IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 29 April 2026, accepted 11 May 2026, date of publication 20 May 2026, date of current version 19 June 2026.

Digital Object Identifier 10.1109/ACCESS.2026.3695045

== RESEARCH ARTICLE

Performance Enhancement of Cooperative NOMA
in Satellite Communication Through Combining

Techniques

K. ASHWINI®1, ASHISH SINGH "2, (Member, IEEE), JAGADEESH V. K.”3, (Senior Member, IEEE),
RACHANA SHENOY', AND DUSHANTHA NALIN K. JAYAKODY 455, (Senior Member, IEEE)

! Department of Electronics and Communication Engineering, NMAM Institute of Technology (NMAMIT), NITTE (Deemed to be University), Nitte 574110,

India

2Department of Computer and Communication Engineering, NMAM Institute of Technology (NMAMIT), NITTE (Deemed to be University), Nitte 574110, India
3Department of Electronics and Communication Engineering, National Institute of Technology Calicut, Kozhikode 673601, India

4INESC INOV Lab, ECATI, Universidade Lus6fona, 1749-024 Lisbon, Portugal

SCIET, Faculty of Engineering, Sri Lanka Institute of Information Technology, Malabe 10115, Sri Lanka

Corresponding author: K. Ashwini (ashwinik @nitte.edu.in)

ABSTRACT This article studies the analysis of the key performance parameters in the proposed cooperative
Non-Orthogonal Multiple Access (NOMA) system considering the satellite network. NOMA can be coupled
with standard relaying procedures to increase the overall capabilities of the wireless communication system.
The system under consideration consists of two users, one near and a far user, and a satellite. The paper
explores by using a Decode and Forward (DF) relaying mechanism at the user closer to the satellite, which
will forward the signal received from the satellite user that is distant from it. In separate case studies, the
far user combines the direct and indirect transmission signals using Maximal Ratio Combining (MRC)
and Selection Combining (SC) techniques. The expressions for outage, average Bit Error Rate (BER),
and capacity are derived for MRC and SC methods. It is also derived and approximated, and closed-form
expressions are obtained. The simulation results of these analytical expressions reveal that the MRC method
of combining outperforms the SC technique in terms of outage, BER, and ergodic capacity.

INDEX TERMS Cooperative relaying, decode and forward, NOMA, relaying techniques, diversity

combining.

I. INTRODUCTION

Multiple access strategies have expanded dramatically in
recent years to meet the demands of the network in
high-density locations [1]. As wireless information com-
munication advanced to the fifth generation (5G) from
the first generation (1G), more applications emerged with
high data rate requirements, lower delays and enhanced
spectral efficiency. It is unlikely to satisfy these needs
since Orthogonal Multiple Access (OMA) is used in mobile
communication to divide resources among different users and
applications. Hence, there is a need for new developments
in multiplexing techniques [2], [3]. A viable multiple access
method that could meet each of these requirements has
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been demonstrated to be Non-Orthogonal Multiple Access
(NOMA) [4], [5]-

The core notion associated with NOMA is to distribute
power among mobile users based on their channel con-
ditions [6]. The traditional concept of OMA had low
spectral efficiency when considering the channel conditions
of weak users far from the satellite station [7]. This
drawback is overcome in NOMA technology, where the
spectral efficiency is improved [8]. NOMA is separated
into two groups: code-domain NOMA and power-domain
NOMA. In power domain NOMA, the transmitter generates
a superposition-coded symbol for the users. Each user is
simultaneously given a different power level on the same
frequency based on the quality of the channel. The weak
mobile user has power allocated more than the strong mobile
user nearer to the transmitter. On the other hand, code-
domain NOMA is comparable to multi-carrier code division
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multiple access (CDMA) [9]. NOMA allows several users or
the base station (BS) to transmit signals in a superposition
fashion, in contrast to traditional OMA [10] methods like
CDMA, Time Division Multiple Access (TDMA), Frequency
Division Multiple Access (FDMA), etc. By sharing the time,
coding, and frequency resources of the channel, NOMA
can allow multiple users to transmit data simultaneously.
Nevertheless, the signals have different strengths [10], [11].
Additionally, NOMA offers a number of benefits, including
more connectivity, effective spectrum use, and multiple user
support. The NOMA shares a single frequency channel [12],
as opposed to sharing the available bandwidth across several
users.

Due of the variations in signal strengths in NOMA, the
receiver can use the Successive Interference Cancellation
(SIC) technique to interpret the information signal intended
for each user [13], [14].

