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Abstract
In this paper, the system performance of an energy harvesting (EH) unmanned aerial
vehicle (UAV) system for use in disasters was investigated. The communication protocol
was divided into two phases. In the first phase, a UAV relay (UR) harvested energy
from a power beacon (PB). In the second phase, a base station (BS) transmitted the
signal to the UR using non-orthogonal multiple access (NOMA); then, the UR used its
harvested energy from the first phase to transfer the signal to two sensor clusters, i.e.,
low-priority and high-priority clusters, via the decode-and-forward (DF) technique. A
closed-form expression for the throughput of the cluster heads of these clusters was
derived to analyze the system performance. Monte Carlo simulations were employed
to verify our approach.

Keywords:

1. Introduction

Recently, unmanned aerial vehicles (UAVs) are considered as promising solutions for
numerous applications, such as aerial monitoring, photography, precision agriculture,
traffic control, telecommunications, and specially search and rescue [1], [2]. The low-
altitude UAVs has attracted massive research attentions in disaster communications
due to their mobility, elevated positions, reducing cost, and making them more easily
accessible to the surveillance area [3], [4]. For example, the authors in [5] proposed
an efficient optimization approach for UAV relay assisted to cope with the network
destruction under the natural disaster. Furthermore, N Zhao et al. focused on a unified
framework for a UAV assisted emergency network in disaster areas. The numerical
result shown that the system performance in term of outage probability (OP) of the
UAV-assisted emergency network will become higher with larger distance between the
base station (BS) and users [6].
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Notably, a UAV has a limited amount of energy to maintain its flying and transmission
capabilities [6]. Therefore, radio frequency (RF) energy harvesting (EH) techniques are
applied to supplement the energy of UAVs for transmission purposes. For example, in
[7], a system model with EH at two UAVs is investigated, in which each UAV transmitted
signals via power splitting using the energy obtained through EH. Moreover, S Yin
et al. focused on a cellular network with an energy-constrained UAV relay (UR) and
concluded that EH for the UAV could improve the uplink rates achieved via cooperative
communication from the UAV to users [8]. In addition, B Ji et al. considered a UAV
relays’ assisted network with EH in order to overcome the large-scale fading between
the BS and users. Accordingly, the throughput and delay limited state of the UR were
analyzed. The numerical results showed that the UR selection could effectively improve
the throughput and reduce the OP of the considered system [9].

Furthermore, non-orthogonal multiple access (NOMA) technique is designed to reuse
the resource and increase sharing between the users. For instance, an integrated
wireless communication system using NOMA techniques is considered in [10]. A closed-
form expression for theOPwas derived to evaluate the system performance. The numer-
ical results showed that the system performance achieved with the NOMA scheme
was higher than that with orthogonal multiple access (OMA) scheme. Therefore, the
combination a UAV and NOMA technique is capable of improving the throughput.
For example, P K Sharma et al. investigated a UAV to communicate with two users
using NOMA and focused on their OP [11]. While M F Sohail et al. considered a UAV
system applying NOMA technique that optimizes power allocation and UAV altitude to
maximize sum-rate for two users [12]. However, the above works have not studied the
system performance for the EH UAV relay network in disasters using NOMA technique
under imperfect channel state information (CSI). Thus, in this paper, the throughput of
the EH UAV relay network is investigated. The primary contributions of this paper are
summarized as follows:

• We investigate a UR that forwards the control signal from a BS to two sensor
clusters under imperfect CSI and Nakagami-m fading for a disaster scenario.

• We derive the closed-form expression for the throughput of two cluster heads to
evaluate the system performance.

• We conduct exhaustive simulations to verify the mathematical analysis and ana-
lyze the impact of the parameters (e.g., EH time, the UR’s altitude, and the transmit
power of the power beacon (PB)) on the system performance.
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The remainder of this paper is organized as follows. In Section 2, the system model,
communication protocol, and end-to-end signal-to-interference-plus-noise ratio (SINR)
are introduced. The throughput of the cluster heads of the low-priority and high-priority
clusters are analyzed in Section 3. In Section 4, numerical results are reported and
discussed. Finally, conclusions are presented in Section 5.

