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Abstract: An intelligent reflecting surface (IRS) can intelligently configure wavefronts such as ampli-
tude, frequency, phase, and even polarization through passive reflections and without requiring any
radio frequency (RF) chains. It is predicted to be a revolutionizing technology with the capability to
alter wireless communication to enhance both spectrum and energy efficiencies with low expendi-
ture and low energy consumption. Similarly, unmanned aerial vehicle (UAV) communication has
attained a significant interest by research fraternity due to high mobility, flexible deployment, and
easy integration with other technologies. However, UAV communication can face obstructions and
eavesdropping in real-time scenarios. Recently, it is envisaged that IRS and UAV can combine to-
gether to achieve unparalleled opportunities in difficult environments. Both technologies can achieve
enhanced performance by proactively altering the wireless propagation through maneuver control
and smart signal reflections in three-dimensional space. This study briefly discusses IRS-assisted
UAV communications. We survey the existing literature on this emerging research topic for both
ground and airborne scenarios. We highlight several emerging technologies and application scenarios
for future wireless networks. This study goes one step further to elaborate research opportunities to
design and optimize wireless systems with low energy footprint and at low cost. Finally, we shed
some light on open challenges and future research directions for IRS-assisted UAV communication.

Keywords: intelligent reflecting surface (IRS); passive reflections; radio frequency; unmanned aerial
vehicle; IRS-assisted UAV

1. Introduction

In the last decade, we have seen innovative breakthrough from both academia and
industrial sectors to launch fifth-generation (5G) and envision the future roadmap of
sixth-generation (6G) technology. 6G is envisioned to support high coverage extension,
massive connectivity, higher data rates, lower latency, and higher reliability compared
to 5G. Several research efforts have been made using diversity techniques, modulation
schemes, and channel coding to secure ultra-reliable wireless communication. However,
these strategies are unable to alter the wireless propagation, which arises the need for
novel mechanisms to achieve smart, intelligent, reconfigurable and controllable wireless
propagation. It is possible through UAV communication, IRS communication or IRS-
assisted UAV communication.
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Due to high flexibility, mobility, and cost-effectiveness of UAVs, UAVs play an integral
role in existing wireless networks. UAVs are currently being used in disaster-stricken areas,
such as floods and earthquake monitoring where terrestrial networks are damaged [1].
UAVs have been used to monitor traffic and supply first aid medical supplies. In wireless
communication, UAVs trajectories can be intelligently adjusted to achieve reliable commu-
nication. UAVs support enhanced channel conditions by offering line-of-sight (LoS) links.
Communication link quality can be further improved by intelligently controlling hovering
or trajectories to reduce the distance range for LoS path. Furthermore, UAV’s high mobility
also enables improved performance for air to ground networks. Several studies have been
conducted to optimize UAV’s trajectory to satisfy quality of service (QoS) requirements [2].
To achieve high capacity and better performance, UAVs can be integrated with emerg-
ing technologies such as wireless power transfer (WPT), non-orthogonal multiple access
(NOMA), visible light communication (VLC), machine learning (ML), millimeter wave
(mmWave), etc. Several works have been reported to support stable performance of UAVs
targeting throughput, capacity, achievable data rate, security, coverage, and reliability.
Several studies have focused on UAV communication [3-5]. Several projects and other
initiatives are being introduced to explore breakthrough novelties assisted by UAV commu-
nication. However, there are multiple research areas which require further contributions to
implement UAV communication in real-time. For example, UAV size, payload, mission
time, and battery endurance [6] are subject to performance degradation and make it difficult
to incorporate UAV with other emerging technologies such as intelligent reflecting surface
(IRS) and multiple-input and multiple-output (MIMO) to achieve flexible beamforming
and reliable communication along with reduced path loss. The most crucial concerns are
stringent size, weight, and power (SWAP) constraints. Additionally, LoS link blockage due
to high rise buildings [7] and high power consumption to ensure airborne condition and
high mobility also pose critical limits. Similarly, security and privacy issues of legitimate
network entities can suffer from potential eavesdroppers. These problems can be alleviated
by using promising IRS.

IRS, a novel paradigm, can smartly configure the wireless propagation to ensure
smart wireless communication [8,9]. It is a large planar surface with a large number of
passive reflection elements to change amplitude, frequency or phase of impinging signals.
It enables a novel mechanism to configure wireless channel through a quantum leap
gain for capacity, reliability, sustainability, coverage, and secrecy performance of wireless
communication. IRS has the potential to enhance energy efficiency and physical layer
security as well [10,11]. It is more energy efficient as the phase, absorption, reflection, or
refraction of IRS passive reflecting elements can control the incident signals without any
need of RF chains. As compared to active relying system or backscatter communication,
IRS can be easily installed at buildings, vehicles, or indoor walls with minimal expenditure
and efforts. In addition to above benefits, IRS supports the advantage of integration and
compatibility with current radio techniques. Some features of IRS to configure wireless
communication are illustrated in Figure 1. Figure 1a shows IRS for coverage extension,
while Figure 1b represents IRS to enhance channel rank condition. Similarly, IRS for channel
statistics refining and interference suppression are illustrated in Figure 1c,d.

IRS offers high coverage, flexible deployment and extended range of signal reflection
when it is integrated on a mobile UAV rather than a fixed wall or building. Along prior po-
tential capabilities of IRS, half duplex and full duplex communication can also be achieved
over wide bandwidth and frequency. Due to its uniform spatial configuration, installed on
high altitude buildings, IRS can provide shorter LoS paths with UAVs and blocked users
through phase shift. Furthermore, IRS-assisted UAV can substantially reduce the channel
complexity and interference for wireless communication as well as access delay and propul-
sion energy consumption for UAVs as illustrated in Figure 2. Additionally, IRS can enhance
channel quality in urban scenarios along with mitigating adverse eavesdropping [12,13].
IRS-assisted UAV can significantly reduce power consumption by joint optimization of
UAV’s trajectory and resource allocation [14].
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Figure 1. Main functionalities of IRS to reconfigure wireless propagation. (a) IRS for coverage

extension; (b) IRS to enhance channel rank condition; (c) IRS to refine channel statistics; (d) IRS to

suppress interference.

Several works have been reported on IRS-assisted UAV communication [15-22]. A re-
cent study [23] highlighted various applications, challenges and prospects for IRS-assisted
UAV communication for cellular networks considering giant-site access, spectrum sharing,
extended coverage, and physical layer security (PLS). Another study carried out perfor-
mance analysis of IRS-assisted UAV considering both aerial and terrene IRS [24]. Most of
the existing literature has focused on a fixed IRS limited to nearby users. While some works
are reported on multi-IRSs to bypass any obstruction causing high path loss [25,26]. To over-
come these challenges, an alternative approach is to utilize IRS-assisted UAVs for wireless
communication. Table 1 outlines existing literature on IRS-assisted UAV communication.

Reflective m
elements
o

Figure 2. IRS-assisted UAV communication [23].
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Table 1. Existing works combining UAV and IRS.

Reference Aim Optimization Variable UAYV Mobility IRS Installation
[12] To maximize the average UAy trajectory, IRS Mobile At the building
achievable rate passive beamforming,
To maximize the IRS IRS scheduling, IRS phase shift, . g1
[15] data transmission UAV trajectory Mobile At the building
To maximize the IRS passive beamforming,
[19] - beamforming and trajectory Mobile At the building
received power
of UAV
.. IRS phase shift, power control of . g
[20] To maximize the secrecy rate UAV, trajectory Mobile At the building
To maximize the rate of Location, phase shift and .
211 strong user beamforming of IRS-UAV Static Atthe UAV
To maximize the Reflection and location .
[22] transmission capacity parameters of IRS-UAV Static Atthe UAV

1.1. Advantages of IRS-Assisted UAV Communication

v

Some of the key advantages of IRS-assisted UAV communication are as follows:

In case of absence of LoS links due to any blockage between UAV and ground users,
virtual LoS links can be established through IRS. Therefore, communication quality
can be enhanced, which further extends the wireless network coverage;

When IRS is installed on a moving UAV, a new degree of freedom can be obtained for
IRS as UAV’s mobility and IRS’s position can be dynamically configured;

When IRS is installed on a moving UAYV, a direct LoS link can be designed between
transmitter and receiver. By installing IRS on a UAYV, full-angle reflection can be
obtained which further extends network coverage;

Both IRS and UAV can operate in mmWave and terahertz (THz) band, empowering
high data rate and ultra-bandwidth. As mmWave and THz links are prone to block-
age and high path loss, IRS’s reconfigurability and UAV’s mobility can effectively
compensate these issues;

IRS-assisted UAV communication can significantly improve the achievable data rate
signal-to-noise-ratio (SNR). A recent study considers ground-based IRS to improve
ground-air UAV communication [27];

IRS-assisted UAV can effectively improve communication quality and data rate as IRS
can be easily integrated with promising technologies, such as free-space optics (FSO)
and non-orthogonal multiple access (NOMA);

The UAV communication links are always observable to potential eavesdroppers.
Thus, reliability of communication links can be hampered by channel interference
caused by these eavesdroppers. To compensate this issue, IRS can be involved to
reduce external interference. In [28], the authors address IRS-assisted UAVs for
two different applications in cellular networks: (i) to reduce the secrecy to avoid
eavesdropping, and (ii) to maximize the average users” achievable rate. Figure 3
shows IRS-assisted UAV communication in the presence of an eavesdropper. In this
scenario, the potential eavesdropper can steal information of user and can cause other
security concerns. Through IRS passive beamforming, it is possible to strengthen
the reflected signals for the legitimate user as well as reduce the received SNR at the
eavesdropper. Hence, we can improve the reliability and PLS for UAV communication.
Similarly, airborne IRS can also offer a significant performance improvement for the
intended user by optimizing UAV’s location and trajectory;

In UAV communication, energy consumption is a crucial factor due to limited payload
and batteries. Some recent studies have addressed IRS-assisted UAV communication
to tackle the energy consumption challenges. In [29,30], authors have focused on
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join optimization for UAV trajectory, power allocation and IRS phase shift in order to
decrease the average energy consumption. Another study [31] introduces extended
probabilistic LOS model to unlock the potentials of IRS-assisted UAV communication.
In [32], authors consider a directional antenna on a cooperative UAV pointing towards
IRS to reduce the energy consumption. We have summarized some existing studies
on IRS-assisted UAV communications in Table 2.

Figure 3. IRS-assisted UAV communication in the presence of eavesdropper.

Table 2. IRS-assisted UAV communication scenarios.

Reference  System Components Channel Model Design Characteristics Metric
e UAV trajectory and velocity, Average total
[13] UAV, IRS, user Line-of-sight IRS phase shift power consumption
.. UAV trajectory, IRS scheduling, weighted
[15] UAV, IRS, BS Rician IRS phase shift matrix sum BER minimization

UAV trajectory, IRS phase shift,

[19] UAV, IRS, user Rician, Raleigh, LOS : . Signal-to-noise-ratio (SNR)
linear precoding
Rayleigh, UAV trajectory, IRS phase shift, ~Average capacity, average
[201 UAV, IRS, user free-space pathloss linear precoding BER, Outage probability
UAV, IRS, UAV trajectory, IRS phase Energy
[29] . 3GPP . . . L
mobile users shift, precoding consumption minimization
[31] UAV, IRS, user Rician UAV trajectory, IRS phase shift Average

energy consumption

UAV trajectory, IRS phase shift,
[33] UAV, IRS, user Multipath channel precoding, analogue Sum rate
beamforming, user scheduling

UAV trajectory, IRS phase

[34] UAYV, IRS, user mmWave channel shift, precoding Sum secrecy rate
[35] UAV, IRS, user Rician, LOS UAV trajectory, IRS phase shift Bit-error-rate (BER)
[36] UAV, IRS, user mmWave channel UAV trajectory, IRS phase shift Weighted data rate and

geographical fairness

1.2. Scope and Contributions

This review is devoted to IRS-assisted UAV communication and will help readers to
understand ongoing research and development activities on this promising integration of
these promising technologies. Our goal is to support readers to get an overview of IRS,
structure, working principle, and UAV etc.
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e  We provide comprehensive review of advantages of this coexistence, and the use cases
where this coexistence of UAVs and IRSs can be advantageous;

e  We carry our extensive analysis to empower the use of this integration in several
applications scenarios;

e In the end, we discuss several potential challenges and future research directions
to further hones the research work dedicated to this promising integration of IRSs
and UAVs.

1.3. Organization of the Paper

We have structured this study as follows: Section 2 provides an overview of the
research contributions on UAVs and IRSs. Section 3 presents the emerging technologies or
use cases which can benefit from this integration. Section 4 briefly discusses the application
scenarios of IRS-assisted UAV communications. We examine potential challenges and
future research directions in Section 5. Finally, this paper is concluded in Section 6.

2. An Overview of IRS and UAV Technologies

This section sheds some lights on promising IRS and UAV technologies. For IRS, we
have discussed basic architecture and working principle. We have focused on common
architecture which is presented is different studies on IRS. For, UAV, we have addressed on
existing studies and products.

