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Abstract—This paper investigates the performance of non-
orthogonal multiple access (NOMA) based hybrid satellite-
unmanned aerial vehicle (UAV) systems, where a low Earth orbit
(LEO) satellite communicates with the ground users via a decode
and forward (DF) UAV relay. We investigate a two NOMA users
system, where a far user (FU) and a near user (NU) are served by
the UAV which is located at a certain height above the origin of the
coverage circle. The channel between satellite and UAV is assumed
to follow a Shadowed-Rician fading and the channels between UAV
and users are assumed to follow a Nakagami-m fading. New closed-
form expressions of the outage probabilities for the two users and
the system are derived. Different from other work in literature, we
take into consideration different parameters affecting the total link
budget. Additionally, we propose an algorithm for minimizing the
system outage probability. The mathematical analysis is verified by
extensive representative Monte-Carlo (MC) simulations. Finally,
simulations are provided to demonstrate the impact of important
parameters on the considered system as well as the superiority of
the NOMA scheme the over reference scheme.

Index Terms—Outage Probability, Unmanned Aerial Vehicle,
Satellite, Non-Orthogonal Multiple Access.

I. INTRODUCTION

Recently, satellite communication (SatCom) has withdrawn
an increasing research interest due to the several advantages
offering over conventional terrestrial communication such as
wide coverage area, covering harsh and isolated geographical
regions where conventional wired or wireless communication
can’t reach including maritime, deserts, and jungles. Moreover,
SatCom serves well in disaster areas where the terrestrial
networks are compromised. Additionally, SatCom can provide
a wide range of flexible applications in the field of navigation,
TV and Radio broadcasting services, Weather prediction and
climate monitoring, Internet access, and satellite telephony [1].
On the other hand, SatCom networks face several challenges
including operation cost [2], propagation delay [3], and signal
degradation due to rain and atmospheric disturbances. Addition-
ally, antenna-pointing errors angle caused by satellite perturba-
tion or by the other side’s mobility may lead to communication
outage [4]. Furthermore, the line-of-sight (LOS) link may be
blocked by heavy shadowing or obstacles that retard communi-
cation between the satellite and terrestrial users [5]. To combat
such issues, hybrid satellite-terrestrial networks (HSTNs) based
on relaying have been proposed in many literature [2], [5]—
[7] to increase efficiency, and enhance the performance of the
user whose direct link is unavailable or deteriorated. Satellites

can be stationed in a variety of orbits including Low Earth
orbit (LEO), medium Earth orbit (MEO), highly elliptical orbit
(HEO), and geosynchronous orbit (GEO) [8]. Recently, LEO
satellites constellation networks have withdrawn a great interest
due to their small propagation delay, high data rate, and lower
transmit power [9]. Consequently, we consider a LEO satellite
setup in this work.

On the other hand, unmanned aerial vehicles (UAVs) have
been used as a wireless flying base station, mobile relay, or
backhaul to improve the coverage, flexibility, and reliability of
the network [1] in order to provide a variety of applications
including reconnaissance, surveillance, disaster management,
traffic control, healthcare, emergency search, military, agricul-
ture, and communication relay [10], [11]. Thus, the combi-
nation of a UAV and a satellite has the potential to provide a
technological breakthrough for communication networks due to
the UAV’s flexible mobility [12]-[14]. However, UAVs commu-
nication have their own challenges including limited bandwidth
and limited battery [9], which mandates the exploitation of
spectrum and energy efficient techniques in both transmission
and mobility.

