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ABSTRACT 

Ultra-energy-efficient communication solutions are required as Internet of Things (IoT) devices proliferate in the 

shift to 6G networks. In this paper, a novel architecture that uses energy harvesting (EH) protocols to integrate 

Ambient Backscatter Communication ( 𝐴𝑚𝐵𝐶 ) as a passive relay is investigated. An energy-constrained 

backscatter device uses a power splitting (PS) mechanism to both reflect its information to the destination and 

harvest energy for circuit activation. The main contribution of this work is the development of new and accurate 

closed-form expressions for the system outage probability (OP) over Rayleigh fading channels. Extensive Monte 

Carlo simulations are conducted to rigorously validate the accuracy of the proposed analytical framework. The 

analysis reveals important trade-offs between transmission reliability and energy-harvesting efficiency, providing 

valuable insights for resource optimization in future low-power IoT networks. The results demonstrate that the 

adverse effects of imperfect successive interference cancellation (SIC) and/or imperfect channel state information 

(CSI) can be effectively mitigated by increasing the transmit power and/or operating at the optimal value of the 

reflection coefficient. Moreover, the performance gap between perfect and imperfect SIC and CSI is shown to be 

relatively small. Finally, we analytically prove that the linear EH model serves as an upper bound for the practical 

nonlinear EH model. 
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1. INTRODUCTION 

The proliferation of IoT devices during the transition phase from 5 G to 6 G is driving an escalating 

demand for ultra-energy-efficient, low-cost communication solutions capable of supporting wide-area 

connectivity for billions of low-power sensor devices. Recent surveys on the 6 G vision emphasize that 

future networks must achieve an unprecedented level of dense connectivity, high energy efficiency, and 

support for near-zero-power IoT nodes [1]-[2]. Furthermore, 6G is being defined as an "Intelligent 

Network of Everything," where ultra-light, ultra-energy-efficient devices play a critical role in 

maintaining continuous sensing and communication capabilities [3]. These stringent requirements have 

spurred intense interest in low-power communication technologies, with AmBC and Wireless Energy 

Harvesting (WEH) emerging as highly promising solutions due to their ability to reuse ambient signals 

for communication without requiring an active power source. 

To address these connectivity challenges, AmBC has emerged as a particularly critical paradigm, 

enabling passive devices to communicate by harvesting and reflecting existing radio frequency (RF) 

signals present in the environment. By not requiring an active RF transmitter, AmBC offers significant 

advantages in terms of power consumption, cost, and sustainability, making it naturally suited for the 

development of ultra-energy-efficient IoT systems in the near future [4]. Numerous surveys have 

comprehensively summarized the principles, system models, challenges, and application directions of 

AmBC in the field of wireless communication [4]. Beyond the fundamental architectures, extensive 

research has explored the integration of AmBC with key 6G technologies, such as artificial intelligence 

(AI), non-terrestrial networks (NTNs), or intelligent platforms, to expand the application space and 

enhance system performance [5]-[6]. In the context of NTNs, recent studies have further analyzed the 
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secure performance of satellite-terrestrial networks assisted by backscatter devices to ensure reliability 

in wide-area IoT deployments [7]. More specialized research directions have also been developed to 

address the specific challenges of AmBC. For instance, solutions for enhancing coverage and link 

quality by integrating smart surfaces, like Reconfigurable Intelligent Surfaces (RISs)/Intelligent 

Reflecting Surfaces (IRSs), have been proposed in several recent works [6][8][9][10]. Meanwhile, 

studies related to security and privacy focus on analyzing secrecy performance, covert operations, or 

UAV-assisted AmBC scenarios, thereby assessing the reliability of backscatter systems in complex 

environments [11][12][13]. In addition, many studies have concentrated on signal detection and 

decoding techniques, especially in the context where backscatter signals are weak and susceptible to 

interference from active sources or environmental noise. Methods, such as machine learning-based 

detection and blind detection, have been developed to improve signal reception efficiency [14]-[15]. 

Some research also targets hybrid or more advanced architectures, such as LTE-uplink-based AmBC 

[16], hybrid relay-backscatter systems with energy harvesting [17], NOMA-assisted AmBC, advanced 

symbiotic radio networks aided by STAR-RIS to maximize IoT throughput [18], or advanced short-

packet IoT systems that improve Block Error Rate (BLER) in RIS environments [19] and 

cooperative/mutualistic AmBC models considering the effects of hardware impairments [20]. Moreover, 

joint time and energy-management strategies using deep reinforcement learning have been explored in 

backscatter-assisted hybrid underlay cognitive radio networks (CRNs) to enhance resource efficiency 

[21]. Furthermore, the performance of device-to-device (D2D) Partial NOMA-assisted Backscatter 

Communication architectures has been analyzed to evaluate the benefits of combining NOMA and D2D 

in backscatter systems, particularly in high-density IoT scenarios [22]. Additionally, the impact of co-

channel interference on energy harvesting within D2D networks has been investigated, specifically 

focusing on symbol error-rate analysis under power beacon-assisted configurations [23]. Furthermore, 

recent advancements in D2D-enabled cellular networks have explored joint throughput maximization 

and Age of Information (AoI) constraints using deep reinforcement learning to optimize energy-

harvesting efficiency [24]. Overall, the current research directions have formed a rich landscape for 

AmBC, spanning from foundational principles [4], integration with AI and 6 G platforms [5], to the 

vision of performance enhancement using RISs/IRSs [6], [8]-[10], security solutions [11]-[13], and 

practical detection-decoding designs and deployment models [10], [13]-[17], [19]-[20]. 

While AmBC provides an efficient reflection mechanism, the autonomous operation of these devices is 

fundamentally dependent on a sustainable power supply. Consequently, EH techniques have emerged 

as a key solution, allowing devices to scavenge energy from the ambient environment (e.g., RF 

electromagnetic fields, light, heat, or vibration) and convert it into useful electrical power to supply 

electronic circuits or small storage units. Due to its ability to provide a continuous power source at very 

low power levels, EH has remained a leading research area in recent years and is gaining increasing 

attention in subsequent network generations, particularly for ultra-low-power IoT systems [25]-[26]. 

