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ABSTRACT This article studies the wireless systems by implementing the full-duplex (FD) unmanned aerial
vehicle (UAV) relay to allow two nearby base stations joint communicate to distant users. The non-orthogonal
multiple access (NOMA) assisted networks and design of multiple-antenna users are considered in order to
improve the users’ performance. To overcome obstacles in transmission environment, such a model of the
uplink (UL) and the downlink (DL) relying on UAV relay is suitable to forward signals to far users. Moreover,
practical scenario of imperfect successive interference cancellation (SIC) at each receiver is considered as
main reason of degraded performance. To evaluate specific performance metric, we derive the closed-form
expressions of outage probability. In addition, the throughput in delay-limited transmission mode of UAV
relay assisted UL/DL NOMA system is also considered thoroughly. The derivations and results showed that
the higher number of antennas at users could effectively improve the system throughput and reduce the outage
probability. The numerical simulation results further indicate the effectiveness of the proposed system and
the correctness of theoretical analysis.

INDEX TERMS Non-orthogonal multiple access, unmanned aerial vehicle, outage probability, throughput,

full-duplex, imperfect SIC.

I. INTRODUCTION

As promising technology, non-orthogonal multiple access
(NOMA) has been proposed to robust spectrum effi-
ciency in next generation networks, where two important
requirements include massive connectivity and reduced
latency [1], [2]. Compared with the conventional orthogo-
nal multiple access (OMA), multiple users are served with
the same block of resources. The most important aspect of
NOMA is that the users are allocated different power allo-
cation factors. However, this leads to mutual interference
imposed by other users and successive interference cancel-
lation (SIC) which is required to mitigate such interference at
the receivers [3]-[5]. Removing orthogonal characterization
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from the traditional OMA, the same time and frequency
resources are shared among multiple NOMA users. With
advantages of NOMA, it is relevant approach to provide
advantages (massive connectivity and boost spectral effi-
ciency) for Internet of Things (IoT) [6], [7]. According to
the channel conditions, NOMA users are classified into two
categories namely the far and the near users. However, quality
of received signal at the far users may be varied from the near
user [8]. To provide user fairness, more power is allocated
to the far users which are admitted poor channel condition,
while less power is assigned to those having good channel
condition (the near users). However, to maintain the signal
quality for the far users, the far users need be assigned the
higher power levels. As a result, quality-of-service (QoS)
requirement does not guarantee at the strong users (or near
users), and hence lower reception reliability occurs at the
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weaker user [8]. Recently, to adopt a balance between the
performance of the two users, several models of relaying
architecture have been widely deployed into NOMA network.
Several promising applications of NOMA are introduced
recently, for example NOMA-aided ambient backscatter [9],
and wireless powered networks are deployed to overcome
the large scale fading between source and sink as well as
achieve the green cooperative communications [10]. In other
research, a dedicated relay is required to facilitate the trans-
mission from the base station and the distant NOMA users
under impacts of hardware impairments [11]-[13].

In simple approaches, half-duplex (HD) relays are
employed in various kinds of networks [10]-[13]. Additional
time resources is acquired in HD mode and this results in
the degradation of spectral efficiency. In contrast, full-duplex
(FD) scheme can be implemented to reduce loss of spectral
efficiency [14], [15]. Unfortunately, inter-user interference
and self-interference (SI) occur at the FD relay. In addition,
such existing challenges are caused by FD mode in out-band
relay systems, i.e. it can make a significant impact on the
system performance. Several SI cancellation methods have
been proposed to highlight the advantage of FD operation as
in [16] and [17], i.e. analog SI cancellation and antenna iso-
lation. The combination of NOMA and FD relay is attractive
issue in some works [18], [19]. The authors in [18] introduced
a FD assisted cooperative NOMA network relying device-
to-device. In such model, the near user is equipped with
ability of the FD relay to serve the far user. Considering the
outage probability performance, the authors in [19] adopted
the FD relay in cooperative NOMA to forward signals to the
far user and hence the FD NOMA scheme with its superiority
is confirmed. Moreover, more performance gain compared to
the HD one and such observation is seen in numerical results
to evaluate FD operation. Further, in [20] the authors exam-
ined energy efficiency, outage probability and ergodic rate by
comparing FD and HD modes in cooperative NOMA with the
existence or non-existence of direct link between the far user
and the base station (BS). This work is also exhibited that FD
NOMA is better than HD NOMA in terms of ergodic rate and
outage probability at low signal-to-noise ratio (SNR) regime.
To maximize the sum throughput in multi-user FD systems,
sub-optimal precoding and power allocation algorithm are
studied in [21]. In other work, maximization of the overall
throughput in such a FD relay network was investigated by
enabling FD design in some kinds of networks [22], [23].
The other potential benefits in NOMA deploying FD relays
can be found in [24]-[26]. The authors in [24] explored FD
multi-carrier NOMA systems, in which subcarrier allocation
algorithm design and the optimal power are further studied
to achieve maximization of the weighted system throughput.
In addition, the ergodic sum rate in a NOMA FD system is
investigated in [25]. In the same research direction, NOMA
equipping FD relaying is evaluated and assessed optimal
power allocation related to the outage probability as in [26].
However, serious problems appeared in FD NOMA systems
where against to eavesdropping signals in comparison with
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conventional HD OMA systems. The main reason is that
the potential for signal leakage occurs as the simultaneous
downlink and uplink transmissions and the corresponding
multiplexing on these users on each sub-carrier. Security is
not satisfied in the existing designs of FD-assisted NOMA
systems as in [25]. To avoid the transmission outage caused
by the unknown jamming, the authors in [26] considered
NOMA transmissions interrupted by the eavesdropper per-
forming passive eavesdropping and active jamming simul-
taneously. In other work, [27] reported secure performance
in such an NOMA system with relay selection. The authors
in [27] examined the performance of a system where a base
station (master node in IoT) transmits confidential signals
to two main sensors (so-called NOMA users) in situation
existence of an external eavesdropper.

