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Abstract- In this paper, we analyze outage probability (OP) of a hybrid satellite-terrestrial non-orthogonal multiple access
(NOMA) relay system, where Fountain coding (FC) is used. In this system, Fountain-encoded packets are transmitted from
the satellite to two terrestrial users. To assist the communication between a satellite and users, a reconfigurable intelligent
surface (RIS) and a relay node are simultaneously utilized. To employ the advantages of the cooperative scheme, at the
relay station, the fountain-encoded packets are decoded and then forwarded both directly without the RIS and indirectly
with the RIS to the two users. We analyze the system’s performance through theoretical analysis and propose a closed-form
formula for the OP of both users over shadowing and Nakagami-m fading channels. Monte Carlo simulations confirm the
correctness of the theoretical analysis by providing empirical evidence that supports the predicted outcomes under various
scenarios and conditions. Additionally, factors influencing OP, such as satellite-terrestrial channel conditions, the number of
reflecting elements in the RIS, FC parameters, and power allocation coefficients, are thoroughly investigated. Our findings
demonstrate that integrating NOMA, RIS, and FC substantially improves system performance. Moreover, the results also
reveal that to achieve the specified OP target, the system can dynamically adjust suitable power allocation coefficients for
users, the number of elements in the reflector, or appropriate FC parameters.

Keywords— Hybrid Satellite-Terrestrial Relaying Networks (HSTRN), Non-Orthogonal Multiple Access (NOMA), Fountain

coding (FC), Reconfigurable Intelligent Surface (RIS).

1 INTRODUCTION

Recently, satellite communications have become an
important part of the 6G mobile networks by offering
robust line-of-sight (LOS) connections and large area
coverage, which reduces the communication difficulties
in remote and challenging terrains [1, 2]. In spite
of the profound benefits of the communication links,
one obstacle that may impede the development of
satellite communication for applications such as long-
range (LoRa) networks and remote sensors is their
high expense [3, 4]. In order to maximize the ben-
efits of satellite technology while dealing with cost
concerns, a satellite-terrestrial network incorporating
relaying techniques is a possible solution for low-cost
devices [5, 6]. With the rapid development of HSTRN
systems, many techniques have been introduced and ap-
plied, such as non-orthogonal multiple access (NOMA),
reconfigurable intelligent surface (RIS), and Fountain
coding (FC). These techniques offer several advantages
for HSTRN systems, such as enhancing signal strength
and quality through reflection, refraction, or diffraction.
They significantly improve spectral efficiency compared
to traditional orthogonal multiple access methods, and
Fountain codes are highly effective for recovering lost

or corrupted data.

1.1 Related Works

To deal with spectrum scarcity and ensure fairness
among users, numerous studies have implemented
NOMA techniques in HSTRN networks [7-14]. Specifi-
cally, [7] focused on analyzing the performance (outage
probability and throughput) of the HSTRN system,
in which the NOMA scheme was used. The authors
in [7] highlighted the advantages of the NOMA scheme
in enhancing spectrum utilization efficiency and an-
alyzed the impact of interference among cells. The
authors in [8] investigated the NOMA scheme in a satel-
lite communication system, where the satellite directly
transmits to the near user, who then acts as a relay node
to forward signals to the far user. However, the authors
in [9] introduced an HSTRN system using the NOMA
scheme with multiple relays, where users act as relay
nodes to enhance system performance. The work in [10]
investigated the outage probability (OP) and average
symbol error rate (ASER) in both perfect and imperfect
successive interference cancellation (SIC) conditions for
an HSTRN system. This system includes a satellite, a
destination ground station (DGS), mobile users (CUs),
and small base stations (SBSs), and operates based on
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the NOMA scheme under co-channel interference (CCI)
conditions. On the other hand, the authors in [11]
proposed an uplink HSTRN (UL-HSTRN) system using
the NOMA scheme with different priority users to
enhance the signal transmission quality. To evaluate
the system performance, accurate and approximate ana-
lytical OP expressions were provided based on ensuring
signal transmission in a non-homogeneous channel
environment, depending on the quality of service (QoS)
of each user. In addition, the paper [12] investigates an
HSTRN system based on NOMA under the influence
of hardware impairments (HIs), using an opportunistic
scheduling scheme to select the optimal relay node and
the maximum ratio combination (MRC) technique to
combine signals from the satellite with that relay. The
authors derive closed-form expressions for the average
SER for both far and near users, assuming Hls at all
system nodes. In [13] and [14], the authors explored the
cognitive radio approach for NOMA-HSTRN networks.
Both studies focused on the performance of spectrum
sharing in HSTRN systems, applying NOMA during
the signal transmission phase at the ground station. It
is worth noting that these studies focused solely on
the NOMA-HSTRN system without considering the
potential application of RIS. Additionally, there has been
no exploration of the implementation of NOMA-HSTRN
with FC techniques.

