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ABSTRACT Recently, interest on the utilization of unmanned aerial vehicles (UAVs) has aroused. Specifi-
cally, UAVs can be used in cellular networks as aerial users for delivery, surveillance, rescue search, or as
an aerial base station (aBS) for communication with ground users in remote uncovered areas or in dense
environments requiring prompt high capacity. Aiming to satisfy the high requirements of wireless aerial
networks, several multiple access techniques have been investigated. In particular, space-division multiple
access (SDMA) and power-domain non-orthogonal multiple access (NOMA) present promising multiplexing
gains for aerial downlink and uplink. Nevertheless, these gains are limited as they depend on the conditions
of the environment. Hence, a generalized scheme has been recently proposed, called rate-splitting multiple
access (RSMA), which is capable of achieving better spectral efficiency gains compared to SDMA and
NOMA. In this paper, we present a comprehensive survey of key multiple access technologies adopted for
aerial networks, where aBSs are deployed to serve ground users. Since there have been only sporadic results
reported on the use of RSMA in aerial systems, we aim to extend the discussion on this topic by modelling
and analyzing the weighted sum-rate performance of a two-user network served by an RSMA-based aBS.
Finally, related open issues and future research directions are exposed.

INDEX TERMS Orthogonal multiple access (OMA), non-orthogonal multiple access (NOMA), rate-splitting
multiple access (RSMA), unmanned aerial vehicle (UAV), survey.

I. INTRODUCTION
Due to the unprecedented growth of mobile data traffic and
stringent quality-of-service (QoS) requirements, recent re-
search efforts have focused on several key enabling tech-
nologies for 5G networks and beyond [1], such as millimeter
waves (mmWave), terahertz (THz) communications, multiple-
input multiple-output (MIMO), massive MIMO, multiple ac-
cess techniques, relaying, cognitive radio, and unmanned
aerial networks [2]. In particular, unmanned aerial vehi-
cles (UAVs) have demonstrated great potential in enabling
new applications. For instance, UAVs can be used for aerial

security inspection, traffic monitoring, smart agriculture,
aerial delivery, etc. [3], [4] (and references therein). Further-
more, UAVs can be deployed as aerial base stations (aBSs) to
provide wireless access to ground and aerial devices/users, in
several scenarios such as temporary events, disasters when a
terrestrial cellular network is not fully operational, and con-
gestion due to unpredictable traffic surges, as well as aerial
devices/users (e.g., cargo drones) [5], [6].

Unlike conventional cellular networks, UAVs exploit their
additional degrees of freedom, provided by their own 3D
mobility, agility, and high line-of-sight (LoS) probability,
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to offer strong non-terrestrial communication links to mo-
bile users with versatile quality of service requirements [7],
[8]. Nevertheless, these additional degrees of freedom can-
not provide the best communication experience to users of
large-scale cellular networks. Meanwhile, downlink multiple
access techniques have played a crucial role in achieving
improved system performance in terms of data rate, out-
age probability, and latency, in a resource-scarce environ-
ment. More specifically, orthogonal and non-orthogonal mul-
tiple access schemes (OMA and NOMA) have been pro-
posed for aerial networks, including time-division multiple
access (TDMA) [9], [10], frequency-division multiple ac-
cess (FDMA) [10], orthogonal FDMA (OFDMA) [11], code-
division multiple access (CDMA) [12], and space-division
multiple access (SDMA) [13] as OMA techniques. In TDMA,
different time slots are allocated to different users commu-
nicating with a UAV. In FDMA and OFDMA, different fre-
quency bands or subcarriers are assigned to users, whereas
in CDMA, by contrast, orthogonal codes are assigned to dif-
ferent users. Finally, in SDMA, spatial separation between
groups of users using beamforming in order to provide each
group with full time or frequency resources [9]–[13].

In the same context, NOMA has been identified as a key
enabler for 5G and beyond-5G due to its superior spectrum
efficiency. In particular, NOMA was introduced as a study
item in the 3 rd Generation Partnership Project (3GPP) New
Radio (NR) Release 16 [14], [15]. The key concept of NOMA
rests on assigning either different power levels to users based
on their channel gains, known as power-domain NOMA (P-
NOMA) [16], [17], or on different codes, referred to as code-
domain NOMA (C-NOMA) [18]. The overwhelming litera-
ture has mainly focused on the integration of P-NOMA into
UAV networks [3], [19]. P-NOMA relies on superposition
coding at the transmitter and successive interference cancel-
lation (SIC) at the receiver in order to differentiate between
involved signals. It is worth noting that P-NOMA can be
used by a single-antenna or multi-antenna aBS [20], [21]. In
the first setup, i.e., single-antenna, only the power allocation
challenge has to be solved. However, in the second setup,
more complex precoding schemes need to be considered.

However, despite its promising performance, MIMO
NOMA may not be optimal for single-antenna multi-user
(MU-MISO) systems. In fact, MU-MISO NOMA performs
well in overloaded conditions, i.e., where the number of users
to serve exceeds the number of transmit antennas, but at
the cost of increased receiver complexity. However, in un-
derloaded conditions, SDMA has been shown to be a more
appropriate option.

Recently, rate-splitting multiple access (RSMA) was pro-
posed as a powerful and generalized technique for MIMO-
based multiple access systems [22]–[25]. RSMA is expected
to be one of the leading beyond-5G technologies, as it has
been already shown to outperform SDMA and NOMA in
underloaded and overloaded networks, respectively. Further-
more, its integration into aerial networks will provide en-
hanced performance in terms of spectral efficiency (SE) and

energy efficiency (EE). It is worth mentioning that RSMA
technique can be used in uplink and downlink, but with dif-
ferent motivations and structures. Downlink RSMA aims to
retain the benefits of SDMA and NOMA, namely high spec-
tral efficiency, high energy efficiency, and low or null interfer-
ence, while addressing their limitations, such as transceiver
complexity, and sensitivity to imperfect channel knowledge
at the transmitter and channel strengths [23], whereas uplink
RSMA targets achieving the capacity region without requiring
any synchronization/coordination among users [26].

The open technical literature on multiple access tech-
niques has greatly matured, particularly concerning OMA
and NOMA techniques, with an interesting number of survey
papers [14], [16]–[18], [27]–[35]. However, little attention
has been given to multiple access techniques in the context
of aerial networks [3], [4], [17], [36], [37]. The interest of
multiple access in aerial systems is motivated by several ap-
plications. Of particular interest is a UAV acting as aBS by
serving ground devices, providing ubiquitous connectivity to
support the seamless integration of heterogeneous networks.
In this context, multiple access techniques are expected to
provide sufficient resources and satisfy the requirements of
served users. As aerial users or relays, UAVs utilize multiple
access techniques to offload efficiently the generated or tran-
siting traffic. This can be of great importance in applications
such as sensitive Internet-of-things (IoT) data collection and
processing, cellular coverage extension, etc.

Moreover, as RSMA is attracting the attention of the re-
search community, to our best knowledge, there has not been
any survey which summarizes the up-to-date work. Motivated
by the above, in this contribution we shed light on some
of the most efficient multiple access schemes for aerial net-
works, taking into account that MU-MISO multiple access
techniques for aBSs are still in their infancy. Specifically, we
present a comprehensive study of OMA and NOMA tech-
niques, using either SISO or MISO channels, with particu-
lar attention to aerial systems.1 Then, we overview current
RSMA literature, and address its integration into aerial sys-
tems. Finally, open issues and some interesting research direc-
tions are discussed. To the best of our knowledge, this is the
first comprehensive survey that covers all of existing multiple
access techniques for aerial networks. Table 1 below presents
a comprehensive summary of surveys that covered multiple
access techniques and/or aerial networks.

