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Abstract  In this paper, a novel framework to enhance the reli-
ability of wireless sensor networks (WSNs) by addressing the
high probability of outage (OP) resulting from limited energy
resources and unreliable channels. The framework integrates
three techniques: half-duplex two-way relaying (HD-TWR), dig-
ital network coding (DNC), and rateless codes. Although these
techniques have been extensively studied in isolation, a compre-
hensive analysis of their joint performance is provided as the
main contribution. The proposed scheme leverages the energy
efficiency of HD-TWR, the transmission reduction capability of
DNC, and the retransmission-free resilience of rateless codes.
Simulation results show that the integrated framework signifi-
cantly reduces OP, offering a robust and practical solution to
enhance the reliability enhancement. Furthermore, the impact of
optimal relay node placement is investigated through parameter
adjustments in the simulation stage to maximize performance
gains.

Keywords  digital network coding, half-duplex two-way relaying,
outage probability, rateless codes, relay placement, wireless sensor
networks

1. Introduction

In the past decade, wireless sensor networks (WSNs) have
become a foundational technology for real-time monitoring
and data acquisition in a wide range of applications, from en-
vironmental surveillance to industrial automation. Comprised
of numerous low-power sensor nodes, WSNs are crucial en-
ablers of the Internet of Things (IoT) [1]–[3]. However, the
performance of these networks is limited by their resource-
constrained environments, energy resources, inherent unrelia-
bility, and security vulnerabilities of wireless channels. These
limitations collectively lead to critical performance issues,
particularly high outage probability (OP) and loss of secrecy,
which compromise network reliability and data confiden-
tiality. Therefore, developing robust, energy efficient, and
secure communication protocols is a paramount challenge in
WSNs [4]–[6].
To address the mentioned limitations, various advanced com-
munication strategies have been investigated. First, node de-

ployment techniques to enhance network coverage and data
security have been studied in [3], [5], [7], [8]. Next, cooper-
ative relaying has emerged as a key solution for improving
network performance, such as throughput and outage prob-
ability as well as network lifetime, end-to-end delay, and
secrecy [9]–[12]. While full-duplex relaying offers significant
gains in spectral efficiency, its practical implementation is of-
ten hindered by the complex and power-intensive problem of
mitigating residual self-interference cancelation.
On the contrary, half-duplex (HD) operation, which avoids
simultaneous transmission and reception, inherently bypass-
es this issue [13]– [16]. HD relaying is simpler and more
energy-efficient than their full-duplex counterparts as they
only transmit or receive at any given time, making them a suit-
able choice for WSNs [16]. Moreover, a combination of HD
and two-way relaying (TWR) can be useful to improve net-
work performance [17], [18].
On a more fundamental level, digital network coding (DNC)
is a powerful principle to enhance network efficiency. Rather
than simply forwarding packets, DNC allows an intermediate
node to combine data from multiple incoming streams be-
fore transmission (e.g., using an XOR operation) [19]. This
technique significantly reduces the number of transmissions
required to exchange information, thereby improving both
network throughput and spectral efficiency.
To further bolster network reliability against channel im-
pairments, rateless coding offers a decent solution. Unlike
conventional fixed-rate codes that require a reliable channel
to be effective, rateless codes (RC) allow a source to generate
an infinite stream of encoded symbols, ensuring that a receiv-
er can successfully decode the original message as soon as
a sufficient number of symbols are collected. This property
makes RC highly suitable for dynamic and unpredictable as
well as unsecured wireless environments [20]–[24].
Although significant progress has been achieved, the afore-
mentioned studies have been carried out independently. Build-
ing on these advancements, this work proposes a novel com-
munication framework that integrates HD-TWR, DNC, and
RC strategies. The core objective of this research is to signifi-
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cantly minimize OP by also considering the optimal placement
of the relay node. We develop a comprehensive analytical
framework to model system outage performance for various
network scenarios.
The key contributions of this work are the integration of
rateless coding with a practical DNC-based HD-TWR scheme
and a simulation-based demonstration of how the position of
the relay affects system performance.
The remainder of this paper is organized as follows: Section 2
reviews related work. Section 3 details the system model.
Section 4 provides the outage performance analysis. Sec-
tion 5 presents the simulation results and discussions. Finally,
Section 6 concludes the article and outlines potential future
work.

