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Abstract

Hybrid satellite-terrestrial cooperative networks (HSTCNs) are a key enabler
of sixth-generation (6G) non-terrestrial networks, providing resilient wide-area
coverage under heterogeneous propagation conditions. This paper proposes a
low-complexity hybrid decode-and-forward and soft-information-relaying (HDF-
SIR) protocol for coded cooperative HSTCNs operating over mixed satellite-
terrestrial fading channels. In the proposed scheme, each relay adaptively
switches between decode-and-forward (DF) and soft-information-relaying (SIR)
modes according to its decoding reliability, allowing unreliable relays to forward
reliability-weighted soft symbols instead of being excluded from cooperation. The
satellite-relay and satellite-destination links are modeled by shadowed-Rician
fading, while the relay-destination hop follows a Nakagami-m distribution, cap-
turing both satellite shadowing effects and terrestrial channel variability. To
enable analytical tractability, a moment-based statistical model is developed for
the soft symbols generated at the output of the relay’s soft-input soft-output
decoder, leading to an equivalent soft-channel representation. Based on this
model, closed-form and semi-analytical expressions are derived for the end-to-
end signal-to-noise ratio (SNR), outage probability, and symbol error rate (SER)
with opportunistic relay selection. Monte Carlo simulations validate the analysis
and demonstrate that the proposed hybrid DF-SIR protocol preserves coopera-
tive diversity while significantly improving reliability compared with conventional
DF-only and SIR-only relaying, particularly in the mid-SNR regime where
decoding reliability is uncertain. Owing to its direct reuse of decoder-generated
log-likelihood ratios without additional re-encoding or iterative processing, the
proposed scheme achieves a favorable performance-complexity trade-off, making

1



it a practical and energy-efficient solution for future 6G hybrid satellite-terrestrial
communication systems.

Keywords: Hybrid satellite-terrestrial networks, soft-information relaying, mixed
Rician-Nakagami fading, 6G non-terrestrial networks.

1 Introduction

The integration of satellite and terrestrial networks is a cornerstone of sixth-generation
(6G) non-terrestrial networks (NTN), aiming to provide seamless global connectiv-
ity, resilient coverage, and service continuity in areas where terrestrial infrastructure
is unavailable, unreliable, or temporarily disrupted. Hybrid satellite–terrestrial com-
munication networks (HSTCNs) exploit the complementary characteristics of satellite
links and terrestrial access networks to enhance coverage and reliability in challenging
propagation environments [1–3]. However, the performance of HSTCNs is fundamen-
tally limited by severe and heterogeneous channel impairments, including shadowing
and intermittent line-of-sight (LoS) conditions on satellite links and rapidly varying
fading on terrestrial hops, which jointly degrade end-to-end reliability.

To combat these impairments, cooperative relaying has been widely adopted in
HSTCNs, where terrestrial relays assist the satellite in forwarding information to
shadowed or cell-edge users [4–7]. The effectiveness of such cooperative architectures
critically depends on the relaying strategy employed between the satellite, relays, and
destination. Classical amplify-and-forward (AF) relaying offers low implementation
complexity but inevitably amplifies noise, while decode-and-forward (DF) relaying
eliminates noise at the relay at the cost of assuming reliable decoding. In practical
fading conditions, decoding errors at the relay are unavoidable, and erroneous hard
decisions lead to severe error propagation. To mitigate this effect, most DF-based
schemes restrict cooperation to relays that decode successfully, which in turn reduces
cooperative diversity and degrades performance when decoding reliability fluctuates
across relays [8–10]. Recent developments have also examined hybrid relaying. Zhou et
al. [11] and Wang et al. [12] analyzed hybrid DF-AF networks integrated with energy
harvesting techniques, highlighting how energy-aware relay switching can improve
reliability and energy efficiency. Liu et al. [13], Wu et al. [14], and Tang and Zhao
[15] investigated hybrid DF-AF relaying combined with distributed space time codes,
demonstrating its potential to improve diversity and robustness against channel fading.

Although hybrid satellite-terrestrial networks have been analyzed extensively with
AF, DF, and AF/DF strategies [3, 10, 16], none of these studies have yet incorporated
soft information relaying (SIR) in the hybrid context. Existing analyses either assume
hard-decision forwarding or restrict cooperation to correctly decoded relays, which lim-
its diversity gain and spectral efficiency. Soft-information relaying, originally proposed
for terrestrial cooperative networks, allows relays to forward reliability-weighted soft
symbols or log-likelihood ratios (LLRs) instead of hard decisions, thereby mitigating
error propagation while preserving cooperative diversity [17]. Despite its proven ben-
efits in terrestrial systems, SIR has not yet been investigated in the context of hybrid
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satellite–terrestrial cooperative networks. Extending SIR to HSTCNs is non-trivial due
to the mixed nature of the underlying channels, where satellite links typically follow
shadowed-Rician statistics while terrestrial relay–destination links are more accurately
modeled by Rayleigh or Nakagami-m fading [18–20].

This paper addresses this gap by proposing a hybrid decode-and-forward and soft-
information-relaying (HDFSIR) framework for coded cooperative HSTCNs. In the
proposed scheme, each relay dynamically switches between DF and SIR modes accord-
ing to its decoding reliability, enabling reliable relays to forward clean codewords while
allowing unreliable relays to contribute soft reliability information instead of being
silenced. Unlike existing HSTCN relaying schemes that rely on hard-decision AF or
DF forwarding [4, 5, 7, 8, 10, 21], the proposed HDFSIR framework exploits decoder-
generated soft information, allowing unreliable relays to contribute to cooperation
instead of being excluded. To enable analytical tractability under mixed fading con-
ditions, we introduce a moment-based statistical model for the soft symbols produced
at the output of the relay’s soft-input soft-output (SISO) decoder, which captures the
impact of shadowed-Rician satellite links on the effective relay output.

Based on the proposed soft-channel model, closed-form and semi-analytical expres-
sions are derived for the instantaneous end-to-end signal-to-noise ratio (SNR), outage
probability, and symbol error rate (SER) of opportunistic HDFSIR relaying over mixed
shadowed-Rician and Nakagami-m fading channels. The proposed framework preserves
cooperative diversity while significantly mitigating error propagation in the mid-SNR
regime where decoding reliability is uncertain. These properties make HDFSIR relay-
ing particularly well suited for energy- and complexity-constrained 6G NTN scenarios,
such as satellite-assisted IoT access, UAV-supported coverage extension, and resilient
broadband connectivity in obstructed or disaster-affected environments.

The main contributions of this paper are summarized as follows:

• We propose, for the first time, a HDFSIR framework for hybrid satellite–terrestrial
cooperative networks. By enabling each relay to dynamically switch between DF
and SIR modes according to its decoding reliability, the proposed scheme effectively
mitigates error propagation while preserving cooperative diversity in multi-relay
scenarios.

• We develop a moment-based statistical model for the soft symbols generated at the
output of the relay’s SISO decoder under shadowed-Rician satellite fading. The pro-
posed model yields an equivalent soft-channel representation that enables tractable
performance analysis in hybrid satellite–terrestrial environments.

• Leveraging the derived soft-channel statistics, we obtain closed-form and semi-
analytical expressions for the end-to-end SNR, outage probability, and SER of the
proposed HDFSIR scheme over mixed shadowed-Rician and Nakagami-m fading
channels.

• We analyze the computational efficiency of the proposed HDFSIR strategy
and show that its SIR mode directly exploits decoder-generated LLRs without
requiring re-encoding or iterative processing. This feature provides a favorable
performance–complexity trade-off, making the scheme suitable for energy- and
processing-constrained relays such as UAV-assisted nodes and satellite-enabled IoT
devices.
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Fig. 1 HDFSIR forwarding scheme in HSTCN with relay selection.

