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Abstract: With possible new use cases and demanding requirements of future 5th generation (5G)
and beyond cellular networks, the future of mobile communications sounds promising. However, the
propagation medium has been considered a randomly acting agent between the transmitter and the
receiver. With the advent of the digital age of wireless communications, the received signal quality is
degrading due to the uncontrollable interactions of the transmitted radio waves with the surround-
ing artifacts. This paper presents a comprehensive literature review on reconfigurable intelligent
surfaces (RISs) and assisted application areas. With the RIS, the network operators can control radio
waves’ scattering, reflection, and refraction characteristics by resolving the harmful properties of
environmental wireless propagation. Further, the RIS can effectively control the wavefront, such as
amplitude, phase, frequency, and even polarization, without requiring complex encoding, decod-
ing, or radio wave processing techniques. Motivated by technological advances, the metasurfaces,
reflectarrays, phase shift, and liquid crystals are potential candidates for implementing RIS. Thus,
they can be considered the front runner for realizing the 5G and beyond network. Furthermore, the
current research activities in the evolving field of wireless networks operated by RIS are reviewed
and discussed thoroughly. Finally, to fully explore the potential of RISs in wireless networks, the
fundamental research issues to be addressed have been discussed.

Keywords: meta-surfaces; 5G; line-of-sight; reconfigurable intelligent surfaces; liquid crystal; field
programmable gate arrays; smart reflect-arrays; wireless communications

1. Introduction

There has been a flurry of studies on the utilization of reconfigurable intelligent sur-
faces (RISs) in wireless remote networks to develop intelligent radio environments. In RIS,
surfaces can control the propagation of electromagnetic incident waves in a programmable
smart radio environment [1]. It provides a way of consciously changing the realization of
the channel, which transforms the channel into a block of a controllable device that can be
optimized to maximize system performance overall. Therefore, RIS is an artificial surface
of electromagnetic (EM) material, electronically controlled with integrated electronics. It is
a novel and cost-effective solution to obtain enhanced energy and spectral efficiency for
wireless communications.

These surfaces have unique wireless communication capabilities. Recent studies
on RIS are based on estimation of theoretical signal to noise ratio (SNR), signal to in-
terference ratio (SINR) maximization, physical layer security solutions, cognitive radio
applications, and artificial intelligence solutions (such as deep learning) [2]. Many scholars
have published numerous studies and novel solutions related to RISs in the last few months.
Reconfigurable intelligent surfaces, intelligent reflecting surfaces, artificial radio space, and
other concepts have been used by different writers to describe RISs [3]. Scholars have also
looked into machine learning methods, physical layer protection solutions, and the ability
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of intelligent surfaces for millimeter-wave (mmWave), visible light communication (VLC),
and free-space optics (FSO). Furthermore, recently, the first attempt to integrate RISs with
OFDM and SM/space shift keying (SSK) schemes have been reported in [4]. Researchers
have evaluated the Theoretical SNR and SEP derivations, channel estimation, signal-to-
interference-ratio (SINR) improvement for RIS, and joint active and passive beamforming
optimization problems in the past few years [5].

Moreover, researchers have studied outage probability, asymptotic data rate, and
uplink spectral efficiency when using RISs for transmission and reception in many novel
research areas such as mmWave, FSO, VLC system, and unmanned aerial vehicles (UAV),
as mentioned earlier. Additionally, the use of machine learning tools, physical layer security
solutions, and the potential of intelligent surfaces for mmWave/terahertz applications
have been examined in recent years [6,7].

By supporting MIMO transmission with better throughput and increasing spectrum
efficiency in mmWave communication, RIS brings up new opportunities in mmWave
communication. A RIS can alter radio propagation for mmWave MIMO Channels by
passively adjusting the directions of impinging electromagnetic waves. Due to their higher
performance over traditional MIMO systems, RIS has recently attracted much attention
as a potential technique for FSO and hybrid RF/FSO communications. Furthermore, RIS
as a wireless transmission technique in combination with hybrid RF/FSO can achieve
significantly higher gain while decreasing design complexity and cost compared to multi-
antenna amplify and forward relaying networks with fewer antennas.

RIS-Assisted VLC and Hybrid VLC-RF Networks show remarkable capacity, through-
put, and coverage augmentation potential. This integration has the potential to provide a
powerful solution for future wireless applications as it can efficiently overcome line-of-sight
blockage in highly dynamic settings, such as vehicle application scenarios. Furthermore,
it helps to avoid bottlenecks while allowing for intricate interactions between network
elements [8,9]. According to recent studies, RIS can significantly improve UAVs’ energy
efficiency and connectivity, mainly when multiple devices are supported simultaneously,
and channel impairments vary. The authors in [10,11] focused on improving the system’s
secure energy efficiency by maximizing the UAV’s direction, the RIS’s phase shift, user
association, and transmit power all at once.

The main contribution of this paper is to provide a detailed state-of-the-art survey
for RIS-assisted technologies and metasurfaces based on large surfaces with their merits
and demerits. Further, various novel implementations of RIS, such as active RISs and their
signal models, are presented and compared with their performance with a passive one.
Their differences are discussed concerning the link budget for the connectivity.

To benefit the overall system performance, we then address the challenges in RIS
implementation and highlight the possible opportunities if the challenges can be overcome.
Furthermore, we review some novel field-programmable gate array (FPGA) based dynam-
ically controlled RIS structures. Finally, we provide a detailed overview of RIS-assisted
communication systems, their performance parameters comparison, applications, and
ongoing and future research.

The rest of this paper is organized as follows. Section 2 presents the existing and recent
technologies for communication based on Intelligent surfaces with recent state-of-the-art
schemes. Section 3 describes the principle of operation of RIS, RIS-assisted smart radio
environment, its associated limitations, and RIS performance parameters comparison. The
principle and operation of the metamaterials are discussed in Section 4. Performance
comparison of passive/phase shifts active/Liquid crystals-based RIS implementation and
novel active RIS signal models are discussed in Section 5. RIS-assisted FPGA-based, and its
integrated architectures are discussed in Section 6. Section 7 presents the applications and
future research directions. Finally, the paper is concluded in Section 8.
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2. Research Background
2.1. RIS Relationship with 5G and Internet of Things (IoT)

A RIS-assisted downlink transmission scenario to help multiple users is presented in [12].
However, a high-gain line-of-sight (LOS) link will almost certainly suffer from a spatially
sparse low-rank channel, limiting the number of spatial streams and, as a result, the possible
rate. Furthermore, there is only one suitable propagation vector in several LOS cases, and
spatial multiplexing is not feasible. Therefore, to avoid these drawbacks, the authors
focused on the system model in which a multi-antenna BS supports K single-antenna users
through intelligent reflections without a direct LOS path between the users and the BS.
The fundamental studies and state-of-the-art schemes on intelligent surfaces and initial
technologies are summarized in Tables 1 and 2 with their architectures and functionalities,
merits, and demerits.

Energy consumption has become a severe concern to 5G and beyond wireless net-
works to achieve high data rate requirements. To reduce energy consumption, multiple
approaches were proposed: renewable energy sources, relevant deployment techniques,
energy-efficient hardware components with green resource allocation, and transceiver
signal processing algorithms, to name a few, [13,14].

RIS has emerged as a new hardware technology with increased potential for significant
energy consumption reductions. RIS technology is advantageous in energy consumption
because it allows for the amplification and forwarding of incoming signals without using a
power amplifier. Each reflected signal can also be constructively combined by adequately
engineering the phase shifts applied by each reflecting element. A RIS consumes signifi-
cantly less energy because no power amplifier is employed [15,16]. To maximize energy
efficiency by using RIS reflectors with finite resolution phases, authors performed computer
simulations and showed that even 1-bit phase (0 and π) resolution reflecting elements
improved the system’s energy efficiency compared to traditional AF relaying systems [17].

