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ABSTRACT: In this paper, we propose a hybrid decode-and-forward and soft information relaying (HDESIR) strategy
to mitigate error propagation in coded cooperative communications. In the HDFSIR approach, the relay operates
in decode-and-forward (DF) mode when it successfully decodes the received message; otherwise, it switches to soft
information relaying (SIR) mode. The benefits of the DF and SIR forwarding strategies are combined to achieve better
performance than deploying the DF or SIR strategy alone. Closed-form expressions for the outage probability and
symbol error rate (SER) are derived for coded cooperative communication with HDFSIR and energy-harvesting relays.
Additionally, we introduce a novel normalized log-likelihood-ratio based soft estimation symbol (NL-SES) mapping
technique, which enhances soft symbol accuracy for higher-order modulation, and propose a model characterizing
the relationship between the estimated complex soft symbol and the actual high-order modulated symbol. Further-
more, the hybrid DF-SIR strategy is extended to a distributed Alamouti space-time-coded cooperative network. To
evaluate the~performance of the proposed HDFSIR strategy, we implement extensive Monte Carlo simulations under
varying channel conditions. Results demonstrate significant improvements with the hybrid technique outperforming
individual DF and SIR strategies in both conventional and distributed Alamouti space-time coded cooperative
networks. Moreover, at a SER of 1073, the proposed NL-SES mapping demonstrated a 3.5 dB performance gain over the
conventional averaging one, highlighting its superior accuracy in estimating soft symbols for quadrature phase-shift
keying modulation.

KEYWORDS: Cooperative communication; soft information relaying; soft symbols modeling; cooperative diversity
gain; distributed Alamouti space-time code

1 Introduction

Cooperative relaying schemes such as Amplify-and-Forward (AF) [1] and decode-and-forward (DF) [2]
are designed to harness diversity gain by transmitting signals over multiple paths. The AF protocol performs
well when the source-relay channel is strong, but it also amplifies noise along with the signal, which can
degrade performance. In contrast, the DF protocol decodes the source message in the relay before forwarding
it to the destination. However, this method assumes that the relay can always decode the message successfully,
which is not guaranteed in practical networks and can result in error propagation. The performance of AF
and DF protocols has been thoroughly analyzed in the literature, under various conditions [3-5]. To address
the limitations of each protocol, adaptive relaying strategies have been proposed, combining the advantages
of both AF and DF by dynamically switching between them according to channel conditions [6-8]. These
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hybrid AF-DF relay networks have been shown to outperform AF or DF alone by leveraging the benefits of
both approaches.

To combat error propagation in cooperative communications, soft information relaying (SIR) appeared
to be an effective solution that has been little studied in the literature and has been considered to combine
both the soft signal representation in the AF protocol and the channel coding gain in the DF protocol.
In [9], the authors demonstrated the ability of SIR to overcome error propagation at the relay node and
proposed distributed coding schemes for soft re-encoding. Recently, the performance of coded cooperative
communication employing SIR in multiple energy-harvesting (EH) relays was analyzed in [10], focusing on
soft symbol modeling and optimizing the EH power-splitting ratio. Most studies on SIR assume binary phase
shift keying (BPSK) modulation for inter-node communication, even though higher-order modulations are
preferable when spectral efficiency is a priority. Models have been proposed to characterize the relationship
between the forwarded soft estimated symbols at the relay and the correct BPSK source symbols. For example,
in [11], the authors introduced a soft noise model, where log-likelihood-ratios (LLRs) were mapped to soft
bits, and the resulting soft noise was modeled as non-zero-mean Gaussian noise. In [12], a soft fading model
was proposed, characterizing errors as fading coefficients. Additionally, authors [13] extended the soft scalar
model to higher-order pulse amplitude and quadrature amplitude modulations. It is important to note that
model parameters were often computed offline or estimated via training sequences, which proved to be a
limitation in practical implementations, as observed in studies like [11,12]. Furthermore, the soft symbol
mapping for higher-order modulations generally relied on the soft mapping technique proposed in [14],
used in low-complexity minimum mean squared error (MMSE) multi-user turbo detection. However, this
mapping can be inadequate in soft relaying due to significant discrepancies between resulting points and
hard input bit values.

Moreover, it was shown in the literature that cooperative diversity gains can be attained through
distributed virtual antennas across different nodes in the network and hence the appearance of distributed
space-time coding (DSTC) in cooperative networks [15]. This distributed approach leverages the spatial
diversity from relay transmissions while preserving high spectral efficiency [16]. In several studies [17-20],
space-time block codes (STBC) have been deployed in a distributed manner within cooperative networks,
where DSTC was implemented using either AF or DF strategies. A hybrid AF-DF relaying scheme employing
DSTC was proposed in [21], with a static assignment of AF and DF relays. Additionally, authors [22]
introduced a hybrid decode-and-amplify-forward scheme in a distributed Alamouti-coded cooperative
network, deriving the symbol error rate, outage probability, and an upper bound on the outage probability
for flat fading Rayleigh channels.

This research addresses limitations inherent in traditional cooperative relaying techniques, particularly
the vulnerability of DF to error propagation in challenging environments. The motivation behind the
proposed hybrid DF-SIR strategy lies in its flexibility and adaptability in dynamic and variable channel
conditions by switching between DF and SIR modes. This adaptability is particularly beneficial in low-energy
and error-prone conditions, where traditional DF relaying can propagate errors if decoding fails. In addition,
the integration of hybrid DF and SIR with DSTC remains unexplored. Combining these technologies
could address several critical challenges, namely reducing error propagation, maximizing diversity gains,
and adapting dynamically to variable channel conditions. The hybrid DF-SIR strategy can enhance error
resilience in networks with changing channel qualities. This flexibility allows each relay to contribute to
DSTC’s spatial diversity without running the risk of high error rates, even in weak channel conditions. Finally,
Integrating DSTC with DF-SIR enhances diversity and resilience in challenging wireless settings. Despite
significant advancements in cooperative relaying and distributed space-time coding (DSTC), the integration
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of hybrid DF-SIR with DSTC remains unexplored in cooperative networks, highlighting the novelty and
potential impact of this approach.

