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ABSTRACT In long-range wireless communication networks, the fading channels described in channel state
information are strongly related to distance and the path loss exponent and represent a major challenge in
delivering the performance required to support emerging applications. Conveniently, multiple antennas and
cooperative relays are efficient solutions that can combat fading channels, thereby improving networking
capacity and transmission reliability. This study investigated the use of multi-antenna unmanned aerial
vehicle (UAV)s as aerial Internet of Things (IoT) relays and employed their direct line-of-sight benefits to
assist IoT wireless networks. To improve the outage probability, system throughput, and energy efficiency
(EE), we first considered a combination of transmit antenna selection at the transmitter and the selection
combining technique at the receiver to determine the best channel from the pre-coding channel matrix.
Using a practical model in a three-dimensional earth environment in combination with the K-means
algorithm, we then investigated optimal UAV placement to obtain optimal channel state information for the
non-orthogonal multiple access (NOMA)-IoT device cluster globally, thereby ensuring the quality of service
for the IoT devices. We introduced a max-successive interference cancellation-min-rate framework for non-
ordered NOMA devices, thus deriving theoretical expressions in novel closed forms for two independent
scenarios: (i) Rayleigh and (ii) Nakagami-m fading channels. By optimizing the UAV placement, the
investigated results applied to the UAV scheme delivered better performance in a NOMA-IoT network than
in a terrestrial relay (TR) scheme. Finally, the study examines a variety of models and presents algorithms
for Monte Carlo simulations to verify the theoretical results.

INDEX TERMS IoT wireless networks, multi-input-multi-output (MIMO), non-orthogonal multiple access
(NOMA), transmit antenna selection and selection combining (TAS/SC), max-SIC-min-rate framework,
UAV placement optimization, K-means algorithm.

I. INTRODUCTION
IoT networks have been employed in various smart
applications such as smart homes, smart cities, smart
grids, smart transportation, smart industry, smart health,
etc. [1]. Researchers have already devised new concepts
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for future IoT wireless networks [2], [3]. IoT wireless
communication networks can be supported not only by
dedicated-short-range-communication (DSRC) technologies
(e.g., RFID, infrared waves, Bluetooth, WiFi, etc.) but
also next-generation wireless networks (i.e., beyond fifth-
generation (5G) and sixth-generation (6G)) with higher
network capacities, lower latency, and greater transmis-
sion distances than DSRC [4]. Three types of new service
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have been proposed for networks beyond 5G/6G: universal
mobile ultra-broadband (uMUB), ultra-high data density
(uHDD), and ultra-high-speed and low-latency communi-
cations (uHSLLC) [5]. uMUB will enable space-aerial-
terrestrial-sea area communications, uHDD will serve
massive connections, and uHSLLC will provide ultra-high
data transmission rates and low latency. Through emerg-
ing NOMA technology, IoT wireless communication net-
works can serve a large number of devices simultaneously
by sharing the spectrum. For message decoding, receivers
employ successive interference cancellation (SIC).

In addition to beyond 5G/6G, enabling wireless IoT net-
works faces other challenges in transmission distance and EE.
Millimeter wave (mmWave) technique has been proposed
as a key technology to satisfy the ever-growing demand for
data rate due to its large bandwidth. However, the mmWave
technique is challenged to achieve large coverage with only
mmWave small cells deployed. A feasible scenario is that
mmWave small cells are overlaid on traditional sub-6GHz
networks, where the sub-6GHz provides large coverage while
mmWave base stations provide high data rate transmission in
wireless communication. As such, a promising solution is to
deploy sub-6GHz base stations together with mmWave base
stations to achieve high data rates in wireless communication
networks while guaranteeing sufficient network coverage,
where mmWave small cells are densely deployed to provide
high-quality service [6]. To extend networking coverage,
cooperative models are employed to combat fading channels,
andmultiple relays are often deployed instead of single relays
to achieve better system performance [7], [8]. In this regard,
relay selection strategies follow two main schemes. Oppor-
tunistic relay selection and partial relay selection can both
be implemented as trade-offs between complexity and effi-
ciency. Opportunistic relay selection provides the best system
performance, but it requires a perfect channel state informa-
tion for each relay link [9], [10], [11]. The partial relay selec-
tion scheme achieves acceptable system performance with
less complexity than an opportunistic relay selection scheme
because it requires only channel state information from the
base station to the relay or the relay to devices [12], [13].
In adopting a threshold in the relay selection scheme, sev-
eral switched-diversity combining techniques can be applied,
for example, switch-and-stay combining [14], switch-
and-examine combining [15], and switch-and-examine in
combination with post-selection [16]. Switch-and-examine
combined with post-selection has demonstrated superior
performance to the other two schemes given its reduced
implementation cost. Relay selection schemes in hybrid
satellite-terrestrial cooperative networks have also been
investigated, but only in a limited manner.

Employing multiple relays, however, might lead to greater
complexity and higher hardware costs. The authors in [17]
considered an uplink cooperative multi-input multi-output
(MIMO)-NOMA system which was able to provide a high
ergodic rate by equipping a large number of antennas at
the base station, relay and two NOMA users. In [18], the

authors exploited the advantage of maximum ratio combining
to provide an optimal signal to interference plus noise ratio
(SINR) at the receivers and leverage the MIMO technique.
Maximum-ratio combining, however, may raise the receiver’s
complexity. To address this issue, we investigated transmit
antenna selection and selection combining techniques at both
the transmitter and receiver to minimize complexity and
obtain optimal quality of service at the receiver.

In proposing solutions for IoT wireless communication in
5G/6G networks, UAVs are becoming increasingly attractive
options for their line-of-sight benefits. UAVs and their appli-
cation as aerial relays in 5G and 6Gwireless communications
networks is a low cost, viable solution to the problem of
path-loss fading channels [19], [20]. As a flexible option,
UAVs as aerial relays would be able to significantly reduce
the transmission distance between the source (Src) and
destination (Des) [21], [22], [23]. UAVs are not only able
to assist terrestrial base stations in offloading data traffic,
they can also improve the channel state information of edge
devices by flying sufficiently close to provide line-of-sight
connections and dynamic deployment ability [24]. In [25], the
authors presented three major use cases of UAVs: (i) as base
stations where infrastructure has failed or during situations
of disaster; (ii) as aerial relay nodes which provide high-rate
connectivity between distantly located Src-Des pairs or for
short-term crowds; (iii) as aerial user equipment to collect
temperature, humidity andwind strength data or for forest fire
surveillance and search and rescue as remote sensing nodes
in areas which are difficult to reach.

Despite the several advantages of UAV-assisted IoT wire-
less communication networks, some characteristics must
be addressed to benefit wireless communication efficiency,
i.e., air-to-air (A2A), air-to-ground (A2G) or ground-to-
air (G2A) channel modeling is required. Direct UAV posi-
tioning delivers coverage and quality of service for IoT
devices, but UAV allocation is challenging since the pro-
cess involves three-dimensional Cartesian coordinates as
opposed to two-dimensional models in traditional wireless
communications networks. UAVs are allocated according
to two horizontal and vertical positions [25]. Due to non-
convexity, optimization on the UAV trajectory is another
challenge. In some pioneering studies, researchers applied
successive convex optimization [26], [27] and then reduced
the complexity of the UAV trajectory [28]. Researchers
have also examined optimal UAV positioning with realistic
channel models [29] and combinations of solutions for block
coordinate descent and successive convex approximation and
also searched for possible UAV positioning strategies on two-
dimensional planes. To the best of our knowledge, positioning
and distances based on a flat earth have not yet been studied.
We therefore investigated the latitudes and longitudes of
devices on a flat earth and calculated precise ground-to-
ground (G2G), A2A or A2G distances. We also exploited
possible positions for UAV-IoT relays. A chaotic order of
IoT devices arises after the UAV is positioned, therefore we
propose applying max-SIC instead of the conventional SIC
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technique to decode messages contained in the superimposed
signals.

UAVs also have a major inconvenience in limited onboard
energy due to the aircraft’s size and weight constraints [26].
In [30], the authors proposed a solar-powered UAV and
achieved an optimal trajectory. Extending the lifetime of
UAVs is a significant challenge in enabling their widespread
use in IoT wireless communication networks. In [2] and [31],
the authors investigated an energy harvesting (EH) relay
which enabled a multi-cell network to address the problem of
limited power. In [32], the authors examined the rate-energy
region for the achievable bit-rate threshold and residual
energy in two-way decode-and-forward relay systems which
applied simultaneous wireless information and power trans-
fer (SWIPT) according to a power splitting protocol. The
authors characterized rate-energy regions for both multiple
access broadcast and time division broadcast protocols and
also proposed a new EH relaying protocol which processed
information and energy signals in multiple access broadcasts
to enhance the achievable rate-energy region. The boundaries
of the rate-energy regions were attained by optimizing the
power splitting factor in each protocol. Efficient resource
allocation schemes have also been designed to optimize
network throughput and user coverage [25]. To prolong the
UAV’s online time, we applied the SWIPT technique in
the present study. Two types of SWIPT protocol are candi-
dates for this purpose: time switching and power splitting.
In [33], the authors investigated networks which applied time
switching [33](Fig. 1a) and power splitting [33](Fig. 3a).
In [33](Fig. 1b) and [33](Fig. 3b), time switching needed
three time slots to complete the signal propagation period,
whereas power splitting required two time slots. In the present
study, we selected the power splitting protocol to address EH
on the UAV.

A. MOTIVATIONS AND CONTRIBUTIONS
In [34], the authors applied a combination of NOMA and
SWIPT (time switching) because of its potential benefit to
improve efficiency in the spectrum and EE. However, optimal
EE is both non-linear and non-convex as a result of using
a power allocation strategy and time switching factor. The
authors therefore proposed a dual-layer algorithm to opti-
mize the power allocation factor at the inner layer and the
time switching factor at the outer layer. In [35], the authors
also combined NOMA and SWIPT (power splitting) and
attained system throughput at legitimate devices and intercept
probability at illegitimate devices by optimizing the device
bit-rate threshold and power splitting factor. Using UAVs for
wireless communication is becoming increasingly attractive
due to their flexibility in critical situations such as natu-
ral disasters [36]. Inspired by the above-mentioned studies,
NOMA and SWIPT is a promising combination for attaining
extremely low latency by servicing devices simultaneously
and extending the network’s lifetime by harvesting radio fre-
quency EH and maintaining operation of the deployed UAV.