In reference [4], researchers proposed the RIS-SM and RIS-SSK schemes to understand
the concept of intelligent surfaces-assisted index modulation (IM) techniques. The phase
optimization and the principle of index modulation are combined in these schemes to
improve spectral performance and signal quality. As a result, RISs are a promising software-
defined architecture that can be realized at lower cost, size, weight, and power (C-SWaP
design) and are seen as a key enabler for implementing the growing notion smart radio
environments (SREs).

Table 1. Technologies for communication based on Intelligent surfaces.

Ref. Technology Functionality Structure

[21–23] Reconfigurable Intelligent wall Complete transparent/reflecting
base

Frequency selective active base
utilizing PIN diodes

[24] Spatial microwave modulators Complex microwave fields shaping Tunable meta-surfaces with binary
phase state capabilities

[25] Coding meta-materials Scattering patterns (reconfigurable) Binary elements based
Meta-surfaces

[26] Meta-materials (Programmable) Reconfigurable polarization, phase
and scattering

PIN diode-equipped cells based
Meta-surfaces

[27] Reconfigurable reflect-arrays Adjustable reflection phase Reflect-arrays with tunable
(varactor-tuned) resonators

[28–31] Large intelligent surface Gains compared to massive MIMO Active contiguous surface for
Tx/Rx

[32,33] Hypersurface (software-controlled) Wave absorption, steering
and polarization IoT gateways based Meta-surfaces

IoT devices in the future will be compact and have a restricted power supply. Ref-
erence [18] proposed the ambient backscattering (ABSc) approach, together with spatial
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modulation (SM) and space shift keying (SSK) for data transfer supported with RIS, to
make these devices spectrally and energy-efficient in accordance with advanced 5G and 6G
specifications. In terms of outage probability and bit error rate, performance examination
of various schemes revealed that RIS-enabled SM and SSK, along with ABSc, outperform
conventional communications. Designing a joint active and passive beamformer is investi-
gated in [1,19]. In a multi-user downlink communication scheme, the authors focused on
minimizing total transmit power at the BS by the RIS’s phase shifts while placing SINR con-
straints on the users. Authors in [20] proposed a technique to improve the phase shifts at
the RIS and beamformer at the AP while considering the highest possible spectral efficiency.

2.2. Optimization Methods Developed for RIS Analysis

The authors in the study [34] proposed a discrete (finite resolution) RIS process. In
addition, the author presented a mathematical method for calculating the average SEP of
RIS-assisted systems in [35]. The idea of using a RIS as an AP (transmitter) by using an
unmodulated carrier for intelligent reflection is also being investigated. Using computer
simulations, it was proved that doubling the number of reflecting elements reduces the SNR
by 6 dB while maintaining the same SEP. To put it another way, the average received SNR of
RIS-based systems is proportional to the square of the total number of reflecting elements (N).

Further, in [4], the authors proposed the large, intelligent surfaces-spatial modulation
(LIS-SM) and LIS-space shift keying (SSK) schemes to understand the concept of intelligent
surfaces-assisted index modulation (IM) techniques. The phase optimization of intelligent
surfaces and the principle of index modulation are combined in these schemes to improve
spectral performance and signal quality. The theoretical average bit error probability is
calculated using a unified framework that includes maximum energy-based suboptimal
(greedy) and exhaustive search-based optimum (maximum likelihood) detectors. Computer
simulations reveal that the resulting bit error probability is much higher than traditional
fully digital precoding-based receive SSK methods.

In [36], the authors considered a RIS-assisted large-scale antenna system in which a BS
communicates with a single antenna user. Precoding can be implemented, and the system’s
ergodic capacity is enhanced by optimizing the RIS phases, as in previous works, assuming
knowledge of CSI and RIS phases at the BS. The authors also investigated different Rician K
factors and discontinuous phase shifts. Computer simulations demonstrate that using 2-bit
phase shifts can result in a high capacity. In rank-one or full-rank LOS channels between
the BS and the RIS, the authors in [5] evaluated the optimization of the minimal SINR for a
RIS-assisted multi-user MISO system.

Furthermore, correlated Rayleigh channels are studied between RIS elements and
users, and an algorithm for optimizing RIS phases in the presence of large-scale fading is
provided. The authors of [37] suggested a new channel estimation protocol for a single-user
MISO system with energy harvesting that uses RIS. The authors take into account the fact
that RISs do not have active components in particular. Both active and passive near-optimal
beamforming designs are designed to enable effective power transfer.

The authors in [38] proposed a deep learning-based method. The RIS learns how to
deal with incoming signals in the most efficient way possible by utilizing the predicted
channels at active elements. Two independent strategies for RIS design in the presence of
unknown channel information, one based on compressive sensing and the other based on
deep learning, to lower the training overhead in the presence of passive RIS elements. A
novel RIS design based on sparse channel sensors is proposed, with part of the RIS units
being active (connected to a baseband processor). In other words, the RIS uses many active
aspects to make the channel estimation process easier.

In [39,40], the physical layer security of RIS-based systems was considered for a down-
link MISO broadcast system with numerous legitimate listeners and eavesdroppers. The
authors developed a minimum secrecy-rate maximization problem by jointly optimizing
the beamformer at the BS and reflecting coefficients (continuous and discrete) at the RIS.
The authors present both globally optimum and low-complexity sub-optimal algorithms.
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The authors in [39] looked closely at a RIS-assisted secure communication system with
a legitimate recipient and an eavesdropper. The secrecy rate is improved by optimizing
the beamformer at the BS and the phase shifts at the RIS. In addition, the secrecy rates of
massive MIMO and RIS-assisted systems are compared. It is discovered that increasing the
number of RIS reflecting elements is more helpful than increasing the number of antenna
elements at the BS.

The authors in [41] recently addressed the problem of a more robust eavesdropping
channel and improved the legitimate user’s secrecy rate by constructing the AP’s transmit
beamformer and RIS phases together. The authors in [42,43] examined the maximization of
the SINR for the multi-user MISO scheme. Furthermore, correlated Rayleigh channels are
considered between RIS elements and users, and an algorithm for optimizing the phases
of the RIS is suggested. The authors in [44] provided more extensive simulation results
on energy efficiency and system sum-rate for a more practical system design and system
characteristics. The transmit beamforming with this approach needs complete channel
state information (CSI) and knowledge of RIS phase terms at the BS.

Table 2. Recent state of the art for RIS-assisted schemes.

References Existing RIS-Assisted Schemes

[45–47] For multi-user downlink transmission, RIS scheme with periodic-aided structure is considered. Maximization
of energy efficiency and sum rate is performed with finite resolution reflectors.

[42,43,48,49]
For massive MISO multiuser system design, the joint active and passive beamforming problem is discussed.
Using square law scaling in transmitted power and optimization, minimization of base station transmit power
is performed.

[4,35,50]

For the estimation of the symbol error probabiity (SEP) of RIS supported systems, a mathematical method is
proposed. Further, by considering the RIS as an AP, the concept of RIS (LIS)-assisted IM is developed. For the
LIS-SM and LIS-SSK systems, greedy and maximum likelihood detectors are formulated, along with
theoretical derivations.

[36] The capacity is increased by RIS phase optimization, and for massive MIMO is with Rician channel is
considered.

[44] The problem of RIS phase shifter and optimal transmit beamforming is analyzed in order to increase
achievable spectral efficiency.

[37] For an RIS assisted MISO system, a new channel estimation protocol with energy harvesting feature is
proposed.

[40] An RIS assisted secure communication system with legitimate receivers and eavesdropper is concerned.

[39] Joint optimization using RIS reflecting coefficient and BS beamformer for MISO system.

[51,52]

A sensing system for estimating radio waves impinging on HyperSurfaces is proposed. It is demonstrated that
HyperSurfaces may be programmed to detect and manipulate waves at the same time.
Further, an approach is suggested based on machine learning for HyperSurfaces-assisted programmable
environments in order to configure it adpatively.

[5,53] The maximization of the minimum SINR is analyzed for RIS -MIMO System. Further, for phase optimization,
LOS channels, large scale fading statistics and correlated RIS channels are considered.

[4] By considering RIS as AP, RIS assisted IM is along with mathematical optimization (such as Greedy
Algorithms).