RIS can be dynamically reconfigured to adapt to
changing network conditions or user demands. Thus,
presently, there are several studies on HSTRN systems
using RIS to improve the performance [15-17]. Spe-
cially in [15], a satellite transmits signals to multiple
users through a relay station and a reflective surface.
The authors combined beamforming and optimization
techniques to reduce the total transmission power. The
authors in [16] investigated a different scenario where a
satellite transmits signals indirectly to users, experienc-
ing significant signal blockage and path loss in the direct
path. The authors in [17] utilized ground-installed RIS to
aid the HSTRN system to reflect the signals to the user.
The authors employed the amplify-and-forward (AF)
protocol at the relay. However, the model overlooked
the practical scenario where the destination user could
receive direct signals from the relay in addition to the
reflected signals via RIS. Furthermore, the authors con-
ducted an analysis and derived closed-form expressions
for the parameters OP, ergodic capacity, and SER of
the RIS-assisted HSTRN system using the orthogonal
multiple access (OMA) technique. Research has shown
significant potential for integrating RIS into HSTRN
systems. However, the application of FC and the NOMA
scheme in these systems has not been considered.

FC well in scenarios, where data packets might be
lost during transmission, such as in wireless networks
or streaming applications. Moreover, FC is also inherent
simplicity and low computational overhead, and low
energy, size, memory costs. FCs can significantly reduce
feedback latency and retransmission overhead [18-20].
Thus, the numerous studies have explored the applica-
tion of FCs in various communication scenarios, demon-
strating their effectiveness in improving system security,

reliability, and efficiency [21-25]. In [21], the authors
investigated the security performance of a multiple-
input multiple-output (MIMO) system employing both
NOMA and OMA schemes. The authors demonstrated
that the combination of FCs and NOMA could reduce
the required number of time slots by half compared
to the OMA scheme. The work in [22] focused on
evaluating the security of terrestrial networks using
the low-energy adaptive clustering hierarchy (LEACH)
protocol with FCs. The study delved into the trade-off
between security probability and system reliability in
the LEACH network, proposing accurate closed-form
expressions for information privacy and OP. In [23], the
authors examined the influence of FCs in cognitive radio
broadcasting networks, while [24] investigated effects
in ground-based networks with a multi-antenna access
point transmitting Fountain encoded signals to multiple
users. Works in [25] delved into an HSTRN scenario
in which a satellite transmits rateless codes (a type
of FC) to multiple users through the assistance of a relay
station. The study analyzed the OP of both individual
users and the entire system under the influence of CCL
However, the limitations of this work are the lack of
closed-form analytical expressions and the absence of
investigations on outage probabilities under different
channel conditions.

1.2 Motivation and Contributions

Although extensive research has been conducted on
communication within HSTRNSs, several key aspects re-
main underexplored. For instance, studies in [7-14] have
investigated HSTRN systems employing the NOMA
technique. However, these works did not incorporate RIS
into their models. Conversely, other studies have consid-
ered the integration of RIS in HSTRN networks [15-17],
but without involving NOMA technology. In parallel,
several works have explored the application of FC to
improve the performance of terrestrial wireless commu-
nication systems [21-24].

Motivated by these advancements, recent studies
have begun investigating NOMA-HSTRN systems that
incorporate both FC and RIS. Notably, the authors in [26]
proposed such a model and analyzed its secrecy per-
formance. However, their system model presents some
limitations. Specifically, it only considers an indirect
transmission link from the relay to the user via RIS,
neglecting practical scenarios in which the user may
simultaneously receive signals through both direct and
indirect paths. Furthermore, the study primarily focuses
on physical layer security, while other critical perfor-
mance metrics—such as outage behavior, throughput,
and resource allocation—are not thoroughly addressed.

This research gap serves as the primary motivation
for our focused investigation in this area. In this paper,
we present an HSTRN model that integrates NOMA,
RIS, and FC techniques, aiming to address the following
key contributions:

o Firstly, we propose a model employing RIS and FC
for the NOMA-HSTRN scheme to create a powerful
and efficient communication system. Unlike previ-
ous works that only considered indirect RIS-assisted
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links, our model allows each user to receive signals
from the relay both directly and indirectly through
the RIS, which reflects more practical deployment
scenarios. Particularly, Fountain encoding is em-
ployed to address the issue of packet retransmission
when users encounter errors, reducing system
latency, and accommodating systems with unknown
channel characteristics information (CCI). Receivers
do not need to know the packet order but can
still successfully decode the entire original message
once they receive the minimum required number
of encoded packets.

e Secondly, we analyze the impact of variations in
the number of reflection elements and parameters
related to Fountain encoding, such as the maximum
number of sent packets (Hy;qx) and the minimum
number of received packets (G,,;,,) required for de-
coding, on system performance evaluation metrics.
We investigate the power allocation coefficient of
users concerning the OP and identify the optimal
parameters for the proposed system. In addition,
different from most prior studies that assumed
Rayleigh fading, our work considers Nakagami-m
fading channels, thereby providing a more general
and realistic performance evaluation. The results
show that the combined RIS and FC can reduce
both the OP and the system’s transmission power
requirements significantly.

o Thirdly, we derive closed-form expressions of the
OP for each user to address challenges in practical
satellite-terrestrial channels. This makes the relation-
ships between variables more clearly and easier to
understand, offering deeper insights into the system
parameters. Moreover, we perform simulations to
verify the convergence of the analytical results,
thereby confirming the accuracy of the analytical
formulas.

