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Unmanned aerial vehicle (UAV) communication and non-orthogonal multiple access (NOMA) are two promising technologies
for wireless 5G networks and beyond. The UAVs can be used as flying base stations to form line-of-sight communication links
to the Internet of things devices (IDs) and to enhance the performance of usual terrestrial cellular networks. Moreover, the
UAVs can also be deployed as flying relay nodes for forwarding data from a base station (BS) to the IDs. On the other hand,
non-orthogonal resource sharing for many concurrent users is exploited in NOMA, thus improving spectrum efficiency (SE)
and supporting massive connections. The NOMA combined with energy harvesting (EH) in an amplify-and-forward (AF) with
cooperative UAV systems is researched. Specifically, the UAVs act as rotary-wing relays to forward data from the BSs to two
IDs. This paper focuses on the analysis of outage probabilities (OPs), system throughput, and energy efficiency (EE) for two
IDs. Besides, we also do the asymptotic analysis of OPs at high signal-to-noise ratios (SNRs). Furthermore, this paper also
inspects the impacts of the UAV-based relaying on the OP, system throughput, and EE of the proposed NOMA scheme. The
derived asymptotic expansions show that the suggested model can enhance user fairness and the analytical results match the

simulation results.

1. Introduction

Unmanned aerial vehicles (UAVs) communications and
non-orthogonal multiple access (NOMA) are envisioned as
two key technologies for unlocking the potential of the
fifth-generation (5G) and future networks[1, 2]. In particu-
lar, the use of UAVs for 5G and beyond-5G networks has
received much attention over the past few years [3]. Owning
to distinctive characteristics, UAVs have been adopted for a
variety of wireless networks and communication applica-
tions, for example, UAV-carried flying base stations (BSs)
for capacity and coverage improvement, public safety sce-
narios, information dissemination, UAV-based wireless
backhaul, and cellular connected UAVs as mobile users
[4]. The NOMA technique exhibits benefits such as
increased user data rate, massive connectivity, reduced

end-to-end latency, improved fairness among users, high
spectral efficiency (SE), and more energy efficiency (EE)
than that of traditional orthogonal multiple access (OMA)
[5-11]. The NOMA exploited two mechanisms including
superposition coding (SC) and successive interference can-
cellation (SIC) [12, 13]. Some recent studies have showed
that the integration of NOMA into UAV networks can
enhance the network performance in terms of max-min rate
[14], sum rate [15], and mission completion time [16], over
conventional OMA schemes. Two protocols are exploited
for energy harvesting (EH) at relays including power split-
ting relay and time switching relay in the decode-and-
forward (DF) cooperative communication network [17,
18]. NOMA in UAV-enabled cooperative amplify-and-
forward (AF) with the outdated relay selection algorithm is
investigated [19].
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1.1. Related Works. In this section, we review the novel study
works on NOMA and UAV networks. UAV-assisted com-
munication has become a potential application in industry
and academic fields. NOMA is one of the important candi-
dates to integrate UAV into 5G and future networks due
to its overwhelming characteristics, such as superior spectral
efficiency, low latency, and massive connectivity [2]. UAVs
have also been recently studied as a promising solution to
proven their potential in civil applications such as aerial
photography, enhanced freight distribution, and wildfire
management and disasters [4, 20]. A resource allocation
scheme was proposed in NOMA UAV communication to
enhance the user transmission rate with worse channel state
information (CSI) [21]. UAVs can act as moving BSs or
relays to facilitate reliable and efficient communication with
multiple users [22, 23]. In [24], the authors discussed
NOMA-based UAV-aided communications such as UAV-
BS-enabled NOMA and NOMA-assisted cellular-connected
UAVs. In [25], the authors conducted the complete perfor-
mance analysis of a NOMA-aided UAV communication sys-
tem, including selection combining double diversity
receivers on UAVs, communicating over bivariate Rician
shadowed fading channels. The work in [26] investigated
the impact of residual hardware impairments on the perfor-
mance of UAV-aided NOMA multiway relay networks by
deriving the approximate analytical expressions for the
achievable sum rate. Specifically, the asymptotic analysis in
the high signal-to-noise-ratio (SNR) regions is carried out
by invoking a high SNR slope and high SNR power offset.
In [27], the authors investigated the impact of residual hard-
ware impairments on the performance of UAV-aided
NOMA multiway relay networks by deriving the approxi-
mate analytical expressions for the achievable sum rate. Spe-
cifically, the asymptotic analysis in the high signal-to-noise-
ratio (SNR) regions is carried out by invoking a high SNR
slope and high SNR power offset. In [28], the authors stud-
ied a 5G-based IoT to access the 5G spectrum to transfer
5G and IoT information simultaneously. The 5G network
can be used at the IoT nodes to transmit voice and video
information while using the IoT network for forwarding
sensing data.