In [37], the authors investigated wireless power transfer
using multi-relays and joint relay selection based on the
average of a two-stage SIC [37, Eq. (18)]. Wu and Zhang
also deployed multiple UAVs simultaneously to serve devices
in the same transmission period [38]. However, each UAV
might broadcast interference to a device served by the other
UAV because the UAVs share the same radio frequency car-
rier. The authors therefore proposed a longer duration for
the UAV to move nearer to its served devices and achieve
better connections. The UAV would also fly at a sufficient
distance from devices served by other UAVs to ensure mini-
mal interference. Unfortunately, an ever-larger transmission
block period leads to greater delays at the devices. Imple-
mentation of an independent multi-UAV solution leads to
high hardware costs. Wireless communication networks may
also experience outages in the case of only a single UAV
and interruption. In the present study, we therefore propose
a coupled UAV to assist the MIMO-NOMA user cluster.
We investigated the deployment of a coupled UAV because its
flexibility in implementation is a significant advantage over
a TR. We also considered a switchable coupled UAV, where
only one UAV is selected to receive and forward the signal in
the transmission block period while the other UAV is inactive
and harvests energy only. We also introduced a novel UAV
relay selection protocol based on onboard battery voltage.

Previous studies focused on implementations of TR or
UAV. The authors introduced joint optimizations based on
UAV position, UAV-device links, and backhaul capacity allo-
cation to maximize the data rate of devices in a UAV-assisted
wireless network [29]. In [39], the study typically optimized
an IoT network based on cluster head selection by using
a modified rider optimization algorithm. The authors also
considered complex cluster head selection as a relay approach
for wireless sensor networks based on the shortest path and
choice to select a cluster head [40]. Cluster head selection
operating as a relay is not beneficial to the aerial IoT network.
To illustrate, cluster head selection selects an IoT device as
a relay to receive and forward signals. To the best of our
knowledge, few studies have attempted to optimize UAV
positioning. We cannot be certain then that the distances from
the source to the cluster head and from the cluster head to
devices are minimal, therefore we propose using the K-means
algorithm to obtain a centroid for positioning the UAV.

Regarding the foregoing, we propose a switchable cou-
pled UAV-assisted IoT wireless communication network that
serves multiple devices simultaneously, achieves low latency,
consumes less energy, reduces hardware costs and prolongs
the UAV’s online time. To achieve these aims, the study
deployed emerging techniques and applied new concepts,
contributing the following:

1) A model for a switchable coupled UAV-assisted IoT
wireless communication network to serve multiple
devices simultaneously by combining the emerging
techniques of multi-user access from NOMA, multi-
antenna, and SWIPT (power splitting protocol).
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2) By applying the transmit antenna selection and selec-
tion combining techniques at the transmitters and
receivers, respectively, improves outage probability
performance is improved and hardware costs and algo-
rithm complexity are reduced while retaining the ben-
efits of multiple antennas. A novel transmit antenna
selection/selection combining architecture that aids
MIMO/massive MIMO (mMIMO)-NOMA networks
is also outlined.

3) IoT devices are allocated at a longitude and latitude
on the surface of a flat earth. The emerging SWIPT
technique is applied to to prolong UAV online time.
Notably, flying relay (FR)-UAV positioning is opti-
mized according to the latitude and longitude over a
flat earth environment. Using the K-means algorithm,
the centroid is computed and iterated until an optimal
centroid is found. To the best of our knowledge, previ-
ous studies have not considered the K-means algorithm
to find the optimal position for a UAV. A general
model and formulations for a MIMO-IoT network are
presented in this study and may be adapted to other
schemes such as single-input single-output (SISO) and
mMIMO.

4) A UAV-assisted NOMA-IoT network model is exam-
ined and compared to other cooperative models (i.e.,
TR) over two stages (i) Rayleigh and (ii) Nakagami-m
fading channels, and novel closed forms are obtained
and then verified with Monte Carlo simulations.

B. ORGANIZATION AND NOTATION
The remainder of the paper is structured as follows: Section II
outlines and formulates the coupled multi-antenna UAV-
assisted IoT wireless communications model; Section III pro-
vides an analysis and presents our proposals for optimiza-
tion; Section IV simulates and presents the numerical results;
Section V concludes the discussion.
The paper applies the following notation:
X is the set of original NOMA device messages, i.e, X =
{x1, . . . , xN }, where N is the number of devices.
X̄ contains non-decoded messages and initialization as

given by X̄ = X.
X̂ includes decoded messages and initialization as given by

X̂ = ∅. Importantly, X = X̄ ∪ X̂ and X̄ ∩ X̂ = ∅.
W is the set of original message power allocation factors,

i.e,W = {α1, . . . , αN }.
W̄ contains non-decoded-message power allocation factors

and initialization as given by W̄ =W.
Ŵ includes decoded-message power allocation factors and

initialization as given by Ŵ = ∅. Importantly, W = W̄ ∪ Ŵ
and W̄ ∩ Ŵ = ∅.

[z]+ returns the maximum value among zero and z.

II. SYSTEM MODEL AND PROBLEM FORMULATION
The TR is a practical solution for reducing channel fading.
However, if the terrain’s topography is complex, constructing
a TR or intelligent reflecting surface (IRS) is a challenge

FIGURE 1. Scheme of the coupled aerial relay (UAV)-assisted
MIMO-NOMA network.

and may lead to high costs. In other examples, the network
infrastructure may be deployed for a short period, for exam-
ple, at a stadium, theatre, or concert hall, and be withdrawn
shortly thereafter. It is therefore inefficient to construct a TR
or IRS for this purpose. In the worst case, an unpredictable
disaster may occur and destroy the facility, thereby causing
network disruption. For example, the authors in [36] deployed
UAV-assisted emergency networks to serve in search and
rescue operations during disasters as a substitute for terres-
trial infrastructure which was no longer functioning. In such
cases, UAV deployment is promising as a low-cost solution
with flexible deployment and ease of implementation. The
study investigated the use of cooperative communications and
UAVs to assist a MIMO-NOMA IoT wireless network. A
scheme of the UAV network is shown in Figure 1. Impor-
tantly, the small cell IoT hub S in the model is above the
surface of a flat earth, denoted LhighS = 30 metres, and fully
owns the channel state information through a multiple-user
detection feature. N devices exist in a NOMA device cluster.
The devices are sequenced from the nearest device D1 to the
farthest deviceDN . All devices are allocated above a flat earth
surface for simplicity. In other words, the height of device
Dn for n ∈ N above a flat earth is zero (LhighDn = 0 metre),
as depicted in Figure 1a in [41]. The study assumed an IoT
hub S, a UAV Uu (u = {1, 2}) and a device Dn (n ∈ N )
equipped with the number of antennas AS , AUu and ADn ,
respectively. A UAV is highly mobile. The UAV flew in a
circular trajectory around the base station to select and serve
a single user through joint user scheduling, as illustrated
in Figure 3 in [41]. It is, however, an inconvenience that
while one user is served, other users must rest. In the present
study, we therefore used the emerging NOMA technique
to serve multi-access simultaneously by sharing spectrum
in the superimposed signal. However, the location relation-
ship between the UAV and users impacts power allocation
scheduling in addition to the SIC mechanism. For simplicity
but without loss of generality, the position of the UAV was
fixed after optimization. In practice, the UAV would fly con-
tinuously to find the optimal position.

A. FADING CHANNEL MODELS
In the studies [44], [45], the authors introduced a pre-coding
matrix and examined a MIMO system with Nt transmit
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TABLE 1. Comparisons to related works.

antennas and Nr (where Nr > Nt ) receive antennas. The
pre-coding channel matrix was denoted H ∈ CNr×Nt with
a member hi,j ∼ CN (0, 1), where i = 1, . . . ,Nr , j =
1, . . . ,Nt . H was known perfectly at the transmitter [44].
In [45], the authors also employed antennas Nt and Nr at the
transmitter and receiver (where Nt ≥ Nr ≥ 2), and then the
channel matrix under multi-user pre-coding was expressed
as H =

[
HT

1 · · ·H
T
u · · ·H

T
Nu

]T , where Hu denoted the Nr ×
Nt MIMO channel of the u-th user. In [21], the authors
considered a typical system with a narrow band condition.
As shown in [21] (Fig. 1), the propagation distances of the
A2G refer to the links between the aerial relay and terrestrial
devices, and the propagation distances of the G2G refer to
the links between terrestrial devices. These aforementioned
studies applied two sequential stages t1 and t2 to complete a
transmission block time period t ∈

{
T(odd)

∨ T(even)
}
⊆ T.

In the first stage t1 ∈ T, the pre-coding channel matrix from
IoT hub S to UAV Uu is expressed as follows:

HS,Uu =


h(1,1)S,Uu · · · h(

1,AUu)
S,Uu

...
. . .

...

h(AS ,1)S,Uu · · · h(
AS ,AUu)
S,Uu

 ∈ CAS×AUu , (1)

where AS and AUu are the number of antennas on the IoT hub
S and UAV Uu; the channel coefficient h

(a,b)
S,Uu ∈ HS,Uu from

the transmitting antenna a ∈ AS at the IoT hub S to the receiv-
ing antenna b ∈ AUu at the UAV Uu is modeled according to

h(a,b)S,Uu = g
(
LA2AS,Uu

)−ε
; LA2AS,Uu is the A2A distance from the IoT

hub S to the UAV Uu; g is the fading channel from the IoT
hub S to UAV Uu (i.e., g ∼ CN (0, 1)), which is distributed
according to (i) Rayleigh or (ii) Nakagami-m distribution;
factor ε is the path-loss exponent of the environment. The
notation CN (0, 1) presents the Gaussian distribution with
zero mean and one variance. Here we have applied the free-
space path-loss model mentioned in studies [3], [42], where
LA2AS,Uu is the A2A distance from the IoT hub S to the UAV Uu
and given by

LA2AS,Uu =

√∣∣∣LhighUu − L
high
S

∣∣∣2 + (LG2GS,Uu

)2
, (2)

where G2G distance from IoT hub S to UAV Uu is
obtained by substituting their latitudes and longitudes into
expression (9).

