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ABSTRACT We investigated the outage performance of non-orthogonal multiple access (NOMA) in
satellite-terrestrial systems which contain hardware impairments. An unmanned aerial vehicle (UAV) was
implemented to forward signals from a satellite to users on the ground. A two-user model was applied to
achieve spectral efficiency. In practical, real-life scenarios, the UAV and ground users encounter issues with
imperfect hardware. We examined the performance gap between two users experiencing practical problems
such as hardware impairment and imperfect successive interference cancellation (SIC). To implement a
practical scenario, Shadow-Rician fading was adopted in the satellite links, and Rician fading was employed
in the terrestrial links for ground users. In the main results, we derived the closed-form expression of the
outage probability, and to evaluate the system performance of two NOMA users, we obtained the approx-
imate expressions for high signal-to-noise ratios (SNR). Finally, we produced Monte-Carlo simulations to
verify the analytical expressions and demonstrate the effect of the main system parameters, such as the
number of transmit antennas on the satellite, transmit SNR, and level of hardware impairment on the system
performance metric.

INDEX TERMS Non-orthogonal multiple access, satellite-terrestrial systems, outage probability, hardware

impairments, UAV.

I. INTRODUCTION

With the development of the fifth generation (5G) network,
satellite communications has emerged as a promising tech-
nology for application in the 5G ecosystem. Satellite systems
may be deployed for reliable connectivity in areas where
infrastructure is challenging to establish. To improve spec-
trum use and serve multiple users in the same time and fre-
quency domains, non-orthogonal multiple access (NOMA) is
regarded as one of the technologies which can be applied to
address this problem [1]. To minimize masking effects and
improve reliability, hybrid satellite-terrestrial relay networks
have been implemented as solutions which apply various
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advances [2]. In [3] and [4], the authors studied outage
probability and ergodic capacity and demonstrated the per-
formance of hybrid satellite-terrestrial networks which rely
on the amplify-and-forward (AF) relay protocol. To solve
the problem of spectrum scarcity, a NOMA system was
proposed. NOMA serves multiple users on the same time
and frequency resource blocks, improves system capacity,
and meets the technical requirements for massive connec-
tivity [5], [6]. In [7]-[9], the authors introduced a NOMA-
based satellite system. In [7], NOMA in a downlink mobile
satellite network was explored and applied to terrestrial users.
They also derived the closed-form expressions for outage
probability and ergodic and energy efficiency to validate the
effectiveness of proposed system model. In [8], the authors
proposed a NOMA cooperative scheme with satellite
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communications over a Shadow-Rician fading channel
model. One of the main findings was the effect of imper-
fect successive interference cancellation (ipSIC). The authors
of [9] proposed cooperative spectrum sharing in hybrid
satellite-terrestrial networks to improve fairness and spec-
trum use. In that study, the secondary terrestrial network
acted as arelay to communicate the primary satellite network.
Jain’s fairness index was also applied to examine fairness.
In [10], the authors presented a cooperative satellite com-
munications system which applies NOMA and introduces a
particle swarm optimization algorithm to optimize the sys-
tem’s power allocation factors. A joint iteration algorithm was
also proposed to maximize the interference temperature for
the satellite in an integrated terrestrial-satellite network-based
NOMA [11]. In [12], the authors demonstrated the exact and
asymptotic outage probability in a satellite-terrestrial system
which relies on cooperative NOMA. In [13], the authors
derived the exact analytical expression for the ergodic capac-
ity and outage probability of a satellite-terrestrial system
which applies NOMA. In [14], the authors considered the
ergodic capacity in a satellite-terrestrial system which uses
NOMA.

In [15], the authors introduced cognitive radio (CR) tech-
nology as a new technique in satellite communications to
enhance spectrum efficiency, referring to the concept as a
cognitive satellite-terrestrial network. In [16], the authors
defined the interweave, underlay and overlay paradigms as
three models of CR. In a CR network, the secondary user
(SU) is authorized to share resources with the primary user
(PU) provided that the interference caused by the SU is less
than a given threshold [17]. Known as a cognitive satellite-
terrestrial network, a satellite network which incorporates
CR technology is a promising architecture which allows the
coexistence of satellite and terrestrial networks in the same
frequency band [18]. K. An et al. analyzed the exact and
asymptotic expressions of the outage probability of a sec-
ondary terrestrial mobile network which formed part of a cog-
nitive hybrid satellite-terrestrial network [19]. The authors in
[20] and [21] attempted to improve the efficiency of spectral
use in CR-based NOMA scenarios in terrestrial networks.
In [20], the authors proposed the integration of NOMA with
CR into the 5G system, constituting a cognitive NOMA
network, for more intelligent spectrum sharing. The authors
in [21] introduced a small-cell network based on cognitive
hybrid satellite-terrestrial NOMA.

The above-mentioned studies only consider ideal circum-
stances at the receiver and transmitter, but it is hard to
reach such a situation, and in practice, components suffer
various types of hardware impairments [22]. Some works
have studied the effect of residual hardware impairments
(RHIs) on system performance [23], [24]. In [23], a linear
channel estimator in the presence of RHIs was proposed. The
authors in [24] examined the effect of RHIs on a cooperative
full duplex (FD) with NOMA over Rician fading channels.
In [25], the effect of RHIs was analyzed on a cognitive
network with the presence of interference. In [26], the authors
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studied the expressions for the outage probability and ergodic
capacity for the effect of RHIs on non-cooperative and coop-
erative NOMA networks. The authors in [27] investigated the
effect of hardware impairments (HIs) on two-way multiple
relay NOMA-based networks. In [28], a satellite-terrestrial
system with single-relay selection and multi-relay selection
with RHIs were studied and the expression for outage proba-
bility was derived. Unfortunately, the authors did not consider
NOMA to improve the spectrum.