The rest of the paper is organized as illustrated in Fig. 1.
Section II presents an overview of UAV communication
characteristics. Sections III and IV cover OMA and NOMA
techniques for aerial networks, respectively. In Section V,
the recently proposed RSMA technique is presented, then
analyzed for a multi-user system served by an aBS. Section VI
discusses open issues and research directions that would

1It is worth noting that this survey covers both SISO and MISO channels
setups since, depending on the targeted application, e.g., communications
in cellular networks, IoT-based data collection, edge computing, etc, one of
these channel types can be considered.
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TABLE 1. Summary of Relevant Survey Papers

FIGURE 1. Organization of the present work.

unleash RSMA’s potential gains for aerial networks. Finally,
Section VII concludes the paper.

II. UAV COMMUNICATION BACKGROUND
In this section, we present UAV characteristics and communi-
cation channel models. Used abbreviations are summarized in
Table 2.

A. UAV CHARACTERISTICS
With the technological advancements and cost reduction in
UAV manufacturing and communication equipment miniatur-
ization, it is now possible to build small-size aBSs and deploy
them to serve ground users. Unlike terrestrial networks, where
topology is static and BSs are fixed, UAVs bring flexibility
in many aspects [38]. Accordingly, standardization efforts are
accelerating in order to include 5G enhancements for UAVs in
3GPP NR Release 17 [39].

Since aBSs can be deployed on demand [40], they are
more likely to experience better LoS links to ground users
than gBSs, owing to their high altitude. Furthermore, their 3D
mobility provides an additional degree of freedom to improve
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TABLE 2. List of Abbreviations

communication performance compared to gBSs. Neverthe-
less, the exploitation of these advantages to enhance perfor-
mance poses several challenges, including UAV’s stringent
size, weight, and power (SWAP) constraints, as well as the
joint design of UAV mobility control and communication
scheduling and/or resource allocation. In the following, we
elaborate on these points in further details.

1) High altitude: UAVs can be positioned at higher alti-
tudes than gBSs. The latter have a maximum altitude
of 25 m in urban environments [41], whereas UAVs are
allowed to fly up to 122 m (400 ft) [42]. At these higher
altitudes, aBSs can achieve a wider ground coverage
compared to gBSs. It is worth noting that this altitude
limit is for toy-type UAVs. It is possible that, when op-
erators start utilizing aBSs, they will likely be allowed to
operate them at altitudes above 122 m when necessary.

2) High LoS probability: Terrestrial channels between
gBSs and ground users suffer from severe path-loss due
to shadowing and multi-path fading. However, aBSs,
positioned at higher altitudes, experience less of these
channel effects, and hence benefit from dominant LoS

links with a higher probability. As such, better com-
munication performance can be achieved, and more
flexibility is obtained for aBS-user association. How-
ever, these channels may cause significant co-channel
interference to coexisting gBS/aBS served users. Con-
sequently, interference mitigation is a crucial challenge
that must be addressed in aerial networks.

3) High 3D mobility: aBSs enjoy mobility that gBSs lack.
With this key advantage, aBSs can move at high speeds
to serve both static and dynamically moving users. This
mobility, however, may cause frequent handovers and
varying backhaul links that require an appropriate UAV
mobility design. For instance, 3D placements and trajec-
tories of aBSs must be designed to adapt to the mobility
and channel dynamics of ground users, while contin-
uously satisfying their QoS requirements. To further
enhance performance, this operation can be jointly con-
sidered and addressed with appropriate communication
protocols, such as scheduling and resource allocation
[7], [43].

4) SWAP constraints: Unlike gBSs, which benefit from
stable power supplies or rechargeable batteries, SWAP
constraints represent major challenges for UAVs in
achieving sustainable and long-term operations. This is
mainly due to the fact that aBSs are expected to be
small-sized and light-weight in order to sustain longer
operation times. Moreover, UAV mobility dynamics,
i.e., flying and hovering, are energy-consuming com-
pared to communication. Consequently, energy-efficient
UAV designs will achieve significant operation im-
provements for aBSs [44], [45].

B. CHANNEL MODELS FOR AERIAL COMMUNICATION
In this subsection, we present the mathematical channel mod-
els for communication between an aBS and aerial or ground
users. Channels between aBSs and aerial users are accurately
characterized by the simple free-space path-loss model [46],
where the channel gain can be described as

h =
√

β(d ) =
√(

λ

4πd

)2

=
√

β0d−2, (1)

where d represents the distance between an aBS and its
user, λ is the carrier wavelength, and β0 = λ

4π
is the chan-

nel power at reference distance d = 1 m. It should be noted
that different types of large-scale and small-scale channel
models have been considered for the aBS-ground user (aBS-
gUE) channel. According to [4], large-scale aBS-gUE channel
models have a tripartite classification: a free-space channel
model; altitude/angle-dependent models; and a probabilistic
LoS channel model.

For the free-space channel model, the same channel ex-
pression (1) can be considered for aBS-gUE links. It is a
reasonable model for practical rural area environments, and/or
when the aBS is flying at a sufficiently high altitude to achieve
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a clear LoS link. Nevertheless, this model is oversimplified in
urban and dense-urban environments or for low-altitude aBSs.

In urban environments, as a UAV ascends, the effects of
signal obstruction and scattering are reduced. Altitude/angle-
dependent models take this into account by adjusting altitude-
or angle-dependent parameters, such as path-loss exponent,
the Rician K-factor, or the variance of random shadowing [47]
and [48]. For instance, the path-loss exponent, denoted α, is
modelled as a monotonically decreasing function of the UAV
altitude in [47]

α = max
(
p1 − p2 log10(q), 2

)
, (2)

where q is the UAV’s altitude, and p1 and p2 are modelling
parameters obtained via curve fitting of measured channel
results. Eq. (2) emphasizes that as q increases, less obstacles
and scattering exist, and subsequently path-loss exponent
becomes smaller. Nevertheless, this altitude-dependent
channel model fails to model the environment changes at a
fixed q. To address this, the works in [48] takes into account
the elevation angle, denoted θ , between the aBS and gUE,
which depends on both q and the horizontal distance between
aBS and gUE (i.e., distance between the projection of aBS
on the ground and gUE). As an example, for the considered
aBS-gUE Rician fading channel in [48], the Rician K-factor
and α are modelled as a non-decreasing and non-increasing
functions of θ , respectively. That means, as θ increases (i.e.,
the aBS flies either higher or closer to the gUE), the LoS
component becomes dominant.

Another accurate model for urban and dense-urban envi-
ronments is the probabilistic LoS channel model. This model
distinguishes between LoS and NLoS propagation by taking
their occurrence probabilities into account [49]. The channel
coefficients can be expressed by

h =
√

βLoS(d )PLoS + βNLoS (1− PLoS), (3)

where βLoS = β0d−α , βNLoS = κβ0d−α , α ∈ [2, 6] is the
path-loss exponent, κ < 1 is the additional attenuation factor
due to NLoS, and PLoS is the probability of the presence of a
LoS link, modelled as a logarithmic function of the elevation
angle θ and given by

PLoS = 1

1+ a e−b(θ−a)
, (4)

with a and b the modeling parameters, obtained from mea-
surements [49].