System model and communication protocol

In this section, we introduce the system model, channel assumptions, communication
protocol, and scheduling schemes.
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Figure 1: Illustration for the UAV of the relaying system.

1.1. System model and channel assumptions

We investigate a UAV relay assisted emergency networks in disaster area as in Fig. 1.
Here, a BS (denoted by 𝐵) transmits the signal to multiple sensor nodes (SNs) with the
help of a UR (denoted by 𝑅). Note that the SNs are grouped based on the quality of
service into two sensor clusters, i.e., low-priority cluster (denoted by 𝐿 = {𝐿1,⋯ ,𝐿𝐼})
and high-priority cluster (denoted by 𝐻 = {𝐻1,⋯ ,𝐻𝐽}) to employ NOMA technique
for improving the throughput of the considered network [10]. Here, a PB (denoted by
𝑃 , e.g., radio tower or TV broadcast) exists to transmit a dedicated RF signal to the
UR for EH purposes [13]. Without loss of generality, it is assumed that the BS, PB, SNs,
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and UR are equipped with a single antenna. The channel coefficients of the 𝐵-to-𝑅,
𝑃 -to-𝑅, 𝑅-to-𝐿𝑖, and 𝑅-to-𝐻𝑗 communication links are denoted by 𝑔𝐵 , 𝑔𝑃 , 𝑔𝐿𝑖

, and 𝑔𝐻𝑗
,

respectively; where 𝑖 ∈ {1,⋯ , 𝐼} and 𝑗 ∈ {1,⋯ , 𝐽}.
According to the system model, air-to-ground (A2G) and ground-to-air (G2A) are

introduced and assumed that all channels are mutually independent [4]. Here, we set the
3-D coordinate 𝐵(0, 0, 0), 𝑅(𝑥𝑅, 𝑦𝑅, 𝑧𝑅), 𝑃 (𝑥𝑃 , 𝑦𝑃 , 0), 𝑅(𝑥𝐿𝑖

, 𝑦𝐿𝑖
, 0), and 𝑅(𝑥𝐻𝑗

, 𝑦𝐻𝑗
, 0).

Furthermore, the A2G path-loss model for the absolute value is given by

Λ̄𝜒 = 𝜙𝜒𝑑
𝜃𝜒
𝜒 (1)

where 𝜒 ∈ {𝐵, 𝑃 , 𝐿𝑖,𝐻𝑗}; 𝜃𝜒 is the path-loss exponent; the component 𝜙𝜒 is formulated
as [14]-[16]

𝜙𝜒 = 10𝑐+𝑑 (2)

where 𝑐 and 𝑑 are defined as

𝑐 = 10 log10 (4𝜋𝑓 /𝑐)2 + Ω𝑁𝐿𝑜𝑆
10 (3)

𝑑 = Ω𝐿𝑜𝑆 − Ω𝑁𝐿𝑜𝑆

10 + 10𝜙exp [−𝑎(
180
𝜋 𝛿𝜒 − 𝑏)]

(4)

where 𝛿𝜒 is the UAV elevation angle of 𝜒 ; 𝑎 and 𝑏 are constants which depend on the
environment (rural, urban, or dense urban) [12]; andΩ𝐿𝑜𝑆 andΩ𝑁𝐿𝑜𝑆 are environment and
frequency dependent parameters such that Ω𝐿𝑜𝑆 and Ω𝑁𝐿𝑜𝑆 are the excessive path-
losses of the light-of-sight (LoS) and non-light-of-sight (NLoS) links owing to shadow
fades, respectively [12]. Furthermore, the distances 𝑑𝜒 are obtained as follows:

𝑑𝐵 = √(𝑥𝑅 − 𝑥𝐵)
2 + (𝑦𝑅 − 𝑦𝐵)

2 + 𝑧2𝑅 (5)

𝑑𝑃 = √(𝑥𝑅 − 𝑥𝑃 )
2 + (𝑦𝑅 − 𝑦𝑃 )

2 + 𝑧2𝑅 (6)

𝑑𝐿𝑖
= √(𝑥𝑅 − 𝑥𝐿𝑖)

2 + (𝑦𝑅 − 𝑦𝐿𝑖)
2 + 𝑧2𝑅 (7)

