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1. INTRODUCTION

In rapidly evolving landscape of wireless communication, achieving higher spectral efficiency, energy
efficiency, and reliability is crucial to addressing the rising demand for seamless and ubiquitous connectivity.
The exponential growth of devices connected to the Internet, combined with the ever-increasing demands for
data-intensive applications, underscores the need for innovative multiple access techniques capable of over-
coming the limitations of conventional schemes. Among these advanced techniques, rate-splitting multiple
access (RSMA) becomes a feasible candidate for 6G networks and beyond, poised to redefine the paradigms
of wireless communication [1]-[S]. RSMA leverages an intelligent and adaptive approach to interference man-
agement by dividing user signals into common and private components, enabling a more granular and effective
handling of inter-user interference [6], [7]. Unlike traditional schemes, RSMA empowers receivers to imple-
ment flexible signal decoding strategies through successive interference cancellation (SIC). This allows partial
decoding of interference whilst considering the residual interference as noise, leading to more robust communi-
cation performance in diverse network conditions [3], [8]], [9]. Such flexibility makes RSMA uniquely suitable
for scenarios characterized by heterogeneous user channel conditions and non-ideal propagation environments,
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where conventional techniques like non-orthogonal multiple access (NOMA) and orthogonal multiple access
(OMA) struggle to maintain reliability consistency [[10], [L1]. Furthermore, the adoption of RSMA isn’t con-
strained to terrestrial communication networks yet widens to satellite-terrestrial communication systems, where
unique challenges such as long propagation delays, limited spectrum, and coexistence of multiple service layers
create a complex operational environment [12]-[14]. The integration of RSMA in satellite-terrestrial networks
enhances resource utilization and interference management, addressing traditional performance bottlenecks.
These networks are crucial for next-generation wireless infrastructure, supporting wide-area coverage, high
data rates, and low latency, especially in remote or under served regions. They also provide robust support
during peak demand and for disaster recovery. However, they face challenges like severe co-channel interfer-
ence, dynamic user distributions, and stringent quality-of-service (QoS) requirements [[15]], [16]. The escalating
demand for satellite-terrestrial connectivity, driven by emerging technologies like 6G, the Internet of Things
(IoT), and disaster recovery systems, has intensified the urgency to address these challenges. By 2030, the
quantity of IoT devices is estimated to be over 30 billion, while 6G networks will require ultra-reliable low-
latency (URLL) communications to support mission-critical applications [17]. Additionally, satellite-terrestrial
systems are vital for ensuring connectivity during natural disasters, where terrestrial infrastructure may be com-
promised [15]]. However, conventional multiple access schemes like NOMA and orthogonal multiple access
(OMA) struggle to meet these demands due to their limited ability to manage severe co-channel interference and
dynamic user distributions effectively. NOMA, while improving spectral efficiency, often fails to ensure fair-
ness among users with heterogeneous channel conditions [2], and OMA’s orthogonal resource allocation leads
to suboptimal spectrum utilization [10]. These limitations result in degraded QoS, particularly in scenarios
requiring high reliability and low latency, underscoring the need for advanced techniques like RSMA to bridge
the performance gap. RSMA’s ability to split signals into common and private streams offers a transformative
approach, improving spectral efficiency, energy utilization, and fairness among users, even with heterogeneous
channel conditions and unpredictable interference. This makes RSMA particularly beneficial for optimizing
the throughput of satellite-terrestrial communication networks. Nevertheless, the deployment of RSMA in
satellite-terrestrial communications networks has not been thoroughly explored, resulting in a lack of crucial
insights needed to achieve QoS standards. The rapid expansion of connected devices and data intensive appli-
cations, expected to grow significantly by 2030 [17]], underscores the critical need for robust satellite-terrestrial
communication systems to ensure seamless connectivity in remote and underserved regions. Conventional
multiple access schemes, such as NOMA and OMA, face significant challenges due to co-channel interference
and dynamic user distributions, limiting their ability to meet stringent QoS requirements. Moreover, satellite
communications also face environmental impairments such as rain attenuation, which can significantly degrade
link reliability in multibeam satellite systems [[18]]. In parallel, cooperative relaying with energy harvesting has
been investigated as a promising solution to enhance both security and reliability in future wireless networks,
despite the presence of hardware impairments [19]. These studies highlight the importance of considering both
environmental and hardware constraints when designing robust satellite—terrestrial multiple access systems.

