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ABSTRACT Non-orthogonal multiple access (NOMA) technique and unmanned aerial vehicles (UAVs)
have been recognized as promising technologies for enabling the stringent requirements of the different
network infrastructures expected for the next generation of wireless networks. In parallel, intelligent recon-
figurable surfaces (IRSs) have been widely pointed out as an auspicious solution to further improve spectral
efficiency, coverage range, and connectivity. By integrating IRS with UAV and NOMA schemes with
multiple-input multiple-output (MIMO) it is possible to smartly improve the overall network performance.
In order to explore some of these potentials, this paper provides a comprehensive discussion about the
interplay of aerial IRS in MIMO-NOMA (AIRS-NOMA) networks, as well its architecture, functionality
principles, and performance gains. In particular, attractive gains related to the data rate maximization,
user fairness, energy efficiency, and coverage range are highlighted. Simulation results are provided
to support our insightful discussions, in which it is revealed that the performance gains of AIRS-
NOMA networks are superior when compared to terrestrial deployment. In addition, to guide new
studies perspectives, it is addressed some issues and research opportunities associated with this potential
integration.

INDEX TERMS Intelligent reflecting surface (IRS), multiple-input multiple-output (MIMO), non-
orthogonal multiple access (NOMA), unmanned aerial vehicle (UAV).

I. INTRODUCTION

THE NUMBER of connected devices across the world
has been foreseen to surpass 75.4 billion by 2025 [1].

This number is related to the diverse services and
applications expected for sixth-generation (6G) wireless
systems, ranging from smart homes and self-driving cars
to interconnected low-power sensors in health, factories,
and agriculture. These different network infrastructures will

impose stringent requirements to system designers, such as
reliable communications, massive connectivity, low latency,
low energy consumption, seamless connectivity, and high
spectral efficiency. To achieve these heterogeneous requi-
sites, numerous strategies and transmission technologies have
been proposed.
The design of appropriate multiple access techniques

is crucial for supporting the massive number of devices
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foreseen for future networks. In particular, non-orthogonal
multiple access (NOMA) has been regarded as a promising
candidate technique for next-generation wireless networks
due to its potential in achieving high spectral efficiency,
massive connectivity, low latency, and user fairness, which
can outperform orthogonal multiple access counterparts [2].
By performing superposition coding (SC) at the transmitter
and successive interference cancellation (SIC) at the receiver,
power-domain NOMA enables multiple users to share the
same resource block with distinct power levels [3].
In parallel, unmanned aerial vehicles (UAVs) working

as aerial base stations (BSs) have also been identified as
enablers of future-generation wireless networks due to their
attractive characteristics, such as the ability to perform com-
plex tasks in diverse scenarios and the flexible configuration
and deployment in comparison with ground BS. Due to
these features, UAVs can significantly improve the con-
nectivity and coverage range of communication networks,
therefore, reducing the need for deploying expensive tow-
ers [4]. Unlike terrestrial BSs, the channels between UAV and
ground devices have a high probability of being dominated
by line-of-sight (LoS) links, which can provide significant
performance improvement for the communication system.
In order to improve the propagation environment and

enhancing the signal strength of 6G systems, intelligent
reflecting surfaces (IRSs) have arisen as another promising
technology. An IRS is a planar metasurface composed of a
large number of reflecting elements that can be controlled
via integrated electronics [5]. In general, IRS structures
are composed of nearly passive elements that can signifi-
cantly reduce energy consumption [6]. Thus, IRSs can be
more energy-efficient than conventional relaying strategies.
Moreover, each reflecting element can be programmed inde-
pendently to induce distinct phase and amplitude changes,
which enables IRSs to reflect and steer impinging waves,
ideally, towards any desired direction. This feature, com-
monly called passive beamforming, can maximize effective
channel gains and enhance the reliability of received sig-
nals. Signal beams can be formed to weaken the interference
coming from non-desirable devices or to avoid information
leakage. In the deployment context, the intrinsic features
of IRS can be efficiently integrated with other emerging
technologies in order to achieve enormous gains for the
overall network [7]–[10]. Next, we present a comprehensive
state-of-the-art related to the IRS technology.

A. STATE-OF-THE-ART
Despite such promising opportunities for the combination
of UAV, NOMA and IRS technologies, one must address
several technical challenges to effectively use them for each
specific networking application. To tackle these problems
and challenges, research efforts are being carried out in the
context of these technologies. Based on this, a descriptive
state-of-the-art of the IRS, UAV, and NOMA techniques is
presented as follows.

1) AERIAL IRS
In recent years, numerous works have been developed in the
field of IRS-mounted on the UAV to demonstrate their role
in improving network performance, explore the feasibility of
building a controllable and programmable radio environment,
and to corroborate the compatibility of deployment with tech-
nologies already existing. More specifically, in these papers,
the integration of IRS on aerial platforms has been exten-
sively investigated due to the numerous benefits compared to
terrestrial IRS (TIRS) designs, among them flexible deploy-
ment and full-angle panoramic reflection (360◦). Moreover,
in aerial IRS (AIRS) only one reflection is sufficient due
to LoS, while for terrestrial designs multiple reflections are
required due to non line-of-sight (NLoS), which makes the
TIRS design relatively large to improve beam propagation.
Due to the numerous benefits compared to TIRS, AIRS
is a research topic with a wide potential. In particular, a
comprehensive overview of the combination of UAV and
IRS in [11], where two case studies were carried out to
optimize the UAV trajectory, the transmit beamforming, and
the IRS passive beamforming. Types of aerial platforms, their
operation, control architecture, and types of communication
were investigated in [12]. The joint optimization of phase
shifts, placement, and passive beamforming for the AIRS
was considered in [13] and [14] to maximize the worst-case
signal-to-noise ratio.
When multiple UAVs are deployed to enable AIRS com-

munication, numerous applications and challenges can be
explored. In [15], the authors investigated multiple UAVs
cooperatively. The authors presented an overview of the UAV
swarm-enabled AIRS, including its motivations and compet-
itive advantages compared to terrestrial and aerial IRS, as
well as its applications and challenges of designing in wire-
less networks. In [16], methods to improve the coverage
of served users by multiple AIRS were introduced, and the
maximum achievable coverage probabilities of the two users
were derived and analyzed.
By considering a more realistic modeling channel, where

communication systems were characterized by Nakagami-m
small-scale fading and inverse-Gamma large scale shad-
owing, in [17] the authors investigated the delay-limited
performance and the outage probability. On the other hand,
the compatibility and feasibility of AIRS in a cell-free
massive multiple-input multiple-output (MIMO) network
to maximize the user’s achievable rate were investigated
in [18]. In [19], the authors investigated AIRS to sup-
port ultra-reliable low latency (URLLC) communication
to tackle the interference caused by the dense network.
An AIRS communication system over Terahertz (THz)
bands for confidential data dissemination from an access
point (AP) towards multiple ground user equipments (UEs)
on the Internet-of-Things (IoT) networks was investigated
in [20]. In order to analyze the performance of AIRS
under high-altitude, a wireless architecture mounted on a
high-altitude aerial platform enabled by AIRS was investi-
gated in [21]. The placement and array-partition strategies
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of aerial-IRS and the phases of IRS elements were jointly
optimized. In addition, resource management for transmit
power minimization in AIRS HetNets supported by dual
connectivity was investigated in [22]. The authors studied
the problem of total transmit power minimization by jointly
optimizing the trajectory/velocity of each UAV, IRSs’ phase
shifts, subcarrier allocations, and active beamformers at
each BS.

