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ABSTRACT The applications of Intelligent Transportation System (ITS) and autonomous driving in the
6G era heavily rely on the massive information exchange of ultra-wide bandwidth, high reliability, and
low latency to guarantee the safety and experience. On the other hand, the signals in high frequency bands
including Millimeter Wave (mmWave) and Terahertz (THz) can be easily blocked by the obstacles. To address
this problem, Intelligent Reflecting Surface (IRS) has attracted a lot of attention since it can reflect the signals
and change propagation directions the propagation directions in a highly intelligent and energy efficient way,
which creates smart radio environments. Due to its easy deployment and low expense, it has been widely
recognized as a promising technology for ground and aerial vehicular networks to enhance signal strength,
physical layer security, and positioning accuracy. In this paper, we give a comprehensive survey of current
research works on different IRS applications in ground-based vehicular communications and aerial vehicular
communications after discussing its basic knowledge and main characteristics. To improve current works
and spark more ideas, we summarize the challenges and discuss the future perspectives of IRS-aided 6G
vehicular communications.

INDEX TERMS Intelligent reflecting surface, intelligent transportation system, smart radio environment,
vehicular communications, 6G.

I. INTRODUCTION
The transportation industry has expanded from the ground to
the sky, and Intelligent Transportation Systems (ITS) have be-
come a major trend to achieve highly efficient transportation
and management systems containing a massive number of
ground vehicles and aerial vehicles. For the ground vehicle,
traditional car companies and Internet auto companies such
as BMW and Tesla, both show great interest in autonomous
driving and are focusing on developing driver assistance
systems [1], [2]. For aerial vehicles, airplanes are already
equipped with autopilot systems and the academia and in-
dustry of Unmanned Aerial Vehicle (UAV) are working on
stable flight control systems and drone swarm control [3]. The
intelligence of transportation systems highly depends on the

ability to acquire and exchange information [4]. It is essential
to build high-speed and high-quality communication systems
for vehicular networks.

Vehicle-to-everything (V2X) communication, the key tech-
nology of future ITS, enables vehicles to communicate with
base stations (BSs), pedestrians, and other vehicles [5]. By
obtaining a series of traffic information and environment
information such as real-time road conditions, visibility, con-
gestion condition, pedestrian information, and aerial field
information, it can improve traffic efficiency, reduce con-
gestion, as well as enhance driving and aviation safety [6].
Although 5 G technology provides communication networks
with greater capacity and faster speeds, it is still far from
meeting the needs of rapidly growing and highly dynamic
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FIGURE 1. Architecture of 6G ground-based and aerial vehicular communications.

vehicular networks. 6G vehicular network aims to achieve
smart radio environment which satisfies various application
requirements and service types [7]. Fig. 1 shows the architec-
ture of 6G vehicular networks. The scientific and technical
challenges in terms of data rate, latency, coverage, energy
efficiency, intelligence level, networking, and security, lead
the vehicular networks for ground vehicles and aerial vehicles
undergoing a transformation unlike anything we have seen
before and also put forward higher requirements for commu-
nication technologies in the next generation.

6G is expected to expand the frequency band to Tera-
hertz (THz) and increase the throughput by 1000 times over
5G [8]. The ultra-high frequency technology offers faster
transmission and gives access to more users. However, the
attenuation of THz waves narrows the transmission coverage,
which makes the number of required BSs and energy con-
sumption in THz communications increase significantly [9].
The propagation link can be easily blocked by physical objects
due to the short wavelength, which puts strict requirements on
the beam alignment [10], [11]. In V2X communications, the
buildings in urban scenarios or hills and plants in the coun-
tryside may cause strong shadowing effects, reducing energy
efficiency and spectral efficiency. Moreover, the high mobility
of ground vehicles and aerial vehicles reduces the channel
stability, resulting in low transmission rates. In addition, the
changing three-dimensional position of the air vehicles makes
communication even more difficult. How to control the propa-
gation and reduce the fading of THz signals with high energy
efficiency in vehicular communications still remains an open
challenge. Unstable V2X communication will bring risks to
driving safety and communication security. It is important to
expand the range of communication and improve the com-
munication stability in a green manner. Aiming to control
the signal propagation and create a smart radio environment,

Intelligent Reflecting Surface (IRS) or Reconfigurable In-
telligent Surface (RIS) has been regarded as a promising
technology in 6G. IRSs are metasurfaces that can control
the phase of electromagnetic (EM) waves programmablely
and use reflection to redesign channels [12]. When the direct
Line-of-Sight (LoS) link between the sender and receiver is
blocked by an obstacle, a new propagation path bypassing the
obstacle can be established by the reflection of IRS. Thus,
the signal can avoid penetration loss and maintain a desirable
transmission rate. The additional reflection path can also im-
prove the Signal-to-Interference-plus-Noise Ratio (SINR). By
controlling the propagation of reflected EM waves, the IRS
helps overcome the destructive effect of multipath fading and
shadow fading with low energy cost [13].

