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ABSTRACT In this article, an unmanned aerial vehicle (UAV)-aided non-orthogonal multiple
access (NOMA) network along with uplink (UL) and downlink (DL) transmissions is investigated. A group
of sources intend to communicate with a group of destinations over Nakagami-m fading channels. Decode-
and-Forward (DF) protocol is adopted at the relay (UAV plays the role of relay) while successive interference
cancellation (SIC) is required at destinations (receivers) for signal detection, e.g., imperfect SIC (ipSIC) and
perfect SIC (pSIC) are studied. The UAV relay benefits from the modes of full-duplex/half-duplex (FD/HD).
We then derive analytical expressions of outage probability as main metric. Simulations are conducted to
valid the analytical expressions. Moreover, the levels of the effectiveness of the FD mode and pSIC case are
demonstrated through analysis and simulation and then compared with those of their counterparts. Numerical
results are presented to validate the effectiveness of the proposed UAV-aided NOMA transmission strategies.

INDEX TERMS Full-duplex, non-orthogonal multiple access, unmanned aerial vehicle, outage probability,
throughput.

I. INTRODUCTION
In order to accommodate the explosive increase in data traffic
of mobile devices, various transmission protocols in wire-
less networks and mobile networking techniques have been
developed. Recently, technical evolution in the scope of mas-
sive connections has drawn great attention from the research
community and industry. In order to support the tremen-
dous demand for data traffic, a promising multiple access
technique, namely non-orthogonal multiple access (NOMA)
scheme. Such a technique benefits the mobile network-
ing techniques by enabling massive connections for 5G
mobile networks. The NOMA is known as exploiting the
power domain into a new dimension to distinguish different
users [1] and exhibits increased spectral efficiency over con-
ventional orthogonal multiple access (OMA) scheme, e.g.,
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TDMA/FDMA/CDMA schemes [3]. Unlike the well-known
water-filling scheme, the system relying on NOMA allocates
more power to users under weaker channel condition and
thus maintains user fairness [4]. As a result, the NOMA
system achieves larger total throughput and low latency of
both uplink and downlink as compared to the OMA scheme
[5], [6]. Such features of the NOMA make itself an attractive
option for 5G networks and a serious competitor to other
well-known schemes such as the orthogonal frequency divi-
sion multiple access (OFDMA) [8].

Following the principle of the NOMA scheme, a large
number of users can simultaneously access the same chan-
nel by employing superposition coding at the transmit-
ter and successive interference cancellation (SIC) at the
receiver. To exploit the benefit from spatial diversity, coop-
erative relaying has been explored. In general, relay net-
work where the transmitter and receiver are interconnected
by means of relay node has been introduced as an efficient
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way to extend the coverage and to overcome channel
fading and path loss. The relay network can be classi-
fied into non-regenerative network and regenerative net-
work. The relay of non-regenerative network operates in
non-regenerative mode and the amplify-and-forward (AF)
mode belongs to the non-regenerative mode. On the other
hand, the relay of regenerative network regenerates the
received signal by decoding followed by forwarding. The
decode-and-forward (DF) mode is known as a regenera-
tive mode, i.e. firstly decodes received signal and then
re-transmits decoded signal to the destination. Lately, various
works on the performance of cooperative relay network com-
bined with the NOMA scheme have appeared in the literature
[9]–[14]. Spatial multiplexing in cooperative relay network
combined with the NOMA is presented in [15] to improve
the spectral efficiency. To gain an insight into the successive
interference cancellation (SIC), a relay network relying on
NOMA has been studied in [16] and the important metrics
such as ergodic sum rate with two SIC scenarios has been
considered in [16].

A. RELATED WORK
The full-duplex (FD) communication mode in relay net-
works [17], [18] is important for future wireless networks.
By allowing simultaneous transmission and reception on the
same frequency channel, the FD communication mode can
enhance the spectral efficiency of wireless networks. How-
ever, because of self-interference, significant performance
degradation can incur and due to imperfect RF chain isolation
elimination of the signal leakage becomes challenging. The
concept of relay network applied to the NOMA scheme leads
to form cooperative NOMA scheme, where the near users
that are close to the base station (BS) and thus in better
channel conditions are used as relays to help the far users
in poor channel conditions. Due to spectral efficiency of the
FD communication mode and the flexibility in re-configuring
relay networks, the FD communication can be in-cooperated
with NOMA [19]. Recently, NOMA has been applied in the
air-to-ground (A2G) communication system to improve the
system performance [19]. For UAV-assisted mobile commu-
nication systems, UAV can serve as an aerial BS to offload
part of the traffic from a heavy-crowded multiple access
cellular network to improve the quality of service (QoS).
Moreover, UAV can act as a flying cellular-connected user
equipment (UE) such as cargo delivery applications or even
a mobile relay to transfer data between two widely-separated
end-points [20]. Regarding to multi-antenna UAV, a general
multiple input multiple output (MIMO) NOMA UAV-aided
network was proposed in [21]. They derived formula of the
sum rate and outage performance of UAV-assisted network.
Authors in [22] further considered the physical limitations
of the antenna array and introduce the beam scanning to
enhance the sum rate performance. In a cellular-connected
UAV network, the concurrent uplink is enabled for transmis-
sion between the aerial user equipment (AUE) and a terres-
trial user equipment (TUE) by implementing NOMA [23].

They considered the rate coverage probability which is known
as the probability that the achievable rate of both the AUE and
TUE exceeds the expected rates. In [24], NOMA multi-way
relaying networks are studied to allow multiple terrestrial
users exchange their mutual information via an AF-based
UAV relay. The authors derived the analytical expressions for
the achievable sum-rate. A model of dual-diversity receivers
on UAVs is applied in a NOMA-aided UAV system and
bivariate Rician shadowed fading channels are adopted [25].
Regarding promising applications of UAV, a UAV relay is
more efficient in an emergency circumstance due to providing
backhaul links to perform signals exchange. While a ground
relay in a disaster area is likely destroyed in a harsh environ-
ment. As an advantage, a UAV relay with its high altitude is
free from dangerous situations in the ground. Furthermore,
a higher UAV altitude provides a better LoS propagation
channel, which makes the AtG link benefit to current cellular
systems and enhance the channel performance. Therefore,
communication services are still be served in an emergency
situation by enabling a UAV serving as an aerial relay. In par-
ticular, the authors in [26]- [33] investigated promising appli-
cations related NOMA, UAV, vehicle to everything (V2X).
For example, [26] studied NOMA-enabled mobile relaying.
In their study, to serve as a mobile decode-and-forward (DF)
relay, a fixed-wing UAV flies in a circular trajectory to
guarantee a reliable link. In [31], the authors considered a
full duplex NOMA (FD-NOMA)-based decentralized V2X
system model and to meet the requirements of massively
connected devices, different quality of services (QoS).

B. MOTIVATION AND OUR CONTRIBUTIONS
In the foregoing scenarios of NOMA scheme, Rayleigh flat
fading channel model is typically considered for performance
evaluation. In our work, the performance of FD-NOMA
scheme over general wireless channels is represented by
exploiting Nakagami-m fading. It is pointed out that the
Gaussian channel is a special case of the Nakagami channel
with the fading parameter m = 1/2 and the Rayleigh fad-
ing channel is a particular case with the fading parameter
m = 1. Indeed, very few works studied the performance
of FD-NOMA scheme for UAV system over the Nakagami-
m fading channel. Although [26], [27] considered uplink
downlink NOMA-assisted UAV system, however it is neces-
sary to investigate the fundamental impact of communication
channel on the performance of UAV system over Nakagami-
m channel. Therefore, this article provides a general frame-
work to design uplink downlink NOMA-assisted UAV in
practice. This work also shows the relative performance of
the FD-NOMA scheme over the HD-NOMA scheme and a
comparison with result reported in [28] is further considered.

The main contributions of this article are as follows

• Different from [23]- [26], this study presents a FD
UAV for uplink-downlink (UL-DL) in the scenario of
NOMA (termed as FD UL-DL NOMA assisted UAV
system), wherein two sources are able to communicate
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FIGURE 1. System model of UL-DL UAV system relying on NOMA.

simultaneously with their corresponding destinations
via an FD-aided UAV over Nakagami-m fading chan-
nels. Unlike other published work dealing with the
FD-NOMA scheme over specific type of communica-
tion channel such as the Rayleigh fading channel, our
work provides generalized performance evaluation of
the FDUL-DLNOMA-assisted UAV system in the pres-
ence of Nakagami-m channels.