2.1. IRS Technology
2.1.1. Basic Architecture of IRS

The architecture of IRS is a viable phenomenon. The existing studies on IRS suggest
different designs composed of different number of layers. Generally, IRS architecture
is based on liquid crystals, varactor-tuned resonators, microelectromechanical systems
(MEMS), doped semiconductor, and electromechanical switches. Despite the fact that differ-
ent designs are available in published studies, most of these studies focused on architecture
of three layers: (i) a metasurface layer, comprised of passive conductor; (ii) a control-layer,
used to alter the amplitude or phase of meta-atom elements; and (iii) a gateway layer which
can communicate between control layer and a BS. The basic operational function of each
meta-atom is to adjust EM characteristics as a sub-wavelength scatterer. This feature helps
to entirely change the incident patterns on IRS into required EM response [37]. It supports
IRS to configure the wavefronts in order to achieve beam steering, absorption, filtering,
localization, collimation, sensing, polarization and filtering. Two basic methods to achieve
focusing and steering are conventional antenna arrays and metasurfaces [38]. Figure 4
presents the basic hardware architecture of IRS. In Table 3, we have summarized existing
studied on reconfigurable metasurfaces.

Table 3. Different techniques to realize reconfigurable metasurfaces.

. . . . Modulation

Reference Tuning Technique Material Characteristics Spectrum Range/Speed

[39] PIN diode/varactor Reprogrammable MHz-GHz NA /100 KHz

Hologram/Tunable lens
[40] Mechanics NEMS/MEMS Modulator GHz-visible 31%/1 KHz
[41] Phase transition VO, Modulator THz-visible 20%/NA
- - Color filter/beam . o
[42] Phase transition Liquid crystals deflector /modulator GHz-visible 12°/NA
[43] CaI'I:leI' Graphene Absorber/polarizer THz-NIR 243°/NA
doping
[44] Carrier Semiconductors Modulator THz-visible 90%/NA

doping




Sensors 2022, 22,5278

7 of 30

Copper backplane
/Dielectric substrate

L—> Meta surface

Base station ‘
IRS controller D/El Reflecting element /
chip meta-atom

Figure 4. Basic hardware architecture of IRS.

2.1.2. Working Principle

Generally, IRS is a two-dimensional array based on massive number of passive re-
flecting elements. IRS operates on the basic principle of altering signals through reflection
and altering their phase shifts. In this way, IRS can attain cost-effective sustainable perfor-
mance [45]. In some recent studies, authors have focused on intelligent reflecting surfaces,
large intelligent surfaces antennas, compared with relaying systems and roles in future
6G Internet-of-Things (IoT) networks [46]. In [47], R. Alghamdi et al. investigated passive
reflecting elements or metasurfaces in large intelligent surface (LIS). These surfaces are
composed of complementary metal-oxide-semiconductor (CMOS) switches or microelectro-
mechanical systems (MEMS) with the capability to smartly alter phase shifts of incident
waves. Some other switching technologies, e.g., positive intrinsic- negative (PIN) diodes
and liquid crystal, are also available. In terms of PIN diode, PIN on off condition is achieved
through an external bias, which can create two distinct levels as shown in Figure 5. In
this context, maximum portion of energy is reflected as PIN diode is on, while maximum
energy is absorbed as PIN diode is off.

PR
4

J/ Bias
\
O - OO
\\\ a

~f———

¢

\
Element PIN diodes

Figure 5. EM reflection via PIN diodes.

The electromagnetic characteristics of metasurfaces are closely related to meta-atom
patterns. Therefore, some structure of meta-atoms can partially reflect while others can
completely reflect the incident EM signals. These metasurfaces comprised of passive
reflecting components are dynamic in nature; thus, these surfaces can select required EM
response or an external bias can adjust their conditions. The scattering elements of these
surfaces can act as input or output antennas. Thus, when an incident EM signal enters from
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the input antenna, transmission occurs on the basis of switch status, and this EM signals
exits from the output antenna with a desired reflection. Table 4 illustrated several projects
from literature.

Table 4. Academic and industrial projects on intelligent reflecting surfaces.

Year & Reference

Research Project Aim/Objective Product

It aims to develop a hardware architecture

2017 [48] Mot for software-driven metasurface
Reconfigureable active To achieve efficient manipulation of the
2017 [49] , L
Hygen’s metalens impinging wavefront
2018 [50] NTT DOCOMO and Metawave To support .5G data transmission of 28
GHz-band using metasurfaces reflectarray
2020 [51] Rfocus Largest r}umbe.r of antennas. us§d for for a
single link communication
To demonstrate an RIS framework to attain
amplitude-and-phase-varying modulation,
2020 [52] RIS-based MIMO QAM which supports the architecture of MIMO
quadrature amplitude modulation
(QAM) transmission.
2020 [53] NTT DOCOMO and AGC Inc. It aims to design first ever prototype of

transparent dynamic metasurface for 5G.

Apart from above discussed methods, varactor-tuned resonators are also suggested
to configure the incident EM waves as illustrated in Figure 6. In this case, bias voltage is
provided to the varactor with the objective to achieve phase shift. This attained phase shift
can be further controlled by liquid crystals. Effective dielectric constant can be achieved
by changing the DC voltage on liquid crystals. Through this technique, the phase shift of
impinging signals can be controlled at different points of the metasurface.

2.2. UAV Technology

UAVs refer to controlled aerial vehicles which perform several missions without
human assistance. They can be remotely operated through different electronic gadgets
such as microprocessors and sensors. UAVs can perform operation autonomously in such
areas where human intervention is dangerous. The architecture of UAV usually utilizes
communication links to establish connectivity with satellite or ground control system (GCS)
such as laptop or smart phone. A human operator is needed to operate and control UAV
remotely. In literature, several works have been presented to address different features of
UAVs. Several recent studies have focused on various aspects of UAVs such as adaptive
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UAV deployment [54], drone collaboration [55], and mobile charging features [51]. Some
researchers have addressed the use of wireless powered receivers in order to decrease the
weight of UAVs. Several wireless charging techniques have been suggested to increase the
UAV flight time. Shin et al. [56] addressed charge scheduling for multi-drones’ networks
based on deep learning algorithms. In Table 5, we have summarized different surveys and
reviews reported on multiple aspects of UAVs.

Refractor unit

——_ X _____ — Microcontroller
Varactor

Figure 6. Controlling EM reflection via varactor-tuned resonators.

Table 5. Research contributions on UAVs.

Reference Year Research Focus
This study focuses on UAV applications, challenges, regulations, and future research aspects.
[57] 2020 Specifically, it highlights issues regarding trajectory, energy harvesting, security, interference and
collision avoidance.
58] 2020 This study is focused on UAVs for three different perspectives including swarms, sensors
and communications.
This study focuses on several application scenarios of multi-UAV systems. Additionally, it
[59] 2020 L . .
highlights nomenclature taxonomy, architecture, current trends and potential challenges.
This article comprehensively surveys green UAV communications, energy consumption models,
[60] 2021 L7
applications, common trends and research challenges.
[61] 2021 This article focuses on UAV prototype, experimental demonstration, channel models and energy
consumption models. Moreover, it also outlines various future research directions for UAVs.
This work is based on deep learning tools to detect vehicles using UAV aerial images. It addresses
[62] 2021 optimization methods, reduction of computation overhead and accuracy enhancement. This work
provides guidelines for researchers in artificial intelligence and traffic surveillance domains.
This study focuses on optimization algorithms e.g., Chicken Swarm Optimization Clustering, bee
[63] 2022 optimization algorithm, and genetic algorithm which are the gateway to better reliability,
performance and accuracy. It also addresses protocols, routing schemes and associated challenges.
This study surveys various task assignment algorithms in the context of main ideas, benefits,
[64] 2022 drawbacks and operational features. These algorithms are compared on the basis of performance

factors and characteristics. This study also discusses challenges, open issues, and possible future
research directions.

Solar-powered UAVs have gained significant attention in both academia and industrial
sectors. Several research and industrial activities have been initiated on solar-powered
UAVs. Figure 7 shows solar-powered drones projects by technology giants e.g., Google and
Facebook. Google started using these UAVs to provide internet access in remote areas. At
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present, such UAVs are being used for forest fire fighting, internet coverage, high altitude
communication, border monitoring, and power-line inspection.

(a) (b)

Figure 7. Solar-powered drones (a) Google’s project, (b) Facebook’s project [65].

3. Emerging Technologies

IRS-assisted UAVs offer a highly configurable approach to extend the two-dimensional
network model to the three-dimensional model, satisfying the requisites of future wireless
networks. It can provide reduced energy consumption, secure transmission, high reliability,
extended coverage, enhanced QoS and tuned channel gains. The future networks with
aforementioned benefits will provide a continual stream of breakthrough innovations to sit
the needs of cutting-edge applications and services. There are multiple networking and
communication use cases where the coexistence of UAVs and IRSs can be advantageous.
Here, we disclose the impacts that this framework can have on machine learning (ML),
mmWave, THz, WPT, FSO, VLC, NOMA, and IoT.

3.1. Machine Learning

The RIS-assisted UAV technology is a promising technology to support various ap-
plications. Novel breakthroughs can be achieved through artificial intelligence (AI) and
machine learning (ML). These transformative technologies can empower IRS-assisted UAV
communication in terms of QoS, reliability, security, and network performance. The IRS-
assisted UAV can provide potential features like intelligent and controlled decision-making,
data extraction and forecasting and optimal optimization. The learning can be implemented
using supervised, unsupervised or reinforcement learning. ML tools can be utilized to
improve IRS channel estimation, embedded optimization, UAV tracking performance, spec-
tral efficiency, and managing various tradeoffs. The ML tools can be used to control UAV’s
location and IRS’s phase shift to achieve desired communication. Accurate tracking and
reliable channel conditions can be obtained through ML algorithms. Convolutional neural
networks (CNNs) and deep neural networks (DNNs) are used to reduce the complexity and
computational time of these algorithms. Next, we have discussed research contributions
on IRS-assisted UAV communication using deep learning.

Deep Learning

Recently, deep learning (DL) algorithms have gained significant attention in wireless
communication. These algorithms offer a decisive benefit over conventional methods. It
is gained through a neural network framework of several layers with the capability to
discover latent structure with labeled, unlabeled, and unstructured data by processing it
in an unsupervised, supervised, reinforcement, or hybrid manner. DL-assisted solutions
have been deployed for network routing, proactive caching, resource optimization, and
dynamic reconfiguration of antenna tilts to optimize coverage. DL-driven approaches show
a strong feature to replace traditional modulation and coding schemes, enabling smart,
intelligent, and pro-active adaptation to the environment. Several DL-enabled solutions
have been proposed to find the optimal reconfiguration of metasurfaces. Similarly, deep
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reinforcement learning (DRL) algorithms are proposed as a viable solution instant decision-
making and embedded optimization in wireless communications. The DRL algorithms are
utilized for IRS-empowered wireless networks [66] and UAV-aided networks [67]. In [67],
the authors introduced a DRL approach to optimize the IRS shift in order to enhance
the SNR. Furthermore, authors in [68] consider DRL algorithm to optimize phase shift of
IRS and transmit beamforming vector for maximizing the total sum-rate. In [69], authors
proposed a DRL algorithm to control the IRS phase shift and UAV’s altitude to reduce the
sum age-of-information. However, these works consider static environment, flat fading
channel setting, perfect CSI or idealistic conditions. These conditions are infeasible and
unrealistic for practical use cases. Additionally, the delay in both centralized learning
and processing time to optimize algorithm is also longer for practical applications. In [7],
researchers introduced proposed a deep deterministic policy gradient (DDPG) algorithm
to investigate DRL applications to IRS-UAV NOMA downlink system. The proposed
technique is utilized to optimize the IRS phase shift, horizontal position of UAV and power
allocation of BS. The presented results show better performance in terms of robustness
and sum rate. An efficient DRL approach is proposed in [70] to jointly optimize UAV’s
3D trajectory and IRS phase shift to improve the communication quality. In [71], authors
proposed IRS-assisted transmission strategy to address the link performance and coverage
of aerial terrestrial communication. Particularly, authors designed an adaptive IRS-assisted
transmission protocol based on data transmission, transmission strategy and channel
estimation. Authors formulated an optimization problem through multi-task learning to
enhance the entire system’s capacity. The proposed strategy reduced the transmit power
and enhances the system throughput.

3.2. Mm-Wave and THz

Future 6G technology is envisaged to utilize high frequency bands of tens of GHz
bandwidths, such as mmWave and THz. It will necessitate technologies and network
architectures different from existing cellular networks. Thz and mmWave communication
experience severe path loss peaks due to harsh atmospheric conditions, such as molec-
ular absorption and attenuation [72]. Furthermore, considering these technologies of
higher bandwidths will support the blockage rate of transmission, severely affecting the
availability and reliability of wireless network. In case of short-range LoS settings, THz
communication has shown good performance. To overcome these challenges, IRS-assisted
UAV technology is a viable approach. In this scenario, a UAV can be used for short range
communication with THz band transmitter, while IRS elements are used to configure the
channel conditions to achieve optimum signal links for the outbound links. Severe prop-
agation attenuation can be alleviated by deploying IRS in THz communications. Several
innovative efforts show that IRS can be used in THz communication to maximize sum-rate
performance [73] and maintain reliability [74]. However, these techniques are usually imple-
mented for terrene THz communication, and we cannot directly implement for aerial THz
communication. Furthermore, the path loss in THz is closely associated to link distance,
which greatly relies on UAV trajectory. Thus, it is imperative to collaboratively optimize
sub-band allocation, IRS phase shift and UAV’s trajectory to improve the ITS-assisted
UAV supported THz communication. In a recent letter [75], authors have addressed UAV-
supported THz communication where IRS is also used to help the transmission. Authors
formulated optimization problem for power control, THz sub-band allocation, IRS’s phase
shift and UAV’s trajectory.

