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ABSTRACT 

This paper studies the symbol error rate (SER) performance of a wireless-powered device-to-device (D2D) 

communication system operating under a time-switching (TS) protocol in the presence of multiple co-channel 

interferers (CCI). The considered model involves a battery-less source harvesting energy from multiple dedicated 

power beacons and transmitting to a multi-antenna destination over quasi-static Rayleigh fading channels. Both 

selection combining ( 𝑆𝐶 ) and maximal ratio combining ( 𝑀𝑅𝐶 ) schemes are examined at the destination. In 

addition to the SER analysis, the outage probability (OP) performance is also investigated based on the derived 

cumulative distribution functions (CDFs), providing a complementary perspective on system reliability. The 

analysis focuses on the impact of key system parameters, including the interference power level, interferer-to-

destination distance, energy harvesting efficiency, and modulation type, on the overall performance. 

Comprehensive simulation results are presented to validate the analytical derivations and to demonstrate the 

effects of these parameters on both SER and OP. The obtained results offer valuable insights into the design of 

energy-constrained D2D systems operating in spectrum-sharing environments, serving as a reference for future 

enhancements and practical deployments. 

KEYWORDS 

Co-channel interference, Energy harvesting, Device-to-device, Symbol error rate. 

1. INTRODUCTION

The Internet of Things (IoT) has emerged as a groundbreaking paradigm, enabling seamless 

interconnection between physical objects, sensors, and digital systems, allowing them to collect, 

process, and exchange data with minimal human intervention [1,2,3]. With the rapid development of 

smart cities, intelligent transportation, environmental monitoring, and industrial automation, IoT 

networks have become an indispensable part of modern life. The evolution toward fifth-generation (5G) 

and upcoming sixth-generation (6G) wireless networks promises ultra-reliable communications, low 

latency, massive device connectivity, and ubiquitous coverage, further accelerating IoT adoption [4, 5, 

6]. However, the large number of IoT devices poses a significant challenge - most of these devices are 

powered by batteries with limited energy-storage capacity [7]-[8]. In many applications, such as remote 

sensing, underground monitoring, or post-disaster recovery scenarios, replacing or recharging batteries 

is impractical, costly, or even impossible. Therefore, ensuring long-term network operation without 

manual intervention has become a key research direction. 

In this context, Wireless Power Transfer (WPT) has emerged as a promising technology to address the 

challenge of limited battery life in future wireless networks, especially for the large-scale deployment 

of low-power IoT devices. By leveraging Energy Harvesting (EH) techniques, wireless network nodes 

can capture energy from ambient radio frequency (RF) signals or dedicated power sources, thereby 

enabling sustainable operation without frequent battery replacement [9], [10]. This has motivated a large 

body of research focused on analyzing, evaluating, and optimizing the performance of EH-enabled 

systems in various communication scenarios. Several works have examined specific network models 
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supported by dedicated power beacons. For instance, [9] analyzes the outage performance of a symbiotic 

radio network assisted by a power beacon, thereby clarifying the impact of energy harvesting on data-

transmission capability. Similarly, [10] investigates physical layer security in IoT networks with 

multiple power beacons, evaluating the secrecy outage probability (SOP) under different energy 

configurations. For large-scale IoT networks, [11] employs stochastic geometry to analyze the coverage 

probability of EH-enabled LoRa networks, shedding light on the effects of node density, spatial 

distribution, and signal strength on connectivity. Beyond terrestrial networks, EH has also been 

integrated into unmanned aerial vehicle (UAV) communications, where energy supply is a severe 

limiting factor. [12] reveals the inherent trade-off between reliability and security in UAV systems 

supported by EH relays, providing design guidelines to balance these two objectives. In the field of non-

orthogonal multiple access (NOMA), [13] analyzes the uplink and downlink performance of EH-enabled 

NOMA systems, providing exact expressions for throughput and outage probability (OP). Extending 

further, [14] proposes a statistical model for the sum of double random variables and applies it to 

optimize the performance of NOMA systems assisted by simultaneous transmitting and reflecting 

reconfigurable intelligent surfaces (STAR-RIS), demonstrating their capability to enhance EH system 

efficiency and flexibility. Furthermore, physical layer security has also been a central focus in EH 

research. The work in [15] introduces a friendly jammer to improve security in wireless sensor networks 

while analyzing the SOP. Similarly, [16] investigates a self-energy recycling model in full-duplex 

decode-and-forward (DF) relay networks, jointly evaluating security and reliability. In another direction, 

[17] investigates the performance of an EH full-duplex relay system employing multi-antenna

techniques and cooperative diversity. It analyzes key metrics, such as outage probability and bit error 

rate under various fading conditions using transmit-antenna selection, maximal-ratio combining, and 

power splitting schemes. Moreover, [18] provides exact and upper-bound capacity analysis for full-

duplex DF EH networks with a hybrid time power switching relaying (TPSR) protocol, establishing the 

theoretical foundation for protocol optimization. In addition to long-packet systems, [19] focuses on 

short-packet communication (SPC) in EH-enabled IoT networks, where latency and reliability become 

critical determinants of system performance. With its outstanding benefits in energy sustainability, 

performance enhancement, and security support, EH is becoming an indispensable component in the 

design and optimization of modern wireless networks. 