Motivated by the need for more robust and adaptive cooperative communication strategies, particularly
in challenging wireless environments, this paper proposes a novel hybrid DF-SIR (HDFSIR) strategy for both
conventional and distributed Alamouti space-time coded cooperative networks. The key contributions of
this work are:

«  We propose an opportunistic HDFSIR strategy for coded cooperative networks with EH relays. This
practical relaying strategy effectively addresses the limitations of the DF protocol in cases where the
source-relay channels are highly error-prone.

«  We derive closed-form expressions for the outage probability and symbol-error-rate (SER) of the coded
cooperative network utilizing the HDFSIR strategy.

+ A novel method is introduced to estimate soft symbols for square M-quadrature amplitude modulation
(QAM) modulation with Gray labeling, referred to as normalized LLR-based soft estimated symbol
(NL-SES) mapping. A Rayleigh Gaussian model is proposed to characterize the complex soft estimated
symbols, with model parameters determined online and transmitted to the destination, which is of
practical significance.

o We establish a hybrid DF and SIR relaying strategy within a distributed Alamouti space-time coded
cooperative network and compute the outage probability based on the signal-to-noise-ratios (SNR) for
different forwarding mode scenarios at the relay nodes.

The remainder of this paper is structured as follows. In Section 2, related works are presented. Section 3
presents the system model for the proposed communication scheme. The soft information relaying technique
is detailed in Section 4. In Section 5, we derive the performance analysis in terms of outage probability
for the coded cooperative communication with opportunistic relay selection using the HDFSIR strategy
in multiple EH relays. Section 6 focuses on the estimation and modeling of soft symbols for M-QAM
modulation. The SER of the coded cooperative communication applying the HDFSIR strategy is derived
in Section 7. Section 8 introduces the HDFSIR forwarding strategy in a distributed Alamouti space-time
coded cooperative network. Simulation results are presented in Section 9, and a conclusion is provided
in Section 10.

2 Related Works

This paper proposes a hybrid DF-SIR strategy for coded cooperative networks. Extensive research exists
on individual DF and AF relaying strategies, and several studies have explored the benefits of their hybrid
combination. For instance, the authors in [23] investigated hybrid AF-DF relaying in cooperative networks
to enhance diversity and spectral efficiency. Their findings reveal improved performance over pure AF or DF
strategies. In [24], the authors investigate the exact analysis of a multi-hop multi-branch relaying network
wherein the relays operate in hybrid AF-DF mode.

In addition, the exploration of hybrid relaying strategies incorporating both DF and AF techniques in
conjunction with EH technologies has gained significant momentum in recent years. The authors in [25]
provide a thorough performance analysis of hybrid DF-AF relaying networks, emphasizing the system’s
ability to adapt relay strategies for improved throughput and reliability in the presence of EH components.
They demonstrate how EH can empower wireless networks to sustain operations and optimize performance
metrics in dynamic environments. In [26], the authors delve into hybrid AF-DF strategies within wireless
EH networks, proposing optimized protocols that enhance energy efficiency without compromising the
quality of service. Their work focuses on balancing the benefits of both relaying techniques to maximize



1936 Comput Model Eng Sci. 2025;142(2)

overall network performance under constrained energy conditions. In [27], the authors adopt a game-
theoretic approach to tackle resource allocation in hybrid relaying systems. Their work underscores the
interplay between EH capabilities and strategic resource distribution, providing insights into maximizing
network efficiency under competitive conditions. Several works have utilized rateless code (RC)-based
dynamic decode-and-forward (DDF) relaying to enhance the performance of EH relay systems. For instance,
authors [28] introduces a high-throughput wireless-powered relay network that optimizes time and power
allocations, thereby balancing energy harvesting and relaying efficiency to boost throughput. Similarly,
authors [29] explores RC-based DDF within SWIPT (Simultaneous Wireless Information and Power
Transfer) multi-relay networks. This approach improves reliability and throughput by combining relay
selection with rateless codes, which enables effective data transmission despite variable relay conditions.
These methods provide useful insights for adaptive relaying in EH networks, demonstrating RC-based DDF’s
potential for robust data delivery under fluctuating power conditions. Unlike the RC-based DDF strategy
which focuses on incremental redundancy to improve reliability, the proposed hybrid DE-SIR approach
directly mitigates error propagation by switching to SIR mode when decoding is unreliable. This switch
reduces decoding overhead and processing requirements, making the proposed hybrid DF-SIR strategy
suitable for EH networks where power conservation is essential.

Recent advancements in hybrid relaying strategies have explored the integration of DF and AF tech-
niques with DSTC, aiming to enhance system performance in wireless networks. The authors in [30] conduct
a comprehensive performance analysis of hybrid DF-AF relaying systems incorporating DSTC. Their findings
reveal significant improvements in data throughput and reliability, highlighting the advantages of combining
these techniques in challenging communication environments. In a complementary study [31], Wu et al.
investigate cooperative strategies in hybrid DF-AF relaying systems that implement DSTC. Their work
emphasizes the potential of cooperation among relays to optimize signal quality and increase coverage areas,
thus enhancing overall system efficiency. They present simulation results demonstrating the effectiveness
of their proposed cooperative strategies under various channel conditions. In [32], Tang et al. focus on the
development of efficient protocols for hybrid DF-AF relaying combined with DSTC. Their work presents
new protocol designs that not only improve data transmission rates but also enhance system robustness
against interference and fading, forming a crucial contribution to the field of cooperative communications.
These studies illustrate the growing body of literature addressing the intersection of hybrid DF-AF relaying
and DSTC, underscoring their potential to advance wireless communication systems in terms of efficiency,
reliability, and performance. However, these studies do not leverage soft information relaying, which is a key
component of the proposed Hybrid DF-SIR strategy.