• The closed-form expressions of outage probability for
the HD-NOMA and FD-NOMA modes are derived.
Since they are formulated in terms of various system
parameters, the effect of each system parameter on the
outage probability can be numerically evaluated. For
instance, the effect of ipSIC on the outage probability
can be evaluated to how the system works in practice.
It is demonstrated in this work that the outage probability
of the system relying on FD-NOMAmode is lower than
that of HD-NOMA mode.

• It can be concluded by analysis and simulation that
the system relying on FD-NOMA scheme can achieve
optimal outage performance with specific power alloca-
tion factor, self-interference level, and the transmit SNR
at sources. Such optimal outage performance achieved
with selected values of system parameters provides the
guideline to design UAV system with highly efficient.

• The derivation of asymptotic outage probability also
provides an important evaluation to design such UAV
system. Compared with OMA-assisted UAV system,
the considered system exhibits more benefits and it
becomes prominent candidate to implement in practice.

• The comparison between our work with results reported
in [28] in terms of outage probabilities provides an
important insight on the behavior of these schemes
according to specific evaluation criteria. Although a few
work studied similar system model with our work, but
such comparison is necessary to evaluate benefits of the
considered UAV system.

The remainder of this article is structured as follows.
In Section II, the system model of the NOMA-assisted
UAV system is introduced and UL-DL mechanism between
two user pairs is mathematically described. In Section III,
the closed-form expressions of outage probability are derived
for the UAV system relying on HD-NOMA and FD-NOMA
schemes operating over Nakagami-m channels. In Section IV,
the systemmodel in HDmode and throughput performance in
delay limited transmission mode is established. In Section V,
we derive the approximated form of outage probability in
the considered system. Section VI gives simulation results
and corresponding performance analysis, followed by con-
clusions and future directions in Section VII.

II. SYSTEM MODEL
A. SYSTEM ARCHITECTURE
Consider a scenario where two sources transmit signals to
two different destinations via an intermediate UAV relay,
which is shown as Fig. 1. In this scenario, the UAV oper-
ates as a relay to assist a group of transmitters which are
distributed in one place intending to communicate with their
corresponding destinations distributed in another place.1 In
this case, poor channel conditions and/or physical obstruc-
tions are the main reasons for the lack of direct trans-
mission between sources and destinations. Considering an
ideal situation, a perfect Decode and Forward (DF) mode
is required to exactly decode the signal at the UAV. Now,
the question is: how can a common relay help in multiple
access for the UL and DL? To answer this difficult question,
the following system and channel models are proposed in this
study.

First, a DF scheme and FD mode are jointly deployed
at a UAV that performs the role of communication link
serving two source-destination pairs, as in Fig. 1. The first

1As previous work [26], [27], we limit of our consideration on the two
pairs of users. Similar analysis can be achieved for the case of high number
of users.
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group contains U1,U3 while U2,U4 belong to the sec-
ond group; these users employ the NOMA mechanism.
It should be noted that U1,U2 transmit their signals
simultaneously to the distant users, i.e. U3,U4, but each
dual-hop transmission corresponds to UL (first hop) and DL
(second hop).

In this scenario, the signal processing procedure occurs
in two hops of the relaying network corresponding the
two time slots. To handle uplink transmission for such a
NOMA-assisted UAV system, both source nodes U1,U2
simultaneously transmit signals x1, x2, respectively, in the
first hop; this is performed during the considered first time
slot. We denote h1, h2 as two channels that serve the uplink
NOMA. Transmission from the UAV to the destination in
the second hop is considered as downlink and these channels
are denoted by g1, g2. It is assumed these channel follow
the general Nakagami-m distribution [24]. In the FD sce-
nario, to represent residual self-interference, we denote f as
a self-interference channel among transmit/receive antenna
pairs equipped at the UAV. Regarding the ipSIC, interference
channels are denoted as kr , k2. In the first phase, the allo-
cated power factors are υ1P, υ2P so as to distinguish
power levels for the two symbols, i.e. x1, x2, correspond-
ing to separated services for the first phase; υ3PR, υ4PR
are re-assigned as allocated power for the two symbols in
the second transmission phase, where υ1, υ2, υ3, υ4 are the
power allocation coefficients (PACs); finally, P,PR in this
consideration are the total transmit power at the transmitters
and the relay, respectively. Concurrently, the superimposed
signal

√
PRυ3x1 +

√
PRυ4x2 is re-transmitted by the relay

to U3,U4. It is worth noting that such a UAV can operate
in FD mode which leads to processing delay with small
time epoch. The constraint of power allocation fractions in
NOMA are υ1 + υ2 = 1, υ3 + υ4 = 1 and their
assignments have significant impacts on system performance
[27]. Relying on NOMA, SIC is required at both UAV and
destination to detect remaining signals; the two cases need to
be considered carefully, i.e. ipSIC and pSIC. For positioning
of UAV and NOMA users, we consider three dimensional
Cartesian coordinates (x, y, z). First, we present the location
of the sources U1, U2 at U1

(
−xU1 , 0, 0

)
, U2

(
−xU2 , 0, 0

)
with respect to the origin. The locations of destinations U3,
U4 areU3

(
xU3 , 0, 0

)
,U4

(
xU4 , 0, 0

)
, respectively. The central

location of the circular trajectory of UAV (R) with radius
r and altitude h is at coordinates O′ (0, h, 0). Considering
8 as the angle of the circle of UAV location with respect
to the x-axis, we can readily represent the location of R at
R
(
r sin

(
π
2 −8

)
, h, cos

(
π
2 −8

))
.

Based on the analysis, we can achieve the Euclidean
distances from U1, U2 to R and from R to U3, U4, are given
respectively as dU1R =

√
r2 + h2 + x2U1

+ 2rxU1 sin
(
π
2 −8

)
,

dU2R =

√
r2 + h2 + x2U2

+ 2rxU2 sin
(
π
2 −8

)
, dRU3 =√

r2 + h2 + x2U3
− 2rxU3 sin

(
π
2 −8

)
, and dRU4 =√

r2 + h2 + x2U4
− 2rxU4 sin

(
π
2 −8

)
.

B. SIGNAL-TO-NOISE RATIO (SNR) CALCULATION
Wefirst consider FDmode for ULNOMA, x1 is first decoded
at the UAV relay to obtain a better channel condition. Then,
x1 is considered to be noise, and indicates poor channel
condition..2 The received signal at UAV relay can be given
as

yR = υ1
√
PSh1x1 + υ2

√
PSh2x2 + ηR, (1)

where ηR is AWGN noise term, σ 2
0 is assumed to be noise

variance for all noise terms.
Therefore, the signal to interference plus noise ratio (SINR)

to detect x1 at relay can be formulated similar to [25] and it
is given as

γR←1 =
υ1ρS |h1|2

υ2ρS |h2|2 + ρR|f |2 + 1
, (2)

where ρS
1
= P

/
σ 2
0 is the transmit signal to noise ratio (SNR)

of source. Similarly, in HD mode, the SINR is rewritten as

γHDR←1 =
υ1ρS |h1|2

υ2ρS |h2|2 + 1
, (3)

At the UAV, to detect signal x2, the operation of SIC is
required; it is then carried out at the UAV to help in detection.
In a pSIC situation, the SNR at the relay node to decode x2 is
determined in FD mode by

γ
pSIC
R←2 =

υ2ρS |h2|2

ρR|f |2 + 1
. (4)

In HD mode, the SNR is expressed by

γ
pSIC,HD
R←2 = υ2ρS |h2|2. (5)

When ipSIC occurs at the considered UAV system, these
expressions can be recomputed respectively as

γ
ipSIC
R←2 =

υ2ρS |h2|2

υ1ρS |kr |2 + ρR|f |2 + 1
, (6)

and

γ
ipSIC,HD
R←2 =

υ2ρS |h2|2

υ1ρS |kr |2 + 1
, (7)

where kr ∼ 0
(
mkr , βkr

)
is an interference term related to

ipSIC; ρR
1
= PR

/
σ 2
0 is the transmit SNR at the UAV.