• Monte Carlo simulation results validate the analytical derivations and demonstrate
that the proposed HDFSIR protocol consistently outperforms conventional DF-
only and SIR-only relaying schemes, while maintaining cooperative diversity and
reducing decoding complexity under realistic mixed fading conditions.

The remainder of this paper is organized as follows. Section II describes the system
model and channel assumptions for the considered hybrid satellite–terrestrial cooper-
ative network. Section III presents the proposed HDFSIR relaying strategy, introduces
the statistical modeling of the relay soft symbols, and derives the corresponding end-
to-end SNR expressions. Section IV provides the analytical derivations of the outage
probability and SER. Section V reports numerical and Monte Carlo simulation results,
highlighting key performance trends and complexity–performance trade-offs. Finally,
Section VI concludes the paper and outlines potential extensions of the proposed
HDFSIR framework toward future 6G non-terrestrial network applications.

2 System Model

We consider a HSTCN composed of a single satellite source S, a set of NR terrestrial
relays {R1, R2, . . . , RNR

}, and a destination node D (See the network model in Fig. 1).
The source information sequence is denoted by u = (u1, . . . , uK), whereK is the length
of the information word. A binary channel code CS with rate RS = K/Nc is employed
at the source, where Nc denotes the codeword length. The resulting codeword c =
(c1, . . . , cNc

) is then mapped to a modulated sequence x = (x1, . . . , xNs
), normalized

such that E[|xt|2] = 1.
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The direct link between the satellite and the destination is assumed to exist but
may experience severe shadowing. Communication occurs over two orthogonal phases.
In the first phase, the satellite broadcasts the modulated sequence x to all terres-
trial relays and to the destination node. The received signals at relay Rr and at the
destination D are, respectively,

ySRr
=
√

PSGSRr
hSRr

x+ nSRr
, (1)

ySD =
√

PSGSD hSD x+ nSD, (2)

where PS is the satellite transmit power, GSRr
and GSD denote the large-scale path-

loss components corresponding to the satellite-relay and satellite-destination links,
respectively, and nSRr

and nSD are additive white Gaussian noise (AWGN) vectors
with independent entries distributed as nSRr,t, nSD,t ∼ CN (0, σ2

n), i.e., zero-mean
circularly symmetric complex Gaussian noise with variance σ2

n. For simplicity, the
same noise variance σ2

n is assumed on all receiving nodes. Extensions to unequal noise
variances are straightforward. The fading coefficients hSRr

and hSD are modeled as
independent Rician random variables with Rician K-factor and unit average power,
E[|h|2] = 1. The instantaneous received SNR on the satellite-relay link is then

γSRr
=

PSGSRr
|hSRr

|2
σ2
n

, (3)

with average SNR γSRr
= E[γSRr

] = PSGSRr
/σ2

n. The corresponding probability
density function (PDF) of γSRr

under Rician fading with factor KSR is given by

fγSRr
(γ) =

1 +KSR

γSRr

exp

(
−KSR − (1 +KSR)γ

γSRr

)
I0

(
2

√
KSR(1 +KSR)γ

γSRr

)
, (4)

where I0(·) denotes the modified Bessel function of the first kind and order zero. An
analogous expression holds for the S-D SNR γSD with its own Rician parameters
(KSD, γSD).

In the second phase, all relays that successfully decode the received codeword oper-
ate in the DF mode, whereas frames that cannot be decoded with sufficient reliability
are forwarded via SIR. In the SIR mode, the relay does not forward hard-decision
bits. Instead, it transmits soft reliability information proportional to the LLRs of the
decoded symbols. This approach mitigates error propagation while preserving power
efficiency.

In the proposed HDFSIR scheme, a relay selection (RS) is performed centrally at
the destination, which evaluates the instantaneous end-to-end quality of each relay by
combining the satellite-relay and relay-destination link metrics under the correspond-
ing DF or SIR mode. The destination then feeds back the index of the best relay to
activate in Phase 2, ensuring that only the relay offering the highest effective reliabil-
ity participates in forwarding. For analytical tractability, we assume that every relay
Rr is available for consideration during the relay-selection stage.
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The relay-destination link is characterized by the relay transmit power PRr
, the

large-scale path-loss term GRrD, and the small-scale fading coefficient hRrD. The
additive noise at the destination is modeled as complex AWGN with variance σ2

n. The
instantaneous channel power gain is defined as

gRrD = |hRrD|2. (5)

The relay-destination channels are modeled as independent but not identically
distributed Nakagami-m fading links. The PDF of the instantaneous SNR γRrD is
given by

fγRrD
(γ) =

mmr
r

Γ(mr) γ
mr

RrD

γmr−1 exp

(
− mrγ

γRrD

)
,

where mr ≥ 0.5 is the Nakagami fading parameter that characterizes the fading
severity,

γRrD =
PRr

GRrD

σ2
n

(6)

denotes the average SNR of the relay-destination link, and Γ(·) denotes the Gamma
function.

Classical DF relaying suffers from either link exclusion when decoding fails or
from error propagation when incorrect hard decisions are forwarded. The HDFSIR
approach offers greater flexibility by allowing each relay to switch between DF and
SIR depending on the decoding outcome, thereby mitigating error propagation in
unreliable links. In the following sections, we present the proposed low-complexity
HDFSIR relaying strategy and analyze its performance in HSTCNs.

3 Low-Complexity HDFSIR Strategy

In DF mode, each relay operates as in a conventional cooperative system: it per-
forms soft-input channel decoding and forwards a reconstructed codeword whenever
decoding reliability is sufficiently high. When reliable decoding cannot be guaran-
teed, the relay switches to SIR mode and forwards a properly normalized sequence of
soft symbols derived from the Max-Log-MAP decoder output. The DF-SIR switching
decision relies on external reliability indicators-most notably cyclic redundancy check
(CRC) code validation-which detect residual errors after channel decoding. Because
CRC-based error detection is already embedded in modern LDPC and turbo cod-
ing frameworks (e.g., DVB-S2X, 5G NTN), the switching mechanism incurs negligible
overhead and requires no additional hardware. Consequently, the HDFSIR strategy
can be integrated into HSTCNs with minimal architectural modifications.

In the remainder of this section, we develop a low-complexity HDFSIR scheme
that offers a trade-off between decoding performance and computational efficiency. To
facilitate the analytical development, the following notation is introduced and will be
employed in all subsequent derivations and performance analyses.

• ySRr,t: received symbol at the relay Rr, t = 1, . . . , Ns, where Ns is the block length.
• ĥSRr

: complex channel estimate (S −Rr link).
• σ̂2

n: noise variance estimate.
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• γRr
: the SNR at the output of SIR relay.

• SM : square M -QAM constellation, with I/Q separability.

• LLR
(k)
t : de-mapper bit-LLR for bit k of the t-th symbol (k = 1, . . . , log2 M).

• L̄ = 1
Ns log2 M

∑
t,k

⃓⃓
LLR

(k)
t

⃓⃓
: average reliability metric.

• τDF
L > τSIRL : two reliability thresholds.

• Niter ∈ {0, 1, 2}: maximum SISO iterations for truncated SIR mode (0 means de-
mapper only).

• x̂Rr,t: t-th soft symbol estimate at the SIR relay Rr.
• x̃Rr,t = βRr

x̂Rr,t: normalized soft symbol.
• βRr

: block-wise power normalization at the relay Rr.
• K̂Rr

: Rician factor estimated from block SNRs at the output of the SIR relay for
statistical modeling/analysis.

