifts at the RIS. Thus, the more cost-
effective RIS with discrete phase shifts can be
deployed without compromising the performance in the

large-N regime.
4.2 Achievable rate analysis

We have discussed the asymptotic power scaling law in
the previous subsection, we now present the achievable
rate analysis for RIS-aided wireless communication
systems. Particularly, the analysis introduced in
Subsection 4.1 assumes an asymptotically large N at
the RIS. However, the number of reflecting elements N
is usually finite and limited in the real-time system. But
how large N is required to achieve a superior
achievable rate compared with traditional point-to-
point communication systems remains unknown.
Therefore, in this section, we mainly focus on
answering the question “how large N is needed for
RIS-aided wireless communication system to surpass
the achievable spectral performance of traditional
systems”.

To answer this question, Ref. [27] compared the
achievable rate of three systems, namely the traditional

single-input single-output (SISO) system, the half-
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relay-aided
RIS-aided
communication system. To be more specific, the relay

duplex  decode-and-forward  (DF)

communication  system, and the
is equipped with one antenna, and the RIS is
manufactured with N reflecting elements. The channels
for the BS-relay link, the relay-user link, and the BS-
user direct link are denoted by hg, hq, and hy,
respectively, with |hg|l= VBsr, |l = VB, and
lhsal = VBsa. Besides, the channel vectors of size Nx 1
for the BS-RIS link and the RIS-user link are denoted
by g and f, respectively. To ensure fair comparison,
the RIS and the DF relay are deployed at the same
location. As a result, all elements in g have the same
magnitude as kg, and all elements in f have the same
magnitude as k4. With @ = diag(6,,6,...,0y) denoting
the diagonal matrix for the reflection coefficients of the
RIS, the achievable rate for the RIS-aided system can
be given by

RRis(N) =

Plha+AfTOg)
R -

maxg, ..oy 108, [1 + 5

o2

N 2
10g2[HP(|hsd|+Az,l_,|f<n)||g(n>|) ]: (19)

o2

[ P(‘/@*'NAV,BRIS)Z]
log, |1+

where P is the transmit power at the BS, A €[0,1]
denotes the fixed amplitude reflection coefficient, o is

N
the noise power, and yBris = Z LF g /N = BsfBra-

Note that this expression can T)le derived using the same
method as that in Proposition 1, i.e., the phase shifts
should be
summation(!3:27], Besides, we can readily give the

aligned to enable constructive
achievable rates for the traditional SISO system and the
DF relay-aided system according to Ref. [28] as

PBsa )

o2

Rsiso =log, (1 + (20)

PiBs PiP +P25rd)) 1)

1 .
Rpg = 3 10g2(1 +m1n( 5 2

ag 27 o
where P; and P, are transmit powers of the BS and DF
relay, respectively.

With the achievable rates obtained above, the
achievable rate comparison of the traditional SISO
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system and the DF relay-aided system is characterized
in the following proposition[27],

Proposition 3. Assume that P; and P, are selected
(P1+Py)/2. If Bga> By, it
holds that Rsiso > Rpg for any Py, P;. If By < By, the
achievable rate of the DF relay-aided system is
maximized by P =2PBq/(Bs +Prd —Bsa) and Py =2P-
(Bst = Bsd)/ (Bsr + Bra —Psa), leading to

Zpﬁrdﬁsr

under the constraint P =

1
Ror = = log (1 o 22)
2 2 (ﬂsr +Brd _ﬁsd) o?
Proof: As stated in Ref. [27], if By > By,
P1Bsy P1fs P P18, L. ..
min( 1'[;7“, 1’32“1 2’[?‘1) = 1’[;“, which is maximized
o o o o

by P;=2P and P, =0. In this case, the DF relay is

actually not used and thus Rsiso > Rpr. If Bsd < Bsr, RDF

. o . Py PiBsa | PaBrd
is maximized by ensuring /zsr = LZS + ’8;
o o o

(P1+Py)/2, and this gives the
Eq. (22) after
manipulations.

under

the constraint P =

expression some mathematical

Proposition 3 introduced above lays a foundation for
the analysis of the RIS-aided wireless communication
systems. Based on this proposition, the following
proposition is given in Ref. [27] to calculate the
required number of reflecting elements at the RIS
which ensures a superior performance in terms of the
achievable rate.

Proposition 4. Compared with the traditional SISO
system and the DF relay-aided communication system,
the RIS-aided communication system provides the
highest achievable rate if Byq > Bs. Else if Bsg < B, it

provides the highest rate if and only if

zpﬁrdﬂsr 0—_2 _
\/ \/1 " Bort Bra—Pa) (ﬂsr +ﬁrd ,Bsd)o—2 ) P m (23)
A VBris

Proof: As shown in Egs.

(19) and (20),

achievable rate of the RIS-aided system is always
larger than that of the traditional SISO system, i.e.,
Rris(N) > Rsiso, N> 127, Therefore, RIS
provides the highest achievable rate if and only if

since

Rris(N) > Rpr. When By > B, we have Rgiso > Rpr as
stated in Proposition 3, and thus Rgis(N) > Rsiso > Rpr.
When By < B, the inequality Rris(N) > Rpr can be
simplified to Formula (23) by using Egs. (19) and (22).
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Now we interpret the result given by Proposition 4.
Although the RIS-aided system yields the best
performance in terms of the achievable rate for any N
when By > By, its performance gain compared with the
traditional SISO system is not that obvious in this case.
This is because B4 is usually a small number in
practicel?7], and thus VB >> NA vBris = NA VB in
this case. As a result, the achievable rate for RIS-aided
system Rgrys in Eq. (19) is actually dominated by

ﬂgd) When By <Bs, RIS will provide the

log, (1 +
highest achievable rate if and only if N satisfies
Formula (23). It is worth pointing out that the right-

VBsd
A Vﬁsrlgrd

when P — oo, which implies that RIS can provide the

hand side of Formula (23) approaches — <0

largest rate at high signal-to-noise ratio (SNR) for any
N > 0. Besides, the inequality in Formula (23) becomes

/ 1 _ VBu
ﬁsr +ﬁrd _ﬁsd Vﬂsr,Brd (24)

A

N >

for P — 0, which can be quite large. For instance,
Formula (24) becomes N > 963 for4 =1, Byq = —110 dB,
By =-80 dB, and B,q=-60 dB[E7I.
compared with the traditional SISO system and the

To conclude,

single-antenna DF relay-aided system, RIS can provide
higher achievable rate as long as it is equipped with
sufficient reflecting elements, which is mainly due to
the receiving gain and beamforming gain introduced by

large array.
Apart from Ref. [27], Ref. [29] compared the
achievable rate of multiple RIS-aided wireless

communication systems and a single-antenna full-
duplex DF relay-aided communication system, both of
which consider a single-cell downlink scenario with
multiple users served by one BS. The multiple RISs, as
well as the full duplex DF relays, are randomly
deployed, and the achievable rates of the users are
averaged over the random locations as well as the
wireless channel fading, which are defined as spatial
throughput. With the theoretical analysis and Monte-
Carlo simulations, Ref. [29] proved that the multiple
RIS-aided systems outperform the full-duplex DF
relay-aided system in terms of the spatial throughput
with sufficient reflecting elements deployed at each
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RIS (e.g., N =2000), which again verifies the result
given in Proposition 4.