Specifically, at the hardware and antenna structure level, much research focuses on optimizing the 

design of antennas, metantennas, and meta-materials to enhance energy-conversion efficiency in the 

ISM band or other target frequency ranges, thereby increasing the harvested power and improving the 

efficiency of practical EH systems. Advances in meta-materials/meta-surfaces and metantennas 

demonstrate the potential for boosting energy capture and increasing deployment flexibility in industrial 

or civilian scenarios [27]-[29]. 

Building upon these hardware advancements, at the network layer, EH has been widely integrated into 

various system designs to support node autonomy: from NOMA-based IoT networks with EH to 

cooperative relay/DF systems with self-energy recycling mechanisms or UAV-assisted relaying 

scenarios, where EH plays a pivotal role in balancing reliability and information security. This security-

reliability trade-off is also explored through the use of multi-antenna diversity combined with energy 

harvesting to safeguard wireless communications against eavesdropping [30]. Studies also investigate 

the trade-off between reliability and security when utilizing EH in relay-assisted UAV communications 

[31]-[34]. Complementary to these studies, the co-design of clustering, transmission, and trajectory for 

UAV-assisted Wireless Powered Communication Networks (WPCNs) has been proposed to minimize 

AoI, ensuring fresh data delivery in energy-constrained environments [35]. Another direction is the 

combination of EH with intelligent environmental platforms, like RISs-both in the context of energy 

harvesting for autonomous RISs and in network designs supporting federated learning (FL), where the 

optimization of RF-EH resource allocation impacts the FL performance. Works on autonomous RISs 

and EH network optimization for advanced tasks (e.g., federated learning) reflect the trend of tightly 
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integrating communication, distributed processing, and energy management [36]-[37]. Finally, EH is 

also being considered in practical applications and specific scenarios-from intelligent military logistics 

based on IoT and EH to physical layer-security solutions utilizing friendly jammers to assist energy-

harvesting sensor networks. These results indicate that EH is not merely a hardware-design topic, but 

also a foundational research axis closely linked to challenges in security, resource allocation 

optimization and multi-context applications within the 5G/6G ecosystem [38]-[39]. 

1.1 Motivation and Contribution 

The synergy between AmBC and EH represents an ideal strategy for developing ultra-energy-efficient 

IoT networks. The primary objective of merging these two techniques is to leverage ambient energy to 

power backscatter devices and utilize supporting relay nodes to extend connectivity range, thereby 

addressing the needs of massive IoT scenarios. In recent years, the integration of AmBC and EH has 

garnered significant research interest, leading to a diverse range of studies focusing on different network 

architectures and optimization goals. Comparative performance studies between backscatter 

communication and energy harvesting in large-scale IoT networks have elucidated the respective 

advantages and limitations of each solution, laying the groundwork for hybrid models [40]. Analyses 

based on Stochastic Geometry (SG) have evaluated the performance of backscatter networks powered 

by ambient RF energy, providing key metrics, such as outage probability and throughput, in random 

environments [41]. Complementing these theoretical frameworks, a comprehensive survey has 

systematically reviewed the practical applications and potential deployment of AmBC in battery-free 

IoT, emphasizing the necessity of integrating EH to sustain continuous operation [42]. As the field has 

matured, researchers have begun exploring specialized platforms to further enhance system capability. 

Specific studies have investigated the use of RISs to simultaneously support backscattering and energy 

harvesting, thereby improving coverage and enhancing throughput and reliability performance [43]. 

Additionally, minimizing the Age of Information (AoI) in ambient backscatter-assisted EH-CRNs 

through cooperative spectrum sensing has emerged as a key approach to maintain data freshness in IoT 

applications [44]. Meanwhile, hybrid models in cognitive radio networks have been proposed to 

maximize throughput for backscatter-aided EH networks, demonstrating the feasibility of flexible 

channel-management mechanisms [45]. In a similar vein, within heterogeneous CRN environments, 

optimal time-allocation policies have been developed for backscatter-aided relay cooperative 

transmission to balance harvesting and transmission needs [46]. Further investigations have focused on 

optimizing transmission protocols and hardware configurations. Opportunistic backscatter protocols 

have also been developed to optimize energy usage and boost data-transmission performance in EH-

assisted IoT networks [47]. Research on relay-assisted cooperative transmission has shown that optimal 

relay selection in EH-backscatter networks significantly improves throughput and reduces latency, while 

ensuring continuous operation for battery-free devices [48]. Moreover, the throughput maximization of 

WPCNs has been further enhanced by employing mobile access points to mitigate the doubly near-far 

problem and improve energy-transfer efficiency [49]. Optimal control policies for RF-powered 

backscatter networks have been proposed to balance harvested energy and data-transmission capability 

[50]. Finally, to address more complex operational requirements, outage analyses in EH-assisted relay 

networks with backscatter have provided crucial closed-form expressions for system performance 

evaluation [51]. To accommodate the demands for hybrid long- and short-packet data transmission, 

numerous works have explored HARQ mechanisms, hybrid packet scheduling, and cooperative relaying 

for AmBC with EH, aiming to enhance reliability and throughput [52]-[54]. Finally, the combination of 

EH with cooperative NOMA in two-user backscatter networks has demonstrated the potential to 

improve communication performance, optimize energy utilization, and address complex IoT scenarios 

[55]. 

Despite the recent concentration of research on integrating AmBC with EH [40]-[43], [45], [47]-[48], 

[50]-[55], a critical gap remains in the literature. Most of these works often focus on throughput or 

hybrid packet-performance scenarios without a comprehensive analysis of the OP in relay-assisted 

networks under realistic hardware and channel impairments. For example, studies on opportunistic 

backscatter [47] or relay selection-based cooperative backscatter [48] primarily aim to maximize 

throughput without providing closed-form expressions for OP. The hybrid long-short packet models 

[50]-[52] improve reliability for mixed-packet scenarios, but do not optimally exploit the capabilities of 

energy harvesting combined with backscatter in a relay environment. Even works concerning cognitive 
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radio networks [45] or D2D Partial NOMA-assisted backscatter [22] do not thoroughly consider the 

practical constraints of interference cancellation and channel estimation in the outage performance 

evaluation. In summary, previous methodologies have not simultaneously addressed three key factors: 