A. MOTIVATION AND CONTRIBUTIONS

The decreasing cost of UAV is resulted by the rapid growth of
wireless network technology and the significant innovation of
UAV-based manufacturing technology. Recently, many new
UAV applications are introduced such as forest fire preven-
tion systems, weather monitoring systems, man-v-machine
areas, etc. The UAV-assisted communication network is
proposed as one of the most widespread applications of
UAV technology [28]. Recently, since UAV-assisted networks
provides improved throughput transmission above 10 Gbps,
one can achieve millisecond transmission delay and ultra
density device connection, such AUV scheme plays an signif-
icantrole in 5G and beyond [29], [30]. The UAV network cov-
erage expands to 3D interconnection to address the large scale
fading for the ultra speed transmission and satisfy rigorous
requirements of the future communications. Regarding cel-
lular infrastructure, it is excessive cost and can be extremely
difficult to construct of base stations or urban hotspots. Due to
convenient deployment, lower cost and high-altitude assisted
transmission, the UAV relay-assisted networks could furnish
solutions to implement IoT networks and to provided more
benefits [31], [32]. In addition, UAV relay-assisted commu-
nications are able to alleviate impact of the line of sight (LoS)
transmission effect related to the obstruction of buildings,
mountains and other obstacles [33], [34].

In 5G systems, the UAV-enabled communication and
NOMA are combined as hybrid network to achieve both
superior spectral efficiency and the ubiquitous coverage. Due
to mobility and such asymmetric channel conditions, the UAV
inherently provides the ability to effectively realize perfor-
mance gains with NOMA. The authors in [35] presented the
joint NOMA user pairing, power allocation, and UAV deploy-
ment (placement) for UAV-assisted NOMA systems. They
derived the optimal problem of power allocation and UAV
placement and then maximal sum-rate of the two-user can
be achieved and insights into the optimal structure were pro-
vided. Most recently, the authors in [36] introduced offload-
ing application with NOMA by employing bit allocation and
trajectory optimization framework for UAV systems. In other
applications of NOMA, UAV-to-ground links adopting Rician
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fading model for the line-of-sight (LoS) along with outage
probability (OP) of both ground users with NOMA are stud-
ied [37]. For comparison with NOMA, they compared system
relying on NONA and that relying on orthogonal multiple
access (OMA) [37].

In other circumstance, the Nakagami-m channel model is
better suitable to forming links between the BS and relay
because the propagation meets less scattering and fewer
obstacles. Many works indicated that channel fading make
significant influence on the performance of UAV systems
and performance analysis for Nakagami-m fading is certainly
required in practice [38]. Reducing multiple types of channel
benefits from the different parameter settings in Nakagami-m
fading channel model. Special cases of Nakagami-m fad-
ing include Gaussian channel and Rayleigh fading channel.
Cooperative NOMA over Nakagami-m fading channels is
studied in the context of the spectrum-sharing cognitive radio
networks [40]. The multiple relay selection scheme imple-
mented in UAV with energy harvesting capabilities is studied
in [38], but they did not consider the impact of Nakagami-m
fading related to multiple antennas equipped at users. Thanks
to applying multiple antenna architecture, the system per-
formance can be further improved by diversity reception.
Unfortunately, it is very difficult to obtain closed-form of the
performance metrics in such a case. Thus, it is very challeng-
ing to provide an accurate analysis of the cooperative UAV
system with multiple antennas transmission and NOMA.

Fortunately, the excellent works presented in [38], [41]
motivated us to study the system model proposed in this con-
tribution. To the best of our knowledge, the performance of
two-way NOMA proposed in [41] using Nakagami-m fading
channels is not researched for the scenario of UAV yet. Addi-
tionally, the authors did not investigate the case if multiple
antennas and FD in such a UAV relay assisted system over
Nakagami-m fading channels. Therefore, our paper addresses
these concerns including FD, SIC imperfection, multiple
antennas design and necessary comparisons. By employing
our considered system, it can provide boosting solution in
terms of the wireless connectivity and seamless coverage for
mobile communication systems. Additionally, low altitude
UAV exhibits a short-range line-of-sight (LoS) links which
is beneficial to deployment of the ultra-reliable low latency
communication (URLLC) applications. More importantly,
by exploiting the aerial feature of UAV one can achieve
more advantages such as wide-coverage, flexibility, as well
as reliability in unusual and confined medias, especially in
temporary activities and disaster. The main contributions of
this work are as follows:

o The practical scenario in IoT systems is that the group of
base stations (BS) intends to communicate with far users
equipped with perfect SIC and multiple antenna through
the assistance of a common UAV relay, where the direct
links do not exist between the BS and users due to some
difficulties related to environment or obstacle.

