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Abstract

This paper presents two protocols in non-orthogonal multiple access (NOMA) network,
namely base station (BS), based power splitting protocol (PSR) and BS based time switch-
ing protocol (TSR), for simultaneously wireless information and power transmission
(SWIPT) based unmanned aerial vehicles (UAVs) which are employed in power domain
NOMA based UAV communication network. The system model with k types of the UAV,
one BS, and two users’ devices is investigated in our work. Besides, a strategy of UAV
selection is also studied. Closed-form expressions of outage probability and throughput for
UAVs and both users’ devices are derived. In particular, the outage probability is deter-
mined for both perfect and imperfect SIC. The numerical results show that the performance
for BS-based PSR outperforms that for BS-based TSR. The analytical results match Monte
Carlo simulations.

Keywords Non-orthogonal multiple access - NOMA - IoT - PSR - TSR - UAV - SWIPT -
Energy harvesting - Relaying

1 Introduction

Unmanned aerial vehicles (UAVs) [1, 2] are flying devices without a human pilot onboard
and is a type of the unmanned vehicle developed for rescues and military applications [3].
In areas where communication infrastructure is destroyed or the radio frequency (RF) sig-
nal transmission can not reach the desired destination, thus existing methods are limited
by space and environment. To overcome these challenges, the UAVs are employed as BSs/
APs/relays to aid the wireless communications of ground nodes due to their mobility, 3D
coverage, and agility [4].

Currently, NOMA is recognized as a potential candidate and considered by many
researchers for the fifth generation (5G) network and beyond in the last decade [5—8]. Com-
pared to conventional OMA, NOMA shows advantages such as low latency, high spectral
efficiency, high energy efficiency, and user fairness [9-11]. The critical concept of NOMA
is to serve multiple users on the same frequency resource. [In NOMA, with the assistance
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of superposition coding (SC) and successive interference cancellation (SIC) mechanism
[12], the signals of users are combined at the transmitter and decoded at the receiver,
sequentially.

NOMA-based UAV communication was studied by several researchers [13, 14]. In
[14], a UAV-enabled downlink NOMA system was investigated. This system consisted of
two ground users, and one flying base station acted UAV. The outage probability for both
ground users was derived. The outage performance for NOMA was better than that for
OMA. In [15], a wireless system with distributed ground terminals and a flying base sta-
tion acted UAV was studied. The throughput gains for the case of a mobile UAV base sta-
tion were superior to the case of a static UAV base station in delay-tolerant applications.
In [16], a UAV aided NOMA network consisted of BS, UAV, and ground users in which
the BS and UAV cooperated with each other to communicate with these ground users. The
sum-rate was optimized between the NOMA precoding and trajectory.

Although the UAVs have demonstrated their benefits in rescue, civil and military appli-
cations, they are still limited by a power supply. Solving energy harvesting issues in the
UAVs paves the way for the development of UAV based 5G networks. In [17], an account
of the applicability of NOMA for UAV-aided communication systems was studied. The
relationship between altitude and energy efficiency of a UAV was considered. Two cases
inspired the solution to the optimization problem, namely altitude fixed NOMA and alti-
tude optimized NOMA, which were exploited to boost the spectral efficiency and energy
efficiency. In [18], the authors proposed a UAV enabled wireless power transfer architec-
ture to enhance the energy transfer efficiency. In [19], the throughput maximization prob-
lem of UAV-based cooperative communication systems for both decode-and-forward (DF)
and amplify-and-forward (AF) protocols were investigated. In these systems, the UAV
acted as a mobile relay. The transmission capacity of the UAV depended on the energy
harvesting from the source.

In this paper, we proposed a system model along with two simultaneous energy harvest-
ing and information processing protocols based on PSR and TSR for UAV-assisted coop-
erative relaying SWIPT NOMA. The best UAV selection is solved by repeat algorithms.
Closed-form expressions of the performance metric are derived.

The main contribution of our work in this paper is summarized as follows:

— We propose a system model along with two energy harvesting protocols based on PSR
and TSR, namely BS-based PSR and BS-based TSR, for a cooperative relaying SWIPT
NOMA system. This model consists of one BS and k types of UAVs and two users’
devices. In addition, we also compare the performance in terms of outage probability
and throughput between two these protocols.

