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ABSTRACT In unmanned aerial vehicle (UAV)-assisted wireless networks, the potential of the high
probability of line-of-sight links could be a disadvantage for other nearby wireless networks because
of interference caused by a UAV. For this reason, using interference mitigation techniques (IMTs) for
UAV-assisted wireless networks is necessary to minimize interference effects. For instance, the mobility
of UAVs gives a chance to manage interference better to avoid being a source of interference or being
susceptible to interference. After the first-generation mobile network was introduced in the early 1980s,
mobile communication systems were developed through several stages of evolution over the following
few decades to satisfy rising demand and more stringent specifications. Different IMTs are needed due
to these generations’ differences. Unlike previous research, this research presents a systematic review of
IMTs in the current and future UAV-assisted wireless networks and discusses their challenges. We also
review the current research trends of UAV IMTs and their future insights. Our motivation for conducting
this research is the need for a systematic review addressing these issues. In this systematic review, we
use a more precise classification of the IMTs for UAV-assisted wireless networks. We classify them into
four different techniques, namely, adaptive modulation and coding schemes, dynamic antenna pattern
adjustment, dynamic transmit power control, and sub-channel scheduling. Moreover, we discuss the IMTs
for UAVs using B5G wireless technologies such as intelligent reflecting surfaces, rate-splitting, super
modular massive multiple-input multiple-output, Terahertz communications, holographic beamforming,
blockchain-based spectrum sharing, and artificial intelligence and machine learning schemes. Furthermore,
we identify the challenges of UAV IMTs and their open research directions such as wireless radio frequency
spectrum scarcity, lack of networking scalability, beam distortion, resource-constrained management, and
new sources of interference. We believe this research will help researchers choose the best technique to
mitigate the interference effects in UAV-assisted wireless networks.

INDEX TERMS UAV-assisted wireless networks, next-generation wireless networks, 5G, B5G, interference
mitigation techniques.

. INTRODUCTION
NMANNED aerial vehicles (UAVs) are expanding
quickly in various civil application domains because
of their high mobility, low maintenance costs, ease of
deployment, and hovering ability [1]. In UAV-assisted

wireless networks, without investing in wireless systems
infrastructure, UAVs can be used as aerial base stations
(BSs) to expand wireless coverage, system capacity, and
reliability [2]. UAVs can be utilized to distribute information
to or gather data from dispersed sensors, to provide wireless
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coverage within a specific geographical area, and to connect
distant users without direct connectivity from a ground
station (GS) [3], [4].

Many recent research works discuss the UAV assistance
paradigm in the wireless communications field. In [5],
the authors provide the opportunities presented by the
concept of UAV-based data collection for integration into
various UAV-based network applications through an in-depth
study and detailed discussion based on expanding areas of
study in this field. They present the concept of UAV data
collection and its elements to better understand how the
UAV data collection process is implemented. Then, they
comprehensively analyze recent UAV-based data collection
systems, classify them based on the proposed taxonomy,
and present their objectives, strengths, and weaknesses. This
analysis summarized some of the key lessons learned and
highlighted the evaluation tools utilized. Finally, they discuss
recommended references, future directions, and interesting
issues aiming to integrate the UAV-based data collection
concept into future UAV-assisted wireless networks.

The authors of [6] present a comprehensive study that
reviews and analyzes existing research on UAV-assisted
wireless networks such as disaster management, Internet
of Things (IoT) networks, cellular communications, data
collection, and routing that support these enabling technolo-
gies. Throughout the study, classifications, descriptions, and
comparative analyses of various UAV-assisted proposals are
provided. The future challenges presented in this study are
expected to encourage research in this emerging field.

In [7], the authors provide a comprehensive study on
5G network slicing with UAVs. The contributions of this
research work are to demonstrate the UAV assistance
paradigms, provide a classification of UAVs in the context
of UAV-assisted network slicing, and provide research
works that contribute to UAV-assisted network slicing.
The discussion of network slicing in their research work
focuses on three main types: ultra-reliable low-latency com-
munications, massive machine-type communications, and
enhanced Mobile Broadband. They present an overview
of the technologies that will enable 5G, such as network
function virtualization and software-defined networking.
They also discuss the roles of UAVs in wireless networks
as both assistants and users. Furthermore, they identify the
challenges of UAV-assisted network slicing and the open
research directions in this field.

In wireless communication systems, generally, interference
is a fundamental phenomenon. It results from wireless
transmission’s superposition, broadcast characteristics, and
the spectrum’s shared use by numerous users. Due to the
mobility of the transmitter and/or receiver as well as the
transmission medium, the signal in wireless networks is
susceptible to several impairments. When multiple users
share a frequency band at once, then co-channel interference
(CCI) exists. In adjacent-channel interference (ACI), the
receiver’s performance is reduced when adjacent channels
smear the received signals from one channel due to
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FIGURE 1. Classification of the IMTs for UAV-assisted wireless networks. This
Figure shows the IMTs for UAV-assisted wireless networks that have been adopted in
this research work. These techniques are adaptive modulation and coding schemes,
dynamic antenna pattern adjustment, dynamic transmit power control, and
sub-channel scheduling.

poor filtering or inaccurate frequency offset estimation.
Intersymbol interference (ISI) results from multipath propa-
gation when the channel’s delay spread is significant relative
to the modulated symbol’s duration [8]. In wireless commu-
nication systems, the types of interference include CCI, ACI,
self-interference (SI), intermodulation interference (IMI),
ISI, interference in non-orthogonal multiple access systems,
and near-end to far-end ratio interference (NFRI) [9], [10].

The term used to describe the methods utilized to
reduce interference between networks operating in the
same or nearby spectrum bands is interference mitigation.
The throughput of a wireless system may significantly
decrease caused by uncoordinated interference. To achieve
the best system performance, managing and controlling
interference is crucial [11]. In wireless communication
systems, the system-design techniques and receiver-design
techniques can be used generally to categorize interference
mitigation techniques (IMTs) [12], [13], [14], [15], [16],
[17], [18], [19]. The transmission of co-channel signals
is precisely managed in system-design techniques so that
the power of the received CCI is kept at a manageable
level. Contrarily, receiver-design techniques actively reduce
the CCI, which cannot be mitigated using system-design
techniques. In practical implementations, both techniques are
utilized to manage the impact of the CCIL In this research
work, we use a more precise classification of the IMTs for
UAV-assisted wireless networks. We classify them into four
different techniques as shown in Figure 1, namely, adaptive
modulation and coding schemes, dynamic antenna pattern
adjustment, dynamic transmit power control and sub-channel
scheduling.

Any signal that exceeds the defined signal-to-interference-
plus-noise ratio (SINR) threshold for a communication link
satisfies the essential requirements for establishing a reliable
information transfer [20]. However, when interference levels
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FIGURE 2. Parameters related to IMTs for UAV-assisted wireless networks. This
Figure shows the interference types, communication links, and interference scenarios
in UAV-assisted wireless networks.

exceed this limit, it is possible to recover the data without
losing any information using IMTs that minimize the
interference to a level below the limit. These techniques
significantly lower interference while boosting SINR and,
consequently, user throughput [21]. These techniques have
several drawbacks, one of which is that they adhere to
static configurations that are unadaptable to changes in the
network [22].

The data and control links are the two main categories
of wireless communication links used by UAVs [3]. All
UAVs must operate safely, which depends on the control
links. For the exchange of safety-critical information between
the ground control station and UAVs, as well as among
UAVs, these links must be secure two-way communications,
low-latency, and highly reliable, typically with a low data
rate requirement. Control links should generally operate
in a protected spectrum due to the essential functions
they must support. Currently, the L-band and the C-band
have been allocated for these links [23]. On the other
hand, the data links of UAVs seek to support ground
terminals’ mission-related communications, depending on
the application scenarios. The application scenarios signif-
icantly impact the required bandwidth for these data links.
The data links typically have higher latency and security
requirements tolerances than the control links. The UAV
data links may reuse frequency bands to support specific
applications, causing interference with the existing wireless
networks. Alternatively, new frequency bands could be
assigned for better performance [24]. Figure 2 summarizes
the interference types, communication links, and interference
scenarios in UAV-assisted wireless networks.

The rapid advances of UAV-assisted wireless networks
face several new challenges such as mutual interference,
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FIGURE 3. Interference scenarios in UAV-assisted wireless networks. This Figure
shows the three common interference scenarios that can occur in UAV-assisted
wireless networks, namely, downlink interference, uplink interference, and UAV-UAV
interference.

radio frequency spectrum scarcity, and network connectivity
challenges. Utilizing UAVs as aerial BSs has the potential
to severely impact the performance of terrestrial wireless
networks and reduce their system capacity much more than
what is predicted by mobile network operators, thereby
lowering the quality of service (QoS) for users. This is
because the sub-6G spectrum is heavily utilized in terrestrial
wireless networks. Additionally, when performing time-
sensitive missions, certain complex environments may block
the connectivity provided by UAV in UAV-assisted wireless
networks [25].

The current IMTs are intended for terrestrial wire-
less networks where the network infrastructure is highly
stationary depending on safety regulations, applications,
and terrain [26]. Using these techniques on UAV-assisted
wireless networks is inefficient. The UAV dynamics, such
as speed and lifetime, involve dynamic coverage shapes
that change rapidly with different parameters such as
bandwidth demands, subscribers, and services. The UAV-
assisted wireless networks environment here is fluctuating
more rapidly, and mutual interference must be detected faster
to ensure uninterrupted service. Therefore, expanding the
utilization of UAV-assisted wireless networks poses new
challenges and requires innovative IMTs.

Three common interference scenarios can occur in UAV-
assisted wireless networks, as shown in Figure 3. The
first scenario is uplink interference, in which radio signals
transmitted by ground BSs can interfere with low-altitude
UAVs. Second, downlink interference on ground devices,
which UAVs cause during the transmission to GSs. Third,
interference between nearby UAVs [26]. Uplink and down-
link interference refer to interference experienced in the
communication links between UAVs and BSs. Uplink
interference occurs when signals transmitted by UAV's toward
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the BSs are disrupted or degraded by external sources.
In the context of UAV-assisted wireless networks, uplink
interference may arise when ground BSs emit signals that
interfere with the transmissions from low-altitude UAVs to
the BS. Conversely, downlink interference happens when
signals transmitted from the BSs to the ground users are
disturbed or attenuated by external factors. In the context
of UAV-assisted networks, downlink interference may occur
when signals transmitted from BSs toward ground users are
interfering with the transmission of UAVs. On the other
hand, UAV-UAV interference refers to interference between
multiple UAVs operating within the same vicinity or airspace.
This interference may arise due to overlapping transmission
frequencies, spatial proximity, or other factors related to the
shared use of the electromagnetic spectrum or airspace. UAV-
UAV interference can degrade the performance of individual
UAVs’ communication links and overall network efficiency.
In summary, uplink and downlink interference pertain to
interference between UAVs and ground BSs, while UAV-
UAV interference specifically relates to interference between
multiple UAVs operating within the same airspace. Each
type of interference requires distinct mitigation strategies to
ensure efficient and reliable communication in UAV-assisted
wireless networks.

UAV-assisted wireless networks can use a variety of IMTs
to enhance the SINR and, thus, the system’s throughput.
Using power control mechanisms is one way to ensure
that the power of the received signal is enough for signal
demodulation. Focusing the energy of radiation beams in
the desired direction will mitigate interference effects using
beamforming. In addition to this, antenna array development
for UAVs is crucial to minimize the impact of interference.
Frequency hopping, direct sequence, frequency reuse, and
radio frequency (RF) planning are other methods that may be
utilized for interference mitigation in UAV-assisted wireless
networks.

Current IMTs for UAV networks focus on cancellation
and coordination mechanisms. For instance, a network
of cellular-connected UAVs is proposed in [27], with an
interference-aware trajectory planning scheme. The trajec-
tory of each UAV aims to attain a balance between increasing
energy effectiveness and reducing wireless interference and
latency on the ground network. The optimization problem is
solved by proposing a deep reinforcement learning (DRL)-
based algorithm. The simulation results demonstrate that the
optimal UAV altitude varies depending on the density of the
ground network and the data rate requirements of users and
is crucial for reducing interference levels on ground users
as well as the UAV wireless transmission delay. The authors
of [28] jointly optimize the downlink power allocations (PAs)
for backhaul and access transmissions, the BS and user
associations, and the spatial configurations of the UAVs.
To increase the wireless network’s overall sum rate, they
propose an IMT and utilize the UAVs as hovering aerial
nodes. They analyze the performance of two UAV spatial
configuration modes, namely distributed UAVs and UAV
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antenna arrays, and demonstrate how these configurations
are connected to the ground users. The simulation results
show that UAVs can increase wireless network capacity and
improve coverage.

Following the launch of the first-generation mobile
network in the early 1980s, mobile communication systems
were developed through several stages of evolution over the
following few decades to satisfy rising demand and more
stringent specifications. The telecommunications sector has
faced several new challenges related to effective spectrum
usage, security, and, most significantly, interference mit-
igation. The differences among these generations require
different IMTs.

This research presents a systematic review of IMTs in
the current and future UAV-assisted wireless networks and
discusses their challenges. There are several reasons for
covering the IMTs for 4G UAV-assisted wireless networks
in this research work. People living in areas not covered by
5G coverage will still need 4G wireless networks. Moreover,
the shift from 4G to 5G will require some time. It involves
more than just moving between networks. To fully support
5G networks, infrastructure upgrades are required, such
as the installation of new antennas and equipment. This
process will take several years, which means that 4G wireless
networks will continue to play a vital role in the mobile
communications market. Additionally, not everyone is a
quick adopter of 5G technology. Tech enthusiasts and early
adopters want to upgrade to the greatest and latest, but many
consumers are happy with their current 4G devices and may
not feel the need to make the switch right away.

We also review the current research trends of UAV IMTs
and their future insights. Our motivation for conducting
this research is the need for a systematic review addressing
these issues. Table 1 lists the research studies on UAV IMTs
closely related to our research work, highlighting how novel
our research work is compared to earlier studies. We believe
that this research work will help researchers utilize the
appropriate technique to minimize interference effects when
considering UAV-assisted wireless networks in their research
works. Specifically, the contributions of this research work
can be presented as:

o We classify the IMTs in the current and future UAV-
assisted wireless networks into four techniques: adaptive
modulation and coding schemes, dynamic antenna
pattern adjustment, dynamic transmit power control and
sub-channel scheduling.

o We discuss the IMTs for UAVs using BSG wireless tech-
nologies such as intelligent reflecting surfaces (IRSs),
rate-splitting, super modular massive multiple-input
multiple-output (MIMO), Terahertz communications,
holographic beamforming, blockchain-based spectrum
sharing, and artificial intelligence (AI) and machine
learning (ML) schemes.

« We identify the challenges of UAV IMTs and their open
research directions, such as wireless radio frequency
spectrum scarcity, lack of networking scalability, beam
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TABLE 1. A comparison of related research works regarding UAV interference mitigation techniques.

4G UAV interference
Reference

5G UAV interference BSG UAV interference

Main contribution, challenges, and future insights

[29]

Main contribution: The paper provides an overview of the IMTs relating to the B5G networks, including HeNet,
UAVs, UDN, and D2D.

