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Abstract
Unmanned aerial vehicles (UAVs) and reconfigurable intelligent surfaces (RISs) are innovative technologies that aim to
enhance the quality of communication in next-generation networks. These technologies are individually tailored to specific
applications and have demonstrated impressive results. UAVs are known for their flexibility and ease of deployment, while
RIS can adapt to changing environments by altering the traditional propagation and reflection schemes. Recent research has
combined these two technologies for various applications, improving communication and data transmission in next-generation
networks. This paper surveys recent advancements in using tethered and untethered UAVs and RIS in 5G/6G networks. The
main objective of this survey is to inspire further solutions that support RIS-assisted UAVs and to provide insights not covered
in published UAV–RIS surveys. The survey summarizes how UAVs and RIS can be used to address communication issues.
Two case studies are presented to further illustrate this integration’s potential benefits. The first case study demonstrates a UAV
mounting an RIS to mitigate the impact of base station fronthaul failure. The results suggest that co-locating tethered UAVs
with a selected number of base stations can proactively restore any failed fronthaul links. The second case study explores the
3D trajectory of the UAV and the phase shift design of the RIS based on the number of RIS elements and height placement
of the UAV. The study considers an untethered UAV with a terrestrial RIS and shows that the propulsion energy of the UAV
can be reduced by changing and adjusting the height of the UAV.

Keywords Reconfigurable intelligent surfaces · Tethered UAVs · Untethered UAVs

1 Introduction

The future of data transmission and communication networks
is growing tremendously. New modalities for transmitting
data emerge, providing a greater field of research for scholars
and experimenters everywhere. The notable increase in data
exchange and bandwidth annually is of great importance.
Maintaining efficient, steady, and successful data transmis-
sion arises as a need, along with consistent speeds and
interference interception. RIS is a new technology with a
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low-power meta-surface and electronically manipulated ele-
ments properties [1, 2].

RIS shows potential in improving communication and
data transmission in wireless networks. The electronically
controllable array elements on the RIS can pave new solu-
tions within communications and data transmission. These
devices are flexible in positioning and can be placed and
attached to any surface, such as buildings and vehicles. RIS
array elements can adjust an electromagnetic signal’s absorp-
tion, phase, reflection, and refraction in any desired direction
in real time [3]. With low power consumption and easily
manipulated array elements, the channel gain of any incom-
ing signal is maximized for optimal phase and amplitude and
sent toward the intended destination. The advantage of uti-
lizing various duplex modes, such as half- and full-duplex
modes, supports using an RIS, along with the smart signal
interference mitigations within the technology [3, 4].

RIS is a flexible technology that can be merged with
other technologies. Unmanned aerial vehicles (UAVs) are
autonomous and can be equipped with antennas to pro-
vide base station (BS) functionality. These UAVs have a
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substantial attribute of being low cost in maintenance and
deployment and incorporate high degrees of freedom in a 3D
space [5]. This degree of freedom favors mobility by modi-
fying the global trajectory and positioning to create distinct
and optimized line-of-sight (LoS) links with other UAVs or
ground BSs. Given the lightweight property of RIS, it can be
easily mounted on a UAV.

The emergence of UAVs assisted by RISs provides a
pathway for solutions to ongoing communication and data
transmission problems. The main advantage is merging the
signal-manipulative abilities of theRIS and the highdegree of
freedom involved with a UAV [6, 7]. The UAV can use intel-
ligent positioning and the RIS to position itself in a dead spot
but has a precise reflective angle on the LoS link. Techniques
such as machine learning are used in some applications to
improve communication [8–10]. As presented in [11], com-
munication links improve as positioning and phase change
from the previous location, optimizing future communica-
tions.

Some challenges are associatedwith resource allocation in
current and next-generational networks, i.e., 5G and 6G. The
authors in [12] discussed the preparedness of 5Gnetworks for
drones/UAVs from different perspectives, including mobile-
enabled drones and wireless infrastructure drones. That does
not imply that UAVs face no challenges when used in these
networks. Efficiency and scalability remain an issue, so a
thorough analysis of the network and its characteristics are
required for a next-generational network solution [3, 11, 13,
14]. The authors in [15] proposed a solution to alleviate the
battery and backhaul issues of UAVs by utilizing a teth-
ered UAV to provide backhauling to a set of communication
untethered UAVs. In addition, they used another untethered
UAV to wirelessly charge the communication UAVs.

There are drawbacks to themerger of the two technologies.
UAVs experience strict size, weight, and power constraints
(SWaP). UAVs have short battery life. The energy spent to
keep the UAV in the air is much greater than the communi-
cation and processing power [7]. Rotary-wing UAVs expend
power to stay airborne and support themselves in mid-air. A
problem with merging RIS and UAV is power consumption.
Most of the challenges in propulsion emerge from maintain-
ing stable LoS links with ground stations/users, which are
more often blocked by territorial obstacles such as buildings
or large objects [11]. There exists a silver lining to adding
an RIS; manipulating reflection angles and changing signal
phases can optimize the maximum signal power through the
mechanics of the RISwith any link. In [11], reflectors change
their angle to maintain a consistent and persistent link as the
environment changes.

Many mounting modalities exist to support the merger of
UAVs and RIS. Some solutions emerged following the SWaP
constraints, as mentioned above. The idea of implementing
tethered UAVs (T-UAVs) to solve the issue of power con-

sumption has been an area of interest for researchers [16, 17].
T-UAVs have the advantage of a consistent power supply but
lack the degree of freedom of untethered UAVs (U-UAV).

Another mounting method is mounting an RIS on a build-
ing or object to utilize reflected signals from clear LoS links
to the UAV [5]. This method introduces the idea of terrestrial
RIS, such asmountingRISon the facadeof a building.Terres-
trial mounting opens the possibilities for many UAV-assisted
applications [11]. More applications are further discussed in
the Background and Case Study sections.

This survey aims to provide information regarding exist-
ing solutions that utilize the merger of the two technologies
and to show that this has strong potential benefits while con-
sidering two different power schemes. These power schemes
are tethered and untethered connections to UAVs. There is
much room for future work within this research realm, and
this article provides some state-of-the-art work that achieved
compelling results. This survey fills in the gaps missing by
other surveys that present some applications and challenges
associated with U-UAVRIS [5, 11, 13, 14], where UAVRIS

in general indicates the integration of UAVs and RISs. A
comparison of what this survey offers compared to the ones
referenced is seen in Table 1.

To our knowledge, this survey is the only one that
addressed the UAVs’ tethered aspect with RIS. The survey
also provides notable examples of channel models where
approximate simulation of a realistic environment is consid-
ered. Finally, two case studies are presented. The first case
study shows the great benefit of utilizing UAVRIS in miti-
gating the effect of backhaul/fronthaul failures. The second
shows that the propulsion energy of the UAV can be reduced
by changing and adjusting the height of the UAV.

Furthermore, this survey paper is presented and broken
down according to the following format: Section 2 pro-
vides overall background information on untethered UAVs,
tethered UAVs, and RIS. Section 3 provides detailed infor-
mation on merging the two technologies, applications, and
techniques. Section 2 presents two case studies regarding
fronthaul outage compensation and optimizing UAV’s 3D
trajectory and RIS phase shift. Section 5 presents some chal-
lenges and future directions. Section 6 concludes the survey.
A list of acronyms used throughout the paper is shown in
Table 2. The survey structure is shown in Fig. 1 to improve
the flow of information.

2 Background

The following section provides a brief background on UAV
and RIS technologies with some applications. Below is a
thorough explanation of the immediate differences between
untethered and tethered UAVs and a description of RIS tech-
nologies.
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Table 1 Comparison of mounting RIS panels on tethered and untethered UAVs: a survey to other surveys in UAVRIS topics

Topics Addressed in this survey Addressed in [5, 11, 13, 14]

T-UAVs Addressed Not addressed

Applications of U-UAVRIS Addressed Addressed

Applications of T-UAVRIS Addressed Not Addressed

Differences between U-UAVs Addressed Not Addressed

and T-UAVs

Channel modeling schemes Addressed Addressed

and Estimation

Channel model examples Addressed Not addressed

Challenges associated with mounting techniques Addressed Addressed

Spectrum sharing approaches Not addressed Addressed

Visible light communication approaches Not addressed Addressed

Detailed limitations on RIS Not addressed Addressed

Table 2 Table showing
acronyms used in the paper

Table of acronyms

AIRS Aerial intelligent reflecting surface

AoA Angle of arrival

BRnB Branch-reduce-and-bound

BS Base station

CFmMIMO Cell-free massive MIMO

DoF Degree(s) of freedom

DSgNB Donor SgNB

EE Energy efficiency

ER Energy receivers

FSgNB Failed SgNB

gNB Next generation node B

HTA Heavier-than-air

IR Information receivers

IoT Internet-of-things

LoS Line-of-sight

LTA Lighter-than-air

MEC Mobile edge computing

NSgNB Neighboring SgNB

NOMA Non-orthogonal multiple access networks

QoS Quality-of-service

RFEH Radio frequency energy harvesting

RIS Re-configurable intelligent surface

SNR Signal-to-noise ratio

STAR Simultaneously transmitting and receiving

SWaP Size, weight and power

SWIPT Simultaneous wireless information and power transfer

SgNB Small next-generation node B

T-UAV Tethered unmanned aerial vehicle

UAV Unmanned aerial vehicle

U-UAV Untethered unmanned aerial vehicle

UE User equipment

VTOL Vertical take-off and landing
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Fig. 1 Structure of the survey and section classification

2.1 U-UAVs

Introducing UAV technology is a favorable idea in the
communications and networking field. The high degrees of
freedom and low cost of deployment are highly favorable
attributes of UAVs [18]. For this paper, there is a distinction
between U-UAVs and T-UAVs. U-UAVs deliver communi-
cation information and data from senders to receivers by
directly sending the payload data. These devices support con-
nection links between base stations, specific nodes, and LoS.
The idea is to improve the overall quality-of-service (QoS)
within a communication network [19]. The QoS demands
can follow a newly paved path to achieving next-generational
demand goals using U-UAVs [5].

The use of U-UAVs has potential due to the increase in the
likelihood of establishing LoS links and the strong backhaul
and access links [5]. In heavy congestion areas, the flexible
nature ofU-UAVs improves and enhances coverage and qual-
ity of service. By staying airborne over these high-congestion
areas, UE communication is improved. Some applications
that require the above attribute are search-and-rescue and
traffic control [20]. These applications depend on the fast
deployment and low-cost effectiveness of the data relay pro-
vided by U-UAVs.

Another approach that uses a modified and larger-scale
version of a U-UAV is seen in [21]. The authors’ approach

is a High Altitude Platform Station (HAPS) that acts as a
computing center in the stratosphere to improve communi-
cation for intelligent and connected vehicles. HAPS builds
an intelligent transportation systems framework and stores
data through an optimized caching algorithm to decrease data
transmission propagation delays. The idea of stratospheric
deployment increases the coverage area and reachability of
the system.

U-UAVs’ advantageous property is the dynamic move-
ment and creation of coverage areas [22]. The ability to fly
autonomously or have manned flight that creates coverage
areas in non-LOS areas makes U-UAVs an alluring deploy-
ment item for communication network applications [7, 23].
Different sizes of U-UAVs are used for different missions
and deployment criteria; some use even small U-UAVs in
swarms to improve data communication and create dynamic
LoS nodes [7, 24]. U-UAV swarms and distributed networks
promote the abilities of enhanced throughput, scalability, and
increased efficiency due to multiple established LoS links
[24, 25]. The favorable aspect of the dynamic movement of
U-UAVs supports the idea of swarms and allows for efficient
resource allocation [24, 25].