In the second stage t2 ∈ T, the pre-coding channel matrix
from UAV Uu to device Dn is expressed as follows:

HUu,Dn =


h(1,1)Uu,Dn · · · h(

1,ADn)
Uu,Dn

...
. . .

...

h(
AUu ,1)
Uu,Dn · · · h(

AUu ,ADn)
Uu,Dn

 ∈ CAUu×ADn ,

(3)

where ADn is the number of antennas on the device Dn; the
channel coefficient h(b,c)Uu,Dn ∈ HUu,Dn is formulated according

to h(b,c)Uu,Dn = g
(
LA2GUu,Dn

)−ε
for b ∈ AUu and c ∈ ADn ; L

A2G
Uu,Dn

is the A2G distance from the UAV Uu to the device Dn and
given by

LA2GUu,Dn =

√∣∣∣LhighUu − L
high
Dn

∣∣∣2 + (LG2GUu,Dn

)2
, (4)

where G2G the distance from the UAV Uu to device Dn is
obtained by substituting their latitudes and longitudes into Eq.
(9).

We examined two independent scenarios Q = {(i), (ii)},
where scenario (i) involves two-stage Rayleigh distributions
and scenario (ii) involves two-stage Nakagami-m distribu-
tions.

The probability density function (PDF) and cumulative
distribution function (CDF) of the Rayleigh distribution are
expressed, respectively, as:

f
|hSrc,Des|

2 (x) =
1

σSrc,Des
exp

(
−

x
σSrc,Des

)
, (5)

and

F
|hSrc,Des|

2 (x) = 1− exp
(
−

x
σSrc,Des

)
, (6)

where
∣∣hSrc,Des∣∣2 are random independent variables, i.e., x in

(5) and (6). In addition, σSrc,Des is the expected channel gain
between Src and Des, i.e., σSrc,Des = E

[∣∣hSrc,Des∣∣2].
The PDF and CDF over Nakagami-m fading channels are

expressed, respectively, as:

f
|hSrc,Des|

2 (x) =
(

m
σSrc,Des

)m xm−1
0 (m)

exp
(
−

mx
σSrc,Des

)
, (7)

and

F
|hSrc,Des|

2 (x) = 1− exp
(
−

mx
σSrc,Des

)
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×

m−1∑
j=0

(
mx

σSrc,Des

)j 1
j!
, (8)

where 0 (•) in expression (7) refers to the Gamma function.
Expressions (7) and (8) are over Nakagami-m fading chan-

nels, where coefficient m is an integer value and greater than
one. Expressions (7) and (8) represent expressions (5) and (6),
respectively, if coefficient m = 1.

B. APPLYING THE K-MEANS ALGORITHM FOR UAV
POSITIONING
The authors investigated social network vehicles positioned at
(x, y), where x and y refer to the latitude and longitude of the
vehicle, respectively, and obtained the distance between the
vehicles as given by [46, Eq. (3)]. The authors also considered
a UAV model with three-dimensional Cartesian coordinates
(x, y, z), shown in [43] (Fig. 1), positioning the UAV over
the z-axis (0, 0, z) and two-devices over the x-axis (x, 0, 0)
or y-axis (0, y, 0). They obtained the Euclidean distances
from the UAV’s position to these devices with [43, Eq. (1)].
Euclidean distances are complex to apply in a flat earth
environment, and to the best of our knowledge have not been
considered in previous studies. Without loss of generality, the
study assumed one IoT hub S and a cluster of MIMO devices,
including three IoT devices D1, D2 and D3 positioned at
the latitudes and longitudes listed in Table 2. Optimal UAV
placement is also challenging due to the non-convex prob-
lem of the positions of the IoT hub S and devices in the
device cluster. The K-means algorithm is useful because it
provides an expectation-maximization approach to solve the
optimal problem. During the expectation stage, data points
(i.e., latitudes and longitudes) are assigned to the closet clus-
ter. Conveniently, the study uses a single cluster, therefore,
all IoT devices have a joint cluster. Maximization is applied
to exploit the centroid of the joint cluster. The K-means
algorithm determines the centroid and produces the optimal
problem presented in Proposition 1. Crucially, the present
study investigates the UAV scheme and compares it to a
terrestrial scheme. It also assumes that the TR is placed at
the same position as the UAV (latTR = latUu and longTR =
longUu , however, L

high
TR = 0 metre while LhighUu = 70 metres)

and that the TR is equipped with the same number of antennas
as the UAV (ATR = AUu ) for comparative fairness.
Proposition 1: We compute the position of a UAV based

on the IoT hub S and the device positions. We hypothesize
that the UAV has been placed at a possible position and
thereby serves all other devices in the cluster equally well.
The Euclidean distances are precisely calculated on a flat
earth, and the UAV’s position UAV in the practical model
is positioned by the K-means algorithm (Fig. 2). We note
that Figure 2 contains a slight illusion. Although device
D2 is nearer to the IoT hub S than device D1 in Cartesian
coordinates, the distance of device D1from the IoT hub S
is less than than the distance of device D2 on a flat earth
according to Eq. (9); deviceD1 is therefore the nearest device
fto the IoT hub S.

Step 1: Let us assume that the IoT hub S and all terrestrial
devices have a global positioning system (GPS) module. The
flat earth (G2G) distances are calculated from the latitude and
longitude of IoT hub S to the latitudes and longitudes of the
devices and obtained as follows:

LG2GS,Dn = 2r arctan
(√
2S,Dn ,

√
1−2S,Dn

)
, (9)

2S,Dn = sin

(∣∣latDn − latS ∣∣
360

π

)2

+ cos
(
latS
180

π

)

× cos
(
latDn
180

π

)
sin

(∣∣longDn − longS ∣∣
360

π

)2

,

(10)

where n ∈ N , the latitudes and longitudes of the IoT hub S
and device Dn are

(
latS , longS

)
and

(
latDn , longDn

)
, respec-

tively, and the radius of the earth is r = 6, 378, 137 metres.
Step 2: Suppose that it is K clusters and the devices are

arranged from the nearest device (denoted D1) to the farthest
device (denoted DN ), i.e., LG2GS,D1

< . . . < LG2GS,DN , for simplic-
ity. The K-means algorithm selects the K -first devices as the
centroids for the first iteration.
Step 3: The K-means algorithm computes the Euclidean

distances from each data point to each centroid.
Step 4: The K-means algorithm assigns each data point

(i.e., device’s position) into a cluster based on the nearest
distance.
Step 5: The K-means algorithm calculates the positions of

K centroids according to assigned data points by using the
mean function. The K-means algorithm repeats steps 3 and
4 until the assigned data points remain.

After step 5, we obtain the latitude and longitude of cen-
troids. For simplicity, suppose that K = 1. In this case, the
centroid is given by: The possible latitude and longitude of
the FR-UAV are given, respectively, by:

latUu =
latS + latD1 + . . .+ latDN

N + 1
, (11)

longUu =
longS + longD1

+ . . .+ longDN
N + 1

. (12)

Figure 2 illustrates the practical model according to posi-
tions shown in Table 2. By applying the K-means algorithm
(Proposition 1), we obtain the suitable position for the TR and
UAV as shown in Table 2.

C. UAV SELECTION TO ENABLE IP/EH TO PROLONG UAV
LIFETIME
Although wireless communications assisted by UAVs ben-
efit the conventional G2A, A2G or A2A links between
a terrestrial IoT hub S and devices, UAVs are usually
battery-operated and have limited onboard energy. The online
time of an FR-UAV is limited as a consequence of the air-
craft’s small size and light weight. Utilization of the online
time of the FR-UAV in assisting a wireless communications
network is therefore a critical consideration.
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TABLE 2. Positions of the IoT hub S, devices, TR and UAV.

FIGURE 2. UAV/TR positioning using the K-means algorithm.

Figure 3 illustrates the power splitting scheme of the radio
frequency EH enabling a pair of UAVs to assist in a MIMO-
NOMA network. The scheme is different from the power
splitting architectures described in other studies [33] (Fig. 4)
and [47] (Fig. 4c). In [33], [47], the authors employed a
single antenna at both the transmitter and receiver nodes.
The authors also designed the power splitting architecture
for a dual-antenna receiver [47] (Fig. 5). Inspired by these
studies, we assumed that the IoT hub S, UAV and devices are
equipped with antennas AS , AUu and ADn , respectively, where
AS ≥ AUu ≥ ADn ≥ 2, to improve both EH and informa-
tion processing performance. Transmit antenna selection and
selection combining protocols are employed at the IoT hub
S and UAV, respectively. The selection combining protocol
allows the UAV to select the best signal from the pre-coding
matrix (1) for EH and information processing. UAV relay
selection is addressed in Proposition 2.
Proposition 2: Let us assume that the UAVs U1 and U2 are

equippedwith batteriesBU1 andBU2 (voltage). IfBU1 > BU2 ,
then UAV U1 is selected to forward the signal and UAV
U2 is placed into rest mode for radio frequency (RF)-EH to
recharge its battery. However, if BU1 < BU2 , then UAV U1 is
switched into rest mode and UAV U2 is switched into active
mode to forward the signal. In the case of BU1 = BU2 , the
UAV with lower indexing (i.e., U1) is selected.