In addition to sustaining long-term operation, IoT and 5G/6G networks also demand communication 

mechanisms that offer flexibility, spectral efficiency, and high reliability. Among these, Device-to-

Device (D2D) communication is a key enabling technology, allowing nearby user pairs to connect 

directly without routing through a base station (BS). This mechanism reduces latency, improves spectral 

efficiency, alleviates cellular network load, and enhances both energy efficiency and system throughput 

[20], [21]. Depending on spectrum usage, D2D can operate in in-band mode - sharing licensed spectrum 

with cellular users - or out-band mode - utilizing unlicensed spectrum [20], [21]. Among these, in-band 

underlay D2D has been extensively studied due to its efficient spectrum reuse, although it requires strict 

control over interference caused to cellular networks. For example, [22] analyzes the OP, average rate, 

and amount of fading (AoF) of underlay D2D networks under three different power-allocation strategies, 

showing that path-loss-based allocation outperforms equal or random allocation. For energy-constrained 

devices, EH has been integrated into D2D as a promising solution. [23] proposes a D2D model supported 

by a power beacon and cooperative jamming from multiple nodes to enhance physical layer security, 

providing closed-form expressions for OP, intercept probability (IP), and SOP. Moreover, [24] 

combines partial NOMA with backscatter communication (BackCom) to improve both energy and 

spectral efficiency in D2D, deriving closed-form OP expressions over Rayleigh fading channels. Relay-

aided D2D has also received strong attention for its ability to extend coverage and improve reliability 

in both one-way relaying (OWR) and two-way relaying (TWR) modes [25]. Research shows that 

resource allocation, relay selection, and power optimization should be integrated with EH and machine- 

learning (ML) algorithms to achieve superior performance [25], [26]. In resource optimization, methods 

such as bee-colony optimization [27] or distributed resource allocation based on reinforcement learning 

(RL) [26] have proven effective in improving throughput, spectral efficiency, and fairness. Meanwhile, 

security remains a major challenge due to the direct connectivity of D2D. [28] provides a comprehensive 

analysis of security threats, such as eavesdropping, spoofing, and jamming attacks, while proposing a 

security architecture for next-generation D2D systems. In the IoT context, [29] presents a multi-criteria 

learning algorithm using security sensors to maintain data reliability and integrity in smart environments 

with D2D support. The potential of D2D is further enhanced when combined with emerging 
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technologies, such as reconfigurable intelligent surfaces (RIS) and NOMA [30], which enable 

optimization of the propagation environment and improvement of link quality, while analyzing OP 

under imperfect interference-cancellation conditions. 

However, both D2D and EH systems deployed in high-spectrum reuse environments must contend with 

co-channel interference (CCI), one of the main sources of interference in wireless communication 

systems. 

CCI arises when multiple links share the same frequency channel, which can significantly degrade 

received-signal quality, leading to higher error rates, reduced throughput and compromised system 

reliability. With the increasing network density and aggressive frequency reuse in technologies, such as 

5G, IoT, and satellite networks, analyzing and mitigating the impact of CCI has become an important 

research direction to ensure optimal system performance. Recent works have investigated the presence 

of CCI in various wireless communication scenarios. In [31], CCI at the relay node is considered in a 

cooperative SPC system with transmit-antenna selection and beamforming, analyzing the block error 

rate (BLER) and proposing an optimal power allocation strategy. [32] extends the SPC analysis to 

single-hop systems with CCI at the destination, providing exact and asymptotic closed-form expressions 

for BLER. In the IoT domain, [35] investigates a two-way relaying NOMA (TWR-NOMA) system with 

a power beacon, analyzing the effects of CCI on OP, throughput, and ergodic capacity and incorporating 

optimization and deep-learning techniques to improve performance. In addition, [33] analyzed the 

performance of EH-enabled D2D systems under co-channel interference, while [34] investigated the 

outage probability and error rate of wireless-powered communication networks operating in 

interference-limited environments, emphasizing the impact of energy-harvesting efficiency and 

interference power on system reliability. 

In summary, with the rapid development of advanced wireless communication techniques, such as EH, 

diversity combining, and interference management, the performance of many current systems has been 

significantly improved in terms of reliability, energy efficiency, and interference resilience. Numerous 

recent studies have contributed to this progress by investigating various network architectures and 

operating conditions. For instance, several recent works have provided new insights into energy-

harvesting (EH) and interference-limited systems under different scenarios. Specifically, [45] 

investigated the physical layer security of EH-enabled IoT networks with hardware impairments, while 

[46] analyzed outage and throughput performance in backscatter-assisted SWIPT systems. [47]

presented a secure and covert communication framework for energy-harvesting relay IoT networks, 

while [48] examined the joint optimization of resource allocation and energy efficiency in STAR-RIS-

assisted networks. In addition, [49] explored the outage behavior of NOMA-enabled UAV systems 

under imperfect channel conditions, whereas [50] analyzed short-packet transmissions for EH-based IoT 

systems considering reliability-latency trade-offs. Meanwhile, [35] proposed and evaluated a PB- and 

NOMA-assisted cooperative IoT network under CCI, while [36] analyzed the outage performance of 

satellite-terrestrial full-duplex relaying networks with CCI and further applied deep learning for 

performance prediction. [37] examined the outage probability of an EH-based cooperative NOMA 

network with a direct link, whereas [38] presented performance analysis and optimal design of a time-

switching EH protocol for MIMO full-duplex DF relay networks employing different diversity 

techniques. Similarly, [39] exploited the direct link in two-way half-duplex sensor networks over block 

Rayleigh fading to derive an upper bound of the ergodic capacity and provide an exact SER analysis. 

The impact of CCI has also been investigated in other contexts, such as IRS-assisted communications 

[40], multisource cooperative networks assisted by UAV relays [41] and dual-hop mixed RF/FSO 

relaying systems with both CCI and pointing errors [42]. Moreover, [43] addressed short-packet 

communications for relay systems with CCI at the relay, offering performance analysis and power-

control strategies, while [44] explored the second-order statistics for IRS-assisted multi-user vehicular 

networks with CCI. However, despite these advancements, our literature survey reveals a lack of 

comprehensive studies that evaluate the performance of systems simultaneously integrating PB-assisted 

EH, multi-antenna diversity reception and the effects of CCI-particularly when combining both selection 

combining (SC) and maximal ratio combining (MRC) techniques. Motivated by this research gap, we 

propose a unified system model in which an energy-constrained source node harvests energy from a PB 

to transmit information to a multi-antenna destination in the presence of multiple CCI sources. 

Furthermore, to provide a more comprehensive evaluation, the study focuses on analyzing and 

computing the symbol error rate (SER) under both SC and MRC techniques, thereby offering deeper 
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insights into the impact of interference and the effectiveness of each diversity-reception method. In the 

context of increasingly scarce spectrum resources and the inevitable interference from existing wireless 

systems, analyzing and optimizing system performance under such conditions holds both scientific 

significance and practical value. 

