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Abstract

The evolution of non-orthogonal multiple access (NOMA) has raised many opportuni-
ties for massive connectivity with less latency in signal transmissions at great distances.
We aim to integrate NOMA with a satellite communications network to evaluate
system performance under the impacts of imperfect channel state information and
co-channel interference from nearby systems. In our considered system, two users
perform downlink communications under power-domain NOMA. We analyzed the per-
formance of this system with two modes of shadowing effect: heavy shadowing and
average shadowing. The detailed performance was analyzed in terms of the outage
probability and ergodic capacity of the system. We derive closed-form expressions and
performed a numerical analysis. We discover that the performance of two destinations
depends on the strength of the transmit power at the satellite. However, floor outage
occurs because the system depends on other parameters, such as satellite link modes,
noise levels, and the number of interference sources. To verify the authenticity of the
derived closed-form expressions, we also perform Monte-Carlo simulations.

Keywords: Non-orthogonal multiple access, Satellite-terrestrial systems, Outage
probability, Co-channel interference

1 Introduction

Satellite communications are especially able to provide radio access in difficult areas [1].
Because satellite networks can provide higher quality of services (QoS) for compara-
tively less cost, they can also attain significant improvements in the efficiency of fixed
and mobile satellite services. In the evolution of fifth generation (5 G) networks, satellite
communications have been viewed as a potential addition to many technologies such
as the internet of things (IoT), sensor networks and relaying communications [2]. The
future of satellite networks is expected to support services of massive connectivity and
reduce operational costs. Therefore, they can be deployed through their integration with
various geostationary and non-geo-stationary orbital satellites by applying cooperative
transmission or cognitive radio networks to increase the spectrum efficiency. To date,
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most satellite networks have adopted the orthogonal multiple access (OMA) technique
for the transmission and reception of data [3].

The major disadvantage of OMA is that it cannot meet the growing requirements of
communications networks. Under OMA, efficient spectrum use and limitations on the
number of users have become major challenges which diminish system performance. In
the present paper, we consider non-orthogonal multiple access (NOMA) to tackle the
challenges raised by OMA. Of the two NOMA categories, we applied Power-Domain
NOMA since much of the research has proved this system as having promising features.
In NOMA, signals are transmitted superimposed in the same resource block by varying
the power level of each user according to their channel gain. To identify the required
user signal at the receiver, the system applies successive interference cancellation (SIC)
and thereby extracts the required signal. As mentioned, NOMA uses the same resource
block for multiple users and thus increases the efficiency of spectrum use at a reason-
able level of implemented complexity [4, 5]. The NOMA technique has achieved signifi-
cant attention from researchers around the globe and is a promising technology with
advantages which can be exploited in 5 G communications. Numerous studies have been
performed to compare the performance of the NOMA system to OMA. The main find-
ing is that NOMA is efficient [6, 7]. With an increase in spectrum efficiency, the ben-
efits of NOMA performance can be more prevalent if NOMA is integrated with other
techniques.

Various studies have introduced the NOMA technique in satellite communications
[8-16]. In [11], the authors studied integration of the NOMA technique with multi-
beam satellite networks, while in [12], the authors investigated integration of NOMA
with cognitive satellite networks to increase ergodic performance of the system. The
performance of NOMA-hybrid satellite relay networks (HSRN) was studied in [13, 14].
NOMA integrated cognitive HSRN has been studied to analyze outage performance
[15]. The performance of a similar system studied in [13] was investigated with the effect
of hardware impairments [16]. The work in [17-19] considered NOMA-based satellite-
terrestrial networks to increase the efficiency of the spectrum by beamforming. In [20],
a cooperative NOMA-HSRN was considered in which the user with better channel gain
acted as a relay to the remaining users in the cluster. In [21], the authors studied the
effect of imperfect channel state information (CSI) and channel impairments (CI) in a
NOMA-based terrestrial mobile communications network (TMCN) which functioned
with multiple relays. In [22], the authors considered NOMA-based integrated ter-
restrial satellite networks (ISTN) to study the effect of relaying configurations such as
Amplify and Forward (AF) and Decode and Forward (DF). The authors in [29] investi-
gated a system similar to the study in [22] and explored the effect of CI under a DF relay
configuration.