3 System Model

In this work, we consider a cooperative communication system consisting of a source node S, ng EH
relay nodes denoted by Ry, - -, R,,, and a destination node D. The cooperation process occurs over two
time-slots. During the first time-slot, the source node transmits a message to all relay nodes. It is assumed
that the destination is outside the transmission range of the source node. The second time-slot is dedicated
to the forwarding process, which begins after the source message has been decoded at the relays. If a relay
successfully decodes the message, it operates in DF mode and is included in the set of DF relays. Otherwise,
it switches to SIR mode and is included in the set of SIR relays (See the network model in Fig. 1a). The
accuracy of the decoding process at each relay is verified using a cyclic redundancy check (CRC) code. An
opportunistic relay selection strategy is applied, whereby only the relay that provides the best instantaneous
SNR over the end-to-end channel is activated, choosing from either the DF or SIR relay sets.
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Figure 1: (a) Network model, (b) Power splitting-based EH relay with HDFSIR forwarding strategy

In this work, we employ a power splitting-based EH scheme to manage the power of the received signal
at the relays, as illustrated in Fig. 1b. The power of the source signal received at each relay is divided into
two components by a power splitter: one component is used for decoding the source message, while the
other is allocated to energize the message forwarding module. Let p, denote the power splitting ratio (PSR)
at relay R,, which represents the fraction of the total received energy harvested for information forwarding.
The remaining energy is dedicated to decoding the message. The source information sequence is expressed
asu = (uy,...,ug), where K signifies the length of the information word. A binary channel code Cs with
rate Rg = K/Njg is employed at the source, where N indicates the codeword length. The resulting codeword
c¢=(c1,...,cny) is then mapped to a modulated sequence x. The received sequence at the r-th relay node is
given by:

YSR, :thy\/PSRerLnSRr, (1)

where hgg, is the fading coefficient at the S — R, link, and Psg, and ngg, represent, respectively, the average
received power and the additive noise at the relay node R,. The additive noise is modeled as a zero-mean
Gaussian random variable with variance ¢2. This work assumes quasi-static fading channels in which the
fading coeflicient remains constant throughout a block period and varies independently from one block
to the next. These channels are modeled as normalized Rayleigh distributed random variables with a scale
parameter of 1/1/2. Let Psp, denote the received signal power at the destination node for a hypothetical direct
link between the source node and the destination node. The SNR of the received signal at the EH relay node
R,, which is used for decoding the message, is expressed as:

Psp
ySRr = |hSR7|2(1_Pr)GSR,?) (2)
where Ggg, is the power gain of the S — R, link, given by (dsp/dsr,)". Here, dsp and dsg represent
the normalized distances between the source and destination nodes and the source and relay node R,,
respectively, while « is the path loss exponent. The transmit power allocated for information forwarding at
relay R, can be expressed as follows:

*Gsgr, Psp» (3)

Pr, = pyv|hse,
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where 0 < v <1 represents the EH conversion efficiency of the receiver, assumed to be constant across all
relay nodes. The HDFSIR approach is motivated by its flexibility and adaptability to changing channel
conditions, which is convenient in EH relay systems. It allows relays to switch between the DF and the
SIR modes depending on decoding success, addressing the issue of error propagation in low-energy and
unreliable environments.

In the subsequent sections, we first present the SIR strategy and then investigate the performance of the
opportunistic hybrid DF-SIR strategy as an effective solution to address the issue of error propagation.

4 Soft Information Relaying

In this work, if a relay does not successfully decode the received message, it operates in SIR mode. In this
case, the relay node R, performs a Soft-Input-Soft-Output (SISO) decoding of the received message y . The
a-posteriori LLRs for the estimated information bits, denoted by L(iig, ¢|ysp ) for 1 < t < K, are calculated
using a low-complexity Max-Log-MAP decoder, as described in [33]. Fig. 2a presents the histogram of the
LLRs for a specific SNR per information bit, while Fig. 2b illustrates the corresponding normal Q-Q plot for
the LLR distribution. A distribution is typically classified as Gaussian if the Q-Q plot aligns with the y = x
line. However, it is clear that the Q-Q plot deviates significantly from the y = x line, indicating that the LLR
distribution is non-Gaussian. Consequently, we hypothesize that the output LLRs from the SISO decoder
are influenced not only by residual additive noise but also by quasi-static channel fading coefficients. This is
because, while the channel decoding process tends to average out the Gaussian noise, the effects of channel
fading persist partially even after decoding.
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Figure 2: (a) Histogram of a relay soft encoder output LLRs for E;, /N =10 dB, (b) Normal Q-Q plot of the distribution
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In this section, we adopt BPSK modulation, where the LLRs at the output of the relay SISO decoder are
treated as soft symbols forwarded to the destination. These soft symbols are modeled using the Rayleigh-
Gaussian LLR (RGL) model as follows [10]:

2h
Ysr,) = OZRV (h, Xt +ng, 1), (4)

R,

xRt = L(Ug,.s

where x; € {-1,1} represents the transmitted BPSK modulated symbol, hg, is a quasi-static Rayleigh-
distributed fading coefficient, and ng , is Gaussian noise with zero mean and variance o, . Using the
moment method, the SNR at the output of the SISO decoder, denoted as yg,, is simply expressed as:

E, 1 1

= — + - - -, 5

YR, 27173 (5)
where E; is the second-order moment of the soft symbols (xg, 1,...,xr, k). Each block of soft estimated
symbols is normalized using a factor fg,, which remains constant during block transmission, and is

calculated as follows:

1

ﬂRr:\/Tér}

I S (6)

4k, T 4Vr,

where E{-} denotes the expected value operator. Higher-order modulation and its corresponding modeling
are addressed in Section 6. At the destination, the received symbol at time ¢ is given by:

YR,D,t = hr, 0/ Pr,GR,DPBR,XR,,t + NR,D,t> (7)

where hpg, p is the normalized quasi-static Rayleigh fading coefficient between relay R, and the destination,
Gr,p =1/(Rsdy ,) accounts for path loss and coding rate at the destination, and ng, p ; is zero-mean additive
white Gaussian noise with variance 2. The distance dy, p refers to the normalized distance of the R, — D link.

