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Abstract: In this paper, we evaluate the outage performance of a non-orthogonal multiple access
(NOMA)-enabled unmanned aerial vehicle (UAV) where two users on the ground are simultane-
ously served by a UAV for a spectral efficiency purpose. In practice, hardware impairments at the
transceiver cause distortion noise, which results in the performance loss of wireless systems. As a
consequence, hardware impairment is an unavoidable factor in the system design process. Hence,
we take into account the effects of hardware impairment (HI) on the performance of the proposed
system. In this setting, to evaluate the system performance, the closed-form expressions of the outage
probability of two NOMA users and the ergodic capacity are derived as well as their asymptotic
expressions for a high signal-to-noise ratio (SNR). Finally, based on Monte-Carlo simulations, we
verify the analytical expressions and investigate the effects on the main system parameters, i.e.,
the transmit SNR and level of HI, on the system performance metrics. The results show that the
performance for the near NOMA user is better than of that for the far NOMA user in the case of
perfect hardware; however, in the case of hardware impairment, an inversion happens at a high
transmit power of the UAV in terms of the ergodic capacity.

Keywords: unmanned aerial vehicle (UAV); NOMA; hardware impairments; successive interference
cancellation; outage probability; ergodic rate

1. Introduction

In recent years, the use of UAVs in a wide range of civil and defense applications,
such as search and rescue, cargo transport, and precision agriculture, has experienced
unprecedented growth [1,2]. Further, two types of UAV, i.e., the rotary-wing type or
fixed-wing type, are classified [3]. A UAV of the rotary-wing type equipped with multiple
propellers can hover over fixed locations. A UAV of the fixed-wing type only flies in a path
having a curvilinear form at a certain height, but cannot move along the vertical axis. Due
to less power consumption of the fixed-wing type UAV compared with the rotary-wing
type UAV, the fixed-wing type UAV is expected to be a potential solution for power-limited
temporal wireless networks. Therefore, many deployment applications using UAVs in
wireless communication networks have been studied, i.e., cooperative UAV networks [4],
caching in wireless networks [5], and physical layer security [6].

Downlink non-orthogonal multiple access (NOMA) enables multiuser communication
with the same frequency, which improves bandwidth utilization based on the design of
the communication resources [7,8]. A few recent works have investigated the performance
improvement of UAV-enabled communications systems based on the use of NOMA. In [9],
the authors evaluated the outage probabilities of two ground NOMA users for a UAV
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base station communication system. The capacity region of a UAV support system with
two ground users was studied; moreover, the trajectory and transmission power of the
UAVs were jointly optimized [10]. The authors in [11] achieved the maximum sum-rate
of a NOMA-based UAV by optimizing the power allocation and the UAV altitude. To
improve the performance of a UAV-NOMA system, the authors in [12] designed a UAV
deployment and power allocation scheme. A solution was proposed to maximize the
number of users of a NOMA-enabled UAV while satisfying a quality service experience, by
jointly optimizing the location design, admission control and power allocation [13]. An
algorithm for minimizing the UAV mission completion time based on jointly optimizing
the UAV trajectory and UAV ground base stations was designed in [14]. The energy
efficiency of a mmWave-enabled NOMA-UAV system was maximized by optimizing the
UAV position, hybrid precoding and power allocation in [15]. The UAV trajectory and the
NOMA precoding were optimized to maximize the sum rate of a multiple user NOMA
system in [16].

However, these works bypassed the problem of hardware impairment (HI) at the
transmitters and receivers, while in practice the HI issue has a significant effect on system
performance. HIs due to the phase noise of radio frequency components have been exten-
sively investigated and modeled as additive distortion noise [17] and/or as a nonlinear
polynomial multiplicative factor [18]. Considering HIs, a cognitive satellite–terrestrial
network with multiple primary users was analyzed for outage performance in [19]. In [20],
the outage probability and ergodic capacity under the effect of HIs on cooperative NOMA
networks were derived. Over Rician fading channels, the effects of HIs on the NOMA
cooperative duplex (FD) was examined [21]. However, the contents of these works did not
mention UAVs in their systems, which was the motivation for us to study the influence of
HIs on a UAV-based system.

In this paper, for more practical deployment, we consider a UAV system with regard
to the HI issue where two ground users communicate with the UAV via a NOMA technique
to improve the spectral usage.