« Inpractice, perfect SIC does not exist to support destina-
tion users detect their signal. The outage probability and
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throughput performances are evaluated in imperfect SIC
situation. Various numerical results indicated the impact
of imperfect SIC on the system performance.

o We derived the closed-form expressions of outage prob-
ability for the pairs of NOMA users in scenario of UAV
relay-assisted IoT systems. We also demonstrate that
UAV relay assisted NOMA scheme with FD mode is
capable of outperforming that in HD mode in terms of
outage probability over Nakagami-m fading channels.
We observe that when several users’ QoS are met at
the same time, such networks can offer optimal outage
performance.

« Additionally, we analyzed the delay-limited transmis-
sion sum throughput to evaluate the overall system per-
formance. It is worth noting that such IoT systems can
achieve reasonable outage behavior and it depends on
parameters of channel and threshold SNR required.

B. ORGANIZATION

The remainder of the paper is structured as follows.
In Section II, we present the UAV system model and for-
mulate the problem with necessary computations in terms
of signal to noise ratio (SNR). This is then followed by the
main section, i.e. Section III, which provides system perfor-
mance via two metrics, outage probability and sum through-
put. Next, HD mode and sum throughput are described in
sections IV and V. Detailed evaluations and numerical sim-
ulation results are examined in Section VI, demonstrating
the effectiveness of the proposed parameters through com-
paring various scenarios. We then finally conclude the paper
in Section VII.

Il. SYSTEM MODEL

The system model is depicted in Fig. 1. It illustrates a scenario
in which a group of base stations (BSs) is known as sources
intend to communicate with their corresponding users located
in far distance. The direct links between sources and desti-
nations are ignored because of very poor channel conditions
and/or physical obstructions. In this situation, by enabling
FD/HD mode, a common UAV relay can be operational
shared by the pairs of sources and destinations. Two sources
denoted as S1 and S> are designed to transmit signal to their
corresponding destinations, Uy and U; simultaneously. It is
worth noting that S; and $> following the principle of uplink
can be organized as a NOMA pair [38] to transmit simultane-
ously to common UAV relay R. While two users U; and U
are able to receive their signals using SIC and it is performed
by using the principle of downlink NOMA. These links
together with their channels experience Nakagami-m fading
and additive white Gaussian noise (AWGN). The channel
coefficient pertaining to the link S; — R, S2 — R are denoted by
h1, hy with the fading parameter m. The links R — Uy, R — U
correspond with channels g, and g, respectively. For the
first hop transmission, ®1, ®; are denoted power allocation
factors for signal of user Uj, U, respectively (These power
factors are set as ®3, ®4 for the second hop). Without loss
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FIGURE 1. System model of UAV relay assisted NOMA system.

of generality, it is assumed that ®1 > ©,, @3 > 04,
0140, = 1and O3+ 04 = 1. We call Py, P, as the transmit
power of the source and the relay respectively. Assuming all
channel gains experience independent Nakagami-m fading.'

In this circumstance, UAV R is designed with fixed-
wing [37]. Such UAV continuously flies with set of param-
eters such as constant velocity v, a circular trajectory of
radius r and altitude h. Then, we characterize locations of
nodes, i.e. three-dimensional cartesian coordinates [(x, y, z)
is used, in which the ground plane is represented by [(x, y, 0)
with z as the altitude as shown in Fig. 1. Specifically,
we assume the location that the ground sources S1,S> and
the users Uy, U; are located at S1 (—xp, 0, 0), S2 (—x3, 0, 0),
Ui (x3,0,0) and Uj (x4, 0, 0), respectively. The centered
location of the circular trajectory of UAV R at O’ (0, 0, h).
We denote 6 as the angle of the circle of UAV location with
respect to x-axis, then the location of R is represented as
R (r cos 8, rsin 6, h). Therefore, Euclidean distance from the
ground sources S1,S5> and the users Uy, U, to UAV R can be
obtained, respectively as [37]

1
d = <h2 +r? +x12 + 2rx; cos 9) /2,
I
dr) = <h2 + 72 —i—x% + 2rx; cos 9) ,
1
d; = <h2 + 72 +x32 — 2rx3 cos 9) /2,
di — <h2+ 2., .2 _ )/2
A r°+x; — 2rxqcos6 . (1)

In term of channel distribution, the channel corresponds
to its probability density function (PDF) and the cumulative
distribution function (CDF) of channel u are given

n practical transmission, the obstacles or blockage of urban buildings
and mountains lead to block the communication links between source and
destinations. Therefore, to realize the transmission process, the UAV relay
is necessary to overcome this challenge. It is reasonable to characterize
channels between any nodes and the selected UAV relay as Nakagami-m
distribution [39].
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respectively by
xmu—l
f‘lu|2 (X) r ( u) ﬁmu ( ) (2)
1
P € =17 TG ( )