The work presented in [29] investigated a novel UAV
relay-assisted IoT model with the emergency communica-
tion system that takes into account the latency require-
ment of Internet of Things (IoT) devices and the limited
storage capacity of the UAV. A novel joint content cach-
ing and EH scheme is studied to improve UAV communi-
cations in the JoT NOMA network wherein a UAV acts
like an aerial relay for serving users on demand [30]. In
[31], the authors studied the throughput maximization
problem with a focus on UAV-assisted wireless communi-
cation, considering a communication system with one cou-
ple of source and destination, where a UAV serves like an
aerial relay based on an AF scheme and EH using a PS
protocol. Performance of the IoT system with an EH
UAV-enabled relay with downlink NOMA under
Nakagami-m fading using the DF and AF schemes is
investigated, where the time switching and adaptive power
splitting protocols are utilized for the UAV [32].
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Based on the above review, in this paper, we focus on
power-switching relaying (PSR) for an RF EH and AF-
based multiple-UAV NOMA in a SWIPT IoT system.

1.2. Motivation and Contribution. This paper researched
the engagement of EH and AF-based multiple-UAV
NOMA in a SWIPT IoT system wherein a UAV serves
as a rotary-wing relay to communicate with two IoT
devices (IDs). We also look at the UAV option (UAVO)
scheme because it requires CSI knowledge of one-hop
links. Hence, the use of rotary-wing relay AF in the
UAVO model is greatly desirable in practice when compli-
cated problems occur as the main anxiety. According to
the depicted system model, the outage probabilities
(OPs), the system throughput, and EE of the NOMA
schemes in AF transition systems with UAVO were stud-
ied. The major contributions of this paper are outlined
as follows:

(i) We exploit NOMA access technology in a dual-hop
network to improve the SE of the network

(ii) A system model is studied in this work that consists
of a BS and n types of UAVs and two IDs

(iii) The use of one SWIPT based EH and information
processing (IP) protocol, specifically BS-based PSR,
is exploited at a UAV that serves as a rotary-wing
relay in this model

(iv) We derive closed-form expressions of OPs, system
throughput, and EE at two IDs to assess the perfor-
mance of the PRS scheme in SWIPT based on
multiple-UAV cooperative NOMA systems

1.3. Organization. The remainder of the paper is arranged as
below: Section 2 shows the proposed system model and
assumptions. Section 3 analyzes the performance parameters
with OP, throughput, and EE of the system. Section 4 dis-
cusses the simulation results. Ultimately, Section 5 is the
main conclusion.

2. System Model

We investigate a downlink cooperative two-hop rotary-wing
relay system in which a base station (BS) aims to send the
signal to two IDs, ie., D, and D, with the support of one
out of N AF UAVs (UAV,, UAV,, ---, UAV) with N > 1,
as shown in Figure 1. It is assumed that there is no commu-
nication between the UAVs. We mainly focus our attention
on a homogeneous network topology in which all wireless
links show non-selective Rayleigh block fading and additive
white Gaussian noise (AWGN).

As shown in Figure 1, without loss of generality, we
assume that the channels of two IDs have been ordered as
hgp < hgp, . We also investigate that D; and D, are coupled
together to implement NOMA downlink cooperative sys-
tem. Hence, two successive phases are implicated for com-
pleting the information transmission that can be combined
by selection combining. Selection combining (SC): Out of
the N signal received, the strongest signal is selected. When
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FIGURE 1: System model.

signal N is independent and distributes Rayleigh, the
increase is shown in the power ratio as follows Y~ (1/n).