The key contributions of this paper are listed as follows:

• Unlike in [9–14,17–21], where HIs were ignored and UAVs were absent, respectively,
we investigate the outage performance, i.e., outage probability and ergodic capacity,
of a UAV-based system consisting of two NOMA users and based on formulating
mathematical equations with coefficients representing HI. Moreover, this is the first
time a UAV-based system with HI issues has been considered.

• The performance of the proposed system is evaluated based on derivations of the
closed-form expressions of the outage probability and ergodic capacity. To verify the
derived expressions, we use Monte-Carlo simulations.

• The effects of HI on the proposed system are carefully investigated to provide a
guideline for UAV-based system design. The results show that under the effects of HI,
in terms of the ergodic capacity, the performance of the far user is better than that of
the near user at a high transmit power of the UAV.

In Section 2, we describe the system model. The performance analysis is presented
in Section 3. Section 4 investigates the ergodic capacity of the system. Section 4 shows
numerical results. Finally, a conclusion for the obtained results is presented in Section 5.

2. System Model

We consider an UAV-enabled system where the UAV communicates with two NOMA
users, i.e., U1, U2, as shown in Figure 1.
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Figure 1. System model of UAV-enabled systems.

Such a UAV maintains a constant velocity v, a circular trajectory of radius r, and an
altitude h while flying. The angle of the UAV position in the UAV circle is denoted by
ϕ, then the location of the UAV is represented as UAV(rcosϕ, rsinϕ, h). As a result, the
Euclidean distance between users U1 and U2 and the UAV may be calculated as follows [9]

d̄1 =
√

h2 + r2 + L2 − 2rL cos ϕ, (1a)

d̄2 =
√

h2 + r2 + L2 + 2rL cos ϕ. (1b)

Finally, PLoS(θk) and PNLoS(θk) = 1− PLoS(θk) represent the line-of-sight (LoS) and
the non-line-of-sight (NLoS) probability, respectively. These last two quantities are obtained
from the following formula (Equation (3) in [22]).

PLoS(θk) =
1

1+pe−q(θk−p)
, k ∈ {1, 2} (2)

where p and q are constant values depending on the environment and θk = arcsin
(

H
dk

)
is

the so-called elevation angle of the UAV with respect to each user (Equation (2) in [11]).
The corresponding observation at Ui can be expressed as in [23]

ȳUi =
h̄i√
d̄α

i

(√
Pv1 x̄1 +

√
Pv2 x̄2 + η̄Ui

)
+ n̄Ui , i ∈ {1, 2}, (3)

where h̄i ∼ CN
(
µi, 2σ2), α is the path loss exponent, ηUi is the distortion noise caused by

the UAV which is shown as η̄Ui ∼ CN
(

0, κ2
U1

v1P + κ2
U2

v2P
)

in [24], and n̄Ui ∼ CN (0, N0)

is the additive complex white Gaussian noise (AWGN).
With the help of (3), the signal-to-interference plus noise-and-distortion ratio (SINDR)

at U1 for signal x̄2 can be written as

γ̄U1,x̄2 =
v2Pd̄−α

1 γ1

N0 + Pd̄−α
1 γ1

[
κ2

U2
v2 +

(
1 + κ2

U1

)
v1

]
=

v2ρd̄−α
1 γ1

1 + ρd̄−α
1 γ1

[
κ2

U2
v2 +

(
1 + κ2

U1

)
v1

] ,

(4)

where γ1
∆
=
∣∣h̄1
∣∣2 and ρ = P/N0 are the transmit SNRs at the NOMA users.

The signal-to-noise and distortion ratio (SNDR) of decoding x̄1 at U1 can be given as

γ̄U1,x̄1 =
v1ρd̄−α

1 γ1

1 + ρd̄−α
1 γ1

[
κ2

U2
v2 + κ2

U1
v1

] . (5)



Electronics 2022, 11, 94 4 of 14

Next, U2 can detect x̄2 by treating x̄1 as a noise, and the received SINR at U2 is given by

γ̄U2,x̄2 =
v2ρd̄−α

2 γ2

1 + ρd̄−α
2 γ2

[
κ2

U2
v2 +

(
1 + κ2

U1

)
v1

] , (6)

where γ2
∆
=
∣∣h̄2
∣∣2.