2. Related Works

Research on enhancing the performance of wireless com-
munication networks, particularly wireless sensor networks
(WSNs), has evolved along several key directions, most no-
tably in the areas of relaying strategies, advanced coding
schemes, and network optimization. This section reviews the
most pertinent literature related to wireless communications
and WSNs, emphasizing the contributions and limitations
of existing studies that motivate the integrated approach ad-
vanced in this paper.

2.1. Cooperative Relaying and HD-TWR

The fundamental principles of half-duplex relaying have been
studied in prior work [15], [16], [25]–[27], which demonstrate
that separating transmission and reception into orthogonal
slots mitigates self-interference and simplifies transceiver
design. In the simplest HD model, a relay node (RN) facili-
tates communication between two source nodes, requiring
three time slots for the corresponding transmission phases,
since the RN cannot transmit and receive simultaneously.
These studies suggest that HD relaying can improve ener-
gy efficiency, transmission rate, probability of outage, and
reliability in resource-constrained wireless communication
systems. However, they remain largely limited to basic per-
formance evaluations without addressing broader efficiency
considerations.
Building on this foundation, subsequent research on half-
duplex two-way relaying (HD-TWR) [17], [18], [28] investi-
gates bidirectional communication, thereby reducing latency
and improving spectral efficiency compared to convention-
al one-way relaying. Although these studies report notable
performance gains, they also reveal persistent limitations.
The half-duplex constraint inherently reduces throughput
compared to full-duplex systems, and the effectiveness of
HD-TWR is further challenged by channel estimation errors,
synchronization difficulties, and relay processing overhead.
Furthermore, none of the existing HD-TWR works mentioned
above has explored the integration of advanced coding tech-
niques such as rateless codes and digital network coding,
which holds significant promise for enhancing adaptability,

reliability, and overall network performance. This research
gap indicates that current HD and HD-TWR frameworks are
insufficient to provide scalable, secure, and energy-efficient
solutions for WSNs and next-generation wireless networks,
thus motivating integrated approaches that jointly exploit
relaying, coding, and network optimization to achieve practi-
cal improvements in efficiency, robustness, scalability, and
secrecy performance.

2.2. Digital Network Coding and Rateless Codes

Digital network coding, typically implemented through XOR
operations at the relay, reduces the number of transmission
phases by combining packets from different sources, thus
improving throughput, spectral efficiency, and latency in
wireless communication systems [18], [19]. Despite these
benefits, DNC remains sensitive to synchronization errors,
imperfect channel estimation, and error propagation, which
limit its robustness in practical scenarios.
Rateless codes extend the principle to generate an unlimited
stream of coded packets, allowing receivers to decode once
a sufficient number of symbols has been collected [29]. In
general, RCs encompass a broad class of coding schemes such
as Luby transform (LT), raptor, and random linear network
coding (RLNC). In RLNC, each encoded packet is a random
linear combination of source packets over a finite field.
In this paper, we consider a generic RC model without specify-
ing the exact encoding structure, focusing on OP performance
rather than decoding complexity. This general formulation
allows the proposed framework to capture the performance
behavior of various RC schemes without being restricted to
a specific encoding algorithm. This rateless property not on-
ly enhances adaptability, reliability, and outage performance
in time-varying channels but also provides inherent phys-
ical layer security (PLS), since eavesdroppers who do not
accumulate enough packets cannot reconstruct the original
data.
Recent studies confirm that CR can improve secrecy capacity,
increase secrecy throughput, and reduce the probability of
secrecy outages by exploiting channel asymmetry [18], [20],
[22], [24], [30]. However, RC also suffers from decoding
complexity, signaling overhead, and delay, particularly in
large-scale networks. Although the integration of RC and
DNC in full-duplex two-way relaying (FD-TWR) has been
investigated [18], OP analysis has not been addressed. This
gap provides the main motivation for the present work.