The subsections below present a step-by-step, low-complexity procedure for
implementing the HDFSIR relaying strategy in HSTCNs with BPSK and M-QAM
modulations.

3.1 Systematic Low-Complexity HDFSIR Strategy with BPSK

For BPSK, the relay LLRs are directly proportional to the soft symbols forwarded
in SIR mode. When decoding reliability is insufficient, the relay switches from DF
mode to SIR mode. A low-complexity Max-Log-MAP SISO decoder [22] produces
a-posteriori LLRs L(ĉRr,t | yRr

) for 1 ≤ t ≤ Nc. Fig. 2 illustrates a represen-
tative empirical distribution of the LLRs at the output of the SISO decoder for
Eb/N0 = 10dB. To assess the distribution of the observed LLRs, we first test the
Gaussian hypothesis using the Shapiro-Wilk normality test [23]. The resulting p-value
was pGaussian = 5.2 × 10−5, which is far below the conventional significance level of
0.05. Therefore, the Gaussian model is rejected for the considered LLRs. Subsequently,
we fitted a Rician distribution by maximum likelihood and evaluated the adequacy
of the statistical fit using a Kolmogorov-Smirnov test [24]. In this case, the p-value
was pRician = 0.13, so the Rician hypothesis cannot be rejected. Taken together,
these results indicate that the empirical distribution is significantly different from a
Gaussian, while being statistically consistent with a Rician model.

To statistically characterize the soft symbols produced by the SISO decoder, we
adopt a Rician-Gaussian LLR (RiGL) model. The soft symbols, derived from the
a-posteriori LLRs, are modeled as follows:

x̂Rr,t = L(ĉRr,t | ySRr
) =

2hRr

σ2
nRr

(
hRr

xt + nRr,t

)
, (7)

with xt ∈ {−1,+1} represents the transmitted BPSK modulated symbol, hRr
is

assumed to be a quasi-static Rician-distributed fading coefficient, and nRr,t is a
Gaussian noise with zero mean and variance σ2

nRr
.
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Fig. 2 Histogram of the LLRs at the output of the SISO decoder LLRs for Eb/N0 = 10dB.

The relay estimates its internal SNR using the empirical second moment of the
soft symbol sequence.

E2 =
1

Ns

Ns∑

t=1

x̂2
Rr,t,

The SISO-output SNR denoted by γRr
equal to h2

Rr
/σ2

nRr
is approximated by

γRr
=

√
E2

4
+

1

4
− 1

2
. (8)

Each block of soft estimated symbols is normalized by a normalization factor which
is calculated by

βRr
=

1√
E{x̂2

Rr
}
=

1√
4γ2

Rr
+ 4γRr

. (9)

Algorithm for low-Complexity HDFSIR strategy with BPSK:

The algorithm for the low-complexity HDFSIR strategy with BPSK is summarized in
the following steps:

1. Front-end estimation: Estimate ĥSRr
and σ̂2

n from pilots.

2. Pre-LLR (Max-Log): For each ySRr,t compute Lt =
2ĥSRr

σ̂2
n

ySRr,t.

3. Reliability metric: L̄ = 1
Ns

∑Ns

t=1 |Lt|.
4. Mode selection:

• If L̄ ≥ τDF
L : attempt DF; if CRC passes, forward a clean codeword; else go

to SIR with truncated SISO.
• If τSIRL ≤ L̄ < τDF

L : SIR with truncated SISO, Niter ̸= 0.
• If L̄ < τSIRL : De-mapper-only (SIR with truncated SISO, Niter = 0).

8



5. SIR with truncated SISO: Up to Niter iterations to refine LLRs; use (7); com-
pute E2, then γRr

via (8); normalize x̃Rr,t = βRr
x̂Rr,t; transmit {x̃Rr,t} over the

Nakagami-m hRrD link; optionally update K̂Rr
.

The central idea of the proposed low-complexity HDFSIR mechanism is to avoid
full decoding whenever the relay’s decoding reliability is insufficient and to for-
ward normalized soft symbols instead. The approach relies primarily on standard
receiver front-end components (channel estimation, de-mapping) and, when needed,
performs only a limited number of SISO decoding iterations (truncated decoding),
thereby reducing computational overhead while maintaining robustness against decod-
ing errors. In classical DF relaying, unsuccessful decoding at a relay typically leads
either to complete link exclusion or to significant error propagation if incorrect hard
decisions are forwarded. In contrast, when decoding reliability is insufficient, the
proposed SIR mechanism avoids re-encoding and forwards normalized soft symbols
derived from the decoder LLRs. This eliminates the need for multiple decoding iter-
ations or symbol-mapping procedures normally required in DF-only systems. As a
result, the HDFSIR approach substantially reduces the per-block computational load
under unfavorable channel conditions.

3.2 Extension of the HDFSIR Strategy to M -QAM

In this section, we extend the HDFSIR strategy with BPSK to Gray coded square
M -QAM by replacing the one-dimensional LLRs with bitwise LLR vectors of size
m = log2(M) and constructing complex soft symbols in SIR mode. All outer processing
blocks (front-end estimation, reliability metric, switching thresholds τDF

L and τSIRL ,
and block normalization) remain similar to the BPSK case.

To obtain the bitwise reliability information used in mode selection, each received
symbol ySRr,t is first soft de-mapped. For every bit position k ∈ {1, . . . ,m}, the
Max-Log de-mapper computes

LLR
(k)
t ≈ 1

σ̂2
n

(
min

s∈S
(0)
M,k

⃓⃓
ySRr,t − ĥSRr

s
⃓⃓2 − min

s∈S
(1)
M,k

⃓⃓
ySRr,t − ĥSRr

s
⃓⃓2
)
, (10)

where S(0)
M,k and S(1)

M,k denote the Gray-coded subsets of the M -QAM constellation
whose k-th bit is equal to 0 and 1, respectively. The reliability metric is

L̄ =
1

Ns ×m

Ns∑

t=1

m∑

k=1

|LLR(k)
t |. (11)

Soft-symbol construction:

We construct the soft symbols forwarded in SIR mode using the Normalized LLRs Soft
Estimated Symbol (NL-SES) method, recently proposed in [25], which we adopt as
the default estimator for M -QAM. Unlike the minimum mean-squared error (MMSE)
a-posteriori probability (APP) estimator used in several classical works on soft symbol
estimation [26–28], NL-SES does not average over all M constellation points. Instead,
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it exploits the decomposition of square M -QAM into two
√
M -PAM components and

constructs a nonlinear soft symbol directly from normalized bit reliabilities.
Specifically, the m LLRs of each symbol are reordered so that the first m/2 bits

correspond to the in-phase (I) PAM component and the remainingm/2 bits correspond
to the quadrature (Q) component under Gray labeling. The per-symbol normalized
LLRs are then defined as

L
(k)

t =
LLR

(k)
t√

1
m

∑m
i=1

(
LLR

(i)
t

)2 , k = 1, . . . ,m.

Let d =
√

3/(2(M − 1)) denote the half-step of the normalized M -QAM lattice. The
corresponding I- and Q-component recursions are constructed as

I(x̂Rr,t) = L
(1)

t 2
m
2 −1d+ sign

(
L
(1)

t

)
L
(2)

t 2
m
2 −2d+ · · ·

+

( m
2 −1∏

k=1

sign
(
L
(k)

t

))
L
(m

2 )

t d,
(12)

Q(x̂Rr,t) = L
(m

2 +1)

t 2
m
2 −1d+ sign

(
L
(m

2 +1)

t

)
L
(m

2 +2)

t 2
m
2 −2d+ · · ·

+

(
m−1∏

k=m
2 +1

sign
(
L
(k)

t

))
L
(m)

t d.
(13)

and the complex soft symbol is finally obtained as

x̂Rr,t = I(x̂Rr,t) + jQ(x̂Rr,t). (14)

This nonlinear mapping preserves the hierarchical Gray structure and scales with
complexity O(m) (i.e., it does not require summation over all M constellation points).
It also reduces exactly to the BPSK soft symbol when M = 2, ensuring consistency
with the binary case.