The main contributions of this paper can be summarized as follows: 

 This work investigates the impact of co-channel interference (CCI) on the performance of

wireless-powered D2D systems, where a batteryless source harvests energy from dedicated 

power beacons (PBs) and utilizes this harvested energy to communicate with a multi-antenna 

destination in the presence of multiple interferers. 

 The analysis includes both the symbol error rate (SER) and the outage probability (OP)

performance under two receive combining techniques at the destination; namely, selection 

combining (SC) and maximal ratio combining (MRC). New closed-form expressions for both 

SER and OP are derived, capturing the effects of multiple interference sources and various key 

system parameters. 

Figure 1. System model. 

 Extensive numerical and Monte Carlo simulation results are provided to validate the analytical

derivations. The results offer valuable design insights into the trade-offs between reliability and 

energy efficiency, revealing, for instance, the performance advantage of MRC over SC, the 

influence of energy-harvesting efficiency on both SER and OP and the sensitivity of system 

performance to interference power levels. 

Table 1. Comparison of the uniqueness of our research to related articles. 

Context EH SC MRC Multi-antenna CCI SER 

Paper [17] ✓ ✓ ✓ ✓ ✓ 

Paper [35] ✓ ✓ 

Paper [37] ✓ ✓ ✓ 

Paper [38] ✓ ✓ ✓ 

Paper [39] ✓ ✓ 

Paper [40] ✓ ✓ 

Paper [41] ✓ ✓ ✓ 

Paper [42] ✓ ✓ ✓ ✓ 

Paper [43] ✓ ✓ ✓ 

Paper [44] ✓ ✓ 

This paper ✓ ✓ ✓ ✓ ✓ ✓ 
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The remainder of the paper is organized as follows. Section 2 gives an overview of the system model. 

Section 3 presents the information-theoretic mathematical framework, guiding on how to achieve the 

SER. Section 4 presents numerical results and discussions to validate the developed framework as well 

as deeply explore the impacts of system key parameters, while Section 5 provides concluding remarks. 

2. SYSTEM MODEL

We consider a wireless-powered D2D communication system, as illustrated in Fig. 1, where a batteryless 

source node 𝑆 communicates with a multi-antenna destination node 𝐷 in the presence of multiple co-

channel interferers. The source harvests energy from a dedicated power beacon (P) during the EH phase 

and then reuses this harvested energy to transmit information to the destination in the information-

transmission phase, following the time-switching (TS) protocol depicted in Fig. 2. The system operates 

over a quasi-static flat Rayleigh fading environment, where channel coefficients remain constant during 

each transmission block, but vary independently between blocks. In addition to the intended signal, the 

destination also receives undesired signals from 𝑀 interfering transmitters operating on the same 

frequency band, which cause CCI. Such a setting captures a realistic scenario in spectrum-constrained 

environments, where D2D communications coexist with other wireless systems and must operate under 

both energy limitations and interference conditions. 

Let us denote ℎPS, ℎSD𝑛 , ℎI𝑚D as channel coefficients of the direct link from source node P to destination

node D, and P → S, S → D𝑛, I𝑚 → D, links, respectively. Assume that ℎX, X ∈ {PS, SD𝑛, I𝑚D} are

Rayleigh fading channels, channel gains 𝛾X = |ℎX|
2 are exponential random variables (RVs) whose

probability density function (PDF) and cumulative distribution function (CDF) are given as, 

respectively. 

Figure 2. Time switching. 

𝑓𝛾X(𝑥) = 𝜆Xexp⁡(−𝜆X𝑥)

𝐹𝛾X(𝑥) = 1 − exp⁡(−𝜆X𝑥)
       (1) 

where 𝜆X is the mean of 𝛾X. To consider a simple-path loss model, 𝜆X can be modeled by 𝜆X = (𝑑X)
𝜒,

where 𝑑X is the distance between two correspondence nodes and 𝜒 is the path-loss exponent. In the

energy-harvesting phase, firstly 𝑆 will harvest the energy from 𝑃 and then, energy at 𝑆 can be expressed 

as: 

ES = 𝜂𝛼T𝑃P𝛾PS (2) 

Then, the transmit power of S can be formulated as: 

PS =
ES

(1 − 𝛼)T
=
𝜂𝛼𝑃P𝛾PS
(1 − 𝛼)

= 𝜅𝑃P𝛾PS (3) 

where, 𝜅 =
𝜂𝛼

(1−𝛼)

In the data-transmission phase, S transmits unit power signals 𝑥S to the nth D; i.e., 𝑛𝑡ℎ, where E{|𝑥S|
2} =

1 is the expectation operator. 

The received signal at 𝑛th D is given as follows: 
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𝑦D𝑛 = √𝑃SℎSD𝑛𝑥S⏟      
signal 

+√𝑃I ∑

𝑀

𝑚=1

ℎI𝑚D𝑥I𝑚
⏟   

interference 

+𝑛D𝑛⏟  
noise 

(4) 

where 𝑛D𝑛 is the AWGN with zero mean and variance 𝑁0. The received signal-to- noise ratio (SNR) at

the 𝑛th D in this phase can be thus calculated by: 

𝛾D𝑛 = √
E{∣ signal|2}

E{∣ interference|2} + E{∣ noise|2}
=

𝑃S𝛾SD𝑛
𝑃I𝛾ID +𝑁0

(5) 

where 𝛾ID = ∑  𝑀
𝑚=1 |ℎI𝑚D|

2
.

Using the fact that 𝑁0 ≪ 𝑃I, then by doing some algebra, by substituting (3) into (5), we have:

𝛾D𝑛 =
𝜅𝑃P𝛾PS𝛾SD𝑛
𝑃I𝛾ID +𝑁0

≈
𝜅ΨP𝛾PS𝛾SD𝑛
ΨI𝛾ID

(6) 

where ΨP =
𝑃I

𝑁0
; ΨI =

𝑃I

𝑁0
. In order to make the paper highly applicable, we examine two situations using 

various diversity technique: 

1. Scenario 1: In the first considered scenario, the destination node 𝐷 employs the SC technique

to process the received signals from its multiple antennas[51]. Specifically, 𝐷 selects the antenna 

branch with the highest instantaneous signal-to-interference-plus-noise ratio (SINR) for 

detection, while discarding the other branches. Therefore, the resulting SINR at 𝐷 can be 

expressed as: 

𝛾D
SC =

𝜅ΨP𝛾PS𝛾SD
SC

ΨI𝛾ID
(7) 

where 𝛾SD
SC = max

1⩽𝑛⩽𝑁
[|ℎSD𝑛|

2
].

