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Abstract
This paper considers an unmanned aerial vehicle (UAV)-assisted communication system 
with simultaneous wireless information and power transfer (SWIPT). In modeling the com-
posite channel, the probability of line-of-sight (LoS)/non-LoS is taken into account, along 
with log-normal shadowing. Moreover, for small-scale fading, Nakagami-m and Rayleigh 
distributions are considered for the LoS and non-LoS (NLoS) conditions, respectively. For 
enabling radio-frequency (RF) energy harvesting, a hybrid power-splitting (PS) and time 
switching (TS) based architecture is considered at the UAV. In order to provide relay coop-
eration to the remote mobile user, the UAV performs decode-and-forward (DF) operation. 
To examine the system performance, we first derive the outage probability (OP) expres-
sion utilizing the Gauss–Hermite quadrature for different shadowing and fading channel 
combinations. In addition, the system throughput and energy efficiency expressions are 
obtained for both shadowed and un-shadowed channels and verified through Monte Carlo 
simulations.
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1  Introduction

The use of an unmanned aerial vehicle (UAV) as a flying base station (BS) shows a great 
potential for providing emergency connectivity support in natural disaster situations, as 
well as for civilian applications [1–3]. In recent years, manufacturing of energy-efficient, 
low-cost, and small-size UAVs has commenced plenty of new applications in upcoming 
wireless networks [1, 4]. In addition, UAV-assisted communication has an obvious advan-
tage over a terrestrial network in providing a line of sight (LoS) transmission condition, 
thanks to the UAV’s ability to reach higher altitudes and adjustable trajectory. As a result, 
it can mitigate the effect of terrestrial blockage caused by buildings, trees, and other infra-
structure [1, 3, 5].

In general, UAV-enabled communications can be categorized into three application sce-
narios [1, 6]: 

	 (i)	 UAV-assisted ubiquitous coverage: In this type of networks, UAVs are used for 
providing coverage along with the existing cellular networks.

	 (ii)	 Cooperative relaying: In this category, the UAVs are mainly employed to provide a 
reliable network among users when the direct communication between user pairs is 
not good enough or in the absence of a terrestrial network.

	 (iii)	 UAV-aided data collection and information dissemination: It is another application 
category, in which UAVs are deployed for collecting data, e.g., from the Internet of 
Things (IoT) devices that are small and have limited battery life. This type of data 
collection can prolong the operating life of such a network by reducing overall power 
transmission from these nodes.

Despite these numerous potential applications, there are many challenges that need to be 
addressed for realizing UAV-assisted communication. For instance, the durability of the 
UAV-assisted network is limited by frequent power shortages due to its size and weight 
constraints. In order to prolong communication through such an UAV-assisted network, it 
requires an onboard power source with its mechanical and communication modules. To 
address this issue, simultaneous wireless information and power transfer (SWIPT) has 
been introduced that can make communication networks self-sufficient and reliant [7, 8]. 
Conventional sources of energy harvesting (EH) rely on their environment and surround-
ings, and therefore, they may fail to provide a perpetual energy supply. In contrast, the 
use of radio-frequency (RF) signals for providing power and carrying the information can 
be accomplished through the SWIPT technique. The relay reduces the overall power con-
sumption of the network by utilizing the harvested energy for signal transmission in the 
next hop. In general, two SWIPT receiver architectures, namely power splitting (PS) and 
time switching (TS), are commonly used in the literature. Several research works [7, 9] 
have adopted these receiver architectures to investigate system performance.

1.1 � Related Works

Plenty of works [10–18] have considered UAV-enabled communications for differ-
ent application scenarios. Specifically, the authors in [10] have studied UAV-assisted 
one-way relaying (OWR) and performed optimization of the trajectory of moving 
UAV. Further, UAV heading angle control has been considered in [11] to optimize the 
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performance of the link between UAV-based relay and ground node. In [12], the optimal 
UAV relay placement and performance analysis have been conducted for decode-and-
forward (DF) and amplify-and-forward (AF) operations. In [13], multiple UAVs with 
AF and DF operations have been investigated for multi-hop single links and multiple 
dual-hop links in terms of outage probability (OP) and bit error rate (BER). Further-
more, SWIPT has been studied for UAV-assisted OWR with a mobile node and hovering 
UAV in [14]. In [15], the throughput maximization for SWIPT-enabled UAV-assisted 
cooperative communication based on DF and AF protocols has been done with power 
profile and power splitting ratio profile. Efficient deployment of UAV networks to col-
lect data from IoT devices has been discussed in [16]. In [17], the authors have inves-
tigated UAV as a flying BS in coexistence with the underlay device-to-device (D2D) 
communications. In [18], the authors have performed joint optimization for power and 
trajectory for a UAV-relaying network.