Apart from its computational advantage, NL-SES also avoids well-known limita-
tions of APP-based averaging in the DF-SIR context. Although the APP estimator
is MMSE-optimal under statistically consistent LLRs and ideal AWGN assump-
tions, it requires O(M) operations per symbol, since it averages over all constellation
points. Under unreliable or inconsistent LLRs, precisely the operating condition of
SIR relaying, this averaging causes a collapse of the soft-symbol amplitude toward the
constellation centroid. Such attenuation effects have been documented in several stud-
ies: Valenti and Sun [29] showed that the posterior-mean soft symbol collapses when
LLRs weaken. Guillen i Fabregas et al. [30] demonstrated similar flattening in BICM
de-mapping, and Lin et al. [31] reported related behavior in SIR systems.

By contrast, NL-SES operates on Gray-decomposed PAM layers with normalized
reliabilities, preventing amplitude shrinkage, compensating for uneven bit reliabilities
across the I/Q branches, and maintaining stable symbol geometry. As shown in [25],
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this nonlinear symbol estimator yields several dB gains over classical averaging-based
soft-symbol estimators for QPSK and 16-QAM in SIR relaying. In the present work,
we employ the same estimator within a HDFSIR framework and, in the following
paragraph, embed it into a Rician-Gaussian (RiG) model tailored to the considered
HSTCN scenario.

Rician-Gaussian model and moment parameters (complex case):

The forwarded complex soft symbols obtained through the NL-SES mapping method
are modeled by the RiG model given by:

x̂Rr,t = hRr
xt + nRr,t,

where hRr
is a Rician distributed flat fading coefficient, xt is the transmitted M -QAM

symbol and nRr,t is a symmetric zero-mean complex Gaussian noise with variance
σ2
nRr

/2 for each component. (hRr
, σ2

nRr
) are extracted from block moments of x̂Rr,t.

Let

E2 =
1

Ns

Ns∑

t=1

|x̂Rr,t|2, E4 =
1

Ns

Ns∑

t=1

|x̂Rr,t|4.

Using the moment method, the expressions of h2
Rr

, σ2
nRr

and ultimately the SNR at
the output of the SIR relay are respectively given by

h2
Rr

=

⎧
⎨
⎩

E2

2
+

√
3E2

2 − E4

2
, E2

2 ≥ E4

3
,

1, otherwise,

σ2
nRr

= E2 − h2
Rr

,

γRr
=

h2
Rr

σ2
nRr

.

(15)

Hence, the block normalization factor is expressed as

βRr
=

1√
E{|x̂Rr

|2}
=

1√
h2
Rr

+ σ2
nRr

. (16)

Extension of the low-Complexity HDFSIR algorithm to M-QAM:

We follow the same processing steps as in the BPSK version and apply the same mode-
selection logic and threshold values. The low-complexity HDFSIR algorithm adapted
to M -QAM is presented as follows:

1. Front-end estimation: Estimate ĥSRr
and σ̂2

n from pilots.
2. Pre-LLR (Max-Log): Compute the Pre-LLRs via (10).
3. Reliability metric: Compute the reliability metric L̄ via (11).
4. Mode selection:
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• If L̄ ≥ τDF
L : attempt DF; if CRC passes, forward a clean codeword; else go

to SIR with truncated SISO.
• If τSIRL ≤ L̄ < τDF

L : SIR with truncated SISO, Niter ̸= 0.
• If L̄ < τSIRL : De-mapper-only (SIR with truncated SISO, Niter = 0).

5. SIR with truncated SISO: Up toNiter iterations to refine LLRs; Using them bit
LLRs of each symbol, build x̂Rr,t via the normalized layer-wise NL-SES mapping
(I/Q PAM recursion) (12), (13) and (14) and apply the block normalization βRr

via
(16) to obtain x̃Rr,t = βRr

x̂Rr,t; compute γRr
; transmit x̃Rr,t over the Nakagami-m

hRrD link; optionally update K̂Rr
.

3.3 Equivalent end-to-end SNR in SIR mode (Rician S-R /
Nakagami-m R-D)

During phase 2, relay Rr transmits the normalized symbols x̃Rr,t with power PRr

over a fading channel hRrD modeled as Nakagami-m. The t-th received symbol at the
destination is expressed as

yRrD,t =
√

PRr
GRrD hRrD βRr

x̂Rr,t + nRrD,t,

nRrD,t ∼ CN
(
0, σ2

n

)
.

(17)

It is straightforward to show that the equivalent end-to-end SNR in SIR mode with
BPSK and M-QAM modulations can be expressed by

γSRrD =
γ̄RrD gRrD γRr

γ̄RrD gRrD + γRr
+ 1

, (18)

where gRrD is the instantaneous power gain defined in (5), γ̄RrD is the average SNR
of the relay-destination link given in (6), and γRr

denotes the SNR at the output of
the SISO decoder as previously defined. The statistical properties relevant to the SNR
expression are as follows:

• The relay-destination fading power gain gRrD is Gamma-distributed.
• γRr

is the relay’s per-block SISO output SNR. Since the complex channel gain
hRr

follows a Rician fading model, the SNR γRr
= |hRr

|2/σ2
nRr

exhibits Rician

power statistics with a corresponding factor, whose estimate K̂Rr
will be derived in

subsection 3.5.

3.4 Destination-Side Combining

Once all relays have determined their operating mode (DF or SIR), each relay Rr

computes an effective end-to-end SNR (DF or SIR) denoted by γSRrD. In SIR mode,
this SNR is given by the expression in (18), while in DF mode the standard bottleneck
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rule min(γRr
, γRrD) applies, i.e.,

γSRrD =

{
γSIR
r , if Rr operates in SIR mode,

γDF
r , if Rr decodes correctly,

γSIR
r =

γ̄RrD gRrD γRr

γ̄RrD gRrD + γRr
+ 1

,

γDF
r = min(γRr

, γRrD) .

(19)

Relay selection: Before the transmitted signal arrives at the destination node, the
cooperative subsystem performs opportunistic relay selection: among the NR relays,
only the relay providing the highest instantaneous end-to-end SNR is selected, i.e.,

γSRD,sel = max
1≤r≤NR

γSRrD. (20)

The best selected relays is determined at the destination nodes that inform the relays
to transmit or keep idle through a feedback channel. This selection step allows the
receiver to exploit full diversity through both DF and SIR relays, regardless of each
relay’s decoding outcome.

MRC at the destination: The destination receives two statistically independent
contributions: (i) the direct satellite-destination signal, with instantaneous SNR γSD,
and (ii) the relayed signal from the selected relay, with SNR γSRD,sel. Since noise
terms across the two paths are independent, maximal-ratio combining (MRC) yields
the total received SNR

γeq = γSD + γSRD,sel. (21)

Since the selected relay may operate in either DF or SIR mode, the random variable
γSRD,sel is distributed as the maximum of a mixture of Rician-Nakagami DF paths and
Rician-Nakagami SIR paths. Importantly, the SIR branch inherits the Rician statistics
of the satellite-relay link through the SISO-output SNR γRr

, while the second hop con-
tributes Nakagami-m fading through hRrD. Thus, the equivalent end-to-end channel
of the selected cooperative path is a mixture of Rician-Gamma distributed compo-
nents, providing a tractable structure for the outage and SER analyses developed in
the next section.