NOMA systems may be applied together with the coop-
erative relaying approach to improve performance further.
The two types of Cooperative NOMA (CNOMA) are
relay-assisted and user-assisted. When adopting user-assisted
CNOMA, improved channel conditions enable users to work
like a relay to help weaker users perform better [15], [16].
There are two methods for relaying signals: Amplify and
forward (AF) and Decode and forward (DF). AF uses an
amplification factor to increase the strength of the signal
it receives. DF decodes the received signals and only
sends the decoded signal to the next user. A DF relay is
substantially more sophisticated than an AF relay, as it
has full processing capacity. In general, a DF relay is
almost as sophisticated as a BS [17], [18]. In AF since
the signal is amplified and sent, the noise component is
also amplified, which can degrade its performance. This
would also result in more power consumption. As described
in [19], a CNOMA signal transmission approach exploits
the fact that certain users in systems using NOMA have
knowledge of the messages sent by others beforehand.
In typical Cooperative relay systems (CRS), the receiver can
acquire one bit of information, whereas the proposed receiver
in [19] is capable of receiving two data symbols in two slots
of time reliably. This approach with CNOMA outperforms
previous cooperative relaying approaches for greater channel
powers across a wide range of the transmit SNR regime.
To increase the NOMA performance gain, this work analyzes
a cooperative DF relay configuration that uses NOMA across
Rician fading channels. Results showed that CNOMA beats
standard NOMA in terms of achievable rate.

The most popular method of improving wireless commu-
nication networks and their dependability is through diversity
techniques [20]. It has long been known that the use of
multiple copies of the incoming communication signal can
effectively reduce fading and associated negative effects
on the performance of the communication system [21].
To improve the signal-to-noise ratio (SNR) on the receiver
side, the fundamental purpose of diversity is to recover
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information from the signal that was delivered through
several fading channels [22]. Many types of diversity receiver
operate across a range of fading channels. Maximal ratio
combining (MRC), Selection combining (SC), and Equal
gain combining (EGC) are three frequently used diversity
strategies.

As a diversity scheme in a communication system, MRC
symbolizes an ideal combiner over fading channels in theory.
In this technique, the instantaneous SNR at the output will
be maximized by combining several copies of the same
information signal. In SC, the highest SNR is chosen among
all received branches. It is assumed that the receiver has the
necessary knowledge about channel fading in every scenario.
In contrast, the signals received in EGC are added after being
similarly weighted [23].

NOMA can also be employed in satellite communication to
enhance overall performance. In [24] some of the techniques
and architectures in NOMA based satellite communication
were discussed and their future scope was also provided.
In [25] the performance of a CRS NOMA comprising a
BS and two users that use Rician fading channels was
assessed. The simulation findings demonstrate that the
suggested Dynamic compressed sensing with Multiuser
Detection (DCS-MUD) and CRS NOMA across behave
significantly well compared to the classic CS-MUD and
traditional CRS. The performance of the NOMA-based CRS
was studied by obtaining exact mathematical formulations
to determine the achievable rates under the Rician fading
channel [26]. An effective approximation approach called
Gauss-Chebyshev Integration was applied for achievable rate
derivation. The results revealed that the NOMA-based CRS
can achieve a better achievable rate than the conventional
CRS. In [27], a DF Full Duplex (FD) relaying system
with an eavesdropper were investigated. Using SC and
MRC techniques at the receivers’ side the precise equations
for intercept probability (IP) and outage probability (OP)
were determined. According to the simulations, the MRC
method’s OP and IP outperformed the SC method’s. The
performance of a satellite source that has a receiver on
the ground is investigated, along with another source that
uses CRS NOMA to transmit the signal to two users.
It significantly improved performance when CRS NOMA is
used with the cognitive hybrid satellite terrestrial network
underlay [28]. From reviews in the literature, a user-
aided cooperative NOMA strategy implementing combining
techniques has yet to be explored in the field of satellite
communication. Its performance could provide an avenue
for further exploration of research. Although NOMA has
an advantage in terms of spectral efficiency to a significant
extent. Its practical implementation is greatly affected by the
hardware impairments of the Radio Frequency (RF) chains at
the BS and at users [29], [30], [31].

In this paper, the study of the performance of NOMA-
based CRS, having one near user and a far user, a satellite
is carried out. As a CRS strategy, DF relay is used.
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The main contributions of the work are to analyze and
compare performance indicators like OP, average Bit Error
Rate (BER), and ergodic capacity employing MRC and SC
combined techniques at the destination mobile user. In the
system, the nearest user works as a relay to forward the
signal to the distant mobile user. As a result, two separate
signals are acquired at the location where these combining
methods can be applied. The analytical expression for OP,
BER, and ergodic capacity is obtained for data signals from
both users and is simulated. The paper is structured in the
following manner: Section II outlines the system model
proposed. Section III shows the mathematical calculations
for developing the expressions for OP, BER, and ergodic
capacity. Section IV discusses the results of the analytical
calculations. Section V provides the conclusion of the
work.

A. MOTIVATION AND CONTRIBUTIONS

Better user fairness and increased spectrum utilisation
are possible with the CNOMA technique. Since satellite
communication needs to serve many users with variable
channel conditions, this technique provides better coverage
because strong users can function as a relay to send the signal
to weak users. Rician fading represents one strong line-of-
sight (LOS) situation which is the environmental condition
for indoor application and in satellite communication as
well. Rician channel also exhibits multipath effects which
represent a satellite communication environment effectively.
From the literature survey, the evaluation of MRC and SC
techniques in a CNOMA over a Rician fading channel is yet
to be explored and studied. This became the main motive for
the analysis. The key contributions are

« Using the probability density function (PDF) and cumu-
lative density function (CDF), an exclusive equation that
represents the OP at the destination, BER, and ergodic
capacity through Rician channels is constructed for the
proposed system.

e The proposed system employs a DF relaying for
the cooperative technique. The diversity combining
schemes, like MRC and SC, are applied at the destina-
tion for combining different branch signals.