The deployment of unmanned aerial vehicles (UAVs) in
wireless communications has recently been receiving much
attention from researchers and industry in promising appli-
cations which cover many areas, for example, civil engi-
neering or military operations [29], [30]. Possessing more
advances than current conventional terrestrial infrastructure,
UAVs have many advantages over satellite systems, being
easier to deploy and having low cost and high mobility.

The authors in [31] developed the application of a UAV in
a hybrid satellite-terrestrial network in which a multi-antenna
satellite communicates with the ground user equipment (UE).
More importantly, this type of system requires the assistance
of multiple amplify-and-forward (AF) three-dimensional
(3D) mobile UAV relays. The work in [32] replaced AF with
decode-and-forward (DF) to evaluate a secure 3D mobile
UAV which acts as a relay for a hybrid satellite-terrestrial
network. Secure performance must be considered in this case
since an aerial eavesdropper would be situated near a serving
UAV relay on a circular plane. The study in [33] also explored
secure transmission against eavesdroppers by applying a
cache-enabled UAV-relaying network assisted with device-
to-device (D2D) communications. To prestore the content
associated with serving users collaboratively, both the UAV's
and D2D users were equipped with cache memory. By simul-
taneously optimizing transmission power, UAV scheduling
and user association, and UAV trajectory, the authors inves-
tigated the problem of optimizing the minimum secrecy rate
between users to address user fairness. The authors in [34]
attained the maximum achievable rate for terrestrial users by
simultaneously optimizing transmit power allocation for the
base station and UAV trajectory. This system has degraded
performance because of the interference temperature thresh-
old imposed by the UAV mobility constraint and satellite
network.

The authors in [35] explored 3D channel tracking for
a Ka-band UAV-satellite communications system. By con-
sidering the probabilistic insight relationship of both the
hidden value vector and joint hidden support vector,
the authors presented a statistical dynamic channel model
which they describe as a 3D two-dimensional Markov model
(3D-2D-MM) for a UAV-satellite communications system.
The work in [36] proposed enhancing the coverage of a hybrid
satellite-terrestrial maritime communications network by
employing UAVs. Composite channel models such as large-
scale and small-scale fading were adopted. The authors also
simultaneously optimized the UAV trajectory and in-flight
transmit power subject to the constraints in backhaul, UAV
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TABLE 1. Comparison of the proposed system in related works.

Perspective This work [8] [31], [32] [38] [39] [40]

UAV Network Yes No Yes No Yes Yes

NOMA Yes Yes No Yes No Yes

Effect of Hardware Impair-|Yes No No Yes No No

ments

Effect of SIC Yes Yes No No No No

Diversity order Yes Yes Yes Yes Yes No

Fading Scenario Shadow  Rician | Shadow Rician Shadow  Rician|Shadow  Rician|Shadow  Rician|Shadow  Rician
and Rician and Nakgami-m |and Rayleigh and Nakagami-m |and Rician

kinematics, tolerable interference and the total energy of the
UAV for transmission. The authors in [37] studied a hybrid
satellite-terrestrial network which contained imperfect hard-
ware by examining the system’s outage probability and corre-
sponding asymptotic outage behavior under an opportunistic
relay selection method. This system employs popular channel
models, i.e., shadowed Rician channels for the satellite links
and Nakagami-m and Rician channels for the terrestrial links.
Hence, it is important to design a UAV-based satellite system
around improvements to the transmissions from the satellite
to the users on the ground.

Motivated by the aforementioned studies, we have focused
on improving the spectrum efficiency in a UAV-based satellite
system network through the application of a NOMA scheme.
Specifically, a satellite in geosynchronous orbit (GEO) sends
signals to a group of ground users via a UAV. We limited
the study to the downlink while the geosynchronous satellite
collects and forwards the data generated by ground users.
To achieve optimal fairness in the user group, we considered
the system performance of a user pair affected by interference
from conventional user equipment (CUE). We anticipated
that our proposed joint design scheme would exhibit sev-
eral advantages over the recent studies listed in Table 1.
We state two interesting benefits from our considered sys-
tem: (i) by using the trajectory design, the UAV can be
adjusted to fly near each ground user and thereby improve
the channel quality and simultaneously move away from the
CUE to relieve the effect of interference; (ii) by allocat-
ing the different power factors determined by the satellite,
the user pair and the different performance at each user can
adjusted.

In the present study, we consider the effect of RHI when a
mobile UAV assists multi-antenna satellite communications
with ground users in the presence of a CUE. Our main con-
tributions in the paper are summarized below:

o We analyze the outage probability as the main system
metric in a UAV-assisted satellite system with an oppor-
tunistic UAV relay. In contrast to other works on satellite
relaying systems, we consider a practical scenario in
which the system possesses imperfect hardware. We also
consider a realistic deployment case for NOMA users,
i.e., CUE is located at a certain fixed distance around
NOMA users which have degraded performance due to
interference.
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o To deploy NOMA, different power allocation factors
are assigned to each user, and a corresponding SIC
is adopted. It is more meaningful to examine practical
circumstances when imperfect SIC (ipSIC) occurs at the
UAV and ground users. Together with ipSIC, we aim to
evaluate the effects of RHI in the analytical results by
determining specific system parameters.