Non-orthogonal multiple accessqINOMA) is one of the most
promising and spectrum efficient techniques with a significant
attention. NOMA improves the spectrum efficiency by serving
more than one user at the same time with the same frequency
resource [15], [16]. The power-domain NOMA (PD-NOMA)
is the most widely used type NOMA at which a superposition
of users’ signals is transmitted using different power levels.
However, this type of non-orthogonality causes interference
at the receiver. To cope with this, successive interference
cancellation (SIC) is used at the receiver to successively decode
users’ information one by one from the superimposing signal
in the order of the received signal strength [17]. Improved
spectrum efficiency, high connectivity, multiplexes many users,
flexible power control method between strong and weak users,
and low latency are all benefits of the NOMA scheme [18].
In contrast, the orthogonal multiple access (OMA) scheme is
not the best choice to achieve the requirements for SatCom
as OMA provides limit number of served users and reduced
resource efficiency [4]. NOMA has been investigated for several
network architectures and applications and proved to be an
efficient technology [19]-[22].
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To satisfy the higher throughput, low latency, higher re-
liability, and massive connectivity requirements of beyond
fifth-generation (5G) and six-generation (6G) communications,
network designers have to adopt a heterogeneous architecture
that makes the best use of the advantages of different tech-
nologies [23]. This motivates researchers to investigate the
performance of heterogeneous architectures of HSTN NOMA-
based systems. The authors in [5] have considered the fairness
issue in a NOMA-based HSTN system, where the terrestrial
network acts as a cooperative relay. In [24], the NOMA-
based integrated satellite-terrestrial relay networks (ISTNs)
with multiple terrestrial relays was proposed, where a satellite
communicates with two terrestrial users with the help of a
selected relay out of multiple terrestrial relays under imperfect
SIC. The performance of energy-harvesting terrestrial relay-
based HSTNs network is investigated, where both amplify-
and-forward (AF) [25] and decode-and-forward (DF) relay is
powered from the satellite signals under NOMA transmission
[2]. In [26], the authors investigated the outage probability of
HSTN NOMA-based system, at which one user receives its
signal directly from the satellite, while the other user relies
on a multiple antenna DF relay. Further, the secrecy outage
probability (SOP) of the HSTRN was investigated in [27] using
physical layer security (PLS) technique in the presence of
multiple eavesdroppers.

Moreover, the exploitation of aerial UAV relays is a promis-
ing direction to improve the performance of HSTRN systems.
In [1], the PLS of a HSTN system with multiple mobile UAV
DF relays was investigated. In [6], the authors have proposed
a hybrid satellite-UAV architecture operated by a 5G non-
orthogonal terrestrial network. The authors have investigated
the outage probability and the asymptotic behavior where a
satellite communicates with ground users with the help of a
NOMA-based DF UAV relay. However, those investigations
don’t take into consideration the path-losses associated with
satellite communication besides the antenna pointing errors
[4]. This motivates researchers to investigate the performance
of a practical heterogeneous HSTN NOMA system, where a
UAV is used as a flying relay node. We investigate the system
performance under free-space path loss and antenna pointing
error, while the satellite-to-UAV and UAV-to-Terrestrial users
channels undergo Shadowed-Rician and Nakagami-m fading
channels, respectively. Mainly, the contributions of this work
can be summarized as follows:

o We investigate the performance of a downlink NOMA-
based HSTRN system that consists of a LEO satellite,
DF UAV relay, and two NOMA terrestrial users. We take
into consideration both small and large scale fading of
satellite to UAV link under the effects of satellite beam
gain, satellite antenna gain, receive antenna gain, antenna
pointing error, free space loss, and noise power.

o We derive closed-form expressions for the outage proba-
bilities (OPs) of the two users and the system OP.

e« We propose an optimization algorithm that tweaks the
power allocation factor to minimize the system OP.

o Validate the analytical derivations by extensive Monte-

N
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Figure 1. The system model.

Carlo simulations, and then we study the impact of system
parameters on the OPs. Finally, we carried out a compar-
ison with a benchmark system.

II. SYSTEM MODEL AND CHANNEL STATISTICS
A. System Model

We consider a downlink Satellite scenario, at which a LEO
Satellite (S) communicates with terrestrial NOMA users with
the aid of a DF UAV (U) relay node deployed at a constant
height h from the ground, as shown in figure 1. We consider
two users NOMA group, namely the far user (FU) and the near
user (NU). We assume a half-duplex communication mode for
all nodes, which are equipped with a single antenna. We further
suppose that due to the obstruction or severe large-scale fading,
direct links between the satellite and the users are unavailable,
which encourages relying on the UAV as a relaying node.