3. Performance Analysis

In this section, we first introduce the channel model, then evaluate the performance of
the proposed system based on two metrics, i.e., the outage probabilities of the users and
the throughput system.

3.1. The Channel Model

In this subsection, the wireless channels between UAVs and ground users are expected
to endure small-scale fading and large-scale route loss as in this work [25]. The presence of
a robust line-of-sight (LoS) route characterizes a UAV-to-ground link channel in general. As
a result, the Rician distribution is applied to a UAV-to-ground link channel with LoS and
multipath scatterers at the ground receiver. As a result, a non-central chi-square distribution
with two degrees of freedom is used to represent the probability distribution function (pdf)
of the unordered squared channel gain γi, i ∈ {1, 2} [26].

f|γi |2
(x) = φie−Ki e−φix I0

(
2
√

Kiφix
)

, (7)

where φi = (1 + Ki)
/

Ωi , I0(x), Ki
∆
= |µi|2

/
2σ2 and Ωi = E

{
|γi|2

}
= 1 are the first-order

modified Bessel function in the zeroth-order, the Rician factor, and the normalized average
fading power, respectively. Based on Equation (8.445) in [27], (7) can be rewritten by

f|γi |2
(x) = e−Ki e−φix

∞

∑
q=0

Kq
i φk+1

i
q!Γ(q + 1)

xq, (8)

in which Γ(x) is the gamma function. The CDF (cumulative distribution function) is
written as

F|γi |2
(x) = 1−Q

(√
2Ki,

√
2φix

)
, (9)

where Q(a, b) is the Marcum Q-function of the first-order [26]. Using Equation (4.35) in [26],
Equation (8.445) in [27] and after some manipulation, the CDF of the Rician channels can
be rewritten as

F|γi |2
(x) = 1− e−K1−φix

∞

∑
k=0

∞

∑
q=0

Kk+q
i φ

q
i xq

q!Γ(k + q + 1)
. (10)

3.2. Outage Probability Analysis

Under the impacts of LoS and NLoS propagation, the outage probability (OP) of U1 is
determined as

P̄U1 = P
(
γ̄U1,x̄2 < ε̄2 ∪ γ̄U1,x̄1 < ε̄1

)
= 1− P

(
γ̄U1,x̄2 ≥ ε̄2, γ̄U1,x̄1 ≥ ε̄1

)
,

(11)

where ε̄2 = 22R2 − 1, ε̄1 = 22R1 − 1.

Proposition 1. The OP of U1 is calculated as:

P̄U1 = 1−A1 −A2, (12)
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on the condition of v2 > ε̄2

[
κ2

U2
v2 +

(
1 + κ2

U1

)
v1

]
and v1 > ε̄1

[
κ2

U2
v2 + κ2

U1
v1

]
, where A1

and A2 are

A1
a
=PLoS(θ1)Q

(√
2K1,

√
2φ1χ̃max

)
b
=PLoS(θ1)e−K1−φ1χ̃max

∞

∑
k=0

∞

∑
q=0

Kk+q
1 φ

q
1χ̃

q
max

q!Γ(k + q + 1)
,

(13a)

A2
a
=PNLoS(θ1)Q

(√
2K1,

√
2φ1ω−1χ̃max

)
b
=PNLoS(θ1)e−K1−φ1ω−1χ̃max

∞

∑
k=0

∞

∑
q=0

Kk+q
1 φ

q
1χ̃

q
max

q!ωΓ(k + q + 1)
.

(13b)

in which χ̄2 = ε̄2

ρd̄−α
1

{
v2−ε̄2

[
κ2

U2
v2+

(
1+κ2

U1

)
v1

]} , χ̄1 = ε̄1

ρd̄−α
1

{
v1−ε̄1

[
κ2

U2
v2+κ2

U1
v1

]} ,

χ̄max = max(χ̄2, χ̄1), PLoS(θk) and PNLoS(θk) are given in (2), respectively.
The OP of U1 is a function dependent on power coefficients, i.e., v1, v2, the transmission

rate of the two users, i.e., ε̄1(R1), ε̄2(R2), the LoS and NLoS propagation conditions, i.e., PLoS and
PNLoS, and the hardware impairment levels at the users, i.e., κU1 and κU2 .

