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A B S T R A C T

This study examines a cooperative non-orthogonal multiple access (NOMA) network utilizing an energy-
constrained unmanned aerial vehicle (UAV) relay (UAVR) to expand coverage and improve network through-
put. In order to provide energy to the UAVR, we consider the hybrid simultaneous wireless information and
power transmission (SWIPT) method, which allows the UAVR to harvest energy from the source (i.e., sink node)
signal. Herein, a hybrid time switching (TS)-based and power splitting (PS)-based relaying scheme is applied
to improve the UAVR’s energy harvesting (EH) efficiency and the system performance. Given this context,
we derive the closed-form expression of the outage probability (OP) for the sensors to evaluate the network
performance. Based on the achieved analytical results, we apply the bat algorithm optimization (BAO) method
to determine the optimal working point (as a fraction of received power and power allocation coefficients,
and the 3-D positions of the UAVR) for the system such that the OP is minimized. The numerical analysis
indicates that BAO is effective in both exploring and exploiting solutions, making it a suitable choice for
similar non-convex optimization problems in continuous search spaces for cooperative NOMA IoT networks.
1. Introduction

Unmanned aerial vehicle (UAV)-assisted communications has re-
cently emerged as a crucial aspect of Internet of Things (IoT) networks.
This is primarily due to their ability to adjust their altitudes and nav-
igate around obstacles, as highlighted by [1,2]. Moreover, UAVs offer
an adaptable and cost-effective solution for extending the coverage and
enhancing the throughput of existing terrestrial cellular networks. This
is achieved by circumventing obstructions such as buildings, moun-
tains, and forests, while also expanding the potential for providing
line-of-sight (LoS) connectivity to end-users on the ground, as noted
in [3,4].

Unfortunately, UAVs are battery-operated devices with a limited
battery life, and their power consumption significantly impacts the
communication process, as highlighted by various studies such as
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[5–7]. Therefore, the use of radio frequency (RF) EH techniques presents
a reliable solution to address the power constraints faced by UAVs.
For instance, in [8], the author proposed an RF EH UAV network
enabling the UAV to provide services to ground customers while also
gathering energy from charging stations through the wireless power
transfer (WPT) technique.

In the WPT technique, there are two standard protocols: time-
splitting-based relaying (TS) and power-splitting-based relaying (PS)
[9–11]. In particular, the TS protocol includes a switcher at the receiver
that regularly switches between the state of information decoding and
EH. In the PS protocol, a power splitter at the receiver divides the
received signal into two parts. One half is for EH, while the other is
for information decoding. Recent research focuses on both because they
are equally significant. Furthermore, there is no definitive answer as to
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which is preferable. For example, the TS protocol outperforms the PS
protocol at low SNR, while the PS protocol outperforms the TS protocol
at high SNR [9]. In contrast to standard PS and TS protocols, alternative
TS and PS protocols that may have less implementation complexity,
need less channel knowledge and increase the system performance are
available in the literature [10,11]. However, these new protocols do
not outperform the standard TS or PS protocols under all network
conditions. Therefore, an enhanced protocol, known as hybrid EH,
which combines TS and PS, where the received signal will be first
switched for EH and then switched to the power splitter frequently.
The author in [12] concluded that this protocol does not only improve
the EH efficiency and the system performance but also outperforms
both the TS and PS protocols. Obviously, the UAV, with the energy
constraints, will have better performance when using the hybrid EH
compared to using conventional EH methods.

On the one hand, non-orthogonal multiple access (NOMA) has
been widely recognized as a promising solution to improve system
performance and spectrum access efficiency in massive access scenar-
ios [13–18]. For instance, [16] examined a multi-user communication
system, in which a UAV base station utilizes NOMA to provide services
to a vast number of ground users. Specifically, this work formulated
a max–min rate optimization problem for many users and proposed a
path-following algorithm to address it. As per the quantitative results,
NOMA outperforms orthogonal multiple access (OMA) in terms of
system performance. Additionally, [19] considered the use of a UAV as
a relay (referred to as UAVR) to transmit information from its sources
to its final destinations. The numerical results demonstrate that optimal
OP can be achieved by strategically placing the UAVR and adjusting the
transmission power of both the source and the UAVR.

On the other hand, some studies have explored the use of coopera-
tive NOMA and EH because of its ability to increase spectral efficiency
and system performance [18,20]. Building on this research, [20] pro-
posed a hybrid EH protocol for cooperative NOMA to enhance the
system performance of existing EH protocols with a more practical
approach. The study investigated optimal power allocation factors for
the hybrid protocol, and the results demonstrated the superiority of
the proposed cooperative NOMA compared to other methods. However,
previous research has assumed perfect channel state information (CSI)
of the channels, which is unrealistic. Therefore, this paper examines the
performance of EH UAVR cooperative NOMA networks with imperfect
CSI of the channels.

Besides, we will use a minimization method to identify the sub-
optimal working point for the system parameters and the 3D position
of the UAV Relay, based on the closed-form expression we derived for
the OP. As the OP is non-convex and may have multiple local minima,
gradient-based methods are unsuitable. Instead, heuristic search meth-
ods are employed, such as simulated annealing (SA), genetic algorithms
(GA), or particle swarm optimization (PSO) [21–26]. These methods
use a combination of downhill climbing search and local random search
to escape local minima and achieve good minima results. However,
SA only updates one individual over time, which limits its exploration
ability.

Meanwhile, GA and PSO control a set of individuals (called a pop-
ulation) to collaborate with each other for the search and reach some
better balance of exploration and exploitation [27,28]. However, GA
usually works with two interchangeable domains, i.e., the chromosome
domain and the search space domain. The chromosomal domain is
usually discrete where the crossover and mutation steps are performed.
Contrariwise, the search space domain is frequently continuous, with
fitness evaluations performed for the selection step. Meanwhile, GA
has to discretize the search space, and the precision is based on the
resolution of this step. In addition, interpreting between search domain
and chromosome domain is sometimes complicated. PSO works within
just one continuous domain, in which the best individual is always
stored to navigate the whole population. PSO, with its more greedy
560
nature than GA, usually gives a quick convergence but a low-quality
solution.

To address the aforementioned limitations, we will utilize the bat
algorithm optimization (BAO) to determine the optimal working point
for the system by minimizing the OP [29]. BAO is a population-based
heuristic approach inspired by the natural echolocation-based hunting
behavior of micro bat flocks. Each bat initially flies randomly and emits
a pulse of a specific frequency, which reflects off objects or insects
and is detected upon returning. Based on the echoes received, the bat
modifies the pulse frequency and loudness to facilitate the search. The
frequency increases and loudness decreases when the bat is close to the
target food. In BAO, the bats cooperate by performing local random
searches and moving towards the bat that has the highest potential of
finding food. As a result, BAO eliminates the chromosome domain of
GA and employs PSO’s best individual navigation. Furthermore, BAO is
less greedy than PSO as it enables more random search (exploration)
by regulating the behavior of the entire population via the bats’ pulse
frequencies and pulse loudness.

Motivated by the above works, this work focuses on the optimiza-
tion problem of system performance for the hybrid EH scheme, which
combines TS and PS, in the context of cooperative NOMA IoT networks
to improve the mentioned drawbacks. In this paper, we make the
following primary contributions:

• We investigate a novel approach to optimizing the performance
of UAV-assisted cooperative NOMA IoT networks using the hybrid
SWIPT method that combines the TS and PS techniques. In our
proposed system, a sink node transmits information to two sensor
clusters having different priority levels. We also incorporate an
EH UAVR to enhance system performance in scenarios where
obstacles may be present.