The ability of IRS to enable beyond LoS and energy-
efficient communications shows great potential in 6G ve-
hicular networks. For the Millimeter Wave (mmWave) or
THz bands in 6G vehicular networks, IRSs are promis-
ing to assist Vehicle-to-Vehicle (V2V) communications,
Vehicle-to-Infrastructure (V2I) communications, and Vehicle-
to-Pedestrian (V2P) communications by enhancing multipath
propagation and enlarging transmission coverage. The 2-
Dimensional (2D) planar structure also makes IRS easy to be
deployed. And the passive reflection mechanism allows IRS
to work in a low-energy-consumption way which meets the
requirement of green 6G. Recent researches on hardware and
materials show that it is possible to control the reflection dy-
namically which enables the IRS to do real-time beamforming
and serve multiple mobile users [14], [15]. The reconfigurable
passive beamforming also allows IRS to play an important
role of improving physical layer security in ground-based and
aerial vehicular communications.

In this article, we give a comprehensive survey of the IRS
technology employment in vehicular networks and propose
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some open issues of the ground and aerial V2X communi-
cations. In the first part, we introduce the IRS technology
and its development. Next, we provide an overview of IRS
applications in ground-based vehicular communications and
the advantages of IRS as an evolutionary technology in aerial
vehicular communications. There are still some problems
remaining be solved before IRS is widely used in vehicu-
lar communications. We highlight the challenges to provide
direction for the application of IRS in vehicular communica-
tions whether ground-based or aerial.

The remainder of this article is organized as follows:
Section II introduces the IRS technology and how it works.
Section III describes the application of IRS in ground-based
vehicular communications. In Section IV, we summarize the
IRS-aided aerial vehicular communications. Later, we address
some crucial challenges that need to face for IRS applied in
vehicular communications in Section V. Finally, conclusions
are drawn in Section VI.

II. INTELLIGENT REFLECTING SURFACE
A. WHAT IS AN IRS?
IRS, the planar surface comprising a large amount of meta-
material reflection element with adjustable phase shift, is
designed to programmablely manipulate the phase shift of
the incident EM wave. This emerging technology allows the
propagation of reflected EM wave to be determined and en-
able the wireless environment to be smartly controlled [16].
The first idea of controlling signal propagation through a
reflective array dates back to 1997. Pozar et al. designed
reflectarrays using microstrip elements to flexibly control the
reflections of mmWave in [17]. Their research shows that
reflectarrays are able to do beamforming in mmWave band
and gives the guidelines of improvement such as materials,
feed design, and fabrication.

In recent years, with the development of hardware and
material, several technologies have been applied to achieve
the tunability of metamaterials, such as embedding varactor
diodes in the surface [18], integrating metasurface cells with
positive intrinsic-negative (PIN) diodes [19]. Reconfigurable
capabilities have become possible on metasurfaces, and sev-
eral research teams have built their prototypes. Arun et al.
from Massachusetts Institute of Technology (MIT), USA,
have built software-controlled passive antenna arrays to do
passive beamforming, which is named as RFocus [20]. Dai
et al. have developed high-gain yet low-cost 256-element RIS
based on PIN diodes [21]. And a team from Southeast Uni-
versity, China, has achieved transmission-reflection control
and polarization controls on their reconfigurable anisotropic
digital coding metasurface [22]. Pitilakis et al. have designed
a multi-functional reconfigurable metasurface and proposed
a new structure to perform multiple tunable functionali-
ties [23]. NTT DOCOMO, INC, Japan, has conducted a two-
dimensional metasurface that is optically transparent [24].
This design allows metasurfaces for unobtrusive use in the
windows and billboards.

TABLE 1. Comparison of Active Relays and IRSs

FIGURE 2. Hardware architecture of IRS.

Compared with active relays, the advantages of IRSs are
multi-fold, as shown in Table 1. IRS passively reflects the
incident signal and has very low energy consumption only to
ensure the reconfigurability of passive components [25]. In
addition, IRS can be easily operated in the full-duplex mode
without the need for complex interference cancellation [26].
Thus, IRS shows its potential on the way to creating a smart
wireless environment in the next-generation communication
networks.

B. MAIN CHARACTERISTICS AND THE STRUCTURE OF IRSS
The designs of IRSs from different teams are diverse, but they
all follow some characteristics as below:

Nearly-Passive: IRSs reconfigures the channels by con-
trolling reflections rather than enlarging the reflecting sig-
nals. They only use minimal power to control and program
phases. During and after configuration, there is no analogy-to-
digital/digital-to-analogy conversion and power amplification.