Table 1 below lists the parameters used throughout the
paper, unless otherwise stated.

2.1. BS-Based PSR Protocol of EH at UAV,. At the UAV,,
we consider the EH mechanism BS-based PSR protocol.

Figure 2 depicts a diagram illustration of BS-based PSR
scheme for EH at UAV, in the block time of T.

For direct link: In the whole time, T, BS transmits infor-
mation directly to two IDs D, and D,, with transmission
powers Pg =Pg =Ps.

For indirect link: The collected signal power at UAV,,
is indicated by P. Assuming that the BS transmits the
information to UAV, in the half-block of T, while the
information is sent from UAV, to two IDs D, and D,
in the remaining time of T (i.e, T/2). BS concurrently
sends the superposed coding signal to R,. Therefore, the
sent signal at BS can be given by

Xps = \/ 41 Psxy + 1/ a,Psx;, (1)

Based on the employment of superposition of the sent
signals at BS like in the NOMA scheme, the surveillance at
UAV, can be given by

Yuav, =hsuav,Xps + Nyay,

()
=hgyav, (\/ a1 Pgxy + azpsxz) T Nyav,.

The signals received at two IDs D, and D,, respec-
tively, are given by

Yp, = hgp, (\/ a,Psx; + v/ azpsxz) T1p (3)

Yp, = hgp, (\/ a,Pgx; + v/ azpsxz) +1p,- (4)

Since D, is further to UAV, than D,, the power is
allocated for D, more than that for D, to ensure the user
fairness.

With no generality losses, 0 < a, < g, satisfies a; +a, = 1.
Based on PSR protocol, UAV,, divides the collected power
into two portions consisting of collected energy and IP
energy. The energy harvested at UAV, is obtained by

EH = Pg|hg, ['np (g) (5)

where # relies on the rectifier and the EH circuitry at
UAV,. The total energy harvested in the EH phase is con-
sumed at UAV, while forwarding the decoded signal to D;,
i€ {1,2}. The transmission power at UAV, depends on E
H and is determined by

EH
Pry= 5 :PS|hSRn

(T/2) zﬂﬁ:Ps-GE’ (6)

where Gg = [hg |5 indicates the EH coefficient in the
PSR protocol.

2.2. Information Processing at UAV, and D,. In the first
phase, BS transmits signals x; and x, for all UAVs and two
IDs as in Equation (1).

During the second phase, UAV, transmits the signal
xg, =G,yg to two IDs D, and D,, where G, denotes the

amplifying gain at UAV, i.e,

) Pyay, _ pGg
n- 2 - >
PS|hSUAVn| +N, Y,+1

(7)

where pA=Py/N, depicts the sent SNR and the ran-
dom variables (RVs) A,=p|hSDI|2, Bn=P|hSUAV,,|2’ and
Ci, =p|hUM”D[|2 describe the instantaneous SNRs of the
links BS — D;, BS — R, R, — D,, respectively. Thus,

1

the signals at D, and D, are forwarded by UAV, and
can be given by as follows:

Yuav,p, = hUAVnDleAV,, T Nnyav,p, = GnhUAVnDl hSUAVn\/ a,Pgx,
+G,hyav p, hSUAVn Va4, Pgx,

+Guhyav,p, Muav, + Nuav,p,>

(8)

Yuav,p, = hUAVnszUAVn +Nyav,p, = GnhUAVnDthUAVn v aPgx,
+ GnhUAV,IDZhSUAVn V a,Psx,
+ GnhUAVnDz”UAVn T Nyav,p,-

)

During the first phase, consider x, like interference in
¥p,- The immediate SINR at D, is provided by

Yip = a1p|h5D1‘2 - ;A
o aplhsp, |2 +1 @A +1

(10)
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TaBLE 1: Notation description.