2.3. Relay Node Placement

Node deployment and relay selection are fundamental design
aspects in cooperative wireless networks, as they directly
influence coverage, reliability, and spectral efficiency [3],
[5], [7], [8], [31]. However, none of the existing studies
have evaluated network performance in terms of OP for
HD-TWR systems that employ integrated RC and DNC.
Given that OP is a critical metric for assessing link reliability
under realistic channel conditions, its absence in previous
research represents a significant gap. Therefore, it is essential
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Fig. 1. The HD-TWR model using DNC and RC.

to conduct a comprehensive study on OP improvement of OP
in HD-TWR systems with RC-DNC, providing deeper insight
into system performance and reliability.
In summary, although HD-TWR has been widely studied,
existing works have not incorporated advanced coding tech-
niques such as RC and DNC, which could jointly improve
adaptability, efficiency, and secrecy performance. On the
contrary, research on RC and DNC has primarily addressed
throughput, spectral efficiency, or physical layer security, but
has not considered their integration into HD-TWR frame-
works. Additionally, these studies typically overlook critical
system-level aspects such as relay node deployment and place-
ment optimization, which have a direct impact on coverage,
reliability and OP. This gap indicates that current approaches
remain insufficient to achieve robust and scalable performance
in realistic network scenarios.
Motivated by these limitations, this article investigates the
joint application of RC and DNC in HD-TWR systems, with
a particular focus on evaluating and improving OP under dif-
ferent operating conditions. Additionally, we analyze the effect
of relay node placement through simulation-based parame-
ter adjustment, providing insights into optimal deployment
strategies for improved system performance.
The relay node is assumed to be located along the line between
S1 and S2. Let xR denote its normalized position, where
xR = 0 and xR = 1 correspond to the locations of S1 and
S2, respectively. The effect of the placement of the relay on
the outage probability is analyzed by varying xR in the range
{0,1}.

3. System Model

The system model using the HD-TWR relaying strategy
combined with DNC-RC techniques (denoted as SM3P) is
shown in Fig. 1. Two nodes, S1 and S2, exchange data via a
relay R. Using RC, S1 and S2 split the original message into
equal-size packets and XOR one or multiple selected packets
to produce encoded packets.
Figure 1 depicts the process of exchanging encoded packets
between S1 and S2, where x1(x2) represents an encoded
packet of S1(S2) that needs to be sent to S2(S1). Specifically,
in the first phase, S1 transmits x1 to R, and in the subsequent
phase,S2 transmits x2 toR. IfR successfully decodes both x1
and x2, it performs the XOR operation as follows: x3 = x1⊕
x2. Subsequently, R transmits x3 to both S1 and S2. Upon
successfully decoding x3, S1(S2) can retrieve the desired
x2(x1) using the operation: x1 ⊕ x3 = x2 (x2 ⊕ x3 = x1).

To successfully recover each other’s original information, S1
and S2 are assumed to receive at least H packets without
errors. Moreover, due to latency constraints, S1 and S2 can
attempt to exchange their information packets x1 and x2
through at most Q transmission rounds, where Q ­ H . The
transmission is considered successful if at least H out of Q
encoded packets are correctly received and decoded. Indeed,
upon the completion of data transmission, if S1(S2) has not
received the required number of packets, it will fail to recover
the original information of S2(S1), leading to an outage. It is
also assumed that devices S1, S2, and R are equipped with a
single antenna and that all transmission channels experience
Rayleigh fading.
Additionally, this paper considers block fading channels,
where the channel between two nodes remains constant within
a phase but changes independently in subsequent transmission
phases.
Considering data transmission in phase 1, the channel capacity
between S1 and R is given by:

CS1→R =
1
3
log2

(
1 +
P1γS1→R
σ20

)
, (1)

where, 13 indicates that the transmission of each encoded
packet occurs over three orthogonal time slots. The transmit
power of S1 is denoted as P1, while γS1→R represents the
channel gain between the nodes in phase 1. Additionally,
σ20 denotes the power of the additive white Gaussian noise
(AWGN) at R (as well as at other receiving devices).
If CS1→R ­ Cth, we assume that R can successfully de-
code x1, where Cth is a predefined threshold. Conversely,
if CS1→R < Cth, x1 cannot be decoded at R. Similarly, the
channel capacity between S2 and R is given by:

CS2→R =
1
3
log2

(
1 +
P2γS2→R
σ20

)
, (2)

where P2 is the transmit power of S2, and γS2→R represents
the channel gain between the nodes in phase 2.
Similar to x1, if CS2→R ­ Cth, the packet x2 is successfully
decoded at node R. Otherwise, node R fails to decode x2.
Consequently, there exist four distinct cases regarding the
decoding capability of node R for x1 and x2:
• Case 1: Neither x1 nor x2 is successfully decoded.

In this scenario, CS1→R < Cth and CS2→R < Cth. As
a result, node R cannot transmit any encoded packet in
phase 3 since both x1 and x2 are erroneously decoded (i.e.,
sources S1 and S2 do not receive any encoded packet).

• Case 2: x1 is successfully decoded, while x2 is not.
In this case, CS1→R ­ Cth and CS2→R < Cth. Con-
sequently, R will transmit x1 to S2 in phase 3, and the
achievable channel capacity is:

CR→S2 =
1
3
log2

(
1 +
P3γR→S2
σ20

)
, (3)

where P3 is the transmit power of R, and γR→S2 denotes
the channel gain between R and S2.

• Case 3: x2 is successfully decoded, while x1 is not.
In this scenario, CS1→R < Cth and CS2→R ­ Cth. Thus,
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R will forward x2 to S1 in phase 3, and the achievable
channel capacity is:

CR→S1 =
1
3
log2

(
1 +
P3γR→S1
σ20

)
, (4)

where γR→S1 represents the channel gain between R and
S1.

• Case 4: Both x1 and x2 are successfully decoded.
This case has been described earlier, where CS1→R ­ Cth
and CS2→R ­ Cth. In this situation, R will transmit x3 to
both S1 and S2, and the corresponding channel capacities
are given by:

CR→S1 =
1
3
log2

(
1 +
P3γR→S1
σ20

)
,

CR→S2 =
1
3
log2

(
1 +
P3γR→S2
σ20

)
.

(5)

4. Outage Probability Analysis

In this section, section a mathematical analysis of the outage
probability at S1 and S2, which represents the probability
that S1(S2) fails to receive H encoded packets from S2(S1).
Given that the transmission channels experience Rayleigh
fading, the channel gain between the transmitting node A and
the receiving node B, where A,B ∈ {S1, S2, R}, follows
the distributions:

FγA→B (x) = 1− exp(−λA,Bx),
fγA→B (x) = λA,B exp(−λA,Bx),

(6)

where FγA→B (x) and fγA→B (x) denote the cumulative dis-
tribution function (CDF) and probability density function
(PDF) of the channel gain γA→B , respectively. Here, λA,B =
(dA,B)β [22], with dA,B representing the distance between
A and B, and β being the path loss exponent, where λ is the
exponential parameter. In Rayleigh fading, the instantaneous
SNR γ = P |h|2/N0 follows an exponential distribution with
mean λ−1. Therefore, λ corresponds to the inverse of the
average SNR parameter.
A packet x2 fails to reach S1 if at least one of the two links,
S2 → R or R→ S1, does not meet the required quality, i.e.,
CS2→R < Cth or CR→S1 < Cth. Consequently, the proba-
bility that an encoded packet from S2 cannot be successfully
transmitted to S1 is expressed as:

θS1 = Pr(CS2→R ­ Cth ∪ CR→S1 ­ Cth)
= 1− Pr(CS2→R > Cth ∩ CR→S1 > Cth)
= 1− Pr(CS2→R > Cth) Pr(CR→S1 > Cth) .