A hybrid decode-amplify-forward operation has been considered in [19] for relay 
assistance to reduce overall power usage. Further, the authors in [20] have analyzed the 
secrecy OP with imperfect CSI for a multi-antenna relay system with a non-linear EH 
architecture. In [21, 22], the authors have emphasized modeling LoS/non-LoS channels 
and path-loss for the uplink and downlink of UAV-based networks in diverse propa-
gation scenarios. Specifically, the authors in [23] have adopted probabilistic path-loss 
modeling in deriving the analytical expressions. In [24], the authors have formulated 
the PDF expressions for the Nakagami-N-gamma model considering composite fading 
channels. In contrast, an accurate alternate for the Rayleigh log-normal shadowed model 
in terms of Rayleigh-gamma distribution has been provided in [25]. Furthermore, the 
authors in [26] have obtained expressions for the fade duration of the signal envelope 
and the average level crossing rate under Nakagami-m fading and log-normal shadow-
ing. Similarly, the statistical characterization of the wireless channel with log-normal 
shadowing has been done in [27]. In [28], authors have considered a heterogeneous net-
work and investigated the system performance in terms of OP over composite fading 
channels.

In [29], the authors have derived expressions for the OP and bit error rate for a 
SWIPT-based UAV-assisted IoT system considering PS and TS architectures separately 
over the Nakagami-m fading channels. Further, the authors in [30] have introduced a 
unified energy management framework assuming wireless power transfer, SWIPT, and 
self-interference cancellation in UAV-based relay communication with full-duplex 
transmission mode. Similarly, a full-duplex UAV-assisted SWIPT-enabled network 
has been studied in [31], where the authors have formulated an optimization prob-
lem to minimize the system’s OP over Nakagami-m fading. Likewise, the authors in 
[32] have derived closed-form expressions for the OP and system throughput over the 
Weibull fading channel for SWIPT-based half/full duplex UAV networks. Recently, the 
authors in [33] have exploited the concept of non-orthogonal multiple access (NOMA) 
in SWIPT-based UAV networks and derived OP and throughput expressions for two 
RF-EH protocols, namely, TS and PS. In practice, UAVs may suffer from severe path-
loss and diverse channel conditions that can be characterized by probabilistic path-loss 
and channel models. However, these works [29–33], as shown in Table 1, have not taken 
shadowing, probabilistic path-loss and channel modeling into account for investigating 
the performance of the systems.

To the best of the authors’ knowledge, no work has considered the effect of shadowing 
and probabilistic path-loss and channel modeling for hybrid TS-PS based UAV cooperative 
networks.
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1.2 � Contributions

Motivated by the above-mentioned works and highlighted research gap, this paper con-
siders a hybrid TS-PS SWIPT architecture for UAV-based relay system where one-way 
communication is realized in three phases with the help of the DF protocol. The UAV is 
assumed to perform relay transmission using the harvested RF energy, and the onboard 
battery is used for flying and maneuvering. To study performance of such a dual-hop UAV-
assisted network, expressions of OP, system throughput, and energy efficiency are derived 
over mixed LoS/NLoS shadowed fading channels. The main contributions of this paper are 
summarized as follows:

•	 A linear EH model is adopted for enabling RF energy harvesting at UAV and the DF 
operation is considered to provide relay assistance. Closed-form expressions for the 
probability density functions (PDFs) of composite channels are derived for log-normal 
shadowing using the Gauss–Hermite quadrature. The accuracy of the obtained PDFs 
for shadowed Nakagami-m, shadowed Rayleigh, shadowed Rayleigh-shadowed Ray-
leigh, shadowed Rayleigh-shadow Nakagami, and shadowed Nakagami-shadowed Nak-
agami channels is demonstrated.

•	 Closed-form expressions of OP, system throughput, and energy efficiency considering 
the probability of LoS/NLoS mixed channels are derived for shadowed and un-shad-
owed channels.

•	 Extensive numerical and simulation results are provided to offer key insights into the 
system behavior.

Notations: Pr[⋅] , fZ(⋅) , and FZ(⋅) represent the probability, PDF and the cumulative dis-
tribution function (CDF) of a random variable Z, respectively. The upper incomplete, the 
lower incomplete, and the complete gamma functions are denoted, respectively, as Γ[⋅, ⋅] , 
Υ[⋅, ⋅] , and Γ[⋅] , [34, eq. (8.350)]. Kv(⋅) is used to denote vth order modified Bessel function 
of the second kind [34, eq. (8.432.1)].

2 � System Model

The UAV-assisted relay network considered in this paper is illustrated in Fig. 1, where the 
UAV relay cooperates the wireless information transfer between the BS and the remote 
mobile user. All nodes are assumed to be equipped with a single antenna and communica-
tion is carried out in the half-duplex mode. The DF strategy is utilized at the UAV for per-
forming relay assistance. The UAV hovers at a certain altitude, with height H

�
 . The ground 

distances from the BS to UAV and UAV to the mobile user are R1 and R2 , respectively. The 
elevation angles between UAV to BS and UAV to the mobile user are �

�
 and �

�
 , respec-

tively. The direct link between the BS and the mobile user is assumed to be missing due 
to blockage. The UAV relay is considered an energy-constrained node. Thus, it harvests 
energy from the received RF signals and then applies DF operation to broadcast the infor-
mation. Here, the energy consumed for information processing is assumed to be negligible 
compared to the energy requirement for information forwarding. All channel coefficients 
are assumed to be independent and quasi-static for one block duration. The receiver noise 
is modeled as a complex Gaussian random variable with zero mean and variance �2 . The 
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probability of LoS-based path-loss is considered as given in [23]. Log-normal shadowing 
is adopted for channel modeling throughout this work.