Resource allocation is a topic of interest for swarms and
distributed joint U-UAVnetworks. The approach seen in [26]
utilizes a two-stage joint hovering altitude and power control
in U-UAVnetworks while considering cross-tier interference
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from space-air-ground heterogeneous networks. This joint
and distributed approach allows U-UAVs to hover in loca-
tions with NLoS links to establish LoS links. The authors’
approach improved the network throughput using joint and
distributed two-stage tactics while keeping resource alloca-
tion in mind [26].

While the favorability of U-UAV use seems convincing,
there comes a cost. A U-UAV does not have long battery
life [6, 18, 19, 22, 27]. This cost implies that after specific
periods, U-UAVs need to recharge. Other constraints include
the SWaP constraints. Any extra equipment worth consider-
ation needs to follow the SWaP constraints of a U-UAV to
ensure that the U-UAV can support the attached equipment
[11]. This downside introduces additional design considera-
tions and protocols to adhere to when attaching UE or aided
equipment to a U-UAV; the attribute with the most concern
is power consumption. A solution to such a power constraint
is the introduction of T-UAVs.

There are multiple types of U-UAVs and multiple appli-
cations associated with the type of UAV [22]. The most
commonly used types are a fixed-wing U-UAV and a rotary-
wing U-UAV [27]. Both have pros and cons; depending on
the application, the favored use of one over the other bet-
ter aids the problem and application. The notable differences
between the two most common types of U-UAVs are:

• Fixed-wing U-UAV: These U-UAV types are known
for their power capacity and coverage area throughout
a flight. The disadvantages of fixed-wing U-UAVs are
the training requirements and specialized landing zones
for any deployment mission [28]. Specialized training is
required for liftoff and landing when using this UAV as
these procedures do not utilize vertical takeoff and land-
ing as in a rotary-wing U-UAV [6].

• Rotary-Wing U-UAV: Compared to a fixed-wing U-
UAV, Rotary-Wing U-UAVs require less skill for deploy-
ment, and their hovering advantage is strong, especially
in autonomous flights. Less skill is required for these
UAVs due to their vertical takeoff and landing aspect of
flight. The downside is that the power and coverage area
is less than a fixed-wing U-UAV [6].

Thorough details of the UAV types and analysis of their
multiple aspects can be found in [6, 27, 28].

The recent emergence of a hybrid U-UAV that provides
more options for research has been introduced. This hybrid
U-UAV, the Vertical Takeoff, and Landing (VTOL), includes
the advantages of a fixed-wing and a rotary-wing U-UAV.
There have been few approaches involving this hybridized
technology, but this technology opens the door to new
approaches and solutions to precedent problems [29]. Exam-
ples of U-UAVs of the previously mentioned types are shown
in Fig. 2 where Fig. 2A is a fixed-wing U-UAV, Fig. 2B is a

Fig. 2 Types of U-UAVs. A fixed-wing U-UAV [30], B rotary-wing
U-UAV [31], C hybrid VTOL U-UAV [29]

rotary-wing U-UAV, and Fig. 2C is a hybrid VTOL U-UAV.
Table 3 compares the different U-UAV types.

One underlying disadvantage shared between all types of
UAVs is the flight time due to programming and other con-
straints associated with components due to battery life [7,
22]. This disadvantage is where T-UAVs come into play to
solve the power issue at the cost of degrees of mobility. Each
of the mentioned approaches provides a solution with SWaP
constraints in mind.

2.2 T-UAVs

Recently airborne communications are attracting great inter-
est from researchers due to their relatively low cost and
greater movement range. These airborne communications
include different types of flying platforms. Some of them
are flying at lower altitudes, such as UAVs. Others fly at
higher altitudes, such as high-altitude platforms. However,
the main limitation of these flying platforms is the limited
flying time. Tethered platforms are introduced to deal with
this major limitation [32].

Tethered platforms are attached to a ground station by
a heavy-duty cable that gives the flying platform power
and fronthauling/backhauling. Although it always sounds
uncanny for a flying platform to be tethered, this has some
advantages; the most relevant one is the stable power source,
allowing unlimited flying time. Tethered platforms are cost-
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Table 3 Comparing U-UAV
types

Fixed-wing Rotary Hybrid

High power capacity Low power capacity High power capacity

High coverage Low coverage High coverage

One flight mode One flight mode Two flight modes

Requires training Minimal training Training for mode switching

Slow to deploy Fast to deploy Fast to deploy

efficient and have overall low operating costs compared
to untethered platforms; however, they suffer from limited
mobility.

Tethered airborne platforms fly using static or dynamic
lift. For instance, balloons and blimps use static lift, and they
belong to the lighter-than-air (LTA) category. The LTA plat-
forms are filled with helium where its density is lower than
the density of the air [33].

On the other hand, fixed- and rotary-wing UAVs use a
dynamic lift, belonging to the heavier-than-air (HTA) cate-
gory. The relative motion produces the HTA platforms’ lift
between the HTA platform and the air. Although fixed- and
rotary-wing UAVs are under the HTA category, only rotary-
wing UAVs can be tethered, given their ability to hover [34].

Finally, a hybrid category uses both static and dynamic
lifts. An example of a hybrid platform is Helikite. It com-
prises an earth-shaped balloon filled with helium to provide
static lift and a kite structure to provide dynamic lift. Com-
bining these two lifts requires less helium than the other LTA
platforms.We summarize the main features of all flying plat-
forms that can be tethered, either they are LTA, HTA, or
hybrid [32]:

• Balloons: are the most used tethered platforms in the
LTA category. They are easy to design, manufacture, and
deploy with less cost than the other LTA platforms. How-
ever, the inflation time of balloons can be an hour or less.
They are always deployed in urban areas.

• Blimps: or streamlined tethered platforms that can be
classified into three categories: (1) tactical, (2) opera-
tional, and (3) strategic. The tactical blimps are compact,
with amaximumlengthof 55 feet. Theoperational blimps
are medium-sized with a maximum length of 100 feet.
Finally, the strategic blimps are considered the largest
tethered platformwith amaximum length of 150 feet. The
tethered version of blimps is always deployed in urban
areas since it must use a mooring launch station.

• Tethered-UAVs:Although fixed- and rotary-wing UAVs
use dynamic lift and belong to the HTA category, only
rotary-wing UAVs can be tethered since they can hover.
Tethered UAVs are the fastest to deploy, with a deploy-
ment time of within a few minutes. Given its compact

size and lightweight, it can be colocated within an SgNB
site.

• Helikites: belong to the hybrid category; however, they
are smaller than balloons; thus, they use less helium
(compared to LTA platforms) and use less power (com-
pared to HTA platforms). Helikites can be deployed in
dense areas due to their compact size. However, the
deployment time may take up to tens of minutes.

Figure3 shows those, as mentioned above, tethered air-
borne platforms. Although the transportation method may
differ from that shown in the figure, helikites, balloons, and
blimps, always require a transportation truck if they are pre-
inflated before transporting them to the service location.

Table 4 compares different types of tethered airborne plat-
forms where different factors are considered to compare
among them [32, 34].

Based on the different tethered platforms presented in this
section and the comparison between them presented in Table
4, the tethered rotary-wing UAVs are the main subject of
concern for all cellular network applications that require a
tethered platform in a dense area where the platform is teth-
ered to the base station. The T-UAV advantages encouraged
well-known companies to test T-UAVs, such as Facebook’s
Tether-Tenna and AT&T’s Flying Cell-On Wings.

2.3 Differences Between U-UAVs and T-UAVs

The following subsection describes the main differences
between U-UAVs and T-UAVs at a high level.

• Deployment and Setup: T-UAVs are connected to a
ground station by a physical link [35]. The tether provides
power supply and data communication between the UAV
and the BS. U-UAVs operate wirelessly with respect to
the BS. They are equipped with onboard batteries and
use wireless communication [7].

• Flight Time: T-UAVs have extended flight times and
receive a consistent power supply so long as the BS
remains functional [17]. U-UAVs are constrained by the
onboard battery capacity, typically ranging from a few
minutes to an hour, depending on the UAV’s type, size,
and payload [7, 18].
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Fig. 3 Tethered airborne platforms

Table 4 Comparing tethered airborne platforms

Properties T-UAVs Helikite Balloons Blimps

Max. payload 30 lbs 55 lbs 110 lbs 1Klbs

Max. altitude 150m 1500m 600m 5000m

Wind speed 35mph 55mph 25mph 100mph

Fast to deploy Yes No No No

deployment No Yes Yes Yes

Personnel

• Payload: T-UAVs can carry heavier and more sophis-
ticated payloads due to the consistent physical link to
the ground station, whereas U-UAVs are often limited by
their size, weight, and battery capacity [7, 17, 22].

• Degree of Freedom andMobility:T-UAVs have limited
mobility as the length of the tether cable restricts them.
They are well-suited for stationary or semi-stationary
applications [17]. U-UAVs offer high mobility and flex-
ibility, allowing them to cover large areas and access
hard-to-reach locations, making them suitable for vari-
ous dynamic applications [7, 22, 23].

A summary of high-level differences between T-UAV and
U-UAV technologies is seen in Table 5, where the differences
are further supplemented by the respective subsections.

2.4 RIS

RIS is a device that utilizes a metasurface that contains cells
that consume low power and are electronically manipulated
[36]. The low-cost and low-power passive reflection ele-
ments provide the backbone of the technology: complete a
phase angle change to an incident or reflected signal from a
source toward a destination [37]. RIS attempts to maximize
the signal-to-noise ratio (SNR) by manipulating the incom-
ing signal’s reflection, refraction, phase, and absorption to
reflect toward the intended destination. The flexibility of an
RIS allows it to adapt to the network and reconfigure itself
to optimize the network and communication requirements
[37]. RIS was mentioned in one of its first precedent studies
in [38], known formally as an electrically tunable impedance
surface. These devices were concluded to provide sufficient
bandwidth based on their reflectivity concerning how effi-
cient and cheap the development and production of these
surfaces are. Another early RIS precedent study is seen in
the electronically programmablemeta-surfaces in [39]. Here,
meta-materials are arranged through a set of scatterers to
achieve specific functionality of the material within an area,
i.e., programming the scatterers to complete a specific job
[39]. Models on transmission and reflectivity are further dis-
cussed within [39] along with some simulations explaining
the models above. To summarize the main points of this sec-
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Table 5 Comparing untethered
versus tethered UAVs

Properties T-UAVs U-UAVs

X-Hauling Wired/Wireless Wireless

UAV type used Rotary-wing Rotary-wing, fixed-wing, VTOL

Battery capacity Consistent power supply Limited

Ease of deployment Complex Fast

Deployment speed Slow Fast

Degrees of freedom Limited High

Latency Low latency Depends

Bandwidth High Low

Regulations to follow Terrestrial and airspace Airspace

Table 6 Comparison of RIS
mounting methods

Active or passive Mounting method Movement Optimization property

Both Airborne Dynamic/static Increases coverage area

Due to dynamic altitude

Both Terrestrial Static Optimizes phase angle

Both UAV High DoF Dynamically changes position

Static/dynamic Position for optimal

Signal transmission

Both Vehicle Dynamic Enhances signal in dead areas

tion, a table concerning the options of RISmountingmethods
is shown in Table 6.

RIS is utilized in multiple wireless communications
applications. One application is through wireless-aided com-
munications. The RIS reflects incoming signals to improve
transmissions by reducing the interference and manipulating
the signal’s properties [40]. Another application is through
information-based transmission. The RIS acts as amodulator
and information relayer of RIS-specific data and incoming
signal data [40]. These two applications improve communi-
cations to a significant degree given a respective approach,
with the trade-off being the initial configuration and setup of
the RIS [40]. This trade-off opened up a new area of opti-
mizing approaches for SWaP constraints.