Following DF relaying mechanism, S transmits a superpos-
ing signal to the two NOMA users via the UAV relay. It is
assumed that the NU and FU are located inside a circle while
UAV is located above the origin of the circle. We assume
perfect channel state information (CSI) of all links, where the
S-U link, hg, undergoes Shadowed Rician fading distribution,
whereas the links between U and ground users are subject to
the Nakagami-m fading distribution. We take into consideration
the free-space path loss, the receiver antenna gain, the satellite
antenna gain, antenna pointing error, shadowing, and channel
fading in the S-U link. Therefore, the entire link budget of the
S-U link, without the small-scale fading, can be given as [28]

GS (d)s) Gu
L, L,

where G, is the UAV antenna gain, and G,(¢s) is the
beam gain and can be formulated as G;(¢s) = Gs(%u:’) +
36%7?5))2 [4] with G denotes the satellite antenna gain, J(.)
denotés the Bessel function, and us = 2.07123 % as R is
the radius of the coverage area, d is the distance between
the beam center and the UAV. L, is the free-space loss,
L, = w, where the downlink carrier frequency at satellite
is fs, the height of the satellite is H and the light velocity
is ¢, and L, is the pointing error loss and can be given in
dB as L, = 2.7211 x 1072° f2 D2 §2 [29] with D, being

LBy = ; ey
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the diameter of antenna aperture, and 6. is the pointing error
angle. Assuming a NOMA-based DF relaying, the end-to-end
communication process from the satellite to the ground users
happens in two-time slots. In the first time slot, .S broadcasts
a superimposing signal z; to U, whereas x; = a1 Psz;
+ +as Psxo, given that x; and x5 are the signals for FU
and NU, respectively. Thus, the received signal at U can be
expressed as ys, = hsyv/LBszs + ng, where Ps is the transmit
power at .S, a; and as denote the power allocation factors for
FU and NU, respectively, where a; > a9 and aq + ao = 1.
ns ~ CN(0,02) represents the additive white Gaussian noise
(AWGN) with zero mean and variance 02 = K T B, where
K = 1.38% 10723 J/K is a Boltzmann’s constant, B is the
noise bandwidth, and T is the noise temperature. Based on the
DF relaying strategy, the UAV first decodes the received signal
then forwards it to the two users. So, the UAV relay decodes
the signal with the high effective channel gain first then SIC is
applied to decode the other signal. Thus, the received signal to
interference and noise ratio (SINR) at U for signal x; and x5
can be written as

")’U — Vs LBS a1|hs|2
"1y LBgag|hg|2 +1’
7;]2 =, LB; a2|hs|2a

(2a)

(2b)

where s = % denotes the transmit SNR at S, and |hs|? is
the channel power gain of satellite link that follows a shadowed
Rician fading model. In the second time slot, the UAV forwards
a combined version, z,, of both decoded symbols to the
paired users. Thus, the received signal at FU and NU can be
expressed as yy = hy /Py xy +ng, yn = hn \/7 T + N,
respectively, where z,, = v/b; P,x1 + /by Pyxo, P, is the
transmit power at U, h¢ and h,, are the channel gain coefficients
of FU and NU, respectively. P, and P are the path losses at
NU and FU respectively and can be written as (\/d;i#%“’
d; represents the propagation distance between the UAV and
ground user, §; denotes the frequency dependent channel power
at the reference distance of 1m, and « is the path-loss expo-
nent [30]. ny ~ CN(0,0%) and n, ~ CN(0,0) represent
the additive white Gaussian noise (AWGN) at F'U and NU
respectively. b1 and by denote the power allocation factors for
FU and NU respectively, where by > by and by + by = 1.
Thus, the received SINR at F'U is:

_ s Prbafhgl?
Vo1 = 57 Py balhg 241 &)

where vy = P, / 0/-2 denotes the transmit SNR at U to FU.
The near user decode F'U’s signal first then SIC is applied to
get NU’s signal. Thus, the received SINR at NU for x; and
Zo can be expressed as

Vnpnbl‘hn‘z
L 4
’7.”51 ’YnPnb2|hn|2+1, ( a)
7:2 = "Tn P, b2|hn|27 (4b)

where ~,, denotes the transmit SNR at U to NU, and v, =
V= Yu-

B. Channel Statistics

The satellite to UAV link undergoes a shadowed-Rician
fading, where the probability density function (PDF) of |h|?
is [27]:

fing2 () = agexp (=Bsz) 1F1 (mg; 1;65), ®)