Without loss of generality and simplicity, let us assume that
UAV U1 is selected to forward the signal to devices while
UAV U2 is free in the odd transmission block t ∈ T(odd) ⊆
2N++ 1 and that UAV U2 is selected to forward the signal to
devices while UAV U1 is free in the even transmission block
t ∈ T(even) ⊆ 2N+, whereT = T(odd)∪T(even). Two stages t1
and t2 complete the transmission block period t ∈ T, where
t = t1 + t2, assuming t1 = t2.
Two simultaneous phases, t1a and t1b, are executed in stage

t1. In the first phase t1a, the IoT hub S transmits energy for
radio frequency-EH at both the selected and resting UAV by
the part of the power domain in the IoT hub S by λUuPS ,
where λUu is the power splitting factor for the UAV Uu,
and PS is the power domain at the IoT hub S. The IoT hub
S simultaneously transmits superimposed messages to UAV
U1 or U2 for data processing in the second phase t1b by the
remaining power domain at IoT hub S by

(
1− λUu

)
PS . The

UAV Uu harvests energy according to

EUu (t1a) = ηλUuPS max
[AS×AUu ]

{∣∣HS,Uu

∣∣2} , (13)

where u = {1, 2} and η is the efficient EH factor.
In the second stage t2 of transmission block period t , the

selected UAV Uu (s.t. t ∈ T(odd) then u = 1 or t ∈ T(even)

then u = 2) forwards the superimposed signal to devices with
power domain PUu while the resting UAV harvests energy
from the IoT hub S with power domain PS . After the second
stage of transmission block period t , the resting UAV Uū
harvests energy according to

EUū(t2) = η

(
PS max[

AS×AUū
] {∣∣HS,Uū

∣∣2}) . (14)

Proposition 3: EH at the resting UAV Uū during a single
transmission block period t is expressed as

EUū(t) = η
((
1+ λUū

)
PSσS,Uū

)
, (15)

where the expected channel gain σS,Uū = E
{∣∣HS,Uū

∣∣2}.
The coupled aerial relays are switchable, which allows the

IoT hub S to select the UAVU1 orU2 to forward the signal in
different transmission blocks. In this manner, the FR-UAV’s
online time is prolonged.
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FIGURE 3. EH and information processing (IP) at the selected UAV Uu during a transmission block period
t ∈

{
T(odd ), T(even)

}
⊆ T.

FIGURE 4. Scheme illustrating the selection combining and power
splitting architecture for a UAV-assisted MIMO-NOMA wireless
communications network.

D. INFORMATION PROCESSING AND FORMULATIONS
Figure 4 depicts an architecture which combines the trans-
mit antenna selection/selection combining technique and the
power splitting protocol to assist EH and information process-
ing at the selected UAV Uu.
The IoT hub S encodes the messages X = {x1, . . . , xN } of

the terminal devices and superimposes the messages into the
signal by sharing the remaining power domain (1 − λUu )PS
using different PA factors W = {α1, . . . , αN }. From the
pre-coding matrix HS,Uu , as shown by (1), only the best
channel is selected for signal transmission. In the second
phase t1b ∈ t1 ∈ t ∈ T, the selected UAV Uu receives a
radio frequency signal according to the equation

yUu (t1b) =
√(

1− λUu
)
PS max

[AS×AUu ]

{∣∣HS,Uu

∣∣}
×

∑(√
W× X

)
+ nUu , (16)

init : X̄← X, X̂← ∅, W̄←W, Ŵ← ∅, (17)

where the selected UAVUu = U1 if t1b ∈ T(odd) transmission
block orUu = U2 if t1b ∈ T(even) transmission block, and nUu
is the additive white Gaussian noise (AWGN), i.e., nUu ∼
CN (0,N0) with zero mean and N0 variance, at the selected
UAV Uu. We assume E

{
|x1|2

}
= . . . = E

{
|x1|2

}
= 1.

Proposition 4:Applyingmax-SIC, the SINR at the selected
UAV Uu if Uu decodes the best message ∃xi ∈ X̄, which
has the best power allocation factor max

{
W̄
}
, and treating

other messages ∀xj ∈ X̄\xi and AWGN nUu as interference,
is expressed as

γUu−xi (t1b)

=

(
1− λUu

)
max

[AS×AUu ]

{∣∣HS,Uu

∣∣2}max
{
W̄
}
ρS(

1− λUu
)

max
[AS×AUu ]

{∣∣HS,Uu

∣∣2} ρS∑ W̄\αi + 1
,

(18)

while : W̄ 6= ∅ and X̄ 6= ∅ (19)

s.t. : xi = max
{
X̄
}
and αi = max

{
W̄
}
, (20)

update : X̄← X̄\xi, X̂← X̂ ∪ xi,

W̄← W̄\αi and Ŵ← Ŵ ∪ αi, (21)

where the signal to noise ratio (SNR) ρS =
PS
N0
, X̄ is the

set of non-decoded messages and W̄ is the set of power
allocation factors of non-decoded messages. W̄ and X̄ in (19)
are given by (17). When the best message xi = max

{
X̄
}

with maximum power allocation factor (αi = max
{
W̄
}
)

is selected, then the best message xi is decoded according
to (18) by treating other messages X̄\xi and AWGN nUu as
interference. After the best message xi is decoded, we update
X̄ ← X̄\xi, X̂ ← X̂ ∪ xi, W̄ ← W̄\αi and Ŵ ← Ŵ ∪ αi.
Equation (18) is repeated until only one message remains.
The final message is decoded by treating AWGN nUu as
interference according to the equation

γUu−xi (t1b)

=
(
1− λUu

)
max

[AS×AUu ]

{∣∣HS,Uu

∣∣2}min {W} ρS . (22)

After decoding the final message, we obtain X̄← X̄\xi =
∅, X̂← X̂ ∪ xi = X, W̄← W̄\αi = ∅ and Ŵ← Ŵ ∪ αi =
W. Since X̄ = ∅, all messages in the received signal (16) have
been decoded.

The maximum instantaneous bit-rate threshold attained if
the selected UAV Uu decodes message xi in the best received
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signal according to (16) is expressed as

max
[AS×AUu ]

{
RUu−xi (t1b)

}
=

1
2
log2

(
1+ max

[AS×AUu ]

{
γUu−xi (t1b)

})
. (23)

The minimum-maximum instantaneous bit-rate thresh-
old attained when the selected UAV Uu decodes message
∀xi ∈ W̄ in the best received signal according to (16) is
expressed as:

min
∀xi∈X

max
[AS×AUu ]

{
RUu−xi (t1b)

}
=

1
2
log2

(
1+ min

∀xi∈X
max

[AS×AUu ]

{
γUu−xi (t1b)

})
. (24)

In the second stage t2 ∈ t ∈ T, the selected UAV Uu
retrieves, re-encodes and forwards the superimposed signal
to the devices. There are two major forwarding protocols:
amplify-and-forward and decode-and-forward. In a previous
study, it was verified that the amplify-and-forward protocol
obtains superior performance to decode-and-forward in indi-
vidual schemes [48]. In [49], it was verified that amplify-
and-forward cannot be employed at a relay because relays
have insufficient energy. Similarly, the aerial relays depicted
in Figure 1 have limited energy. The present study therefore
applies the decode-and-forward protocol to ensure the aerial
relay successfully receives and decodes messages. This study
also employed Transmit antenna selection at the UAV and
selection combining protocols at devices are also used to
select the best signal in the pre-coding matrix according to
Eq. (3). The best-received signal at terminal device Dn is
expressed as

yDn (t2)

= max
[AUu×ADn ]

{∣∣HUu,Dn

∣∣}√PUu ∑(√
W× X

)
+ nDn ,

(25)

init : X̄← X, X̂← ∅, W̄←W, Ŵ← ∅, (26)

where PUu is the power domain at the selected UAV Uu and
nDn is AWGN at device Dn, i.e. nDn ∼ CN (0,N0), assuming
PU1 = PU2 for simplicity.
Device Dn also employs max-SIC to decode its own mes-

sage xn. If the deviceDn decodes the data symbol xi, the SINR
obtained at device Dn is expressed as

γDn−xi

(
t2
)

=

max
[AUu×ADn ]

{∣∣HUu,Dn

∣∣2}αiρUu
max

[AUu×ADn ]

{∣∣HUu,Dn

∣∣2} ρUu ∑ W̄\αi + 1
, (27)

while : W̄ 6= ∅ and X̄ 6= ∅ (28)

find : xi = max
{
X̄
}
and αi = max

{
W̄
}
, (29)

update : X̄← X̄\xi, X̂← X̂ ∪ xi,

W̄← W̄\αi and Ŵ← Ŵ ∪ αi (30)

break : if i = n, (31)

where SNR ρUu =
PUu
N0

in dB, W̄ and X̄ in (28) are given
by (26). Device Dn repeats max-SIC according to (27) while
i 6= n. This means that Dn’s message xn has not yet been
decoded.

The maximum of the instantaneous bit-rate threshold
attained when the terminal device Dn in the second stage
t2 ∈ T decodes the data symbols xi in the best received signal
according to (25) is expressed as

max
[AUu×ADn ]

{
RDn−xi (t2)
∀xi≥xn

}

=
1
2
log2

(
1+ max

[AUu×ADn ]

{
γDn−xi (t2)
∀xi≥xn

})
. (32)

The minimum of the maximal-instantaneous bit-rate
threshold attained at device Dn when it decodes messages
∀xi ≥ xn is expressed as

min
∀xi≥xn

max
[AUu×ADn ]

{
RDn−xi (t)

}
=

1
2
log2

(
1+ min

∀xi≥xn
max

[AUu×ADn ]

{
γDn−xi (t)

})
. (33)

III. SYSTEM PERFORMANCE ANALYSIS
In [49] and [50], the application of a max-SIC-min-rate
framework is described. The present study proposes the appli-
cation of Algorithms 1 and 2 to the max-SIC-min-rate frame-
work and investigating the outage probability at the UAV
and terminal devices. Novel closed-form expressions of the
outage probability at the selected UAV Uu and device Dn for
both independent propagation scenarios Q = {(i), (ii)} are
also derived, where (i) two-stage Rayleigh fading channels
and (ii) two-stage Nakagami-m fading channels.