The main silver lining of RIS is abiding by a UAV’s
SWaP constraints. An RIS device’s low cost and design
make it overwhelmingly advantageous to use in the merger
of UAVRIS communication and networking. Tables 9 and 10
show some specifications for both RIS and UAVs, which are
further explained in Sect. 5. This attribute provides a segue
into existing mounting techniques for utilizing RIS in com-
munications. The mounting techniques are:

• Mounting RIS on a UAV: In some applications, such as
in [41], an RIS is mounted on a UAV to manipulate and
adjust reflector signal transmission. The UAV’s mobil-
ity and the RIS’s configurability allow for optimal phase
change within the high degrees of free mobility.

• Mounting RIS on Vehicles: Another possibility for
mounting is using manned vehicles to adjust and move
the RIS around to establish links with LoS. An exam-
ple is in [42], where Aerial Intelligent Reflecting Surface
(AIRS) is implemented to improve communication. The
idea is to achieve higher ground or improve signals in
non-LoS areas and strengthen the channel compared to
terrestrial mounting methods.

• Mounting RIS Terrestrial Surfaces: Some solutions
mount RIS devices on terrestrial surfaces [43]. The ter-
restrial surfaces are chosen based on the locations of the
surfaces that optimize signal power and SNR. Examples
of such locations are building surfaces or specific ground
locations.

Figure4 displays the above-mentioned mounting tech-
niques. Figure4A shows vehicular-mounted RIS, Fig. 4B
shows UAV-mounted RIS, and Fig. 4C shows terrestrial-
mounted RIS on a building.

The smart metasurface cell array elements’ manipulative
ability makes the technology a convincing choice for opti-
mizing SNR, especially in hotspots or non-LoS areas. For
the case of terrestrial mounting, multiple RIS devices can
be mounted to determine optimal locations. These locations
are determined based on the SNR with the link, BS, or LoS
node. Optimizing the reflected signal across the surfaces
across determined locations optimizes the overall SNR and
improves communication between users and UE in hotspots
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Fig. 4 RIS mounting methods where A shows vehicular-mounted RIS, B shows UAV-mounted RIS, and C shows terrestrial-mounted RIS on a
building

and dead locations. As mentioned in [44], a solution involv-
ing machine learning, specifically multi-task learning, has
been proposed to maximize the overall system throughput
and link coverage. The RIS improves wireless communica-
tion by redirecting the signal across the most direct path,
maximizing the signal power for optimal QoS.

There are two types of RIS devices: active and passive
RIS. Both of these models have their pros and cons. The
differences are as follows:

• PassiveRIS:ThepassiveRISdoes not amplify an incom-
ing reflected signal and modifies the phase shifts and
reflection angles described above. Most available appli-
cations and research papers have been completed using
passive RIS. According to [1], passive RIS modules are
subject to the multiplicative fading effect, which implies
that the path loss in the transmitter-to-receiver link is
the product of the RIS-to-transmitter and RIS-to-receiver
link. The path losses would be equivalent to the sum but
not the product. The authors mentioned that the capac-
ity gains of the passive RIS in real-world scenarios are
negligible, hence the introduction of the active RIS.

• Active RIS: The active RIS amplifies an incoming sig-
nal using an amplifier. The amplifier requires power
to amplify the incoming reflected signal, implying that
active RIS functions at a higher power consumption level
than a passive RIS. Some approaches include active RF
components on the RIS for further signal processing.
An example mentioned in [1] shows an implementation
from the authors where a specific amplifier was created to
strengthen incident links and achieve a goal of strength-
ening capacity gains that are negligible in real-world
applications of passive RIS. Another application involves
an optimization problem in [45] that optimizes the reflect-
ing coefficient matrix at the RIS level and the receive
beamforming at the receiver. This active RIS involves
improving the spectrum and energy output by using an
RIS-aided single-input-multiple-output (SIMO) commu-

nication system to improve the amplification gain of the
RIS and minimize unintentional noise amplification.

3 Dynamic Duo: UAVRIS

The following section further explains the details of merging
RIS and UAV technologies by providing and summarizing
findings from precedent studies onUAVRIS papers. Themain
goal of this section is to provide insight into the advancements
made by using a UAV and an RIS together based on different
mounting modalities as determined by the problem in the
precedent study at hand.

There are multiple mounting methods for UAVRIS tech-
nologies. Some of the mounting methods include an RIS
mounted directly on a UAV as seen in [46], RIS mounted
on a building or terrestrial plane as seen in [47], and RIS
mounted on a vehicle [14]. Figure5 displays four examples of
theU-UAVRIS and T-UAVRIS mountingmethods for commu-
nication between UE and BS in the presence of obstacles to
improve communication and data transmission within a net-
work. Figure5a shows an example of a simple RIS-mounted
U-UAV. Figure5b shows a terrestrial RIS and a U-UAV. Fig-
ure5c displays an example of an active RIS-mounted T-UAV.
Figure5d shows an example of vehicular-mounted RIS and
a U-UAV.

In our paper, while we indeed focus on scenarios where
RISs are mounted on UAVs, dubbed as our "Dynamic Duo"
applications, we also aim to highlight the versatility and
broader applicability of RISs beyond just UAV-mounted
implementations. For this reason,we have included two addi-
tional applications in Fig. 5, namely mounting the RIS on a
vehicle and mounting it on the facade of a building. In these
cases, the UAVs serve different functions, such as gathering
data or providing communication relays, demonstrating the
versatility of RIS and UAV technologies.

As for the reasoning and benefits of mounting RISs on
UAVs, one of the primary motivations is the enhanced flexi-
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Fig. 5 Four examples of dynamic duo applications A U-UAVRIS B terrestrial RIS with U-UAV. C Active T-UAVRIS D vehicular mounted RIS and
U-UAV

bility and adaptability this combination provides, which are
critical for 6G-enabled communication systems. The UAV’s
mobility allows for dynamic repositioning of the RIS, aid-
ing in overcoming obstacles or optimizing signal pathways
in real time, a functionality that static RIS installations lack.

The survey provides information from various references
to support the claims and show the technologies in question.
Tables 7 and 8 show references providing information on
U-UAVRIS and T-UAVRIS, respectively. The tables present
the main topics associated with the references, the mounting
methods of the RIS, and the optimization problem solved.
Multiple utilities represent more than one method associated
with the column header in the tables.

For Table 7, [9, 41, 44, 48–50] show approaches dealing
with machine learning. References [24, 45, 47, 50–60] show
untethered approacheswithmultiple parameters optimized in
the approach. Untethered aerial approaches are seen in [21,
41, 42, 45, 46, 48, 49, 52, 56–61]. Untethered and terrestrial
discussions are seen in [9, 51, 53, 54, 62–65]. Surveys on U-
UAVRIS are seen in [5, 11, 13, 14]. Reference [66] presents an
ideal hybrid online–offline solution with multiple mounting
utilities. Performance analyses on U-UAVRIS are completed
in [64, 67]. References discussing maximizing variations of
rate parameters for U-UAV placement are discussed in [65,
68].

For Table 8, references [16, 17, 69] discuss tethered
approaches with a terrestrially mounted RIS with their
respective optimization algorithms.A tethered, aerial approach
is seen in [35].

3.1 U-UAVRIS

Many successful precedents use this merger of technolo-
gies. The utilization of the merger comes through different
mounting techniques. These mounting techniques are afore-
mentioned in the Background section. U-UAVs use the
adaptability and configurability of RIS to enhance the SNR
and optimize the phase shift of reflected angles [3, 18].

3.1.1 U-UAVRIS in Terahertz Communications

One elaborate example of fully utilizing the advantages of U-
UAVs and RIS is in support of terahertz communication as
mentioned in [51]. The authors explore improving terahertz
communication which suffers from long-distance transmis-
sion signal loss. The authors implemented a UAV-assisted
RIS device where the RIS is terrestrial, and the U-UAV hov-
ers in locations with no strong downlink connections. The
proposed solution helped bypass obstacles and improved
communication at the terahertz level due to the degree of
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Table 7 Untethered dynamic duo summary

Ref Main topic Mounting method Optimization

[5] RIS-assisted UAV information Multiple utilities ×
[9] 3D trajectory and phase shift Terrestrial Multiple utilities

for U-UAVRIS Using machine learning

[11] Survey on RIS and UAV Multiple utilities ×
[13] UAVRIS Performance and Multiple utilities ×

Analysis Survey

[14] Vehicular UAVRIS Survey for 6G Vehicular ×
[21] HAPS Aerial Minimum propagation

Delay

[24] Terrestrial and Aerial RIS versus Multiple utilities Multiple utilities

SWARM RIS

[41] Enhancing mm-wave networks Aerial Maximize downlink

Using reinforcement learning Capacity

[42] Panoramic signal reflection Aerial Maximize SNR

[44] RIS aerial-assisted communications Multiple utilities Maximize system

Using multi-task learning Throughput

[45] Increase signal amplification Aerial Multiple utilities

[46] Estimating AIRS positioning Aerial AIRS deployment for UE-BS Comm.

[47] Joint UAV placement and RIS phase shift Aerial Multiple utilities

Optimization in downlink networks

[48] THz communications using deep learning Aerial Multiple utilities

[49] Joint flying RIS trajectory Aerial Multiple utilities

And phase shift design using

Deep reinforcement learning

[50] STAR-RIS-assisted U-UAV communications × Multiple utilities

[51] U-UAVRIS THz communications analysis Terrestrial Multiple utilities

[52] Energy efficient Aerial Multiple utilities

Air-to-ground networks with U-UAVRIS

[53] Joint communication and trajectory Terrestrial Multiple utilities

Design for U-UAVRIS SWIPT networks

[54] Wireless power transfer Terrestrial Multiple utilities

Systems with U-UAVRIS

[55] Hybrid aerial-ground UAVRIS Multiple utilities Multiple utilities

Communications

[56] Consensus-based navigation of UAVRIS Aerial multiple utilities

For LoS wireless communication with

UE in high-density areas

[57] UAVRIS with MIMO Aerial Multiple utilities

[58] 3D trajectory and phase shift design Aerial Multiple utilities

[59] MEC and UAVRIS Aerial Multiple utilities
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Table 7 continued

Ref Main topic Mounting method Optimization

[60] U-UAVRIS Secure communications Multiple utilities Maximize secrecy rate

With resource allocation and Jamming

[61] Improving EE in Emergencies Aerial Multiple utilities

[62] IRS-enhanced UAV Terrestrial Maximize network

Multi-NOMA networks Sum rate

[63] Robust secure UAVRIS Terrestrial Multiple utilities

[64] UAVRIS Decode-and-forward Terrestrial ×
Performance analysis

[65] UAVRIS Placement and Terrestrial Maximize sum rate

Resource Allocation

[66] Hybrid offline–online design Multiple utilities ×
for U-UAVRIS Communication

[67] Outage performance analysis Multiple utilities ×
[68] Enhancing security for U-UAVRIS × Maximize secrecy rate

Table 8 Tethered dynamic duo
summary

Ref Main Topic Mounting method Optimization

[16] Aerial BS using T-UAV Terrestrial ×
[17] Improving coverage for QoS Terrestrial Coverage area

[35] T-UAVRIS for EE and Aerial Average bit error rate

Reliable communication

[69] T-UAVRIS RFEH Terrestrial Maximize rate for RFEH

freedom of the U-UAV and the RIS. Given a specific hover-
ing time and a high degree of freedom, the U-UAV hindered
the rate of signal loss at long distanceswith the aid of the con-
figurable RIS that optimizes the signal path. It is seen that the
downsides of using the U-UAV are its power consumption
and short battery life.With the aid of the RIS, the hoveringU-
UAV can conserve energy instead of constantly moving due
to the RIS configuring its array elements for optimal phase
angle and signal propagation.