The received signal at destinations U3 and U4 can be
expressed as follow

yUn = υ3
√
PRg1x1 + υ4

√
PRg2x2 + ηUn . (8)

Regarding the second hop transmission, the destination
intends to decode its own data and hence the SINR can be
achieved at destination U3 by

γU3 =
υ3ρR|g1|2

υ4ρR|g1|2 + 1
. (9)

2Similar as recent work, the synchronization technique to transmit x1, x2
from two sources is beyond the scope of our paper [27].
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However, signal of destination U3 is considered as noise
at destination U4 which intends to eliminate noise before
detecting its own signal; hence, SINR can be achieved at
destination U4 as

γU4←1 =
υ3ρR|g2|2

υ4ρR|g2|2 + 1
. (10)

Additionally, destination U4 can decode its information
after successful extraction of signal atU3 data and application
of SIC. Then, SNR and SINR at the second destination in the
two cases including pSIC and impSIC, are given respectively
as

γ
pSIC
U4
= υ4ρR|g2|2, (11)

and

γ
ipSIC
U4

=
υ4ρR|g2|2

υ3ρR|k2|2 + 1
. (12)

III. OUTAGE PERFORMANCE IN FULL-DUPLEX MODE
As an important metric, this section presents outage prob-
ability in a system containing links over an independent
Nakagami-m fading channel. To evaluate system perfor-
mance, our goal is to present outage behavior andmain results
in terms of analytical derivations. It should be mentioned that
the outage probability of an ipSIC is the worst case that can
be provided. In other words, the different scenarios in such
NOMA including HD, FD, pSIC and ipSIC are determined
carefully.

A. OUTAGE PROBABILITY OF THE FIRST USER PAIR
The considered system is one that classifies different users
with corresponding required quality of service (QoS). In this
case, γ 1

0 is assumed to be the predefined SINR thresholds of
destination U3.
Recalling that channel is denoted by |z|2. Since this channel

follows a Gamma distribution, we present the probability
density function (PDF) and the CDF of |z|2 respectively as

f
|z|2 (x) =

xmz−1

0 (mz) β
mz
z

exp
(
−
x
βz

)
, (13)

and

F
|z|2 (x) = 1−

1
0 (mz)

0

(
mz,

x
βz

)
= 1− exp

(
−
x
βz

) mz−1∑
n=0

xn

n!βnz
, (14)

where fZ (.) and FZ (.) represent the probability distribution
function (PDF) and the cumulative distribution function of
random variables (RVs), Z , respectively. The variable βz is
defined as βz

1
= λz

/
mz with λz and mz representing the mean

and integer fading factor. The symbol 0 (.) stands for the
gamma function.

The first user pair is evaluated according to the outage
probability. In this type of NOMA-assisted UAV system,
an outage event for the first user pair is explained as: i)

relay cannot decode x1 correctly; ii) information x1 cannot
be detected by U3. In particular, be denoting γ 1

0 = 2R1 − 1 is
required SINR threshold along with target rate R1, the exact
outage probability of the first user pair is given by

OPFD1 = Pr
(
γR←1 < γ 1

0 ∪ γU3 < γ 1
0

)
= 1− Pr

(
γR←1 ≥ γ

1
0 , γU3 ≥ γ

1
0

)
= 1−Pr

(
|h1|2≥

γ 1
0

υ1ρS

(
υ2ρS |h2|2+ρR|f |2+1

))

× Pr

(
|g1|2 ≥

γ 1
0(

υ3 − υ4γ
1
0

)
ρR

)
, (15)

where Pr (.) is the outage probability function.
We first introduce a proposition to calculate the outage

performance as follow
Proposition 1:The closed-form expression of first user pair

in terms of outage probability can be given by

OPFD1 = 1−Pr

(
|h1|2≥

γ 1
0

υ1ρS

(
υ2ρS |h2|2+ρR|f |2+1

))

×

(
1− F

|g1|2

(
γ 1
0(

υ3 − υ4γ
1
0

)
ρR

))

= 1− exp

(
−

γ 1
0

υ1ρSβh1

)

×

mh1−1∑
n=0

n∑
n1=0

n1∑
n2=0

(
n
n1

)(
n1
n2

)
1

n!βnh1

×

(
γ 1
0

υ1ρS

)n
(ρR)

n2(υ2ρS)
n1−n2

×
1

0
(
mf
)
β
mf
f

1

0
(
mh2

)
β
mh2
h2

×

(
γ 1
0 ρR

υ1ρSβh1
+

1
βf

)−(n2+mf )
0
(
n2 + mf

)
×

(
γ 1
0 υ2

υ1βh1
+

1
βh2

)−n1+n2−mh2
×0

(
n1 − n2 + mh2

)
× exp

(
−

γ 1
0(

υ3 − υ4γ
1
0

)
ρRβg1

)

×

mg1−1∑
n3=0

(
γ 1
0

)n3
n3!β

n3
g1
(
υ3 − υ4γ

1
0

)n3
ρ
n3
R

. (16)

Proof: See Appendix A.

B. OUTAGE PROBABILITY OF THE SECOND
USER PAIR WITH ipSIC
In this case, γ 2

0 is assumed to be the predefined SINR thresh-
olds of destination U4. In a similar way, the second user pair
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exhibits outage behavior, as follow

OPipSIC,FD2 = Pr

(
γR←1 < γ 1

0 ∪ γ
ipSIC
R←2 < γ 2

0
∪γU4←1 < γ 1

0 ∪ γ
ipSIC
U4

< γ 2
0

)
= 1− Pr

(
γR←1 ≥ γ

1
0 , γ

ipSIC
R←2 ≥ γ

2
0

)
︸ ︷︷ ︸

91

× Pr
(
γU4←1 ≥ γ

1
0 , γ

ipSIC
U4

≥ γ 2
0

)
︸ ︷︷ ︸

92

, (17)

where γ 2
0 = 2R2 − 1.

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

OPipSIC,FD2 = 1−91 ×92, (18)

in which 91, 92 are calculated as shown at the bottom of the
page, in (19) and (20) respectively.

Proof: See Appendix B.

C. OUTAGE PROBABILITY OF THE SECOND USER PAIR IN
pSIC CASE
In this section, we consider a NOMA-assisted UAV net-
work under the existence of pSIC. In principle, SIC or
multilevel decoding can be carried out at the receiver side

to extract superimposed messages transmitted from source
nodes. In this situation, SIC can be carried out for the same
user pair in both the uplink and downlink, and thus the
total system capacity can be maximized. Therefore, to ensure
optimal communications, it is reasonable to consider the
best-case scenario of SIC, in which the residual interference
is extremely small.

In such a case, the expressions of outage probability at
the second user pair can be rewritten as

OPpSIC,FD2 = Pr

(
γR←1 < γ 1

0 ∪ γ
pSIC
R←2 < γ 2

0
∪γU4←1 < γ 1

0 ∪ γ
pSIC
U4

< γ 2
0

)
= 1− Pr

(
γR←1 ≥ γ

1
0 , γ

pSIC
R←2 ≥ γ

2
0

)
︸ ︷︷ ︸

93

× Pr
(
γU4←1 ≥ γ

1
0 , γ

pSIC
U4
≥ γ 2

0

)
︸ ︷︷ ︸

94

. (21)

Next, we provide an extra proposition as below
Proposition 3:Regarding the outage probability, the expres-

sion of the second user pair in the pSIC case can be expressed
in closed-form by

OPpSIC,FD2 = 1−93 ×94, (22)

91 = exp

(
−

γ 1
0

υ1ρSβh1

) mh1−1∑
n=0

n∑
n1=0

n1∑
n2=0

(
n
n1

)(
n1
n2

)
1

n!βnh1

(
γ 1
0

υ1ρS

)n

× exp

(
−

υ2γ
1
0 γ

2
0

υ1υ2ρSβh1
−

γ 2
0

υ2ρSβh2
−

γ 1
0

υ1ρsβh1

)
ρR

n2(υ2ρS)
n1−n2

×
1

0
(
mh2

)
β
mh2
h2

(
γ 1
0 υ2

υ1βh1
+

1
βh2

)−n1+n2−mh2 (
n1 − n2 + mh2 − 1

)
!

×

n1−n2+mh2−1∑
n3=0

n3∑
n4=0

(
n3
n4

)(
n4
n5

)
1
n3!