To bridge this gap, our paper continues to contribute to this field with the key contributions itemized as
follows: (i) we derive mathematical expressions for outage probability (OP) and conduct asymptotic analysis to
evaluate system performance comprehensively and (ii) this study evaluates the influence of power distribution
factors and the quantity of satellite antennas on the overall reliability and dependability of the system. The
subsequent section describes RSMA in satellite-terrestrial communication systems. Subsequently, section 3
performs the OP analyses. Section 4 discusses the simulated and analytical results under various practical
settings. Eventually, section 5 presents conclusions.

2. RSMA IN SATELLITE-TERRESTRIAL COMMUNICATION SYSTEMS
2.1. System model

This subsection provides an overview of RSMA in wireless communications, covering both satellite
and terrestrial systems, as in Figure 1. A satellite with K antennas communicates with @ terrestrial users using
RSMA to serve all users simultaneously. Modern satellite communications often uses multi-beam technology
to enhance spectral efficiency, especially in geosynchronous earth orbit (GEO) satellites, where array-fed re-
flectors generate multiple beams more efficiently than direct radiation arrays. This setup fixes each beam’s
radiation pattern, reducing the need for complex on-board processing. However, achieving accurate channel
state information (CSI) is challenging because of erroneous channel estimation. Techniques like the linear
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minimal mean square error method are used to predict CSI, yielding the combined channel coefficient between
S and the gth user as:

hy, = (gTUqWUq + qu) Lsu,9s9 (0u,) (1)

where wy_ is K x 1 transmit weight vector, ey, means channel estimation error with ey, ~ CN (O, uqu) R
s is satellite antenna gain, gy, is the estimated K x 1 shadowed-Rician channel coefficient vector between

K antennas at S and the gth user, and ()Jr denotes conjugate transpose. The transmit beamforming vector
wy, € CK*1 s selected in accordance with the maximum ratio transmission (MRT) principle, given that
_ e

2
. . . _ 1 c
wy, = m in which ||.|| » denotes the Frobenius norm. Moreover, Lsy, = KoTwW (7% 7 dsuq> means

instantaneous free space loss [20] wherein dgsy, is distance between S and Uy, f. is carrier frequency, W
is transmission bandwidth, 7" is noise temperature at the receiver, Kp = 1.38 x 10-23J /K is Boltzmann
constant, c is speed of light. Furthermore, the satellite’s beam gain ¢ (9Uq) is expressed to be:

9 (0v,) = v, (Il (pu,) 4367 <ﬁU‘?)> )

2py, o,

where 0y, is the angular separation, ¥y, is the antenna gain at Uy, I; is the first-kind Bessel function with order

i, pu, = 2.07123 sin fug = in which sin 6y, 34 represents 3 dB beamwidth.

sin euq 3d

K antennas

U,
Given Area

Figure 1. The considered system model

2.2. Signal processing at transceivers

This research employs RSMA signaling at the transmitter to facilitate concurrent communication with
all recipients. RSMA operates by dividing the transmitted information into a shared signal (z.) distributed
across all recipients and personalized messages tailored for each recipient. The transmitter designates a power
distribution factor (a.) for the shared signal, with the residual power assigned to the personalized messages.
Subsequently, it transmits a composite of the shared and personalized messages to the recipients.

T = \/FS <\/a>cfrc + Zqul \/@%> 3)

wherein Pg represents the power allocated at S for downlink communication, and z, signifies the private mes-
sage designated for the gth user, accompanied by a power allocation coefficient denoted as a,. It is important
Q _
to note that a. + Zqzl ag=1.
The ith user obtains the signal articulated to be:

yu, =hv,z +ny, = (gTUqWUq + qu) \/stqﬁsﬁ (0v,) acPsxe+ (ququ + euq) \/Lsuqﬁsﬁ (0v,) aqPszq

Common Message Desired Private Message
Q
+ (quWUq + €Uq> Zj:l,q;ﬁj \/Lsuqﬁsﬁ (qu) a;Psxj+ nu,
Interfernce AWGN

