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Abstract 

Wireless communication has grown explosively and significant efforts have been made for 

increasing the data transmission rate over a bandwidth-limited wireless channel with high 

reliability simultaneously causing low power consumption. One of the most prominent 

solutions can be regarded as the ambient Radio Frequency (RF) Energy Harvesting (EH) which 

is a potential green communication technology and an energy efficient approach to energize 

the relay devices while preventing battery drainage issue and simultaneously enabling data 

transmission as well. 

The integration of RF Wireless Power Transfer (WPT) technology in relay-aided 

communication systems have led to the implementation of green communication systems. The 

performance of communication networks can be improved using the best relay from multiple 

relay communication. Two-way relaying techniques have emerged as a spectral-efficient 

scheme for bidirectional message exchange between two users and have shown to increase 

diversity capacity and thus improve the range of wireless communication. 

For improved Spectral Efficiency (SE) and capacity enhancement, Non-Orthogonal Multiple 

Access (NOMA)-assisted cooperative network has emerged as an effective and efficient scheme 

to support the rigorous demands of Fifth Generation and Beyond (5G+) wireless networks. 

However, maintaining Energy Efficiency (EE) and sustainability in the design and operation of 

wireless communication systems is a major concern. Thus, the concept of energy-efficient 

NOMA or ‘green’ NOMA has been introduced in the upcoming 5G mobile network design to 

cater for the goal of achieving a low cost, self-sustaining, environment-friendly wireless 

network. Although NOMA technique is far superior to traditional multiple access ones, there 

is still a paucity of research contributions on investigating the security issues of NOMA with 

EH. Therefore, Physical Layer Security (PLS)-aware RF-powered NOMA systems have gained 

much interest from researchers. 

An important application of WPT that plays a crucial role in time-critical applications 

is the time requirement for charging a battery/supercapacitor. Battery usage and recharging is 

challenging especially for autonomous operation of ultra-low battery-powered smart sensors 

in applications of Internet of Things (IoT) and Wireless Sensor Network (WSN). RF-WPT 

provides reliable and stable energy supply to the in-built batteries by transmission of RF energy. 

Motivated by the above research trends and challenges, different relay selection 

strategies have been implemented with Interference-Aided (IA) EH. Moreover, new two-way 

relaying schemes have been developed under realistic assumptions to achieve improved 



xii 

performance related to energy efficiency, secrecy capacity and harvested power. Simulations 

are performed in MATLAB 2022b. Additionally, Netsim v13.1 modeller tool has been used to 

create a virtual Industrial IoT (IIoT) scenario. To validate the proposed model, Bluetooth-

enabled PowerSpot RF Wireless Power Development Module (P1110-EVAL-PS) has been 

utilized to charge various sensors and multiple consumer devices using the harvested RF power.  

In the first instance, performance of RF-powered one-way single relay networks has 

been investigated. The throughput performance of a DF relay system has been studied using 

Hybrid TSR-PSR protocol architecture with IA-EH scheme. Next, Destination-based Jamming 

(DBJ) technique has been incorporated in an ideal interference-free environment to investigate 

the system security in the presence of an Eavesdropper (EAV). Moreover, a secure one-way 

communication model has been presented in an interference-limited untrusted environment. 

In the second scenario, various relay selection strategies have been applied to analyse 

the throughput and secrecy performance of multi-relay cooperative network. The throughput 

analysis of a Multi-Source Multi-Antenna Cooperative Relay Network (CRN) with RF-EH has 

been carried out using maximum energy accumulated selection and optimal relay selection 

schemes in an ideal interference-free environment. Next, a generalized RF energy harvesting 

framework has been designed with Hybrid TSR-PSR protocol for AF, DF and hybrid AF-DF 

relaying schemes under the Weibull fading channel. Additionally, the security performance in 

multi-relay network with a friendly jammer has been evaluated. 

In the third part of our research, the performance of two-way cooperative networks has 

been analysed. Here an energy-efficient and secure transmission scheme has been devised for 

bidirectional IoT relay network with energy accumulation using RF-EH in interference-limited 

environment. The untrusted relays accumulate the harvested energy from the surrounding RF 

sources and Co-Channel Interferers (CCIs) and utilize that energy to forward the confidential 

information to the respective destinations.  

In the fourth instance, the impact of RF-EH in NOMA-assisted CRN has been shown. 

The performance of an autonomous and energy-efficient RF-powered Multi-Device (MD) 

Diamond Relay Network (DRN) in an IoT environment has been studied using an improved 

Adaptive NOMA (A-NOMA) protocol. Alongwith this, the secrecy performance of a two-user 

Cooperative NOMA network has been examined under the influence of a cluster of interferers 

using jamming cancellation scheme. 

Finally, the impact of RF-WPT on Rechargeable Wireless Sensor Network (R-WSN) 

has been observed in IIoT application.  
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Chapter 1 

INTRODUCTION 

 

 

1.1 BACKGROUND 
 
Spectrum scarcity, security threats, limited battery power of wireless nodes, greater energy 

consumption, large volume of data transmission with greater reliability, long distance coverage 

and so on are some of the issues in upcoming Fifth Generation and Beyond (5G+) wireless 

networks. Cooperative relaying techniques can be used in cooperative communication 

networks to alleviate fading and attenuation issues by placing relay nodes between a transmitter 

and a receiver. As a result, network performance characteristics such as efficiency, throughput, 

and reliability can be enhanced. An energy-constrained relay node, on the other hand, cannot 

ensure acceptable Quality of Service (QoS). In extreme situations, replacing or recharging the 

traditional power supply is impossible. For instance, devices implanted in patients to monitor 

health data are increasing in number; however, these devices are expensive, and their batteries 

can be difficult to replace. This issue has increased the demand for wireless battery charging 

using external sources or battery-free wireless charging, which has fuelled the emergence of 

wireless Energy Harvesting (EH) [1]. Conventional EH technologies depend on external energy 

sources like wind, vibration and solar which is intermittent in nature and suffers from the time-

varying issue as well as material inefficiency. Since Radio Frequency (RF) signals carry energy 

as well as information without frequent monitoring and maintenance, Radio Frequency Energy 

Harvesting (RF-EH) has emerged as a potential green communication technology facilitating 

the low power devices to collect energy from the surrounding environment.  

One Way Relaying (OWR) or unidirectional networks have been widely applied in 

practical data communication for long-distance information transmission in wireless networks. 

Owing to its superior spectrum efficiency, Two Way Relaying (TWR) [2] has gained significant 

attention as an efficient scheme for bidirectional data transfer that improves the coverage and 

capacity of wireless networks. Relay Selection (RS) is a practical solution to exploit the 

cooperative diversity in a wireless network where multiple relays are available. In EH-assisted 
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relay networks, the transmit power of relays is not restricted by the volume of their batteries. 

Instead, the energy used for relaying is harvested from the received signals.  

The broadcasting nature of wireless communication medium enables any node within 

its range to pry on the confidential information. As a complementary and alternative technology 

to traditional cryptographic approach, Physical layer security (PLS) has drawn attention as a 

security provisioning scheme for 5G+ networks and beyond as it explores the random 

characteristics (i.e., fading and interference) of the transmission medium. In the context of two-

way cooperative relaying, a practical and attractive area is the untrusted scenario, where a relay 

assists communication between two nodes as a legitimate entity but acts as a silent 

Eavesdropper (EAV). Generally, in practical Internet of Things (IoT) environment, interference 

is an obnoxious phenomenon in wireless communication system since it becomes a menace to 

the wireless channel capacity if not being totally decoded and removed.  Contrary to this view, 

recent interests have emanated on innovative approaches that consider interference as a useful 

resource for developing energy efficient and secure communication systems [3]. However, it is 

still an open research problem to design new methods to exploit Co-Channel Interference (CCI) 

signals efficiently in a two-way IoT network with EH capability that can simultaneously 

improve the performance of the network and promote continuous energy transfer. 

Due to its low cost, low complexity receivers, and lack of Inter-User Interference (IUI), 

Orthogonal Multiple Access (OMA) was thought to be a practical technique for Fourth 

Generation (4G) wireless networks. In order to support the high demand of multimedia traffic 

in IoT network, an efficient Multiple Access (MA) technology referred as Non-Orthogonal 

Multiple Access (NOMA) [4] has been designed to provide high Spectral Efficiency (SE) as 

required for 5G+ wireless networks. NOMA offers massive connectivity, broader coverage, 

enhanced data rate, high SE and reliability by sending superimposed RF signals over the same 

radio resources from multiple users by allocating different power factors followed by 

Successive Interference Cancellation (SIC) scheme. However, one prominent disadvantage is 

that it imposes extra receiver complexity in order to reduce the IUI using SIC. When the 

interference is severe, the throughput of NOMA declines dramatically and can eventually fall 

below that of OMA. Another distinctive feature between OMA and NOMA is that OMA may 

be a preferred option for a small network where the near-far effect is negligible; whereas 

NOMA would be the better solution for a larger network.  The above discussion points towards 

the need of an adaptive MA scheme to dynamically select the proper access mode between 

OMA and NOMA to enhance the sum rate of the network. Although Cooperative NOMA (CR-
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NOMA) improves transmission reliability due to openness of wireless channel, security in the 

physical layer is still a major issue. 

For devices powered by EH from the ambient environment, the energy arrival process 

is inherently time-varying in nature. Such fluctuations in the energy arrival process may affect 

the transmission delay of an EH device, i.e., there may not be sufficient energy available at the 

device when it has to transmit information, thus, it has to wait until there is sufficient harvested 

energy. Therefore, how to accurately measure and control the delay in EH wireless 

communication network is a very important problem, especially for time-relevant wireless 

applications, such as a status-monitoring Wireless Sensor Network (WSN). Energy 

provisioning has led to the development of Rechargeable Wireless Sensor Networks (R-WSNs) 

[5,6] where sensors are equipped with a rechargeable lithium-ion battery and an energy 

harvesting module. In R-WSNs, the sensors recharge their batteries by harvesting renewable 

energy from ambient sources (wind, solar, etc.) or electrical power from wireless chargers. 

However, the success of Renewable EH (REH) for R-WSNs remains very limited in practice. 

This is because the amount of energy harvested from REH is a function of the deployment 

environment. In contrast, RF Wireless Power Transfer (RF-WPT) technology [7] has gained 

significant interest as a prospective technology for enabling stable and reliable energy supplies 

to the rechargeable sensors through transmitting RF energy and has a powerful advantage in 

Industrial IoT (IIoT) as it exploits low level, ambient RF power to sustain autonomous 

operation of sensor motes. 

 

1.2 MOTIVATION 
 
In the recent past, RF-EH has gained interest in enabling sustainable power supply for stable 

operation of wireless networks. Due to limited battery capacity of a relay node, a wireless 

network does not remain operational in perpetuity. To prolong the network operational lifetime, 

many strategies and techniques have emerged; the most recent being the EH technique. There 

are two main categories of RF-EH. The first category uses ambient RF power. For example, 

the ambient TV signals or cellular signals can be harvested for energy. Unlike the conventional 

batteries or mains connections that have fixed power supply, the power supply from harvested 

energy is not fixed any more. Hence, many works in the literature have investigated the 

exploitation of EH for wireless communications. The second category uses intentional 

(dedicated) RF power. For example, in hybrid access point systems, the Base Station (BS) 

broadcasts wireless energy to the remote devices in the Downlink (DL), and then the remote 
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devices transmit their data in the Uplink (UL) using the received power. In power beacon 

systems, power beacons are used to provide power coverage for mobile devices in the network, 

in addition to the BSs that provide information coverage. To satisfy the requirements of 

security, Energy Efficiency (EE) and SE simultaneously, some recent works have explored the 

combined effect of PLS and RF-EH for relay networks. 

Generally, in practical IoT environment, CCI signals result in degradation of the system 

performance by corrupting the message signals. However, these interferer signals can 

purposely be used as a new energy source to empower the relay nodes [8,9] where the extra 

energy acquired from the interferer is utilised to improve the system performance. When power 

is extracted from a noisy environment, the Signal-to-Noise Ratio (SNR) decreases because 

energy is harvested from the same noise that contributes to the interference. This reduction in 

SNR leads to a lower channel capacity and, hence, reduced throughput. EH can compensate 

for the reduction in channel capacity caused by noise by allowing increased transmission power 

which can offset the negative impact of a lower SNR. By harvesting energy from co-channel 

interferers, the additional power from the harvested energy can be used to boost the 

transmission power of the receiver or to enhance the processing capabilities of the receiver’s 

circuitry. This effectively reduces the impact of noise relative to the signal, thus improving 

SNR. Hence, it is still an open research problem to design new methods to exploit CCI signals 

efficiently in a two-way IoT network with EH capability that can simultaneously improve the 

secrecy of the network and promote continuous energy transfer. 

A significant amount of research was carried out to investigate the impact of integrating 

IoT with EH, NOMA and cooperative communication. Along with significant increase in SE, 

the energy consumption in NOMA-enabled system increases with the average cluster size 

growth. Thus, integration of RF-EH technology into CR-NOMA has gradually become an 

innovative research direction. 