« We also simplify the outage probability expressions to
indicate diversity order at asymptotically high SNR to
gain insight on the derived system performance metric.

The remainder of the paper is organized as follows:
Section II describes the system model and characteristics of
the UAV; Section III presents an analysis of the outage prob-
ability and performance of different users among a dedicated
group of users; Section I'V verifies the theoretical results with
various numerical simulations; finally, Section V presents
conclusions.

Satellite

N

Signal Transmission =~ —

Interference from CUE — —y

FIGURE 1. Model of an UAV-based satellite-terrestrial system.

Il. SYSTEM MODEL

Figure 1 illustrates a UAV-based satellite system which
includes a satellite (S), a UAV (R), and two NOMA users
Ui,i € {1,2}. In the coverage of the two NOMA users,
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TABLE 2. Main notations of the system model.

Symbol Description

T; Signal at U;

Qi Power allocation , where Q1 < Q2 and Q1 + Q2 =1
Pg Transmit power at S

Pr Transmit power at R

N Number of antenna of S

K; Rician factor

ny,, nsuy, |Additive white Gaussian noise (AWGN), where n; ~
and np CN(0, No)

CN (u,?) |Complex normal distribution with mean 1 and variance o2

R; Target rate

o]l Frobenius norm

(o)Jr Conjugate transpose

X Path loss exponent

dsr Distance from S to UAV

dsu, Distance from S to U;

dru; Distance from UAV to U;

hsp Channel vector from satellite to UAV relay
hsy, Channel vector from the satellite to the U;
hru; Channel coefficient from R to U;

hcu, Channel coefficient from CUE to U,

E{.} Expectation operator

T[.;.] Upper incomplete gamma function

~[.; -] Lower incomplete gamma function

T[] Complete gamma function

L[] First-kind Bessel function with order 7

we examine only the worst case of interference from CUE.
To improve the strength of the signal transmission, S is
assumed to be equipped with N antennas while the remaining
nodes R, U; and CUE are given a simple design and equipped
with a single antenna. Due to large separation and heavy
shadowing, the direct link from S to the ground users U; is
also assumed unavailable [42]. The main system parameters
are presented in Table 2.

Regarding the existence of the UAYV, let us consider the
three-dimensional Cartesian coordinates (x,y, z) depicted
in Figure 1. The UAV relay is located at R(0, 0, &) with alti-
tude . The locations of ground users U; and U, are given by
the coordinates U;(—d1, 0, 0) and U;(d3, 0, 0), respectively.
From analysis, we can obtain the Euclidean distance from R

to U; according to
dru; = +Jd?+h2, (1

In the first phase, S sends a signal «/Pg («/leﬁ—«/ szz)
to the UAV (node R) and U;. The signals received at the UAV

and U; are respectively given as

YR = +/LsgOs? (¢R)h§RhSR
X (\/PTS (@x1+@x2)+nk)+me, (2)

ysu; = 4/ Lsu,0s? (¢U,-)h§U[.hSU,-
X (\/ Py <\/ O1x1+v Q2X2)+775U,-)
+Pcuehcu,+nu;, 3)
where ¥ is the satellite antenna gain, ng and nsy, are the
distortion noises caused by RHI where ng ~ CN (0, k3 Ps)
and nsy, ~ CN (0, K?Ui PS> and «g and ksy, are the lev-
els of hardware impairment associated with the link from

S to R and S to Uj, respectively [25]. We denote w; as
the weight vector and apply the maximum ratio transmis-

sion [46], ws; = ”;’;’i'F for j € {R, Uy, U,}. In addition,
2 2
_ 1 1 :
Lse = wprw (—4nfidsg> and Lsy; KsTW (—4nf:dsui)

denote the instantaneous free space loss [39], where Kp =
1.38x107237 /K is the Boltzman constant, W and T are the
carrier bandwidth and receiver noise temperature, respec-
tively, ¢ represents the speed of light, and f. is the carrier
frequency.

To characterize the link from S to R and S to U;, ¢ (¢j)
represents the beam gain and is expressed by

L(p) ., (5
9 (¢)) = v; (%:)7%6%) , “
J

where Uz and ¥}y, are the antenna gains at the UAV
and Uj, respectively, ¢; is the angular separation, p; =
2.07123 sing , and ¢g3gp represents 3dB beamwidth [39].

singr3qp

In the first phase, the signals for the link from S to R and
R to D; are processed, and to detect the signals as expected,
the signal to interference plus noise ratio (SINR) is deter-
mined.

The SINR at U, to detect x is given by (5), which is shown
at the bottom of the page.

Then, the SINR at U; to detect x; is given by

Bsu, 02

Vs, = (6)
sU, = 5,
1 ,BSUIQ1+/33U1K52U1 +pcu [heu, | +1
where ps = ]}:,—S, pcu = Pf,’éE, psj = psLsids?® (¢;) and

Bsj = ps; ||h5j|| - Then, by performing SIC to eliminate x3,
treating signal x, as a noise term, x; is detected at the UAV.
To do this, we compute the SINR from

Bsu, O1
—
psu, 1g1>+Bsu, K§U1 +pcu |heu, | "+1

Due to the effect of ipSIC, g is an interference chan-
nel modeled as a Rayleigh fading channel where g ~
CN (0, Ag) [8].