“4)
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wherein ny, represents zero-mean ag-variance additive white Gaussian noise (AWGN). The (@) clearly unveils

that each user receives not only private and common information dedicated to itself but also private informa-
tion intended for other users, yielding interference when recovering information. To mitigate this, each user
conducts a two-stage restoring process to retrieve expected messages from its received signal. By considering
all other data as noise, shared information is retrieved in the initial phase. The signal-to-noise-plus-interference
ratio (SINR) for extracting the shared signal at the gth recipient measures how effectively the recipient can
isolate the communal data amidst disruptions from personalized messages designated for other recipients. This
SINR reflects the power assigned to the shared signal, channel characteristics (including antenna gains and
free space loss), and the effects of channel estimation inaccuracies and ambient noise. A higher SINR signi-
fies improved decoding reliability for the shared signal, which is essential for RSMA’s interference mitigation
approach. Consequently, the qth recipient retrieves shared information with SINR as:

_ aCLSUqﬁS’l? (qu) PS Hqu Hi‘ _ aC'Aq
LSUqﬁS'lSQ (qu) Ps (1 - ac) Hqu Hi‘ + LSUqﬁS'lg <6Uq) Ps,u?]q + 0’3 (1 - a6) Aq + 5q/1'2Uq +1
(&)
wherein ps = Pg /0?2 is transmit signal-to-noise radio (SNR), A, = 4, ||gu, Hj, and 6, = osLsu,VsY (0u,).
Upon the successful decryption of the shared message, the subsequent stage entails each user extracting its
intended private information by deducting the recovered shared information from the received signal whereas
presuming the private information from all other users to be sources of interference. After decoding the com-
mon message, the ¢qth user focuses on extracting its private message. The SINR for this private message reflects
the power allotted to specific data of the user relative to the interference caused by private messages intended
for other users, along with residual channel estimation errors and noise. This equation is crucial as it determines
the reliability of personalized data delivery, highlighting the trade-off in power allocation between private and
common messages in RSMA. Thereby, the SINR for the gth user to successfully decode their private message
can be articulated as:

Ve.q

agAg
Aq Z?:l,q;éj a; + 5qM2Uq +1

Owing to identical power transmission associated with L training symbols utilized for channel estimation,
,U,QUq = 1/04L is modeled as the variance of channel estimation error [21]].

(6)

Ypg =

2.3. Terrestrial channel model
Assuming independent and identically distributed (IID) fading channels yields the probability density
function (PDF) of g,gk) expressed to be:

f|g((1k))2 (z) = aqe*qu1F1 (mg; Limgz) ,2>0 o

wherein 1 F (-; -; -) means the confluent hypergeometric function of the first kind [22]. Moreover, g((lk) ,Vq € Q,
is channel coefficient from satellite’s kth antenna to gth user, 8, = 1/2b,, g = (2bgmg/(2bgmg + 24))™ /20y,
wq = Qq/(2bg) (2bgmg + Q) in which 2b,, £, and m, represents average power of multi-path elements, av-
erage power of line-of-sight element, and fading severity parameter, correspondingly.

For the purposes of this paper, the shadowed-Rician fading severity parameter m, is assumed to
be integer values. This assumption facilitates a streamlined evaluation of channel characteristics and their
influence on performance indicators. We now reformulate (7) as:

mqg—

1
f|g§k))2 (z) = age”Pa=ma)2 tgo C(at x>0 (8)

Here, ¢, (t) = (—1)"(1 — mq)twfz/(t!)Z, where (.), represents the Pochhammer symbol. Drawing on the find-

ings from [23]], the probability density function (PDF) of A, under i.i.d. shadowed-Rician fading is expressed
as:

fa, (x)= Z Z MaﬁAfle*(%ﬁ )
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where A, = S ji + K, ¢y = B4 — 04, B(.,.) means the Beta function [22], and

Aq (5) = af TS, G GO T B (s dp + s + 1) (10)

To obtain the CDF of A, we utilize the findings from [22]], resulting in F'4, () expressed as:

mg—1

Fa,(2)=1- Y - ZZ Ag ()T (Ag) - (11)

|qPP
j1=0 jx=0 p=0 1/) 5

3. OUTAGE PROBABILITY

It is recalled from RSMA that every user gets the mix of the shared information, its own private
information, the private information of all other users. Thereby, it decodes both types of information through
a two- stage recovering process, as shown in (5) and (6). If these SINRs drop below the required thresholds
Yl and 717, respectively, the connection between S and the gth user will experience an outage. Here, ;7 =
22Rea — 1 and 477 = 22Fr.a — 1, where R, ; and R, , denote preset spectral efficiencies to restore private and
common information, correspondingly.