Redesigning existing wireless networks to support both information transmission and 

RF-EH is becoming increasingly important as the demand for WPT grows, particularly in 

applications like IoT devices, wireless sensor networks, healthcare monitoring, and smart 

cities. Traditional wireless networks are optimized primarily for data communication—

ensuring high throughput, low latency, and reliable connectivity. However, when RF-EH is 

introduced, the network must now balance the energy transfer efficiency with the data 

transmission performance. This creates a new set of requirements that existing systems aren’t 

optimized for resource allocation where wireless networks need to allocate resources (like 

spectrum, time slots, power) between information signals and energy signals, which can be 
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challenging without a redesign. RF-EH often operates in the same frequency bands as data 

communication. This can cause interference between energy signals and data signals, 

degrading network performance. To mitigate this, networks may require advanced frequency 

allocation schemes (like dynamic spectrum access) and interference management techniques 

(like beamforming, adaptive coding). In general, the amount of harvested energy is small. 

Hence, one of the main application scenarios of EH communications is low-power WSNs. 

Interestingly, the latest breakthrough in WPT technology has shown its strong and high 

potentials to address these fundamental bottlenecks surrounding the finite node lifetime and 

operational performance of IIoT applications.  

Being motivated by the above research trends and the progress in the field of RF-EH in 

different areas of wireless communication networks, some efficient and improved relaying 

schemes and protocols have been proposed to achieve better network performance. The 

effectiveness of the proposed works has also been established by comparing the performance 

with some existing relevant network models in terms of several performance parameters. 

 

1.3 OBJECTIVES  
 
Specifically, our research objectives are: 

• Developing sophisticated RS strategies for better reception reliability in OWR and TWR 

networks with Interference-Aided EH (IA-EH) 

• Improving the secrecy performance in untrusted scenarios by developing different network 

schemes and protocols 

• Improving the EE, SE and secrecy performance by integration of RF-EH technology into 

CR-NOMA network 

• Addressing the problem of long-term autonomous operation of a network in IIoT 

environment by applying RF-WPT technology 

 

1.4 METHODOLOGY 
 
The global energy crisis has urged the development of green technologies which aim to 

improve energy utilization. In this dissertation, an attempt has been made to design efficient 

RF-EH schemes for secure communication in wireless networks. Based on the idea of energy 

reuse, RF-EH has been recently applied to cooperative communications, where the information 
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delivery from a source node to a destination node can be assisted via single or several 

intermediate energy-constrained relay nodes. Inception of cooperative relaying in EH 

technology has been shown to enhance the EE, improve the network connectivity and increase 

the reliability [10]. Considerable research effort has been devoted to develop different relay 

selection strategies in multi-relay networks with IA-EH in presence of EAVs. However, 

conventional OWR involves additional time phases to complete bi-directional signal 

transmission, which reduces SE. To address the issue, new TWR schemes have been developed 

under realistic assumptions to achieve improved performance related to EE, Secrecy Capacity 

(SC) and harvested power.  

Further enhancement of secrecy in NOMA has been accomplished. Furthermore, RF-

powered Multi-Device Diamond Relay Network (MD-DRN) has been designed to boost the 

Achievable Sum Rate (ASR) and EE of the network using A-NOMA. The performance analysis 

of the proposed models has been carried out and compared with the existing benchmarks with 

respect to various network parameters by considering mathematical operations involved in the 

models. The above investigations are based on analytical modelling and its validation by 

simulation frameworks developed by us. Simulations are performed using MATLAB 2022b in 

Windows operating system. Simulation results are supported by analytical results wherever 

possible. 

Recent advances in wireless energy transfer have made it possible for self-sustainable 

relays that power themselves by capturing ambient energy wirelessly. For our real-world usage 

tests, commercially available of-the-shelf measurement tools have been utilized to calculate 

the battery recharging time of on-board rechargeable batteries. Bluetooth-enabled PowerSpot 

RF Wireless Power Development Module (P1110-EVAL-PS) [11] has been used to charge 

various sensors and multiple consumer devices using the harvested RF power. Measurements 

are taken at different distance using vertically polarized PCB dipole and patch antennas. Apart 

from that, Netsim v13.1 [12] has been used re-create the IIoT environment. Here the residual 

energy as well as energy consumption in each battery node has been estimated by battery model 

metrics table. Rechargeable or EH mode represents the harvesting sub-module to increase 

battery residual energy periodically. In NR or no-harvesting mode, each node in the network is 

powered solely by its own battery. 
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1.5 CONTRIBUTIONS 

The pertinent contributions of this research are summarized below: 

 

• A Hybrid TSR-PSR scheme has been proposed in a cooperative relay network considering 

interference as an energy source. Here, comparison of throughput with respect to several 

parameters such as EE, relay position and location of interferer for each of Time Switching 

Relaying (TSR), Power Splitting Relaying (PSR) and Hybrid protocols, with and without 

the influence of CCI has been studied.  

• Destination-based Jamming (DBJ) technique has been introduced in Cooperative IoT 

(CIoT) network with beacon aided RF-EH to analyse the secrecy performance in terms of 

Secrecy Rate (SR) analysis and System Energy Efficiency (SEE) over dissimilar faded 

channels (Rayleigh/Weibull, Weibull/Rayleigh, Hoyt/Rayleigh, Rayleigh/Hoyt). 

Furthermore, joint effect of IA-EH and DBJ has been studied for improving the SR. 

• A novel architecture of a cooperative relay network containing multiple sources with 

multiple antennas and RS over Rayleigh fading channel has been developed incorporating 

two improved RS schemes namely Optimal Relay Selection (OPT-RS) and Maximum 

Energy Accumulated Relay Selection (MEA-RS). 

• A generalized RF-EH system model has been proposed by optimizing the throughput 

expression with hybrid TSR-PSR protocol and performance of the model has been 

investigated for Amplify and Forward (AF), Decode and Forward (DF) and Hybrid AF-DF 

(HDAF) relaying schemes under the Weibull fading channel.  

• An RF-powered multi-relay network has been proposed to analyse the secrecy performance 

in terms of SOP and SC. Subsequently, the best node scheduling scheme has been applied 

to enhance the secrecy of the proposed network.  

• A bidirectional HD multi-relay multi-antenna adaptive relaying network over the Nakagami 

fading environment has been proposed in Delay-Limited (DL) as well as Delay-Tolerant 

(DT) transmission modes and detailed analyses have been presented.  

• A novel method of RF-EH in Two Way Communication (TWC) with Maximum Harvested 

Energy Antenna Selection (MHE-AS) protocol has been presented to enhance the security 

of the system in terms of SC in the presence of an interferer.  

• A secure and energy-efficient scheme for RF-powered two-way untrusted IoT relay 

network has been proposed in an interference-limited environment and the closed form 

expressions for Secrecy Outage Probability (SOP) and accumulated harvested energy have 
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been derived. Also, Average Secrecy Capacity (ASC) has been analyzed using monte-carlo 

simulations. An in-depth analysis on the accumulated harvested energy and SC of the 

network in terms of saturation power threshold for non-linear mode has also been 

performed. 

• CR-NOMA network with IA-EH has been designed in an untrusted scenario where the 

effectiveness of the proposed model has been investigated in terms of SOP considering 

various key parameters such as source transmission power, transmit power of jammer, 

number of interferers and interferer transmit power. Also, the Ergodic Secrecy Rate (ESR) 

of individual users has been evaluated highlighting the impact of allocated power factors 

on ESR for both near and far users.  

• An improved Adaptive NOMA (A-NOMA) protocol has been applied in an RF-powered 

Multi-Device Diamond Relay Network (MD-DRN) to enhance the Achievable Sum Rate 

(ASR) in an IoT scenario. Also, the Bit Error Rate (BER) performance and Energy 

Efficiency (EE) of the proposed model has been studied.  

• A realistic virtual IIoT environment has been developed using NETSIM and tested with the 

commercially available of-the-shelf PowerSpot® RF Wireless Power Development module 

to analyse different system parameters namely battery recharging time, network energy 

consumption, Network Lifetime (NL) and throughput.  Also, the effect of antenna gain on 

the battery recharging time has been observed with respect to variation in distance and 

Depth of Discharge (DoD).  

 
1.6 DISSERTATION OVERVIEW 
 
This main body of this dissertation is organized into eight chapters with five contributory 

chapters. The thesis is outlined as follows: 

Chapter 1 discusses the background, motivation, objectives, methodology and contribution of 

the present work and outlines the organization of the thesis.  

In Chapter 2, an extensive survey of existing literatures on the current state-of-the-art 

techniques related to RF-EH has been carried out. A comprehensive summary of various EH 

schemes, RS strategies, fading models, security issues as well as application of RF-WPT in 

IIoT has been discussed in this thesis.  

In Chapter 3, the performance analysis of one-way single relay network has been carried out. 

A Hybrid TSR-PSR protocol for IA-EH in a Cooperative Relay Network CRN has been 
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presented to improve the network throughput. Moreover, an energy-efficient RF-EH scheme 

has been presented in the next system model to evaluate the secrecy performance in an IoT 

network using cooperative communication approach in an interference-free environment. Here, 

new analytical expressions for both SC and EE in Rayleigh, Hoyt and Weibull fading channels 

have been obtained.  Apart from that, our next framework incorporates DBJ approach to 

increase the system security in the presence of an interferer. 

In Chapter 4, various RS strategies have been implemented for better reception reliability in 

multi-relay network with RF-EH. The performance of the network has been investigated in 

both interference-limited and interference-free environment. Also, the secrecy performance has 

been analysed in multi-relay network using best node scheduling scheme. 

In line with Chapter 3 and 4, a Two-Way Multi-antenna Relay network has been designed in 

Chapter 5 where the throughput performance of a two-way multi antenna multi-relay network 

over Nakagami fading has been carried out for both DL and DT transmission modes. In 

addition, the secrecy performance has been evaluated with IA-EH using MHE-AS scheme. 

This model has been further extended to analyse the secrecy in an RF-powered TWR 

comprising of two untrusted relays where the joint effect of PLS and IA-EH under 

accumulation of the harvested RF energy for both linear and non-linear scenarios has been 

highlighted.  

In Chapter 6, a secure transmission scheme in CR-NOMA network employing IA-EH has 

been depicted to enhance the system security performance by introducing jamming cancellation 

technique. Apart from that, design and analysis of an RF-powered network has been carried 

out using an upgraded A-NOMA protocol where the IoT relay devices are deployed in a 

diamond relay topology and are empowered by ambient RF energy for sustainable operation 

of the network.  

In Chapter 7, a practical approach and real-time implementation of an RF-enabled EH-WPT 

technique has been presented to demonstrate the application of RF-WPT in IIoT using 

Powercast energy harvesters and Netsim Modeller tool. 

Chapter 8 provides the main findings of the thesis and discusses some possible future research 

directions. 
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Chapter 2 

LITERATURE SURVEY 

 

2.1 OVERVIEW 

Advancement in communication technology demands for promising solutions to power a large 

number of devices for a longer time. In this regard, RF Energy Harvesting (RF-EH) has come 

up as a potential solution for energy constrained networks such as the Internet of Things (IoT) 

by converting RF signals into electrical energy which can be used to satisfy the energy needs 

of the smart devices in order to prolong their lifetime. RF energy refers to the amount of energy 

harvested from the RF signals both ambient and dedicated, emitted by a transmitter and 

received by the harvesting circuit to generate an electrical energy [13,14]. This chapter presents 

a detailed survey of the existing approaches for various Relay Selection (RS) strategies and 

security issues in EH-enabled wireless relay networks. The relaying protocols and schemes of 

EH along with some potential applications of EH technology have been outlined and discussed. 

Various metrics for network performance such as Outage Probability (OP), throughput, Secrecy 

Capacity (SC), Bit Error Rate (BER), Energy Efficiency (EE), Network Lifetime (NL) etc. 

have been studied. The performance analysis of NOMA using RF-EH has also been studied. 

Finally, the concept of Wireless Power Transfer (WPT) using RF-EH has been presented. For 

better understanding, the reviews of the relevant research articles have been summarized in 

distinct sections. 

 

2.2 RADIO FREQUENCY ENERGY HARVESTING  

With the enormous use of RF signals for wireless communication and technology, RF-EH has 

attracted a lot of attention due to ambient RF energy residue present in the surrounding. Major 

RF sources are Bluetooth, mobile phone, Wireless Fidelity (Wi-Fi) signal transmitters, 

television/radio broadcasters, mobile phones, Base Stations (BSs) and any RF transmitter that 

transmits RF signals of certain frequency present in the environment [15]. Fig. 2.1 represents 

schematic of a general RF-EH system [16]. The key elements of an RF-EH network include 

the following components: a receiving antenna, for capturing RF signals radiated by an RF 
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transmitter; an impedance matching circuit, to optimize the power harvesting by aligning the 

impedance of the receiving antenna with the rectifier; and an AC to DC rectifier, that converts 

the collected signals into usable electrical power. Depending on its application, an RF-EH may 

consist of a voltage booster or regulator at the output end to boost up the output voltage level 

for specific applications at the cost of size and efficiency of the harvester.  