S Precoding for RIS

As a fundamental technique in MIMO systems,
precoding makes the signals sent by the multi-antenna
base station (BS) more directional instead of radiating
around, which enhances the possibility of the signal
reception at users and increases the system capacity. In
RIS-aided
precoding technique called joint precoding is the key

communication systems, the novel
guarantee for RIS to improve the system performance.
Different from the conventional system in which
precoding is done only at the BS, in the RIS-aided
communication system, we need to jointly optimize the
active beamforming at the BS and the reflection
coefficients at the RIS. Up to now, numerous joint
precoding design problems with different design goals
in different application scenarios have been widely
investigated in existing works. In the following
typical RIS
application scenarios and the corresponding design

subsections, we summarize some

goals.
5.1 RIS-aided single-user transmission scenario

(1) Capacity enhancement problem formulation:
Based on the system model in Eq. (1), we can further
write the SNR of the user as

) |(h7+ fT@G)w]2 25)
Y=
Note that we assume the transmitted symbol s has
normalized power, ie., &{|s’}=1. Then, we can
consider the most typical joint precoding problem of
SNR maximization. This typical problem has been
formulated and discussed in Refs. [30—32], which can

be written as
2
max |(AT + fTOG w’ s
nax |(k7+766)

st. Cl: Wl < Pmax
C2: 6,€F,nell,...,N}

(26)

where Pp,x denotes the maximal transmit power of the
BS, and ¥ denotes the feasible set of the reflection
coefficient at the RIS, which depends on the RIS
hardware. For example, if the RIS element is able to
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continuously and independently control the phase shift
0<6, < 2n}.
While if the RIS elements are 2-bit phase-shifters, we
have ¥ ={0,n/2,m,3n/2}). As shown in Formula (26), to
maximize the SNR, the goal is to jointly design the

of the incident signals, we have ¥ = {6,,

active precoding vector w and the phase shift matrix 6.
To solve this problem, the authors in Ref. [30]
proposed two optimization methods which are based on
(SDR) and
optimization, and the authors in Ref. [31] solved it by

semidefinite  relaxation alternating

combining alternating maximization with the
majorization-minimization method. According to their
results, the user’s SNR can be significantly increased
with the aid of the RIS.

(2) Other RIS-aided

communication systems, the applications and design

extension cases: In
goals for joint precoding vary in different scenarios.
For example, for the applications in millimeter-wave
(mmWave) systems, by exploiting the rank-one
structure of the mmWave channel, the authors in
Ref. [26] have put forward a closed-form solution to
maximize the SNR. Then, the model is also extended to
orthogonal frequency division multiplexing (OFDM)
based wideband system in Ref. [33], where the
researchers considered maximizing the sum-rate of
multiple subcarriers for a single user based on their
proposed alternative optimization method. To further
reduce the symbol error rate (SER), the authors in
Ref. [34] extended the model to the MIMO system and
proposed a joint precoding method based on the
semidefinite programming (SDP) and minimum

Euclidean distance (MED).
5.2 RIS-aided multi-user transmission scenario

The above joint precoding designs are straightforward,
since the considered single-user case is easy to analyze.
In this case, many classical precoding design problems
are almost equivalent to SNR maximization, e.g.,
transmit power minimization. However, the multi-user
scenario is more realistic in practical communication
systems. In multi-user scenarios, numerous design
goals for joint precoding such as sum-rate/energy
maximizationl33]  are  much

efficiency more

challenging, which also have been discussed in the
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existing works.

The multi-user case can be extended from the single-
user case. Figure 4 shows the typical scenario, where
one multi-antenna BS aided by one RIS serves U
single-antenna users. Here we denote the channel
responses from the BS to the u-th user and from the
RIS to the u-th user by h, and f,, u=1,2,...,U,
respectively. The transmitted signal at the BS as
x= Z:]:lw”s”’ where s, and w, denote the transmitted
symbol and the precoding vector of the u-th user,
Therefore, the
interference-plus-noise ratio (SINR) of user u can be

respectively. received  signal-to-

written as
2

(] + £16G)w.
Ty 2 @7)
> |l +sr6G)w| + o
j=1,j#u
Then, based on this expression, various multi-user

precoding design goals have been investigated in the
literature. Here we introduce some typical optimization
goal in the following parts, including -capacity
enhancement, energy saving, and user fairness.

(1) Capacity enhancement: Capacity enhancement
plays the central role in the researches about precoding.
Similar to Formula (26), we can formulate the multi-

user sum-rate maximization problem as

U
max > logy (1+7.),

u=1

U
) 2
s.t. Cl1: E [Wull” < Pmax,
u=1

C2: 6,eF, nel{l,...,N)

(28)

RIS

oooo
oooo

0
[}
] ! User 1
G .
g User u
! User U

Fig. 4 System model of downlink transmission in RIS-aided
communication multi-user system.

Without considering the direct link &, the authors in
Ref. [31] first solved this problem by combining
alternating maximization with the majorization-
minimization method. While, the alternate optimization
method!!3] can find a sub-optimal solution. Then, based
on this problem, the achievable sum-rate of this
problem is analyzed in Ref. [36], and many extended
problems have been further considered in Refs.
[11,37—41]. To consider more general optimization
objective, the authors in Ref. [11] have extended the
sum-rate maximization problem into weighted sum-rate
(WSR), while some researchers extended it to effective
sum-rate (ESR) maximization37). To further reduce
power consumption in mmWave system, the sum-rate
maximization problem while applying hybrid
precoding has been studied in Ref. [38]. In addition, to
apply in wideband scenario, the same problem is also
extended to the OFDM-based system[3°]. Particularly,
the authors in Ref.

precoding framework as a general solution to maximize

[41] have proposed a joint

the WSR in RIS-aided communication system, since
their proposed RIS-aided cell-free network has taken
multi-BS, multi-RIS, and multi-user in MIMO-OFDM
system into consideration simultaneously!*2l. The
proposed method can subsume the above papers as its
special cases.

(2) Energy saving: In addition to enhance the
capacity, researchers have also tried to save the
transmit power with the aid of RIS. They have
formulated the transmit power minimization problem
as

U
. 2
min Zlnwuu,
=
st. Cl: %> ¥min>
C2: 6,€F,nell,...,N}

(29

where vy, denotes the minimal quality of service
(QoS) guarantee of the user. This problem has been
analyzed in Ref. [13], where the authors proposed a
sub-optimal alternating optimization method to solve it.
Then, this problem is also extended to a scenario where
RIS has limited phase-shift bits[!2-25], In addition, apart
from setting the transmit power as the design goal,

some researchers also considered the energy efficiency
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as the optimization objectivel*3], which can be written

as
U
10g2 (1 + '}/u)
u=1
e Z ’
£ 1wl + Py 30)
u=1

U
st Cl: ) Iwall® < Prax,
u=1
C2: 0,€eF,nell,...,N}

where ¢ denotes the efficiency of the transmit power
P, denotes the
consumption at BS, RIS, and users. By using sequential

amplifier, while static power
fractional programming and conjugate gradient search,
this problem can be alternatively solved.

(3) User fairness: Apart from capacity enhancement
and energy saving, the fairness among multiple users is
also a practically important problem since it can
directly affect the user experience. Mathematically, it is

a max-min SINR problem[#4]

max min{y.},
w

.0 u
U
st CL: ) 1wl < Prnas, 31)
u=1
C2: 6,eF,nell,...,N,
C3: Yu > Ymin

This problem can be solved by the method based on
the deterministic approximations proposed in Ref. [44].
Then, to analyze this design goal in more general
scenario, the authors in Ref. [45] have extended this
problem to the multi-RIS multiple-input single-output
(MISO) system. Then, this problem has also been
extended to a cellular network scenario in Ref. [46], in
which RISs can be exploited to reduce the inter-cell
interference when the users are near the cell boundary.

(4) Physical layer security: During the signal
transmission between the authorized users, an unknown
transceiver can intercept the wireless channel and may
disrupt the communication between the legitimate
users that causes a serious threat to an on-going
communication. Therefore, safeguarding the wireless
communication system against an eavesdropper/s is
equally important. The system model of the RIS-aided
downlink wireless communication system considering

physical layer security scenario is illustrated in Fig. 5.
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RIS
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Fig. 5 System model of RIS-aided communication under
security threat.