In practice, the path-loss depends on the frequency, distance, and gain of the antenna 
at the sending and receiving nodes. In this work, a practical model for path-loss between 
ground nodes and UAV is considered, in which the average path-loss ( �

�
 ) can be expressed 

as [21, 23]

where the probability of LoS can be given as

Here, a and b are constants related to the propagation environment and � is angle, expressed 
in degree, between the UAV and ground nodes. Now, the expressions of �

���
 and �

����
 can 

be given as

where d is the distance between the UAV and ground nodes, f is the operating frequency, c 
is the speed of light, �

���
 and �

����
 are propagation constants for a particular communica-

tion scenario at a fixed frequency.
The transmission block structure for the considered system is shown in Fig.  2. Here, 

one block duration is divided into three phases to enable hybrid SWIPT and one-way 
information transmission. In the first phase, the BS transmits RF signals to the UAV for 
a duration of �T  , where 0 ≤ 𝛼 < 1 is the time allocation ratio and T is the duration of the 
entire block. Now, considering a linear EH model for harvesting energy. The received 
energy is given by E

��
= ��TPT ∣h

�,�∣
2 where P

�
 is the transmit power at the BS and h

�,� 
is the channel coefficient between the BS and the UAV. In the second phase, the BS trans-
mits the information signal to the UAV for a duration of �(1 − �)T  , where �(1 − �) is the 
time allocation ratio with 0 < 𝜆 < 1 . In the second phase, the received signal is given as 

(1)�
�
= P

���
(�) × �

���
+ P

����
(�) × �

����
,

(2)P
���

(�) =
1

1 + ae−b(�−a)
.

(3)�
���

= 20 log10 d+20 log10 f+20 log10

(
4�

c

)
+�

���
,

(4)�
����

= 20 log10 d+20 log10 f+20 log10

(
4�

c

)
+�

����
,

Fig. 1   SWIPT-enabled UAV-assisted communications
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y
�,� =

√
P
�
h
�,�x� + n

�
 . Further, x

�
 represents unit energy symbol transmitted from the BS 

and n
�
∈ CN(0, �2

) is additive white Gaussian noise (AWGN) at the UAV.
At the UAV, the signal power is split into two portions, � and (1 − �) , where � is the 

power allocation factor. Here, � portion is used for harvesting energy and (1 − �) portion 
for information decoding. The harvested energy is given as E

��
= ���(1 − �)TPT ∣h

�,�∣
2 . 

Now, the total harvested energy can be expressed as ET = �(� + ��(1 − �))TPT ∣h
�,�∣

2 . The 
transmit power at the UAV can be given as

The received signal-to-noise ratio (SNR) at the UAV can be expressed as

It then follows that the achievable rate at the UAV is given as R
�,� = �(1 − �) log2(1 + Λ

�,�).

In the third phase, the UAV uses the harvested energy for forwarding the received signal 
to a mobile user in the remaining block duration of (1 − �)(1 − �)T  . The received signal at 
the mobile user is given as y

�,� =

√
P
�
h
�,�x� + n

�
 , where n

�
∈ CN(0, �2

) is AWGN at the 
mobile user. The expression of the instantaneous SNR at the mobile user is given as

Based on (7), the instantaneous rate can be expressed as 
R

�,� = (1 − �)(1 − �) log2(1 + Λ
�,�).

3 � Performance Analysis

In this section, accurate expressions of OP, system throughput, and energy efficiency are 
derived for the considered dual-hop UAV-assisted network.

3.1 � Outage Probability

An outage event occurs if the instantaneous rate at the UAV or the mobile user falls below 
a predefined target rate. Thereby, the OP can be mathematically formulated as [30]

(5)P
�
=

�(� + ��(1 − �))PT ∣h
�,�∣

2

(1 − �)(1 − �)
.

(6)Λ
�,� =

(1 − �)P
�
∣h

�,�∣
2

�2
.

(7)Λ
�,� =

�(� + ��(1 − �))PT ∣h
�,�∣

2
∣h

�,�∣
2

(1 − �)(1 − �)�2
.