𝑑𝐻𝑗
= √(𝑥𝑅 − 𝑥𝐻𝑗)

2
+ (𝑦𝑅 − 𝑦𝐻𝑗)

2
+ 𝑧2𝑅 (8)

Moreover, the imperfect CSI of the A2G and G2A links are considered, i.e., 𝑔𝜒 = ̂𝑔𝜒 +𝑒𝜒 ;
where ̂𝑔𝜒 is the channel coefficients estimated by using minimum mean square error
for 𝑔𝜒 ; and 𝑒𝜒 ∼ CN (0, 𝜆𝑒) with 𝜆𝑒 is the channel estimation error and CN (0, 𝜆𝑒) is a
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scalar complex Gaussian distribution with zero mean and variance 𝜆𝑒 [17]. In addition,
we also assume that the channel gains are modeled as Nakagami-𝑚 fading with fading
severity parameter 𝑚𝜒 [7], i.e., the channel gains are random variables (RVs) distributed
following a Gamma distribution. Thus, the cumulative distribution function of channel
gain | ̂𝑔𝜒 |

2 is formulated as follows [9]:

𝐹| ̂𝑔𝜒 |2 (𝑥) = 1 −
𝑚𝜒−1

∑
𝑗=0 (

𝑚𝜒𝑥
Ω𝜒 )

𝑗 1
𝑗! exp(−

𝑚𝜒𝑥
Ω𝜒 ) (9)

where 𝑔𝜒 is a RV with a mean value Ω𝜒 = E [|𝑔𝜒 |
2
] and Γ(⋅) is the Gamma function.

1.2. Communication protocol

Figure 2: The communication protocol using time splitting for EH and information processing.

The communication protocol is employed for a block time 𝑇 with two phases as
follows (shown in Fig. 2):

• In the first phase, i.e., 𝛼𝑇 , the UR harvests energy from the PB to prolong its
lifetime by using wireless power transfer technique [13], [18], [19]. Therefore, the
EH at the UR from the PB can be formulated as [13]

𝐸𝑅 = 𝜙𝑅𝛼𝑇P𝑃
|𝑔𝑃 |

2

Λ̄𝑃
(10)

where 𝛼 is EH time fraction, 𝜙𝑅 is the energy conversion efficiencies of the 𝑅, and P𝑃 is
the transmit power of the PB. Therefore, the expected EH at the UR by averaging over
the power fading coefficients is as follows [20]:

𝐸𝑅 = 𝜙𝑅𝛼𝑇P𝑃
𝜆𝑃
Λ̄𝑃

(11)

• In the second phase, the remaining time duration is divided into two equal time
slots as (1 − 𝛼)𝑇 /2:
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• In the first time slot, the BS transmits a superimposedmixed signal 𝑥𝐵 = √𝜇𝐿𝑖
𝑥𝐿𝑖

+

√𝜇𝐻𝑗
𝑥𝐻𝑗

; where 𝑥𝐿𝑖
and 𝑥𝐻𝑗

are the signals received by low-priority cluster and
high-priority cluster; and 𝜇𝐿𝑖

and 𝜇𝐻𝑗
are the power allocation coefficients that

satisfy the condition 𝜇𝐿𝑖
+ 𝜇𝐻𝑗

= 1 and 𝜇𝐿𝑗
> 𝜇𝐻𝑖

[17]. Therefore, the received
signal at the UR is expressed as

𝑦𝑅 = √
P𝐵
Λ̄𝐵

𝑥𝐵𝑔𝐵 + 𝑛𝑅 (12)

where 𝑛𝑅 ∼ CN (0,𝑁0), 𝑁0 is additive white Gaussian noise and P𝐵 is the transmit
power of the BS. After receiving the superimposed mixed signal, 𝑅 applies the NOMA
technique to decode 𝑥𝐿𝑖

by treating 𝑥𝐻𝑗
as the noise. Then, this UR removes 𝑥𝐿𝑖

to
obtain 𝑥𝐻𝑗

by adopting the successive interference cancellation method [17]. Therefore,
the instantaneous SINR at the 𝑅1 for detecting 𝑥𝐹𝑗 and 𝑥𝑁𝑖

from the BS can be written
as

𝛾𝑥𝐿𝑖𝑅 =
𝜇𝐿𝑖

𝑃𝐵 |𝑔𝐵|
2

Λ̄𝐵 (
𝜇𝐻𝑗𝑃𝐵|𝑔𝐵|2

Λ̄𝐵
+ 𝑃𝐵𝜆𝑒 +𝑁0)