Cl The paper disc the ges such as the to support high-speed ication for
UAVs, designing a simple interference coordination strategy for UAVs, consumption of energy, and the influence of
a restricted backhaul capacity on the performance of IMTs.

Future insights: The paper presents future insights such as the utilization of Al in UAV-assisted wireless networks
to enable more adaptive interference ination, proposing ies for minimizing interference and maximizing
energy efficiency for UAV-assisted wireless networks, and the implementation of efficient techniques with low
complexity to enhance the performance of UAV-assisted wireless networks with restricted capacity.

[30]

Main contribution: The research work proposes new IMTs to achieve spectrum-efficient cellular network operation
while coexisting UAVs and terrestrial users.

Challenges: The research work identifies key challenges that need to be addressed to mitigate interference in UAV-
assisted wireless networks, such as air-to-ground interference and inter-UAV interference.

Future insights: The research work presents future insights such as the design of interference-aware UAV trajectory,
cooperative UAV-to-UAV (U2U) communications, 3D massive MIMO, and utilizing UAV beamforming.

[31] v

Main contribution: In this paper, the authors propose several uplink and downlink IMTs for UAV-assisted wireless
networks.

CI No ges have been dis for the proposed IMTs.

Future insights: No future insights have been presented.

Main contribution: A comprehensive overview of interference types in GNSSs and IMTs for unmanned and manned
aircraft is provided in this research work.

C The paper discusses the chall such as d coping with radio frequency interference, facing
the spoofing risk in aviation, and advanced receiver autonomous integrity monitoring.

Future insights: The research work presents future insights such as utilizing alternative solutions to complement
existing onboard navigation solutions while providing the reliability required by aviation. Moreover, extending
existing algorithms with ML solutions and trajectory control are proposed in this research work as possible future
insights.

[33]

Main contribution: In this research work, the authors provide a thorough overview of ML's use in UAV-assisted
wireless networks. Various functional and design aspects have been discussed using ML techniques, such as security,
positioning, resource channel modeling, and interference mitigation.

CI The paper di the chall such as the practical implementation of AI/ML-aided UAV-assisted
wireless networks, physical layer issues, data link and network layers issues, and security and privacy issues.
Future insights: The paper identifies future insights in the field of networks and security and encourages further
research on how to apply AI/ML techniques to UAV-based networks.

This
work

Main contribution: The paper classifies the IMTs for current and future UAV-assisted wireless networks into four
techniques. Moreover, it discusses the IMTs for UAVs using B5G wireless technologies such as IRSs, rate-splitting,
super modular massive MIMO, Terahertz communications, holographic beamforming, blockchain-based spectrum
sharing, and Al and ML schemes.

Challenges: The paper identifies the main chall of IMTs for UAV
radio frequency spectrum s . lack of networking scalability, beam distortion, resource-constrained management,
and new sources of interferen
Future insights: The paper presents future insights to overcome challenges faced by IMTs for UAV-assisted wireless
networks such as utilizing intelligent dynamic spectrum access, dynamic clustering for cell-free massive MIMO,
quantum ion, edge i i servers, and icati

assisted wireless networks such as wireless

distortion, resource-constrained management, and new
sources of interference.

This systematic review is structured as follows. We start
with a list of the acronyms used throughout this research
work in Section II. An overview of the related work,
classification criteria, and search strategy are presented in
Section III. Sections IV-VI present the IMTs in current and
future UAV-assisted wireless networks. Section VII presents
the lessons learned from this systematic review and discusses
the challenges and their open research directions. Finally,
Section VIII concludes this research work. For the readers’
convenience, the structure of this paper is illustrated in
Figure 4.

Il. ACRONYMS
Below is a list of the acronyms used throughout this research
work, along with their definitions.

4G Fourth-generation technology
5G Fifth-generation technology
6G Sixth-generation technology
ACI Adjacent-channel interference
Al Artificial intelligence

AIS

APF
ATG
B5G

Alternating interference suppression
Artificial potential field
Air-to-ground

Beyond fifth-generation technology
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B6G
BER
BFV
BPSK
BS

CB

CCI

CLI
CoDMA
CPE

CR

CSI
D2D
Deep Q-Learning
DN

DoF
DRL
D-TDD
EE
FBMC
FD-UAV
FPK
GBS
GNSS
GS

HAP

Beyond sixth-generation technology
Bit error rate

Beamforming vector

Binary Phase-shift keying

Base station

Cooperative beamforming
Co-channel interference

Cross-link interference
Constellation-division multiple access
Customer premise equipment
Cognitive radio

Channel state information
Device-to-device

DQL

Destination node

Degrees of freedom

Deep reinforcement learning
Dynamic time division duplex
Energy efficiency

Filter bank multicarrier modulation
Full-duplex UAV

Fokker—Planck equation

Ground base station

Global navigation satellite system
Ground station

High-altitude platform
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Detailed Structure of the Systematic Review

I

—

— Section I Introduction
—-{ Section II Acronyms
Related Work
Section I1I Related Work, Classification [ Classification Criteria for IMTs
Criteria, and Search Strategy ‘L
Methodology and Bibliometric Analysis
[  Adaptive modulation and coding

Dynamic antenna pattern adjustment

Section IV Interference Mitigation Techniques = —
for 4G

Dynamic transmit power control

Sub-channel scheduling

— Other Schemes

Adaptive and coding

Dynamic antenna pattern adjustment

Section V Interference Mitigation Techniques 5 .
— Dynamic transmit power control
for 5G
| Sub-channel scheduling
— Other Schemes
[  Adaptive modulation and coding sch

Dynamic antenna pattern adjustment

Section VI Interference Mitigation Techniques . .
for B5G Dynamic transmit power control

Sub-channel scheduling

Other Schemes

’_' Intelligent Reflecting Surfaces and Interference Mitigation
Rate-splitting and Interference Mitigation

Super \ Modular Massive MIMO and Interference Mitigation
Interference Mitigation Using New

Terahertz Communications and Interference Mitigation
Technologies in BSG g

Holographic Beamforming and Interference Mitigation
L Blockchain-based Spectrum Sharing and Interference Mitigation

Artificial Intelligent and Machine Learning Techniques

Section VII Lessons Learned, Challenges, and
Open Research Directions

‘-{ Section VIII Conclusions

FIGURE 4. Structure of the systematic review.

HARQ Hybrid automatic repeat request
HBF Holographic beamforming
HeNet Heterogeneous network
HJB Hamilton-Jacobi-Bellman
IAB Integrated access and backhaul
(@ Interference cancellation
ICI Inter-cell interference
ICIC Inter-cell interference coordination
IDSA Intelligent dynamic spectrum access
M Index modulation
IMI Intermodulation interference
IMT Interference mitigation technique
IoT Internet of Things
IRS Intelligent reflecting surface
ISA Iterative subchannel assignment
ISI Intersymbol interference
LEO Low earth orbit
LoS Line-of-sight
LSTM Long short-term memory
2820

LTE
MAC
MEC
MFG
MIMO
ML
m-MIMO
mmWave
NFRI
NOMA
OFDM

OFDMA

OMA
PA
PHY
QAM
QoS

Long-term evolution

Media access control

Mobile edge computing

Mean-field game

Multiple-input multiple-output
Machine learning

Massive MIMO

Millimeter wave

Near-end to far-end ratio interference
Non-orthogonal multiple access

Orthogonal frequency division
multiplexing
Orthogonal  frequency  division

multiple access

Orthogonal multiple access
Power allocation

Physical

Quadrature amplitude modulation
Quality of service
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QPSK Quadrature phase shift keying
RB Radio block

RF Radio frequency

RFA Reverse frequency allocation
RIS Reconfigurable intelligent surface
RL Reinforcement learning

RSMA Rate-splitting multiple access
RSRP Reference signal received power
S2v SN-to-UAV

SCA Successive convex approximation
SCT Singular case tolerance

SI Self-interference

SIC Successive interference cancellation

SINR Signal-to-interference-plus-noise
ratio

SN Source node

SNR Signal-to-noise ratio

SP Stratospheric platform

THz Terahertz

U2U UAV-to-UAV

UA User equipment association

UAV Unmanned aerial vehicle

UDN Ultra-dense Network

UE User equipment

UL Uplink

URLLC ultra-reliable low-latency communi-
cation

V2D UAV-to-DN

V2X Vehicle-to-everything

ZF Zero-forcing

lll. RELATED WORK, CLASSIFICATION CRITERIA, AND
SEARCH STRATEGY

A. RELATED WORK

The emerging challenge of UAV-terrestrial interference
cannot typically be mitigated using terrestrial networks’
conventional IMTs. Recent studies on IMTs for UAVs have
primarily focused on single wireless technology generation
without considering distinctions among various wireless
technology generations. The authors of [29] provide an
overview of the IMTs relating to the B5G/6G networks,
including heterogeneous networks (HeNet), UAVs, ultra-
dense networks (UDN), and device-to-device (D2D). In
addition, they present the most relevant studies and dis-
cuss the methods, benefits, and limitations of the existing
IMTs. Also, they discuss the potential future directions
and open issues for minimizing interference effects. The
research’s conclusions can be utilized to better comprehend
the techniques used to reduce interference effects in BSG/6G
networks.

To achieve spectrum-efficient cellular network operation
while coexisting UAVs and terrestrial users, the authors
of [30] propose new IMTs. They first consider the trans-
mission of a UAV’s uplink data to ground BSs and propose
a novel aerial-ground inter-cell interference coordination
(ICIC) method to minimize its significant interference to
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current co-channel terrestrial users. To enhance the effi-
ciency of the proposed IMT, they also suggest using the
non-orthogonal multiple access (NOMA) technique with
successive interference cancellation (SIC). Then, to reduce
the significant interference made by the co-channel from
transmissions via terrestrial network to the UAV, they con-
sider the aerial-ground interference problem in the cellular
downlink and propose a new BS cooperative beamforming
technique.

The authors of [31] define two types of UAV interference
scenarios: uplink and downlink. Due to the potential line-
of-sight (LoS) propagation conditions of UAVs to ground
BSs, UAVs may cause interference with nearby cells. They
demonstrate how this interference can be mitigated by
modifying the existing power control framework (i.e., long-
term evolution (LTE) physical uplink shared channel). The
UAVs suffer from interference because signals from nearby
BSs may transmit high power levels to UAVs. LTE coverage
extension solutions can be utilized for the downlink scenario
to enhance cell acquisition for UAVs.

A comprehensive overview of interference types in global
navigation satellite systems (GNSSs) and IMTs is provided
by the authors of [32]. The survey’s primary scenario is
where a ground-based interferer transmits signals into the
GNSS bands of a GNSS receiver mounted on an aerial
vehicle. The authors present the interference management
techniques, including interference detection, classification,
localization, and mitigation techniques, documented in the
specialized literature on satellite navigation systems during
the past forty years. They pay particular attention to
algorithms that use omnidirectional antennas, which do not
require additional specialized antennas on the aerial vehicle.

The authors of [33] provide a thorough overview of ML’s
use in UAV-assisted wireless networks. Various functional
and design aspects, including security, positioning, resource
management, and channel modeling, will be improved by
ML techniques. Recently, techniques based on ML have
been utilized to mitigate interference in UAV networks
effectively. ML could enhance the effectiveness of numerous
interference mitigation strategies utilized in UAV networks
for seamless handover, UAV-user association, power control,
and predicting user mobility and network load. Moreover,
utilizing ML to generate the precoding matrices for massive
MIMO-enabled UAVs can reduce interference and improve
transmission quality.

In [34], the authors propose new IMTs to achieve spectral
efficient operations for UAV-assisted wireless networks. In
particular, they utilize the powerful detection capabilities for
UAVs and idle mode of terrestrial BSs in the network to
reduce or eliminate interference. The effectiveness of the
proposed IMTs is verified by numerical results, and these
results demonstrate their notable improvements in spectrum
efficiency over terrestrial IMTs.

To mitigate the UAV’s significant interference with co-
channel BSs, the authors of [35] propose a novel cooperative
interference cancellation strategy for uplink communication
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of a UAV. This strategy is based on the local cooperation
among co-channel BSs and their neighboring assisting BSs.
In particular, the assisting BS quantifies the signals received
from the UAV and sends them to the co-channel BS. The co-
channel BS then decodes messages from the ground users it
serves by processing the quantized signal along with its own
received signal and using nonlinear/linear IMTs to mitigate
the UAV interference. The achievable rates are derived from
the proposed strategy using different IMTs as a function
of the UAV’s rate and transmission power. Moreover, they
demonstrate that the proposed strategy is more efficient
than the existing strategy based on the decode-and-forward
operation of the assisting BSs.

In [36], the authors investigate the uplink transmission of
a UAV in UAV-assisted wireless networks using NOMA. In
particular, the objective is to maximize the overall uplink
sum rate from the UAV to BSs in a given band and
from the users that have co-channels with UAV to their
associated BSs by improving the precoding vectors of a
multi-antenna UAV. To reduce interference, they utilize SIC
not only to BSs connected to a UAV but also to BSs
connected to ground users in the same frequency band. The
formulated optimization problem is non-convex and therefore
they convert it into a second-order cone programming using
approximations that are based on the first-order Taylor
expansion. As a result, an iterative algorithm with low
complexity is proposed to find an efficient solution to the
optimization problem.

A scheme for aerial-terrestrial networks based on NOMA
is proposed by the authors of [37]. In this scheme, the
terrestrial user and the aerial user are paired based on
NOMA to take advantage of asymmetric gains for their
channels and the diversity of rate requirements of the
downlink communications. The challenge of high inter-
cell interference (ICI) at the receiver of an aerial user is
further controlled by providing a directional antenna with
adjustable beamwidth to the aerial user thereby establishing
beamforming with terrestrial BSs. Then, they obtain the
suboptimal power allocation and the optimal beamwidth such
that the overall sum rate for terrestrial users is maximized
while considering the QoS requirements of aerial users.
The formulated optimization problem is non-convex and
therefore they utilize the successive convex approximation
(SCA) to find a suboptimal solution. Then, they obtain the
statistical properties that make it possible to estimate the
aggregate ICI. For the case in which the interfering BSs do
not have the same elevation angle as the coordinated BSs,
the authors approximate the outage probability for the aerial
users. Finally, they compare the outage probability and the
overall sum rate for terrestrial users in the proposed scheme
with several existing schemes.

The authors of [38] study the downlink performance
of NOMA for UAV-assisted wireless networks. A new
framework based on stochastic geometry is developed for the
co-existence of terrestrial users and aerial users where the
Poisson point process governs the BSs’s spatial distribution.
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In their analysis, two types of receiving antennas and
two user association policies are considered, and an ICIC
technique is utilized. Then, they analytically obtain the
average rate of terrestrial users and aerial users, and coverage
probability as key performance metrics. These results are
utilized to obtain quantitative information about various
system parameters and their effects including the number
of coordinated BSs, antenna beamwidth, user association
policy, SIC constraints, power allocation, terrestrial user’s
distance from the BS, and aerial user’s altitude. Based on this
analysis, an interference-aware scheme is proposed based
on ICIC, directional antenna, and maximum SINR for user
association. Moreover, a benchmark scheme is considered
based on not utilizing ICIC, omnidirectional antenna, and
minimum-distance user association. The proposed scheme
boosts the terrestrial user’s average rate by six times and the
aerial user’s coverage probability by three times compared
to the benchmark scheme.