Due to the blockage-prone feature of mmWave signals, dynamic IRSs are more suitable
than static IRSs to improve mmWave communication. A UAV-carried IRS can be used to
constantly adjust the position of IRS in order to maintain persistent LoS paths between
transmitter and receiver. Being installed onto a UAV, an IRS can significantly support
reliable of mmWave communication by smartly optimizing its location. In [22], authors
proposed a novel framework to effectively deploy UAV-IRS to support mmWave downlink
transmission in a dynamic scenario. The proposed mechanism shows better performance as
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compared to static IRS. The authors in [76] address the secure communication in a UAV-IRS
aided mmWave network in the presence of an eavesdropper. This study shows enhanced
secrecy rate than benchmark schemes. While in [77], authors proposed a resource allocation
algorithm for mmWave communication using multi-UAVs-borne IRSs.

3.3. Wireless Information and Power Transfer

WPT has emerged as a promising technology to prolong the battery life of IoT tags or
UAUVs. These technologies are prone to limited battery endurance. To overcome the issue
of limited battery or high power consumption, several techniques have been introduced
including waveform design, energy transmission, scheduling, energy beamforming, and
wireless energy harvesting. Another alternative approach is to deploy IRS close to or
carried by UAVs to support efficient energy charging. By incorporating IRS, the received
power can be significantly enhanced. Moreover, the advancements in WET can enhance the
efficiency ensuring flexibility in beamforming which further enhances the performance of
SWIPT systems [78]. SWIPT is emerging techniques to avoid frequent battery replenish or
recharging in difficult scenarios such as in underwater applications or in concrete structures
for embedded monitoring sensors, flying drones, and in implantable medical sensors for
human bodies. IRS’s passive beamforming can support WPT and SWIPT systems as it
offers additional LoS paths to improve the harvested power. Several researchers have
demonstrated communication environment achieved by IRS to support existing wireless
communication techniques in terms of efficiency, resource allocation, max-min fairness,
sum-rates maximization, weighted sum-power etc., to benefit WPT and SWIPT. In [79],
authors reported UAV-IRS assisted SWIPT for IoT networks. The presented results show
that using reliable and flexible UAV-IRS, the minimum achievable rate can be effectively
enhanced. In [80], a novel IRS-UAV empowered SWIPT framework is proposed. The
proposed framework utilizes IRS to design the wireless channel aiming to enhance the WET
efficiency and extend coverage area of SWIPT network. In this study, authors formulated
optimization problem considering IRS’s reflection coefficient, power splitting, UAV power
allocation and trajectory while taking account of energy harvesting and NOMA user.
Another recent study [81] addresses IRS-aided SWIPT system. In this system, multi-IRSs are
mounted on ground buildings and UAVs are used to improve the SWIPT. The optimization
problem is designed considering UAVs trajectories, IRS phase shifts, transmit beamforming,
and power splitting to effectively increase the average achievable rate.

3.4. Visible Light Communication (VLC)

VLC is a promising candidate to meet the requirements of B5G or 6G technology as it
supports low implementation cost, low-cost components, high data rate, simple design,
easy deployment, and license free spectrum. However, it is prone to various impairments
such as limited coverage, pointing errors, misalignment, and strict LoS requirement. To
mitigate these shortcomings, IRS-assisted UAV communication is proposed. The meta-lens
or crystal liquid-based IRS can be utilized to control the incident optical beam. These
kinds of IRSs can effectively control the optical beam through dynamic artificial muscles,
controlling IRS thickness or refractive index [23]. The IRS passive reflecting elements can
smartly control the incident optical beam by adapting the required channel configuration.
Similarly, fast and accurate alignment can be achieved through UAV’s mobility.

3.5. Non-Orthogonal Multiple Access (NOMA)

UAUVs support service to a large number of nodes with stringent requirements in
UAV communication. Advance multiple techniques are used to satisfy these requirements.
Specifically, NOMA is a promising candidate due to enhanced spectral efficiency, massive
connectivity, and user fairness guarantee. NOMA enables multiple users to compromise
over communication resources such as frequency, time, space, and spreading code by in-
voking successive interference cancellation (SIC) and superposition coding (SC) techniques.
In future, efficient algorithms must be developed to fully reap the potentials of NOMA in
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IRS-assisted UAV which is commonly conceived as an innovative strategy due to following
reasons:

e  Firstly, NOMA ensures high flexibility and efficient resource allocation for IRS-assisted
UAV communication as compared to traditional orthogonal multiple access (OMA).
Thus, it can provide enhanced spectral efficiency as well as satisfying diversified
communication demands of network users;

e  Secondly, the traditional NOMA performs SIC decoding by considering strong and
weak users on the basis of channel conditions. These channel conditions can be
configured by controlling UAV’s mobility and IRS phase shift to empower a smart
NOMA operation. This smart integration of technologies has been addressed in some
recent studies. For instance, the authors [82] discuss NOMA to serve multiple users
to attain a flexible and high coverage performance of a cellular network. This study
analyzes optimal transmit power allocation between UAVs and two NOMA users to
ensure flexible and ubiquitous NOMA transmission. In [83], the authors highlight
the performance of IRS-assisted UAV NOMA system to serve multiple ground users.
The authors discuss the potentials of integrating these three technologies to effectively
improve the system performance.

3.6. Mobile Edge Computing (MEC)

IRS is a transformative technology to improve the computing performance gains [84].
IRS passive beamforming puts a huge impact on offloading policies of users to the com-
munication network edge along with high computing power to ensure better resource
allocation and reduced computation latency. For example, some users located in nearby
server can significantly alleviate congestion and offload traffic to a remove server through
IRS reflection links in order to achieve cost-effectiveness, low power consumption, and
reduce computation latency. THz communication has high stringent requirements for
latency and support higher data rate, therefore, developing MEC in THz can mitigate
impediments such as excessive offloading delays. However, this integration of MEC and
THz suffers greatly from unstable offloading in THz, which impacts latency and power
consumption. In such scenario, IRS can be utilized to overcome latency and throughput
issues. In [85], the authors consider IRS-assisted MEC system to improve the channel
conditions. Some recent studies have focused on green edge interference to reduce power
consumption for data transmission and computation [86,87]. Even though these works
highlight optimization methods for IRS-assisted MEC, these systems have not yet been
fully explored for THz communication. These optimization strategies will be more complex
for IRS-assisted THz MEC as it requires high computing capabilities, low system utility, and
stable transmission. Stated thus, the aforementioned issues should be handled gradually.
In [18], the authors address the downlink communication of a multi-antenna BS along with
single-antenna user equipment (UE) supported by UAV to satisfy QoS constraints and pre-
vent service starvation for the cell-edge UE. Particularly, this study focuses on the benefits
of using both IRS and UAV to support end-to-end communication along with offering high
energy efficiency. It aims to maximize the total energy efficiency by the join optimization
of IRS phase shift at the UAV and the beamforming at the BS. An overview of IRS-UAV
assisted MEC scenario is shown in Figure 8. In [88], the authors consider a scenario where
communication between BS and UE is blocked. They deploy IRS-UAV to support UE for
offloading the computing task to the multiaccess edge computing (MEC) on the BS. The
proposed system offers low-latency edge computing services to mobile users. The authors
minimize the response time of users by jointly optimizing computational task scheduling,
UAV hovering, IRS passive beamforming, and UE’s active beamforming. Another recent
study [89] proposes IRS-UAV assisted mobile edge computing and traffic offloading over
the RF-enabled 6G networks, which comprised of a UAV operating as an MEC server to
gather data from multiple ground users (GUs) and multiple sets of IRSs to substantially
improve the wireless data and energy transmission simultaneously. To tackle the hindrance
of on-board energy restrictions severely impacting UAV’s performance and sustainability,
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authors proposed this system to reduce flying-time of UAV while empowering all GU’s
data to be gathered. The processing time reduction problem was formulated by the join
optimization of Gus scheduling, resource allocation, UAV flying time and trajectory and
IRS phase shift. The proposed strategy can save UAV’s flying time up to 20%.

UAV-IRS

<<g¢g\>’

Base station

Figure 8. Illustration of a UAV-IRS-assisted MEC application scenario.

3.7. Free Space Optical (FSO) Communication

Optical wireless communication such as FSO systems are promising candidates to
satisfy the demands for higher data rates in B5G or 6G technology [90]. FSO systems
provide wide bandwidth spectrum to support higher data rate services, e.g., video surveil-
lance, tactile internet, and wireless backhauling. It offers unique benefits, such as easy
deployment, simple system, and low-cost components. However, FSO systems are prone
to several impairments in which the most critical one is strict LOS requirement between
transceivers. Moreover, FSO systems face performance degradation due to misalignment,
fog, heavy snowfall and atmospheric turbulence. To mitigate these challenges, different
techniques have been proposed in literature including aperture averaging, beam steering,
diversity techniques and adaptive optics A few studies have reported IRS-aided optical
communication systems to tackle these impairments, but these studies are in sparse [91].
IRS-UAV assisted FSO communication has a great potential to construct an energy saving
and flexible communication system. In [91], the authors generalized pointing error loss
through Hoyt distribution and atmospheric turbulence by Gamma-Gamma distribution for
performance assessment of proposed system. The proposed model was validated through
Monte Carlo simulation.

UAV-Based IRS-Assisted RF/FSO Communication

One of the main problems of the FSO system is the stringent LoS requirement between
transceivers. A conventional method to prevent the propagation limit is to deploy optical
relay nodes between transceivers. Currently, UAV-enabled relaying systems have garnered
attention to mitigate LoS disadvantages. The deployment of optimal relay is a problem
in FSO systems, which causes hindrance in tracking and acquisition of optical beams. A
possible solution is to utilize mobile relay such as UAV which improves the reliability
of optical links. Recently, a hybrid approach of RF/FSO system has gained considerable
attention for IRS-assisted UAV communication. It supports both fronthaul and backhaul
links for BS as they hover at high altitude and providing the LoS link. An illustration of
UAV-based IRS-assisted RF/FSO system is presented in Figure 9. It combines both RF and
FSO links to offer system link redundancy. In [92], the authors proposed a UAV-based
IRS-assisted REF/FSO system. In the proposed system, the authors consider the phase
shift error of IRS along with atmospheric turbulence. Moreover, a sophisticated model is
presented for pointing error due to orientation and position fluctuations of the deployed
IRS on the UAV. The authors also derived closed form expressions of spectral efficiency
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and average symbol rate under the combined effect of phase shift error, pointing error, and
atmospheric turbulence.
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Figure 9. UAV-based IRS-assisted RF/FSO communication.
3.8. Internet of Things (IoT)

The key role of IoT is to support a dense connection of digital entities endowed with
the potentials of sensing, actuation, and computing. A massive number of IoT devices need
novels approaches, which are not fully explored in 5G wireless networks. In this respect,
UAVs are envisaged to contribute towards enhancing the communication reliability and
spectral efficiency of these wireless networks due to capability to improve capacity and
extend coverage. Moreover, UAVs are envisioned to play a central role in information
dissemination to IoT entities. UAVs take the benefits of low-cost production and mobility,
being active to collect data of IoT devices. However, due to limited power and size, it is hard
for UAVs to integrate advanced communication techniques to overcome the expanding
demands for higher data rates. Furthermore, due to severe loss of free space, UAV missions
are highly prone to power loss leading to finite capacity of UAVs. Numerous studies have
addressed different aspects to overcome these challenges. For instance, some studies have
reported IRS-assisted UAVs to improve data transmission between BS and IoT devices.
However, these reported studies are in sparse. Particularly, these works aim to enhance
data transmission and system performance considering minimal power consumption. IRS-
assisted UAV communication can support energy-efficient transmission for IoT networks.
It can be attained by adjusting UAV in close proximity to the energy-limited IoT devices
allowing them to transmit at low power consumption in the uplink, consequently leading to
prolonged battery lifetime and low energy consumption. Moreover, the use of IRS-assisted
UAV communication to significantly enhance channel capacity and network coverage
leads to a substantial decrease in number of BSs. In [93], the authors proposed a new
IRS-assisted Master-Auxiliary-UAV powered IoT network (IRS-MAIN). IRS-MAIN does
not only support wide coverage due to UAV’s mobility, but also supports improved
channel condition with IRS. This study focuses on maximizing the total throughput by
join optimization of the transmit power and trajectory of Master-UAV. In [79], the authors
investigate the IRS-UAV-aided SWIPT for IoT networks. Particularly, an IRS carried by UAV
is used to transmit information and power from the access point to multiple IoT devices.
Taking full benefit of IRS-assisted UAV to serve several IoT devices flexibly, a TDMA
scheduling protocol is proposed to attend multiple IoT devices alternatively during UAV
flight. The presented results validate that considering a reliable and flexible IRS-assisted
UAV, the minimum achievable rate of IoT network can be significantly enhanced. Similarly,
the authors of [94] investigate the IRS idea in UAV empowered communications with the
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aim to improve communication reliability and extend network coverage, as well as spectral
efficiency of IoT networks.