2
where g = 2%75(2b511)%:nﬁ95)m5’ 65 =

35> and &, =
W 1F1(.;.;.) is the confluent hypergeometric
function of the first kind [31, Eq. (9.14.1)], m denotes the
fading severity parameter, €2, represents the average power of
line-of-sight (LOS) and 2 b represents the multipath compo-
nents. With the aid of equations [32, (07.20.03.0009.01)] and

[33, (07.02.03.0014.01)], 1 F} function can be expressed as

ms— —1)k(1— s R k
VFy (mg; 13 0,2) = b Yt (1) (1(&2);@(5 2 (6)

where (.), is the pochhammer symbol [31, p. xliii]. Let
k s \k
(k) = %ﬁ% With the help of equation [31,
(3.351.2)], the cumulative distribution function (CDF) of the
|hg|? is expressed as
F]hs‘z(x) =1— Qg e_(ﬁs—(ss)-’t E'leo—l C(k)
x Y o it (Bs = 85)~ D,

The links between the UAV relay and the FU and NU are
assumed to follow the Nakagami-m fading whose PDF |h;|?,
i € {f,n} can be expressed as [34]

fina2(x) = (G

and the CDF of |h;|? is expressed as

(N

1

L) gf“(m,‘,) e” G, ®)

7m7,w m;—1,/m; n 1
F‘lhi‘Q - 1 —€ B Zn:O ( x) 7!, (9)
where m; is the severity parameter for user i.

III. OUTAGE PROBABILITY ANALYSIS

In this section, we investigate the reliability of the proposed
system, where the reliability is characterized in terms of the
users and system outage probabilities (OPs). The OP is the
probability that a specific SINR falls below a certain threshold
value. In the following, we derive the OPs of both users and
the system OP as follows:

1) OP of NU (OP,,): The OP event for NU occurs when
neither the UAV nor the NU correctly decodes x; and x5, which
can be mathematically expressed as [6]

U
OP,, = Pr(min( Oy O )

Vthy ? Ythp

<1l)+

N A Yoy e
Pr(mln('yi‘zlf ’ ’Ytzi,) 21, mln(’Y”’If ’ 'Y;”Q"’) <1

=1 —Pr(YY > ven,, 7L = ven)

X Pr(v2, > Ve Yoy = Veho )
(10)
where v, = 227 — 1 and 4, = 228 — 1 are the target
SINR threshold at FU and NU, respectively. Ry and R, are
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the target data rates for FU and NU respectively. From (2) and
(4), the OP,, in (10) can be written as,

Yth , W1
OP,=1-— Pr(‘hs|2 > HlaX( a1—taj; Ty ’Yth;;wl ))
Ythp W2 i
x Pr(|h,|? > max(bﬁb;mf ) (11)
=1- (1 — F“hsp(Awl)) X (1 — F“hn|2(Bw2)),
such that a1 — agvn, > 0 and by — Qg;ythf > 0 and
OP, = 1 otherwise, where A = max (——L—, ™), B
1 a2’Ythf az
_ Yth Yehy, o 1 - 1
= max(g—pmo— 5,0 w1 = gppn and wy = o By

substituting (7), and (9) into (11), the closed-form expression
for the OP,, can be expressed as,

OP, =1—a, e—(Bs—0ds)Awr Z’leo—l (:( ) l 0 l' (Awl)
X (Bs — 8) 7D ¢ B 5T (B Buy)™
(12)

2) OP of FU (OPy): The outage event will occur for the FU
when the UAV is unable to decode x1, x2, or when the UAV
is able to decode x; and x5, but the FU is unable to decode
its signal. Consequently, the OFy can be stated as [6]

U U
OPy = Pr(min( Yoy | Jop

Vth g ? Ythy,

<1)+

T A A Vi,
Pr(mln(%hf ? Ythy z 1)’ Yeh s < 1) (13)

ey ey i
= Pr(min(g5, 752, 28) < 1)