 

 

Fig. 2.1 An RF-EH system conceptual block diagram [16] 

 

2.3 RF ENERGY HARVESTING IN COOPERATIVE 

RELAY NETWORKS 

Cooperative relaying is a novel technology which improves the EE and the reliability of 

wireless networks by employing intermediate relay nodes between various source and 

destination nodes [17]. Van der Meulen [18] presented the first classical relay channel in his 

1971 PhD thesis. As presented in the literature, two distinct receiver architectures namely 

Time-Switching (TS) and Power-Splitting (PS) [19] were taken into consideration when 

examining cooperative relay techniques for an RF-EH network. Particularly, for low data 

transmission rate, the TS protocol can achieve higher OP and throughput performance than that 

of PS scheme. However, PS protocol is better than TS protocol for high data transmission rates. 

The TS protocol is considerably easier to achieve than the PS protocol when comparing the 

two. On the other hand, theoretical research has demonstrated that the PS protocol can provide 

far superior trade-offs between harvested energy and transmission rate. Furthermore, in the TS 

protocol, precise time synchronization between the transmitter and receiver is necessary, and 

the receiver's switching function must be adjusted in accordance with the transmitter's time 
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information. Therefore, in the practical systems, the PS protocol is more suitable to be utilized 

than the TS protocol, and most of the research works are based on the PS protocol.  Authors in 

[20] established a Hybrid TS-PS protocol which showed the superiority of the protocol over 

both Power Splitting Relaying (PSR) and Time Switching Relaying (TSR). However, the above 

works focused on system performance over Rayleigh fading channel which is valid only for 

outdoor wireless channel. In contrast, for indoor environment, the OP of the system was studied 

by adopting PSR and TSR over log-normal fading channel [21]. In [22], a modified TSR 

protocol had been presented in multi-destination network with Simultaneous Wireless 

Information and Power Transfer (SWIPT). The disadvantages associated with these protocols 

were addressed by introducing a new Adaptive Relaying Protocol (ARP) [23]. In this work, the 

ARP for bidirectional Half Duplex (HD) system was investigated over Rician fading channel 

including a single relay with single antenna between the source and destination nodes.  

In practice, HD relays are preferred over Full-Duplex (FD) as they are easier to 

implement than the latter. However, half-duplexing comes at the cost of multiplexing gain loss 

as compared to full-duplexing.  In [24], the OP of the FD relay system was investigated. In 

[25], the FD Cooperative Cognitive Radio Network (CCRN) with multiple FD secondary users 

had been analysed, and the optimal system throughput had been derived. However, the EH 

technique was not implemented in the above works. This issue was addressed in [26, 27] where 

the FD relay system was investigated using EH with TSR protocol to optimize the time 

allocation aiming at improving its own performance. 

Depending on the network configuration and available resources, two well-known 

relaying strategies i.e. Decode-and-Forward (DF) and Amplify-and-Forward (AF) have been 

introduced in [28]. In [29], the ergodic capacity and throughput of a DF relaying protocol was 

examined. In the following year, the OP and throughput for a TSR network operating in AF 

protocol was investigated in [30]. In AF relaying, relays simply scale the received signal by a 

predefined gain factor and retransmit it. Thus, AF relays have relatively less complex circuitry 

and cost. However, as simple repeaters, AF relays are well known for transmitting an amplified 

version of noise signals over the communication channel since it amplifies the noise parts as 

well as the signal during the scaling process. In contrast to AF relaying, DF scheme limits the 

propagation of noise at the expense of circuit complexity. However, if the signal is commuted 

over multi-hop paths, DF relays propagate the errors over the network. The AF relays have a 

number of drawbacks, including noise introduced by the information receiver and non-linear 

distortion. Whereas AF retransmits and amplifies signals without decoding, DF decodes, re-

modulates, and re-transmits the received signal. The DF complexity compared to AF relays 
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significantly high due to its full processing capability. The DF protocol also requires an 

advanced media access control layer, which is not required for the AF protocol. On the other 

hand, a Hybrid AF-DF (HDAF) relaying protocol could be used in certain applications [31].  

The aforementioned literature focused on One-Way Relay (OWR) system where data 

transmission occurs in one direction. In comparison with the FD-OWR system, the OP and 

throughput calculation of the FD Two-Way Relay (TWR) system is more complicated, as both 

destination nodes are to be considered simultaneously. In [32], a PS-based SWIPT with a DF 

scheme had been employed at TWR to harvest energy from RF signals. In [33], a new system 

model of DF-FD relaying network over the Rician fading environment was introduced. SWIPT 

for the AF-based TWR networks had been adopted in [34]. In [35], the performance of the EH 

scheme had been investigated in a WSN showing that the HDAF protocol outperformed the 

conventional DF and AF protocols. 

 

2.4 RF ENERGY HARVESTING IN TWO WAY 

COMMUNICATION (TWC)  

The idea of bidirectional or TWR was first introduced by Shannon in [36]. Subsequently, OWR 

or unidirectional networks had been widely applied in practical data communication for long-

distance information transmission in wireless networks. Fig. 2.2 presents a simple TWR 

technique. In transmission phase 1, both the source and destination transmit their information 

simultaneously to the relay, whereas in phase 2, the relay amplifies/decodes the received signal 

and broadcast the information. To achieve EH and information decoding, TSR and PSR 

architectures of the receiver were proposed in [37-39]. Joint TS and PS schemes have been 

presented in [40–43] as an extension of these studies for TWR networks with an energy-

constrained relay node. In [44], the authors considered the scenario where the Secondary Users 

(SUs) or relay nodes share their reporting channel with the Primary User (PU). Their Proposed 

Voting Rule (PVR) optimized the majority rule by exploiting the difference in outage of the 

reported information due to the presence or absence of the PU in the channel. Opportunistic 

Amplify and Forward (OAF) relaying and Partial Relay Selection (PRS) was considered in 

[45]. Previous research had investigated TWC in SWIPT-enabled CCRN employing PS, TS, 

and HPTS protocols [46,47]. Moreover, in the performance analysis of SWIPT in [48,49], the 

non-linear EH mode and piece-wise linear EH model have been taken into consideration. A 
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dual-hop AF TWR system with a non-linear amplifier was introduced in [50, 51]. Based on TS 

or PS scheme, the throughput performance had been analyzed and formulated.  

 

 

 

 

 

 

 

Fig 2.2 Two-way relaying in wireless communication 

 

2.5 RELAY SELECTION (RS) STRATEGIES 

In wireless cooperative networks, several intermediate relay nodes are available to assist 

communication between a pair of data source and destination. These nodes have different 

locations and so each transmitted signal from source to destination must pass through different 

paths causing different attenuations within the signals received at the destination which results 

in reducing the overall system performance. To minimize this effect, design of proper relaying 

strategy is an essential issue where high-quality links can be chosen by using proper RS 

techniques. The most interesting one had been discussed in [52], where Bletsas proposed the 

idea of totally distributed RS, i.e. the network did not require centralized Channel State 

Information (CSI) to select the best relay. In multi-relay cooperative networks, selection of the 

best relay is highly required. Two different best RS strategies were proposed in [53]. In the first 

strategy, the best relay was selected based on the harvested energy during the current block of 

time, whereas the second strategy was based on harvested energy during current block of time 

as well as stored energy from the previous blocks of time. The relay with the lowest energy 

consumption was picked as the best relay in [54]. In [55], a multi-relay scenario with a SWIPT-

assisted cellular IoT network was examined where the optimal relay was chosen by maximizing 

the energy gathered from both the source and CCI signals. For networks with multiple relays 

operating with TS protocol, an RS protocol had been discussed in [56], where the best relay 

was selected based on maximum harvested energy from the signal of source. The authors in 

[57] studied two RS methods, Partial Relay Selection (PRS) and Opportunistic Relay Selection 
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(ORS), in a multi-relay DF wireless EH network. In PRS, the relay that aids S-D transmission 

was selected based on the CSI of either S-R or R-D hop; whereas, in ORS, the relay that ensures 

best end-to-end path between S and D was selected as the best relay. The performance of both 

the schemes had also been evaluated in terms of OP, where ORS scheme clearly outperformed 

PRS. The authors in [58] had studied the comparison between three RS schemes where the 

effect of various parameters on throughput and OP had been studied. However, the analysis 

was limited to a single source with a single antenna. A distributed RS strategy had been 

proposed in [59] in order to incorporate fairness among the relay nodes in terms of equal energy 

consumption, where a central unit numerically calculates a weight factor for each relay node 

such that the power consumption for each relay is almost equal. The model proposed by [60] 

derived an optimal PSR value in order to maximize the end-to-end SNR of a link. However, 

neither [59] nor [60] had considered the arbitrary relay positions for selection of the best relay 

channel. 

 

2.6 PHYSICAL LAYER SECURITY (PLS) in RF 

ENERGY HARVESTING 

Physical Layer Security (PLS) is an information-theoretic procedure that achieves secrecy by 

using signal processing techniques and channel codes. The main idea of PLS is to utilize 

wireless channels and interference environments to keep the secret message from 

eavesdropping [61-63]. Wyner conducted the first research on PLS in [64] comprising of a 

three-node configuration including a Source (S), a Destination (D), and an Eavesdropper (EAV) 

as depicted in Fig. 2.3. PLS techniques based on cooperative relay transmission are especially 

important in situations where devices typically have limited power supplies and coverage 

ranges for reliable communication. In the past decade, substantial research had been made to 

deal with the problem of PLS in cooperative relay networks. However, these existing secure 

schemes are based on the assumption that the nodes in the network are ideal i.e. secure, and 

they are designed to prevent interception from the EAVs outside. Nonetheless, in certain 

scenarios, such as heterogeneous networks, relays could be considered unreliable because they 

could act as potential EAVs, attempting to illegally decode the information signal received from 

legitimate sources while aiding in S-D transmission. To overcome this problem, He and Yener 
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[65] proposed a breakthrough in one-way untrusted relay network by employing a friendly 

jammer without direct transmission to obtain a positive Secrecy Rate (SR). 

 

 

 

 

  

 

 

Fig. 2.3 (a) Wyner’s wire-tap channel [64] (b) Wire-tap channel with cooperative relaying for 

enhanced security 

 

The secrecy performance of HDAF was observed in [66] and compared with AF and DF 

schemes. Furthermore, it had been observed that the performance improves with increasing 

number of cooperative relays. The work presented in [67] applied a Cooperative Jamming (CJ) 

scheme for harvesting energy using a multi-antenna. PSR and beamforming methods had been 

used by [68] to increase the SR by applying Destination-based-Jamming (DBJ) that deteriorates 

the Signal-to-Noise Ratio (SNR) at the EAV. The study in [69] used different RS strategies to 

improve the network performance in terms of Secrecy Outage Probability (SOP). In [70], the 

secrecy rate performance of an untrusted unidirectional relay network with EH was evaluated 

under the impact of hardware impairments in interference-free environment. [71] had 

investigated secrecy performance of DF relay system over κ-μ shadowed fading channels. The 

exact closed-form expressions of SR and SOP had also been derived. The secrecy performance 

of DF relay network had been analyzed in [72] under composite Weibull/Lognormal fading. 

More interestingly, the confidentiality of a single-hop EH relay network was studied in [73]. 

Comparing AF relay with DF relay, it was concluded that the confidentiality rate of AF relay 

is higher than those of DF relay in both EH and conventional systems. Despite considerable 

contribution of the aforementioned study, very few investigations have been conducted to 

investigate secrecy and EE performance under Nakagami-q (Hoyt) or Weibull fading. 

Furthermore, the results for SR analysis across Hoyt and Weibull fading in a hybrid 

Cooperative IoT (CIoT) network have not yet been reported in literature. A detailed study on 

EE performance with beacon-assisted EH was carried out in [74] under a Rayleigh fading 

(a) (b) 



17 
 

environment. But, the concept of cooperative relaying and jamming was not addressed. 

Although the work by [75] provided secure communication via EH untrusted relay, the authors 

did not demonstrate how EH affected the system performance. By incorporating the advantages 

of conventional relaying schemes, a new adaptive scheme i.e. HDAF protocol was applied in 

[76] and [77] where the secrecy performance had not been analysed. Energy can be harvested 

by using multiple antennas at the relays as in [78], but in the case of a single antenna at the 

relay, the relay may not be able to harvest the sufficient energy in a single transmission frame. 

The accumulation of harvested energy was explored in [79], where the destination transmitted 

a jamming signal after its battery was fully charged. On the other hand, a backup energy source, 

such as a grid or a battery power supply, may be used during the frames when the captured 

energy is insufficient and is being stored. In [80], the performance of a linear TWR network 

has been assessed for a case that is limited to equal power transmission by the two transmitters 

considering a single interferer node. Here a separate external jammer has been deployed for 

maintaining security of the network. Meanwhile, the work in [81] has incorporated a Parallel 

Interference Cancellation (PIC) technique to achieve enhanced secrecy rate in a linear RF-

powered TWR network. 