The rest of this paper is organized as follows. Section 2
presents the system model while section 3 derives the
system performance in terms of outage probabilities.
Section 4 presents the results and discussion, and
section 5 is the conclusion.

2 SysTEM MODEL

We consider a downlink NOMA-HSTRN system, as
illustrated in Figure 1. The system consists of a satel-
lite (S) serving two terrestrial users (denoted as D;
with i =1,2 and utilizes a dedicated half-duplex
Decode-and-Forward (DF) relay (denoted as R). Suppose
that S, R, D; are single-antenna devices and D; is
assumed to be the far user while D; is the near user. Due
to significant signal attenuation in the direct paths from
the satellite to the users, the relay station is deployed
to assist in decoding the satellite’s transmissions. Sub-
sequently, the processed signals are forwarded directly
to the users and additionally reflected through a RIS
(denoted as I) to enhance signal reception at the user
terminals. At the satellite, the information intended for
users D; is divided into equally-sized packets, which are

S
S

= Direct link
_____ »  Reflected link

Figure 1. System Model.

then encoded using FC principles to generate packets for
each user D; [19]. The process of transmitting packets to
users Dj is carried out in two phases: broadcast phase
from S to R and terrestrial phase from R to D;. At
the R, perfect successive interference cancellation (pSIC)
is applied to separate the signals intended for each user.
Subsequently, FC is performed sequentially for users D
and D».

2.1 Broadcast Phase

In the first transmission phase, the source node S
employs FC to divide the original message into equal-
length data packets, and then encodes them into packets
x1 and xp, intended for users D; and D,, respec-
tively [18, 20, 23]. By applying power-domain NOMA,
the superimposed signal transmitted from S can be
expressed as

xs = \/a1Psx1 + /a2 Psxy, 1)

where Ps and 4; are transmit power and power allocation

coefficients of S, respectively. During this phase, the

determination of a4; and a4, can be exchanged for each
2

other, and we set ap < a1 and }_ a; = 1 [9]. The signal

i=1
received at R is

YR = \/a1Pshsrx1 + /a2 Pshspx2 + ng, ()

where ng ~ CN(0,0R?) is the additive white Gaussian
noise component (AWGN) at R with the mean zero and
variance (Tl%. The hgg is channel coefficient from S to R,
which belongs the shadowed-Rician distribution [10].

Moreover, in order to consider the impacts of satellite
beam gain and path loss hggr [9, Equation (25)], we can
model the channel coefficient as

hsr = Qsr8sr, ®)
¢v/GsrOsr
dnfodsg
light, f° is the carrier frequency, dsg is the dis-
tance from the satellite to the terrestrial relay R, and
GgrOsr is the beam <§;ain. The beam gain is given by

Gorbsg = GIax(Lltse) 4 36 lase) ) yih Gmax peing the
R

2ugr ud

herein, Qg = with c is the speed of
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maximum satellite beam gain and ugg = %,

where 0Ogr is the angle between the terrestrial receiver R
and the beam center in relation to the satellite, and 63,5
is the fixed 3-dB angle for the beam. To achieve
optimal system performance, as shown in [14, 27],

we set g — 0, result in hsg = Qgg*gsg, where

Qmax — ¢ \ GISnRaX

SR 47 dsg
characterizing the propagation loss. Additionally, the
S-R channel coefficient gain |gsg|?> follows the Rician
shadowing distribution in which its probability den-
sity function (PDF) is determined by equation (4), as
follows [8-10]

is the maximum scaling coefficient

1 2ab  \? x
fiwz®) = 35 (5 ) ° (~35)
QOx

U Sbar ) ): @
In (4), Q) is the average power of the LOS between
S and R, 2b is the average value of the multipath
component S - R, m is a characteristic parameter for
the Nakagami channel, and 1F(.;..;..) is the confluent
hypergeometric function [28]. We have the instantaneous
Signal-to-Interference-plus-Noise Ratio (SINR) at R to
decode the signals x; and x;, respectively, as follows:

x1H (a;

o Pmlhsr|* _ Poan|Q¥gsr/?
R Poaglhsg|? + 0% Psan| QB*gsr|? + 0
_ An(Qg)X 5)
Any(QE¥ 12X +17
and
1R = Aa2(QE)*X, ©)
P
where A = —g and X = [gsr|%.
IR

2.2 Terrestrial Phase

At R relay uses Fountain coding to encode the data
transmitted to the users D;. R employs the superimposed
coding (SC) technique with power allocation coefficients
b1 and b, for Dy, and D,, respectively, with b; > b, and
b1 + by = 1. The signal transmitted at R is

xR = /b1 Pr¥1 + /by Pra. @)
The signal received at D; is given by [29]