Mathematically, the received signal for the legtimale
u-th user can be given by using Eq. (1), while an extra
received signal for the j-th eavesdropper (eve) can be
given by

Yeve = (hgd,j + gi,jQG) WuX + Nevs, (32)

Thus, the SINR for the leg u-th user can be written as
in Eq. (27), while the SINR for the j-th eve can be

written as

2
'(h;fd’j +f1 6G)w,

Yuj = NueU jel

2
T T 2
‘(hed,j + ed,j@G) wj’ + Oevs,j
(33)
Thus, the sum-rate for the authorized u-th user can then
Rau,u = {10g2 (I+ ')’u) - lnje-x[]()g2(1 +

Yu,j)1}. Then, the sum-rate maximization problem can

be computed as

be written as

max Rauus
st. Cl: [wulP < pus (34)
C2: |0, =1,n€efl,....N}

where p, represents the maximum allowable transmit
power for the u-th user. The formulated problem can be
reduced to the single user case by setting U = 1471, The
authors in Ref. [47] adopted an alternating optimization
method to solve the problem. To this end, they at first
disintegrated the original problem into multiple
subproblems by fixing one after the other, and solved
them alternatively. Moreover, a self-sustainable IRS-
aided wireless communication system to enhance the
security of the wireless system was discussed in

Ref. [48]. The authors proposed the idea that an RIS
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may have the potential to simultaneously act as a
reflector and harvest energy from the incoming EM
wave. Benefitting from a large number of reflecting
elements employed at RIS, the author proposed that
some of the elements can be used to reflect the signals
while the rest of them can be exploited to harvest the
energy from the received signal.

(5) Satisfying
studying the spectral enhancement, energy-saving, and

latency requirement: Besides
ensuring the security for the wireless channel for RIS-
aided communication system, it is also important to
achieve the minimum latency requirement even in bad
of 6G

millimeter-wave

channel conditions to enjoy the perks

communications. For instance,
(mmWave) can provide a huge bandwidth resource,
nevertheless, it is highly susceptible to the blockage
problem that causes a serious issue to the low-latency
services. Therefore, the researchers in Ref. [49]
integrated RIS with mmWave to minimize the
associated with mmWave.
the total

minimization problem while

blockage problem

Mathematically, they have formulated
transmitted power

ensuring the latency requirement as

st. Cl:16,/€[0,2n), ne{l,...,N}, (35)
C2: py,20,Vuel,

D,
—— < T, VuelU
alog(l +yk)

where a and D, represent the weighing factor and data
size, respectively. The constraint C1 denotes that the
range of the RIS elements can lie anywhere between 0
to 2m. C2 shows that optimized power allocated to the
u-th user will always be positive, while C3 ensures the
in bad channel

low-latency requirement even

conditions.

6 CSI acquisition for RIS-aided wireless
communications

In this section, we summarize several CSI acquisition
schemes in RIS-aided wireless communications. To
improve the performance of the joint precoding at the
BS and RIS, it is important to acquire CSI by
performing channel estimation in the RIS-aided

wireless communications. A number of channel
estimation schemes have been proposed in Refs.
[50-52] for the MIMO

However, these schemes can not be directly applied in

conventional systems.
the RIS-aided systems, since the CSI estimation
problem for RIS-aided systems is different from the
MIMO RIS-aided
systems, the channel between the BS and the UE
consists of two parts: the indirect link (i.e., the BS-RIS-
UE cascaded channel), and the direct link (i.e., the
direct BS-UE channel).

Since the RIS has the potential to control the radio

conventional systems. In the

channel, the real-time equivalent channel depends on
the RIS tuning coefficients 6@ at the moment. The
equivalent channel H (6) e CM*K is given by

H(@®) = H+G"diag(0) F (36)

where H, F, 0, and G are defined in Eq. (2). Then, Eq.
(2) can be simplified as y = H(6)" wx + n. If the UE has
only one antenna (i.e., K = 1), the Eq. (36) can be
rewritten as

h(©@)=h+G"diag(f)0=h+H'6 (37)

where feCN¥!, when U =1 in Eq. (37). It is worth
noting that H, = diag(f)G necessarily and sufficiently
describes the signal dependencies of the reflecting link.
Henceforth, we call H. the BS-RIS-UE cascaded
channel, and we estimate H,. without the distraction
brought by the RIS tuning coefficients 6.

The CSI acquisition for the BS-RIS-UE cascaded
channel is challenging due to the following reasons.
Firstly, the BS-RIS-UE cascaded channel has the linear
relationship between the received signal, the
transmitted signal, and the RIS tuning coefficients,
which means that the system model is more complex
than the conventional MIMO systems. Secondly, the
RIS has no radio frequency (RF) chains or signal
processing modules. It can neither transmit nor receive
pilots (reference signals), thus, we can only indirectly
acquire the CSI related to the RIS based on the pilot
transmission between the BS and the UE. Thirdly, the
BS-RIS-UE cascaded channel has a high dimension
due to the large number of BS antennas and RIS

elements. Hence, the large dimensional channel brings
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more overhead while computing CSI in the RIS-aided

wireless communications. This important yet
challenging problem has attracted much attention of the
researchers in the recent years[48: 53-74],

It is worth noting that there are some differences
between the CSI acquisition problem for single-
antenna users and that for multi-antenna users.
Specifically, for single-antenna users, we can estimate
the BS-RIS-UE cascaded channel H,. based on the
signal model in Eq. (37). However, we can not express
the BS-RIS-UE cascaded channel as a matrix in the
scenario of multi-antenna users. Hence, when there are
multiple antennas at the users, it is necessary to design
different schemes for channel estimation, since we can
not estimate the BS-RIS-UE cascaded channel directly
unless introducing extremely high complexity. In this
paper, we divide existing channel estimation schemes
in the RIS-aided wireless communications into two
categories: channel estimation for single-antenna users

and that for multi-antenna users.
6.1 Channel estimation for single-antenna users

The authors in Refs. [53—64] considered channel
estimation for a single-antenna user in the RIS-aided
wireless communications. Since there are direct and
indirect channel links between BS and users, i.e., the
direct path is BS-UE while the indirect path is BS-RIS-
UE, the channel available at both of the links is
In Ref. [53],
estimation scheme based on the minimum mean

estimated successively. a channel
squared error (MMSE) with several sub-phases was
proposed. For the first sub-phase, the elements of RIS
are set to “OFF” state (i.e., the value of elements in
tuning coefficient vector are zero) to estimate the direct
BS-UE channel. On the other hand, the channels
available at the indirect path BS-RIS-UE are estimated
in N sub-phases, where every RIS element is turned
“ON” (i.e., the value of tuning coefficient for the RIS
element is non-zero) in different sub-phases. With the
increase of the number of RIS elements, the number of
sub-phases will increase equally, which imports more
pilot overhead for channel estimation, since the total
pilot overhead for channel estimation is proportional to
the number of sub-phases.
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To reduce the CSI estimation overhead, Jensen and
Carvalhol*#] proposed an optimal channel estimation
(CE) scheme, where all RIS elements are set to “ON”
during the channel estimation. The channel estimation
scheme was designed according to the Cremer-Rao
lower bound model. Since the channel estimation
usually relies on the RIS elements, the authors
presented the channel estimation scheme where RIS
elements follow a sequence of activation patterns that
mimics the discrete Fourier transform (DFT). Till now,
we only have discussed the literature that considered a
single user based system model. However, in the
wireless communication systems, generally the number
of users is very large, and hence it is crucial to
investigate the CSI of the individual user in a multi-
user MIMO communication systems. Considering the
angular channel sparsity, the authors in Ref. [55]
considered the channel estimation problem in the RIS-
aided multi-user mmWave massive MIMO system.
Specifically, they have proposed a framework for
downlink pilot transmission, and then based on known
line-of-sight (LoS) dominated BS-RIS channel, the
channels between BS to user and RIS-user are
estimated using a compressive sensing algorithm.
Additionally, in the recent past, deep learning (DL) has
gained enormous attention from researchers due to its
excellent performance in solving nonlinear problems.
DL has been used in wireless communications in
solving precoding as well as channel estimation
problems, for instance, a DL-based channel estimation
technique was proposed in Ref. [56]. In the proposed
scheme, each user uses a deep neural network (DNN)
where the input of the DNN is the received pilots while
the output of the DNN is to estimate the channels of the
user at the direct and indirect links. Simulation results
show that the DL-based channel estimation scheme in
this paper provides a lower normalized mean square
error (NMSE) compared to the traditional least-squares
algorithm.