Proof. From (11) we have the OP of U1 which is calculated by

P̄U1 =P
(
γ̄U1,x̄2 < ε̄2 ∪ γ̄U1,x̄1 < ε̄1

)
=1− P

(
γ̄U1,x̄2 ≥ ε̄2, γ̄U1,x̄1 ≥ ε̄1

)
=1− P(γ1 ≥ χ̄max),

(14)

where χ̄2 = ε̄2

ρd̄−α
1

{
v2−ε̄2

[
κ2

U2
v2+

(
1+κ2

U1

)
v1

]} , χ̄1 = ε̄1

ρd̄−α
1

{
v1−ε̄1

[
κ2

U2
v2+κ2

U1
v1

]} and χ̄max =

max(χ̄2, χ̄1).
We may rewrite (14) as (15) based on the conditional probability.

P̄U1 = 1−
∞∫

χ̄max

fγ1(x)dx. (15)

Because each link’s propagation is dependent on the LoS or NLoS propagation as in
Equation (18) in [28], (15) is given by

P̄U1 =1−

PLoS(θ1)

∞∫
χ̄max

fγ1(x)dx + PNLoS(θ1)

∞∫
χ̄max

ω

fγ1(x)dx


=1− PLoS(θ1)[1− Fγ1(χ̄max)]− PNLoS(θ1)

[
1− Fγ1

(
χ̄max

ω

)]
,

(16)

in which ω = 1 for LoS propagation and ω < 1 for NLoS propagation as in [29]. Then,
plugging (9) and (10) into (16), A1 closed-form expression is obtained as (13a) and A2
as (13b).

The proof is completed.

Next, from (6) the OP of U2 is computed as follows:

P̄U2 =1− P
(
γ̄U2,x̄2 ≥ ε̄2

)
=1− P(γ2 ≥ χ̄2),

(17)
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where χ̄2 = ε̄2

ρd̄−α
2

{
v2−ε̄2

[
κ2

U2
v2+

(
1+κ2

U1

)
v1

]} . Similarly, based on the solving of P̄U1 , P̄U2 can

be achieved as
P̄U2 = 1−A3 −A4, (18)

in which

A3
a
=PLoS(θ2)Q

(√
2K2,

√
2φ2χ̄2

)
b
=PLoS(θ2)e−K2−φ2χ̄2

∞

∑
k=0

∞

∑
q=0

Kk+q
2 φ

q
2χ̄

q
2

q!Γ(k + q + 1)
,

(19a)

A4
a
=PNLoS(θ2)Q

(√
2K2,

√
2φ2ω−1χ̄2

)
b
=PNLoS(θ2)e−K2−φ2ω−1χ̄2

∞

∑
k=0

∞

∑
q=0

Kk+q
2 φ

q
2χ̄

q
2

q!ωΓ(k + q + 1)
.

(19b)

The OP of U2 is a function dependent on power coefficients, i.e., v1, v2, its transmis-
sion rate, i.e., ε̄2(R2), the LoS and NLoS propagation conditions, i.e., PLoS and PNLoS, and
the hardware impairment levels at the users, i.e., κU1 and κU2 .

3.3. Asymptotic Analysis

Further, at high SNR ρ→ ∞, we may simplify the Marcum Q-function by applying
the Taylor series expansion Equation (13) in [9]

Q
(√

2Ki,
√

2φix
)
≈ 1− e−Ki φix. (20)

Invoking (20) into (18) and (17) and we get the following result

P̄∞
U1

= 1− PLoS(θ1)
(

1− e−K1 φ1χ̄max

)
− PNLoS(θ2)

(
1− e−K1 ω−1φ1χ̄max

)
, (21)

and
P̄∞

U2
= 1− PLoS(θ2)

(
1− e−K2 φ2χ̄2

)
− PNLoS(θ2)

(
1− e−K2 ω−1φ2χ̄2

)
. (22)

3.4. Throughput Analysis

Each user’s throughput may be computed as follows

τ̄U? =
(
1− P̄U?

)
R? , ? ∈ {1, 2} (23)

4. Ergodic Capacity

The ergodic total rate is a significant indicator for performance evaluation when user
rates are calculated based on their channel circumstances.