In [39], the authors investigate the uplink performance of
NOMA for UAV-assisted wireless networks. They assume
that the ground users and a rotary-wing UAV are served
by ground BSs using the uplink NOMA where the UAV is
utilized to send specific data to each target ground BS. In
particular, their objective is to minimize the UAV mission
time by jointly optimizing the UAV-BS association order
and the UAV trajectory, considering the interference of the
UAV with non-associated BSs. The formulated optimization
problem is non-convex and therefore they utilize the topology
theory and graph theory to effectively verify the feasibility
of the formulated problem. Moreover, they prove that the
optimal trajectory of the UAV should meet the fly-hover-fly
structure. Based on this insight, they utilize graph theory
techniques to find an efficient solution with predefined
hovering placements. Furthermore, an iterative algorithm for
UAV trajectory design is proposed using the SCA technique
that guarantees a locally optimal solution.

B. CLASSIFICATION CRITERIA FOR IMTS

IMTs are crucial in ensuring reliable and efficient commu-
nication for UAVs across different generations of cellular
networks 4G, 5G, and B5G. The integration of UAVs
into cellular networks introduces unique challenges due to
their mobility, varying altitudes, and LoS conditions, which
can significantly differ from traditional terrestrial networks,
and can lead to more interference issues. The criteria for
classifying these techniques vary across different generations
of mobile networks due to their distinct technological
foundations and service requirements. Therefore, comparing
the criteria for IMTs across different generations of cellular
networks 4G, 5G, and B5G must consider how each
generation addresses the challenges and requirements of
wireless communication [28], [40].

o Adaptive modulation and coding schemes: In 4G
networks, adaptive modulation and coding schemes
are primarily used to optimize data rates and link
reliability based on the current channel conditions.
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Criteria include the ability to adjust modulation and
coding schemes dynamically to maintain high through-
put and spectral efficiency. However, in 5G networks,
adaptive modulation and coding schemes become more
sophisticated to accommodate a broader range of
services and applications, such as ultra-reliable low-
latency communication (URLLC). On the other hand,
in B5G networks, adaptive modulation and coding
schemes continue to evolve to meet the requirements
of emerging applications, such as rate-splitting, IRS,
Al, and holographic communications. Criteria focus on
adapting modulation and coding schemes to support
extremely high data rates, low-latency communication,
and ultra-reliable connections in dynamic and challeng-
ing environments. [41], [42], [43]

o Dynamic antenna pattern adjustment: Antenna systems
in 4G networks are typically fixed or have limited adapt-
ability, mainly focusing on beamforming for enhancing
coverage and capacity. In this generation, the criteria
include the ability to adjust beamforming patterns based
on user distribution and signal strength to improve
link quality [44]. On the other hand, 5G networks
introduce more advanced antenna systems with beam-
forming capabilities, enabling dynamic adjustment of
antenna patterns to track user movements and mitigate
interference. Therefore, the criteria for this generation
involve supporting MIMO systems and beamform-
ing techniques for interference mitigation [45], [46].
Furthermore, in B5G networks, dynamic antenna pat-
tern adjustment becomes more crucial for addressing
the challenges of highly dense and dynamic network
deployments for UAV communications links. The cri-
teria for this generation focus on supporting adaptive
beamforming and tracking algorithms for seamless
connectivity in various scenarios, including urban, rural,
and aerial environments [47], [48].

o Dynamic transmit power control: Transmit power con-
trol in 4G networks is mainly used to optimize coverage,
minimize interference, and extend battery life in mobile
and IoT devices. The criteria for this generation
include the ability to adjust transmit power levels
based on signal strength, path loss, and interference
levels for uplink and downlink scenarios [49]. On the
other hand, the 5G networks use dynamic transmit
power control to improve spectral efficiency, support
D2D communication, and enable energy-efficient oper-
ation. Criteria for this generation include adapting
transmit power levels dynamically to meet QoS require-
ments, mitigate co-channel interference, and optimize
network capacity [50]. Moreover, in B5G networks,
dynamic transmit power control becomes essential for
managing interference in diverse environments with
various communication technologies, such as UAVs,
and IoT devices networks. Here, the criteria focus
on supporting coordinated power control schemes,
interference-aware resource allocation, and dynamic
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spectrum sharing to ensure efficient and reliable
communication [51].

o Sub-channel scheduling: Sub-channel scheduling in 4G
networks is typically based on orthogonal frequency
division multiple access (OFDMA), allowing multiple
users to share the same frequency band. It also
involves the allocation of specific sub-channels to users
based on their communication needs and the current
channel conditions. The criteria for this generation
include the ability to allocate sub-channels dynamically
based on user demand, channel conditions, and QoS
requirements [52]. On the other hand, the 5G networks
introduce advanced scheduling techniques, such as
NOMA and grant-free transmission, to improve spectral
efficiency and support massive connectivity (Decrease
interference to enhance the system’s efficiency and
increase the number of served users). The criteria
involve supporting flexible sub-channelization schemes,
dynamic scheduling algorithms, and efficient resource
management for diverse services and applications [53].
Furthermore, in B5G networks, sub-channel scheduling
becomes more complex to accommodate the diverse
requirements of emerging applications, such as maxi-
mizing network capacity while mitigating interference.
The criteria of this generation focus on supporting
hybrid access schemes, terahertz communications, rate-
splitting, and intelligent scheduling policies to meet
the performance and latency requirements of next-
generation services [54].

C. METHODOLOGY AND BIBLIOMETRIC ANALYSIS
Many articles have been published to explore various IMTs
for UAVs. However, conducting a comprehensive literature
review to identify and analyze relevant articles in this domain
can be time-consuming for researchers preparing scholarly
articles. Electronic search engines, databases, and journal
websites typically rely on keywords to facilitate interested
readers’ discovery of research papers. Keywords play a vital
role in research publications as they straightforwardly capture
the core aspects of the field, sub-field, topic, and research
focus. Moreover, keywords are a vital navigational tool,
helping researchers locate articles relevant to their research
inquiries and enhancing a published article’s visibility and
citation potential.

To facilitate this process and contribute to the research
community’s collective knowledge, we have generated a key-
word network graph using indexed keywords from research
articles in the Scopus database. This graphical representation
provides valuable insights into the most popular keywords
within IMTs for UAV research topics. By offering a visual
graph of these keywords, as depicted in Figure 5, we
aim to facilitate the work of future researchers, helping
them discover relevant publications on IMTs for UAVs.
Additionally, we present the occurrences of keywords in
Figure 6.
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FIGURE 5. Detailed keyword network visualization of IMTs for UAVs. This Figure presents a keyword network graph constructed from a comprehensive database of research
articles indexed in Scopus, focusing on the field of IMTs within UAV research. The graphical representation presents the interconnections of these keywords. This network graph
guides future research directions by indicating emerging trends in the field. The visualization aims to assist researchers in identifying key concepts and relevant literature for
their research on UAV IMTs.
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FIGURE 6. Comprehensive analysis of keyword occurrences in IMTs research. This Figure offers a detailed quantitative analysis of the keyword frequencies of IMTs for UAVs.

Furthermore, in the pursuit of identifying research papers « IEEE Xplore
on IMTs, a comprehensive search strategy was employed. This o Springer
strategy encompassed an exploration of common academic o Elsevier
databases and search engines, including but not limited to: o Wiley
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« ACM (Association for Computing Machinery)
o Tech Science Press

o Taylor and Francis

o Science Press

o arXiv

o Google Scholar

These databases and search engines were selected for
their wide-ranging coverage of scholarly works, ensuring a
comprehensive search for relevant literature.

The inclusion criteria for the literature survey on IMTs
within the domains of current and future UAV-assisted
wireless networks were identified as follows:

o The article must propose or analyze an IMT for UAVs
and relevant to current and future environments.

o The article must address one of the predefined research
contributions to interference management in the speci-
fied generations of wireless networks.

o The article must contribute to the theoretical or practical
advancements in interference mitigation strategies for
the current and future UAV-assisted wireless networks.

On the other hand, to maintain a focus on the most relevant
research, we exclude the articles that do not directly address
IMTs specific to the current and future UAV-assisted wireless
networks.

To ensure a thorough examination of articles on IMTs
for the current and future UAV-assisted wireless networks,
our screening methodology was structured in two stages.
Firstly, we assessed the titles and abstracts of the collected
articles. This preliminary review aimed to eliminate duplicate
research that occurs when an article is presented in multiple
forums, such as appearing in journals or conferences and
on preprint platforms like arXiv. Moreover, this step also
allowed us to confirm the relation of each paper to IMTs
within UAV applications for different cellular generations.

In the second stage, the full texts of selected articles
have been analyzed. This allowed us to select the articles
based on our established inclusion and exclusion criteria. The
comprehensive process of our search and screening strategy
is presented in the flowchart in Figure 7.

Specifically, bibliometric analysis is a powerful quan-
titative tool used to measure the impact and trends in
research publications. In this systematic review of IMTs for
the current and future UAV-assisted wireless networks, the
bibliometric analysis serves several purposes:

1) It enables the identification of current and emerging
research trends in IMTs for UAVs. Through this
analysis, researchers can determine the most focused
areas in the field, guiding the direction of future
research.

2) Bibliometric analysis assists in finding potential gaps
within the existing literature. This finding can lead
to the initiation of novel studies addressing these less
explored areas.

3) By examining citations and the overall impact of
various studies, researchers gain insights into the most
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significant methodologies, theories, or findings within
the field.

To facilitate reading this systematic review, we classify
the IMTs for UAVs in each generation into four techniques:
adaptive modulation and coding schemes, dynamic antenna
pattern adjustment, dynamic transmit power control and sub-
channel scheduling.

IV. INTERFERENCE MITIGATION TECHNIQUES FOR 4G
The advent of the 4G cellular system marked a pivotal
moment in the evolution of telecommunications, ushering
in an era of unprecedented connectivity and convenience.
With its robust data transfer capabilities and low latency,
4G revolutionized communication, work, and play. This
transformative technology empowered individuals to stream
high-definition videos and engage in seamless video confer-
encing on their smartphones. It paved the way for a myriad
of innovative applications across various industries. From
enabling the IoT to enhancing remote medical diagnostics,
4G’s versatility has expanded the horizons of what is possible
in our interconnected world, underscoring its indispensable
role in modern society. Generally, 4G networks utilize
frequency ranges primarily within the 700 MHz to 2.6 GHz
spectrum. As mentioned earlier, the IMTs for UAVs in 4G
can be classified into four different techniques.

A. ADAPTIVE MODULATION AND CODING SCHEMES

In his pioneer paper, a fundamental paper in information
theory, Shannon establishes that with improved SINR, higher
data rates can be achieved, assuming a fixed spectrum
bandwidth [55]. This principle is crucial in determining the
maximum achievable data rate over a specific channel in
practical wireless communication systems. Adaptive mod-
ulation and coding technique is one of the traditional and
innovative techniques used in modern wireless systems to
enhance data transmission efficiency and adapt to varying
channel conditions [41]. When the SINR is improved, the
system dynamically responds by adopting a higher-order
modulation and coding scheme.

As a result of employing these adaptive techniques,
the wireless system can effectively increase the data rate,
allowing it to transmit a larger volume of data within a given
time frame. Consequently, this leads to a substantial boost in
throughput, representing the overall amount of data that can
be successfully transmitted through the system in a specific
period. Also, this technique improves the reliability and
efficiency of wireless communication systems for UAVs [3].

In recent studies, researchers have distinguished modula-
tion schemes into two broad categories: single-carrier and
multicarrier [56]. Due to their low complexity and high
spectral efficiency, single-carrier modulation schemes such
as binary phase-shift keying (BPSK), quadrature phase shift
keying (QPSK), and 16-quadrature amplitude modulation
(QAM) are widely used in UAV communication systems.
On the other hand, multicarrier modulation schemes, such
as orthogonal frequency division multiplexing (OFDM)
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FIGURE 7. Flowchart illustrating the multi-stage screening process for identifying relevant studies on IMT in the current and future UAV-assisted wireless networks.

and filter bank multicarrier modulation (FBMC), are also
employed in UAV communication systems due to their
robustness against frequency selective fading and their ability
to support high data rates [56].

The authors in [57] propose an index modulation (IM)-
UAV method, which combines IM with UAV communication
systems to improve energy efficiency (EE). A gradient
descent-based deployment scheme is designed to maximize
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the average downlink rate of ground users in the tar-
get area. The proposed system uses a low-complexity
detection scheme to detect index symbols and data sym-
bols separately, reducing computational complexity on the
receiver side. Simulation results show that the proposed
deployment method is effective, and the EE is improved
by combining IM with UAV communication systems.
The low-complexity detection scheme reduces computation
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complexity but slightly sacrifices bit error rate (BER)
performance. Furthermore, several studies have proposed
new techniques that combine adaptive modulation and coding
with other techniques, such as beamforming, MIMO, and
hybrid automatic repeat request (HARQ). These techniques
aim to improve the performance of UAV communication
systems in challenging environments.

Synthesis and Reflections: Adaptive modulation and cod-
ing techniques are pivotal in shaping the intricate landscape
of information transmission within wireless communication
systems. These techniques, marked by their dynamic adjust-
ments to the ever-changing channel conditions, not only
optimize data transmission efficiency but also serve as a
sophisticated tool for mitigating interference effects. This
becomes particularly critical in the context of UAVs, where
reliability and efficiency stand as paramount imperatives.
In this realm, the instrumental role of adaptive techniques
becomes evident, not just in enhancing data rates but also
in fortifying the system against interference challenges.

B. DYNAMIC ANTENNA PATTERN ADJUSTMENT
Dynamic antenna pattern adjustment involves using a direc-
tional antenna with adjustable radiation patterns to improve
the communication link between the UAV and the GS.
This technique enhances the signal quality and reduces
interference from other environmental sources [44], [58].
Numerous approaches can be classified under this technique.
One approach is to deploy dedicated cells specifically for
serving these vehicles. These cells are particularly beneficial
in areas with high UAV activity. However, deploying such
cells requires additional investment and may only become
cost-effective when the number of UAVs connecting to the
network increases [59].

Another possible approach is beamforming, whereby
UAVs can be equipped with multiple antennas to beamform
the uplink signal to the serving cell, reducing interference to
neighboring cells. Similarly, a UAV can steer its receiving
beam pattern to its serving BS for the downlink to minimize
interference from neighboring cells. However, this approach
may not be adequate in handover scenarios when the
user equipment (UE) needs to synchronize and perform
measurements on neighboring cells to identify potential
handover targets.