2) UAV WITH TERRESTRIAL IRS

The terrestrial IRS, commonly mounted in building facade,
ceilings, and furniture, in UAV-enabled wireless networks
have been explored in numerous scientific works [23]–[31].
In [23], the authors investigated the coverage IRS-assisted
transmission strategy to support multi-user. A transmission
protocol was proposed to adjust the transmission strategy for
all UAV-user pairs by addressing the IRS elements’ allocation
and their phase shifts configuration. In order to maximize
the sum rate of the network, in [24] the authors investigated
multiple UAVs acting as aerial BS employing NOMA to
serve multiple groups. The reflection matrix of the IRS and
the NOMA decoding orders among users were optimized.
On the other hand, to maximize the achievable rate, the
UAV trajectory and IRS’s passive beamforming design were
optimized in [25].
In order to maximize the network’s throughput by jointly

optimizing the UAV’s trajectory, IoT’s energy harvesting
time scheduling, and the phase shift matrix, a simultane-
ous wireless power transfer and information transmission
(SWIPT) scheme for IoT devices with support from IRS-
aided UAV communication was investigated in [26]. In the
same direction, the authors in [27] studied IRS-assisted UAV
for timely data collection in IoT networks. The phase shift
of IRS elements, the scheduling of IoT devices transmis-
sions, and the trajectory of the UAV were optimized to
maximize the total number of served devices. To minimize
the energy consumption, the integration of IRS into UAV-
NOMA systems by jointly designing the movement of the
UAV, phase shifts of the IRS, power allocation policy at the
UAV, and the decoding order was investigated in [28].
To solve the continuous optimization problem with

time-varying channels in a centralized fashion, the joint
optimization of the power allocation and the phase-shift
matrix of a IRS-assisted multi-UAV network was investi-
gated in [29]. Under the presence of multiple nonidentical
interference links, the authors in [30] investigated IRS-
assisted UAV-enabled vehicular communication systems with
infinite and finite blocklength codes. On the other hand, a
IRS-assisted UAV physical-layer secure communication for
improving the system secrecy rate was investigated in [31]
in order to maximize the average worst-case secrecy rate.

3) TERRESTRIAL IRS WITH NOMA

A comprehensive overview of the recent progress on the
integration of TIRSs and NOMA was presented in [32]

and [33]. The fundamentals of the two techniques were intro-
duced, and then the basic concepts of the integration of the
IRSs and NOMA were discussed. In parallel, in [34] was
presented a comprehensive discussion of the role of TIRS in
MIMO-NOMA systems. Attractive performance gains to the
communication networks were identified, such as higher data
rates, improved user fairness, and possibly higher energy effi-
ciency. In [35], the authors optimized the rate performance
of the IRS-assisted NOMA system, while ensuring user
fairness. By jointly optimizing the active transmit beam-
forming at the BS and passive beamforming at the IRS, the
authors considered the maximizing of the minimum decoding
signal-to-interference-plus-noise-ratio (SINR) of all users.
In [36], the authors investigated both downlink and uplink

IRS-NOMA network. On the other hand, in [37] the authors
investigated an IRS-assisted NOMA downlink system under
both continuous and discrete phase-shifting IRS. Then,
closed-form expressions for the average required to transmit
power, the outage probability, and the diversity order were
derived. User pairing and fixed power allocation scheme
to enable RIS-NOMA network were investigated in [38].
To explore the IRS-NOMA network with residual hard-
ware impairment (RHI) in IoT scenarios, the impact of RHI
on the physical layer security performance was investigated
in [39]. IRS-enabled MIMO-NOMA networks were inves-
tigated in [40] and [41]. More specifically, in [40] a dual-
polarized IRS was investigated to improve the performance
of dual-polarized massive MIMO-NOMA networks. The
proposed scheme alleviates the impact of imperfect SIC and
enables users to exploit polarization diversity with near-zero
inter-subset interference. On the other hand, a passive beam-
forming weight at IRS in a MIMO-NOMA network was
proposed in [41]. The channel statistics, outage probability,
ergodic rate, spectral efficiency, and energy efficiency were
derived in closed-form expressions.

4) MACHINE LEARNING IN AIRS-NOMA NETWORKS

In an effort to effectively exploit IRSs for optimizing wire-
less systems, solutions based on machine learning methods
have been investigated along of the years. In [42], the authors
introduced machine learning for user partitioning and phase
shifters design in IRS-aided NOMA networks. On the other
hand, the authors in [43] explored THz massive MIMO-
NOMA with IRS and proposed a smart reconfigurable
scheme, which can realize customizable and intelligent
communications by flexibly and coordinately reconfiguring
hybrid beams through the cooperation between access points
and IRS.
In particular, deep reinforcement learning (DRL) and rein-

forcement learning (RL) algorithms, branches of machine
learning, have been proposed and applied to solve different
problems related to IRS-enabled communication systems.
In [44], the authors investigated a single-antenna transmis-
sion of IRS-assisted NOMA network and two RL algorithms
were proposed to solve the problem caused by the over-
head. In [45], two RL-based algorithms were adopted to
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TABLE 1. List of the papers that considered the integration of IRS in future wireless
technologies, such as UAV, NOMA, and MIMO. Notions: �→ partial discussion. ��→
Detailed discussion. x → no discussion. * → text-based work. ** → text- and
performance-based work.

solve a resource allocation problem in order to minimize
the average age-of-information of the users in IoT networks.
The freshness of collected data of the IoT devices was
improved via optimizing power, sub-carrier, trajectory vari-
ables, and the phase shift matrix elements. In [46], the
authors investigated an IRS-aided multi-robot served by an
AP through the NOMA technique. A dueling double deep
Q-network-based algorithm was used to jointly optimize the
trajectories, decoding orders, reflecting coefficients, and the
power allocation of the AP.
In [47], the authors investigated the application of deep

deterministic policy gradient to the AIRS-NOMA network
with multiple users. The power allocation of the BS, the
phase shifting of the IRS, and the horizontal position of the
UAV were jointly optimized. In [48], the authors investi-
gated a DRL-based relay selection scheme for cooperative
networks with IRS. A DRL-based framework was proposed
in [49] to jointly optimize the IRS and reader beamform-
ing, with no knowledge of the channels or ambient signal
in an ambient backscatter communications system aided by
an IRS. In [50], the authors investigated a UAV-powered
IoT network. A multi-agent DRL approach was proposed to
find the optimal collaboration strategy of these energy-limited
UAVs that maximizes the accumulated throughput of the IoT
network. In [51], a three-step approach based on machine
learning was proposed to maximize the sum-rate of all users
in a TIRS-aided multiple-input single-output (MISO)-NOMA
network by jointly optimizing the passive beamforming of
the IRS, decoding order, and power coefficient allocation,
subject to the rate requirements of users.
In order to summarise the main papers presented in this

work, Table 1 presents a list of works that considered the
integration of IRS, UAV, NOMA, and MIMO.

B. MOTIVATION AND CONTRIBUTIONS
Although there is substantial work on AIRS, MIMO and
NOMA networks, there are no works that specifically incor-
porate AIRS in MIMO-NOMA networks, demonstrating the

role of this interaction in terms of its potential achievements.
Inspired by the aforementioned considerations, it is provided
a comprehensive discussion based on performance analysis
related to the AIRS-NOMA networks in order to show the
potential improvements and new insights that can be attained
due to this promising integration. In particular, the features
of the paper refers to the timeliness and importance of the
research topic, and the lack of works in the current litera-
ture providing discerning discussions, from an informative
guide perspective, on the considered scenario. To provide
a consistent guide, the fundamental principles of IRS and
its integration into aerial platforms are introduced and, then,
the system model of AIRS-NOMA network is presented.
Once the system model has been detailed, it is discussed the
potential realizations that AIRS-NOMA systems are capable
of offering, where numerical simulations are presented to
demonstrate the achieved performance gain when this setup
is employed. The attained results show that this strategy
achieves satisfactory results in terms of achievable rate, user
fairness, energy efficiency, and coverage area when com-
pared to the terrestrial IRS MIMO-NOMA (TIRS-NOMA),
and aerial decode-and-foward relaying with NOMA (ADF-
NOMA) scheme. Furthermore, characteristics of this design
are highlighted, as well potential scenarios, research chal-
lenges to inspire future research, and solutions for the design
and implementation of AIRS-NOMA networks.
The remainder of this paper is organized as follows.