The ergodic capacity of U2 is computed as

C̄2 = E
{

log2
(
1 + γ̄U,x̄2

)}
. (24)

Proposition 2. The closed-form equation for ergodic capacity at user U2 is as follows

C̄2 =PLoS(θ2)
∞

∑
k=0

∞

∑
q=0

Kk+q
2 φ

q
2e−K2

q!Γ(k + q + 1) ln 2

[
1(

ξ̄ + ζ̄
)q G2,1

1,2

(
φ2

ξ̄ + ζ̄

∣∣∣∣ 1− q− 1
1− q− 1, 0

)

− 1
ζ̄q G2,1

1,2

(
φ2

ζ̄

∣∣∣∣ 1− q− 1
1− q− 1, 0

)]
+ PNLoS(θ2)

∞

∑
k=0

∞

∑
q=0

Kk+q
2 φ

q
2e−K2

q!Γ(k + q + 1) ln 2

×
[

1
ωq
(
ξ̄ + ζ̄

)q G2,1
1,2

(
φ2

ω
(
ξ̄ + ζ̄

) ∣∣∣∣ 1− q− 1
1− q− 1, 0

)
− 1

ωq ζ̄q G2,1
1,2

(
φ2

ωζ̄

∣∣∣∣ 1− q− 1
1− q− 1, 0

)]
,

(25)
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where Gm,n
p,q [.] is the Meijer G-function in Equation (9.301) in [27], ξ̄ = ρd̄−α

2 v2 and

ζ̄ = ρd̄−α
2

[
κ2

U2
v2 +

(
1 + κ2

U1

)
v1

]
. The ergodic capacity at U2 is a function dependent on power

coefficients, i.e., v1, v2, the LoS and NLoS propagation conditions, i.e., PLoS and PNLoS, and the
hardware impairment levels at the users, i.e., κU1 and κU2 , ω = 1 represents LoS propagation and
ω < 1 represents NLoS propagation.

Proof. We have (26) if we put (6) into it.

C̄2 =E
{

log2
(
1 + γ̄U2,x̄2

)}
=

1
ln 2

∞∫
0

1
1 + x

[
1− Fγ̄U2,x̄2

(x)
]
dx

=
1

ln 2

ξ̄
ζ̄∫

0

1
1 + x

[
1− Fγ2

(
x

ξ̄ − ζ̄x

)]
dx,

(26)

where ξ̄ = ρd̄−α
2 v2 and ζ̄ = ρd̄−α

2

[
κ2

U2
v2 +

(
1 + κ2

U1

)
v1

]
. It’s worth noting that if x > ξ̄

ζ̄
,

C̄2 = 0.
In (26), by the variable changing t ← x

ξ̄−ζ̄x and after a few steps, C̄2 can then be
written as

C̄2 =
1

ln 2

∞∫
0

(
1

t +
(
ξ̄ + ζ̄

)−1 −
1

t + ζ̄−1

)
[1− Fγ2(t)]dt. (27)

In (18), we have Fγ2(t) which can be expressed as

Fγ2(t) =1− PLoS(θ2)Pr(γ2 > t)− PNLoS(θ2)Pr
(

γ2 >
t
ω

)
=1− PLoS(θ2)e−K2−φ2t

∞

∑
k=0

∞

∑
q=0

Kk+q
2 φ

q
2tq

q!Γ(k + q + 1)

− PNLoS(θ2)e−K2−ω−1φ2t
∞

∑
k=0

∞

∑
q=0

Kk+q
2 φ

q
2tq

q!ωqΓ(k + q + 1)
.

(28)

Submitting (28) into (27), C̄2 is given as

C̄2 =PLoS(θ2)
∞

∑
k=0

∞

∑
q=0

Kk+q
2 φ

q
2e−K2

q!Γ(k + q + 1) ln 2

 ∞∫
0

e−φ2ttq

t +
(
ξ̄ + ζ̄

)−1 dt−
∞∫

0

e−φ2ttq

t + ζ̄−1 dt


︸ ︷︷ ︸

B1

+ PNLoS(θ2)
∞

∑
k=0

∞

∑
q=0

Kk+q
2 φ

q
2e−K2

q!ωqΓ(k + q + 1) ln 2

 ∞∫
0

e−ω−1φ2ttq

t +
(
ξ̄ + ζ̄

)−1 dt−
∞∫

0

e−ω−1φ2ttq

t + ζ̄−1 dt


︸ ︷︷ ︸

B2

.