• We propose a three-phase communication protocol for the coop-
erative NOMA IoT network with the hybrid TS/PS simultaneous
wireless information and power transfer (SWIPT) scheme, con-
sisting of the TS-based EH phase, the PS-based EH and direct
information transmission phase, and the relaying transmission
phase. Using this protocol, we derive a closed-form expression for
the OP of the system.

• We propose employing the BAO method to determine the opti-
mal values of the fraction of received power, power allocation
coefficients, and the position of the UAVR. The objective is to
minimize the OP of the system, as indicated by the analytical
results obtained in terms of the OP.

The subsequent sections of this paper are structured in the following
manner: Section 2 presents the system model and communication
protocol. In Section 3, the closed-form expressions for the operational
performance and the formulation of the optimization problem are
presented. In Section 4, the authors introduce the BAO method as a
proposed solution to the optimization problem. The findings obtained
from the simulation are presented and analyzed in Section 5, while the
conclusions drawn from the study are provided in Section 6.

2. System model and communication protocol

2.1. System model and channel assumptions

We consider the IoT architecture shown in Fig. 1 for downlink
cooperative NOMA scenario. This can apply to such real-world scenar-
ios as disasters and/or military sites where IoT devices (i.e., sensors)
are hard to communicate directly with the sink and UAVR is used
to maintain its information transmission. In particular, the sink uses
the NOMA technique to transmit the signal to a UAVR and sensors,
which are distributed into two clusters, i.e., a high-priority cluster and
a low-priority cluster. In order to use energy efficiently, UAVR harvests
energy and uses it to transfer the received information to the sensors.
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Fig. 1. Downlink cooperative NOMA.

It should be noted that both the sink and sensors are equipped with
a solitary antenna, as this is necessitated by their respective sizes and
limitations in terms of capability. In addition, the UAVR is outfitted
with a multitude of antennas in order to enhance its EH capabilities.
For sink-to-UAVR and UAVR-to-sensor communication, the models of
path loss are presented in terms of absolute values as

𝐿𝑎 = 𝛽𝑎𝑑
𝜂𝑎
𝑎 , (1)

where 𝑎 ∈ {𝑆𝑅𝑘, 𝑅𝑘𝑈𝑖, 𝑅𝑘𝑉 𝑗} and 𝜂𝑎 = 2. Depending on the environ-
ment, sink-to-UAVR and UAVR-to-sensor channels are more likely to
be dominated by either LoS circumstances or non-line-of-sight (NLoS)
situations (e.g., suburban, urban, or dense urban) [30]. Thus, the
quantity 𝛽𝑎 is formulated as 𝛽𝑎 = 10𝐵 [31], in which 𝐵 is defined as

𝐵 =
10 log10 (4𝜋𝑓∕𝑐)

2 + 𝜔𝑁𝐿𝑜𝑆
10

+
𝜔𝐿𝑜𝑆 − 𝜔𝑁𝐿𝑜𝑆

10 + 10𝜑 exp
[

−𝜓
(

180
𝜋 𝜃𝑎 − 𝜑

)] , (2)

where 𝜃𝑎 is the UAVR elevation angle with respect to either the sink or
sensors; 𝜑 and 𝜓 are constants that depend on the environment [32];
and the extra path losses of LoS and NLoS connections are represented
by the parameters 𝜔𝐿𝑜𝑆 and 𝜔𝑁𝐿𝑜𝑆 , respectively, which depend on the
surrounding environment and the transmission frequency [32]. Fur-
thermore, the channel coefficients are assumed to be identically inde-
pendent distributed (i.i.d) random variable (RV) following Nakagami-𝑚
distribution with fading severity parameter 𝑚. Therefore, the channel
gains follow a Gamma distribution [7]. Given the uncertainty of the
channel gains, appropriate probability density functions are estab-
lished to represent this uncertainty. The Monte Carlo simulation is
employed as a stochastic technique to model these uncertainties [33–
36]. Thus, the probability density function (PDF) and cumulative dis-
tribution function (CDF) of the channel gain |𝑔𝑋𝑌 |

2 are formulated as
follows [37]:

𝑓
|𝑔𝑋𝑌 |2

(𝑥) =
(

𝑚𝑋𝑌
𝛺𝑋𝑌

)𝑚𝑋𝑌 𝑥𝑚𝑋𝑌 −1

𝛤
(

𝑚𝑋𝑌
) exp
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−
𝑚𝑋𝑌 𝑥
𝛺𝑋𝑌

)

, (3)

𝐹
|𝑔𝑋𝑌 |2

(𝑥) = 1 −
𝑚𝑋𝑌 −1
∑

𝑗=0

(

𝑚𝑋𝑌 𝑥
𝛺𝑋𝑌

)𝑗 1
𝑗!

exp
(

−
𝑚𝑋𝑌 𝑥
𝛺𝑋𝑌

)

, (4)
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Table 1
Notations.

Notation Definition

𝑆 The sink
𝑅𝑘 The 𝑘th antenna of UAVR, where 1 ≤ 𝑘 ≤ 𝐾
𝑈𝑖 The 𝑖th high-priority sensor, where 1 ≤ 𝑖 ≤ 𝐼
𝑉𝑗 The 𝑗th low-priority sensor, where 1 ≤ 𝑗 ≤ 𝐽
𝑔𝑋𝑌 The channel coefficient from 𝑋 to 𝑌 , where

𝑋, 𝑌 ∈ {𝑆,𝑅𝑘 , 𝑈𝑖 , 𝑉𝑗}
𝑓
|
𝑔𝑋𝑌 |

2 (⋅) The PDF of the channel gain |

|

𝑔𝑋𝑌 ||
2

𝐹
|
𝑔𝑋𝑌 |

2 (⋅) The CDF of the channel gain |

|

𝑔𝑋𝑌 ||
2

𝛺
|
𝑔𝑋𝑌 |

2 The mean channel gain of the channel gain |

|

𝑔𝑋𝑌 ||
2

𝑑𝑋𝑌 The distance from 𝑋 to 𝑌
𝑔𝑋𝑌 The channel coefficient estimated using the minimum mean

square error (MMSE) for 𝑔𝑋𝑌

Fig. 2. Illustration of a hybrid TS/PS SWIPT-based decode-and-forward (DF) UAVR
strategy.

where 𝑋, 𝑌 ∈ {𝑆,𝑅𝑘, 𝑈𝑖, 𝑉𝑗}, 𝑔𝑋𝑌 is an RV with the mean value of
𝛺𝑋𝑌 = 𝐄

[

|

|

𝑔𝑋𝑌 ||
2
]

, and 𝛤 (⋅) is the Gamma function. In addition, the
imperfect CSI of the channel gains are considered as follows [38]:

𝑔𝑋𝑌 = 𝑔𝑋𝑌 + 𝑒𝑋𝑌 , (5)

where 𝑔𝑋𝑌 represents the estimated channel coefficient and 𝑒𝑋𝑌 ∈


(

0, 𝜎2
𝑋𝑌

)

denotes the channel estimation error; and �̂�𝑋𝑌 =
(

1 − 𝜙𝑋𝑌
)

𝛺𝑋𝑌 , 𝜙𝑋𝑌 =
𝜎2𝑋𝑌
𝛺𝑋𝑌

denotes the relative channel estimation
error. The main notations used to describe the system model are listed
in Table 1.