In another realm of terahertz communication, machine
learning can be implemented to learn the optimal loca-
tion of data reflection from UE to BS. In [48], the authors
implement a U-UAV-carrying-RIS solution to solve the path
loss disadvantage of terahertz communication. The authors
implemented a gated recurrent unit-based recurrent neural
network, tracking UE locations and serving beams. The loca-
tions were then passed through some computations in the
hidden layers in the network, where the output is the optimal
location of data transmission with minimal path loss fac-
tors of an RIS-carried-U-UAV. While they noted anomalies
such as being too close to beams affecting the states and out-
put locations, the performance evaluations favored using the
merger of the technologies to improve communication.

3.1.2 U-UAVRIS in SWARMs

Another application of U-UAVRIS is mentioned in [24],
where multiple U-UAVs implement RIS-assisted commu-
nication by mounting moderate-sized RIS onto U-UAVs.
Multiple U-UAVs hover around within a given area, creating
a SWARM. Data are collaboratively transmitted at different
angles while forming theMIMO channel. This spatially mul-
tiplexed channel increases the number of users and the LoS
nodes within dead areas. This approach allows for cooper-
ative panoramic full-angle reflection, which constructively
adds signals between users and minimizes interference that
effectively enhances the signal.

Similarly, another approachmentioned in [62] implements
a multiple UAV-assisted RIS network to optimize signal
transmission in Non-Orthogonal Multiple Access Networks
(NOMA). Multiple UAVs are mounted with base stations to
implement a NOMA and provide coverage for many ground
users with the assistance of a RIS for optimal signal reflec-
tion transmission. The optimization problem solved within
this approach is maximizing the network’s sum rate through
non-convex optimization in a block coordinate descent-based
iterative approach. The authors’ solution results in a higher
overall channel quality, and the flexibility of the UAV and
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RIS can further increase the maximum sum rate with the aid
of the algorithm mentioned earlier.

The approach in [46] uses multiple AIRS mounted on U-
UAVs to estimate the angle of arrival (AoA) for the direct
path between UE and the AIRS. This approach estimates the
AoA for a given BS using AIRS, where the access point pro-
cesses data received from the UE and the AIRS. The AoA is
based on channel estimation. The authors presented two dif-
ferent methods for estimating the AoA for a multiple AIRS
approach, where one method uses an AoA-based position-
ing algorithm and another uses an angle domain-based AoA
estimation algorithm. Both utilize estimating the intersection
of two direct paths between multiple AIRS. The differences
between the two are notable. The former is a complex algo-
rithm that accurately estimates points of intersection through
multiple constraints from two AIRS. The former estimates
the positioning by generating and solving parametric equa-
tions and systems of linear equations and then computes the
weighted average of the points of the equations’ estimated
solutions (point intersections).

3.1.3 U-UAVRIS in Transmission Strategies

UAV trajectory is an important aspect of any UAV approach.
Positioning and alignment make the difference between
achieving optimal and subpar optimization goals. A hybrid
offline–online U-UAVRIS approach that improves overall
system performance by leveraging instantaneous and statisti-
cal channel state information under Rician fading conditions
is seen in [66]. Here, offline conditions refer to the state
where U-UAV ground-channel states are very random and
dynamic, and data loss rates are higher due to lack of adapt-
ability [66], and the online conditions are the converse of
the offline conditions. The authors jointly optimize the max-
imumachievable rate through theRIS phase shift andU-UAV
trajectory based on the statistical channel state information
for the offline phase [66]. In the approach’s online phase, the
U-UAV transmit beamforming and UE scheduling is altered
based on the immediate channel state information. Details
on the system and channel models and U-UAV trajectory
designs are seen in [66]. The authors solve the optimization
problem by utilizing stochastic successive convex approxi-
mation techniques. The authors prove through simulations
and numerical results that a hybrid approach utilizing U-
UAVRIS and an online–offline approach based on variations
of channel state information efficiently solves the maximal
average achievable rate problem under Rician fading condi-
tions [66].

Transmission strategy, channel estimation, and data trans-
mission are important aspects of optimal communication.
One method of determining the optimal channel estima-
tion, transmission strategy, and data transmission is through
a frame-by-frame analysis of incoming data to an RIS.

The approach in [44] uses multi-task learning, where the
optimization problem is modeled as a mixed-integer non-
linear program. The program outputs the maximum overall
throughput of the system. A terrestrial RIS assists the UAV
in optimizing the data transmissions within this model. The
channel estimation is processed at theUAV level, and the RIS
optimizes the transmission throughput. This division of tasks
allows for less processing power at the UAV level due to its
low battery life and faster processing at the RIS since channel
estimation is complicated. The allocation of RIS elements,
phase shifts, and UAV position is optimized through the out-
put of the multi-task learning model. By utilizing a learning
model at the RIS level, communication is improved greatly
according to the results in the paper and therefore achieves
the goal of merging RIS and UAV, enhancing QoS.

3.1.4 U-UAVRIS in Energy Efficiency

Beamforming for energy efficiency (EE) is another advan-
tage of utilizing the technology merger of UAVRIS. In [61],
the energy efficiency of utilizing an aerial-RIS-aided network
and a BS-mounted UAV for emergencies and disaster relief
is increased. The UAVs mounted with BS create downlinks
with UE in a dead area. Which UAV-mounted BS to use was
optimized through the approach. Idle UAVs were placed in
sleep mode to conserve energy. The authors optimize which
BS is switched on and used to aid the UE. The optimiza-
tion problem was solved using a Branch-Reduce-and-Bound
(BRnB) algorithm, a monotonic optimization with semi-
definite steps. The results show that using an RIS to aid
energy efficiency proved effective, as shown in [61].

EE is another attribute improved by using UAVRIS. Air-
to-ground wireless powered communication networks aided
by U-UAVRIS enhance the energy efficiency within the net-
work [52]. The U-UAVRIS helps the hybrid access points
facilitate communications to UE in NLoS areas. RIS receive
reflected energy from aU-UAV incoming from hybrid access
points, which were limited by their inherent energy [52]. An
equivalent convex programming solution is presented where
an optimization algorithm jointly optimizes the RIS phase
shifts, access points’ transmit power, and the charging time
ratio. Energy efficiency is enhanced by at least 150% [52].

Low-power IoT devices distributed worldwide are known
to have short life spans. These devices are crucial within
cyber-physical networks tomonitor environments. The authors
in [53] propose a U-UAVRIS solution for simultaneous wire-
less information and power transfer (SWIPT). The authors
utilize NOMA and non-linear energy models to jointly opti-
mize the U-UAV trajectory, the U-UAV transmit power
allocation, the successive interference cancelation decod-
ing order, the power splitting ratio, and the RIS reflection
coefficient for sum-rate maximization [53]. The approach
incorporates an alternation optimization algorithm, a suc-
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cessive convex approximation, and dynamic programming
to optimize the attributes mentioned above [53]. The IoT
network consists of an RIS-empowered downlink U-UAV
SWIPT network. The RIS coordinates channel acquisition,
information, and power transmission for theU-UAVandRIS,
where the channel state is known and follows a quasi-static
flat-fading model. U-UAVs employ NOMA within the net-
work to moderate data transmission between UE and IoT
devices. Each NOMA user incorporates the higher prior-
ity successive interference cancelation decoding order. The
power-splitting receiver decodes the information and assists
in power harvesting within the network. Further details of
the approach are found in [53]. The results tested against
numerical simulations concluded that the maximum sum
rate is significantly enhanced when considering the attributes
optimized above; the RIS is crucial for channel acquisi-
tion information and power transmission, which the U-UAVs
assist in the NOMA network [53].

For IoT-based approaches, energy consumption and resource
allocation are important constraints that require appropriate
optimization to increase the number of devices used in the
shared spectrum within the communication network. It is
worth noting that approaches such as distributed UAVRIS

networks improve the constraints mentioned above by imple-
menting optimized trajectory and phase-shift solutions,
power control for resource allocation, as well SWIPT-based
approaches, which enhance the coverage area and wireless
energy transmission of UAVs to devices within the network
[26, 53].

Wireless power transfer by utilizing U-UAVRIS men-
tioned in [54] allows improvement in EE by optimizing
the U-UAV trajectory and hovering location as the RIS
reflection coefficient. The authors in [54] propose a succes-
sive convex approximation of a minorization–maximization
algorithm. This algorithm optimizes the minimum charged
energy ground sensors in calculating reflection coefficients.
With the optimization of the reflection coefficients comes
the joint optimization of the U-UAV trajectory and hovering
location. The approach implemented by the authors ulti-
mately shows that by integrating the RIS into wireless power
transfer, the overall energy requirements for the application
are reduced considerably [54].

3.1.5 U-UAVRIS in Secrecy and Sum Rates

Security in communications can be improved through a high-
performance network, and as such, the dynamic duo finds
itself applied in the prevention of wiretapping on a commu-
nication channel [63]. The authors present an optimization
problem that aims to maximize the average worst-case
secrecy rate by optimizing the UAV’s trajectory, RIS’s pas-
sive beamforming, and transmit power of the legitimate
transmitters. The results were claimed through a series of

tests involving an eavesdropper attempting to access channel
state information from legitimate transmitters. An assump-
tion was made that the channel state information from the
perspective of the eavesdropper needed to be more accurate.
The results showed that using a U-UAV and RIS improved
the secrecy rate with a communication channel [63].

Similarly, the authors in [65] maximize the sum rate
achieved by ground users by optimizing the UAV trajec-
tory, RIS phase shifts, and sub-channel assignments for the
backhaul capacity constraint. The idea is to optimize data
transmission efficiency by optimizing the bandwidth and
allocation for backhaul links with the constraint in mind. The
optimization problem follows a successive convex approxi-
mation to optimize the UAV placement. The authors assume
LoS links between the BS, UAV, and RIS and the UE expe-
riences Rayleigh Fading. Results in the approach showed
that the sum rate achieved by ground users increased linearly
when the system used an RIS compared to the lack of an RIS
[65].

Another approach regarding optimizing the maximum
sum rate is seen in [47], where the authors utilize aU-UAVRIS

downlink system where a multiple-antenna BS accommo-
dates a single antennaUE.The authors set up the optimization
problem to jointly optimize the beamforming at the BS, the
RIS phase shift, and the U-UAV 3D placement through a
block coordinate descent iterative algorithm. The motivation
behind the approach is to improve the downlink in a com-
plex urban environment [47]. An RIS-mounted-U-UAV is
deployed to an NLoS area where UE does not have a direct
link to the BS. The optimization algorithm was split into
two sub-problems: U-UAVposition and beamforming or RIS
phase shift are optimized alternatively through a block coor-
dinate descent and iterative algorithm. The authors conclude
with the results in [47] that the sum rate is enhanced to a sig-
nificant degree with U-UAVRIS technology due to mobility
and reflection qualities.

The sum rate is also enhanced through deep learning tech-
niques. The system sum rate is maximized for multiple users
with a single output with a signal incoming from an aerial
RIS. The RIS provides downlink signals from ground BS to
UE in NLoS areas. The system sum rate is achieved by opti-
mizing theRISphase shiftmatrix andflying trajectory jointly.
The optimization is completed by translating the points for
processing in a deep reinforcement learning network through
a deep deterministic policy gradient algorithm. Noise addi-
tion effects are minimized by a mapping function ensuring
complete constraint satisfaction to increase action decision
accuracy [49]. The approach assumes that ground downlinks
between the BS and UE are blocked and unavailable. This
approach shows the utility and advantages of free mobil-
ity and the inclusions of RIS properties to maximize the
sum rate in an NLoS area by creating a makeshift LoS area.
While there are still losses, the sum rate is maximized and
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optimized. What differentiates this solution from others is
the utilization of data processing through the deep reinforce-
ment learning algorithm. According to the authors’ results,
this algorithm significantly improves the achievable system
sum rate [49].