(
υ2γ

1
0 γ

2
0

υ1υ2ρSβh1
+

γ 2
0

υ2ρSβh2

)n3
×0

(
n2 + n4 − n5 + mf

)
0
(
n5 + mkr

)
ρR

n4−n5υ1
n5ρS

n5

×
1

0
(
mf
)
β
mf
f

(
γ 1
0 ρR

υ1ρSβh1
+

(
γ 1
0 υ2

υ1βh1
+

1
βh2

)
γ 2
0 ρR

υ2ρS
+

1
βf

)−(n2+n4−n5+mf )

×
1

0
(
mkr

)
β
mkr
kr

((
γ 1
0 υ2

υ1βh1
+

1
βh2

)
γ 2
0 υ1

υ2
+

1
βkr

)−(n5+mkr )
, (19)

92 = exp

(
−

γ 2
0

υ4ρRβg2

) mg2−1∑
n6=0

n6∑
n7=0

(
n6
n7

)
1

n6!β
n6
g2

(
γ 2
0

υ4ρR

)n6
υ
n7
3 ρ

n7
R

×
1

0
(
mk2

)
β
mk2
k2

(
γ 2
0 υ3

υ4βg2
+

1
βk2

)−(n7+mk2 )
0

(
n7 + mk2 ,

γ 2
0 υ3ϑ2

υ4βg2
+
ϑ2

βk2

)

+
1

0
(
mg2

)0(mg2 , γ 1
0(

υ3 − γ
1
0 υ4

)
ρRβg2

)
×

(
1−

1

0
(
mk2

)0 (mk2 , ϑ2βk2
))

(20)
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in which,

93 = e
−

γ 10
υ1ρSβh1

−

(
γ 10 υ2
υ1βh1

+
1
βh2

)
γ 20
υ2ρS

×

mh1−1∑
n=0

n∑
n1=0

n1∑
n2=0

(
n
n1

)(
n1
n2

)
1

n!βnh1

(
γ 1
0

υ1ρS

)n
× ρ

n2
R (υ2ρS)

n1−n2
(
n1 − n2 + mh2 − 1

)
×

1

0
(
mh2

)
β
mh2
h2

(
γ 1
0 υ2

υ1βh1
+

1
βh2

)−n1+n2−mh2

×

n1−n2+mh2−1∑
n3=0

n3∑
n4=0

(
n3
n4

)
1
n3!

×

((
γ 1
0 υ2

υ1βh1
+

1
βh2

)
γ 2
0

υ2ρS

)n3
×

ρ
n4
R

0
(
mf
)
β
mf
f

0
(
n2 + n4 + mf

)
×

(
γ 1
0 ρR

υ1ρsβh1
+
γ 1
0 γ

2
0 ρr

υ1ρs
+

γ 2
0 ρR

βh2υ2ρS
+

1
βf

)−n2−n4−mf
(23)

and

94=
1

0
(
mg2
)0(mg2 , 1

βg2
max

(
γ 1
0(

υ3 − γ
1
0 υ4

)
ρR
,
γ 2
0

υ4ρR

))
(24)

Proof: See Appendix C.

IV. OUTAGE PERFORMANCE IN HALF-DUPLEX MODE
AND THROUGHPUT CONSIDERATION
In this section, to enable comparison to the counterpart,
HD mode is deployed in our proposed system. Without
self-interference due to parallel operation of the dual-antenna
at the relay, receivers are required to have lighter signal
processing, and hence performance of HD mode still needs
to be considered in terms of outage probability. Considering
further metrics, throughput performance can be evaluated in
two modes, i.e. FD and HD.

A. OUTAGE PERFORMANCE IN HALF-DUPLEX MODE
In this scenario, to examine the first main metric, we consider
the outage probability. In particular, outage performance of
the first user pair is expressed in HD mode by

OPHD1 = Pr
(
γHDR←1 < γ 1

0,HD ∪ γU3 < γ 1
0,HD

)
= 1− Pr

(
γHDR←1 ≥ γ

1
0,HD, γU3 ≥ γ

1
0,HD

)
= 1− Pr

(
υ1ρS |h1|2

υ2ρS |h2|2 + 1
≥ γ 1

0,HD

)

× Pr

(
υ3ρr |g1|2

υ4ρR|g1|2 + 1
≥ γ 1

0,HD

)
, (25)

where γ 1
0,HD = 22R1 − 1.

After several manipulations, the following proposition can
be introduced.
Proposition 4: In HD mode, the outage probability for the

first user pair can be formulated in closed-form as

OPHD1 = 1− e
−

γ 10,HD
υ1ρSβh1

−
γ 10,HD(

υ3−υ4γ
1
0,HD

)
ρRβg1

×

mh1−1∑
n=0

n∑
n1=0

(
n
n1

)
1
n!

(
γ 1
0,HD

υ1ρSβh1

)n
× υ

n1
2 ρ

n1
S 0

(
n1 + mh2

)
×

1

0
(
mh2

)
β
mh2
h2

(
γ 1
0,HDυ2

υ1βh1
+

1
βh2

)−n1−mh2

×

mg1−1∑
n2=0

1
n2!

 γ 1
0,HD(

υ3 − υ4γ
1
0,HD

)
βg1ρR

n2

.

(26)

Proof: See Appendix D.
In case of ipSIC, outage probability can be expressed for

the second user pair as

OPipSIC,HD2 = Pr

(
γHDR←1 < γ 1

0,HD ∪ γ
ipSIC,HD
R←2 < γ 2

0,HD

∪γU4←1 < γ 1
0,HD ∪ γ

ipSIC
U4

< γ 2
0,HD

)
= 1− Pr

(
γHDR←1 ≥ γ

1
0,HD, γ

ipSIC,HD
R←2 ≥ γ 2

0,HD

)
︸ ︷︷ ︸

95

× Pr
(
γU4←1 ≥ γ

1
0,HD, γ

ipSIC
U4

≥ γ 2
0,HD

)
︸ ︷︷ ︸

96

,

(27)

where γ 2
0,HD = 22R2 − 1.

Therefore, the outage calculation motivates us to introduce
the following proposition.
Proposition 5: In terms of the ipSIC case in HD mode,

the outage probability for the second user pair can be exactly
computed as

OPipSIC,HD2 = 1−95 ×96, (28)

in which,

95 = e
−

γ 10,HD
υ1ρSβh1

−
ϑ1γ

2
0,HD

υ2ρS

×

mh1−1∑
n=0

n∑
n1=0

(
n
n1

)
υ
n1
2

n!ρn−n1S

(
γ 1
0,HD

υ1βh1

)n

×
0 (τ2) ϑ1

−τ2

0
(
mh2

)
β
mh2
h2

τ2−1∑
n2=0

n2∑
n3=0

(
n2
n3

)
1
n2!

×

(
ϑ1γ

2
0,HD

υ2ρS

)n2
υ
n3
1 ρ

n3
S 0

(
n3 + mkr

)
×

1

0
(
mkr

)
β
mkr
kr

(
υ1ϑ1γ

2
0,HD

υ2
+

1
βkr

)−n3−mkr
(29)
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and

96 = e
−

γ 20,HD
υ4ρRβg2

mg2−1∑
n6=0

n6∑
n7=0

(
n6
n7

)
1

n6!β
n6
g2

× υ
n7
3 ρ

n7
R

(
γ 2
0,HD

υ4ρR

)n6

×
1

0
(
mk2

)
β
mk2
k2

(
γ 2
0,HDυ3

υ4βg2
+

1
βk2

)−n7−mk2
×0

(
n7 + mk2 ,

(
γ 2
0,HDυ3

υ4βg2
+

1
βk2

)
ϑ2

)

+
1

0
(
mg2

)0
mg2 , γ 1

0,HD(
υ3 − γ

1
0,HDυ4

)
ρRβg2


×

(
1−

1

0
(
mk2

)0 (mk2 , ϑ2βk2
))

(30)

Proof: See Appendix E.
In a similar way, the outage probability for the second user

pair under the ipSIC case can be obtained as follow.
Proposition 6: In HDmode and ipSIC case, the second user

pair can be computed in term of outage behavior exactly as

OPpSIC,HD2 = Pr

(
γHDR←1 < γ 1

0,HD ∪ γ
pSIC,HD
R←2 < γ 2

0,HD

∪γU4←1 < γ 1
0,HD ∪ γ

pSIC
U4

< γ 2
0,HD

)
= 1− Pr

(
γHDR←1 ≥ γ

1
0,HD, γ

pSIC,HD
R←2 ≥ γ 2

0,HD

)
︸ ︷︷ ︸

97

× Pr
(
γU4←1 ≥ γ

1
0,HD, γ

pSIC
U4
≥ γ 2

0,HD

)
︸ ︷︷ ︸

98

,

(31)

where

97 = e
−

γ 10,HD
υ1ρSβh1

mh1−1∑
n=0

n∑
n1=0

(
n
n1

)
υ
n1
2 ρ

n1
S

n!βnh1

(
γ 1
0,HD

υ1ρS

)n

×
1

0
(
mh2

)
β
mh2
h2

(
γ 1
0,HDυ2

υ1βh1
+

1
βh2

)−n1−mh2
×0

(
n1 + mh2 ,

(
γ 1
0,HDυ2

υ1βh1
+

1
βh2

)
γ 2
0,HD

υ2ρS

)
, (32)

and

98 =
1

0
(
mg2
)0

mg2 ,

1
βg2

×max

 γ 1
0,HD(

υ3−γ
1
0,HDυ4

)
ρR

,
γ 2
0,HD

υ4ρR


 .
(33)

Similarly, the implicit outage derivation in this proposition
can be obtained as for the previously computed position. Due
to the simplicity of the analysis, we do not present it here.