2. Scenario 2: In the second scenario, the destination node 𝐷 adopts the MRC technique to exploit

all available antenna branches [52]. In this method, the received signals at different antennas are 

coherently combined after being weighted according to their respective channel gains, thereby 

maximizing the overall SINR at 𝐷. Therefore, the resulting SINR at 𝐷 can be expressed as: 

𝛾D
MRC =

𝜅ΨP𝛾PS𝛾SD
MRC

ΨI𝛾ID
(8) 

where 𝛾SD
MRC = ∑  𝑁

𝑛=1 |ℎSD𝑛|
2
.

3. PERFORMANCE ANALYSIS

3.1 CDF and PDF Derivation 

3.1.1 CDF and PDF of 𝛾𝐒𝐃
𝐒𝐂, 𝛾𝐒𝐃

𝐌𝐑𝐂

Based on [53], the CDF and PDF can be found as, respectively: 

𝐹𝛾SDC(𝑥) = 1 −∑ (𝑁
𝑛
)

𝑁

𝑛=1
(−1)𝑛−1exp⁡(−𝑛𝜆SD𝑥),

𝑓𝛾SD
SC(𝑥) =∑ (𝑁

𝑛
)

𝑁

𝑛=1
× 𝑛𝜆SD(−1)

𝑛−1exp⁡(−𝑛𝜆SD𝑥),

         (9) 

𝐹𝜉(𝑥) =
1

Γ(𝑁)
𝛾(𝑁, 𝜆𝑘𝑥)

𝑓𝜉(𝑥) =
(𝜆SD)

𝑁

Γ(𝑁)
𝑥𝑁−1exp⁡(−𝜆𝑘𝑥)

         (10) 

where Γ(∙) is the Gamma function, as defined in section (8.31) of reference [54], 𝜉 ∈ {𝛾SD
MRC, 𝛾ID}, and

𝑘 ∈ {SD, ID}. 

http://et.al/
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3.1.2 CDF of 𝛾𝐷
𝑆𝐶

𝐹𝛾D
SC(𝑥) = Pr(𝛾D

SC < 𝑥) (11) 

By substituting (7) into (11), we obtain: 

𝐹𝛾D
SC(𝑥) = Pr(

𝜅ΨP𝛾PS𝛾SD
SC

ΨI𝛾ID
< 𝑥)

= ∫ ∫ 𝐹𝛾PS(
𝑥ΨI𝑧

𝜅ΨP𝑦
)𝑓𝛾SD

SC(𝑦)𝑓𝛾ID(𝑧)𝑑𝑦𝑑𝑧
+∞

0

+∞

0

   (12) 

By substituting (9) into (12), we obtain: 

𝐹𝛾DSC
(𝑥) = ∫

+∞

0
∫
+∞

0
𝐹𝛾PS(

𝑥ΨI𝑧

𝜅ΨP𝑦
)𝑓𝛾SD

SC(𝑦)𝑓𝛾ID(𝑧)𝑑𝑦𝑑𝑧

= 1 −∫ ∫ {
exp⁡(

−𝜆PS𝑥ΨI𝑧

𝜅ΨP𝑦
)∑ (𝑁

𝑛
)

𝑁

𝑛=1
× 𝑛𝜆SD(−1)

𝑛−1exp⁡(−𝑛𝜆SD𝑦)

×
(𝜆ID)

𝑀

Γ(𝑀)
𝑧𝑀−1exp⁡(−𝜆ID𝑧)

}

+∞

0

+∞

0

𝑑𝑦𝑑𝑧
   (13) 

Based on [54] [Eq: 3.324 and 6.643-3], (13) can be figured out as: 

𝐹𝛾DSC
(𝑥) = 1 −∫

+∞

0

 ∫
+∞

0

{

exp⁡(
−𝜆PS𝑥ΨI𝑧

𝜅ΨP𝑦
)∑

𝑁

𝑛=1

  (
𝑁

𝑛
) × 𝑛𝜆SD(−1)

𝑛−1exp⁡(−𝑛𝜆SD𝑦)

×
(𝜆ID)

𝑀

Γ(𝑀)
𝑧𝑀−1exp⁡(−𝜆ID𝑧) }

𝑑𝑦𝑑𝑧

⁡= 1 −∑

𝑁

𝑛=1

 (
𝑁

𝑛
) Γ(𝑀 + 1)(−1)𝑛−1exp⁡(

𝑛𝜆PS𝜆SD𝑥ΨI
2𝜅ΨP𝜆ID

) ×𝑊
−𝑀,

1
2
(
𝑛𝜆PS𝜆SD𝑥ΨI
𝜅ΨP𝜆ID

) (14)

where 𝑊(∙) is the Whittaker function, as defined in section. (9.22) of reference [54]. 