In the context of NOMA-HSRN, the effect of co-channel interference (CCI) in all sys-
tem models has rarely been addressed. In practice, NOMA-HSRN might experience a
rich CCI situation, which is an important consideration in the deployment of NOMA
and HSRN in wireless communications. It can be demonstrated that the aggressive reuse
of spectrum resources leads to degraded performance because of the effect of CCL
As a result, it is more than simply an important priority consideration, as the perfor-
mance of NOMA-HSRN is guaranteed only if CCI is taken into account. To the best
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of the authors’ knowledge, the performance of NOMA-HSRN under the impact of CCI
has not been solved yet. Aiming to overcome the effect of CCI, which is unavoidable in
practical scenarios, the authors in [23] reported degraded performance in a single-user
hybrid satellite-terrestrial amplify-and-forward relay network (HSTAFRN) with multiple
Rayleigh-faded interference sources. The performance metrics of a downlink multi-user
HSTAFRN were examined using a fixed-gain relaying protocol under the effect of CCI
[24]. The authors in [25] employed dual-hop relay networks which assumed interfer-
ence-limited relays and noisy destinations. These may arise from cell-edge or frequency-
division relaying [26], although the NOMA-HSRN still experiences worse performance
under the effect of CCI. In [27], the authors analysis the performance of millimeter-wave
in multi-user HSRN system and using the shadowed-Rician for the link from satellite to
relay. The authors in [28] deployed a single-antenna satellite for a multi-user HSTAFRN
system and evaluated its outage performance under the effect of both CCI and outdated
CSL

Satellite networks have been designed to replace terrestrial communications sys-
tems, but challenges still exist in some aspects of signal processing. The referred stud-
ies suggest that integrating NOMA with satellite systems will extend the efficiency of
communication between users. Although satellite systems have numerous advantages,
challenges such as fading effect and interference require solutions. The majority of
research has studied the effect of various scenarios, including imperfect SIC, imperfect
CSI and channel impairments, but none has mentioned the effect on system perfor-
mance from CCI. Therefore, in the present paper, we studied the effect of interference
by considering shadowing and interference links in dual-user communications occur-
ring under a NOMA -assisted satellite network. We studied the shadowing effect in
two modes: heavy shadowing (HS) and average shadowing (AS). We also investigated
the effect of interference links on communications channels in HS mode. In contrast to
similar studies listed in Table 1 and to highlight the superiority of NOMA-aided satellite
systems, performance was analyzed completely in terms of outage probability (OP) and
ergodic capacity (EC).

The primary contributions of the paper are manifold:

— In contrast to other studies, our study focus on a complex NOMA-based terrestrial
satellite relay network with two users on the ground and a relay which encounters
interference from nearby sources. We provide system performance metrics by con-
sidering a Shadowed-Rician channel between the satellite and relay, and a Nakagami-
m channel between the relay and destination.

— The system encounters HS and AS effects as a result of the shadowing channel links.
We analyzed and compared the system’s performance under these two shadowing
modes.

— We derived the closed-form expressions for outage probability and ergodic capacity
of both users in a dedicated NOMA user group. A performance gap is expected for
these users depending on their demands and the portion of power allocated to each
user.

— Finally, we performed a numerical analysis and Monte-Carlo simulations for the
derived expressions to verify their authenticity and analyze the system’s performance.
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Table 1 Summary of related works

References Contexts built on NOMA Performance analysis Contributions

[11] Multi-beam satellite system Data rate fairness Performance comparison of SIC
to simultaneous non-unique
detection (SND)

[12] Cognitive hybrid satellite ter-  Ergodic capacity Investigated improvement in
restrial networks the radio spectrum efficiency

[13,15] Hybrid satellite terrestrial Outage performance Investigated power allocation
networks and user fairness problems

[16] Integrated satellite terrestrial ~ Outage performance and Investigated system perfor-
networks energy efficiency mance under the effect of

hardware impairments

[18] Integrated satellite terrestrial ~ System capacity Investigated beamforming for

networks maximization of the mini-

mum channel correlation and
achieved efficient user pairing
with the proposed scheme

[22] Hybrid satellite terrestrial relay ~ Outage performance Investigated the system under
networks the effect of imperfect CSI and
analyzed the system with chan-
nel estimation errors and fading
parameters. Proposed a low
complexity algorithm to yield
efficient results

Our research  Terrestrial satellite relay net- Outage performance and Investigated and compared
work with CCl and imperfect  ergodic capacity performance with CCl and
csl imperfect CSI

We illustrate the system’s performance in HS mode by varying the interference links
and mean square error of the channels.

The paper is organized as follows. Section 2 explains the system model and types of sig-
nal received from the users. Section 3 provides a performance analysis and describes the
mathematical expressions for outage probability, ergodic capacity and diversity order of
the system. Section 4 provides an analysis and simulations of the expressions obtained in
Sect. 3. Section 5 concludes the paper with the attained results.

2 System model

In this section, we assume a satellite (S), a relay (R) and two users D;,i € (1,2) as in
Fig. 1. All nodes are equipped with a single antenna, and the relay operates with the DF
protocol. The relay node is also affected by N co-channel interference sources {In}fle.
The link from S to D; is not available because of heavy shadowing [30]. sz denotes the
channel coefficient from S to R and follow a Shadowed-Rician channel, /; denotes the
channel coefficients from R to D; and follow a Nakagami-m channel, 4,z denotes the
channel coefficient of the link between the n-th interference source and relay and fol-
lows independent and non-identically distributed (i.ni.d.) Nakagami-m random variable
(RVs). Under these conditions, the CSI procedure exhibits error. The estimation channel
is expressed as [31]

b= b+ W)

Page 4 of 25
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where j € {R, 1,2}, ¢; is the error term for CN (0, aez/,) [32].