Fig. 2   Frame structure of one 
block
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By incorporating the probabilities of LoS and NLoS components in the first hop and con-
sidering P

�,� = Pr[R
�,� < rth] , one can have

where R(SN)

�,�
 and R(SR)

�,�
 are the instantaneous rates at the UAV in the first phase when h

�,� 
follows shadowed Nakagami-m and shadowed Rayleigh fading, respectively. Similarly, the 
other probability term in (8), i.e., P

�,� = Pr[R
�,� < rth] , can be formulated as

where R(SN,SN)

�,�
 and R(SR,SR)

�,�
 denote the instantaneous rates at the mobile user in the second 

phase when both uplink and downlink follow shadowed Nakagami-m and shadowed Ray-
leigh. Moreover, R(SR,SN)

�,�
 and R(SN,SR)

�,�
 correspond to the case when uplink and downlink 

follow shadowed Rayleigh-shadowed Nakagami-m and vice-versa.
To obtain the complete OP expression, one can invoke (9) and (10) in (8). The 

final OP expression is a generalized form whereby on changing the LoS probability, 
the framework can represent both terrestrial and aerial communication scenarios. For 
instance, when P

���
(�) = 0 , the system will transform to a terrestrial network with shad-

owed Rayleigh channel characterization. When P
���

(�) = 1 , the system is valid for the 
aerial network at a high altitude and the channel between nodes can be modeled as shad-
owed Nakagami-m. Further, by changing the values of �i , the system can handle shad-
owed and un-shadowed cases.

Now, different probability terms of (9) and (10) are evaluated and the related results 
are stated in the following Lemmas. First, one can represent 
Pr[R

(SR)

�,�
< rth] = Pr[Λ

(SR)

�,�
< 𝛾̄

�
] = F

Λ
(SR)

�,�

(𝛾̄
�
) , where 𝛾̄

�
= 2rth∕𝜆(1−𝛼) − 1 is the target SNR 

at the UAV. An accurate expression of the required CDF F
Λ
(SR)

�,�

(𝛾̄
�
) is given in the follow-

ing Lemma.

Lemma 1  The expression of F
Λ
(SR)

�,�

(𝛾̄
�
) can be shown to be

where N represents sample points, [tn]Nn=1 give the roots of the Hermite polynomial, and wn 
gives the weights of Gauss–Hermite quadrature. Moreover, �1 and �1 , respectively, repre-
sent the mean path-loss and standard deviation for shadowing of the first hop in dB.

(8)Pout = 1 −
(
1 − Pr[R

�,� < rth]
)(
1 − Pr[R

�,� < rth]
)
.

(9)P
�,� = P

���
(𝜃

�
)Pr[R

(SN)

�,�
< rth] + P

����
(𝜃

�
)Pr[R

(SR)

�,�
< rth],

(10)

P
�,� = P

���
(𝜃

�
)

(
P
���

(𝜃
�
)Pr

[
R

(SN,SN)

�,�
< rth

]

+P
����

(𝜃
�
)Pr

[
R

(SN,SR)

�,�
< rth

])

+ P
����

(𝜃
�
)

(
P
���

(𝜃
�
)Pr

[
R

(SR,SN)

�,�
< rth

]

+P
����

(𝜃
�
)Pr

[
R

(SR,SR)

�,�
< rth

])
,

(11)

F
Λ
(SR)

�,�

(𝛾̄
�
) = Pr[R

(SR)

�,�
< rth]

=
1√
𝜋

N�
n=1

w
n

⎛⎜⎜⎝
1 − e

−
𝛾̄�𝜎2

((1−𝛽)P�)10

√
2𝛿1 tn+𝜇1

10

⎞⎟⎟⎠
.



199Wireless Powered UAV‑Enabled Communications over Mixed LoS…

1 3

Proof  The CDF F
Λ
(SR)

�,�

(𝛾̄
�
) can be expressed as

Further, (12) can be expressed in an integral form as

By incorporating the PDF expression from (A4) derived in Appendix A and performing 
integration, one can obtain the desired expression as in Lemma 1. 	� ◻

The other probability term of (9) corresponding to the shadowed Nakagami-m chan-
nel can be written as Pr[R(SN)

�,�
< rth] = Pr[Λ

(SN)

�,�
< 𝛾̄

�
] = F

Λ
(SN)

�,�

(𝛾̄
�
) . Following the simi-

lar approach used to obtain (11), the resulting CDF F
Λ
(SN)

�,�

(𝛾̄
�
) is stated in the following 

Lemma.

Lemma 2  The expression of F
Λ
(SN)

�,�

(𝛾̄
�
) is

Proof  The CDF F
Λ
(SN)

�,�

(𝛾̄
�
) can be formulated as

Now, (15) can be expressed in an integral form as

On inserting the PDF from (B7), derived in Appendix B, and solving the integral, one can 
obtain the desired expression as in Lemma 2. 	�  ◻

(12)

F
Λ
(SR)

�,�

(𝛾̄
�
) = Pr

[
(1 − 𝛽)P

�
∣h

(SR)

�,�
∣
2

𝜎2
< 𝛾̄

�

]

= Pr

[
∣h

(SR)

�,�
∣
2<

𝛾̄
�
𝜎2

(1 − 𝛽)P
�

]

= F
∣h

(SR)

�,�
∣2

(
𝛾̄
�
𝜎2

(1 − 𝛽)P
�

)
.

(13)F
Λ
(SR)

�,�

(𝛾̄
�
) = ∫

𝛾̄�𝜎2

(1−𝛽)P�

0

f
∣h

(SR)

�,�
∣2
(x)dx.