(N

X1 _
Vsu, =

PsLsu,® (¢u,) Q2 ||hsu, szv

X2
Ysu,

Bsu, Q2

—.
Bsu, Q1+Bsu, k §U2+10CU |heu, | +1
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Similarly, the SINR at the UAV to detect x is given as
_ BsrQ2
 BsrQ1+Bsriki+1

Applying SIC to detect signal x1, the SINR is given as

x1 BsrO1
Vo = : ©)
SR psg |gP+-Bsrici+1

In the second phase, the UAV sends the signal to two
NOMA users. The signal received at Uj is given as

yRU,-:\/dT RU; <(\/>X1+\/>X2>+TIU,>

+Pcyehcu,+ngry;,  (10)

®)

Ysr

where ny, is the distortion noise caused by RHIs for
nuy, ~ CN (0, Kl-z PR), k; is the level of hardware impairments
from R to U;, hey, is the channel from CUE following a
Rayleigh fading channel with E{Acy,} =1

The SINR at U to detect the signal x is given as

2

S PrQ: |hrus |

RU, = 2 2 2

P PROy |hrus | “+Pr |hrUs | K34+PcuE [heu, | ™+No
Bru, 02
= 22 7 (11)
Bru, Q1+Brusk3+pcu |heu, | +1

where PR = Z_ﬁ’ pPcu = PCUE’ PRU; = dXR and ﬂRU: =
PrRU; |hrU; 2. Then, the SINR at U; to detect signal x, is
given as

Bru, Q2
-
Bru, Qi+Bru, ki+pcu |heu, | +1
The SINR at U to detect it’s the own signal x1 is given as

YRl = : ﬂRU;Q‘ —. (13
pru, 817 +Bru ki +ocu |heu, | +1
Remark 1: These SINR expressions are crucial in evaluat-
ing other main system metrics and provide a guide to imple-
menting a UAV-based satellite system in practical scenarios.
We can observe in the SINR equations, for example (11),
(12), and (13), the corresponding SINRs are determined by
the channel gains, the power allocation factors Q1 and Q»,
and the levels of RHI. In addition, the transmit power at
the satellite and the UAV play other roles in improving sys-
tem performance. We consider these effects in the following
section.

(12)

X2 _
YrRU, =

Ill. OUTAGE PROBABILITY ANALYSIS

A. CHANNEL CHARACTERIZATION

To further compute the system performance metric, let us
assume that the channel coefficients are independent and
identically distributed (i.i.d.). Then, the probablhty density
function (PDF) of the channel coefficient h S ) from the satel-
lite’s g-th antenna to the UAV is expressed as [44]

’h(") 2 (y) = e ¥ ag; Fy (msg; 1; 8sry) , (14)
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R _ 1 _2sgmg "
where e5; = by ¥SR = 7pg <2bsjmsj+s2s,- o O =

§2sj b .
25 (g 1525 and where Qg;, 2bs; and myg; are the average

powers of LOS, the multipath components and the fading
severity parameter, respectively. 1 F1 (.; .; .) denotes a conflu-
ent hypergeometric function of the first kind [47, eq. 9.210].
Then, we assume the integer values of the Shadowed-Rician
fading severity parameter throughout this paper. We can
rewrite (14) as

mgj—1
‘h@ 2 () = MW agp Y Ly (b)Y’ (15)
b=0
—D*(1—mg; §¢i)®
where Ag; = e5j—6sj, {5 (2) = CD(Amy). (5g)° ;,"i’)z( ) ,and (.),

is the Pochhammer symbol [47, p.xliii]. Applying the result
from [3], the PDF of |hg;|> under i.i.d. Shadowed-Rician
fading can be formulated as

ms_,'fl msj,1
Fingl2 @ = Z Z ES)yr e 297, (16)
e b1=0 by=0
where
N—1 v
E (8)) = o H i (ba) [ [ B (Z bi+v, bv+1+1> (17)
u=1 v=1 =1
N
A= b N, (18)

and B(., .) is the Beta function [47, eq. 8.384.1]. From the
above analysis, the PDF of ﬁgj is expressed as

mgj—1 mgj—

Z Z H(S]) A 1, V. (19)

b1=0  by=0 (PS/)

Using [47, eq. 3.351.1], we obtain the CDF of fSg; as

fﬁs]‘ (V) =

msj— msj—

E (S As; )
Z_ bNZ—O AS] ( ’ pSV ‘ (20)

]

Fﬁsj ()/)

Then, the PDF of the links from R to U; can be expressed
as [40]

Fipg @) = mie ety (2/miKiy) . @)
where w; = (HK U+K) , and K; and €2; are the Rician factor and

average fadlng power respectively. Then, the PDF of Bgy,

can be expressed as
—K; .
i o K .
€ w2 /2%, ). 22
PRU;

fﬁRUi (V) =

i

Based on [47, eq. 8447.1], we can then rewrite

00 b —K; b+1 @i
(K) e i w; _ i y
JBro, (V) = Z T <P}!ﬁ> yPe "R (23)
b=0 : i
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Similarly, the CDF of By, can be expressed as

o (K" e K ( @i >
F =) b+, —Ly). (4
Bru; ) g (b!)2 v | o+ PRU, 14 (24)

B. OUTAGE PROBABILITY OF U,

The outage probability defines that the probability of the
instantaneous SINR y; falls below a predefined threshold
O, 1.€.,

Poy =Pr (Vk < @th) s (25)

where Pr(.) is the probability function.