4. Applications of IRS-Assisted UAV Communication

There are various applications of IRS-assisted UAVs in terms of communication and
networking. Here, we have discussed the impact of this integration related to extended
coverage, enhanced capacity, spectrum sharing, PLS, vehicular communication, smart city,
cellular connected UAVs, and internet of underwater things (IoUT).

4.1. IRS-Assisted UAV Communications for Extended Coverage

In future wireless networks, it is envisaged that aerial base station (ABS), aerial user
equipment (AUE) and aerial relay (AR) will be the key enabler to achieve adaptive and
dynamic coverage [23]. As active aerial communication incurs energy overhead, so IRS is a
promising alternative to overcome this drawback. In such scenario, a spherical type IRS
can be used to control wireless propagation at intended locations, positions, heights, and
depths. It is a novel design which can reflect signal in all directions. Spherical type IRS can
cover dead zones by reflecting signal in multiple directions. This 360 degree coverage can
further enhance the spectral efficiency. It can support multiple features due to potential
rotational mobility of IRS. Moreover, UAVs can be used to carry IRS and support aerial
communication. The UAV carrying IRS can further extend coverage at suitable heights.
Similarly, the network coverage can be substantially improved in any intended direction or
height by optimizing IRS phase shift and UAV location and trajectory. Figure 10 presents
an overview of IRS-assisted UAV for extended coverage.
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Figure 10. IRS-assisted UAV communication for extended coverage.

4.2. IRS-Assisted UAV Communications for Spectrum Sharing

IRS can significantly reduce interference when devices perform transmission con-
sidering same frequency slot. It makes IRS a promising candidate for spectrum sharing
feature. Mostly used conventional approaches use cognitive radios and require an effective
and reliable spectrum sharing technique to mitigate interference for primary users (PUs).
However, it can only be attained at the expense of reliability and energy. IRS-assisted UAVs
can improve the network capacity through spectrum sharing strategy. The potentials of
IRS are empirically discussed to support spectrum sharing in indoor environment [95].
In this study, IRS phase shift is used to control user interference while multiple access in
spectrum sharing technique is used to increase capacity. In [95], the authors introduce
IRS-aided spectrum sharing technique to improve secondary users (SU) capacity while
ensuring QoS for primary users (PU) through precisely optimizing IRS phase shift to enable
channel diagonalization. These works can be further modified by smartly considering
UAV’s potentials to optimize the performance of wireless networks in practical applications
as shown in Figure 11. Furthermore, in IRS-assisted UAYV, it is essential to take account of
impacts of specific parameters including altitude, latitude, and longitude of IRS phase shift
to enhance network capacity.
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Figure 11. IRS-assisted UAV for spectrum sharing [23].

4.3. IRS-Assisted UAV-Ground Wireless Networks

Although UAVs can establish LoS links for communication in multiple applications,
they are critically prone to blockages. In addition, UAV-based ground communication is
severely degraded by interference and vulnerable to eavesdropping. To mitigate these
challenges, IRS can be involved to overcome obstacles by proving reflected links and
supporting the communication for the intended users. Similarly, IRS has the potential
capability to deteriorate the unintended signals at the users in order to prevent data leakage
and avoid interference. In general, there lies a tradeoff to jointly configure the IRS phase
shift to achieve these potentials. In a recent study [24], authors report IRS-assisted UAV
communication to enhance the quality of intended signals and suppress the unintended
signals respectively. An overview of IRS-assisted UAV is presented in Figure 12 in the
presence of an eavesdropper to validate the potentials of IRS by improving the security of
UAV-based ground networks.
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Figure 12. An IRS-assisted UAV system in the presence of eavesdropper.

4.4. IRS Enhanced PLS for UAV Communications

UAVs show the capabilities to enhance the physical layer security (PLS) for terrestrial
wireless communication. It is conceived by establishing a dominant LoS link between
ground and aerial nods. PLS can significantly support the received information at the legit-
imate users than eavesdroppers. Effective PLS can be achieved through various methods
such as power allocation, jamming, coding, and signal processing techniques [96]. PLS
can effectively support defense, authentication, and key generation against eavesdropping.
Some potential characteristics of PLS for security are low computation cost and packet size.
Thus, PLS appear to be suitable candidate for energy constraint devices like UAVs and IoT
terminals. UAVs can serve as ARs between legitimate nodes to weaken the communication
link for eavesdroppers. Similarly, UAVs can send artificial noise towards eavesdroppers as
friendly jammers to prevent legitimate users from any possible attack. IRS can also support
data confidentiality of UAV communication through enhance secrecy rate. IRS passive
reflecting elements can cause destructive reflection to restrict the eavesdropper and reduce
the received SNR. Apart from security, IRS-assisted UAV can support reliable and energy
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efficient communication, which ultimately enhances the battery endurance of UAVs. In a
recent study [96], the authors validated the impacts on secrecy capacity by increasing both
transmit power at the UAV and the number of reflecting elements at the IRS. Figure 13a
shows that by increasing the available transmission power at the UAV, the secrecy capacity
also increases. It can be noticed that a significant gain can be achieved at lower values
of transmit power. Similarly, Figure 13b shows the impact of increasing the number of
reflecting elements of IRS which results in enhanced secrecy capacity. We have summarized
some recent studies on IRS enhanced PLS for UAV communications in Table 6.
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Figure 13. Secrecy capacity of IRS-assisted UAV system (a) impact of increasing transmit power at
the UAV and (b) impact of increasing number of increasing elements of IRS [96].

Table 6. Existing works on IRS enabled PLS for UAV communication [96].

PLS Aspect

UAV Aspect

IRS Aspect

Scenario

Results

Maximize secrecy

rate [20]

Power control,
trajectory control

Phase shift control

Single eavesdropper,
UAV to single receiver

Enhanced secrecy rate

Maximize secrecy

rate [76]

Position design,
Beamforming design

Position design,
beamforming design

Single eavesdropper,
UAV BS to receiver

Enhanced secrecy rate

Maximize secrecy

rate [97]

Position design,
power control

Phase shift control

Single eavesdropper,
UAV to ground user

Enhanced secrecy rate

Maximize secure

EE [98]

Trajectory design,
power control

User association, phase
shift control

Single eavesdropper,
IRS equipped UAV, BS
to users

Enhanced secure EE

Maximize secrecy

rate [99]

Trajectory design

Beamforming design

Single eavesdropper,
UAV to ground user

Enhanced secrecy rate

Maximize secrecy

rate [100]

Position design

Phase shift control

Single eavesdropper,
BS to users

Enhanced secrecy rate

4.5. IRS-UAV Enabled Smart City

The idea of smart city has emerged from the harmonization of digital technologies
and digital transformation of several ecosystems. In future, wireless networks must be
smartly designed for optimal use of city resources. The concept of smart city can support
accessibility to public services, advance digitalization of urban scenarios and advance
monitoring capabilities of societal processes. In the foreseeable future, smart city elements
will be more configurable and unified with the capability of self-management. Recently,
“smart radio environment” was proposed in a study [101] for better performance of wire-
less communication. It is closely related to the current ongoing developments of IRSs.
Therefore, IRSs are envisioned to support required flexibility in “smart radio environment”
or “smart communication environment” through energy and cost-efficient wireless prop-
agation. Through employing IRSs, smart city ecosystems will be more configurable and
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adaptable, which will subsequently support easy installation of future wireless networks in
urban environments and can further boost the interconnectivity among public and private
applications. S. Kisseleff et al. [102] discussed the innovative concept of IRS-assisted smart
cities by considering several use cases, applications and key benefits. According to the
authors, the basic architectural elements of a smart city will be autonomous vehicles, com-
munication platforms, sensors/actuators, and services/applications. They also identified
relevant applications as smart homes, smart buildings, smart factories, smart hospitals,
smart billboards, and smart communications. In this study, the authors also investigate
several research opportunities and future directions. They addressed key-enabling aspects
if IRS-UAV assisted smart city requiring substantial research contributions in pilot decon-
tamination, precoding for large multiuser networks, distributed operation and IRS phase
control. It is envisaged that IRS-UAV assisted smart city will support enhanced security,
better resource allocation and high QoS. An overview of IRS-UAYV assisted smart city is
presented in Figure 14 where IRS can be installed at various sports such as mobile vehicles,
UAVs, or fixed buildings. Some key benefits of using IRS-UAV in smart city are reduced
energy consumption, smart communication, and high coverage. It can also tackle health,
environmental, and ecological concerns with the proliferation of wireless technologies,
specifically operating in high spectrum mmWave and THz bands and relieving human
exposure to harmful RF radiations.
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Figure 14. An overview of IRS-empowered UAV in smart cities (modified from [76]).

4.6. IRS-Assisted UAV Vehicular Communication

Vehicular networks are extensively investigated to feature cutting-edge applications
like intelligent transportation systems (ITS) and autonomous or self-driving vehicles. The
vehicular networks are expected to offer reliable communication, low latency, and high
data rate for ITS. Multiple applications of vehicular communication have been studied for
autonomous, control, safety, and comfort-oriented features. For example, laser imaging
detection and ranging (LIDAR) technology is being used in vehicular communication
for securing Gb/s data rates. Researchers have also reported 10-300 GHZ mmWave for
vehicular communications [103]. However, mmWave communication is highly vulnerable
to obstacles and high path loss. Moreover, transmission outage and beam tracking are
not yet fully explored in mmWave communication. Furthermore, extreme narrow beams
of mmWave lead to critical problems of secrecy information leakage and legitimate user
blockage due to misalignment. THz communication can be another future technology for
terabit vehicular networks in the domain of wireless networked smart automobiles. The
THz beam’s alignment and stability can be hampered by the dense mobility of people
and fluctuating congested traffic. To mitigate these challenges and to ensure reliable
communication, IRS has been used as a cost-effective solution to extend coverage, reduce
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blockage and strengthen signal quality by passive reflecting elements. In order to support
THz beam training and tracking in traffic congested areas, the mobile IRS carried by
UAVs can help in traffic flow. The IRS carried by UAV can be positioned at different
places, positions, and heights. In order to ensure a steady, real-time and high-speed
THz communication, vehicles can pick cooperative IRS-UAV on blockage conditions at
different places. It is envisaged that IRS- assisted UAV communication can support traffic
monitoring, traffic accident prediction and avoid traffic congestion. In [104], AU Makarfi
et al. proposed IRS-assisted vehicular network to enhance PLS. The authors evaluated the
performance of proposed architecture in terms of secrecy outage probability (SOP) and
average secrecy capacity (ASC). The authors also studied the impact of several parameters
and presented analytical expressions for the two performance metrics. In [105], ]. Wang
et al. briefly discussed outage analysis for IRS-aided vehicular communication. The authors
derive the numerical expression for outage probability by using central limit theorem and
series expansion. The presented results indicate that IRS can effectively reduce the outage
probability for vehicles located in its vicinity. Better performance can be further achieved
by using a higher number of reflecting elements.

4.7. IRS-Assisted UAV Communication in IoUT

In underwater medium, optical and electromagnetic (EM) waves restricted to a short
range while acoustic waves are used to achieve larger range in the context of Internet
of Underwater Things (IoUT). On the other hand, acoustic communication is critically
vulnerable to water species, water streams, suspended particles, and scattering at uneven
surfaces. It also suffers from high path loss and significantly reduces the effective data rates.
To tackle these shortcomings, IRS has been proposed as a viable solution. An application
scenario of IRS-assisted UAV communication is presented in Figure 15 for underwater
applications. IRS can significantly reduce the multipath effect through beam steering.
By optimizing IRS reflection elements, frequency selectivity can be reduced which leads
to improved signal bandwidth. Below the water surface, IRS can be places in different
geometries and locations. IRS can be located on the seashore, and can be installed on a
ship or moving AUVs. AUVs can be preferred to carry IRS to preserve control on the
smart environment and reduce any vulnerability. This smart integration of IRSs and AUVs
can support better performance through dynamic mobility of AUVs and beam steering
through IRS phase shift [106]. Furthermore, UAVs can fly above the water surface to gather
data from ships or buoys and transmit to remote monitoring systems. IRS-assisted UAV
communication requires further research efforts to fully realize this strategy to support
smart ocean transportation, harbor monitoring, disaster prediction, data collection, and
underwater communication.

4.8. Cellular Connected UAVs

UAVs can be regarded as mobile relaying systems or virtual base stations which can
be installed in various applications in multiple ways to support large scale coverage of
B5G and 6G wireless networks. B5G and 6G networks are planned to deploy the terahertz
communication band in order to achieve enhanced traffic between UAVs and users as well
as BSs to fully harness the capabilities of UAVs. UAV cause severe interference from/to
a massive number of co-channel BSs. However, due to the observable characteristics of
air medium, THz communications, which rely on high power beamforming to combat
challenges like fading, are highly vulnerable to mutual interference, consequently reducing
transmission performance. In such conditions, IRS can be installed to smartly control the
beam’s direction from the base station to ensure a variety of UAV connections. It provides
as easy technique to control the reflection angel of incident signals to achieve propagation
in a desired direction. Primarily IRS is integrated on roof or outer walls of buildings in
urban environments. It can significantly enhance the interconnectivity of air-to-ground
communication while preventing from multi-UAVs interference by introducing it into the
BS beamforming scenario. In a recent study [108], authors introduced an efficient scheme
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to mitigate interference by deploying IRSs near the BSs. Particularly, in the uplink, IRS
passive beamforming support to enhance/suppress the UAV interference to facilitate the
linear or non-linear interference mitigation at each BS. While in the downlink, the IRS
passive beamforming can suppress interference of BS to the UAV. The presented results
outperform benchmark schemes and provide significant design insights for IRS-assisted
UAV communication in cellular networks.

uav | '_

woIsAS SuLiojuoy

Figure 15. IoUT assisted by IRS-assisted UAV, motivated by [107].