Based on (4), (6), and (7), the SNR of the equivalent end-to-end channel, denoted as ysg,p, is
derived as:
YR.DESR,8R, DYR,

YSR.D = = , (8)
YR, DESR,&R,D + YR, +1

where gsg, = |hsr,|*, gr.p = |hr,p|% and yr,p = p,v (GSR,/dﬁ,D) (PSD/UZ). Note that gsr,, gr,p>and yg, are
independent, exponentially distributed variables with parameters gsx,, ¢r,p> and yg,, where y, is obtained
by averaging yr, over number of blocks.

5 Performance of the Opportunistic HDFSIR Strategy in Coded Cooperative Communication with
Multiple EH Relays

In this section, we analyze the performance of the opportunistic hybrid protocol HDFSIR, where a single
relay Rg is selected from two sets: one consisting of relays that successfully decode the received message
using the DF protocol, and another consisting of relays using the SIR protocol. In order to ensure that the
messages are decoded correctly at the relay R,, the channel capacity of the S — R, link, denoted by Csp,,
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should be no less than a threshold information rate per symbol R. Therefore, the set of candidate relays using
the DF protocol is defined as:

Xpr = {r: Csg, :%log2 (1+ysr,) > R}. 9)
The received SNR at the destination, assuming error-free decoding at relay R,, can be expressed as:

YR,D = SR, ER,DYR,D- (10)
Relay selection is based on maximizing the instantaneous SNR, i.e.,

Re1 =arg  max  {ysg,p,YrR,D}> (1)

VE%SIR ,jEQ%DF

where Zsr is the set of relays using the SIR strategy. Outage in the coded cooperative scheme with the
opportunistic HDFSIR strategy can occur in two distinct scenarios:

e Scenario 1: Zpr + @. Outage occurs if the R, — D link with the highest SNR among all relays in Zpr
is in outage, and the equivalent end-to-end link with the maximum SNR from the remaining relays is also
in outage. The outage probability in this scenario is given by:

ngr n
P(Stllz = Z( R) [T P(ysz >ym)P(yr,p <yum) [I P(ysr, <yen)P(ysr,p <yen)

k=1 k re&pr.x r¢ZDF k —_—
A, B,
nR nR _gytih _gyrih
= ' [] exp v A, [] (1-exp %%)B,, (12)

reZpr k r¢#pr i

where Zpr x is the set in (9) of size k and y;;, = 2*R — 1 is the threshold SNR.

e Scenario 2: Zpr = @. All relays are in SIR forwarding mode. Outage occurs when the equivalent
end-to-end link with the highest SNR is in outage. The outage probability for this scenario is given by:

Po(it) = [T P(ysz, < )/th)P( max ysg,p < )’th)
r=1 nR

r=L...,

ng —M
=1 —exp 7% ) P(ysg,p < yin) - (13)
r=1 [ —
Br

The probabilities A, and B, are derived as follows:

A, = P(yr,p < ¥tn)

= P(gsk,gr,p < 20)
YR,D

Yih
= Fooe gun (YR;D) , (14)

where:

FgSR,gR,D(Y) =1-P (gSRrgR,D > )’)
=1- f P(gSRr > Z)ng,D(x)dx
0 X
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(o) __r 1 __x
:1—f exp k¥ ——exp rD dx
0 §4: 3]

—1-2 _lKl(z, /_l), (15)
8r 8r

using [, exp™**~/* dx = 2/b/aK,(2\/ab) [34], where K;(-) is the first-order modified Bessel function,
and g, = gsr,gr,D-

B, = P(ysr,p < Ytn)

= P(gsr,gr,0(YRr, = Vtn) < ¢rYr, +1)
Vi drx+1

= 0 fYR,(x)dx+fmFgSR,gR,D(—)fVR,(x)dx

Yth X = Yth
) oo , 1 - 1 -
ey 2 bl (2 /_¢>x_+) exp T dx, (16)
VR, Jya V & (x=ym) & (X = ym)

where ¢, = y,,/7&,p. The integral I, in (16) is not tractable, and therefore, the Monte Carlo method [35] is
applied to obtain the following approximation:

1 NMC rAd ]- rii ]'
IR o B L R (2\ [ Prxit] ) (17)
Nuyc o &r(xi—ym) &r(xi—ym)

where x;,i =1, ---, Nyc, are Nyc generated realizations from the distribution f,, with x; > y;,. Thus, the
outage probability for coded cooperative communication using the HDFSIR protocol and relay selection in
a multiple EH relays network is expressed as:

- 1 2
PHDESIRES _ p() | p(), (18)

6 Soft Information Relaying for M-QAM: Soft Symbol Estimation and Modeling

Implementing soft information relaying for high-order modulation, such as M-QAM, can be chal-
lenging due to its complexity, which may hinder practical applications. However, high-order modulation
is crucial when spectral efficiency is a priority. This section investigates the mapping characteristics of M-
QAM to derive soft symbols from m = log, (M) successive LLRs at the SISO decoder’s output, represented as
(L(dR,alysg )s - +> L(dg, klysg, ))- Let &M = {sy, - -, sp} denote an M-ary symbol alphabet with M5 =
0and Y.V, [s;|> = M. We will first describe the averaged soft estimated symbol (A-SES) mapping [14], based
on the averaging of constellation points, and subsequently introduce NL-SES mapping, which leverages the
decomposition of square M-QAM modulation into sub-modulations.

6.1 Averaged Soft Estimated Symbol Mapping

The A-SES mapping method has proven efficiency in low-complexity MMSE turbo multi-user detection.
To determine the real and imaginary components of the soft estimated symbols at the relay, M-QAM
modulation is viewed as a combination of two independent v/M-PAM modulations: one for the real part,
denoted by the alphabet set YI‘/M ={s11, -**,8; /37 }> and the other for the imaginary part, represented by

the alphabet set yﬁ/ﬁ = {sq.1> "84, /37 The symbols in ﬂlm and YQ\/M are generated by applying the
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Gray code mapping rule [36] to bit sequences (i, - -+, i=) and (qi, - - -, q= ), resulting in the symbols s; and
s, respectively. These symbols are recursively determined as follows:

si(it, -+ in) = (1-20) (227 + 81 (i, -+, 1)), 19)
so(qi -+ q2) = (1-2q1) (27 'd + (g, -++>q2)), (20)

where s;(0) =s(0) =d, s;(1) =sg(1) = —d, and d is the half minimum distance between two symbols,
equal to \/3/2(M —1) in the normalized M-QAM constellation. For 16-QAM modulation, the symbols in
7} and .7 are generated from the PAM mapping of bit pairs (i1, i») and (g1, 92 ) to the set {-3d, -d, d, 3d},
where d =1/ V10.