A. DESIGN FOR A MAX-SIC-MIN-RATE FRAMEWORK
In a previous study, the authors assumed that devices are
arranged from the nearest device D1 to the farthest device
DN [50], [51], or for simplicity, from the nearest device DN
to the farthest deviceD1 [52]. Therefore, the power allocation
factors described in [50] and [51] followed the arrangement
α1 < . . . < αN or α1 > . . . > αN , as in [52]. By applying
conventional SIC, the authors sequentially decoded messages
xN → x1 as in [50] and [51] or x1 → xN as in [52]. By con-
trast, the devices were non-ordered after UAV positioning,
therefore, conventional SIC cannot be applied to decode the
messages. The present study proposes a max-SIC-min-rate
framework to solve this problem. From the equation for the
best received signal (16), max-SIC (18) and min-rate (24),
we introduce the information processing architecture at the
UAV:

• Step 1: The selected UAV Uu receives the superimposed
signal according to (16);
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• Step 2: By using transmit antenna selection and the
selection combining technique, the selected UAV Uu
obtains the SINR from the best selected antenna accord-
ing to (18) and (22). If message xi, i.e., xi = max

{
X̄
}
,

is decoded, X̄ ← X̄\xi, X̂ ← X̂ ∪ xi, W̄ ←

W̄\αi and Ŵ← Ŵ ∪ αi is updated;
• Step 3: The selected UAV Uu obtains the instantaneous
bit-rate threshold according to (23). If (19) is true, max-
SIC-min-rate framework repeats Step 2, otherwise max-
SIC-min-rate framework proceeds to Step 4;

• Step 4: The selected UAV determines the min-
imum instantaneous bit-rate threshold according
to (24);

• Step 5: The selected UAV compares the minimum
instantaneous bit-rate threshold given by (24) to the
bit-rate threshold R (bps/Hz) at the devices. Two cases
are possible: in the first case, if the minimum instan-
taneous bit-rate threshold is less than the pre-defined
bit-rate threshold R at the devices, an outage event
occurs at the selected UAV Uu; in the second case, if the
minimum of instantaneous bit-rate thresholds according
to (24) reaches the bit-rate threshold R at the devices,
the other instantaneous bit-rate thresholds given by (23)
consequently also attain the device bit-rate thresholdR.
In other words, the selected UAV decodes all messages
successfully. The selected UAV Uu then re-encodes and
forwards the superimposed signal to the devices.

The information processing architecture at the deviceDn =
{D1, . . . ,DN } is also introduced.

• Step 1: Device Dn = {D1, . . . ,DN } receives the super-
imposed signal from the selected UAV Uu according
to (25);

• Step 2: By using transmit antenna selection/selection
combining techniques and max-SIC, device Dn obtains
the SINR according to (27). If message xi (xi =
max

{
X̄
}
) is decoded, X̄ ← X̄\xi, X̂ ← X̂ ∪ xi, W̄ ←

W̄\αi and Ŵ← Ŵ ∪ αi is updated;
• Step 3: Device Dn obtains the instantaneous bit-rate
threshold according to (32). Device Dn repeats Step 2
while i 6= n. If i = n, then Step 4 is executed;

• Step 4: Device Dn calculates the minimum of instanta-
neous bit-rate thresholds as shown
in (33);

• Step 5: DeviceDn compares the minimum instantaneous
bit-rate threshold according to (33) to the bit rate thresh-
old R of devices. Two cases are possible: in the first
case, if the minimum instantaneous bit-rate threshold
according to (33) is less than the bit-rate threshold R at
the devices, an outage event occurs at device Dn; in the
second case, if the minimum of instantaneous bit rate
threshold according to (33) attains the bit rate threshold
R at the devices, the other instantaneous bit rate thresh-
olds consequently also attain the bit rate threshold R
of devices. Message xn is thus propagated to device Dn
successfully.

B. OUTAGE PROBABILITY PERFORMANCE
Theorem 1: The outage event at the selected UAV Uu occurs
if the minimum instantaneous bit-rate thresholds according
to (24) cannot attain the pre-defined bit-rate threshold R
(bps/Hz). Therefore, the outage probability at the selected
UAV Uu in transmission block t in scenario Q = {(i), (ii)}
is expressed as

OPQUu (t) = 1− Pr

{
min
∀xi∈X̄

max
[AS×AUu ]

{
RUu−xi (t)

}
≥ R

}
.

(34)

To apply (34), we propose Algorithm 1 to obtain theMonte
Carlo simulations of the outage probability at the selected
UAV Uu.

Algorithm 1 Adopt a Max-SIC-Min-Rate Framework to
Determine the Outage Probability at the Selected UAV Uu
According to (34) for Transmission Block t and Scenario
Q = {(i), (ii)}
Input: Initialize parameters in Tables 2 and 4. Randomly

generate 106 samples of each fading channel over
Rayleigh or Nakagami-m distribution

Output: Simulated (Sim) results for outage probability at
the selected UAV Uu for transmission block t and sce-
nario Q

1: Select the best received signal according to (16)
2: while

(
W̄ 6= ∅ and X̄ 6= ∅

)
do

3: Find xi = max
{
X̄
}
and αi = max

{
W̄
}

4: Calculate SINR according to (18) or (22)
5: Calculate the achievable instantaneous bit-rate accord-

ing to (23);
6: Update X̄ ← X̄\xi, X̂ ← X̂ ∪ xi, W̄ ←

W̄\αi and Ŵ← Ŵ ∪ αi
7: end while
8: Find the minimum instantaneous bit-rate threshold

according to (24)
9: Initialize variable count ← 0;

10: for l = 1 to 106 samples do

11: if

(
min
∀xi∈X̄

max
[AS×AUu ]

{
RUu−xi (t)

}
≥ R

)
then

12: count ← count ++
13: end if
14: end for
15: return OP at selected UAV as given by OPQUu (t) = 1−

count
/
106

Theorem 2: The outage event at terminal device Dn for
n ≤ N occurs when FR-UAV cannot decode at least a
message in X from the best received signal yUu (t) according
to (16) or the terminal device Dn cannot decode at least a
message in X̄ from the best received signal yDn (t) according
to (25). Therefore, the outage probability at terminal device
Dn underlying the Uu-assisted MIMO-NOMA network is
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expressed as

OPQDn (t) = 1− Pr

{
min
∀xi≥xn

max
[AS×AUu ]

{
RUu−xi (t)

}
≥ R,

min
∀xi≥xn

max
[AUu×ADn ]

{
RDn−xi (t)

}
≥ R

}
. (35)

Combining (35) and the information processing architec-
ture at device Dn, Algorithm 2 produces the Monte Carlo
simulations of the outage probability at device Dn for trans-
mission block t and scenario Q.

Algorithm 2 Adopt a Max-SIC-Min-Rate Framework to
Determine the Outage Probability at Terminal Device Dn
According to (35) for Transmission Block t and Scenario
Q = {(i), (ii)}
Input: Initialize parameters in Tables 2 and 4. Randomly

generate 106 samples of each fading channel over
Rayleigh or Nakagami-m distribution

Output: Simulated (Sim) results for outage probability at
device Dn

1: Select the best received signals according to (16) and (25)

2: while
(
W̄ 6= ∅ and X̄ 6= ∅

)
do

3: Find xi = max
{
X̄
}
and αi = max

{
W̄
}

4: Calculate SINR at the selected UAV Uu according
to (18) or (22)

5: Calculate the achievable instantaneous bit-rate at the
selected UAV Uu according to (23)

6: Calculate SINR at the device Dn according to (27)
7: Calculate the achievable instantaneous bit-rate at

device Dn according to (32)
8: Update X̄ ← X̄\xi, X̂ ← X̂ ∪ xi, W̄ ←

W̄\αi and Ŵ← Ŵ ∪ αi
9: if (i == n) then
10: Break
11: end if
12: end while
13: Find the minimum instantaneous bit-rate threshold at the

selected UAV Uu according to (24)
14: Find the minimum instantaneous bit-rate threshold at

device Dn according to (33)
15: Initialize variable count ← 0
16: for l = 1 to 106 samples do

17: if

(
min

{
min
∀xi≥xn

max
[AS×AUu ]

{
RUu−xi (t)

}
,

min
∀xi≥xn

max
[AUu×ADn ]

{
RDn−xi (t)

}}
≥ R

)
then

18: count ← count ++
19: end if
20: end for
21: return OP at device Dn as given by OPQDn (t) = 1 −

count
/
106

1) PROPAGATION OVER TWO-STAGE RAYLEIGH AND
RAYLEIGH FADING CHANNELS
In scenario (i), fading channels are distributed over Rayleigh
fading channels for both stages of transmission block t .
Remark 1: The outage probability at the selected UAV Uu

in transmission block t and scenario Q = (i) is obtained
from (34) in Theorem 1 and expressed in novel closed-form
as

OP(i)Uu (t) =
ASAUu∑
ψ=0

(−1)ψ
(
ASAUu

)
!

ψ !
(
ASAUu − ψ

)
!