(13)

𝛾
𝑥𝐻𝑗
𝑅 =

𝜇𝐻𝑗
𝑃𝐵 |𝑔𝐵|

2

Λ̄𝐵 (𝑃𝐵𝜆𝑒 +𝑁0)
(14)

• In the second time slot, the selected 𝑖-th and 𝑗-th SNs are performed NOMA
transmission. Furthermore, 𝑅2 uses its harvested energy to forward the control
signal to the SNs using decode-and-forward (DF) protocol; thus, the received
signal at D can be formulated as

𝑦𝐿𝑖
=
√

𝑃𝑅
Λ̄𝐿𝑖

𝑥𝐵𝑔𝐿𝑖
+ 𝑛𝐿𝑖

(15)

𝑦𝐻𝑗
=
√

𝑃𝑅
Λ̄𝐻𝑗

𝑥𝐵𝑔𝐻𝑗
+ 𝑛𝐻𝑗

(16)

where 𝑛𝐿𝑖
, 𝑛𝐻𝑗

∼ CN (0,𝑁0) and P𝑅 =
𝐸𝑅

(1−𝜏)𝑇 /2 . Therefore, the selected SNs detect their
messages by using NOMA similar to the UR in the first time slot. Consequently, the
SINRs for detecting 𝑥𝐿𝑖

and 𝑥𝐻𝑗
at 𝐿𝑖 and 𝐻𝑗 are formulated, respectively, as

𝛾𝑥𝐿𝑖𝐿𝑖
=

𝜇𝐿𝑖
𝑃𝑅 |𝑔𝐿𝑖|

2

Λ̄𝐿𝑖 (
𝜇𝐻𝑗𝑃𝑅|𝑔𝐿𝑖 |2

Λ̄𝐿𝑖
+ 𝑃𝑅𝜆𝑒 +𝑁0)

(17)
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𝛾
𝑥𝐻𝑗
𝐻𝑗

=
𝜇𝐻𝑗

𝑃𝑅 |𝑔𝐻𝑗 |
2

Λ̄𝐻𝑗 (𝑃𝑅𝜆𝑒 +𝑁0)
(18)

Moreover, because of the DF strategy, the end-to-end SINRs at 𝑖-th and 𝑗-th SNs can
be written as

𝛾𝑥𝐿𝑖𝑒2𝑒 = min{𝛾
𝑥𝐿𝑖
𝑅 , 𝛾𝑥𝐿𝑖𝐿𝑖 } (19)

𝛾
𝑥𝐻𝑗
𝑒2𝑒 = min{𝛾

𝑥𝐻𝑗
𝑅 , 𝛾

𝑥𝐻𝑗
𝐻𝑗 } (20)

2. Performance Analysis

2.1. Outage probability

The OP is defined as the end-to-end SINR at the SN that is below a certain outage
threshold (𝛾𝑥𝐿𝑖𝑡ℎ or 𝛾

𝑥𝐻𝑗
𝑡ℎ ), i.e.,

𝑂𝐿𝑖
= Pr{𝐶

𝑥𝐿𝑖 < 𝛾𝑥𝐿𝑖𝑡ℎ } (21)

𝑂𝐻𝑗
= Pr{𝐶

𝑥𝐻𝑗 < 𝛾
𝑥𝐻𝑗
𝑡ℎ } (22)

where 𝐶𝑥𝐿𝑖 and 𝐶𝑥𝐻𝑗 are the channel capacity from the BS to 𝐿𝑖 and 𝐻𝑗 as follows:

𝐶𝑥𝐿𝑖 = 1 − 𝛼
2 𝑊 log2 (1 + 𝛾

𝑥𝐿𝑖
𝑒2𝑒) (23)