:1—exp< ,Bu) Zon'ﬂ" 3)

where 8, 2 Ay / m, with A, and m, representing the mean
and integer fading factor, respectively. u ~ T (my, B),
" (.) stands for the Gamma function. It is worth noting that
the second line of Eq. (3) holds only when m,, is an integer.
Regarding the signal from multiple antennas f g2 O is the

PDF and F lgil1? (v) is CDF of ||g; 112, given respectively as

m,'NUifl

1
Flgp®=1- e/ B Z y ’ “

| Rt
t=0 t'ﬂgi

miNy;—1 | e_y/ﬂg
Sigz O = Z B ( ¥ - te—Y/ﬂg,-yt—l) . (5)
e

=0 'Bgi
The SINR to detect x; at the relay can be formulated by
©1pslhi*
YR—1 = - (6)

O205lhal? + prlf 1>+ 1
In the HD mode, we have
)/HD _ O1p05h1 |2
1= -5 .
R @apsln? +1

In a perfect SIC situation, the SINR at the relay to decode x»
is determined in the FD mode by

(N

psic_ Oapglhy|?

14 = . (®)
P
While in the HD mode, it can be obtained as
SIC ,HD
Vhes = Oaplha*. ©)
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In other cases, imperfect SIC happens at FD/HD relay, these
expressions in terms of SINR can be re-computed respec-
tively as

ipSIC O

VReos = —, (10)
Oposlkr 1=+ prlfI” + 1
and

2

ipSIC, HD ©205|h2|
Y p e L (i

O1p05lk "+ 1

s the interference term related
to imperfect SIC, p; PS/UO2 and p; 2 Pr/U()2
are the transmit SNR of the source and relay nodes,
respectively.

The SINR at the destination U in order to decode its own
signal can be written by

where k, ~ T (my,. Br,)
A

Osp, g 2
YW= — . (12)

Osprllgi >+ 1
Additionally, the second user only recovers its data after
successfully detecting the first user’s data and applying SIC.
Then, the SINR at the second user U, to detect the first user
symbol for SIC purpose and to extract its own signal is given
by
©3p; g2l
-] = 13
T Gl 1 9
The SINRs at U, in perfect and imperfect SIC are respectively
expressed as

SIC
o, =Ouprlgl?, (14)
and
ipSIC Ouprllg2ll?
v = — (15)

Osprlka* +1°

lIl. OUTAGE PERFORMANCE IN FD MODE

In this section, we study the outage behavior for the uplink/
downlink UAV-based NOMA network with FD relaying.
To this end, it needs be derived exact expressions for
the outage probability. In order to understand the diffi-
culty in practice regarding SIC, imperfect SIC is further
examined.

A. THE OUTAGE PROBABILITY OF THE FIRST USER

In FD mode, we call Ry and R, as target rates for U
and U», respectively. The outage probability of user Uj is
expressed by

oP{P =1-Pr (VR<—1 > B yu, = E(1))

1
- 1—Pr<|h1|2 > ‘;) <®2ps|h2|2+/0rlf|2+l)>
S
x Pr(letl? = 1), (16)
ol
where W) = (®3—;fE(‘))pr’ uo =2k _1,

Proposition 1: A closed-form expression of the first
user U; in term of outage probability can be computed
in OPF D as shown at the bottom of the page, where

v //3 mlNylfl ot
=1 —e /P2 1
Figp (W0 =1—e7000 2,

B. THE OUTAGE PROBABILITY OF THE SECOND USER
PAIR WITH IMPERFECT SIC

The second user U; experiences outage event as follows

ipSIC =1 ipSIC =2
OPy pp =1 —Pr (VR<—1 Z 80 VR = ‘-‘0)

A
=81

x Pr (yU2<_1 > by = ag) (17)

A
=82

Proposition 2: The closed-form expression of the second
user U in term of outage probability can be computed
by

tpSI C

OP =1—p1 X 0. (18)

in which g computed as (19), shown at the bottom of the
next page, and we have

2
Mgy NU2 1

=2 "~ ©4B¢, or
0 ®3 Pr e 4ﬂgzpr
; Z ( ) <®4/3g2:0r> r (mkz) ,Bkz

2 =

oP’P =1

n=0 n;=0n,=0

I"(nl—n2+mh)

5 E(l) mhI*I n np n n
RIS YSY <m> (nz)

m;,z

F () T (mns) B¢ By,
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2 =0 2 2
Pr(|h1| = 5o (@2lial” + o] +1)) (1= Flgype o]

n

mglNylfl o =l n
r =0 ny—n
(®205)" 7T (12 +m
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Br O1Bn  Bn 1By,
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0,228 P\ e
x (M+—) T (k + my,, 092)

B4 ,Bkz
-1 r (m ﬁ)
T (my,) o B./) )’

Yy
(20

mg, Ny, —

L,

\IJ fe Poy
] t
1B,

A 0382
where 6 = 3(_)013 &2

" (.,.) is the upper incomplete Gamma function.
Proof: See Appendix A. ]
Remark: It can be seen that expressions of outage perfor-
mance derived for UAV-aided NOMA system in (6) and (19),
the transmit SNR at sources contribute significantly to change
expected outage probability. More specifically, the difference
in performance comparison of user U; and Uj is resulted
from power allocation coefficients. Furthermore, the number
of antennas at users leads to adjust outage performance of the
considered system.