— We propose an algorithm to achieve the best UAV for information processing.

— Closed-form expressions of outage probability and throughput are derived for our sys-
tem model in cases of perfect and imperfect SIC.

— The simulation results show that the outage performance, as well as the throughput for
BS-based PSR are enhanced over that for BS-based TSR.
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Fig.1 A general system model
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2 System Model

The system model under investigation consists of k types of UAVs, where k = 1,2, ..., K,
and two users’ devices, i.e., D; and D,, as shown in Fig. 1. One BS acts as a source unit in
the system. Let d}, denote the distance between UAV,, and BS. It is assumed that all UAV,,
are connected to BS via wireless connections with perfect synchronous signals.

In a wireless environment, downlink channel from the BS to UAV/ is assumed to be the
flat fading channel g, and n, is the additive white Gaussian noise (AWGN) at UAV, with
zero mean and variance of a]f.

Their expectations are E [|gk|2] =d'and E [|nk|2] = o7, where v, is the path-loss of
the channel model.

Assuming that UAVs operate within the coverage of the BS. The transmitted signal
from the BS to UAV, is x;, and its expectation is E[|xk|2] =1.

The BS transmits the signal to users using multiple UAVs. The UAV, is equipped with a
single antenna and operates in half-duplex (HD) communication mode.

In our work, we consider the case of the best UAV selection among UAVs. Moreover,
all UAVs are provided via wireless energy from the BS along with conventional batter-
ies. The channel from the BS to UAV, and from UAV, to users is the flat Rayleigh block
fading.

As shown in Fig. I, g, ~ CN(O, Qk) is the channel coefficient of the BS and UAV,.
., np; ~ CN(0, 1) are the AWGNs at UAV, and D;, respectively. h; ~ CN(0,Lp,) is the
channel coefficient of the UAV, and D,, withi € {1,2}. Because the shadowing impact and
path-loss of £, are less than that of &, the relation between Q,, and Q,), satifies Qj; < &,

2.1 Energy Harvesting at UAV,,

At UAV,, we consider two energy harvesting mechanisms including BS-based PSR and BS-
based TSR at D,
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Fig.2 BS-based PSR protocol of A Power
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2.1.1 BS-Based PSR Protocol of Energy Harvesting at UAV,

Figure 2 describes the communication block diagram using BS-based PSR protocol for
harvesting energy at UAV, in the time block of 7. It is assumed that the BS transmits the
information to UAV, in the half-block of T while the information is transmitted from UAV,,
to users in the remaining time of 7.

The decoded signal at the BS is given by

Xps = (VO Pygx; + 1/0,Pyexy) (D

Applying the signal superposition coding at the BS, the observed signal at UAV, is given
by

Yuav = VPBSgk(\/®_lxl + \/®_2x2) +n, )

where Py denotes the transmit power at the BS.

By employing BS-based PSR protocol, UAV, divides the received energy into: i) har-
vested energy, and ii) energy for processing the information. Let 0 < f < 1 denote the
power ratio. The harvested energy at UAV, can be given by

K

EPR =3 ponoilail(T/2). 3)
k=1

where p, = P, /w, represents the transmit signal-to-noise ratio (SNR) and f; is the power
splitting ratio at the UAV, ,0 < f, < 1.

Then, the power of UAV, for BS-based PSR protocol can be determined from (3) as
follows

EPR pome](T/2)
II}iI\Q/ = (TI;Z) = = ]E|T;|2) = ﬂkrlkpk|gk|2’ (4)

It is assumed that f, values at UAV,, as well as #, at UAVs, are equal. Where 7, is the
energy conversion efficiency at the UAV, and 0 < x, < 1. For simplicity, 0 <# <1 is
named the energy harvesting efficiency. # depends on the energy conversion process from
RF signal to direct current in the receiver at UAV,.
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Fig.3 BS-based TSR protocol of A Power
Energy harvesting system T >
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2.1.2 BS-Based TSR Protocol of Energy Harvesting at UAV,