Reconfigurable: each reflecting element can be controlled
independently to modify the phase, amplitude, frequency, and
polarization of incident radio waves. The whole surface is
considered contiguous and can reshape the signals at any point
and requiring real-time reconfigurability.

Easy-deployment: IRSs are 2D surfaces with thin layers.
They can be easily deployed on the exterior wall of buildings,
ceilings, or even windows.

Fig. 2 shows the hardware architecture of IRS. The main
structure of IRS is composed of two layers, the sensing layer
and the control layer [27]. The sensing layer consists of two
parts, the reflecting plane and a copper backplane. The reflect-
ing plane contains a large amount of 2D tunable metamaterial
elements. Each element can be controlled individually to
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interact with the incident signal and redesign the reflected sig-
nal. The copper backplane is used to avoid signal leakage. The
control layer consists of a 6G smart controller and a circuit
board behind the copper backplane. The smart controller is
able to communicate with the end-users or access points and
programmablely adjust the reflection amplitude/phase shift of
each metamaterial unit via the circuit board.

III. IRS-AIDED GROUND-BASED VEHICULAR
COMMUNICATIONS
With automobiles becoming the most dominant mode of travel
and transportation, the ground-based vehicular network has
become an integral part of our daily lives. The trend to-
wards highly automated vehicles and autonomous driving can
lead to comfortable and efficient road traffic, even for those
who are not allowed or able to drive. The 6G ground-based
vehicular networks will be integrated with more elements,
such as infrastructure, on-board sensors, on-board actuators,
on-board controllers, etc., and require higher-performance
communication facilities and networks to achieve high-speed
information transfer [28]. IRSs are expected to take roles in
future vehicular networks for their beyond LoS ability and
easy deployment. In this section, we survey the applications of
IRS as a smart radio environment technology in ground-based
vehicular networks.

A. ENABLING PROGRAMMABLE AND LOW SHADOWING
EFFECT V2X ENVIRONMENT
The development of modern transportation drives the trans-
portation infrastructure to become increasingly complex, such
as intersections, d-junctions, viaducts, and overpasses. Each
type of road infrastructure unit affects wireless communica-
tion differently. In 6G vehicular communications, the radio
signals in mmWave or THz frequency band have relatively
short wavelength and low penetrating ability [29]. The prop-
agation of wireless signals can be easily obstructed by static
obstacles (buildings, walls, trees, etc.) and dynamic obstacles
(passing vehicles, pedestrians, etc.). Earlier studies mainly
focused on the placement of Road Side Units (RSUs)
[30]–[32], while the established RSUs are difficult and costly
to change locations. Moreover, in 6G urban environments, a
large number of RSUs are required and some locations are not
suitable for RSU deployment due to the geographical terrains,
which can significantly increase construction costs. A more
flexible and intelligent way is needed to ensure LoS and stable
channels in 6G vehicular communications.

To maintain LoS communications, it is practical to reflect
the signal to bypass the obstacles. In [33], Qureshi et al. study
the impact of road infrastructure units on signal propagation
and introduce signal reflectors to provide a low-cost solution
for rebuilding LoS communication. They use a geometrical
approach to jointly optimize the position of RSU and reflector.
Advances in technology have brought IRS to wireless commu-
nication networks, which enables it to control reflected signals
in a more intelligent way. By configuring the phase shifts
through IRS controller, the IRS can provide an indirect LoS

FIGURE 3. IRS enables smart radio V2X environment.

wireless communication link for vehicles traveling in signal
blocked areas, and track users in real-time [34], as shown
in Fig. 3. The application of passive smart surfaces for V2I
communications is studied in [35]. Nolan et al. show that the
smart reflecting surface as a lightweight mechanism enables
vehicles to receive more information and brings intelligence
for transportation facilities. The outage performance, robust-
ness, and workload of IRS-aided vehicular networks under
multiple vehicles are analyzed in [36]–[39]. The researches
show that the vehicular communication system with IRS
has a much lower outage probability and higher robustness
than the system without IRS. The influence of geographical
terrains on vehicular communication can not be neglected.
Dhruvakumar et al. simulate end-to-end wireless channels
in two different terrains and apply the IRS to enhance sig-
nal transmission [40]. The simulation result demonstrates
that IRS enhances transmission stability and communication
coverage. Maintaining high-speed communication in ground-
based vehicular networks requires high-accuracy positioning.
The process of establishing communication needs to locate
the user first, while precise locating can also be used for
monitoring. IRS-aided systems can obtain more channel in-
formation than that without IRS, and IRS can track and locate
vehicles based on information such as the direction of the
incident wave. In [41]–[43], IRSs are utilized for positioning
cell phone users and it is found that the IRS-aided system
has higher positioning accuracy and larger coverage over that
without IRS. IRS can be first used to enhance the locating ac-
curacy, and when a stable connection is established, it can be
further used to enhance communications by the pre-predicted
locations. Research has found that the vehicle can be located
more accurately by calculating the time when the signal from
the antenna reaches the vehicle directly and the time when
the signal is reflected by an ordinary wall [44]. Compared to
ordinary walls, IRS can intelligently control the direction and
polarization of the reflected waves. Therefore, we believe that
IRS can be applied to do positioning with high accuracy in
vehicular networks.