In the multi-user RIS-aided communication, it is
worth mentioning here that different users share the
same BS-RIS channel, while a different channel vector
for the different users is available in the link at RIS-
channel link BS-RIS-UE.

user in the overall
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Benefitting from this, Wang et al.[37] tried to reduce the
huge pilot overhead caused by a large number of BS
antennas and RIS elements while acquiring the CSI.
Usually, a single cell consisting of a BS with M
antennas, U single-antenna users, and an RIS with N
UMN+UM channel
coefficients to be estimated. To accurately estimate

reflecting elements requires
such a large number of channel coefficients within a
short interval of time, Ref. [57] investigated an
efficient pilot based channel estimation method in RIS-
aided communications. The direct BS-UE channel is
estimated with a conventional scheme and then, a user
is selected randomly from the available number of
users to estimate the BS-RIS and RIS-UE channels.
Similarly, the BS-RIS-UE cascaded channel (consists
of many coefficients) is estimated for the other users
with a few coefficients. Thus, by ignoring receiver
noise, the method37! is useful to recover all the channel
coefficients with the usage of U+N+max(U-1,
[(U-1)N/M1) pilot symbols.

In addition to utilizing the channel property to guide
the channel estimation, some hardware structural
changes have also been proposed for RIS to benefit
channel estimation. Different from most of the research
considering that all elements of RIS are passive, Taha
et al. added a few active elements in the designing of
the RIS hardwarel*],

connected to the baseband signal processors to receive

The active elements are
pilots. Based on the active RIS elements, two
renowned strategies such as compressive sensing and
DL are developed to jointly optimize the channel
estimation and precoding at RIS. Since these active
RIS elements are connected with the baseband signal
processing, they introduce additional noise into the
wireless system(®!]. The pilot overhead for multi-user
RIS-aided communication can be reduced by grouping
the number of RIS elements into multiple large-size
groups, where each large element consists of several
adjacent RIS elements. Since pilot overhead is
proportional to the number of RIS elements, hence by
grouping RIS elements the overhead reduces to the
number of groups. However, this strategy can cause
some errors in computing the accurate phase shifts of
RIS elements, since we compute the RIS phase shifters

in groups rather than individual elements. Therefore,
Ref. [61] proposed a solution that created a trade-off
between pilot overhead and accuracy. The authors
considered a quasi-static block fading channel to
analyze the performance of RIS-aided wireless
communications. Furthermore, to set the RIS groups’
state, the authors in Ref. [61] employed the “ON/OFF”
technique similar to that in Ref. [53]. Then, after
receiving the pilot information of all users in a
coherence interval, the least square (LS) estimation
algorithm was employed to estimate the indirect BS-
RIS-UE cascaded channel and direct BS-UE channel.
On the other hand, Ref. [64] realized that by keeping
the group at “ON” mode, error in computing the
for RIS can be

minimized. However, these solutions still require a

accurate reflection coefficients

large training overhead, which is unaffordable to
realize practically in most of the cases. Thus, Ref. [48]
proposed a semi-blind channel estimation solution to
minimize the overall training overhead of the RIS-
aided system. Particularly, they formulated semi-blind
problem as a trilinear estimation problem where a
received signal is a combination of user-RIS and RIS-
BS channel matrix, respectively. To solve the trilinear
problem, a low-complexity Bayesian MMSE iterative
solution was adopted. Nevertheless, algorithm to
converge fast, all the applicable matrices should be
sparse. The channel estimation problem for RIS-aided
mmWave was studied in Ref. [65] where the authors
exploited the sparsity property of mmWave to obtain
the relevant channels. Additionally, the sparsity can
also be achieved by exploiting a sparse RIS phase
shifting matrix. However, these strategies may not
achieve the optimal solution of channel estimation and
these solutions may be applicable for some specific
scenarios. Therefore, to minimize these issues, a
(UAMP)
algorithm was proposed in Ref. [66] to deal with linear

unitary approximate message passing
reverse problem at a low-complexity. In Ref. [66], the
authors first proposed a new signal model, and then
transformed it to a structured signal recovery problem
to be solved with UAMP algorithm.

It is worth mentioning here that by adopting the

channel reciprocity technique in the time-division
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duplexing (TDD), the CSI of the downlink path can
easily be acquired if the CSI at the uplink is known at
the transmitter in the RIS-aided communication. In
contrast to this, the lack of channel reciprocity
mechanism in frequency division duplexing (FDD)
makes it less intelligent, as TDD is, to acquire the
downlink CSI according to the uplink CSI. Hence,
designing the codebook becomes essential for the RIS-
aided system to provide the feedback of the downlink
CSI to the BS. However, the only problem that arises
with the designing of the codebook is that its size
grows exponentially with the increase of the number of
BS antennas and RIS elements, which is intolerable in
practical RIS-aided wireless communication systems.
To solve this problem, by utilizing the sparsity of
angular channel, a dimension reduced channel
feedback scheme with a small codebook size and a low

overhead rate was proposed in Ref. [67].
6.2 Channel estimation for multi-antenna users

In MIMO systems, the user is equipped with multiple
antennas, and thus the signal model for the multiple
antenna user can be expressed as in Eq. (37). The
channel estimation schemes that are proposed for
single-antenna users cannot be applied directly to
multi-antenna users, especially for the BS-RIS-UE
cascaded channel estimation. Although the multi-
antenna user can be equivalent to several single-
antenna users, however, applying a single-user channel
estimation strategy to the multi-antenna user can bring
unbearable pilot overhead and complexity. Thus, the
channel estimation schemes need to be revised,
therefore, different from the conventional schemes, the
in Refs. [68-74]

estimation schemes for multi-antenna users. In Ref.

authors have studied channel
[68], the researchers proposed a two-stage algorithm to
compute the CSI of the downlink block-fading channel.
In the first stage, a sparse matrix factorization method
is used to obtain the RIS-UE channel information.
Then, in the second stage, the BS-RIS channel is
computed using the matrix completion method.
Similarly, Mirza and Alil%®] proposed a two-stage
algorithm in which the direct BS-UE channel is
estimated by utilizing the conventional TDD based
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channel estimation technique, keeping the elements of
RIS to “OFF” state. Then, the bilinear adaptive vector
approximate message passing (BAdVAMP) algorithm
was proposed to estimate the BS-RIS-UE cascaded
channel by modeling the estimation problem as an ill-
conditioned dictionary learning problem. In Ref. [71],
two-channel estimation schemes were proposed, where
the time-domain pattern of pilots and RIS phase shifts
are aligned such that the RIS phase shift vector is
constant during the 7 time slots in the k-th block and
varies from block to block. Moreover, these pilot signal
vectors are repeated over the K blocks. It is worth
noting that the received signal follows a parallel factor
(PARAFAC) tensor model with canonical polyadic
decompositionl™], which can be exploited to estimate
the involved communication channels in closed-form
or iteratively. Based on this property, the least-squares
Khatri-Rao factorization (LSKRF) algorithm and
bilinear alternating least squares (BALS) are designed
to solve the problem.

In Ref. [72], channel estimation was discussed in the
terahertz (THz) communication scenario, where a
cooperative channel estimation procedure for RIS-
aided wireless communication system via beam
training was proposed based on hybrid beamforming
(HB) They had

hierarchical search schemes to realize the beam

architectures. adopted 3-tree

training with low search complexity.