(i) using backscatter for energy efficiency, (ii) exploiting ambient-energy harvesting PS protocol, (iii) 

analyzing OP performance in a relay-assisted scenario, the impact of imperfect SIC, and the 

consequences of imperfect CSI due to estimation errors, which are crucial for assessing the practical 

reliability of IoT networks. To fill this void, our work focuses on ambient backscatter-assisted relaying, 

with the objective of calculating accurate closed-form expressions for the OP. Compared to previous 

studies, our work simultaneously combines AmBC and relay-assisted transmission while specifically 

focusing on OP, constituting a novel, important, and urgent contribution for the deployment of ultra-

energy-efficient IoT networks in the 5G/6G era. The main contributions of this paper are summarized 

as follows: 

 We propose a hybrid symbiotic radio framework in which an ambient backscatter device acts 

as an energy-harvesting-assisted passive relay. Unlike conventional SWIPT systems, the 

backscatter device is a passive (or semi-passive) node without an active RF transmitter and does 

not decode the source signal. Instead, it modulates its information by adjusting the reflection 

coefficient of the incident RF signal. The harvested energy is used solely for circuit activation, 

while a power-splitting scheme controls the trade-off between harvested energy and reflected 

signal strength rather than information decoding and energy harvesting. 

 We provide a rigorous theoretical analysis of the system performance over Rayleigh fading 

channels. Specifically, we derive novel closed-form expressions for the OP, taking into account 

both ideal and imperfect Successive Interference Cancellation (imSIC) mechanisms at the 

receiver. These expressions, validated by extensive Monte-Carlo simulations, serve as a precise 

mathematical tool to evaluate the reliability and quantify the symbiotic benefits of the proposed 

system under residual interference and various channel conditions. 

 Our analytical framework's accuracy is rigorously validated through comprehensive Monte-

Carlo simulations. The numerical results clearly demonstrate how key parameters - including 

transmit SNR, target data rates, and channel conditions - directly influence system performance. 

This thorough investigation provides compelling evidence that our approach reliably captures 

the essential dynamics affecting overall efficiency and effectiveness. 

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

Context EH protocol EH Modeling Relay-assisted AmBC OP 

Paper [7] TS Linear ✓ ✓ ✓ 

Paper [21] TS Linear  ✓ ✓ 

Paper [23] TS Linear ✓  ✓ 

Paper [31] PS Linear ✓  ✓ 

Paper [32] TS Linear ✓  ✓ 

Paper [40] TS Linear  ✓  

Paper [41] Hybrid TS - PS Non - linear  ✓ ✓ 

Paper [42]    ✓  

Paper [45] Hybrid Action Selection Linear  ✓  

Paper [46] TS Linear ✓ ✓  

Paper [47] TS Linear  ✓  

Paper [48] TS Linear ✓ ✓  

Paper [50] TS Linear  ✓  

Paper [52]  Non - linear  ✓ ✓ 

Paper [55] TS Linear ✓ ✓ ✓ 

This paper PS Linear and Non-linear ✓ ✓ ✓ 

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, to achieve the performance of the 

system. Section 4 presents numerical results and discussion to validate the developed framework as well 

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

Figure 1 illustrates the proposed hybrid wireless communication system model, which has been widely 

investigated, set within a dense urban environment. The system comprises three main entities: a high-

power Source (S), an energy-constrained Backscatter device (B), and an end Device (D)1. S serves as 

the primary access point, simultaneously transmitting the RF signal for energy provisioning and the data 

signal. B operates by harvesting RF energy from S via the Energy-harvesting link (green line). 

Concurrently, B modulates its own information onto the incident RF signal and reflects it towards D, 

forming one component of the Information links (black lines). The ultimate receiver, D, collects 

information through a combination of the conventional direct link from S and the backscatter link from 

B. This model is designed to thoroughly investigate the trade-off and co-existence between energy 

efficiency (enabled by B) and overall communication performance in the system. The mechanism for 

signal distribution and energy provision is realized through the PS scheme at S, with a total transmit 

power 𝑃S over a transmission-block duration 𝑇. The system utilizes a reflection coefficient 𝛽(0 ≤ 𝛽 ≤
1) to divide 𝑃S into two streams supporting the backscatter link: a fraction (1 − 𝛽)𝑃S is allocated for 

the energy-harvesting process at B to power the device, while the remaining fraction 𝛽𝑃S is used to 

generate the RF backscattering signal, which acts as the carrier wave for B's data modulation. This 

modulated signal is then reflected by B towards D. Concurrently, the conventional direct communication 

link from S to D is maintained with a constant power 𝑃S. D collects information through a combination 

of the direct link and the backscatter link. This PS scheme is crucial, as it enables the system to control 

the critical trade-off between the harvested energy at B and the received power of the backscattered 

signal at D, thereby optimizing the overall system performance and energy efficiency. 

 
Figure 1. System model. 

Let us denote ℎSD, ℎSB, ℎBD as channel coefficients of the direct link from source node S to destination 

node D, and S → B, B → D links, respectively. We assume Rayleigh fading channels. Channel gains 

ℎX, X ∈ {SB, BD, SD} are exponential random variables (RVs) the probability density function (PDF) and 

cumulative distribution function (CDF) of which are given as, respectively. 

𝑓𝛾X(𝑥) = 𝜆Xexp⁡(−𝜆X𝑥) 

𝐹𝛾X(𝑥) = 1 − exp(−𝜆𝑋𝑥)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(1) 

where 𝜆X is mean of RV X. To take into account the simple path-loss model, we can formulate the 

parameters as follows: 

𝜆X = (𝑑X)
𝜔, (2) 

                                                        
1 Although the considered AmBC system involves a single backscatter device equipped with a single antenna, our work explicitly incorporates 

energy harvesting with an energy-sufficiency constraint and derives closed-form expressions to characterize whether the harvested energy is 

sufficient for backscatter operation and signal decoding, thereby providing insights not captured in existing studies. 
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where 𝜔 is the path-loss exponent and 𝑑X is the distance between two respective nodes. 

In a practical linear energy-harvesting paradigm, the average received power 𝑃h at the BD is expressed 

as: 

𝑃h = (1 − 𝛽)𝑃S𝛾SB. (3) 

If 𝑃h < 𝑃th, then B (Backscatter device) does not have enough energy to backscatter the signal from S 

to D. Thus, the received signal at D is written as: where 𝑃th  is the saturation threshold of the rechargeable 

power of the hardware circuit. 