In [50], different types of aBS-gUE small-scale fading were
presented, i.e., the Loo model, Rayleigh model, Nakagami-
m model, Rician model, and Werbull model. It was shown
that the Rician model is an adequate generalized small-scale
model that can be considered for dense-urban, urban, and sub-
urban environments [51]–[54]. Within this context, the small-
scale fading coefficients of a Rician channel are given by

g=
√

K

K + 1
ḡ+

√
1

K + 1
g̃, (5)

where K is the Rician K-factor expressed as K (θ ) =
a1eb1(θ−a1), such that a1 = K (0) and b1 = 2

π
ln(

K ( π
2 )

K (0) ) are
constants that depend on the environment and system param-
eters [48], ḡ is the deterministic LoS component with |ḡ| = 1,
and g̃ is the random NLoS component. The latter is modeled
by a complex Gaussian random variable with zero mean and
unit variance and is denoted by CN (0, 1). Finally, the general-
ized channel model, denoted by f , can be written as f = h · g.

Most of these models can be extended to a MIMO sce-
nario. However, doing this fails to consider the particulari-
ties of UAVs, such as high altitudes and mobility. In fact,
MIMO-based UAV channel modeling is still in its infancy
and only a few works have taken interest in this issue. For
instance, [13] assumed a correlated Rician fading channel
between single-antenna users and a multi-antenna UAV, while
considering large-scale path loss. The authors of [55] studied
the space-time correlation function of a 3D mobile MIMO-
based UAV, where only the NLoS channel was considered.
In [56], a 3D geometric MIMO channel model was developed
for the aBS-gUE link, where the elliptic cylinder model was
adopted to describe the distribution of scatters around the aBS
and gUE.

III. ORTHOGONAL MULTIPLE ACCESS IN AERIAL
NETWORKS
Inspired by the promising multiplexing gains of multiple ac-
cess techniques in terrestrial networks, researchers are in-
creasingly investigating multiple access techniques for aerial
networks. Multiple access techniques can be categorized into
OMA and NOMA schemes. In what follows, we summarize
the most common OMA-based aBS schemes.

In OMA schemes, users are allocated orthogonal resources,
e.g., time (TDMA), frequency (FDMA), codes (CDMA), or
space (SDMA), as illustrated in Fig. 2. In [9], the authors
proposed a cyclical TDMA technique allowing an aBS, which
follows a cyclical trajectory above gUEs, to maximize gUEs’
minimal throughputs. To this end, they optimized the time al-
located to each user during the aBS’s flight. They showed that
there is a tradeoff between throughput and access delay, and
further showed, through simulation results, that the proposed
scheme is superior to static aBS placement. In [10], Yin et al.
investigated joint aBS placement, power and time duration
allocations for TDMA and FDMA, aiming to maximize the
system’s common throughput, which was defined in [9]. They
assumed that the aBS could be wirelessly charged by a gBS,
and that the harvested power could be used for transmis-
sions to gUEs. Numerical results showed that FDMA outper-
forms TDMA in terms of common throughput, due to shorter
wireless charging duration. The work in [9] was extended
in [11] and [57] to OFDMA-based aerial systems, where the
authors characterized the common throughput-delay tradeoff.
In [58], Xue et al. proposed an energy-efficient OFDMA-
based aerial network, where an aBS was deployed to serve
wireless sensors. They proposed a solution to the joint tra-
jectory and OFDMA resource allocation problem. Numerical
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FIGURE 2. Illustration of OMA techniques in a two-user aerial system: (a) TDMA (b) FDMA/OFDMA (c) CDMA (d) SDMA.

results demonstrated performance gains in terms of energy
consumption compared to benchmark approaches.

Unlike time- and frequency-based multiple access tech-
niques, Ho et al. proposed in [12] and [59] a prioritized frame
selection-based CDMA scheme, where a set of active wire-
less sensors was divided into several groups, each of which
communicated with the aBS using the CDMA technique. The
objective was to maximize the number of transmit sensors,
while minimizing the number of groups. Simulation results
illustrated a small packet loss rate with low mobility aBSs.
Subsequently, the proposed framework was extended to Ri-
cian fading in [60].

Typically, SDMA consists of geographical partitioning of
an area into multiple divisions, where each division is mapped
to a resource. In wireless systems, SDMA leverages beam-
forming (or precoding) in order to create distinct communi-
cation beams aimed towards users, using the same resource.
By doing so, more power can be directed to each user, hence,
improving the quality of the communication link. To avoid
inter-user interference, stringent precoding and power alloca-
tion design requirements are of great importance. It is worth
noting that, due to the particular nature of aBSs, this task is
more complex than that of gBSs.

Several recent analyses have investigated SDMA in aerial
communications. Jiang et al. derived the optimal trajectory
and heading of aBSs serving static gUEs in the context of
an uplink SDMA scenario [13]. In [61], Xie et al. proposed
SDMA for L-band control communications between airborne
stations (ASs) and a control center. By grouping ASs spatially,
each group was allocated one radio resource, which was used
randomly for access. By implementing SDMA within each
group, ASs in the same group could communicate with the
control center without causing any interference to others. The
results obtained illustrated an improved spectral efficiency and
reduced average delays. In [62], a novel time modulated array
based SDMA uplink between gUEs and an aBS was proposed.
Simulation and experimental results were presented to
validate their proposal. The authors in [36] discussed optimal

SDMA user grouping and precoding for mmWave uplink
aBS-gUE communications. In [63], Ren et al. presented a ma-
chine learning (ML) hybrid precoding technique for massive
MIMO aerial communications, where an aBS was equipped
with massive MIMO operating in the mmWave frequency
band. Aiming to maximize the EE, precoding was optimized
using hybrid ML and error estimation optimization. Simu-
lation results show that the proposed approach outperforms
other benchmark techniques, such as zero-forcing (ZF) pre-
coding, antenna selection, and adaptive cross-entropy. Finally,
Tan et al. derived in [64] the exact expression of the achievable
rate of a massive MIMO aBS operating in the mmWave
frequency band under Ricean fading channel. Assuming CSI
knowledge at the aBS, a statistical eigenmode-SDMA ap-
proach was proposed for the downlink transmission in a two-
user MISO system. It has been found that the performance,
in terms of achievable sum rate, saturates at high signal-to-
interference-plus-noise ratio (SINR) regime. Table 3 summa-
rizes the main related work on OMA-based aerial networks.

IV. NON-ORTHOGONAL MULTIPLE ACCESS IN AERIAL
NETWORKS
As discussed earlier, OMA techniques ensure orthogonality
between concurrent communications in order to avoid or re-
duce interference among them. However, this type of design is
limited by the number of users served, which, in turn, reduces
the system’s spectral efficiency. One approach to overcome
this challenge is to utilize non-orthogonal transmissions. Re-
cently, NOMA has emerged as a strong candidate and key
enabling technology for 5G and beyond [20]. Its key prin-
ciple lies in allowing different users to share the same fre-
quency/time resource blocks at the expense of inter-user inter-
ference. To combat this interference, different users are either
assigned different codes, known as C-NOMA [65], [66], or
distinct power levels, referred to as P-NOMA [20].

In the context of aerial networks, most research has fo-
cused on P-NOMA. For the SISO two-user downlink scenario
shown in Fig. 3, P-NOMA works as follows. First, the aBS
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TABLE 3. Related Work on OMA-Based Aerial Networks

FIGURE 3. Illustration of NOMA technique in a two-user aerial system.

superposes users’ signals s1 and s2 with power levels P1 and
P2, such that the gUE with the weakest wireless link to the aBS
gets a higher amount of power for its signal, in this case P2 >

P1. The superposed signal is then transmitted using the entire
bandwidth. At gUE 1, SIC is used in order to decode signal
s2 at first, subtract it, then decode its own signal s1, whereas
gUE 2 decodes directly its signal s2. It is to be noted that an
uplink scenario using P-NOMA can be similarly described.