The power-domain assisted NOMA signal from the source transmits user signals super-
imposed in the same resource block by varying the power coefficient of each user according
to their channel state information (CSI). At the receiver’s end, perfect successive interfer-
ence cancellation (SIC) is assumed to extract the desired signal from the superimposed
signal. Imperfect CSI should therefore be studied in practical scenario. Satellite-terrestrial
networks needs relay to empower signals before forwarding them to mobile users. The
main reason of design a relay is to deal with signal transmission at long distances. The satel-
lite needs to allocate suitable power level to expected users. The first user D; is assumed to
be located at far distance and such weak signal needs higher power allocation. Meantime,
the near user D just acquire lower level of transmit power. In the first phase, S transmits
the signal «/PsA1x1 + +/PsAgx; to R, where Ps is the transmit power, A; and Aj are power
allocation such that A; + Ay = 1and A; > Aj assumed under the NOMA scheme. Then,
the signal received at R is given as

N
JR = (\/Ailxl + \/szxz> \/ITS(I:IJ + e,') + Z \/IZhnRxn + np, )
n=1

where Pcy, is the transmit power of the n-th interference source and np is the additive
white Gaussian noise (AWGN) at R for CN (0, Np). The signal to interference plus noise
ratio (SINR) is then used to decode x; and given as

2

~

psA1|hr

FR—)xl =

.2 ’ 3)
,OsAzlhR‘ +yc + pso +1

N
where ps = % is the transmit SNR, poc,; = PTC(;’ and yc = > pcn }hnR|2. Then, the SINR
n=1

decoded x; is given as

.2

psAz|hr

Mooy = 2] @
yc + pso +1

In the second phase, relay R forwards the signals to the ground users. The signal received
at D; is given as

yp; = (\/ATM + \/me) VPr (1% + ei) + 5)

where Pz is the transmit power at R and np, AWGN for CN (0, Np). It is noted that the
other main parameters are listed in Table 2. The SINR which decodes x; at D; is given as

2

~

PRA1 |

I'psy = (6)

~

2 ’
n —|—,0R(Tezl +1

PRA2

where pp = ]I\)T];, the SINR which decodes signal x; at Dy is given as [32]
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Table 2 Table of parameters

Notation Definition
N The number of CCl sources affecting the relay.
Xi Messages for destination D;
Xn Unit energy signal of the n-th interference source
A Power allocation coefficients, where Ay + Ay = Tand Ay > A..
Ps Transmit power at S
Pr Transmit power at R
Pcn Transmit power of the n-th interference source
Pcn Transmit power of the n-th interference source
n; Additive white Gaussian noise (AWGN) for CN(0, No)
hgr Channel coefficient from S to R
h; Channel coefficient from R to D;
hngr Channel coefficient from n-th interference source to the relay
;}/ Estimated channel coefficients
g Channel estimation error
rQ Complete Gamma function
rqg.) Upper incomplete Gamma function
1RG0 Confluent hypergeometric function of the first kind
GH [ Meijer's G-function
Glflwlﬂ,l']l,g,lml[" 1 Meijer's G-function with two variables
A |2
PRA1 | h2
FDz%xl = (7)

2 )
PRAZ‘]’IZ‘ + proZ +1

Applying SIC, the SINR which decodes its own signal x; at D; is computed according to

.2
PRA2 | M2

6622—1—1

(8)

FD2—>x2 =

For performance analysis, these SINRs provide important information which allows us
to compute probabilities.

3 Performance analysis
In this section, we analyze the two main system metrics with the assumed channel models
below.

3.1 Channel model
Following the results in [33], the probability density function (PDF) of |1:1R |2 is formulated by

f;l 2(x) = are PR Fy (mg, 1, 8px), )
R

(72;;%1{}?9 )MR 2
where ap = WSTR’ Br = (2br) 7L, 8 = WM, mp is the fading severity

parameter, 2br and £2r denote multipath components and the average power of light of
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sight (LOS), respectively, and 1Fi(.,.,.) is the confluent hypergeometric function of the
first kind [46, Eq. 9.210.1]. Using [34], we can rewrite the PDF of| /g |? as

mp—1

f‘A P = ax > Eloate (10)

k=0

_Dk1=
where & (k) = (D((lki')’;lk’)ka, Er = Br — 6r and (.), denotes the Pochhammer symbol
[46, p. xliii]. Based on [46, Eq.3.351.2], the the cumulative distribution function (CDF) of
2P q

‘ilR' can be obtained as

WIRI

klxle=Zr%
@ =1-az Z E(k )Zm" = (11)
The PDF and CDF of|/;|? are then, respectively, given as [35]
m; . m;—1 _(%)x
my\ "M e \ S
. —_— (12)
Jp = (9) Im)
and