B. SCOPE, MULTI-USER EXTENSIONS, AND FAIRNESS VIA
DYNAMIC POWER CONTROL
Although our closed-form outage analysis concentrates on a
two-user configuration, it can also be extended to a multi-user
environment, which is common in satellite communication
systems. In a multi-user scenario, each k-th user, before
detecting its own signal (I < k < U), must first decode
the message signal meant for users with worse channel
conditions. Specifically, the k-th user decodes the messages
M jforU >j> (k+1)[32].

The signal-to-interference-plus-noise ratio (SINR) for this
decoding process at user j while decoding user k’s signal is
given by
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PiGj
ZlU:k+1plGj + No
where G; denotes the combined channel gain under (SC) or
MRC. The message M j is decoded successfully if

SINRjj > Ykth, 2

SINRLJ' = Vj—)k = (1)

where yiq, is the threshold SINR required to decode the k-th
user’s signal for all j > k. This relationship generalizes the
two-user SIC condition employed in our analysis [33].

The effective SINR expressions depend on the combined
channel gain, which differs for MRC and SC techniques.

MAXIMAL RATIO COMBINING (MRC)
Under MRC, the combined channel gain at user j is expressed
as

B
Gi =D bl ?3)
b=1

This approach yields the highest average SNR and the largest
diversity gain.

SELECTION COMBINING (SC)
Under SC, the combined channel gain is given by

Gj = max |hj . )

This results in a lower combined gain compared to MRC.

Consequently, MRC makes it easier to satisfy the SIC
condition in (1) compared to the SC technique.

The two optimization problems considered in this
scenario—Max-Min Rate Fairness (P-Fair) and Outage-
Constrained Power Optimization (P-OP)—are strongly
dependent on the outage probability. Therefore, the solutions
to (P-Fair) [34] and (P-OP) [35] are governed by how
MRC and SC affect the distribution of G;. Since MRC
provides higher diversity, improved average SNR, and
reduced outage probability, the feasible power allocation
region for achieving multi-user fairness targets is naturally
expanded.

Il. SYSTEM MODEL

Figure 1. depicts the system model, which comprises two
users, one far away marked by U2, and one close to the
satellite marked by Ul. All channels are considered Rician
channels, and all channels experience an Additive White
Gaussian Noise (AWGN) on the receiving terminal. The
Rician fading channel assumes one strong LOS path. Rician
fading is considered in mobile radio channels along with
indoor Cordless Telecommunications (CT), although the
rayleigh model is considered the most popular [36]. In rural
areas of mobile communication, you typically have a channel
with a dominant component of the LOS. In order to compare
performances of two techniques of combining, a known
parameter is able to analyse the performance in terms of OP
and provide closed-form expressions for the key performance
indicators. Hence, in the system analysis, the Rician fading
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parameter (K factor) is assumed to be known. Let A1, hpp and
h1, indicate the coefficients of the channels from satellite to
Ul, U2 and from user U1 to U2 respectively. Also, let np1, np2
and np, signify the AWGN from satellite at U1, U2, and from
user U1 to U2, respectively. It has mean zero and variance o2

The CNOMA distribution is split into two time intervals.
The satellite will employ the NOMA technique for delivering
the signal to the user nodes during the first time phase. The
superimposed signal that is delivered to user U1, which will
direct the signal towards U2 in the second time phase. The
DF relay protocol is implemented by Ul. At the first phase
of time, the superimposed signal that is delivered at Ul from
the satellite is expressed as

Yo1 = hpi [M VaiPy +x2\/a2Ptx] + np1 (5)

¢
uz U1

DF Protocol

4— Superimposed signal from the
Satellite
&— DF relayed signal

FIGURE 1. System model with DF-based CNOMA.

where the information signals meant for Ul and U2 are
denoted by x; and xp, respectively. The power allocation
coefficients for users Ul and U2 are a; and ay, respectively.
They are carefully selected so that a; + a» = 1 and a; > a;.
Let P; be the power transmitted from the satellite. The
user Ul decodes x; signal now treating the signal x| as
interference. The SINR of signal x; at Ul is expressed as
follows

ZayP,
7/1[’12]: |h§1| aPry . ©)
|p1]” a1 P + 0
Hence, after performing SIC, Ul decodes its own infor-
mation. Hence the signal-to-noise ratio (SNR) at Ul for
decoding signal x; can be expressed as
Za\P
7/1[1]] _ lhwl 31 x @

o
7/1 1 = |hbl| aip ®)

where the signal power to noise power ratio is given as p =
i & . The signal delivered at U2 in the first phase from the
satellite is as follows