Section II describes the fundamentals of AIRS-NOMA tech-
nology and the system model under consideration. Section III
presents the potential achievement of the integration of
AIRS-NOMA system in comparison with terrestrial deploy-
ment. In Section IV, we conduct a discussion about research
opportunities associated with the integration of AIRS-
NOMA networks. Finally, the conclusions are presented in
Section V.

II. FUNDAMENTALS OF AIRS AND MIMO-NOMA
In this section, we provide a background of the IRS hardware
and the control architecture of the IRS mounted on UAV.

A. PRINCIPLES OF IRS STRUCTURE
Motivated by recent advances in the field of electromag-
netic (EM) materials, IRS frameworks are envisioned as a
revolutionary solution for the next generation of wireless
communication. IRS is a planar meta-surface made of a large
number of low-cost and passive meta-materials. The meta-
surface structure is composed of ultra-thin layers of different
EM elements, also known as meta-atoms. The key feature
of the IRS structure is that each meta-atom can modify the
impinging waves in ways that conventional materials cannot.
In particular, each meta-atom can be configured in real-time
with different phases and amplitudes to dynamically adapt to
the fluctuations/characteristics of the environment and reflect
the signal in the desired direction. In general, an IRS archi-
tecture is composed of at least three layers. The first layer
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FIGURE 1. Illustration of the IRS structure.

consists of a large number of meta-atoms made of metal-
lic/dielectric materials, which act directly in the process of
reflecting the signal. The second layer consists of a cop-
per panel to avoid signal/power leakage. The third layer,
also called the control layer, consists of an electronic board
composed of circuits capable of controlling the reflection
coefficients (amplitude/phase shift) of each meta-atom, and it
is operated by an intelligent controller. In addition, this layer
can also act as a gateway to communicate and coordinate
with other network components. In order to summarize the
aforementioned layers, a generic IRS structure is illustrated
in Fig. 1.
Unlike structures composed of active materials, a passive

metasurface does not require high-energy consumption, com-
plex circuits, and expensive materials [7]. It is noteworthy
that, naturally, IRSs support advanced wireless waveforms
and operate in full-duplex mode without generating self-
interference and noise amplification. In consequence, the
IRS framework does not require complex processing to
encode and decode the information, which significantly min-
imizes power consumption and complexity when compared
to conventional technologies, such as MIMO beamform-
ing and relaying systems, i.e., decode-and-forward (DF) and
amplify-and-forward (AF).

B. ARCHITECTURE OF AIRS
UAVs have been widely used to enhance network
performance. Then, the design and benefits of UAVs as
aerial BSs in a wireless network were explored in numer-
ous researches [4]. When IRSs are employed in an aerial
platform, it is possible to achieve significant performance
improvement to the network due to the high flexibil-
ity/mobility that UAVs can provide. In addition, if the LoS
links between the BS and UAV, and/or UAV and users are
blocked by obstacles, the reflecting elements can be accu-
rately adjusted to form virtual LoS links. This solution is
one alternative to enhance the coverage area, throughput and
capacity both in urban environments and in remote areas,

without expensive implementation cost. In particular, a typ-
ical control architecture of UAV equipped with IRS can be
summarized as follows:

• Terrestrial control: it consists of a processing central
composed of radio-frequency transmitters capable of
analyzing the environment data, management trajectory
information, and communication tasks. Once the meta-
surface reflector is made of passive elements, the IRSs
do not employ processing functions. Then, the terrestrial
unit is responsible to process the sensed data, provid-
ing the channel state information (CSI) and the angle
of arrival (AoA) between the UAV and users. It is
noteworthy that the tasks to obtain data about chan-
nel modeling and estimation in the IRS-enhanced UAV
networks are extremely difficult due to the dynamic
nature of the system. This interesting topic arises as
promising research possibilities and will be in-depth
explored in challenges and research opportunities in
this work.

• UAV Control: it consists of an aerial onboard coupled
to the UAV to perform flight and IRS control. Given a
set of environment conditions, it is possible to improve
the mobility and establishment of the UAV. This unit
performs the management of the battery, communica-
tion gateway, and arrangement of reflecting elements
of the meta-surface. The meta-surface coupled to the
UAV can be designed in three-layers, as aforemen-
tioned. In addition, the UAV control unit can send and
receive pilot symbols to the terrestrial control unit to
adjust the reflection coefficient. Based on the received
information, it is possible to optimize the trajectory
and the passive beamforming to improve the signal
reflection for serving the users.

C. AERIAL IRS IN NOMA NETWORKS
Multiple access techniques have an important role to support
massive connectivity for next-generation mobile networks.
In order to improve the spectral efficiency and the con-
nectivity of AIRS framework, NOMA techniques can be
employed [35]. When these technologies are accurately
combined, significant performance enhancements can be
achieved, such as more flexibility, efficient resource allo-
cation, and signal coverage area.
In particular, IRS technology introduces a new paradigm

in NOMA transmission to opportunistically improve the
decoding process. This paradigm increases the flexibility
by changing the original order of the users’ channel gains.
In the uplink of conventional NOMA, where the users
are sorted according to their channel conditions, the new
paradigm allows that the users to be sorted according to
their data requirements, circumventing the problem of strict
dependence on the propagation environment and the loca-
tion of users. Then, reflecting elements of IRS can be
dynamically tuned to either maximize or attenuate the rates
by each user according to their specific quality of ser-
vice (QoS). As a result, it is possible to serve a large
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FIGURE 2. Illustration of AIRS in MIMO-NOMA networks (AIRS-NOMA) and potential gains of its integration.

number of users with stringent communication requirements
without requiring more energy and time slots. In addition,
the performance of conventional NOMA can be enhanced
by the supplementary signal diversity generated by the IRS.
The integration of IRS in aerial platforms, and the poten-
tial gains of its integration in MIMO-NOMA networks are
illustrated in Fig. 2.

D. AIRS-NOMA NETWORKS: SYSTEM MODEL
Consider a MIMO-NOMA downlink network where one base
station (S) equipped with M antennas communicates with
multi-antenna users, equipped with N antennas each, dis-
tributed into G groups with two users (Dgu) each, where
g = {1, . . . ,G} and u = 1, 2, such that N ≤ M and G ≤ M
must be satisfied. It is assumed that there is no direct link
between the BS and the users due to severe blockage, then
an IRS (R) with K reflecting elements is installed at the
UAV to enable the communication between the BS and the
users. It is considered that the IRS can forward the imping-
ing signals with high directivity so that a signal beam for the
u-th user of the g-th group does not interfere with another
signal beam. The mobile users’ devices move randomly and
independently in a circular cell, with radius rg. The random
waypoint model is implemented to simulate the mobility of
the users [52], [53]. During all periods of the mobility pro-
cess, the users randomly choose a new coordinate and move
to it at a constant speed. For each time slot of the mobil-
ity process, the new location of the users is calculated. In
addition, it is assumed that the UAV continuously flies with
a constant velocity and variant elevation Z in a spherical
plan of radius ru. For a given Z, the UAV can fly in the
following height range: Z−ru ≤ z ≤ Z+ru, where z denotes
the instantaneous height.
Based on the downlink power-domain NOMA princi-

ples [54], the users’ message are superimposed at the BS by

SC technique, which consists of superposing the messages of
each user by assigning different power coefficients between
the users. Then, the BS sends the superimposed signal in
the direction of the AIRS. More specifically, the transmitted
signal can be written as

x =
G∑

g=1

2∑

u=1

αgusgu ∈ C
M×1, (1)

where sgu denotes the message of interest of the u-th user
in the g-th group, and αgu denotes their respective power
allocation coefficient with αgu > 0 and