3.1.6 U-UAVRIS and Positioning and Coverage

A hybrid concept of implementing dynamic and fixed U-
UAVRIS applications is worth exploring. The approach men-
tioned in [55] presents a university campus-based approach
to implementing dynamic U-UAV–RIS and terrestrial RIS
to increase the probability of LoS areas and the coverage in
non-LoS areas. The authors utilize a global positioning sys-
tem, machine learning, and clustering of the technologies to
increase robustness and coverage areas within a university
campus that faces many obstacles and moving objects. This
hybrid approach proves that the technology merger’s segue
improves communications and the robustness of a network
given specific channel constraints [55].

For a more current realistic solution, the authors in [9]
provide a means for accurate positioning of U-UAVs with
respect to RIS. The goal of the approach mentioned above is
to maximize the data transfer rate by jointly optimizing the
RIS phase shift and the 3D space of the U-UAV. EE and posi-
tioning is the main concern of the authors. Deep Q-network
and deep deterministic policy gradient algorithms are uti-
lized through the use of deep reinforcement learning [9].
The machine learning algorithms result in a solution for the
U-UAV trajectory and passive beamforming. The phase shift
of the RIS is altered with respect to the outcome of the learn-
ing algorithms to optimize the alignment of the U-UAV to
BS signal reflection angles. Further details on the machine
learning algorithms that optimize the abovementioned cru-
cial characteristics are seen in [9]. The proposed solution
improved energy efficiency by aligning and positioning the
U-UAV accordingly while satisfying the BS data transmis-
sion requirements.

U-UAV positioning and alignment depend entirely on the
application to solve the problem. Some approaches optimize
the positioning for a minimal bit-error rate, and others with
respect to the optimal energy efficiency of a system [18].
Other approaches utilized assisted devices for path planning
as this deployment aspect is crucial to securing the solution’s
effectiveness to an approach [18]. Details of such positioning
can be seen in the UAV survey in [18].

Maintaining LoS links and increasing coverage areas is
done by optimizing the deployment and positioning of a
UAV with respect to a BS or RIS. A collection of U-UAVRIS

is deployed within high-density areas to complete the task
mentioned above [56]. Efficiency and performance are cru-
cial for next-generational networks, specifically for the topic
of interest, 5G andmmWave frequencies. The authors in [56]

develop a framework for sustaining and maintaining LoS
links in high-density areas using RIS-mounted U-UAVs. A
consensus-based approach increases the coverage area and
QoS for all dynamic UE, while the RIS reflects signals
to improve efficiency and communication within the high-
density areas. The authors conduct tests on the consensus
algorithm-utilized effective navigation framework defining
several clusters for simulation within the scope of a dynami-
cally changing environment with LoS and NLoS areas [56].
The simulation results provide evidence that the consensus
algorithm follows throughwith the goal of the approach. Fur-
ther discussion on technical problems with establishing LoS
links has been discovered and discussed in detail in [56].

3.1.7 U-UAVRIS and Outage Probability

Performance analysis and outage probabilities are important
aspects associated with these intelligent devices. Stress test-
ing and accounting for unforeseen events such as blockages,
misalignment, anddisorientation are crucial to understanding
how intelligent surfaces perform under these circumstances.
The authors in [67] do exactly that. The authors present mul-
tiple events completed on Monte-Carlo-based simulations to
test for dynamic outage probabilities according to specific
events. The authors account for fading conditions, disorienta-
tion, misalignment, and hardware faults. Tests are completed
on specific sets of U-UAVRIS conditions, and stress tests are
completed to compute diversity order and outage probabili-
ties.

3.2 T-UAVRIS

The merger of UAVS and RIS is restricted to U-UAVS and
T-UAVS. Themain difference betweenU-UAVs and T-UAVs
is that T-UAVs have a direct backhaul link and a lower degree
of freedom. The advantage of having a direct backhaul link
through a tethered medium allows for many applications.
Using a tethered link allows for direct data transmission and
consistent power between the tether station and the UAV at
the cost of degrees of freedom.

Due to the convenience of constant power provision from
a tethered link, a T-UAV can be optimized for usage with an
active RIS, which consumes more power than a passive RIS.
Details on an active RIS are mentioned in the Background
section. Utilizing the tethered link and the active RIS helps
amplify the incident angle based on a specific location con-
strained by the T-UAV. This claim shows that using a T-UAV
with a constant tethered powered link makes an active RIS
more effective for longer deployment applications. For speci-
ficity, large-scale path loss, small-scale fading, andmmWave
beamforming modeling are discussed. There exist minimal
precedents on T-UAVRIS, but notable applications are men-
tioned below.
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3.2.1 T-UAVRIS in High-Throughput Communication

Using a T-UAVcomeswithmany advantages. Reference [16]
describes someof the advantages and use cases of applyingT-
UAVs in practice. The advantages of utilizing T-UAVs are the
power consumption and life of the devices. The power con-
sumption is heavily decreased since some processing power
is handled at the linking station. The cost of this implemen-
tation is considerably less than a U-UAV due to the lack of
reason for optimizing the location of the T-UAV midflight.
This reason allows for deployingT-UAVswithin smaller rural
areas to increase and strengthen signal communication. The
link from the station is not prone to interruption. The exis-
tence of the link allows for higher data traffic which means
there is a higher capacity through the tether link.

In the case of T-UAVRIS for backhauling, if there is power
within the system model of interest for a specific prob-
lem, then the concept of backhauling is negligible; as such,
this emphasizes that RIS can be used to improve commu-
nication hand-in-hand with a T-UAV. One application that
utilized the power of the tethered link is seen in [69] where a
framework called CURE where radiofrequency energy har-
vesting (RFEH) is merged with a massive cell-free MIMO
(CFmMIMO), T-UAV, and RIS network to enhance the wire-
less power transfer to Internet-of-Things (IoT) devices. The
problem addressed in this approach is enhancing the RFEH
through an RIS-assisted network where the cell-free access
points are mounted on T-UAVs over the coverage area. The
wireless power transfer from the T-UAV is then reflected
off the RIS with the metasurface’s manipulative nature to
optimize the phase angle shift and maximize the signal trans-
mitted to an IoTdevice. The authors tested their approachon a
max-min fairness algorithm, which resulted in higher energy
transfer and data transmission.

3.2.2 T-UAVRIS in Signal Pathways

The disadvantage of using a tethered link is the limited degree
of freedom provided compared to a U-UAV. These devices
hover within a hemispheric area at specific positions at given
heights, a certain distance from the link station. This region is
the hovering region, which is limited compared to a U-UAV.
The approachmentioned in [16] suggests increasing the num-
ber of hovering regions for T-UAVand linking stationswithin
given areas where the links are optimized for maximum sig-
nal optimization. A suggestion for the approach mentioned
earlier is to utilize terrestrial RIS to enhance and optimize
signal paths within rural areas or congested areas, reduc-
ing the need to mitigate the hemispheric area using altitude.
Another suggestion is utilizing T-UAV-mounted RIS for sig-
nal reflection and a T-UAV as utilized in the above approach.
This suggestion allows for stronger power utilization in an
RIS and UAV and higher processing power at the RIS level.

3.2.3 T-UAVRIS in Energy Efficiency

Due to the consistent power advantage in T-UAV, EE can be
enhanced following the solution proposed. A measure of EE
can be determined and derived from the average bit-error rate
within a communication environment. Discussed in [35] is
a T-UAVRI S approach where the RIS supports single, full-
angle reflection and is assisted by a T-UAV. The aerial RIS
can reflect intelligently and improve ground node LoS com-
munication, strengthening the overall channel. The channel
is assumed to have dual-hop communication, and the channel
state information is known to ensure maximizing the SNR.
The results were derived against the average bit error rate
based on modulation order on many passive RIS elements.
The results showed thatwithmore passive elements, the aver-
age bit error rate degraded and improved EE while providing
a reliable environmental communication channel.

3.3 Channel Models

Channel estimation and modeling are two main challenges
of any UAVRIS approach [22]. Considering dynamic envi-
ronments, obstacles, fading, and physics-based models are
not easy. A suitable channel model is required to conduct
experiments and set up suitable system models. The results
of an approach can greatly differ if a channel model needs
to be set up properly. Each respective approach mentioned
above follows its channel and system model and provides
details on channel estimation. This section provides exam-
ples of channel models that are used and worth noting, as
well as the guidelines supporting the channel models used in
the respective approaches.

3.3.1 Resource Allocation and Placement

An interesting choice for channel models is seen in this
approach [65]. The communication links are assumed to have
Rayleigh fading considerations from blockages, and links are
LoS propagated. Following the approach in [68], the authors
of [65] assume the received signal at the kth ground unit is
denoted as yk = √

p((hRIS-Txk )H�hUAV–RIS + hUAV-Txk + nG

and p is the transmit power of the U-UAV for ground unit
k on each sub-channel, nG expresses the respective ground
unit’s additive white Gaussian noise, and mean (μ = 0), and
variance (σ 2) [65]. The channel coefficients link between
the U-UAV and ground unit k, U-UAVRIS, and RIS to ground
unit k are hUAV-Txk , hUAV-RIS, and hIGk [65].� is the RIS phase
shift matrix, and the RIS consists of Ir × Ic passive reflection
elements. The expressions for the channel coefficient links
are:

hUAV-Txk =
√

β0

(dUAV-Txk )2
, ∀k, (1)
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hUAV-RIS =
√

β0

(dUAV-RIS)2
[1, e- j 2πdλ

Vi , ..., e- j
2πd
λ

(Ir -1)Vi ]H

⊗[1, e- j 2πdλ
Vj , ..., e− j 2πd

λ
(Ir -1)Vj ]H (2)

hRIS-Txk =
√

β0

(dRIS-Txk )2
[1, e- j 2πdλ

Vl , ..., e- j
2πd
λ

(Ic-1)Vl ]H

⊗[1, e− j 2πd
λ

Vn , ..., e- j
2πd
λ

(Ic-1)Vn ]HαRIS-Tx, ∀k, (3)

where the coeffiecients Vx are represented as Vi =
sin θUAV-RIS cos ξUAV-RIS, Vj = sin θUAV-RIS sin ξUAV-RIS,
Vl = sin θRIS-Txk cos ξRIS-Txk , Vn = sin θRIS-Txk sin ξRIS-Txk .
β0 is the channel gain at a reference distance of 1m, k
is the path loss exponent, and λ is the carrier wave wave-
length [65]. The random scattering components are αRIS-Tx.
(θUAV-RIS, ξUAV-RIS), (θRIS-Txk , ξRIS-Txk ), are the vertical
and horizontal angle-of-departures from the U-UAV to the
RIS and from the RIS to ground unit k, and H is the U-UAV
altitude [65].

3.3.2 3D Trajectory and Phase Shift

The optimal trajectory of a UAV is crucial in any UAV
approach. This parameter is similar to the UAV placement
parameter. Merging the advantages of RIS phase shift, the
optimal trajectory and phase shift can be used hand-in-
hand to achieve maximum energy efficiency, data rate, and
throughput while decreasing the overall propulsion energy of
the U-UAV. The systemmodel assumes that the UAV follows
a predefined flight path and is equipped with a directional
antenna that can be pointed toward the RIS. The RIS con-
sists of N reflecting elements that can be adjusted to achieve a
desired phase shift. The communication between the U-UAV
and the RIS is modeled using a narrowband channel with a
flat fading coefficient [58]. The communication environment
is then optimized while considering the location of ground
UE.

The scheme presented in [58] configures a system con-
sisting of a U-UAV equipped with a transmitter and an RIS
consisting of multiple reflecting elements. The proposed
approach uses deep reinforcement learning,where the system
learns through trial and error to maximize the reward func-
tion, defined as the communication rate between the UAV
and the ground station, to optimize the trajectory and phase
shift. The reward function considers the UAV’s trajectory,
the phase shift of the RIS elements, and the channel charac-
teristics [58].