[38] RIS architecture with sparse channel sensors (few of the existing RIS active units) and the use of Deep learning
techniques are presented.

In [51], the authors contributed to the most recent research (HyperSurface design).
They proposed a sensing system for estimating radio waves impinging on HyperSurfaces
that can work without external or internal hardware, such as field nano-sensors. It is
demonstrated that hypersurfaces may be programmed to detect and manipulate waves at
the same time. In [52], authors suggested an approach based on machine learning (neural
networks) to adaptively configure HyperSurfaces-assisted programmable environments.
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The authors in [20] and [43,48] proposed a few techniques to improve the phase shifts at the
RIS and beamformer at the AP while considering the highest possible spectral efficiency [48].
Other works related to RIS-based for SIMO, MIMO, were proposed in [54,55].

3. Principle of Operation of RIS

RIS surfaces are flat structures made of metamaterials and electromagnetically discon-
tinuous. They do not adhere to the conventional laws of reflection and diffraction; instead,
the phase and wavefront of the radio waves that affect them can be controlled. If deployed
to cover building objects, walls, or facades, they could allow real-time personalization of
the electromagnetic response of environments. Further, the RISs are reconfigurable EM
material sheets that intensely monitor the propagation in the atmosphere to improve the
efficiency of the received signal.

The RISs are composed of many low-cost components (such as a PIN Diode capable of
manipulating the electromagnetic waves) that influence them in ways that are not capable of
naturally occurring materials. In addition, these “intelligent” surfaces can be controlled in
phase with complexity and precision while requiring a very low consumption. The objective
is to improve communication performance. Moreover, the benefit of RISs compared to
traditional reflect array/transmit array antennas is that it is possible to dynamically adjust
the parameters of each functionality, such as the direction of reflection/refraction, the
location of the focal point, etc.

When integrated into the physical environment (e.g., on walls), these surfaces create
reflection anomalies, making it possible to control the radio propagation channel at a lower
cost and with a lower energy footprint. By doing so, the RIS will reduce the transmission
power required at a constant rate, serve a user located in an uncovered area, limit radio
interference, or even reinforce the security of radio links concerning passive eavesdropping.
In addition, the RIS was proposed to improve efficiency in terms of link quality and coverage.

The basic principle of RIS is depicted in Figure 1; the EM wave is tuned to any other angle
instead of the symmetric reflective wave, based on Snell’s law when the surface is divided
into a large number of closely spaced components (supercells of scattering particles). Each
metasurface element is rendered to have suitable phase shifts. Ideally, if each metasurface
element phase shift can be calibrated to any value, a reflected beam can be generated at any
angle [2]. The RIS consists of meta-surfaces due to its huge number of advantages, and it also
serves as programmable reflectors. However, the phase shift of the surface element must be
set appropriately or smartly to shape the reflected beam with incident EM wave. A signal
processing design technique or machine learning-based approaches can be applied, resulting
in the so-called reconfigurable intelligent surface. Continuous or analog phase changes can
be challenging to accomplish in practice. Recently, as stated in [56], quantized phase shift
configurable RISs have been built. When the input or output signal is a plane, the basic
features of RIS can be summarized in the following steps:

(1) reflection/refraction, where a plane wave is redirected from its original propagation
path to another direction;

(2) absorption, where the amplitude of a plane wave is greatly reduced;
(3) focusing/collimation, where a plane wave is condensed to a single point or a spherical

wave is transformed to a single plane wave from a point source;
(4) alteration of polarization, where procedure (1) or (3) often includes modifying the

incoming wave polarization from linear polarization to circular polarization. We have
presented RIS performance parameters comparison in Table 3.
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3.1. RIS-Assisted Smart Radio Environment

The RIS-based smart radio environment is discussed in [32]. The advantage of this
smart radio solution can be enhanced by utilizing one or more RISs in the case of wireless
propagation. For example, to encourage spatial multiplexing by the received power via
beamforming or by affecting the channel. In essence, a RIS can be named any passive
surface that can be dynamically reconfigured to control electromagnetic incident waves
and modify the channel’s conditions.

Limited Phase Shifts Problem and RIS Assisted Communication Model

In such a smart environment scenario, sometimes the line of sight (LOS) propagation
link may not be stable, or even fall into a complete outage due to the varying wireless
environmental circumstances resulting in unexpected fading and possible obstacles. As
a result, RIS has gained a great deal of worldwide attention to tackle this problem [58].
RIS is adopted to reflect the signal to enhance the QoS to establish a perfect condition for
propagation. For example, a cellular uplink network using M×N electrically controlled RIS
elements is shown in Figure 2. There is a deep fading of the direct connection between the
base station (BS) and the user. RIS with minimal phase shifts is considered to enhance the
QoS at the BS to reflect the signal from the consumer to the BS in the presented scenario.

Table 3. RIS performance parameters comparison.

Ref. Performance Parameters Values

[59] Outage probability 3 × 10−3, M = 100
3 × 10−1, M = 1600

[60] Ergodic rate 3.8, M = 100, K = 5
4.5, M = 1600, K = 20

[61] Network Spectral efficiency (bps/hz) 85, M = 100 (T = 50 and t = K)

[61] Ergodic System Spectral efficiency
(bps/hz) 65, M = 100 (L = 0.5, K = 20)

[60] Variance of data rate 0.2, M = 1600 (L = 0.5, K = 20)
[62] Achievable Data rate (bps/hz) 21, d = 200 m

[16] Average EE (Kbit/Joule) 130 at Pmax (dBm = 40) M = 32, K = 16, N
= 12

[16] Average SE (bps/hz) 145 at Pmax (dBm = 40) M = 32, K = 16, N
= 12

[42] Received SNR (dB) 17, N = 100
[63] Secrecy outage probability 10−1, N = 50
[64] Coverage distance (km) 12, N = 8
[64] Probability of SNR gain (dB) 0.9, N = 4
[64] Delay outage rate 10−1, B = 2 MHz

Where, N = Number of LISs, K = Number of LIS units in each LIS (equal to the number of devices) = 0.5,
M = Number of antennas on each LIS unit = 100, 1000, L = Half length of each LIS unit = 0.5 m.
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4. Principle and Operation of the Metamaterials

Artificial bulk and planar materials having subwavelength structural inclusions are
known as metamaterials and metasurfaces. Metasurfaces have demonstrated significant
powers in achieving various capabilities, such as perfect absorption, anomalous reflection,
focusing, imaging, and so on, due to their customized unit cell architectures. The RIS is
designed to use small unit cells of metamaterials, referred to as metasurfaces [65]. The
idea is to use new materials with controllable electromagnetic properties to manipulate the
propagation of radio waves in the environments where we live and work.

Metamaterials have established themselves as a powerful technology with many
applications, especially in wireless communications. Metamaterials consist of a class of
artificial materials whose physical properties, such as permeability and permittivity, can be
varied to desired features [66]. A brief survey of the existing state-of-the-art schemes for
metamaterials is compiled in Table 4. In addition, metamaterial structures have recently
been anticipated as a novel way to turn any naturally passive wireless transmission en-
vironment (the set of items between a transmitter and a receiver makes up the wireless
environment) into an active one [32,65,67].
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Table 4. State of the art schemes for metamaterials.

References Histry of Metamaterials

[68]

Concept of left-handed material

• ε < 0, µ < 0
• Negative refraction

[68]

Concept of left-handed material

• ε < 0, µ < 0
• Negative refraction

[69]

Proposal of meta-surface

• Two-dimensional
• Simplify design and manufacturing

[70]

Transformation optics

• Design metamaterial with any ε and µ
• Enabling flexible control of EM wave

[71]

Reconfigurable large reflectarray
A reflecting element consisting of a microstrip patch with PIN diodes as a single-bit
digital phase shifter was used.