𝑦D
I = √𝑃SℎSD𝑥S + 𝑛D

I . (4) 

In this case, the received SNR at D required to successfully decode 𝑥S is calculated as: 

𝛾D
I =

|ℎSD|
2𝑃S

𝑁0
= Ψ𝛾SD (5) 

where Ψ =
𝑃S

𝑁0
 is the average transmit power to noise ratio. 

If 𝑃h ≥ 𝑃th, then B (Backscatter device) has enough energy to backscatter the signal to D. The received 

signal at D is then described by: 

𝑦D
II = √𝑃SℎSD𝑥S + ℎBDℎSB√𝛽𝑃S𝑥B𝑥S + 𝑛D

II (6) 

with 𝔼{|𝑥B|
2} = 1. 

The destination D first decodes the signal 𝑥S by treating the backscattered signal as interference, with 

the received SINR (Signal-to-Interference-plus-Noise Ratio) given by: 

𝛾S =
|ℎSD|

2𝑃S
𝛽𝑃S|ℎBD|

2|ℎSB|
2 +𝑁0

=
|ℎSD|

2Ψ

𝛽Ψ|ℎBD|
2|ℎSB|

2 + 1
≈

|ℎSD|
2

𝛽|ℎBD|
2|ℎSB|

2
=

𝛾SD
𝛽𝛾SB𝛾BD

(7) 

Next, leveraging the SIC technique, 𝑥S is subtracted from the composite received signal, i.e., 𝑦D
III =

𝑦D
II −√𝑃SℎSD𝑥S + 𝑛D

III, here 𝑛D
III denotes the AWGN introduced during the SIC operation, D can then 

decode the backscatter message 𝑥B from B . Hence, the SNR of decoding 𝑥B at D can be expressed as: 

𝛾B = 𝛽Ψ|ℎSB|
2|ℎBD|

2 = 𝛽Ψ𝛾SB𝛾BD (8) 

Finally, the backscatter signal can be successfully decoded when 𝑥S and 𝑥B are perfectly decoded at D. 

Thus, based on Equations (7) and (8), the end-to-end received SINR and SNR at D can be claimed by: 

𝛾D
II = min(𝛾S, 𝛾B) = min(

𝛾SD
𝛽𝛾SB𝛾BD

, 𝛽Ψ𝛾SB𝛾BD) (9) 

3. PERFORMANCE ANALYSIS 

3.1 Outage Probability Analysis 

In this section, we provide a detailed and formal definition of the OP to evaluate the communication 

reliability of the proposed symbiotic radio system. An outage event occurs when the destination D is 

unable to successfully decode the intended information. Given the hardware constraints of the energy-

constrained backscatter device B, the system performance is analyzed based on two mutually exclusive 

states of EH. 

The first state represents a scenario where the backscatter device fails to harvest sufficient energy to 

activate its circuits (𝑃h < 𝑃th). In this case, the system can only utilize the direct link from the source 

S. The second state occurs when B harvests enough energy ( 𝑃h ≥ 𝑃th ), allowing it to function as a 

passive relay. In this symbiotic mode, D leverages the SIC technique to decode both primary and 

backscatter signals. 

Formally, the OP of the proposed system is defined as the sum of the probabilities of these two 

independent events: 

OP = Pr(𝑃h < 𝑃th, 𝛾D
I < 𝛾th) + Pr(𝑃h ≥ 𝑃th, 𝛾D

II < 𝛾th) (10) 
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where 𝛾th = 2
R − 1 is the threshold of the system and R is the target rate of the source. By employing 

the concept of normalized bandwidth ( B = 1 Hz ), the target transmission rate R is defined as the 

spectral efficiency in bits/s/Hz. According to the Shannon-Hartley theorem, the minimum SINR 

required to support this rate, defined as the system threshold 𝛾th , is obtained by solving 𝑅 =
log2⁡(1 + 𝛾th ), which yields the relation 𝛾th = 2

R − 1. This formulation provides a formal physical 

insight into the system's operation, where the overall reliability is modeled as a weighted sum of two 

independent energy states. It reveals that the system performance is fundamentally constrained by a 

critical coupling between the hardware-level energy-harvesting threshold 𝑃th  and the information 

theoretic-decoding requirement 𝛾th , characterizing the operational limits of battery-free backscatter-

assisted relaying. By substituting the expressions for 𝛾D
I  (from Equation 5) and 𝛾D

II (from equation (9) 

into equation (10), we gather the final expression for the outage probability: 

OP = Pr {𝛾SB <
𝑃th

Ψ(1 − 𝛽)
,Ψ𝛾SD < 𝛾th}

⏟                      
𝑃1

+ Pr {𝛾SB ≥
𝑃th

Ψ(1 − 𝛽)
,min(

𝛾SD
𝛽𝛾SB𝛾BD

, 𝛽Ψ𝛾SB𝛾BD) < 𝛾th}
⏟                                    

𝑃2

(11)
 

where Φ =
𝑃th

𝑁0
. 

From (11), 𝑃2 is calculated as: 

𝑃2 =

{
 

 Pr (min(
𝛾SD
𝛽𝑥𝛾BD

, 𝛽Ψ𝑥𝛾BD) < 𝛾th) , 𝑥 ⩾
Φ

(1 − 𝛽)Ψ

0 , 𝑥 <
Φ

(1 − 𝛽)Ψ

⁡= ∫  
+∞

Φ
(1−𝛽)Ψ

 Pr (min(
𝛾SD
𝛽𝑥𝛾BD

, 𝛽Ψ𝑥𝛾BD) < 𝛾th)
⏟                      

Θ

𝑓𝛾SB(𝑥)𝑑𝑥 (12)

 

From (12), Θ can be calculated as: 

Θ = 1 − Pr (min (
𝛾SD
𝛽𝑥𝛾BD

, 𝛽Ψ𝑥𝛾BD) ≥ 𝛾th) =
(𝑎)
1 − Pr (

𝛾SD
𝛽𝑥𝛾BD

≥ 𝛾th, 𝛽Ψ𝑥𝛾BD ≥ 𝛾th)