(7)

Substituting the results from Eqs. (2) and (4) into Eq. (7), we
obtain:
θS1 = 1− Pr(γS2→R > ρ2) Pr(γR→S1 > ρ3)

= 1−
(
1− FγS2→R(ρ2)

)(
1− FγR→S1 (ρ3)

)
,

(8)

where:

ρ2 =

(
23Cth − 1

)
σ20

P2
, ρ3 =

(
23Cth − 1

)
σ20

P3
. (9)

By substituting the CDF functions from Eq. (6) into Eq. (8),
we obtain:

θS1 = 1− exp (−λS2,Rρ2) exp (−λS1,Rρ3) . (10)

Similarly, the probability that an encoded packet from S1 fails
to be successfully transmitted to S2 is given by:

θS2 = Pr (CS1→R ¬ Cth ∪ CR→S2 ­ Cth)
= 1−

(
1− FγS1→R (ρ1)

) (
1− FγR→S1 (ρ3)

)
= 1− exp (−λS1,Rρ1) exp (−λS1,Rρ3) ,

(11)

where ρ1 =
(
23Cth − 1

)
σ20

P1
.

After the packet exchange process, let n1 and n2 denote
the number of packets successfully received at S1 and S2,
respectively. Considering S2, the original information from
S1 can be successfully reconstructed if n2 ­ H . If n2 < H ,
then S2 fails to reconstruct the information, resulting in an
outage. Using Eq. (11), the OP at S2 is derived as:

OPSM3PS2 =
H−1∑
n2=0

Cn2Q (1− θS2)
n2 (θS2)

Q−n2

=
H−1∑
n2=0

Cn2Q exp (−n2λS1,Rρ1 − n2λS1,Rρ3)

× [1− exp (−λS1,Rρ1 − λS1,Rρ3)]
Q−n2 ,

(12)

where Cn2Q =
Q!

n2! (Q− n2)!
denotes the binomial coeffi-

cient.
Note that any subset ofH correctly received packets out of
Q total attempts is sufficient for successful decoding.
Similarly, the outage probability at the source S1 is given by
the following exact closed-form expression:

OPSM3PS1 =
H−1∑
n1=0

Cn1Q (1− θS1)
n1 (θS1)

Q−n1

=
H−1∑
n1=0

Cn1Q exp (−n1λS2,Rρ2 − n1λS1,Rρ3)

× [1− exp (−λS2,Rρ1 − λS1,Rρ3)]
Q−n1 .

(13)

Next, the conventional four-phase HD-TWR model, referred
to as SM4P will be analysed. In this model, the first two trans-
mission phases are used to transmit x1 from S1 through R to
S2, while the remaining two phases are used to transmit x2
from S2 through R to S1. Due to the four-phase transmission
scheme, the channel capacity of the links is determined as
follows:

C∗S1→R =
1
4
log2

(
1 +
P1γS1→R
σ20

)
,

C∗R→S2 =
1
4
log2

(
1 +
P3γR→S2
σ20

)
,

C∗S2→R =
1
4
log2

(
1 +
P2γS2→R
σ20

)
,

C∗R→S1 =
1
4
log2

(
1 +
P3γR→S1
σ20

)
.