(14)F
Λ
(SN)

�,�

(𝛾̄
�
) =

1√
𝜋

N�
n=1

wn

Γ[m1]
Υ

⎛⎜⎜⎝
m1,

m1
𝛾̄
�
𝜎2

(1−𝛽)P
�

10

√
2𝛿1 tn+𝜇1

10

⎞⎟⎟⎠
.

(15)

F
Λ
(SN)

�,�

(𝛾̄
�
) = Pr

[
(1 − 𝛽)P

�
∣h

(SN)

�,�
∣
2

𝜎2
< 𝛾̄

�

]

= Pr

[
∣h

(SN)

�,�
∣
2<

𝛾̄
�
𝜎2

(1 − 𝛽)P
�

]

= F
∣h

(SN)

�,�
∣2

(
𝛾̄
�
𝜎2

(1 − 𝛽)P
�

)
.

(16)F
Λ
(SN)

�,�

(𝛾̄
�
) = ∫

𝛾̄�𝜎2

(1−𝛽)P�

0

f
∣h

(SN)

�,�
∣2
(x)dx.
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Now, for evaluating (10), one of the involved probability terms can be expressed as 
Pr

[
R

(SR,SR)

�,�
< rth

]
= Pr

[
Λ

(SR,SR)

�,�
< 𝛾̄

�

]
= F

Λ
(SR,SR)

�,�

(𝛾̄
�
) , where 𝛾̄

�
= 2rth∕(1−𝜆)(1−𝛼) − 1 is the 

target SNR at the mobile user, which is derived as in the next Lemma.

Lemma 3  The expression of F
Λ
(SR,SR)

�,�

(𝛾̄
�
) is

where �2 and �2 represent the mean path-loss and standard deviation for shadowing of the 
second hop in dB.

Proof  The CDF can be first written as

where ∣h(SR)
�,�

∣
2 and ∣h(SR)

�,�
∣
2 are distributed as shadowed Rayleigh. Further, (18) can be repre-

sented in an integral form as

On invoking the PDF from (C11), derived in Appendix C, and solving the integral, one can 
obtain the final expression as stated in Lemma 3. 	�  ◻

Further, another term of (10) can be expressed as 
Pr

[
R
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= Pr
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�,�
< 𝛾̄
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]
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�,�

(𝛾̄
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) which can be derived as in the fol-

lowing Lemma.

Lemma 4  The expression of F
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(SN,SR)
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) is
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Proof  Following the similar approach as in (18), F
Λ
(SN,SR)

�,�

(𝛾̄
�
) is given as

Inserting the PDF expression from (D14) in (21) and solving the integral, one can obtain 
the final expression as stated in Lemma 4. 	�  ◻

Lastly, Pr
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the following Lemma.

Lemma 5  The expression of F
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Proof  Performing the change of variables in (E19), derived in Appendix E, one can obtain 
the final expression as stated in Lemma 5. 	�  ◻

3.2 � System Throughput

For a delay-limited transmission, the system throughput can be calculated as the average 
target rate that can be attained successfully when the system operates over the fading chan-
nels. Here, the data rate is assumed to be equal to the target transmission data rate rth , in 
bps/Hz. Therefore, the throughput can be formulated as

where P
�,� and P

�,� are derived in (9) and (10), respectively.

3.3 � Energy Efficiency

It is always beneficial to maintain a higher system throughput while minimizing the energy 
consumption, contributing to environment-friendly transmission. Thus, energy efficiency 
has become an essential parameter in designing and investigating the system performance 
for communication systems. For the considered system, the energy efficiency is defined as

4 � Numerical and Simulation Results

In this section, numerical and simulation results are provided to draw insightful observa-
tions with respect to the system, channel, and environmental parameters on the OP, system 
throughput, and energy efficiency. All numerical and simulation results are obtained by set-
ting the noise variance �2

= −104 dBm, and the carrier frequency as 700 MHz. The path-
loss model used in this section is similar to that of [21, 23]. Throughout this section, the 
parameters N = 15 and P = 15 are set for the Gauss–Hermite quadrature approximations. 
The values of fading severity parameters are considered as m1 = m2 = 4 , unless speci-
fied otherwise. The standard deviation for shadowing is expressed as �i = cie

(−di�l) where 
i ∈ {1, 2} and l ∈ {�,�} . Herein, the standard deviation for shadowing and probability of 
LoS are calculated using (2) and Table 2.

The curves in Fig. 3 are obtained by setting the parameters as � = 0.1 , � = 0.5 , � = 0.5 , 
� = 0.6 , H

�
= 20 m and R1 = R2 = 20 m. This figure plots the OP versus transmit power 

(23)T
�
=min

{
�(1−�)(1−P

�,�)rth, (1−�)(1−�)(1−P�,�)rth
}
,

(24)�
��
=

min
{
�(1−�)(1−P

�,�)rth, (1−�)(1−�)(1−P�,�)rth
}

(� + (1 − �)�)P
�

.