• Easy to control
• Millimeter wave

[25]

Programmable/digital metasurface
A digital metamaterials with unit cells is presented with a unique metamaterial
particle with a 0 or 1 responsed

• Simplify the design
• Digital coding

[72]

Realize -ε and -µ

• -ε: periodic array of metallic rods
• -µ: periodic array of split ring

[73]

Programmable metasurface
A tunable metasurface absorber with an optically programmable capacitor as the
tuning element.

• Varactor
• 360◦ reflection phase tuning

[65]

Proposal of reconfigurable intelligent surfaces

• Focus on reflection
• Extensive applications in wireless networks

[74]

Proposal of intelligent omni-surface
RIS enabled metasurface provides dual function of transmission and reflection

• Enabling dual function of reflection and transmission
• Extends the coverage of wireless networks

[75]
Protype of metamaterial reflector

• 10× increase in data rate

In the case of planar structures (e.g., metasurfaces), effective parameters of meta-
materials can be tuned to achieve the desired transformation on transmitted, received,
or impinging electromagnetic waves [76]. They are cost-effective, and their extremely
low hardware footprint technology makes them usable in different components of the
wireless propagation environment such as room walls/ceilings and building facades. This
is beneficial in controlling artificial EM wave propagation and environmental AI. Due to
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usages of metamaterials, RIS-enabled wireless communications have recently gained a lot
of attention in 5G and the forthcoming 6G broadband network applications. Moreover,
semiconductors and graphene are two preferred RIS materials. As discussed, metamaterial
or patch-array-based technologies can be used to realize RISs structures. Metamaterial-
based RISs can be deployed at different locations and can work as reflecting/refracting RIS
between the user and base station (BS) or waveguide RIS operating at the BS [77]. A typical
geometry layout of the patch-array smart surfaces based on RIS can be represented as a
substrate with periodic (or quasi-periodic) unit cells. RISs are based on a local design, in
which the cells do not interact with one other for clarity (referred to as a non-local design).
Typically, a local design results in the creation of sub-optimal RISs.

Further, RISs can be reconfigured electrically, mechanically, or thermally based on
the tuning mechanisms. The electromagnetic properties of the RIS, such as phase discon-
tinuities, can be controlled by tuning the surface impedance through various techniques.
In addition to electrical voltage, other processes for tuning are thermal excitation, optical
pump, and physical stretching. However, electrical control is the most suitable way as the
electrical voltage is easier to quantize and control with FPGA chips. Metasurfaces based
on three important RIS structure working conditions: reflection [78], refraction [79], and
waveguide [76] are presented:

(1) Reflecting RIS: A digital coding reflective metasurface design is discussed in [80].
Varactor diodes with a configurable biassing voltage are contained in each element
of metasurfaces. Each metasurfaces element can conduct discrete phase shifts and
achieve beamforming for the reflected wave by predesigning various digitized biased
voltage values.

(2) Refracting RIS: A theoretical design of a perfectly reflecting/refracting metasurface is
presented in [80]. An equivalent impedance matrix model is introduced to optimize
the tangential field components on the two sides of the metasurface. Self-oscillating
teleportation metasurfaces formed entirely of lossless components and nonlocal meta-
surfaces, the three possible device realizations, are discussed. Additionally, the
importance of omega-type bianisotropy in constructing lossless-component imple-
mentations of perfectly refractive surfaces is discussed.

(3) Waveguide RIS: A theoretical concept of waveguide-fed metasurfaces is presented
in [76]. The metasurface’s elements are characterized as uncoupled magnetic dipoles.
The product of the reference wave and each element’s polarizability measures the
magnitude of each dipole element. The metasurface antenna can conduct beam-
forming by adjusting its polarizability. Each metasurface element functions as a
micro-antenna. The small waveguide metasurface takes up less space than traditional
antenna arrays and can broadcast a large range of radiation patterns.

4.1. Operting Principle for Metasurface Based RISs from the View of Physics

An EM wave propagating in three-dimensional (3D) space is referred to as a wireless
signal. As the electromagnetic wave propagates across space and interacts with scattering
objects, it attenuates the signal strength. According to basic electromagnetic principles,
the signal power per unit area in a particular medium is proportional to the square of
the electric field of the associated wave. This result allows us to analyze the EM wave in
order to acquire a better knowledge of the wireless signal and its interaction with reflecting
objects for reflective and refractive smart surfaces. The equivalence principle, particularly
the surface equivalence principle (SEP), provides the foundation for all of these EM wave
manipulation studies. In the context of RIS designs, the Huygens principle and the Love’s
field equivalence principle can be used. According to the Huygens principle, EM wave
manipulation boils down to the controllable change in amplitudes and phases at each spot
on the surface wavefront. Another essential viewpoint is Love’s field equivalence concept,
which can be used to both the external (source-free zone) and internal problems. In this
concept, the refracted and reflected EM field can be analyzed by introducing equivalent
surface magnetic and electric current [81]. The following is a summary of the operational
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principle of waveguide-based RISs. The coupling between 3D free space waves and two-
dimensional surface waves is performed by the EM wave manipulation of the waveguide
metasurface in [32]. As a result, the metasurface can be considered a hologram containing
additional information about its radiated signal traveling in three dimensions (3D) space.
After being excited by the source, this pre-designed information is launched into the
radiated field.

On the other hand, advanced signal processing methods have also been proposed to
deal with the multiple radio echoes resulting from reflections and/or diffractions of the
waveform transmitted in its environment. These multiple received paths, which depend
significantly on the geometry of the radio link, are then treated as a source of valuable
information for tracking mobile radio nodes inside buildings, or even for mapping the
environment. Unlike other related technologies, such as relays and MIMO beamforming,
no power source is needed for RISs. Furthermore, unlike software-defined surfaces (SDSs),
RIS software can be programmed to respond to radio waves. When an EM wave reaches the
boundary between two isotropic mediums, the relationship between the angle of incidence
and angle of reflection and refraction is governed by Snell’s law. In particular, for reflection,
the angle of incidence for the normal surface of the medium is the same as the angle of
reflection. However, the recent advances in research on metasurface and reflectarrays make
it possible to adjust the surface impedance and achieve a certain phase shift between the
incident and the scattered waves [1].

4.2. Programmable Metasurfaces

Once a unit cell is designed in the early stages of metamaterial and metasurface
research, its function is fixed. For example, an absorber functions at a specific frequency
where the input impedance is matched to the free space. However, due to the intrinsic
structure of the unit cells, re-design and re-fabrication operations are not allowed if there
is a change in the working frequency or even the functionality [82]. Adding “tuning”
capabilities to the unit cells can alter the properties of metamaterials and metasurfaces. The
behavior of their electromagnetic waves can then be modified externally by changing the
stimulation. The resonance frequency can be shifted by changing the parameters of the
substrate or structural material. For example, the permittivity of the liquid crystal can be
modified under different gate voltages [83].

Furthermore, a computer algorithm can control such tuning. For developing programmable
metasurfaces, there are a variety of tuning procedures available in the literature [84]. The solu-
tions are classified as global tuning at the metasurface level such as electric, magnetic, light,
and thermal tuning and local tuning at unit cell levels such as switch diodes, continuous
tuning varactors, and collective tuning varactors. Such metasurfaces are programmable,
and they open up more possibilities for dynamical wave applications without the need for
re-fabrication or re-design. In this paper, we have directed our research about software-
defined metasurfaces, which have the capacity to tune the characteristics of each RIS unit
cell separately.

4.3. Future towards Software-Defined Metamaterials/Metasurfaces

Tunability in the alteration of unit cell structural configurations is more challenging
for a tunable metasurface. This method involves connecting sections of the unit cell to
achieve various structural configurations. A hardware system that applies the software
primitives and effectively reconfigures the metasurface is needed to realize a software-
defined metasurface. Some researchers propose that a network of microscopic controllers
be integrated into the metasurface structure and wirelessly interfaced with an external
entity [85]. Each controller can interpret global commands and act locally, for example, by
tuning its associated varactors to produce the required impedance configuration. The key
problems are constructing an ultra-low-cost network of controllers and connecting it with
the metasurface within a single structure [86].
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The metasurface profile refers to the systematic registration of functionalities offered
by a certain metasurface. This profile is the linchpin between academic knowledge and
real-world applications in the software-defined platform. The profile’s information enables
software developers and engineers to create systems that incorporate object electromag-
netic behavior into their control loops without understanding the underlying physics.
Software-defined metasurfaces may give the IoT a new application field in the electromag-
netic behavior of things in the future. IoT can be extended to the Internet-of-Materials
(IoM), providing unparalleled capabilities combined with attempts to enable control over
mechanical qualities [87].