× exp

(
−

ψγ(
1− λUu

)
βρSσS,Uu

)
, (36)

s.t. βi = αi − γ
∑(

W̄\αi
)
, (37)

β = min {βi} , (38)

where αi in (37) is given by (21) and SINR threshold γ =
22R − 1. See Appendix A for proof.
Remark 2: The outage probability at device Dn is obtained

from (35) for transmission block t and scenario Q = (i),
where the fading channels from the IoT hub S to the selected
UAV Uu and from Uu to the devices are distributed over
two-stage Rayleigh fading channels. Applying PDF accord-
ing to (5), we derive the outage probability at device Dn for
n ∈ N and express it in closed-form as

OP(i)Dn (t) =
A∑

ψ=0

(−1)ψA!
ψ ! (A− ψ)!

exp
(
−
ψγ

�n

)
, (39)

s.t.$n = min
{(
1− λUu

)
βiρSσS,Uu

}
, (40)

ωn = min
{
βiρUuσUu,Dn

}
, (41)

�n = min {$n, ωn} , (42)

A =
[
ASAUu for �n = $n,

AUuADn for �n = ωn,
(43)

where βi in (40) and (41) are obtained from (37). See
Appendix B for proof.
Corollary 1: According to expression (23) in [49], expres-

sions (35) is rewritten as

OP(i)Dn = Pr

{
min
∀xi≥xn

max
[AS×AUu ]

{
R(i)Uu−xi < R

}}

+ Pr

{
min
∀xi≥xn

max
[AS×AUu ]

{
R(i)Uu−xi ≥ R

}
,

min
∀xi≥xn

max
[AUu×ADn ]

{
R(i)Dn−xi < R

}}
. (44)

Let OP(i)Uu−xi = Pr

{
min
∀xi≥xn

max
[AS×AUu ]

{
R(i)Uu−xi < R

}}
and

OP(i)Dn−xi = Pr

{
min
∀xi≥xn

max
[AUu×ADn ]

{
R(i)Dn−xi < R

}}}
. Accord-

ing to expression (24) in [49], expression (44) is derived and
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obtained in closed form according to MIMO scheme as

OP(i)Dn=
[
OP(i)Uu−xi +

[(
1−OP(i)Uu−xi

)
−

(
1−OP(i)Dn−xi

)]+]+
,

(45)

where OP(i)Uu−xi and OP(i)Dn−xi are given by (46) and (47),
respectively.

OP(i)Uu−xi =
ASAUu∑
ψ=0

(−1)ψ
(
ASAUu

)
!

ψ !
(
ASAUu − ψ

)
!
exp

(
−
ψγ

$n

)
, (46)

OP(i)Dn−xi =
AUuADn∑
ψ=0

(−1)ψ
(
AUuADn

)
!

ψ !
(
AUuADn − ψ

)
!
exp

(
−
ψγ

ωn

)
, (47)

where $n in (46) and ωn in (47) are given by (40) and (41),
respectively, and βi in (40) and (41) is given by (37).

2) PROPAGATION OVER NAKAGAMI-m AND NAKAGAMI-m
FADING CHANNELS
In scenario (ii), propagation is distributed over Nakagami-m
fading channels for both stages in transmission block t .
Remark 3: The outage probability at the selected UAV Uu

is obtained from (34) in Theorem 2, and the CDF is obtained
from (8). We therefore derive the closed-form expression for
the outage probability at the selected UAV Uu for transmis-
sion block t and scenario (ii) as follows:

OP(ii)Uu (t) =
AS∏
a=1

AUu∏
b=1

(
1− exp

(
−

mγ(
1− λUu

)
βρSσS,Uu

)

×

m−1∑
η=0

1
η!

(
mγ(

1− λUu
)
βρSσS,Uu

)η , (48)

where β in expression (48) is obtained from (38). See
Appendix C for proof.
Remark 4: From (35) and CDF (8), we derive the outage

probability in closed-form at device Dn for n ∈ N as follows:

OP(ii)Dn (t) =
A∏

ψ=1

1− exp
(
−
mγ
�n

) m−1∑
η=0

1
η!

(
mγ
�n

)η,
(49)

where �n and factor A are obtained from (42) and (43),
respectively. See Appendix D for proof.
Corollary 2: According to Corollary 1, outage probability

of device Dn in scheme (ii) is rewritten as

OP(ii)Dn = Pr

{
min
∀xi≥xn

max
[AS×AUu ]

{
R(ii)Uu−xi < R

}}

+ Pr

{
min
∀xi≥xn

max
[AS×AUu ]

{
R(ii)Uu−xi ≥ R

}
,

min
∀xi≥xn

max
[AUu×ADn ]

{
R(ii)Dn−xi < R

}}
. (50)

Let OP(ii)Uu−xi = Pr

{
min
∀xi≥xn

max
[AS×AUu ]

{
R(ii)Uu−xi < R

}}
and

OP(ii)Dn−xi = Pr

{
min
∀xi≥xn

max
[AUu×ADn ]

{
R(ii)Dn−xi < R

}}}
. Expres-

sion (50) is derived and obtained in closed form according to
the MIMO over Nakagami-m scheme as

OP(ii)Dn =
[
OP(ii)Uu−xi +

[(
1−OP(ii)Uu−xi

)
−

(
1−OP(ii)Dn−xi

)]+]+
,

(51)

where OP(ii)Uu−xi and OP(ii)Dn−xi are given by (50) and (53),
respectively.

OP(ii)Uu−xi =
AS∏
a=1

AUu∏
b=1

(
1− exp

(
−

mγ(
1− λUu

)
βiρSσS,Uu

)

×

m−1∑
η=0

1
η!

(
mγ(

1− λUu
)
βiρSσS,Uu

)η , (52)

OP(ii)Dn−xi =
AUu∏
b=1

ADn∏
c=1

(
1− exp

(
−

mγ
βiρUuσUu,Dn

)

×

m−1∑
η=0

1
η!

(
mγ

βiρUuσUu,Dn

)η , (53)

where βi in (52) and (53) is given by (37).

IV. NUMERICAL RESULTS
Assuming the existence of three IoT devices in the NOMA-
IoT cluster (Table 2) and applying (9), the flat earth dis-
tances LG2GS,Dn from the IoT hub S are calculated. We obtained
LG2GS,D1

< LG2GS,D2
< LG2GS,D3

as shown in Table 2, and verified the
G2G distances using the Google Maps tool. The latitudinal
and longitudinal positions of the centroid where FR/TR are
positioned (i.e., yellow-circle in Fig. 2) are given by the
K-means algorithm according to Proposition 1. After posi-
tioning the FR/TR, we obtained LG2GTR,D2

< LG2GTR,D1
< LG2GTR,D3

and LA2GUu,D2
< LA2GUu,D1

< LA2GUu,D3
. The power allocation factors

are α1 = 0.3333, α2 = 0.1667 and α3 = 0.5. For simplicity,
we assume that the transmit powers at the IoT hub S and
TR are ρS = ρTR in dB, while the transmit power at the
UAVs U1 and U2 are ρU1 = ρU2 =

1
5ρS in dB. Tables 2

and 4 describe in detail the parameters that were applied
for analysis (ana) and the Monte Carlo simulations (sim).
The following sections present an analysis and the simulation
results for a UAV compared to a TR-assisted NOMA-IoT net-
work for the twelve independent models as shown in Table 3.

A. DISCUSSION OF MODELS 1 AND 2
Figure 5 plots the outage probability of a SISO-IoT network
by equipping antennas at the IoT hub S, UAV Uu and TR,
and devices with AS = 1, AUu = ATR = 1, and ADn = 1,
respectively. A comparison of the results in Figures 5a, 5b, 5c
and 5d indicates that the FR-IoT network provides strongly
better system performance than TR-IoT network. As proof,
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TABLE 3. Description of investigation models.

FIGURE 5. Comparisons of model 1 versus model 2 based on (a) outage probability, (b) device throughput, (c) mean of outage probability and system
throughput, and (d) EE.

Figure 5a plots outage probability performance in which
model 2 with FR provided outperform thanmodel 1 TR. From
Figure 5a, we obtain OPmodel2Uu < OPmodel2D2

< OPmodel2D1
<

OPmodel2D3
while OPmodel1D1

< OPmodel1TR = OPmodel1D2
<

OPmodel1D3
at most SNR. We then investigated the quality of

service of devices according to their throughput TPQDn bps/Hz.

Based on Figure 5a, Figure 5b indicates that the throughput of
the device assisted by the UAV is superior to the throughput
of the device assisted by the TR. At low SNR, the throughput
of Dn is given by TP

Q
Dn =

(
1− OPQDn

)
R < R bps/Hz since

OPQDn > 0. The throughput of device Dn then tends toward a
pre-defined bit-rate threshold R if the SNR tends to infinity,
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FIGURE 6. Comparisons of model 3 versus model 4 based on (a) outage probability, (b) device throughput, (c) mean of outage probability and system
throughput, and (d) EE.

TABLE 4. Parameters for Monte Carlo simulations.

i.e., TPQDn → R because of ρS →+∞ andOPQDn → 0. From
Figure 5b, we obtain TPmodel2D2

> TPmodel2D1
> TPmodel2D3

while
TPmodel1D1

> TPmodel1D2
> TPmodel1D3

. To simplify the analysis
of the results, we plotted the average outage probability and
sum throughput for the TR and UAV schemes in the two
independent scenarios as shown in Figure 5c. From equation
(17) in [53], we obtained the average outage probability

performance in scenario Q, where OPQavg = 1
N

∑N
n=1OP

Q
Dn .

In both scenarios Q, the FR-assisted NOMA-IoT scheme
always delivers better quality of service to the device cluster
than the TR scheme (Fig. 5c, left y-axis). The FR-assisted
NOMA-IoT scheme thus provides better sum throughput per-
formance, given by TPQsum =

∑N
n=1

(
1− OPQDn

)
R bps/Hz,

to the device cluster than the TR scheme (Fig. 5c, right y-
axis). If SNR ρS → +∞, we obtain the sum throughput
TPQsum =

∑N
n=1R = NR = 0.3 bps/Hz. In Figure 5d,

the FR-assisted SISO-NOMA scheme consumed less energy
than the TR scheme. We can clarify with a proof. The TR
scheme consumes transmitting power ρS at the IoT hub S to
transmit the superimposed signal to the TR in the first stage
t1 and then consumes transmitting power ρTR to forward the
signal to devices in the second stage t2, where ρS = ρTR.
The energy consumption in the TR scheme is thus given

by EEQTR =
∑N

n=1

(
1−OPQDn (t)

)
R

ρS (t1)+ρTR(t2)
, where ρS = ρTR. The

FR scheme consumes transmitting power
(
1− λUu

)
ρS at

the IoT hub S to transmit the superimposed signal from the
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FIGURE 7. Comparisons of model 5 versus model 6 based on (a) outage probability, (b) device throughput, (c) mean of outage probability and system
throughput, and (d) EE.