Yo2 = hpo [m VaiPy + X2\/a2sz] + np2 9
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At U2 after receiving the signal from the satellite, the SINR
of obtaining x» is given as

1 |hp2)? azP
Y= ——m——— (10)
: |hp2|= a1 Py + 0
2
[ |hp2|” axp
Voo = ——> ——— (11)
22 gl arp + 1

The acting relay Ul uses DF strategy to transmit signal
x2 decoded from SIC and redirect the signal towards U2
during the second phase of time. Next, the signal that was
received at U2 can be expressed as

yi2 = hi2 {xszr} + np2 (12)

where P, is the transmitted power from Ul. Let P, = P, for
simplification purpose. After the signal is acquired at U2, the
SNR of x; signal is given as

Ih12| Py
2

[2

Vo, (13)

o3

o

Hence,
2
yaa = lhial? p (14)

Ill. SYSTEM PERFORMANCE
A. CHANNEL OF STATISTICS
Path loss, shadowing, and fading all have an impact on the
performance of radio channels in wireless communication
systems [37], [38]. Rician fading exhibits one strong LOS
signal with multiple scattered signals. The Rician fading
channel PDF is represented as

r24v2
r rv
(= —e ( o ) Io (—2) (15)
of of
The CDF is given by
V r
Fx(r)=1-0 (—, —) (16)
oy o

—1-0 (J_ 2ExD r) a7

where r is the independent and identically distributed
Gaussian random variable (i.i.d.), each with variance 0,2 and
zero mean [39]. V is the non-centrality parameter. Io(.)
symbolizes the modified Bessel function of the first kind of
order zero. There are two more parameters associated with
Rician channel. These are the K-factor or Rice factor, where
K = 2V >, 1s the power ratio of the LOS component to the
non- LO§ component, and €2 is the average total power where
Q=Vv*4+ 26,2 [40]. The parameters VvZ = K—HQ 20 =
1%{' The Marcum function Q is expressed as

x2+u2

0, (a,b) = % /oox"e( 2 )Iv_l(ax)dx (18)
a b

where b > 0, and a, v > 0. I,_ denotes the modified Bessel
function of first kind with its order v — 1.
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B. OUTAGE PROBABILITY

The OP defines the probability that the SINR threshold for
the user is not reached. Let yy; be the threshold SINR. In the
first phase, the OP obtained at U1 of signal x is given as

|hp1 [2a2 Py
Pr (y[” < yh) —pr T2 ) (19)
12 = |hp12a1 Py + 02 ;
Pr (|h,,1|2 < L) (20)
(ay —arym) p

and the OP at U1 of signal x; that is near the satellite is given
as

Pr (J/l[}]] < Vth) = Pr (|hbl|2alp < Vth) 2D
—Pr (|hb1|2 < ﬁ) (22)
ap

where y;, = 28 — 1, with R indicating the target rate. OP at
U2 of signal xp during the first time phase is given by

|hpa|* axp
pr(vid <w)=pr( =22 <y) @3
>2 el arp + 1
Pr (|hb2|2 < ¢) (24)
(ap —arym) p

After DF relaying by Ul in the second time slot, the OP at U2
of signal x» is provided as

Pr(vi <va) =pPr(haPo<wm)  @3)

= Pr (|h12|2 < m) (26)
0

Given that the receiver receives two copies of the signal at
U2, the combined techniques at U2 aid in improving the
received SNR. Two cases are considered in which MRC and
SC techniques are implemented to receive the signal. The
SNR of each branch is added and assessed in the MRC
method. Using MRC, the total SNRs y; taking into account
all SNRs from branches B is provided as

B
yi= v 27)
=0

where y; is the SNR of each branch andj = 1, 2. .. B. Hence,
the resultant OP is expressed for the decoding signal x; as

Rop = Pr(y{3 < ym) - Pr(vss < ya) + Pr(yl} = yi)
- OPMRC or OPSC (28)

where OPMRC indicates the probability of an outage when
MRC is implemented and OPSC indicates the probability of
an outage for the SC technique. From (20),

[2(1 4+ K) Vih
(1] Vi
Pr(7/1,2 <ym)=1-01 ( 2K, Qsp  (ar — athh)P)

(29)

Let,
_ [2] [1]
OPMRC = Pr (()/2,2 + V2,2) < y,h) (30)
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Yth
Pr((A+B) < ym) :/0 Fa(ym —y)fs(ndy  (31)
Let,

Fa(x)

co;nparmg (30) with (31), and substituting in (32). Let A =
yz[ ;and B = Vz[ 2]

=Pr(A < x) (32)

Fa (x) = Pr (yz[é] < x) (33)
Hence using equation (26),
Pr (y2[22] < x) =1-0 («/ﬁ,
Substituting (34) in F4 (x) we get
Fa(x)=1 —Ql(J_

Next, using (24) to find fp(y), we obtain

y
B — 36
(a2 — ary) P) (36)

2(1 +K) y
=1- V2 37
o ( Qsp (a2 — aly)P) D

with 0 < y < 1. The following expression can be used to get
the PDF of variable B.