5. RIS Implementation Structures

Reconfigurable intelligent surfaces (RISs) have emerged as a candidate technology for
future 6G networks as a novel paradigm for regulating wireless channels. In this section,
first, various implementations of reconfigurable intelligent surfaces and their differences
are discussed. The literature has studied two major implementations based on standards,
i.e., reflectarrays or metasurfaces [88]. Following this, a novel in-depth review of passive
and phase shift-based active RIS and liquid crystals (LCs) RIS structures is carried out.

5.1. Reflectarray RIS Implementation

Most of the reported RIS work assumes a reflectarray-based implementation, where
each part is a configurable load-terminated antenna (Figure 3a,b) [41]. However, this
execution would require a great deal of productivity to be successful.
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5.2. Metasurface-Based Implementation

A metasurface is made up of a large number of deeply subwavelength resonating
structures, which are closely spaced. The very small size and large number of these tightly
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packed atoms give a massive number of degrees of freedom to control the electromagnetic
waves, as shown in Figure 4 [19]. Earlier designs of metasurfaces have been based on static
preset methods of meta-atoms. As a result, the elements cannot be changed after fabrication.
However, this is good enough for optical applications to create custom lenses where the
reconfigurability could be accomplished by combining electrical components tuned in
two ways: thermally, electrically, or mechanically. In particular, when the antenna size
and antenna spacing decrease and the applied amplitude/phase profile becomes roughly
continuous along the surface. This allows for a significant degree of versatility in wave-front
manipulation of the incident. For instance, in a different direction, each tile may represent
the incident wave-front. The increased versatility associated with metasurface-based RIS
results in even better results in the literature; however, only real-world experiments could
say whether realistic performance gains will result from increased sophistication.
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5.3. Passive and Active RIS

RISs can be divided as passive-lossy, passive-lossless, or active based on their energy
consumption. Their active or passive nature can determine the performance capabilities
of RIS. However, RISs cannot be completely passive due to their inherent property of
being configurable. A passive RIS is made up of a large number of passive elements,
each of which can controllably reflect the incident signal with a phase shift. Each passive
RIS element is made up of a reflecting patch connected to a phase-shifting impedance-
adjustable circuit. A passive RIS element consumes little direct-current power due to its
passive operating mode, and the thermal noise contributed is likewise low. However,
passive RISs only yield a minor capacity boost in many circumstances with strong direct
links due to the “multiplicative fading” effect. This equivalent path loss of the transmitter-
RIS receiver reflection link is the product (instead of the sum) of the path losses of the
transmitter-RIS link and RIS-receiver link. Therefore, it is thousands of times larger than
that of the unobstructed direct link [89]. Figure 5a,b demonstrates the active and passive
RIS structures based on energy consumption.
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5.4. Novel Active RIS Structure and Signal Model

Active RISs are considered novel implementation structures due to their numerous
benefits and applications in many communication areas. As opposed to passive RISs
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that reflect signals without amplification, they can further amplify the reflected signals.
Active RISs can avoid the drawbacks of passive RIS, especially the multiplicative fading
phenomenon, as active RISs can enhance the reflected signals at the expense of extra
power consumption, unlike passive RISs that only reflect signals without amplification. In
addition, active RISs can also reflect incident signals with adjustable phase shifts, similar
to passive RISs. The additionally integrated active reflection-type amplifier, which can
be realized by different existing active components, such as current-inverting converters,
asymmetric current mirrors, or even some integrated circuits, is the key component of an
active RIS element.

The drawback of active RISs is that they consume more power to amplify reflected
signals because they utilize active components. The thermal noise created by active RIS
elements cannot be ignored as easily as it can be with passive RISs. The authors in [90]
developed an active RIS signal model that was validated by experimental measurements.
A point-to-point multiple-input single-output (MISO) wireless system in which an Access
Point (AP) serves a single-antenna user with M antennas is developed and analyzed. An
intelligent reflective surface (IRS) made of N passive elements is mounted on a surrounding
wall to aid the AP-user communication/power transfer to improve connection performance.
The IRS, equipped with a smart controller, can modify the phase shift of each reflecting
element dynamically based on the propagation environment learned through periodic
monitoring via the same passive array (when not reflecting). The IRS controller coordinates
the transition between two operating modes: receiving mode and environment sensing
mode. Finally, the sum-rate maximization problem for active RIS-assisted multiple-input
multiple-output (MIMO) systems was framed using this paradigm. A precoding solution
was developed and presented a joint transmit beamforming and reflect precoding algorithm
that solves this problem. The results demonstrated that existing passive RISs could only
achieve a small sum-rate gain of 3% in a typical wireless system. However, the suggested
active RISs achieved a considerable sum rate gain of 108 percent, thereby avoiding the
“multiplicative fading” phenomenon present in passive RISs [42].

In many industrial internet-of-things (IoT) applications, such a system can be used to
facilitate wireless information and/or power transfer. Therefore, the authors also optimized
the (active) transmit beamforming at the AP and (passive) reflect beamforming by the
phase shifters at the IRS to achieve the maximum signal power received at the user. The
authors assumed that the user receives superposed signals from the AP-user (direct) link
and the IRS-user (direct) link.

5.5. Toward Liquid Crystal (LCs) Based RIS

Recent developments using liquid-crystal-loaded unit cells demonstrate promising
metasurfaces with adjustable reflection phase distribution [91]. The phase tunability of the
metasurface reflector is achieved via the dielectric anisotropy of nematic LCs in the reconfig-
urable metasurface. The effective dielectric constant and, thus, phase differential at various
points of a metasurface can be changed by adjusting DC voltages on microstrip patches of
liquid-crystal-loaded unit cells. The concept combines aspects of a metasurface with the
unique attribute of electronically adjustable LCs. In literature, there are many electrically
sensitive materials, but nematic LCs are particularly well-known due to rapid advancement
in optical display technology. Nematic LC molecules reorient themselves in response to
the bias electric field, resulting in voltage-dependent birefringence. Furthermore, their
liquid nature can be infiltrated into various metasurface structures, resulting in substantial
refractive index modulation for operation in the microwave, terahertz, and optical regimes.
Nematic LCs have been used in multiple prominent metasurface applications, including
tunable absorbers and cloaks with real-time invisibility control [92,93].

A large number of metamaterial cells are loaded with a thin layer of LCs in the
proposed metasurface. Due to the anisotropic features of the nematic LCs, the effective
dielectric constant and resonant frequency of such unit cells can be modified individually
by adjusting the external electrostatic field. Because the frequency of the incoming wave in
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relation to the resonance frequency determines the reflection phase, such a metasurface
can be changed in real-time to obtain the desired reflected wave direction by providing a
suitable DC voltage distribution across the surface [94]. The metasurface is a multilayered
printed circuit board surface with a high impedance. The metasurface’s bottom layer is a
solid ground plane, while the top layer is a gridded wire mesh utilized for DC grounding
of the top microstrip patches. An array of little microstrip patches can be located in the
central layers. These microstrip patches are approximately a quarter of a wavelength in size.
Between the two microstrip patch layers is an LCs mixture with a tunable dielectric constant.
As a result of the anisotropy of the LCs, the dielectric constant between the microstrip
patches at each unit cell can be controlled individually by altering the electrostatic field
between the patches.