1 mix
F.pw)=1———T|m; —
h; I'(m;) £2;
ml'*l +b; .
1 mix ¢ —(ﬁ)x
= 1 — e 'Qi
2 5 < 2 ) ’

where m; and £2; are the fading severity parameter and the average power, respectively,

and I"(.,.) is the upper incomplete gamma function [46].
Moreover, the PDF of yc is calculated with corresponding severity parameters {mc,,};‘[
and average powers { .an};‘[ . Therefore, we can express the PDF of y¢ as [36, 37] and [24]

my my xm1—1 (?Z)x
Jre® = (91) F(m1)e ’ (14)

where the parameters m; and £2; are obtained from moment based estimators. For this,
2

we define ® = 2221 |hnR

is used, ie., Pcy,=Pc or pcy=pc. Then, we have ;= pc2c, where

, and without loss of generality, we assume no power control

From this, the exact moments of ® can

dmyp = %
and = o gy

2c=EO] =N 2c,

be obtained as
22 ()

np= OVlz 0 NN — 1—0

X E“th‘Z(n—m)}E“hlﬂz(m—nz)} . -E“th\Z(”N*)}

(15)

where E [|hiz|"] = % (f‘%}:)j'
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3.2 Outage probability of D,
An outage event of D; is given when R and D; cannot detect x; correctly. Then, the

outage probability of Dy is given as

Pp, = Pr (min (I'kmx,, IDy—x) < V1)
=1-Pr (FR%xl > Vl) Pr (FD1—>x1 > Vl)r (16)

By By

where y; = 22Ri _ 1, and R; is the target rate.

Proposition 1 Here, the closed-form of B; is given as

mp—1 k I
w235 i

= \k—I+1
S S\ P ) 0 omp (5

o — p
! QrErgn\ P 21
2
1)) 1
X <¢1 (Psaek + ( + e MI(,OSU,?R 1)

Proof See Appendix A.

Next, using (6), B; is rewritten as

2

~

h

PRA1

BZZPI‘

-

=1-F

12 >
PRA2’h1’ + proZ + 1

2 (18)
> ¢2)

2(¢2)

hy

(pRa§1+1) 7 AL
where ¢y = AR Based on the CDF of /4; in (13), B, can be expressed as

Wll—l 7'”(12‘352 bl
e 1 [(mgy
ne Y ey »

b1=0

Finally, substituting (17) and (19) into (16), Pp, can be obtained by

Erd (psol +1) "4

mp—1 k I m—1 _
Pp, =1—ag Z ZZ Z (;) E()k!I (mr + p)e

o)k~ -1
k=0 [=0 p=0 b;=0 byl (my) (ER)* 1Y (41 (pso2 +1))

— —y— P
(e b Ly uERo\ T 2
2 mjy my(pso2, +1)

Page 8 of 25
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3.3 Outage probability of D,
The outage events of Dy occurs when R and Dj cannot detect xy correctly. Therefore,
the outage probability of D, is given as

Pp, = Pr (min (I'ksxy, [Dyosy) < ¥2)

(21)
=1-Pr (FR”’Q = VZ) Pr (FDzﬁxz > )’2)
Proposition 2 The closed-form outage probability of Pp, is obtained as
- ~ -& 2 _myvy
Dy =1 —0OR . -
=0 120 =0 hymo P/ bollT (mp) (BR)* 1 (1 (psod, + 1))
o) —my— P
X<MQ¢2>b2<1+W) merrer
92 my m[(pSO-eZR + 1)
(22)

Proof See Appendix B.

3.4 Diversity order
To gain some insight, we derive under the asymptotic outage probability of D; under a
high SNR (p = ps = pr — 00). The diversity order is defined as [38]

log (PO‘?
d = — lim 7’%) (23)
p=oo  log(p)
where P is the asymptotic outage probability of D;.
Proposition 3  The asymptotic outage probability of D; is given as
1 "
B (- men(a) )
! IF'm+1)\ 1
(24)
w (1 - apen (L1 (£ +(p o2 +1)
T omp) \my S
Proof See Appendix C.
Similarly, the asymptotic of D, can be expressed by
1 e
PR =1-(1- M) T
2 F(}’H2 - 1) .Qz
(25)

B (mp)! (2 )
i (F(nm (rm) + (e + 1))>

The results in (24) and (25) refer to limits of outage performance in the region
of high SNR. It can be predicted that the outage performance of two ground users
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encounters the lower bound even though we improve other system parameters. As
discussed, the diversity is then zero.