The outage probability (OP) for the gth user quantifies the likelihood that the SINR for either the pri-
vate or common message falls below the required threshold, leading to a communication failure. This equation
combines the effects of channel conditions, power allocation, and fading characteristics under shadowed-Rician
fading. It distinguishes between cases where the common or private message decoding is the limiting factor,
providing a comprehensive metric to evaluate system reliability and guide optimization of power allocation and
antenna configurations.

Proposition 1 The OP for the gth user is:

¥ P~‘1(5 2 +1>
a7tn %P U,

mg—1 — pa(s 2 19 p
K)I'(Ag) 5qlag—(1—ac—agq)+?9 Vih ( kU, ., _cq _p.q
1- Z T Z Z ,w Rg— P 5P e q[ ! e ] ag—(1—ac—agqg)v? ’foyth <Y
Oy = Jj1=0 Jrk=0 p=0 a ) th
q b c,q 2
mg—1  mg—1Ag— Uq[w”‘ <5q“U<1+1)] e (5 12 +1) P
Ag(K)D(A4 ) Sqlac—(—ac)v5? th \%aMlUy q _p.q
1- T e T “lth o (1—a ST Zf’}/ A=
jlzzjo jKZ;O pEO Pl oG ae=(1=ac)y, e =

(12)
where 7537 = 75! (g3, +1) /(@ — (1= ae) i) and 757 = 757 (80123, +1) /(ag = (1 = a — ag) i),
Note (12) is derived on the condition of a. > v;;?/(1 + ;) and a; > (1 — ac) v/ (1 + 5 9).

Proof 1 The OP for the gth user is expressed as:
OUq =1—Pr (’Vc,q > 'Vtc};qv:}/p,q > 'Yf};q)
acA agAq (13)
=1-Fr — > s : > !
<(1 —ae) Ag + 6‘”%(; +1 " Ay Z] 125 %+ 5qﬂ2Uq +1 !

After certain algebraic simplifications, the (13) is represented as:

Oy, =1-Pr (A4, > A58 Ag >0 =1—Pr(Ag > 3., (14)
where 74, = max (3;;%, 7;,%). Further, we rewrite Oy, as:

OUq =1- [1 - FAq (i/gmax)] = FAq (:Yrqnax) (15)
Substituting (11) into (15), (12) can be obtained and the proof is completed.

When g — o0, one applies the approximation e % ~ 1 — z as [24] into (13) to achieve the approxi-
mated CDF of A, yielding asymptotic behavior as:

aKxK

F3, () ~ Fim (16)
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Substituting (16) into (15) results in the asymptotic OP at U, as:

. K

1 aﬂfﬁl(%“?qurl) if 5G9 < AP

K! 6q[aq7(17ac7aq)'7f;;q:| ’ Yih Yin
K

< gy (511#?](1""1) >

8q [acf(lfac)'y:;:]]

amn

;£ 564 ~P,q
,Zf ’Yth 2 ’Yth

i

4. PERFORMANCE EVALUATION

This section presents demonstrative findings to validate the proposed formulas. The shadowed-Rician
fading configuration for the satellite to gth user (S-U,;) connection is considered as €2, mq, b, = 0.279, 5, 0.251
in average shadowing (AS) scenario and (Q4, mg, by = 0.0007, 1, 0.063) under heavy shadowing (HS) in [23].
The equivalent noise power at U, is calculated as 03 = No + 10log; (W) + NF [dBm], as referenced in [26],
where NF is noise figure. Unless otherwise stated in [20], the parameters are setto K = 2, Q = 2, R, 4 = 0.1
bits per channel usage (BPCU), R, ; = 0.25 BPCU, R, 2 = 0.1 BPCU, a, = 0.4, f. = 2 GHz, W = 15 Mhz,
T = 300°K, ¢ = 3 x 10% m/s, dsy, = 35786 Km, J5 = 53.45dB, Jy, = 4.8dB, 0y, = 0.8°, 0y, 34 = 0.3°,
NF = 10 dBm, Ny = —174 dBm/Hz, as = 0.4 (1 — a.), a1 = 0.6 (1 — a.), with BPCU representing bits per
channel use.