Recent surveys presented an overview of the application of
P-NOMA in future wireless networks (including UAVs) [3],
[17]. Meanwhile, more technical papers have appeared in the
recent literature. The work of [67] focused on NOMA within
UAV networks, where joint trajectory design and power
allocation is investigated, while an extension to a hybrid
OMA/NOMA scheme for UAV-assisted vehicle-to-everything
(V2X) networks was studied in [68]. In [69], Sohail et al.
addressed the sum rate maximization problem of a NOMA-
based aBS downlink scheme. Optimal aBS placement was
obtained at first, then power allocation coefficients were deter-
mined. In [19], [70], a joint NOMA-aBS placement and power
allocation problem was formulated and solved with a view to
improving the system’s sum rate and throughput, respectively.
An extension to [70] was reported in [71], where aBS altitude,
user scheduling, and transmit antenna beamwidth optimiza-
tions were considered. The authors of [72] extended [19] to
joint NOMA power allocation, user pairing, and UAV place-
ment to maximize the minimum sum rate of user pairs. In [73],
joint trajectory and power allocation for a NOMA-aBS
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serving ground users was investigated, aiming to maximize
the minimum average rate, whereas [74] improves the number
of satisfied users with quality-of-expereince by optimizing
the UAV placement, admission control, and NOMA power.
For the uplink, authors in [75] investigated NOMA random
access (RA), where transmit power is controlled in order to
allow the reception of one of two power levels at the aBS.
Subsequently, they derived the maximum stable throughput
as a function of the aBS altitude and beamwidth.

Although most reported results on NOMA have focused
on single-antenna aBSs, there have been some recent results
which considered NOMA-based MIMO aBSs. For example,
in [76], Hou et al. considered a NOMA MIMO aBS-gUEs
downlink system, and further derived outage probability and
ergodic data rate expressions for both LoS and NLoS channel
models. In [77], Rupasinghe et al. leveraged MIMO to gen-
erate directional beams aimed towards users, given limited
distance information feedback at the aBS. Users within the
same beam were served using NOMA. The same authors
extended this work in [78] to limited users angles information
feedback at the aBS. Finally, cooperative NOMA has been
proposed in [79], [80]. Nguyen et al. exploited cooperative
aBSs in [79] to communicate with users through a virtually
designed MIMO NOMA channel, whereas Zhao et al. pro-
posed in [80] cooperation among aBSs and gBSs to serve
ground users. Table 4 summarizes the main related work on
NOMA-based aerial networks.

V. RATE-SPLITTING MULTIPLE ACCESS
In the previous section, we discussed the main OMA and
NOMA techniques along with their applications to aerial net-
works. Although NOMA enables simultaneous transmissions
to a large number of users with correlated and non-orthogonal
channels, i.e., an overloaded scenario, it may not be optimal
for single-antenna multi-user systems. Indeed, if a number
of users smaller than the number of transmit antennas is
scheduled, NOMA would perform worse than SDMA due
to unnecessary data combining in a wireless environment
with only few users and light or moderate interference, i.e.,
an underloaded scenario. By contrast, SDMA performance
would suffer in an overloaded scenario, where the number of
scheduled users exceeds the number of transmit antennas [23].
Consequently, a generalized configuration is needed in order
to optimize the utilization of resources for any load scenario.
This is what motivated the proposal of RSMA as a generaliz-
ing scheme of NOMA and SDMA.

A. BACKGROUND
The term RSMA has been initially proposed by Rimoldi
et al. in [26], where, in order to achieve a general point in
the capacity region of a Gaussian multiple access channel,
a proper code must be constructed for each user. This idea
has been extended to discrete memoryless channels [81], and
distributed rate-splitting [82]. Nevertheless, most works were
limited to a theoretical framework; yet, with the advent of
multiple-antenna technology and low-complex SIC technique,

RSMA has been living a new start [22]. Indeed, it is expected
to achieve promising performance gains in both overloaded
and underloaded scenarios [22], [23].

Similar to NOMA, RSMA relies on the implementation of
a linear precoder at the transmitter and a SIC at the receiver.
In downlink RSMA, the process begins with user messages
(M1 and M2) being divided into common and private parts
(Mc

i and M p
i with i the index of the user) at the transmitter

(e.g., aBS). The common parts of all users are combined
together and encoded into a single common stream (s12 for
two users), where the private parts are encoded into distinct
private streams (s1 and s2 for two users). Finally, the re-
sulting streams are superimposed into one signal and sent
over a MIMO channel. At each user, the common stream is
first decoded and the user’s own data is recovered. At the
receiver, the interference from the common stream is removed
using the SIC. This is followed by decoding the private parts
of the user’s message, while treating private parts of other user
messages as noise.

In uplink RSMA, the process is slightly different. Specif-
ically, each user splits its intended message (Mi) into com-
mon and private parts (Mc

i and M p
i ) that are then encoded

and linearly precoded before transmission. Since the receiver
receives a combined signal of all common and private parts
of all users’ messages, it proceeds using SIC to decode the
signals one by one, while treating the remaining signals as
noise. It is worth noting that the decoding order at the receiver
is crucial in determining its performance. The downlink and
uplink RSMA mechanisms are illustrated in Fig. 4 below.2

The capability of RSMA to split the message into a com-
mon part and a private part provides the flexibility to partially
decode interference and partially treat interference as noise.
This enables a soft bridging of two extremes, namely fully
decoding interference (as in NOMA), and treating all interfer-
ence as noise (as in SDMA), hence providing room for data
rates and QoS improvements, besides complexity reduction.
Moreover, RSMA mechanism can be useful for several appli-
cations, e.g., coded caching and multicast systems [83]–[86].
Focusing on the coded caching example, a media content
can be subpacketized and packets are adequately cached in
end-devices. Then, each RSMA-based coded content delivery
would occupy a reduced number of resources, e.g., subcarri-
ers, time slots, etc. Finally, cached data can be exploited for
interference cancellation [87], [88], which ultimately renders
RSMA more spectrally- and energy-efficient.

RSMA has attracted the attention of the research commu-
nity recently, where several issues, e.g., rate-splitting, power
allocation or precoding strategy for common and private
streams, decoding order policy, and the designed order of
common streams, have been extensively investigated. In [89],
Hao et al. proposed a simple encoding scheme for RSMA
using the conventional ZF beamforming. They also evaluated
the sum-rate of a two-user broadcast channel with limited
channel state information feedback to the transmitter (CSIT).

2In Fig. 4 b, an example of a decoding order is presented.
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TABLE 4. Related Work on NOMA-Based Aerial Networks

380 VOLUME 1, 2020



FIGURE 4. System model: (a) downlink, (b) uplink.