(29)

Using the following methods, the exponential function is represented by Meijer’s
G-function Equation (8.4.3.1) in [30]

e−φ2t = G1,0
0,1

(
φ2x
∣∣∣∣ −0

)
, (30a)

e−
φ2
ω t = G1,0

0,1

(
φ2

ω
x
∣∣∣∣ −0

)
. (30b)
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Submitting (30a) and (30b) into (29), B1 and B2 are given as

B1 =

 ∞∫
0

tq

t +
(
ξ̄ + ζ̄

)−1 G1,0
0,1

(
φ2t
∣∣∣∣ −0

)
dt−

∞∫
0

tq

t + ζ̄−1 G1,0
0,1

(
φ2t
∣∣∣∣ −0

)
dt

, (31a)

B2 =

 ∞∫
0

tq

t +
(
ξ̄ + ζ̄

)−1 G1,0
0,1

(
φ2

ω
x
∣∣∣∣ −0

)
dt−

∞∫
0

tq

t + ζ̄−1 G1,0
0,1

(
φ2

ω
x
∣∣∣∣ −0

)
dt

. (31b)

In the next step, with the help of the Equation (7.811.5) in [27], B1 and B2 are given by

B1 =

[
1(

ξ̄ + ζ̄
)q G2,1

1,2

(
φ2

ξ̄ + ζ̄

∣∣∣∣ 1− q− 1
1− q− 1, 0

)
− 1

ζ̄q G2,1
1,2

(
φ2

ζ̄

∣∣∣∣ 1− q− 1
1− q− 1, 0

)]
, (32a)

B2 =

[
1(

ξ̄ + ζ̄
)q G2,1

1,2

(
φ2

ω
(
ξ̄ + ζ̄

) ∣∣∣∣ 1− q− 1
1− q− 1, 0

)
− 1

ζ̄q G2,1
1,2

(
φ2

ωζ̄

∣∣∣∣ 1− q− 1
1− q− 1, 0

)]
. (32b)

Substituting the results of (32a) and (32b) into (29), we have the close-form ergodic
capacity expression of U2, given as

C̄2 =PLoS(θ2)
∞

∑
k=0

∞

∑
q=0

Kk+q
2 φ

q
2e−K2

q!Γ(k + q + 1) ln 2

[
1(

ξ̄ + ζ̄
)q G2,1

1,2

(
φ2

ξ̄ + ζ̄

∣∣∣∣ 1− q− 1
1− q− 1, 0

)

− 1
ζ̄q G2,1

1,2

(
φ2

ζ̄

∣∣∣∣ 1− q− 1
1− q− 1, 0

)]
+ PNLoS(θ2)

∞

∑
k=0

∞

∑
q=0

Kk+q
2 φ

q
2e−K2

q!Γ(k + q + 1) ln 2

×
[

1
ωq
(
ξ̄ + ζ̄

)q G2,1
1,2

(
φ2

ω
(
ξ̄ + ζ̄

) ∣∣∣∣ 1− q− 1
1− q− 1, 0

)
− 1

ωq ζ̄q G2,1
1,2

(
φ2

ωζ̄

∣∣∣∣ 1− q− 1
1− q− 1, 0

)]
.

(33)

The proof is completed.

Next, the ergodic capacity of U1 is given as

C̄1 =E
{

log2
(
1 + γ̄U1,x̄1

)}
=

1
ln 2

∞∫
0

1
x + 1

[
1− Fγ̄U1,x̄1

(x)
]
dx

=
1

ln 2

ξ̂

ζ̂∫
0

1
x + 1

[
1− Fγ1

(
x

ξ̂ − ζ̂x

)]
dx

t= x
ξ̂−ζ̂x
=

1
ln 2

∞∫
0

(
1

t +
(
ξ̂ + ζ̂

)−1 −
1

t + ζ̂−1

)
[1− Fγ1(t)]dt,

(34)

where ξ̂ = ρd−α
1 v1 and ζ̂ = ρd−α

1

[
κ2

D2
v2 + κ2

D1
v1

]
.