The channel gain model from the [58] was replicated and
used where

gU-UAV-RISn = ξ

dU-UAV-RISn
[1, e− j 2π

λ
dRISφU-UAV-RIS

k ψU-UAV-RIS
k , ...,

e− j 2π
λ

(MRIS−1)dRISφU-UAV-RIS
k ψU-UAV-RIS

k ]T

⊗[1, e− j 2π
λ
dcϕRIS-UE

k ψRIS-UE
k , ..., e− j 2π

λ
(Mc−1)dRISϕRIS-UE

k ψU-UAV-RIS
k ]T

(4)

is the channel gain of the UAVRIS such that n repre-
sents the time slot, λ is the carrier wavelength, ξ is the
path loss at the reference distance of 1m, dU-UAV-RISn =√

(HUAV
n − zRI S)2 + (LU AV

n − wRI S)2,HUAV
n is the height

of theU-UAVat the nth time slot,wRI S = [xRI S, yRI S]T and
zRI S are the horizontal and vertical dimension of the location
of the first RIS element, LU AV

n is the approximate trajectory
of the U-UAV at the nth time slot, φU-UAV-RIS

k = xk−xRI S
dRIS-UEk

and

ϕRIS-UE
k == yk−yRI S

dRIS-UEn
are the cosine and sine of the horizontal

angle-of-departure to the kth UE, and ψRIS-UE
k = zRI S

dRIS-UEk
is

the sine of the vertical angle-of-departure of the signal to the
kth UE [58].

3.3.3 RF Links and LoS Modeling

A channel model is also required for T-UAVRIS approaches.
The authors in [70] discuss multiple channel models and
channel estimation techniques for various approaches regard-
ing networked tethered flying platforms. Low-altitude plat-
form channel models within the tethered scheme are consid-
ered for the scope of this survey.

Radiofrequency links are considered for large-scale and
small-scale fading. For the case of large-scale path loss, the
distribution of the buildings is modeled following a Rayleigh
distribution such that f (Ht ) = Ht

2γ 2 exp(
Ht2

2γ 2 ) where Ht is
the buildings’ height in meters. Thus, the LoS probability is
modeled as the following:

P(LoS) =
m∏

n=0

[1 − exp(−[htT x − −(n+ 1
2 )(htT x−htRx )
m+1 ]2

2γ 2 )],

(5)

where htT x and htRx are the heights of the transmitter and
receiver.m = floor(r

√
pα pβ − 1)where r is the ground pro-

jection of the distance between the Tx and Rx [70]. The LoS
probability includes these parameters pα , which is the ratio
of built-up land area to the total land area, pβ is the number
of buildings per km2, and pγ is the buildings’ heights’ scale
parameter [70]. The probability of LoS can be expressed as a
function of θ , the elevation angle, which is the angle between
the slant range and the horizon plane, such that

P(LoS, θ ) = 1

1 + a1exp(−b1(θ − a1))
, (6)
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where a1, b1 are functions of pα, pβ, andpγ [70]. The prob-
ability of NLoS is P(NLoS) = 1 − P(LoS) [70]. The path
loss is then modeled as:

PL(αPL, θ, dTx-Rx) = d−αPL(θ)

× [LossLoS · P(LoS, θ ) + LossNLoS · P(NLoS, θ )], (7)

where dTx-Rx is the distance between Tx and Rx, LossLoS
and LossNLoS are the mean additional losses for the LoS and
NLoS transmissions, and αPL is the path loss exponent [70].
The path loss exponent is expressed as:

αPL = a2P(LoS, θ ) + b2

a2 = απ
2

− α0

P(LoS,π2 ) − P(LoS, 0)
∼=, απ

2
− α0

b2 = a0 − a2P(LoS, θ ) ∼= a0,

(8)

where απ
2
and α0 are path loss exponent values at θ =

π
2 and θ = 0, respectively, and further details on the channel
model for large-scale fading are seen in [70].

Rayleigh, Rician, Nakagami-m, and Loo fading models
are referenced for small-scale fading along with a general-
ized extended distribution encompassing many distributions
for radio frequency links, including mmWave frequencies.
Derivations of the fading models are further discussed in
[70]. The distribution used is called an extended generalized-
K where the PDF is expressed as:

fy(y) = 2ψ

�(ms)�(m)

(BsB
�

)mψ

y2mψ−1

× �

(
ms − m

ψ

ψs
, 0,

(BsB
�

)mψ

y2ψ,
ψ

s

)
,

(9)

where� is the average power of the received signal envelope,
m and ms are the fading severity and shadowing severity,
respectively, ψ and ψs are the fading shaping and shadow-
ing shaping factors, respectively, and Bs and B are functions
defined in [70] as

Bs = �
(
ms + 1

ψm

)
�(ms)

B = �
(
m + 1

ψm

)
�(m)

.

(10)

High-gain directional beams are required to compensate for
high path loss and scattering in mmWave frequencies for
beamforming. The authors in [70] approximate the direc-
tional gain through a simple sectored antenna model where
the gain (G(�)) isGmax if the azimuth angle (�) iswithin the
half-power beamwidth or Gmin otherwise. Though unlikely,
when available, perfect beam alignment assigns an effective

antenna gain of Geq = G2
max [70]. A more realistic approach

includes beam steering errors (ε) which follow a Gaussian
distribution withμ = 0 and variance σ 2

e ; since the gain angle
is symmetric, the beam steering error, |ε|, is considered. This
consideration implies that |ε| follows a half-normal distribu-
tion with CDF F|ε|(x) = erf(x/

√
2σe), and the PDF of the

effective antenna gain is:

fGeq(x) = F|ε|
(

�

2

)2

δx−Gmax

+ 2F|ε|
(

�

2

) (
1 − F|ε|

(
�

2

))
δx−GmaxGmin

+
(
1 − F|ε|

(
�

2

))2

δx−Gmin

(11)

where δ(·) is the Kronecker delta function [70]. The models
mentioned above show good examples of channel models
with the appropriate fading conditions for tethered schema,
and further details are seen in [70].

3.3.4 Challenges andModeling

A valid concern regarding a channel model is its linearity
and the physics involved with the application. For exam-
ple, the channel models in [71] are sufficient for free-space
applications. Channel models and results are inaccurate if
physics-based constraints such as scattering RIS, multiplica-
tive fading, and mesoscopic correlations are not considered.

In nonlinear, non-free-space models, scattering and other
physical constraints are considered. The authors in [72]
present two cases to describe the rich scattering of RIS.
The first case mentioned analyzes multipath channel impulse
response, and the second case analyzes an RIS-tunable envi-
ronment that localizes non-cooperative UE by leveraging
through analog multiplexing [72]. Due to the different con-
ditions of EM wave propagation, scattering models require
reconsideration. Fine-grained control of the EM field used
in the approach improves beamforming accuracy. Another
design consideration is that incoming signals in the direction
of theRIS are sourced from all possible directions as opposed
to one single direction. The common expression of incident
and phase coefficients as meta-atoms can be discarded due to
the number of directions associated with incoming signals.
The authors of [72] suggest utilizing the results of the case
studies in their paper as a means to implement RIS in various
ways within rich scattering environments. Examples of those
means are using an RIS as a localization accuracy enhancer
and a processor for EM wave propagation.

An example of an approach that utilizes the above guide-
lines is in [73], where the RIS dynamically estimates the
perturbers’ status based on an auxiliarywireless channel. The
results are demonstrated on a physics-based fading model
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of RIS-parameterized communication. The idea of [73] is
to dynamically parameterize a perturber’s RIS configuration
and status within a given time window to alter and adapt
to rich scattering conditions while cohering with physics
models of non-free space communication and channel envi-
ronments. The channel model follows an application of the
Beaulieu–Xie fading model, which is widely known to be
an accurate and compelling reference for modeling realistic
environments [64, 73–75].

More details on the implementation, derivations, and
applications of the models mentioned above are seen in [74,
75].

In [64], the authors conduct performance analysis for a
decode-and-forward wireless system aided by a U-UAVRIS.
The U-UAV within the urban environment follows the 3-
dimensional waypoint model at low altitudes where a relay
station propagates the U-UAV’s signal to terrestrial RIS
to a BS [64]. The dynamic, terrain-dependent UAV-to-RIS
channel model follows the Beaulieu–Xie fading model as
mentioned in [74, 75], and the relay station-to-RIS and RIS-
to-BS follow a rice fadingmodel due to the LoS link available
[64]. The performance analyses express the outage probabil-
ity, average bit error rate, and ergodic channel capacity [64].
Details of the numerical results can be seen in [64] as sys-
tem performance is concluded to improve with respect to the
increase of some crucial parameters.

4 Case Studies

4.1 Case Study 1: Fronthaul Outage Compensation

4.1.1 Motivation

Existing work focuses on terrestrial RIS due to the benefits
of integrating RISs into the cellular environment, such as
low cost, energy-efficient, and spectrum efficiency, which
are deployed on the facades of the buildings, which still
have drawbacks, such as the willingness of owners of the
buildings to rent the facades which may also block the build-
ing windows’ view. In addition, mounting RIS panels on the
buildings’ facades will limit the proper operation to the sce-
nario where the source and destination are on the same side,
i.e., on the same half-sphere in front of the building. On the
other hand, mounting the RIS panel on an untethered UAV
(U-UAV) will increase the probability of achieving LoS con-
nectivity in addition to allowing 360◦ panoramic full-angle
reflection [42]. Moreover, the U-UAV can adjust the RIS
location periodically, according to the user movement, thus
maintaining persistent LOS links with both source and desti-
nation. However, the U-UAV service time will be limited to
its battery capacity (the flying time will be limited to tens of
minutes).

These attributes motivated us to present our U-UAVRIS

and T-UAVRIS approach where we consider colocating a U-
UAVRIS or a T-UAVRIS to selected small gNBs (SgNBs)
in 5G and beyond networks. Given that most SgNBs are
fronthauled using wireless links, there is a relatively high
probability that any links can fail. Once a fronthaul failure
occurs, the T-UAVRIS, colocated with the SgNB, will fly ver-
tically to a pre-defined altitude (or a U-UAVRIS which can fly
vertically and horizontally) to achieve one or more LoS alter-
nate fronthaul links. If the fronthaul failure occurs to one of
the SgNBs that is not equippedwith a UAVRIS, a neighboring
UAVRIS equipped SgNB will launch its UAVRIS to heal the
failed SgNB. This fail-safe reflects the importance of the pre-
planning phase, where the main objective is to minimize the
number of colocated UAVRIS subject to a guaranteed mini-
mum fronthaul achievable rate in case of the failure of any
fronthaul link of any SgNB.

4.1.2 UAVRIS Fronthaul Outage Compensation Scheme

We consider a dense network for our fronthaul outage
compensation scheme where SgNBs are distributed either
at the street level or above buildings in the presence of
different-shaped buildings. We consider three different types
of SgNBs:

1. Failed SgNB (FSgNB): is a SgNB that is suffering from
fronthaul failure, and the proposed scheme is mitigating
this failure by using UAVRIS

2. Donor SgNB (DSgNB): is the SgNB that provides the
fronthaul connection to the FSgNBbefore the occurrence
of the failure

3. Neighboring SgNB: this is a neighboring SgNB to the
FSgNB that is going to provide the alternate fronthaul
link via UAVRIS. For simplicity, we did not showDSgNB
in Fig. 6.

As shown in Fig. 6, the FSgNB is not equipped with our
proposed solution, i.e., UAVRIS; however, the NSgNB is
equipped and launched its UAVRIS to initiate the healing pro-
cess. Note that the distance between NSgNB and FSgNB is
d.