Based on the selection combining technique, the outage
probability of U can be determined by maximizing the SINR
of the link from S to U; and the link from S to R. The outage
probability of U; can then be expressed as [41]

Pour,1 = W1 x W2, (26)
where
Wi = 1-Pr (VS%] > 02, Vs, > wl), 27)
W = 1=Pr(ysz > 92, vsg > ¢1)
x Pr(ygh > 02, vip > ¢1) (28)

and where ¢; = 2Ri_1, R; are the target rates.
Lemma 1: The term W is given as

Wy = 1-I1+D, (29)

where /1 and I, are expressed by
ASUI Umax

ESUNT (A)e 0

msy; —1 msy =l A—1

2R Y

by=0 a=0
—a—1
X( Umax )a( 1 +ASU1Umax/OCU) “
PCU PSU, Acuy PSU,

A Uy
1 SU | Ymax
— 1 Asy, v
x e CUIPCU © PSUY F(a—H, + SU; maX> ’
Acu, PcU PsU,

alreu, (Bsv)"

(30
and
I
sl s i (A—=1)! (Umax)® €~ 2

Z Z gt )"CUla! (®l)a+1

1 Ata a o ©)
X (ASU1+—) (pC—U) ercuT” <a+1 —1) .
UlAg psU, pcu

(3D

Proof: See Appendix A.
Lemma 2: The closed-form expression to compute W, can
be expressed as

U, = 1—A; xAs. (32)

Because the computations of A; and A, are complicated,
we present these details in the appendix.
Proof: See Appendix B
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C. OUTAGE PROBABILITY OF U,
Similarly, the outage probability of U, is given as [41]

Pourp = Wi x Wy, (33)
where
b = 1-Pr (353, > 02) (34)
and
Uo = 1-Pr (153 > 02, v > 01) Pr Vi, > ¢2) . (39)

Lemma 3: The closed-form expression of the outage prob-
ability, denoted by W1, is given as

msuy~1 msuy =1 _ . ol
- E(SU2) (pcyv2)’e 2
Up=1- > .. - —
b1=0 o (0s1:)" Aev, (Asu,)
A-1
(A 1)‘ (a+1 1 +ASU2/0CUU2>
= “hevspcu PSULPCU
—a—1 AsU, PCU V2
X( 1 ASUZIOCUU2> e"Mtuzl/ocu+ psjzpcu )
Acu, PSU,
(36)

Proof: From the result from (5), we can rewrite (36) as

_ 2
¥y = 1-Pr (ﬂSUZ > v (pcu |hcu, | +1>)

= 1- / B2 O f fosu, ()dxdy.  (37)

v (pcuy+1)
Then, we calculate

msy, —1 m, 1
SU» SUy E (SUz)

h=1- Yy Ly 260
b1=0 by=0 (PSUZ) ACU,

_Asuzx
x/e ’\CUZ / xMle 0T dxdy.  (38)
0 w(pcuy+1)

Next, W; can then be expressed as

mSU2 -1 mSU2 (SU ) Aj;/lg =
2)e 2
T
—0 bn=0 pSU2 CU,
— (A—D! (pcyv2)’
X Z ' A—a
a=0 a. (ASUZ)
e Asu, Pcuv2
1 \¢ _(4+5U27)y
X / <y+—) e \'CUa sy )T gy (39)
0 PCcU

We thus similarly obtain W;. This ends the proof.

Lemma 4: The term A3 = Pr (y;&]z > <p2) can be

expressed as

~ C
© b (K2 prue X2 (QZZUZPCU)\CUZ)

A3 = - c+1
b=0c¢=0 blc! (sz'z)xCUz )OCU+,0RU2)
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_bymy | Bmadcu,pcuteru,

xe PRU ACU, PCU PRU,
Gramah +
C~|—1, 2W2ACU, PCUTLPRU, ' (40)
ACU, PCU PRU,

Proof: Applying (11), A3 can be expressed as

3 2
A3 =Pr (,BRUz > 6 (PCU |heu,| +1)>

= / / thUZ}Z (x)fﬂRUz (y)dydx (41)
0 by(pcux+1)

Similarly, (41) can be expressed as

c
ZZ(Kz)h e —,ZUR)UQ brpcum
blc'icu,

b=0 c=0 PRU

¥ 1 \¢ _mbhecy _ _x
x / (x+—) e PR T MCUydydx. (42)

pcu

‘We thus obtain (14) similarly to (60). This ends the proof.
Finally, by combining (29) and (40)_, the closed-form
expression of the outage probability, i.e., W5, is expressed by

\ilz = 1—A1 XA3. (43)

Remark 2: The expressions for outage probability depend
on various system parameters determined from the con-
straints encountered in practical scenarios. We can observe
in the relevant outage probability equations, for example (27)
and (33), the effects due to the number of transmit antennas
at the satellite, the satellite link configuration, the satellite
transmit power, the power allocation factors Q1 and Q», and
the levels of RHI. Applying numerical simulations, we verify
these effects in the system performance metrics.