3.1.3 CDF of 𝛾𝐷
𝑀𝑅𝐶

𝐹𝛾D
MRC(𝑥) = Pr(𝛾D

MRC < 𝑥) (15) 

By substituting (8) into (15), we obtain: 

𝐹𝛾D
MRC(𝑥) = Pr(

𝜅ΨP𝛾PS𝛾SD
MRC

ΨI𝛾ID
< 𝑥)

= ∫
+∞

0
∫ 𝐹𝛾PS(

𝑥ΨI𝑧

𝜅ΨP𝑦
)𝑓𝛾SD

MRC(𝑦)𝑓𝛾ID(𝑧)𝑑𝑦𝑑𝑧
+∞

0

           (16) 

By substituting (1) and (10) into (16), we claim: 

𝐹𝛾D
MRC(𝑥) = ∫

+∞

0 ∫
+∞

0
𝐹𝛾PS(

𝑥ΨI𝑧

𝜅ΨP𝑦
)𝑓𝛾SD

MRC(𝑦)𝑓𝛾ID(𝑧)𝑑𝑦𝑑𝑧

= 1 − ∫
+∞

0
∫ {

exp⁡(
−𝜆PS𝑥ΨI𝑧

𝜅ΨP𝑦
)
(𝜆SD)

𝑁

Γ(𝑁)
𝑦𝑁−1exp⁡(−𝜆SD𝑦)

×
(𝜆ID)

𝑀

Γ(𝑀)
𝑧𝑀−1exp⁡(−𝜆ID𝑧)

}

+∞

0

𝑑𝑦𝑑𝑧
(17) 

Based on [54] Eq: 3.471-9 and Eq: 6.643-3, (17) can be figured out as: 

𝐹𝛾D
MRC(𝑥) = 1 −

Γ(𝑀+𝑁)

Γ(𝑁)
(
𝜆SD𝜆PS𝑥ΨI

𝜅ΨP𝜆ID
)
𝑁−1

2 × exp⁡(
𝜆SD𝜆PS𝑥ΨI

2𝜅ΨP𝜆ID
)

×𝑊
−𝑀−

𝑁

2
+
1

2
,
𝑁

2

(
𝜆SD𝜆PS𝑥ΨI

𝜅ΨP𝜆ID
)

(18)
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3.2 Outage-probability (OP) Analysis 

The OP of the system can be thus defined by: 

OP𝜛 = {
Pr(𝛾D

SC < 𝛾th ),𝜛 = SC

Pr(𝛾D
MRC < 𝛾th ),𝜛 = MRC

(19) 

where 𝛾th = 2
Rth − 1 is the threshold of the system and Rth  is the target rate.

3.2.1 Scenario 1: SC Technique Is Employed at the Destination 

The OP for Scenario 1 is given as follows: 

OPSC = Pr(𝛾D
SC < 𝛾th) (20) 

Based on (11) and (14) and by substituting 𝑥 = 𝛾th  into (20), we have:

OPSC = 1 −∑

𝑁

𝑛=1

  (
𝑁

𝑛
) Γ(𝑀 + 1)(−1)𝑛−1exp⁡(

𝑛𝜆PS𝜆SD𝛾thΨI
2𝜅ΨP𝜆ID

) ×𝑊
−𝑀,

1
2
(
𝑛𝜆PS𝜆SD𝛾thΨI
𝜅ΨP𝜆ID

) (21) 

3.2.2 Scenario 2: MRC Technique Is Employed at the Destination 

The OP for Scenario 2 is given as follows: 

OPMRC = Pr(𝛾D
MRC < 𝛾th) (22) 

Based on (15) and (18) and by substituting 𝑥 = 𝛾th  into (22), we have:

OPMRC = 1 −
Γ(𝑀+𝑁)

Γ(𝑁)
(
𝜆SD𝜆PS𝛾thΨI

𝜅ΨP𝜆ID
)
𝑁−1

2 × exp⁡(
𝜆SD𝜆PS𝛾thΨI

2𝜅ΨP𝜆ID
)

×𝑊
−𝑀−

𝑁

2
+
1

2
,
𝑁

2

(
𝜆SD𝜆PS𝛾thΨI

𝜅ΨP𝜆ID
)

       (23) 

3.3 Symbol Error Ratio (SER) Analysis 

Based on [39], SER can be defined as: 

SER = E{𝑎𝑄 (√2𝑏𝛾D
𝜁
)} (24)

where 𝜁 ∈ (SC,MRC),𝑄(𝑡) =
1

√2𝜋
∫  
+∞

𝑡
𝑒−𝑥

2/2𝑑𝑥 is the Gaussian Q-function [55], while a and b are

constants, which are specific for each modulation; (𝑎, 𝑏) = (1,1) for binary phase-shift keying (BPSK) 

and (𝑎, 𝑏) = (1,2) for Quadrature Phase Shift Keying (QPSK). As a result, before obtaining the SER 

performance, the CDF of 𝛾D
𝜁
 is adopted. Then, Equation (24) can be reformulated as follows: 

SER =
𝑎√𝑏

2√𝜋
∫
+∞

0

𝑒−𝑏𝑥

√𝑥
× 𝐹

𝛾D
𝜁(𝑥)𝑑𝑥 (25) 

3.3.1 Scenario 1: SC Technique Is Employed at the Destination 

In this scenario, by substituting (14) into (25), the SER can be analyzed as: 

SERD
SC =

𝑎√𝑏

2√𝜋
∫

𝑒−𝑏𝑥

√𝑥

+∞

0

× {
1 −∑ (𝑁

𝑛
)

𝑁

𝑛=1
Γ(𝑀 + 1)(−1)𝑛−1

exp⁡(
𝑛𝜆PS𝜆SD𝑥ΨI

2𝜅ΨP𝜆ID
) ×𝑊

−𝑀,
1

2

(
𝑛𝜆PS𝜆SD𝑥ΨI

𝜅ΨP𝜆ID
)
}𝑑𝑥

=
𝑎√𝑏

2√𝜋
∫

𝑒−𝑏𝑥

√𝑥

+∞

0

𝑑𝑥
⏟     

Φ1

−
𝑎√𝑏

2√𝜋
∑ (𝑁

𝑛
)

𝑁

𝑛=1
Γ(𝑀 + 1)(−1)𝑛−1∫ (

1

√𝑥
exp⁡(

𝑛𝜆PS𝜆SD𝑥ΨI
2𝜅ΨP𝜆ID

−𝑏𝑥)

×𝑊
−𝑀,

1
2
(
𝑛𝜆PS𝜆SD𝑥ΨI
𝜅ΨP𝜆ID

)
)

+∞

0

𝑑𝑥

⏟            
Φ2

 (26) 

From (26), and after applying [54][Eq: 3.361.2], Φ1 can be calculated as:

http://et.al/
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Φ1 =
𝑎√𝑏

2√𝜋
∫
+∞

0

𝑒−𝑏𝑥

√𝑥
𝑑𝑥 =

𝑎

2
(27) 