⁡= 1 − Pr (
𝛾th
𝛽Ψ𝑥

≤ 𝛾BD ≤
𝛾SD
𝛽𝑥𝛾th

) = 1 − ∫  
+∞

0

  [𝐹𝛾BD (
𝑦

𝛽𝑥𝛾th
) − 𝐹𝛾BD (

𝛾th
𝛽Ψ𝑥

)] 𝑓𝛾SD(𝑦)𝑑𝑦 (13)

 

where step (a) is obtained by applying the property of the minimum of two random variables; i.e., 

Pr(min(𝐴, 𝐵) ≥ 𝛾th ) = Pr(𝐴 ≥ 𝛾th , 𝐵 ≥ 𝛾th ). By substituting Eq. (1) into Eq. (13) and performing 

several algebraic manipulations, the closed-form expression for Θ can be obtained as follows: 

Θ = 1 −∫  
+∞

0

  [exp⁡(−
𝜆BD𝛾th
𝛽Ψ𝑥

) − exp⁡(−
𝜆BD𝑦

𝛽𝑥𝛾th
)] 𝑓𝛾SD(𝑦)𝑑𝑦 

⁡= 1 − exp⁡(−
𝜆BD𝛾th

𝛽Ψ𝑥
) + 𝜆SD ∫  

+∞

0
 exp⁡(−

𝜆BD𝑦

𝛽𝑥𝛾th
− 𝜆SD𝑦)𝑑𝑦

⁡= 1 − exp⁡(−
𝜆BD𝛾th

𝛽Ψ𝑥
) +

𝜆SD𝛽𝑥𝛾th

𝜆BD+𝜆SD𝛽𝑥𝛾th

⁡                    (14) 

Substituting Eq. (14) into Eq. (12), we have: 

𝑃2 = ∫  
+∞

Φ
(1−𝛽)Ψ

  (1 − exp⁡(−
𝜆BD𝛾th
𝛽Ψ𝑥

) +
𝜆SD𝛽𝑥𝛾th

𝜆BD + 𝜆SD𝛽𝑥𝛾th
) 𝜆SBexp⁡(−𝜆SB𝑥)𝑑𝑥 

⁡= exp⁡(−
𝜆SBΦ

(1 − 𝛽)Ψ
) + 𝜆SB∫  

+∞

Φ
(1−𝛽)Ψ

  (
𝛽𝑥𝛾th𝜆SD

𝜆BD + 𝛽𝑥𝛾th𝜆SD
− exp (−

𝜆BD𝛾th
𝛽Ψ𝑥

)) exp(−𝜆𝑆𝐵𝑥)𝑑𝑥.⁡⁡(15) 

However, the integral in Equation (15) is a tough task to find a closed-form expression. Hence, by 

applying the Gaussian-Chebyshev quadrature in [38], SOP can be approximated. As a result, with 
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𝜙𝑛 = cos⁡(
2𝑛−1

2𝑁
𝜋) , 𝑃2 can be reformulated as: 

𝑃2 ≈ exp (−
𝜆SBΦ

(1 − 𝛽)Ψ
) +

𝜆SB𝜋
2

4𝑁
∑  

𝑁

𝑛=1

 √1 − 𝜑𝑛
2𝐹 (tan⁡((𝜑𝑛 + 1)

𝜋

4
) +

Φ

(1 − 𝛽)Ψ
) sec2⁡((𝜑𝑛 + 1)

𝜋

4
) 

⁡

⁡= exp⁡(−
𝜆SBΦ

(1 − 𝛽)Ψ
) +

𝜆SB𝜋
2

4𝑁
∑  

𝑁

𝑛=1

 

(

 
 
 
 
 
 
 

√1 − 𝜑𝑛
2

(

  
 

𝛽(tan⁡((𝜑𝑛+1)
𝜋
4
)+

Φ
(1−𝛽)Ψ

)𝛾th𝜆SD

𝜆BD+𝛽(tan⁡((𝜑𝑛+1)
𝜋
4
)+

Φ
(1−𝛽)Ψ

)𝛾th𝜆SD

−exp⁡(−
𝜆BD𝛾th

𝛽Ψ(tan⁡((𝜑𝑛+1)
𝜋
4
)+

Φ
(1−𝛽)Ψ

)
)

)

  
 

× exp⁡(−𝜆SB (tan⁡((𝜑𝑛 + 1)
𝜋
4
) +

Φ
(1 − 𝛽)Ψ

)) sec2⁡((𝜑𝑛 + 1)
𝜋
4
)

)

 
 
 
 
 
 
 

(16)
 

Substituting Eq. (1) into Eq. (11) yields the calculation of 𝑃1 as follows: 

𝑃1 = Pr (𝛾SB <
Φ

(1 − 𝛽)Ψ
, 𝛾SD <

𝛾th
Ψ
)

= (1 − exp⁡(−
𝜆SBΦ

(1 − 𝛽)Ψ
))(1 − exp⁡(−

𝜆SD𝛾th
Ψ

))⁡⁡(17)
 

Substituting Eq. (16) and Eq. (17) into Eq. (11), we have: 

OP = (1 − exp⁡(−
𝜆SBΦ

(1 − 𝛽)Ψ
))(1 − exp⁡(−

𝜆SD𝛾th
Ψ

)) + exp⁡(−
𝜆SBΦ

(1 − 𝛽)Ψ
) 

⁡+
𝜆SB𝜋

2

4𝑁
∑  

𝑁

𝑛=1

 

(

 
 
 
 
 
 
 

√1 − 𝜑𝑛
2

(

  
 

𝛽(tan⁡((𝜑𝑛+1)
𝜋
4)+

Φ
(1−𝛽)Ψ

)𝛾th𝜆SD

𝜆BD+𝛽(tan⁡((𝜑𝑛+1)
𝜋
4
)+

Φ
(1−𝛽)Ψ

)𝛾th𝜆SD

−exp⁡(−
𝜆BD𝛾th

𝛽Ψ(tan⁡((𝜑𝑛+1)
𝜋
4
)+

Φ
(1−𝛽)Ψ

)
)

)

  
 

× exp⁡(−𝜆SB (tan⁡((𝜑𝑛 + 1)
𝜋
4
) +

Φ
(1 − 𝛽)Ψ

)) sec2⁡((𝜑𝑛 + 1)
𝜋
4
)

)

 
 
 
 
 
 
 

⁡⁡⁡⁡(18)
 