D. DIVERSITY ORDER

To provide more insight, we need to derive an asymptotic
expression of the outage probability at a high SNR p = pg =
pr — oo. The diversity order of the terrestrial user can be
given by [43]

log (P, (0))

d =— lim (44)
p—>00 log p
where PS5, denotes the asymptotic outage probability.
Then, by applying a Maclaurin series, we have

e~ >~ (1—x). We can also write (26) in the case of a high
SNR as

om‘l = WOxWe, (45)
where W is expressed as
msy, —1 msy, —1 A—1 -
_ ! ! 2 E@UNT (M)
- Z PP

—o b\ cu, (ASUl)A_a

8 <I_ASU19max>< 1 +ASU19maxpCU>_a_1
PSU, )\CUI PSU,
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% < emax >a ( 1 +ASU19max>b
PCU PSU; ACU, PCU PSUY

msy; =1 msuy; =l A_1 4
ESUDT (A)(1-07)
DD I =
b1=0 by=0 a=0 b=0 hcu bH(OD*
a ® b 1 —A+a
X(Umax/OCU) < 1> (A v+ ) )
PSU, pcu UlAg
(46)
Then, W7 is given by
W = 1-A7XA, 47
where
msgr—1 msgr—1
(A-1)!
Z Z H(S )Z '(A )A
( ASRGmax> (ASRemax>
x| 1—
PSR PSR
msg—1 msg—1
(A 1)
- Z 2 E <SR>Z
=0 by=0
x( ) "<9‘“”)"
AsphrgOi+1 PSR
AspAro01+1) 6 1
% 1_( SRAgU1 ) max+ ’ (48)
010sRAg OSRAg
and

(K1) e K1 pry
STy e

b=0 ¢=0d=0

~ C
(ZUI Omaxpcurcu, )
X

~ c+1
@1 OmaxPcu A cu, +PRU, )
d .
@1 0maxPcUrcu, +PRU, el Omax
PRU, PCUACU, PRU,
—ZZZ“”W“
— d!CMCUISC'H
~ b—c+1 ~ c d
y Agly ocUOmax ( & )
@1 hgb+1 PRU, pcu
(wl)»gél—i-l) Omax 1

AgPRU,

S

x| 1—

- 49)
Ag01PRU,

The asymptotic outage probability for U is thus similarly
obtained as

P> , = ‘-Iflx‘lfz, (50)

out,
where W is given by

msu, -1 msuy, -1

oo=1_2

b1=0 by=0 (pSUZ)a (ASUZ

E (SU2) (pcuv2)?
)Afa
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TABLE 3. Table of satellite channel parameters [45].

Shadowing b m Q
Average shadowing (AS) 0.251 |5 0.279
Heavy shadowing (HS) 0.063 |1 0.0007

TABLE 4. Table of main simulated parameters.

Monte Carlo simulations 106 iterations

Satellite type GEO

Carrier frequency fe=2GHz

Carrier bandwidth W =15Mhz

Distance from satellite to UAV and satel- || dsgr = dsy, = dsu, =

lite to U; 35786 Km

Receiver noise temperature T = 500°K

Speed of light c=3x10%m/s

Antenna gain at satellite ¥g = 4dBi

Antenna gain at UAV and U; Yr = Jy, = 48dB

Angular separation ¢r = 0.8°

3dB beamwidth ¢Rr3ap = 0.3°

Power allocation Q1 = 0.25 and Q2 =
0.75

Path loss exponent X =2

Level of hardware impairment K2 = KQSUi = K3 =
k2 = 0.01

Altitude h = 10m

Target rate R; = 0.2 (BPCU) and
R> = 0.4 (BPCU)

Rician factor Ki =Ky =5

Average fading power D =Q2=1

Distance d1 = 5mand do = 10m

A—1 ae
y Z ~ (A-)! ( ! +ASU2,0CUU2> !
4—=0 b=0 b')\'CUQ )‘-CUZ PSU,
5 ( 1 ASUQPCUUZ)H
/\cuzpcu PSU, PCU
A
" <1+ . SUZPCUU2>
ACU,PCU  PSU,PCU
1 A A
8 (1_ _Asvypcuva SU2U2>. 51)
ACU,PCU  PSU,PCU PSU,
Then, ¥, is given by
U) = 1-ATOxAS, (52)

where

~ C
(K2)? pru,e X2 (92ZIT2PCU)LCU2)

SHH>

c+1
b=0 ¢=0 d=0 b'd'(@ng)»cuzpcu—f-pRUz)

_ d
Or@rAcu, PCU+PRU,

ACU,PCU PRU,

0
|

(53)

PRU,

We may straightforwardly conclude that the diversity
orders of users Uy and U» both equal zero.

IV. NUMERICAL RESULTS

In this section, we present numerical simulations to verify the
derived expressions. The Shadowed-Rician fading parame-
ters are listed in Table 3, and the parameters for the numerical
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FIGURE 2. Outage probability versus p for different values of the satellite
link, where N = 1, pcy = 15dB, and Ag = 0.01.

results are summarized in Table 4, where BPCU refers to bit
per channel use. We also set p = ps = pg, with the exception
of the specific case mentioned later.