∑2
u=1 αgu ≤ 1. The

channel gain matrices between S → Rr and Rr → Dgu can
be expressed, respectively, as

HSRr = √
βSRrWSRr ∈ C

M×K, (2)

and

HRrDgu =
√

βRrDguWRrDgu ∈ C
K×N, (3)

where βa = β0d−ν
a , a ∈ {SRr,RrDgu} denotes the large-scale

average channel power gain with r = 1, . . . ,K, in which β0
denotes the average channel power gain at the reference
distance d0 = 1 m, da denotes the distance between S → Rr
and Rr → Dgu, and ν denotes the pathloss exponent. Wa

denotes the small-scale fading, modeled by the Nakagami-
μ distribution, as in [17]. Without loss of generality, the
complex channel gain matrices WSRr and WRrDgu can be
expressed as

WSRr =

⎡

⎢⎢⎢⎣

|gSR1,1|ejω1,1 , . . . , |gSR1,M|ejωM,1

|gSR2,1|ejω1,2 , . . . , |gSR2,M|ejωM,2

...
. . .

...

|gSRK ,1|ejω1,K , . . . , |gSRK ,M|ejωM,K

⎤

⎥⎥⎥⎦, (4)
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and

WRrDgu =

⎡

⎢⎢⎢⎢⎣

|gR1Dgu,1|ejω1,1 , . . . , |gR1Dgu,N |ejωN,1

|gR2Dgu,1|ejω1,2 , . . . , |gR2Dgu,N |ejωN,2

...
. . .

...

|gRKDgu,1|ejω1,K , . . . , |gRKDgu,N |ejωN,K

⎤

⎥⎥⎥⎥⎦

H

, (5)

where |ga,m| and ωm,r ∈ [0, 2π) are, respectively, the mag-
nitude and phase angle between m-th transmission antenna
of the BS and the r-th reflecting element of the AIRS, with
m = 1, . . . ,M.

Since a controller connected to the IRS can smartly adjust
the IRS’s phase shifts to assist the NOMA transmission, the
properties of the AIRS can be characterized via the following
diagonal phase-shift matrix

� = diag
[
κ1e

jθ1 , κ2e
jθ2 , . . . , κKe

jθK
]

∈ C
K×K, (6)

where θK ∈ [0, 2π) denotes the phase-shift occurring at
r-th element of the AIRS, and κK ∈ [0, 1) denotes the
fixed amplitude reflection coefficient. In particular, it is very
expensive to realize infinite-resolution phase shifters due to
hardware limitations. As a result, the complexity to perform
the phase-shift increases considerably [37]. In particular, the
end-to-end (e2e) channel matrix from the BS to the u-th user
in the g-th group with aid of the AIRS is given by

H̄gu = HSRr�HRrDgu ∈ C
M×N . (7)

The signal received at the u-th user in the g-th group can
be expressed as

ygu = √
PSH̄gux + wDgu , (8)

where PS denotes the transmit power of the BS and wDgu ∼
CN (0, σ 2) denotes the additive Gaussian noise (AWGN).
Analogous to [34], it is considered that the IRS can reflect

the signal to a desired point with high directivity and the
clusters are separated far enough. Thus, the clusters have a
non-overlapping reflection angle and the interference arriving
at a specific cluster from other clusters will be extremely
small, i.e., it can be neglected. On the other hand, to eliminate
the inter-group interference, the signal reception is designed
by adopting a zero-forcing receiver. More specifically, the
detection matrix can be constructed as follows

Ĥgu =
[
H̄H
guH̄gu

]−1
H̄H
gu ∈ C

M×N . (9)

Given this zero-forcing receiver, the received signal at
each user is decoupled from each other. Then, the effective
channel power gain between the BS and the u-th user in the
g-th group with the aid of the AIRS is given by

Ḧgu = Ĥgu

(
Ĥgu

)H ∈ C
M×M. (10)

Since the symbols will be decoded from the beam that
is equivalent to the index gg of the channel power gain
matrix, the highest effective channel gain, the selected beam
is denoted as g̈g. Then, [(Ḧgu)g̈g]−1 denotes the effective
channel gain observed by the u-th user in the g-th group.

Based on available CSI, the users are ordered according
to their effective channel gains. Without loss of generality,
we assume that the user Dg1 has the weakest channel gain,
while user Dg2 experiences the greatest channel conditions.
Then, higher power must be allocated to the user with the
worst channel conditions in order to ensure that its data
requirements can be achieved, which means that αg1 > αg2.
After the user ordering operation, the e2e signal-interference-
plus-noise (SINR) for the weakest user in the g-th group to
decode its message is given by

γg1 = γ̄ h̃g1αg1

γ̄ h̃g1αg2 + 1
, (11)

where h̃g1 = [(Ḧg1)g̈g]−1 denotes the effective channel gain
observed by the weaker user in the g-th group, γ̄ = PS/σ 2

denotes the transmit signal-to-noise ratio (SNR).
Under the assumption of imperfect SIC, the e2e SINR

observed by the stronger user in the g-th group is given by

γg2 = γ̄ h̃g2αg2

γ̄ h̃g2αg1ε + 1
, (12)

where h̃g2 = [(Ḧg2)g̈g]−1 denotes the effective channel gain
observed by the strongest user in the g-th group, ε ∈ [0, 1]
is the coefficient of imperfect SIC.
The instantaneous achievable rate of the weaker user in

the g-th group can be expressed as

Rg,1 = log2(1 + γg1). (13)

The e2e instantaneous achievable rate of the stronger user
in the g-th group is given by

Rg,2 = log2(1 + γg2). (14)

In the next section, we provide in-depth discussions and
significant numerical results to support the gains achieved
by AIRS in MIMO-NOMA networks.

III. POTENTIAL ACHIEVEMENTS OF AERIAL IRS-AIDED
MIMO-NOMA NETWORKS
In this section, numerical simulations to emphasize the
performance gain when AIRS is applied in MIMO-NOMA
wireless networks are presented. More specifically, it is
discussed and highlighted the performance gain in terms
of sum-rate, user fairness, energy efficiency, and cover-
age range. Performance metrics are evaluated by extensive
Monte Carlo simulations that corroborate the advantages of
implementing IRS in aerial scenarios.
Taking into account the three-dimensional spatial

movement of UAV, we design a downlink AIRS-NOMA
network system with G groups with two mobile users,
denoted by user 1 and user 2, respectively. In particular,
it is assumed that each node in the network is equipped
with multiple antennas and there is no direct link between
the BS and the users due to strong fading and physical
obstacles. The distance between the BS and the center of
the cell of the group 1, group 2, and group 3 is, respectively,
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TABLE 2. Simulation parameters.