The closed-form expression in Equation (18) reveals several key mathematical insights into the system's 

behavior. First, the power-splitting factor 𝛽 acts as a "mathematical pivot" that governs the trade-off 

between the activation probability of the backscatter device, which depends on (1 − 𝛽) and the energy 

threshold Φ, and the resulting signal quality at the destination, which is proportional to 𝛽. Second, the 

analytical structure highlights a "product-of-exponentials" characteristic arising from the cascaded 

channel gain |ℎSB|
2|ℎBD|

2. This indicates that a deep fade in either the forward link (S → B) or the 

backscatter link (B → D) will significantly dominate the overall outage performance. Finally, as the 

transmit SNR (Ψ) increases, the OP does not vanish to zero, but instead converges to a fixed 

performance floor. This demonstrates that the reliability of battery-free IoT devices is fundamentally 

constrained by the tight coupling between energy harvesting requirements ( Φ ) and the actual channel 

conditions. 

4. NUMERICAL RESULTS AND SIMULATIONS 

In this section, we provide numerical results to not only verify the accuracy of the proposed 

mathematical frameworks, but also discuss the behaviors of the considered systems under the impact of 

various important parameters by using the Monte-Carlo approach. To ensure the validity and practical 

relevance of our analysis, we used the simulation parameters such as those in [56]-[60]. These 

parameters are summarized in Table 2. 

Figure 2 illustrates the OP versus the average transmit Signal-to-Noise Ratio (Ψ) in dB, considering 
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various required data rates ( 𝑅 = {0.15,0.25,0.5}bps/Hz ). The close agreement between the theoretical 

analysis curves and the Monte-Carlo simulation results validates the accuracy of the closed-form outage 

probability expressions derived in the mathematical-analysis section. First, a monotonic decreasing 

trend in OP is observed as Ψ increases from 0 dB to 30 dB across all scenarios. This can be attributed 

to the fact that an increase in Ψ corresponds to higher transmit power 𝑃𝑆, which enables B to harvest 

sufficient energy to overcome the circuit-activation threshold (𝑃th). Simultaneously, the powers of both 

the reflected and direct signals at D are enhanced, thereby improving the received SINR and reducing 

the system-outage probability. Second, the required data rate 𝑅 has a significant negative impact on the 

system performance. Specifically, at a fixed transmit power level (e.g., Ψ = 10 dB ), as 𝑅 increases 

from 0.15bps/Hz to 0.5bps/Hz, the OP rises sharply (indicated by the blue curve lying significantly 

higher than the red curve). This is because the SNR decoding threshold, defined as 𝛾th = 2
𝑅 − 1, 

increases with 𝑅. A higher 𝛾th  necessitates superior channel conditions and sufficient harvested energy 

for successful decoding, consequently leading to a higher probability of outage events. 

Table 2. Simulation parameters. 

Symbol Parameter name Value 

Ψ Transmit power to noise ratio at S 0 to 30( dB) 
Φ Threshold of the transmit power to noise ratio at B -10 to 5( dB) 
R Target rate 0.15 to 0.5bps/Hz 
𝜆SB Mean of |ℎSB|

2 0.25 to 4 

𝜆BD Mean of |ℎBD|
2 0.25 to 4 

𝜆SD Mean of |ℎSD|
2 0.25 to 2 

N The Gauss Chevbyshev parameter 80 

𝛽 The power-splitting factor 0 to 1 

 
Figure 2. OP versus Ψ(dB), with varying R . 

Figure 3 provides a detailed insight into how system characteristics affect the OP, with the distinction 

between linear and nonlinear models being prominently displayed. The adopted nonlinear energy-

harvesting model is given below [61]-[62] 

𝑃nEH =
𝑃B
max(1 − exp⁡(−𝜖1𝑃h + 𝜖1𝜖0))

1 + exp⁡(−𝜖1𝑃h + 𝜖1𝜖2)
, (19) 

where 𝜖0 represents the sensitivity threshold, 𝜖1 is the resistance parameter, and 𝜖2 denotes the 

capacitance parameter of the harvesting circuit; 𝑃B
max is the maximum output supported by the circuit. 

Specifically, curves employing linear models consistently achieve superior performance, maintaining a 

significantly lower OP than their nonlinear counterparts, which suffer from signal distortion and 

component saturation. Similarly, imperfect SIC circumstances result in a larger OP because of residual 

interference from partially canceled signals. However, in these real-world situations, raising the average 

transmit power to noise ratio, Ψ, is a useful tactic to improve the OP and boost overall system 

performance in the low-power regime. The graph, however, also draws attention to a critical physical 

limit: this power enhancement is only effective up to a certain threshold; as Ψ increases, the OP 
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eventually enters an error floor brought on by dominant residual interference and nonlinearities, 

meaning that additional power increments no longer produce the notable OP reductions seen initially. 

 
Figure 3. OP versus Ψ(dB) for linear and nonlinear models under perfect and imperfect SIC scenarios. 

 
Figure 4. OP versus 𝛽 for linear and nonlinear models under perfect and imperfect SIC scenarios. 

Figure 4 illustrates the variation of the OP under the influence of the reflection coefficient 𝛽. The most 

prominent feature observed is the convex nature of the OP curves, which indicates the existence of a 

unique optimal value, denoted as 𝛽∗, that minimizes the system's outage probability. This behavior 

illustrates the fundamental trade-off between the EH process and the backscatter-communication 

efficiency. In the low 𝛽 regime, a significant portion of the source power is allocated to EH, ensuring 

the activation of the backscatter device. However, the power fraction reserved for signal reflection is 

insufficient, resulting in a low SINR at the destination, thereby increasing the outage probability. 

Conversely, in the high 𝛽 regime, while the reflected signal power is enhanced, the harvested energy at 

the backscatter device decreases. If the harvested power falls below the activation threshold (𝑃ℎ < 𝑃th), 

the circuit fails to operate, leading to system outage. From the adopted non-linear model as shown in 

Equation (19), the optimal value 𝛽h
∗ = max (1 −

𝜁

𝛾𝑆𝐵
, 0) is derived to ensure the successful transmission 

condition 𝑃nEH ≥ 𝑃th . Furthermore, the comparison between different scenarios, such as imperfect SIC 

versus perfect SIC or linear versus non-linear models, yields results consistent with the previous findings 

in Figure 3. Specifically, the linear model and the perfect SIC scenario consistently establish an ideal 

performance limit with the lowest OP levels and vice versa. 