Figure 2 depicts the outage performance of the UAV-based
satellite system against the transmit SNR at the satellite p.
From the illustration, we can see that the outage probability
decreases for two users as the value of p increases. A clear
observation is that the performance gap between two users
is just as large at the middle range of the SNR, i.e., p varies
from 40 to 50 (dB). This is significant because we can see
that the Monte-Carlo and analytical simulations match very
closely, confirming the corrections in the related expressions
for outage probability. The asymptotic curves match with
exact curves in the high SNR region, verifying the validity
of the corresponding expressions. The advantage of the pro-
posed system is clear in a comparison of its performance with
an OMA -assisted satellite-terrestrial system. By adjusting the
power allocation factors (Q1, and Q»), the system can also
produce different performance for two users, however, in the
high SNR region, the system performance does not depend
on Q7 and Q. The configuration of AS mode is superior to
that of HS, and outage performance for both users therefore
improves when the satellite links are subject to AS rather
than HS.

Figure 3 shows the improvement of outage performance
at high SNR. When we increase p, the corresponding outage
performance of two users improves significantly, especially
if we raise the number of transmit antennas at the satellite
fromN =1toN =2or N = 3. For N = 3, we obtained
better results. A greater number of antennas equipped at the
satellite improves the channel gain, which results in better
performance, especially in the performance gap between two
users, similar to the results shown in Figure 2. However,
examining the entire range of p in the cases N = 1 and
N = 2, saturation is attained much more quickly than with

= 3, the reason being that a greater number of antennas
significantly improves the outage performance.
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FIGURE 3. Outage probability versus o for different values of N, where
pcu = 15dB, Ag = 0.01, and the satellite link is set to HS.
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FIGURE 4. Outage probability versus o for different values of 14, where
N =1, pcy = 15dB, and the satellite link is set to HS.

Figure 4 reveals similar results to the simulations in
Figures 2 and 3 and indicates the trends of outage behavior
for two users under perfect SIC and ipSIC schemes. When we
raise p from 40 to 60 dB, the outage performance for perfect
SIC is superior to ipSIC, the main reason being that inter-
ference from ipSIC limits the SINR, and the corresponding
system performance of secondary users is thus reduced. Two
levels of the ipSIC case confirm that A, = 0.01 is superior to
Ag =0.1.

As with the effect caused by ipSIC, the interference chan-
nel of the CUE has an effect on the outage performance of two
users (Fig. 5). Here, pcy = 1 dB produces the corresponding
outage probability as the best result of the three considered
cases.

Figure 6 shows that when the UAV flies at a greater height,
it leads to worse quality in the ground links and consequently
worse outage probability for the two users. This can be
explained by the distances between the UAV and ground
users computed from (1), which depends on the height A.
This demonstrates the advantage of the UAV in determining
expected system performance. We can achieve the desired
performance simply by controlling the height of the UAV.
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Figure 7 shows that the outage performance can be
enhanced significantly under Rician channel conditions. The
configuration K1 = K> = 10 indicates the best case
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FIGURE 8. Outage probability versus o for different values of «2, where
N =2, pcy = 15dB, g = 0.01, and the satellite link is set to HS.

associated with the considered values of the links from the
UAV to the ground users, the reason being that the outage
probability in (41), (43) contains values of K1 = Kj. The
quality of the ground channels plays an important role in
altering the outage probability values.

Figure 8 shows the effect of hardware impairment level
«? with respect to the outage probability for two users. It is
easy to conclude that the lower level of hardware impairment
exhibits the best outage performance for two users in the con-
sidered system. We note that > = 0.5 is a serious degradation
in terms of outage for two users. Therefore, a high require-
ment in perfect hardware design is crucial for maintaining
system performance at a desired acceptable quality.

V. CONCLUSION

We investigated the outage probability performance of a
UAV-based satellite-terrestrial system with a multi-antenna
satellite and NOMA scheme containing hardware impair-
ments and imperfect SIC. To demonstrate the main sys-
tem performance metric, we derived novel and closed-form

various key system/channel parameters on the outage prob-
ability and provided a guide for the joint deployment of a
UAV and multi-antenna satellite in such systems. In future
work, it would be interesting to consider multiple antennas at
the UAV or even the ground users, providing a more general
scenario for study.

APPENDIX A
Using (9) and (10), we write the term Wy, which is shown
at the top of the next page, where v; = #:"301’ vy =

+ and Umax = max (vg, v2).
Qz—wz(Q1+K5Ul.)

Based on (19), the term /7 in (54), as shown at the bottom
of the page, can be expressed as

mgy, —1 mgy, —1
: ~  E@®U)
b1=0 oo (osuy)” Aeu,
00 s 00 asy, ,
x/e Uy / yAle U1 dydx.  (55)
0 Umax (Pcux+1)
Using [47, eq. 3.351.2], we can express I as
ASU Umax
mut T e sy e A
Il = Z A—a
b1=0 oo rcuy (Asy))
-1
% Z (A=1)! (UmaxpCU>a
= @ 0OSU;
e Agy, vmaxpcy
1 a _<#+ 1 )x
x / <x+—) e \'CU Psuy dx. (56)
0 pcu

Then, using [47, eq. 3.382. 4] we rewrite I1, as expected.
The term I is thus expressed as