3.5 Ergodic capacity of D,
The ergodic capacity of x; is expressed as [39]

Re, = / TS (26)
2 log 2) 14+x

where Q1 = min (FR_ml, I'p, >« )

Proposition 4 The closed-form ergodic capacity of x1 is given as (27), where
(ps02+1)Er(146,) i (pro? +1) (146,)
Azps(l—ep) Az.leR(l Gp)

i 21n(2) bl'l'r(mf)( 2ok 1+

k=0 [=0 p=0 b;=0

b !
y (,ORUEZ1 + 1)m1 ' £2r i (,OSUEZR + 1)
£210r my(pso, +1) s

W =

—my— byt
EXP: A1y /1—62e” - 28:(1+6,) \ T (1+6) \
P e=24, +A1(1+ ep) Aamyps (1 —6p) Azr(1—6,)
(27)
Proof See Appendix D.
3.6 Ergodic capacity D;
Similarly, the ergodic capacity of x, is written as
FQz
R Y,
o= o @ / I +y (28)

where Qy = min (FR_”CZ, I'p—x, )

Proposition, 5 | The close [ m ergodic capacity of x1 is given as (29), where
“RtCOS“ +1 m2 | PR, 0>r L1111

¥, = Y + YT G1 (1:11,0,(1:1] [., .] denotes the Meijer-G function with

two variables [42].
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mp—1 k 1 my—1 o \—k+1—-1
o 1\ k1 (k) (Er)
R, = 21n (2) Z ZZ Z <p> b\I'T (my)

k=0 [=0 p=0 by=0

b ! P
y 770 (,ORcer2 +1) ’ (,OS%ZR +1) $21
22prA2 PRA2 my (pSO‘eZR + 1) (29)
- 1+1+by
_$218r 1
GhLLLL mippAaWy | L T M — P
1,[1:1],0,[1:1] 1 -
2 0,0

Proof See Appendix E.

4 Consideration on case of multiple antenna relay

In this section, we consider how a multiple antennas relay makes influences to per-
formance of two users D;. In particular, a DF relay can be equipped with Kz received
antennas and Kr transmit antenna. To represent mathematical expressions from
now on, hp = [hl,h%e,..., hllgR]T is denoted the Kp x 1 channel vector between and R,
h;, = [hil,h%, ey thT]T denotes the K7 x 1 channel vector between R and D;. In this first

phase, the signal received at R with help (1) is given by

RI = (\/1471961 + \/Aizxz) \/I?SWIIEIIA\R
+ (\/Aixl + \/x‘szz) VPswher

(30)
N
+ Z \/ Pephurx, + WIIEInR
n=1
where np denote the vector of zero mean AWGN with variance Ny and wp = f:‘R
R
F
Then, the SINR is then used to decode x1 and given as
A1nr
i ,
Rom ™ Aong + psol + v +1 (31)
~ 112
where ng = ps HhRHF. Then, the SINR decoded x; is given as
Asnr
i AR
Rom ™ psol +yc +1 (32)
In the second phase, the received at D; is expressed as
D]i = (\/Alxl + \/A2x2> \/PRIAI?W,'
(33)
+ (\/A1x1 + \/Azxz) Pre; + np,
where w; = f?i . The SINR which decodes x; at D; is given as
g
mA1
11 (34)

Di—x1 — 771A2 +pRGe21 +1’
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where n; = pr||h

the SINR which decodes signal x1 at D5 is given as

1l N 241 35
D= Ay + prod + 1 (35)
Similarly, the SINR which decodes its own signal x; at D; is computed according to
1242
i —
Dy—xo ,OR%22 +1 (36)

4.1 Statistical characterization
In this section, we consider ﬁR and fl,’ have independent and identically distributed
(i.i.d.) entries as [43]. In addition, the PDF of ng can be expressed by [44]

Kr

ap PRy~ (MRKR)GOE koot
(x) = e sty AR Ketad, 37
_f?]R F([( ) ~ ﬂ!(KR)a(pS)KR+a ( )

With the help of [46, Eq. 3.351.2], we have the CDF of ng as

KR oo Kp+a—1

I'(Ke + ) (meKe)adh 25

Fpp(x) = 38
" F(K Z 2 alb\(Kr) 4 (ps)” (Br) "+ " 39
In addition, the CDF of n; is given by [44]
y (miKr, 2%
pm<x>=( e ) (39)

I (m;KT)

4.2 Outage probability

Proposition 6  The outage probability of D1 is expressed as

I(R o0 1<R+61 1 b 1_,(1( + ﬂ) (m I( )
Y/ R RIR) g
o, =1- F(KR)F(WII) 2 2 2 ( ) alb!(Kp),

=0 b=0 =0

- \b 7/31"(;1 ('DSU"ZRJrl)
5 (m[)wu I'(my —i—c)S;’e ((]51) e ‘: (40)
1) (ps)P (BR)®T 7t (pso2, + 1) T (mKr)

—my—c md1 (prol +1
X( ﬁR¢1> r{ ke, 161 (proZ + 1) '
2 Ps PRS21

Proof See Appendix F.