Figure 5 illustrates the OP as a function of the channel parameters 𝜆SB = 𝜆BD across different power-

splitting factors (𝛽). A notable observation is the non-monotonic behavior of the OP curves, which 

suggests that the system performance is governed by a trade-off inherent to the SIC decoding 

mechanism. Specifically, in the strong channel regime (low 𝜆 values), the backscattered signal acts as 
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significant interference to the direct link decoding; consequently, a smaller splitting factor (e.g., = 0.15) 

is preferable to mitigate this interference and lower the outage probability. Conversely, in the weak 

channel regime (high 𝜆 values), the system becomes power-limited, where the attenuation of the 

backscatter link compromises decodability. In this scenario, a larger splitting factor (e.g.,= 0.5) is 

required to boost the reflected-signal strength. The intersection of these performance curves 

demonstrates that there is no single optimal 𝛽 for all channel conditions, highlighting the necessity for 

channel-adaptive power-splitting strategies to minimize system outage. 

 
Figure 5. OP versus 𝜆SB, 𝜆BD, with varying 𝛽. 

Figure 6 illustrates the OP as a function of the mean value of the random variable 𝜆(𝜆SB = 𝜆BD), 
representing the reciprocal of the mean channel gains for Rayleigh fading links. Given that the average 

power gain is defined as 𝔼[|h|2] = 1/𝜆, values of 𝜆 < 1 signify favorable channel conditions with high 

average gains, whereas 𝜆 > 1 represents weak channel regimes or severe path loss scenarios. The graph 

reveals a critical performance trade-off: in the 𝜆 < 1 region, the OP is initially high, but drops rapidly 

as 𝜆 approaches 1, as the system moves away from being interference-limited, which typically hinders 

the SIC process. Conversely, as 𝜆 increases beyond the optimal point (around ≈ 1.5 ), the system 

becomes power-limited. These results are entirely consistent with the findings observed in Figure 3 and 

Figure 4, where the non-linear model, characterized by hardware parameters 𝜖0, 𝜖1, 𝜖2 and the saturation 

power 𝑃B
max, consistently yields a higher OP compared to the ideal linear model. 

 

Figure 6. OP versus 𝜆SB = 𝜆BD for linear and nonlinear models under perfect and imperfect SIC 

scenarios. 

Figure 7 investigates the influence of the direct-link quality, denoted by 𝜆SD, on the system's OP under 

varying backscatter channel conditions ( 𝜆SB, 𝜆BD ). A general trend observed is the linear degradation 

of system performance (increasing OP) as 𝜆SD increases, corresponding to severe attenuation in the 
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direct link from the source to the destination. However, a counter-intuitive phenomenon is evident in 

the relative performance of the scenarios: the configuration with the strongest backscatter channels 

(𝜆SB = 𝜆BD = 0.5, red curve) yields the highest outage probability, whereas the weaker backscatter 

channel configuration ( 𝜆SB = 𝜆BD = 1.5, blue curve) results in the best performance. This observation 

substantiates the interference-limited nature of the SIC process; specifically, when the direct link is 

weak, a strong reflected signal from the backscatter device acts as severe interference, drastically 

reducing the SINR required to decode the source signal 𝑥S. Consequently, in scenarios with poor direct-

link connectivity, mitigating interference from the backscatter branch takes precedence over maximizing 

reflected power, thereby significantly enhancing the overall system reliability. 

 

Figure 7. OP versus 𝜆SD, with varying 𝜆SB, 𝜆BD. 

The OP as a function of the parameter 𝜆SD, which is the reciprocal of the mean channel gain for the 

direct source-to-destination link, is shown in Figure 8. In perfect-SIC scenarios, the OP increases 

steadily as 𝜆SD rises from 0.25 to 2, indicating that overall system performance decreases as the direct-

channel quality deteriorates due to the weakened reliability of the direct-transmission path. The results 

show different system behaviors depending on interference-cancellation proficiency. Conversely, 

imperfect SIC scenarios exhibit an optimal point (minimum OP) around 𝜆SD ≈ 0.75 to 1.0. In the low 

𝜆SD regime, despite high channel gains, the OP rises, because the system becomes interference-limited, 

exceeding the capabilities of imperfect interference cancellation; meanwhile, beyond the optimal 

threshold, the OP increases again as the system enters the power-limited regime. Consistent with Figures 

3, 4, and 6, the non-linear model consistently exhibits higher OP than the ideal linear model due to 

physical constraints, such as power saturation 𝑃B
max and activation thresholds of the energy-harvesting 

circuit. 

 

Figure 8. OP versus 𝜆SD for linear and nonlinear models under perfect and imperfect-SIC scenarios. 
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Figure 9 illustrates the variation of the OP as a function of the parameter Ψ (in dB), representing the 

transmit power or SNR of the system. The results show that as Ψ increases from 0 to 30 dB , the outage 

probability for all scenarios decreases significantly, demonstrating that increasing the transmit power is 

a direct solution for enhancing the reliability of the transmission link, which is consistent with the 

findings in Figures 2 and 3. Furthermore, the linear model consistently achieves a much lower OP 

compared to the corresponding nonlinear model due to physical limits imposed by hardware parameters 

𝜖0, 𝜖1, 𝜖2, similar to previous findings. Notably, emphasizing the impact of CSI, the gap between perfect-

CSI and imperfect-CSI scenarios indicates that the system is highly sensitive to the accuracy of channel 

estimation. In practice, it is difficult to obtain perfect CSI due to channel-estimation errors (CEEs); 

therefore, we adopt the linear minimum mean square error method as suggested in [63] to obtain the 

CSI. Consequently, the communication channels are modeled following the framework in [64] as: ℎ̂𝑖 =

ℎ𝑖 + 𝑒𝑖 where 𝑖 ∈ {SD, BD, SB} denotes the communication links, ℎ̂𝑖 is the estimated channel, and 𝑒𝑖 ∼
𝐶𝑁(0, 𝜇𝑖) represents the CEE with error variance 𝜇𝑖. As Ψ approaches 30 dB, an error floor begins to 

emerge, where further power increments no longer yield significant reductions in OP due to the 

dominance of residual interference, channel-estimation inaccuracies, and nonlinear components. 