Next, Φ2 is expressed by:

Φ2 =
𝑎√𝑏

2√𝜋
∑ (𝑁

𝑛
)

𝑁

𝑛=1
Γ(𝑀 + 1)(−1)𝑛−1∫ (

1

√𝑥
exp⁡(

𝑛𝜆PS𝜆SD𝑥ΨI
2𝜅ΨP𝜆ID

−𝑏𝑥)

×𝑊
−𝑀,

1
2
(
𝑛𝜆PS𝜆SD𝑥ΨI
𝜅ΨP𝜆ID

)
)

+∞

0

𝑑𝑥

=
𝑎√𝑏

2√𝜋
∑ (𝑁

𝑛
)

𝑁

𝑛=1
Γ(𝑀 + 1)(−1)𝑛−1∫ (

𝑥−1/2exp⁡[−𝑥(𝑏−
𝑛𝜆PS𝜆SDΨI
2𝜅ΨP𝜆ID

)]

×𝑊
−𝑀,

1
2
(
𝑛𝜆PS𝜆SD𝑥ΨI
𝜅ΨP𝜆ID

)
)

+∞

0

𝑑𝑥

       (28) 

With the help of Equation [54][Eq: 7.621.3], we have: 

Φ2 =
𝑎

2𝑏√𝜋
∑

𝑁

𝑛=1

 (
𝑁

𝑛
)
(−1)𝑛−1Γ(𝑀 + 1)Γ (

3
2)
Γ (
1
2)

Γ (𝑀 +
3
2)

× ⁡2𝐹1(
3

2
,𝑀 + 1;𝑀 +

3

2
;
𝑏 −

𝑛𝜆PS𝜆SDΨI
𝜅ΨP𝜆ID
𝑏

) , (29) 

where ⁡2𝐹1(𝛼, 𝛽; 𝛾; 𝑧) is the Gauss hyper-geometric function, as defined in section (9.18) of reference

[54]. Finally, by alternating (27) and (29) into (26), SERD
SC can be obtained as:

SERD
SC =

𝑎

2
−

𝑎

2𝑏√𝜋
∑

𝑁

𝑛=1

(

(𝑁
𝑛
)
(−1)𝑛−1Γ(𝑀 + 1)Γ (

3
2) Γ (

1
2)𝑛𝜆PS𝜆SDΨI

Γ (𝑀 +
3
2)𝜅ΨP𝜆ID

×2 𝐹1(
3
2
,𝑀 + 1;𝑀 +

3
2
;
𝑏 −

𝑛𝜆PS𝜆SDΨI
𝜅ΨP𝜆ID
𝑏 )

)

(30) 

3.3.2 Scenario 2: MRC Technique Will Be Applied. 

By replacing (18) into (25), we get: 

SERD
MRC =

𝑎√𝑏

2√𝜋
∫

𝑒−𝑏𝑥

√𝑥

+∞

0

× {
1 −

Γ(𝑀+𝑁)

Γ(𝑁)
(
𝜆SD𝜆PS𝑥ΨI

𝜅ΨP𝜆ID
)
𝑁−1

2 × exp⁡(
𝜆SD𝜆PS𝑥ΨI

2𝜅ΨP𝜆ID
)

×𝑊
−𝑀−

𝑁

2
+
1

2
,
𝑁

2

(
𝜆SD𝜆PS𝑥ΨI

𝜅ΨP𝜆ID
)

}𝑑𝑥

=
𝑎

2
−
𝑎√𝑏

2√𝜋
×
Γ(𝑀+𝑁)

Γ(𝑁)
(
𝜆SD𝜆PSΨI

𝜅ΨP𝜆ID
)
𝑁−1

2 ∫ (
𝑥
𝑁
2−1exp⁡[−𝑥(𝑏−

𝜆SD𝜆PSΨI
2𝜅ΨP𝜆ID

)]

×𝑊
−𝑀−

𝑁
2+

1
2,
𝑁
2

(
𝜆SD𝜆PS𝑥ΨI
𝜅ΨP𝜆ID

)𝑑𝑥
)

+∞

0

(31) 

By the same approach to claim Φ2, Equation (31) can be derived by:

SERD
MRC =

𝑎

2
−

𝑎

2𝑏𝑁√𝜋
× (

𝜆SD𝜆PSΨI

𝜅ΨP𝜆ID
)𝑁

Γ(𝑀+𝑁)

Γ(𝑁)

Γ(𝑁+
1

2
)Γ(

1

2
)

Γ(𝑀+𝑁+
1

2
)

×2 𝐹1(𝑁 +
1

2
, 𝑀 + 𝑁;𝑀 + 𝑁 +

1

2
;
𝑏−

𝜆SD𝜆PSΨI
𝜅ΨP𝜆ID

𝑏
).

     (32) 

4. NUMERICAL RESULTS

In this section, we employ the Monte Carlo simulation method to provide numerical results that both 

validate the accuracy of the proposed analytical frameworks and offer deeper insights into the SER 

behavior under various key system parameters. The simulation settings and corresponding values are 

summarized in Table 2. 

Figures 3 and 4 illustrate the outage-probability (OP) performance of the proposed system under 

different values of the transmit SNR ΨP and the interference power ΨI, respectively, for both SC and

MRC combining schemes and two target rates Rth. In Figure 3, the OP is observed to decrease

monotonically as ΨP increases.
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Table 2. Simulation parameters. 