2(14+K)x
Q—_) (34)

RD P

2(1 +K){) a5)
0

Qrp

Fp(y) = Pr (|hb2|2 <

oFp (y)
) === (38)
dy
Substituting (37) in (38) the following series of expressions
are generated by partial differentiation with respect to y. The
modified Bessel function of first kind with order v can also

be expressed from (8.445) in [41] as

k
1
I(2) = : vi <ZZ2) (39)
M= L0 SN+ k — 1)
Using (18) and (39) for v = 1, we get

2

Qi (b= (g)Zk #e‘é/b S g (40)

k=0

Leta = V2K and b = / 2%;( ) (az_i oL The expression
for fp (y) is obtained using the expression of the incomplete

gamma function [41] in (40) as follows. Let u = %2, the (40)
then becomes,

00 2\ k _é
Ql(a,b)=2(%) e(k';/ Wl gy (41)

k=0
X 2\ e % b?
Qi(a.b)= > (7) o r (k +1, ?) (42)
k=0
Hence,
A(F (1 — Q1(a, b
foyo MEYO) A =Oi@b)

dy dy
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Substituting (42) in (43), the equation becomes

0 - (a2 kefé b?

=—|1- =) —r(lk+1, —

=3, ;(2) (k)? (+ 2)
(44)

Taking partial differentiation, the expression can be sim-
pliflies as shown below.
ark +1 x) 0x

0
— T k+1,x)=
ay( k+1,x) = ™ oy

2 o
where x = "7, Substituting b we get

2(1 + K)y?

- (45)
Qsplaz — ary)*2p?
, hence
Ox 2(1 + K)azy
9y Qupp? 3 (46)
dy Qspp*(ax — ary)
AT (k + 1,
ork+1,x) = (oI L )
dy
k
9 1+ K)y?
—(F(k+1,x))=_( ( )yzz)
% Qsplaz —a1y)“p
___axkyr
.e Qspla—ayy?p? 2(1 + K)azy (48)

Qspp(az — ary)’
%) Nk el 2 k
_Z(a_) e 2 _( (1+K)y )
c\2/) @)y Qsplaz — ary)*p?

Ur o 214+ K)azy

.e Sspla—apy?p?

fr =

49
Qspp(ar — ary)’ )

Substituting a = 2K, we get,

21+ Ky | Forg ]
e

fro = Qgplag—a;y)?p?
Qspp2(az — ary)’
k
. i 1| ( K(1 +K)? ) 0
1=0 (> Qsp(az — ary)*p?
_ %}
fBO) = 2K + Dazy e( [K+ Qgp(ay—ayy)?o? )

Qspp*(ar — ary)’

i 1 ( K (K +1)y? )l sh
= (19> \Qsp (a2 — ary)* p?

Therefore, the closed-form expression for the OP of
signal x, at U2 using MRC is as follows after substituting

Fa (v —y) and fp (y) in (31)

0PMRC=/y (1_Q1 («/_ 2(1+K) (m—y)))
0 Qrp P

(K + 1) ay2y (K+1)y?

. 5 Fexp | — K + 5
Qspp=(az — ary) Qsp (az —a1y)* p

i

5| K (K + 1)) )
| 2
g (1) (QSD (a2 — ary)? p? dy (52)
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Substituting (28) with (29), (37) and (52), the final
expression for OP using MRC is given as

2(1+K
Ropmrc = (1 -0 (V 2K, (Q+ ) Yih ))
SR

(a2 — arym)p

2(1+K) Yih
1—
( 01 (\/_ Qsp (a2 —arym)p ))

20+K
+0 «/ﬁ, ( ) Vih
QR

-OPMRC
(az — al)/zh)p)
(53)

The OP for the decoding signal x» at U2, using the SC
approach at the destination, is provided as

OPSC = Pr (max (yfz], y,}"z]) < yﬂ,) (54)
=Pr(vid <vn)Pr(vid <va) 9

Equation (56) can be obtained with the help of (35), (37)

and (55) as follows
2(1+K
orsC =|1-0,( V2K, ﬁm
Qrp P

2(1+K) Vih
1— V2K, 56
( o ( Qsp (a2 —arym)p )) (50)

substituting (28) with (29), (37) and (56), the final expression
for OP using SC is obtained as

Rorsc = (1= 01 V2K, 2(1+K) Vih
Qsr (a2 —arym)p

2(1+K) Vi
1-0i| V2K,
( O ( Qsp (a2 —arym)p ))

201+ K
o (v, [AEK)_ vn . OPSC
Q (ax —arym)p

(57)

C. IMPERFECT SIC ANALYSIS
In order to account for the interference that remains after
cancellation, a residual interference factor & is included to
describe incomplete SIC. Since the outage analysis of the far
user is the main topic of this article, residual interference
is typically zero because SIC is not necessary at the far
user unless there is interference from a prior decoding layer.
However, by assuming that the DF user relays the distant
user’s signal in addition to its own, a residual interference
component scaled by & from the near DF user (Ul) can be
included.