Notation

Description

hSUAV,, ~ %/V((L ‘QSUAVn)
nyay, ~ CN(0,Ny)
hyav,p, ~ %‘/V(O’QUAV"D,.)
nyav,p, ~ CN(0,Ny)

hgp, ~ EN (0, QSD,)

The complex flat coefficient between BS and UAV,
Additive white Gaussian noise (AWGN) at UAV,
The complex flat coefficient between UAV, and D, i € {0,1}
Additive white Gaussian noise (AWGN) at D, indirect link between BS and D;
The complex flat coefficient with direct link between BS and D;

Additive white Gaussian noise (AWGN) at D; with direct link between BS and D

Transmission power at the BS
The power splitting ratio at the UAV,

Expectation operation
Expectation operation of AWGN at UAV,

The path-loss of channel model

The transmitted signals from BS — UAV, — D; indirect link between BS and
D; and BS — D, with direct link between BS and D;

Expectation operation of x;
The total time block
Power allocation coefficient for signal x;
Power allocation coefficient for signal x,

The energy conversion efficiency at the UAV,

np, ~ CN(0,N)
PS
B0O<B<1)
E[]

2
E“"UAVMD,| ] =N,
m
x(ie{0.1))
E[|x[] =1.
T
4
9
n(0<n<1)

+—TR2—>
Phase 1:
Energy harvesting at UAV |
BPg

Phase 1: BS -> UAV |
data transfer

W PSR (1-B) Ps
) protocol Phase 1: BS —> D, D,
data transfer
by

+—T2—p

Phase 2:
UAV,->D,, D,
data relaying
Pr

4—————— Power ——mp

FI1GURE 2: Diagram illustration of PSR-based UAV .

In the same way, the instantaneous SINR at D, is pro-
vided by

alp’hSDz‘z _ alAZ

a2p|h5D2|2 1 @Al

(11)

Yip, =

By following the NOMA scheme, D, decrypts the mes-
sage specified for D, first and deletes it with SIC; then, it
decrypts itself without interfering. Hence, the immediate
SNR at D, is provided by

Y2, = a4, (12)

During the second phase, the instantaneous SINR cal-
culation is same as the first phase. Therefore, the immedi-
ate SINR at D, relative to the link is expressed as

_ alGEBncln (13)
Yuav,o, = 0GB C,, + GyCy, + B, + 1’
Y — al GEBnCZn (14)
UAV.Di = g, G.B,C,, + G;C,, + B, + 1’
a,GgB,C,,
= ___=~"krnzan 15
Yuav,p, G,C,, +B, +1 (15)

Finally, by using (10)-(15), it is assumed that the sig-
nals from the forward link and the direct link are associ-
ated by selection combining (SC). The instantaneous
SINR per ID can be written as

Yp, = max (Yl,Dl’ VUAVWDI)’ (16)

Yp, = max ())I,Dz’ yUAVnDZ)' (17)

In the next, we will compute the OPs of two IDs
assuming a UAVO method [33]. Therefore, the transition
index is chosen and its corresponding SNR is given by

nmx =arg Max Ypgyay, > B, = nl??‘NB”’ (18)
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in which the instantaneous SNR at UAV, is denoted
by YBsuav, =B,

3. Performance Analysis

3.1. Outage Performance. The target SINR of two IDs is
determined by the ID’s request for the quality of service
(QoS). Hence, each ID has a target SINR, y,, =22 —1,i¢

{1,2} [3, 5].
3.1.1. Outage Probability at D,. Based on [4], the RVS

cumulative distribution functions (CDF) and, correspond-
ingly, can be expressed by

Yin,
Fe (Yth,») =1-exp <— thl ), (21)

where Qu =pQp, Q2 =pQpsyay .>2c_=pQuav .p,
represent the average SNR of the links, respectively. Accord-
ing to the NOMA principle, one outage event happens if
there is indirect transmission or no successful forward send-
ing. Hence, the OP at D, is given by

Pp =Pr (VDl < Yzhl) =Pr (max [YLD]’ YUAVnD1:| < Vzhl)

=Pr ()’1,D1 <V, Yuav,p, < Vrh1>

=Fyip, (Ythl) Fyyav,.p, (Ythl)'

I, I,
(22)

Theorem 1 The OP at D, can be derived as (see (23)).

Py, = <1 —exp {—%]) (1 - Z(I;‘])(—I)”” exp |:—0' (’;%r + é>:|2\/&1<, (2\/&)>,

(23)

where K,(.) denotes the first-order modified Bessel func-
tion of the second kind ([34], Eq.(3.324.1)), a = ((no(1+0o
GE))/(QBKQCM))» 0= ((Vthl)/(al Gg ~ azGEVth1>)) and o = ((
Yen ) (a1Gg = a;Ggyy, ) with a; > azy,,.