For example, authors in [60] propose a novel approach
for interference cancellation (IC) in uplink communication
from a multiantenna UAV to multiple ground base stations
(GBSs) in a cellular network. The approach uses a multi-
beam UAV communication scheme, which involves sending
multiple data streams to a subset of available GBSs that
do not use the same radio block (RB) for terrestrial
communications. The decoded messages are then forwarded
to the backhaul-connected occupied GBSs for IC before
decoding the messages of their associated terrestrial users.
This cooperative IC strategy achieved significant degrees
of freedom (DoF) gain compared to benchmark schemes
with no or local IC. The DoF of the proposed strategy was
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characterized and optimized by optimizing the associations
between each data stream and the available GBSs. The paper
concludes with a future research direction that extends the
DoF analysis to the case of multi-antenna GBSs with flexible
3D beamforming and investigates the performance of the
proposed strategy at the finite-signal-to-noise ratio (SNR)
regime.

In [61], the authors propose a novel multi-beam UAV com-
munication scheme for cellular uplink. The technique utilized
cooperative IC by exploiting idle/available terrestrial BSs in
combination with UAV beamforming to mitigate substantial
uplink interference to ground UEs. The proposed solution
addresses a pressing issue in UAV communication, and the
study results demonstrate its effectiveness in improving the
performance of cellular uplink communication.

In addition, the authors in [62] propose a BS cooperative
beamforming (CB) technique for mitigating interference
in cellular-connected UAV communications. The technique
addresses the interference caused by co-channel terrestrial
transmissions to the UAV. In addition to cooperatively
transmitting the UAV’s message, the serving BSs of the UAV
utilize a novel CB-based interference transmission scheme
to suppress terrestrial interference effectively. The paper
formulates a problem to maximize the UAVs received SINR
by jointly optimizing PAs at the serving BSs for transmitting
the UAVs and co-channel terrestrial users’ messages. Then,
the authors present a closed-form optimal solution for the
particular case of one serving BS and propose an algorithm
for the general case. To reduce complexity, a distributed
algorithm is also introduced.

Synthesis and Reflections: Dynamic antenna pattern
adjustment emerges as a crucial interference mitigation tech-
nique in UAV-ground station communication. This approach
seeks to optimize signal quality and minimize interference
from various environmental sources by deploying directional
antennas with adjustable radiation patterns. Among the
diverse strategies under dynamic antenna pattern adjustment,
deploying dedicated cells for UAVs in high-activity areas
stands out. However, its cost-effectiveness hinges on the
growing number of UAVs in the network. Beamforming,
involving multiple antennas on UAVs to shape uplink signals
and minimize interference, is another avenue explored.
A novel interference cancellation approach proposed in
the literature involves a multi-beam UAV communication
scheme, where multiple data streams are sent to select ground
base stations for decoding and subsequent interference
cancellation.

C. DYNAMIC TRANSMIT POWER CONTROL

Dynamic transmit power control is a technique used to adjust
the power of wireless transmissions in real-time based on
channel conditions. This helps to optimize the transmission
range and reduce interference with other wireless systems
operating in the same frequency band [49]. The power
control mechanism ensures that the transmit power of various
uplink channels is regulated to guarantee that they are
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received at the BSs with the appropriate power level. The
objective is to control the received power to be sufficient
for demodulating the channel, known as the target received
power, while also preventing the UE’s transmit power from
being excessively high, which could cause interference to
other uplink transmissions [63]. In many standards, such as
LTE, the UE’s transmit power is determined by the downlink
path loss and target received power at the serving BS.

Researchers have proposed new approaches to address
uplink interference caused by UAVs. For example, in [64],
the authors introduced a novel approach that involves
jointly optimizing the UAV’s 3D placement or trajectory
and using cognitive radio (CR)-based interference-aware
transmit power control to achieve maximum throughput for
UAV-to-ground secondary communication while ensuring
interference to existing primary ground receivers is kept
below a tolerable level.

Another example proposed in [65] is an ICIC design
for cellular-connected UAVs. This design leverages the
CR approach to achieve UAV sensing-enabled opportunistic
spectrum sharing. The approach considers UAVs secondary
UE in the cellular network and shares the same spectrum
as primary terrestrial UEs. By utilizing their LoS-dominant
channels with the terrestrial BSs and UEs, the UAVs gain
a powerful spectrum sensing capability to detect terrestrial
signals over a wider region than their serving BSs. This
advantage allows the UAVs to detect transmissions of
terrestrial BSs/UEs in a large area, which assists their serving
BSs in allocating resource blocks to avoid strong ICI in
downlink/uplink communications.

Moreover, the UAV-sensing-assisted ICIC design proposed
here incorporates local cooperation between the UAV and its
serving BS, thereby substantially extending the interference
mitigation coverage compared to conventional ICIC strate-
gies. Specifically, the UAV leverages its sensing capabilities
to assess interference levels across the available resource
blocks at its serving BS, allowing it to intelligently choose
low-interference resource blocks to maximize its data rate
in the downlink.

In the uplink (UL), the UAV monitors the UL trans-
missions of terrestrial UEs within each available resource
block, enabling it to anticipate the most challenging
interfering channels that affect co-channel BSs. Armed
with this information, the UAV collaborates with the serv-
ing BS to select resource blocks with minimal sensed
power and allocates its transmit power accordingly while
adhering to constraints related to worst-case interference
power. Numerical results unequivocally demonstrate that
the proposed UAV-sensing-assisted ICIC design delivers
remarkable performance improvements over conventional
ICIC, all without the need for UAV sensing, as depicted
in [65]. This innovative approach charts a promising course
for enhancing interference management in cellular-connected
UAVs and holds the potential to enhance the overall qual-
ity of UAV communications while mitigating interference
concerns.
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Synthesis and Reflections: Dynamic transmit power con-
trol offers real-time adjustments to transmission power based
on dynamic channel conditions between the UAV and ground
users. This technique is instrumental in optimizing trans-
mission ranges, concurrently mitigating interference with
coexisting wireless systems operating in the same frequency
band. Its primary goal lies in regulating the transmit power of
uplink channels, ensuring they reach BSs/UAVs at the appro-
priate power level for effective demodulation. The delicate
balance involves preventing excessive UE transmit power, a
potential source of interference to other uplink transmissions.
This maximizes throughput for UAV-to-ground secondary
communication and ensures interference to primary ground
receivers remains within tolerable limits.

D. SUB-CHANNEL SCHEDULING

Sub-channel scheduling involves the allocation of specific
sub-channels to users based on their communication needs
and the current channel conditions. This technique is
essential in enhancing the spectrum utilization efficiency of
UAV wireless communication systems, as discussed in [52].
For example, authors in [66] address interference mitigation’s
critical challenges in UAV-based wireless networks through
an integrated approach that includes trajectory control,
subchannel assignment, and user association. By formulating
the problem as a mixed-integer nonlinear optimization,
the paper presents an efficient alternating optimization
approach to iteratively optimize these key components until
convergence. The proposed iterative subchannel assignment
(ISA) algorithm effectively solves the subchannel assignment
subproblem. At the same time, the SCA technique enables
the convexification and resolution of the nonconvex UAV
trajectory control subproblem. The paper demonstrates the
superiority of their sub-scheduling technique over a sim-
ple heuristic method through extensive numerical studies,
showcasing significant rate gains achieved by optimized
UAV trajectories compared to circular ones around clusters
of ground users. The paper emphasizes the importance of
considering the number of UAVs, subchannels, and UAV’s
maximum velocity, as these factors play a crucial role in
determining the achieved max-min average rate.

Synthesis and Reflections: This subsection highlights
sub-channel scheduling as one of the interference mitigation
techniques that can be used to optimize the efficiency of
UAV wireless communication systems. The nature of sub-
channel scheduling lies in its reasonable allocation of specific
sub-channels to users, considering their communication
requirements and the prevailing channel conditions.

E. OTHER SCHEMES

In a recent study [67], the authors focused on the effect
of UAV height on the optimal coverage radius to minimize
interference. They found that by adjusting the UAV altitude,
outage probability can be reduced, and a larger coverage area
can be achieved. However, increased altitude can also lead to
increased path loss, which needs to be carefully considered.
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TABLE 2. Recent research contributions, challenges, and future insights on IMTs in 4G UAV-assisted wireless networks.

Article Contributions Interference Miti- Challenges Future Insights
gation Techniques

[57] Proposed the application of coherent/non- Adaptive The alternation  between Study the effect of detecting the index symbols
coherent space modulation and its | modulation and | coherent and non-coherent | and data symbols simultaneously on the computa-
diversity-oriented counterpart, space-time | coding technique schemes,  the  transition | tional complexity as well as delay time.
block code with index modulation. between arrangements

based on a single transmit
antenna and those with
multiple transmit antennas,
and the adaption between
high-diversity ~ and  high-
spectral-efficiency ~ schemes
employing multiple transmit
antennas.

[60] Proposed a new cooperative interference Dynamic antenna | Employing a subset of | Extend the analysis of DoF to include GBSs with
cancellation strategy for the UAV uplink | pattern adjustment | available GBSs that operate | multiple antennas by incorporating adaptable 3D
communication. The strategy aims to elim- technique using on different resource beamforming. Furthermore, explore the perfor-
inate co-channel interference at occupied multi-beam  UAV blocks for terrestrial mance evaluation of the suggested approach in the
GBSs while maximizing the sum rate to communications communications. These practical SNR conditions.
available GBSs. The proposed approach GBSs subsequently transmit
involves the multi-antenna UAV sending the decoded messages to the
multiple data streams to selected available backhaul-connected occupied
GBSs, which then forward decoded data GBSs, aiming to eliminate
streams to their backhaul-connected occu- interference from the UAV
pied GBSs for interference cancellation. before decoding the messages

intended for their respective
terrestrial users.

[49] Proposed ICIC designs to mitigate the Dynamic transmit | The optimization problem is Enhance ICIC designs by incorporating advanced
strong uplink interference between UAVs power control non-convex and difficult to be 3D beamforming at BSs, and explore novel
and GBSs. The proposed solutions maxi- technique solved optimally. NOMA techniques for both UAV uplink and
mize the weighted sum rate of both ground downlink communications.
users and UAVs by jointly optimizing the
UAV’s uplink cell associations and power
allocations over multiple resource blocks.

[66] Addressed the trajectory control, subchan- Subchannel assign- The optimization problem is a Study the interference mitigation scheme while the
nel assignment, and user association chal- ment and UAV tra- nonconvex optimization prob- number of ground users and UAVs increased.
lenges in UAV-based wireless networks. | jectory control lem due to nonconvex con-

The goal is to optimize the max-min aver- straints. Therefore, it is dif-
age rate while considering the data demand ficult to solve this problem
constraints of ground users and managing optimally.

spectrum reuse and co-channel interfer-

ence.

[68] Presented a 3D multi-UAV deployment ap- Optimizing the The optimization problem is Employ resource allocation design for multicarrier
proach aimed at fulfilling QoS require- | UAV’s altitude and | challenging to solve asitcom- | systems with a solar-powered multi-UAV with
ments for various user distributions while | transmit powers bines nonconvex and integer | cochannel interference.
addressing co-channel interference. Also, constraints.
used the mean-shift technique to classify
ground users in order to deploy multi-

UAVs.

To determine the optimum UAV height that maximizes
coverage area for a given SNR threshold, the authors derived
a model that accounts for the Ricean K-factor, which
increases exponentially with the elevation angle between the
UAV and the GS. Although the authors’ analysis did not
consider the effect of scatterers in the environment, their
findings offer valuable insights into optimizing UAV-based
wireless communication systems. Specifically, their work
provides a promising IMT that can be used to improve
the performance of UAV-based wireless networks in various
applications, such as emergency response, surveillance, and
agriculture.

Synthesis and Reflections: To sum up, this subsec-
tion presents potential future directions of interference
mitigation techniques for UAVs in 4G wireless networks.
One such direction is optimizing the UAV’s height
to maximize the coverage radius as well as minimize
interference. Thus, adjusting UAV altitude could reduce
outage probability and expand the coverage area. However,
higher altitude might result in increased path loss, necessi-
tating careful consideration.
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In conclusion, Table 2 summarizes the recent research
contributions, challenges, and future insights on IMTs in 4G
UAV-assisted wireless networks.

V. INTERFERENCE MITIGATION TECHNIQUES FOR 5G
Interference seriously hinders dependable and effective
wireless communications, and it can harm mobile system
operation and penetration. Mitigating interference is a
major issue for wireless networks [69]. Besides that, 5G
networks can link a large variety of user machinery or
gadgets that transfer types of signals that significantly raise
network interference, such as ACI, inter-cell and intra-cell
interference, inter-channel and intra-channel interference,
inter-symbol interference, cross-link interference (CLI),
inter-beam interference, and interference from various linked
devices, and interference from other connected devices [70].
Therefore, the current studies have addressed various
interference mitigation strategies for 5G UAV networks,
including adaptive modulation and coding schemes, dynamic
antenna pattern adjustment, dynamic transmit power regula-
tion, and sub-channel scheduling.
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A. ADAPTIVE MODULATION AND CODING SCHEMES

In the context of adaptive modulation and coding
schemes, [71] utilized the recently developed coher-
ent/noncoherent spatial modulation and its diversity-assisted
space-time block coding using index shift keying counterpart.
Such arrangements are capable of significantly improving
QoS for UAVs. In addition, they developed a novel adaptive
design in which the UAV can adaptively change from coher-
ent to non-coherent schemes according to Doppler frequency,
reshape itself between single- and multiple-transmit antenna
strategies depending on channel coding rate, and toggle
between high-diversity and high-spectral-efficiency multiple-
multiple transmit antenna schemes depending on modulation
speed. On the other hand, as the position of UAVs controls
the UAV-user communication and makes it vulnerable
to a variety of environmental disruptions, the authors
of [72] examined the effectiveness of UAV-user connection
under atmospheric disruptions. Furthermore, an ML-assisted
approach was developed that adapts to a modulation strategy
which delivers the best possible performance during these
environmental disruptions. Their findings demonstrated that
the algorithm moves the system to a lower-order modulation
scheme under high levels of environmental disruptions,
resulting in a reliable connection with optimal data transfer
rate and minimum error rate.

Synthesis and Reflections: In this subsection, we focused
on how interference can be mitigated using adaptive modu-
lation and coding. In summary, the findings in the papers we
presented highlight the significance of adaptable techniques
in UAV communications networks. Being able to rapidly alter
modulation and coding schemes according to surroundings,
Doppler frequency, and other characteristics helps ensure
reliable connectivity as well as optimize data transmission
rates in harsh environments.

B. DYNAMIC ANTENNA PATTERN ADJUSTMENT

The works in [73] examined the uplink communication
from a UAV with multiple antennas to a set of GBSs
within its wireless range. The authors did this by looking
at a realistic but difficult situation in which the total
amount of antennas on the UAVs is less than the number
of antennas on the co-channel GBSs. They suggested a
new multi-beam transmission approach using the NOMA
technique to send data rapidly without affecting current
terrestrial telecommunications at co-channel GBSs. This
way, they can send data at higher rates without disrupting
domestic telecommunications. Notably, the UAV transmits
each data packet to a chosen group of the GBSs. These
GBSs can decode the UAV’s signals and subsequently
suppress the interference before decoding the messages of
their served terrestrial users. In the interim, the UAV uses
Zero-forcing (ZF) beamforming to stop its signals from
interfering with the remaining GBSs. In [45], the authors
explored the latest methods for multiple access in mil-
limeter wave (mmWave) UAV networks. They additionally
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examined the most critical issues and design principles
related to capacity-achieving multiplexing techniques, such
as intra-beam concurrent transmissions, link-adaptive data
rate against network dynamics, and the right way to
widen the beamwidth for mmWave. They then showed the
system-level design of the constellation-division multiple
access (CoDMA) for both the physical (PHY) layer and
the media access control (MAC) layer by using flexible
constellation in rateless code. More specifically, they used
the dense constellation to build an orthogonal constella-
tion dimensionality for user access. This way, intra-beam
interference can be turned into simultaneous broadcasts, and
inter-beam interference from beams next to each other is
significantly reduced. In addition, they discussed how to
make the UAV transmitter’s beamwidth adaptable to handle
greater simultaneous broadcasts by adapting to changes in
the link. They showed that for the CoDMA method, the
UAVs’ connection reliability is ensured with an appropriately
expanded beamwidth as well as resistance to changes in the
network’s bandwidth when there is a significant multiplexing
gain.