The SINR of the distant user’s signal x; after receiving this
signal at U2 is expressed as

_ PPy
E|hi|>P + 02’

[

Vs = (58)
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This can be expressed in normalised form as
|h12|*p
ElhalPp +17

Since the relay-destination link incorporates residual
interference, the relevant outage probability is provided by

Yth ) (60)
(I — a6 ym)p

Substituting this result into (33), the CDF can be expressed
as

2(1 +K) Yth
F =1- 2K7 ’
A(x) Ql(V \/ Qrp (1 — azé%h)ﬂ)
(61)

2

Via = (59)

Pr(vid < ) = Pr(|h12|2 <

where Q1 (-, -) denotes the first-order Marcum Q-function.

By substituting this expression into (31), the outage
probability of U2 under MRC at the destination is obtained.
Similarly, the outage probability under SC is derived by
substituting this result into (55).

D. IMPERFECT CSI MODEL

By assuming estimated channel conditions, the same analysis
can be extended by taking imperfect channel state informa-
tion (CSI) into consideration. It is feasible to model a Rician
fading channel’s estimated channel coefficient as [42]

h=1—8)h+dv, (62)

where 82 is the channel estimation error variance, & is the true
channel, h is the estimated channel, and v is the estimation
noise term [20].

For a simplified imperfect-CSI model, when the estimation
noise variance avz is equal to the scattered component
variance av%, the estimated scattered variance becomes

67 =02 (63)

w

Consequently, the Rician K -factor is reduced to
K=(0-8)K (64)

Therefore, the OP expressions can be obtained by substituting
K with (1 — 8*)K in (53) and (57).

E. INTUITION AND ASYMPTOTIC BEHAVIOR OF MRC
VERSUS SC

Athigh SNR (p — 00), the argument of the CDF approaches
zero. For i.i.d. Rician fading branches with diversity order B,
the CDF behaves as

Fo(x) = CxB, x— 0, (65)
where
1+K
C = %e_K (66)

For MRC with two independent branches, the OP can be
approximated as [20]
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CZ
Pr(hsp + hrp < Xx) ~ Tcz (67)

From (24) and (26), at high SNR,
Vth

x=_——"" (68)
(a2 — a1ym)p
Substituting in (67) expression yields
c? Vth 2 _
Pr(hsp + hrp < Xx) ~ — (;) ~ Cumrcp ™2
2 \(a2 — a1ym)p
(69)
For SC, since the links are independent,
Pr(hsp < X, hrp < x) ~ C2x? (70)

Substituting x gives

2
Vih _
) ~ Cscp™?

Pr(hsp < x, hgp < x) ~ C? (—
(a2 —arym)p
(71)

Comparing (69) and (71),
Cumre < Csc (72)

F. CAPACITY INSIGHTS
The ergodic capacity at high SNR can be expressed as

C(p) = log, p + Ellog, GI + o(1), (73)

with G being the channel power gain. This shows that MRC
yields a strictly larger high-SNR constant than SC [43].
At low SNR, the capacity can be approximated as

p E[G]
In2

which again favors MRC since it aggregates energy across
multiple diversity branches.

Clp) ~

; (74)

G. AVERAGE BER

The BER is the percentage of bits that are sent incorrectly
because of interference, noise, or other issues. BER is
a performance metric used in digital communications to
evaluate how well the recipient decodes the transmitted data.
The BER can be calculated by assessing the probability that
a bit would be incorrectly received due to noise. To find
the error probability, differential modulation is taken into
consideration and use the BER formula. The error probability
is given as

P, =aE [Qm] (75)

where the values of a and b will specify the modulation
technique type [44]. Let yy, represent the SINR.

P. = aE [0\/byu] (76)

By applying the mathemathical definition of the Expectation
notation, we get

Po=a /0 O(/BymdF, (vn) 77)
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Assuming differential modulation schemes and using
the Moment Generating Function (MGF) of Nakagami-m
fading channel [44], the equation for BER is given as
follows

b [ee)
a thh) a—1
Po=—r=r¢—— exp\ —— )yn" F n) d v
e ZJEF(b)/O P( ) 1% y (V) dyy

(78)
Since
a
a —a a
FV (Vth) — 2 1Vth " 1
0, Vih =2 —
ai
Let au = Z—f The integral limits reduce from 0 to au

and consequently, the estimated BER value can be provided
as

ab u by
P — exp(——==) v 'F d ]
N o) [/0 P( 2 )Vrh y (Vin) dyun
(79)

For Differential Phase Shift Keying (DPSK) modulation,
choosing a = b = 1 and replacing, t = % — 1, where,
Yin = (t + 1) 3 in (45)

b~ 1 I:a_u/l o (_au(t-l—l))
o L2 )7 4
F, (M)m} (80)

For U2, the average BER for MRC can be found
using  Chebyshev-Gauss  quadrature  from  [45]
and [46] as

1
1 Ay~ ay (ti+ 1)
Pomre ® —— | = wex (——

FyMRC (M) /1 — ti21| (81)

2

where w = Z. 5 = cos CS Foyre () =
Ropmrc Similarly, the average BER for U2 may be
found as follows when the SC method is used at the

destination

ul

1 oy _ a, (i +1)
P ~ - _
e25C Wor |: 2 E wexp( 1 )

i=1

FySC (w) V1 — tl.2i| (82)

2

solving (82) by substituting F,sc (¥) = Ropsc in the
equation, plotting of the behavior of average BER is possible.