Table 2   Environment parameters for different scenarios [21, 23]

Scenario (�
1
 , �

2
) (a, b) (c

1
 , d

1
) (c

2
 , d

2
)

Suburban (0, 18) (4.980, 0.430) (11.53, 0.6) (26.53, 0.03)
Urban (0.6, 17) (9.617, 0.158) (10.98, 0.05) (23.31, 0.03)
Dense urban (1, 20) (12.081, 0.1139) (9.64, 0.04) (30.83, 0.04)
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curves for different values of rth . In Fig.  3, one can observe that as the transmit power 
increases, the system experiences better outage performance. This performance behavior is 
reasonable as the transmit power increases, the instantaneous SNR for both links improves. 
As a result, the system enjoys better OP performance. It can also be seen that for a higher 
value of rth , the OP increases. This is because, with the higher value of rth , the system 
requires higher transmit power to achieve the target SNR so that the instantaneous rate 
becomes higher than rth for having a successful transmission. All the analytical curves in 
this figure are in perfect agreement with the simulation, thus confirming the accuracy of 
the derived analytical results.

The curves in Fig. 4 are obtained by setting the parameters as � = 0.1 , � = 0.5 , � = 0.5 , 
� = 0.6 , H

�
= 20 m, and rth = 1 bps/Hz. In Fig. 4, OP versus transmit power curves are 

plotted for different values of distance between the BS and the remote mobile user. This 
figure shows that the OP decreases with an increase in the transmit power for different 
distances between the nodes. This phenomenon can be explained in the same way as done 
for Fig. 3. Here, the symmetric positioning of the relay is considered, i.e., R1 = R2 and as 
the value of R1 or R2 increases, the outage performance degrades. This is because as the 
distance increases, the LoS probability decreases under a fixed height of the UAV. There-
fore, the overall path-loss increases as a result of a larger distance. Moreover, as the LoS 
probability decreases, the channel fading characterization weights shift from shadowed 
Nakagami-m to shadowed Rayleigh. All these factors contribute to the increase of the OP.

Figure  5 shows the OP versus transmit power curves for different UAV heights in 
a suburban environment with the parameters set as � = 0.1 , � = 0.5 , � = 0.5 , � = 0.6 , 
R1 = R2 = 20 m, and rth = 1 bps/Hz. It can be noted from this figure that with the increase 
in the transmit power, the OP decreases for a particular operational height of the UAV. One 
can also observe that as the operational height increases from 5 to 10 m, the outage per-
formance becomes better, and when increasing the height further from 10 to 25 m, the OP 
performance degrades. The reason behind this behavior can be explained as follows. With 
H

�
= 5 m, the system possesses a low LoS probability that makes the overall path-loss and 

shadowing high. But, as the height increases to H
�
= 10 m, the system LoS probability 

Fig. 3   OP versus P
�
 curves for 

different values of r
th
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improves, which reduces the overall path-loss and shadowing. Thus, the OP performance 
improves. Nevertheless, when the height is further increased to H

�
= 25 m, the LoS prob-

ability only improves marginally as it is already high for the case when H
�
= 10 m. But 

with the further increase in UAV height, the resulting path-loss becomes dominating, and 
therefore, the system outage performance degrades.

Various works have highlighted the effects of both PS and TS based RF energy har-
vesting receivers on the system performance. In order to provide a comparative perfor-
mance evaluation, Fig.  6 demonstrates the OP versus transmit power curves for differ-
ent SWIPT receiver architectures where the parameters are set as � = 0.6 , H

�
= 20  m, 

Fig. 4   OP versus P
�
 curves for 

different values of R
1
 and R

2

Fig. 5   OP versus P
�
 curves for 

different UAV altitudes
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R1 = R2 = 20 m, and rth = 1 bps/Hz. For converting the considered model into PS-based 
SWIPT, the TS parameter � = 0 and � = 0.5 , � = 0.5 . Similarly, for converting the derived 
expressions for TS-based SWIPT, the PS parameter � = 0 and � = � = 0.5 . For the hybrid 
TS-PS model, the parameters are set as � = 0.1 , � = 0.5 and � = 0.5 . For the considered 
set of parameters, the hybrid TS-PS model outperforms other models in terms of OP per-
formance. This is because there is an increase in total harvested power in the hybrid case 
at the UAV. As a result, the overall instantaneous SNR at the mobile user increases in the 
third phase, which improves the OP performance.

Figure 7 demonstrates the OP versus transmit power curves for various urban environ-
mental deployment scenarios where the parameters are set as � = 0.1 , � = 0.5 , � = 0.5 , 
� = 0.6 , H

�
= 10 m, R1 = R2 = 20 m, and rth = 1 bps/Hz. From Fig. 7, one can see that the 

OP performance gets better with the increase in transmit power for any environmental con-
ditions. It can also be observed in Fig. 7 that the OP becomes higher as the communication 
environment changes from suburban to a dense urban. This system performance behavior 
can be understood by considering the LoS probability in different environmental condi-
tions for the same value of the angle between UAV and ground nodes. The LoS probability 
decreases when changing from a suburban to a dense urban environment, hence increasing 
the path-loss and shadowing between the nodes. Moreover, a decrease in P