7 Combination with other technologies

Since RIS has gained huge attention by the researchers
in these years, RIS has been integrated with various
technologies, which are discussed as follows.

(1) Simultaneous wireless information and power
transfer (SWIPT): SWIPT is a new paradigm shift in
which

destination

wireless communications in energy is

transferred to the device through
intermediate wireless devices. These wireless devices
operate by supplying limited energy source/s, called
batteries. These batteries have a limited lifetime,
therefore the lifetime can be maximized either by
recharging the wireless device or replacing the battery
source with the new one. Thus, in both of the scenarios,

the operational cost of the system can be too high,
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which hinders its application practically. Hence,
SWIPT has emerged as a cost-effective technique to
maximize the lifetime of wireless devicesl’4l. It is a
promising solution that ensures simultaneous delivery
of data and energy for numerous low-power devices in
future wireless powered Internet-of-Things (IoT)[7l.
However, due to high path loss, the transmission
efficiency and range of SWIPT are expected to be
unsatisfactory for long-distance transmissionl77].

Fortunately, RIS can be exploited to mitigate the
transmission loss problem caused by long-distance
communication. Integrating RIS with the SWIPT
technology brings two major benefits, it improves the
transmission efficiency of low-powered devices and
extends the transmission range of wireless devices!2l.
Since the access point (AP) in the SWIPT system aims
at sending both the information and energy signals to
information decoding (ID) or energy harvesting (EH)
IoT devices, thus it is important to design a joint
scheme for the transmission and reflection in an RIS-
aided SWIPT system. Therefore, the most of existing
works focused on jointly optimizing the transmit
precoding matrix at the AP and the passive phase
shifting matrix at the RIS with different optimization
targets.

For example, the authors in Ref. [78] jointly
optimized the transmit precoding matrix of the BS and
the passive beamforming matrix at the RIS for RIS-
aided SWIPT MIMO system to maximize the WSR of
satisfying the EH
requirement of the energy signal receivers. To this end,

the wireless system, while
an alternating iterative algorithm is developed to
optimize the transmit precoding matrix at the BS and
the passive beamforming matrix at the RIS. At a given
transmit precoding matrix, the authors formulated the
phase shift optimization problem as a nonconvex
quadratically constrained quadratic programming
(QCQP) and solved it with the developed iterative
algorithm. Their simulation results demonstrated that
aiding RIS to the SWIPT system can further improve
the spectral efficiency of the wireless system.
Additionally, the researchers in Ref. [79] proposed a
joint precoding scheme for an RIS-aided SWIPT

system to enhance the wireless power transfer (WPT)

efficiency of the wireless system. The proposed model
shows a significant performance gain over the SWIPT
system that does not incorporate an RIS. On the other
hand, a novel channel estimation protocol and the
corresponding precoding design were studied in
Ref. [80].

(2) Non-orthogonal multiple access (NOMA):
With the exponential growth of mobile devices that
support high data rate IoT applications, future wireless
communications need to support the massive
connectivity of users. NOMA is a promising technique
that can accommodate a large number of users via non-
orthogonal resource allocation. Specifically, NOMA,
which allows multiple users to share the same time and
frequency resources in the same spatial layer via power
domain multiplexing and code domain multiplexing,
realizes high spectrum efficiency and low latency!8!].
This enables NOMA to be considered as a favorable
technology for future
systems[®2]. In the NOMA system, the directions of

users’ channel vectors are the same, and manipulating

wireless communication

the directions of users’ channel vectors is an intractable
problem because the users’ channels are determined by
the fixed propagation environments.

As RIS is capable of intelligently adjusting the phase
shifts of its passive elements to manipulate the EM
waves, it is envisioned as an innovative technology to
facilitate the problem of NOMA. Moreover, RIS may
also facilitate in contructing new channel links to
enhance the performance of the NOMA system. The
research on the RIS-aided NOMA is still in the initial
stage, some of the latest works have been summarized
as follows: In Ref. [83], the authors proposed a
framework of the low-cost RIS-aided NOMA system
for downlink transmission to ensure that additional
cell-edge users could be served while their original
channels are not aligned. Specifically, the cell-edge
users’ effective channel vectors are aligned with the
prearranged spatial directions by tuning the reflecting
coefficients of phase shifts and amplitude reflection
coefficients of RIS.

Yang et. all®¥] formulated the problem to ensure the
minimum SINR requirement for a user in the RIS-

aided downlink NOMA system. They proposed a joint
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optimizing algorithm to optimize the power allocation
at the BS and the phase shifts at RIS to maximize the
minimum SINR of a user. On the other hand, besides
the designing of joint optimization of power allocation
at BS and phase shifts of RIS, Ref. [85] also described
where to deploy the RIS to realize high energy
efficiency of RIS-aided NOMA system. The deep
reinforcement learning (DRL) approach was developed
to solve the proposed problem, which proved to be a
better tradeoff between prediction accuracy and
computational complexity.

(3) Physical layer security: Unlike the network
layer security, physical layer security is acknowledged
as a key technique that provides secure wireless
transmissions between source and destination, since
wireless transmissions are inherently vulnerable to
security[®]. However, one of the critical challenges in
physical layer security is to ensure a high secrecy rate
(SR) for the legitimate information receiver (IR), while
avoiding eavesdroppers (Eve) getting access to the
SR can further be
improved by improving the channel quality link from
BS to IR and discrediting the channel link from BS to
Eve. This can be done by transmitting the artificial

wireless transmission[87]. The

noise from the BS to contaminate Eve’s signal. Though
transmitting artificial noise from the BS may increase
the SR for IR, it also dissipates an extra amount of
power which creates a bottleneck to use it in an energy-
limited system. Thus, RIS can be deployed to combat
the power consumption problem but also strengthen the
security of the wireless system.

Considering RIS to enhance the security of the
physical layer could be a critical problem in future
wireless communications, and hence attracting much
attention in industry and academia. In Ref. [88], the
authors used RIS in the system model to control a
wireless environment to ensure the security of a
wireless network. To this end, they jointly optimized
the beamforming of the BS and reflecting coefficient at
the RIS, eliminating the interference of multiple Eves,
to maximize the SR of the system. In Ref. [89], the
authors considered the scenario in which the legitimate
IRs lack the direct LoS communication links with the

BS due to the presence of multiple potential Eves. To
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counter the strong effect of eavesdropping channels, a
dummy signal called artificial noise is transmitted from
the BS deliberately. Then, the beamforming matrix and
covariance matrix of artificial noise at the BS are
jointly optimized with the phase shifters of RIS to
maximize the sum-rate of the system under the
consideration of leakage information to the Eves. To
solve the problem, the authors presented a novel DRL-
based beamforming approach that ensures high secrecy
among the IRs. Additionally, the same problem has
also been considered in Refs. [90—92] for RIS-aided
wireless systems. Therefore, benefitting from the RIS,
we can conclude that RIS could be an effective
technology in future 6G communications to ensure
high secrecy and privacy if we properly optimize RIS
phase shifters.

(4) Unmanned aerial vehicle (UAV): UAV is
deployed to the scenarios where the direct path
between the BS (transmitter) and user (receiver) is
unavailable. Thus, by introducing a UAV between the
transmitter and receiver, an extra LoS link can be
developed to extend the communication range between
source and destination devices. UAV acts as a relay
between the transmitter and receiver, and all the
complex signal processing operations are performed
while retransmitting the signals to the destinations. As
the radio conditions are random and vary continually
with time, it is very likely that the LoS link between
the transmitter and receiver may be blocked which
degrades the performance of the communication. Thus,
to improve the radio link between the transmitter and
receiver, an RIS can be deployed to control the harsh
propagation environment[®3- 941, Thus, by installing the
RIS phased antenna array in the vicinity of UAV, we
can save the hardware cost and power consumption
while achieving the same target, i.e., energy
efficiency/spectral efficiency. Taking advantage of the
RIS, in Ref. [93], the authors proposed RIS-aided UAV
communication framework to maximize the spectral
efficiency of wireless system. They jointly investigated
the UAV trajectory and passive beamforming for an
RIS to maximize the spectral efficiency. To solve the
problem, a successive convex approximation (SCA)

technique was proposed. Similarly, aiding RIS in UAV
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communication model, the authors in Ref. [94]
minimized the outage probability while ensuring a
good SINR of the considered system.