H. ERGODIC CAPACITY
The equation for capacity is given as

1
C = 5 log (1 +SNR) (83)
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TABLE 1. Simulation parameters.

Parameter Values
Power coefficient of U2, as 0.9,0.8,0.7
Power coefficient of U1, a1 0.1,0.2,0.3
Variance o2 1
Scale parameters, 2sg = Qrp = Qsp 1
Number of points, u1 100
Threshold SNR, ~y, 1 Mbps
Rician parameter K factor, K 1,2,3
Residual interference factor £ 0, 0.05, 0.01
Channel estimation error variance 62 0, 0.05, 0.1

The ergodic capacity is given by the expression [42]

o0
Er = / Sy ) 1og(1 + yin)d yum (34)
0
Equation (84) then simplifies to
1 1 —F,(ym)
Er = rd 85
n2) /o T (8

Hence, the approximated expression can be obtained after
simplification as

au [V Fy(ym)
Er = log, (1 - Y dr (86
r = logy (1 + au) 2111(2)/,1 T+ %11 (86)

Using the Chebyshev-Gauss quadrature [46], the ergodic
capacity at U2 can be obtained as

ul
au _ a, (ti+1)
Er=10g2(1+au)— m . 1WFy (T)
1=

1
/1 =12 87
1+%@+1) ‘ &7
The ergodic capacity for the MRC and SC techniques
is then visualised by substituting (52) and (56) in (87),
respectively.

IV. RESULTS AND DISCUSSIONS
In a DF NOMA-based system, the OP of far end user U2
is shown in Figure 2 assuming a Rician fading channel. The
simulation results were obtained by choosing the target rate
v as 1Mbps. The power coefficients are chosen as fixed
values of ap = 0.8 and a; = 0.2 and Qs = Qrp =
1,Q2sp = 1,0 = 1, ul = 100. In Figure 2., it has been
noticed that the proposed NOMA system performs better
when the destination employs the MRC strategy than when
the destination employs the SC technique. The OP results for
Rician factor K = 0, 1, and 3 are plotted. When the value
of K increases, the outage also reduces drastically for MRC.
Using the SC method, as K is increased, the OP values reduce
slightly compared to MRC. In Figure 3, the theoretically
derived results of OP are then compared with the outcomes
of a Monte Carlo simulation. This is based on 10> trails with
a; = 0.8 and a; = 0.2 and threshold value of y;; as 1Mbps.
This demonstrates that the outcomes align with the theoretical
assessment.

Figure 4. illustrates the BER simulation findings by taking
the target rate, power coefficients, the Rician factor, and
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FIGURE 2. OP of the U2 for y;, = 1 with Rician Factor (K) = 0,1,3 for both

MRC and SC.
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FIGURE 3. Comparison of OP of Monte Carlo simulation for y;;, = 1 and
K = 1 for both MRC and SC with theoretical expression.
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FIGURE 4. BER for yg, = 1with Rician factor (K) = 0,1,3 for both MRC and

SC.

the variances values considered for the analysis of OP. The
plot demonstrates how the MRC method lowers the BER till
around 107 at 30 dB for K = 0 and the value becomes lower
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FIGURE 5. Ergodic capacity for y;, = 1 with Rician factor (K) = 0,1,3 for

both MRC and SC.
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FIGURE 6. OP for U2 with y;, = 1 for varying power coefficients where

a, = 0.9, 0.8, 0.7.
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FIGURE 7. BER for users with yg, = 1 for varying power coefficients
where a, = 0.9, 0.8, 0.7.

30

of about 10~ at 30 dB for K = 3. In SC technique, it reduces
to a value of around 10° at 30 dB for K = 0 and goes lower
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FIGURE 8. Ergodic capacity for y;, = 1 for varying power coefficients
where a, = 0.9, 0.8, 0.7.
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FIGURE 9. OP for 52 = 0.1 for varying ¢ values of = 0, 0.01, 0.05.

than 10~7 for K = 3. It can be seen that BER using MRC
outperforms SC. As K is increasing due to the increase in LOS
component, the BER is also improved. Figure 5. shows the
ergodic capacity of the U2 for the same values of parameters
as in OP and BER. Using SC method, initially at low SNRs
the ergodic rate tends to increase from O bits/sec/Hz to
a constant value of 2.3 bits/sec/Hz after 12 dB. Whereas
for MRC technique, the ergodic capacity increases from
0.2 bits/sec/Hz to a constant value of 2.3 bits/sec/Hz after
10 dB SNR. Itis observed from the results that MRC provides
better capacity than SC at low SNRs. Whereas at high SNRs
it remains the same. The ergodic capacity is also improved
with an increase in Rice factor.