B. THROUGHPUT PERFORMANCE IN IN DELAY-LIMITED
TRANSMISSION
In this scenario, we consider the throughput in delay-limited
transmission for FD and HD NOMA, respectively. In the first
scenario related to FD, the throughput of the first user pair
corresponding the fixed bit rate R1 can be computed by

AFD1 =
(
1− OPFD1

)
× R1. (34)

Similarly, the throughput of the second user pair corre-
sponding to fixed bit rate R2 in case of ipSIC will become

AipSIC,FD2 =

(
1− OPipSIC,FD2

)
× R2. (35)

The sum of the throughput of the system in the case of ipSIC
can be computed by

AipSIC,FDsum =

(
1− OPFD1

)
× R1 +

(
1− OPipSIC,FD2

)
× R2.

(36)

In addition, the throughput of the second user pair corre-
sponding to fixed bit rate R2 in the case of pSIC is given by

ApSIC,FD2 =

(
1− OPpSIC,FD2

)
× R2. (37)

The sum of the throughput of the system in the case of pSIC
at FD mode can be computed by

ApSIC,FDsum =

(
1− OPFD1

)
× R1 +

(
1− OPpSIC,FD2

)
× R2.

(38)

In HD mode, throughput performance can be obtained in
three cases, as follows

AHD1 =

(
1− OPHD1

)
× R1, (39)

AipSIC,HD2 =

(
1− OPipSIC,HD2

)
× R2. (40)

In the case of ipSIC, the sum throughput of the system can be
formulated as

AipSIC,HDsum =

(
1−OPHD1

)
×R1+

(
1−OPipSIC,HD2

)
× R2,

(41)

and

ApSIC,HD2 =

(
1− OPpSIC,HD2

)
× R2. (42)

In HD mode, the sum throughput of the system in the case of
pSIC can be obtained as

ApSIC,HDsum =

(
1− OPHD1

)
× R1 +

(
1− OPpSIC,HD2

)
× R2.

(43)

V. APPROXIMATION ANALYSIS
Based on the analytical results in (16), (18), (22), (26), (28)
and (31), when ρ →∞, the asymptotic outage probabilities
of the first and second user pairs for ipSIC/pSIC with e−x ≈
1− x are given as (44)–(47), shown at the bottom of the next
page, (48) and (49), as shown at the bottom of the page 10.

In this section, we denote τ2
1
= n + mh2 , 4 =

υ1γ
2
0

υ2

(
γ 10 υ2
υ1βh1

+
1
βh2

)
+

1
βkr

.
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VI. NUMERICAL AND SIMULATION RESULTS
Simulations are accomplished for system performance
evaluation in MATLAB to obtain impacts of param-
eters on FD UL-DL NOMA-assisted UAV system.

We provide both analytical and simulation results. The
simulation parameters, unless otherwise specified, are

βh1 =
(
dU1R

)−α
, βh2 =

(
dU2R

)−α
, βg1 =

(
dRU3

)−α
,

OPFD1,asym = 1− Pr

(
|h1|2 ≥

γ 1
0

υ1

(
υ2|h2|2 + |f |2

))(
1− F

|g1|2

(
1

υ3 − υ4γ
1
0

))

=

mh1−1∑
n=0

n∑
n1=0

(
n
n1

) mg1−1∑
n2=0

υ2
n−n1

n!βnh1

0
(
n1 + mf

)
0
(
n− n1 + mh2

)
0
(
mf
)
0
(
mh2

)
β
mf
f β

mh2
h2

×

(
γ 1
0

υ1

)n(
γ 1
0

υ1βh1
+

1
βf

)−n1−mf (
γ 1
0 υ2

υ1βh1
+

1
βh2

)−n+n1−mh2
×

1
n2!β

n2
g1

(
1−

1(
υ3 − υ4γ

1
0

)
βg1

)(
1

υ3 − υ4γ
1
0

)n2
, (44)

OPipSIC,FD2,asym = 1−

mh1−1∑
n=0

n∑
n1=0

(
n
n1

) τ1−1∑
n2=0

n2∑
n3=0

(
n2
n3

)
υ
n−n1
2

n!βnh1

(
γ 1
0

υ1

)n

×
υ1

n3

n2!

(
ϑ1γ

2
0

υ2

)n2 (
n− n1 + mh2 − 1

)
!ϑ1
−τ1

0
(
mh2

)
β
mh2
h2
0
(
mkr

)
0
(
mf
)
β
mkr
kr β

mf
f

×

(
ϑ1γ

2
0

υ2
+

γ 1
0

υ1βh1
+

1
βf

)−n2+n3−n1−mf (
1
βkr
+
ϑ1γ

2
0 υ1

υ2

)−n3−mkr
×
(
n2 − n3 + n1 + mf − 1

)
!
(
n3 + mkr − 1

)
!

×

(1− 1(
υ3 − υ4γ

1
0

)
βg2

) mg2−1∑
n4=0

1
n4!β

n4
g2

(
1

υ3 − υ4γ
1
0

)n4

×

(
1−

1

0
(
mk2

)0(mk2 , υ4

γ 1
0 υ3βk2

(
υ3 − γ

1
0 υ4

)))

+

mg2−1∑
n5=0

1

n5!β
n5
g2

(
γ 1
0 υ3

υ4

)n5(
γ 1
0 υ3

υ4βg2

)−n5−1
0

(
n5 + 1,

1

βg2
(
υ3 − γ

1
0 υ4

))
 , (45)

OPpSIC,FD2,asym = 1−

mh1−1∑
n=0

n∑
n1=0

(
n
n1

) τ1−1∑
n2=0

n2∑
n3=0

(
n2
n3

) mg2−1∑
n4=0

υ
n−n1
2

n!n2!βnh1

(
γ 1
0

υ1

)n(
ϑ1γ

2
0

υ2

)n2

×
ϑ1
−τ1

(
n− n1 + mh2 − 1

)
!0
(
n1 + n3 + mf

)
0
(
mf
)
0
(
mh2

)
β
mf
f β

mh2
h2

(
γ 1
0

υ1βh1
+

1
βf
+
ϑ1γ

2
0

υ2

)−n1−n3−mf

×
1

n4!β
n4
g2

(
1−

1(
υ3 − υ4γ

1
0

)
βg2

)(
1

υ3 − υ4γ
1
0

)n4
, (46)

OPHD1,asym = 1− Pr

(
|h1|2 ≥

υ2γ
1
0

υ1
|h2|2

)(
1− F

|g1|2

(
1

υ3 − υ4γ
1
0

))

=

mh1−1∑
n=0

mg1−1∑
n1=0

0
(
n+ mh2

)
n!n1!0

(
mh2

)
βnh1β

n1
g1 β

mh2
h2

(
υ2γ

1
0

υ1

)n

×

(
1−

1(
υ3 − υ4γ

1
0

)
βg1

)(
1

υ3 − υ4γ
1
0

)n1(
γ 1
0 υ2

υ1βh1
+

1
βh2

)−n−mh2
(47)
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FIGURE 2. Outage probability comparison of first and second user pairs
related to FD-NOMA /HD-NOMA, and impact of ipSIC /pSIC.