Let (g, 1, - - -> 4R, m) represent a block of estimated information bits corresponding to an M-QAM
modulated symbol. The real and imaginary components of the soft estimated complex symbol to be
transmitted over the R, — D link are computed using the following expressions:

R(xr,) = >ooosi(incsiz) T P(deae =islysy ) (21)

11,...,1-% b=1,"‘,%

F(xe)= ¥ so(qn-qz) [ Pdr.pez = qlyse,) (22)
a5 g b=l,- -,

o3
o[

where Z(-) and .# (-) represent the real and imaginary components, respectively. The bit probabilities in (21)
and (22) are calculated as P(ug,, = Olygp ) = expt(relse) /(1 4 expl(or Vs, ) ) and P(ug,p = lysp ) =
1/(1 + exp®(trrose )y

6.2 Normalized LLR-Based Soft Estimated Symbol Mapping

To explain the proposed NL-SES mapping, we consider square 16-QAM modulation, which can be
interpreted as the sum of two quadrature phase-shift keying (QPSK) sub-modulations. One is a primary
QPSK sub-modulation with symbol amplitude 21/2d, and the other is a secondary QPSK sub-modulation
with symbol amplitude \/2d. Thus, each symbol in the 16-QAM constellation is a sum of a point from the
primary sub-modulation and a point from the secondary sub-modulation.

To generalize, let M-QAM be a square modulation, where M = 2" and m is even. Let (#g, 1, - - > #r,,m )
represent a block of estimated information bits corresponding to a modulated symbol. For each modulated
symbol, the normalized LLRs of the estimated bits iig_;,b =1, - - -, m, are defined as follows:

L(ﬁRy,b’YSR,)

) (23)
\/% Yiti L(dg,,i)?

Lt p) =

The real and imaginary components of the NL-SES mapping, according to square M-QAM modulation
with Gray code labeling, are recursively defined as follows:

K(xr,) = AMw (iR, 1, > 0g, m)
= L(ip,1)2°7'd + sign(L(iig, 1)) M n_1(ilg, 25 -+ dig

I (xr,) =AM w (iR, 415 5 UR,m)
:I:(ﬁRr,%H)Z%_ld + sign(L(itg, 241)) A w1 (Ar, ms25 -5 UR,m)s (25)

), (24)

e

>
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where . (+) is a mapping function and . (i) = L(it) - d. The function sign(-) maps to +1 when the
argument is positive and to —1 when it is negative. For 16-QAM modulation, %Z(xg,) = L(iig, 1) - 2d +
sign(L(ﬁR,,l))L(ﬁha) . d, and j(XR,) = L(LA{R”_?,) -2d + Sign(L(l)Rr’g,))L(I:erA) -d.

6.3 Proposed Model for the Complex Soft Estimated Symbols

The complex soft estimated symbols xg, obtained using the A-SES or NL-SES mapping methods are
modeled as follows:

XR, = %(XRV) + jj(XR,) = thX + NR,, (26)

where x represents the correct modulated complex symbol, kg, is a Rayleigh distributed flat fading coefficient,
and np, is a symmetric zero-mean complex Gaussian noise with variance aﬁRr /2 for each component. This
model is referred to as the Rayleigh Gaussian (RG) model. The parameters hy, and aﬁRr are determined via
the moment method and are given by the following expressions:

E, +/3Ei-E, 2> E4

hp =12 " 2 = 2773 (27)
1, otherwise
O'iRr =E, - hlzqr, (28)

where E; and E4 represent the second and fourth moments of the soft estimated symbols’ amplitude over a
message block, respectively. The complex soft estimated symbols are normalized using a factor Sz, , which
remains constant during a block transmission and is computed as:

1

VE{|xg, [}
_ 1 (29)

/12 '
hR, + 00,

It can be shown that the SNR of the end-to-end relay channel, based on the model in (26), is expressed
similarly to (8), where yg, is substituted by h /o, , with hi and o5 ~defined in (27) and (28), respectively.
The outage probability analysis for coded cooperative communication conducted in Section 6, in the context
of BPSK modulation, can be extended to square M-QAM modulation using the corresponding model.

Br, =

7 Symbol Error Rate Analysis of Coded Cooperative Scheme Applying HDFSIR Strategy with Single
EH Relay

In this subsection, we derive the SER for the coded cooperative scheme utilizing the HDFSIR strategy
with a single EH relay. The SER can be expressed as follows:

s s SR p$
Pggr o = (1= Py")Psip + Py Pogy » (30)

where PbSR represents the bit error rate (BER) at the source-relay link after demodulation and channel
decoding. PXD denotes the SER at the relay-destination link, assuming error-free decoding at the relay, while
PSRD indicates the SER at the source-relay-destination channel under erroneous decoding at the relay while

employing the SIR strategy. In this section, we omit the subscript r denoting the relay index, as we focus on a
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single relay scenario. The BER at the source-relay link post channel decoding can be tightly upper bounded
using the limit-before-average technique proposed in [37], which is computed as follows:

Pt s N min{=, > > wA S Pasr(dlxi) 1 (31)
MC =1 d=dCs w=l1

where A®S w.q Tefers to the number of codewords of weight d generated by the information words of weight w,

and dncfl , denotes the minimum distance of the code Cs used at the source node. Additionally, P sg(d|x;)
is the pairwise error probability of decoding an erroneous codeword ¢ of weight d instead of the all-zero
overall codeword, with x; representing N realizations generated according to the exponential distribution
Jysr of the source-relay link SNR characterized by ysz = (1 - p) GsrPsp/0;. Notably, the second term within
the min{, } operation in (31) acts as the union bound on the BER when employing maximum likelihood
decoding, as elaborated in [38], for a given SNR per transmitted symbol. The pairwise error probabilities for