N
yp, = (hrp, + Y e, hi,pe P)xg + npi. (8
n=1
In (8), Pr = uPs is transmit power of R, which yu is the
ratio coefficient between the transmit power of S and
the transmit power of R and 0 < p < 1. 8, is phase shift
of the n'" RE of RIS, np; ~ CN (0, opj) is the Gaussian
noise at D;. On the other hand, since © is a complex
variable, it can be expressed as hgrp, = |hRDi|87]9RDi,
hRIn = |I’ZRI”|€7]'9RI*1, and hInD,- = ‘hInDl.|€_]91”Di, where
|hrp,|, |hwri,|, and |hy,p,| are the magnitudes, and
Orp,, Or1,, and 6,p. are the phases of hgrp,, hri,, and
hy,p;, respectively. We consider the R- D; channels are
Nakagami-m - fading terrestrial channels, thus PDF and

CDF of the magnitude ® are given by

2mne m
_ ) 2me—1 Mg o
x) = x —x), x>0, 9
Fo(x) = 1 (me, 20 42)
A I"(m@)’y i)
1 me -
= N — >
1 F(m@)r(m®' Q@x ), x>0, (10)

where mg and Qg are the shape and spread parameters
respectively. According to [29], Qg is calculated as

Qo = Gpg—22.7-26l0g(f'2) —36.710g(dpg) +Gey, (11)

where Gp; and G, are the antenna gains of the trans-
mitter and receiver respectively, the carrier frequency is
2 < ffQ < 6 GHz, and dpo (PQ € RD;, R, I,D;) is the
distance from the transmitter to the receiver. Based on
the aforementioned magnitudes and phases, the received
signal at D; can be expressed as

N
—i0rRD.
yp, = e /'RDi <|hRDi| + Y |hgy, |7,
n=1

. 2
x ¢l (On=Ori, GI”Di+9RDi)> Y V/biPrxi+np,, (12)
i=1

where 60, — 6g;, — 01,p, + Orp; is considered the phase
error of the n'" RE of RIS. Similar to the approach
in [29], and under the assumption of perfect channel
state information (CSI), the optimization with respect to
the phase satisfies 0, — 6g;, — 01,p, + 6rp, = 0. Hence,
we obtain

Yo, =

i N 2

e 101 |hgp, |+ Y [k, |1, ] | Y V/BiPr; + ;. (13)
n=1 i=1

Then, the SINRs at D; to decode the signal x1, at D, to
decode two signals x; and x3, as follows

_ uAby [ogp, |2
]/lAbz‘vRDl |2+1 !

X1

ﬂAbl(|hRD1|+Z1)2
Yo, =

v ‘uAbz(|hRD1|+Z1)2 +1

(14)

N
where Z; = Z] |hRIthI,,D1|/ URD, = |hRD1| + Z1 and
e

A=5 Similarly, we obtain
70
Xy ‘”Ab1|vRD2|2

= — 15
7[)2 }lAb2|URD2|2 +1 ( )

1o, = HAb(|hrp, | + Z3)? = uAby|vgp, |, (16)

N
where Zz = 21 |hRI,,||hInD2| and URDZ = |I’lRD2| + Zz.
n=

Remark 1: When considering the case of the proposed
system model without RIS, the signal in the terrestrial phase
is transmitted directly from R to users D;, i =1,2. Then,
Z; =0 in the formulas (14), (15), (16).
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Decoded signals at R then is re-encoded and for-
warded in two directions, directly to D; and indirectly
through RIS to D;. Thus, the end-to-end SINRs at
users D; are defined as

e2e __ .. x1 . x1
D, = min(7g /’YDl)/

Ty = min(vg, VR 1o, Mik)- (17)
In (17), 716321@ is donated by the weaker of the decoding
processes at the relay and at Dy, since only x; is decoded
without SIC. Meanwhile, ')/EDZ; is determined by the
minimum SINR required for decoding x; and x; at

both R and D,, due to the use of SIC.

3 OUTAGE PROBABILITY

Outage probability (OP) is defined as the probability
that the instantaneous channel capacity is below a pre-
determined threshold.

3.1 Decoding of one encoded packet at D;

The decoding process at user D; is considered unsuc-
cessful under two conditions: either the decoding fails
at R, or the decoding succeeds at R but then fails at D;.
The probability formula for decoding failure of a FC
package at D; is

Pp, = Pr (10g2(1 +57) < Cth), (18)

where 'yf:)zf is defined by (17) and Cy, is threshold speed.
Let vy, = 2 — 1, (18) can be rewritten as

Po, = Pr (18 < 7). (19)

Replacing (17) into (19), we have Pp, and Pp, as follows
PDl = Pr (mm<71§1’7i§)11) < ’)/th),

Po, = Pr (min(v, 72,95, 15) < 7). (20)

From (20), we can calculate Pp, of the proposed system
are presented in Theorem 1 and Theorem 2.

Theorem 1: The unsuccessful decoding of one encoded
packet of user Dy is given as

PD1 =T1+T,—T; xTp, (21)

where T; and T; are given as in (22) and (23) at the top
of the next page, respectively.