 

2.7 ROLE OF INTERFERENCE IN RF-EH 

The interference network is a fundamental type of topology for multi-user networks, where 

each transmitter provides independent information to its associated receiver, and the signals 

received at the undesired receiver are considered interference. Interference is traditionally 

considered to be one of the major challenges in wireless communications due to its detrimental 

effects on throughput and secrecy. Considering the practical implications, interference 

modeling in wireless networks is a very interesting problem. Interference induced in wireless 

networks, commonly referred to as Co-Channel Interference (CCI), depends mainly on 

physical factors, such as the spatial distribution of interferers, interfering channel fading and 

the power of the interferers. The presence of CCI in EH-enabled wireless communication is 

expected to have an intriguing impact on the system performance. On one hand, it can be 

considered as a useful source to scavenge additional energy through the RF-EH technique. A 

OWR strategy was investigated in [82] under three schemes where the EE was optimized. In 

literature, various cooperative EH protocols were examined under two different relaying 

scenarios: single-relay [83–85] and multi-relay [86, 87], where the transmitted power of source 
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was considered as the main source of harvesting energy. In [86], a model has been studied 

where source node selects the best relay to transmit signal to the base station. An algorithm has 

been established to calculate the highest throughput of the best relay. Most of the research 

works on Interference-Aided (IA) wireless EH has been conducted in cooperative networks, 

where the interferences among users might be used as a source of extra energy for wireless EH. 

The authors in [88,89] developed a single relay-aided EH protocol where both CCI signals and 

source signal were considered as potential energy sources for powering the relay node during 

the EH phase while CCI signals were treated as noise during the information decoding phase. 

A three-node cooperative RF-EH protocol had been proposed in [90], where the relay node 

operated in EH mode when the CCI signals were very strong and harvested energy from both 

CCI signals and source signal. On the contrary, when the CCI signals were weak, the relay 

node processed information by operating in information decoding mode. Hence, it remains an 

ongoing research challenge to propose new strategies to exploit CCI signals efficiently as a 

source of power to recharge energy constrained nodes with minimal decrease in system 

performance. A significant contribution on harvesting energy from the interference was 

illustrated in [91], where the EE of data transmission was maximized for an Orthogonal 

Frequency Division Multiple Access (OFDMA)–based non–cooperative communication 

system. A CRN had been considered in [92], where the energy–limited relay harvested energy 

from the received signal and interference, and then exploited the energy for relaying operation. 

Although the authors of [93] developed a closed-form equation for throughput for cooperative 

communication networks with EH capability, they did not give any security framework for 

such systems. A hybrid protocol for IA-EH was developed in [94], in which the power-

constrained relay collected energy from both the source and the interferer's signals. In order to 

choose which EH source is better, two different cases were considered in [95]. While the relay 

in the first scenario harvested energy only from the source signal under the assumption of 

negligible interference signal, in the second situation the relay harvested from both the source 

as well as the interfering transmitter.  It has to be noted that [93], [94] and [95] had considered 

single relay operating in the cooperative networks.   

Similar to OWR, TWR systems are also affected by CCIs due to heavy spectral reuse, which 

can be regarded as a constant energy source and has a major role to maximize the SC under an 

EAV attack. The authors in [96] had proposed an opportunistic IA-EH scheme for two-way 

multi-antenna relaying networks in presence of CCI. Because of security vulnerability along 

with energy insufficiency in TWR networks, both EH framework along with PLS had been 

https://www.sciencedirect.com/science/article/pii/S1051200422004638?casa_token=9CHGmkX4Wn4AAAAA:U3QppdD6OheweF3HllWEZ9AFC6c7iECTDXKAhWjdWyH-lt7EIS539t0Ah4eTZ85tThTb0Se3q0Ju#br0240
https://www.sciencedirect.com/science/article/pii/S1051200422004638?casa_token=9CHGmkX4Wn4AAAAA:U3QppdD6OheweF3HllWEZ9AFC6c7iECTDXKAhWjdWyH-lt7EIS539t0Ah4eTZ85tThTb0Se3q0Ju#br0250
https://www.sciencedirect.com/science/article/pii/S1051200422004638?casa_token=9CHGmkX4Wn4AAAAA:U3QppdD6OheweF3HllWEZ9AFC6c7iECTDXKAhWjdWyH-lt7EIS539t0Ah4eTZ85tThTb0Se3q0Ju#br0260
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included together in CRNs [97]. In [98], the system performance of a bidirectional multi-antenna 

relay network had been investigated in interference free scenario. The authors in [99] had 

studied the impact of CCI on the outage performance of an EH-assisted two-way DF relaying 

system. whereas in [100], a relay selection policy that maximizes the achievable secrecy rate 

was developed. Some recent works [101-106] had explored the combined effect of PLS and RF-

EH for TWR networks. The authors in [107] had analysed the security performance in 

interference-limited environment where the impact of EH on the existing model was ignored. 

In contrast to this work, [108] had introduced an approach to demonstrate the positive effect of 

CCI for a linear TW cognitive network. Authors in [109-111] had assumed linear EH model 

where the problem of maximizing the sum throughput of TWR networks with wireless powered 

nodes was studied. The problem related to this work is that linear EH model is too idealistic and 

impractical as this model is unable to demonstrate the nonlinear behaviour of any practical EH 

circuit. The work in [112] had modified the logistic EH model to address the sensitivity issue. 

Meanwhile, the authors in [113-116] had proposed a nonlinear EH model where a resource 

allocation algorithmic model was designed to improve the harvested energy. Here, the results 

for non-linear model were shown to outperform linear model in terms of throughput. Despite 

the above achievements, joint effect of PLS and IA-EH in TWR under accumulation of 

harvested energy for non-linear scenario was not applied in the above existing works. 

 

2.8 RF ENERGY HARVESTING IN NON-

ORTHOGONAL MULTIPLE ACCESS (NOMA) 

A significant amount of research was carried out to investigate the impact of integrating IoT 

with EH, NOMA and cooperative communication [117], [118] and [119]. For the past few 

decades, OMA was considered a viable approach for 4G wireless networks due to its cost-

effectiveness, low complexity receivers and lack of inter-user interference. In this context, a 

unique approach to increase the resource block efficiency in small cell networks by lowering 

cell interference was proposed in [120]. Here, based on Quality of Service (QoS) criteria, the 

resources were distributed dynamically. The outcomes revealed a decrease in interference and 

an improvement in Spectral Efficiency (SE). Different from [120], the authors in [121] had 

applied the OMA technique to a macro-base station-only network to increase the network 

throughput by allocating optimal energy and time. However, restricted bandwidth and the use 

of multiple OMA approaches in 4G technology made it insufficient to meet the increasing 
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capacity requirement for smart gadgets and mobile internet usage in 5G+ [122]. This is because 

the user was assigned an orthogonal subcarrier, which resulted in lower network throughput. 

NOMA was initially proposed in [123], where the authors demonstrated how NOMA-enabled 

systems outperformed OMA systems with respect to fairness and SE. In [124], the authors 

studied a cellular Downlink (DL) network with randomly scattered users and compared NOMA 

and OMA systems with respect to fairness and sum rate. In contrast, the average sum capacity 

of both the systems was investigated and compared in a cooperative relaying power line 

communication system [125]. A Cooperative NOMA (CR-NOMA) network had been 

presented in [126], where Power Allocation (PA) was used to improve global EE. In line with 

this, the performance of DL CR-NOMA using fixed or adaptive gain had been evaluated in 

[127]. The authors in [128] calculated the OP and Achievable Sum Rate (ASR) in a NOMA-

functioned DL scenario. While all of the studies described above focused on DL networks, 

several researchers also made an effort to explore UL scenarios. It was discovered in [129] that 

employing NOMA in 5G wireless networks can increase SE and fairness. In comparison to 

[126], similar investigations were conducted for the UL NOMA-based network in [130]. 

Although NOMA offers many benefits, including enhanced resource allocation, improved SE 

and lower latency, one major drawback of NOMA is the additional receiver complexity that is 

necessary to eliminate the IUI. Although NOMA reduces both signaling overhead and 

transmission latency, it may still introduce additional latency as a result of the SIC process, 

which can be reduced by limiting the number of users that rely on SIC. Since multiple users 

are accommodated within the same spectrum in the network, NOMA suffers from high 

decoding delay and complexity problems. All of these issues were addressed with the hybrid 

NOMA (H-NOMA) protocol [131, 132]. In [131], a resource allocation scheme developed for 

a “hybrid time division multiple access (TDMA) – NOMA” network with opportunistic time 

allotment. For 5G DL, an accurate PA strategy was implemented in a “hybrid code division 

multiple access (CDMA)–NOMA” network with the user clustering technique called “Best 

with Poor Model” [132]. Both of the above works improved the system's overall capacity and 

performance while preserving the SE. 

Along with the significant increase in SE, the energy consumption in NOMA-enabled 

systems increases with the average cluster size growth. Integration of RF-EH technology into 

CR-NOMA to develop the brand-new RF-powered CR-NOMA network has gradually become 

an innovative research direction. In this contest, the joint effect of NOMA-assisted relaying 

systems with RF-EH was studied in [133, 134]. The authors in [133] designed a cellular-based 

IoT network combining EH with NOMA, where the throughput was maximized under different 
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density of Base Stations (BSs). In [134], the end-to-end BER had been examined in an RF- 

powered CR-NOMA system with two users. It had been demonstrated in [135] that integrating 

self-sustaining EH relay devices into CR-NOMA networks with FD relaying significantly 

increased SE and EE. In [136], the authors presented an IA-SWIPT based IoT CR system by 

employing PSR, TSR and NOMA. The authors showed that the improved performance of the 

proposed system could successfully be used in various IoT applications, e.g., coal mines, 

underwater applications and hazardous environments. An RF-powered system adopting 

NOMA protocol was designed in [137] for a multi-relay scenario, where the network 

performance was assessed in terms of ergodic sum capacity. In [138], a SWIPT-based model 

was proposed where the BER was explored for DL NOMA networks. The authors in [139] 

examined the OP in a NOMA-enabled AF CR network. In a very recent study [140], the outage 

performance of an RF-powered CR-NOMA-assisted IoT system had been successfully 

analysed. The main disadvantage of this work is that it did not consider EE which is one of the 

most essential and practical concerns in wireless systems. The authors in [141] introduced the 

Adaptive NOMA (A-NOMA) protocol in the CR network, where the EE of the network was 

found to be better compared to that of OMA and NOMA. However, EE and BER analysis in 

RF-powered MD-DRN still remains an unexplored area of research. 

 

2.8.1 RF ENERGY HARVESTING IN DIAMOND RELAY 

NETWORK (DRN) 

The Diamond Relay Network (DRN) model has recently attracted considerable attention as an 

efficient cooperative networking configuration in wireless Ad Hoc networks that offers a higher 

achievable data rate. This network can take advantage of NOMA for both UL and DL 

transmissions. Based on the max-min criterion and Maximal Ratio Combining (MRC), the work 

in [142] demonstrated that the network outperformed the other existing cooperative networks in 

terms of sum rate. Subsequently, they improved their work in [143], in which an analytical 

expression of the ergodic sum rate (ESR) was derived. A PA scheme for DRN was investigated 

in [144]. Meanwhile, in [145], a joint PA approach for increasing the achievable rate of NOMA-

based DRN was reported where the proposed method offered a higher achievable rate. In 

continuation, the authors in [146] introduced an efficient algorithm that provided a much higher 

achievable rate than the other existing approaches. In contrast to the above works, the authors 

in [147] examined the security performance of an untrusted DRN with a CJ scheme. The 
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drawback of the above works is that they did not assess the BER and EE of the network. This 

was taken care of in [148], where the BER performance in DL NOMA networks using BPSK 

modulation was shown through simulations and real-time tests. Meanwhile, the authors in [150] 

attempted to improve the BER performance of the single DRN earlier designed in [149] using 

a joint maximum likelihood detector. Although the performance in [150] was improved 

considerably, an error floor was still observed. All the above works on NOMA-based DRNs 

were limited to a single-relay scenario where the advantage of EH was not explored. To meet 

this requirement, a NOMA-enabled DRN model was deployed in a multi-relay scenario in [151] 

where an RS scheme was applied to obtain higher transmission reliability. Since DRN is an 

efficient cooperative strategy to improve the achievable rate of the network, DRN powered with 

RF-EH can be an efficient approach to enhance the ASR and EE of the network. 

 

2.8.2 PHYSICAL LAYER SECURITY IN NOMA-ENABLED 

NETWORKS 

Although CR-NOMA improves transmission reliability due to openness of wireless channel, 

security in physical layer is still a major issue. From a security view-point, when multiple users 

are utilizing the same time-frequency resource, there may be concerns regarding keeping 

information confidential Thus the notion of PLS that is currently among the hot spots in 

wireless communications and information security was initially proposed in [152]. Afterwards, 

PLS had been incorporated in NOMA system [153], where the SOP played a significant role. 

The effect of PLS on the performance of NOMA framework had been studied for both external 

and internal eavesdropping environment [154] in interference-limited system. In [155], the 

security performance analysis of NOMA in PLS had been carried out under jamming 

cancellation technique in interference-free environment. But the influence of EH on the 

performance of the system had not been addressed here. Authors in [156] developed UL and 

DL NOMA scheme in untrusted environment where the influence of EH had not been explored. 