3.5 Rician-K extraction for the SIR-relay output SNR

The SIR relay produces block-wise soft symbols from the SISO decoder output and
normalizes them by βRr

, then forwards them over the R−D link. The SISO block-b

output SNR γ̂
(b)
Rr

is estimated via (8) for BPSK and via (15) for M-QAM. Over many

blocks, the sequence {γ̂(b)
Rr

}Bb=1 captures the slow variations of the effective S − Rr

channel that remain in the soft decisions after decoding.

13



Key modeling link:

Under the assumption that the per-block SISO output SNR γRr
follows a Rician power

distribution characterized by the relay-dependent factor KRr
, its statistics correspond

to a non-central χ2 random variable with two degrees of freedom. Based on this model,
the estimated factor K̂Rr

is obtained from the corresponding scale-free moment ratio

ρRr
≜

Var[γRr
]

(E[γRr
])2

, (22)

which depends only on the Rician factor KRr
, as derived in [32]:

ρRr
=

1 + 2KRr

(1 +KRr
)2
. (23)

Closed-form, one-pass MoM estimator:

The sample mean and variance of the block SNRs is computed by

γ̄Rr
=

1

B

B∑

b=1

γ
(b)
Rr

, s2γRr
=

1

B − 1

B∑

b=1

(
γ
(b)
Rr

− γ̄Rr

)2
,

and form the empirical, scale-free ratio ρ̂Rr
= s2γRr

/γ̄2
Rr

. Inverting (23) yields the
closed-form estimate

K̂Rr
=

(1− ρ̂Rr
) +

√
1− ρ̂Rr

ρ̂Rr

, 0 < ρ̂Rr
< 1 . (24)

We substitute the estimated Rician factor K̂Rr
into the Rician PDF/CDF expressions

governing the SIR-relay output SNR, which are subsequently employed in the outage
and SER analyses presented in the next section. Since the estimator relies solely on the
block-wise soft-symbol moments, it operates entirely online and requires no additional
pilots, training sequences, or signaling overhead

4 Outage Probability of Opportunistic HDFSIR
Relaying in HSTCN

This section develops the outage probability analysis of the opportunistic HDFSIR
scheme operating in HSTCN.

4.1 DF Success Probability and Threshold Design

Let γdec denote the decoding-reliability threshold at the relay, expressed in terms of
the SISO output SNR γRr

. Each relay Rr attempts DF if γRr
≥ γdec, otherwise it

operates in SIR mode. Hence, we define the DF success probability by the expression

pr ≜ Pr{γRr
≥ γdec} = 1− FγRr

(γdec), (25)

14



where FγRr
(·) is the CDF of the Rician-SNR γRr

. The Rician-SNR CDF can be written
in terms of the Marcum-Q function Q1(·, ·) as

FγRr
(x) = 1−Q1

(
√

2KRr
,

√
2(1 +KRr

)

γ̄Rr

x

)
, x ≥ 0, (26)

so that (25) yields

pr = Q1

(
√

2KRr
,

√
2(1 +KRr

)

γ̄R
γdec

)
. (27)

In practice, the decoding threshold γdec is implemented through a decision rule on
the average LLR magnitude L̄, as described in Section 3.1 for BPSK and Section 3.2
for M-QAM. The mapping L̄ ↦→γdec is obtained off-line by calibrating the relay’s de-
mapper/decoder output against the first-hop S-R SNR. More precisely, γdec is chosen
as the SNR at which the channel decoder meets a prescribed frame-error-rate (FER)
target, such that DF is enabled only in operating regions where error propagation is
negligible. Typical design points are

FERdecoder(γdec) ≈ 10−3 or 10−4,

depending on the adopted coded modulation scheme and the required reliability of
the cooperative link.

4.2 Per-Relay End-to-End SNR CDFs

Let Xr denote the end-to-end SNR contributed by relay Rr:

Xr =

{
γDF
r , if γRr

≥ γdec (DF mode),

γSIR
r , if γRr

< γdec (SIR mode).
(28)

Conditioning on the DF-SIR decision, the marginal CDF of Xr can be written as

FXr
(x) = pr FγDF

r
(x | γRr

≥ γdec) + (1− pr)FγSIR
r

(x | γRr
< γdec) . (29)

For analytical tractability, the conditional CDFs are replaced by their uncondi-
tional forms. This yields an accurate yet closed-form mixture representation:

FXr
(x) ≈ pr FγDF

r
(x) + (1− pr)FγSIR

r
(x), (30)

an approximation which is accurate because the DF-SIR switching decision is itself
governed by γRr

, and the end-to-end SNR expressions exhibit the same dominant
exponential tail behavior regardless of the conditioning.
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Assuming independence between the first and second hops, we have

FγDF
r

(x) = Pr
(
min(γRr

, γRrD) ≤ x
)

= 1−
(
1− FγRr

(x)
)(
1− FγRrD

(x)
)
.

(31)

where FγRr
(x) is the Rician-SNR CDF as defined in (26) and FγRrD

(x) is the
Nakagami-mr CDF for the relay-destination link SNR. Writing γRrD = γ̄RrDgRrD

with gRrD ∼ Gamma(mr, θr) and θr = Ωr/mr, we obtain

FγRrD
(x) =

γ
(
mr, x/(γ̄RrDθr)

)

Γ(mr)
. (32)

Condition on the event that the relay decoder outputs an instantaneous SNR of
γRr

= γ, and fix an arbitrary threshold x ≥ 0. Under this conditioning, from the
end-to-end SIR SNR generated by relay Rr is governed by the expression in (18),

γSIR
r =

γ̄RrDgRrD γ

γ̄RrDgRrD + γ + 1
,

we observe that γSIR
r is an increasing function of gRrD for fixed γ. Thus, the event

{γSIR
r ≤ x} can be inverted in closed form.

Case 1: γ ≤ x: Since the SIR expression satisfies γSIR
r < γ, the inequality γSIR

r ≤ x

holds automatically for all realizations of gRrD. Hence,

Pr
(
γSIR
r ≤ x

⃓⃓
γRr

= γ
)
= 1, 0 ≤ γ ≤ x.

Case 2: γ > x: Solving the inequality γSIR
r ≤ x for gRrD yields

gRrD ≤ x(γ + 1)

γ̄RrD(γ − x)
.

Thus, for γ > x we obtain

Pr
(
γSIR
r ≤ x

⃓⃓
γRr

= γ
)
= FgRrD

(
x(γ + 1)

γ̄RrD(γ − x)

)
,

where FgRrD
(y) = γ(mr, y/θr) /Γ(mr) is the Gamma CDF of the Nakagami-mr fading

amplitude squared. Averaging over the Rician-distributed SNR γRr
produces the exact

unconditional CDF:

FγSIR
r

(x) =

∫ x

0

fγRr
(γ) dγ +

∫ ∞

x

FgRrD

(
x(γ + 1)

γ̄RrD(γ − x)

)
fγRr

(γ) dγ. (33)

where fγRr
(γ) is the Rician-SNR pdf.
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4.3 Relay Selection and MRC Outage Probability

LetXr have CDF FXr
(x) as in (30). Under independent relays, the SNR of the selected

relay path is
γSRD,sel = max

1≤r≤NR

Xr, (34)

with CDF

FγSRD,sel
(x) =

NR∏

r=1

FXr
(x). (35)

At the destination, MRC combines the direct S-D branch and the selected relay
path. Let γSD denote the S-D SNR, modeled as Rician with factor KSD and average
SNR γ̄SD. The equivalent SNR at the destination is

γeq = γSD + γSRD,sel. (36)

The outage probability at threshold γth is thus

Pout(γth) = Pr
(
γSD + γSRD,sel ≤ γth

)

=

∫ γth

0

FγSRD,sel
(γth − z) fγSD

(z) dz.
(37)

where fγSD
(z) denotes the Rician SNR pdf, given in a form analogous to the

distribution in (4) but with the corresponding Rician factor KSD.