4.9. UAV Placement/Trajectory Optimization

For terrestrial IRS, the UAV trajectory/position should be jointly optimized with the
IRS passive beamforming, which is a new critical issue to be addressed.

Suppose first the 3D UAV deployment design for quasistatic UAVs. For urban areas
with high rise dense buildings, the UAV is required to be located at a sufficient high altitude
in order to establish LoS links with the ground users. However, increasing the altitude
for UAV leads to high path loss, which brings a basic tradeoff between LoS probability
and path loss. Interestingly, IRS can be deployed to alleviate this tradeoff. For instance,
by integrating an IRS near the cell-edge users having low LoS probability with the UAV,
the UAV altitude can be significantly reduced. This, therefore, supports reducing the
link distance between the users and UAV. As a result, it also reduced the path loss, while
maintaining the rate performance of IRS-aided users. Moreover, for high mobility UAVs,
the UAVs trajectory should be jointly optimized with the IRS passive beamforming to
gain the optimal performance. Usually, IRS performs well when it is located near the
transmitter or receiver by minimizing the product distance path loss. It offers new insights
for UAV trajectory to be optimized for IRS-assisted communication. For instance, when IRS
is installed near ground-based users, there are other ground users which are not located
in IRS’s coverage range. To enhance the minimum data collection rate, the UAV without
IRS is required to fly towards every user to enhance the communication channel. On the
other hand, with deployed IRS, the UAV is not required to fly towards IRS-assisted users
and, thus, can spend more time to serve other network users. Alternatively, IRSs can also
be integrated near the UAV location where UAVs are installed; thus, LoS links with the
target ground users can be established. In such case, the UAV can visit the nearby IRSs
without visiting the far-away users, hence reducing the flight-time and propulsion energy
consumption for UAVs [25].
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4.10. IRS-Assisted UAV Communication in Underground Scenario

To satisfy the requirements of exceptional wireless communication service at anytime
and anywhere, the high-speed and high-reliability data services in tunnel, e.g., mine
tunnels, road tunnels, and subway tunnels, are required [109]. However, restricted by
Snell’s law, the blockages (such as rockfall or mining equipment due to geological hazards)
in underground scenario or tunnels can cause ray-link blocking. The mitigation of these
blockages in tunnels is highly important to ensure reliable communication for search and
rescue tasks in case of tunnel disaster. To overcome such challenges, IRS is proposed to
mitigate the challenge of signal blocking in blocked tunnels or mines [110].

One of the internet-of-underground-things” (IoUgT’s) primary application scenarios is
the installation of sensor nodes in mines and tunnels. The uncontrolled reflections from the
tunnel or mine walls and dispersion at the borders of the walls provide the biggest obstacle
to the propagation of EM signals. This causes the degraded performance of network’s
connection and signal quality. This problem may be solved by installing IRSs in the tunnel’s
walls and ceiling, which will increase the directivity of signal transmission by guiding
the signal in the direction of the passageway. Additionally, as was previously indicated,
the earth may somewhat absorb the signals, meaning that each reflection may add to the
overall route loss. However, in order to prevent further losses that would otherwise make
the usage of IRS inefficient, IRSs are normally constructed with the maximum reflection
coefficient. Due to the fact that the IoUgT is not moving, the passage map can be used to
estimate the ideal position and rough values of the phase shifts. Moreover, UAVs can also
be used to support in such underground scenarios such as establishing communication
link, video shooting, and capturing images in search and rescue missions.

4.11. IRS-Assisted UAV Communication in Smart Industry

The Industrial Internet of Things (IloT) bridges the physical and digital worlds to
improve productivity and efficiency in smart manufacturing [111]. The IIoT links millions
of industrial entities to the internet in order to ensure efficient productivity and reliability.
This architecture is a component of the broader technological advancement known as
Industry 4.0. The integration of smart technologies will turn conventional industrial control
and automation techniques into cyber-physical manufacturing units.

Industrial wireless communication systems are highly vulnerable to thick building
structures, room dimensions, arbitrary mobility of objects, EM interference, and metallic
structures. In contrast, full industrial automation needs low latency and ultra-reliability to
support efficient mission-critical industrial applications. Furthermore, human—-machine
interaction in Industry 5.0 will lead to more complexity. Similarly, the growing demand
of several emerging services in innovative industrial sectors such as holographic control
display and augmented reality (AR) or virtual reality (VR) maintenance will create more
challenges in future industries. To overcome the communication challenges of such emerg-
ing services, Industry 5.0 needs to integrate promising technologies including efficient
energy harvesting, advanced localization, terahertz, and mmWave communications [111].

To overcome aforementioned impediments and meet the requirements of future smart
manufacturing industries, IRS can be a viable solution. IRS can be used to steer the
signals towards target nodes and avoiding obstacles. IRS can be used to mitigate the
interference caused by several production processes. Moreover, some manufacturing
processes and machines are mobile and several machines are required to make same copies
of specific products. In such cases, IRS-assisted UAV network can be used to support
these manufacturing services. IRS-assisted UAV system will have a broader view of
manufacturing process.

5. Open Challenges and Future Research Directions

In this section, we elaborate some research challenges and opportunities which are
essential to leverage the capabilities of IRS-assisted UAVs for both design and implementation.
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5.1. Physics and EM Compliant Models

In literature, IRSs are mostly considered as good reflectors with ideal phase shifts and
perfect manipulator of incident EM waves. However, these surfaces should consider other
parameters as well rather than only reflection. It is a paramount significance to consider
the reliability and functional capability with varying communication frequencies. The ME
response of IRS is associated to factors including polarization, incident and reflection angle,
hardware design, and designing material. The properties of IRS also depend upon its size
and diverse number of reflecting elements. Thus, apart from basic models with realistic
performance, EM compliant and physics modeling [112] should be taken into account. Usu-
ally, proper analysis of shadowing, scattering, and fading effects are required for channel
modeling. For accurate channel modeling for IRS-assisted UAYV, IRS geometry, fabrication,
orientation, and number of reflecting elements should be kept into consideration. Both
IRS and UAV define channel models as sophisticated or challenging [23]. For instance, a
UAYV with dynamic mobility and shadowing occurred due to this mobility causes wide
spatial or temporal alterations. This dynamic mobility of UAVs causes beam misalign-
ment and fluctuations which cannot be in neglected in high frequency communications.
Other factors should also be analyzed, such as atmospheric attenuation and reflection loss.
Furthermore, IRS also impacts channel modeling because of its scattering elements and
near-field propagation.

5.2. Channel Sensing and Estimation

IRS contains massive numbers of reflecting elements which are attached with a central-
ized controller. The application of IRS is based on these reflection elements to attain optimal
beamforming through controlled radio propagation. However, it can be achieved through
channel sensing and signal processing. Without proper signal processing, it is difficult to
obtain channel sensing. On the other hand, channel estimation delay and accuracy should
be kept into account. Existing studies focus on sophisticated signal processing techniques
for low overhead and enhanced accuracy. However, these techniques usually require high
power consumption to execute task, data processing and transmission. Thus, it is critically
essential to investigate sustainable channel estimation techniques. One possible solution
is to use IRS with low-power sensing devices which can perform channel sensing and
estimation. Other option is to utilize ML tools. The availability of accurate channel state
information (CSI) acquisition is very important to perform perfect reflection for IRS-assisted
UAV communication [24]. The performance of beamforming gain degrades in case of imper-
fect CSI. To gain such information within channel’s coherence time in mobile environment
is a critical challenge. ML and DL approaches can be utilized to solve CSI problem by
channel estimation. However, these technologies usually require longer training time and
vast amount of data. Thus, delay impact due to CSI estimation and distance should be
investigated. Fast and precise CSI acquisition is mostly preferred. Hence, research efforts
are needed to investigate accurate channel estimation without high overhead and high
power consumption in channel training. Figure 16 outlines some critical challenges for
channel estimation of IRS-assisted UAVs.

5.3. Controller and Overhead of IRS

It is crucial to properly control the reflecting elements of IRS to obtain required phase
shift through a controller. In general, a robust, fully synchronized and highly reliable
controller is selected [23]. Researchers have also proposed Control link can be easily
established in static use case, but it faces fading, shadowing, and time-dependent channel
characteristics for IRS-assisted UAV communication. Researchers have been focusing on
investigating novel strategies to control signaling, processing overheads to achieve reliable
and stable link performance. One possible solution is proposed to utilize UAV smarms
with communication capabilities and distributed computing to support availability and
reliability of control links. Another solution is to use ML controllers to optimally adjust
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the IRS phase shift. However, these tools can impose additional constraints on the UAV’s
resources in the aspect of power and memory consumption.

Passive
Behavior

Channel
Parameters

Critical Challenges

Figure 16. Crucial challenges in IRS channel estimation.

5.4. Power Consumption

An IRS mostly requires an energy supply due to the absence of power amplifier [24].
On the other hand, energy conservation of UAYV is also critical due to deficient battery
endurance. It tends to be a critical bottleneck on UAV performance, flight time and
battery life. One solution is to wirelessly charge UAVs while flying. WPT techniques
can be adopted, where another UAV can be used to transfer required energy for mission
continuity. Thus, researchers should develop energy-efficient mechanisms and suitable
optimization frameworks to reduce power utility without comprising over the IRS-assisted
UAYV communication performance.

5.5. Environmental Factors

In existing works, researchers consider stable flight of UAV and users located at
fixed positions. However, it is not realistic in practical scenario. In real-world use cases,
UAUVs suffer from inventible jittering caused by wind and vibrations, tending to unstable
performance and trivial channel estimation errors. As a result, it becomes difficult to
completely exploit the joint beamforming design gain. In addition, the airflow can alter the
UAV’s speed and trajectory, leading to performance detriment and safety concerns. It is
also hard to meet QoS requirements under dynamic environment and varying locations.

5.6. Design of Suitable Security Measures

UAVs are highly vulnerable to several types of attacks, both from physical and network
point of view. Researchers can exploit the benefits empowered by IRS-assisted UAVs to
improve the security of deployed UAVs. In IRS-assisted UAVs, mobility and high flexibility
are important factors to restrict potential eavesdroppers, protect data leakage of legitimate
users and improve PLS [96]. Particularly, it is critically important to secure the sensitive
data of legitimate UAV which can be intercepted by a malicious UAV. This research domain
is at infancy and advanced security mechanism should be investigated to improve security
against eavesdroppers.

In contrast to conventional UAV communication, IRS-assisted UAV communication
moves one step ahead to improve PLS after optimizing IRS beamforming and phase shifts
of passive reflecting components. Since IRS, UAV, and associated resource optimization
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(i.e., power allocation, sub-carrier, trajectory design, etc.) are customarily linked, the design
optimization challenge appears to be inflexible, and the current designs appear to be sub-
optimal [96]. Nonetheless, the performance variations between these existing sub-optimal
and optimal designs are not fully evident. Thus, research fraternity is focusing to find
optimal approaches to improve PLS of IRS-assisted UAV system in various scenarios while
maintaining system performance and computational intricacy.

5.7. Machine Learning/Artificial Intelligence Techniques

The optimization of IRS-assisted UAV communication is important when UAVs are
deployed in unpredictable and hard environments such as heavy wind or rain. In particular,
optimization of UAV trajectory, IRS phase shift and resource allocation is difficult due to
non-linear models. Thus, it is suggested to find new design strategies with low intricacy
and efficient performance. In this regard, Al and ML tools are promising approaches to
efficiently design and optimize these networks. These approaches are based on reliable,
secure, and robust tools to optimize challenging environments. Furthermore, hybrid online
and offline techniques, hybrid models, and data-driven models can be utilized to analyze
intricate networks for secrecy performance enhancement. However, different parameters
are still needed to be explored—for instance, high energy consumption, latency, throughput
and computational processing power.

5.8. Medium Access Control Layer

The integration of IRS-UAV in any multiple users’ environment will have a great sig-
nificance to improve the performance of future wireless networks. Particularly, developing
artificial intelligence based medium access control methods for mmWave and THz commu-
nication considering the impact of physical layer security is a critical issue which must be
addressed. Additionally, the deployment strategy of IRS in multiple users’ environment
requires innovative Al-empowered strategies such as transfer learning frameworks and
multi-agent RL to jointly optimize PHY and MAC layer.

6. Conclusions

This study offers a comprehensive review on the existing literature on IRS-assisted
UAV communication and also discusses some new ideas. We discussed both ground
and airborne scenarios for IRS-assisted UAV communications. In this study, we discuss
several applications which can be achieved by IRS-assisted UAV communications. It is
envisioned that due to high reconfigurability, high mobility, low energy consumption,
and low expenditure, the IRS-assisted UAV communication will expand both terrestrial
and airborne wireless networks. It can ensure secure transmission and improve wireless
network throughput. We briefly discuss the integration of emerging technologies, such
as machine learning, deep learning, mmWave, THz, FSO, VLC, MEC, NOMA, and WPT,
for breakthrough novelties of IRS-assisted UAV communication. We present critical chal-
lenges arising from the integration of UAV and IRS with solutions and directions how
to mitigate them through focused research. This study also highlights open challenges
and future research directions. We believe this article will pave a way for further research
contributions by providing guidance for theory, research, experimental demonstrations,
and real-time implementation.