Similarly, the outage probability of D, can be expressed by
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o kR i’(’*i 12}’: I'(Kz + a)(mrKz),,
Da F([(R)r(m,) a\b!(Kr),
=0 b=0 =0
- \b — ﬁRq;z (ﬂSUeZR +1)
( )m Fom+obg(f2)e % (1)
_ —b
(ps)” (BRY< 70 (pso2 + 1) T (maKr)
o N My o +1
(Wl /3R¢2> oy, 262 (prog, +1)
2 0s PRS22
where ¢ = iﬁ%

5 Simulation results and discussion

In this section, we set pc = 1dB, p = ps = pr and the main parameters given in Table 3.

The Shadowed-Rician fading parameters for the satellite link are taken from [40] and

shown in Table 4. Additionally, the interference channels parameters were set and cal-

culated according to the respective analytical curv

es in [24] and are shown in Table 5.

Moreover, we using MATLAB for Monte Carlo simulations.

Figure 2 shows the outage performance versus the p (dB) for different shadowing satel-

lite links. We can observe that the performance of the system under AS is superior to

the system under HS. That means satellite channel conditions contribute significantly

to system performance at the ground users. We can also observe the difference in per-
formance of the NOMA and OMA systems. In the OMA system, the gap between the

Table 3 System parameters

System parameters

Values

Monte Carlo simulation
Power allocation

Target rate

Mean square error of channel

Fading severity

100 iterations

A1 =07and A =03

Ry = 0.3and R, = 0.5 bit per channel use
=g ; = 0.001

o’ =05 =o0g _o

rm:m2:2

Average power 21=5,=1

Table 4 Satellite link parameters

Shadowing mg br 2r
Heavy shadowing (HS) 1 0.063 0.0007
Average shadowing (AS) 5 0.251 0.279
Table 5 Interference link parameters

N 1 2 3 4 5

2cn 1 2.5 2.5 3.2 35
mcn 1 2 25 3 35

£2) 1 35 [§ 9.2 12.7

m 1 2.9697 54340 84317 11.9136
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Fig. 2 Outage performance vs p (dB) with different satellite links

two curves shows that with increased SNR, system performance increases similarly to
the NOMA system. The authenticity of the derived expressions is also evident from the
strict match of the Monte Carlo simulations with the analytical simulations.

Figure 3 represents how multiple antennas at relay contribute to improve the system
performance at ground users. Once we design the relay with K7 = Kz = 3, the big gap
outage behavior can be observed compared with the case of the relay with K7 = Kz = 2.
The reason is that higher diversity from multiple antennas design could be strengthen
signal received at ground users and hence outage performance could be improved
thoroughly.



Nguyen et al. J Wireless Com Network ~ (2022) 2022:70 Page 15 of 25

~ 4

Outage Probability
=)
w

107
O  Simulation D
5 Pp, Ana.
10™ ¢ - - = . Pp, Ana. E
--Pﬁ{ Ana, d
Pl Ana ¢
1 0-6 I |
0 10 20 50

p (dB)
Fig. 3 Outage performance vs p (dB) varying Kr = K with the satellite link under HS

10 = —# - T T
G T At e R TR
~
N
3
s
.%} 10-1 L
b=l 7
3
<
)
<)
-
A D
o
1Y)
I
S
S o2
10°F
D
O 0% =0.001 Sim.
v o?=0.01 Sim.
#*# 02=0.05Sim.
Pp, Ana.
= = = Pp, Ana.
10-3 1 1 I |
0 10 20 30 40 50

p (dB)
Fig. 4 Outage performance vs p (dB) varying o with the satellite link under HS

Figure 4 indicates the impact of imperfect CSI on outage probability when we
change value of p for case of HS. We can see how performance could be affected by
such CSI error by varying o2. An increase in the value of 02 shows a reduction in the
performance of the user, and for the lowest value of o2, both users demonstrate bet-
ter performance. As the SNR increases, the performance of both users continues to
increase, while in similar conditions in Fig. 5, we varied the number of interfering
links for both users by keeping o2 constant. Considering impact of CCI concern, the
simulation shows that with a greater number of interference links, the performance
of both users decreases. However, in all the links, the curves for each user meet at a
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saturated point at high SNR. We conclude that in the high SNR region, interference
links do not have a great effect on user performance.

Figure 6 shows the simulation for outage performance versus p (dB) with the different
satellite links as in Fig. 2. The ergodic capacity rates of the message at D; are almost simi-
lar in both HS and AS modes, but for messaging at D, the gap between the curves of
ergodic capacity in both modes is comparatively very high. With a simultaneous increase
in the SNR, the gap increase is unlike D;.

Figures 7 and 8 indicate the several curves of ergodic capacity versus p (dB) under
HS. We can see the impact of CSI error levels of o2 in Fig. 7 while Fig. 8 confirms

how the number of CCI sources leads to degradation of performance in term of
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ergodic capacity. In Fig. 7, as we increase the value of o2, the gap between the curves
increases simultaneously at high SNR values. Figure 8 shows the ergodic capacity
versus o (dB) varying N with satellite link under HS. Although gaps between the
curves are evident at medium SNR values, the curves for both the users meet at a
single point at higher SNRs, suggesting that at higher SNRs, a greater number of
interference links does not show much differential effect on ergodic capacity rates.