2.2. Communication protocol

This subsection presents the communication protocol for the down-
link scenario. In order to improve the system performance, a hybrid
TS/PS SWIPT is adopted at the UAVR cluster for the downlink scenario,
as shown in Fig. 2. In particular, a block of time 𝑇 is divided into three
phases. During the first phase, denoted as 𝜏𝑇 , UAVR harvests energy
from their sink, where 0 < 𝜏 < 1 denotes the fraction of block time
for EH in the downlink scenario. During the second phase, denoted as
(1 − 𝜏) 𝑇 ∕2, the chosen antenna of the UAVR employs a portion 𝜌 of the
received power for EH, while the remaining fraction (1 − 𝜌) is allocated
for information decoding. Here, 𝜌 represents the power-splitting ratio,
which satisfies the condition 0 < 𝜌 < 1. During the third phase,
denoted as (1 − 𝜏) 𝑇 ∕2, the UAVR employs the energy it has harvested
to transmit the received signal to the sensors.

Based on this time frame, the downlink scenario of the considered
system is deployed in three phases, namely the EH phase and direct
information transmission phase (the first), information decoding phase
(the second phase), and the relaying transmission phase (the third
phase), as follows:

• In the first phase, i.e., EH and direct information transmission
phase, the sink broadcasts the superposed signal, i.e., √𝛼𝑈𝑖𝑥𝑈𝑖 +
√𝛼𝑉𝑗𝑥𝑉𝑗 , to sensors and UAVR by applying the principle of
NOMA [39]. Herein, 𝑥 and 𝑥 , and 𝛼 and 𝛼 are the intended
𝑈𝑖 𝑉𝑗 𝑈𝑖 𝑉𝑗
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transmit signals and power allocation coefficients of the sensors
𝑈𝑖 and 𝑉𝑗 at the sink, respectively, where 𝛼𝑈𝑖 + 𝛼𝑉𝑗 = 1 and
𝛼𝑈𝑖 > 𝛼𝑉𝑗 > 0. Furthermore, a sensor in each cluster is selected
based on the channel quality of the direct link, in which the worst
channel is chosen instead of the best one to guarantee that all
sensors that can receive the information from the sink, i.e.,

𝑖∗ = min
1≤𝑖≤𝐼

{

|

|

|

𝑔𝑆𝑈𝑖
|

|

|

2
}

= min
1≤𝑖≤𝐼

{

|

|

|

�̂�𝑆𝑈𝑖
|

|

|

2
}

, (6)

𝑗∗ = min
1≤𝑗≤𝐽

{

|

|

|

𝑔𝑆𝑉𝑗
|

|

|

2
}

= min
1≤𝑗≤𝐽

{

|

|

|

�̂�𝑆𝑉𝑗
|

|

|

2
}

. (7)

Therefore, the received signal at sensor 𝐴 can be expressed as

𝑦𝑆𝐴 =
⎛

⎜

⎜

⎝

√

√

√

√

𝛼𝑈𝑖∗ 𝑃𝑆

𝑑𝜃𝑆𝐴𝑆𝐴

𝑥𝑈𝑖∗ +

√

√

√

√

𝛼𝑉𝑗∗ 𝑃𝑆

𝑑𝜃𝑆𝐴𝑆𝐴

𝑥𝑉𝑗∗
⎞

⎟

⎟

⎠

𝑔𝑆𝐴 + 𝑛𝑆𝐴, (8)

where 𝐴 ∈
{

𝑈𝑖∗ , 𝑉𝑗∗
}

, 𝑛𝑆𝐴 ∼ 
(

0, 𝑁0
)

, and 𝑁0 is additive white
Gaussian noise [40]. Accordingly, the signal-to-interference-plus-
noise ratios (SINRs) for decoding the received signal at 𝑈𝑖∗ and
𝑉𝑗∗ are

𝛾
𝑥𝑈𝑖∗
𝑆𝑈𝑖∗

=
𝛼𝑈𝑖∗ 𝛾0

|

|

|

�̂�𝑆𝑈𝑖∗
|

|

|

2

𝛼𝑉𝑗∗ 𝛾0
|

|

|

�̂�𝑆𝑈𝑖∗
|

|

|

2
+ 𝛾0𝜎2𝑆𝑈𝑖∗ + 1

, (9)

𝛾
𝑥𝑈𝑖∗
𝑆𝑉𝑗∗

=
𝛼𝑈𝑖∗ 𝛾0

|

|

|

�̂�𝑆𝑉𝑗∗
|

|

|

2

𝛼𝑉𝑗∗ 𝛾0
|

|

|

�̂�𝑆𝑉𝑗∗
|

|

|

2
+ 𝛾0𝜎2𝑆𝑉𝑗∗ + 1

, (10)

𝛾
𝑥𝑉𝑗∗
𝑆𝑉𝑗∗

=
𝛼𝑉𝑗∗ 𝛾0

|

|

|

�̂�𝑆𝑉𝑗∗
|

|

|

2

𝛾0𝜎2𝑆𝑉𝑗∗ + 1
, (11)

where 𝛾0 = 𝑃𝑆
𝑁0

and |

|

�̂�𝑆𝐴||
2 = |

|

𝑔𝑆𝐴||
2 ∕𝑑𝜃𝑆𝐴𝑆𝐴 . Similar to (8), the

received signal at the 𝑘th antenna of the UAVR 𝑅𝑘 is formulated
as

𝑦𝑆𝑅𝑘 =
⎛

⎜

⎜

⎝

√

√

√

√

𝛼𝑈𝑖∗ 𝑃𝑆

𝐿𝑆𝑅𝑘
𝑥𝑈𝑖∗ +

√

√

√

√

𝛼𝑉𝑗∗ 𝑃𝑆

𝐿𝑆𝑅𝑘
𝑥𝑉𝑗∗

⎞

⎟

⎟

⎠

𝑔𝑆𝑅𝑘 + 𝑛𝑆𝑅𝑘 , (12)

where 𝑛𝑆𝑅𝑘 ∼ 
(

0, 𝑁0
)

. Thus, the EH at the 𝑘th antenna of the
UAVR in the first phase is given by

𝐸(1)
𝑅𝑘

= 𝜂𝜏𝑇𝑃𝑆
|

|

|

�̂�𝑆𝑅𝑘
|

|

|

2
, (13)

where |

|

|

�̂�𝑆𝑅𝑘
|

|

|

2
= |

|

|

𝑔𝑆𝑅𝑘
|

|

|

2
∕𝐿𝑆𝑅𝑘 .

• In the second phase, for information decoding, the received signal
at 𝑘th antenna of the UAVR becomes

𝑦𝑆𝑅𝑘 =
√

1 − 𝜌
⎛

⎜

⎜

⎝

√

√

√

√

𝛼𝑈𝑖∗ 𝑃𝑆
�̄�𝑆𝑅𝑘

𝑥𝑈𝑖∗ +

√

√

√

√

𝛼𝑉𝑗∗ 𝑃𝑆
�̄�𝑆𝑅𝑘

𝑥𝑉𝑗∗
⎞

⎟

⎟

⎠

× 𝑔𝑆𝑅𝑘 + 𝑛𝑆𝑅𝑘 . (14)

Therefore, the EH during the second phase can be written as

𝐸(2)
𝑅𝑘

= 𝜌𝜂(1 − 𝜏) 𝑇𝑃𝑆
|

|

|

�̂�𝑆𝑅𝑘
|

|

|

2
∕2. (15)

Furthermore, the SINRs for decoding 𝑥𝑈𝑖∗ and 𝑥𝑉𝑗∗ can be written,
respectively, as follows:

𝛾
𝑥𝑈𝑖∗
𝑆𝑅𝑘

=
(1 − 𝜌) 𝛼𝑈𝑖∗ 𝛾0

|

|

|

�̂�𝑆𝑅𝑘
|

|

|

2

(1 − 𝜌) 𝛼𝑉𝑗∗ 𝛾0
|

|

|

�̂�𝑆𝑅𝑘
|

|

|

2
+ (1 − 𝜌) 𝛾0𝜎2𝑆𝑅𝑘 + 1

, (16)

𝛾
𝑥𝑉𝑗∗
𝑆𝑅𝑘

=
(1 − 𝜌) 𝛼𝑉𝑗∗ 𝛾0

|

|

|

ℎ𝑆𝑅𝑘
|

|

|

2

(1 − 𝜌) 𝛾0𝜎2𝑆𝑅𝑘 + 1
. (17)

• In the third phase, i.e., the relaying transmission phase, the
energy harvested is utilized as transmit power for the relaying
562
transmission. Specifically, using the hybrid TS/PS SWIPT method,
the total amount of energy collected at the 𝑘th antenna of the
UAVR can be shown mathematically as follows: [20]

𝐸𝑅𝑘 = 𝐸(1)
𝑅𝑘

+ 𝐸(2)
𝑅𝑘
. (18)

Thus, the received signal at the 𝐴th sensor in the second phase
can be written as

𝑦𝑅𝑘𝐴 =
⎛

⎜

⎜

⎝

√

√

√

√

𝛽𝑈𝑖∗ 𝑃𝑅𝑘
�̄�𝑅𝑘𝐴

𝑥𝑈𝑖∗ +

√

√

√

√

𝛽𝑉𝑗∗ 𝑃𝑅𝑘
�̄�𝑅𝑘𝐴

𝑥𝑉𝑗∗
⎞

⎟

⎟

⎠

𝑔𝑅𝑘𝐴

+ 𝑛𝑅𝑘𝐴, (19)

where 𝑛𝑅𝑘𝐴 ∼ 
(

0, 𝑁0
)

; 𝛽𝑈∗
𝑖

and 𝛽𝑉 ∗
𝑗

are the power allocation
coefficients of the sensors 𝑈𝑖 and 𝑉𝑗 at the UAVR, respectively and
𝛽𝑈∗

𝑖
+𝛽𝑉 ∗

𝑗
= 1 and 𝛽𝑈∗

𝑖
> 𝛽𝑉 ∗

𝑗
> 0; and the transmit power of UAVR

at the 𝑘th antenna 𝑅𝑘 in the transmission phase with the hybrid
TS/PS SWIPT is [20]

𝑃𝑅𝑘 =
𝐸𝑅𝑘

(1 − 𝜏) 𝑇 ∕2
= 𝜂𝑃𝑆

|

|

|

�̂�𝑆𝑅𝑘
|

|

|

2 ( 2𝜏
1 − 𝜏

+ 𝜌
)

. (20)

Here, the fixed-gain EH is applied [41], i.e.,

𝑃𝑅𝑘 = 𝜂𝑃𝑆E
{

|

|

|

�̂�𝑆𝑅𝑘
|

|

|

2
}

( 2𝜏
1 − 𝜏

+ 𝜌
)

, (21)

where E
{

|

|

|

�̂�𝑆𝑅𝑘
|

|

|

2
}

= 𝜆𝑆𝑅𝑘 , which is defined as

𝜆𝑆𝑅𝑘 =
�̂�𝑆𝑅𝑘

𝐿𝑆𝑅𝑘
=

(

1 − 𝜙𝑆𝑅𝑘
)

𝛺𝑆𝑅𝑘

𝐿𝑆𝑅𝑘
. (22)

Therefore, the SINRs of 𝑈𝑖∗ and 𝑉𝑗∗ for decoding 𝑥𝑈𝑖∗ and 𝑥𝑉𝑗∗ are
expressed as follows:

𝛾
𝑥𝑈𝑖∗
𝑅𝑘𝑈𝑖∗

=
𝛽𝑈𝑖∗ 𝛾𝑅𝑘

|

|

|

�̂�𝑅𝑘𝑈𝑖∗
|

|

|

2

𝛽𝑉𝑗∗ 𝛾𝑅𝑘
|

|

|

�̂�𝑅𝑘𝑈𝑖∗
|

|

|

2
+ 𝛾𝑅𝑘𝜎

2
𝑅𝑘𝑈𝑖∗

+ 1
, (23)

𝛾
𝑥𝑈𝑖∗
𝑅𝑘𝑉𝑗∗

=
𝛽𝑈𝑖∗ 𝛾𝑅𝑘

|

|

|

�̂�𝑅𝑘𝑉𝑗∗
|

|

|

2

𝛽𝑉𝑗∗ 𝛾𝑅𝑘
|

|

|

�̂�𝑅𝑘𝑉𝑗∗
|

|

|

2
+ 𝛾𝑅𝑘𝜎

2
𝑅𝑘𝑉𝑗∗

+ 1
, (24)

𝛾
𝑥𝑉𝑗∗
𝑅𝑘𝑉𝑗∗

=
𝛽𝑉𝑗∗ 𝛾𝑅𝑘

|

|

|

�̂�𝑅𝑘𝑉𝑗∗
|

|

|

2

𝛾𝑅𝑘𝜎
2
𝑅𝑘𝑉𝑗∗

+ 1
, (25)

where |

|

|

�̂�𝑅𝑘𝐴
|

|

|

2
= |

|

|

𝑔𝑅𝑘𝐴
|

|

|

2
∕𝐿𝑆𝑅𝑘 and 𝛾𝑅𝑘 =

𝑃𝑅𝑘
𝑁0

. Furthermore, the
end-to-end SINR of the considered system can be given by

𝛾𝑆𝑅𝑘𝑈𝑉𝑒2𝑒 = min
{

𝛾
𝑥𝑈𝑖∗
𝑆𝑅𝑘

, 𝛾
𝑥𝑉𝑗∗
𝑆𝑅𝑘

, 𝛾
𝑥𝑈𝑖∗
𝑅𝑘𝑈𝑖∗

, 𝛾
𝑥𝑈𝑖∗
𝑅𝑘𝑉𝑗∗

, 𝛾
𝑥𝑉𝑗∗
𝑅𝑘𝑉𝑗∗

}

. (26)

In order to improve the OP, the selected 𝑘th antenna of the UAVR
is chosen such that the end-to-end SINR is maximum, i.e.,

𝛾 (𝑑)𝑒2𝑒 = max
1≤𝑘≤𝐾

{

𝛾𝑆𝑅𝑘𝑈𝑉𝑒2𝑒

}

. (27)

. Performance analysis and optimization problem

The interruption of communication transmission can occur when
oth the direct SINR and the end-to-end SINR at the sensors fall below
predetermined outage threshold. Therefore, the OP of the considered

ystem for the downlink scenario is defined as follows:

= 𝑈 + 𝑉 − 𝑈𝑉

= 𝑆𝑅𝑈𝑉 (

𝑆𝑈 − 𝑆𝑈𝑆𝑉 + 𝑆𝑉 ) , (28)

where 𝑆𝑈 , 𝑆𝑉 , and 𝑆𝑈 are defined as

𝑆𝑈 = Pr
{

𝛾
𝑥𝑈𝑖∗
𝑆𝑈𝑖∗

< 𝜀(𝑑)
}

, (29)