A RIS, in particular, is made up of a large number of low-cost and passive reflecting
elements (REs) that are not connected by radio frequency chains. RIS wireless systems
can achieve system gain by modifying the phase shifts and amplitudes of the REs so that
the desired signals can be combined constructively at the receiver. However, a RIS often
has limited signal processing capabilities and cannot do active transmitting/receiving in
general, posing significant issues in RIS wireless system physical layer design. From the
literature, it is clear that LCs technology has been identified as a potential solution for the
improved design of passive and reflectarray-based RIS. Therefore, it plays a significant
role in the future RIS structure design. Additionally, a flat reflector made of liquid-crystal-
loaded metasurface can be used for beam-steerable antenna applications by utilizing the
dielectric anisotropy of LCs. Changing the DC voltages of LC-loaded unit cells in real-time
to give the desired phase distribution throughout the metasurface can be used to create
a beam steering IoT system. In addition, the proposed unit cell structure can be used
in dual linearly polarized applications. In existing research, the dependence of LCs on
the voltage applied has been utilized to design efficient RIS with control over a huge
range of wavelengths. In the future, investigations related to improving the reflection loss
performance and frequency tunability are required, which can be done by a depth study of
LCss’s material properties. The main limitation of LCs is the time taken by their molecules
to change their orientation. This time consumed by the LCs based reflector for achieving
frequency tunability needs to be further investigated. The above-stated drawback of LCs
based RIS can be overcome by using novel active RIS implementation, as discussed in the
next section.

6. Field-Programmable Gate Array (FPGA) Based RIS and Integrated Architectures

RISs can be reconfigured electrically, mechanically, or thermally, based on the tuning
mechanisms. The electromagnetic properties of the RIS, such as phase discontinuities, can
be controlled by tuning the surface impedance through various techniques. In addition
to electrical voltage, other processes for tuning are thermal excitation, optical pump, and
physical stretching. Electrical control is the most suitable way as the electrical voltage is
easier to quantize and control with FPGA chips. In another way, it is possible to consider
the RIS as a broad disjoint beamformer from the transmitter. One appealing feature of
some of these approaches is that they do not need improvements to the wireless protocol
used. The digital description of coding metasurfaces is well adapted to integrating active
elements such as PIN diodes, varactors, and micro-electro-mechanical systems (MEMS).
As a result, an FPGA may control all coding elements of a digital coding metasurface
separately. Many different functionalities can be switched in real-time by modifying the
coding sequences stored in the FPGA, leading to programmable metasurfaces. An FPGA-
based dynamically controlled RIS structure is demonstrated in Figure 6, and its related
work is discussed next.
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A system based on a microcontroller unit (MCU), DACs board, and FPGA is commonly
used to dynamically control the RIS [95,96]. The RIS in [96] is made up of 328 REs, each
of which is loaded with two varactor diodes to achieve a 450-phase reflection range. The
varactor is then tuned for the appropriate phase distribution using a central controller,
FPGA, and DAC to provide bias voltage. When the RIS reflects the incident wave, the
signal is placed onto the carrier.

The reflection phase of each RE in the proposed RIS is controlled by an upper computer
(UC) through FPGA. The UC first codes the designed quantized phase before sending it to
the FPGA, which uses its output pin to link the PIN diodes on the RIS. Then, to achieve the
appropriate phase distribution, each PIN diode loaded on the RE is switched to the ON or
OFF states. As a result, the reflected radiation pattern can be dynamically modified using
different codes given to the FPGA (Figure 6). The simulated radiation pattern of beam
scanning is obtained using this control mechanism [97].

In [25], the authors employed the on/off status of PIN diodes to alter the phase
responses of meta-material elements. Finally, the authors developed FPGA hardware that
uses PIN diodes to control programmable meta-surfaces. The authors claim that these
programmable metamaterials can be used to lower the scattering properties of targets
and modify antenna radiation beams. In [98], to control the scattered EM waves using
the coding metasurface, in which each unit cell loads a pin diode to produce binary
coding states of “1” and “0”, the authors presented a direct digital modulation scheme.
Instant communications between the coding metasurface and the internal memory of
FPGA are established via data lines. As a result, electromagnetic wave digital modulation
is achieved, and it offers a field-programmable reflecting antenna with good measurement
performance. The proposed method and functional device have a lot of potential for use in
next-generation radar and communication systems. Basically, the binary units are realized
by loading pin diodes to sub-wavelength artificial structures in a field-programmable
reflective antenna based on the coding metasurface in the microwave frequency.

A field-programmable reflective array antenna made up of a horn antenna, and a
reflective coding metasurface is presented in this paper. The coding metasurface is built
using a binary-phase element and a chessboard configuration approach. The binary codes
of the metasurface are controlled directly by field-programmable gate arrays (FPGA) by
loading a pin diode in each element. The role of FPGA is to configure the code distribu-
tions on the coding metasurface. As a result, the scattered major lobes can be digitally
reconfigured at the same frequency. Additionally, it is worthwhile to point out that a
real-time switch among these functionalities is also achieved by using an FPGA. In [99], the
authors proposed dynamic multi-functional properties of a digitally controlled metasurface
(relatively large aperture size >20 wavelengths). The proposed programmable metasurface
can be used for a variety of future applications, such as smart stealth missions and novel phased
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array techniques without expensive phase-shifting components. Each sub-metasurface consists
of 320 active unit cells and the proposed metasurface is made up of 5 similar sub-metasurfaces.

A reconfigurable phase for a single polarization is achieved by incorporating one
PIN diode into each unit cell. The reconfigurable polarisation conversion is achieved
first by utilizing this anisotropic characteristic. Then, a FPGA is used to switch between
these functionalities in real-time. In contrast to earlier work that typically controls a
lattice and focuses on a single sort of steerable function, each unit cell in the proposed
metasurface can be controlled individually, allowing for more versatile functions to be
achieved simultaneously. In ref. [26], a prototype of the proposed coding metasurface
is validated by building an FPGA-controlled prototype. The coding metasurface uses
an FPGA hardware control board (ALTERA Cyclone IV) to generate dynamic biassing
voltages, with each column sharing a control voltage. The FPGA is a low-cost system
with a clock speed of 50 MHz and a preloaded code that generates eight control voltages
according to time-coding sequences. By modifying the coding components on a 2D plane
with predesigned coding sequences, reconfigurable meta-surface structures may be used
to manipulate EM waves simply and effectively [100]. A Field Programmable Gate Array
(FPGA) is used to regulate and construct multiple coding sequences independently. As a
result, many distinct functionalities can be swapped in real-time by modifying the coding
sequences recorded in the FPGA, resulting in programmable metasurfaces. In ref. [101],
a similar approach has been used to formulate the exact features of a meta-surface for
vehicular communication applications in the frequency band of 5–5.9 GHz.

An Intelligent metasurface imager and recognizer is proposed in which a network of
artificial neural networks (ANNs) is used for adaptively controlling data flow. It transforms
the measured microwave data into images of the whole human body, classifying specifically
designated spots (hand and chest) within the entire image. Thus, it recognizes human
hand signs instantly at a Wi-Fi frequency of 2.4 GHz. An FPGA with its changing coding
sequences, the large-aperture programmable metasurface is designed to dynamically
and adaptively regulate ambient EM wavefields. First, FPGA acts as an information
relay station or an electrically controllable random mask, sending EM signals with finer
information about the specimen to the receivers. Secondly, the programmable metasurface
with optimized coding patterns can focus EM wavefields on the desired areas while
suppressing irrelevant interference and clutter, allowing body language recognition and
respiration monitoring to be realized [102]. In [96], a reconfigurable reflectarray with the
feature of fast steerable monopulse patterns has been proposed and tested at X-band. To
reconfigure the reflective phase between 0◦ and 180◦, the reflectarray element integrates
one PIN diode. One hundred sixty field-programmable gate arrays (FPGAs) are used to
regulate the “ON/OFF” states of every PIN diode connected in parallel to provide quick
beam steering. This FPGA-based reflectarray design approach is proved to be feasible for
fast beam-switching.