(5) Backscatter communication: Another possible
scenario where RIS can be a good choice is RIS-aided
backscatter communication (Backcom). Backcom is a
valuable energy-efficient technology to be deployed in
IoT networks. Despite its enormous advantage of being
a simple technology, its short-range operation is still
creating trouble for the researchers to be deployed at a
large scale. Thus to extend the communication between
the pair of devices to continue communication, RIS
could be a favorable choice. The second problem that
lies in Backcom is self-interference. Hence, taking
advantage of the RIS phase shifting matrix to direct the
incoming beam to a specific direction may reduce the
inter-user interfernace which improves the detection
performance of the Backcom system[®: 961,

8 Implementation of RIS

Implementing an RIS practically is one of the most
challenging tasks to do. Indeed, one cannot enjoy the
theoretical benefits of the RIS-aided communication
system without good RIS hardware. The hardware
realization of an RIS has become one of the main
interests of researchers in the field of electromagnetics
and communication engineering. Since RIS is an
emerging technology, the implementation of RIS is
evolving rapidly in recent years. Several different types
of RIS prototypes have been proposed. In this section,
we will categorize the implementation of RIS in two
parts: RIS elements and RIS arrays. To introduce the
implementation of RIS elements, we will present
several kinds of RIS elements made of different
materials. Their characteristics will also be compared.
Then, we will introduce the design of RIS arrays by
discussing the geometric structure, the architecture, and
the degree of freedom.

8.1 RIS elements

RIS is proposed to adjust the phase shift of the incident
EM wave to change its propagation. Different from
natural EM materials which control the behavior of the
incident EM waves based on classical refraction,

reflection, absorption, and diffraction, RIS benefits

from replacing traditional materials with artificial
tunable metasurfaces/metamaterials. Metasurfaces are
artificial planar metamaterials which consist of periodic
subwavelength metal/dielectric structures®?-°8]. Due to
the subwavelength structures and integrated functional
exhibit

anomalous

materials, metasurfaces some unusual

properties such as reflection and
refraction[®8]. Based on tuning mechanisms, there are
two major categories of metasurfaces: stimuli-
responsive materials and voltage-driven elements. The
former depends on the physical properties of materials
and the latter relies on their circuit structure.

The physical properties of stimuli-responsive
materials can be changed by applying different external
stimuli to the metasurface, thus resulting in desired EM
wave response. There are different types of materials,
e.g., electric tuning materials, magnetic tuning
materials, and light tuning materials. Liquid crystal and
graphene are two typical electric-sensitive materials to
implement controllable reflection. In Ref. [99], authors
utilized the characteristic of liquid crystal that liquid
crystal has a voltage-controlled dielectric constant.
Based on this

metasurface reflector is designed, whose phase shifts

characteristic, a reconfigurable
are adjusted by the direct current voltage to achieve
controllable reflection. Moreover, liquid crystal may
also be used in tunable absorbers, as shown in
Fig. 6all%] To realize tunable reflection, the Fermi
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Fig. 6 Metasurfaces based on two typical tuning
mechanisms. (a) Stimuli-responsive: liquid crystal based
tunable metamaterial absorber!19, (b) Voltage-driven:
varactor-based reconfigurable metasurface with multiple
EM functionalities!101],
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level of graphene has to change by subjecting it to an
electrostatic field. However, the impedance incurred by
graphene is usually very large compared to other
surrounding materials, resulting in low tunability. This
impedance can be reduced by combining graphene with
metallic blocks, which effectively improves the phase
adjustment(102. 103] n Refs. [104, 105], several kinds of
metamaterials sensitive to the magnetic field, light, and
temperature were also introduced, for the reference of
interested readers.

However, to control the properties of each reflecting
element independently, we need to apply delicate
external excitation to each element. The stimuli-
responsive materials used to design reflecting elements
of the metasurface are not practical due to the large
unit size, especially in the high-frequency bands. As a
result, the voltage-driven mechanism is a more viable
way. Therefore, Ref. [106] proposed a switching
diodes based scheme to control the switching of total
absorption and total reflection in which the state of
diodes is controlled by excitation voltage. A similar
concept of the smart wall was proposed in Ref. [7] to
realize transmission or reflection by applying a bias
voltage to positive intrinsic-negative (PIN) diodes
embedded in the metasurfaces. In Refs. [101, 107],
varactor diodes were controlled by excitation electric
field, which further improves frequency tunability and
high-precision continuous phase tunability, as shown in
Fig. 6b. In Ref. [108], of the
reconfigurable reflection array were designed based on

the elements
a variable-volume resonator, where the resonant
frequency and phase shifts are controlled by the bias
voltage applied on the resonator.

8.2 RIS arrays

The existing works on RIS arrays can be categorized
into three aspects: geometry, architecture, and the
control degree of freedom. The geometry of an RIS
array aims at encapsulating a large number of
reflecting antenna elements in a given surface area of
m?. For the same, Ref. [109] designed the RIS array as
a hexagonal lattice structure. The hexagonal structure
minimizes the array area under the constraint of the
dimension. In particular, the

independent signal
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hexagonal lattice saves up to 23% of the surface area
compared to the rectangular lattice considering the
same number of independent signal dimensions.
Another constraint of the dense lattice was introduced
in Ref. [110]. Given the independent signal dimensions
provided by the unit area of the sampling lattice, the
minimum number of antennas are deployed on each
unit.

The RIS is available in two different architectures,
including passive architecture and sparse sensor based
architecture. The tunable RIS reflecting elements are
considered passive that bring a lot of benefits such as
low hardware cost and power consumption. In passive
RIS architecture, each element is involved to acquire
the channel state information (CSI)[>8]. Nevertheless, a
large number of antennas in RIS provide excessive
training overhead to acquire exact CSI. On the other
hand, a novel RIS architecture with sparse active
sensors was propped in Ref. [59]. This sparse active
sensors based architecture is composed of passive
reflecting elements, which are connected to the
baseband controller. The active sensors are responsible
to compute CSI which we already have discussed in
Section 6. The RIS elements furnished over any of the
above-mentioned architectures should be tuned and
These
reflecting elements are designed based on either

optimized as per the radio environment.

stimuli-material or voltage-driven to realize high
hardware gain. To this end, the researchers in Ref.
[101]
method to steer the beam in a particular direction. This

presented the column-controlled varactors
is done by varying the voltage for each reflecting
element in one direction while keeping it unchanged
for the other. Reference [111] further realized more
flexible phase shifts with good precision by controlling
each PIN diode independently, thus achieving a two-
dimension controlled degree of freedom.

RIS arrays are available in various forms for indoor
and outdoor communication. For example, an indoor
metasurface based on a software programmable model
was proposed in Ref. [112]. This metasurface is
composed of several metasurfaces that are stacked one
after the other are called hypersurface, controlled by a

central environment configuration server. The central
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server controls the reflecting elements through the
software-defined interface to adjust EM response,
beamforming, reflection, absorption, and polarization.