Proof. See Appendix A. O

3.1.2. Outage Probability at D,. Because D, needs to decode
the signal of the first D;, D, will be outage if both the first

and the second stage are outages. Therefore, OP at D, can
be formatted as

Pp, =Fy,p, (thz) Eyyav, b, (Yth2)~ (24)

Theorem 2 The OP at D, can be derived as (see (25)).
> <1 - Z(f) (—1)‘H exp —w(?}—i‘g + é)

where K,(.) denotes the first-order modified Bessel func-
tion of the second kind ([34], Eq.(3.324.1)), 8 = ((nw(1 + w

GE))/('QB”'QCM))’ A= ((Ythz)/(alGE - aZGEYch))’ A= ((
Y, )/ (a;Gg)), and w =max (A;, A;) with a; > azy,,;.

0
Q,,

2\/BK,(2\/S)>,
(25)

Pp, = <1 — exp

Proof. See Appendix B. O

3.1.3. Asymptotic Outage Probability at D,. Applying the
McLaurin expression, we get that ¢*=1+x and K,(x) =
x71 for small x. Hence, it turns out that

2V/aK, (2v/a) = 1. (26)

An expression for the asymptotic OP for Pp, whose
exact analysis is presented in (23), is simplified as follows:

Yin, VY,

(‘11 - az)’thl)QA1 O,

nGg . 1 ) kG N 1 (28)
exp |0l =—+—||=1l-0|=—+——|.
P QBVI chn QBI( chn
Hence, we can obtain a fraction of the asymptotic
approximation for Pj, in (24) as follows:

M, =1- i(f)(—l)“ |:1—O'<];2GBE+ Qlc )
N /N N /N n
_ 2( >(—1)"1+kz< )(—l)”lxa<9i:+i>.

l—exp [ - (27)

=1

(29)
With Y| <N> (-1)"'=1
We have
N /N "
M, = [2( ) > (—1)"1a<§ + i) (30)
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TaBLE 2: Simulation parameters.

Parameters Value

The standardized distance between the BS and UAV, d=0.3

The path-loss factor m=2

The target rate R, =05,R,=0.25
Energy harvesting efficiency n=0.8
Power splitting ratio B=0.7
Power allocation coefficient for signal a,=0.8, a,=0.2

100 &—

) RN

)
Z
i
i
—
SN

107! O iy
D N N
= . S e. )
()
7] Q . . B
=]
5 10 , N S
“— B > O B S B B
= : : S : : : :
= : Lol . o :
2 s S :
3 TN
& 3
o 10 . : D
Ed C :
s
5 ;
O N ~
10—4 .........................................................

5 10 15 20 25 30

SNR p (dB)

O Sim: ID1-exact NOMA
—— Ana: ID1-exact NOMA

FiGure 3: Outage probability at D, of PSR versus N = {1, 2,10} without a direct link.

Ultimately, from (31) and (34), an asymptotic OP
expression for P, in (25), we obtain exp |-w nGg + 1 ~l-w nGg + b .
1 Qg O, Qp O,
- 33)
Ythl (
Py = li' (31)

! Thus, we can obtain a portion of the asymptotic approx-
imation for Pp in (28) as follows:

3.1.4. Asymptotic Outage Probability at D,. The asymptotic

OP for Py, is expressed the same as Pp, , whose exact analy- . N nG 1
sis is portrayed in (27); we have M, =1- Z(g)(_l)nil l—o| =L+ ——||=1
’ n=1 QBn QCZn
N N
G 1
; Y M) Y (N () x| 2 .
lexp (- Tt ) _Tm (32) n;( n;( O, O,

(al — Y, ) Q, Q,, (34)
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FIGURE 4: Outage probability at D, of PSR versus N =1 with direct link.
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Ficure 5: Outage probability at D, of PSR versus N = {1, 2,10} without a direct link.
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FIGURE 6: Outage probability at D, of PSR versus N = 1 with direct link.
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FIGURE 7: Outage probability at two IDs D, and D, of PSR versus N = 3 without direct link.