BPSK and M-QAM modulations are specified in [39]:

P, sr(d|y) = P(0 — <)

Q (\/dy) for BPSK,

= 3d 32
2(@)(3( M__yl) for M-QAM, (32)

where Q(-) is the Gaussian Q-function, which is approximated by Q(x) ~ ée‘xz/ 2yge™ */3 [40]. Lever-
aging the findings in [41], the symbol error rates PX} and PSXP can be computed utlhzmg the cumulative
distribution function (CDF) based approach as follows:

Vb “exp‘by
pX -2 F ,
SER Zﬁ/g i yx (P)dy (33)

where F,, (y) denotes the CDF of the SNR per symbol at the relay-destination link for correctly decoding the
message at the relay (X = RD) and for the CDF of the SNR per symbol at the end-to-end relaying channel when
applying the SIR strategy in the case of erroneous decoding (X = SRD). The constants a and b are modulation-
dependent, with a = 0.5and b = 1for BPSK,and a = 2 — 2//M and b = 3/(2M - 2) for rectangular M-QAM.
Following (10) and (15), we can express P SER aS:

\/E( o exp bV 2 il y
PRDza—f dy - — f exp K (2, /L4
v\ T g b TP T\ g )

I

:a\/\/;(\é_(hm erf(\/_)—erf(\/_)) mf),

where [, ¢ ex\};_ dy = \/— (erf(v/bA) — erf(v/bC)). The resolution of the integral expression I is provided
by Gradshteyn and Ryzhik [42] and is resolved as follows:

\/_ YrRDE ( 1 )
YrDEb

(34)

I=

exp Fp® M_

N\.—
N\'—‘

2 b
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B

——;F(EZL) (35)
2 \/yrpgb 2" jrogb )’

where M, ,(-) is the Whittaker function, defined in terms of the confluent hypergeometric function
F(5;) [43]. Consequently, PXD is expressed as:

avb | .. 1 Pi3
P&D = NG (Ah_g)lo erf(VbA) — erf(0) — SxDE EI) . (36)

With similar manipulations as shown above, we can express the symbol error rate at the source-relay-
destination channel PSR in a similar manner. By combining the obtained results for P& and PSR in (30),
we arrive at the final expression for the symbol error rate of the coded cooperative scheme applying the

HDFSIR strategy.

8 Hybrid DF-SIR Strategy in Distributed Alamouti Space-Time Coded Cooperative Network

In this section, we analyze a cooperative network that consists of a source node S, two EH relay nodes
R; and R;, and a destination node D, all operating under the hybrid DF-SIR forwarding mode. Our focus
is on symbols encoded using M-QAM modulation, which prompts us to adopt the RG model presented
in (26). As depicted in Fig. 3, the transmission occurs in two phases, each comprising two time slots. During
phase 1, the source S sends the symbols x; and x; to the relays. In phase 2, relays R; and R, use the Alamouti
code to transmit in two time slots, effectively emulating a virtual multiple-input single-output system. The
transmission scheme is summarized in Table 1, which illustrates the symbols transmitted by the source and
the two relays across the four time slots in accordance with the Alamouti representation, where the asterisk
refers to the complex conjugate.

X, X,

117 21 ]

[Xl’ XZ] h SR) EH relay

with DF-SIR T
@ strategy Tl @
—~ 4 e
SR * h L~
[Xz,z'xl,z ] ) 2

Phase 1 (two time slots)
,,,,,,, Phase 2 ( two time slots)

EH relay
with DF-SIR
strategy

Figure 3: Hybrid DF-SIR forwarding scheme in a distributed Alamouti space-time coded cooperative network, where
the asterisk denotes the complex conjugate

Table 1: Transmitted symbols at the different time slots of the hybrid DF-SIR protocol with Alamouti code

Node Time1 Time 2 Time 3 Time 4
S X1 X 0 0
R; 0 0 X1 =X

R, 0 0 X3, X7,
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We define X; ; as the transmitted symbol during the second phase at time slot i from relay R;, where
i =1,2and j = 1,2. The symbol X; ; depends on the forwarding mode and can be expressed as follows:
Pr xi, for DF mode,
X012\ /Pr.Br, (he xi + ng,), for SIR mod (37)
R;PR; ijz + T’ZRJ. , or mode,

where Py, is the transmit symbol power at the EH relay R; as given in (3), Bg; is the normalization factor
of the soft estimated symbols as detailed in (29), and h R and n R; are defined in the proposed model for
higher-order soft estimated symbols in Section 6. The received signal at the destination D during the two
consecutive symbol periods can be expressed as follows:

)/1 hl _hz X1 w1
= = +
Y [yz] [h; h]” [w;]

—_———
Hefr

=CX] + Xy + W, (38)

where h; and h; are the equivalent fading coefficients for the links from R, to D and from R, to D, respectively.
The vectors ¢; = (b, h3) T and ¢, = (~hy, hi)T form the first and second columns of the effective matrix Hegs
of the Alamouti space-time code. The noise vector at the destination is denoted by w = (wy, w3 )T, where w;
represents the noise element resulting from the summation of the additive white Gaussian noise component
np,; at the relay-destination link, characterized by zero mean and variance ¢, and the equivalent combined
noise from the relay after DF or SIR mode. The expressions for h;, j = 1,2, and the resulting noise vector
(w1, w3 )T are dependent on the forwarding mode employed by relays R; and R,, defined as follows:

hj = h,pli(Br;hr,) ™, j=12, (39)
and

[WI :| _ [(1 = ©1)hg,pGing, = (1= @)hg,plang, + np, i (40)
w3 (1-03)hy,pCanr, +(1—®1)h}’§1D(1nR1 + N},

where I'; = \/m, (j= [;Bg;> and

=5, frstmode @

The elements of the noise vector w are assumed to be independent and identically distributed (i.i.d.)
with zero mean, leading to the expression for the noise covariance matrix:

E{ww'} = | (1-@))|hr,p|*¢{ oy, + (1= 02)|he,pl*’GFo,, + 0y L, (42)

an n

2
qu

where (-) denotes the Hermitian transpose of (-) and I, is the 2 x 2 identity matrix.
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At the receiver, due to the orthogonality of ¢; and ¢, we can decouple the transmitted symbols through
beamforming applied to the received symbols y; and y;. The expressions for the decoded symbols can be
written as follows:

. cH cH
X1 =y = laflxn + ——w, (43)
el el
H-,—/
w1
and
H H
~ C2 * CZ
%= ——y; =|lallx + ——w (44)
lleal| 2 lleal ™
——

w2

where ||c;|| = \/|m|?> + |h2|* represents the amplitude of ¢; for i =1,2. The estimates of the transmitted
symbols x; and X, are determined by applying the maximum likelihood rule, which is expressed as x; =
argmin, (|&; — /| [* + |ha2|2x|*), i =1,2. The variance of the resulting noise #;, i = 1,2, can be computed
as follows:

H .
E{w;w]}=E {C—lWWHi}

lleill ™ llell

O'equlHIzC,’
el

= aezq. (45)

Thus, the SNR at the destination, utilizing the HDFSIR strategy with the distributed Alamouti space-
time code and beamforming at the receiver, is given by:

DSTC _ |hR1D|2r12(ﬂ%Q1h%21)(1_®1) + |thD|2r22(ﬁ%22h%22)(1_®2)

V4 = .
M0 (1- @) hrpPGRd, + (1= ©2)|hr,p P07, + o}

(46)

It is obvious that the use HDFSIR in distributed Alamouti space-time coded cooperative network leads
to a diversity gain regardless the operating mode of each relay, since the total power, as shown in the above
equation, always made up of the sum of two parts, each power part comes from the corresponding relay be
it in DF mode or in SIR mode.

The outage probability for the coded cooperative scheme utilizing the HDFSIR strategy and the
distributed Alamouti space-time code is determined by four distinct scenarios, depending on the forwarding
modes of relays R; and R,. These scenarios are represented by the parameters (©;, ®,), where (0;,0,) €
{0,1}2. The expression for the outage probability is given by:

POYTC = P(ysr, < yen)P(ysr, < yen) P(YiRD < yen|®1 = 0,0, = 0)

+ P(ysr, < yen) (1= P(ysr, < yen))P(Y3rD < yen|®1 = 0,0, =1)
+ (1= P(ysr, < yen))P(ysr, < yen)P(Y3rp < yen|®1 =1,0; = 0)
+ (1= P(ysr, <yen)) (1= P(ysr, < yen))P(¥srp < yenl®1=1,0, =1). (47)

Currently, there are no analytical results available concerning the performance of the Hybrid DF-SIR
relaying network when integrated with the distributed Alamouti space-time code. This is primarily due to
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the complexity of the statistical distribution of the resulting end-to-end SNR, which involves the products
and sums of independent exponential random variables. Therefore, we will only present in the next section
the experimental results to ascertain the appropriateness of the proposed relaying scheme.

9 Simulation Results

This section presents simulations evaluating the performance of the coded cooperative scheme, using
the Hybrid DF-SIR strategy, and validating the earlier theoretical analysis. We established a comprehensive
simulation environment to assess the scheme’s effectiveness. Table 2 summarizes the essential components
and parameters of this simulation setup, providing clarity on the conditions under which the evaluations
were performed.

Table 2: Simulation environment overview

Component Description
Compute specifications Intel Core i5, 32 GB
Simulation tool C programming language in a Linux environment
Topology Relays are positioned linearly between source and destination
with normalized distances
Distance parameters dsp =1, dsgr, + dgr,p = 1for each relay R,
Path loss exponent («) 2.7
Energy conversion efficiency (v) 0.8 for all EH relays
Power splitting ratio (p;) 0.5 for all EH relays
Channel model Quasi-static Rayleigh fading with scale parameter 1/\/2
Coding scheme Rate 1/2 recursive systematic convolutional code with generator
polynomials (1,5/7), Information block length of K = 100 bits
Ncre (CRC check bits) 16 bits

The value of Psp/a? in the previous analysis is computed based on the SNR per information bit at the
destination node, represented as E; /Ny, and is modified to (K/(Ns + Ncrc))(2E,/Ny), where N is the
length of the terminated code-word at the source node and N¢gc is the number of additional CRC check
bits, set to 16 for this work.

Fig. 4 illustrates the simulated and analytical outage performance of the coded cooperative schemes
utilizing opportunistic DF, SIR, and HDFSIR strategies as the relays move away from the source toward
the destination with nz = 4. Here, the PSR is set to 0.5 for all relays, the SNR per information bit at the
destination is E, /Ny = 16 dB, and the threshold information rate is R = 0.5 bit/sec/Hz. Notably, the trends
in outage probability are consistent across all three forwarding strategies. The performance of the coded
cooperative scheme using DF and SIR strategies can be explained as follows: the DF protocol demonstrates
superior outage performance compared to the SIR strategy when the normalized distance dgg, is less than
approximately 0.29. With a smaller distance between the source and relay nodes, the likelihood of error-
free decoding at the relays increases due to higher received power. Consequently, more candidate relays are
involved in the opportunistic DF relaying, enhancing outage performance by leveraging diversity. However,
as the distance between the source and relay nodes increases, less energy is harvested at the relay, leading to a
higher probability of erroneous decoding and reduced transmission power during the forwarding phase. This
explains the observed degradation in outage probability performance as the relays approach the destination,
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which favors the SIR strategy. Even with low power levels and error-prone decoding at the relays, all available
relays participate in the relay selection process. Furthermore, the application of the opportunistic HDFSIR
protocol in the coded cooperative scheme consistently outperforms the DF and SIR strategies across all
source-relay distances, with particularly pronounced advantages over the SIR strategy at small distances and
the DF strategy at larger distances. This validates that the coded cooperative scheme employing the HDFSIR
strategy effectively combines the strengths of both DF and SIR forwarding protocols for all relay positions.
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Figure 4: Numerical and simulated outage probability results of the coded cooperative schemes applying the DE, SIR,
and HDFSIR strategies when varying dgg,, 4 relays, E,/No =16 dB, p, = 0.5 for all relays, and R = 0.5 bit/sec/Hz