βg2 =
(
dRU4

)−α
, βkr = κβh1 , βk2 = κβg2 with κ = 0.003;

xU1 = 2, xU2 = 5, xU3 = 5, xU4 = 2; r = 0.5; 8 = π ;
h = 1; path loss exponent α = 0.5. For the sake of
comparison, simulation results of HD-NOMA and HD-OMA
are also presented. The proportional fairness criteria [29],
i.e., equal transmission power (P1 = P2 = 0.5) and equal
bandwidth (βw = 0.5) allocated to each user, are considered
for HD-OMA. The strict match curves between the analytical
and simulation results confirms the correctness of the authors
analysis presented here. For the sake of comparison, simu-
lation results of HD-NOMA scenarios is also presented as a
benchmark. Some related parameters are provided in Table 1.

In Fig. 2, outage performance comparison between HD-
NOMA and FD-NOMA is presented under ipSIC/pSIC with

FIGURE 3. Comparison of outage probability of first user pair between
cooperative FD-NOMA /HD-NOMA with different values of m.

Nakagami-m fading parameter setm = 2. In this figure, it can
be seen that FD-NOMA has significantly better outage per-
formance than that of HD-NOMA, for each case. From this
illustration, it can also be observed that outage performance
of these cases decreases linearly in the low-to-moderate SNR
regime, but saturates in the high SNR regime. Interference
exists due to the mode of ipSIC, which is the main reason
for the occurrence of the performance gap between pSIC and
ipSIC in each mode (i.e. HD and FD).

Fig. 3 shows the performance of outage probability of
NOMA for the first user pair in a comparison of FD and HD
modes under two different fading parameters: m = 1,m = 3.
It can be observed that the larger the fading parameters are,

OPipSIC,HD2,asym = 1−

mh1−1∑
n=0

τ2−1∑
n1=0

(
n+ mh2 − 1

)
!
(
n1 + mkr − 1

)
!4−n1−mkr

n!n1!0
(
mh2

)
0
(
mkr

)
β
mkr
kr βnh1β

mh2
h2

×

(
υ2γ

1
0

υ1

)n(
υ1γ

2
0

υ2

)n1(
γ 1
0 υ2

υ1βh1
+

1
βh2

)−n−mh2+n1

×

(1− 1(
υ3 − υ4γ

1
0

)
βg2

) mg2−1∑
n2=0

1
n2!β

n2
g2

(
1

υ3 − υ4γ
1
0

)n2

×

(
1−

1

0
(
mk2

)0(mk2 , υ4

γ 1
0 υ3βk2

(
υ3 − γ

1
0 υ4

)))

+

mg2−1∑
n3=0

1

n3!β
n3
g2

(
γ 1
0 υ3

υ4

)n3(
γ 1
0 υ3

υ4βg2

)−n3−1
0

(
n3 + 1,

1

βg2
(
υ3 − γ

1
0 υ4

))
 , (48)

OPpSIC,HD2,asym = 1−

mh1−1∑
n=0

(
υ2γ

1
0 /υ1

)n
0
(
n+ mh2 , 41

)
n!0

(
mh2

)
βnh1β

mh2
h2

(
υ2γ

1
0

υ1βh1
+

1
βh2

)−n−mh2

×

(
1−

1(
υ3 − υ4γ

1
0

)
βg2

) mg2−1∑
n1=0

1
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(
1

υ3 − υ4γ
1
0

)n1
(49)
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TABLE 1. All parameters in the related simulations.

the better outage performance NOMA exhibits. The main
reason for this is that a larger fading parameter leads to a
higher diversity order for the user, and hence a lower out-
age probability. Specially, these Nakagami channels become
Rayleigh fading when m = 1; this situation is known as
the worst outage performance. In the case of the second
user pair, a similar observation can be obtained, as shown
in Fig. 4. In this scenario, the pSIC case outperforms the
ipSIC case. The lower performance is the resulted of the exis-
tence of residual self-interference due to ipSIC. Intuitively,
the increase of fading parameters m dramatically decreases
the concerned probabilities. It can be explained that the exis-
tence of line of sight (LoS) for a user with higher channel gain
can dramatically decrease the outage probability.

FIGURE 4. Comparison of outage probability of second user pair in
FD-NOMA /HD-NOMA under impact of ipSIC and pSIC with different
values of m.

Fig. 5 shows that outage performance will be worse at high
levels of interference due to the ipSIC case under the different
given SNRs. It can be seen that higher SNR brings lower
outage performance. In these curves, FD performance is still
better than in the HD case. At approximately κ = −5 (dB),
the considered NOMA system stops its transmission, what
is important to maintain a small enough level of interfer-
ence related SIC. The main reason for this is that higher κ
causes increased interference in the denominator value of the

FIGURE 5. Outage probability comparison of second user pair between
cooperative FD-NOMA /HD-NOMA under impact of two values of κ .

expression to calculate SINR, which situation leads to outage
behavior.

Fig. 6 shows the outage probability of two user pairs
at different transmit SNRs with respect to how strong the
self-interference channel is. This self-interference channel
is strong due to FD mode, and so outage performance will

FIGURE 6. Outage probability comparison of two cases of FD-NOMA
under impact of ipSIC/pSIC different values of βf .
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FIGURE 7. Throughput performance analysis.

be worse. It can be seen that when βf is in a low range,
i.e. -40 (dB) to -25 (dB), stable outage level is maintained.

Fig. 7 illustrates throughput versus transmit SNR ρ. It can
be clearly seen that NOMA with pSIC in FD mode exhibits
the highest performance. The first user pair achieves through-
put performance lower than that of the second user pair when
SIC is employed. Themain reason is that different power allo-
cation factors result in throughput performance gaps. In this
case, FD mode is better than HD mode in all related cases.
In a high SNR regime, high SNR contributes to throughput
behavior more strongly than do the remaining parameters, i.e.
parameters that belong to imperfect/pSIC, and hence the same
throughput value can occur at very high SNR.

Fig. 8 shows impacts of target rate R2 on outage perfor-
mance in several situations of HD/FD and ipSIC/pSIC. The
interesting point is that higher target rate leads to worse out-
age performance. According to this observation, our system
meets an outage event at R2 = 4(bps/Hz) except for NOMA
with ipSIC in FD mode. For an overall evaluation of the
two target rates, i.e. R1,R2, we further simulate the outage
performance, with results shown in Fig. VI. It can be shown

FIGURE 8. Outage probability comparison of second user pair in
FD-NOMA/HD-NOMA under impact of ipSIC and pSIC with different of R2.

FIGURE 9. Outage probability comparison of second user pair in
FD-NOMA/HD-NOMA under impact of ipSIC and pSIC with different data
rates of R1 and R2.

FIGURE 10. Sum throughput of system in FD-NOMA/HD-NOMA under
impact of ipSIC and pSIC.

FIGURE 11. Outage probability comparison of second user pair in NOMA
with OMA.

that the best outage performance occurs when the lowest data
rates are employed.

Fig. 10 provides further information on sum throughput of
FD-NOMA and HD-NOMA. It can be seen clearly that the
pSIC case exhibits higher throughput at high ρ. This situation
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FIGURE 12. Comparison of asymptotic outage probability of the first user
pair between cooperative FD-NOMA /HD-NOMA.

FIGURE 13. Comparison of outage probability of two user pairs between
cooperative FD-NOMA /HD-NOMA under impact of ipSIC with result
reported in [28].

FIGURE 14. Comparison of outage probability of two user pairs between
cooperative FD-NOMA /HD-NOMA (pSIC) with result reported in [28].

matches previous simulation results. Fig. 11 confirms that
outage performance in the OMA case is better than that of
NOMA. The main reason for this is that the power splitting

factor allocated to the two NOMA signals results in worse
outage behavior in the case of NOMA. Other trends can be
seen to be similar to those of previous experiments. Fig. 12
show the lower bound of outage performance for every con-
sidered case.

In Fig. 13, we compare our results with the work [28] in the
case of ipSIC. It is necessary to change our previous param-
eters to consistent with that in [28]. In particular, the outage
performance of the first user pair with both FD andHDmodes
in our paper is better than that in [28] in entire range of ρ.
While considering the second user pair with FD mode in our
result only outperforms that that in [28] at the range of ρ
from 0 to 23 dB. Similar trend of the second user pair can
be seen clearly in HD mode, but our result exhibits better
performance at the range of ρ from 0 to 30 dB. In Fig. 14,
similar comparison can be achieved for our paper and the
work in [28] in the case of pSIC.