���
(�) makes 

fading more severe, and thus the OP increases.
Figure 8 depicts the OP versus transmit power curves for the shadowed and un-shad-

owed channels in different environmental conditions. For numerical investigations in Fig. 8, 
the parameters are given as � = 0 , � = 0.5 , � = 0.5 , � = 0.6 , H

�
= 10 m, R1 = R2 = 20 m 

and rth = 1 bps/Hz. From Fig. 8, it can be seen that as the transmit power increases, the 
OP performance improves, and the system has better OP performance in the un-shadowed 
scenario. In the case of a suburban environment, the curve for un-shadowed scenario is 
almost similar to that of the shadowed case since with given distance and height set up, the 
system already enjoys the high LoS probability, and shadowing standard deviation is equal 
to 0.002 dBm from Table 2, which should not impact the system performance significantly. 
For other environments, the improvement of OP in the un-shadowed scenario is due to the 

Fig. 6   OP versus P
�
 curves for 

different EH receiver architec-
tures
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fact that the system does not have a high LoS probability. Thus the impact of shadowing is 
visible in the plots because of the high shadowing standard deviation.

Figure 9 shows the OP versus transmit power curves for the different values of fading 
severity parameters in suburban and dense urban scenarios. Herein, the parameters are set 
as � = 0.1 , � = 0.5 , � = 0.5 , � = 0.6 , H

�
= 10 , R1 = R2 = 10 m, and rth = 1 bps/Hz. From 

this figure, it can be observed that by increasing the values of m1 = m2 from 2 to 4, the sys-
tem becomes more reliable for information transmission. This is because the system with 
m1 = m2 = 4 has better instantaneous SNR at the same transmit power than the system 
with m1 = m2 = 2 , hence enjoying a better OP performance.

Fig. 7   OP versus P
�
 curves for 

different environmental condi-
tions

Fig. 8   OP versus P
�
 curves 

for different environmental 
conditions with shadowed/un-
shadowed channels
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Figure  10 plots the OP versus � curves for different values of � . For obtaining the 
plots in Fig.  10, the other parameters are set as � = 0.6 , P

�
= 30  dBm, H

�
= 20  m, 

R1 = R2 = 20  m, and rth = 1  bps/Hz. From this figure, it can be noticed that with the 
increase in � , first, the OP decreases up to a certain value of � . After that, the OP starts 
increasing with the increase in � . This characteristic can be explained as follows. When 
� initially increases, the amount of harvested energy also increases at the UAV, which 
results in an improvement in the instantaneous SNR for the downlink transmission. How-
ever, when further increasing � , the 1 − � factor decreases, and thus the instantaneous rate 
decreases at the mobile user, and consequently, the outage performance degrades. From 

Fig. 9   OP versus P
�
 curves for 

different fading scenarios and 
environmental conditions

Fig. 10   OP versus � curves for 
different values of �
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this figure, one can also observe that as � increases, the system initially enjoys a better 
OP performance, and if it continues increasing, the OP performance starts degrading. This 
happens because, initially, the system harvests more energy due to the higher splitting fac-
tor. Thus, it has higher SNR at the destination node, compensating the effect of lesser rates 
in the next phases. When � is set beyond a certain value, the overall time duration for the 
next phase decreases, which results in decreasing the overall rate of transmission at UAV 
and reception at the mobile user. From the figure, it can be seen that when � is changed 
from 0.05 to 0.5, the OP performance improves. However, when � varies from 0.5 to 0.6, 
the OP performance degrades.

Figure 11 shows the relationship between the system throughput and transmit power for 
different values of rth . Here, the parameters are set as � = 0.6 , � = 0.1 , � = 0.5 , � = 0.5 , 
H

�
= 20  m, R1 = 20  m, R2 = 20  m. From this figure, one can infer that as the transmit 

power increases for any specific rth value, the system throughput first starts increasing, 
and then after a certain power level, it gets saturated at a maximum attainable throughput 
with that target rate. This is because as the transmit power increases, the instantaneous 
SNR increases, which decreases the OP. One can also see that for lower transmit power 
values, the system attains better throughput with lower values of rth . On the contrary, for 
higher values of transmit power, the higher rth values provide better throughput. Initially, 
at a lower power level, the instantaneous SNR is the same for all the cases. Still, as the 
threshold rate increases, the OP increases significantly, and thus the overall throughput 
decreases. However, when the power level is higher than a particular value, the increase 
in OP becomes negligible as compared to more dominating factor, i.e., rth , that can also be 
verified from (23).

For obtaining Fig. 12, the parameter values are set as � = 0.6 , � = 0.5 , P
�
= 30 dBm, 

� = 0.1 , H
�
= 20 m, R1 = 20 m, R2 = 20 m. This figure shows a 3D plot to highlight the 

relationship between the system throughput, rth , and � . From this figure, one can observe 
that as the value of rth increases, the system throughput increases for a given set of param-
eters. Further, one can also see that as � increases, initially, the throughput increases and 
at � = 0.4 , the system throughput attains the peak value, and after that it starts decreasing. 