100 m, 150 m, and 200 m. When TIRS is deployed, it is
assumed that the TIRS is positioned at 80 m from the BS.
The users of each group are randomly distributed in a cell
of radius rg = 5 m, and classified according to their channel
conditions. Without loss of generality, centralized design is
employed in our simulations. Unless otherwise specified, the
simulation parameters follow the Table 2.
It is noteworthy that no optimization method is used to

configure the reflecting elements in this paper. Then, the
phase shift is randomly and uniformly generated in [0, 2π).
From a deployment perspective, we assume that the network
control structure follows the centralized deployment, where
the AIRS is controlled by a terrestrial central controller
installed at the BS. By using centralized deployment, all
processing tasks are employed by the BS, such as estima-
tion protocols. In addition, we consider that the terrestrial
controller is able to estimate the CSI of all propagation links.
As a benchmark performance, we compare our results with
TIRS-NOMA presented in [34] without considering massive
MIMO and direct link between the BS and users, and with
conventional relaying ADF-NOMA method.

A. DATA RATE MAXIMIZATION
To demonstrate the potential of AIRS-NOMA, we first dis-
cuss the performance gains in terms of sum-rate for each
user group. Then, we compare the obtained results with
TIRS-NOMA and ADF-NOMA. According to the NOMA
principles, the BS sorts the users based on their respective
channel conditions so that more power can be allocated to
the user with the worst channel conditions. Without loss of
generality, it is assumed that user 1 has unfavorable channel
conditions and requires a low data rate. On the other hand,
user 2 has better channel conditions and requires a high data
rate. At the BS, the signals of the two users are superimposed
with different power levels by the SC technique and trans-
mitted to the AIRS, which passively reflects signals from

FIGURE 3. Achievable rate versus the transmit SNR for each user group.
(K = 20, αg1 = 0.7, αg2 = 0.3, and ε = 0.01).

BS to users. In the receiver, the users can employ SIC to
decode the transmitted messages.
Fig. 3 presents the achievable rate versus the transmit

SNR for both weak and strong user for each group of users.
For comparison, TIRS and ADF deployment are applied.
One can observe that for all groups the AIRS outperforms
the TIRS deployment. This performance is related to the
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FIGURE 4. Sum-rate versus transmit SNR for different number of reflecting
elements. (αg1 = 0.7,αg2 = 0.3, and ε = 0.01).

coverage holes and blind spots that can occur during the
transmission process, and virtual LoS links might not be
formed even with the aid of the IRS. On the other hand, the
UAV placement can be adjusted to maintain LoS links. Once
the favorable UAV placement is found, one can adjust the
IRS reflection parameters to reflect the signal in the desired
direction. On the other way, the UAV can remain static to
minimize energy consumption until it is necessary to adjust
its position again to ensure the LoS component. However,
one can also see that the greater is the distance between
AIRS and a group of users, the worse is the rate achieved
by this group. This reinforces the need to improve propa-
gation in far-field scenarios. In particular, the integration of
IRS in the aerial platform can provide more flexibility to
assist terrestrial users. In addition, the performance achieved
by using ADF as relaying protocol is evidently low when
compared to both AIRS and TIRS schemes.
In addition, Fig. 4 illustrates the average sum-rates ver-

sus SNR for deployment with AIRS-NOMA, TIRS-NOMA,
and without IRS for a different number of reflecting ele-
ments of the IRS (K). One can observe that the performance
of the sum-rate enhances as the number of reflecting ele-
ments increase. In particular, higher reflecting array gain
can be explored to maximize the effective channel gain
and improve the reliability of the received signal. When
IRS is installed at the UAV, one can achieve better ser-
vice quality to the overall network due to the capability
to maintain the LoS links even in an environment with a
high probability of link obstruction. As a result, significant
benefits in sum-rate gain can be achieved. For example,
when the SNR is 20 dB, the TIRS-NOMA with K = 80
achieves a performance of 7.9 bits/s/Hz, while AIRS-NOMA
with K = 80 can reach 13.6 bits/s/Hz, that represents a
performance gain of approximately 5.7 bits/s/Hz. We also
observe that when IRS is employed, the performance gain
is more pronounced than conventional ADF-NOMA for
all SNR values. These results indicate that AIRS-NOMA
transmission is a promising framework.

FIGURE 5. Sum-rate versus transmit SNR for different coefficients of imperfect SIC
(ε). (K = 20,αg1 = 0.7,αg2 = 0.3).

Fig. 5 presents the impact of imperfect SIC factor through
the sum-rate of the system. As a performance comparison,
we vary ε and compare the performance between AIRS-
NOMA, TIRS-NOMA, and ADF-NOMA schemes. One can
see that the errors due to imperfect SIC can cause severe
damage to the system. On the other hand, as expected, when
ε = 0 is employed the performance in terms of sum-rate
is expressively better. For example, when the SNR is 30
dB, the AIRS-NOMA scheme achieve a sum-rate of 19.23
b/s/Hz for ε = 0, but with ε = 0.05 the sum-rate obtained
is 12.44 b/s/Hz, which represents approximately a loss of
6.78 b/s/Hz.

B. USER FAIRNESS
Since the NOMA technique is used as the transmission
scheme, the spectrum’s usage efficiency can be improved
by superimposing the users’ signals, exploring the same
resource block. By assuming that the users subscribe to the
same traffic service that requires a minimum data rate to
be acceptably provided, one can guarantee that all users are
served equally throughout the communication process by
the efficient power allocation (PA) method. By dynamically
allocating power coefficients, it is possible to provide a por-
tion of power for the user with a better conditions channel,
called user 2, which performs the SIC correctly. Meanwhile,
the remaining power is applied to maximize the weak user’s
rate, called user 1. More details about the dynamic power
allocation strategy can be found in [3].
Fig. 6 depicts the achievable rate for each user at the

g-th group versus transmit SNR for different PA methods.
For comparison purposes, we employ both fixed and the
adaptive PA policy [3]. It is interesting to observe from
Fig. 6 that the adaptive PA can significantly improve the rate
performance of the user with the worst channel conditions.
However, the main disadvantage of this approach is that the
performance of the user with better channel conditions is
degraded. Since the main idea of this strategy is performing a
balance between users’ rates, the strong user can be penalized
in order to guarantee that the weak user could reach the
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FIGURE 6. Achievable rate versus transmit SNR for AIRS-NOMA system and
TIRS-NOMA system with adaptive PA and fixed PA. When the fixed PA scheme is
applied, it is assumed that the power allocation coefficients applied to the users 1 and
2 of the g-th group are, respectively, (K = 20,αg1 = 0.7, αg2 = 0.3, and ε = 0.01).

same service traffic. On the other hand, one can observe
that by the adequate deployment of IRS, it is possible to
significantly improve the network performance. By exploring
the UAV features, AIRS achieves better performance than
terrestrial deployment. Compared with the rate performance
of groups 1 and 2, group 3 presents a lower performance due
to the distance in relation to AIRS, but the result obtained is
expressively superior to the result obtained by TIRS-NOMA.
This result indicates that AIRS-NOMA systems can provide
user fairness while bringing high-performance to the system
in comparison with terrestrial framework.
In Fig. 7, it is investigated the relation between resource

allocation fairness in terms of transmit SNR. Te Jain’s
fairness index, given by Jg = (Rg,1 + Rg,2)2/[2((Rg,1)2 +
(Rg,2)2)], is used as a fairness metric. As a performance
benchmark, the conventional fixed PA policy has been
adopted. One can see that the adaptive PA can provide
optimal user fairness for all SNR values, ensuring that all
network users are served equally throughout the communi-
cation process. If all users get the same rate amount, then
the fairness index is 1 and the system is totally fair. On the
other hand, for fixed PA, there is a disparity between rates
and, consequently, the fairness index decreases. The adaptive
strategy favors all the users of the system, ensuring fair rate
resources independently of channel conditions.