Joudeh et al. investigated in [90] the ergodic sum rate max-
imization of a multi-user MISO system using RS and under
imperfect CSIT. They showed that RS is efficient even with
a partial CSIT and outperforms conventional transmission
schemes with no rate-splitting. This work has been extended
in [91] to achieving max-min fairness amongst users, by an-
alyzing the available degrees of freedom. In [92], the authors
proposed a hybrid precoding for RSMA messages, aiming to
achieve max-min fairness among multiple co-channel multi-
cast groups. The superiority of their approach was demon-
strated through a degrees of freedom analysis and simula-
tion. The degrees of freedom region of the multi-user MISO
broadcast channel with partial CSIT has been investigated
in [93], where the achievable region is realized using the
RS approach and employing the Fourier-Motzkin elimination.
In [94], RSMA was considered for massive MIMO with im-
perfect CSIT. In particular, the authors proposed a hierarchical
rate-splitting (HRS) framework, where two different types
of common messages were defined, i.e, ones that could be
decoded by all users, and ones that could only be decoded
by a subset of users. In [95], Papazafeiropoulos et al. eval-
uated the sum rate of RSMA in massive MIMO systems, in
the presence of various impairments such as phase distor-
tion, thermal noises, and the availability of perfect/imperfect
CSIT. Recently, Su et al. proposed a novel RSMA scheme
where interference alignment (IA) based rate splitting (RS) is
leveraged to mitigate interference in a K-user MIMO interfer-
ence channel [96]. Additionally, sum rate, outage probability,
and symbol error probability (SER) expressions were derived
and evaluated under imperfect CSIT. It was concluded that
the combination of IA and RS provides robust and reliable
multiple access transmissions. In [23], a robust analytical
framework was presented, where the performance of RSMA
in terrestrial MU-MISO broadcast channels was evaluated
in terms of weighted sum-rate (WSR). Results showed that
RSMA outperforms NOMA and SDMA in a wide range of
network loads and user deployment scenarios, as well as
in lower complexity receiver designs, compared to NOMA.
In [24] and [85], Mao et al. demonstrated SE and EE im-
provements of RSMA over NOMA and SDMA in unicast and

multicast scenarios. In [97], Zhou et al. addressed the SE and
EE tradeoff by investigating the joint SE and EE maximization
problem for a RSMA-based MISO broadcast channel. The
corresponding results demonstrate the efficiency of their ap-
proach compared to non-RS strategies, in terms of SE, EE and
their tradeoff. In [98], Clerckx et al. have analytically shown
the flexibility of RSMA in generalizing, and subsuming as
special cases all of SDMA, OMA, NOMA and multicasting,
in the context of a two-user multi-antenna broadcast channel.
Whereas, the authors of [99] studied RS under phase-shift-
keying input codebook for a multi-antenna multi-user system,
where an interference exploitation approach aiming to im-
prove the sum-rate performance is proposed. In [100], the au-
thors combined RS and dirty-paper-coding in order to enlarge
the achievable rate region for a multi-user MISO broadcast
channel experiencing imperfect CSIT. In [101], Dzidar et al.
designed the first RSMA in the physical layer, accounting
for adaptive modulation, coding, message splitting, and SIC
decoding. Through link-layer evaluation, they illustrated the
robustness and throughput superiority of RSMA over SDMA
and NOMA, for both unconstrained and constrained QoS re-
quirements and with imperfect CSIT. Mao et al. investigated
in [102] the joint optimization of precoding, message splitting,
time allocation and relaying scheduling, aiming to maximize
the minimum rate among cooperative users in a MISO broad-
cast channel. Their results showed the superiority of their pro-
posed approach, compared to SDMA and non-RS schemes.
The authors in [103] proposed RS to tackle the saturation
problem in MIMO cooperative systems. They demonstrated
the robustness of RS for imperfect CSIT, which allowed to in-
crease the self-interference range for half-duplex communica-
tions. In [104], a simplified RSMA technique for cloud radio
access networks (C-RAN) was presented, where the number
of created common messages increased linearly in accordance
with the number of users, rather than exponentially. Through
simulation results, they showed the superiority of their tech-
nique compared to NOMA and SDMA. In a multi-user multi-
antenna simultaneous wireless information and power transfer
(SWIPT) context, the authors of [105] investigated the ap-
plication of RS for MISO SWIPT broadcast channels. They
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showed that by optimizing the RS precoders, their approach is
able to outperform both NOMA and SDMA in terms of WSR
in several deployment scenarios. In [106], the authors intro-
duced RSMA to massive IoT networks. In order to achieve
the best ergodic sum rate (ESR) performance, they proposed
power portioning RSMA (PP-RSMA) and time-portioning
RSMA (TP-RSMA). The former serves cellular and IoT user
groups over orthogonal time slots, while the latter serves the
two groups at the same time and non-orthogonally. It has been
shown that PP-RSMA is superior to TP-RSMA and other
baseline schemes in terms of ESR, and that it is robust to
imperfect CSIT. Xu et al. proposed to integrate RSMA into a
multi-antenna gBS capable of both serving ground users and
detecting targets in specific azimuth angles in [107]. Yin et al.
advocated in [108] the use of RSMA for multibeam satellite
communications. Their aim was to achieve max-min fairness
of a multibeam multicast satellite system with imperfect CSIT.
Through simulations, they demonstrated the superiority of
RS compared to conventional non-RS approaches for satellite
communications. However, in the context of aerial networks,
there has been only few reported result on RSMA [109], [110].
In [109], RSMA-based C-RAN is realized using several gBSs
and aBSs, whereas, the authors of [110] reported the energy
efficiency of an RSMA-based gBS towards aerial users. Fi-
nally, [111], [112] investigated the downlink and uplink SISO
RSMA parameters optimization, supporting that their results
would serve as a benchmark for the MIMO system. A sum-
mary of RSMA related work is presented in Table 5.

RSMA is more robust and achieves significantly higher
throughput than SDMA and NOMA with and without QoS
constraints in the considered imperfect CSIT settings.

Despite the extensive literature on RSMA in wireless net-
works, to the best of our knowledge, its use in aBSs is still in
its infancy and has not yet been well investigated. Therefore,
we provide here a look into RSMA-based aerial systems. In
particular, we analyze and evaluate the WSR performance of
a two-user system served using an RSMA-based aBS. Fur-
thermore, a discussion of associated challenges and future
research directions is provided.

B. RSMA-BASED ACCESS IN AERIAL NETWORKS
Here, we assume a simple RSMA-based downlink access
from an aBS to two ground users, where the problems of
RSMA parameters optimization and gBS placement are sepa-
rately investigated. It should be noted that the joint optimiza-
tion of RSMA parameters and UAV placement achieves the
full potential of RSMA in aerial networks. However, the in-
vestigation of this problem is beyond the scope of this survey.

1) SYSTEM MODEL
RSMA is a new paradigm that is expected to support massive
connectivity in aerial networks. Fig. 4 illustrates a simple
scenario of RSMA-based aBS-gUEs downlink. In our setup,
we consider a N-antenna aBS serving two users, gUE1 and
gUE2. The message of user u, denoted Mu, is divided into

common parts Mc
u and a private part M p

u , ∀u ∈ {1, 2}. The
common parts are combined and encoded together to form
one common stream, denoted by s12. Finally, su is the private
stream of the encoded private message M p

u , ∀u ∈ {1, 2}.
The resulting streams are then assigned precoding weights

and superposed for transmission, assuming that the aBS has
perfect channel knowledge. Hence, the received signal at user
u can be expressed by

yu = hH
u Ps+ nu, ∀u ∈ {1, 2} (6)

where nu is the complex additive white Gaussian noise
(AWGN) with zero-mean and variance σ 2, s = [s12, s1, s2]t is
the transmitted signal, P = [p12, p1, p2] ∈ CN×3 is the pre-
coding matrix, and hu = [h1

u, . . . , hN
u ]t ∈ CN×1 is the air-to-

ground channel from the aBS to user u, and assumed to be
perfectly known at the transmitter. The channel coefficient hi

u,
∀i = 1, . . . , N , follows a Rician distribution with parameter
Ku, given by

hi
u = d

− α
2

u gi
u, ∀i = 1, . . . , N, (7)

where

α = aPLoS(θu)+ b (8)

is the path-loss factor [48], θu is the elevation angle between
the aBS and user u, gi

u is defined as in (5), du = |w − wu|
is the distance between the aBS and user u, w = [x, y, z] and
wu = [xu, yu, 0] are the aBS and user u 3D locations, respec-
tively, α is the path-loss factor, h̄i

u is the deterministic LoS
component with |h̄i

u| = 1, and h̃i
u is the random NLoS compo-

nent, modeled as a complex Gaussian distribution CN (0, 1).
Finally, |.|, (.)t and (.)H denote the Euclidian norm, transpose
and conjugate transpose operators, respectively. For the sake
of clarity, we summarize in Table 6 the key notations.