Proof: Please see Appendix A.

Theorem 2: Unsuccessful decoding of one encoded
packet of user D in the proposed system is obtained as

PD2 =T33+ Ty — T3 X Ty, (24)

where T3 and Ty are given as in (25) and (26) at the top
of the next page, respectively.
Proof: Please see Appendix B.
Remark 2: Considering the model without RIS (WoRIS)
support for the transmission in the terrestrial phase. The
probabilities of unsuccessful decoding of an encoded packet,

Pp, and Pp,, are determined as
Po, = Pr (min(7%,7%) < o)

Pp, = Pr (min(’yﬁl,’)/ﬁz,”rgzﬂgz) < ’Yth)~ (27)

In (27), Pp; and PD, denote the OPs of D; and Dy,
respectively. The SINR values at R and D; in the WoRIS
model are computed in the same manner as in the RIS-
assisted model (WiRIS), except that the contribution of
the indirect link R-RIS-D; is set to zero. This ensures a
fair performance comparison between the two schemes.

3.2 Outage Probability at D; and D,

From the calculating in subsection 3.1, Pp, is the
probability of unsuccessful decoding of one encoded
packet at user D;, while 1 — Pp, is the probability of
successfully decoding one encoded packet. Let rp, is the
number of encoded packets that can accurately receive.
In the case of rp, < Gmuin, D; is unable to retrieve
the satellite’s data. Consequently, the OP at D; can be
determined as

OP; = Ot Hmax D, Hmax—1p.
i— Z (1_PD,) Z(I)]Dl‘) by (28)
TDi:O rDi

H, Hmax! . ..
where (7%) = , G,in 18 the minimum
o) D,/ (Hmax — ;)" "

number of encoded packets received successfully at D;,
and Hy,gy is the maximum number of encoded packets

sent by the transmitter.

4 NUMERICAL RESULTS AND DIsCUSSION

This section we provide the numerical results of the
considered system. The channel coefficient from S to R
follows the Shadowed Rician model, while the channel
coefficients between R and D; is Nakagami-m. Simula-
tions are conducted by 10° samples with parameters pre-
sented in Table I and Table II. The locations of R, RIS (I),
and D; are setting in three-dimensional (3D) param-
eters, specifically (xgr,yr,zr), (X1, Y1, 21), (*¥D,, YD,/ YD, )-
Accordingly, the distances between the nodes are

dg = /(20— 202+ (yp — y)? + (b — xQ)* With
PQ € (RLD;) and P # Q. The shape parameter
mg = 3 and the spread parameter ()g are determined
according to (11). The parameters Gp; and G5 are
choose as [30] and [31].

Table 1
SHADOWING RictAN CHANNEL PARAMETERS [3, 9]

Shadowing a b Q
Frequent heavy shadowing (FHS) | 0.739 | 0.063 | 0.0007
Average shadowing (AS) 51 | 0.251 | 0.279

Figure 2 examined the accuracy of the approximated
OP expressions versus Chebyshev parameter in the case
of Ps = 25 dB, Fountain encoding parameters Hy;x = 6
and G,,;, = 4. Using equations (34), (42) and (44), OP
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.a
1/ i S Yth
Tl = M \/1—¢2 (22)
A QA(1+
Ca 21 5 eXp (fﬂ(l +4’m)) 1h (a,l, 4b(z(ab+¢g))> Fm = Vth
m=
b
. L5 < v 23
2 = 1 -
1 12T (Zroy Skoy o s ) 5 B
T'(Erp, ) RDy/ SRDI\/ 3R (T ~byy) ) 7 B2~ i
.a
1 éM< Yin
1—¢i B QB(1+¢m) . a1 )
T, = %8 mgl P (—g (L o)1 F(a 1, oy ) & > Yo 2 752 (25)
M 2
V1-¢ C QC(1+¢m)\. a1—a
gc Zl - (I exp (—@(1 + ¢m))1F1(a, 1, 4b(2abf£)) 1{12 2 > Y >0
m=
b
Lo <7m
__1 r(= Vth . > bi=b
Ty=1{ 1 r(:RD2>r (Er02 Ak, V b ) B> v 2 U (26)
—_ b1—b
1— 71" (_:‘ A Tth ) . b= 0
T'(Zrp, ) RDs BRD A\ 3Ry ~byy) )7 B2 = THh
Table I
SYSTEM PARAMETERS [7-9, 23, 27]
Parameters Value 107 \D‘A 1
Satellite orbit type LEO ?
Carrier frequency of satellite foR 1 GHz
3-dB angle 03,5 0.3° gw'2 g
Maximal satellite beam gain Gmax 48 dB ;
Receiving distance from satellite dsg 3000 km % %:A
a1 = by 0.85 £ 10°% % % - 6 % 5
a, =by 0.15 & O OP,-FHS
& ¢ OP; - FHS
U 1 g “ * OP, - AS i
Threshold rate Cy, 1 bit per channel use (BPCU) 10 o OP; - AS
EQ 3 GHz Theoretical ana.
(XR, YR, 2R) (100,20,100) m = = o o 4
(xLy1,21) (150,20,40) m 10
(xpy, YDy, ZD,) (230,5,0) m
(*D,, YD,/ 2D, ) (200,10,0) m 106 | | | | | | | | J
1 2 3 4 5 6 7 8 9 10