𝑆𝑉 = Pr
{

𝛾
𝑥𝑈𝑖∗ < 𝜀(𝑑), 𝛾

𝑥𝑉𝑗∗ < 𝜀(𝑑)
}

, (30)
𝑆𝑉𝑗∗ 𝑆𝑉𝑗∗
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𝑆𝑅𝑈𝑉 = Pr
{

𝛾 (𝑑)𝑒2𝑒 < 𝜀
(𝑑)

}

, (31)

here 𝜀(𝑑) = 22𝑅 − 1. Next, we will derive the probability  . First, by
ubstituting (9) into (29), we have

𝑆𝑈 = Pr

⎧

⎪

⎨

⎪

⎩

𝛼𝑈𝑖∗𝛾0
|

|

|

�̂�𝑆𝑈𝑖∗
|

|

|

2

𝛼𝑉𝑗∗𝛾0
|

|

|

�̂�𝑆𝑈𝑖∗
|

|

|

2
+ 𝛾0𝜎2𝑆𝑈𝑖∗ + 1

< 𝜀(𝑑)
⎫

⎪

⎬

⎪

⎭

. (32)

y utilizing the principles of probability and employing algebraic ma-
ipulations, Eq. (32) can be reformulated as

𝑆𝑈 = 𝐹
|

|

|

�̂�𝑆𝑈𝑖∗
|

|

|

2

⎡

⎢

⎢

⎢

⎣

𝜅1𝜀(𝑑)

𝛾0
(

𝛼𝑈𝑖∗ − 𝛼𝑉𝑗∗𝜀
(𝑑)

)

⎤

⎥

⎥

⎥

⎦

, (33)

where 𝜀(𝑑) < 𝛼𝑈𝑖∗
𝛼𝑉𝑗∗

and 𝜅1 = 𝛾0𝜎2𝑆𝑈𝑖∗ + 1. By substituting the CDF of the

channel gain |

|

|

�̂�𝑆𝑈𝑖∗
|

|

|

2
into (33), we obtain

𝑆𝑈 =1 −
𝑚𝑆𝑈𝑖∗−1
∑

𝑝=0

𝑚𝑝𝑆𝑈𝑖∗
𝑝!𝜆𝑝𝑆𝑈𝑖∗

𝑒
−

𝑚𝑆𝑈𝑖∗ 𝜅1𝜀
(𝑑)

𝜆𝑆𝑈𝑖∗ 𝛾0
(

𝛼𝑈𝑖∗ −𝛼𝑉𝑗∗ 𝜀
(𝑑)

)

×

⎡

⎢

⎢

⎢

⎣

𝜅1𝜀(𝑑)

𝛾0
(

𝛼𝑈𝑖∗ − 𝛼𝑉𝑗∗𝜀
(𝑑)

)

⎤

⎥

⎥

⎥

⎦

𝑝

, (34)

where 𝜆𝑆𝑈𝑖∗ is defined as

𝜆𝑆𝑈𝑖∗ =
�̂�𝑆𝑈𝑖∗

𝑑
𝜃𝑆𝑈𝑖∗
𝑆𝑈𝑖∗

=

(

1 − 𝜙𝑆𝑈𝑖∗
)

𝛺𝑆𝑈𝑖∗

𝑑
𝜃𝑆𝑈𝑖∗
𝑆𝑈𝑖∗

. (35)

Similarly, by substituting (10) and (11) into (30) and using some
algebraic manipulations, we have

𝑆𝑉 =1 − Pr

⎧

⎪

⎨

⎪

⎩

𝛼𝑈𝑖∗𝛾0
|

|

|

�̂�𝑆𝑉𝑗∗
|

|

|

2

𝛼𝑉𝑗∗𝛾0
|

|

|

�̂�𝑆𝑉𝑗∗
|

|

|

2
+ 𝛾0𝜎2𝑆𝑉𝑗∗ + 1

≥ 𝜀(𝑑),

𝛼𝑉𝑗∗𝛾0
|

|

|

�̂�𝑆𝑉𝑗∗
|

|

|

2

𝛾0𝜎2𝑆𝑉𝑗∗ + 1
≥ 𝜀(𝑑)

⎫

⎪

⎬

⎪

⎭

= 𝐹
|

|

|

�̂�𝑆𝑉𝑗∗
|

|

|

2

(

𝜅2𝜀(𝑑)

𝛾0𝜒1

)

, (36)

where 𝜒1 = min
{

𝛼𝑉𝑗∗ , 𝛼𝑈𝑖∗ − 𝛼𝑉𝑗∗𝜀
(𝑑)

}

and 𝜅2 = 𝛾0𝜎2𝑆𝑉𝑗∗ + 1. Thus, the
robability 𝑆𝑉 is obtained as

𝑆𝑉 = 1 −
𝑚𝑆𝑉𝑗∗−1
∑

𝑝=0

𝑚𝑝𝑆𝑉𝑗∗
𝑝!𝜆𝑝𝑆𝑉𝑗∗

(

𝜅2𝜀(𝑑)

𝛾0𝜒1

)𝑝

𝑒
−
𝑚𝑆𝑉𝑗∗ 𝜅2𝜀

(𝑑)

𝜆𝑆𝑉𝑗∗ 𝛾0𝜒1 , (37)

where 𝜆𝑆𝑉𝑗∗ is defined as

𝑆𝑉𝑗∗ =
�̂�𝑆𝑉𝑗∗

𝑑
𝜃𝑆𝑉𝑗∗
𝑆𝑉𝑗∗

=

(

1 − 𝜙𝑆𝑉𝑗∗
)

𝛺𝑆𝑉𝑗∗

𝑑
𝜃𝑆𝑉𝑗∗
𝑆𝑉𝑗∗

. (38)

Next, substitute (26) and (27) into (31), we have

𝑆𝑅𝑈𝑉 =Pr

⎧

⎪

⎨

⎪

⎩

max
1≤𝑘≤𝐾

⎧

⎪

⎨

⎪

⎩

min

⎧

⎪

⎨

⎪

⎩

𝛾
𝑥𝑈𝑖∗
𝑆𝑅𝑘

, 𝛾
𝑥𝑉𝑗∗
𝑆𝑅𝑘

, 𝛾
𝑥𝑈𝑖∗
𝑅𝑘𝑈𝑖∗

,

𝛾
𝑥𝑈𝑖∗
𝑅𝑘𝑉𝑗∗

, 𝛾
𝑥𝑉𝑗∗
𝑅𝑘𝑉𝑗∗

⎫

⎪

⎬

⎪

⎭

⎫

⎪

⎬

⎪

⎭

< 𝜀(𝑑)
⎫

⎪

⎬

⎪

⎭

=
𝐾
∏

𝑘=1

⎛

⎜

⎜

⎜

⎜

⎜

⎝

1 − Pr

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝛾
𝑥𝑈𝑖∗
𝑆𝑅𝑘

≥ 𝜀(𝑑), 𝛾
𝑥𝑉𝑗∗
𝑆𝑅𝑘

≥ 𝜀(𝑑),

𝛾
𝑥𝑈𝑖∗
𝑅𝑘𝑈𝑖∗

≥ 𝜀(𝑑), 𝛾
𝑥𝑈𝑖∗
𝑅𝑘𝑉𝑗∗

≥ 𝜀(𝑑),

𝛾
𝑥𝑉𝑗∗
𝑅𝑘𝑉𝑗∗

≥ 𝜀(𝑑)

⎫

⎪

⎪

⎬

⎪

⎪

⎭

⎞

⎟

⎟

⎟

⎟

⎟

⎠

. (39)

After some basic manipulations and applying the properties of
probabilities, the probability 𝑆𝑅𝑈𝑉 is rewritten as