𝐶𝑥𝐻𝑗 = 1 − 𝛼
2 𝑊 log2 (1 + 𝛾

𝑥𝐻𝑗
𝑒2𝑒 ) (24)

where 𝑊 is the system bandwidth. In order to improve the system performance, two
cluster heads of the two clusters are selected based on the best channel gain from the
UR to SNs of the low-priority and high-priority cluster, i.e.,

𝑖∗ = arg max
1≤𝑖≤𝐼 {|𝑔𝐿𝑖|

2
} (25)

𝑗∗ = arg max
1≤𝑗≤𝐽{|𝑔𝐻𝑗 |

2

} (26)

Substituting (19) and (23) into (21), we have

𝑂𝐿𝑖∗
= 1 − Pr{𝛾

𝑥𝐿𝑖
𝑅 ≥ Ω𝑥𝐿𝑖

𝑡ℎ }⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝐴1

×Pr{𝛾
𝑥𝐿𝑖
𝐿𝑖∗

≥ Ω𝑥𝐿𝑖
𝑡ℎ }⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝐴2

(27)
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where Ω𝑥𝐿𝑖
𝑡ℎ = 2

2𝛾
𝑥𝐿𝑖
𝑡ℎ

(1−𝛼)𝑊 − 1.
Next, substituting (13) into (27) and after some mathematical manipulations, the term

𝐴1 is given by

𝐴1 = 1 −
𝑚𝐵−1

∑
𝑎1=0

(Δ1)
𝑎1 1
𝑎1!

exp (−Δ1) (28)

where 𝜌𝐵 = P𝐵/𝑁0 and Δ1 is defined as

Δ1 =
𝑚𝐵Ω

𝑥𝐿𝑖
𝑡ℎ Λ̄𝐵 (𝜌𝐵𝜆𝑒 + 1)

Ω𝐵 (𝜇𝐿𝑖
− Ω𝑥𝐿𝑖

𝑡ℎ 𝜇𝐻𝑗) 𝜌𝐵
(29)

Similarly, the probability 𝐴2 can be obtained as follows:

𝐴2 = 1 −
𝐼

∏
𝑖=1

⎡
⎢
⎢
⎣
1 −

𝑚𝐿𝑖−1

∑
𝑎2=0

(Δ2)
𝑎2 1
𝑎2!

exp (−Δ2)
⎤
⎥
⎥
⎦

(30)

where 𝜌𝑅 = P𝑅/𝑁0 and Δ2 is defined as

Δ2 =
𝑚𝐿𝑖

Ω𝑥𝐿𝑖
𝑡ℎ Λ̄𝐿𝑖 (𝜌𝑅𝜆𝑒 + 1)

Ω𝐿𝑖 (𝜇𝐿𝑖
− Ω𝑥𝐿𝑖

𝑡ℎ 𝜇𝐻𝑗) 𝜌𝑅
(31)

Furthermore, the OP of the cluster head of the high-priority cluster can be derived by
the same approach with 𝑂𝐿𝑖∗

as follows:

𝑂𝐻𝑗∗
= 1 − 𝐵1 × 𝐵2 (32)

where 𝐵1 and 𝐵2 are defined as

𝐵1 = 1 −
𝑚𝐵−1

∑
𝑏1=0

(Π1)
𝑏1 1
𝑏1!

exp (−Π1) (33)

Π1 =
𝑚𝐵Ω

𝑥𝐻𝑗
𝑡ℎ Λ̄𝐵 (𝜌𝐵𝜆𝑒 + 1)
Ω𝐵𝜇𝐻𝑗

𝜌𝐵
(34)

𝐵2 = 1 −
𝐽

∏
𝑗=1

⎡
⎢
⎢
⎣
1 −

𝑚𝐻𝑗−1

∑
𝑏2=0

(Π2)
𝑏2 1
𝑏2!

exp (−Π2)
⎤
⎥
⎥
⎦

(35)

Π2 =
𝑚𝐻𝑗

Ω
𝑥𝐻𝑗
𝑡ℎ Λ̄𝐻𝑗 (𝜌𝐵𝜆𝑒 + 1)
Ω𝐻𝑗

𝜇𝐻𝑗
𝜌𝑅

(36)

DOI 10.18502/kss.v5i7.9334 Page 197



AICoLiN

2.2. Throughput

According to [21], the throughput of the low-priority and high-priority SNs are expressed
as follows:

T𝐿𝑖∗
= (1 − 𝑂𝐿𝑖∗) 𝛾

𝑥𝐿𝑖
𝑡ℎ (37)

T𝐻𝑗∗
= (1 − 𝑂𝐻𝑗∗) 𝛾

𝑥𝐻𝑗
𝑡ℎ (38)

2.2.1. Numerical Results

In this section, numerical results are provided for evaluating the throughput of the UAV
relay in the disaster area. In particular, we consider the effect of the UR’s altitudes,
the EH time, the channel estimation error on the throughput (in bits/sec/Hz) for the
low-priority and high-priority SNs. Unless otherwise stated, the analysis and simulation
employ the same system parameters as follows [17]: the carrier frequency 𝑓𝑐 = 2 GHz;
the fading parameters 𝑚𝐵 = 𝑚𝐿𝑖

= 𝑚𝐻𝑗
= 2; the EH efficiency coefficient 𝜙𝑅 = 0.8;

the EH time fraction 𝛼 ∈ (0, 1), 𝜌𝐵, 𝜌𝑃 ∈ [0, 20] (dB); the coordinates 𝐵(0, 0, 0), 𝑃 (5, 5, 0),
𝐿𝑖(7, 7, 0), 𝐻𝑗(6, 6, 0), 𝑅(5, 4, 𝑧𝑅), where 𝑧𝑅 ∈ [1, 15]; the system bandwidth 𝑊 = 100
MHz; the outage thresholds 𝛾𝑥𝐿𝑖𝑡ℎ = 10 and 𝛾

𝑥𝐻𝑗
𝑡ℎ = 10. Furthermore, we investigate the

case in which the considered system operates in an urban environment with parameters
𝑎 = 9.6177, 𝑏 = 0.1581, ΩLoS = 1, and ΩNLoS = 20.

From Figs. 3 to 5, we can observe that the analytical curves are in excellent agreement
with the scatter of Monte Carlo simulations, i.e., the accuracy of our analysis is verified.
In particular, Fig. 3 presents the effect of the UR’s altitude and the number of the SNs
on the throughput. We can see that the throughput of the low-priority and high-priority
cluster heads increases as 𝑧𝑅 increases. Then, once 𝑧𝑅 achieves a certain point, the
throughput decreases. This is because when the UAV’s altitude is low, the probability
of the LoS is low, while the probability of the NLoS is high; however, the high 𝑧𝑅 leads
to the high path-loss. Therefore, there exists a certain point that achieves the optimal
throughput. In addition, the throughput is improved by increasing the number of the
SNs due to the higher diversity gain at the SNs.

Fig. 4 shows the impact of the transmit SNR at the PB and channel estimation error on
the throughput. We can see that the throughput of the SNs is improved as the transmit
power of the PB increases. It is obvious because the high 𝜌𝑃 leads to high amount of
EH at the UR. Moreover, throughput of the SNs decreases when 𝜆𝑒 increases. This is
due to that the higher 𝜆𝑒 makes more interferences for decoding the signals at the SNs.
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Figure 3: The impact of the UR’s altitude and the number of the SNs on the throughput.

Figure 4: The impact of the transmit SNR at the PB and channel estimation error on the throughput.

Fig. 5 illustrates the impact of the EH time at the UR and channel estimation error
on the throughput. It is observed that the throughput increases as 𝛼 increase and then
decreases as 𝛼 is large. This is because when the EH time is low, the UR harvests little
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Figure 5: The impact of the EH time at the UR and channel estimation error on the throughput.

energy; while the EH time is large, the remaining time is not enough for information
process. Furthermore, similar to Fig. 4, the throughput is improved as the channel
estimation error is small.

3. Conclusions

This paper has studied the system performance in terms of throughput of an EH UAV
network in a disaster area using NOMA technique. In which, the UR harvests energy
from the PB to forward the signal from the BS to the SNs. Accordingly, a closed-form
expression for the throughput of the cluster heads of the low-priority and high-priority
clusters has been derived under imperfect CSI. Finally, the theoretical analyses of the
throughput have been validated byMonte Carlo simulation results. The numerical results
showed that there exist the optimal UAV altitude and EH time to maximize the system
performance.
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