analysis for user D; is conducted via the Chebyshev
integral expansion method. Unlike previous works on
the HSTRN system model, this paper employs the
Chebyshev integral expansion method, which facilitates
the derivation of closed-form OP expressions. In this
method, M is the Chebyshev parameter that determines
the precision of the integral expansion. Figure 2 demon-
strates that selecting M > 3 results the OP values to
the saturation region, validating the accuracy of the
expression transformation employed in this research.
Therefore, the following simulations are all conducted
with M = 5.

Figure 3 presents the comparison of OP versus average
SNR for the proposed scheme across various shadowing
scenarios. In this scheme, we consider N = 80 on the
RIS. For a fair comparison, the channel model from
R to D; and all system parameters are kept identical
between the WoRIS scheme and the WIRIS scheme.

Chebyshev parameter [M]

Figure 2. Survey of Chebyshev parameter selection.

Therefore, the performance evaluation between the
two models ensures fairness. The simulation results
align well with the analytical findings shown in the
figure, confirming the accuracy of our closed-form
expressions (28) for OP derivation. Furthermore, it is
evident that the RIS-assisted HSTRN system exhibits
superior OP performance compared to the system
without RIS in all shadowing scenarios.

Figure 4 examines the OP versus SNR with parameters
as in Figure 3, showcasing the advantages of the
proposed FC-HSTRN model with NOMA compared to
the FC-HSTRN model with OMA. The graph indicates
that the system employing NOMA with a reasonable
power allocation factor significantly achieves higher
performance. Specifically, under FHS channel conditions
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Figure 3. OP versus SNR with and without the RIS model when
Hmax = 6/ Gmin =4.
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Figure 4. OP versus SNR with NOMA and OMA models when Hpyax =
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at SNR = 28 dB, the OP for D; and D, in the NOMA
combined system are 1.4 x 10~* and 1073, respectively,
while in the OMA system, their outage probabilities
are both 0.36 x 10~2. When the OP target is 103, the
required transmit power is only 25 dB and 28 dB with
NOMA, whereas the OMA system requires a transmit
power of up to 31.5 dB for both users. In other words,
using NOMA significantly reduces the transmit power
of S and R in the HSTRN system with FC. The graph
also shows that at high SNR levels, the OP for both
users in the OMA system converges, which is due to
users having the same power level at the transmitter and

being unaffected by interference from other receivers at
high SNRs.

Both Figures 3 and 4 show that the OP values achieved
for users D; and D, under AS channel conditions
are always better than those under FHS conditions.
Specifically, for the same OP target of 1074, the cor-
responding SNRs are 21.4 dB and 23.8 dB with AS,
but 28.5 dB and 31.6 dB with FHS. This aligns with the

reality that AS channel conditions are better than FHS
channel conditions. The simulation results match the
analytical results shown in Figures 3 and 4, confirming
the accuracy of our closed-form expression for outage
probabilities.

Figure 5 investigates the OP versus SNR while vary-
ing Fountain encoding parameters with Hyax = 6,
Gmin = 5,4,3. The experiments are conducted with
N = 100 reflectors under both AS channel conditions
in Figure 5(a) and FHS conditions in Figure 5(b). In
both figures, it is observed that decreasing Gp;n leads to
a significant reduction in the OP values. Specifically,
in Figure 5(a), at SNR = 17 dB, corresponding to
Gmin = 5,4, and 3, the values of OP; are 2.4 x 1072,
1.4 x 1073, and 4.3 x 10> respectively. The values of
OP, are 2.6 x 1071, 5.8 x 107!, and 7.2 x 10~2. This
is explained by the fact that as G, decreases, the
probability of successful packet decoding increases,
leading to a decrease in the OP. As mentioned in [19],
varying Gmin means changing the degree of encoding,
where a lower degree implies increased complexity in
the Fountain encoding and decoding process. Therefore,
to achieve the desired OP, the system needs to select an
appropriate degree of Fountain encoding. Through this
investigation, it can be seen that the FC parameters
significantly improve user performance; however, a
trade-off between the OP and the encoding/decoding
complexity must be considered.
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Figure 5. OP versus SNR with varying Fountain coding parameters.

Figure 6 investigates the impact of the power alloca-
tion coefficient a; on the OPs with parameters Ps = 20
dB and N = 120 under AS channel conditions. This
figure demonstrates that with an increase in a1, OP;
decreases sharply, and OP, decreases to a minimum
before increasing again. This occurs because as a;
increases, the energy allocated to D; increases while
the energy allocated to D, decreases. This study also
indicates that when a; = 0.67, both OP; and OP, are
equal, representing the optimal point of the system.
At this point, the trade-off between the two users is
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balanced: increasing a; enhances the reliability of D,
but reduces that of D,, and vice versa. Therefore, the
intersection at a; = 0.67 corresponds to a fairness point
where both users achieve equal performance, providing
a useful guideline for practical power allocation design.