𝑆𝑅𝑈𝑉 =
𝐾
∏

(1 − 𝛯), (40)
563

𝑘=1
here 𝑎 = 1−𝜌, 𝜅4 = 𝑎𝛾0𝜎2𝑆𝑅𝑘+1, 𝜆𝑆𝑅𝑘 ≥
𝜅4𝜀
𝑎𝛾0𝜒1

, 𝜒1 = min
{

𝛼𝑉𝑗∗𝛼𝑈𝑖∗ − 𝛼𝑉𝑗∗𝜀
(𝑑)
}

,

𝜒2 = 𝛽𝑈𝑖∗ − 𝛽𝑉𝑗∗𝜀
(𝑑), 𝜒3 = min

{

𝛽𝑉𝑗∗ , 𝜒2
}

, and 𝛯 is defined as

=

⎡

⎢

⎢

⎢

⎣

1 − 𝐹
|

|

|

�̂�𝑅𝑘𝑈𝑖∗
|

|

|

2

⎛

⎜

⎜

⎜

⎝

𝛾𝑅𝑘𝜎
2
𝑅𝑘𝑈𝑖∗

𝜀(𝑑) + 𝜀(𝑑)
(

𝛽𝑈𝑖∗ − 𝛽𝑉𝑗∗𝜀
(𝑑)

)

𝛾𝑅𝑘

⎞

⎟

⎟

⎟

⎠

⎤

⎥

⎥

⎥

⎦

×
⎡

⎢

⎢

⎣

1 − 𝐹
|

|

|

�̂�𝑅𝑘𝑉𝑗∗
|

|

|

2

⎛

⎜

⎜

⎝

𝜀(𝑑)𝛾𝑅𝑘𝜎
2
𝑅𝑘𝑉𝑗∗

+ 𝜀(𝑑)

𝜒3𝛾𝑅𝑘

⎞

⎟

⎟

⎠

⎤

⎥

⎥

⎦

. (41)

Using the CDF of the channel ||
|

�̂�𝑅𝑘𝑈𝑖∗
|

|

|

2
and |

|

|

�̂�𝑅𝑘𝑉𝑗∗
|

|

|

2
, the closed-form

expression for the probability 𝛯 is derived as

𝛯 =1 −
𝑚𝑅𝑘𝑈𝑖∗−1

∑

𝑝=0

𝑚𝑅𝑘𝑉𝑗∗−1
∑

𝑞=0

𝑚𝑝𝑅𝑘𝑈𝑖∗
𝑝!𝜆𝑝𝑅𝑘𝑈𝑖∗

⎡

⎢

⎢

⎢

⎣

𝛾𝑅𝑘𝜎
2
𝑅𝑘𝑈𝑖∗

𝜀(𝑑) + 𝜀(𝑑)
(

𝛽𝑈𝑖∗ − 𝛽𝑉𝑗∗𝜀
(𝑑)

)

𝛾𝑅𝑘

⎤

⎥

⎥

⎥

⎦

𝑝

×𝑒
−
𝑚𝑅𝑘𝑈𝑖∗

(

𝛾𝑅𝑘 𝜎
2
𝑅𝑘𝑈𝑖∗

𝜀(𝑑)+𝜀(𝑑)
)

𝜆𝑅𝑘𝑈𝑖∗

(

𝛽𝑈𝑖∗ −𝛽𝑉𝑗∗ 𝜀
(𝑑)

)

𝛾𝑅𝑘
𝑚𝑞𝑅𝑘𝑉𝑗∗
𝑝!𝜆𝑝𝑅𝑘𝑉𝑗∗

×
⎛

⎜

⎜

⎝

𝜀(𝑑)𝛾𝑅𝑘𝜎
2
𝑅𝑘𝑉𝑗∗

+ 𝜀(𝑑)

𝜒3𝛾𝑅𝑘

⎞

⎟

⎟

⎠

𝑞

𝑒
−
𝑚𝑅𝑘𝑉𝑗∗

(

𝜀(𝑑)𝛾𝑅𝑘 𝜎
2
𝑅𝑘𝑉𝑗∗

+𝜀(𝑑)
)

𝜆𝑅𝑘𝑉𝑗∗ 𝜒3𝛾𝑅𝑘 , (42)

where 𝜆𝑅𝑘𝑈𝑖∗ and 𝜆𝑅𝑘𝑉𝑗∗ are defined as

𝜆𝑅𝑘𝑈𝑖∗ =
�̂�𝑅𝑘𝑈𝑖∗

𝐿𝑅𝑘𝑈𝑖∗
=

(

1 − 𝜙𝑅𝑘𝑈𝑖∗
)

𝛺𝑅𝑘𝑈𝑖∗

𝐿𝑅𝑘𝑈𝑖∗
, (43)

𝜆𝑅𝑘𝑉𝑗∗ =
�̂�𝑅𝑘𝑉𝑗∗

𝐿𝑅𝑘𝑉𝑗∗
=

(

1 − 𝜙𝑅𝑘𝑉𝑗∗
)

𝛺𝑅𝑘𝑉𝑗∗

𝐿𝑅𝑘𝑉𝑗∗
. (44)

Finally, the crux of the optimization problem lies in determining
not only the UAVR locations but also the power allocation and fraction
of received power at the UAVR so as to ensure that the OP of the
sensors is minimized. In particular, we optimize the fraction of received
power and power allocation factors at the UAVR, i.e., 𝜌, 𝛼𝑈𝑖 , 𝛽𝑉𝑗 , and
the 3-D positions of the UAVR. Thus, the optimization problem can be
formulated in the following manner:

min
𝜆𝑖

{} , (45)

s.t. 0 ≤ 𝜌 ≤ 1, (46)

𝛼𝑈𝑖 + 𝛼𝑉𝑗 = 1, (47)

𝛽𝑈𝑖 + 𝛽𝑉𝑗 = 1, (48)

here 𝜆𝑖 is a set of optimized parameters

𝑖 = [𝜌, 𝛼𝑢, 𝛽𝑢, 𝑥, 𝑦, 𝑧]𝑇 . (49)

. Bat algorithm optimization for the cooperative NOMA IoT
etwork

To address the problem (45), we apply the BAO algorithm which has
any advantages. Specifically, BAO is a population-based search and

hus achieves faster convergence than individual search SA. Its recent
ariations do not require chromosome-solution interpretation. Besides,
t is not as greedy as other heuristic population-based methods, or it
llows more exploration and gives a higher probability of reaching a
lobal solution.

Generally, similarly to other heuristic population-based methods,
AO controls the collaboration among the candidates in the population

n order to address two requirements, including exploitation, i.e., mak-
ng candidates better over generations, and exploration, i.e., allowing
andidates to not move towards good candidates. Specifically, each
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candidate, 𝜆𝑖 is considered a micro bat hunting for food. It emits a
pulse at the rate 𝑓𝑖 with the loudness 𝐴𝑖. If a bat is near the food, it
increases the pulse rate and decreases the loudness. A bat far from the
food would move towards the best candidate, i.e., the bat nearest to
the food. The moving pace is dependent on the average loudness of the
whole population.

Algorithm 1 describes the pseudo-code of the Bat Algorithm for
our minimization problem. Specifically, BA initializes the maximum
number of generations 𝐺 for the search. It also randomly produces the

hole population of 𝑁𝜆 of bats, i.e., solution candidates denoted with
(0)
𝑖 , and their respective velocities 𝑣𝑖, pulse frequencies 𝑓𝑖, pulse rates
𝑟𝑖, and loudnesses 𝐴𝑖. Based on the objective function 𝐹 (𝜆), all the bats
are evaluated, and the best candidate 𝜆𝑏𝑒𝑠𝑡 is picked and stored.