9 Prototypes of RIS-aided communication
systems

In this section, we will introduce prototypes of RIS-
aided communication systems that have been studied in
the literature, including the RF chain-free transmitter,
the space-down-conversion receiver, the power-
efficient communication system, and the transparent
dynamic metasurface. Based on the performance, these
cases have verified the possibility that the RIS can be

deployed in future wireless networks.
9.1 RF chain-free transmitter

(1) Principle: The massive MIMO is a key technology
to meet the growing demand of high data traffic. In a
conventional massive MIMO transmitter, antenna
elements are connected to RF chains, where each RF
chain is equipped with a power amplifier, two mixers
and several filtersl!13], which increases the hardware
cost. To reduce the hardware cost, the directional
modulation (DM) is proposed to realize the massive
MIMO transmitter without RF chains. DM utilizes far-
filed characters of RIS to modulate the signals rather
baseband

Specifically, a single-tone generator transmits an EM

than  performing modulationt!14 115],
wave, the EM wave is then reflected by a series of
reflection coefficients of RIS, where the reflection
coefficients have four alternative values, which is
consistent with the four constellation points of
quadrature phase-shift keying (QPSK). To control the
RIS, the data are converted to a sequence of baseband
signals and then passed to a digital-to-analog converter
(DAC) to produce the bias voltage to control the RIS
elements. Finally, the users hear the modulated signal
after the controlled reflection of the RIS.

(2) Prototype: Based on this new architecture,
built

transmitter consists of baseband signal processors,

researchers some prototypes, where the

DACs, single-tone generators, and an RIS[I3. 116 A
QPSK DM prototype was develpoed in Ref. [116]. The
prototype is designed at the 7 GHz band, where the

number of RIS elements is set to 32. However, due to
the limited
computer, a bit rate of only 200 kbps is achieved. To

signal processing capability of the
test the performance of the proposed prototype model,
the researchers also compared the bit error rate (BER)
performance of the proposed RF chain-free transmitter
with the conventional RF chain based transmitter at
different receiver directions. The results show that the
DM transmitter can generate a narrower beam than the
traditional transmitter. However, the model required
higher transmit power to hold the same BER as that of
the traditional RF chain based transmitter. Another
field-programmable gate array (FPGA) based signal
processor prototype was implemented in Ref. [113].
This prototype also uses QPSK modulation but
operates at 4 GHz, and the number of RIS elements is
128. Thanks to the powerful processor, the data rate
increases to 2.048 Mbps. Finally, this new architecture
also compared the BER performance with the
conventional transceiver, and the results show that the
transmit power should be increased by 5 dB for the
new transmitter to maintain the same BER as the
traditional one, due to the spectral leakage of the
reflected EM wave.

(3) Discussions: The RF chain-free idea is proposed
to get the conventional architecture “free” of the
energy-intensive RF chain. There is no doubt that this
More
importantly, this idea has been successfully tested in a

is a novel, brave, and interesting idea.
real-time application. However, there are still some
unsolved issues that need to address in further studies
as stated in Ref. [113]. For example, the single tone
wave cannot support wideband communications. It is
practically important to study how to realize the
architecture in a multi-carrier communication system in

the future.
9.2 Space-down-conversion receiver

(1) Principle: In a conventional receiver, the antenna
receives the signal and passes it to the other modules
such as low-noise amplifiers, filters, mixers, analog-to-
(ADC),
processor. These modules have a high cost and

digital converter and baseband signal

consume a significant amount of energy while
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operating. To address this problem, the authors in Ref.
[117] gave an idea that the received signal can be
processed and converted into a low-frequency signal in
space using an RIS rather than processing it in a
traditional down-converter module. Specifically, when
the EM wave is transmitted from the transmitter, it is
directed towards the RIS, where the controller of the
RIS changes the phase shift of the elements linearly
with time and redirects the incident EM wave towards
the receiver. During this process, the incident wave is
rescaled from high to low frequency. In other words,
we say that the RIS acts as a down-converter, and the
procedure of down-conversion is done in space rather
than by a circuit.

(2) Prototype: A 5 MHz down-conversion receiver
was developed by Ref. [117]. In this prototype, the
incident wave is down-converted and reflected by an
RIS which is then processed by other low-frequency
modules. This system works at the 4.25 GHz band,
where the 256 number of reflecting elements is
considered at the RIS. The authors used 16-quadrature
amplitude modulation (16QAM) constellation in their
experiments and the experimental results show that the
shape of the received 16QAM constellation is clear and
distinguishable, which shows the significance of the
RIS in future systems.

(3) Discussions: Different from the RF chain-free
transmitter, this space-down-conversion model is
applied in the receiver. In this prototype, if a high-
speed phase shifting metasurface such as RIS is
available, the rest of the modules at the receiver act as a
baseband. This prototype can be envisioned as a new
paradigm for the user equipment. However, since the
current phase shifting speed in the RIS is limited, this
prototype achieves only 5 MHz down-conversion.
Therefore, the available designs are not enough to
achieve the goals of future communication systems,
and thus the study is continued to design efficient
hardware systems that could work even at higher
frequency bands.

9.3 Power-efficient communication system

(1) Principle: The RF chain-free transmitter and the
space-down-conversion receiver are proposed to reduce

the hardware cost and power consumption of a
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conventional massive MIMO system. To this end, a
novel structure of an RIS with 2-bit phase-shift
reflective elements was proposed in Ref. [118]. This
new structure only needs 5 PIN diodes and 2 control
bits to manipulate the phase shift of a reflective
element. Thanks to the spatial feeding mechanism of an
RIS, the excessive power loss caused by the bulky
feeding networks of phase array is avoided, and thus
the power consumption and hardware cost of RIS are
reduced.

(2) Prototype: In Ref. [118], the researchers
presented prototypes of an RIS for both transmitter and
receiver to realize power-efficient communication. At
the transmitter side, they considered only one RF chain
that generates EM wave to be directed at the RIS which
has 2-bit phase shift elements. The RIS is used to
realize passive beamforming by controlling the phases
on all the elements. A high-level modulation scheme
such as 16QAM, 64QAM is used to modulate the bit
sequence on the RF chain. The transmitter is composed
of the same size 256 antenna elements, as shown in
Fig. 7a , that operate at a 2.3 GHz band. The
researchers claimed that it can achieve 21.7 dBi
beamforming gain in comparison to a single-antenna
researchers  also

transmitter.  Furthermore, the

investigated the power consumption analysis of the

(b) Receiver

Fig.7 RIS-based power-efficient communication system
operating at 2.3 GHzI!18l,
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proposed RIS model in their work, which indicates that
RIS requires 153 W, while the conventional phase
array requires 370 W to achieve the same effective
isotropic radiated power (EIRP). The second prototype
is proposed for the receiver, which is shown in Fig. 7b,
that achieves a 19.1 dBi beamforming gain compared
to the single antenna receiver. Both the models
(transmitter and receiver) have passed over the air
(OTA) test, which means these models have a strong
potential to transport high-resolution video frames in
no time.

(3) Discussions: The results provided by the authors
in Ref. [118] indicate that the 2-bit phase quantization
of the reflective elements at an RIS is practically
enough to realize high beamforming gain to construct
the massive MIMO transmitter. Furthermore, the
prototype has also been tested at the 28.5 GHz band,
where the OTA test shows a strong potential to exploit
RIS in future 6G communications. In the future, the
authors will extend this work to a multi-user
communication system and a higher frequency band
like sub-THz.

9.4 Transparent dynamic metasurface

(1) Principle: Different from the prototypes discussed
in the previous subsections, the transparent dynamic
metasurface is developed by two companies, i.e.,
DOCOMO and AGC recently. The metasurface is
composed of a common glass!!!?]] where many sub-
wavelength unit cells called elements are spread over
the entire surface covered by a glass substrate. The
scientists claimed that the newly designed RIS model
can be naturally deployed in our living environment, as
it does not affect humans. Thanks to the transparent
character of the glass surface, we can decorate the
window of a house, a window of a car, even the
furniture in the house with it.