Outage Probability [OP]

10 F——OP-Ana
——-.OPy-Ana
* OP;-Sim-AS
O OP»-Sim-AS

175 1 1

0.5 0.55 0.6 0.67 0.7 0.75 0.8 0.85 0.9 0.95 1

Power allocation coefficient - a;

Figure 6. OP versus power allocation factor with varying
FC parameters.

Figure 7 illustrates the impact of the number of
elements in the reflector array on system performance
with parameters Hyax = 6, Gmin = 4. The graph shows
that increasing N improves system performance under
AS channel conditions more than under FHS conditions.
Specifically, at SNR = 15 dB, the value of OP; under
AS channel conditions is 2.4 x 107! with N = 80
and 2 x 1072 with N = 120, while OP; is 1.1 x 107!
and 0.9, respectively. The graph also indicates that
at high SNRs, OP; and OP; tend to converge. This
is explained by the system using NOMA combined
with FC, which increases the probability of successful
decoding for both users D; and D; equivalently.

Figure 8 presents the survey results with N = 100,
Hmax = 6, and Gpin = 4. The graph shows how the
OP varies with the shape parameter of the Nakagami
channel. When m is low, the OP is heavily influenced
by the quality of the satellite transmission channel.
As m increases, the OP improves significantly and
eventually saturates. This saturation can be explained by
formulas (21) and (24). When T, and Ty are very small,
the OP is primarily determined by T; and T3, which are
not affected by the parameter m.

5 CONCLUSION

This paper analyzed the outage performance of a
HSTRN, FC, NOMA, and RIS. Closed-form outage
probability expressions were derived for both users over
shadowed Rician and Nakagami-m fading channels. The
analytical results were verified through extensive Monte
Carlo simulations, confirming the accuracy of the pro-
posed framework. The results demonstrate that jointly
employing FC, RIS, and NOMA significantly reduces
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Figure 7. OP versus SNR with varying number of reflecting elements.
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Figure 8. OP versus shape parameter of the Nakagami channel.

the outage probability and transmit power requirements
compared with conventional HSTRN schemes. Further-
more, RIS configuration and FC parameter optimization
provide additional degrees of freedom to balance reli-
ability and decoding complexity, while proper power
allocation improves fairness among users. From a prac-
tical perspective, the proposed design enables adaptive
adjustment of RIS phases, coding parameters, and power
allocation strategies to meet diverse QoS requirements
with low energy consumption, making it highly suitable
for next-generation non-terrestrial networks serving IoT
and broadband applications. Future research will focus
on the impact of imperfect CSI, residual hardware
impairments, and direct satellite—user links. Moreover,
energy-efficient designs and multi-RIS deployments will
be explored to further enhance network performance
and scalability.
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APPENDIX A

This appendix A is used to provide the detailed proof
of theorem 1. Considering at R, the unsuccessful prob-
ability to receive one packet from S at the user Dy is
calculated as

Po, = Pe (min(r30280) < 70)
= Pr(’hﬁl < vm)+ Pr(’hx)ll < Vi)
= Pr(9g’ < vm) X Pr(vp, < vim)

=T +Th—T1 x Ty (29)
We can calculate T; as
Ty =Pr(7g. < m)- (30)
By replacing (5) into (30), we have

Aay (QHE)2X
T, =P
o <Aﬂ2(Qsm1?")2X+1 <
= Pr((a1 — a2ym) (QE™)*AX < ). (31)

It is noted that, in the case of a; — a7y, < 0 the
probability in (31), always occur. Therefore,

Ty = Pr((a1 — a2ym) (QFRX)PAX < yy) = 1. (32)

On the other hand if a1 — ay7y;, > 0, because X has PDF
according to (4), so the CDF of X is defined as (33)

A
1 2ab X
Ty = Fe(x) = [ 55 (G0 s) expl(—5;)
0
Qx
X 1Fl (ll, 1, m)dx, (33)

Yin

(a1 — a2y) (Qg™)*A
approximated Chebyshev-Gauss quadrature [32, Equa-
tion (25.4.30)], T; is rewritten as

T =

where A =

After applying the

Am % V1—¢%  2ab

2M =1 2b (Zab—i—Q)

,
A OA(1 m
X exp(—@(l + ¢m) )11 (u, 1, 45(2(6117_:-(’)0; )

where M is Chebyshev parameter, ¢, = cos( W)

2
and {4 = ?—1\7/}( ab )* . Combining (32) and (34), we
obtain Tj as given in (22).
Similarly, we can formulate T, as in (35):

34)

Aby|ogp, |
Ty =Pr(41 < 7)) = Pr(— P2 ORDIE
2 =Pr(7p, < 1) (#Abz\vm\z 1 <)
=Pr(uA(b1 — baym)|orD, |* < Y1)
b
1’ bi1 S ’)/th/

2
B 2 Vth by > (35)
ooy [\ \/JA By —boym) )7 B T

Substituting (10) into (35) and applying [29, Equa-
tion (72)], we obtain (36), shown at the top of the

next page. Combining (35) and (36), we obtain T,
as in (23), with

e P
R Morp, (2) - [U'URD] (D))
URD 1
Moy = o) @7

770RD1 (2) - [WURDl (1)]2.