For each generation, a bat randomly chooses a pace length to move
owards the best bat via its random 𝑓𝑖 as follows:

𝑓𝑖 = 𝑓𝑚𝑖𝑛 + 𝛽(𝑓𝑚𝑎𝑥 − 𝑓𝑚𝑖𝑛), (50)

𝑣(𝑡+1)𝑖 = 𝑣(𝑡)𝑖 + 𝑓𝑖(𝜆
(𝑡)
𝑏𝑒𝑠𝑡 − 𝜆

(𝑡)
𝑖 ), (51)

𝜆(𝑡+1)𝑖 = 𝜆(𝑡)𝑖 + 𝑣(𝑡+1)𝑖 , (52)

here 𝛽 is a uniformly random value in [0, 1] and 𝑣(𝑡+1)𝑖 represents the
elocity of the bat 𝜆(𝑡)𝑖 , which is composed of the inertia of the old 𝑣(𝑡)𝑖
nd the steer towards the best candidate at the portion of 𝑓𝑖(𝜆

(𝑡)
𝑏𝑒𝑠𝑡−𝜆

(𝑡)
𝑖 ).

These two Eqs. (51) and (52) basically allow greedy behaviors of the
bats. Then, each bat creates its potential updated version 𝜆(𝑡)∗𝑗 , at the
probability of (1 − 𝑟(𝑡)𝑖 ) (see lines 7–11 of Algorithm 1), that is around
some chosen good candidate.

𝜆(𝑡)∗𝑖 = 𝜆(𝑡)𝑖 + 𝜖 1
𝑁𝜆

𝑁𝜆
∑

𝑗=1
𝐴(𝑡)
𝑗 , (53)

here 𝜖 is a random value within [−1, 1], 𝑁𝜆 is the bat population size
nd 1

𝑁𝜆

∑𝑁𝜆
𝑖=1 𝐴

(𝑡)
𝑖 is actually the mean loudness of the whole population

t the 𝑡th generation. However, this potential updated version 𝜆(𝑡)∗𝑖 is
accepted only if it is better than the current version 𝜆(𝑡)𝑖 and a uniform
value 𝑟𝑎𝑛𝑑() is less than the bat’s loudness. If this happen, BA increases
the pulse rate 𝑟(𝑡)𝑖 and decreases the loudness 𝐴(𝑡)

𝑖 .

𝑟(𝑡+1)𝑖 = 𝑟(0)𝑖 (1 − 𝑒−𝛾(𝑡+1)), (54)

𝐴(𝑡+1)
𝑖 = 𝛼𝐴(𝑡)

𝑖 . (55)

In fact, the mechanism of using potential updated version of bats is
ctually a local search with random walks. Besides, 𝜆(𝑡)∗𝑖 is obviously
ccepted with lower and lower probability over generations. In other
ords, BA allows high probability of exploration at the beginning of the

earch and gradually focuses on exploitation later on. This guarantees
he convergence while permitting random local search in order to
scape from local minima.

Note that in real-world cooperative NOMA IoT networks, BAO
ptimization should be performed in the centralized mode at the sink
ecause: (i) optimization must take a short time in order to guarantee
he real-time adaptation to any changes; (ii) BAO is a population-based
earching method that requires high computing power; and (iii) the
ink has enough information about the whole network parameters to
valuate the objective function.

. Numerical results

This section presents the numerical results used to analyze the
P and we then provide the optimization results for this OP of the
ooperative NOMA IoT network. In particular, we consider the impact
f the altitude of UAVR (ℎ𝑅), the EH time (𝜏), the correctness of the
hannel estimation (𝛺𝑒), the number of the low-priority sensor cluster
𝐼), the number of the high-priority sensor cluster (𝐽 ), and the number
564

f UAVR antennas (𝐾) on the OP at the 𝐴th sensor. a
Algorithm 1 BAO-based OP optimization
Initialization:

Generation limit 𝐺, 𝑡𝑡ℎ-generation 𝑡 = 0
Bat population of 𝜆(0)𝑖 , and their respective velocities 𝑣(0)𝑖 , pulse

frequencies 𝑓𝑖, pulse rates 𝑟(0)𝑖 , and loudnesses 𝐴(0)
𝑖

Objective function to minimize 𝐹 (𝜆) = (𝜆) (see (45))
A randomly chosen bat to be the current best bat 𝜆𝑏𝑒𝑠𝑡

repeat
for each bat 𝑖 do

Adjust the frequency spectrum 𝑓𝑖 (see (50)),
Update the bat velocities 𝑣(𝑡)𝑖 , (see (51))
Update the bat position 𝜆(𝑡)𝑖 (see (52))
if 𝑟𝑎𝑛𝑑() > 𝑟(𝑡)𝑖 then

Choose a solution amongst the best solutions.
Generate new potential solution 𝜆(𝑡)∗𝑖 around the chosen

best solution (see (53))
end if
if 𝑟𝑎𝑛𝑑() < 𝐴(𝑡)

𝑖 and 𝐹 (𝜆(𝑡)𝑖 ) < 𝐹 (𝜆(𝑡)𝑏𝑒𝑠𝑡) then
Replace 𝜆(𝑡)𝑖 with 𝜆(𝑡)∗𝑖
Increase pulse rates 𝑟(𝑡)𝑖 (see(54))
Decrease loudnesses 𝐴(𝑡)

𝑖 (see (49))
end if

end for
Rank the bats and update the current 𝜆𝑏𝑒𝑠𝑡
𝑡 = 𝑡 + 1

until 𝑡 > 𝐺 return 𝜆𝑏𝑒𝑠𝑡 and 𝐹 (𝜆𝑏𝑒𝑠𝑡)

Table 2
Environments.

Parameters Sub-urban Urban Dense-urban

𝜑 4.8860 9.6177 12.0870
𝜓 0.4290 0.1581 0.1139
𝜃LoS 0.1 1 1.6
𝜃NLoS 21 20 23

We investigate the considered cooperative NOMA IoT system with
the following system parameters, used for both analysis and simula-
tion [31,40,42]: the carrier frequency to 𝑓𝑐 = 2 GHz, the EH efficiency
coefficient to 𝛿 = 0.8, and the fading parameters to 𝑚𝑆𝑅 = 𝑚𝑅𝐴 =
𝑚𝑆𝐴 = 2. The EH time fraction is chosen as 𝜏 ∈ [0.1, 0.9]; 𝜎2𝑋𝑌 =
2
𝑒 ∈ {0.01, 0.02, 0.03}, 𝛾0 ∈ [−10, 10] (dB), and ℎ𝑅 ∈ [0, 20]. The
ystem bandwidth is 𝑊 = 100 MHz. The coordinates of the sink,
AVR, 𝑈𝑖, and 𝑉𝑗 are 𝑆 (0, 0, 0), 𝑈𝑅

(

1, 1, ℎ𝑅
)

, 𝑈𝑖 (2, 3, 0), and 𝑉𝑗 (4, 5, 0),
espectively. The outage threshold is 𝑅 = 0.1 b/s. Moreover, we explore
he scenario where the IoT architecture is used in sub-urban, urban, and
ense-urban setting with the parameters as Table 2 [43].