A hybrid beamforming method for UAVs has been
presented in [46]. The method is made up of two steps. In the
initial phase, the position of the UAV is utilized to do quick
beam swapping and multi-level beam selection, eliminating
the blind spot challenge. In the second phase, the equivalent
digital domain channel matrix is obtained according to the
beam selection result of the first stage. Then, the digital
beamforming is performed based on the ZF criterion. They
perform many simulation tests on the suggested method to
test how well beam tracking and IC between beams work.
Furthermore, the full-duplex UAV (FD-UAV) relay was
proposed in [74] to make mmWave transmission efficient.
In particular, the FD-UAV relay is utilized between a source
node (SN) and a destination node (DN) to set up a LoS
link. Large antenna arrays are used for beamforming to
create focused beams that allow significant channel gains.
Also, they came up with alternating interference suppression
(AIS) for designing the beamforming vectors (BFVs) and
the power control factors simultaneously. Within every cycle,
the beam gains for the target signals of the SN-to-UAV
(S2V) link and the UAV-to-DN (V2D) links are alternately
boosted, whereas the interference is decreased. In this time
frame, the transmission power levels of the SN and FD-UAV
relay for the given position and BFVs are updated in closed
form.

Synthesis and Reflections: In this subsection, we stud-
ied the effect of dynamic antenna pattern adjustment
on interference mitigation. In conclusion, the studies we
afforded contribute to the rapidly developing field of UAV
communication technologies by tackling challenges and
recommending new approaches in uplink communication,
multiple access techniques, hybrid beamforming, and full-
duplex relay, demonstrating possibilities of enhancing data
rates, efficiency, and flexibility in UAV communications.
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C. DYNAMIC TRANSMIT POWER CONTROL

The collision avoidance and interference mitigation issue
for UAV swarms, where several UAVs monitor the same
objective, has been investigated in [75]. They presented
a cooperative control strategy facilitated by dual fields
to simultaneously handle the problems of collision and
inter-UAV interference for UAV swarms. Their significant
achievements are outlined as follows.

o They formulated an interference optimization problem
to reduce average interference and assure collision
avoidance by modifying UAV trajectories and broadcast
power. Because the trajectory of UAVs impacts PA
and transmission power controls interference, which
might also modify the trajectory of UAVs, the trajectory
and interference are linked from the standpoint of task
collaboration. This interference optimization issue is
comprised of two connected subtasks. To tackle this
problem, they divide it into two parts: a) collision
avoidance and b) power control.

o To tackle UAV jitter and target unreachability issues
in the standard artificial potential fields (APFs), they
suggested a singular case tolerance (SCT)-APF for
the collision avoidance subproblem. It is restated as
an approach to the subproblem of power control. A
mean-field approximation technique is used to charac-
terize the aggregate effect of inter-UAV interference.
The associated Hamilton-Jacobi-Bellman (HJB) and
Fokker—Planck equation (FPK) equations were derived,
as well as an upwind finite difference approach was
given to resolve those two linked equations and achieve
the best power control strategy. Addressing these two
subproblems independently will not result in optimal
UAV swarm performance. As a result, to tackle the
interference optimization problem, a cooperative control
strategy allowed by the aforesaid dual fields was
presented.

o They used simulation to validate the performance of
the suggested dual-field collaboration technique. The
simulation results show that the optimal power control
policy developed by the mean-field game (MFG) may
significantly minimize interference compared to current
strategies. Meanwhile, their suggested dual-field-
cooperation strategy delivers significant interference
reduction and throughput gain compared to the single
technique.

In [76], they devised novel methods to stop interference to
ensure UAVs and grounded UEs may operate together in a
cellular network effectively. Remarkably, they used the solid
detecting potential of UAVs and dormant BSs in the network
to reduce and eliminate interference. In addition to that, [77]
looked at a simple yet realistic case of two co-channel cells
with asymmetric interference, meaning that just the user
in a particular cell gets substantial interference caused by
BS in another cell. To reduce this kind of interference,
they suggested an innovative cooperative NOMA scheme in
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which the involved user’s serving BS (which could be a
flying UAV) sends a superposed signal that includes both
the wanted information and the co-channel user’s message
shared by the interfering BS. The signal from the co-channel
user is meant to add to the signal from the interfering
BS positively at the receiver of the interfered user. This
way, combining interference with greater strength can be
processed and canceled. This makes it an unusual challenge
to figure out how to use the sending power for the two
messages in the best way.

A power control and interference mitigation method based
on DRL was created in [78]. This method was deployed in a
cloud location and gets UAV measurements via the backhaul
using the cloud-based architecture of 5G platforms. A deep
Q-learning (DQL) based algorithm was developed to mitigate
interference intelligently through power control which needs
the UAV to report its positions and the received SINR to
the BS every millisecond. However, it does not necessitate
knowledge of the channel state information (CSI), obviating
the necessity for channel estimates and the related training
sequences. Furthermore, because the UAV transmits its
coordinates rather than sending specific directives for power
control and interference mitigation, the overall quantity of
input from the UAV is decreased. Therefore, their technique
addresses one of the most significant barriers to establishing
5G-connected UAVs: air-ground interference.

CLI is another kind of interference that needs to be
addressed while employing Dynamic Time Division Duplex
(D-TDD), which dynamically distributes transmission paths
for demand adaption in every cell for 5G networks. In
particular, distinct forms of interference are picked up
through nearby cells utilizing various transmission directions
in D-TDD. The uplink BS gets interference from the BSs
in nearby downlink cells, known as downlink-to-uplink
interference or BS-to-BS interference. A downlink UE
gets interference from the uplink UEs of nearby uplink
cells, known as UL-to-downlink interference or UE-to-UE
interference. This BS-to-BS and UE-to-UE interference are
known jointly as CLI [50].

There have been several CLI mitigation schemes that have
been categorized as:

o Coordination-based schemes: These schemes can be
used to prevent or mitigate the CLI efficiently.
Several coordination-based strategies are cooperative
approaches that need knowledge-sharing among cells
to make modifications beforehand. Clustering [79],
Scheduling and Resource Allocation [80], Power
Control [81], and Beamforming [82] are examples of
these approaches.

o Advanced receivers: Compared to the coordination-
based CLI mitigation strategies used ahead by the
transmitting device, the receiving end may suppress
and eliminate incoming CLI. These methods necessitate
data communication between cells in advance, but the
CLI is minimized reactively by inserting advanced
receivers [83]. Three kinds of interference suppression
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exist: interference suppression, maximum likelihood,
and IC [84], [85], [86].

o Sensing-based schemes: The sensing approach is an
optional approach that could be employed before using
the other CLI mitigation strategies listed previously.
The essential premise is to detect whether or not
CLI is present to minimize it before transmission.
Coordination-based CLI mitigation techniques need an
information exchange between nearby cells in advance,
which implies they are rendered ineffective if the
information exchange signaling fails [87].

Synthesis and Reflections: In a nutshell, this subsec-
tion focuses on how dynamic transmit power control can
be used efficiently to mitigate interference in the context
of UAV communication networks. They provide advanced
tactics such as cooperative control, NOMA schemes, deep
reinforcement learning for power controlling, as well as
different CLI mitigation techniques, demonstrating how col-
laboration is used to improve the dependability and efficacy
of UAV communications across a variety of conditions.

D. SUB-CHANNEL SCHEDULING

In [88], the authors introduced a scheduling mechanism
for Vehicle-to-everything (V2X) communication based on
NOMA with interference mitigation, a novel block resource
allocation mechanism for the 5G network. The primary goal
of this method was to decrease interference to enhance the
system’s efficiency, increase the number of served users, and
reduce the binary error rate. On the other side, [53] inves-
tigated the combined subchannel assignment and resource
scheduling problem in the downlink NOMA system with
coordinated multi-point radio networks. Regarding cell-
edge user throughput, simulation results demonstrated that
the system throughput improved as the interference was
effectively mitigated.

A priority-aware resource coordination in a multi-UAV
communication network was explored in [89]. Multiple
UAVs were managed by a ground control unit and followed
a predetermined path to complete specific duties. The
optimization problem was formulated to jointly decide the
channel assignments and power allocation to achieve the least
SINR across all UAVs while adhering to resource restrictions.
They investigated the problem under two scenarios: Null-ACI
and ACI systems. For the Null-ACI scenario, the Hungarian
method was used to get the global best solution. On the
other hand, for the ACI scenario, a fast iterative technique
for solving such a problem was proposed.

In [90], they tried to optimize the max-min rate based on
information transfer requests from ground users. However,
it turned out that this problem is a mixed integer nonlinear
optimization. Hence, they applied an iterative approach
that enhances sub-channel allocation and UAV trajectories
controlling till convergence. Furthermore, they used the DC
(Difference of Convex Functions) Programming approach
and the arithmetic and geometric means contradiction for
resolving the non-convex UAV trajectories sub-problem.
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Synthesis and Reflections: In conclusion, the papers
we explored in this subsection tackled the problem of
interference mitigation and, hence, offered scheduling and
resource allocation strategies. It turns out that the focus on
efficiency, data rate, and interference mitigation underscores
continuous attempts to improve the functionality of wireless
communication networks, especially in V2X communication
and 5G networks.

E. OTHER SCHEMES

In [91], they studied how the air-to-ground (ATG) mobile
customer premise equipment (CPE) terminal and 5G BS
interact with each other in the 3.5 GHz frequency band.
So that the ATG airborne CPE terminal doesn’t mess up
the 5G BS, there needs to be more separation between the
ATG airborne CPE terminal and the 5G BS. In their study,
they handled the ATG airborne CPE terminal’s send power
to meet the need for more separation. As a result, they
came up with a multi-head attention-based ML technique
for estimating the reference-signal-received-power (RSRP)
of 5G BS. The expected RSRP number is subsequently
used to determine how much power the ATG airborne CPE
device will send out. By comparing the suggested ML-based
technique to real measurements, it was made positive that it
worked.

Considering both aerial and ground IoT nodes, in [92],
they developed a new way to prevent interference in IoT
networks that don’t talk to each other. It uses the 3D
radiation pattern of a dipole antenna. The main idea behind
their suggested method for reducing interference is that if
a different antenna radiation pattern is employed at the
transmitter side based on where the receiving device is in
3D, unwanted signals can be blocked out and boost the
needed ones. Generally, in a 2D space structure, they assume
the dipole antenna is lined with the z-axis. This gives off
radiation in all directions, regardless of the azimuth angle.
However, because the power changes with the angle of
elevation, such dipole establishing, which may be prevalent
in low-cost IoT devices, can’t have an omnidirectional
radiation pattern in a 3D structure (like networks with aerial
nodes). On the other side, if a dipole antenna is pointed in a
different direction, like the y-axis, this can change how the
signal is sent out.

In [93], the authors looked at the efficiency of the
bottleneck uplink coverage of the macro base station edge
users when ICI and UAV interference were present. Also,
they utilized an effective technique to share resources called
reverse frequency allocation (RFA) for interacting with the
two ICI and UAV interference.

Synthesis and Reflections: To sum up, the papers we
mentioned in this subsection showed that the combination
of ML, dynamic antenna radiation patterns, and resource-
sharing techniques exemplifies multidisciplinary attempts
to deal with interference issues along with optimizing the
effectiveness of various communication scenarios, including
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TABLE 3. Recent research contributions, challenges, and future insights in 5G UAV-assisted wireless networks.

Article Contributions Interference Miti- Challenges Future Insights

gation Techniques

[73] Studied the UL communication Multi-beam Deal with interference problems Adopt the assumption of the dynamic beam pat-
from a multi-antenna UAV to a set | transmission taking into account the limited tern in the downlink direction.
of GBSs within its signal coverage strategy number of antennas on the UAV
when the number of antennas at and proposing an effective multi-
the UAV is smaller than that of co- beam transmission scheme utiliz-
channel GBSs. ing NOMA.

[74] FD-UAV relay is employed to AIS algorithm for | Working with a non-convex op- Adopt the assumption of NLoS environment and
improve the achievable rate of | the joint design of | timization issue, establishing hy- non-ideal beamforming.
mmWave networks. the BFVs and the potheses concerning the surround-

power control vari- | ings, and establishing an efficient
ables method for interference reduction.

[75] Studied the collision avoidance and | Power Control Managing several UAVs in a | Assume a more general scenario regarding U2U
interference mitigation for UAV swarm while considering collision | communications.
swarm where many UAVs track a avoidance and interference mitiga-
common target. tion into consideration.

[76] Proposed a new cooperative Cooperative The limitation of existing NOMA Including UAV communication in the downlink,

NOMA scheme to mitigate the NOMA approaches, the optimization of | the more general case with multiple UAVs, and the
severe uplink interference due UAV operations, and finding the practical design under imperfect channel knowl-
to the UAV’s LoS channels with optimal solution of complex opti- | edge and limited network coordination.
ground BSs in cellular-connected mization problems.
UAV communication. It studied the
weighted sum-rate maximization
problem for the ground UEs and
the UAV by jointly optimizing the
UAV’s uplink rate and transmitting
PAs over multiple RBs.

[77] New cooperative NOMA scheme Cooperative Effectively mitigates asymmetrical Increase the number of cells to more than two cells
for cellular downlink to resolve the NOMA interference in co-channel cells us- and increase the number of users.
strong asymmetric interference is- ing cooperative NOMA, which re-
sue. quires precisely determining the

optimum power allocation for su-
perposed signals.

[91] Studied the cochannel interference ML Interference control, frequency de- Study the proposed algorithm at different fre-
between the ATG airborne CPE ployment, isolation criterion reg- quency bands.
terminal and 5G BS in the 3.5 GHz ulation, continuous tracking of
frequency band. RSRP, control on the transmitted

power, and ML usage in the frame-
work of ATG networks.

[92] Proposed and studied an interfer- New interference Dealing with Interference manage- Study the new interference mitigation scheme un-
ence mitigation scheme that uti- mitigation scheme ment in the framework of dense der other antenna types and more general radiation
lizes the diversity of the radiation IoT network setups, recognizing in- patterns.
pattern in a 3D topology IoT unco- terference features in 3D applica-
ordinated network. tions, assessing an IoT system’s

3D structure, dealing with mas-
sive connectivity circumstances,
and optimizing receiver heights.