Figure 3 illustrates the BS-based TSR protocol of the energy harvesting (EH) system. In
this figure, 7T is the time block where the information is transmitted from BS to UAV,,
and O<a <1 1is the time block fraction where UAV, harvests the energy from BS. The
first time block of 7, i.e., aT, is utilized for EH while the remaining time block, i.e.,
(1 —a)T, is utilized for forwarding the information. In the (1 — a)T, the half of this,
ie., (1 —a)T/2, is dedicated to transmitting data from BS to UAV, and the remaining
(1 — @)T/2 is for forwarding data from UAV, to user k. The harvested energy at UAV,
is given by

K

EBR =3 any py |ai|'T 5)
k=1

Therefore, the power of UAV, for BS-based TSR protocol can be determined from (5) as
follows

2
e _ Bt 2omaed (6)
UAV — -
(1 —a)T/2) l—a

It is noted that both BS-based PSR and BS-based TSR protocols are considered in this
work, where the UAV,, selection is based on instantaneously technical specifications of the
channel relating to the first hopping step. The BS continuously observes the quality of the
connection between its own and UAV, under the local feedback signals. From these sig-
nals, the best link between the BS and UAV/, is selected for data transmission. By grouping
UAV, multi-relays, the UAV with the best conditions is selected. This strategy is expressed
by

k* = arg max |gk|2
—— @)

k=12,...K

We assume that the harvested energy is consumed by UAV, to forward the signal to D, and
D,. The power for the transmitting-receiving circuit of UAV, is negligible over the power
for transmitting signal.

We can briefly describe the operation of the system as follows. Each communication
block occupies two-time slots. All blocks are normalized to the unit. In the first time
slot, the BS transmits the superimposed signal, i.e., \/G)_lxl + \/®_2x2 , where x; and ©;
denote the signal and power allocation coefficients of D;, respectively. The expression of
(®, + 0,) satisfies 1. Without loss of generality, we assume ©, > ©,.
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In downlink power domain NOMA, SIC and superimposed coding are two key mech-
anisms utilized to decode the received signals at receivers and to code the transmitted
signals at transmitters, respectively. Thus, the SIC process is only considered at UAVs
to achieve the best data forwarding, as well as D, and D,, are allocated a higher power
in our work. For instance, at UAV,, the best UAV first decodes symbol x, by treating
symbol x; as noise and then performs the SIC process to achieve signal x;. Therefore,
the signal to interference plus noise ratio (SINR) for symbol x, and signal to noise ratio
(SNR) for symbol x; are respectively given by

0,Py|g 2
Y2, uAv, = —2 B BS| ;l ®
©,Pysgi]” +1
Yiuav, = ®1PBS|gk|2 )]

It is noted from Fig. 1 that UAV, processes signals x, and x, during the first time slot, then

the selected UAV sends the signal ,/P’éAV<\/®lx1 + \/®2x2) to two users D, and D, dur-

ing the second time slot, where X € (PSR, TSR).
Thus, the received signal at D; combined by x,, x, and noise is given by

Ypi = P}((/Avhz( VO, x, + v®2x2> +1np;, (10)

where £; is the channel gain between the selected UAV and D,.
From (10), the SINR at D, is determined by applying SIC, i.e., D, decodes x, while
treating x, as noise, as follows:

X
_ 0,P UAV | hy
V2.0,

0,P%, || + 1

|2

an

Similarly, since both x; and x, are in D,, it is necessary for SIC to decode its own sym-
bol x;. To perform SIC, D, decodes symbol x, by treating symbol x,; as a noise according
to their priority power level and cancels x; using SIC to obtain symbol x;. Therefore, the
SINR for x, at D, is given by

2
®2P)£(/Avlhl|
Yop, = ——— 3 - (12)
0P}, || +1
The SNR for x; at D, decoded by its own D is given by
2
V1D, = ®1P)L(/Av|h1| (13)
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3 Performance Analysis
3.1 Outage Behaviour at UAVs

3.1.1 The Exact Outage Behaviour of x,at UAV,

The outage probability P, Avk at UAV is the probability where UAV cannot decode com-

pletely since the SINR/SNR of x2 is below the threshold y,,, and the SINR of x, is below
the threshold y,;,;, with y,,;, = 21 -« — 1, where R, is the target data rate of D,. From (8)
and (9), the expression of P AViis given by

UAV,
Pt =Pr {72,UAvk <Ym2 Y1uav, < Yzhl}

g (K
=1—k§1(—1)k l(k )exp( gi)