The wireless resources such as spectrum and power are
very limited, and the resource allocation needs to be opti-
mized in networks under multiple users [45]. In vehicular
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networks, the high mobility of users makes resource alloca-
tion more complex and challenging. The spectrum sharing
problem in the situation that multiple V2V links reuse the
spectrum already occupied by V2I links is studied in [46].
In [47], the joint power and spectrum resource allocation
problem is also studied. In the model, V2V and V2I are both
taken into account as well as considering the slowly varying
large-scale fading channel information. The user scheduling
problem under high mobility in IRS-aided system is optimized
in [48]. The resource allocation problems in IRS-aided ve-
hicular networks mentioned above all reflect nonconvexity.
To address this issue, [46] and [47] decompose the problem
into several subproblems and adopt the alternate optimization,
while [48] utilizes the deep reinforcement learning technique.
The above researches show that IRS can largely compensate
for the channel gain loss due to the high mobility of vehi-
cles and significantly increase the sum capacity of vehicular
communication.

IRS can also be used to assist the passengers inside the
vehicle to communicate with the outside. A hybrid-equivalent
surface-edge current model has been proposed to analyze the
radiation of antennas installed on vehicles in [49]. This re-
search could provide a theoretical basis for placing IRS on
vehicle surfaces. In [50], Huang et al. study IRS deployed
inside high-speed mobile vehicles to aid passengers in com-
municating with roadside BSs. The fast channel fading caused
by the Doppler effect of vehicles moving at the high speed is
significantly mitigated by IRS-enabled passive beamforming.

B. IMPROVING TASK OFFLOADING IN VEHICULAR
NETWORK
With vehicles becoming increasingly intelligent, vehicles
need to join the network to compute tasks. In the ground-based
vehicular networks, some tasks are related to the safety of
passengers in the car and require to be processed within a
short latency, such as object recognition, troubleshooting, and
accident forewarning [51]. Moreover, for the tasks like naviga-
tion and entertainment, a large database is needed to store the
map, video and music resources. The onboard computer may
not be able to meet the high requirement for some large-size
tasks while the long data link of cloud computing causes
undesirable time delay. Multi-access Edge Computing (MEC)
is the technology providing cloud computing platforms and
computation offloading services at the network edge [52].
Compared to cloud computing, MEC can significantly shorten
the data link and reduce the time delay significantly. The MEC
enables vehicles to process tasks locally and has less core
network occupation [53], [54].

For an already deployed MEC-served vehicular network,
the computation performance highly depends on the processor
efficiency since the clock rate and the number of processors
are constants. To keep the MEC server always in service, it is
of great importance to ensure the desirable data transmission.
A stable link can transmit data more efficiently, while a link
under poor offloading conditions may cause the MEC proces-
sor to be occupied for a long time and unable to serve more

FIGURE 4. IRS-aided task offloading in 6G ground-based vehicular
networks.

users [55]. Fig. 4 shows the IRS-aided vehicular network. The
IRS is able to re-design the propagation path of signals by re-
flection and improve the channel conditions. For vehicle users
under poor communication conditions, IRS can help to build
new propagation links, so that they can establish stable com-
munication with the MEC server and offload the computation
tasks. The authors in [56] investigate and model the resource
allocation problem of computing resources and communica-
tion resources in IRS-aided MEC-served vehicular networks.
Simulation results confirm the higher computational perfor-
mance of the system with IRS. Thus, we can see that IRS can
influence and benefit the computing resource allocation. Al-
though little research has been done on IRS in edge computing
for vehicular networks, it will become increasingly important
with the growing demand for computing power in autonomous
driving applications.

C. PHYSICAL LAYER SECURITY
V2X communications rely on seamless data exchange and
information transfer. The increased connectivity makes the
ground-based vehicular network an open system and gives rise
to new risks in physical layer security which may disrupt the
network, threaten personnel safety in vehicles, and leak im-
portant information [57]. In a crowded city or suburban area,
each vehicle user is surrounded by a group of scatters which
highly influences the LoS propagation and even disrupts the
signal. Deploying multiple BSs requires sufficient space and
incurs excessive costs. In the traditional V2X communica-
tion scenarios, the third vehicle user may be chosen as the
relay if the LoS channel is blocked between the sender and
receiver [58]. However, for some highly confidential data, this
raises the risk of information leakage. The high mobility of
vehicles makes it more challenging to ensure security in the
physical layer. It is of great importance to enhance security in
vehicular communications in a low-cost and energy-efficient
way.