. " (.) is the Gamma function and

C. THE OUTAGE PROBABILITY OF THE SECOND USER U,
IN CASE OF PERFECT SIC

Similarly, for the case of in perfect SIC, the outage probability
of the second user U; can be formulated by

pSIC =2

1 > &), = &,
OPPSIC — 1 —pr [ VR 0 TReg = S0 ) @y

2,FD - pSIC o &2

YUy«1 = u(y VUZ =0

Proposition 3: The closed-form expression of the sec-
ond user U in term of outage probability can be

given by

SIC _ pSIC _ 2
OPypp=1—"Pr (VR<—1 > Ejr Vhes = “0)

3

pSIC

x Pr(yo,e1 2 By C 2 8). @)

4

in which g3 is computed as in (23), as shown at the bottom
of the page, and

ngNUZ_] \Ilt
— o,V /B 2
o1 = e ¥/ Per Z TR (24)
t=0 82
Proof: See Appendix B. [ ]

IV. OUTAGE PERFORMANCE IN HD MODE
A. THE OUTAGE PROBABILITY OF THE FIRST USER U,
The outage probability of the first user U is given by

OPIP = 1~ Pr (42, = &} o v, = Eh ) . 29

=281,

OProposition 4: The closed-form expression of the first
user Uj in term of outage probability in HD mode can be
given in (26) as shown at the bottom of the next page. Here,
we denote EZ = 2R — [,

The proof of such proposition is similar, hence we omit it.

B. THE OUTAGE PROBABILITY OF THE SECOND USER U,
WITH IMPERFECT SIC

In term of imperfect SIC case in HD mode, the outage prob-
ability for the second user U can be computed using (27), as
shown at the bottom of the next page.

2002

0 n
01pvﬂh (015;1 Bh, )Ozps 2 : 2 : 2 : ni
= e 1 1 2

n=0 n;=0n,=0

ni—ny+mp, =1 py oy
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(i) G
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8o 1 ] prt " (©1p0)" [( 2002
MR S

=1
= zle 1
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©1058n, O1Bn  Bn, | ®205 B
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mpy =1 g ny M—netmp, =1 g
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8110513}11
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Proposition 5: The outage probability for the second
user U, is expressed by

OPYhp =1~ 95 X 6. (28)
in which
( JE ()
n=0 n;=0 npy=0n3=0
J Yaa =] my o3 =2 2
oo O (90
n2! O7 05
—~1 n —
®gl C‘O HD r ('52) 0aa ©2
nlpi ™\ ©1Bu ) T (mn,) B,
T (n3 +my,) (©194aEF yp N 1 ST
T (my, ) By, ©2 Pt '
(29)
and

—2 t -2 —k—my
y sk p,* [ Ej.up O3E5 up n 1 ?
t! O4pr ﬁgz ®4:3gz Bk,

O3 =2 1
x ' k + my,, —_0HD +— |
®4ﬂg2 ,Bkz
v

C. THE OUTAGE PROBABILITY OF THE SECOND USER U,
WITH IMPERFECT SIC

In HD mode, the outage performance of the second user U,
can be formulated in (31), as shown at the bottom of the page,
in which

Sop T =l n
_ , O1psPp, § : § : (®210A) ~0,HD
e 1
o= (nl ) n|[3n ®1ps
n=0 n;=0

§ 1 E(l)’HDG)z +L —hy—Mpy
T (mn,) B> \ OB Bno

—~1 —~2
) ) 1 )

x T [y +my,, [ 2= 4 — ) 22 (3
O18, Bry, | O2p05

and
mgzNyzfl \Ilt
— /B b
ps = e /P 3 T (33)
=0 82
=2
where ¥, = max (\Da, 04’;‘:

Similarly, the implicit outage derivation in this proposition
can be obtained as in the previous proposition. Due to simple
analysis, we do not present it here.

V. THROUGHPUT PERFORMANCE
For further evaluation of system, we consider the throughput
in delay-limited mode. In particular, the throughput mainly

mgNu, =1 ¢ —3 .-
v 82 1 Dy depends on the outage probability.
+ Z 181 - I | iy
pars 'Bg, T (my,) Br,
- (30) A. FD MODE
We consider the sum throughput of the system in FD mode in
Proof: See Appendix C. ] the following cases [43].
HD @1ps|h1|2 ®3:0r||g1||2 1
OPY" =1-Pr\ —————=C&pp ————> < = Eo.mp
O2p5h2] +1 ®4pr||g1|| +1 ’
0 ap M=l mg Ny —

n=0 n;=0

e ST

X
T (mp,) B, O18n,
ipSIC HD =l ipSIC,HD
OPy yp = 1 =Pr{vgZly = Eo pps YR

_Ya 1
e P ‘:‘O,HD@Z
M,

' =1 n
n v, =0,HD @™ o
n1 ) nlt!BL \ ©1psBh, 2 0

1 ni mhz
—_— I'(n1 +myp,) . (26)
i) e
- —~ ipSIC -
L':"(2)7[-ID> Pr (VU2<—1 > C‘J(l),HD» V[ZZ > D%J-[p) . (27)