APPENDIX B

The appendix B provides the detailed proof of theorem
2. From (20), we have

Pp, =Pr (min(y§1,7§2,7§2,7]’522) < ’Yth)

=1—"Pr (min(ylﬁl,vﬁz,vgz,'ygz) > ’Yth)
1— (Pr (min(’yﬁl,’hﬁz) > ’Yth))

X (Pr (min(vi_f}z,vi%) > 'Yth))

=1- (1 —Pr(yr < %h)) (1 —Pr(yp, < ’Yth))
= Pr(yr < vw) +Pr(vp, < Yen)

—Pr(yr < vm) X Pr(vp, < i)
=T+ Ty— T3 x Ty, (38)

where yg = min(1g!,7g) and yp, = min(ygz,'y]gzz).
Next, we can write

T3 = Pr(yr < ym) = Pr (min(“rﬁlf’rﬁz) < ’Yth)- (39)

Because 'ylﬁl,'yf{z are two dependent random variables,
substituting (5) and (6) into the formula (40), we can
express T3 as in (40) at the top of the next page.

We can see if a1 — aryy, < 0 then T3 = 1. On the other
hand, if 0 < a; — a7y, < ap, we have

T = Pr (a1 — a270) (QE)*AX < v

Yin
=Pr({X< . 41)
( (a1 — ﬂz%h)(Qrsrf?X)zA>
. Yin
Setting B = and (p =
(a1 — a274,) (QE)*A
Brc( 2ab

a
M m) ; similar as (34), we have

M — 2
1= ) Vo Pexp (= o (14 m))
m=1

QOB(1+ (Pm))
4b(2ab+ Q) /)

Another, if a1 — a7y, > a;, we have

X1 Fl (ﬂ, 1/ (42)

Ty = Pr(apAX < vy) = Pr(X < ). (43)
Ele

121



122 REV Journal on Electronics and Communications, Vol. 15, No. 3, July-September, 2025

L, ( Yth ) _ 1
K1 uA(by — bay) I'(Erp, )

=1-—

T3 = Pr (min(’yﬁl,'ylﬁz) < ')’th) =DPr (min (

Y (ERDI/ ARp,

I'(Erp,

Yth >
uA(by — byy)

Yin > . (36)

) r <aRD1, Arp, uA(by — byyy,)

Aay (QB)*X

2
Aangffo—l—l’AuZ(QgEX) X) < W)

—Pr <min (@ — a2y (QER)PAX, a2 QEE*AX) < 'm)

Pr (ﬂz(Qg}?X)ZAX < ’Yth),

Yin _Cm, 2ab |,
12(QI 2 A and éc =531 Gapr )" BY
similar transformations as (42), we have:

M /1 — 2
T3=20c ), BT P
m=1

Setting C =

exp(— 57 (1+9m))
OC(1+¢m))
w2ab+ Q)

From formulas (42) and (44), we have (25). In addition
to that, according to the DF operation, we have

x1 Fi(a,1, (44)

Ty = Pr(yp, < yi) =Pr (min(v3, 7)< 7o)
=Pr (min ((b1 — bzfyth)‘uAvﬁDz, yAbzvﬁDz) < ’yth). (45)

After similar transformations of (36), we obtain (46)
(see the top of the next page). Applying transformation
methods as in (35), we obtain Ty as in (26), where

e
—RD, — 7
Norp, (2) - [WURDZ (1)]2
URD; 1
A, = Yoo, (1) . 47)

Norp, (2) - [WURDZ (1)]
In (37) and (47), the 7ne(t) is the fth moment
of ® with & = (|URD,-|/|hRD,-’rOi/Zi) and

N
O; = |hgy,||h,p,|, Zi = ¥ O; is defined as follows
=1

n

Mo, | (1) = LM, | +3) | e,
|hrp, | F(m‘hRDi\) Mg, | ,
U\hRDJ(z) - Q‘hRDi" i

and

—t/2
Mgy, | By, |
1o, (t) 5 o

gy, |, |

r(m\hmﬂ + %)r(m‘hInDi| + %)
T (g, )T (1)

(49)

Pr ((ﬂ1 — a2yp) (QEX)*AX < %h), (a1 —axyy) < a2,

(40)
(a1 — axyw) > as.
Set
N
nz,(1) =Y no,(1), (50)
n=1
N N N ’
1) = Yo @+2Y, ¥ o], 6
n=1 n=1n'=n+1
and

Norp, (1) = 77|hRDI,|(1> + 77Z,~(1)/ (52)
Mowp, (2) = Mg, | (2) +712;(2) + 21y (D172,(1)- - (53)
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