Author Contributions: Conceptualization, S.A.H.M.; methodology, S. A HM. and M.A K,; resources,
A.AAS. and M.-H.A ; writing—original draft preparation, S.A.H.M., M.A K. and M.-H.A.; writing—review
and editing, M.-H.A. and P.U.; Supervision, P.U.; funding acquisition, P.U. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Suranaree University of Technology (SUT) Research and
Development Funds, and by the Thailand Science Research and Innovation (TSRI).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Sensors 2022, 22, 5278 26 of 30

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mohsan, S.A.H.; Khan, M.A.; Noor, E; Ullah, I.; Alsharif, M.H. Towards the Unmanned Aerial Vehicles (UAVs): A Comprehensive
Review. Drones 2022, 6, 147. [CrossRef]

2. Zhang, X.; Wang, J.; Poor, H.V. Joint Optimization of IRS and UAV-Trajectory: For Supporting Statistical Delay and Error-Rate
Bounded QoS Over mURLLC-Driven 6G Mobile Wireless Networks Using FBC. IEEE Veh. Technol. Mag. 2022, 17, 55-63.
[CrossRef]

3. Gupta, L.; Jain, R.; Vaszkun, G. Survey of Important Issues in UAV Communication Networks. IEEE Commun. Surv. Tutor. 2015,
18,1123-1152. [CrossRef]

4. Nawaz, H.; Ali, HM.; Laghari, A.A. UAV communication networks issues: A review. Arch. Comput. Methods Eng. 2021, 28,
1349-1369. [CrossRef]

5. Vinogradov, E.; Sallouha, H.; De Bast, S.; Azari, M.M.; Pollin, S. Tutorial on UAVs: A Blue Sky View on Wireless Communication.
arXiv 2019, arXiv:1901.02306. [CrossRef]

6. Mohsan, S.A.H.; Othman, N.Q.H.; Khan, M.A.; Amjad, H.; Zywiolek, J. A Comprehensive Review of Micro UAV Charging
Techniques. Micromachines 2022, 13, 977. [CrossRef]

7. Yu, J.; Liu, X.; Gao, Y.; Zhang, C.; Zhang, W. Deep Learning for Channel Tracking in IRS-Assisted UAV Communication Systems.
IEEE Trans. Wirel. Commun. 2022. [CrossRef]

8. Wu, Q,; Zhang, R. Intelligent Reflecting Surface Enhanced Wireless Network via Joint Active and Passive Beamforming. I[EEE
Trans. Wirel. Commun. 2019, 18, 5394-5409. [CrossRef]

9.  Wu, Q,; Zhang, R. Towards Smart and Reconfigurable Environment: Intelligent Reflecting Surface Aided Wireless Network. IEEE
Commun. Mag. 2019, 58, 106-112. [CrossRef]

10. Chen, J,; Liang, Y.-C.; Pei, Y.; Guo, H. Intelligent Reflecting Surface: A Programmable Wireless Environment for Physical Layer
Security. IEEE Access 2019, 7, 82599-82612. [CrossRef]

11.  Wang, Q.; Zhou, E; Hu, R.Q.; Qian, Y. Energy Efficient Robust Beamforming and Cooperative Jamming Design for IRS-Assisted
MISO Networks. IEEE Trans. Wirel. Commun. 2020, 20, 2592-2607. [CrossRef]

12. Li, S; Duo, B,; Yuan, X,; Liang, Y.-C.; Di Renzo, M. Reconfigurable Intelligent Surface Assisted UAV Communication: Joint
Trajectory Design and Passive Beamforming. IEEE Wirel. Commun. Lett. 2020, 9, 716-720. [CrossRef]

13.  Ma, D,; Ding, M.; Hassan, M. Enhancing Cellular Communications for UAVs via Intelligent Reflective Surface. In Proceedings of
the 2020 IEEE Wireless Communications and Networking Conference (WCNC), Seoul, Korea, 25-28 May 2020; IEEE: Piscataway,
NJ, USA, 2020; pp. 1-6. [CrossRef]

14. Cai, Y.; Wei, Z,; Hu, S.; Ng, D.W.K,; Yuan, J. Resource allocation for power-efficient IRS-assisted UAV communications. In
Proceedings of the 2020 IEEE International Conference on Communications Workshops (ICC Workshops), Dublin, Ireland, 7-11
June 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 1-7.

15. Hua, M,; Yang, L.; Wu, Q.; Pan, C; Li, C.; Swindlehurst, A.L. UAV-Assisted Intelligent Reflecting Surface Symbiotic Radio System.
IEEE Trans. Wirel. Commun. 2021, 20, 5769-5785. [CrossRef]

16. Wu, Q.; Xu, J.; Zeng, Y.; Ng, D.W.K.; Al-Dhahir, N.; Schober, R.; Swindlehurst, A.L. A Comprehensive Overview on 5G-and-
Beyond Networks with UAVs: From Communications to Sensing and Intelligence. IEEE ]. Sel. Areas Commun. 2021, 39, 2912-2945.
[CrossRef]

17. Basharat, S.; Khan, M.; Igbal, M.; Hashmi, U.; Zaidi, S.A.R.; Robertson, I. Exploring Reconfigurable Intelligent Surfaces for 6G:
State-of-the-Art and the Road Ahead. IET Commun. 2022. [CrossRef]

18. Mohamed, Z; Aissa, S. Leveraging UAVs with Intelligent Reflecting Surfaces for Energy-Efficient Communications with Cell-Edge
Users. In Proceedings of the 2020 IEEE International Conference on Communications Workshops (ICC Workshops), Dublin,
Ireland, 7-11 June 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 1-6. [CrossRef]

19. Ge, L.;; Dong, P; Zhang, H.; Wang, ].B.; You, X. Joint Beamforming and Trajectory Optimization for Intelligent Reflecting
Surfaces-Assisted UAV Communications. IEEE Access 2020, 8, 78702-78712. [CrossRef]

20. Fang,S.; Chen, G; Li, Y. Joint Optimization for Secure Intelligent Reflecting Surface Assisted UAV Networks. IEEE Wirel. Commun.
Lett. 2021, 10, 276-280. [CrossRef]

21. Jiao, S.; Fang, F; Zhou, X.; Zhang, H. Joint Beamforming and Phase Shift Design in Downlink UAV Networks with IRS-Assisted
NOMA. . Commun. Inf. Netw. 2020, 5, 138-149. [CrossRef]

22.  Zhang, Q.; Saad, W.; Bennis, M. Reflections in the Sky: Millimeter Wave Communication with UAV-Carried Intelligent Reflectors.
In Proceedings of the 2019 IEEE Global Communications Conference (GLOBECOM), Waikoloa, HI, USA, 9-13 December 2019;
pp. 1-6. [CrossRef]

23. Abdalla, A.S.; Rahman, T.F,; Marojevic, V. UAVs with reconfigurable intelligent surfaces: Applications, challenges, and opportuni-
ties. arXiv 2020, arXiv:2012.04775.

24. Pang, X,; Sheng, M.; Zhao, N.; Tang, ]J.; Niyato, D.; Wong, K.-K. When UAV Meets IRS: Expanding Air-Ground Networks via

Passive Reflection. IEEE Wirel. Commun. 2021, 28, 164-170. [CrossRef]


http://doi.org/10.3390/drones6060147
http://doi.org/10.1109/MVT.2022.3158047
http://doi.org/10.1109/COMST.2015.2495297
http://doi.org/10.1007/s11831-020-09418-0
http://doi.org/10.13052/jmm1550-4646.1443
http://doi.org/10.3390/mi13060977
http://doi.org/10.1109/TWC.2022.3160517
http://doi.org/10.1109/TWC.2019.2936025
http://doi.org/10.1109/MCOM.001.1900107
http://doi.org/10.1109/ACCESS.2019.2924034
http://doi.org/10.1109/TWC.2020.3043325
http://doi.org/10.1109/LWC.2020.2966705
http://doi.org/10.1109/wcnc45663.2020.9120632
http://doi.org/10.1109/TWC.2021.3070014
http://doi.org/10.1109/JSAC.2021.3088681
http://doi.org/10.1049/cmu2.12364
http://doi.org/10.1109/iccworkshops49005.2020.9145273
http://doi.org/10.1109/ACCESS.2020.2990166
http://doi.org/10.1109/LWC.2020.3027969
http://doi.org/10.23919/JCIN.2020.9130430
http://doi.org/10.1109/globecom38437.2019.9013626
http://doi.org/10.1109/MWC.010.2000528

Sensors 2022, 22, 5278 27 of 30

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

You, C.; Kang, Z.; Zeng, Y.; Zhang, R. Enabling Smart Reflection in Integrated Air-Ground Wireless Network: IRS Meets UAV.
IEEE Wirel. Commun. 2021, 28, 138-144. [CrossRef]

Lu, H,; Zeng, Y,; Jin, S.; Zhang, R. Aerial Intelligent Reflecting Surface: Joint Placement and Passive Beamforming Design with 3D
Beam Flattening. IEEE Trans. Wirel. Commun. 2021, 20, 4128-4143. [CrossRef]

Yang, L.; Meng, F.; Zhang, J.; Hasna, M.O.; Di Renzo, M. On the performance of RIS-assisted dual-hop UAV communication
systems. IEEE Trans. Veh. Technol. 2020, 69, 10385-10390. [CrossRef]

Brighente, A.; Conti, M.; Idriss, H.; Tomasin, S. Unmanned Aerial Vehicles Meet Reflective Intelligent Surfaces to Improve
Coverage and Secrecy. arXiv 2022, arXiv:2205.02506.

Liu, X.; Liu, Y.; Chen, Y. Machine Learning Empowered Trajectory and Passive Beamforming Design in UAV-RIS Wireless
Networks. IEEE |. Sel. Areas Commun. 2020, 39, 2042-2055. [CrossRef]

Nguyen, K.K.; Khosravirad, S.; Da Costa, D.B.; Nguyen, L.D.; Duong, T.Q. Reconfigurable Intelligent Sur-face-assisted Multi-UAV
Networks: Efficient Resource Allocation with Deep Reinforcement Learning. IEEE ]. Sel. Top. Signal Process. 2021, 16, 358-368.
[CrossRef]

Cho, H.; Choi, J. IRS-Aided Energy Efficient UAV Communication. arXiv 2021, arXiv:2108.02406.

Tyrovolas, D.; Tegos, S.A.; Diamantoulakis, P.D.; Karagiannidis, G.K. Performance analysis of synergetic UAV-RIS communication
networks. arXiv 2021, arXiv:2106.10034.

Jiang, L.; Jafarkhani, H. Reconfigurable Intelligent Surface Assisted mmWave UAV Wireless Cellular Networks. In Proceedings of
the ICC 2021—IEEE International Conference on Communications, Montreal, QC, Canada, 14-23 June 2021; IEEE: Piscataway, NJ,
USA, 2021; pp. 1-6. [CrossRef]

Guo, X.; Chen, Y.; Wang, Y. Learning-Based Robust and Secure Transmission for Reconfigurable Intelligent Surface Aided
Millimeter Wave UAV Communications. IEEE Wirel. Commun. Lett. 2021, 10, 1795-1799. [CrossRef]

Ranjha, A.; Kaddoum, G. URLLC Facilitated by Mobile UAV Relay and RIS: A Joint Design of Passive Beamforming, Blocklength,
and UAV Positioning. IEEE Internet Things |. 2020, 8, 4618-4627. [CrossRef]

Wang, L.; Wang, K.; Pan, C.; Xu, W.; Aslam, N. Joint trajectory and passive beamforming design for intelligent reflecting
surface-aided UAV communications: A deep reinforcement learning approach. arXiv 2020, arXiv:2007.08380.

Zhao, J. A survey of intelligent reflecting surfaces (IRSs): Towards 6G wireless communication networks with massive MIMO 2.0.
arXiv 2019, arXiv:1907.04789.