A
=85

HD =1 pSIC,HD
(J/R<_1 Z Z0,HD> VR<2

PpSIC —1—

2,HD —

-2 =l
= “0,HD) Pr (VUzH = Eo,up: Yu,

> E%LHD). 31)

A
=87
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Case 1: imperfect SIC
T = (1= OPP) R+ (1 - 0PI ) Ro. (34)

Case 2: perfect SIC

T = (1= 0PP) R+ (1= 0P ) Ro. G39)
B. HD MODE

Similarly, two cases of sum throughput in delay-limited trans-
mission mode are studied as below.
Case 1: imperfect SIC

Titin = (1= 0PI Ry + (1= OPYSS ) Ro. (36)

Case 2: perfect SIC

Tomn = (1- OPFP) Ry + (1= 0P ) o G37)
VI. NUMERICAL RESULTS
In this section, we show the comparisons of UAV relay
assisted NOMA network and two metrics are considered over
uplink and downlink Nakagami-m fading channels. These
performance illustrations with different scenarios related to
HD/FD mode are considered. We evaluate the impact of
the number of antennas at users to their performance. The
simulation parameters are as follows, power allocation factors
= 0.6, 0, =04, 03 = 0.9, ®4 = 0.1, target rate R| =
0.1 (bps/Hz), Ry = 0.1 (bps/Hz), Ny, = Ny, = (1, 3). The
Nakagami-m fading channel parameters are setasm = my,, =

mhzsz:mkrzl’}’Zkz—mg]—mgz—(l 3)0[—2

K:OOSAh,:d_“ _d gl_d“Agz_d_

Regarding FD mode, we set A, = Kkhl, Ao = Khpy, Ap =
)Lh Ah Af A

003 :Bh] - m_h17ﬂh2 - mh22 ﬁf = m_f’ﬂgl = miglla ﬁg2 =

%, Br, = %;, Br, = ;»11(2 The normalized distances as

h=1,x =x4=1x i x3 = 2, the certain range of
6 = 0 and circular trajectory of radius r = 0.9.

Fig. 2 shows that the system outage performance for differ-
ent numbers of antennas and different cases of SIC operation
and FD mode is examined. It is clear that more antennas

T T
—J— OPI? - Ana. (Ni,
—D—op';jg - Ana.

i )
—A—oplsr’g Ana. (Ny, =3)

FD — Sim.

Outage Probability

19.5 20 20.5
i

-10 0 10 20 30 40 50
p (dB)

FIGURE 2. Outage probability in FD mode versus p withm = 1.
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equipped at users lead to better outage performance at low
region of SNR (p less than 15 (dB)); perfect SIC at receiver
provides better performance compared with imperfect SIC.
It can be intuitively seen that saturation of outage behavior
happens as p becomes greater than 25 (dB). It is also appar-
ent that the system outage behavior may decrease with p
growing, the reason is that the system outage probability will
increase when the corresponding SINR increases. At high
region of p each user at both two mode HD/FD exhibits the
same performance regardless of the number of antennas. This
situation occurs since p contributes significantly to outage
performance rather than the number of antennas. Specially,
the second user in mode of perfect SIC shows nearly the same
performance at the entire range of p. In contrast, the perfor-
mance gap between the two cases of the number of antennas
can be observed only in the first user. Moreover, tight match-
ing between Monte-Carlo simulations and the analytical sim-
ulation to confirm the exactness of our analysis. Similar
trends can be considered in Fig. 3 for case of HD transmission
mode. The lowest outage performance for the case of the
first user equipped with 3 antennas. However, we can not
recognized how different the performance of two users in
perfect SIC scenario at the point as p is greater than 25.
Imperfect SIC at the second user degrades its performance
significantly at two case of the number of antennas.

T

OP[™’ - Ana. (N,

—O—()Pz“,,’g Ana. (Ny,
—#—OP}[0 - Ana. (

—D—OPHD Ana. (N, =3)

—A— 0P - Ana. (N, =3
2,HD 2

—fe— OP}% - Ana. (Ny, = 3)

HD — Sim.

Outage Probability

0.3

145 15 155
!

‘ :
-10 0 10 20 30 40 50
p (dB)

FIGURE 3. Outage probability in HD mode versus p with m = 1.