7. Applications and Future Research Directions of RIS
7.1. RIS Assisted Unmanned Aerial Vehicles (UAV) in IoT Networks

Unmanned aerial vehicles (UAVs) might be considered as an alternative for provid-
ing and strengthening connection in contexts where direct communication is hampered
by, for example, blockages, such as big centers, especially when IoT devices (IoTD) are
resource constrained. A RIS is used to improve the UAV’s energy efficiency and connectiv-
ity, especially when numerous devices are supported simultaneously and have varying
channel impairments. In [10], the authors focused on enhancing the system’s secure energy
efficiency by optimizing the UAV’s trajectory, the RIS’s phase shift, user association, and
transmit power all at the same time. From simulation results, authors showed their sug-
gested algorithm converges quickly. The proposed architecture can improve secure energy
efficiency by up to 38% compared to standard schemes that don’t use RIS.

In [103], the authors show that integrating a RIS with a UAV in IoT networks can
significantly enhance UAV energy efficiency. For example, when employing a RIS of 100
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pieces, UAV energy efficiency is boosted five times. Authors in [11] suggested a RIS-assisted
UAV method, in which a RIS mounted on a building is used to reflect signals broadcast
from a ground source to a UAV. The UAV is deployed as a relay to transfer the decoded
signals to the destination. According to the findings, the usage of RISs can significantly
increase the coverage and reliability of UAV communication systems.

A novel framework for integrating RIS in UAV-enabled wireless networks is
proposed in [104], in which a RIS is deployed to improve the UAV’s service quality. While
mobile users (MUs) are deemed to be traveling continually, the non-orthogonal multiple
access (NOMA) technique is used to increase the network’s spectrum efficiency. Minimiz-
ing energy consumption is formulated by concurrently planning the UAV’s movement, RIS
phase changes, power allocation policy from the UAV to the MUs, and setting the dynamic
decoding order. Results revealed that by using RISs in UAV-enabled wireless networks, the
energy dissipation of the UAV could be greatly reduced. Therefore, it can be stated from
the literature that by integrating UAV with RIS-assisted system, coverage and reliability
of UAV communication systems is improved. Additionally, by incorporating RIS in UAV,
secure energy efficiency maximization, the significant improvement in processing time and
throughput performance, enhanced service quality, and decreased energy dissipation of
the UAV with optimized energy efficiency is possible.

7.2. RIS-Aided Millimeter (mmWave) MIMO Systems

RIS enabled new possibilities in mmWave communication by supporting MIMO
transmission with improved throughput by increasing the spectral efficiency in mmWave
communication. Authors in [105] proposed a mmWave system with low-precision analog-
to-digital converters (ADCs) and numerous RIS arrays containing many reflectors with a
discrete phase shift. These arrays produce a synthetic channel with higher spatial variety
and power gain, allowing MIMO transmission using linear spatial processing.

7.2.1. Channel Estimation for mmWave MIMO Channels Using RIS

By passively modifying the directions of impinging electromagnetic waves, a RIS
can shape radio propagation for mmWave MIMO Channels. However, perfect channel
state information (CSI) of all links between the BS and the MS via the RIS is required
for optimal RIS control. As a result, channel (parameter) estimation and the associated
message feedback mechanism are required at the BS/MS. The authors in [106] suggested a
two-stage channel estimation approach for RIS-aided mmWave MIMO channels, which
uses an iterative reweighted method to estimate the channel parameters sequentially.

7.2.2. Coverage Improvement of mmWave Communications

There are a lot of barriers to interacting at millimeter-wave frequencies. The channel
is slightly more aggressive at these frequencies than it is at sub 6 GHz frequencies. This
implies that shadowing has a significant negative impact on the average received power
to create a link. While adaptive beam steering techniques can enhance the reliability of
millimeter-wave connections, communication at these frequencies remains very demanding.
Therefore, the capacity of millimeter-wave channels for spatial multiplexing is limited. In
several examples, e.g., LOS, there is only a single feasible direction of propagation, and
spatial multiplexing is not viable. By exploiting the strength of RISs, the above difficulties
can be overcome. The RISs will act as a centralized beamformer in low-received power
scenarios to increase channel gains. The power coverage of mmWave communications has
gotten a lot of attention in recent years due to its large spectrum availability. The RIS is
proposed as a promising novel solution to address the issue of power coverage in mmWave
communication systems. To improve the coverage area of RIS-assisted mmWave, a variety
of strategies have been proposed in the literature as stated below:

(1) A component of the Blockages: The primary concept behind this method is to provide
several helpful system levels. It can improve the coverage probability of the cellular
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network by providing additional indirect line-of-sight (LOS) links to objects that
operate as communication link blockers, such as buildings or trees [107].

(2) An achievable rate region: It derives a capacity region outer bound for centralized
deployment and a capacity region in closed form for distributed deployment using
RIS. The main idea is to investigate the capacity region of a multiple access channel
(MAC) with two users sending independent messages to an access point (AP) [108].

(3) Probability of Reflection: Authors in [109] proposed a new analytical framework
that provides the probability of reflection of a reconfigurable metasurface. The RIS
is regarded as a reflector for a given transmitter and receiver, given environmental
objects modeled with the modified random line process of fixed length and random
orientations and locations.

Further, the usage of mmWave bandwidth is one of the primary enablers for 5G
and beyond cellular systems to deliver significant data rates. However, due to their high
directivity and sensitivity to blockages, mmWave signals suffer from severe route loss,
which limits their use in small-scale deployments. In order to enhance the coverage in
Millimeter-Wave Cellular Networks, a large number of RISs are deployed, which passively
reflect mmWave signals towards desired directions and therefore improve the range of
mmWave communication.

7.3. RIS-Assisted Free Space Optics (FSO) and Hybrid RF/FSO Communications

Free space optics (FSO) may find a place in situations where fiber is too expensive or
impossible to install, when high data rates are needed, and in cases when the RF spectrum
becomes congested. RIS has recently received much interest as a viable technology for
FSO and hybrid RF/FSO communications due to its superior performance over typical
MIMO systems [110]. Furthermore, compared to multi-antenna amplification and forward
relaying networks with fewer antennas, RIS as a wireless transmission technique can
achieve significant performance while reducing system complexity and budget. Recently, a
new wireless transmission technique based on RIS for hybrid RF/FSO communications has
been presented in [111]. Two hops are used to transmit the signal. The first hop is based
on FSO channel communication, whereas the second hop is based on RF throughput RIS.
Compared to conventional RF/FSO communications, the proposed RIS-based RF/FSO
communications offer a 25–50 dB gain. This analysis is valid when RIS is taken as a reflector
or transmitter.

The authors of [112] investigated a dual-hop mixed FSO/RF network in which the
source message was forwarded to the destination via a RIS on the second hop. The majority of
previous studies considered the scenario in which a RIS is utilized to replace relays. Another
key situation is that the RIS, in conjunction with the RF signal generator, could be employed as
part of the transmitter to assist the source in data transmissions [113]. The idea of employing
a RIS as a transmitter was recently tested using a testbed platform [114]. Recently, the
performance of a RIS-assisted source mixed radio frequency (RF)/FSO relay network with
opportunistic source scheduling was developed and evaluated by the authors in [115].

7.4. RIS-Assisted Visible Light Communication (VLC) System and Hybrid VLC-RF Networks

RIS can transform the physical propagation environment into a fully programmable
and configurable area in a low-cost, low-power manner. RIS-assisted VLC has emerged as
a viable platform with novel applications in 5G and 6G systems. In highly dynamic situa-
tions, such as vehicle application scenarios, VLC performance is dependent on efficiently
overcoming line-of-sight blockage, which has a negative impact on wireless reception
dependability. Integration of RIS in LiFi-enabled networks helps to mitigate blockages
while also allowing for complex interactions between network entities [9]. Moreover,
RIS-Assisted Hybrid LiFi-RF Networks demonstrate exceptional capacity, throughput, and
coverage enhancement capabilities. This integration can provide considerable solutions
for future wireless applications in extremely low-latency, energy efficiency, ultra-reliable,
data-driven, and seamless wireless communication [116].
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7.4.1. Dynamic Channel Gain Modeling

In RIS-assisted LiFi systems, it would be possible to dynamically change the perceived
channel gains at different users by controlling the multi-path channel propagation, and
performance can be enhanced in two different ways:

(1) Increased reliability: By introducing and managing channel gains, ideal conditions
for effective power allocation and, as a result, successful consecutive interference
cancellation can be created.