1

— — —_—

expressions of the outage probability. The results showed that L m% L msy,—1 E (SUp) e™vi’s / o A;Ul + ”551[]‘8)‘
the detrimental effects of interference from a non-NOMA 2= — = ( osU )A Acu
user and the deterioration of the outage probability due to =0 b=0 ! !
imperfect SIC could be mitigated by increasing the number ? _ A8y y ——2
of antennas at the satellite and thus improve system perfor- x / YAl SU e IPSUE dydx
mance. The numerical simulations demonstrated the effect of Umax (PCUx-+1)

Bsu, Q2 Bsu, Q2

\Ifl = 1-Pr

> @2, >
2 2
Bsv, Q1+Bsu, k§y, +ocu |hev, | “+1 Bsv, Q1 +Bsu, k5y, +ocu |heu, | +1

»1

2
= 1-Pr (ﬂSUl > Omax (pCU |hCU1| “1‘1) ) |g|2 <

01050,

2
Bsu, _pcu hcu|"+1
PSU;

o0 oo o0 oo oo
= 1_/f|hcu1|2 (x) / JBsu, (y)dydx—i—/]"hcul'z (x) / JBsu, O) / g2 @dzdydx . (54)
0 Omax (pcux+1) 0 Umax (pcux+1) y _pcuxtl
vipsU,  PSU,
I
L
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msy; —1 msy; —1

Z Z 2 (SU)) Z (A=D1 (Umax)“ e~

rcuyal (psu, )’

C))

1 —A+a
(ASU|+T) /(PCUX'H)a e O"%dx,  (57)
U1

1 ocU ASU] Umax PCU Umax OPCU
where @] = ——— and ©®) =
U= Teo, ™ osuyig Psu; + VIPSUL A ’
Asu) Umax Umax 1
PSUY V105U, Ag Psuy Ag’

Based on [47, eq. 3.382.4], we obtain I, as (31).

Substituting (55) and (31) into (54), we obtain the final
result.

This ends the proof.

APPENDIX B

First, we denote Ay = Pr(ygp > @2, vgp > @1) and Ay =
Pr(ysp > @2, ¥sg > @1). Substituting (8) and (9) into Ay,
we have (58), as shown at the bottom of the page, where

0 £l 0 &2 6 = 01, 62).
1= O1—pic2’ 2 = 01— (01+47)” max max (61, 62)

Based on (19) and [47, eq. 3.351.2], we obtain the term
Ay, from

msp—1 msp—1

Z E(SR)F<A ASRemax) (59)
0 = aso U ose

A= Z

Applying (19), we can express Aj 2 as

Similarly, we obtain A; > from

msg—1 msr—1

Ma= 2D

Org A
=GR\ 3 Agbr1+1
ye0 SRAgO1

e Aspho01+1
TR T A,( 58501 +1) bimax . (6D
010sR g

Applying (12) and (13), A> can be calculated as (62),
shown at the bottom of the page.
Based on (23), Ay is rewritten as

b — 0 ¢ w umax
Ay = iz (Kl)be £ Omax pcU @1 . ,;IRQUI
21= blclhcy,

PRU,
* ¢ W1§maXPCU'\CU1+PRU1x
xf(x—{——) PRUACU) dx. (63)
Pcu
0

Based on [47, Eq. 3.382.4], we obtain A5 | from

b —K 5 ¢
b (K1)? e ™ pru, (1319max,0cu)»cul)

blicu,

00
A=)
b=0 ¢

=0

o fmax | @10maxpcuicuy +HoRU;
PRU, PRU| PCUCU,|

e

X

msg—1 - msg—1 E(SR) _1 _ c+1
A = Z Z AEPSRAS' (wlemaxpCU)‘CUl“l‘PRUl)

bi=0  y—0 (PSR)

00 6 revy+

(Ask, 1 @1 OmaxPcU A cu, +PRU,
X /fole (pSRJersmg)xdx_ (60) xI’ (C_H’ PRUIPCU)LCUI . (64)
emax
BsrO2 BsrO1
A =Pr 5 > @2, 5 5 > @1
BsrQ1+Bsricg+1 PSR 181" +Bsricgt+1

sr—01
—Pr (ﬁSR = O g2 < 2 )
010sR
= ffﬂSR (x)dx—— /fﬂs;e (x)e 91”SR dx, (58)
Gmax Qmax
Al Al
2
- ) R (PCU |heu, | +l)
Az = Pr{ Bru;, > Omax (/OCU |heu, | +1) gl < ~'3 ——
010rU, PRU;
o0 o0 o0 o0
f Gt @ [ S oda= [0 [ G [ heada. @
Omax (pcux+1) 0 Bmax (pcux-+1) v (ecyxt)
61PRU} PRU,
Azl
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We then obtain A3 > from

00 b —K b+1
KD e X [ oy
Ar =) s e
o OV Acu; \PrRU;
* _(#_%)x
X/e *CUp  hgby Ry,
0
o
X e I MUPRUL) dydx.  (65)
é‘max(pCUx‘i‘l)

We apply a computation similar to (64) and express A > as

> b b b+1 ,—K
K 1
Aoy = ZZ (K1) (@1)”" e

le! c+1
0 o0 blclicy, &
- ~ b—c+1
IOCUemax )ngl
PRU, w‘l)»gél—i-l
£ _(mlxg_51+1)§max
xeCU " H8PRUy *g01PRU F(C-H, : ) (66)
Pcu

Based on (59), (61), (64) and (66), we obtain W,.
This ends the proof.
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