Nakagami distribution provides m parameter which
describes the fading severity of the propagation channel.
In particular, we consider in Fig. 4 the effect of channel fading
on the performances of the UAV relay assisted NOMA system
by comparing the changes in the metrics for different m
parameters. Case m = 3 is observed as the better one as com-
paring performance of each user for m = 1, 3. The parameter
m is selected to evaluate how seriously channel makes the
impact on outage behavior. In addition, such NOMA system
in FD mode provides better outage performance compared
with that in HD mode. This is due to the fact that there is
a loop interference in FD NOMA. Another observation is
that HD NOMA and OMA are superior to FD NOMA in the
high SNR region. Therefore, we can select different operation
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T

—<—OPP, Ana. m=1
—{— 0Py, Ana. m=1
—O—OPLS, Ana. m =1
OPFP, Ana. m =1

OPPSIS Ana. m =1
mvgf,ﬁ‘,;. Ana. 7

.
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SO OPPS | Ana. E
107 F | —O—0PyS, Ana. m=3
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L I I
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FIGURE 4. Comparison of outage probability with different m fading
parameters, with Nu1 = Nu2 =2.

mode for user relaying according to the different SNR levels
in practical cooperative NOMA systems.

Fig. 5 depicts how power allocation factors make influence
on the outage behavior of each user. It can be intuitively
seen that optimal outage performance at the second user as
®; = 03 = 0.55 for HD mode with imperfect SIC case,
as ® = O3 = 0.45 for FD mode with imperfect SIC
case. While increasing ®; = ®3 results in improving outage
performance of the first user. Conditions on such outage event
are complicated because they are related to many parameters.
These observations can be explained by the fact that SINR
terms depend on power allocation factors and hence the cor-
responding outage probability will be changed.

P

—O—OP['P - Ana.
—0—OPY - Ana.
—O—OPIC - Ana.
—+x— OP}'P - Ana.
—A—OPPIS - Ana.
R OPLSIC - Ana.
1070+ Sim.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
CRa

Outage Probability

FIGURE 5. Outage probability versus power allocation factors with
ps = 20dB, NU] = NU2 =3andm=2.

We also analyze in Fig. 6 the outage performance compari-
son of this UAV relay assisted NOMA network by varying the
threshold SNR with two cases of fading parameters m = 1, 3.
It can be seen that higher threshold SNR limits the outage
performance. Improved outage performance can be noticed
at the first user in both FD and HD modes when m = 3.
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—O—OPP - Ana. (m=3)
—O— OPYEY - Ana. (m=3)
—O— OPYIC - Ana. (m=3)
0esP—F——— |—0—OF" - Ana. (m=3)
’ —A— OPYE - Ana. (m =3)
—— 0P - Ana. (m=3) | |
—O—OPIP - Ana. (m=5)
oI - Ana. (m = 5)

Outage Probability

PSIC - Ana. (m = 5)
—— OP/'’ - Ana. (m =5)
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v OP").HD
103 F . Sim. J

=1 ©

1.001

I
0 1 2 3 4 5 6 7 8 9

=l =2 _=
=

=1 = =2
=0 7 =0,HD — —0,HD

FIGURE 6. Outage probability with pg = 40dB, NUI = Nu2 =3.

In general, when increasing the threshold SNR, the outage
performance of such network will be worse.

Fig. 7 illustrates the sum throughput as a function of the
SNR p. Such sum throughput only increases very fast at low
region of p. The varying outage probability leads to varying
throughput. Therefore, as characteristic of outage behavior at
high p, the corresponding sum throughput saturates at high p
as well.

3 T T T T T
—O— FD - ipSIC - Ana. (m = 1)
—O—FD - pSIC - Ana. (m=1)
—%— HD - ipSIC - Ana. (m = 1)

2.5 | —p—HD - pSIC - Ana. (m=1)
—O—FD - ipSIC -
——FD - pSIC - /
—%=— HD - ipSIC - Ana. (m = 3) y
2 [ | —sp—HD - pSIC - Ana. (m =3)
Sim.

System Throughput (BPCU)

0.5<

12
‘33.96 33.98 ?4 34.02

10 15 20 25 30 35 40
p (dB)

FIGURE 7. The sum throughput of the system in FD/HD under impact of
ipSIC and pSIC with Ny, =Ny, =3, ©; = ©3 = 0.9,
Ry =Ry = 1.5 bps/Hz.

In Fig. 8, we analyze the outage probability of differ-
ent locations of UAV for considered case of FD/HD and
pSIC/ipSIC. From this figure, we can see that the unchanged
outage performance of the second user occurs in HD mode for
both pSIC and ipSIC cases. In contrast, the considered system
meets optimal outage probability for FD mode at 8 = 0,
which means that by adjusting locations of the UAV we can
the optimal performance for specific cases. This is because
the SINRs depend on channel gains while these channels are
related to distance from one node to another node. In addition,
the outage probability of system is affected by such SINRs.
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FIGURE 8. Outage probability versus 9, with m = 3, pg = 30dB and
Ny, =Ny, =2.

In Fig. 9, we set simulation parameters as [38], the out-
age probability of energy harvesting-based NOMA system
decreases significantly at high SNR region. Such trends in
term of outage performance are same for both time switching
and power splitting schemes which are similar our results.
However, target rates are still limitations of outage perfor-
mance of our proposed system and result in [38]. It is con-
cluded that our UAV based NOMA system exhibits the better
outage performance in the case of time switching energy
harvesting than that in [38] as whole range of SNR.

Outage Probability

—<—OPF? - Ana.
3 —D—OP;% - Ana.
—O— 0Py - Ana.
—O—O0P{"" - Ana.
—— 0P - Ana.
" —S/— OP}, - Ana.
107 F - Sim.