C. ENERGY EFFICIENCY
In the literature, it has been proved that the NOMA technique
can significantly increase the spectrum and energy efficiency
of the communication networks due to the capability to allow
multiple users to share the same resources. In parallel, stud-
ies in the field of IRS prove that this promissory technology
can improve the data rates of users without requiring more
transmit power, but only smartly adjusting the reflecting ele-
ments to increase the channel gains. Since a centralized IRS

FIGURE 7. Jain’s fairness index versus SNR for different adaptive PA schemes.
When the fixed PA scheme is applied, it is assumed that the power allocation
coefficients assigned to the users 1 and 2 of the g-th group are, respectively,
(K = 20,αg1 = 0.7, αg2 = 0.3, and ε = 0.05).

FIGURE 8. Energy efficiency of the system versus the number of reflecting
elements of the AIRS and the transmit power for AIRS-NOMA systems.
(αg1 = 0.7,αg2 = 0.3, and ε = 0.01).

deployment is considered, the energy required by IRS is
only directed for the reconfigurability of reflecting elements,
which can be employed by low-power electronics. However,
considering the hardware constraints, it is not always feasible
to deploy a centralized IRS when the number of reflecting
elements is large. To achieve a trade-off between the number
of reflecting elements and energy consumption, the features
of IRS can be integrated into the UAV in order to strengthen
the received signal at the ground users due to the high oper-
ating altitude of the UAV which increases the coverage area
through efficient dynamic 3D beamforming.
A practical demonstration of the integration of the IRS into

aerial platforms for performance gains in terms of energy
efficiency, can be seen in Fig. 8, which is defined as B ·
R̃gu/Ptotal, where B denotes the bandwidth, R̃gu denotes the
system’s sum rate, and Ptotal denotes the transmit power [55].
In particular, the energy efficiency performance for different
number of reflecting elements and transmit power levels.
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FIGURE 9. Energy efficiency versus transmit power for different number of
reflecting elements. (ε = 0.01).

One can observe that the greater the number of reflecting
elements, the higher the energy efficiency that the AIRS-
NOMA system is able to achieve. It is noteworthy that the
energy neutrality in the elements of the IRS is assumed. In
addition, one can see that there exists a trade-off between
the number of reflecting elements, K, and transmit power
levels to maximizes energy efficiency.
Based on the previous result, we investigate the

performance of AIRS-NOMA for different number of reflect-
ing elements and different framework scenarios. Specifically,
Fig. 9 presents the energy efficiency curves versus trans-
mit power for different number of reflecting elements and
TIRS-NOMA and ADF-NOMA counterpart schemes. One
can observe that the AIRS-NOMA systems have the ability
to achieve enhanced energy efficiency compared to terrestrial
and conventional deployment. By exploring aerial mobility,
we can achieve higher performance gains with less transmit
power. One can see the significant gain in performance when
K increases due to the passive energy-consumption nature.
In this way, the signal beam can be improved without need
of excessive energy cost. For example, when the transmit
power is 10 dBm, the AIRS-NOMA with K = 20 reaches
a performance of 477 bits/watt, while with K = 80, the
energy-efficiency achieves a performance of 785 bits/watt,
that represent a gain performance of 308 bits/watt. In par-
ticular, to contribute with this good performance, there is
an energy consumption compensation between the IRS and
UAV. The UAV does not need to be in constant movement,
as the IRS can form virtual LoS Links. On the other hand,
when the IRS cannot guarantee this link due to the dynamic
nature of ultra-dense environments, the UAV can dynami-
cally change position to guarantee the LoS link. Then, the
UAV can remain static until further intervention is required.
In order to show how energy-efficient AIRS can become

in scenarios where the IRS is not neutral and with perfect and
imperfect SIC, Fig. 10 presents the energy efficiency curves

FIGURE 10. Energy efficiency versus transmit power for AIRS-NOMA and
TIRS-NOMA systems. Non-neutral power consumption and imperfect SIC are
considered. (K = 20,αg1 = 0.7 and αg2 = 0.3).

for energy neutral and energy non-neutral scheme with per-
fect and imperfect SIC. One can observe the impact caused
by the imperfect SIC. For example, when the transmit power
is 10 dBm and the neutral power consumption is considered,
the AIRS-NOMA with ε = 0.05 can reach a performance
of 386.3, bits/watt, while with ε = 0, the energy efficiency
increase up to 477 bits/watt, that represent a performance
gain of approximately 90.68 bits/watt. In addition, we com-
pare the obtained results with TIRS-NOMA framework. Due
to the non-neutral power consumption of the circuit, one
can see that the energy efficiency decrease. However, the
performance obtained by AIRS-NOMA scheme is signifi-
cantly superior to obtained using TIRS-NOMA scheme. It
is noteworthy that if the energy neutrality assumption can be
satisfied, the energy efficiency will significantly be increased
as the number of reflecting elements increase.

D. COVERAGE RANGE
It was discussed that the IRS can form virtual LoS links by
adjusting the reflecting elements but, when these links cannot
be formed due to obstructions, the UAV can be repositioned
to help establish high data rates and reliable transmissions.
As a result, users’ service requirements can be met, leading
to good network performance. In particular, Fig. 11 illus-
trates the scenario used to analyze the performance in terms
of coverage range. To investigate the impact of AIRS-NOMA
scheme, Fig. 12 presents the sum-rate versus distance for dif-
ferent IRS deployments and the conventional ADF-NOMA
relaying protocol. We set the transmit SNR to ρ = 30 dB
and assume that the distance between the BS and AIRS
is dSR, and the distance between the BS and the center of
the cell of the group 1, group 2, and group 3 are, respec-
tively, 100 m, 150 m and 200m. One can observe that the
performance of AIRS-NOMA decreases when the distance
between the users increases. In contrast to the TIRS-NOMA
scheme, the AIRS-NOMA scheme has more potential to
establish strong LoS links with the users due to the rela-
tively higher altitude of UAV, thus reducing the coverage
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FIGURE 11. Centralized design: Illustration of the scenario used to simulate the
results in Figure 12.

FIGURE 12. Sum-rate versus distance for AIRS-NOMA, TIRS-NOMA, and ADF-NOMA
deployments. (γ̄ = 30 dB, K = 20, and ε = 0.01).

holes or blind spots with them. For example, when the
distance between the BS and the AIRS is 130 m, the TIRS-
NOMA scheme can reach a sum-rate of 8.59 b/s/Hz, while
with the AIRS-NOMA system, the sum-rate increases up
to 15.17 b/s/Hz, which represents a gain of 6.57 b/s/Hz.
In addition, when dSR = 120 m the AIRS-NOMA outper-
forms conventional ADF-NOMA with a performance gain of
approximately 11.5 b/s/Hz. This result clearly demonstrates
that, by exploiting the AIRS capabilities, the MIMO-NOMA
scheme can effectively extend the coverage area.
To summarise the main difference between AIRS-NOMA,

TIRS-NOMA, and ADF-NOMA, Table 3 presents an
overview of the advantages and disadvantages of each
framework.

IV. RELEVANT CHALLENGES AND RESEARCH
OPPORTUNITIES
In this section, we provide potential challenges and promis-
ing research possibilities to effectively deploy AIRS-NOMA
networks.