As a promising technology in smart radio environment, IRS
gives a new direction to enhance the secrecy rate in vehic-
ular networks. By adaptively adjusting the phase shift of the
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FIGURE 5. IRS enhances physical layer security in V2X communications.

reflecting elements, IRS can enhance the desired signal or sup-
press unwanted signals through controlling the reflected signal
to add constructively or destructively to the non-IRS reflected
signal at the receiver [59]. A new desirable propagation path
between sender and receiver can be built by IRS reflection
rather than using another vehicle user as a relay [60]. The
issue of eavesdropping has a significant impact on network
security. In [61], the approach to cancel the signal leaked to
the eavesdropper in IRS-aided mobile networks is studied.
When an eavesdropper is around the legitimate vehicle user,
both the eavesdropper and legitimate users can receive the
signal from RSU. And IRS can suppress the signal by reflect-
ing a signal to the eavesdropper that is out of phase with the
signal it eavesdrops on, and enhance the received power at
the legitimate user simultaneously by reflecting an in-phase
signal. This feature of IRS can be applied to ground-based
vehicular networks, as shown in Fig. 5. The secret information
received at the eavesdropper vehicle can be canceled by the
IRS-reflected out-of-phase signal without additional cost at
the legitimate vehicle side. In [62] and [60], the security of
ground-based vehicle network is studied where IRS is utilized.
The studies verify the potential for improving security with
IRS in V2V and V2I communications, and that the physical
layer security is influenced by the position of IRS and its
number of reflecting elements.

IV. IRS-AIDED AERIAL VEHICULAR COMMUNICATIONS
With the development of control technology and radio tech-
nology, UAVs have been developed and shown great potential
in both civilian and military applications. Thanks to more
flexible controls and a lighter structure than manned aircraft,
they are more capable of performing highly repetitive and
dangerous tasks and can be deployed more flexibly [63].
Unlike ground-based wireless networks, the high mobility
of UAVs causes the network nodes to continuously change
in 3-Dimensional (3D) spaces, especially in Z-axis, which
keeps the network topology fluid [64]. This requires a highly
reconfigurable and intelligent network architecture, and IRS

hits the spot. In this section, we survey the applications of IRS
in aerial vehicular communications to improve transmission
under high mobility scenarios.

A. ENHANCING AIR-TO-GROUND COMMUNICATIONS AND
BEAM TRACKING
Air-to-ground communication is the data transmission be-
tween terrestrial fields and aerial fields, which provides a
variety of services for aerial vehicles, such as communi-
cation and addressing of civil airliners, aerial surveillance
and information collection from ground-based Internet of
things (IoT) devices of UAVs, and air traffic safety control,
etc [65]. For continuous service, aerial ITS requires a reliable
high-capacity data transmission network [66]. In the 5G era,
3D beamforming improves the communication gain through
tracking channel variations caused by the high maneuverabil-
ity of UAVs. However, due to the increasingly complex urban
environment, the LoS connection between the aerial vehicle
and the ground can be easily blocked, resulting in serious
degradation of the communication quality. There is a critical
need for a wide communication coverage area to enable and
assist Non-Line-of-Sight (NLoS) flights.

IRS has great advantages of extending network coverage
and improving communication reliability. When the link be-
tween the aerial vehicle and the ground target is blocked, the
IRS can re-establish the link beyond LoS by reflection, which
can help achieve 3D reflect beamforming [67]. In [68], the
authors apply IRS to UAV networks to enhance air-ground
communication performance and demonstrate IRS-assisted
UAV communication systems can exhibit ten times higher
achievable ergodic capacity compared to conventional UAV
communications. IRS-aided air-to-ground communications
also outperform systems without IRS in terms of robustness,
reliability, and energy efficiency [69]–[73]. Intelligent con-
trol of UAVs is highly dependent on accurate positioning,
and UAVs have more variability in the Z-axis than ground
vehicles. Ranjha et al. use IRS to assist UAVs’ communi-
cating with ground users and enhance the accuracy of UAV
positioning in [74]. Their research validates that the location
of the UAV is critical to the reliability of data transmission
and IRS can enhance performance gains. Thus, the benefits
of IRS in positioning can be applied to aid in the wireless
control of UAVs and the detection of illegal aircraft entering
the airspace.

At present, accessing UAVs through cellular networks is
still mainstream. As the current deployed BSs are mainly for
ground users, the antennas are designed to be tilted down, for
which the UAVs suffer from poor signal strength, especially
in downlink networks. To tackle this issue, IRS can reflect the
tilted-down beam to the airspace where the UAV is located.
Ma et al. applied IRS to UAV cellular communications and
analyzed the effect of signal gain due to IRS deployment
versus UAV altitude and various IRS parameters including
size, altitude, and distance from the BS [75]. This study shows
that signal gain can be significantly improved by using IRS
for UAVs flying above cellular BSs, and that optimizing the
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FIGURE 6. IRS-aided air-to-ground communications.