From literature, we find that the impact of CCI on the secure performance of CR-NOMA 

network with incorporation of RF-EH has not been addressed yet.  
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2.9 RF ENERGY HARVESTING IN WIRELESS 

SENSOR NETWORK (WSN) 

Wireless Sensor Network (WSN) is an essential part of IoT and that has been widely used for 

information collection including patient health monitoring, smart buildings, object tracking, 

habitat monitoring, emergency circumstances, and monitoring of air quality. Also, WSNs play 

a crucial role for an actuating environment by alerting the accidental events like changes in 

pressure, temperature, or humidity, leakage of toxic chemicals or gas emissions, humidity, 

vibration, fire, and many other safety signals. However, the most well-known issue with WSN 

is energy consumption, as battery power is now the main energy source in sensor nodes. A 

sensor node loses its ability to function in the network when its energy is exhausted. So, it 

requires an uninterrupted power supply continuously, whether the sensor node is in active mode 

(communicating and processing data), sleep mode, or inactive mode. These entire aspects 

encourage the usage of EH in WSNs.  

 

2.9.1 WIRELESS POWER TRANSFER (WPT)  

Due to their energy limitations and short operational lifetime, conventional WSNs require an 

optimization of the Network Lifetime (NL). On the other hand, the EH-WPT WSNs are 

designed to sufficiently consider the network's operational lifetime in order to achieve energy 

neutrality and an infinite lifetime of operation when installed in an environment with a 

consistent energy supply. The technology behind WPT dated back to the early 20th century had 

been credited to Nikola Tesla [158]. WPT could increase the portability and can meet the high 

demand of new smart devices that currently utilize wireless technology for various operations 

and communications, such as Wi-Fi, which is nowadays used in laptops and smartphones for 

internet access. The study in [159] provided some insights into the recent applications of WPT 

technology in the following domains: mobile phones, medical implants, Electric Vehicles 

(EVs), Unmanned Aerial Vehicles (UAVs), WSNs and audio players. Meanwhile, [160] 

investigated the performance of distributed WPT system and found that distributed wireless 

charging has numerous advantages in terms of coverage probability as long as the optimal 

beamforming is available in the distributed WPT system. Low-power transfer efficiency was a 

problem for RF-WPT systems, which are used to power IoT devices, because of the significant 
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power attenuation of electromagnetic waves. In [160] and [161], the distribution of antenna 

systems was taken into consideration as a feasible solution to the EM wave attenuation 

problem. A sensor node's power supply subsystem can be categorized into two types based on 

the battery type: rechargeable and non-rechargeable.  

 

 

2.9.2   RF-ENABLED EH-WPT IN IOT 

"Smart-X" applications, like smart city, homes and transportation have become increasingly 

important in our daily lives as a result of growing interest in IoT, of which WSN is one of the 

enabling technologies [162]. Since the sensor network's limited energy resources prevent their 

deployment in applications requiring unattended and long-term operation, such as control of 

air quality in cities, detection of combustible gases, etc, the integration of EH technology in 

IoT has proven to be a popular trend over the last 20 years [163,164]. The widespread 

development and use of digital TV, cellular and wireless communications operating at 

900/1800/1900 MHz and 2.4 GHz, has created plenty of opportunities for far-field RF-EH and 

its application in powering small, autonomous WSNs [165]. The WPT approach relies on the 

intentional EH in which an active component (e.g. RF transmitter) is utilized to provide the 

desired energy needed in the environment for the devices. This type of approach is implemented 

by Powercast with RF transmitter (3W,915MHz) and receivers (P2110 and P1110) [166]. 

Powercast's ongoing objective is to provide long-range wireless power capable of remotely 

charging equipped devices, as well as better efficiency in harvesting RF energy to power 

embedded devices. Powercast had helped in finding solutions to wireless charging issues, such 

as RFID tags, waterproof designs and reusable wristbands. Powercast used its contactless 

charging technology to supply wireless power to numerous enabled devices that came within 

the charging range without the need for any direct line of sight. In [167], a comparison of two 

RF-based power harvesters and WPT technologies for IoT-WSN scenarios was discussed. 

According to the experimental results, P2110 power harvesters are more effective for long-

range applications, and P1110 power harvesters are more effective for short-range applications. 

The experimental findings also revealed that the P1110 power harvester provided a higher RF-

to-DC conversion efficiency than P2110 power harvester for the same transmission range. 

However, it required a longer recharge time than P2110 power harvester for the same 

transmission distance. These results essentially provided useful insights into the uniqueness of 
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the two RF-based power harvesters for their different requirements and application scenarios 

in WSNs. 

 

2.9.3   RF WIRELESS POWER TRANSFER (RF-WPT) IN 

RECHARGEABLE WSN (R-WSN)  

In the present-day wireless communication network, due to the advancement of the silicon 

technology that reduces the power requirement for electronic devices, there is a rising number 

of low-powered devices used, that can be wirelessly charged by the RF-EH technique. Energy 

provisioning methods include Renewable EH (REH) [168] where the sensors recharge their 

batteries by harvesting renewable energy from ambient sources (solar, wind etc.) and WPT 

[169] where battery recharging takes place using electrical power from wireless chargers. The 

authors in [170] proposed a cooperative integration of ambient RF-EH with dedicated WPT 

that could prove to be an effective approach for different power-constrained sensor networks. 

The key benefit of RF-EH over WPT is that the power does not have to be intentionally 

provided by the operator of the harvester, making it a "free" energy source. However, the 

success of ambient RF for Rechargeable WSN (R-WSN) is very limited in practice as the 

amount of harvested energy can be very low [171]. Also, RF-EH is considered to be one of the 

most challenging energy sources since the amount of energy harvested using REH is a function 

of the deployment environment i.e. the available harvestable power varies with time, frequency, 

distance from the energy source, location and various environmental conditions. Moreover, the 

biggest hurdle of ambient RF energy is the low energy density due to spreading loss. 

Furthermore, the power density from RF-EH is limited compared to other renewable energy 

sources. Moreover, appropriate circuit design is required to improve the RF-to-DC efficiency 

keeping the harvester small in size. In contrast, RF-WPT technology [172,173] had gained 

significant interest as a prospective technology that provided stable energy supply to the 

sensors through transmitting RF energy and had a powerful advantage in Industrial IoT (IIoT) 

as it exploited low level, ambient RF power to sustain autonomous operation of sensor motes. 

However, there is currently no published work which analyses the potential of powering IIoT 

applications through RF-WPT using P1110-EVAL-PS.  

Low-Rate Wireless Personal Area Network (LR-WPAN) [174] has emerged as an appealing 

communication system in IIoT. ZigBee/ IEEE 802.15.4 [175, 181] is a low cost WSN for 

industrial application that operates in the unlicensed RF worldwide (915 MHz Americas, 2.4 
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GHz global or 868 MHz Europe). EH using dedicated RF source has gained popularity due to 

its ability to provide stable energy supply to the sensor motes. Four battery chemistries had 

been investigated in [176] to determine the best battery type for IoT applications. In [177], the 

total harvested energy was typically modelled linearly. However, in practice, EH circuits result 

in a non-linear end-to-end WPT. A realistic parametric non-linear EH model based on a logistic 

function was designed in [178] based on logistic function to represent the dynamics of the RF 

energy conversion efficiency at various input power levels. In contrast to [178], the authors in 

[179] proposed a quadratic RF-EH efficiency model that obtained better results. Meanwhile, 

the authors in [180] had designed a piecewise linear approximation model and obtained better 

performance but they did not analyse the battery recharging time. In contrast to existing 

simulators like Castalia, EKHO, and COOJA that do not have energy modelling metrics table, 

Netsim v13.1 [12] provided EH model where the residual energy as well as energy consumption 

in each battery node was estimated by battery model metrics table. In [181], an agricultural 

simulation environment of WSN was modelled with solar EH model in Netsim where 

recharging state and recharge current duration were used to determine the longevity of the 

sensor network with and without EH feature. Authors in [182] found out the Network Lifetime 

(NL) curves of the sensor nodes deployed in an IoT environment using NetSim and evaluated 

the throughput and battery life. In recent years, flourishing achievements have been made for 

improving the system performance of RWSNs in terms of path planning, charging scheduling, 

charging direction, and so on. However, little attention has been paid on the network lifetime 

issue using RF-WPT for battery-driven sensor motes. It has been shown that environmental EH 

from external sources (e.g., thermal energy, solar power, wind energy, vibration energy etc) can 

potentially prolong the network lifetime of WSNs. However, climate has a significant influence 

on energy harvesting from these sources, and their erratic availability can pose a threat to their 

continuous operation.  

There is an inverse relationship between charging time and harvested RF energy. In other 

words, the charging time decreases as the harvested RF energy increases. In [183], the battery 

recharging time was analyzed when multiple RF sources were available. In [184], a statistical 

distribution model had been proposed for RF-EH systems. Here, an RF-EH system including 

multiple RF sources had been analyzed. Depending on system variables, the distributions of 

charging times had been shown. The impacts of the number of RF sources and wireless channel 

conditions on the charging time were demonstrated by simulations. Although the study 

provided an insight about the charging time theoretically, the experimental studies on the 

charging time is still missing in the literature. 
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2.10 DISCUSSION 

Comprehensive analysis in the relevant research on RF-EH networks has been presented in this 

chapter. Firstly, an overview on the architecture of RF-EH has been provided along with various 

relaying schemes and protocols. Next, a brief survey on various wireless relaying strategies in 

unidirectional and bidirectional networks has been presented. Moreover, the security issues in 

RF-EH have been highlighted. In addition, the coexistence of RF-EH with PLS and NOMA 

has been briefly explained to understand the potential benefits of this incorporation. Lastly, a 

thorough analysis and discussion on the application of RF-WPT in WSN has been provided. 

This review enlightens the progress of various EH techniques with their benefits and 

shortcomings. The review presented in this chapter also indicates that there is enormous 

possibility of enhancement of work in this arena. 
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Chapter 3 

RF ENERGY HARVESTING IN 

ONE-WAY RELAY NETWORKS 
 

3.1 OVERVIEW 

 

This chapter presents the performance analysis of an RF-powered one-way single relay 

network. Firstly, a novel Interference Aided (IA)-EH scheme is proposed by incorporating DF 

relaying over Rayleigh fading channel using hybrid TSR-PSR protocol. Here, a single 

interference node is exploited to replenish energy for the relay. The impact of various 

associated parameters such as, location of relay, position of interferer and conversion efficiency 

is studied on the throughput performance of the system. In the next section, Destination based 

Jamming (DBJ) technique is incorporated in an ideal interference-free environment to enhance 

the system security in the presence of an Eavesdropper (EAV). Three fading scenarios namely, 

Rayleigh, Weibull, and Nakagami-q (Hoyt) are considered to examine the effect of fading on 

the secrecy performance of the system. Finally, in the last section, a secure one-way 

communication model with IA-EH is provided in presence of a single EAV to observe the 

effect of interference power and jamming on the secrecy performance of the cooperative 

system.  

 

3.2 BACKGROUND 
 
In conventional relaying, Co-Channel Interference (CCI) deteriorates the system performance 

[93] and thus needs to be eliminated either by applying interference alignment approach or by 

decoding the interfering signals when they are strong. As opposed to this, the CCI signals are 

depicted as a new source of power for relay recharging. Motivated by this, an IA-EH 

cooperative relaying scheme adopting hybrid TSR-PSR protocol has been proposed to improve 

the network throughput. [66] showed that source and destination nodes try to maintain a secure 

link while wiretapper tries to capture the secret data. [67] have applied a Cooperative Jamming 

(CJ) scheme for harvesting energy using a multi-antenna. Beamforming and power-splitting 
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schemes have been used by [68] to increase the Secrecy Rate (SR) by applying DBJ that 

deteriorates the SNR at the EAV. The authors in [69] have used various relay selection strategies 

to enhance the network performance in terms of Secrecy Outage Probability (SOP) and SR. 

The secrecy performance of DF relay network over composite weibull/lognormal fading has 

been analyzed by [72]. More interestingly, Physical Layer Security (PLS) in cooperative 

wireless network with multiple relays where both AF and DF schemes are considered in the 

presence of an EAV over Rayleigh fading channels have been evaluated by [73]. Despite 

considerable contribution of the above-mentioned research, very few studies have been carried 

out to investigate the secrecy performance under Weibull or Hoyt fading. Moreover, most 

works on secrecy in Cooperative Relay (CR) networks do not consider the potentially 

beneficial role of network interference for communication secrecy. This leads to the 

development of interference management strategies that exploit network interference to 

enhance the level of secrecy. Following these advances, this chapter investigates the 

performance of one-way single relay network using RF-EH in three different scenarios: (i) 

interference-limited environment in absence of EAV (ii) interference-free environment in 

presence of an EAV (iii) interference-limited environment in presence of an EAV. 

 

3.3 COOPERATIVE RELAY NETWORK WITH  

IA-EH USING HYBRID TSR-PSR PROTOCOL 

This section describes the proposed single relay cooperative network involving an interferer.  