A. CHANNEL MODEL AND ESTIMATION STRATEGIES
In a general AIRS-NOMA network, the e2e channel (i.e.,
the channel from terrestrial BS to the ground users through

TABLE 3. Comparison of AIRS-NOMA with other frameworks.

each element of AIRS) is composed of three components.
More specifically, the channel responses between the ter-
restrial BS and AIRS, the AIRS’s reflection matrix, and
the channel responses between AIRS and ground users link.
The combination of these three components, BS-AIRS-user,
can be represented by a multiplicative channel model, where
each element of AIRS’s reflection matrix receives the signal
from the BS, and then, via a smart controller that enables
dynamic adjustment of amplitude and phase shift, reflects
the impinging signal. Since IRS is coupled to the UAV, the
system experiences a rapid dynamic mobility pattern. This
mobile operation requires real-time channel estimation and
reconfiguration, taking into account fading and shadowing
effects. Furthermore, the smart controller also plays the role
of dynamic exchanging information between the AIRS and
terrestrial BS. Based on this, one can ask how is it possible
to enable real-time reconfigurability under mobile condi-
tions using as low a processing effort as possible due to the
hardware limitation of the IRS.
Channel design and estimation for AIRS-NOMA are crit-

ical research topics due to its dynamic CSI-dependence to
configure the reflecting elements, the passive nature of AIRS
elements, and the multi-user nature of NOMA. To develop
robust aerial channel models, one needs to take into account
factors that could affect the system performance, such as IRS
reflection coefficients, elements’ mutual coupling, reflection
loss, fluctuations and misaligned signal beams due to the
UAV mobility, and NOMA decoding order, since the decod-
ing order is not determined by channel conditions. Unlike the
conventional technologies, the passive IRS architecture is not
composed of a transceiver chain but is equipped with meta-
materials to reflect the signal in the desired direction. Then,
the IRS structure cannot employ complex signal process-
ing tasks. In addition, the most conventional communication
system operates in far-field conditions, i.e., the distance
between the users and the transmitter/receiver antennas is
supposed to be large. On the other hand, in an AIRS-NOMA
network, one cannot guarantee that the distance between
users and its serving IRS is far enough to operate only as a
far-field regime or small enough to operate as a near-field
regime due to the UAV mobility. Thus, the system must
be dynamically adapted to decide which regime it should
operate.
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Another important factor that should be strictly considered
in the channel modeling is the size of the AIRS. In partic-
ular, channel coefficients are proportional to the number of
reflecting elements, which induces the cascaded channel esti-
mation problem. To circumvent this issue when the number
of AIRS reflecting elements is not large, a decomposition
method for cascaded channel estimation can be employed
for each AIRS element to transform the cascaded chan-
nel into a series of sub-channels by each user [56], [57].
However, when the number of AIRS reflecting elements
and the number of users increase, this method is difficult
to implement due to the high signaling overhead. Unlike
the fixed semi-passive IRS deployment, where it is possi-
ble to estimate the global CSI by integration of at least
low-power sensors to reconfigure each AIRS’s element [7],
AIRS under mobility imposes extra estimation difficulty due
to the need to realize fast real-time IRS configuration, which
leads to high computation complexity for the time-varying
channels. In consequence, additional sensing components are
required to employ sophisticated channel estimation proto-
cols, which can potentially lead to high-energy consumption.
From an implementation perspective, current channel esti-
mation methods are not appropriate to explore the benefits of
the AIRS-NOMA networks. One approach to circumvent this
problem consists into insert additional sensing components
at the terrestrial BS to control and optimize channel estima-
tion methods. If these methods are employed by terrestrial
control, the BS can provide high computational power to esti-
mate the channel and the processing cost at the IRS might be
minimized. However, due to the fast time-varying wireless
environment and dynamic QoS requirements of the users, the
AIRS control layer must send data of the environment and
send measurements to the ground controller for optimization
of channel estimation protocols. Then, the AIRS control layer
needs additional sensing components with receiver chains to
enable information exchange with BS. Therefore, efficient
algorithms should be carefully developed to maintain the low
complexity as possible and to avoid operations that require
high-energy consumption.

B. DEPLOYMENT STRATEGY
As previously introduced, the complexity of the channel
acquisition increase as the number of users and reflecting
elements of IRS increase. In addition, from a NOMA imple-
mentation perspective, there is a limited number of users
that can be served in the same resource block. However, the
design of efficient user clustering schemes plays an impor-
tant role to exploit the benefits of AIRS-NOMA networks to
support the massive number of devices [33]. But, to jointly
enhance the coverage area, the proposition of deployment
strategies to efficiently explore the AIRS-NOMA framework
arises as one important research topic. By designing a prac-
tical deployment of AIRS-NOMA network under real-time
reconfigurability, especially under mobility conditions that
demand dynamic IRS configuration, it is needed to take

FIGURE 13. Centralized deployment.

FIGURE 14. Distributed deployment.

into account the heterogeneous QoS requirements and the
heterogeneous mobility profiles.
To circumvent these issues, cluster-based strategies are

approaches that aim to serve multiple users according to
your requirements with a passive 3D beam. In particular, the
users can be clustered in centralized and distributed designs.
In the previous results, we employed a centralized design
where the users are partitioned into multiple clusters and
each group is served from passive beamforming of a single
centrally deployed AIRS, as illustrated in Fig. 13. This strat-
egy is ideal for cases where groups of users are not separated
by large distances, where the AIRS forms multiple indepen-
dent beams to each users’ group so that their channel gains
could be dynamic enhanced, offering additional degrees-of-
freedom in the time, frequency, and spatial domains. Despite
the above advantages, a large number of reflecting elements
is required to improve the 3D beamforming of each group.
In consequence, the complexity and energy consumption
increase, since the energy neutrality assumption cannot be
satisfied and the structure must be equipped with low-power
electronics to enable the IRS’s reconfigurability capability.
In addition, due to the proximity, the signals reflected by
one AIRS to a specific cluster might be a strong impact on
the reception performance of other clusters. On the other
hand, the distributed design can be employed to circumvent
cluster interference. In this distributed strategy, each cluster
is served by distinct beamforming AIRS, as illustrated in
Fig. 14. As a result, the signals reflected by one IRS for a
specific cluster have a low impact on the performance of the
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FIGURE 15. Sum-rate versus SNR for AIRS-NOMA system with centralized and
distributed deployment. For centralized deployment, the approximate distance
between the AIRS and the group 1, group 2, and group 3 are, respectively, 20m, 50m,
100m. For centralized deployment, the approximate distance between the AIRS and a
specific group is 20 m. (K = 20,ε = 0.01,αg1 = 0.7, and αg2 = 0.3).

other clusters due to the relatively large distances. However,
this strategy is not always feasible to deploy due to the
demand for an excessive amount of energy to support the
hardware. Since both described strategies offer advantages
and disadvantages, it is needed to identify scenarios feasible
to deploy each strategy such that satisfy all the requirements
of NOMA transmission. From the implementation perspec-
tive, a more flexible design will be a hybrid IRS deployment
to achieve a trade-off between them.
Fig. 15 illustrates the performance in terms of sum-rate

for both centralized and distributed design. These results
demonstrate the good performance when AIRS is designed
in near-field conditions to the users, i.e., when an AIRS is
located nearly of a specific user group. On the other hand,
a distributed mode requires higher deployment cost. Thus,
the implementation scenario must be carefully studied to
ensure the efficient deployment of AIRS. In addition, a new
research perspective arises to employ efficiently AIRS in
far-field conditions in order to verify its viability.