At user u, the signal s12 is decoded first, with the rest of
the signal considered to be noise. Then, the latter is subtracted
from the original signal using SIC. Finally, su is decoded, ∀u ∈
{1, 2} [23]. The resulting Signal-to-Interference-plus-Noise
Ratios (SINRs), denoted by γ 12

u and γ u
u , are written as

γ 12
u =

|hH
u p12|2

|hH
u p1|2 + |hH

u p2|2 + σ 2
, ∀u ∈ {1, 2}, (9)

and

γ u
u =

|hH
u pu|2

|hH
u pū|2 + σ 2

, ∀(u, ū) ∈ {(1, 2), (2, 1)}, (10)

where the superscript designates the common or private de-
coded signal. Thus, the corresponding data rates are given by

R j
u = B log

(
1+ γ j

u

)
, (11)

where B is the bandwidth, u ∈ {1, 2}, and j ∈ {12, 1, 2}. In
order to decode the common stream s12 at both users, the com-
mon rate shall not exceed R12 = min(R12

1 , R12
2 ). Rate bound-

aries for two-user rate splitting region is achieved if R12 is ade-
quately shared between the two users, i.e., R12 =

∑2
u=1 Rcom

u ,
where Rcom

u is user u’s portion of the common rate. Conse-
quently, the total data rate of user u, denoted by Rtot

u , can be
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TABLE 5. Continued

expressed by [23]

Rtot
u = Rcom

u + Ru
u, ∀u ∈ {1, 2}. (12)

2) PROBLEM FORMULATION AND PROPOSED SOLUTION
Deploying an aerial system brings several interesting chal-
lenges, including that of finding the optimal location of the
aBS and its trajectory so that a desirable QoS can be achieved.
Additional challenges may include how to determine the rate-
splitting approach, precoding weights, number of SIC layers,

and decoding order for accurate operations and improved per-
formance. In this work, we attempt to briefly answer some of
these questions. For clarity, we investigate a simple problem
of WSR maximization by optimizing the aBS placement, rate-
splitting, and precoding.3

3Although other performance metrics can be considered (e.g., coverage
or delay), we focus here on the WSR metric due to its relevance in scarce-
resource systems, and due to its established relation to other performance
metrics.
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TABLE 6. List of Key Notations

In an aerial network, finding the optimal location of an
aBS, given the statistical knowledge of channel conditions, is
of paramount importance. In particular, based on the channel
characteristics, one can determine the average weighted aBS
location, which is evaluated as a function of the distances
between the aBS and users, as well as the K-factors of the
underlying fading channels. For any Rician fading channel
hi

u (u ∈ {1, 2}, i = 1, . . . , N), the average channel power is
expressed by

gu = E(|hi
u|2) =

√
π

2
d−α/2

u L 1
2
(−Ku), (13)

where L 1
2

is the Laguerre polynomial. As in [19], the aBS’s

best location can be obtained through the maximization of
the weighted sum of average channel powers. This problem is
similar to problem (12) in [19]. Hence, it can be reformulated
as the minimization of weighted sum of squared distances, i.e.,

minw
∑2

u=1 λu|w − wu|2, where λu = gu/(g1 + g2). Conse-
quently, by following steps similar to Lemmas 1 and 2 in [19],
the best statistical and stationary aBS location is given by

xs =
∑2

u=1 λuxu

λ1 + λ2
, (14a)

ys =
∑2

u=1 λuyu

λ1 + λ2
, (14b)

zs = zaBS, (14c)

where zaBS is the minimum flying altitude of the aBS.4 How-
ever, this solution is sub-optimal, since it ignores the small-
scale variations of the air-to-ground channels. Taking the latter
into account, the problem becomes very complex and hard to
solve, due to the dependency of the channel gain on the aBS
location (according to (5)).

To obtain a near-optimal solution, we opt for an iterative
search where several potential aBSs locations are evaluated
by optimizing their associated RSMA parameters. Then, the
location providing the best WSR performance is selected. For
simplicity’s sake, we expect that the best UAV location to be
within the line segment linking the two users, at altitude zaBS .
We define L equidistant points on this segment as potential
aBS locations. It is obvious as L −→∞, the obtained solution
becomes optimal. The details of the iterative search will be
presented later.

Subsequently, the rate-splitting and precoding problem
is formulated, as in [23]. Given a known aBS location
(among the defined potential locations), we optimize here
the beamforming matrix P and the common rate vector r =
[Rcom

1 , Rcom
2 ], aiming to maximize the WSR, defined as

R̄ = v1Rtot
1 + v2Rtot

2 , (15)

where vu (u = 1, 2) is the weight factor reflecting user u traffic
priority. The problem (P1) can be formulated as follows

max
P,r

R̄ (P1)

s.t. Rcom
1 + Rcom

2 ≤ R12, (P1.a)

Rtot
u ≥ Rth

u , ∀u ∈ {1, 2} (P1.b)

tr(PPH ) ≤ Pt (P1.c)

r ≥ 0 (P1.d)

where Rth
u is the minimum required data rate to ensure suc-

cessful decoding. Problem (P1) is non-convex as demon-
strated in [90], [113]. To solve it, we adopt the WMMSE-
based AO approach that relies on transforming the problem to
an augmented weighted MSE problem (AWMSE), detailed as
follows [23], [90]. gUE u (u ∈ {1, 2}) detects and estimates s12

4To be noted that the best altitude is always the minimum tolerated one in
an interference-free environment, i.e., where no other system using the same
frequency band is present in the same area, since it allows to improve the
channel’s quality by reducing the distance to users.
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as ŝ12 = f 12
u yu, where f 12

u is the equalizer. After successfully
decoding s12 and subtracting it from the received signal, su

can be detected and estimated as

ŝu = f u
u (y1 − hH

u p12s12). (16)

We define the MSE of each stream as εk = E{|sk − ŝk|2},
calculated as

ε12
u = | f 12

u |2T 12
u − 2�( f 12

u hH
u p12)+ 1 (17)

and

εu
u = | f u

u |2T u
u − 2�( f u

u hH
u pu)+ 1, (18)

where

T 12
u =

∑
i∈{12,1,2}

|hH
u pi|2 + σ 2 (19)

and

T u
u = T 12

u − |hH
u p12|2 + σ 2 (20)

are the received power at gUE u to decode s12 and su, re-
spectively, and �(·) is the real part of a complex number. The
optimal MMSE equalizers can then be given by [90]

( f 12
u )MMSE = pH

12hu(T 12
u )−1 (21)

and

( f u
u )MMSE = pH

u hu(T u
u )−1. (22)

By substituting (21)–(22) into (17)–(18), the MMSEs can be
written as

(ε12
u )MMSE = min

f 12
u

ε12
u = (T 12

u )−1I12
u (23)

and

(εu
u )MMSE = (T u

u )−1Iu
u , (24)

where

I12
u = T 12

u − |hH
u p12|2 (25)

and

Iu
u = T u

u − |hH
u pu|2 (26)

are the experienced interference when decoding signals s12

and su, respectively. Thus, the SINRs can be expressed by

γ 12
u = 1/((ε12

u )MMSE)− 1 (27)

and

γ u
u = 1/((εu

u )MMSE)− 1, (28)

and the common and private data rates by

R12
u = − log2

(
(ε12

u )MMSE)
(29)

and

Ru
u = − log2

(
(εu

u )MMSE)
, (30)

respectively. Consequently, the AWMSEs can be expressed by

ζ 12
u = μ12

u ε12
u − log2

(
μ12

u

)
(31)

and

ζ u
u = μu

uε
u
u − log2

(
μu

u

)
, (32)

where μ
j
u > 0 ( j = 12, u), are weights associated with the

MSEs of gUE u. By setting the optimization variables as the
equalizers and weights, then the relation between data rates
and WMMSEs can be written by [90]