Page 17 of 25
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6 Conclusion

We described the use of the NOMA technique for communication between a satellite to a
relay and the relay to users. We investigated performance of the system in terms of outage
probability and ergodic capacity under the effect of CCI at the relay. The performance gap
between two destinations can be explained by the differences in power level allocated to
the destinations. We also derived the closed-form expressions for outage probability and
ergodic capacity at both users. We observed that with an increase in the channel error, both
the outage probability and ergodic capacity of the users were significantly affected. The
effect of CCI on both outage probability and ergodic capacity is more prominent when the
SNR falls in range of 20-30 dB, whereas a greater number of interference links shows little
effect in the high SNR region. More specifically, if, for example, the number of interference
sources is 5, the outage performance of the system experiences a decrease of approximately
40% at a signal-to-noise ratio (SNR) of 30 dB at the satellite. Outage probability and ergodic
capacity became saturated at SNRs of 50 dB and 45 dB, respectively. We also simulated and
compared system performance under AS and HS modes for both outage probability and
ergodic capacity.

Appendix A
Using (3), By is written as
~ 2
psA1|hr
By =Pr — >y
psAaliie| + vc + pso2, +1 (42)

2

~

hp

o

— Y1
where ¢1 = (A1—Aan1)p’

By :/fycoc) (1—FhR
0

> (vc + psof + 1)¢1>,
B can therefore be expressed as

(5 + pso + 1)¢1)>dx. (43)

Substituting (11) and (12) into (43), B; is rewritten as

mp—1 k

’Z E(k)k! ()l e Zrdr (psoi+1) ( m > my
LT (my) (ER)F 11 2

(44)

my+Q21Eppy

k
7 l
X /xm1_1 (x + psop + 1) e_( “ >xdx.
0

Based on [46, Eq. 1.111] and [46, Eq. 3.381.4], the closed-form of B is obtained as
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mp—1 k [
1\ §OKT(mi+p) 2 2
Bl = R < > — e L‘RQJJI(/OSUR"F )
Z% %,Z% P ) 1T (my)(Ep)f

/ Q1 8rpr\ P Q p (*)
2 1=RP1 I
* <¢1 (pSGR " 1)> <1 M > (rm (psog + 1)) '

This completes the proof.

Appendix B

Let us denote the first and second terms of (21) as C; and Cy, respectively. Using (4), C;
can then be written as

2

psAs|hg

Ci =DPr

o

_ b/fyc(x)Filkz ((x+pso, +1) v )dx,

T 5 ="
vc + psod, +1

I:IR)Z > Y (J/C + PSUeZR + 1)) (46)

where ¥, = ﬂ;/ilz' As in Proposition 1, we obtain Cj as

mp—1 k 1 ~
Ci =ag Z ZZ ( l> k!g(k)r(ml:_zn)l e—DR'ﬁl (psffezk+1)
o Do pmo \P /D (mp)(ER) T

o p
! QrEryr\ P £2r
2
x (wl (PsoeR + 1)) (1 + I (s +1) ) °

Next, C is calculated as

)
ho

PRA2
32 = Pr

=Pr (
1 _mi
= ' ,
b0 by! 2o

2
(,OR‘TEZJFl) 72
where wz = T rAs

Using (47) and (48), the closed-form outage probability of D is obtained as (22).
This completes the proof.

—_— >
proe2? +1 v2

g wz) (48)

~

hy
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Appendix C
In the high SNR region, the CDF of |I:IR |2 and |l:1,' |2 are, respectively, given s
|h |2(x) = oRx (49)
and
E, ot = —— ()" 50
™ = rom+ )\ 2" ) (50)

Next, the asymptotic outage probability of D is calculated as
Pp, =1—B{° x By’ (51)

Then, B}° is expressed by

A )2
BYY = 1—Pf< Rl < <J/c+ps<fezk +1)¢>1>
* (52)
=1 [fewr® (34 psod + 1)),
s R
Using (49) and (14), we can rewrite B{° as
BP =1 <>m axpr T amte(#)*
! @) Tom) ) (x+ pso2 +1)7
; o0
ARP1 "
=1- x"e 53
< 2r) I'(myp) / (58)
0
o
N +1 /x’”’l_i dx
0
B{? is thus obtained by
(mp! (£ 2
B =1- =)+ ( 1) ).
SN o
Then, the term B5° can be calculated by
A2
B =Pr ( > q’)z)
— _ (o.¢]

1 1 (Wll¢>2>ml
I'(m +1) 21

Substituting (54) and (55) into (51), we obtain (24).
This completes the proof.
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Appendix D
First, the CDF of Q; is expressed as

mp—1 k | m—1
1\ EWKIT (my + p)
Faw=er 2, 2.2, 2. (P) DT (mp) (Eg)* T

k=0 =0 p=0 b;=0

b
X (pR‘7e21 +1)mix 1 (1 + £21Epx )_ml_p 2 Y
(A1 — Aox) 21 pR (A1 — Apx)my ps my(pso2, +1)