To evaluate the effectiveness of the proposed NL-SES mapping method, we compare the SER perfor-
mance of the coded cooperative scheme using the SIR strategy with NL-SES mapping against that employing
the A-SES mapping for QPSK and 16-QAM with Gray labeling. A single EH relay positioned at dsg = 0.5 is
considered. The forwarded soft estimated symbols are modeled using the RG model described in Section 6,
with model parameters determined online at the relay for each block and subsequently transmitted to the
destination for calculating LLRs. The linear combination of all soft information through A-SES mapping
results in a loss of soft information, proving inefficient, as the resulting symbol may closely resemble
a constellation point corresponding to a completely different symbol from the original input bits. This
inefficiency accounts for the performance gap observed in Fig. 5 between the results obtained using A-
SES mapping and those using the proposed NL-SES mapping for both QPSK and 16-QAM modulations.
Additionally, the figure reveals that as the modulation order increases, the SIR strategy loses efficiency
compared to the DF strategy, as the relative advantage of the SIR strategy with NL-SES mapping over the DF
strategy when using QPSK diminishes when employing 16-QAM.

Subsequently, Fig. 6 displays the simulated and analytical SER vs. SNR per information bit E; /Ny of
the coded cooperative scheme using a single EH relay with the HDFSIR strategy, wherein only the NL-SES
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mapping is considered during SIR strategy application. Simulations are conducted for BPSK, QPSK, and 16-
QAM. For BPSK, the forwarded soft symbols via the SIR strategy are derived by normalizing the LLRs at
the output of the SISO decoder, modeled by the RGL model described in Section 4. The figure indicates a
moderate discrepancy between analytical and simulated results when employing the SIR strategy for QPSK
and 16-QAM, which can be attributed to information loss due to the RG model. However, it also shows
that analytical results converge with simulated results at high SNRs. Additionally, a marginal gap favoring
simulated results is observed at low SNRs for BPSK, which disappears at moderate and high SNRs.
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Figure 5: Simulated SER results of the coded cooperative scheme with SIR strategy applying the proposed NL-SES and
the A-SES mapping methods for QPSK and 16-QAM modulations, p = 0.5 and dgg = 0.5
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Figure 6: Numerical and simulated SER results of the coded cooperative scheme applying HDFSIR strategy for BPSK,
QPSK, and 16-QAM modulations, p = 0.5 and dgg = 0.5

Finally, the simulation results for outage probability vs. SNR per information bit at the destination of
the Alamouti DSTC coded cooperative scheme utilizing DFE, SIR, and the proposed HDFSIR strategies are
presented in Fig. 7. The results are obtained for a fixed threshold of information rate R = 0.5 bit/sec/Hz, a
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PSR of p = 0.5 for both relays, and QPSK modulation under two scenarios regarding relay location: scenario
1, where the relay nodes approach the source (dsg, = dsg, = 0.3), and scenario 2, where the relay nodes
approach the destination (dsg, = dsg, = 0.7). Asillustrated in Fig. 7, the outage probability of the cooperative
network utilizing the HDFSIR strategy outperforms that of the DF and SIR strategies in both scenarios.
Notably, the DF strategy performs better than the SIR strategy when the relays are closer to the source,
whereas the opposite holds true as the relays move closer to the destination. This observation underscores
that the proposed HDFSIR strategy effectively leverages the benefits of both the DF and SIR strategies to
enhance performance across the entire range of SNR values, regardless of the relay positions.
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Figure 7: Simulated outage probability results of the coded cooperative scheme applying DE, SIR, and HDFSIR
strategies with Alamouti DSTC coding for two different source-relay distances

10 Conclusion

In this paper, we presented a hybrid decode-and-forward and soft information relaying strategy to
address error propagation in coded cooperative communication with multiple energy-harvesting relays. The
proposed scheme differentiates relays based on decoding success: relays that fail to decode use SIR strategy,
while those that decode successfully employ DF protocol. Analytical models were developed to derive
closed-form expressions for the SNR of the equivalent end-to-end relaying channel, enabling opportunistic
relay selection. Closed-form expressions for outage probability and SER were derived using the CDF-based
method. Additionally, we introduced the NL-SES mapping method for efficient soft symbol estimation in
square M-QAM modulation with Gray labeling, and we derived closed-form expressions for the symbol
error rate using the CDF-based method. Lastly, by integrating distributed Alamouti space-time coding, we
developed a hybrid DF-SIR protocol that further enhances performance compared to traditional DF or
SIR-based DSTC.

Monte Carlo simulations validated the theoretical findings and demonstrated that the proposed HDF-
SIR protocol improves the performance of cooperative networks compared to using DF or SIR alone in
both conventional and distributed Alamouti space-time coded cooperative networks. These improvements
were particularly evident in challenging source-relay conditions where DF struggles. For the NL-SES
mapping method, simulations revealed a significant SER gain of 3.5 dB at 10 compared to conventional
averaging techniques for QPSK modulation. This numerical evidence highlights the effectiveness of NL-SES
in improving soft symbol estimation accuracy.
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Despite these promising results, this work has certain limitations. First, the analytical models assume
perfect channel state information, which may not fully reflect practical scenarios. Second, the complexity
of the NL-SES mapping and hybrid DF-SIR implementation, especially in distributed systems, could pose
challenges for large-scale deployments. Third, the energy-harvesting model does not account for energy
storage dynamics, which may affect performance under real-world conditions.

Future research could address these limitations by incorporating imperfect channel state information,
more realistic EH models, and advanced channel coding schemes in order to develop practical applica-
tions. Additionally, extending the model to include energy accumulation at EH relays could enable more
efficient power allocation during weak channel states, with potential benefits for throughput and outage
probability within the HDFSIR framework. These directions offer exciting opportunities to further enhance
the robustness and applicability of the proposed strategy in practical wireless networks.
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