=1- Pr(’ygl Z ’Ythfy’}/}é 2 ’ythn?’y:{l

Z ’Ythf)-

Similar to the derivation of the O P for the NU, the closed-form
expression for OF; can be expressed as

OP; =1—a; e~ (Bs—85)Awr Z;":sgl (k) ;f .- (Awl)

21 w mr—1,m
X (85 — 85)~Uemt1) gy O S 1(97;Cw3)n 1
. (14)
_ Hlf _ 1
where C' = m, and W3 = ﬁ
3) The System OP (OP,y,): can be expressed as
OPsys =1- PT(’Y% > ’Ythfa’}/gQ > ’}/thn) (15)

x Pr(vI,

Z ’Ythf»%?l 2 ’Vthf;%% 2 ’ythn)v

By substituting (2), (3), and (4) into (15), and using (7) and
(9), the closed form expression of the OF;, is given as
OPFsys =1 — a,e—(ﬁs—fss)Awl Yoo Ck) i B Awn!
X(Bs — 85)(kmH) e B B T T (e Buon)" L

n!
ng

XG_W Zumfo 1(

ng)u %

(16)

IV. OPTIMIZATION ALGORITHM FOR POWER ALLOCATION

In this section, we propose the following optimization algo-
rithm for adjusting the power allocation factor to obtain the

Table 1

SYSTEM PARAMETERS.
Parameter Value
Height of LEO satellite (iridium ) 780 Km
Downlink carrier frequency at satellite 1.55 GHz
UAV antenna gain 1dB
Satellite antenna gain 30 dB
Diameter of satellite antenna aperture 2 m

Pointing error angle of satellite 1°

Carrier frequency at UAV 2 GHz

The height of UAV 100 m
Horizontal distance from the UAV to the near user | 50 m

Horizontal distance from the UAV to the far user 100 m
Coverage radius of spot beam from satellite (R) 200 Km

The distance from the beam center to the UAV 0.3R m

Noise bandwidth 12 MHz
Temperature noise 290 K

minimum system OP. We assume that a; = b; = f; and

Vth, = Vth; = Vth, Which can be written as:

min O Py, (17a)
f1
Vth
st. —— < fi<1 17b
T+ 7 h (17b)

The problem in (17) is convex and can be solved using any
commercial solver such as Matlab and Mathematica. Figure 2
depicts the variations of the three OPs versus f; to show the
convexity graphically. By setting the parameters in Table I and
set ¢, = 1, the optimal system OP is achieved at f{" = 0.7302.
In Section V, this optimization algorithm is used in all figures
unless otherwise mentioned. Additionally, the convexity of the
problem in (17) can be proved mathematically by differentiating
OP,y, in (16). Based on the deﬁnition of A = B = max(nl,ng)
for by = a;, where nm; = m, ny = Hr fo =1— fi,
we divide (16) into two intervals according to the value of fi.
The first interval is WZ;f < fi< %i’“h where 771 > 72 and
A =B =1n. By substltutlng in (16) and with some simple
mathematical manipulation, the partial derivative a%‘;’f“ can
be proved to be a negative value, which means a decreasin%
function of f;. Moreover, within the second interval, E;if’yi:)
< f1 < 1, we can substitute A = B = 155, where the derivative

can be proved to be positive. This proves that the system OP

shows an inflection point at gizf’hg Additionally, the second
Lh
s O%OPyys . o
derivative TQU can be easily proved to be a positive value
showing the convexity of the function with respect to f;.
10°
OPg, Ana.
OP,, Ana.
> OPsys Ana.
% Simulation
g
& 10 |
(5]
g
>
o
102 |

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
NOMA Power Allocation Factor f,

Figure 2. Outage probability versus power allocation fi.
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V. RESULTS AND DISCUSSIONS

In this section, we validate the analytical results using
representative numerical simulations. We evaluate the outage
probability of both the satellite-UAV-terrestrial users and the
system in addition to investigating the impact of key parameters
on the performance. Monte-Carlo simulation is implemented to
verify the accuracy by averaging over 10° channels realizations.
For numerical analysis, we set the power allocation factor to
the output of the optimal power allocation algorithm in (17).
The target rates of near user and far user are assumed to be
equal, where R,, = Ry = 0.5 unless mentioned otherwise,
while o = 2 is the path-loss factor and 0,2 = ¢,% = -70 dB.
The link among satellite and UAV undergoes frequent heavy
shadowing (FHS), the channel coefficients of terrestrial link are
my, =my¢ = 1, Q, = Qf = 1. The settings are summarized in
Table I [35].