(ζ 12
u )MMSE = min

μ12
u , f 12

u

ζ 12
u = 1− R12

u (33)

and

(ζ u
u )MMSE = min

μu
u, f u

u

ζ u
u = 1− Ru

u. (34)

By substituting (33)–(34) into (31)–(32), we obtain

(ζ 12
u )MMSE = μ12

u (ε12
u )MMSE − log2(μ12

u ) (35)

and

(ζ u
u )MMSE = μu

u(εu
u )MMSE − log2(μu

u), (36)

and the optimal MMSEs

(μ12
u )∗ = (μ12

u )MMSE = (
(ε12

u )MMSE)−1
(37)

and

(μu
u)∗ = (μu

u)MMSE = (
(εu

u )MMSE)−1
. (38)

Motivated by the data rates-WMMSE relations in (33)–
(34), the optimization problem (P1) can be reformulated as

min
P,x,m,f

2∑
u=1

vuζ
tot
u (P2)

s.t. x12
1 + x12

2 + 1 ≥ ζ12, (P2.a)

ζ tot
u ≤ 1− Rth

u , ∀u ∈ {1, 2} (P2.b)

tr(PPH ) ≤ Pt (P2.c)

x ≤ 0 (P2.d)

where x = [x12
1 , x12

2 ] = −r, m = [μ12
1 , μ12

2 , μ1
1, μ

2
2], f =

[ f 12
1 , f 12

2 , f 1
1 , f 2

2 ], ζ tot
u = x12

u + ζ u
u (u = 1, 2), and ζ12 =

max{ζ 12
1 , ζ 12

2 }.
When minimizing the objective in (P2) for m and f (i.e.,

fixed P and x), the optimal MMSE solution (mMMSE, fMMSE)
is obtained according to (21)–(22) and (37)–(38). These val-
ues satisfy the Karush Kuhn Tucker (KKT) optimality condi-
tions in (P2) for P. Hence, given the relations in (33)–(34) and
the common rate transformation x = −r, (P2) can be trans-
formed into (P1). Similarly, for any solution (P∗, x∗, m∗, f∗)
that satisfies the KKT conditions in (P2), the solution (r∗ =
−x∗, P∗) satisfies the KKT conditions in (P1). Hence, (P1)
can be transformed into (P2). However, (P2) is also non-
convex for joint parameters optimization. To solve it, the
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Algorithm 1: Alternating Optimization Algorithm.

1: Initialize l ←− 0, P[l], R̄[l]
2: repeat
3: l ←− l + 1; P[l − 1]←− P
4: m←− m(P[l − 1]); f ←− f (P[l − 1])
5: Solve (P2) for updated (m, f), then update (P, x)
6: until |R̄[l]− R̄[l − 1]| ≤ δ.

Algorithm 2: 3D Placement Iterative Search Algorithm.
1: Initialize matrix of aBS’s 3D locations W (L × 3)
2: Initialize vector of final WSRs R̄ (1×)
3: Initialize vector of final best aBS locations c (1×)
4: for l = 1 to  do %  : max. nbr. of channel

realizations
5: Generate matrix H (L × 2) of channel coeff. (aBS to

users)
6: for j = 1 to L do
7: Initialize vector of WSRs for an aBS location R

(1× L)
8: Run Algo. 1 for aBS location W[ j, 1 : end]
9: Get R[ j] from Algo. 1

10: end for
11: R̄[l]←− max j=1:L R and c[l]←− arg max j=1:L R
12: end for
13: Return mean(R̄), R̄ and c.

authors proposed in [23] to adopt an alternating optimization
method. Indeed, in the lth iteration of the AO algorithm, the
equalizers and weights are firstly updated using the precoders
obtained in the (l − 1)th iteration, i.e.,

(m, f ) = (mMMSE(P[l − 1]), fMMSE(P[l − 1])).

Then, (x, P) is updated by solving (P2) for the given (m, f).
Hence, (m, f) and (x, P) are iteratively updated until conver-
gence of the WSR. The details of the procedure are presented
in Algorithm 1, where [l] is the iteration index, m is the
stream’s weight vector, f is the equalizer vector, x is the trans-
formation of r, and δ � 1 is the convergence condition [23].

Given Algorithm 1, we can now define our placement it-
erative search method as follows: For each channel realiza-
tion, L locations at altitude zaBS are explored, where for each
location RSMA parameters optimization is processed using
Algorithm 1. Then, the location resulting in the best WSR per-
formance is selected. Algorithm 2 summarizes this process.

3) SIMULATION RESULTS
We assume here that an aBS equipped with N = 4 antennas
hovers at an altitude of 50 m5 in order to serve two randomly
spread gUEs in a 350× 300 m2 area. For sake of simplic-
ity, we assume that σ 2 = 1, α = 2, v1 = v2 = 1

2 , B = 1 Hz,

5UAVs should not fly above 122 m, nor below 10 m, due to regulations and
safety reasons [42], [114].

FIGURE 5. WSR vs. aBS placement.

Rth
1 = Rth

2 = 0 bps/Hz [23], L = 100, (a, b) = (9.61, 0.16),
and (a1, b1) = (5, 15) dB (dense-urban environment) [48],
[115]. The WSR performance is evaluated for different aBS
placements and SNR values, given static users locations
[0, 0, 0] and [100, 0, 0] m, and WSR is averaged over 100
channel realizations.

Fig. 5 compares the WSR performance of NOMA, SDMA,
and RSMA for different aBS placements, i.e., “Dist. Avg.”
(Middle location between users at altitude zaBS), “Channel
Stat.” (Location obtained according to (14)), “Random” (lo-
cation randomly selected for each channel realization over
the segment linking the two users), and “Optimal” (Location
obtained using the proposed iterative search method for each
channel realization), given SNR = Pt

σ 2 = 20 dB. To be noted
that the first two aBS placement approaches are static, while
the last ones are dynamic (since they consider the small-
scale channel realizations). As shown, RSMA outperforms all
other techniques in any aBS placement approach. Moreover,
the “Optimal” placement, taking into account the impact of
instantaneous channel variations, provides the best perfor-
mance. Compared to the static placement approaches, even
“Random” aBS placement achieves better performances.

Discussion: Due to the time varying nature of the underly-
ing wireless channels, it is clear that achieving the best aBS
placement while optimizing the RSMA parameters is partic-
ularly complex because it requires a full and instantaneous
knowledge of all channels in the investigated area. Such ap-
proach is unfeasible in a real system. Instead, an online imple-
mentation can be realized using an artificial intelligence agent
mounted over the aBS, which is able, after a long enough
training phase, to predict channel variations and decide on
the best combination of aBS location and RSMA parameters
in order to achieve the highest WSR performance. As the
training phase tends to infinity, such method would converge
to “Optimal”.