IRS position can further improve the gain. In communica-
tion systems with UAVs as relays to assist BS and ground
users, energy efficiency can be improved by 45% by deploy-
ing IRS [76]. Fig. 6 shows the air-to-ground communications
with IRS assisted. Inter-cell interference is a non-negligible
problem in cellular networks. The open airspace causes little
loss in wireless signal transmission, and radio waves from
multiple cellular BSs can propagate into the airspace. Signals
from adjacent cells in the airspace can cause interference to
the UAV and lead to degradation of transmission performance.
In [77], Hashida etal. discuss the interference of conventional
cellular networks to UAV, and it is found that the interference
power in adjacent cells depends on the elevation angle of the
UAV. To address inter-cell interference in aerial space, they
utilize IRS in each cell to control the direction of radio wave
reflection and prevent the signals from penetrating into neigh-
boring cells. The way UAVs access the cellular network also
affects performance and needs to be carefully considered. The
performance of different multiple access schemes with IRS
participation is analyzed in [78] and [79]. According to con-
ventional thought, Non-Orthogonal Multiple Access (NOMA)
has significant improvements over Orthogonal Multiple Ac-
cess (OMA) in systems without IRS-aided. This work has
revealed that NOMA may perform worse than TDMA for
near-IRS users with symmetric rates. Thus, in systems with
a large number of users and IRS assistance, pairing users at
asymmetric rates and/or deploying them asymmetrically can
enhance the gain of NOMA over OMA, which also indicates
the importance of high positioning accuracy. In [80] and [81],
IRS-aided UAV NOMA network is investigated. By control-
ling the UAV motion, adjusting the user power, and combining
IRS beamforming, the IRS-NOMA system provides a signifi-
cant performance improvement over the IRS-OMA system.

THz technology will be adopted in 6G, making THz air-
to-ground communications an important research direction.
Due to the short wavelength of ultra-high frequency signals,
the THz signal has great attenuation and poor penetration
capability. The presence of physical obstacles such as build-
ings and terrains makes the transmission of terahertz signals
unstable. The beyond LoS ability of IRS has great potential
in THz communications. By deploying IRS, signals can be
realigned and transmitted beyond LoS, thus improving system
connectivity by avoiding penetration loss [82]–[84]. And the
sum-rate performance of THz communication systems can be

further improved by adjusting and optimizing the phase shift
of reflecting elements. Pan et al. investigate THz communi-
cations for UAVs with IRS support and achieve considerable
performance improvements by jointly optimizing UAV trajec-
tories, IRS phase shifts, THz subband assignments, and power
control [85].

B. UAV TRAJECTORY CONTROL AND PASSIVE
BEAMFORMING
The flexible deployment, low energy cost, and high mo-
bility [86] of UAVs allow them to be deployed as aerial
temporary tele-traffic hotspot BSs for providing uninterrupted
connectivity [87]. UAVs could either hover at certain loca-
tions, or fly contiguously over the served terrestrial terminals
following a predetermined trajectory. In IoT networks, UAVs
can dynamically adjust their flight trajectories based on the
locations of the served IoT devices and approach each IoT
device in turn to shorten their link distance, enabling more
energy-efficient data collection [88]–[90]. Since UAVs are
powered by batteries, the energy available for flight and
communication is very limited. It is important to reasonably
allocate the power resource. Moreover, in the urban environ-
ment, the LoS link between the UAV and the ground device
can be easily blocked by physical objects, resulting in severe
channel quality degradation and a longer task latency of each
IoT device. In order to achieve the desired performance, we
need to improve the communication system and carefully de-
sign the trajectory to balance the energy consumption of flight
and communication.

In [91], the UAV trajectory design problem is transformed
into a complex geometric coverage problem and a geometric
disk cover algorithm is introduced to find the turning points
at which a UAV could cover IoT devices as many as possi-
ble. In [92], a new concept of Virtual Base Stations (VBSs)
is introduced to be as waypoints in trajectory design. Both
of the two above researches are aiming to select waypoints
that can serve the maximum number of IoT devices. The
radius of waypoint coverage is closely related to the maximum
communication distance of UAVs. The commonality between
these two studies is to transform the UAV trajectory control
problem into the deployment problem of several geometric
circles, in which the path point is the center of the circle
and the radius is the communication distance. One way to
increase the radius of communication range is to increase the
power of the transmitted signal, but for IoT and UAV, this
definitely strains the already limited energy. Another way is
to focus the signal energy in a specified direction by smartly
controlling the propagation environment. IRS can help UAVs
and ground-based IoT devices to establish links beyond LoS
and extend signal coverage without additional cost on UAV
and IoT sides [93], as shown in Fig. 7. With IRS aided, an
additional link can be built to enhance the SINR via adjusting
the amplitudes and phase-shifts of incident signals, allowing
the UAV to extend its data collection range while hovering
over a waypoint, thereby reducing the number of waypoints
required and significantly shortening the trajectory. IRS can be
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FIGURE 7. UAV trajectory control with IRS aided.

easily deployed on the ground close to the IoT device area or
on the building facade, and the communication performance is
enhanced without additional cost on the UAV side. Moreover,
the completion time can be minimized due to the shortened
trajectory.