Tapio, V.; Hemadeh, I.; Mourad, A.; Shojaeifard, A.; Juntti, M. Survey on reconfigurable intelligent surfaces below 10 GHz.
EURASIP J. Wirel. Commun. Netw. 2021, 2021, 175. [CrossRef]

Li, L,; Jun Cui, T; Ji, W,; Liu, S.; Ding, J.; Wan, X,; Bo Li, Y;; Jiang, M.; Qiu, C.-W.; Zhang, S. Electromagnetic reprogrammable
cod-ing-metasurface holograms. Nat. Commun. 2017, 8, 197. [CrossRef] [PubMed]

Zhu, WM,; Liu, A.Q.; Zhang, X.M.; Tsai, D.P,; Bourouina, T.; Teng, ].H.; Zhang, X.H.; Guo, H.C.; Tanoto, H.; Mei, T.; et al.
Switchable Magnetic Metamaterials Using Micromachining Processes. Adv. Mater. 2011, 23, 1792-1796. [CrossRef] [PubMed]
Driscoll, T.; Kim, H.T.; Chae, B.G.; Kim, B.].; Lee, Y.W.; Jokerst, N.M.; Palit, S.; Smith, D.R.; Di Ventra, M.; Basov, D.N. Memory
metamaterials. Science 2009, 325, 1518-1521. [CrossRef] [PubMed]

Komar, A.; Paniagua-Dominguez, R.; Miroshnichenko, A.E.; Yu, Y.F; Kivshar, Y.S.; Kuznetsov, A.L.; Neshev, D.N. Dynamic Beam
Switching by Liquid Crystal Tunable Dielectric Metasurfaces. ACS Photonics 2018, 5, 1742-1748. [CrossRef]

Miao, Z.; Wu, Q.; Li, X.; He, Q.; Ding, K.; An, Z.; Zhang, Y.; Zhou, L. Widely Tunable Terahertz Phase Modulation with
Gate-Controlled Graphene Metasurfaces. Phys. Rev. X 2015, 5, 041027. [CrossRef]

Shcherbakov, M.R; Liu, S.; Zubyuk, V.V; Vaskin, A.; Vabishchevich, PP; Keeler, G.; Pertsch, T.; Dolgova, T.V.; Staude, L; Brener, I; et al.
Ultrafast all-optical tuning of direct-gap semiconductor metasurfaces. Nat. Commun. 2017, 8, 17. [CrossRef]

Wu, Q.; Zhang, R. Intelligent Reflecting Surface Enhanced Wireless Network: Joint Active and Passive Beamforming De-
sign. In Proceedings of the 2018 IEEE Global Communications Conference (GLOBECOM), Abu Dhabi, United Arab Emirates,
9-13 December 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 1-6. [CrossRef]

Bjornson, E.; Ozdogan, O.; Larsson, E.G. Intelligent Reflecting Surface Versus Decode-and-Forward: How Large Surfaces are
Needed to Beat Relaying? IEEE Wirel. Commun. Lett. 2019, 9, 244-248. [CrossRef]

Alghamdi, R.; Alhadrami, R.; Alhothali, D.; Almorad, H.; Faisal, A.; Helal, S.; Shalabi, R.; Asfour, R.; Hammad, N.; Shams, A.; et al.
Intelligent Surfaces for 6G Wireless Networks: A Survey of Optimization and Performance Analysis Techniques. IEEE Access
2020, 8, 202795-202818. [CrossRef]

VisoSurf. Available online: https:/ /www.visorsurf.eu/ (accessed on 8 April 2022).

Chen, K; Feng, Y.; Monticone, F; Zhao, J.; Zhu, B,; Jiang, T.; Zhang, L.; Kim, Y.; Ding, X.; Zhang, S.; et al. A Reconfigurable Active
Huygens’ Metalens. Adv. Mater. 2017, 29, 1606422. [CrossRef]

NTT DOCOMO and Metawave Announce Successful Demonstration of 28GHz-Band 5G Using World'’s First Meta-Structure
Technology. Available online: https://www.businesswire.com/news/home/20181204005253/en/NTT-DOCOMO-and-
Metawave- Announce-Successful-Demonstration-of-28GHz-Band-5G-Using-Worlds-First-Meta-Structure-Technology (accessed
on 8 April 2022).

Tech Explorist. Available online: https:/ /www.techexplorist.com/mit-inexpensive-rforce-amplify-wi-fi-signal-ten-times /29708 /
(accessed on 8 April 2022).


http://doi.org/10.1109/MWC.001.2100148
http://doi.org/10.1109/TWC.2021.3056154
http://doi.org/10.1109/TVT.2020.3004598
http://doi.org/10.1109/JSAC.2020.3041401
http://doi.org/10.1109/JSTSP.2021.3134162
http://doi.org/10.1109/icc42927.2021.9500484
http://doi.org/10.1109/LWC.2021.3081464
http://doi.org/10.1109/JIOT.2020.3027149
http://doi.org/10.1186/s13638-021-02048-5
http://doi.org/10.1038/s41467-017-00164-9
http://www.ncbi.nlm.nih.gov/pubmed/28775295
http://doi.org/10.1002/adma.201004341
http://www.ncbi.nlm.nih.gov/pubmed/21491512
http://doi.org/10.1126/science.1176580
http://www.ncbi.nlm.nih.gov/pubmed/19696311
http://doi.org/10.1021/acsphotonics.7b01343
http://doi.org/10.1103/PhysRevX.5.041027
http://doi.org/10.1038/s41467-017-00019-3
http://doi.org/10.1109/glocom.2018.8647620
http://doi.org/10.1109/LWC.2019.2950624
http://doi.org/10.1109/ACCESS.2020.3031959
https://www.visorsurf.eu/
http://doi.org/10.1002/adma.201606422
https://www.businesswire.com/news/home/20181204005253/en/NTT-DOCOMO-and-Metawave-Announce-Successful-Demonstration-of-28GHz-Band-5G-Using-Worlds-First-Meta-Structure-Technology
https://www.businesswire.com/news/home/20181204005253/en/NTT-DOCOMO-and-Metawave-Announce-Successful-Demonstration-of-28GHz-Band-5G-Using-Worlds-First-Meta-Structure-Technology
https://www.techexplorist.com/mit-inexpensive-rforce-amplify-wi-fi-signal-ten-times/29708/

Sensors 2022, 22, 5278 28 of 30

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Tang, W.; Dai, J.Y.; Chen, M.Z.; Wong, K.-K; Li, X; Zhao, X,; Jin, S.; Cheng, Q.; Cui, T.J. MIMO Transmission through
Reconfigurable Intelligent Surface: System Design, Analysis, and Implementation. IEEE ]. Sel. Areas Commun. 2020, 38, 2683-2699.
[CrossRef]

Reconfigurable Intelligent Surface (RIS)-Assisted Wireless Networks. Available online: https://spcc.committees.comsoc.org/
files /2021 /06 /RIS-YC-SPCE-SIG-2021-06-2.pdf (accessed on 8 April 2022).

Lin, N.; Fu, L.; Zhao, L.; Min, G.; Al-Dubai, A.; Gacanin, H. A Novel Multimodal Collaborative Drone-Assisted VANET
Networking Model. IEEE Trans. Wirel. Commun. 2020, 19, 4919-4933. [CrossRef]

Lin, N.; Liu, Y.; Zhao, L.; Wu, D.O.; Wang, Y. An Adaptive UAV Deployment Scheme for Emergency Net-working. IEEE Trans.
Wirel. Commun. 2021, 21, 2383-2398. [CrossRef]

Shin, M.; Kim, J.; Levorato, M. Auction-Based Charging Scheduling with Deep Learning Framework for Multi-Drone Networks.
IEEE Trans. Veh. Technol. 2019, 68, 4235-4248. [CrossRef]

Ullah, Z.; Al-Turjman, E; Mostarda, L. Cognition in UAV-Aided 5G and Beyond Communications: A Survey. IEEE Trans. Cogn.
Commun. Netw. 2020, 6, 872-891. [CrossRef]

Zhi, Y.; Fu, Z.; Sun, X.; Yu, ]. Security and Privacy Issues of UAV: A Survey. Mob. Netw. Appl. 2020, 25, 95-101. [CrossRef]
Skorobogatov, G.; Barrado, C.; Salami, E. Multiple UAV systems: A survey. Unmanned Syst. 2020, 8, 149-169. [CrossRef]

Jiang, X.; Sheng, M.; Zhao, N.; Xing, C.; Lu, W.; Wang, X. Green UAV communications for 6G: A survey. Chin. ]. Aeronaut. 2021,
in press. [CrossRef]

Song, Q.; Zeng, Y.; Xu, J.; Jin, S. A survey of prototype and experiment for UAV communications. Sci. China Inf. Sci. 2021,
64, 140301. [CrossRef]

Srivastava, S.; Narayan, S.; Mittal, S. A survey of deep learning techniques for vehicle detection from UAV images. ]. Syst. Archit.
2021, 117,102152. [CrossRef]

Haider, S.K.; Nauman, A.; Jamshed, M.A; Jiang, A.; Batool, S.; Kim, S.W. Internet of Drones: Routing Algorithms, Techniques and
Challenges. Mathematics 2022, 10, 1488. [CrossRef]

Poudel, S.; Moh, S. Task assignment algorithms for unmanned aerial vehicle networks: A comprehensive survey. Veh. Commun.
2022, 35, 100469. [CrossRef]

Solar Tribune. Available online: https:/ /solartribune.com/solar-powered-drones/ (accessed on 8 April 2022).

Feng, K.; Wang, Q.; Li, X.; Wen, C.-K. Deep Reinforcement Learning Based Intelligent Reflecting Surface Optimization for MISO
Communication Systems. IEEE Wirel. Commun. Lett. 2020, 9, 745-749. [CrossRef]

Nguyen, K.K; Vien, N.A.; Nguyen, L.D.; Le, M.-T,; Hanzo, L.; Duong, T.Q. Real-Time Energy Harvesting Aided Scheduling in
UAV-Assisted D2D Networks Relying on Deep Reinforcement Learning. IEEE Access 2021, 9, 3638-3648. [CrossRef]

Huang, C.; Mo, R; Yuen, C. Reconfigurable intelligent surface assisted multiuser MISO systems exploiting deep reinforcement
learning. IEEE ]. Select. Areas Commun. 2020, 38, 1839-1850. [CrossRef]

Shokry, M.; Elhattab, M.; Assi, C.; Sharafeddine, S.; Ghrayeb, A. Optimizing age of information through aerial reconfig-urable
intelligent surfaces: A deep reinforcement learning approach. IEEE Trans. Veh. Technol. 2021, 70, 3978-3983.

Mei, H.; Yang, K.; Liu, Q.; Wang, K. 3D-Trajectory and Phase-Shift Design for RIS-Assisted UAV Systems Using Deep Reinforce-
ment Learning. IEEE Trans. Veh. Technol. 2022, 71, 3020-3029. [CrossRef]

Cao, X.; Yang, B.; Huang, C.; Yuen, C.; Di Renzo, M.; Niyato, D.; Han, Z. Reconfigurable Intelligent Surface-Assisted Aerial-
Terrestrial Communications via Multi-Task Learning. IEEE . Sel. Areas Commun. 2021, 39, 3035-3050. [CrossRef]

Akyildiz, LE,; Han, C.; Nie, S. Combating the Distance Problem in the Millimeter Wave and Terahertz Frequency Bands. IEEE
Commun. Mag. 2018, 56, 102-108. [CrossRef]

Pan, Y.; Wang, K,; Pan, C.; Zhu, H.; Wang, J. Sum-Rate Maximization for Intelligent Reflecting Surface Assisted Terahertz
Communications. IEEE Trans. Veh. Technol. 2022, 71, 3320-3325. [CrossRef]

Chaccour, C.; Soorki, M.N.; Saad, W.; Bennis, M.; Popovski, P. Risk-Based Optimization of Virtual Reality over Terahertz
Reconfigurable Intelligent Surfaces. In Proceedings of the ICC 2020—2020 IEEE International Conference on Communications
(ICC), Dublin, Ireland, 7-11 June 2020. [CrossRef]

Pan, Y.; Wang, K.; Pan, C.; Zhu, H.; Wang, ]. UAV-Assisted and Intelligent Reflecting Surfaces-Supported Terahertz Communica-
tions. IEEE Wirel. Commun. Lett. 2021, 10, 1256-1260. [CrossRef]

Sun, G.; Tao, X.; Li, N.; Xu, J. Intelligent Reflecting Surface and UAV Assisted Secrecy Communication in Millimeter-Wave
Networks. IEEE Trans. Veh. Technol. 2021, 70, 11949-11961. [CrossRef]

Guo, K.; Wang, C.; Li, Z.; Ng, D.W.K,; Wong, K.-K. Multiple UAV-Borne IRS-Aided Millimeter Wave Multicast Communications:
A Joint Optimization Framework. IEEE Commun. Lett. 2021, 25, 3674-3678. [CrossRef]

Shi, W.; Zhou, X.; Jia, L.; Wu, Y,; Shu, F; Wang, J. Enhanced Secure Wireless Information and Power Transfer via Intelligent
Reflecting Surface. IEEE Commun. Lett. 2020, 25, 1084-1088. [CrossRef]

Liu, Y.;; Han, F;; Zhao, S. Flexible and Reliable Multiuser SWIPT IoT Network Enhanced by UAV-Mounted Intelligent Reflecting
Surface. IEEE Trans. Reliab. 2022, 71, 1092-1103. [CrossRef]

Li, Z.; Chen, W,; Cao, H; Tang, H.; Wang, K ; Li, J. Intelligent Reflecting Surface Empowered UAV SWIPT Networks. arXiv 2021,
arXiv:2107.11016.