4.4 Closed-Form Integrand via a Tight SIR Bound

To obtain a closed-form integrand for (37) while maintaining good accuracy, we use
the inequality

ab

a+ b+ 1
≤ min(a, b), a, b ≥ 0, (38)

which implies
γSIR
r ≤ min

(
γRr

, γ̄RrDgRrD

)
. (39)

Accordingly, we approximate FγSIR
r

(x) by the CDF of the upper-bounding random
variable min(γRr

, γ̄RrDgRrD) as follows

FγSIR
r

(x) ≈ 1−
(
1− FγRr

(x)
)(
1− Fγ̄RrDgRrD

(x)
)
,

(40)

where

Fγ̄RrDgRrD
(x) =

γ
(
mr,

x
γ̄RrD θr

)

Γ(mr)
. (41)

This step yields a tight analytical approximation to FγSIR
r

, hence the resulting outage

expression is approximate. Using the series I0(2
√
ux) =

∑∞
n=0(ux)

n/(n!)2, the Rician
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SNR pdf can be written as

fγRr
(x) =

1 +KRr

γ̄Rr

e−KRr

∞∑

n=0

1

(n!)2

(
KRr

(1 +KRr
)

γ̄Rr

)n

xn exp

(
− (1 +KRr

)x

γ̄Rr

)
.

(42)
Integrating (42) with respect to x, the CDF of the Rician SNR can be written as

FγRr
(x) = e−KRr

∞∑

n=0

1

(n!)2

(
KRr

(1 +KRr
)

γ̄Rr

)n γ
(
n+ 1,

(1+KRr )x
γ̄Rr

)

(
1+KRr

γ̄Rr

)n . (43)

where γ(·, ·) denotes the lower incomplete Gamma function. For numerical evaluation,
the series in (43) is truncated to n ≤ Nmax, yielding a finite sum of exponential-
polynomial terms.

When mr ∈ N (which is common in practice), the Nakagami-m CDF Fγ̄RrDgRrD
(x)

admits the finite-sum form

Fγ̄RrDgRrD
(x) = 1− exp

(
− x

γ̄RrDθr

)mr−1∑

k=0

1

k!

(
x

γ̄RrDθr

)k

. (44)

Inserting (44) and the Rician SNR distribution (kept in Marcum-Q form or represented
via its standard series expansion) into (31) and (40), each per-relay CDF FXr

(x) can
be represented as a (generally infinite, and in practice truncated) linear combination
of exponential-polynomial terms of the form xne−βx with β > 0 [32].

Consequently, after truncation of the Rician series and expansion of the Nakagami-
m finite sums, the selection CDF FγSRD,sel

(x) =
∏NR

r=1 FXr
(x) can be reorganized and

represented as a truncated linear combination of exponential-polynomial terms,

FγSRD,sel
(x) = 1−

L(sel)∑

ℓ=1

A
(sel)
ℓ e−B

(sel)
ℓ

x

R
(sel)
ℓ∑

i=0

d
(sel)
ℓ,i xi, (45)

where the coefficients {A(sel)
ℓ , B

(sel)
ℓ , d

(sel)
ℓ,i } depend on the link statistics (including

pr) and on the chosen truncation order Nmax. Pr is absorbed into coefficients. It is
emphasized that (45) is obtained without assuming identically distributed relay links.

In this case, the coefficients {A(sel)
ℓ , B

(sel)
ℓ , d

(sel)
ℓ,i } implicitly capture the heterogeneity

of the individual relay statistics.
For clarity, we emphasize that the relay decoding success probability pr = Pr(γRr

≥
γdec), which explicitly is present in the per-relay mixture model in (30), is not
neglected in the subsequent analysis. Once the DF and SIR end-to-end SNR CDFs
are represented in a unified exponential-polynomial form, the weighted combination
prFγDF

r
(x)+(1−pr)FγSIR

r
(x) can be equivalently rewritten within the same functional

structure, with the factor pr incorporated into the corresponding coefficients. After
relay selection has been carried out, the product of the per-relay CDFs preserves this
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structure, yielding the representation in (45), where all relay-dependent parameters,
including the decoding probabilities, are implicitly embedded in the constants Aℓ and
dℓ,i.

4.5 Closed-Form Outage Expression

Using (45) in (37), the outage probability becomes

Pout(γth) =

∫ γth

0

[
1−

L(sel)∑

ℓ=1

A
(sel)
ℓ e−B

(sel)
ℓ

(γth−z)

R
(sel)
ℓ∑

i=0

d
(sel)
ℓ,i (γth − z)i

]
fγSD

(z) dz. (46)

The Rician pdf (4) with Rician factor KSD admits the Bessel-series representation

fγSD
(z) =

1 +KSD

γ̄SD
e−KSD exp

(
− (1 +KSD)z

γ̄SD

) ∞∑

n=0

1

(n!)2

(
KSD(1 +KSD)

γ̄SD
z

)n

.

(47)
Thus the integrand becomes a linear combination of terms of the type

zne−az (γth − z)ie−B
(sel)
ℓ

(γth−z), where a =
1 +KSD

γ̄SD
.

Define the convolution integral

In,i(a, b; γth) ≜
∫ γth

0

zn e−az(γth − z)i e−b(γth−z) dz, a, b > 0. (48)

Using the change of variables z = γthu and standard identities for the Beta function
and confluent hyper-geometric functions, one obtains the following closed form:

In,i(a, b; γth) = e−bγth γ n+i+1
th B(n+ 1, i+ 1)1F1

(
n+ 1; n+ i+ 2; (b− a)γth

)
. (49)

where B(·, ·) is the Beta function and 1F1(·; ·; ·) is the confluent hyper-geometric func-
tion of the first kind. Collecting all constants, the outage probability can be expressed
as

Pout(γth) = 1− e−KSD

∞∑

n=0

L(sel)∑

ℓ=1

R
(sel)
ℓ∑

i=0

Cℓ,n,i In,i
(
a,B

(sel)
ℓ ; γth

)
, (50)

with

a =
1 +KSD

γ̄SD
,

Cℓ,n,i = A
(sel)
ℓ d

(sel)
ℓ,i

1 +KSD

γ̄SD

1

(n!)2

(
KSD(1 +KSD)

γ̄SD

)n

.

(51)

and In,i(·) given by (49). Because L and all Rℓ are finite for integer m, (50) is a finite
sum over (ℓ, i) and an infinite but rapidly convergent sum over n. In computations,
this sum is truncated at Nmax.

19



5 Symbol Error Rate of Opportunistic HDFSIR in
HSTCN

Recalling the equivalent SNR γeq introduced in the previous section, its MRC form
can be written as γeq = γSD + γSRD,sel, where γSD denotes the Rician S-D SNR
and γSRD,sel = max1≤r≤NR

Xr represents the selected end-to-end SNR across relays,
with Xr defined in (28). All links and relays are assumed independent. Building on
the equivalent end-to-end SNR model introduced above, we now derive average SER
expressions using the moment generating function (MGF) framework.