Symbol Parameter name Value 

Rth Target rate 0.5, 1 ( bit/s/Hz) 

𝜂 EH efficiency 0.05 to 0.95 

𝛼 Time-switching ratio 0.05 to 0.95 

𝑑PS Distance between P and S 1.5 m 

𝑑SD Distance between S and D 2 m 

𝑑ID Distance between I and D 0.5 to 5 m 

𝜒 Path-loss exponent 2.2 

ΨP Transmit power-to-noise ratio at P 0 to 50( dB) 

Ψ𝐼 Transmit power-to-noise ratio at I 0 to 35( dB) 

M Number of antennas at I 1, 10 

𝑁 Number of antennas at D 1, 10 

This is because a higher transmit SNR improves the received-signal strength, thereby enhancing the 

achievable data rate and reducing the probability that the instantaneous rate falls below the target 

threshold Rth. Moreover, for the same ΨP, the system with a larger Rth exhibits a higher OP. This is

attributed to the fact that the threshold SNR required for successful decoding, denoted by 𝛾th = 2
Rth −

1, increases exponentially with Rth . Consequently, the condition log2⁡(1 + 𝛾) < Rth  (or equivalently

𝛾 < 𝛾th ) becomes more likely to occur, leading to a higher outage probability. In Figure 4, the OP

behavior is examined with respect to the interference power Ψ1. As expected, the OP increases as Ψ1
grows, because stronger interference deteriorates the signal-to-interference-plus-noise ratio (SINR), 

thereby reducing the achievable rate. Similarly, a higher Rth results in a larger OP under the same

interference level due to stricter SINR requirements. In all cases, the MRC scheme consistently 

outperforms the SC scheme, owing to its ability to combine multiple received signals and achieve higher 

diversity gain, thus improving system robustness against fading and interference. Furthermore, the 

analytical curves closely match the Monte Carlo simulation results, confirming the accuracy and 

reliability of the derived theoretical expressions. 

Figure 3. The OP of the proposed system versus Ψ𝑃[𝑑𝐵] with different 𝑅th .

http://et.al/
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Figure 4. The OP of the proposed system versus ΨI[dB] with different 𝑅th.

Figure 5 illustrates the simulated SER versus the Power Beacon transmit power ΨP for different

modulation schemes (BPSK, QPSK), combining techniques (SC, MRC), and numbers of receive 

antennas 𝑁 at the destination 𝐷. The close match between Monte Carlo simulations and analytical results 

validates the accuracy of the proposed model. As ΨP increases, the SER decreases, because the source

𝑆 harvests more wireless energy from the PB, leading to higher transmit power and improved SNR at 

𝐷. In the low-to-medium ΨP region, the SER reduction is relatively slow, since the system performance

is still dominated by CCI. When ΨP is sufficiently large, the SER continues to decline, but the marginal

improvement becomes smaller if CCI is not mitigated. Comparing SC and MRC, the results show that 

MRC consistently outperforms SC by achieving better array gain through coherent SNR combining, 

resulting in downward/leftward-shifted SER curves for the same ΨP. Increasing the number of receive

antennas from 𝑁 = 2 to 𝑁 = 10 further shifts the curves downward and leftward due to higher diversity 

gain, with the performance improvement being more significant for MRC. Interestingly, under the given 

system configuration and normalization, QPSK achieves lower SER than BPSK over the entire ΨP
range. Therefore, for applications requiring both high reliability and high throughput, QPSK combined 

with MRC and a large 𝑁 is a promising option. On the other hand, when ΨP is limited or CCI is severe,

increasing 𝑁, employing MRC and/or applying interference-mitigation strategies are effective to avoid 

the SER floor. 

Figure 5. The SER of the proposed system versus ΨP[dB] with different N.

Figure 6 illustrates the simulated SER versus the interference power ΨI at the interfering nodes 𝐼 for

different modulation schemes and combining techniques. As Ψ𝐼 increases, the SER of all configurations

rises significantly, because stronger interference reduces the effective SNR at the destination 𝐷. In the 
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low Ψ1 region, the SER increases relatively slowly, since the signal power from 𝑆 is still sufficient to

suppress interference; however, when ΨI  exceeds a medium threshold (around 15 − 20 dB ), the curves

start to converge and approach a high SER level, indicating an interference-limited regime where further 

increasing the transmit power of 𝑆 or improving energy-harvesting efficiency yields little improvement. 

The relative performance trends between SC and MRC, as well as between QPSK and BPSK, follow 

the same pattern observed in Figure 5: MRC outperforms SC due to better array gain and QPSK achieves 

lower SER than BPSK across the entire Ψ𝐼 range.

Figure 6. The SER of the proposed system versus ΨI[dB].

Figure 7 illustrates the simulated SER versus the distance 𝑑ID from the interferers 𝐼 to the destination 𝐷
for different modulation schemes, combining techniques and numbers of interferers 𝑀. Based on a 

simple-path loss model, the mean channel gain can be expressed as 𝜆𝑋 = (𝑑𝑋)
𝜒, where 𝑑𝑋 denotes the

distance between two corresponding nodes and 𝜒 is the path loss exponent. Accordingly, as 𝑑ID

increases, the path-loss term 𝜆ID = (𝑑ID )
𝜒 grows, which causes the interference power received at 𝐷

to decrease sharply. This reduction in interference directly improves the effective signal-to-interference-

plus-noise ratio (SINR) in (30) and (32), resulting in a smaller SER. When 𝑑ID  is small, the interferers

are located close to 𝐷 and the strong CCI dominates the received signal, leading to a high SER. As 𝑑ID
increases, the SER decreases rapidly before gradually flattening out when interference becomes 

negligible. The impact of the number of interferers 𝑀 is also evident: when 𝑀 = 1, the SER is 

significantly lower compared to 𝑀 = 10 for the same 𝑑ID, since fewer interferers contribute less

aggregate interference power.  

Figure 7. The SER of the proposed system versus 𝑑ID with different M.

http://et.al/
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The relative performance trends between SC and MRC, as well as between QPSK and BPSK, remain 

consistent with previous figures-MRC consistently outperforms SC due to its array gain, while QPSK 

achieves better SER performance than BPSK, offering improved reliability and spectral efficiency even 

under interference-limited conditions. These findings highlight the importance of interference 

management and diversity-reception techniques in maintaining link quality for wireless-powered D2D 

networks. 

Figure 8 presents the simulated SER versus the energy harvesting efficiency 𝜂 for different modulation 

schemes and diversity combining techniques. As 𝜂 increases, the SER decreases for all scenarios, 

because a higher harvesting efficiency allows the relay to collect more energy from the received signals, 

leading to higher transmit power in the information transmission phase and thus improving the end-to-

end SNR. Specifically, increasing 𝜂 directly enhances the parameter 𝜅 in the SINR expressions at the 

destination, which strengthens the received signal component and consequently reduces the overall SER. 