We introduce two types of UAVs, T-UAVRIS and U-
UAVRIS, to show how the orientation of the UAV on the
x-axis will affect the achievable fronthaul rate of the FSgNB.
Both UAVs are placed at an altitude of h, and the U-UAV can
move anywhere on the x-axis between NSgNB (x = 0) and
FSgNB (x = d). Given the building that is blocking the LoS
communications between FSgNB and NSgNB, both UAVs
can achieve connectivity via two LoS links aided by either
the T-UAVRIS or the U-UAVRIS.

Compared to the RISmounted on the facades of buildings,
T-UAVRIS has multiple appealing advantages. First, with an
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Fig. 6 Fronthaul outage compensation using U/T-UAVRIS

elevated position, T-UAVRIS can establish LoS links between
FSgNB and NSgNB with high probability, which leads to a
higher fronthaul rate compared to the terrestrial RIS, thereby
offering a new degree of freedom to enhance the degree of
recovery from failure. Second, equipping one SgNB with T-
UAVRIS can heal its fronthaul failure and neighboring SgNB
fronthaul failures.

Despite the appealing advantages of theproposed approach,
it is still susceptible to some limitations:

• The maximum altitude that the T-UAVRIS can reach is
limited to the city/state/federal regulations, which may
limit its functionality of achieving a clear LoS between
the source and the destination. Also, the optimal tethering
location may not be available with some restrictions (for
example, privacy) related to flying UAVs near buildings.

• The tethering property will limit the inclination angle
of the T-UAVRIS, which limits the mobility of the T-
UAVRIS to a few meters around the SgNB, given that
the U-UAVRIS will mainly suffer from the depletion of
its battery.

4.1.3 Simulation Results

The numerical results simulated usingMATLAB are demon-
strated in this section to showcase the effectiveness of our
proposed approach and explore the advantages of imple-
menting RIS to alleviate X-haul failures in 5G networks. To
further investigate details of this simulation’s code, refer to

[76] where an example of RIS is shown compared toDecode-
and-Forward Relaying.

We consider two SgNBs, a U-UAVRIS with N reflect-
ing elements. The locations of the SgNBs and the UAVs are
shown in Fig. 6. Denote the horizontal distance between the
FSgNB and NSgNB by d (100ms in our simulation setup),
the distance between the U-UAVRIS and NSgNB as dx, the
distance between the U-UAVRIS and FSgNB as d − dx, the
altitude of the U-UAVRIS as h. It is assumed that LoS links
dominate the NSgNB–IRS and IRS–FSgNB channels, an
LoS link dominates the DSgNB–FSgNB channel, and an
NLoS link dominates the NSgNB–FSgNB channel.

In this setup, we configure the transmit power to be 17
dBm, the altitude of the U-UAVRIS to be 15m and 35m
based on the two presented scenarios, the minimum thresh-
old for the fronthaul rate to be 1.5 bits/s/Hz, and the distance
between NSgNB and FSgNB is d = 100m. We used three
values for the number of RIS elements: 75, 200, and 500. It
is worth noticing that as the number of elements increases,
the RIS panel’s weight will increase, and the power needed
for these elements to operate will increase. In addition, the
smart controller’s power consumptionwill increase.All these
drawbacks of increasing the number of reflecting elements
will not affect our proposed model, given that the tethering
property provides a continuous power source.

We modeled the channel gains for the sub-6 GHz (3 GHz)
using the 3GPPUrbanMicro [77].We used both the LoS and
NLoS models. Our analysis considers the channel determin-
istic, as the RIS elements reflect passively with a fixed phase
shift and do not have any signal processing capabilities. The
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Fig. 7 Fronthaul achievable rate versus distance (h = 15m)

destination, i.e., FSgNB, is supposed to know the channel,
and the phase shift canbeoptimized.This assumption ismade
due to the non-trivial nature of channel estimation for RIS.
However, recent studies such as [78] have presented a general
framework for estimating the channel. Additionally, authors
in [79] proposed incorporating non-uniformly distributed
active elements into the RIS panel to facilitate channel train-
ing/estimation through deep learning techniques.

The fronthaul achievable rate in Figs. 7 and 8 can be cal-
culated using the following three equations:

RLoS
DF = log2

(
1 + pβLoS

DF

σ 2

)
(12)

RNLoS
NF = log2

(
1 + pβNLoS

NF

σ 2

)
(13)

RNIF = log2

⎛
⎜⎜⎜⎝1 +

p

(√
βNLoS
NF + ε Nx

√
βLoS
NIF

)2

σ 2

⎞
⎟⎟⎟⎠ (14)

where RLoS
DF is the achievable rate of the LoS link between

DSgNB and FSgNB, RNLoS
NF is the achievable rate of the

NLoS link between the NSgNB and FSgNB, RNIF is the
virtual LoS link from the NSgNB to the RIS then from the
RIS to the FSgNB, p is the transmitted power,

√
β is the

deterministic flat-fading channel gain, and N is the number
of reflecting elements in the RIS panel. We are interchange-
ably using the terms channel capacity and achievable rate,
given that the achievable rate unit is bit/s/Hz.

As shown in Fig. 7 where the altitude of the U-UAVRIS

is set to be 15m, the fronthaul achievable rate before the
occurrence of failure, i.e., DSgNB–FSgNB LoS curve, is
around 3.25 bits/s/Hz. Once the failure occurs and before

the launching of the U-UAVRIS, the NLoS fronthaul link
between the NSgNB and the FSgNB, i.e., NSgNB–FSgNB
NLoS curve, is very close to 0 bits/s/Hz which shows that
without using our proposed solution, the FSgNB will not
achieve the minimum required threshold rate. Finally, the
three curves bounded by the DSgNB–FSgNB LoS curve and
NSgNB–FSgNBNLoS curve represent the fronthaul achiev-
able rate when launching the U-UAVRIS and moving it from
x = 0 m, i.e., NSgNB location, passing over the FSgNB at
x = 100 m and continuing until reaching x = 200 m. For
the three curves that represent different numbers of reflecting
elements, it is observed that there are two peaks at x = 0 m
and x = 100 m where the NSgNB and FSgNB are located,
respectively. This shows that the optimal location for U-UAV
is to hover above either the NSgNB or the FSgNB. Also, for
N = 200, we can achieve the fronthaul threshold rate at
these two locations only. More specifically, when N = 500,
the fronthaul achievable rate exceeds that of the LoS rate at
x = 0 m and x = 100 m. This occurs under the condi-
tion that all reflecting elements are dedicated to reflecting
the received signal from the NSgNB to the FSgNB.

To achieve the fronthaul rate threshold and based on
the intersection of the fronthaul achievable rate threshold
horizontal line and the RIS curves, we have to equip the
U-UAVRIS with reflecting elements ranging from 200 to 500
and locate the U-UAVRIS vertically above either the NSgNB,
i.e., x = 0m or the FSgNB, i.e., x = 100 m. This is the
mainmotive behindproposingourT-UAVRIS,where theUAV
should be tethered to one of the SgNBs.

It is worth noting that as the U-UAVRIS moves away from
the two SgNBs, i.e., d > 100 m, the achievable rate degrades
rapidly until reaching the NSgNB–FSgNB NLoS rate.

For the same simulation setup and the same parameters
except increasing the altitude of the U-UAVRIS, h, from 15
to 35m, Fig. 8 shows that increasing the altitude of the UAV
degraded the fronthaul achievable rate by more than 50%
where even with N = 500 reflecting elements, our proposed
approach can achieve the fronthaul rate threshold only at the
two previously proposed locations. To achieve a better fron-
thaul rate, the source or the destination has to increase the
transmit power, or the UAV has to fly at a lower altitude.
Moreover, for N = 200 and 75 reflecting elements, we lost
the advantage of having the UAV tethered to the NSgNB or
the FSgNB, where any point on the x-axis will give approx-
imately the same fronthaul achievable rate.

4.2 Case Study 2: 3D Trajectory and Phase Shift

4.2.1 Motivation

For the second case study, aU-UAVRIS system is analyzed for
3D trajectory and phase shift designs. The case study is based
on the work in [58] described in Sect. 3.3.2. The motivation
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Fig. 8 Fronthaul achievable rate versus distance (h = 35m)

involves assessing and improving the performance of a U-
UAVRIS communication system consisting of a UAV and an
RIS, which is mounted on the facade of a building while the
users are distributed all around the serving area. The authors
propose a novel approach that optimizes both the 3D trajec-
tory of the U-UAV and the phase shift of the RIS elements
to maximize the system’s communication rate and mini-
mize the U-UAV propulsion energy. This work addresses the
challenges associated with RIS-assisted UAV communica-
tion systems, such as maintaining an optimal UAV trajectory
while optimizing theRIS elements’ phase shift. Theproposed
approach aims to overcome these challenges by leveraging
deep reinforcement learning to optimize the trajectory and
phase shift in a coordinated and adaptive manner [58]. The
study aims to provide a more efficient and effective solution
for RIS-assisted UAV communication systems, which could
have important applications in remote sensing, surveillance,
and search and rescue operations where reliable communi-
cation rates and stable UAV trajectories are critical for the
mission’s success, by optimizing the trajectory and phase
shift in a coordinated and adaptive manner using deep rein-
forcement learning [58].

4.2.2 3D Trajectory and Phase Shift Scheme

For the case study, the number of RIS elements is static, and
the height of the UAV’s trajectory is set to vary to determine
how communication is improved within the environment by
analyzing the data rate and energy efficiency. The system’s
goal is tomaximize the communication rate between theUAV
and a ground station by optimizing the 3D trajectory of the
UAV and the phase shift of the RIS elements. To limit the
scope of the case study and provide the necessary informa-
tion, theminimum trajectory height of theU-UAV is adjusted

to compare the cumulative distribution function of the data
rate and the energy efficiency when considering an approach
without RIS assistance, with RIS assistance but without opti-
mal phase shift, and with RIS assistance and optimal phase
shift.

With this approach’s advantages (increasing the proba-
bility of line of sight and minimizing the U-UAV power
consumption) come the inevitable disadvantages of anyUAV-
based approach, which are:

• Regulatory approvals: Depending on the country and the
intended use of the UAV, regulatory approvals may be
required for flying the UAV beyond the visual line of
sight and for using RIS technology. In addition, the UAV
operator may need special permits to operate in restricted
airspace, near airports, or in populated areas.

• Interference:RIS technologyuses electromagneticwaves
to modify the propagation of radio frequency signals,
which can potentially interfere with other wireless sys-
tems and devices. Using RIS technology on UAVs may
require additional regulatory approvals and testing to
ensure that it does not interfere with other wireless sys-
tems, such as GPS, radar, or civil aviation systems.

• Durability limitations:RIS technologymaybevulnerable
to damage from environmental factors, such as weather
conditions, which could impact its ability to function
properly and safely during UAV flight.

4.2.3 Simulation Results

This section presents the numerical results generated using
Python to analyze the proposed scheme’s effectiveness with
regard to adjusting the 3D trajectory of theU-UAV and inves-
tigate the data rate in kbps and propulsion energy in KJ. To
further investigate details of this simulation’s code, refer to
[58, 80].

The proposed scheme, as seen in Fig. 9, considers an aerial
U-UAV with minimum height, hmin, and maximum height,
hmax. The proposed scheme aims to analyze the effectiveness
of the phase shift and 3D trajectory of the U-UAV with a
broad range of hovering heights. The U-UAV was assigned
hmin = 15 m and hmax = 100 m. The RIS consists of
Mc×Mr=100×100 reconfigurable elementswhere the phase
shift is optimizedwith respect to theUE locationswhere there
are k = 4 UEs. The channel model used is based on [58] as
described in Sect. 3.3.2.