(14)

Proof see “Appendix 1”.
3.1.2 The Exact Outage Behaviour of x, at UAV,

Similar to Sect. 3.1.1, the outage probability P Vi at UAV is defined as the probability at
which the UAV can not successfully decode X, due to the SINR/SNR values below the thresh-
old y,;,,. From (8), we can express the P Ve by

UAV, _

P, =Pr {Vz vav, < Vzhz}

2 > (15)
—1—Pr { WI®2PRS|gk2| > Vthz}

Wl®1PBS|8k| +1

where y; =1 —f and y; = T are the information processmg coefficients for BS-based
PSR and BS- based TSR protocols respectlvely Yo = 21-« — 1and R, is the target data rate
of D,. Given |gk| =A, |h | =B and |h2| = C are the channel gains of the BS-the best
UAV and the best UAV-D, and D, links, respectively. It is assumed that all channel galns
are modehzed independently. Random variables are Rayleigh distribution. Thus, | 8k| |y |
and |h2| have exponential distributions as follows

1 K\ k kx
o= T, 0 () e (-5 as)

fa(b) = eXP< Q >,F3(b) =1-exp <—Qi>, 17
2 2

where f and F are cumulative density function and probability density function, respec-
tively. Q, = E{ |8k|2 } Q, = E{ |, |2} and Q, = E{ |h2|2} are coefficients of the random
variables.

Then, the expression of P Y can be rewritten by
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pUAY
‘=1-Pr {W1®2PBSA >V Ym®) PBSA+7’th2}

=1-Pr {A(‘I/1®2PBS_W17th2®1PBs) > J’thz}

=1—Pr{A>y’+}

V/IPBS(@er@z) (1 8)

=1-F ( Y2 >
A VIIPBS(@z—Vm@])
K

a4 K k
1= (—1)! (¢>
kgl ( ) < k ) exp QzWIPBs(@z—V:hz@l)

3.2 The Exact Outage Behaviour at the User
3.2.1 The Exact Outage Behaviour of x;atD,

The SIC process can occur incompletely SIC. Thus, in this section, two cases of perfect
and imperfect SIC are considered at both k* and D,

(a) For perfect SIC From Fig. 1, it is seen that the SIC is performed at D, to remove signal
x, before detecting its own signal. In the case of perfect SIC at D,, the POP is defined

as the best UAV or D, can not successfully decode signal x; due to the SNR below the
threshold value. Then, PflP is given by

P/?lP =Pr (mln (}’l,UAVkv }/],DI ) S yth])

(19)
=1-"Pr <®1P3s|gk|2 > 7zh1,®1P}((/AV|h1|2 > Vﬂu)

First, let us consider the outage probability for BS-based PSR protocol as follows: By
substituting PFSE from (4) into (19), the outage probability of the signal x, is given by

UAV
OP _ 7 ’ "
PO 1—Pr<|8k| o IMl"> W)

(20)
— 1 _ Yin1 Yihl
=1-Pr (A > 0, Py’ C> A®1ﬂ'1PBS>
This outage probability can be expressed as follows
where u = 22 and v = —1%__ are for the BS-based PSR protocol, v = Z20=% jg

15Bs 0, fnPpg 20, anPgg
for the BS-based TSR protocol. Applying Taylor series expansion as well as substitut-

ing CDF and PDF functions of A and C into (21), we can obtain the expanded PflP
expression as follows (see Eq. (22) at the top of the next page)
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K
K
oP _ k—1 k ) v ka
Pr=1-2Ch L o eXP(‘@)eXP(‘a—)d‘l
(22)

- e ()R 2 ) () E(E)

b) For imperfect SIC In this case, signal x, does not appear at D, and becomes interference.
The SINR of symbol x, at k* and D, is correspondingly given by

0,Pglg, 2
Y1,0av, = lel (23)
©,0,Pps|8i|” +1
®1P)((/Avlhl |2
Yip1 = (24)

001 Py |1 |2 +1

where 0 < p; < 1,je {1,2, ...,Nk}, represents the remaining noise level due to imper-
fect SIC at k* and D;. In particular, p; = 1 and p; = 0 relate to the cases without SIC
and perfect SIC, respectively. From (23) and (24), the outage probability of x; for
imperfect SIC is given by (see Eq. (25) at the top of the next page)