IoT hub S to the selected FR Uu in the first stage t1, then
consumes transmitting power ρUu to forward the signal from
the UAV Uu to devices in second stage t2. Energy consump-
tion in FR-UAV scheme is therefore given by EEQFR (t) =∑N

n=1

(
1−OPQDn (t)

)
R

(1−λUu)ρS (t1)+ρUu (t2)
, where ρUu =

1
5ρS . Thereby, the FR-

UAV scheme (model 2) attains the best EE (Fig. 5d).

B. DISCUSSION OF MODELS 3 AND 4
In various studies, the authors conducted that Nakagami-m
distribution may improve system performance (i.e., outage
probability, system throughput, etc) by increasing factorm >
1. In this section, we also examines a SISO-IoT network,
however, over Nakagami-m distributions, where factor m =
3. Figure 6a plots outage probability performance in which
model 4 with FR-assisted SISO-IoT network provided out-
perform than model 3 TR. Besides, models 3 and 4 provide
device throughput (Fig. 6b), system throughput (Fig. 6c), and
EE (Fig. 6d) better than models 1 and 2 (Figs. 5a, 5b, 5c

and 5d) since benefit of Nakagami-m (m = 3) distributions
comparing to Rayleigh distributions.

From expressions (36), (39), (46), (47), (48), (49), (52)
and (53), we observe that the outage probability of device
Dn always tends toward one if the exponential function
exp (.) = 1. In this case, we obtain the ceiling bit-rate
thresholds for devices D3, D1 and D2 according to RD3 =

1
2 log2

(
α3

α1+α2
+ 1

)
= 0.5, RD1 =

1
2 log2

(
α1
α2
+ 1

)
=

0.7923 and RD2 > 0 bps/Hz. For clarity, we describe three
cases: in the first case, if RD3 ≥

1
2 log2

(
α3

α1+α2
+ 1

)
=

0.5 bps/Hz, devices D3, D1 and D2 are forced into the prob-
ability of outage (i.e., OPQD3

= OPQD1
= OPQD2

= 1) since
the UAV relay and TR both unsuccessfully decode message
x3. Therefore, the pre-defined bit-rate threshold of device
D3 must be RD3 <

1
2 log2

(
α3

α1+α2
+ 1

)
= 0.5 bps/Hz; in

the second case, if RD3 <
1
2 log2

(
α3

α1+α2
+ 1

)
= 0.5 but

RD1 ≥
1
2 log2

(
α1
α2
+ 1

)
= 0.7923 bps/Hz, devices D1 and
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FIGURE 8. Comparisons of model 7 versus model 8 based on (a) outage probability, (b) device throughput, (c) mean of outage probability and system
throughput, and (d) EE.

D2 are forced into the probability of outage (i.e., OPQD1
=

OPQD2
= 1 even SNR ρS → +∞) since the UAV relay, TR

and devices D1 and D2 unsuccessfully decode message x1;
in the third case, if RD3 <

1
2 log2

(
α3

α1+α2
+ 1

)
= 0.5 and

RD1 <
1
2 log2

(
α1
α2
+ 1

)
= 0.7923 bps/Hz, all devices D3,

D1 and D2 are forced into the probability of non-outage,
i.e., OPQD3

→ 0, OPQD1
→ 0 and OPQD2

→ 0 while
SNR ρS → +∞. Significantly, RD2 > 0 since message
x2 is decoded without interference from other messages, and
therefore RD2 → +∞ while SNR ρS → +∞. In the
present study, we assigned the pre-defined bit-rate threshold
R = RD1 = RD2 = RD3 = 0.1 bps/Hz, which meets the
constraints RD3 <

(
1
2 log2

(
α3

α1+α2
+ 1

))
= 0.5, RD1 <

1
2 log2

(
α1
α2
+ 1

)
= 0.7923 andRD2 > 0 bps/Hz.

C. DISCUSSION OF MODELS 5 AND 6
In this section, we equipped multiple antennas on all IoT
network nodes with AS = AUu = 4, ADn = 2 for model 6 and
AS = ATR = 4, ADn = 2 for model 5. Figures 7a, 7b, 7c,

and 7d plot the outage probability, device throughput, mean
outage probability and system throughput, and EE, respec-
tively. Although the transmit power in the terrestrial scheme
is greater than the transmit power in the UAV scheme, the
outage probability results for the UAV scheme are superior to
those of the TR scheme since the path-loss exponent factors
ε = 2 for A2A links and ε = 2.5 for A2G links in the
UAV scheme are lower than the path-loss exponent factor
ε = 3 in the TR scheme, as the UAV provides a line-of-sight
benefit. Comparing models 5 and 6 (MIMO over Rayleigh) to
models 1 and 2 (SISO) over Rayleigh), respectively, we con-
clude that the MIMO technique has significantly improved
the network performance compared to the SISO technique.
For clarity, most devices in models 1 and 2 reached their
expected bit-rate threshold R = 0.1 bps/Hz at SNR ρS =

34 and ρS = 31 dB, respectively, as shown in Figure 6a,
however, those in models 5 and 6 reached their expected
bit-rate thresholdR = 0.1 bps/Hz at SNR ρS = 27 and ρS =
25 dB, respectively. Model 6 thus provided the best system
throughput and EE, as shown in Figure 7d, compared to
models 1, 2, 3, 4 and 5.
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FIGURE 9. Comparisons of model 9 versus model 10 based on (a) outage probability, (b) device throughput, (c) mean of outage probability and
system throughput, and (d) EE.

D. DISCUSSION OF MODELS 7 AND 8
As with models 5 and 6, we equipped multiple antennas on
all IoT network nodes with AS = AUu = 4, ADn = 2 for
model 8 and AS = ATR = 4, ADn = 2 for model 7, however,
distributed over Nakagami-m fading channels. Figure 8a plots
outage probability of IoT devices. Notice that the outage
probability results of devices in models 7 and 8 disappeared
suddenly, e.g., the resulting outage probability of deviceD3 in
model 8 disappeared if SNR ρS > 24 dB since outage
probability of device D3 in model 8 tends to zero. As can
be seen in Figure 8b, the most device throughput increases
rapidly and reaches the expected rate threshold at SNR ρS =
24 dB. Besides, most devices in model 7 have reached the
expected rate threshold at SNR ρS = 27 dB. As a result,
models 7 and 8 provides system throughput (Fig. 8c) and EE
(Fig. 8d) superior than mentioned models, i.e., models 1, 2,
3, 4, 5, and 6.

E. DISCUSSION OF MODELS 9 AND 10
Based on analysis of the results for models 1 and 2 (Fig. 5),
models 3 and 4 (Fig. 6), models 5 and 6 (Fig. 7), models

7 and 8 (Fig. 8), we conclude that an increment in the number
of antennas improved the system performance of the IoT
network. The mMIMO technique is an upgrade evolution
of the MIMO technique and employs arrays of hundreds of
antennas in the network. The main advantage of the mMIMO
technique is all the benefits of MIMO but on a much larger
scale [54]. In this study, we present a general model and
formulations for a MIMO-IoT network, and it may therefore
be adapted to other schemes such as SISO and mMIMO.
In this section, we equipped a large number of antennas at
IoT hub S. As verification, we equipped a large number of
antennas AS = 128 at the IoT hub S while retaining the same
number of antennas at the UAVUu and devices, where AUu=4
and ADn = 2, respectively. The UAV and IoT devices were
equippedwith only a few antennas because of their small size,
light weight and low cost. In this case, the pre-coding channel
matrix HS,Uu has a large size of

[
AS × AUu

]
= 512 pre-

coding channels for model 10, and the pre-coding channel
matrixHS,TR has a large size of [AS × ATR] = 512 pre-coding
channels for model 9. The TR in model 9 has unlimited
energy because it is supplied from the power grid, however,
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FIGURE 10. Comparisons of model 11 versus model 12 based on (a) outage probability, (b) device throughput, (c) mean of outage probability and
system throughput, and (d) EE.

we equipped AUu = ATR = 4 antennas to compare fairness.
We then investigated the quality of service at devices in terms
of outage probability (Fig. 9a), device throughput (Fig. 9b),
mean outage probability and the sum throughput (Fig. 9c),
and EE (Fig. 9d). Figure 9 plots the Monte Carlo simulations
results from Algorithms 1 and , which applied (34) and (35),
but an analysis of the results obtained from (36) and 39 are
not presented because the factorial function of a large number
of antennas returns a value which is not a number (NaN), i.e.,
512! = NaN .

Comparing the results in Figure 9 to Figures 5, 6, 7 and
8, we conclude that mMIMO improves network performance
over SISO and MIMO, e.g., a comparison of the investigated
results in Figure 9a (mMIMO scheme) and the results in
Figures 5a and 6a (SISO) and Figures 7a and 8a (MIMO)
indicates that mMIMO in combination with a large number
of antennas provides better outage probability than SISO and
MIMO in combination with a smaller number of antennas.
We also obtained EE (i)TR,mMIMO � EE (i)TR,MIMO � EE (i)TR,SISO,
but mMIMO and MIMO used in the UAV scheme provided
similar EE at almost same SNR ρS dB, i.e. EE (i)FR,mMIMO ≈

EE (i)FR,MIMO ≈ EE (i)FR,SISO. It is interesting that the mMIMO
technique delivers much better performance for long-distance
communications in terrestrial IoT networks than the MIMO
technique. However, the performance of long-distance com-
munications in an aerial IoT network using the mMIMO
technique performs slightly better than the MIMO technique.
The mMIMO technique in combination with a large number
of antennas also entails high hardware costs, power consump-
tion and algorithmic complexity.