_x(pSUeZR+1)5R (ﬂRUele)mlx (W)l

X e ([A1—Ax)ps — (Aj—Ayx)21pR

(A1 — Ayx)ps
(56)
Substituting (56) into (26), we obtain Ry, as
mp—1 k I m—1
¥R l E(K!IT (mp + p)
PTG 220 ) <P>b AT (my) (ER)* 11
k=0 =0 p=0 b;=0 1:b- 1)(=R
b 1
« ((pR0621+1)m1> 1( 2 >p<(psge2R+1)>
£210r my(pso2, +1) 05 )

A1/As

1 21 Erx —mep X bitl
1+ ) (@)
1+x (A1 — Axx)mjps (A — Agx)

(psaezR+l)ERx (pRUe21+1)m1x
x e (Ai—Ax)ps  (A1—Ax)Q1pp

Using the Gaussian—Chebyshev property and denoting 6, = cos (2‘3—;177), the closed-

form ergodic capacity of x1 (27) can be obtained.
This completes the proof.

Appendix E
Similarly, the CDF of Qy is expressed as

mp—1 k I mp—1
/ k& (k)T (mp + p)
Fo,(y) =1—ar D, D> > > <p> by\I\ T (my) (Eg)k—H1

k=0 =0 p=0 by=0

b 1 P
[ (pRaezz +1) 2 (,ogaezR +1) 2 (58)
2:prA2 PRA2 my(pso2, +1)
I+b
y 2 — 67'1/23/,
218, 1
(1+ 7mei)

ER (PSUeZR'H) my (PR%ZZ‘H)
PRA2 $22pRrA2

where ¥, = . Next, we can calculate Ry, as
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le

k [ my—1
[ k\& (k)T (mp + p)
Ry, =
in 3 @ 5 12; pzo bzo <P> b\ () (Ep)F 11
_ (malero + 1)\ ( (o502 +1) : @ g
$22prA2 PRA2 my(pso +1) (59)

? l+bze—l1/2y
X .
- +p
2rEp mi
0 1 + y )

m1 PRA2

Using [41], we have

- _ 1 11 1-5
1+ ax) F(b)Gl [ax‘ 0 } (60)

where GH [.,.]is the Meijer G-function [46]. Substituting (60) into (59), Ry, is rewritten

as
-1 k I my—1 ke
S zz”z (l)’”“k“”)’ -
xz |
21n(2) i—o =0 » Obz 0 p by)\I'T" (my)
w2 (oroe, + U bl 1) e ’ (61)
szRAz RAZ my (/OSGEZR +1)
o0 ‘Q -
[+bs ,— Wy 0} 11[ 1ER 1—m1—l7]
X G X
/y [ ‘0 mI,ORA2y 0

0

Based on [45, 2.6.2], (10) is obtained.
This completes the proof.

Appendix F
The outage probability of D can be expressed by

PR =1-"Pr (I, >v)Pr (g, > )

Fi F,

(62)

With the help of (31), the first term F} is obtained by

A1nRr
Fl =DPr 5 >V
Agnr + psog, + v +1

=DPr (77R > ¢ (pSGeZR +yvc+ 1)) (63)
- /fyc ) (1 —Fy, (¢31 (b0l +x+ 1)))dx,
0

where ¢; = m Based on (14) and (37), Fj can be calculated as
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gt <fm) " i Kki’l I'(Kg + ) (meK),

Fj=—_R
YT T M my) alb\(Kr),
Bré1 (ﬂsUeR ) 5 (64)
4(p1)le” / i 1 2 b —(9,“%")
x pso +x+1) e
(ps)? (Br)Krta=b ) * )

Then, the second term of (63) can be calculated by

Fa= e (> (31 (oro2 +1))

7z 2
Fin <¢1 ('OR% + 1)) (65)
1 m1p o2 +1
=—— T mKry, M
I'(m1KT) PRS21

Putting (64) and (14) into (62), we have expected result. The proof is completed.

Abbreviations

NOMA Non-orthogonal multiple access

Csl Channel state information

SIC Successive interference cancellation
ccl Co-channel interference

HS Heavy shadowing

AS Average shadowing

SNR Signal-to-noise ratio

QoS Quiality of services

5G Fifth generation

loT Internet of things

OMA Orthogonal multiple access

@] Channel impairments

HSRN Hybrid satellite relay networks

TMCN Terrestrial mobile communications network
ISTN Integrated terrestrial satellite networks
AF Amplify and forward

DF Decode and forward

HSTAFRN  Hybrid satellite-terrestrial amplify-and-forward relay network
OoP Outage probability

EC Ergodic capacity

SND Simultaneous non-unique detection
RVs Random variables

AWGN Additive white Gaussian noise

LOS Light of sight

PDF Probability density function

CDF Cumulative distribution function
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