[93] The bottleneck uplink coverage RFA and decoupled Development of very small cells, Incorporating fractional power control in the pro-
performance of the macro BS edge association dealing with drone interference, posed setup.
users in the presence of ICI and improving frequency allocation us-

UAV interference. ing RFA, introducing decoupled as-
sociation.

5G wireless networks, IoT systems with aerial and ground
nodes.

Table 3 summarizes the recent research contributions,
challenges, and future insights on interference mitiga-
tion in 5G UAV-assisted wireless networks. It’s worth
mentioning here that some researchers have proposed
alternative methods to the conventional interference mit-
igation schemes for 5G wireless networks [94]. These
methods are shown in Figure 8. For instance, there has
been a growing interest in implementing cell-free networks
in dense networks. More specifically, in such networks,
several irregularly distributed individual access points are
connected to a central processing unit through a backhaul
infrastructure that seamlessly supports just a handful of
mobile stations. This achieves much higher EE and spectral
advantages.
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VI. INTERFERENCE MITIGATION TECHNIQUES FOR B5G
Interference mitigation is essential in B5G networks to
ensure efficient and reliable wireless communication. As
5G emerges and the ongoing development of B5G, the
demand for high-speed, more reliable, and high data rate
communication has never been greater. However, with
the increasing number of IoT devices and the growing
demand for high data rates, the issue of interference has
become a significant challenge. Interference can arise from
various sources, including other devices operating at the
same frequency bands, environmental factors, and unwanted
signals.

Developing B5G networks presents significant challenges,
including achieving higher spectral efficiency, mitigating
interference in dense environments, and ensuring EE, stan-
dardization, regulations, and compatibility efforts.
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Dense Networks

Huge Number of Users

Limited Spectrum Higher Capacities

FIGURE 8. Alternatives to the conventional interference mitigation schemes in 5G
networks. They can minimize the interference that arises from deploying dense
networks in a limited spectrum with a huge number of users requesting very high
capacities. These alternatives include the design of cell-free networks, utilizing Al/ML,
beamforming, and mmWave.

Researchers are studying different IMTs for B5G
networks. These techniques include adaptive modulation
and coding schemes, dynamic antenna pattern adjustment,
dynamic transmit power control, and sub-channel scheduling.
Sub-channel scheduling involves dividing the frequency band
into smaller sub-channels and assigning them to different
users based on their communication requirements. This
technique reduces interference by ensuring that each user
only uses the necessary sub-channels and avoids overlapping
with other users’ sub-channels.

In this section, we present and discuss the related works
in the literature about each IMT, their potential benefits,
the addressed challenges, and future trends. Researchers
use these techniques to address interference challenges
and ensure reliable and efficient communication in B5G
networks.

A. ADAPTIVE MODULATION AND CODING SCHEMES

Today, most wireless data transmissions are conducted in
digital format, and the selection of modulation schemes
has grown significantly in importance. This heightened
significance arises from escalating user expectations and
the limitations of available spectrum resources. There is a
growing utilization of higher-order modulation schemes to
enhance bandwidth efficiency. As wireless networks progress
from 1G to B5G, modulation techniques have substantially
improved, enabling enhanced services and elevated data rates
as highlighted in [95]. Most channel adaptation techniques
currently rely on CSI, typically conveyed through a feedback
message transmitted from the receiver to the transmitter.

In adaptive modulation and coding schemes, the trans-
mitter’s role encompasses the selection of a fixed-rate
channel code, aligning it with an appropriate rate and
modulation scheme. The primary aim of this scheme is
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to optimize spectral efficiency based on the available CSI.
However, for UAV applications, the applicability of this
approach faces three predominant challenges. Firstly, the
feasibility of obtaining CSI for every device within a UAV-
assisted wireless network becomes impractical, especially
in scenarios characterized by dense UAV networks and
sporadic traffic patterns. Secondly, even if CSI acquisition
were achievable for individual devices, the frequent updates
of these devices are not practical, given the dynamics
introduced by random traffic, device mobility, and activity
variations. Thirdly, acquiring CSI necessitates transmitting
pilot sequences from the transmitter to the receiver, followed
by the reception of CSI via a feedback message, as
articulated in [96]. This introduces significant time delays
and overhead, posing considerable challenges in scenarios
involving dense UAV networks and many devices in the
network. Moreover, the associated overhead and delays
in getting CSI often counter the latency requirements of
numerous delay-sensitive applications, as highlighted in [97].
Consequently, an essential need arises for novel channel
codes that operate effectively under very low SNRs and in
scenarios where CSI may be absent or fluctuating.

The evolution of wireless technology has witnessed a
significant surge in peak data rates, with the transition
from 4G to 5G showcasing an incredible 10 to 100-fold
increase. It is anticipated that B5G will continue along this
trajectory, with the potential for a single decoder in BSG
devices to achieve throughputs of hundreds of Gigabits per
second [43]. To reduce the number of decoding iterations
and enhance the parallelism level of the decoder, it is
crucial to consider both code design and the corresponding
encoding/decoding algorithms. The codeword length and
coding rate of BSG UAV-assisted wireless networks should
possess flexibility. Moreover, the channel coding scheme
employed in B5G UAV high-reliability scenarios should
outperform 5G while maintaining a lower error rate. ML
techniques such as deep unfolding can be leveraged to
enhance the performance of iterative algorithms through
modified polar code constructions. Furthermore, achieving
a deeper understanding of the robustness, behavior, and
generalization of neural networks will be crucial for these
approaches to enhance communication performance.

For instance, in [42], the authors introduce an adaptive
deep learning-based design for UAV receivers in coded
MIMO systems. These systems experience noise exhibiting
correlation among time domains, significantly impacting
transmission performance. To address this, they incorporate
linear convolutional coding at the transmitter to enhance
system performance. Subsequently, they propose an adap-
tive deep learning-based iterative UAV receiver comprising
three key components: a detector (e.g., minimum mean
square error or ZF detector), a deep convolutional neural
network, which aids in noise suppression by recognizing
correlation patterns among the noise, and a decoder (e.g.,
Viterbi decoding). Simulation results demonstrate that the
proposed UAV receiver achieves substantially better BER
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performance than conventional receivers while maintaining
lower computational complexity.

Synthesis and Reflections: The adaptive modulation and
coding schemes subsection highlights a range of studies
on the evolution and application of adaptive modulation
and coding schemes for B5G wireless UAV networks.
These studies aim to optimize spectral efficiency and data
rates while addressing the dynamic challenges of the UAV
network, such as device mobility and CSI acquisition
complexities. The works reviewed in this section highlight
the necessity for innovative solutions that can adapt to rapidly
changing network conditions. Techniques like deep learning-
based iterative receivers represent a significant advancement
in addressing the noise correlation and performance issues
in UAV communications. These solutions enhanced BER
performance and introduced computational efficiency, which
is crucial for real-time applications. Moreover, the inte-
gration of machine learning techniques in coding schemes
is a promising solution where communication systems can
dynamically adapt to network conditions and user require-
ments. This adaptability is crucial for achieving the B5G
requirements, including ultra-high-speed data transmissions
and robust connectivity in UAV networks.

B. DYNAMIC ANTENNA PATTERN ADJUSTMENT
SCHEME

The authors in [47] proposed a novel approach to improve
the performance of UAV relay-assisted B5G IoT networks.
The proposed approach used a hybrid beamforming NOMA
scheme, which enhanced the spectrum and EE of the system.

The authors highlighted the importance of interference
management to achieve optimal network performance. It
addresses interference management through several tech-
niques, including NOMA transmission, hybrid beamforming,
UAV relay-assisted systems, and dynamic resource alloca-
tion. Using NOMA, the proposed approach allows multiple
users to share the same resources, increasing spectrum
efficiency while mitigating interference between users who
share the same resources.

The simulation results showed that the proposed approach
outperformed the conventional orthogonal multiple access
(OMA) schemes regarding spectral efficiency, EE, and
outage probability. The proposed scheme achieved a higher
spectral efficiency by allowing more users to share the same
resources. Furthermore, the proposed scheme reduced the
outage probability, improving the system’s reliability.

The future insights for the proposed hybrid beamforming
NOMA scheme for mmWave in [47] can be summarized as
follows:

« Interference management techniques can be developed
for NOMA to improve the system’s reliability and
spectral efficiency.

« The proposed scheme can be extended to support multi-
UAV relay systems to further enhance the system’s
performance.
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o The proposed scheme can be integrated with other
emerging technologies, such as Al and ML, to enhance
the system’s performance, reliability, and Interference
management techniques.

The work in [98] proposed a novel approach to improve
the coverage and connectivity of wide-area IoT networks
in B5G systems. The proposed approach uses a cell-free
satellite-UAV network, leveraging the benefits of satel-
lite and UAV communication technologies. The proposed
network architecture consists of multiple satellites and UAV's
equipped with various antennas distributed over the coverage
area. The network uses a cell-free architecture, eliminates the
need for cell association, and enables seamless connectivity
over the coverage area. They also used a distributed beam-
forming technique, which allows the network to dynamically
adjust the beam direction and PA based on the location of
the IoT devices. This technique improves the network’s EE
and reduces the interference and outage probability.

The proposed cell-free satellite-UAV network for B5G
wide-area IoT networks provides a promising solution to
address the challenges of coverage and connectivity in future
IoT applications. The following are the future insights for
this work:

o The cell-free satellite-UAV network for BSG wide-area
IoT networks can be optimized to reduce interference
and power consumption and improve EE.

o The cell-free satellite-UAV network for BSG wide-area
IoT networks can be integrated with other emerging
technologies, such as Al and ML, to enhance the
system’s performance and reliability.

o The cell-free satellite-UAV network for BSG wide-area
IoT networks can be further optimized to support high-
speed data transfer and low-latency applications, such
as virtual reality, augmented reality, and autonomous
vehicles.

Moreover, the authors in [48] proposed a new approach to
optimize the deployment of IRSs in wireless communication
systems. The work focused on IMTs in wireless commu-
nication systems using reconfigurable intelligent surfaces
(RISs). This new technology utilizes many small, low-cost
reflecting elements to improve wireless communication by
manipulating the signals’ phase and amplitude. The article
discusses various IMTs, including beamforming, precoding,
and interference alignment. The authors then propose a new
optimization algorithm that uses the complex circle manifold
to improve the efficiency of IRS deployment in interference
channels. The proposed algorithm outperforms existing
optimization methods regarding interference mitigation and
system throughput.

The future of IMTs for IRS-based B5G communication
systems could focus on improving the efficiency and scala-
bility of the proposed optimization algorithm. There may be
research on applying this optimization algorithm to larger
and more complex wireless networks and integrating it with
other IMTs to achieve better performance.

2835



SHAKHATREH et al.: SYSTEMATIC REVIEW OF INTERFERENCE MITIGATION TECHNIQUES

Synthesis and Reflections: The dynamic antenna pattern
adjustment scheme subsection presents various innovative
approaches in dynamic antenna pattern adjustment schemes
of interference mitigation beyond 5G and B5G networks.
The presented approaches, such as the hybrid beamform-
ing NOMA scheme in [47], the cell-free satellite-UAV
network in [98], and the IRS optimization in [48], focus
on enhancing network performance through sophisticated
interference management techniques. Moreover, these studies
demonstrate the increasing complexity of IMTs, addressing
the growing demands for higher efficiency, reliability, and
coverage in next-generation networks. Furthermore, these
works highlight the potential for future research to integrate
emerging technologies, like Al and ML, to refine and
optimize these techniques.

C. DYNAMIC TRANSMIT POWER CONTROL SCHEME

In [51], the authors discussed several IMTs for D2D com-
munication in 5G and B5G networks. Firstly, they presented
a power control technique, which involves adjusting the
transmission devices’ power to minimize interference. Power
control can be implemented in different ways, such as
fixed, open, and closed-loop power control. Then, they
discussed the interference-aware resource allocation tech-
nique, which optimizes the allocation of resources, such
as time, frequency, and power, to minimize interference
between D2D communication. Beamforming is another
IMT to control transmission toward the intended receiver.
Beamforming uses multiple antennas to direct the transmis-
sion toward the receiver, which helps reduce interference
from other directions. This technique requires accurate
channel information and signal processing algorithms to
optimize the beamforming direction and power. They
presented ML-based techniques as a promising approach
to interference mitigation in D2D communication. ML can
be used to predict the interference level of D2D links
based on historical data and optimize resource allocation and
beamforming. This technique can help improve the efficiency
of interference mitigation and reduce the complexity of
interference management.

Synthesis and Reflections: The dynamic transmit power
control scheme subsection presents the main approaches of
dynamic transmit power control for IMT in the evolution
of B5G networks. The feature of these approaches is
the balancing act of minimizing interference while main-
taining effective D2D communication. Techniques such as
power control, fixed, open, or closed-loop, offer ways to
adjust transmission power in response to varying network
conditions.

The synthesis of these methodologies highlights the
importance of adaptability in network resource management,
presented by the intelligent allocation of time, frequency, and
power resources. Furthermore, the application of beamform-
ing, leveraging multiple antennas, highlights the shift towards
more targeted and efficient communication strategies. This
is achieved by the utilization of ML techniques. Thus,
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the integration of traditional techniques with advanced ML
algorithms paves the way for more autonomous, and efficient
B5G networks.

D. SUB-CHANNEL SCHEDULING SCHEME

The work in [99] proposed a novel framework to address
the challenges for mmWave-enabled integrated access and
backhaul (IAB) in B5G cellular IoT networks. The authors
identified the differentiated backhaul capacities of small-cell
BSs and various IMTs to maximize the network capacity.
They proposed a two-step resource allocation scheme for
joint traffic load-balancing and interference mitigation to
maximize network capacity. The first step involves a novel
backhaul capacity and interference-aware matching utility
function using a many-to-many matching model to solve the
user equipment association (UA) subproblem. This function
considers both the interference penalty and the backhaul
capacity of small-cell BSs. Then, the second step tackles
the transmit PA subproblem by transforming the non-convex
problem into a convex one using the SCA method. The
authors showed that the proposed algorithms could improve
the network sum rate by 71.9% compared to conventional
methods, ensuring a high successful transmission probability.
The study suggested that future work should focus on routing
path selection for multihop backhaul, bandwidth allocation
between access and backhaul links, backhaul bandwidth
allocation based on traffic load at each small-cell BS,
and optimizing caching strategies. These considerations will
improve network performance and IMTs for B5G cellular
IoT networks.

Synthesis and Reflections: The exploration of sub-
channel scheduling schemes, specifically in the field of
mmWave-enabled IAB for B5G cellular IoT networks,
provides an insight into the balance of maximizing
network capacity while mitigating interference. This subsec-
tion presents the importance of innovative resource allocation
strategies, emphasizing the novel two-step approach that
incorporates both user equipment association and transmit
power allocation problems.

The synthesis of these concepts highlights a critical
evolution in addressing the challenges of the B5G networks,
such as different backhaul capacities and the complexities of
mmWave technology. The many-to-many matching model,
with its dual consideration of interference and backhaul
capacity, reflects an understanding of the multi-faceted
nature of network optimization. Similarly, the transfor-
mation of a non-convex problem into a convex problem
for transmit power allocation demonstrates an optimized
approach to problem-solving in network management. This
synthesis also highlights the achievements in sub-channel
scheduling and acts as a catalyst for future innovation.
This demonstrates how network management strategies
in B5G technology are always changing and adapting,
pushing the limits of what is possible in cellular IoT
networks.
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TABLE 4. Recent research contributions, challenges and future insights in B5G UAV-assisted wireless networks.