_SIC _ : _1_ Yint Yint
Pil’Dl =Pr [mm (}’LUAVk’ 71,D1) = y’hl] =1-Pr [A = Pps(©1=711©202) " ¢z Ay Pys(©1=7©201) (25)

Proof see “Appendix 2” Solving (25), we can obtain

PISC = /woo [1 - FC<2>]fA(a)da, (26)

Vil § = Vih1
sic PBS(G)]*}’r/;l.@sz)’ WEPBS(@)]*}’rhl.@zP])
the Pi* . can be rewritten by (see Eq. (27) in the next page)
11

K
—_ K o] s a
Piﬁ’)f: 1 _kgl(_l)k l(k >Qiz/' exp(—@>exp(—g—)da

2

K K, _
_ K « fety fd \/ 1 k—1 o
kgl ( ) (k > Q, n§0 n! Qs w n\ Q,

where w = Then, by some calculation processes,

@7

3.2.2 The Exact Outage Behaviour of x, at D,
We define that Pff’ as an event that transfers the best UAV or D, or D, can not successfully

decode x, because the SINR/SNR is below threshold value y,,.
From (8), (11) and (12), the P)?ZP is given by (see Eq. (28) in the next page).
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oP _
Py =Pr {Vz,UAvk <Yz OF Yop2 <Vyp OF Vapi < V;hz}

=1 —PI‘{ ®2P8s|&|

GIPBSlgk|2+1

2

28)
0,P%, || 0,P%, || (
> ych’ 2 UAVl 2| 2 UAVl 1| > ych}

>, 3
0P8 [m|+1 " T2 e px (n[P+1

Eq. (28) can be rewritten by (see Eq. (29) in the next page)

2
2 2 ®2WEPBS|gk|2|h2|.
©,Pps|gi|” > Yzh2(®1PBs|gk| + 1), ——— > Vo>
oP _ 1 _ GIV’EPlegAl |hz| +1
P =1-Pr 2 2
*2 Oy Ps|g] || >
2 2 Vin2
®IWEPHS|gk| |h|| +1
—1—Pr A> Yin2 AB > Yin2 AC > Yin2
- Pys(©,-7420;)’ Py (©:-720;)’ Peswp(©,-720;)

(29)
where y, = fn and y = 12% represent EH for BS-based PSR and BS-based TSR proto-
cols, respectively.

Proof see “Appendix 3”.
It can be seen from (29) that the outage probability always satisfies y,,, > %.
1
Therefore, we need to allocate more power for symbol x; to satisfy ®, > ©,y,,,. Thus, (29)
can be expressed by (see Eq. (30) in the next page)
POP =1 —/[|°°Pr{B> Les ’;l}f,;(a)daz 1—/t20°ffPr{1 —FB(’

8 Je(era(@dade,
(30)
Yin2 Yin2
Pys(©:-7201) Pyswi(©,-1420,)
From (30) and the transformations, the expression can be obtained by (see Eq. (31))

where t, = and?, =

P)?Zle—ft:o fPr{l—FB(%>}fC(c)fA(a)dadc
K 0
v k-1 K& T ka (31)
-1-g e (g [ on (55 )

Proof see “Appendix 4”.

where 7 = ;2—1 + ;2—‘ Since it is highly complex to calculate a closed-form expression, thus
3 1

an approximate calculation method, namely Taylor series expansion, is utilized as the follow-
ing expression

uy _ K, (_l)k u k
eXp(_E) =2 T (2) ’ (32)
where K, € {1,...,00}.
Then, we obtain the following expression
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(33)

where E, (.) is an exponential integral function.
Substituting (33) into (31), the P?ZP is given by (see Eq. (34) at the top of the next page)

K

& e (KN k(1! k.
PZ”=1—k§)n§)%<k )a—(‘) E(5) (34
4 Throughput
4.1 Throughput at UAV
The throughput at UAV), is given by

Tyay, = <1 - Pff,AVk)Rl,k + (1 - PZAVk)Rz,ks (35)

Where P)ZAV‘ and PZAVk are determined from (14) and (18), respectively. R, and R, are

the rates to decode signal x, and x, at UAV,, respectively.