F. DISCUSSION OF MODELS 11 AND 12
Figure 10 plots the outage probability (Fig. 10a), device
throughput (Fig. 10b), average outage probability and system
throughput (Fig. 10c) and EE (Fig. 10d) for models 11 and
12. The outage probability of the UAV in model 12 was
interrupted at SNR ρS = 17 dB, meaning that the outage
probability of UAV O(ii)

Uu,mMIMO = 0, where SNR ρS >

17 dB. Similarly, the outage probabilities of TR and device
D2 in model 11 were interrupted at SNR ρS = 21 dB,
meaning that the outage probabilities of TR and device D2
O(ii)
TR,mMIMO = O(ii)

D2,mMIMO
= 0, where SNR ρS > 21 dB.
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Although models 11 and 12 improved the outage probability
of TR and FR significantly, they only slightly improved the
outage probabilities of devices compared to models 9 and
10. The average outage probability and system through-
put in Figure 10c therefore approximate the average outage
probability and system throughput in Figures 9c, 8c, 7c, but
the average outage probability and system throughput in
Figure 10c is better than the average outage probability and
system throughput in Figures 6c and 5c. Figure 10d plots
theEE performance of models 11 and 12. Compared to the
EE performances of models 9 and 10 in Figure 9d, the EE per-
formance in models 11 and 12 was worse than the EE per-
formances of models 10 and 11. For example, the peak EE
performance of model 11 (EE (Nakagami−m)

TR,mMIMO = 16.6808 b/J/Hz
at SNR ρS = 22 dB) is less than the peak EE perfor-
mance of model 9 (EE (Rayleigh)

TR,mMIMO = 24.7792 b/J/Hz at SNR
ρS = 21 dB). Similarly, the peak EE performance of model
12 EE (Nakagami−m)

FR,mMIMO = 94.4008 b/J/Hz is less than the peak EE

performance of model 10 EE (Rayleigh)
FR,mMIMO = 127.4203 b/J/Hz at

the same SNR ρS = 20 dB. After investigating twelve indi-
vidual models as shown in Table 3, we concluded that model
12 > model 11 > model 10 > model 9 > model 8 > model 7 >
model 6 > model 5 > model 4 > model 3 > model
2 > model 1 based on outage probability and system
throughput.

V. CONCLUSION
We comprehensively investigated a UAV-assisted NOMA-
IoT wireless network and compared it to a TR-assisted
NOMA-IoT wireless network. The results demonstrated an
improvement in system performance by using an FR-UAV to
combat fading channels and provide optimal UAVpositioning
through the K-means algorithm. In this manner, the expected
channel gains were improved. We applied the SWIPT proto-
col and designed a power splitting framework to prolongUAV
online time. The results also indicated that the UAV scheme
which exploits line-of-sight benefits in combination with the
power splitting framework delivered better performance in
outage probability, system throughput and EE than a TR
scheme. We derived novel closed-forms of the outage prob-
ability for Rayleigh and Nakagami-m distributions by apply-
ing the proposed max-SIC-min-rate framework and verified
the theoretical results with Monte Carlo simulations. The
study produced interesting conclusions: a UAV relay-assisted
NOMA-IoT network is better than a TR-assisted NOMA-
IoT network; the MIMO technique delivers superior system
performance to the SISO technique; fading channels over
Nakagami-m distributions deliver better quality of service
for devices than over Rayleigh distributions; the mMIMO
technique used with a large number of antennas delivers
slightly better system performance than the MIMO technique
in an aerial UAV relay or TR scheme, but it is more complex
to implement and has higher hardware costs and consumes
more energy. Although we attained valid results in the study,
an open question for future research remains in how the

selected UAV may use EH to forward the signal instead of
using its own energy or how a resting UAV may use EH and
be operated as a friendly jammer to transmit a jamming signal
to block an eavesdropper. A NOMA device cluster could
also be divided into multiple smaller NOMA device clusters,
each served by a selected aerial relay. In this configuration,
each small NOMA device cluster owns a centroid that can
be determined by the K-means algorithm. From multiple
centroids, the UAV trajectory follows a centroid-to-nearest-
centroid path.

APPENDIX A
PROOF OF REMARK 1
In [55, Eq. (13)], the authors presented a conditional outage
probability at the relay, with two messages carried in the
superimposed signal. The authors also extended the cooper-
ative model, consisting of N devices, and described the con-
ditional outage probability at the relay in [56, Eq. (30)]. Pro-
ducingMonte Carlo simulations for a large number of devices
in a NOMA-IoT device cluster is challenging. We therefore
employ a max-SIC-min-rate framework and obtain the con-
ditional outage probability at the UAV Uu according to (34).
We then obtain the conditional outage probability at the
selected UAV Uu from the equation

OPQUu (t)

= 1− Pr

{
min
∀xi∈X̄

max
[AS×AUu ]

{
RUu−xi

}
≥ R

}

= 1− Pr

{
max

[AS×AUu ]

{∣∣HS,Uu

∣∣2} ≥ γ(
1− λUu

)
ρSβ

}
,

(54)

where β in (54) is given by (38).
In Remark 1, the fading channels h(a,b)S,Uu ∈ HS,Uu from

the IoT hub S to UAV Uu occur over Rayleigh distributions,
where a ∈ AS and B ∈ AUu . By applying the max-SIC-min-
rate framework in combination with the PDF function given
by (5), we obtain the outage probability at UAVUu in scenario
(i) in closed-form as follows:

OP(i)Uu (t) =
ASAUu∑
ψ=0

(−1)ψ
(
ASAUu

)
!

ψ !
(
ASAUu − ψ

)
!

×

+∞∫
γ

(1−λUu)ρSβ

1
σS,Uu

exp
(
−
ψx
σS,Uu

)
dx

=

ASAUu∑
ψ=0

(−1)ψ
(
ASAUu

)
!

ψ !
(
ASAUu − ψ

)
!

× exp

(
−

ψγ(
1− λUu

)
βρSσS,Uu

)
, (55)

s.t. βi = αi − γ
∑i−1

j=1
αj, (56)

β = min {βi} . (57)
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APPENDIX B
PROOF OF REMARK 2
In Remark 2, the fading channels h(a,b)S,Uu ∈ HS,Uu from the IoT
hub S to UAV Uu occur over Rayleigh distributions, where
a ∈ AS and b ∈ AUu . The fading channel h(b,c)Uu,Dn ∈ HUu,Dn
from the UAV Uu to device Dn also occurs over Rayleigh
distribution, where c ∈ ADn . By applying the max-SIC-min-
rate framework, we obtain the outage probability at deviceDn
in scenario (i) in closed-form as follows:

OP(i)Dn (t) = 1

− Pr

{
min
∀xi≥xn

max
[AS×AUu ]

{
RUu−xi (t)

}
≥ R,

min
∀xi≥xn

max
[AUu×ADn ]

{
RDn−xi (t)

}
≥ R

}

= Pr

{
min
∀xi≥xn

{
max

[AS×AUu ]

{
RUu−xi (t)

}
,

max
[AUu×ADn ]

{
RDn−xi (t)

}
< R

}}
OP(i)Dn (t) = 1

− min

Pr
 max
[AUu×ADn ]

{∣∣HUu,Dn

∣∣2} ≥ γ

ρUu min
∀αi≥αn

{βi}

 ,
Pr

 max
[AS×AUu ]

{∣∣HS,Uu

∣∣2} ≥ γ(
1− λUu

)
ρS min
∀αi≥αn

{βi}


 .
(58)

From the conditional outage probability at deviceDn given
by (58) in combination with the PDF given by (5), we obtain

OP(i)Dn (t)

= max


ASAUu∑
ψ=0

(−1)ψ
(
ASAUu

)
!

ψ !
(
ASAUu − ψ

)
!

×

+∞∫
γ

(1−λUu) min
∀αi≥αn

{βi}ρS

1
σS,Uu

exp
(
−
ψx
σS,Uu

)
dx,

AUuADn∑
ψ=0

(−1)ψ
(
AUuADn

)
!

ψ !
(
AUuADn − ψ

)
!

×

+∞∫
γ

min{βi}ρUu

1
σUu,Dn

exp
(
−

ψx
σUu,Dn

)
dx


=

A∑
ψ=0

(−1)ψA!
ψ ! (A− ψ)!

exp
(
−
ψγ

�n

)
, (59)

s.t. $n = min
∀αi≥αn

{(
1− λUu

)
βiρSσS,Uu

}
, (60)

ωn = min
∀αi≥αn

{
βiρUuσUu,Dn

}
, (61)

�n = min {$n, ωn} , (62)

A =
[
ASAUu for �n = $n,

AUuADn for �n = ωn.
(63)

APPENDIX C
PROOF OF REMARK 3
In scenario (ii), the fading channel h(a,b)S,Uu ∈ HS,Uu from the
IoT hub S to UAV Uu occurs over Nakagami-m distributions,
where a ∈ AS and b ∈ AUu . From (34) and the CDF
given by (8), we obtain the outage probability at UAV Uu in
closed-form as follows:

OP(ii)Uu (t) =
AS∏
a=1

AUu∏
b=1

F∣∣∣h(a,b)S,Uu

∣∣∣2 (x)

=

AS∏
a=1

AUu∏
b=1

(
1− exp

(
−

mγ(
1− λUu

)
βρSσS,Uu

)

×

m−1∑
η=0

1
η!

(
mγ(

1− λUu
)
βρSσS,Uu

)η , (64)

where β is given by (57).

APPENDIX D
PROOF OF REMARK 4
In scenario (ii), the fading channels from the IoT hub S to
UAVs and from UAVs to device Dn occur over two-stage
Nakagami-m distributions. From (35) and the CDF given
by (8), we obtain the outage probability at device Dn in
closed-form as follows:

OP(ii)Dn (t)

= min


AS∏
a=1

AUu∏
b=1

F∣∣∣h(a,b)S,Uu

∣∣∣2 (x),
AUu∏
b=1

ADn∏
c=1

F∣∣∣h(b,c)Uu,Dn

∣∣∣2 (x)


= min


AS∏
a=1

AUu∏
b=1

1− exp
(
−
mγ
$n

) m−1∑
η=0

1
η!

(
mγ
$n

)η,
AUu∏
b=1

ADn∏
c=1

1− exp
(
−
mγ
ωn

) m−1∑
η=0

1
η!

(
mγ
ωn

)η
=

A∏
ψ=1

1− exp
(
−
mγ
�n

) m−1∑
η=0

1
η!

(
mγ
�n

)η, (65)

where$n,ωn,�n and A are given by (40), (41), (42) and (43),
respectively.
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