Challenges

Future Insights

The proposed approach may
face limited resources and
high computational complex-
ity challenges.

The proposed approach can improve network per-
formance and enable efficient resource utilization.
Future work could focus on optimizing the ap-
proach for practical implementation.

The proposed approach may
face interference management
and PA challenges.

NOMA-based approaches can potentially increase
network capacity and improve spectral efficiency
in B5G networks. Future work could optimize the
approach for practical implementation and address
interference management challenges.

The proposed framework may
face challenges related to the
heterogeneity of IoT devices
and limited resources.

The proposed framework can improve network
capacity and enable efficient resource utilization
in B5G cellular IoT networks. Future work could
optimize the framework for practical implemen-
tation and address challenges related to devising
heterogeneity.

The proposed approach may
face interference management
and PA challenges.

Hybrid beamforming NOMA-based approaches
can potentially increase network capacity and im-
prove spectral efficiency in mmWave half-duplex
UAV relay-assisted B5G IoT networks. Future
work could optimize the approach for practical
implementation and address interference manage-
ment challenges.

The proposed network may
face challenges related to lim-
ited resources and the inte-
gration of heterogeneous tech-
nologies.

Cell-free satellite-UAV networks have the poten-
tial to provide wide-area coverage and enable
new applications and use cases in B5G networks.
Future work could focus on optimizing the net-
work for practical implementation and addressing
challenges related to limited resources and the
integration of heterogeneous technologies.

High hardware cost, limited
range.

Integration of Al and ML to enhance RIS perfor-
mance.

High complexity, limited
practical implementation.

Development of efficient algorithms for practical
implementation.

Limited battery life, high
complexity of coordination.

Development of efficient algorithms for multi-
UAV coordination.

Limited range, high hardware
cost.

Integration of Al and ML to enhance IRS perfor-
mance.

Article Contributions Interference Miti-
gation Techniques

[51] Proposed an ML-based approach for | Reinforcement
D2D communications in 5G and B5G learning (RL),
networks. Deep RL-based

resource allocation

[54] Proposed a NOMA approach for | NOMA technique
mmWave communications in B5G
networks.

[99] Proposed a backhaul-capacity-aware in- Beamforming, IC
terference mitigation framework for cel-
lular IoT networks in B5G.

[47] Proposed a hybrid beamforming NOMA Hybrid beamform-
approach for mmWave half-duplex UAV ing, NOMA
relay-assisted BSG IoT networks.

98] Proposed a cell-free satellite-UAV net- Beamforming
work for wide-area IoT in B5G. scheme for

Cell-free
communication,
satellite-UAV
communication

(48] RIS optimization on the complex circle IRSs
manifold for interference mitigation in
interference channels.

[100] Rate-splitting multiple access (RSMA): RSMA
A new frontier for the PHY layer of
B5G.

[101] Collaborative design of multi-UAV tra- Dynamic  transmit
jectory and resource scheduling for | power control
B5G-enabled IoT. scheme

[102] IRS placement optimization in air- IRS
ground communication networks toward
B5G.

[103] Energy-efficiency PA design for UAV- PA, NOMA
assisted spatial NOMA.

Limited battery life, interfer-
ence management.

Development of efficient algorithms for interfer-
ence management.

E. OTHER SCHEMES
The work in [54] analyzed and discussed the potential
advantages and challenges of using mmWave communi-
cations with NOMA for B5G networks. They highlighted
the potential benefits of using mmWave frequencies for
high-speed wireless communication, such as the availability
of considerable bandwidth and the ability to support high
data rates. However, they also mentioned the challenges
of using mmWave frequencies, such as high path loss and
susceptibility to atmospheric absorption and blockage. Then,
it discussed the potential advantages of NOMA techniques
for improving spectral efficiency and user capacity in
mmWave communication systems. NOMA allows multiple
users to share the same resources, so it could increase the
number of supported users and reduce the spectrum needed.
Moreover, they explored the challenges of implementing
NOMA in mmWave communication systems, such as PA
and interference management.

Synthesis and Reflections: The potential future trends
and directions in mmWave communications with NOMA for
B5G networks are summarized as follows.

¢ One trend uses NOMA techniques to improve spectral
efficiency and user capacity in mmWave communication
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systems. With the increasing number of connected IoT
devices and the growing demand for wireless data
and data rates, NOMA can provide more efficient use
of the available spectrum and improve the number
of supported users. More research is required to
optimize NOMA techniques for mmWave communica-
tion systems and to address challenges such as PA and
interference management.

« Another trend, this work highlighted the need for further
research to integrate mmWave communications with
other emerging technologies, such as Al and ML. These
methods can improve the interference management
techniques and efficiency of mmWave communication
systems to enable new use cases.

Table 4 summarizes the recent research contributions,
challenges, and future insights on interference mitigation in
B5G UAV-assisted wireless networks.

F. INTERFERENCE MITIGATION USING NEW
TECHNOLOGIES IN B5G

In this section, we discuss the IMTs for UAVs using B5G
technologies such as IRSs, rate-splitting, super modular
massive MIMO, Terahertz communications, holographic
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UAV-assisted IRS

Smart Building

FIGURE 9. lllustration of IRS-assisted UAVs deployment in a smart city environment
for B5G networks. This figure showcases the integration of UAVs equipped with IRSs
within urban regions. The visualization demonstrates how this novel approach
supports and addresses the advanced connectivity needs of a B5G smart city
infrastructure.

beamforming, blockchain-based spectrum sharing, and Al
and ML schemes.

1) INTELLIGENT REFLECTING SURFACES AND
INTERFERENCE MITIGATION

Another possible approach that can be classified under
dynamic antenna pattern adjustment is using IRSs [104].
IRSs are a promising technology for enhancing wireless
communication systems and their potential utilization in
B5G networks. IRS consists of multiple passive reflecting
elements that can control the phase and amplitude of incident
signals, enabling efficient beamforming and signal focusing.
The IRSs can be used to tune their passive beamforming
to suppress interference from the BSs in the downlink and
suppress interference from the UAV in the UL, thereby
facilitating IC at each co-channel BS. This can improve the
system’s overall performance [105], [106], [107].

IRS can play a crucial role in interference mitigation
in B6G networks. By deploying IRS, it becomes possible
to dynamically control the propagation of wireless signals
and mitigate interference caused by multipath propagation,
CCI, and ACI. The reflective nature of IRS allows it
to selectively enhance desired signals while attenuating
unwanted interference, thereby improving the overall system
capacity and spectral efficiency. Moreover, IRS can be intel-
ligently programmed to adapt to varying network conditions,
optimizing signal quality and minimizing interference in real-
time. For example, the IRS presents an effective solution for
interference management in future B5SG networks, enabling
robust and reliable wireless communication in complex and
dense environments [108].

Integrating UAVs with IRSs offers a novel paradigm for
B5G networks. Figure 9 illustrates the deployment of IRS-
assisted UAVs within a smart city in the context of B5G.
As an adaptable and mobile platform, UAVs can deploy
IRSs dynamically, creating a flexible and reconfigurable
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radio environment. This technology allows fine-tuned control
over signal propagation, effectively enhancing connectivity,
especially in challenging terrains or dense urban settings.
UAV-deployed IRSs can assist in steering the reflected
signals toward desired users while mitigating interference at
undesired locations [109].

The authors in [110] propose a hybrid IC scheme that
maximizes the UAV’s and ground users’ weighted sum
rate in the UL to achieve the optimal trade-off between
UAV-ground performance. This is done by jointly opti-
mizing the set of BSs applying linear/nonlinear IC and
the UAV’s transmit power. The simulation results demon-
strate the proposed scheme’s effectiveness in improving
the system’s performance compared to other bench-
mark schemes. The results also provide essential design
insights for IRS-aided UAV communication in cellular
networks.

2) RATE-SPLITTING AND INTERFERENCE MITIGATION

As the demand for high-speed and reliable wireless com-
munication continues to grow, developing B5SG networks is
on the horizon, where individual data streams are divided
into common and private messages and sent over the same
frequency. In this context, using UAVs associated with the
rate-splitting technique holds great potential for addressing
the challenges associated with interference mitigation in
B5G networks. In a BSG network scenario with UAVs, rate
splitting can minimize CCI and boost spectral efficiency,
critical attributes for ensuring reliable and high-speed con-
nectivity [111], [112].

Incorporating super-modular massive MIMO (m-MIMO)
systems into B5G communication networks is a promising
technique for addressing the increasing demand for high data
rates, reduced latency, and enhanced QoS. With their unique
mobility and LoS communication link capabilities, UAVs can
be crucial to these advanced wireless networks. Utilizing m-
MIMO with UAVs can increase communication performance
by providing spatial multiplexing and beamforming, thus
enhancing the overall network capacity and reliability.
However, interference mitigation is one significant challenge
with m-MIMO-assisted UAV networks in B5G scenarios.
Considering the broadcast nature of wireless communica-
tions, a massive number of antennas in m-MIMO systems
may lead to severe user interference, thus degrading the
network performance. Recent studies have proposed various
approaches to tackle this issue. Advanced signal processing
techniques, like interference alignment and cancellation,
have been utilized to manage interference in m-MIMO-
assisted UAV networks [113]. Moreover, leveraging the IRSs
that adaptively adjust the signal propagation environment is
another attractive solution for interference mitigation in m-
MIMO-assisted UAV communication networks [114]. Future
research can focus on developing novel interference manage-
ment strategies suitable for such environments, potentially
incorporating advanced beamforming and predictive Al and
ML-based techniques.
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3) TERAHERTZ COMMUNICATIONS AND INTERFERENCE
MITIGATION

Terahertz (THz) communications with UAVs can be a
significant game-changer for interference mitigation in B5G
networks. The bandwidth available in the THz frequency
band, ranging from 0.1 to 10 THz, supports ultra-high-
speed data transmissions. One of the crucial characteristics
of THz communications is its high directionality, which
helps reduce interference substantially [115]. Unlike lower
frequencies, THz signals are much more focused and can
be directed precisely to the intended recipient (UAV in
this case), thus reducing the chance of signal overlap and
subsequent interference with signals from or to other UAVs
in the Multi-UAVs network [116].

4) HOLOGRAPHIC BEAMFORMING AND INTERFERENCE
MITIGATION

Holographic beamforming (HBF) is a promising technique
for improving the performance of UAV-based communication
systems in B5G networks. It can be used to create multiple
beams that focus on different users or areas, which can
help to improve the SNR and reduce interference. HBF
utilizes an array of antennas to form and direct the radiation
pattern of radio signals toward specific receivers or areas.
This can improve the signal quality at the intended receivers
and decrease the interference to unintended ones. Some
techniques can be used to mitigate interference in HBF
systems. One approach is to utilize coordinated beamform-
ing, where the UAVs coordinate their beamforming patterns
to minimize interference. Another approach is to use adaptive
beamforming, where the UAVs adjust their beamforming
patterns in real-time to track users’ movement and minimize
interference [115], [117].

Therefore, combining HBF and UAVs offers a novel
solution for interference management in B5G networks. The
dynamic mobility of UAVs and the adaptive nature of HBF
could potentially open new dimensions for next-generation
UAV communication systems.

5) BLOCKCHAIN-BASED SPECTRUM SHARING AND
INTERFERENCE MITIGATION

Blockchain-based spectrum sharing is a promising technique
for interference mitigation in B5G networks. It can allo-
cate spectrum resources to UAVs to minimize interference
between UAVs and other spectrum users. In a blockchain-
based spectrum-sharing system, each UAV has a unique
identity and a blockchain ledger that tracks the spectrum
resources that it has been allocated. When a UAV wants to
transmit, it broadcasts a message to the blockchain ledger.
The message includes the UAV’s identity, the used spectrum
resources, and the transmission duration. The blockchain
ledger then checks if the spectrum resources are available,
granting the UAV permission to transmit. The ledger rejects
the UAV’s request if the spectrum resources are unavailable.
Blockchain-based spectrum sharing mitigates interference by
ensuring that UAVs do not transmit on the same frequencies
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simultaneously. The blockchain ledger tracks the spectrum
resources allocated to each UAV. If two UAVs try to transmit
on the same frequency simultaneously, the blockchain ledger
will reject one of the requests [118], [119].

6) ARTIFICIAL INTELLIGENCE AND MACHINE LEARNING
TECHNIQUES

The authors in [99] proposed a backhaul-capacity-aware
interference mitigation framework for the BS5G cellular
IoT networks. The framework was designed to reduce
interference and improve the network’s performance, con-
sidering the capacity of the network’s backhaul links. They
identified the key challenges in designing IMTs for cellular
IoT networks, including the massive number of connected
devices and the limited bandwidth capacity of the backhaul
links. They proposed a framework that utilized the backhaul
capacity to optimize interference mitigation techniques. The
proposed framework included three components:

« A backhaul-capacity-aware interference identification
module.

« A dynamic interference mitigation module.

« A resource allocation module.

The interference identification module used deep learning
algorithms to identify interference sources in the network.
In contrast, the dynamic interference mitigation module
adjusted the IMTs based on the network’s traffic load.
The resource allocation module optimized the allocation of
network resources to improve the network’s performance
further. They evaluated the performance of the proposed
framework using simulation and compared it to existing
IMTs. The results showed that the backhaul-capacity-
aware interference mitigation framework could significantly
improve the network’s performance, especially for high-
traffic network load conditions.

The potential future trends and directions in the design
of interference mitigation strategies using Al and ML
techniques for BSG cellular IoT networks are:

e One trend was to consider the capacity of backhaul
links in designing IMTs. With the growing number
of connected IoT devices and the increasing data
traffic in IoT networks, the capacity of backhaul
links has become a critical factor in the network’s
performance. Future research may focus on developing
more advanced interference mitigation strategies con-
sidering the dynamic changes in backhaul capacity and
traffic load.

« Another trend was the use of deep learning algorithms
for interference identification and mitigation in B5G
cellular IoT networks. Deep learning algorithms could
provide a more efficient interference identification and
mitigation method in large-scale IoT networks.

Synthesis and Reflections: The insights from the research

studies discussed in the interference mitigation using B5G
wireless technologies section highlight the development of
interference mitigation strategies for B5G networks. The
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TABLE 5. Recent research contributions, challenges, and future insights in B5G UAV-assisted wireless networks.