4.2 Throughput at the User

For perfect SIC at the user, the throughput at user D, is given by

10 T T T T T
£ o} 0.25, 0, =0 ]
._g 91— .25, )= .75,
-g 8=0.9, n=1,
ﬂ‘: R1=1, R2=0.5
) PSR
2 -2 D
5 107 ¢ >
Analysi§ perfef:t SIC TSR
O K= 1 simulation
O K= 2 simulation a
5 % K= 3 simulation X
10 . . . .
0 5 10 15 20 25 30 35 40

SNR (dB)

Fig.4 The outage probability for decoding the signal x, with perfect SIC and varried UAV number
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10 T
= 1 91=0.25, 92=0.75,
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£ 2
3 10°¢F
=]
— TSR
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103 | | |
0 5 10 15 20 25 30 35
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40

Fig.5 The outage probability for decoding the signal x, with imperfect SIC and varried UAV number

e = (1= PO )Ry + (1= PO Ry,

For imperfect SIC at the user, the throughput at user D, is given by

ISIC
Tp,

_ _SIC OP
= (1=PESOVR o+ (1= PO YRy,

(36)

(37

Analysis

Fig.6 The outage probability for 10
decoding the signal x, at UAV,,
versus varried UAV number
=
Z PSR
E]
2
S
St
[-»
")
& TSR
S 102
=)
103
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. N o ' '
Fig. 7 .The outjclge probability for 10 o =0.2’ ©.=03, Analysis
decoding the signal x, at UAV 1 2 0 K= 1 simulation
versus varried UAV number 6=0.9, n=1, O K; 2 simulation
R1=1’ R2=0'5 % K= 3 simulation
E
=107 F E
2
]
=
©
=
A TSR
£
= 2
S 10 F 1
=)
PSR
109 | ; . ‘ )
5 10 15 20 25 30 35 40
SNR (dB)
Fig.8 The outage probability for 10

decoding the signal x; at UAV
versus varried UAV number

Outage Probability

Analysis
O K= 1 simulation
O K= 2 simulation
% K= 3 simulation

5 10 15 20 25 30 35 40
SNR (dB)

5 Simulation Results

In this section, we provide several results to illustrate the effects of the number of relays,
channel increasing level (distance or path-loss), and imperfect SIC for the RF energy
harvesting efficiency of NOMA systems. The parameters of the system are set as fol-
lows. Because D, is closer to the relaying node than D,, power allocation coefficients are
0, =0.2 and ®, = 0.8 for D, and D,, respectively. Bit rates are set R, = 1 (bpcu) and
R, = 0.5 (bpcu) for D, and D,, respectively.

The energy harvesting fraction in the BS-based TSR protocol is @ = 0.3. The channel
gains are Q; = Q; = 1and ©, = 2 and the energy conversion factoris n = 1.

Figures 4 and 5 show the comparison of the outage probability x; at D, and the average
SNR in cases of perfect and imperfect SIC and varied UAV numbers. The power alloca-
tion coefficients for decoding x,; and x, are ®, = 0.25, ®, = 0.75, respectively. It can be
observed from these figures that the outage probability decreases significantly as the UAV
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Fig.9 The outage probability for 10 T T
decoding the signal x, at UAV 6,=0.2, 6,=0.8,
versus varried UAV number B=0.6, =1,
R1=1, R2=0.5
2
=107 F
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£
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Fig. 10 The probability for decoding the signal x, at D, with the varied UAV number

number increases from 1 to 3 for perfect and imperfect SIC. Besides, the outage probability
for perfect SIC is considerably lower than that for imperfect SIC. It proves that the effi-
ciency of the system with perfect SIC is over the desired threshold level. In addition, the
outage probability for BS-based PSR is also lower than that for BS-based TSR.

Figures 6, 7, 8, 9 describe the outage probabilities for decoding the signals x, and x;
at the UAV, respectively. It is observed for both figures that the outage probability is low
more and more as the number of UAVs increases from 1 to 3. It is proved that when the
number of UAVs increases, the system is stable. Besides, the BS-based PSR has a lower
outage probability than the BS-based TSR.