5.1 MGF-based SER expressions

For a coherent constellation, the average SER can be written in terms of the MGF
Mγeq(s) ≜ E

[
e−sγeq

]
:

PBPSK
s =

1

π

∫ π/2

0

Mγeq

(
1

sin2 θ

)
dθ, (52)

PM-QAM
s ≈ 4

π

(
1− 1√

M

)∫ π/2

0

Mγeq

(
3

2(M − 1) sin2 θ

)
dθ

− 4

π

(
1− 1√

M

)2 ∫ π/4

0

Mγeq

(
3

2(M − 1) sin2 θ

)
dθ. (53)

Because γSD and γSRD,sel are independent, the MGF of γeq is simply the product
of their individual MGFs:

Mγeq(s) = MγSD
(s)MγSRD,sel

(s). (54)

5.2 Constituent MGFs

The S-D hop follows the Rician SNR distribution fγSD
(z) given in (4), with the Rician

factor replaced by KSD. Since the corresponding MGF does not admit a simple finite
closed-form expression, it is evaluated numerically via its defining Laplace transform
[32]:

MγSD
(s) =

∫ ∞

0

e−sz fγSD
(z) dz. (55)

For the selected relay path, the CDF satisfies FγSRD,sel
(x) =

∏NR

r=1 FXr
(x), which

leads to the pdf fγSRD,sel
(x) =

∑NR

r=1 fXr
(x)
∏

j ̸=r FXj
(x). Consequently,

MγSRD,sel
(s) =

NR∑

r=1

∫ ∞

0

e−sx fXr
(x)

∏

j ̸=r

FXj
(x) dx. (56)

At this stage, no assumption of identically distributed relays is imposed. The expres-
sion in (56) holds for independent but statistically non-identical relay links. Each
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FXr
is the unconditional mixture FXr

(x) = pr FγDF
r

(x) + (1 − pr)FγSIR
i

(x), where

pr = Pr{γRi
≥ γdec} is given in (27). FγDF

r
(x) is given in (31), and FγSIR

r
(x) follows the

integral form in (33). The derivative fXr
(x) is obtained by differentiating this mixture.

5.3 Closed-form integrand route (tight upper bound)

For efficient evaluation when mr is an integer, we employ the tight SIR upper bound
γSIR
i ≤ min(γRr

, γ̄RrDgRrD), which leads to the closed-form CDF in (40). As men-
tioned above, Fγ̄RrDgRrD

(x) reduces to a finite polynomial multiplied by an exponential
term (cf. (44)). For a tractable closed-form evaluation of the MGF, we assume i.i.d.
relays sharing the same parameters (m, Ks, γ̄R, γ̄RD) and a common decoding thresh-
old. The distributions simplify to FXr

≡ FX and fXr
≡ fX . Under this symmetry,

(56) reduces to

MγSRD,sel
(s) = NR

∫ ∞

0

e−sx fX(x)
(
FX(x)

)NR−1
dx. (57)

As previously mentioned, FX(x) can be expressed as a finite linear combination of
exponential-polynomial terms in form of

FX(x) = 1−
L∑

ℓ=1

Aℓe
−Bℓx

Rℓ∑

i=0

dℓ,ix
i, (58)

where {Aℓ, Bℓ, dℓ,i} are constants determined by the link statistics. Let T (x) be the
tail polynomial-exponential sum defined by T (x) = 1− FX(x). Then

fX(x) =
d

dx
FX(x) = −T ′(x), (59)

and differentiating term-by-term gives the explicit finite representation

fX(x) =

L∑

ℓ=1

Aℓe
−Bℓx

Rℓ∑

q=0

(
Bℓdℓ,q − (q + 1)dℓ,q+1

)

⏞ ⏟⏟ ⏞
≜ d̃ℓ,q

xq, (60)

with the convention dℓ,Rℓ+1=0.
Next, we expand (FX(x))NR−1 = (1 − T (x))NR−1 by the binomial theorem as

follows:
(
FX(x)

)NR−1
=

NR−1∑

m=0

(
NR − 1

m

)
(−1)m

(
T (x)

)m
. (61)
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Since T (x) is a finite sum of terms of the form e−Bℓxxi, itsm-th power can be expanded
by multi-nomial convolution. A convenient way to write it is:

(
T (x)

)m
=

∑

ℓ∈{1,...,L}m

(
m∏

t=1

Aℓt

)
e−(

∑m
t=1 Bℓt)x

K(ℓ)∑

k=0

ηℓ,k x
k, (62)

where K(ℓ) =
∑m

t=1 Rℓt and ηℓ,k is obtained by polynomial convolution of(∑Rℓt

i=0 dℓt,ix
i
)
over t = 1, . . . ,m.

Substituting (60) and (61)-(62) into (57), the integrand becomes a finite sum of
terms of the form e−(s+β)xxn, whose Laplace integral is [32]

∫ ∞

0

e−(s+β)xxn dx =
n!

(s+ β)n+1
, ℜ{s+ β} > 0. (63)

Therefore, collecting coefficients yields the fully finite-sum form of the MGF
function:

MγSRD,sel
(s) = NR

NR−1∑

m=0

(
NR − 1

m

)
(−1)m

L∑

ℓ0=1

Rℓ0∑

q=0

(
Aℓ0 d̃ℓ0,q

) ∑

ℓ∈{1,...,L}m

(
m∏

t=1

Aℓt

)

×
K(ℓ)∑

k=0

ηℓ,k
(q + k)!

(
s+Bℓ0 +

∑m
t=1 Bℓt

)q+k+1
. (64)

Consequently, MγSRD,sel
(s) in (56) (or (57)) reduces to a finite sum of rational func-

tions in s, from which the overall MGF Mγeq(s) follows directly via (54). Substituting
this expression into (52)-(53) leaves only the outer θ-integration, which is a smooth
one-dimensional integral.

6 Simulation results

In this section, the performance of the proposed HDFSIR relaying scheme is assessed
by Monte-Carlo simulation and compared with conventional DF-only and SIR-only
relaying. Unless otherwise stated, all channels are assumed to be frequency-flat and
impaired by additive white Gaussian noise. The source-to-relay (S→R) and source-to-
destination (S→D) links are modeled as Rician fading channels with factorK, while the
relay-to-destination (R→D) link follows a Nakagami-m distribution. Unless otherwise
specified, numerical results are reported for the representative mixed-fading case with
K = 5 on the S→R and S→D links and m = 1 on the R→D link.

For the outage probability results, BPSK modulation is employed and the average
SNR per bit refers to the total transmitted power. The relay performs SISO decoding
and CRC verification. If the CRC fails or the decoding reliability falls below the
prescribed threshold γdec, the relay switches to SIR-based forwarding. In the SER
analysis, different modulation formats (BPSK, QPSK, and M -QAM constellations)
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are considered in order to quantify the impact of modulation order on the end-to-end
detection performance. The analytical expressions derived in the paper are plotted
together with the Monte-Carlo curves, allowing direct validation of the accuracy of
the proposed theoretical framework.
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Fig. 3 Outage probability performance of the HSTCN versus Eb/N0 for DF-only, SIR-only, and the
proposed HDFSIR relaying scheme over cascaded Rician (S→R and S→D) and Nakagami-m (R→D)
fading channels.