Technology/Articl

e Contributions

Interference Mitigation Tech-
niques

Challenges

Future Insights

IRS [108], [110]

Enhancing wireless communi-
cation systems; facilitating IC

Dynamic antenna pattern adjust-
ment; passive beamforming

Managing multipath propaga-
tion, CCI, and ACI

Dynamically controlling wireless sig-
nal propagation; adapting to network
conditions

Rate-Splitting
[111]

Addressing high-speed and reli-
able communication needs

Dividing data streams into com-
mon and private messages

Minimizing CCI; boosting spec-
tral efficiency

Implementing in UAV scenarios for
B5G networks

m-MIMO [114]

Enhancing data rates, latency,
and QoS in B5G networks

Spatial multiplexing and beam-
forming

Severe user interference due to
a large number of antennas

Developing novel interference man-
agement strategies

based Spectrum
Sharing [118]

to UAVs

spectrum allocation

quency transmission by UAVs

THz Communi- Supporting ultra-high-speed | High directionality of signals Focused signal propagation; re- Managing interference in Multi-

cations [115] data transmissions ducing signal overlap UAVs networks

HBF [117] Creating  multiple  focused | Array of antennas for directed Improving SNR and reducing Coordinated and adaptive beamform-
beams for different users/areas radiation patterns interference ing strategies

Blockchain- Allocating spectrum resources Blockchain ledger for managing Preventing simultaneous  fre- Ensuring efficient spectrum usage

and reducing interference

Al and ML [99]

Backhaul-capacity-aware inter-
ference mitigation

Deep learning for interference
identification

Massive connected devices; lim-
ited bandwidth of backhaul

Incorporating advanced beamform-
ing; predictive AT and ML techniques

links

integration of technologies like IRSs, rate-splitting, massive
MIMO, THz communications, holographic beamforming,
blockchain-based spectrum sharing, and Al and ML algo-
rithms shows the efforts toward addressing the complex
challenges of interference in dense, high-demand network
environments. These studies also highlight an important tran-
sition from traditional methods to more adaptive, dynamic,
and intelligent approaches. The use of IRSs in enhancing
signal quality and UAV-deployed IRSs in urban environments
describes a move towards more flexible and reconfigurable
network infrastructures. Similarly, the utilization of rate-
splitting, massive MIMO, and THz communications indicates
a focus on maximizing spectral efficiency and reducing
interference through advanced technological approaches.

Table 5 summarizes the recent research contributions,
challenges, and future insights on interference mitigation in
B5G UAV-assisted wireless networks.

On the other hand, Figure 10 summarizes the B5G
wireless technologies employed for IMTs in UAV-assisted
wireless networks.

VIl. LESSONS LEARNED, CHALLENGES, AND OPEN
RESEARCH DIRECTIONS

In this section, we present the lessons learned from this
systematic review and discuss the challenges and their open
research directions.

A. LESSONS LEARNED

In previous sections, we have discussed the IMTs in the
current and future UAV-assisted wireless networks. In this
subsection, we present the lessons learned from these IMTs.
The lessons learned are listed as follows:

o Adaptive modulation and coding schemes: To balance
the efficiency and quality of wireless transmis-
sion, adaptive modulation and coding technology can
promptly modify the modulation and channel coding
rate of UAV wireless link transmission in response to
changes in the communication environment. Under the
condition that the system block error rate is less than a
predetermined value, the traditional adaptive modulation
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FIGURE 10. B5G wireless technologies for IMTs in UAV-assisted wireless networks.
This figure provides a summary of the cutting-edge B5G wireless technologies for
mitigating interference in UAV-based communication systems.

and coding technology creates a modulation and coding
scheme look-up table using feedback SNR information
and then chooses the appropriate modulation and coding
scheme for the subsequent transmission based on the
corresponding look-up table of the current CSI in
the actual communication system. It is not a simple
linear correspondence between system performance
and channel quality. ML can be used to improve
the accuracy and effectiveness of adaptive modulation
and coding as we move into the Al era. Utilizing
Al algorithms can enhance the mapping operation of
channel quality indication and modulation and coding
schemes to increase the mapping accuracy of the
current channel state and channel quality indication,
resulting in a higher spectrum efficiency and lower
block error rate. The signaling overhead of adaptive
modulation and coding technology can be reduced by
ML and Al, which have the potential to automatically
recognize various modulation signals without the need
for signaling assistance.

o Dynamic antenna pattern adjustment: Massive antenna
arrays for wireless communications have recently
been effectively realized using dynamic metasurface
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antennas. Streamlined transceiver hardware enables
flexible and dynamically configurable analog signal
processing and beam tailoring capabilities in the trans-
mitted and received domains. Furthermore, compared
to conventional antenna arrays, dynamic metasurface
antenna-based architectures consume significantly less
cost and power, negating the need for active phase
shifters and/or complex corporate feed. For a wide
range of operating frequencies, dynamic metasurface
antennas may comprise many tunable metamaterial
antenna elements that can be designed in small phys-
ical dimensions. Because of this feature, they are a
desirable technology for the extremely massive MIMO
transceivers used in UAV-assisted wireless networks.
Dynamic transmit power control: One of the most
essential aspects in the design of UAV-assisted wireless
networks is energy consumption. One of the main rea-
sons for the ongoing research into methods to conserve
energy for future wireless networks, in addition to the
environmental concern, is the need for UAVs to have
long battery life. Although energy conservation can be
carried out at various system layers, the MAC layer
is thought to be the most effective because it directly
controls radio, which uses the most power. As a result,
the efficiency of adaptive power-saving mechanisms can
be increased using ML techniques to predict traffic
and separate the data based on priority. Additionally,
UAV-assisted wireless networks use retransmissions or
transmit power control to boost system performance in
high-interference conditions. Such a strategy hurts the
system’s EE performance. The entire system’s improved
energy and spectrum efficiency may be achieved by
predicting the transmit power based on actual network
conditions. For power control challenges, RL techniques
are appropriate in helping to face these challenges.
It is possible to create models based on anticipated
traffic patterns, contextual information for various cells,
and the corresponding load metrics using ML-based
algorithms to analyze the cell-level traces gathered in a
UAV-assisted wireless network. These models can adapt
their sleeping schedules and transmit power in response
to the behavior of users causing interference in a UAV-
assisted wireless network. These models can also be
used to dynamically turn on and off aerial BSs to save
energy at higher altitudes.

Sub-channel scheduling: Many recent novel techniques,
such as mmWave, IRS, and carrier aggregation, have
been proposed in recent years. These techniques
may create new heterogeneous UAV-assisted wireless
networks that exacerbate the complexity of the sub-
channel scheduling problems. UDN development will
unavoidably become a trend in the next generation of
UAV-assisted wireless networks, making the practical
solution to this problem a combination of these new
techniques and heterogeneous UAV-assisted wireless
networks. For instance, an IRS-assisted UAV wireless
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network can provide a lower power consumption and
higher capacity. The IRS’s coupled phase shift and
transmit power make solving the sub-channel schedul-
ing problem difficult. An open research direction is
how to create low-complexity, high-flexibility network
models that can be used to enhance heterogeneous UAV-
assisted wireless network performance.

B. CHALLENGES AND OPEN RESEARCH DIRECTIONS
In this subsection, we highlight the emerging challenges to
be handled and give directions to overcome them. These
challenges and their open research directions are listed as
follows:

o Wireless RF Spectrum Scarcity: Several new chal-
lenges such as mutual interference and radio frequency
spectrum scarcity are faced by UAV-assisted wire-
less networks. The performance of terrestrial wireless
networks could be significantly impacted by UAVs,
as this could limit system capacity and lower user
QoS. Intelligent dynamic spectrum access (IDSA)
dynamically allocates radio spectrum resources based on
current demand and network conditions. By combining
Al and ML techniques, IDSA enables UAV-assisted
wireless networks to adapt to changing traffic patterns
and to allocate spectrum resources flexibly. IDSA
ensures that each service’s specific requirements are
met through more efficient spectrum resource alloca-
tion, providing efficient and reliable wireless services
for a wide range of applications in UAV-assisted
wireless networks. IDSA brings several benefits to UAV-
assisted wireless networks. First, it handles the dynamic
and diverse spectrum needs in UAV-assisted wireless
networks by allocating prioritized and dedicated spec-
trum resources to mission-critical applications. Second,
IDSA enables the coexistence of several wireless
technologies in the UAV-assisted wireless networks,
encouraging various wireless standards to communicate
effectively and without interference. Finally, IDSA
makes UAV-assisted wireless networks more efficient
and maximizes spectrum utilization by giving devices
the ability to access unused spectrum bands thereby
maximizing network capacity [120], [121], [122], [123].

o Lacking of Networking Scalability: ICI is one of the
conventional challenges faced by UAV-assisted wireless
networks thereby preventing the scalability of these
networks. Cell-free massive MIMO system is mainly
developed to address the ICI challenge in traditional
wireless networks where all access points are required
to serve all UEs simultaneously [124]. However, as
the size of the UAV-assisted wireless network grows,
this becomes impractical as the signal strength of
remote access points will be significantly attenuated
after reaching the UE, making the provision of wireless
services inefficient. Furthermore, the computational
complexity of each access point’s network functions and
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the bandwidth needed for signal transmission become
greater linearly as the number of UEs grows.

One possible approach to overcome the aforemen-
tioned challenges is to utilize a user-centric scheme
by clustering access points. In this scheme, a set of
access points is selected by UE to provide an efficient
wireless service. These subsets of access points are
different for each UE, so each access point must
cooperate with different access points when serving
different UEs. Moreover, in mobility scenarios, the UE
needs to frequently update the serving cluster, which
makes it difficult for the access points to implement
resource allocation and synchronize the network state.
Dynamic clustering is now an established user-centric
collaboration scheme in which a subset of access points
can be modified to consider time-variant parameters
such as interference conditions, service requirements,
and UE locations. Additionally, many algorithms enable
UAV-assisted wireless networks to perform scalability
depending on dynamic clustering architectures such
as scalable downlink precoding, scalable uplink com-
bining, scalable pilot assignment, scalable joint initial
access, and scalable power control [125].

However, each UE is covered by fewer access points,
which saves bandwidth and computational complexity,
but at the cost of system performance. Therefore,
it is extremely challenging to develop an advanced
access point selection technique that selects the optimal
subset of access points for each UE while ignoring the
performance loss.

Beam Distortion: Typically, simple point-to-point links
in unlicensed frequency bands are used to estab-
lish communication between UEs and UAVs, leading
to performance limitations. While utilizing UAVs in
future UAV-assisted wireless networks, a UAV needs
to create a beam to serve the intended UEs and
prevent interference. However, because of beam distor-
tion caused by the UAVs’ hovering and mobility, the
served coverage area may frequently change creating
interference to the neighboring cells [126]. This limita-
tion was the motivation for many researchers to utilize
dynamic beamforming by improving the 3D placements
of UAVs [127], [128]. In distributed beamforming,
many transmitters coordinate their signal transmissions
to optimize reception at different locations [129]. This
approach optimizes the entire communication system
including coordinating distributed and effective signal-
ing, expanding coverage, and ensuring effective data
transmission to various receiving devices [130], [131].
In conventional beamforming techniques, a steering
vector is created in the form of a beamforming vector,
which helps direct a narrow beam to a specific UE.
However, this requires an accurate CSI between the
UE and the UAVs to make data transmission efficient,
which is extremely challenging. Due to significant
losses caused by UAV hovering and channel fading, the

receiver may not be able to detect the pilot signals,
which are typically transmitted without sufficient beam
gains. Additionally, given the size and power limita-
tions of a UAV, existing beamforming techniques may
not be effective for UAV-assisted wireless networks.
Quantum computing and information is a revolutionary
technology that can support emerging technologies
such as blind computing, advanced quantum sensing
techniques, and secure communications [132], [133].
By dynamically managing the beam distortion in UAV-
assisted wireless networks, directional communication
with appropriate beam gains may be created by the
utilization of quantum computation [134].

o Resource-Constrained Management: One key require-

ment for BSG communication networks is providing
full wireless coverage, which will be extended with
the use of UAV-assisted wireless networks [135].
These wireless networks can extend ubiquitous access
services and provide full coverage. However, lacking
computing power in these networks poses challenges
in delivering computing services in rural and remote
areas without communications infrastructure [136]. One
of the main challenges is minimizing interference by
managing resources efficiently to provide intelligent
and pervasive services to UEs with limited resources.
Conventional computing paradigms using cloud com-
puting result in significant delays due to long-distance
transmissions, making it difficult to meet emerging real-
time services. Moreover, centralized development and
optimization of these complicated computing services
result in high development costs and low optimization
efficiency [137].
Future service requests in the UAV-assisted wireless
network will require massive computing and com-
munication resources. Effective management of these
resources will be an urgent challenge that needs to
be addressed. The main purpose of utilizing mobile
edge computing (MEC) is the deployment of MEC
servers close to resource-constrained UEs to directly
provide services, thereby enabling the transfer of large
amounts of processed data from the network core to
the network edge. By integrating Al algorithms into
edge devices with constrained processing capacity, edge
intelligence created by fusing AI and MEC can handle
edge data more intelligently than conventional MEC.
By deploying edge intelligence servers in UAV-assisted
wireless networks, the storage, sensing, computing, and
communication capabilities will be improved thereby
utilizing resources efficiently to deliver computing
services to resource-constrained UEs and mitigate
interference [138].

o New Sources of the Interference: The advent of Al
and backscatter communications is propelling the IoT
towards tremendous progress. Through the modu-
lation of ambient RF carriers, passive backscatter
devices engage in cost-effective and energy-saving

VOLUME 5, 2024



,[EEES IEEE Open Journal of the
Comdoc' communications Society

communication techniques. The use of backscatter
communications in UAV-assisted wireless networks is
becoming increasingly important, especially in the fields
of disaster relief, environmental monitoring, and remote
sensing [139], [140]. Backscatter communications allow
UAVs to communicate with ground UEs without
the power consumption of a battery, making these
vehicles more energy-efficient. Managing interference
in backscatter communication systems is challenging.
Lack of scheduling and information for signal transmis-
sion causes interference and thereby reduces the quality
of the received signals [141], [142], [143].

The integration of Al with backscatter communications
in UAV-assisted wireless networks can improve network
decision-making, efficiency, and performance. Al algo-
rithms can also assist in handling technical challenges
such as network optimization, interference management,
and signal detection. This improves the reliability and
performance of backscatter communication systems
and enables reliable, low-power communication for
the devices and applications in UAV-assisted wire-
less networks. Al-based backscatter communication
systems, by utilizing frequency-domain resource alloca-
tion and adaptive modulation and coding, can provide
effective techniques for meeting spectral efficiency
requirements in B5G networks [144]. Future research
may focus on the use of Al algorithms for interference
management, link scheduling, and optimizing network

topology.

VIIl. CONCLUSION

In this systematic review, the IMTs in the current and future
UAV-assisted wireless networks have been comprehensively
reviewed. These IMTs have been classified into four funda-
mental techniques: adaptive modulation and coding schemes,
dynamic antenna pattern adjustment, dynamic transmit
power control, and sub-channel scheduling. Then, IMTs
for UAVs using B5G wireless technologies, such as IRSs,
rate-splitting, super modular massive MIMO, Terahertz com-
munications, holographic beamforming, blockchain-based
spectrum sharing, and Al and ML schemes, have been
discussed. Moreover, the lessons learned present valuable
insights our systematic review has shown, offering a help-
ful perspective for researchers in the UAV IMTs field.
Finally, the challenges and their open research directions of
UAV IMTs have been identified, including wireless radio
frequency spectrum scarcity, lack of networking scalability,
beam distortion, resource-constrained management, and new
sources of interference.
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