From (34), Fγ1(t) is calculated by

Fγ1(u) =1− PLoS(θ1)Pr(γ1 ≥ u)− PNLoS(θ1)Pr
(

γ1 ≥
u
ω

)
=1− PLoS(θ1)e−K1−φ1t

∞

∑
k=0

∞

∑
q=0

Kk+q
1 φ

q
1tq

q!Γ(k + q + 1)

− PNLoS(θ1)e−K1−ω−1φ1t
∞

∑
k=0

∞

∑
q=0

Kk+q
1 φ

q
1tq

q!ωqΓ(k + q + 1)
.

(35)
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Submitting (35) into (34) and solving for C̄2, the close-form ergodic capacity at U1 is
attained as

C̄1 =PLoS(θ1)
∞

∑
k=0

∞

∑
q=0

Kk+q
1 φ

q
1e−K1

q!Γ(k + q + 1) ln 2

[
1(

ξ̂ + ζ̂
)q G2,1

1,2

(
φ1

ξ̂ + ζ̂

∣∣∣∣ 1− q− 1
1− q− 1, 0

)

− 1
ζ̂q

G2,1
1,2

(
φ2

ζ̂

∣∣∣∣ 1− q− 1
1− q− 1, 0

)]
+ PNLoS(θ1)

∞

∑
k=0

∞

∑
q=0

Kk+q
1 φ

q
1e−K1

q!Γ(k + q + 1) ln 2

×
[

1

ωq
(
ξ̂ + ζ̂

)q G2,1
1,2

(
φ1

ω
(
ξ̂ + ζ̂

) ∣∣∣∣ 1− q− 1
1− q− 1, 0

)
− 1

ωq ζ̂q
G2,1

1,2

(
φ2

ωζ̂

∣∣∣∣ 1− q− 1
1− q− 1, 0

)]
.

(36)

The ergodic capacity at U1 is a function dependent on power coefficients, i.e., v1,
v2, the LoS and NLoS propagation conditions, i.e., PLoS and PNLoS, and the hardware
impairment levels at the users, i.e., κU1 and κU2 , ω = 1 represents LoS propagation and
ω < 1 represents NLoS propagation.

5. Numerical Results

In this part, we assign κ = κ2
U1

= κ2
U1

, K = K1 = K2 and apply mathematical
derivations to model the outage probability, which we then check with a Monte-Carlo
simulation. The parameters utilized are listed in Table 1. Furthermore, the Monte-Carlo
simulation is conducted 106 times to compare with the analytical results presented in the
preceding section.

Table 1. Parameters.

Monte Carlo Simulations Repeated 106 Iterations

Target rates R1 = 1.5 & R2 = 1

Power splitting factors v2 = 0.9 & v1 = 0.1

The hardware impairments level κ = κ2
U1

= κ2
U1

= 0.01

Path-loss factor α = 2

The UAV’s altitude h = 1

The radius round the trajectory r = 0.1

The location of the ground users L = 1

The UAV’s location circle angle ϕ = 0

Environment parameters p = 4.886 & q = 0.429

Figure 2 illustrates the effect of the Rician-K factor K on the system performance and
user outage probabilities. The simulation results are matched by the generated analytical
and asymptotic equations. At large values of average SNR, we can see that the analytical
results are in good agreement with the simulation results and the asymptotic curves work
quite well at high SNR regimes, which corroborates the accuracy of our derivation. The
outage probabilities of both users tend to decrease linearly when the SNR increases. The
figure shows that the performance of U2 is better than that of U1. In addition, the outage
probability increases as the value of K decreases. With the same K value, the outage
probability of U1 is always higher than that of U2.
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Figure 2. Outage probabilities of the users with different K values.

Figure 3 illustrates the outage probabilities of the two users versus SNR with K = 2,
R1 = 1 and R2 = 0.5 under the effects of hardware impairment levels. It is observed that
the higher the κ is, the higher is the outage probability. Moreover, U2 always has a lower
outage probability than U1 regardless of the change of SNR and κ. In addition, the figure
also shows that the outage probability of both users for the NOMA scheme is better than
that for the OMA scheme.