(2) Prototype: Transparent dynamic metasurface
was presented in DOCOMO Open House in Tokyo on
January 23, 2020. The researchers have claimed that
the glass-based RIS model can achieve 1.3 Gbps in
downlink mode within a 100 m rangel!20] while
working at 28 GHz with 400 MHz bandwidth.
other RIS

(3) Discussions: Compared with

prototypes, this new metasurface could be a good
choice in future wireless communications as it can be
installed anywhere in the surrounding environment
without affecting humans. However, it is still an open
research direction. The researchers can work in this
research direction to further improve its performance
and design to realize the objective of future 6G and

beyond communications.

10 Possible applications of RIS

In this section, we discuss four different scenarios
where RIS could bring a significant improvement to
overall systems’ performance. In these scenarios, the
RIS is exploited to ensure, high data rate, energy
efficiency, a good quality signal, and less interference

among the users.
10.1 NLoS communications

The first scenario where RIS can play an important role
is non-line-of-sight (NLoS) communications, for
instance, there are some cases where the direct
communication link or the quality of the received
signal is compromised due to the scattering and high
path loss problems. This is a common problem in an
urban environment where the high-rise buildings or
trees may weaken the quality of the signal received at
the destination/receiver device. Here, RIS can be an
effective technology to create a line-of-sight (LoS) link
between transmitter and receiver, which improves the
performance of the wireless system. The NLoS channel
is a more common condition in mobile networks than
LoS channell!21],

MIMO systems mainly take advantage of multiple

For example, mmWave massive

NLoS links to transmit information, which means that
the stronger NLoS link integrated with RISs may lead
to better channel quality, which ensures a high system
capacity.

10.2 Energy-efficient MIMO transmitters

As we know that the conventional massive MIMO
systems can realize a high spectral efficiency!!?2l. In
massive MIMO systems, each antenna element is
linked with the energy-intensive RF chain, which

intensifies the energy consumption of the entire
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system. For example, a 64 antenna elements based
massive MIMO  system 16 W to
operatell23. 1241 The consumption further

increases with the increase in the number of antennas,

requires

power

and this huge power consumption creates a bottleneck
in realizing the massive MIMO technique practically in
future wireless systems. Hence, RIS can be the best
substitute for the conventional high-cost energy-
intensive massive MIMO system. Since RIS contains
low-cost passive reflecting elements, it does not require
any dedicated RF chain and any active power sources
for transmission, which

ensures high energy

efficiencyl123],

10.3 Service for cell-edge users and interference
suppression

In mobile communications, the users are mobile and
are randomly located in the spherical region. The users
located at the edge of a cell are called cell-edge users.
These users always experience a low quality SINR
from BS, since the distance between BS and the cell-
edge user/s is too large that deteriorates the link quality
due to path loss problem. Moreover, the cell-edge users
also experience a large interference from the
neighboring cells, hence degrading the performance of
a communication system. To avoid this situation, a
conventional solution is to deploy a large number of
BSs to extend the coverage. Although this method
this method

increases high hardware cost and also brings more EM

provides better coverage, however,
pollution in the space. Thus, RIS can be a good choice
in extending the coverage of a cell at low transmit

power.

10.4 Massive
(mMTC)

machine-type = communications

The mMTC will support many applications such as
smart cities, environmental monitoring, intelligent
agriculture, forest fire-prevention, and other sensing
and data acquisition tasks in the next-generation
networks. In mMTC, the data collected by the devices
are transmitted to the core server for further processing.
Since the devices are typically battery-powered and
the communication

require long-term autonomy,

process should be power-efficient. However, the power
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constraint limits the capacity of data upload. This
problem can be avoided if the devices are embedded
with an RIS. Instead of transmitting a new signal, the
RIS collects the signal transmitted by a BS and then the
data are embedded into the reflected signals!!26]. Since
the passive elements of RIS consume limited power,
the IoT devices can transmit their data at a low power,
which increases the lifetime of the devices.

11 Challenges and
directions

future research

We believe that RIS technology will become an
integral part of future wireless communications. RIS
has gained enormous attention in recent years by
rescarchers of different communities, and therefore,
several research papers have been published in this
regard. However, there are still some important open
problems that need to be solved. In this section, we will
introduce the major challenges and future research
directions for RIS-aided communication.

11.1 Channel modeling

Up to now, the channel model of an RIS is still
controversial, especially for the near-field scenario.
The reason is that some analytical results in existing
papers have not been verified by experiments yet,
therefore we are not sure, among the existing available
models, which model will be the best choice for
practical scenarios, such as the clock drift modell!27],
statistical CSI modell!28],
modell!29], In the future, it will add more value to the

and Nakagami fading
RIS research field to do more experiments and
compare the existing models. The existing path loss
model for near-field RIS is obtained by considering the
RIS as a whole surface. However, in the future, it will
be an interesting topic to study the element-wise
channel gains for the near-field RIS.

11.2 Performance analysis

The performance analysis for RIS-aided systems is still
in its early stage, and it is important to study these
issues to answer a few important questions. For
instance, the fundamental differences between RIS and
relay have not been clearly stated out, which may be an
important research direction in the future. Moreover, a
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performance comparison between RIS and relay in
many of the existing works considers single-antenna
relay for simplicity(27-2%], while the more general case
with multi-antenna relay has not been fully
investigated. Besides, although the received power
with discrete phase shifts deployed at RIS has been
analyzed[?], the loss of system capacity due to the non-
ideal phase shifts remains an open problem. In
addition, to characterize the ultimate performance of
RIS from the physical layer, the new concept of
electromagnetic information theory can be introduced
to analyze the RIS-aided communication systems

through using random field principlel!30. 1311,
11.3 RIS implementations

To gain intelligent control over the environment,
external excitation should be applied to each antenna
element. With the limited size of the excitation source,
integrating different metamaterials and excitation
devices, and integrating low-cost controller networks in
metasurfaces are still challenging problems®7). To
further study the implementation of RIS, it is necessary
to deeply explore the properties of metamaterials from
the perspective of physics. In addition, software-
defined metasurface is a potential direction, including
the joint design of geometric structure and EM
response mechanism. Whether it is valuable to adopt
active elements in RIS and its influence are also
valuable issues to be explored(!132-134],

11.4 Precoding for RIS

There have been many research papers on precoding
design for RIS-aided communicationl!33]. Most of the
proposed algorithms have considred the case in which
CSI is known at the transmitter, which is not true.
There are some works in which authors have
considered the imperfect CSI, however, the cost of the
precoding algorithms is too high which is hard to
realize in practical systems. Hence we need to
investigate more practical precoding algorithms that
could easily be realizable in practical systems.
Moreover, the precoding with non-ideal CSI can be
another problem. For example, when we have only a
part of the CSI rather than full CSI, or when we have

only biased estimated CSI rather than accurate CSI, we

need a new precoding scheme to realize robust
transmission[136. 1371,

11.5 CSI acquisition

The CSI acquisition for RIS-aided communication is a
difficult problem, which should be reinvestigated due
to the following reasons. Firstly, the existence of RIS
makes the pilot overhead for downlink channel
estimation unaffordable. Since the overhead is the
bottleneck in acquiring CSI, it is important to find new
methods to reduce the pilot overhead. Secondly, the
pilot transmission suffers from severe path loss for the
RIS-aided reflection link. The received power of pilots
can be negligible, which will reduce the channel
estimation accuracy. Thus, another valuable research
direction is to design a set of beam patterns for pilot
transmission to maximize the received SNR.

12 Conclusion

In this article, we have summarized the potential
in future 6G
communications. At first, we briefly introduced the key

applications for RIS technology
idea of RIS, and then discussed the application
scenarios of RIS such as system and path loss model,
precoding, CSI acquisition,

asymptotic  analysis,

prototypes, and its combination with other
technologies. To have a deep insight on the individual
topic, we have given some examples to show the
importance of RIS technology in future wireless
systems. Finally, we highlighted the key challenges and
provided some opportunities to guide the readers for
future research trends in the field of RIS-aided
communication. It is expected that RIS will be an
important research topic in the years to come as it has
the potential to create a new horizon in the field of

wireless communications.
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