(2) Improved fairness: NOMA users with lower decoding order, i.e., lower channel
gain, must always decode their signals with interference present, which means that
their achievable data rates may not be sufficient to meet their QoS needs. Dynamic
RIS tuning allows users to adjust their decoding order regardless of their location,
resulting in increased fairness.

7.4.2. Physical Layer Security

VLC links are susceptible to eavesdropping by malicious users. Therefore, securing
LiFi transmissions in public places like shopping malls, airports, libraries, and outdoor
vehicular applications [8]. Incorporating RIS into LiFi systems can result in improved PLS
in one of the following ways:

(1) Improved secrecy: Dynamic multi-path tuning maximizes channel gain for legal users
while reducing eavesdroppers.

(2) Jamming: Artificial noise created by randomized multi-path reflections directed at
the eavesdropper.

Finally, RIS-aided VLC systems can provide increased light-based monitoring as well
simultaneous light-wave information and power transfer to extend the lifetime of energy-
constrained terminals. Each reflected path in RIS-assisted scenarios has its spatial signature,
determined by the locations and EM responses of the objects in the environment [117].
Controlling the EM response of each RIS element can shape the reflections from the elements,
allowing for better mapping from the position space to the measurement space. Therefore, an
accurate localization can be achieved in outdoor and indoor applications, such as measuring
the distances between buildings, vehicles, and people for safety and surveillance, physical
rehabilitation, automated manufacturing, and gesture recognition [118]. Other possible use
cases of RIS are discussed in Section 7.5, Section 7.6, Section 7.7, Section 7.8, Section 7.9.

7.5. RIS as Reconfigurable Reflectors to Deal with Non-LOS Phenomenon

In most wireless communications technologies, the router’s transmitters direct a signal
to ensure that it reaches receivers. The larger the size of said receivers, the better the recep-
tion. However, connected nodes represent a challenge when it comes to integrating such
components. The complexity of a mobile radio environment makes it difficult to predict
the propagation in this environment simply. Knowing the signal level at any point of the
coverage is essential to assess the quality of coverage in this environment. This quality
will sometimes be degraded, even for a good level of the signal received, particularly
for the frequency selectivity of the propagation channel. Several models, methods, and
commercial tools are offered to model electromagnetic propagation in complex environ-
ments and whose improvements are constantly evolving. In an indoor environment, the
fundamental phenomena of the propagation of electromagnetic waves depend on the
nature and dimensions of the materials encountered (electrical and magnetic properties)
and the characteristics of the incident wave (frequency, polarization, angle of incidence).

The presence of other radiant sources may interfere with the useful (transmitted)
signal and generate a degradation of the signal received from the electromagnetic waves.
These interferences mainly come from other radio equipment. Therefore, it is important
to study this parameter to predict the reception quality in terms of signal to interference
ratio. One of the most interesting use cases for using RISs in wireless networks is to use
them as reconfigurable reflectors when the LOS route is either blocked or not powerful



Energies 2021, 14, 8219 22 of 28

enough to help cell-edge users—solving non-LOS scenarios. RISs, for example, can be
easily connected to indoor walls or floors and can be built into outdoor building.

7.6. Solving the Localized Dead Zone Issue

The use of RISs to counteract localized coverage holes in urban scenarios and indoor
harsh propagation conditions is another promising case study. Indeed, in many urban
and heavily populated cities around the world, there are localized dead zones where the
signal strength is not good enough. In indoor settings, including industrial plants and
underground metro stations, similar problems exist. Conventional options for overcom-
ing coverage holes in these situations are to deploy more BSs or relays/repeaters. These
solutions, unfortunately, are costly and raise the carbon footprint of wireless communica-
tions. On the other hand, the introduction of RISs is a cost-effective and environmentally
sustainable approach to address the problems of localized gaps in coverage.

7.7. Achieving High Beamforming Gain for IoT Networks

In future wireless networks, the IoT is an important feature. Some IoT devices are,
however, limited in scale as well as energy consumption. In the mmWave channels,
where highly directional antenna gains are necessary for achieving efficient high-rate
communications, future 5G and beyond cellular networks will run. The RISs can be used
to provide significant beamforming gains for these devices, far greater than they can afford
due to their limited size.

7.8. Energy Harvesting and Decrease in EM Radiation Level

Electromagnetic waves were used for broadcasting as early as 1940, then with the
appearance of television, microwave ovens, radars, mobile telephony, and more recently,
induction hobs. Even if it arouses a particular fascination and significant concerns, wireless
technologies (mobile, Wi-Fi, Bluetooth) in everyday life have constituted a real revolution
in modern lifestyles. As a result, the sources of radio frequency electromagnetic fields om-
nipresent in our environment have been an object of health and environmental concern for
several years. The recycling of radio waves referred as energy harvesting in a productive
and energy-efficient way is one of the key features of RISs. In reality, multipath propagation
is often viewed as uncontrollable and is typically counteracted by increasing the transmit-
ters and receivers complexity. This typically includes an increase in the number of radio
waves generated by deploying more BSs or relays that create additional environmental
signals. This results in an increase in the emission of EM radiation. On the other hand, the
use of RISs does not predict the generation of new signals but enable their intelligent use.
Therefore, the principle of RISs is a promising strategy for lowering EM radiation levels,
with significant applications in situations such as hospitals and aircraft [119].

7.9. RF Sensing and Localization

RIS-assisted sensing and localization of radio frequency (RF) is another promising
direction. The RIS’s wide aperture size and its ability to form the propagation environment
will boost RF sensing capabilities significantly. To provide favorable conditions for RF
sensing, the channel can be altered and then controlled with high precision. Encouraging
findings for potential applications in energy-efficient surveillance assisted living and re-
mote health monitoring has been studied in the literature. The question of optimizing the
RIS configurations to improve RF-sensing, however, remains to be investigated. Most of
the current research on RIS-enabled SREs has relied on communications-related applica-
tions. RISs, on the other hand, provide opportunities for research that extends beyond
communications. Electrically massive RISs, for example, can be used for high-precision
radio localization and mapping because of their excellent focusing capability (i.e., the
construction of a model or map of the environment). The potential of RISs for various
applications and anticipated performance as a function of their size, sub-wavelength struc-
ture, and near-field vs. far-field operation forms an open research question. Furthermore,
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radio mapping and localization might be considered key enablers for realizing important
communication-related activities [120–122].

8. Conclusions

To date, all wireless systems have assumed that the radio propagation channel is fixed
by nature and cannot be changed. It is only well accounted by increasingly complicated
transmission/reception systems. Moving away from this hypothesis could be a significant
evolutionary leap for 5G networks and beyond. The innovative idea of developing wireless
networks is managed and controlled through RIS-assisted wireless communications.

In this work, we reviewed state-of-the-art research findings in the emerging field of
RIS, given its potential for substantial performance improvement by adapting the prop-
agation environment for next-generation wireless communication networks. Further, an
in-depth overview of RIS is provided for wireless communications regarding its principle,
opportunities, and challenges encountered for metasurfaces and reflect arrays RIS. Further,
extensive survey on various candidate implementations such as phase shift and LCs based
RIS has been reviewed. We have demonstrated the key differences that distinguish RISs as
a modern technology compared to conventional literature technologies. In addition, RIS
optimization methods using existing and novel beamforming techniques are discussed.
Furthermore, comprehensive summaries are given for practical considerations of RIS
hardware design and optimization.

Additionally, a detailed review of existing FPGA-based dynamically controlled RIS
structures, and the future opportunities associated with this new technology has been
presented. The possible use cases where the RIS could play an important role in various
application areas, such as UAV, mmWave, FSO, and VLC communications, have been
demonstrated with future challenges. Finally, the fundamental research issues to be
addressed have been explored to full determine the potential of these technologies.
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