Wireless Communications and Mobile Computing

10°

107!

1072

1073

Outage probability

107

107

1076 Q Q Q Q Q
0 5 10 15 20 25 30
SNR p (dB)
% Sim: ID1-exact NOMA —— Ana: ID2-exact NOMA
—— Ana: ID1-exact NOMA —&- ID1-asymptopic NOMA
% Sim: ID2-exact NOMA -©— ID2-asymptopic NOMA

FIGURE 8: Outage probability at two IDs D, and D, of PSR versus N =3 with direct link.
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FiGure 9: Throughput of two IDs D, and D, versus N = 3 with direct link.
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SNR p (dB)

¥V Sim: ID2-energy efficiency NOMA
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FIGURE 10: Energy efficiency of two IDs D, and D, versus N = 3 with direct link.

N n-1
(-1)"" =1, we have,

N /N "
s[5 e(5 e

Ultimately, from (36) and (39), an asymptotic OP
expression for Pp, in (29), we have

. (35)

6
P =M,

= ___ 36
D, QAZ ( )

3.2. System Throughput. In this case, the BS sends informa-
tion at a constant target rate, rely on the performance of
the OP because of the wireless fading channel. The system
throughput of the NOMA indirect link is shown by as
follows.

3.3. The System Throughput at D,.
7, = (1= By )R,

where Pj, is given in (23).

3.4. The System Throughput at D,.

p, = (1= Pp,)Ry, (38)

where Pj, is given in (25).

3.5. Energy Efficiency. EE is known as the ratio of sum
throughput to total power consumed in the whole network
system.

3.5.1. Energy Efficiency at D,.

EE, = 39
P p(1+Gp 0y ) (39)
where Tp, is calculated by using (37).
3.5.2. Energy Efficiency at D,.
2T
EE, = ——— —= | 40
P p(1+GeQy) (40)

where 7, is calculated by using (38).

4. Simulation Results

This section confirms the derived analytical results shown by
the previous sections. The distance between BS and IDs is
standardized to unity, ie., Qps .p =1, Qpg . ~d ", and
Qg _sp, = (1~d)™". Table 2 lists the simulation parameters
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for assessment circumstances of the SWIPT based on multi-
UAYV cooperative NOMA systems.

Figure 3 describes the OP at D, with PSR protocol versus
SNR without a direct link. Theoretically correct curves for
the OP at D, for NOMA are plotted according to the corre-
sponding points (3.24) and (3.27). Exact probability curves
are consistent with Monte-Carlo simulation results. The
value ID, is assumed to be N = {1,2, 10}, and Qg =0.

Figure 4 shows the OP at D, with PSR protocol versus
SNR with direct link. Theoretically correct curves for the
OP at ID, for NOMA are plotted according to the corre-
sponding points (3.24), (3.27), and (3.37). Assume that the
value ID, is N=1and Qg, =1.

Figure 5 describes the OP at D, with PSR protocol versus
SNR indirect link. Theoretically correct curves for the OP of
D, for NOMA are plotted according to the corresponding
points (3.24) and (3.27). Exact probability curves are consis-
tent with Monte-Carlo simulation results. The value ID, is
assumed to be N ={1,2, 10}, and Qg =0.

Figure 6 shows the OP at D, with PSR protocol versus
SNR with direct link. Theoretically correct curves for the
OP at ID, for NOMA are plotted according to the corre-
sponding Equations (3.24), (3.27), and (3.37). Assume that
the value ID, is N=1and Qg, =1.

Figure 7 shows the OP at D, and D, with PSR protocol
versus SNR indirect link. Theoretically correct curves for
the OPs at D, and D, for NOMA are plotted according to
the Equations (3.24), (3.27), (3.28), and (3.30), respectively.
The values at D, and D, are assumed N =3, and Q, =Q,
=0.

Figure 8 depicts the OP at D, and D, of PSR protocol
versus SNR indirect link. Assume that the values at D, and
D, are N=3 and Qg =Qgp =1.