Fig. 3 compares the outage probability performance of the HSTCN when deploy-
ing DF-only, SIR-only, and the proposed HDFSIR relaying scheme as a function of
the average SNR per bit over cascaded Rician (S→R and S→D) and Nakagami-m
(R→D) fading channels. The SIR-only scheme exhibits a smooth decay of the outage
probability with increasing SNR, reflecting its robustness against decoding errors at
low SNR. In contrast, DF-only relaying achieves a steeper slope at high SNR due to
the availability of reliable decoding and full diversity, but suffers from a higher out-
age probability in the low-to-mid SNR region as a consequence of decoding failures
and error propagation. The proposed HDFSIR scheme adaptively combines the two
modes based on the LLR- and CRC-driven reliability test. At low SNR, decoding is
rarely reliable and the relay predominantly operates in SIR mode, causing the hybrid
curve to tent with the SIR-only baseline. As the SNR increases, a growing fraction of
frames satisfy the decoding reliability condition and activate DF relaying, while unre-
liable frames are still forwarded using SIR. This selective operation allows the hybrid
scheme to outperform both DF-only and SIR-only relaying in the mid-SNR region by
exploiting reliable DF opportunities while avoiding error propagation. At high SNR,
decoding becomes almost always correct and the hybrid scheme converges to DF-only
performance. The exact numerical outage results are in excellent agreement with the
Monte-Carlo simulations across the entire SNR range, while the upper-bound-based
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approximation also closely follows the simulation results, except for a slight mismatch
observed in the low-SNR region. This confirms the accuracy of the derived outage
expressions and supports the effectiveness of the proposed HDFSIR relaying strategy
over mixed Rician-Nakagami fading channels.
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Fig. 4 highlights the impact of the decoding-reliability threshold on the HDFSIR
scheme. Three decoding-reliability thresholds were evaluated to assess their impact on
the outage performance of the HDFSIR relaying scheme. For a low decoding-reliability
threshold (e.g., γdec = 6 dB), DF is activated more frequently whenever the CRC
check is successful. While CRC verification prevents forwarding of incorrectly decoded
frames, DF operation under marginal reliability conditions may still be suboptimal
due to limited relay-destination link quality, leading to a higher outage probability
than that obtained with a more conservative threshold that favors SIR in borderline
regimes. When the threshold is increased to a moderate value (e.g., γdec = 6 dB),
DF is mainly triggered in genuinely reliable decoding situations, whereas frames with
doubtful reliability fall back to SIR. In this regime the hybrid scheme benefits simul-
taneously from the diversity gain of DF in good conditions and the robustness of SIR
when DF is unreliable, which yields the lowest outage probability. For a high threshold
(e.g., γdec = 10 dB), DF activation becomes rare and the relay relies predominantly
on SIR, even when DF could have been used safely. The outage probability there-
fore increases again and approaches the SIR-only performance, since the potential DF
diversity advantage is largely forfeited. At high SNR, relay decoding becomes almost
always reliable, so all considered decoding-reliability thresholds are satisfied and DF
is consistently selected regardless of γdec. Consequently, SIR is rarely invoked and

24



the HDFSIR scheme reduces to conventional DF relaying, causing the corresponding
curves to merge in the high-SNR regime.
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Fig. 5 Outage probability performance of the HSTCN versus the decoding-reliability threshold γdec
for the proposed HDFSIR relaying scheme.

Fig. 5 illustrates the outage probability performance of the HSTCN with HDF-
SIR relaying scheme as a function of the decoding-reliability threshold γdec. Results
are shown for fixed average SNRs (6, 10, and 14 dB). The curve exhibits a uni-modal
behavior with a distinct minimum γ⋆

dec, representing the best trade-off between erro-
neous DF activation and overly conservative SIR operation. When γdec is set to a
very low value, the relay frequently selects the DF mode even when its decoding qual-
ity is poor, which leads to a high outage probability due to error propagation. As
γdec increases to a moderate or near-optimal level, incorrect DF activations are sig-
nificantly reduced while correct DF decisions still occur frequently. Consequently, the
outage probability decreases and reaches its minimum at the optimal threshold γ⋆

dec.
However, when γdec becomes excessively high, the relay becomes overly conservative
and relies predominantly on SIR, thereby missing beneficial DF opportunities. In this
region, the outage probability rises again and approaches the SIR-only performance.
It is also observed that for very low or very high average SNR values, the sensitiv-
ity to the threshold diminishes: at low SNR the DF mode is rarely helpful regardless
of the threshold, whereas at high SNR decoding succeeds almost always, making the
choice of γdec less influential. This explains the flattening of the outage curves at the
two extremes of the SNR range.

Fig. 6 illustrates the average number of SISO iterations per frame versus average
SNR per bit for DF-only, SIR-only, and the proposed HDFSIR relaying scheme. The
average computational complexity results reflect the proposed LLR- and CRC-ased
switching mechanism. In DF-only relaying, iterative decoding is performed until CRC
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success or the maximum iteration limit, leading to a high average number of iterations
at low SNR and a decreasing complexity at high SNR due to early stopping. In SIR-
only relaying, decoding is restricted to a small fixed number of iterations (3 iterations
in this experiment), while frames with very low LLR reliability are processed with-
out iterations, resulting in low SNR-independent complexity. The HDFSIR scheme
combines these behaviors and exhibits a characteristic ”hump” around the decoding
transition region (approximately ∼ 8 dB). At low SNR, most frames fall into the zero-
iteration region and the average complexity is close to zero. In the mid-SNR range,
truncated SIR and occasional DF decoding are activated, increasing the average num-
ber of iterations. At high SNR, DF decoding dominates but converges rapidly due
to CRC-based early stopping, causing the hybrid complexity to decrease again and
approach the DF asymptote. This confirms that the proposed scheme significantly
reduces computational load in unreliable conditions while preserving DF performance
when decoding becomes reliable.

Fig. 7 illustrates the SER performance of the proposed HDFSIR relaying scheme
for BPSK, QPSK and 16-QAM modulations. For BPSK, the HDFSIR scheme exhibits
the lowest SER and the steepest slope, operating in an SIR-dominated regime at low
SNR and progressively converging to DF behavior as relay decoding becomes reliable.
The same hybrid transition is preserved for QPSK and 16-QAM constellations, with
consistent modulation-dependent SER ordering and identical diversity trends.

The analytical SER curves are obtained from the proposed MGF-based formu-
lation using the upper-bound approximation of the SIR link. As a result, a slight
mismatch with the Monte-Carlo simulations is observed in the low-SNR region, where
the bound is less tight. However, the analytical and simulated curves closely coincide
in the medium- and high-SNR regimes, confirming that the proposed approximation
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accurately captures the HDFSIR switching behavior and the impact of modulation
order on the end-to-end error performance.

7 Conclusion

This paper has proposed and analyzed a HDFSIR strategy for coded hybrid satellite-
terrestrial cooperative networks, where the S→R and S→D links undergo Rician fading
and the R→D link follows a Nakagami-m model. A key contribution of this work is
the development of a reliability-driven switching mechanism in which DF is invoked
only when relay decoding is both successful and reliable, while unreliable frames are
forwarded using SIR. This enables the relay to exploit DF whenever it is beneficial,
while effectively avoiding DF error propagation. Another important contribution lies
in the derivation of tractable statistical soft-symbol models that allow closed-form
and semi-closed-form expressions for the outage probability, as well as approximate
SER expressions, to be obtained under the considered mixed Rician-Nakagami fading
channels.

Analytical and simulation results demonstrate that the proposed HDFSIR scheme
achieves a clear performance advantage over conventional DF-only and SIR-only relay-
ing. In particular, the hybrid strategy behaves as SIR in the low-SNR region, where
DF decoding is unreliable, and converges to DF performance at high SNR, where
decoding becomes almost always correct, while outperforming both schemes in the
mid-SNR region through selective DF activation. From an implementation standpoint,
the proposed HDFSIR scheme is readily deployable, as the switching decision relies on
CRC outcomes and decoder-generated LLRs already available at the relay. In addi-
tion, SIR can be implemented with a limited number of SISO iterations, enabling
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a favorable performance-complexity trade-off in practical satellite-terrestrial systems.
As a result, the proposed framework provides not only improved reliability, but also
reduced average processing complexity compared with DF-only relaying.

Overall, the results indicate that the HDFSIR relaying architecture constitutes
a practical, analytically tractable, and low-complexity solution for future hybrid
satellite-terrestrial networks, particularly in the context of emerging non-terrestrial
6G communication systems.
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