In order to take advantage of promising smart surface
technologies, it is necessary to take into account the interac-
tion of trajectory with passive beamforming. Controlling IRS
beamforming to focus on the served IoT can avoid wasting
IRS resources and further improve the communication qual-
ity. Li et al. propose an RIS-assisted UAV communication
system and optimize the average achievable rate by jointly
designing UAV trajectory and passive beamforming by con-
sidering practical UAV mobility and phase-shift constraints
in [94]. The involvement of IRS enables the UAV-IoT system
to consume much less energy. In [72] and [80], the energy
consumption and resource allocation of IRS-aided UAV data
collection is considered. The above two researches show
that the system with IRS has less average power consump-
tion. Joint optimization on UAV trajectories and IRS passive
beamforming is also applied in MEC-served UAV networks.
In [95], the UAV is considered as a flying MEC platform and
an IRS is used to assist task offloading. With the phase-shift
design of IRS, all elements of IRS can be jointly adjusted
according to the timely positions of UAV and ground IoT
devices to achieve the alignment of different signals. The
research proposes a successive convex approximation method
to solve the joint non-convex problem of trajectory design,
mission offloading, and caching for UAVs. The simulation
results show the high energy efficiency of IRS-assisted UAV
and improvement in reducing task delay.

C. IRS AERIAL RELAYING PLATFORM
UAVs have the cargo-carrying capacity, and there are
some transportation companies using UAVs for couriers
delivery [96]. The development of metamaterials enables the
physical size of the IRS to be reduced, freeing it from the limi-
tations of ground deployment. Therefore, IRS can be mounted
on UAVs or other aerial vehicles for greater flexibility. IRSs
acquire high mobility from UAVs, which allows them to fly
close to target users and build highly reliable communica-
tions, especially in disaster regions. With IRS mounted on
the UAV, the conventional Rayleigh fading channel can be

FIGURE 8. IRS aerial relaying platform.

converted into a Rician fading channel through the newly
generated equivalent LoS channel [97]. While deployed on
the building or the ground, the planar IRS is only able to
serve users who are in front of it. UAVs can hover and ro-
tate 360 degrees, which allows the mounted planar IRS to
provide service three-dimensionally. For some specially de-
signed IRSs, such as spherical IRSs, while mounted on the
UAV, wider communication coverage and higher positioning
accuracy can be achieved [98]. IRS aerial platform can not
only serve users on the ground but also users in the air, as
shown in Fig. 8. The superiority of the IRS aerial platform
is confirmed in [99]–[102]. With the IRS aerial platform, it
is possible to enhance the signal-to-noise ratio (SNR), im-
prove the transmission capacity of the network, and reduce the
probability of interruptions. Unlike terrestrial-based IRS, IRS
aerial platforms with high mobility in 3D space need to take
into account the effects of jittering. Through UAV hovering
experiments, Wu et al. analyze the essence of jittering [103].
They then apply the results to the IRS aerial platform to miti-
gate the negative effects of jittering on the system. This study
further increases the feasibility of the IRS aerial platform
being applied in practice. The size of IRS on a single UAV
platform is often limited, and recent developments in UAV
swarm control have provided new directions for improving the
performance of IRS aerial platforms. In [104], authors form
multiple UAVs into a UAV swarm to collaboratively enable
aerial IRS. This study demonstrates the significant advantages
of IRS-based aerial platform swarms in terms of aperture gain,
cooperative communications, spatial multiplexing, resistance
to destruction, and flight stability.

Like the ground-based vehicular network, the informa-
tion security in the aerial field cannot be neglected. Re-
searches show that the secrecy rate for legitimate users
can be significantly increased when the transmitter utilizes
information about the relative distance of the passive eaves-
dropper [105], or the distance between the communication
peers decreases [106]. Compared to the IRS installed in a fixed
location, the IRS aerial platform allows more flexibility to
control the distance to the legitimate user and grasp the infor-
mation of the eavesdropper through the moving UAV. In [107],
the secrecy performance of IRS-aided UAV relay system is
studied. The study considers the signal transmission from
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base station signals to legitimate users via an IRS-equipped
UAV platform while multiple eavesdroppers are around. The
authors in [107] study the ability of the IRS aerial platform
in enhancing the confidentiality performance of Rician fading
channels by the wireless environment modeling and numer-
ical analysis. As a platform achieved by UAV, the trajectory
also needs to be designed in secure networks with multiple
users. Long et al. investigate the impact of UAV trajectory,
phase shift of RIS, user association, and transmit power on
the secure energy efficiency [101]. By further optimizing the
above parameters jointly, they have reached an improvement
in secure energy efficiency by 38%.