Figures 10 and 11 plot the outage probability for decoding x, at D, with the varied UAV
number. In this figure, we use two PSR and TSR protocols corresponding with the varied
UAYV number. As shown in Figs. 10, 11, the outage probability is lower as the UAV number
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Fig. 11 The probability for 10° . . . T T T
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increases from 1 to 3. Furthermore, the outage probability for BS-based PSR is lower than
that for BS-based TSR. The reason is that the best UAV is chosen to provide the best chan-
nel from the source to relay so that a better decoding efficiency and a higher energy har-
vesting efficiency from the source in the first phase can be achieved. We can see that the
simulation results match the analytic results.

Figures 12 well as figure 13 plot the common throughput for two cases at UAV,, and
at two users D, and D,. The BS-based PSR achieves the highest throughput at UAV,
as compared to the throughput at the users. The throughput threshold value is 1.5. The
throughput at UAV,, for BS-based PSR protocol is higher than that for BS-based TSR.
On the contrary, the throughput at the users for BS-based PSR is lower than that for
BS-based TSR. Furthermore, from Fig. 13, we can also see that the throughput at the
users in cases of perfect SIC is much better than the throughput at the users in cases of
imperfect SIC.
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Fig. 13 The throughput of users
in cases of perfect and imperfect
SIC for BS-based PSR and BS-
based TSR protocols

Fig. 14 Comparison of outage
probability between this work
and [20]
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Figure 14 describes the comparison in terms of outage probability for Userl-exact
of NOMA scheme between our work and the work of [20]. The figure shows that the
protocols for our work obtain a lower outage probability than that for the work of [20]
in the SNR region of from 0 to 8 dB. In contrast, the protocols for our work obtain
a slightly higher outage probability than that for the work of [20] in the SNR region
of from 0 to 8 dB. It can be concluded that the higher the target rate, the higher the
dropped data. This can be explained that the quality of propagation path of the NOMA
downlink cooperative dual-hop relay system in [20] is better than our system model
with UAVs in cooperative relaying networks in the SNR region of from 0 to 8§ dB. In
general, the work in [20] achieves slightly better performance than in our work when
SNR increases (SNR > 8 dB).
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6 Conclusion

Two BS-based PSR and BS-based TSR protocols for the NOMA system have been pre-
sented in this paper. The closed-form expressions of the outage probability and through-
put for UAVs and users were derived. Particularly, the outage probabilities at cooperative
relaying user’s device, i.e., D, were also derived in closed-form expressions for perfect
and imperfect SIC. The simulation results show that the outage probability and throughput
for BS-based PSR protocol were superior to that for BS-based TSR protocol. The analytic
results matched the simulation results. For future work, we can develop the system using
multiple antennas at two users D, and D, to enhance the performance of the system.

Appendix 1
See Eq. (38), (39) are proof of Eq. (14). The proof is completed.

UAV,
Pt =Pr {Vz,UAvk < Y2 V1,0av, < Ythl}

0,Pssec|’ 2
=1-pr{ Z=wl&] S w0,P >
{WIGIPBSng|2+1 1> Y191 BS|gk| thl

=1-Pr {W1®2PBSA > 7rhz(‘l’1®1PBSA + 1),A > —tm }

V0, Ppg
=1-Pr {W1®2PBSA — Yo W1®1PpsA > Vo, A > ﬁ} (38)
=1—P{A Pps(©, = 7,,0,) > ,A>”¢}
YAy BS( 2~ V2 1) Yin2 Py
=1=P {A> Vi ,A> Yinl }
! W[PBs(ez—J/mz@l) V0, Py

=Pr {A > max ( Yin2 Vil ) }
WIPRS(@)z_}’x/,z@l) ’ V0, Py

: _ Y2 Yinl UAV, :
Given ¢ = max (w;PBs @78 7101 ) , Py, " can be rewritten by
P = 1-Pr{A> ¢} = 1-F,(o)

K (39)
=1-3 (—1)k—1<kK> exp <—§>

k=1 2
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Appendix 2

See Eq. (40) is proof of Eq. (25). The proof is completed

P3¢ = Pr [min (rioav71p,) < V]

XDy

@ Springer
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Appendix 3

See Eq. (41) is proof of Eq. (29). The proof is completed.
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Appendix 4

Similarly, Eq. (42) is proof of Eq. (31). The proof is completed.
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