Figure 2 illustrates OP versus satellite transmits power Ps in dBm. It compares analytical results (for
both HS and AS conditions) with simulation results and asymptotic expressions. The curves for U; and U,
under HS and AS conditions show a close match between the analytical and simulation findings, validating
the accuracy of the analysis. Furthermore, the asymptotic expressions provide a good approximation at higher
values of Pg, highlighting the advantage of the proposed model. This also indicates the significant influence of
shadowing severity on the OP of satellite communications systems.

Figure 3 presents OP against satellite transmit power Ps in dBm for numerous numbers of satellite
antennas K, specifically K = 1,2,3. The analytical curves for U; and Us closely match the simulation
outcomes, confirming the preciseness of the analysis. As K increases, the OP decreases for a given Pg,
highlighting the advantage of using multiple antennas in satellite systems to enhance reliability. For instance,
at higher Pg, the performance improvement is more prominent due to the additional spatial diversity offered by
the rising quantity of antennas. The asymptotic curves also align well at higher power levels, further validating
the robustness of the derived expressions under high transmit power scenarios.

Figure 4 illustrates OP versus power coefficient a. for two satellite transmit power levels: Ps = 0
dBm (dashed lines) and Ps = 5 dBm (solid lines). The analytical results for U; and Us closely align with
the simulation outcomes, validating the analysis. The OP exhibits a U-shaped behavior, decreasing as a.
increases from 0, reaching a minimum near a. = 0.5, and then increasing as a. approaches 1. This behavior
highlights the trade-off in power allocation between the users, where balanced power allocation (a, ~ 0.5)
minimizes the OP. Furthermore, higher satellite power (Ps = 5 dBm) consistently results in lower outage
probabilities compared to Ps = 0 dBm, demonstrating the advantage of increased transmit power. The figure
also emphasizes the importance of optimizing a. to enhance system performance under varying power levels.

Figure 5 presents OP versus the lengths of training symbols L with Pg = 0 dBm for K = 1 (dashed
lines) and K = 3 (solid lines). This figure demonstrates that the OP of U; is consistently below that of Us,
indicating that U; experiences better information quality compared to U,. Additionally, the case with K =1
exhibits higher OP compared to K = 3. This observation implies that rising the quantity of antennas enhances
the communication quality and efficiency.

Figure 6 clearly illustrates that RSMA consistently outperforms NOMA in reducing OP for both users
across all transmit power levels. Under HS, RSMA’s curves decrease more rapidly, demonstrating robust
reliability even at low PS, whereas NOMA sustains higher outage probabilities. The AS further amplifies
RSMA’s advantage, reducing its OP to extremely low values more quickly than NOMA. User 1 consistently
experiences a lower OP than User 2, reflecting superior channel conditions and RSMA’s ability to exploit this
disparity. As PS increases from —25 dBm to +5 dBm, all curves decline; however, RSMA maintains a distinct
advantage over NOMA, underscoring its resilience to shadowing. Overall, Figure 6 clearly demonstrates that
RSMA provides a more reliable link under both HS and AS, establishing it as the superior approach for next-
generation satellite communications.
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5. CONCLUSION
This study leverages the integration of RSMA into satellite-terrestrial communication systems to sig-
nificantly enhance quality of service. By deriving mathematical expressions for outage probability and con-
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ducting asymptotic analysis, the research underscores the critical roles of satellite antenna configuration and
optimized power distribution in enhancing communication reliability. Numerical simulation validates the accu-
racy of the theoretical findings, demonstrating that RSMA reduces outage probability by up to 20% compared to
NOMA under heavy shadowing conditions, owing to its superior interference management and flexible signal
decoding capabilities. The results highlight the efficacy of employing multiple antennas and balanced power
allocation (e.g., a. ~ 0.5) to minimize outage probability and enhance reliability, particularly in challenging
propagation environments. The study provides practical guidelines for optimizing satellite-terrestrial networks,
such as increasing the number of satellite antennas to exploit spatial diversity and carefully tuning power al-
location coefficients to balance common and private message transmission. Future research directions include
exploring RSMA’s applicability in dynamic environments, such as low earth orbit (LEO) satellite systems,
which offer lower latency but introduce challenges like rapid handovers and Doppler effects. Additionally,
integrating RSMA with 6G edge networks could further enhance performance by leveraging edge comput-
ing for real-time interference management and resource allocation. Further investigations should also focus
on improving energy efficiency, reducing latency, and ensuring scalability to support the growing demands of
next-generation wireless networks.
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