From Figs. 3 to 6 show the results of two methods: the solid lines
re the probability calculated by using closed form, and the discrete
oints are the probability estimated by using Monte Carlo simulation.
he matched results demonstrate the correct derivation of the closed
orm with propagated channel uncertainties. In particular, the transmit
ower of the sink is shown as a function of the OP in each of the three
nvironment settings (sub-urban, urban, and dense-urban) in Fig. 3.
irst, it is obvious that the OP curves of the investigated system are
ower in a sub-urban environment than those in urban or dense-urban
reas. This is due to the fact that higher obstructions occur in urban and
ense-urban settings, leading to the likelihood of the LoS being greater
han that of the NLoS. Second, when the sink transmit power rises, the
P of the sensors falls. This is because an increase in the sink’s transmit
ower results in a corresponding increase in power at the UAVR.

In Fig. 4, we plot the OP as a function of the number of antennas

nd the altitude of the UAVR. According to the graph, increasing ℎ𝑅
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Fig. 3. The OP versus the transmit power of the sink with three environments:
sub-urban, urban, and dense-urban.

Fig. 4. The OP versus the altitude of the UAVR with 𝐾 = 2, 𝐾 = 3, and 𝐾 = 4.

reduces  and once ℎ𝑅 reaches an intermediate point ℎ𝑅 = 18, 
is convergence. This is because the probability of LoS conditions are
more likely to occur when the UAVR flies at a high altitude. As a
result, the overall efficiency of the system improves. However, at really
high altitudes, path loss also increases significantly. Thus, the SINR
at the sensors is solely dependent on the direct link from the sink
to the sensors. It can be observed from Fig. 4 that the OP decreases
by 2 × 10−1, 10−2 and 10−3 as the number of antennas on the UAVR
increases by 𝐾 = 2, 𝐾 = 3, and 𝐾 = 4, respectively. The rationale
behind this phenomenon lies in the fact that the diversity gain exhibits
a positive correlation with the overall quantity of antennas. However,
if 𝐾 is too large, the hardware complexity and the computing power
to choose the best antenna for the UAVR will increase. Therefore, in
practical deployment, the number of antennas K should be indicated
first, at the highest value, so that the hardware can be deployed. Then,
optimization will be conducted later for other optimal parameters,
including the UAVR’s 3D position.

In the following paragraphs, we show the impact of the fraction
of EH time at the UAVR on the OP with the different numbers of the
sensors in Fig. 5. As shown in this figure, when the EH time increases,
the OP decreases. This is due to the fact that higher 𝜏 results in higher
transmit power at the UAVR. Furthermore, increasing the number
of sensors leads to a decrease in the OP. Because the worst sensors
(i.e., 𝑈 and 𝑉 ) are picked depending on the channel conditions,
565

𝑖∗ 𝑗∗ d
Fig. 5. The OP versus the fraction of EH with 𝐼 = 𝐽 = 2, 𝐼 = 𝐽 = 3, and 𝐼 = 𝐽 = 4.

Fig. 6. The OP versus the fraction of receiver power at the UAVR with 𝜎2𝑒 = 0.01,
𝜎2𝑒 = 0.02, and 𝜎2𝑒 = 0.03.

increasing the number of sensors increases the range of choices for the
worst sensors.

Fig. 6 illustrates the effect of the fraction of receiver power at the
UAVR with the difference of the channel estimation errors 𝜎2𝑒𝑋𝑌 = 0.01,
2
𝑒𝑋𝑌

= 0.02, and 𝜎2𝑒𝑋𝑌 = 0.03 on the OP. We can see from this Fig. that
he OP decreases first as the 𝜌 increases, and then the 𝜌 reaches a certain
oint where the OP increases. This is due to the fact that the higher 𝜌
eads to the larger harvested energy at the UAVR. However, when 𝜌 is
uch larger, the power for information transmission from the sink to
AVR decreases, resulting in poor signal strength at the UAVR. This

eads to a rise in the OP of sensors. Furthermore, the results also show
hat the OP of the system improves as 𝜎2𝑒𝑋𝑌 decreases. This is because
s the uncertainty in the channel estimate grows, so does our ignorance
bout the channel.

Next, we present the optimization results using BAO as stated in
lgorithm 1. We formulate the bat 𝜆𝑖 as the candidate solution with
ix parameters: 𝜌, 𝛼𝑢, 𝛽𝑢, and the UAV position in 3D space 𝑥, 𝑦, and
. Specifically, the search space contains all the candidate vectors with
he form described as (49). In such, the bounds for 𝛼𝑢 and 𝛽𝑢 are [0.5, 1].
he generation limit 𝐺 is set to 40 and the bat population 𝑁𝜆 to 20.
he loudness 𝐴𝑖 and the pulse rate 𝑟𝑖 are sampled from the uniform

istribution 𝑈 (0, 1) while the constant for loudness update 𝛼 = 0.5 and
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Fig. 7. Convergence characteristics on the current Best objective value and the Average
objective value over generations.

the constant for pulse rate update 𝛾 = 0.5. The objective function 𝐹 (𝜆)
is defined as  in (45).

Fig. 7 illustrates the changes of the bat population objective values
over generations. Note that the objective values are not called fitness
in this work because we are trying to minimize these values while
fitness is a metric usually for maximizing. In stead, objective values can
be referred to as ‘‘weakness values’’. Besides, the curves in Fig. 7 are
the results from averaging 20 random times of running BAO in order
to highlight the trends of the curves, not the fluctuations. The upper
curve is for the average objective value of the whole bat population,
which reduces gradually from 0.3301 to 0.0902. This indicates that the
optimization process or the BAO works well and obtains convergence.

Likewise, the lower curve tracks the objective value of the current
best candidate over generations, or iterations of evolving. This curve
achieves lower and lower value and gets stable value of 0.0438 at
generation 38, 39, and 40. It is remarkable that the average objective
value decreases gradually but the best objective value does sharply at
the beginning generations. This means the BAO is good at exploring
the search space and quickly sends bats to different local areas around
minima. After the better local minima are explored, many bats are
allowed to move towards the good bats at a lower and lower probability
due to (49) and (54), making exploitation be more and more focused.
As the result, the best objective value decreases gradually in the next
generations. Obviously, BAO is good at both exploration and exploita-
tion and should be recommended for similar multi-variate non-convex
optimization problems in continuous search space.

6. Conclusions

In this paper, we focused on the OP minimization problem for
a hybrid TS/PS SWIPT-enabled cooperative NOMA IoT network by
using the UAVR. In particular, the communication process is divided
into three phases: the EH and direct information transmission phase,
the information decoding phase, and the relaying transmission phase.
Herein, the energy-limited UAVR is powered by the sink node based
on the hybrid TS/PS SWIPT scheme. We have obtained a mathematical
expression that gives a closed-form solution for the OP at the sensors
so that we can test how well the system works. Then, we used a BAO
algorithm to determine the optimal fraction of received power, power
allocation coefficients, and the position of the UAVR so that the OP at
the sensors is as low as possible. The analytical results verified by the
Monte-Carlo simulations have indicated that the system performance is
improved by increasing either the number of antennas or the altitude
of the UAVR. Finally, these results have shown that BAO is good
at both exploration and exploitation for the multi-variate non-convex
566
optimization problems in the similar considered network. In our future
work, we will generate the training data based on heuristic search
methods and then apply a deep learning model to learn the relationship
between conditional parameters and the optimal parameters. This helps
to later predict the optimal parameters of the enhanced cooperative
NOMA IoT architecture. This future work can enable rapid adaptation
to environmental conditions in general systems with their large-scale
network sizes, mobility, and interference mitigations [44,45].
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