 

Figure 9. OP versus Ψ(dB) for linear and nonlinear models under perfect and  

imperfect-CSI scenarios. 

Table 3 summarizes the key system parameters and their impacts on the OP, highlighting the underlying 

physical insights revealed by the analytical and numerical results. This table provides an intuitive 

overview of how transmit power, target rate, power splitting, channel conditions, energy-harvesting 

modeling, and SIC/CSI quality jointly influence system performance. 

Table 3. Summary of key insights and parameter impacts on system performance. 

Parameter Trend Key Physical Insight 

Transmit SNR 

(Ψ) 
↘ OP 

Higher power facilitates energy harvesting and improves SINR, 

but leads to an error floor at high values due to residual 

interference (Figs. 2, 3, 9). 

Target Rate (R) ↗ OP 
Increasing R raises the decoding threshold 𝛾th = 2

R − 1, 

requiring higher channel quality for success (Fig. 2). 
Splitting Factor 

(𝛽) 
Convex Represents the trade-off between energy harvesting (for 

activation) and reflection (for signal quality) (Figs. 4). 
Channel Gains 

(𝜆) 
Non-monotonic System is interference-limited in strong channels (𝜆 < 1) and 

power-limited in weak channels (𝜆 > 1.5) (Figs. 5, 7, 6, 8). 
EH Modeling 

Value: OP of (linear 

< non-linear) 

Linear model acts as an ideal upper bound, while non-linear 

hardware (saturation/thresholds) degrades performance (Figs. 3, 

4, 6, 8, 9). 

SIC/CSI Quality Value: OP of (perfect 

< imperfect) 

Residual interference and estimation errors significantly increase 

the outage probability in realistic scenarios (Figs. 3, 4, 6, 8, 9). 

 



95 

"Ambient Backscatter-Assisted Passive Relaying with Energy Harvesting: Performance Analysis", L.-Dong Huynh et al. 

 

5. CONCLUSIONS 

This paper has presented a comprehensive performance analysis of an ambient backscatter-assisted 

passive relaying system. We successfully derived accurate closed-form expressions for the OP over 

Rayleigh fading channels and validated the theoretical framework through extensive Monte-Carlo 

simulations. The study rigorously examined the influence of general system parameters, the most 

significant findings reveal how the interplay between non-linear energy harvesting and imperfect 

SIC/CSI dictates the system's reliability limits. Specifically, the results demonstrated a clear convex 

relationship between the OP and the power-splitting factor, confirming the existence of a unique optimal 

value that balances energy harvesting and signal reflection. Furthermore, our analysis underlines the 

detrimental impact of residual interference, which leads to the emergence of inevitable error floors in 

the high-SNR regime. A non-monotonic performance trend was also observed regarding the backscatter-

link quality, revealing an optimal operating regime where the system effectively balances signal strength 

against the interference floor. These insights provide a robust quantitative tool for the design of ultra-

energy-efficient IoT networks. For future work, we aim to extend this analytical framework to more 

complex multi-node scenarios and explore advanced beamforming techniques to further mitigate the 

identified performance bottlenecks. 
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 البحث:ملخص 

تتنااااااا الوراااااااة وبتكرةااااااا ورونوااااااا و اتطااااااامْوتتااااااات   ورماتك اااااااك  و  ااااااا  وبت   ةااااااا وتااااااا    وت نوااااااا و

و ااااااااا  واراااااااةبوبتز ااااااا قو اوبت   ةااااااا و ب ت  ااااااا لور تت خاااااااتيطوبت ازااااااا وبتي.اااااااوجو ز ااااااا قوتم وااااااا  

بتي.اااااا ا ْو تاااااات   و تواااااا توتت تااااااو.وبت   ةاااااا وتتزاواااااا وبتاااااا  برْ وا تي اااااا وب  اااااا   وت ااااااةبوبتاياااااا و اااااا و

 غا ااااااا ود  ااااااا ْوا ةو ااااااا و  تي توااااااا وب   ااااااا  وبتن  ااااااا  و ااااااااموةناااااااكب ووت اااااااك موااااااااو  ور   اااااااو 

و اااااا وااااااا.  و )رب ااااااا لاوبتيتوأااااااو  وا دم ااااااطو .  اااااا ْو) ااااااك ت و اااااا رتكلاو ط  زاااااا وتات . ياااااا ور ة اااااا  

ااااااا وراااااااو و ك كةوااااااا وبلإر ااااااا لو و  ي  ز  اااااااو   بلإطااااااا روبتت .اواااااااا وبتي تااااااامض وا خااااااانوبتت .اوااااااا و  

اااااا  وتت.تااااااو وب اااااات  ب وبتيااااااكبر و اااااا وا زاااااا دْو  اااااا  وبت   ةاااااا  وبى ااااااموبت ااااااة و ااااااك  مور  وةوي 

أاااااااط  و  تم ااااااطوبىأااااااو دو ن زلاااااا وبت   ةاااااا وبتيتاااااات ااو  وا   اااااام وبتن تاااااا   و  ط  واااااا وبتت  زواااااانو

اااااااااو وتاااااااا  وب تيااااااا لو تغااااااا دوبتت ااااااا ب  وبتيتتااااااا ت وا  او  ااااااا  وب تيااااااا لوبتزا ااااااا لو ااااااا وبل ااااااا روبتت 

وى ويااااا وبتي اااااا ااك ااااا  و  تااااا وبت نااااا ْو ااااا وطم ااااا وق ااااا  ْوط ةااااا وبلإر ااااا لوا  اوبتت خاااااغو و نااااا وبت

و زاااااااااكْوبى بدوراااااااااو و  ااااااااا   و) لاوبتي ااااااااا تو و  وCSIلاوا)SICتيا  ااااااااا وب  اطااااااااا   وابت لااااااااا)و   

ااااا و و ياااااك  و  ااااا  وبت   ةااااا وبت    تو    ت وا  وااااامبت و اااااامر وت.اواوااااا  اغواااااموبتي ااااا تو و  وااااااغومْو تااااااو 

  ي   و   بتو  اىوتنيك  و    وبت   ة وغوموبت    وبتايا  
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