(14)
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Using the same analytical approach as in SM3P, the proba-
bilities that S1 and S2 fail to achieve a single encoded packet
are given as follows:

θ∗S1 = Pr (C
∗
S2→R ¬ Cth ∪ C

∗
R→S1 ¬ Cth)

= 1− exp (−λS2,Rθ2) exp (−λS1,Rθ3) ,
θ∗S2 = Pr (C

∗
S1→R ¬ Cth ∪ C

∗
R→S2 ¬ Cth)

= 1− exp (−λS1,Rθ2) exp (−λS1,Rθ3) ,

(15)

where:
θ1 =

(24Cth − 1)σ20
P1

,

θ2 =
(24Cth − 1)σ20

P2
,

θ3 =
(24Cth − 1)σ20

P3
.

(16)

Subsequently, the OP at S1 and S2 in SM4P is respectively
given by the following exact closed-form expressions:

OPSM4PS1 =
H−1∑
n1=0

Cn1Q (1− θ
∗
S1)
n1 (θ∗S1)

Q−n1

=
H−1∑
n1=0

Cn1Q exp (−n1λS2,Rθ2 − n1λS1,Rθ3)

×
[
1− exp (−λS2,Rθ2 − λS1,Rθ3)

]Q−n1
,

(17)

OPSM4PS2 =
H−1∑
n2=0

Cn2Q (1− θ
∗
S2)
n2 (θ∗S2)

Q−n2

=
H−1∑
n2=0

Cn2Q exp (−n2λS1,Rθ1 − n2λS1,Rθ3)

×
[
1− exp (−λS1,Rθ1 − λS1,Rθ3)

]Q−n2
,

(18)

Before proceeding to Section 5, we consider the power allo-
cation problem for S1, S2, and R, formulated as follows:

P1 + P2 + P3 = P . (19)

Equation (19) implies that the total transmit power of all
nodes is constrained to P , and we need to allocate P1, P2,
and P3 to achieve optimal OP performance.
First, considering that S1 and S2 are typically identical de-
vices, we assume equal transmit power for both, i.e., P1 =
P2 = PS . Consequently, Eq. (19) simplifies to 2PS+P3 = P .
Therefore, if we set PS = µP , the transmit power of R is
given by PR = P3 = (1− 2µ)P , where µ (0 < µ < 0.5) is
a predetermined coefficient.

5. Simulation Results and Discussions

In this section, we perform Monte Carlo simulations to verify
the derived OP formulas, such as (12), (13), (17), and (18).
Consider the axis Ox, where S1, S2, and R have coordinates
S1(0), S2(1), and R(xR), respectively, with 0 < xR < 1.
Given these positions, the distance between S1 and S2 is
fixed at 1, while R moves between S1 and S2. The distances
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Fig. 2. Outage probability vs. transmit power (in decibels) with
H = 4, Q = 5, xR = 0.35, and µ = 0.35.