VII. CONCLUSION
In this investigation, a novel NOMA-based uplink/downlink
UAV system has been suggested that considers impacts of
main factors such as different fading parameters of the
Nakagami-m channel. Specifically, by employing FD at the
UAV and SIC technique at the receivers, system benefits
from the ability of the UAV as a relay to serve two user
pairs simultaneously, without requirement of extra band-
width. On the other hand, the limitation of self-interference
due to FD mode provides reasonable outage and throughput
performance. These metrics lead to improve data transmis-
sion efficiency. This is certainly an important achievement
in that we have analyzed the performance of the considered
system serving two pairs of users and derived closed-form
expressions for the outage probability of each user pair. The
theoretical derivations were confirmed and are in strict agree-
ment with the simulation results. Our future concern will be
enhancement design of NOMA-assisted UAV system to serve
multiple pairs of users.

APPENDIX A
PROOF OF PROPOSITION 1
By implementing order statistics of separated components,
OPFD1 can be obtained

OPFD1 =1−

(
1−F

|h1|2

(
γ 1
0

υ1ρs

(
υ2ρS |h2|2+ρR|f |2+1

)))
︸ ︷︷ ︸

$1

×

(
1− F

|g1|2

(
γ 1
0(

υ3 − υ4γ
1
0

)
ρR

))
︸ ︷︷ ︸

$2

. (A.1)

To address final outage event, we computed these outage
expressions as follows

$1 = 1− F
|h1|2

(
γ 1
0

υ1ρS

(
υ2ρs|h2|2 + ρR|f |2 + 1

))
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=

∞∫
0

$1 (x, y) fy (y) dy

∞∫
0

fx (x) dx. (A.2)

After the implementation of the calculation, we have

$1 (x, y) = e
−

γ 10
υ1ρsβh1

mh1−1∑
n=0

n∑
n1=0

n1∑
n2=0

(
n
n1

)(
n1
n2

)

×
1

n!βnh1

(
γ 1
0

υ1ρS

)n
ρR

n2(υ2ρs)
n1−n2

× e
−

γ 10 ρr x
υ1ρSβh1 xn2e

−
γ 10 υ2y
υ1βh1 yn1−n2 . (A.3)

To further computation, we have

$1 = e
−

γ 10
υ1ρSβh1

mh1−1∑
n=0

n∑
n1=0

n1∑
n2=0

(
n
n1

)(
n1
n2

)

×
1

n!βnh1

(
γ 1
0

υ1ρS

)n
(ρR)

n2(υ2ρS)
n1−n2

×

∞∫
0

e
−
γ 10 υ2y
υ1βh1 yn1−n2 f

|h2|2
(y)dy

×

∞∫
0

e
−

γ 10 ρRx
υ1ρSβh1 xn2 f

|f |2 (x)dx

= e
−

γ 10
υ1ρSβh1

mh1−1∑
n=0

n∑
n1=0

n1∑
n2=0

(
n
n1

)(
n1
n2

)
1

n!βnh1

×

(
γ 1
0

υ1ρS

)n
1

0
(
mf
)
β
mf
f

(
γ 1
0 ρR

υ1ρSβh1
+

1
βf

)−n2−mf
×0

(
n2 + mf

)
0
(
n1 − n2 + mh2

)
ρr

n2(υ2ρS)
n1−n2

×
1

0
(
mh2

)
β
mh2
h2

(
γ 1
0 υ2

υ1βh1
+

1
βh2

)−n1+n2−mh2
, (A.4)

and

$2 = 1− F
|g1|2

(
γ 1
0(

υ3 − υ4γ
1
0

)
ρR

)

=

mg1−1∑
n3=0

e
−

γ 10
(υ3−υ4γ 10 )ρRβg1

n3!β
n3
g1

(
γ 1
0(

υ3 − υ4γ
1
0

)
ρR

)n3
. (A.5)

Plugging above values of (A.4) and (A.5) into (A.1) we
obtain the final formula.

This is end of proof.

APPENDIX B
PROOF OF PROPOSITION 2
After simple manipulations, we have following equation as

91 = Pr
(
γR←1 ≥ γ

1
0 , γ

ipSIC
R←2 ≥ γ

2
0

)

= Pr


υ1ρS |h1|2

υ2ρS |h2|2 + ρR|f |2 + 1
≥ γ 1

0 ,

υ2ρS |h2|2

υ1ρS |kr |2 + ρR|f |2 + 1
≥ γ 2

0

 . (B.1)

After placing the following variables x = |f |2, y = |h2|2, z =
|kr |2 and performing calculations, we have

91 =

∞∫
γ 20
υ2ρS

(υ1ρS z+ρRx+1)

�1 (x, y) fy (y) dy

×

∞∫
0

fx (x) dx

∞∫
0

fz (z) dz, (B.2)

with

�1 (x, y) = 1− F
|h1|2

(
γ 1
0

υ1ρS
(υ2ρSy+ ρRx + 1)

)

= e
−
γ 10 (υ2ρS y+ρRx+1)

υ1ρsβh1

×

mh1−1∑
n=0

n∑
n1=0

n1∑
n2=0

(
n
n1

)(
n1
n2

)

×

(
γ 1
0

υ1

)n
ρ
n2
R υ

n1−n2
2

n!βnh1ρ
n−n1+n2
S

xn2yn1−n2 . (B.3)

It is noted that the last step can be achieved by using trinomial
expansion [ [34], eq. (1.111)]. Plugging (B.3) in (B.2), after
some manipulatons with the help of [ [34], eq. (3.381.3),
eq. (3.381.4) and eq. (8.352.2)], we have

91 =

mh1−1∑
n=0

n∑
n1=0

n1∑
n2=0

(
n
n1

)(
n1
n2

)

×
ρ
n2
R υ

n1−n2
2 e

−
γ 10

υ1ρSβh1

n!βnh1ρ
n−n1+n2
S

(
γ 1
0

υ1ρS

)n

×

∞∫
0

�2 (x, z) e
−x
(

γ 10 ρR
υ1ρSβh1

+
1
βf

)
xn2+mf−1dx

×
1

0
(
mkr

)
0
(
mf
)
β
mkr
kr β

mf
f

∞∫
0

zmkr−1e
−

z
βkr dz,

(B.4)

with

�2 (x, z) =

∞∫
γ 20
υ2ρS

(υ1ρS z+ρRx+1)

e
−
γ 10 υ2y
υ1βh1 yn1−n2 fy (y) dy

=
0 (τ1) ϑ1

−τ1

0
(
mh2

)
β
mh2
h2

e−
ϑ1γ

2
0

υ2ρs
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×

τ1−1∑
n3=0

n3∑
n4=0

n4∑
n5=0

(
n3
n4

)(
n4
n5

)
1
n3!

× ρR
n4−n5υ1

n5ρS
n5

(
ϑ1γ

2
0

υ2ρS

)n3
× e−

ϑ1γ
2
0 ρRx

υ2ρS xn4−n5e−
ϑ1γ

2
0 υ1z
υ2 zn5 , (B.5)

where τ1
1
= n1 − n2 + mh2 and ϑ1

1
=

γ 10 υ2
υ1βh1

+
1
βh2

.
Finally, replacing (B.5)) into (B.4), we obtain final formula
of 91.

To achieve 92, we have

92 = Pr
(
γU4←1 ≥ γ

1
0 , γ

ipSIC
U4

≥ γ 2
0

)
= Pr

(
υ3ρR|g2|2

υ4ρR|g2|2 + 1
≥ γ 1

0 ,
υ4ρR|g2|2

υ3ρR|k2|2 + 1
≥ γ 2

0

)
.