The performance gap between SC and MRC remains consistent with previous figures-MRC outperforms 

SC due to its ability to coherently combine signals from multiple antennas, providing a higher array 

gain. Similarly, QPSK achieves lower SER compared to BPSK in all cases, as already discussed in 

earlier results. 

Figure 8. The SER of the proposed system versus 𝜂. 

5. CONCLUSIONS

This work analyzed the SER performance of a wireless-powered D2D communication system with 

multiple co-channel interferers under a time-switching protocol. Simulation results revealed several key 

findings. First, MRC consistently outperforms SC due to its coherent combining capability, offering a 

notable SER reduction across all scenarios. Second, QPSK modulation achieves lower SER compared 

to BPSK, indicating its advantage in spectral efficiency while maintaining robustness. Third, increasing 

the energy-harvesting efficiency significantly improves SER, especially at low-to-moderate 𝜂 values, 

while greater distances between interferers and the destination lead to substantial interference 

mitigation. Finally, the system demonstrates high sensitivity to the interference power level, 

emphasizing the importance of interference-management strategies in energy-constrained D2D 

networks. Future work could extend the current framework to scenarios with non-identical (i.n.i.d.) 

power levels and spatial distributions of interferers, providing a more realistic characterization of 

interference patterns. Moreover, future directions include investigating multiple power beacons with 

optimized beamforming, integrating ambient backscatter communication to further reduce energy 

demands, and considering hybrid relay-assisted D2D architectures. In addition, exploring adaptive 

modulation, interference alignment and machine learning-based resource allocation could enhance 

system resilience under dynamic spectrum-sharing environments. 
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ملخص البحث:

ل  ثثثثثثي    ل ل   ثثثثثث     تبحثثثثثثالوثثثثثث الداء اثثثثثثقلبثثثثثثخلد ادرلداز في ثثثثثثملشزفثثثثثثك ال  ثثثثثث لدا   ثثثثثثء لبثثثثثثخل  ثثثثثث   

للفزثثثثث لتحثثثثث لش  تء ثثثثثءالتبثثثثثكل لداءاثثثثث لبثثثثثخل ثثثثث لتاثثثثثتلجهثثثثث    ل جثثثثثءالالات صثثثثث ال ثثثثثىلجهثثثثث      

ىلدال زثثثثثءريلدازو ثثثثث  ل صثثثثثك د للفزثثثثث لشثثثثثلالش    لثثثثثقللوثثثثثء ل تثثثثثكد لاعل ثثثثثىل.ثثثثثك نلالثثثثثءدعلل ل حثثثثثز 

ل  فثثثثثك الشحصثثثثث الدا   اثثثثثقل ل  فثثثثثك ان ل  ثثثثثىلفثثثثثد لل   ثثثثث لداب   ثثثثث علتاثثثثثتلوثثثثثك    ثثثثثىل لثثثثث  دعلّ اثثثثثق 

لداهءدئ  عل

 تاثثثثثتلج  ثثثثثدلتحي ثثثثث ل فثثثثثك ال  ثثثثث لدا   ثثثثثء  للثثثثث د لدابحثثثثثالبثثثثثخلد ادرلداز في ثثثثثملش   ز ا ثثثثثقلد و ثثثثث  ل

لدا  ء لثثثثتلدا   د زثثثثخلداز ثثثث و ق ل ثثثثىل ل.يثثثثتلا دا  ل  ثثثث لبثثثثخل ثثثث لأدا   اثثثثق لشلثثثث ر  جثثثث لت ثثثث بقل ل ثثثثء  

ل ثثثثثثثىلداز   ثثثثثثث دعلد    ثثثثثثث قل ثثثثثثثالدا  حي ثثثثثثث ل.يثثثثثثثتل فثثثثثثث  ل.ثثثثثثثكا  لثثثثثثث تبقلشزءفءا ثثثثثثثقلدال  ثثثثثثث  لل ل   

ثثثثثثكل صثثثثثثك لدا  ثثثثثثكد  ل.ثثثثثثىلداهثثثثثثك  ل بف ا ثثثثثثقل ،ثثثثثث ءملّ اثثثثثثقلدا  ثثثثثثكد   ل ش ف  ايل  ثثثثثث   لشزثثثثثث لب هثثثثثث ل  

لء لدا  فكل  ل.يتلد ادرلدلإجز اخلايل    ل ص اِلدا   اق ل  

 توثثثثثك  لوثثثثث الداء اثثثثثقل  ثثثثث ئفل ح  ثثثثث ن للاثثثثث  يق لشهثثثثثك لدا  حو ثثثثثمل ثثثثثىلد لاثثثثث و ا علدا  حي ي ثثثثثقلل ش ثثثثث  ل

 ثثثثثىل فثثثثثك ال  ثثثثث لدا   ثثثثثء  ل د  ز ا ثثثثثقلد و ثثثثث  للعلداز   ثثثثث دعل ثثثثث اعقلداثثثثث    ل.يثثثثثتل ثثثثث   لتثثثثث ف  د

وثثثث  لا صثثثثز دلأ  زثثثثثقلد ت صثثثث ال ثثثثثىلدا   اثثثثقلل تثثثثءب  لدال  ثثثثث ئفلدا  ثثثثخلتثثثثد لداحصثثثثثءال.ي هثثثث لب ل زثثثثث  ل فز  ه 

لتوثثثثء ل.يثثثثتلد لاثثثث  د ل حثثثثك انلدا   اثثثثقلدا  ثثثثخلتفزثثثث لبثثثثخلش  ثثثث ع  لتاثثثثتلجهثثثث    ثثثث  لادلخبثثثثلكجهثثثث    ل ف  

لع وثثثثثثث ب   لاد لق يبو ،ثثثثثثثزادلع ل ،ثثثثثثثح  ليال  لفثثثثثثثج  لق ثثثثثثثد ك لادلا هثثثثثثثشلقصثثثثثثث خادلفئ  ثثثثثثثل لادلك لفثثثثثثثت للا ثثثثثثثحش
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