Figure 9 shows the throughput at D, and D, of PSR pro-
tocol versus SNR with direct link. Theoretically correct
curves for the throughput at D, and D, for NOMA are plot-
ted according to the Equations (3.43) and (3.44). Through-
put curves are consistent with the results of the Monte-
Carlo simulation. The values at D, and D, are assumed N
=3,and Qg =Qg =1.

Figure 10 shows the energy efficiency at D; and D, of
PSR protocol versus SNR with direct link. The theoretically
correct curves for the energy efficiency at D, and D, for
NOMA are plotted according to the points (3.45) and
(3.46). Energy efhiciency curves consistent with Monte-
Carlo simulation results. Assume that the values at D, and
D, are N=3 and Qg =Qgp =1.

5. Conclusion

This paper has investigated the BS-based PSR protocol for
the NOMA system. We used an AF rotary-wing relay net-
work with cooperative UAV systems with UAV options.
Closed-form expressions of OP for the two IDs were derived.
Based on a simulation of the OP, throughput, EE, the results
indicated that NOMA with the UAV option improves the
efficiency increase by increasing the number of UAVs, but
hardly any outage performance when the number of UAVs
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increases from 2 to 10 in the high SNR region. The indicates
that the NOMA protocol with the UAVO will not need to
use more than two UAVs. Numerical results confirm that
our derived analytical results matched precisely with the
Monte-Carlo simulation results in connection with all possi-
ble system parameters. Furthermore, we also can deploy the
multiple antennas system at two IDs along with the investi-
gation of Rayleigh Rician fading channel for enhancing the
system performance that would be in our future works.

Appendix
A. Proof of Theorem 1

According to (22), the OP of D, for NOMA can be calcu-
lated as follows:

( )—Pr G <
Yo, \Vihy ) = LA, +1 Yin,

Yin
:p( A —ayAyy, < )=P A< ——
r\a iy = A Yy < Y, r( ! al_aﬂth)
=1—-exp —}N}thl
Q, )

Put ZN =V, /01 — AV -
t

(A1)

Similar to prove I, the calculation process of I, is pre-
sented as (see(A.2)):

a,B,.C
I,=F ( ) =P 15nx~1nx < = F
? Yy yth] r<aZBn*C1n* + Bn* + Cln* +1 yth‘ C (O')

L0 m (e oo
(e (4 ()

¢ N N n-1
: <_Q—cm>dC=1_ ;<n>(—l) exp

2vaK, (2v&) = F (a)+J

r+00

[

[5G
S 2]

(A2)

Put a = ((no(1+0Gg))/(Qp O, )), 0= ((yy, )/ (a,Gg ~
a,Ggyy, ) and o = ((yy, )/(a,Gp - a,Ggyy, ) with a, > a,
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V1> and K (.) denotes the first-order modified Bessel func-
tion of the second kind [38, Eq.(3.324.1)]. By substituting
(A.1) and (A.1) into (22), the theorem is proved.

B. Proof of Theorem 2

According to (26), the OP at D, for NOMA is calculated as
follows:

a,A,
=Pr (A2 < Vi, > Ar < y;hz)

=Pr (A2 < max {V;@ ’V:hz})

=1-exp (— 9)
= Q—AZ.

Put 6= max (y,, ", ¥y, )» Vis, = Ve, /32> and yy, = =y, /
(a, - az)’thz)-
Similarly, we have (see(B.2))

a,B,,C,,,Gg
FYR D, (yfhz) =Pr - : < ythz’
e a,B,,,Cy,, G + B, + Gy Gp + 1
3B, Cy,.Gg <y
Y, +Cy . Gp+1 't
Cyt1 G, +1
=P g e g )
Zn*/ 1 Zn*/ 2

C,,. +1 +eo
= Pr<Yn* < m) =Fc, . (w)+J Fy

20 1oy

(D, e re, wr]

3o (E (D)) o

Put &= ((nw(1+wGg))/(Q O ), A = ((Ythz)/(alGE
- aZGEYch))’ and A, = ((Ythz)/(aZGE))’ ® =max (A, 4,).

By replacing (B.1) and (B.2) into (26), the expression of
(26) is obtained. This completes the proof.

2./BK, (2\/B)

nGg N 1
e[ ™G
Q, Qc,

(B.2)
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