(B.6)

Putting ϑ2
1
= max

(
0, 1

υ3ρR

(
υ4γ

1
0(

υ3−γ
1
0 υ4

)
γ 20
− 1

))
, ϑ2 can be

given as

92 = Pr

|g2|2 ≥ max

 γ 10(
υ3−γ

1
0 υ4

)
ρr
,

γ 20
υ4ρR

(
υ3ρR|k2|2 + 1

)


= Pr

(
|g2|2 ≥

γ 2
0

υ4ρR

(
υ3ρR|k2|2 + 1

)
, |k2|2 > ϑ2

)
︸ ︷︷ ︸

1
=ξ1

+ Pr

(
|g2|2 ≥

γ 1
0(

υ3 − γ
1
0 υ4

)
ρR
, |k2|2 ≤ ϑ2

)
︸ ︷︷ ︸

1
=ξ2

,

(B.7)

It can be shown that

ξ1 =

∞∫
ϑ

(
1− F

|g2|2

(
γ 2
0

υ4ρR
(υ3ρRx + 1)

))
f
|k2|2

(x) dx

= e
−

γ 20
υ4ρRβg2

mg2−1∑
n6=0

n6∑
n7=0

(
n6
n7

)
υ3

n7ρR
n7

n6!β
n6
g2

(
γ 2
0

υ4ρR

)n6

×
1

0
(
mk2

)
β
mk2
k2

∞∫
ϑ

e
−x
(
γ 20 υ3
υ4βg2

+
1
βk2

)
xn7+mk2−1dx.

(B.8)

Finally, by using the last equation follows the fact that
∞∫
u
xv−1e−µxdx = µ−v0 (v, µu) in [30, eq. (3.381.3)] we can

obtain

ξ1 = e
−

γ 20
υ4ρRβg2

mg2−1∑
n6=0

n6∑
n7=0

(
n6
n7

)
υ
n7
3 ρ

n7
R

n6!β
n6
g2

×
1

0
(
mk2

)
β
mk2
k2

(
γ 2
0 υ3

υ4βg2
+

1
βk2

)−n7−mk2
×

(
γ 2
0

υ4ρR

)n6
0

(
n7 + mk2 ,

(
ϑ2γ

2
0 υ3

υ4βg2
+
ϑ2

βk2

))
,

(B.9)

and

ξ2 =

(
1− F

|g2|2

(
γ 1
0(

υ3 − γ
1
0 υ4

)
ρR

))
× F
|k2|2

(ϑ2)

=
1

0
(
mg2

)0(mg2 , γ 1
0(

υ3 − γ
1
0 υ4

)
ρRβg2

)

×

(
1−

1

0
(
mk2

)0 (mk2 , ϑ2βk2
))

. (B.10)

Substituting (B.9)) and (B.10) into (B.7), we obtain the final
formula of 92.
It completes the proof.

APPENDIX C
PROOF OF PROPOSITION 3
Similar with steps in Proof of Position 2,93 can be calculated
as (C.1), shown at the bottom of the next page. While94 can
be computed as

94

= Pr
(
γU4←1 ≥ γ

1
0 , γ

pSIC
U4
≥ γ 2

0

)
= Pr

(
υ3ρr |g2|2

υ4ρR|g2|2 + 1
≥ γ 1

0 , υ4ρR|g2|
2
≥ γ 2

0

)

= Pr

(
|g2|2 ≥ max

(
γ 1
0

υ3ρR − γ
1
0 υ4ρR

,
γ 2
0

υ4ρR

))

=
1

0
(
mg2

)0(mg2 , 1
βg2

max

(
γ 1
0

υ3ρR − γ
1
0 υ4ρR

,
γ 2
0

υ4ρR

))
.

(C.2)

It completes the proof.

APPENDIX D
PROOF OF PROPOSITION 4
By implementing order statistics of separated components,
OPHD1 can be obtained

OPHD1 = 1− Pr

(
|h1|2 ≥

γ 1
0,HD

υ1ρS

(
υ2ρS |h2|2 + 1

))
︸ ︷︷ ︸

1
=$3

×

1− F
|g1|2

 γ 1
0,HD(

υ3 − υ4γ
1
0,HD

)
ρR


︸ ︷︷ ︸

1
=$4

. (D.1)

VOLUME 8, 2020 164361



D.-T. Do et al.: UL and DL NOMA Transmission Using FD UAV

To address final outage event, it need be computed these
outage expressions as follows

$3 = E
|h1|2

{
1− F

|h1|2

(
γ 1
0,HD

υ1ρS

(
υ2ρS |h2|2 + 1

))}
,

(D.2)

where E {.} indicates the expectation operator. After the
implementation of the calculation, we have

$3 (y)

= e
−

γ 10,HD
υ1ρSβh1 e

−
γ 10,HDυ2ρS y

υ1ρsβh1

×

mh1−1∑
n=0

n∑
n1=0

(
n
n1

)
1
n!

(
γ 1
0,HD

υ1ρSβh1

)n
υ
n1
2 ρ

n1
S y

n1 . (D.3)

Then, we have following result as

$3

= e
−

γ 10,HD
υ1ρSβh1

mh1−1∑
n=0

n∑
n1=0

(
n
n1

)
1
n!

(
γ 1
0,HD

υ1ρSβh1

)n

×
υ
n1
2 ρ

n1
S 0

(
n1 + mh2

)
0
(
mh2

)
β
mh2
h2

(
γ 1
0,HDυ2

υ1βh1
+

1
βh2

)−n1−mh2
,

(D.4)

and

$4 = F
|g1|2

(
γ 1
0,HD(

υ3 − υ4γ
1
0

)
ρR

)

= 1− e
−

γ 10,HD(
υ3−υ4γ

1
0,HD

)
ρRβg1

×

mg1−1∑
n3=0

1

n3!β
n3
g1

 γ 1
0,HD(

υ3 − υ4γ
1
0,HD

)
ρR

n3

. (D.5)

Plugging above values of (D.4) and (D.5) into (D.1) we obtain
the final formula.

This is end of proof.

APPENDIX E
PROOF OF PROPOSITION 5
After simple manipulations, we have following equation as

95 = Pr

(
υ1ρS |h1|2

υ2ρS |h2|2 + 1
≥ γ 1

0,HD,

υ2ρS |h2|2

υ1ρS |kr |2 + 1
≥ γ 2

0,HD

)
. (E.1)

After placing the following variables y = |h2|2, z = |kr |2 and
performing calculations, we have

95 =

∞∫
γ 20,HD
υ2ρS

(υ1ρS z+1)

�1 (y) fy (y) dy

∞∫
0

fz (z) dz, (E.2)

with

�1 (y) = 1− F
|h1|2

(
γ 1
0,HD

υ1ρS
(υ2ρSy+ 1)

)

= e
−
γ 10,HD(υ2ρS y+1)
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=
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2 ρ
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S e
−

γ 10,HD
υ1ρSβh1 e

−
γ 10,HDυ2
υ1βh1

y
yn1 . (E.3)

In this case, the last step can be performed by using trinomial
expansion [ [34], eq. (1.111)]. Plugging (E.3) into (E.2), and
after making some manipulations with the help of [ [34],

93 = Pr
(
γR←1 ≥ γ

1
0 , γ

pSIC
R←2 ≥ γ

2
0

)
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n∑
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n1∑
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(
n
n1

)(
n1
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υ
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2 ρ
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0

υ1ρs
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×
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−

υ2γ
1
0 γ

2
0

υ1υ2ρSβh1
−
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−
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0
(
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β
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+
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+

(
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+

1
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)
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(C.1)
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eq. (3.381.3), eq. (3.381.4)and eq. (8.352.2)], it is given by

95 =

mh1−1∑
n=0

n∑
n1=0

(
n
n1

)
υ
n1
2 e
−

γ 10,HD
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β
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∞∫
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�2 (z) zmkr−1e
−

z
βkr dz, (E.4)

with
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∞∫
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=
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=
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n2∑
n3=0

(
n2
n3

)
1
n2!

×

(
ϑ1γ

2
0,HD

υ2ρS

)n2
υ
n3
1 ρ

n3
S e
−
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where τ2
1
= n1 + mh2 and ϑ1

1
=

γ 10,HDυ2

υ1βh1
+

1
βh2

.
Finally, replacing (E.5) into (E.4), we have
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ϑ1γ

2
0,HD

υ2ρS

0
(
mh2

)
β
mh2
h2

τ2−1∑
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n2∑
n3=0

(
n2
n3

)
1
n2!

×

(
ϑ1γ

2
0,HD

υ2ρS

)n2
υ
n3
1 ρ

n3
S

0
(
mkr

)
β
mkr
kr

×0
(
n3 + mkr

) (υ1ϑ1γ 2
0,HD

υ2
+

1
βkr

)−n3−mkr
.

(E.6)

In HD mode, because γU4←1 and γ
ipSIC
U4

are unchanged com-
pared to the full duplex mode, we have
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, (E.7)

This is end of proof.
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