Fig. 6 depicts the WSR performance as a function of the
average SNR, for different data rate thresholds Rth

u = 0 bps/Hz
and Rth

u = 0.5 bps/Hz, respectively. For any Rth
u value, it is

shown that RSMA is superior to NOMA and SDMA, espe-
cially at high SNR. However, it should be pointed out here
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FIGURE 6. WSR vs. SNR (“Optimal”), for different Rth
u (u = 1, 2).

that RSMA exploits the advantages of flexible rate-splitting,
SIC layers, and precoding, to allow for higher gains compared
to NOMA and SDMA, where only SIC and/or precoding is
used. Nevertheless, SDMA performs better than NOMA at
high SNR and for any Rth

u , since the number of aBS antennas
is greater than the number of served gUEs, which allows for
better inter-user interference mitigation. However, it performs
worse than NOMA at low SNR and Rth

u = 0.5 bps/Hz. This is
mainly due to the fact that NOMA performs best for degraded
channels and constrained data rates, while SDMA cannot ef-
ficiently alleviate interference in such conditions. Finally, for
Rth

u = 0.5 bps/Hz, all access techniques perform worse than
in the case of Rth

u = 0 bps/Hz. Indeed, as Rth
u > 0, constraint

(P2.b) is leveraged, which restricts the feasible WMMSE so-
lutions, hence degrading the overall WSR performance.

VI. OPEN ISSUES AND RESEARCH DIRECTIONS
This article presented the first look into the utilization of
RSMA in aerial networks. We have shown that RSMA is a
powerful multiple access scheme that can provide high data
rates and reliable communications in aerial networks. How-
ever, several associated challenges need to be addressed and
analyzed to realize the full potentials of RSMA.

A. JOINT OPTIMIZATION OF UAV AND RSMA PARAMETERS
The UAV provides additional degrees-of-freedom to the com-
munication system through its deployment flexibility and
mobility. Such properties can be exploited when optimiz-
ing the RSMA parameters, i.e., rate splitting, power allo-
cation/beamforming design, and common messages design
and ordering. In a dynamic environment in which users are
mobile and/or communication channels are rapidly varying,
a joint optimization of UAV and RSMA parameters would
achieve high spectral-efficiency and energy-efficiency, with
respect to the UAV’s SWAP constraints. Such problems are
typically NP-hard and require rigorous solutions that would

rely on mixed-integer non-linear problem solving approaches,
such as successive convex approximation, alternating opti-
mization, and alternating direction method of multipliers, or
smart methods based on artificial intelligence and machine
learning.

B. INTEGRATION OF RSMA INTO MIMO, MASSIVE MIMO,
AND MMWAVE AERIAL SYSTEMS
As discussed previously, studies on MIMO and massive
MIMO multiple access in aerial networks are either limited
or absent in the literature. Indeed, most existing work has
focused on a single setup where a single aBS serves multiple
users using a single frequency band, e.g., NOMA. However,
with the recent emergence of multiple access in multi-carrier
systems as a study area, as in [116], an investigation into
performance improvements with MIMO, or massive-MIMO
with multi-carrier systems for NOMA, SDMA, and RSMA
would be a promising research direction.

Yet, most work has focused on downlink transmission, with
only a few taking interest in uplink. For instance, [117] pro-
posed SIMO-NOMA for the uplink of an IoT system, where a
rate-splitting scheme that guaranteed max-min fairness was
studied. Authors in [118] applied NOMA to the uplink of
a relay-assisted wireless sensor network, whereas [119] pro-
posed enhancing the outage performance of an uplink NOMA
system using rate splitting. None of the aforementioned ap-
proaches were applied to aerial networks, and all of them
focused solely on NOMA. Hence, the investigation of uplink
MIMO-RSMA in the context of aerial networks is an unex-
plored topic.

Coexistence of mmWave and RSMA systems is partially
addressed in [110], where the gBS relies on mmWave to serve
aerial users. Nevertheless, using mmWave-enabled UAVs can
offer many benefits. For instance, high-bandwidth aBSs, data
collectors, and even aerial mobile edge computing servers or
caching devices can be deployed to achieve on-the-fly ac-
cess. Being superior to NOMA and SDMA, RSMA in the
aforementioned scenarios will bring substantial performance
improvements.

C. DISTRIBUTED AND COOPERATIVE RSMA IN HYBRID
TERRESTRIAL/NON-TERRESTRIAL NETWORKS
Research on integrated terrestrial/non-terrestrial networks has
recently been increasing [120]. One of the main challenges to
be addressed in such systems is traffic offloading. Indeed, un-
like terrestrial networks, where traffic offloading approaches
are mature, moving traffic from terrestrial to satellite and/or
UAV networks is still in its infancy, and challenges of prop-
agation delay, link selection, and channel allocation remain.
In contexts like this, RSMA can be introduced in the inte-
grated network, either horizontally (at one of the terrestrial
or non-terrestrial layers) or vertically (through cooperative
heterogeneous layers) in order to improve the quality of com-
munications. RSMA transmission management can be then
realized centrally, assuming that a central controller manages
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each layer, or distributively, given than layers are separately
managed either horizontally or vertically. The investigation of
joint optimization problems in such complex systems has not
been carried out yet.

Moreover, exploring distributed RSMA using UAV swarms
may be of interest in critical scenarios, where reliable commu-
nication is required. The use of UAV swarms with RSMA is
challenging, as problems of UAVs placements/trajectories and
RSMA parameters optimization have to be jointly addressed.

Finally, RSMA can be analyzed in different aerial network
topologies, e.g., UAVs may act as relays in a multi-hop or
mesh topology, where joint UAVs placement, RSMA precod-
ing, and rate-splitting issues are worth investigating to achieve
objectives, such as spectral efficiency and energy efficiency
maximization.

D. PHYSICAL LAYER SECURITY ISSUES IN AERIAL
MULTIPLE ACCESS NETWORKS
Recently, wireless communication researchers started focus-
ing increasingly on the physical layer security of emerging
wireless technologies. Indeed, the latter can efficiently com-
plement the conventional cryptography-based methods to en-
hance the security of wireless systems. Within the context
of aerial networks, this issue is even more challenging due
to the open-sky wireless environment. Not only is it likely
for data transmission to be intercepted by an eavesdropper,
but also it is possible for UAVs to experience malicious
jamming attacks. Consequently, there is an urgent need to
prevent attacks, such as eavesdropping, man-in-the-middle
attack, denial-of-service, etc. From the UAV’s perspective,
several effective solutions have been proposed. For instance,
multiple access techniques can be leveraged to communicate
and generate artificial noise (jamming signals) towards exter-
nal eavesdroppers, and hence, blocking them from decoding
useful signals. Such method was investigated for SDMA and
NOMA in [121], but no extension to RSMA has been realized
yet. Moreover, in order to avoid data leakage to an internal
eavesdropper when SIC receivers are used, users’ data can be
protected either by using cryptography methods, or through
data transformation to different domains, e.g., using channel-
dependent features, which minimizes data’s decodability by
different users than the intended one. However, current con-
tributions in this direction are still limited. Finally, blockchain
technology can be leveraged to secure transiting data through
the UAVs. These topics will be investigated extensively in
future relevant contributions.

VII. CONCLUSION
In this paper, we reviewed orthogonal and non-orthogonal
multiple access techniques for aerial networks and showed
their advantages and limitations. Then, we surveyed most
recent RSMA works and highlighted the limited use of RSMA
in aerial systems. Subsequently, we discussed the integration
of RSMA into aerial networks, where results for a simple
integration case were presented. Both aBS placement and
RSMA parameters were optimized to maximize the weighted

sum rate of users. It was shown that in this system, RSMA
outperforms both NOMA and SDMA due to its rate-splitting
flexibility and precoding efficiency. Finally, a number of open
issues and research directions, linked to the application of
RSMA in aerial networks, have been presented and discussed.
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