3.3.1 System Model  

Fig. 3.1 presents a simple one-way EH CR network in a smart city environment comprising of 

a Source S, Relay R, Interferer I and Destination D located at (0,0), (20,10), (40,30) and (100,0) 

respectively. Source S (smart traffic camera) at a streetlight sends video data to the Destination 

D (central control unit) via a Relay R (smart sensor node installed on a traffic pole). An 

Interferer I (a nearby 5G small cell tower or public hotspot that operates on a similar frequency 

band) unintentionally interferes with the relay but also becomes a source of harvestable RF 

energy. S transfers information to D with the help of R under the effect of I. Here, R harvests 

energy from S and I using Hybrid TSR-PSR protocol [20]. The DF scheme is applied at R to 
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decode the data of S and forwards the re-encoded data to D using the overall energy harvested. 

In this context, following assumptions are made: 

• The nodes operate in the Half Duplex (HD) mode and are configured with a single antenna. 

• No direct link is presumed to exist between S and D due to deep fade and shadowing. 

• The source S is assumed to have a constant energy supply.  

• The effect of noise is neglected as the interferer power IP  is presumed to be greater than 

the noise. 

 

Fig. 3.1 System Model 

 

 

 

 

 

Fig. 3.2 Time frame structure for hybrid TSR-PSR protocol 

Fig. 3.2 depicts the time slot structure of hybrid protocol for both harvesting energy and 

information forwarding. Here, the total time period T  is divided into three time slots: (1) EH 

time slot, T ; (2) 1st time slot, (1 ) / 2T− ;(3) 2nd time slot, (1 ) / 2T− . Here, R harvests 

energy from S and I within the duration of T , where is the EH coefficient, which lies in 

the range 0 1  . The 1st time slot is used to decode the source information. A fraction,  (
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0 1  ) of the received signal is also available for EH at R and the remaining (1 )−  of the 

received signals is used for S−R communication. The 2nd time slot is reserved to forward the 

re-coded source signal to D. The channel gain coefficients from S to R and from R to D are SRh  

and RDh  respectively. I is positioned at distances IRd  and IDd  from R and D respectively; IRf  

and IDf  are the corresponding channel gains; SRd and RDd represent S-R and R-D distances 

respectively. Here,
2

SRh , 
2

RDh , 
2

IRf  and 
2

RDf  are exponential random variables with mean 

1  , 2 , 1v  and 2v  respectively. For simplicity, 
2

SRh , 
2

RDh , 
2

IRf  and 
2

RDf are represented 

by 1X  , 2X , 1Z  and 2Z  respectively.   

3.3.2 Mathematical Modelling 

For Delay Limited (DL) mode, the achievable throughput   is governed by the Outage 

Probability (OP), outP  of the system. 

➢ Signal-to-Interference and Noise Ratio (SINR) Calculation: 

The interference power received at R and D are given as [93]:  

2

I IR

IR m

SR

P f
P

d
=                     (3.1) 

2

I ID

ID m

RD

P f
P

d
=                                                                 (3.2) 

where, IP  is the transmit power of the interferer and m is the path loss exponent. All the 

wireless links are assumed to exhibit frequency non-selective Rayleigh fading, i.e., channel 

coefficients are constant during one block time T as well as independent and identically 

distributed. R harvests energy from the received signals of S and I for a duration of T . 

Therefore, energy harvested by R is given by: 

1 1S I
HR m m

SR IR

P X P Z
E T T

d d

 
 = +                   (3.3) 

R forwards the decoded signal using the energy harvested during EH period, (1 ) / 2T− . 

So, the transmit power of R is given by: 

(1 ) / 2

HR
R

E
P

T
=

−
                   (3.4) 



32 
 

where, 0 1   denotes energy conversion efficiency and sP  represents the Source 

transmission power. 

The SINR at R and D are given as: 

1 1

1 1

m

S IR
SR Rm

I SR

P X d X

P Z d Z
 = =                   (3.5) 

2 2 2
3 1 3 1

2 2 2

( )
m

R ID
RD m

I RD

P X d X X
a X b Z W

P Z d Z Z
 = = + =                            (3.6) 

where, 
2,4 2,4

3 3

3 1

,
(1 ) (1 )

s

m m

I

P
a b

P d d

  

 
= =

− −
and   3 1 3 1W a X b Z= +  

Accordingly, the OP is given as: 

Pr{ , }
out SR th RD th

P    =                    (3.7) 

where th
  represents the SINR threshold 

 

➢ Throughput  

Throughput is the measure of how much data successfully reaches its destination within a 

specific timeframe. Let SR  be a fixed transmission rate that S needs to satisfy such that 

2log (1 )S thR = + . Then, the SINR threshold is represented as 2 1SR

th = − . Thus, the 

throughput for hybrid protocol in DL transmission is calculated as: 

(1 ) (1 )S outR P = − −                    (3.8) 

 

3.3.3 Results and Discussions 

The results of simulation are presented in this section.  Monte Carlo simulations are executed 

using Matlab 2018b to study the throughput performance of the proposed scheme with respect 

to  ,  , , 1x , 2y . The throughput performance is also compared with one of the existing 

works [93], where the relay node harvests energy from the source alone. In the 2-D plane, the 

coordinates of different nodes are taken as: S: (0, 0); D: (100, 0); R (20, 10); I (40, 30) 

Numerical values of some important parameters are indicated in Table 3.1: 
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Table 3.1 Parameter assumptions 

Parameters Meaning Default Values 

th  SINR Threshold 0 dB [93]  


 Energy Conversion Efficiency 1 [93] 

sP
 

Source Transmit Power 10 dB 

IP
 

Peak permissible Interference Transmit Power 20 dB 

m  Path loss exponent 3 [93] 

 

In Fig. 3.3, the throughput of the proposed network is plotted against and  for TSR, PSR 

and our proposed hybrid protocols. Solid lines depict the throughput plot for our proposed 

scheme whereas dotted lines indicate the throughput plot of the existing work [93]. For a fair 

comparison with [93], we have re-simulated our proposed model in accordance with [93] (i.e. 

for source only network) and compared all the three protocols in terms of throughput 

performance. 

 

Fig. 3.3 Throughput of TSR, PSR and Hybrid protocols versus ,    

 

On comparing, it has been found that our proposed architecture outperforms the network model 

in [93]. This betterment comes from extracting the added energy from I, which helps to improve 

the transmission power of R on R-D link which in turn improves the SINR at D. In case of TSR, 

the throughput increases as increases upto a certain point, and after that point, throughput 
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begins to decrease as observed from Fig. 3.3. This is because trade-off exists between the EH 

time and data transmission time. To be more precise, if R spends more time on the energy 

harvesting procedure, the time for the data transmission will be lessened. In contrast, if lesser 

amount of power is harvested at the R with less time for energy harvesting, more time will be 

available to transmit data. On the other hand, for PSR and Hybrid protocols, throughput 

increases as   increases from 0 to some optimal   ( opt ) but later, it gets saturated as   goes 

beyond its optimal value. This is because less power is available  for  EH  for  values of   

smaller than opt  , and hence less transmit power 
R

P  is available from  R  and we observe 

smaller values of throughput at D due to larger outage probability. Similarly, more power is 

wasted on EH and less power is left for S-R information transmission for values of   greater 

than opt . As a result, poor signal strength is obtained at R which results in less achievable 

throughput at D. 

The position of Relay with respect to the source has an impact on the throughput performance 

of the system. This study is depicted in Fig 3.4 where different curves are plotted for various 

values of  and  . 

 

 

Fig. 3.4 Throughput of TS, PS and hybrid protocols versus location of R along x-axis (x1) 
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Above figure shows that for the proposed scheme ( 0.2, 0.4) = =
, as the position of relay 

shifts from 10m to 90m along x-axis, the throughput of the system decreases because of the 

fact that R moves far away from S towards D. This can be justified as follows:  As R moves 

away from S, the decoding capacity and the energy harvesting at R decreases. Also, as the 

distance between S and R increases, both the energy harvested by R and the received signal 

strength at R decreases due to larger path loss, thus less energy can be harvested. Since the 

transmit power of R in the second phase depends only on the harvested energy during the first 

phase, the received signal strength at D becomes weak and the throughput thus decreases. 

However, an interesting observation regarding the proposed scheme is that by increasing 1x  

beyond 80 m, a slight increase in throughput occurs. This reason may be that when R gets closer 

to D, reliable communication between R and D becomes possible for low values of harvested 

energy due to very small R-D path loss. It can be said that the proposed scheme with 

( 0.2, 0.4) = =  is found to outperform the existing work. 

Fig. 3.5 presents the plot of throughput versus position of interferer
2

y when the interferer shifts 

from 40 to 100 keeping 2x  is fixed at 30m.   

 

Fig. 3.5 Throughput of TS, PS and hybrid protocols versus position of I along y-axis (y2) 
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As shown in the above figure, while harvesting energy from S alone, the throughput increases 

with 2y  because the effect of I on the decoding capacity of R and D decreases when I moves 

away from R and D. But for IA-EH, throughput first decreases, becomes constant and then 

increases slightly. The proposed scheme ( 0.2, 0.4) = =  is found to give much better 

throughput. At 2 40  my = , when I is very close to R, the percentage increase in throughput for 

hybrid protocol ( 0.2, 0.4) = = is found to be 80% initially.  As the distance of I slowly 

increases, the amount of energy harvested from I decreases and the throughput performance 

deteriorates. This is because the interference power imposed on R and D offsets the energy 

harvested at S and R i.e. the negative effects brought by the interference from I on R offsets the 

positive effects brought by harvesting energy from I on R. It is also found out that there is no 

significant improvement in throughput as 2y  exceeds 80 m. This occurs because the 

interference may restrict the actual transmit power. It can be seen that there is a slight increase 

in the throughput performance when considering RF energy harvesting from the interference. 

Fig. 3.6 depicts a plot of throughput versus energy conversion efficiency  between our 

proposed network with hybrid protocol and the existing TSR and PSR protocols [93].  The 

throughput perks up as   increases or the transmit relay power increases. Larger values of    

lead to more harvested energy. It is also seen that the proposed scheme ( 0.2, 0.4) = =  is 

found to give much better throughput value as compared to the other schemes. 

 

Fig. 3.6 Throughput as a function of   
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3.4 BEACON-AIDED RF-EH IN INTERFERENCE-

FREE UNTRUSTED SCENARIO 

This section presents a Hybrid Decode Amplify Forward (HDAF)-based Cooperative IoT 

(CIoT) system in an interference free environment which incorporates DBJ technique. 

3.4.1 System Model for beacon-aided EH 

In the considered CIoT network illustrated in Fig. 3.7, the system comprises a Power Beacon 

B, Source S, Hybrid Decode Amplify Forward (HDAF) Relay, Destination D and an 

Eavesdropper EAV.   

 

 

 

Fig. 3.7 HDAF-based CIoT Network 

This setup is directly applicable to secure and sustainable IoT deployments such as industrial 

automation, remote sensing, or smart grid monitoring, where deploying conventional power 

infrastructure is infeasible, and secure communication is critical. A beacon is a wireless energy 

source that transmits high-frequency RF signals to charge or power nearby RF-EH 

devices. Here, B acts as a dedicated energy source, providing power to the IoT network that 

has limited energy constraints, enabling the network to communicate and operate. Here, S tries 

to transmit information to the destination D through a new relaying scheme in order to explore 

the advantages of both DF and AF relaying schemes. The EAV is an unauthorized passive node 

trying to intercept the confidential communication between the source and destination. In DBJ 
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scenario, the EAV plays a role by both passively listening to the communication between the 

source and destination while simultaneously jamming the destination's signal, thus making it 

harder for the receiver to decipher the legitimate transmission. To keep the source information 

secure, D sends a jamming signal to HDAF as soon as S transmits the information to HDAF. 

 

➢ Channel Model 

In this model, it is assumed that each node is provided with a single antenna that operates in 

Half Duplex (HD) mode. The direct path between S and D has been assumed to be broken, due 

to deep fade and shadowing. It is assumed that the channels are reciprocal. Furthermore, it is 

assumed that all the nodes except EAV have perfect knowledge of the jamming signals 

transmitted as well as CSI of the links. Each channel gain (
mng ) is the square of channel 

coefficient as 
2

mn mng h= , (m,n ,  ,  , , , }){bs sr rd se re de  where ‘m’ is the transmitting node, ‘n’ 

is the receiving node, and 
MN represents the mean channel gain between nodes m and n. The 

corresponding distances are given as 
1 2 3 4 5 6, , , , ,d d d d d d . 

 

➢ Destination-Assisted Jamming 

The time frame of the system model is provided in Fig 3.8. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8 Time Frame of the System Model 
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Here, S-D data transfer takes place in a slot of duration T. HDAF Relay uses a part   of the 

received power for EH and the remaining part (1 − )for information processing, where 0 ≤   

≤ 1. In the 1st time slot, S broadcasts a combination of information and jamming signal to both 

HDAF and EAV. The total power transmitted by the source is SP  which is divided into two 

parts i.e.   amount of power is allocated to information signal and remaining (1 )−  amount 

of power is allocated to jamming signal. At the same time, D cooperates with S to transmit the 

jamming signal to both HDAF and EAV with some of power that is known to the relay and 

received by it. In the 2nd time slot, using this harvested energy, HDAF forwards the 

amplified/decoded information signal-plus-jamming signal received in the first time slot to D 

and EAV. D detects and subtracts the jamming signal, which had been sent in the first time slot 

on the basis of perfect knowledge of CSI and hence separates it. During the same time, S 

cooperates with the relay to transmit the jamming signal to reduce SNR at EAV. 