between R and the sources are expressed as dS1,R = xR and
dS2,R = 1− xR.
To focus on investigating the impact of key parameters, we fix
the following system parameters: noise power σ20 = 1, outage
threshold Cth = 1, and path-loss exponent β = 3.
Figure 2 plots the OP of S1 and S2 in both SM3P and SM4P
models versus P [dB]. In Fig. 2, the system parameters are set
asH = 4,Q = 5, xR=0.35, and µ=0.35. With µ=0.35, the
transmit powers of the nodes are PS=0.35P and PR=0.3P .
Figure 2 shows that the OP of both S1 and S2 decreases as P
increases because higher P leads to higher PS and PR. We
also observe that the OP of S1 and S2 in SM3P is lower than
in SM4P since SM3P uses only three transmission phases.
Furthermore, in both SM3P and SM4P, the OP of S1 is
lower than that of S2. This is because the transmit power
of R is smaller than that of the source nodes (PS > PR).
Additionally, R is farther from S2, so the packet transmission
from R to S2 in phase 3 is less reliable than from R to S1.
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Fig. 3. Outage probability vs. transmit power (in decibels) with
H = 5, Q = 5, xR = 0.6, and µ = 0.4
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The results in Fig. 2 also demonstrate excellent agreement
between simulation and theory, validating the accuracy of the
derived Eqs. (12), (13), (17), and (18) presented in Section 4.
Figure 3 illustrates the OP of S1 and S2 in SM3P and SM4P
versus P [dB] withH = 5, Q = 5, xR = 0.6, and µ = 0.4.
Similarly, SM3P achieves lower OP at both sources compared
to SM4P. However, the OP at S2 in both SM3P and SM4P
is lower than at S1. As explained for Fig. 2, this is because
PS = 0.4P > PR = 0.2P , and R is closer to S2 than to S1,
resulting in lower OP at S2.
Figure 4 plots the OP at the sources as a function of the
maximum number of retransmissions Q for P = 10 dB,
H = 3, xR = 0.55, and µ = 0.3. As expected, the OP of all
sources decreases as Q increases. Figure 4 also shows that
the OP of SM3P and SM4P decreases faster with increasing
Q. Moreover, the OP in SM3P decreases more rapidly than
in SM4P. Thus, to enhance reliability (i.e., reduce OP) in
SM3P and SM4P, we can increase Q. For example, in SM3P,
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H = 4, Q = 7, and µ = 0.3.
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Q ­ 8 is required to achieve OP < 0.001 at both sources.
However, increasing Q also raises the network delay and
energy consumption.
Figure 5 analyzes the impact of relay position xR on system
performance with P = 10 dB,H = 4, Q = 7, and µ = 0.3.
The results show that xR significantly affects the OP at S1 and
S2 in both SM3P and SM4P. Specifically, when xR < 0.5,
the OP at S2 is lower than at S1. Conversely, for xR > 0.5,
OPSM3PS1

< OPSM3PS2
and OPSM4PS1

< OPSM4PS2
. At

xR = 0.5 (i.e., R is equidistant to both sources), the OP is
balanced and minimized. Thus, placing R midway optimizes
outage performance.
Figure 6 investigates the effect of µ on the OP in SM3P and
SM4P with P = 10 dB,H = 3,Q = 6, and xR = 0.5. Here,
R is centered to ensure symmetric performance. The results
reveal that µ critically influences the OP, and an optimal
µ = 13 exists where PS = PR = P3 , minimizing the OP. Due
to the complexity of the OP expressions, a rigorous proof of
this optimum will be addressed in future work.

6. Conclusions

This paper proposed and analyzed a novel half-duplex two-
way relaying (HD-TWR) framework incorporating digital
network coding and rateless codes, with a focus on evaluating
outage probability under different operating scenarios. The
three-phase (SM3P) and four-phase (SM4P) schemes were
investigated and closed-form OP expressions were derived,
providing useful analytical tools for system optimization.
The simulation results demonstrate that the optimal relay
position lies at the midpoint between the two sources, while
the equal allocation of power between the nodes achieves the
best outage performance.
Furthermore, increasing the maximum number of transmis-
sion attempts at the sources can enhance OP, though at the cost
of higher latency and energy consumption. These findings
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highlight the effectiveness of the proposed RC-DNC-based
HD-TWR model in improving reliability and efficiency, while
also providing practical guidelines for relay placement and
resource allocation in cooperative wireless networks.
The proposed analysis is based on idealized assumptions
with independent Rayleigh fading and equal retransmission
probabilities. In practice, packet errors may be correlated,
and the error rate may remain approximately constant within
certain transmit power ranges due to hardware limitations.
However, the analytical trends derived here provide valu-
able qualitative information on how power allocation and
relay placement affect system reliability. Despite these sim-
plifications, the proposed model offers a tractable analytical
foundation that can be extended to more realistic correlated-
fading scenarios in future work.
For future work, the investigation of three-phase and four-
phase HD-TWR models with advanced relay selection strate-
gies, such as partial relay selection and optimal relay selec-
tion [7], [31], is suggested, as these approaches are expected to
further enhance performance. Furthermore, the extension of
the proposed framework to two-phase FD-TWR systems with
RC-DNC integration will be considered to explore additional
improvements in network performance.
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