Fig. 11   System throughput 
versus transmit power curves for 
different target rates
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Thus it can be inferred from this figure that with this set up, the threshold value will attain 
the peak value when � = 0.4.

For the results in Fig. 13, the parameters are set as � = 0.6 , � = 0.1 , � = 0.5 � = 0.5 , 
H

�
= 20 m, R1 = 20 m, R2 = 20 m. This figure shows the relationship between the energy 

efficiency and transmit power for different values of rth . One can infer from Fig. 13 that 

Fig. 12   System throughput versus r
th

 and �

Fig. 13   Energy efficiency versus 
transmit power curves for differ-
ent values of target rates
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when the transmit power increases, initially, the energy efficiency also increases due to the 
increase in the throughput. But as the transmit power increases further when the throughput 
is in the saturation region, the energy efficiency starts decreasing. Note that as rth increases, 
the peak of energy efficiency shifts toward a higher transmit power region and likewise the 
lower value of rth exhibits a higher peak energy efficiency in lower power region.

Finally, the results in Fig. 14 are obtained with the parameters set as � = 0.6 , � = 0.1 , 
� = 0.5 , P

�
= 30 dBm, H

�
= 20 m, R1 = 20 m, R2 = 20 m. This figure highlights the rela-

tionship between the energy efficiency, rth , and � . From this figure, one can see that as the 
value of rth increases, initially, the energy efficiency increases and then at some value of 
rth , it reaches a peak value. Then it starts decreasing with increasing rth . It is also observed 
that as � increases, the energy efficiency first increases and starts decreasing after a certain 
value of �.

5 � Conclusion

This paper has examined the performance of a UAV-assisted hybrid SWIPT-enabled 
DF relayed communication system where a UAV provides relay assistance to a remote 
mobile user under mixed LoS/NLoS channels. For the considered system, closed-form 
expressions for the OP, system throughput, and energy efficiency have been derived with 
composite channel modeling, including the LoS probability-based path-loss and log-
normal shadowing. From the numerical results, it has been observed that for a particular 
distance between ground nodes, there exists an optimal height of the UAV for which the 
system exhibits the best OP performance. The optimal height of the UAV depends on 

Fig. 14   Energy efficiency versus r
th

 and �
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various parameters like time switching factor, power allocation factor, target rate, and 
transmit power. In addition, the effects of various system and environmental parameters 
on the OP, throughput, and energy efficiency have been thoroughly studied over mixed 
LoS/NLoS channels. Numerical and simulation results have verified the accuracy of all 
the derived analytical expressions. This work can be extended with the consideration of 
a full-duplex mode of transmission. As a sequence, the system decoder at the UAV will 
need more complex functionality to mitigate the effect of self-interference. Neverthe-
less, by incorporating a high-quality self-interference cancellation along with optimal 
setting of system parameters, the overall OP of the system may decrease, which further 
improves energy efficiency and throughput performance.

Appendix A

The PDF for composite fading channel can be expressed as

Using expressions of the log-normal PDF for shadowing and the exponential PDF for Ray-
leigh faded signal amplitude distribution in (A1), one has the following expression [24]

where �1 is the mean path-loss for the first hop expressed in dB and �1 is the standard devi-
ation. By making change of variable as u =

10 log10 y−�1√
2�2

1

 , the integral in (A2) can be 

expressed as

Now, using the Gauss–Hermite quadrature technique, the PDF can be expressed as

Appendix B

On inserting the gamma distribution for small-scale fading and log-normal distribution 
for shadowing in (A1), one has

(A1)fX(x) = ∫
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0

fX(x∕y)fY (y)dy.
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Let u =
10 log10 y−�1√

2�2
1

 , the integral in (B5) can be given as

Again, by using the Gauss–Hermite quadrature technique, the above integral can be 
expressed in a closed form as

Appendix C

For two random variables X and Y, the PDF of Z = XY  can be formulated as

Using the PDF derived for the shadowed Rayleigh channel from (A4), one has

After performing some simplifications, one obtains

Using the fact in [34, eq. (3.471.9)], the final PDF expression is
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The expression given in (C11) is the PDF for shadowed Rayleigh-shadowed Rayleigh dis-
tributed channels.

Appendix D

On inserting the individual PDFs derived for the shadowed Nakagami and shadowed 
Rayleigh channels in (C8), one has

By taking out all the constants with respect to the integral, one can express (D12) as

With the help of [34, eq. (3.471.9)], the final PDF expression is

The expression in (D14) shows the PDF for shadowed Rayleigh-shadowed Nakagami 
channels.
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Appendix E

The product distribution of two independent random variables can be expressed as

After substituting the respective PDF and CDF expressions, one can express the CDF for 
shadowed Nakagami-shadowed Nakagami channels as

With the help of [34, eq. (8.352)], (E16) can be expressed as

Expanding the above term inside the integral, one has

The final expression can be obtained after some straightforward mathematical manipula-
tions and it is given as
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The expressions in (E19) shows the CDF for shadowed Nakagami-shadowed Nakagami 
channels.
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