<
&

FIGURE 9. A comparison with result reported in [38] in term of outage
probability, with m = 3, p5 = 30dB and Ny, =Ny, =2.

VIi. CONCLUSION

In this article, a uplink/downlink architecture together with
UAV relay benefit to NOMA scheme and UAV-based NOMA
system is introduced. Compared with the HD mode in such
networks, FD mode enables better outage performance at
perfect SIC. The numerical results indicate that design of
multiple antennas at users significantly improves the outage
and throughput performance by further exploiting the diver-
sity gain of multiple antennas. Such UAV system meets some

187002

practical conditions such as FD/HD transmission and perfect
SIC/imperfect SIC and necessary comparisons on these cases
are provided. Further, by adjust locations of UAV, we can
achieve optimal outage performance. By exploring these
analysis together with benefits from implementing NOMA,
the UAV-assisted NOMA network is proved to be a promising
technology. For future research, by focusing on NOMA with
multiple user pairs, more results could possibly be found out
for uplink/downlink architecture.

APPENDIX A
PROOF OF PROPOSITION 2
We have outage event as below

SIC _
o1 = Pr VRH > &y, Vllep<—2 = E‘%)
=1

O1p5l1 > > 5

ozps|hz|2+pry|2+1 =T

Oz ps1hs| -

2 — >
Olpxlkrl +Prlf| +1

I |* = 015, (©2p5lh2|* + prlf 1> + 1),
o> = g% (O1pslke I + o, If1> + 1)

I

W\“g

= [ [ [ 226080 0y 01y @ o,
0 0

(38)
A &
where K = @22%_ 1) and
E]
Ay (.y) = 1= Fpp| o= (@25 + prx + 1)
O1 05
My =L n =1
SEEE(E)
n=0 n;=0n,=0
o1 —no N2 1 —N2 31(®2/’s}’+ﬂr’f+l)
Xy o @ - O105Bp, . (39

| n— n1+n2
n! ,Bhl

Fortunately, the last step can be obtained by using result
reported in ([37], eq. (1.111)), after some manipulations
with the help of ( [37], eq. (3.381.3), eq. (3.381.4) and
eq. (8.352.2)), then it can be given as

E mp =1 g

p1=e N Z Z

2 22 () ()

. pf2®gl*”2 E_(l) n
n!,B}'l'lp?7"1+"2 0
1 1

E (mi,) By, T (ms) B

oo o0 1
(et 1)
®
8 //A3(X,Z)e 1bhy
0 0

X

x x™tmr=16™ By M =1 gy (40)
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where
o0

Az (x,2) = /

.-2

g)0oy

e PV MR (y) dy

()210? (©1psz+prx+1)
=2
C(r)o " 2%

= —e G

r (mhz) :BZ;

-1 n3 my ,0;14 ns
<222 () ()
n3=0ny4= 0n5—0

™ :%
X (O1p05)x™7, (41)

_ 918jerx  91EO)z
®)ps e ®)

O205
A A ;_40@2 1
and 7y = ny — npy +mp,, M = ®1hn, +—
Finally, replacing (41) in (40), it can be achleved ©1, 2 as
shown at the bottom of the page
Then, other terms can be given as

o0
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Substituting (44) and (45), we have
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0, =l
where ¥, = max (0, ﬁpr <(O3_O;—M — 1>>, v =

1

o]

0
(©3-E(O4)pr
This completes the proof.

APPENDIX B

PROOF OF PROPOSITION 3

Similar to the steps in Proof of proposition 2, g3 and g4 can
be calculated as

pSIC -2
g3 = Pr (VR<—1 = u()7 yReZ > D())

O1pslh
— Pr lzps| 1| . EE(I),
Orps5lha|” + pr|f 17 + 1

Oapslhal®
— =
Prlf|2 +1

=1
aup: (O20slma* 4+ prlf P4 1)
(;2_(;7 (orlf 2 +1)
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= Pr
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- / [ A4 ) fp OV fyp () didy,  (47)

@2,, (prx+1)

in which A4 (x, y) can be computed as bottom of the page.
It is noted that the last step can be achieved by using tri-
nomial axpansion ([42], eq. (1.111)), after some manipula-
tions with the help of ([42], eq. (3.381.3), eq. (3.381.4) and
eq. (8.352.2)), we have
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Finally, plugging (50) into (49), it can be obtained g3 in (51),
as shown at the bottom of the page.
It is further achieved g4 as below
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Eq £
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— 0 =0
where W, = max ©gloun ®4pr>'
It completes the proof.

APPENDIX C

PROOF OF PROPOSITION 5

It can be seen that the outage behavior occurs and depends on
some conditions as below

HD _ ml ipSIC.HD _
g5 = Pr (VRH > B0 upr VR e z ‘:‘O,HD)
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After making some manipulations with the help of [ [42],
eq. (3.381.3), eq. (3.381.4) and eq. (8.352.2)], it is given by
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Then, s is rewritten by
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In HD mode, gg can be solved in the same way of g, in FD
mode, and hence gg can be written as
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It completes the proof.
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