Figure 6. and Figure 7. shows the OP and BER for
the change in power coefficient allocated to the users for
K = 1. Itis noticed that as power is increased, the OP and BER
are also improved for both cases of MRC and SC techniques.
Figure 8. shows the ergodic capacity for MRC and SC with
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FIGURE 11. OP for K= 3, at a, = 0.8 and a; = 0.2.

varying power allocation coefficients where it achieves a
maximum value of 3.2 bits/sec/Hz. Hence, the user with the
better power coefficient exhibits better overall performance
in a NOMA network providing fairness to the far user that
has weak channel conditions.

To show the impact of imperfect SIC at the destination a
plot for OP at K = 3 and a = 0.8 and a; = 0.2 is shown
in Figure 9. This is plotted by considering the imperfect CSI
where §2 = 0.1, while varying ¢ = 0, 0.01, 0.05. Figure 10
show the plot for OP by keeping ¢ constant at 0.01 while
varying 82 as 0, 0.05, 0.1. From the plots, it illustrate that the
OP increases with the inclusion of residual factor and channel
estimation error factor. The high SNR approximations plot of
OP are also included in Figure 11., for K = 3, a, = 0.8 and
ay; = 0.2, which shows the parallel slopes and constant SNR
gap between MRC and SC. The SNR gap is computed at OP
level of 1073 is around 0.65 dB. This gap is primarily due to
the different coding gains of the two combining techniques
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TABLE 2. Performance comparison of MRC and SC under varying conditions.

Performance Metric Combining Variation with K Effect of a2 /a1
Technique
Outage Probability MRC The value decreases as K increases. It achieves | A higher value of ag gives better performance.
the lowest value of 1.4 x 10~ 7 at 30 dB. The outage at az = 0.7 behaves similar to the
outage at SC for ag = 0.9.
SC The value also improves with the increase in K. | Provides better performance for higher values of
Its lowest value is 1.7 x10~7 at 30 dB. az, but underperforms compared to MRC.
BER MRC As K increases, the performance improves. The | As az decreases, the BER increases. Better per-
lowest value achieved is 108 at 30 dB. formance ig observed at 30 dB with a value of
4.6 x 1077,
SC Improves as K is increased, also attains a value | Improves with the increase in ag value. Compared
closer to 108 at 30 dB but higher than MRC. to MRC, SC underperforms for the same a2 val-
ues.
Ergodic Capacity MRC The value for K = 3 is higher than for K = 1 | MRC with high values of power coefficient as
and K = 0. gives better capacity than with lower values of as.
SC The plot for K = 0 has a lower value compared | MRC outperforms SC. However, SC shows better
to higher values of K. results for higher values of as.

used which is reflected in (69) and (71). Relaying error at the
DF user also contributes to this gap.

These results imply that the CNOMA technology can help
in enhancing the connectivity, and reliability and provide
better coverage area in future satellite communication. As in
the proposed model, the user acts as a relay strengthening the
weak users in remote areas and providing better coverage.
Table 2 shows the summary of results obtained from the
graph.

V. CONCLUSION

In this work, we presented a comprehensive performance
analysis of a CNOMA system incorporating DF relaying
with two diversity combining techniques, MRC and SC over
Rician fading channels in satellite communications. Key per-
formance indicators, such as ergodic capacity, average BER,
and OP, were computed analytically and verified using Monte
Carlo simulations. The findings showed that MRC performs
noticeably better than SC in terms of achievable ergodic
capacity, BER, and OP. Notably, performance gains of MRC
increase substantially with stronger LOS conditions indicated
by higher Rician factor values. Additionally, optimal power
allocation was shown to enhance system performance,
improving fairness for far users under weaker channel
conditions. The presented results clearly demonstrate that the
MRC technique significantly outperforms the SC technique
in terms of OP, BER, and achievable ergodic capacity. The
superiority of MRC is particularly notable in scenarios with
stronger LoS components, as indicated by higher values of
the Rician factor (K). Additionally, optimal power allocation
was shown to enhance overall system performance, providing
improved fairness to far users experiencing weaker channel
conditions. Overall, this research confirms the effectiveness
of cooperative NOMA in improving satellite communication
systems’ performance, laying a foundation for future studies
to further address identified challenges and advance robust,
secure next-generation satellite networks. In order to facilitate
analytical derivation, perfect CSI is assumed at the receivers.
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Future research may examine the effect of CSI estimate errors
on system performance.

This study explicitly addresses existing research gaps
by integrating user-aided cooperative relaying and diversity
techniques within a satellite communication environment,
an area previously unexplored in the literature. However,
several limitations remain and open new avenues for
future research. For instance, our current model does not
address the critical issue of physical-layer security, which is
inherently vulnerable in cooperative communication systems
due to potential eavesdropping. Future investigations should
consider integrating robust physical-layer security mea-
sures such as cooperative jamming or secure beamforming
techniques.
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