 

4.4.2 Mathematical modelling 

In the proposed system, S harvests energy from B. Next, the HDAF relay harvests energy from 

S and uses it to forward to D. The HDAF Relay acts as an intermediary to enhance the overall 

signal strength and reliability of communication. It is positioned strategically between the 

source and the destination. This helps the source to transmit data to the relay. The relay then 

forwards the data to the destination, either by amplifying or decoding the signal and 

retransmitting it. This cooperative action ensures that the data reaches the destination reliably. 

 

 Energy Harvesting and Information Processing 

▪ Energy harvesting by S 

In the 1st time slot, the harvested energy at S from B is given by 

1 2

b B bs
HS m

P g T
E

d

  
=  

 
                  (3.9) 

where 
b  is the conversion efficiency and 0 1b  . 

BP  is the transmission power of Beacon 

B. The maximum power that S can use for information transmission is expressed as: 
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1/ 2

HS b B bs
S m

E P g
P

T d


= =                                                                                                           (3.10) 

The total power transmitted by S is 
SP  which is split into two parts i.e. SP  for information 

signal and (1 ) SP−  for jamming signal. 

▪ Energy harvesting by HDAF 

In the 1st time slot, S broadcasts information signal and D broadcasts jamming signal, which is 

received by HDAF as: 

2 3

( )( ) ( )( )S D
R sr s rd jd om m

P P
y g x g x N

d d

   
= + +              (3.11) 

where DP is the Power transmitted by D 

Thus, energy harvested by the EH receiver in HDAF is given by: 

2 3 2

S sr D rd
HR s m m

P g P g T
E

d d


 

 
= + 

 
                                                                                         (3.12) 

where 
S

 is the energy conversion efficiency at S and lies in the range 0 1
S

   

The maximum transmit power by HDAF is given as: 

/ 2

HR
R

E
P

T
=  

2 3

1 2 3 1 2 3

( )

s S sr s D rd

m m

b s B sr bs s D rd b B bs sr D rd
sm m m m m m

P g P g

d d

P g g P g P g g P g

d d d d d d

   

     
 

= +

= + = +

            (3.13) 

HDAF uses a fraction   of the harvested power i.e ( )RP  to transmit the information and a 

fraction (1 )( P )R − of the harvested power to transmit the jamming signal 

 Information Processing at HDAF 

▪ AF mode: 
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Here, HDAF combines the two received signals and broadcasts the resulting signal by applying 

AF operation. 

PHASE I: 

In the 1st time slot, the remaining part of the received signal after using for harvesting is used 

for information processing, which can be expressed as: 

(1 )( ) (1 )SR S sr s D rd jd Oy P g x P g x N  = − + − +              (3.14) 

where Sx is the source message, jdx is the jamming signal sent by D, and ON represents the 

AWGN at HDAF. Thus, SNR at HDAF is given as: 

(1 )( )

(1 )

S sr
SR

D rd o

P g

P g N

 




−
=

− +
                                                                                                      (3.15) 

The received signal and SNR at EAV node in 1st time slot is given by: 

4 6

(1 )(1 ) (1 )S D
SE se js de jd om m

P P
y g x g x N

d d

  − − −
= + +             (3.16) 

(1 )( )

(1 ){(1 ) }

S se
SE

S se D de o

P g

P g P g N

 


 

−
=

− − + +
              (3.17) 

PHASE II: 

HDAF amplifies the signal by an amplification factor   given as: 

R PP  =  

where  is the amplification factor                                                        

and 

1 2

1

(1 ) (1 )P
S D

sr rd om m

P P
g g N

d d


 

=
− −

+ +

                (3.18) 

Thus, 

1 2

( )

(1 )( ) (1 )
R

S sr D rd
om m

P

P g P g
N

d d

 


  
=

− −
+ +

                (3.19) 

In the 2nd time slot, the relay forwards the amplified Rx signal to D as: 
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R Rx y= (1 ) (1 )S SR S D RD jd OP g x P g x N    = − + − +                                               (3.20) 

The received signal at D from HDAF after amplification is expressed as: 

( (1 )( ) (1 ) )

y ( ( (1 )( ) (1 ) ))

d rd R O

R S sr s D rd jd RD R O

d rd S sr s D rd jd RD R O

y g x N

x P g x P g x g n N

g P g x P g x g n N

   

   

= +

= − + − + +

 = − + − + +

          (3.21) 

where Rn is the noise at the relay and ON is the AWGN. D removes the jamming part of the 

information signal from the received signal and uses the remaining part for detection, which is 

expressed as: 

y ( (1 )( ) ))d rd S sr s RD O Og P g x g N N   = − + +                                                          (3.22) 

Thus, the SNR at D can now be represented as: 

2 (1 )( )

{(1 )( ) }AF

S sr rd
RD

O S SR D RD O

P g g

N P g P g N

  




−
=

− + +
              (3.23) 

The received signal at EAV node in the 2nd time slot after amplification is given by: 

1 5 2 5 5

(1 ) (1 )( ) (1 ) ( )S R D R R
RE re jr se js om m m m m

P P P P P
y g x g x N

d d d d d

        − − −
= + + +              (3.24) 

 where jrx  is the jamming signal sent by HDAF. 

Now, the received signal at D can be written as: 

3 3

( )( ) (1 )( )R R
d rd r dr jd om m

P P
y g x g x N

d d

     −
= + +              (3.25) 

Here, D detects the known jamming signal on the basis of perfect knowledge of jamming signal 

and CSI. Now, D subtracts the jamming part from the received signal and the remaining fraction 

of signal used by D to decode the message can be expressed as: 

3

( )( )R
D rd r om

P
y g x N

d

  
= +                 (3.26) 

and SINR at D is given by 
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2

2

(1 )( )

( 1)AF

S sr rd
RD

rd o

P g g

g N

  




−
=

+
               (3.27) 

But, the EAV has no knowledge about the CSI of HDAF-EAV link, and hence no information 

regarding the jamming signal. Thus, it cannot separate the jamming signal from the received 

signal. The received signal and SNR at the EAV are expressed as: 

3 3

(1 )(1 )(1 )( ) SR P
RE re r se jd om m

PP
y g x g x N

d d

     − −−
= + +            (3.28) 

2

2

(1 )( )

{(1 )(1 ) }AF

S sr re
RE

S sr re D re o

P g g

P g g P g N

  


  

−
=

− − + +
             (3.29) 

▪ DF mode: 

PHASE I: 

The received signal at HDAF and EAV node in the 1st time slot is given by: 

(1 )( ) (1 )SR S sr s D rd jd oy P g x P g x N  = − + − +              (3.30) 

(1 )(1 ) (1 )SE S se js D de jd oy P g x P g x N  = − − + − +             (3.31) 

While processing the data, HDAF removes the known jamming term (1 ) PD rd jdg x− . 

So the resultant signal is expressed as: 

(1 )( )SR S sr s oy P g x N = − +                (3.32)                                                                               

Thus, SNR at HDAF is given as: 

(1 )( )

(1 )

S sr
SR

D rd o

P g

P g N

 




−
=

− +
                (3.33) 

and SNR at EAV is given as: 

(1 )( )

(1 ){(1 ) }

S se
SE

S se D de o

P g

P g P g N

 


 

−
=

− − + +
              (3.34) 

PHASE II: 

The relay decodes the information from the received signal indicated as: 
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(1 )( )

{(1 )( ) }DF

S sr rd
RD

O S SR D RD O

P g g

N P g P g N

 




−
=

− + +
               (3.35) 

The received signal at EAV node in the 2nd time slot after decoding is given by: 

(1 ) (1 )RE R re jr S se js oy P g x P g x N = − + − +                                                                   (3.36) 

Thus, SNR at EAV is given by: 

(1 )( )

(1 )(1 ) gDF

S sr re
RE

D re rd o

P g g

P g N

 


 

−
=

− − +
               (3.37) 

 

➢ Secrecy Rate (SR) and System Energy Efficiency (SEE) for CIoT network 

The closed form expression for SR of HDAF-based CIoT system over dissimilar faded 

environment is presented and then the SEE of the considered system is investigated. 

 Secrecy Rate (SR) Analysis 

In cooperative communications, SR refers to the amount of information that can be transmitted 

securely over a communication channel, taking into account both the legitimate user's ability 

to decode the signal and an EAV’s (or "wiretapper's") ability to intercept and decode that same 

signal. SR in PLS is defined as the difference between the capacity of the legitimate 

communication channel (the channel between the transmitter and receiver) and the capacity of 

the EAV channel (the channel between the transmitter and the EAV). SR of HDAF is expressed 

as: 

Pr( )C Pr( )HDAF DF AF

S SR th S SR th SC C   =  + 
              (3.38) 

where DF

SC is the SC of DF relaying scheme and AF

SC is the SC of AF relaying scheme defined 

below: 

[ ]
S RD RE

C C C
 

 +
= −

                 (3.39) 

where ( , )AF DF ; RDC is the capacity of legitimate link and REC is the capacity of EAV link  

Lemma 1: The SR of quasi-static complex fading wiretap-channel is given by [76] 
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,

log(1 ) log(1 ) ;
( )

0 ;

M E M E

S M E

M E

if
C

if

   
 

 

+ − + 
= 

           (3.40) 

Here we assume, M RD =  and E RE =  

Case I: Legitimate and Wiretap links undergo Rayleigh fading 

Lemma 2: Let C be a strictly positive constant, and let X and Y be two exponential random 

variables with mean x and y , respectively. Therefore, we have the following results: 

{ln( )} ln( )

{ln( )} ln( ) ( )x

x

C

x

X

C
X C C e Ei







 = −

 + = − −

               (3.41) 

Lemma 3: For any network operating under Rayleigh fading with average SNR at the receiver 

given by , a closed-form expression for SR is obtained in [185, Equation (34)] as: 

1 1

2 1log ( )exp( ) ( )
RAYSC e E − −=

                                                                                             (3.42) 

Proposition 1: In a framework where the wireless links experience Rayleigh Fading, closed-

form expression for SR is given as: 

Pr( )C Pr( )
RAY

HDAF DF AF

S SR th S SR th SC C   =  + 
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A formal proof of (3.43) is provided in Section A.1 of Appendix A. 

 

 

 

Case II: The links are Hoyt faded 
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Proposition 2: In a scenario where the wireless links experience more severe fading than 

Rayleigh, i.e. Hoyt, where mq   and eq  represent the Hoyt shape parameters for the desired and 

EAV links, respectively, closed-form expression for SR are given by: 

2

RE

RE

1
( ) , ( ) ( ) , ( )

1
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(3.44) 

A formal proof of (3.44) is provided in Section A.3 of Appendix A 

Case III: The links are Weibull Faded  

Proposition 3: SR of Weibull faded channel where mv  and ev  represent the Weibull shape 

parameters for the desired and EAV links, respectively, is given as follows: 

/2

/2

2

/2

/2

2

1 2 2
{(1 exp 1 ( log (1 )))

2ln 2

2 2
(exp 1 ( log (1 )))}

m

m

WEIBULL

e

m

v

vHDAF RD
S

RD m m

v

vRE

RE e m

C r
v v

r
v v









   
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    

          (3.45) 

A formal proof of (3.45) is provided in Section A.2 of Appendix A 

 SEE Analysis 

The study the SEE performance of the proposed HDAF-based CIoT system is presented here. 

Fundamentally, SEE as the ratio of the SR to the total energy consumed in a single transmission 

time T. 

S
EE

C

C

E
 =                   (3.46) 

where SC  is the total information rate and CE is the total energy consumption given as: 
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( ) ( )C C B S b B SE P P P P P  = + + − +                (3.47) 

  is the inverse power amplifier efficiency, 
CP  is the circuit power consumption,  

The expression of SEE can be given as: 

Pr( )C Pr( )

( ) ( )

HDAF DF AF

S SR th S SR th S
EE

C C B S b B S

C C

E P P P P P

   


  

 + 
= =

+ + − +
             (3.48) 

 

3.4.3 Results and Discussions 

A simulation test bed is developed to evaluate the performance of Hybrid CIoT Network. 

Simulation has been carried out using Matlab R2019b. Different parameters required for 

simulation are summarized in Table 3.2.  