Yu, K; Yu, X; Cai, J. UAVs Assisted Intelligent Reflecting Surfaces SWIPT System with Statistical CSI. IEEE ]. Sel. Top. Signal
Process. 2021, 15, 1095-1109. [CrossRef]


http://doi.org/10.1109/JSAC.2020.3007055
https://spcc.committees.comsoc.org/files/2021/06/RIS-YC-SPCE-SIG-2021-06-2.pdf
https://spcc.committees.comsoc.org/files/2021/06/RIS-YC-SPCE-SIG-2021-06-2.pdf
http://doi.org/10.1109/TWC.2020.2988363
http://doi.org/10.1109/TWC.2021.3111991
http://doi.org/10.1109/TVT.2019.2903144
http://doi.org/10.1109/TCCN.2020.2968311
http://doi.org/10.1007/s11036-018-1193-x
http://doi.org/10.1142/S2301385020500090
http://doi.org/10.1016/j.cja.2021.04.025
http://doi.org/10.1007/s11432-020-3030-2
http://doi.org/10.1016/j.sysarc.2021.102152
http://doi.org/10.3390/math10091488
http://doi.org/10.1016/j.vehcom.2022.100469
https://solartribune.com/solar-powered-drones/
http://doi.org/10.1109/LWC.2020.2969167
http://doi.org/10.1109/ACCESS.2020.3046499
http://doi.org/10.1109/JSAC.2020.3000835
http://doi.org/10.1109/TVT.2022.3143839
http://doi.org/10.1109/JSAC.2021.3088634
http://doi.org/10.1109/MCOM.2018.1700928
http://doi.org/10.1109/TVT.2022.3140869
http://doi.org/10.1109/icc40277.2020.9149411
http://doi.org/10.1109/LWC.2021.3063365
http://doi.org/10.1109/TVT.2021.3109467
http://doi.org/10.1109/LCOMM.2021.3111602
http://doi.org/10.1109/LCOMM.2020.3043475
http://doi.org/10.1109/TR.2022.3161336
http://doi.org/10.1109/JSTSP.2021.3096025

Sensors 2022, 22, 5278 29 of 30

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Liu, C.-H.; Syed, A.; Wei, L. Toward Ubiquitous and Flexible Coverage of UAV-IRS-Assisted NOMA Networks. arXiv 2021,
arXiv:2110.04699.

Solanki, S.; Park, J.; Lee, I. On the Performance of IRS-Aided UAV Networks with NOMA. IEEE Trans. Veh. Technol. 2022.
[CrossRef]

Dai, L.; Wang, B.; Wang, M.; Yang, X.; Tan, J.; Bi, S.; Xu, S.; Yang, F; Chen, Z.; Di Renzo, M.; et al. Reconfigurable Intelligent Surface-
Based Wireless Communications: Antenna Design, Prototyping, and Experimental Results. IEEE Access 2020, 8, 45913-45923.
[CrossRef]

Jiang, T.; Shi, Y. Over-the-Air Computation via Intelligent Reflecting Surfaces. In Proceedings of the 2019 IEEE Global Com-
munications Conference (GLOBECOM), Waikoloa, HI, USA, 9-13 December 2019; IEEE: Piscataway, NJ, USA, 2019; pp. 1-6.
[CrossRef]

Hua, S.; Shi, Y. Reconfigurable Intelligent Surface for Green Edge Inference in Machine Learning. In Proceedings of the 2019
IEEE Globecom Workshops (GC Wkshps), Waikoloa, HI, USA, 9-13 December 2019; IEEE: Piscataway, NJ, USA, 2019; pp. 1-6.
[CrossRef]

Hua, S.; Zhou, Y.; Yang, K,; Shi, Y.; Wang, K. Reconfigurable Intelligent Surface for Green Edge Inference. IEEE Trans. Green
Commun. Netw. 2021, 5, 964-979. [CrossRef]

He, C.; Xiao, J. Joint Optimization in Intelligent Reflecting Surface-Aided UAV Communication for Multiaccess Edge Computing.
Wirel. Commun. Mob. Comput. 2022, 2022, 5415562. [CrossRef]

Wang, F.; Zhang, X. IRS/UAV-Based Edge-Computing/Traffic-Offloading Over RF-Powered 6G Mobile Wireless Networks. In
Proceedings of the 2022 IEEE Wireless Communications and Networking Conference (WCNC), Austin, TX, USA, 10-13 April 2022;
IEEE: Piscataway, NJ, USA, 2022; pp. 1272-1277. [CrossRef]

Mohsan, S.A.H.; Mazinani, A.; Sadiq, H.B.; Amjad, H. A survey of optical wireless technologies: Practical considerations,
impairments, security issues and future research directions. Opt. Quantum Electron. 2022, 54, 1-57. [CrossRef]

Jia, H.; Zhong, J.; Janardhanan, M.N.; Chen, G. Ergodic Capacity Analysis for FSO Communications with UAV-Equipped IRS in
the Presence of Pointing Error. In Proceedings of the 2020 IEEE 20th International Conference on Communication Technology
(ICCT), Nanning, China, 28-31 October 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 949-954. [CrossRef]

Malik, S.; Saxena, P.; Chung, Y.H. Performance analysis of a UAV-based IRS-assisted hybrid RF/FSO link with pointing and phase
shift errors. J. Opt. Commun. Netw. 2022, 14, 303-315. [CrossRef]

Xu, J.; Kang, X.; Zhang, R.; Liang, Y.C. Joint Power and Trajectory Optimization for IRS-aided Master-Auxiliary-UAV-
powered IoT Networks. In Proceedings of the 2021 IEEE Global Communications Conference (GLOBECOM), Madrid, Spain,
7-11 December 2021; IEEE: Piscataway, NJ, USA, 2021; pp. 1-6.

Mahmoud, A.; Muhaidat, S.; Sofotasios, P.C.; Abualhaol, I.; Dobre, O.A.; Yanikomeroglu, H. Intelligent Reflecting Surfaces
Assisted UAV Communications for IoT Networks: Performance Analysis. IEEE Trans. Green Commun. Netw. 2021, 5, 1029-1040.
[CrossRef]

Tan, X.; Sun, Z.; Jornet, ].M.; Pados, D. Increasing indoor spectrum sharing capacity using smart reflect-array. In Proceedings of
the 2016 IEEE International Conference on Communications (ICC), Kuala Lumpur, Malaysia, 22-27 May 2016; IEEE: Piscataway,
NJ, USA, 2016; pp. 1-6. [CrossRef]

Khan, W.U,; Lagunas, E.; Ali, Z.; Javed, M.A.; Ahmed, M.; Chatzinotas, S.; Ottersten, B.; Popovski, P. Opportunities for Physical
Layer Security in UAV Communication Enhanced with Intelligent Reflective Surfaces. arXiv 2022, arXiv:2203.16907.

Wang, W.; Tian, H.; Ni, W.; Hua, M. Intelligent reflecting surface aided secure UAV communications. arXiv 2020, arXiv:2011.04339.
Long, H.; Chen, M.; Yang, Z.; Li, Z.; Wang, B.; Yun, X.; Shikh-Bahaei, M. Joint Trajectory and Passive Beamforming Design
for Secure UAV Networks with RIS. In Proceedings of the 2020 IEEE Globecom Workshops (GC Wkshps), Taipei, Taiwan,
7-11 December 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 1-6. [CrossRef]

Li, S.; Duo, B.; Di Renzo, M.; Tao, M.; Yuan, X. Robust Secure UAV Communications With the Aid of Reconfigurable Intelligent
Surfaces. IEEE Trans. Wirel. Commun. 2021, 20, 6402-6417. [CrossRef]

Fang, J.; Yang, Z.; Anjum, N.; Hu, Y.; Asgari, H.; Shikh-Bahaei, M. Secure Intelligent Reflecting Surface Assisted UAV Communi-
cation Networks. In Proceedings of the 2021 IEEE International Conference on Communications Workshops (ICC Workshops,
Montreal, QC, Canada, 14-23 June 2021; pp. 1-6.

Di Renzo, M.; Zappone, A.; Debbah, M.; Alouini, M.-S.; Yuen, C.; de Rosny, J.; Tretyakov, S. Smart Radio Environments
Empowered by Reconfigurable Intelligent Surfaces: How It Works, State of Research, and The Road Ahead. IEEE |. Sel. Areas
Commun. 2020, 38, 2450-2525. [CrossRef]

Kisseleff, S.; Martins, W.A.; Al-Hraishawi, H.; Chatzinotas, S.; Ottersten, B. Reconfigurable Intelligent Surfaces for Smart Cities:
Research Challenges and Opportunities. IEEE Open J. Commun. Soc. 2020, 1, 1781-1797. [CrossRef]

Choi, J.; Va, V.; Gonzalez-Prelcic, N.; Daniels, R.; Bhat, C.R.; Heath, R.W. Millimeter-Wave Vehicular Communication to Support
Massive Automotive Sensing. IEEE Commun. Mag. 2016, 54, 160-167. [CrossRef]

Makarfi, A.U.; Rabie, KM.; Kaiwartya, O.; Adhikari, K.; Li, X.; Quiroz-Castellanos, M.; Kharel, R. Reconfigurable intelligent
surfaces-enabled vehicular networks: A physical layer security perspective. arXiv 2020, arXiv:2004.11288.

Wang, J.; Zhang, W.; Bao, X.; Song, T.; Pan, C. Outage Analysis for Intelligent Reflecting Surface Assisted Vehicular Communication
Networks. arXiv 2020, arXiv:2004.08063.


http://doi.org/10.1109/TVT.2022.3171271
http://doi.org/10.1109/ACCESS.2020.2977772
http://doi.org/10.1109/globecom38437.2019.9013643
http://doi.org/10.1109/gcwkshps45667.2019.9024398
http://doi.org/10.1109/TGCN.2021.3058657
http://doi.org/10.1155/2022/5415562
http://doi.org/10.1109/wcnc51071.2022.9771971
http://doi.org/10.1007/s11082-021-03442-5
http://doi.org/10.1109/icct50939.2020.9295740
http://doi.org/10.1364/JOCN.451410
http://doi.org/10.1109/TGCN.2021.3068739
http://doi.org/10.1109/icc.2016.7510962
http://doi.org/10.1109/gcwkshps50303.2020.9367542
http://doi.org/10.1109/TWC.2021.3073746
http://doi.org/10.1109/JSAC.2020.3007211
http://doi.org/10.1109/OJCOMS.2020.3036839
http://doi.org/10.1109/MCOM.2016.1600071CM

Sensors 2022, 22, 5278 30 of 30

106.

107.

108.

109.

110.

111.

112.

Mohsan, S.A.H.; Mazinani, A.; Othman, N.Q.H.; Amjad, H. Towards the internet of underwater things: A comprehensive survey.
Earth Sci. Inform. 2022, 15, 735-764. [CrossRef]

Kisseleff, S.; Chatzinotas, S.; Ottersten, B. Reconfigurable intelligent surfaces in challenging environments: Underwater, under-
ground, industrial and disaster. IEEE Access 2021, 9, 150214-150233. [CrossRef]

Pang, X.; Mei, W.; Zhao, N.; Zhang, R. Intelligent Reflecting Surface Assisted Interference Mitigation for Cellular-Connected UAV.
IEEE Wirel. Commun. Lett. 2022. [CrossRef]

Hrovat, A.; Kandus, G.; Javornik, T. A Survey of Radio Propagation Modeling for Tunnels. IEEE Commun. Surv. Tutor. 2013, 16,
658-669. [CrossRef]

Chen, C.; Pan, C. Blocking Probability in Obstructed Tunnels with Reconfigurable Intelligent Surface. IEEE Commun. Lett. 2021,
26,458-462. [CrossRef]

Rahim, N.A ; Firyaguna, E; John, ].; Khyam, M.O.; Armstrong, D.P.E.; Claussen, H.; Poor, H.V. Towards Industry 5.0: Intelligent
Reflecting Surface (IRS) in Smart Manufacturing. arXiv 2022, arXiv:2201.02214.

Basar, E.; Di Renzo, M.; De Rosny, J.; Debbah, M.; Alouini, M.S.; Zhang, R. Wireless communications through re-configurable
intelligent surfaces. IEEE Access 2019, 7, 116753-116773. [CrossRef]


http://doi.org/10.1007/s12145-021-00762-8
http://doi.org/10.1109/ACCESS.2021.3125461
http://doi.org/10.1109/LWC.2022.3175920
http://doi.org/10.1109/SURV.2013.091213.00175
http://doi.org/10.1109/LCOMM.2021.3128529
http://doi.org/10.1109/ACCESS.2019.2935192

	Introduction 
	Advantages of IRS-Assisted UAV Communication 
	Scope and Contributions 
	Organization of the Paper 

	An Overview of IRS and UAV Technologies 
	IRS Technology 
	Basic Architecture of IRS 
	Working Principle 

	UAV Technology 

	Emerging Technologies 
	Machine Learning 
	Mm-Wave and THz 
	Wireless Information and Power Transfer 
	Visible Light Communication (VLC) 
	Non-Orthogonal Multiple Access (NOMA) 
	Mobile Edge Computing (MEC) 
	Free Space Optical (FSO) Communication 
	Internet of Things (IoT) 

	Applications of IRS-Assisted UAV Communication 
	IRS-Assisted UAV Communications for Extended Coverage 
	IRS-Assisted UAV Communications for Spectrum Sharing 
	IRS-Assisted UAV-Ground Wireless Networks 
	IRS Enhanced PLS for UAV Communications 
	IRS-UAV Enabled Smart City 
	IRS-Assisted UAV Vehicular Communication 
	IRS-Assisted UAV Communication in IoUT 
	Cellular Connected UAVs 
	UAV Placement/Trajectory Optimization 
	IRS-Assisted UAV Communication in Underground Scenario 
	IRS-Assisted UAV Communication in Smart Industry 

	Open Challenges and Future Research Directions 
	Physics and EM Compliant Models 
	Channel Sensing and Estimation 
	Controller and Overhead of IRS 
	Power Consumption 
	Environmental Factors 
	Design of Suitable Security Measures 
	Machine Learning/Artificial Intelligence Techniques 
	Medium Access Control Layer 

	Conclusions 
	References