Figure 3 plots the variations of OPs of FU, NU, and the
overall system versus the transmit power compared with OMA
scheme, where the transmit power (P;) = P; = P,. The results
show that the curves of theoretical analysis coincide with the
Monte Carlo simulation curves, which validates our analysis.
The results show that the OP improves with the increase of the
transmitted power for both users under both NOMA and OMA
schemes. The OPs of the far and near users are notably reduced
by adopting the NOMA scheme compared with OMA scheme.

Figure 4 plots the variations of the OPs of both users as a
function of the UAV height for an P, = 35 dB for both Satellite
and UAV. The results show that OP decreases when the UAV is
close to the ground. It is noteworthy that FU is more sensitive
to the height of the UAV than NU.

Figure 5 plots the OPs for both users versus the satellite
antenna pointing error angle 6. at fixed P, = 35 dB. It is
shown that the pointing error angle has a significant effect on
the outage performance of both users, where the OP deteriorates
as the pointing error angle increases. It is noteworthy that the
results show a complete outage, i.e., OP = 1, for a pointing
error angle around 6, = 12°. The results in Figure 6 support
those in Figure 5, it can be clearly seen that 6. significantly
influences the OP at a low value (i.e. 8. = 7° or 9°), the OPs
for both far and near user significantly decrease for the entire
range of the transmitted power.

Figure 7 depicts the impact of shadowing parameters for
the shadowed Rician link of the S-U channel on the OP

10°

OP_,, Ana. NOMA
OP,,, Ana. NOMA
OP,,, Ana. NOMA
- = = OP_, OMA
- = = OP,, OMA
OP, . OMA
- Simulation

e
T

o
t
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Qutage Probability

o 5 10 15 20 25 30 35 40
Transmit Power P[ (dB)

Figure 3. OP versus P; at R, = Ry = 0.5.
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Figure 4. OP versus the height of UAV.
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Figure 5. OP versus Pointing Error Angle.
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Figure 6. OP versus P; for different pointing error angle.
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Figure 7. OP versus P; for various shadowing parameters.

performance. We compare the OP performance for two different
shadowing scenarios, i.e., FHS, and infrequent light shadowing
(ILS) whose channel parameters are given in Table II [24]. The
results show that the OPs of both users under FHS scenario
are slightly higher than the OPs of ILS due to the impact of
communication conditions between satellite and UAV.

4967



Outage Probability

- ==0P,-m =1m=1
- - OPy,-m =1, m =1
OP,-m =2,m=2

3L - -
10 OP.,-m,=2,m=2
—6—OP_,-m_ =3m =3
—6—OP,-m, =3, m=3 g
Simulation
104 N N N . . . .
o] 5 10 15 20 25 30 35 40

Transmit Power P‘ (dB)

Figure 8. OP versus P; for different Nakagami-m severity factor.

Table 1I
SHADOWING PARAMETERS.
Shadowing ms bs Qs
Frequent heavy shadowing 1 0.063 | 0.0007
Infrequent light shadowing 10 | 0.158 1.29

Figure 8 indicates the impact of different severity conditions
for the terrestrial link on the OP. The severity parameters of the
terrestrial link have a significant impact on the OP. It can be
seen that the OP degrades as the fading severity increases with
decreasing m;. This is because of the fact that the performance
of the system enhances as the fading severity decreases.

VI. CONCLUSION

In this article, we studied the performance of the hybrid
satellite-UAV-terrestrial downlink NOMA system where the
closed-form expression for the outage probability is derived and
evaluated with the presence of path loss and antenna-pointing
error loss. We showed the impact of various parameters on the
considered system. We also showed how the power allocation
factor affects the total system OP and how to get an optimal
power allocation. The numerical results showed the superiority
of the NOMA over OMA system.
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