C. TERAHERTZ (THZ) COMMUNICATIONS
Research efforts have been made along the last years on the
IRS-enhanced THz communications field. However, most
of these efforts are related to terrestrial IRS-enhanced THz
communications [58], [59]. In contrast with communications
based on microwave and millimeter waves, THz communi-
cation achieves ultra-high transmission rates from hundreds
of gigabits per second with frequency bands extremely nar-
row [60]. This feature results in the formation of a signal
beam much narrow, which can produce high attenuation and,
consequently, brings out performance damage. In particular,
it is hard to perform the control of these beams. To tackle this
challenge, IRS can be used to design the signal beam due to

the ability to smartly manipulate and design the impinging
waves.
As presented in the previous section, AIRS-NOMA frame-

work can provide enormous performance gains to the system
in terms of data rate, coverage range, and energy efficiency
when compared with TIRS-NOMA scheme. By considering
aerial scenarios, some works have been exploring the inte-
gration of AIRS-empowered THz communication [61], [62].
Despite the benefits achieved by the integration of AIRS-
NOMA and THz communication, there is a high attenuation
THz channel that will introduce new challenges to the AIRS-
NOMA communication. Specifically, channel measurements
and modeling of THz waves at the sufficiently realistic
mobility model must be adequate to the propagation pecu-
liarities of AIRS-NOMA, such as path-loss models, both
far-field and near-field transmission, practical phase-shift
model, and beamforming control.
In addition, the decoding complexity of NOMA systems

is another important challenge to be investigated when
THz communication is considered. Although the THz band
can support many connected devices, the decoding com-
plexity for NOMA communication to support the devices
can increase substantially. Interestingly, the IRS is one
of the most promising solutions due to the capability to
tune the channel conditions of the user by smartly adjusting
the reflecting elements [34]. By considering AIRS, it is pos-
sible to improve spectrum efficiency and get good coverage
capacity to allow more users to connect to the network even
at a high distance from BS. In addition, due to the strong
directivity of THz waves, the LoS THz waves can be easily
blocked by obstacles. Thus, the AIRS framework plays an
important role in THz communication due to the ability to
improve the LoS path. As far as we know, there are no works
that integrate AIRS-NOMA in THz communications. Based
on the guidance provided, there are emerging challenges and
significant problems that will be faced in future research in
AIRS-NOMA empowered THz communication.

D. REINFORCEMENT LEARNING IN AIRS-NOMA
NETWORKS
To overcome the highly dynamic environment and, effec-
tively, to exploit the benefits of integrating IRSs in the
UAV-aided NOMA systems, machine learning techniques
applied in communication systems have been arisen as a
powerful solution due to the learning features. In particu-
lar, RL methods are a branch of machine learning whose
main characteristic is the learning of the ideal strategy by
exploring unknown environments based on real-time data.
More specifically, RL consists of an interactive algorithm
that provides one representation of the particulars in an
environment by taking actions and receiving rewards. A
typical RL-based model for an AIRS-NOMA network is
designed to take into consideration four components: agents
(BS/UAV/IRS), states (interactions in real-time with the envi-
ronment), actions (decision-making according to the current
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state), and rewards (since the action is carried out, the agent
obtains a reward or penalty) [8].
The RL-based solutions have the advantage of requiring

low training overhead, which makes them practical in a real-
time reconfiguration of the IRS. Based on this, the design
and deployment of an AIRS-NOMA network can be power-
fully optimized by RL methods. In addition, flexible NOMA
decoding order design can be proposed by efficient power
allocation policy in an effort to maximize the sum-rate and to
guarantee successful SIC while opportunistically exploring
the time-varying data requirement of users. To circumvent
the cascaded channel estimation problem, RL algorithms can
be designed to reduce the overhead of CSI acquisition by
learning both from the environment and from the feedback
of the users, resulting in a fast adaption to the dynamic
environment and directly optimizing both the beamformers
at the BS and the reflecting elements at the IRS. From
the point of view of security, RL methods can be used to
learn the external and internal eavesdropping features on a
network. Considering that the CSI of the eavesdropper is
a challenge to acquire in practice, the proposition of RL
methods can facilitate the identification of potential eaves-
droppers, and effectively prevent information leakage and
improve the legitimate reception quality scenarios.
Since RL methods allow agents to improve their capabil-

ities based on the real-time experience of the environment,
models can be formulated to smartly control and optimize
the network to generate a trade-off between network capacity
and energy consumption. In particular, the UAVs are pow-
ered by onboard batteries that usually have limited capacity
and lifetime. Then, energy harvesting technologies [63], such
as wireless power transfer [64], can be used to mitigate
the impact of limited energy and battery lifetimes. These
technologies can be empowered by RL-based algorithms
to achieve efficiently a trade-off between the high energy
demand of the UAV and the limited battery capacities, even
under scenarios with high mobility. For example, transmit
power and energy consumption of UAV can be improved
by optimizing the trajectory of UAV, practical beamform-
ing models for AIRS and BS can be designed by efficiently
phase shift.

E. AIRS STANDARDIZATION
In the standardization context, research efforts are carried
out in the field of IRSs. Due to the potential that IRS tech-
nology provides, many universities and research institutions
have gradually increased their investments in IRS research.
In particular, there are two possible paths for IRS stan-
dardization in 3rd Generation Partnership Project (3GPP).
First, study items will be performed on one or multiple
practical scenarios and channel models in Release 18, and
then the work item process will be started in Release 19.
Another possible path may be to standardize IRS as part of
6G standards, along with other new features for 6G. This
is possible because of can be harmoniously combined with
other expected technologies for beyond 5G (B5G) systems.

In June 2021, a new industry specification group (ISG) on
IRS was approved by the European Telecommunications
Standards Institute (ETSI) [65]. Specifically, three new work
items were approved, which consist of channel modeling, use
cases, deployment scenarios, and impact to current standards.
In [66], the authors provide an industrial viewpoint and a
roadmap in order to make IRSs industrially feasible. The
authors discussed the relevance of the IRS technology in
the latest wireless communication standards, the challenges
to commercialize IRSs, and highlight the current and future
standardization activities for the IRS technology.
On the other hand, in the aerial context, there has already

been much activity in the work groups of 3GPP to ensure that
the 5G and B5G system will meet the connectivity needs of
Unmanned Aerial Systems (UAS). Specifically, Release 17
- 5G Enhancement for UAVs (TS22.125; TS22.261) [67], is
not complete and 3GPP has been making efforts to complete
it with a focus on B5G systems and already thinking about
possible improvements in Release 18. Based on this, sub-
stantial investment from research and businesses is expected
in the next years to reach fast progress in the field of imple-
menting, testing, and realistic prototypes in the context of
AIRS.

V. CONCLUSION
In this article, the integration of AIRS with MIMO-NOMA
technique was investigated. We provided a comprehensive
discussion of the AIRS-NOMA network and performance
comparison between aerial and terrestrial deployment,
including fundamentals, potential achievements of efficient
integration, and future challenges. Numerical simulations
were presented to demonstrate that AIRS-NOMA scheme
can be considered as a key enabler of future wireless
communication. The obtained results supported our insight-
ful discussions by comparing AIRS-NOMA with achieved
results by TIRS-NOMA, and ADF-NOMA deployment,
in which the robustness of AIRS-NOMA was confirmed.
Specifically, the integration has the capability to extend the
communications coverage, increase the sum-rate, enhance
user fairness, and improve energy efficiency due to the
capacity of enabling long-range communication, providing
dynamic and adaptive coverage range to serve the users
by compensating the power consumption of UAV and IRS
during the communication process. In addition, challenges
to inspire future research about the integration of AIRS-
NOMA were highlighted. In particular, we discussed channel
modeling and estimation challenges associated to real-time
reconfigurability of AIRS under mobility conditions and
discussed the deployment design based on cluster-based
strategies for AIRS-NOMA network, such as centralized and
distributed strategies. In general, when AIRS is designed
as distributed strategies with near-field conditions for each
user group, the performance in terms of data rate is better,
but deployment cost is higher. On the other hand, central-
ized deployment presents simplified maintenance, reduced
deployment cost, and a data rate higher than terrestrial
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deployment. These features make centralized deployment
viable in suburban and rural areas, and in environmental dis-
aster scenarios. In addition, we also discussed the integration
of AIRS-NOMA with THz communication, and potential
solutions based on RL methods to decrease the overhead
of the CSI acquisition and improve the energy consumption
performance of the network.
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