The UE locations were scattered diagonally across a 3D
grid. The four instances of UE exist in the 3D grid of the
assumed environment at (x, y, z) coordinates of (400,400,0),
(780,780,0), and (1250,1250,0), respectively. The locations
were chosen to understand the behavior of the scheme when
the user is close to the reference origin, in the middle of the
environment, and on the opposite diagonal from the reference
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Fig. 9 3D trajectory and phase shift using U-UAVRIS

Fig. 10 Diagonal locations energy efficiency in 2D

origin. Figures10 and 11 present two curves describing the
trajectory of the UAV in two- and three-dimensional space,
respectively. The red curve shows the trajectory of the UAV
without RIS assistance where the UAV hovers in the same
general area, only close to one set of UE. The green curve
shows the UAV trajectory with RIS assistance, where the
UAV hovers closer to the general area of all three UE. Fig-
ure11 shows the height of the UAV throughout the trajectory
as well.

In Fig. 12, the CDFs of the data rates are shown for the
UAV without RIS assistance as the red curve and the UAV
with RIS assistance as the green curve. Comparing the cumu-

Fig. 11 Diagonal locations energy efficiency in 3D

lative distribution function of both, the performance of the
UAV with RIS assistance is noticeably better. In Fig. 13, the
CDFs of the energy efficiency are shown for the UAV with-
out RIS assistance as the red curve and the UAV with RIS
assistance as the green curve. In this set of results, the energy
efficiency attained by utilizing the RIS in the scheme is much
greater andmuchmore significant. Also, the energy saved by
using an RIS is notable in this scheme.
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Fig. 12 UAV 3D trajectory and phase optimization data rate

Fig. 13 UAV 3D trajectory and phase optimization energy efficiency

5 Challenges

The challenges of UAVRIS applications are significant, par-
ticularly in hardware, energy efficiency, and channel infor-
mation. The research challenges in these areas are discussed
in this section, along with insights from the previous work
summarized in this survey.

Given the nature of UAVs, researchers are concerned with
the durability of mounting an RIS on a UAV. These concerns
directly follow under SWaP constraints. In some cases, a
direct link exists between UE and BS, and reflected signals
from an RIS may not be necessary; however, this case is
ideal. A direct, unblocked path may only sometimes exist,
so the merger of these technologies brings a signal path with
optimal quality. The challenges and constraints of bringing
these solutions involve hardware, placement UAVRIS, and
trajectory constraints.

5.1 UAVRIS Size andWeight

Constraining the number of elements when mounting an RIS
on aUAV is important. A largeRISwithmanymeta-elements
requiringmore than themaximumpower allotted by theUAV
may violate the SWaP constraints [7, 13]. These concerns are
detailed in Sects. 3.1 and 3.2. One example includes leverag-
ing processing power between the BS and RIS or the UAV
and RIS. Another example is optimizing the algorithms uti-
lized in the approaches to use fewer reflecting elements hence
decreasing the weight and size of the RIS used to adhere to
the UAV’s respective size and weight constraints [22]. For
example, the approach in [81] utilizes an RIS with 1600 ele-
ments,which adhere to theSWaPconstraints of the respective
approach.

The weight of the cable used to tether the T-UAV can
significantly impact the UAV’s performance. The weight of
the tether can affect the UAV’s maneuverability and stabil-
ity, particularly in windy conditions, as well as its maximum
altitude and speed. Therefore, it is crucial to carefully con-
sider the weight of the cable when designing and operating
a T-UAV system.

5.2 UAVRIS Energy Consumption

U-UAVs are known to have a relatively limited battery life
[7, 22]. For each RIS element, the dissipated power per RIS
element is caused by the controller circuitry power consump-
tion required for the adaptive phase shift [82]. The concern
is whether a U-UAV’s power is sufficient for the UAV and
the RIS. Regarding size and weight constraints, the authors
in [11, 19] optimize the UAV and RIS power consumption
to extend the battery life. However, most studies on UAVRIS

did not consider the battery consumption of the UAV, or if it
is considered, practical constraints are not considered [83].

Practical dimensions for UAVRIS are presented in Tables 9
and 10. These dimensions are provided based on [27, 36, 84,
85]. The dimensionsmentioned in Tables 9 and 10 aremerely
suggestions. Other references use different dimensions, such
as [82], which uses up to 1000RIS elements compared to 256
in Table 10. RIS supports various bandwidths and frequen-
cies depending on how the RIS was manufactured. RIS can
support anywhere from sub-6 GHz to mm-Wave frequencies
to THz frequencies [41, 48].

6 Future Directions and Conclusion

It is important to consider how future solutions can be
inspired by the precedent studies mentioned in this survey.
This section provides insight and explores potential future
directions for UAVRIS research and provides concluding
statements that summarize the key points of the survey.
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Table 9 Example of dimensions for UAVs [27, 85]

Dimension Fixed-wing Multi-rotor

Size 183cm wingspan 59 × 59 × 39 cm

129cm length

Weight 4kg 7.25 kg

Weight capacity 500g 1kg

Flight time (U-UAV) 40 mins 12 mins

Data link range 15km 8km

Tether length 100m

Tether weight 16g/m

Table 10 Example of RIS dimensions [36, 84]

Dimension Suggestion

Weight 100s of g

Number of elements 16 × 16 (256)

Size of RIS 800 × 800 mm

Size of element 6 × 6 × 2 mm3

6.1 Future Directions

6.1.1 Direction 1: Creating Front-/Back-Haul Using T-UAVRIS

T-UAVRIS technology offers a promising solution to miti-
gate the failure of fronthaul and backhaul links in wireless
communication networks. By flying at high altitudes, T-
UAVs provide extensive coverage and can access challenging
terrains, making them highly flexible and adaptable to
dynamic communication needs [16]. Moreover, the direct
link between the UAV and the BS enables the T-UAV to
quickly adjust to changes in communication requirements,
while its tethered design ensures unlimited flying time and
reduces susceptibility to communication disruptions.

In addition to these advantages, T-UAVRIS technology
employs RIS to optimize wireless communication, improv-
ing the network’s overall performance by reflecting signals
in real time. This highly efficient and cost-effective approach
eliminates the need for expensive infrastructure such as addi-
tional BSs or optical fiber, making it an attractive alternative
to traditional wireless communication infrastructure [16].
Overall, T-UAVRIS technology provides a reliable, efficient,
and cost-effective solution to address the challenges of fron-
thaul and backhaul link failures in wireless communication
networks.

6.1.2 Direction 2: UAVRIS Secure Communications

Ground user to base station secure communications can be
enhanced by using U-UAVRIS technology. Deploying U-
UAVs as temporary BS and sending a follower U-UAV

deployed at a static location acting as a signal jammer
for illegitimate users enhances secure communications. By
adjusting the RIS phase shifts and the locations of the U-
UAVs, the secrecy rate increases due to introducing the two
technologies [60].

In this case, the RIS’s phase shifts and transmit power
along with the U-UAV trajectories, enhancing the average
secrecy rate. This deployment scheme allows for the creation
of dynamic LoS links in the secure communications network
to ensure that user integrity is preserved [60].

One of the main challenges of improving secure commu-
nications through the introduction of a temporary U-UAV
BS and the jammer is introducing the flexibility to respond
to countermeasures from the eavesdropper and ensuring that
friendly signals in the communication scheme avoid interfer-
ence from the jammer [60].

6.1.3 Direction 3: STAR–RIS–UAV Communications

Simultaneously transmitting and receiving (STAR)RIS tech-
nologies have been a topic of interest for scholars due to their
differences from typical RIS technologies. STAR-RIS tech-
nologies inherently transmit and receive signals on either side
of the surface to achieve 360-degree wireless coverage [86].
Although this technology describes favorable results, STAR-
RIS requires the design of complex signal transmission and
receiving schemes to achieve the desirable results [86].

STAR-RIS can assist U-UAVs to increase coverage of
the U-UAV and attain enhanced network properties such as
increased robustness and optimized trajectory design with
more degrees of freedom. The desirable 360-degree wireless
coverage from STAR-RIS allows for full utilization of the
U-UAV and allows ground users to receive communications
from the non-reflective side of a conventional RIS [50]. The
360-degree coverage is adapted for high-mobility U-UAV
communications while coming into contact with dynamic
and random obstacles existing in the environment. As such,
machine learning solutions can be introduced to increase the
robustness of the approaches that utilize STAR-RIS-assisted
UAV approaches and to improve the learning of the dynamic
network environment [50].

6.1.4 Direction 4: Mobile Edge Computing (MEC) in 6G

The future of wireless communication networks lies in inte-
grating emerging technologies such as MEC and RIS to
meet the growing demand for high-speed and low-latency
communication. In the context of 6G networks, MEC and
RIS can provide significant benefits by enabling faster data
processing, reducing network congestion, and enhancing
communication security and privacy. One potential future
direction is the development of intelligent algorithms that
optimize the deployment of MEC and RIS nodes to improve
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network performance and efficiency. Another direction is the
exploration of new use cases that leverage the capabilities of
MEC and RIS, such as real-time virtual and augmented real-
ity applications, autonomous vehicles, and smart cities [87].

An example of a scheme for MEC and traffic-offloading
uses U-UAVRIS over an RF-powered 6G network. The UAV
serves as an MEC server to collect data from multiple UEs,
while several sets of RIS are deployed to enhance simulta-
neous wireless data and energy transmissions [59, 88].

Solution schemes are introduced tominimize theU-UAV’s
total flying time while enabling data collection and process-
ing. This is achieved by jointly optimizing the RIS phase
shifts, U-UAV’s trajectory, flying time, resource allocation,
and scheduling of ground users [59].

Using T-UAVRIS for MEC offers several advantages
over traditional MEC and traffic-offloading schemes, includ-
ing greater flexibility, improved signal strength, reduced
interference, and a continuous power supply. Using a U-
UAVRIS in this system provides a promising approach for
improving communication and enabling efficient mobile-
edge-computing in 6G mobile wireless networks [59, 88,
89].

6.1.5 Direction 5: UAVRIS ML and AI-Driven Optimization

In order to enhance the performance of RIS-based systems,
optimizing RIS phase shift matrices is critical. RISs have
hundreds of reflecting elements in practical deployments,
making the optimization process complex. Existing methods
for phase shift design typically rely on model-based opti-
mization, which can be computationally expensive due to
the non-convexity of the phase shift constraints and objec-
tive function. However, integrating ML and/or AI into the
optimization process is an appealing data-driven scheme that
can extract system features without a specific mathemat-
ical model. Furthermore, using unmanned aerial vehicles
(UAVs) in RIS-based systems introduces additional chal-
lenges and opportunities that warrant further research in
AI-driven design and optimization, such as trajectory plan-
ning using reinforcement learning [90].

6.2 Conclusion

Many techniques have been developed to improve wireless
network communications, but unexpected events such as
equipment failures, natural disasters, or unforeseen block-
ages can still hinder communications. This highlights the
need for the proposed integration of RIS and UAV technolo-
gies. Individually, these technologies are powerful solutions
for addressing unexpected events, but when combined, they
offer an evenmore powerful solution to communication prob-
lems. Using untethered and tethered UAVs with RIS can lead
to innovative solutions that benefit from merging these tech-

nologies.While only a few solutions currently utilize tethered
UAVs, there is clear potential for significant improvement
when incorporating RIS systems. Despite challenges such as
size, weight, and power (SWaP) constraints, alignment and
positioning of each technology, and the common problem of
choosing the correct optimization constraints, the merger of
these two technologies is successful. This paper presents two
case studies. The first case study demonstrates the benefit of
using a UAV mounting an RIS to mitigate the effect of base
station fronthaul failure in 5G and beyond networks. The
second case study shows that utilizing U-UAVRIS to enhance
the 3D trajectory and phase shift to improve energy efficiency
and the overall data rate is significant. Some future directions
are also discussed to innovate in pushing these technologies
toward advancing communications and wireless networking
in 6G and beyond. This further emphasizes the potential
for this technology integration to improve communication
in unexpected events and unforeseen situations.
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