V. CHALLENGES IN IRS-AIDED VEHICULAR
COMMUNICATIONS
In previous sections, we have discussed the general research
directions and applications of IRS in ground-based vehicu-
lar networks and aerial vehicular networks. While IRS can
provide significant performance improvements to vehicular
communications, there are still some challenges in design and
implementation. In this section, we discuss the key issues that
need to be addressed urgently.

A. CHANNEL ESTIMATION
IRS controls the propagation of reflected signals by adjusting
the phase shift of metamaterial elements. The performance
of passive beamforming highly depends on accurate channel
estimates while it is difficult to estimate the IRS channel
due to the massive amount of passive elements. Most of the
current researches in IRS-aided vehicular networks use the
full Channel State Information (CSI) model. And most studies
related to channel estimation in IRS-assisted cellular commu-
nications assume static scenarios that neglect the mobility of
mobile-phone users [108]–[111]. However, in real vehicular
communication scenarios, the dynamic link states caused by
vehicles moving at high speeds can make the CSI difficult to
estimate. The association between vehicles and IRS without
prior planning can cause negative effects on system perfor-
mance and communication resource utilization. Improving
high accuracy for channel estimation always incurs exten-
sive overhead in channel training and power consumption,
which leads to additional costs in system construction. How
to ensure highly accurate CSI estimation and energy effi-
ciency is still one of the major issues in IRS-aided vehicular
communications.

B. DEPLOYMENT OPTIMIZATION
The flat structure of IRS makes it easy to deploy. With the
exception of IRS aerial platform, the IRS location is relatively
fixed after deployment. Since IRS is used to assist local com-
munication and extend coverage, the operating range will be
smaller than that of active BSs, and the deployment location
of IRS needs to be considered. In scenarios with static users,
the system with IRS aided reaches higher performance when
IRS is deployed near users or BSs [27] and [112]. However,
in vehicular networks, the vehicles are moving at high speeds.

For the ground-based vehicular networks, the vehicle density
on the road is dynamically changing in one day. For example,
in the morning rush hour, most vehicles enter the downtown,
while in the evening rush hour, most vehicles leave the down-
town. For the aerial vehicular networks, we have to consider
the influence of terrains and the interaction between trajec-
tory and terrestrial devices while deploying IRSs. In addition
to IRS location optimization, we also need to consider the
number and size of IRSs. IRSs that are too small in size or
insufficient in number will result in unsatisfying energy of the
reflected signal, while too large in size or too many will lead
to waste and additional cost.

C. CONTROLLING TECHNOLOGY
Although the current IRS enables multi-channel multi-user
transmission and real-time beamforming, there is still a long
way to go before being widely used in vehicular communica-
tions. In cellular networks for cell phone users, where the user
locations change relatively slowly, the existing IRS is capable
of achieving multi-user beamforming. The high mobility of
vehicles makes the position change dynamically every second,
which requires the focus of the IRS to follow accordingly.
In ground-based vehicular networks, the motion of ground
vehicle users is relatively flat, while in aerial vehicular net-
works, the motion of aerial vehicles becomes 3D, requiring
more precise and constant adjustment for the phase shifts of
all reflecting elements. This places higher demands on the
IRS controller and control circuitry. In V2I communication,
the link between the IRS and base station is fixed due to the
fixed location of the base station, and the IRS only needs to
adjust the connection with the user. In V2V or V2P commu-
nications, the users at both ends of the communication are in
motion and IRS needs to adjust the phase shift to control the
link to the transmitter and the link to the receiver separately.
Thus, IRSs need controllers and circuits that can carry more
computational power, as well as more efficient and intelligent
phase-shifting control algorithms.

VI. CONCLUSION
In vehicular networks, the increasingly diverse demands of
users bring a massive amount of data and the growth of tasks.
The ground-based vehicular network and the aerial vehicular
network are in an emergency to be upgraded. The IRS, with
its flexible deployment, low energy cost, and low user interfer-
ence, has been regarded as the key technology to create smart
radio environment in 6G. With IRSs, vehicular networks are
able to communicate more efficiently and transfer data faster.
In this article, we have introduced the technology of IRS and
identified the roles that IRS can play in the ground-based
and aerial vehicular networks. IRSs show great potential to
improve the 6G vehicular communications. Furthermore, we
address some challenges in IRS-aided vehicular networks.
These challenges provide direction for the development of
IRS as well as opportunities. We foresee the participation of
IRS in the vehicular networks whether on the ground or in
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the aerial field and we expect this article to provide academic
professionals for the next-generation communications.
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