0 5 10 15 20 25 30 35 40
10

-3

10
-2

10
-1

10
0

19.96 20 20.04

2.2

2.3

2.4

2.5

2.6

10
-3

Figure 3. Outage probabilities of the users with K = 3, R1 = 1 and R2 = 0.5.

Figure 4 plots the outage probability of two users versus v2 in cases of κ = 0.01
and ρ = 30 (dB). The figure shows that the outage probabilities of the two users change
according to the variation of v2. Specifically, the outage probability curves of U1 first
decrease in the v2 range from 0.5 to 0.6, then increase linearly in the v2 range from 0.6 to
0.9 and increase quickly in the v2 range from 0.9 to 1. The curves of the outage probability of
U2 decrease gradually in the overall range of v2. When K increases, the outage probabilities
for both users always decrease. With the same K value, U1 has a higher outage probability
than U2.
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Figure 4. Outage probabilities of the users versus the power coefficient with κ = 0.01 and ρ = 30 (dB).

Figure 5 plots the outage probabilities of the two users versus ϕ with different r
and K values. One can see from the figure that the outage probabilities of both U1 and
U2 are almost constant for r = 0.1, K = 1, regardless of the change in ϕ. However, with
r = 0.9, K = 3, the performances of the users have small changes. While the outage
probability of U1 decreases, that of U2 increases in the ϕ range of −50 to 50 degrees.
Especially, the outage probabilities of the two users reach maximum and minimum values
at ϕ = 0 degrees.

-100 -50 0 50 100
10

-4

10
-3

10
-2

10
-1

Figure 5. Outage probabilities of the users versus ϕ, with R1 = R2 = 1, κ = 0.01 and ρ = 35 (dB).

Figure 6 plots the ergodic capacity versus SNR in the case of K = 5 and ω = 0.1. One
can see that the ergodic capacity of U1 is higher than that of U2 in the case of κ = 0, i.e.,
with perfect hardware. However, when κ increases, herein κ = 0.1 and κ = 0.2, the ergodic
capacity of U2 is higher than that of U1. This can be explained by understanding that when
a hardware impairment level exists, only U1 suffers the impacts of SNR. Besides, the higher
the κ is, the lower the ergodic capacity is. Especially, the ergodic capacity for both users
tends to be constant in the SNR range of 30 to 40 dB.
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Figure 6. Ergodic capacity versus transmit SNR with K = 5 and ω = 0.1.

In Figure 7, we investigate the ergodic capacity of UAVs at various heights with a
transmit SNR of 40 dB. The lines of U1 and U2 are overlapped with each other for the
optimal target rate, as shown in this diagram. As shown in Figure 7, the ergodic capacity
decreases as the height of the UAV grows, implying that when the distance between the
UAV and ground user is too great, the UAV will be unable to communicate with the ground
users with the supplied transmit power. This is because the level of hardware degradation
grows as the distance between the UAV and the users increases, resulting in a decrease in
the users’ ergodic capacity.

50 100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Figure 7. The ergodic capacity of U1 and U2 versus the altitude H of the UAV, with K = 10, r = 0.9,
ω = 0.9 and ρ = 40 (dB).

Finally, Figure 8 plots the ergodic capacity versus κ in the case of v2 = 0.8 or 0.9. One
can observe that the ergodic capacity of both users decreases gradually when the value of κ
increases from 0.1 to 1. This shows that the hardware impairment level seriously affects the
performance of the system. Additionally, the ergodic capacity also changes when v2 varies
from 0.7 to 0.9. Specifically, the higher the v2, the higher the ergodic capacity at U2.
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Figure 8. The ergodic capacities versus κ, with K = 2, ω = 0.5, r = 0.1 and ρ = 20 (dB).

6. Conclusions

In this paper, we evaluated a UAV-enabled system deploying NOMA under hardware
impairment. The exact and asymptotic expressions of the outage probability of the NOMA
users and the ergodic capacity were derived. The results showed that the hardware impair-
ment significantly affects the performance of the users in terms of the outage probabilities
and the egodic capacities of the users. Moreover, depending on the hardware impairment
level, only U1 suffers from transmit SNR. In particular, in the case of perfect hardware,
the ergodic capacity of U1 is higher than that of U2; however, there is an inverse phe-
nomenon, i.e., the ergodic capacity of U2 is higher than that of U1, in imperfect hardware at
a high SNR.
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