 

Table 3.2 Parameter assumptions 

Parameters Meaning Default Values 

th  Target Bit Rate 0 dB [93] 

b  Energy Conversion Efficiency for Power Beacon 0.9  

S  
Energy Conversion Efficiency for Source 0.9  


 EH coefficient 0.2 


 

Power splitting coefficient 0.6 


 

Power allocation coefficient 0.2 

BP  
Beacon Transmit Power 100W  

SP  Source Transmit Power 10 dBW  

DP  Destination Transmit Power 10 dBW  

m
 

Path loss exponent 3 

 

Fig. 3.9 highlights the comparison of SR performance of the proposed scheme with some of 

the conventional relaying schemes in Rayleigh faded environment. Fig. 3.9 (a) and depicts the 

plot of SR vs  ; whereas, (b) presents the plot of SR vs   for various values of channel 

variance. From Fig. 3.9 (a), it is observed that the proposed Hybrid CIoT network outraces the 

existing schemes in terms of SR. This is because HDAF works in a dual manner, i.e., if the 

incoming signal is decoded successfully at the relay then DF scheme is followed; else it 

switches to AF scheme which increases the overall relay selection diversity. Also, there is a 
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close resemblance between the simulation and analytical results which verifies the correctness 

of both the theoretical derivations and simulations.  

 

(a) 

 

(b) 

Fig. 3.9 SR comparison of HDAF relay with conventional relaying schemes for Rayleigh Faded 

Environment. (a) SR vs   (b) SR vs  for various values of channel variance 



49 
 

In Fig. 3.10, the impact of SR of the proposed scheme is evaluated with varying  . It is 

observed that the value of SR improves as the severity of fading increases for superior main 

channel i.e. m eq q ; whereas, it deteriorates for superior EAV channel i.e.
e mq q . When

mq

increases from 0.1 to 1, fading decreases for the desired link, thus SR increases. Similarly, for 

Weibull fading, as 
mv increases, SR also increases. Here, 2mv  indicates more severe fading 

than Rayleigh; whereas, 2mv  indicates less severe fading than Rayleigh. So when wiretap 

link is Rayleigh and the desired is Weibull, main link is less severely faded, hence SR rises. In 

the proposed system model, Weibull/Rayleigh fading on the main/EAV link is more secure 

because it limits the eavesdropper's ability to intercept and decode the signal by introducing a 

higher degree of channel variability in the EAV link. Thus, it can be inferred that severe fading 

provides more secure communication over the main link. 

 

Fig. 3.10 SR of the proposed HDAF scheme with varying   for different fading conditions 

Fig. 3.11 shows the impact of EAV position on SR at different channel mean power values. In 

order to investigate the impact of EAV location and jamming power on the SR of the system, 

it is considered that S and D are located at (0, 0) m and (2, 0) m, respectively. Firstly, the EAV 

is placed at (0.5, -0.5) m with respect to the source (0, 0) m. At (0.5, -0.5), SR increases with 

increase in 
M and saturates at 17dB. As the EAV moves closer to D i.e. at (1, -1), the graph 

shifts to the right; a similar curve nature is observed at higher SNR and floor is observed at 

26dB. Thus, the plots converge much faster at (0.5, -0.5) m. Thus, it can be said that, SR is at 
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its maximum when the EAV is closer to the source node and decreases as the EAV moves 

towards the destination. The channel mean power is inversely proportional to distance between 

S-HDAF and HDAF-D. It is further observed that as 
M increases, SR also decreases with the 

decreasing value of SR  or RD  since the received SNR at D is upper bounded by SNR of the 

weakest link. In addition, from the three curves, it is seen that the SR for the case 10SR dB =  

and 4RD dB =  converges to 2bits/Hz much faster than that of the case 4SR dB =  and 

10RD dB =  , meaning that the S–HDAF channel has a greater impact on the SR than its R–D 

counterpart.  

 

Fig. 3.11 SR versus Source Transmit Power for different values of channel mean power and position 

of EAV 

 

Fig. 3.12 represents the effect of the power-splitting factor on SEE for HDAF protocol. When 

the splitting ratio is too small, only a limited amount of energy is harvested, and this directly 

affects the SEE performance. The SEE decreases as   increases from 0.1 to 0.9. For example, 

0.1 = means that 0.9 portion of the transmitted power from the relay will reach D, thus, SEE 

is maximum; while in case of 0.9 = , only 0.1 portion of the transmitted power from the relay 

will reach D, which implies that SEE is very less.  
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Fig. 3.12 Analytical and simulation results of SEE performance for HDAF Relay under different 

fading conditions 

3.4.4 Critical Analysis 

The comparative analysis of the proposed work with some other relevant existing works has 

been presented here through Table 3.3-3.8. The graphical and critical analyses presented here 

validate the supremacy of the proposed scheme over other relevant existing works. 

 

Table 3.3 Comparison table of different relaying schemes for varying   

 

From Table 3.3, it is observed that AF Relay attains an SR value of 0.2 bps/Hz at 0.8 =  ; 

whereas, DF attains an SR value of 0.28 bps/Hz at 0.45 = which is the optimal value for DF 

Relaying. At this point, SR value for HDAF rises up and at 0.75 = , HDAF relay attains the 

peak SR value of 0.4 bps/Hz. Thus, a performance boost is seen with respect to individual AF 

Parameter 
  

SR in Rayleigh Fading Channel % Improvement in SR 

AF [73] DF [73] 
HDAF 

[Proposed] 
 

0.45 0.14 0.28 0.28 21.43 (DF) 

48.5 (AF) 0.55 0.175 0.28 0.35 

0.75 0.2 0.27 0.41 32.5 (DF) 

50 (AF) 0.8 0.21 0.25 0.4 
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and DF schemes. Simulation results show that secrecy rate for HDAF improves by about 32.5% 

and 50% respectively as compared to DF and AF protocol with the increased value of   . 

Further, it is worth remarking that compared to AF, HDAF relaying scheme enhances the SR 

by around 21.43% at 0.55 =  which gradually increases up to 32.5% at 0.75 = .Similarly, 

compared to DF, HDAF relaying scheme enhances the SR by around 48.5% at 0.55 = which 

gradually increases up to 50% at 0.75 = . 

 

Table 3.4 Comparison table of different relaying schemes at various channel variances 

 

 

 

 

 

 

Table 3.4, compares the SR for different relaying schemes at different channel variances. When 

2 2

RE RD   , HDAF outperforms both AF and DF by about 68.92% and 60%; whereas, for

2 2

RE RD   , HDAF outperforms both AF and DF by about 53.33% and 23.9% respectively. 

Hence for both the cases, HDAF relaying scheme exhibits better performance than the other 

two schemes. It is further observed that for HDAF relaying, the percentage improvement in SR 

under the condition 2 2

RE RD  is found to be 49.12% over the scenario 2 2

RE RD  . 

 

Table 3.5 SR Comparison table of Hybrid CIoT network at varying   

 

 

 

 

Channel Variances 

(in dB) 
SR (in bps/Hz) 

2

2

1

10

RD

RE





=

=

 
AF [76] DF [76] HDAF [Proposed] 

0.087 0.112 0.28 

2

2

10

1

RD

RE





=

=

 0.30 0.35 0.46 

Parameter SR in three types of Fading Channels 

  
Hoyt 

Rayleigh 
Weibull 

e mq q  
e mq q=  

e mq q  
e mv v  

e mv v=  
e mv v  

0.1 0 0 0.02 0 0.07 0 0 

0.3 0.24 0.26 0.18 0.26 0.36 0.26 0 

0.5 0.42 0.44 0.325 0.44 0.45 0.44 0.19 

0.7 0.455 0.462 0.38 0.462 0.462 0.462 0.435 

0.9 0.44 0.448 0.354 0.448 0.448 0.448 0.3 
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Table 3.6 SEE comparison table of Hybrid CIoT network at varying   

 

 

 

 

 

Table 3.7 Comparison table of Hybrid CIoT network at varying SP  

 

 

 

 

 

 

 

The statistical analysis of the proposed work along with other relevant existing works 

corresponding to Fig. 3.9(a) and Fig. 3.12 has also been presented through Table 3.8 and 3.9. 

 

Table 3.8 Comparison of Standard Deviation in SR 

(Taking 0.5 = as mean for which SR=0.325 bits/Hz) 

 

Table 3.9 Comparison of Standard Deviation in SEE 

(Taking 0.5 = as mean for which SEE=13 bits/Hz) 

 

 

Parameter 
  

SEE for HDAF (in bits/Joule) 

Hoyt Rayleigh [82] Weibull 

0.1 63 77.3 89.6 

0.3 14.1 22.8 24.1 

0.5 10 12.9 13.2 

0.7 12.4 15.4 15.5 

0.9 18.6 24.5 24.5 

Parameter 

SP  (in dB) 

SR for HDAF (in bits/Hz) 

Hoyt Rayleigh [66] Weibull 

CR CJ CR CJ CR CJ 

-10 0 0 0.02 0.001 0.04 0.02 

0 0.04 0.04 0.1 0.07 0.14 0.16 

10 0.13 0.21 0.2 0.27 0.21 0.41 

20 0.18 0.38 0.24 0.46 0.22 0.54 

30 0.19 0.42 0.24 0.48 0.22 0.57 

Parameter 
  

Standard Deviation for SR (in bps/Hz) 

AF [76] DF [76] HDAF 

0.2  0.3 0.075 0.315 

0.4  0.195 0.05 0.1 

0.6  0.145 0.048 0.03 

0.8  0.125 0.074 0.075 

Parameter 
  Standard Deviation for SEE (in bps/Hz) 

 Weibull Rayleigh [82] Hoyt 

0.2  31 17 15 

0.4  1 1 3 

0.6  2 0 1 

0.8  7 3 1 
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3.5 INTERFERENCE-AIDED ENERGY 

HARVESTING IN UNTRUSTED SCENARIO 

3.5.1 System Model 

A wireless communication scenario in an IoT network has been considered here comprising of 

Source S, Destination D, Relay R, EAV and an Interferer I.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) R-D Communication over 2nd Time Slot (1 ) / 2T−  

 EH 

 Information signal 

 Jamming Signal 

 

Fig. 3.13 System model 

 

S R 

I 

EAV 

S R D 

I 

EAV 

EAV 

S R D 

(a) EH over duration αT 
(b) S-R Communication over 1st 

Time Slot (1 ) / 2T−  
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Such a configuration is highly relevant in smart healthcare systems, IIoT, or smart grid 

communications, where energy-efficient relaying and secure data transmission are essential. 

The relay node R is assumed to be energy-limited and may rely on RF-EH from the source or 

ambient interference. Meanwhile, the inclusion of an EAV models the threat of unauthorized 

access to sensitive data—common in open wireless environments—while the interferer I 

introduces realistic co-channel interference typically found in densely deployed IoT networks. 

The entire communication between S and D in presence of EAV is shown in Fig 3.13. The 

following assumptions are taken into account: 

• The undesirable interference effect from I have been neglected. 

• No direct link is present between the S and D. 

• R and EAV harvest energy from signals transmitted by S and I.  

• The battery capacity of R and EAV is infinite and they utilize this energy as the 

transmission power to forward information or send jamming signals to other nodes. 

• All channel links are statistically independent and experience Rayleigh fading.  

The fading channel coefficients of the links (e.g. S → R, R → D etc.) are denoted by ,i jh  where 

,i j  indicate channel nodes. The channel gains of these links are represented by 
2

, ,i j i jg h= .We 

consider that there is a peak power constraint on the transmission of the nodes. i.e. the 

interference at the nodes is maintained below an interference threshold, thI  . 

Following TSR Protocol [19], the entire communication time duration T is divided into 

three time slots: At EH time slot, R and EAV harvests energy from the signals received from S 

and I as shown in Fig. 3.17 (a); During 1st time slot, S transmits data to R which is received by 

EAV. At the same time D sends a jamming signal to the EAV which is known to R and received 

by it. Meanwhile, EAV sends a jamming signal to R by using the energy harvested in EH time 

slot. As the jamming signal is known, R separates it and entirely uses it for EH; c) In 2nd time 

slot, S sends a jamming signal to the EAV with full power Ps while R simultaneously transmits 

both the information signal and jamming signal to D and it separates the known jamming 

signal. 

3.5.2 Mathematical modelling 

The received signal power at EH slot ( T ) for both R and EAV are given as: 
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TR I I RS SR S SIy P g x P g x N

= + +

               (3.49) 

TE I EI I ES SE Sy P g x P g x N

= + +

                          (3.50) 

The harvested energies at R and EAV are given as: 

1 ( )HR S SR I SIE P g P g T = +                 (3.51) 

1 ( )HE S SE I EIE P g P g T = +                 (3.52) 

The transmitted powers at R and EAV based on harvested energy are given as :  

1 1
min( , / )r R th SIP P I g=

                 (3.53) 

where   
1

1

(1 )( / 2)
R

HRE
P

T
=

−
 

and 
1

1

(1 )( / 2)
HE

e

E
P

T
=

−
                (3.54) 

A. Energy Harvesting at R and EAV in 1st time slot 

 

In 1st time slot, the signals received at R and EAV are represented by: 

1 1SR S SR SI D RD JD RE JEey P g x P g x P g x N  += + +              (3.55) 

1
SE S SE SI D RD JD

y P g x P g x N = + +                (3.56) 

The amount of energies harvested at R and EAV in 1st time slot are represented by: 

12

(1 )
{ ( )}

2
HR S SR D RD e RE

T
E P g P g P g


 

−
= + +              (3.57) 

2

(1 )
{ ( )}

2
HE S SE D DE

T
E P g P g


 

−
= +                (3.58) 

The transmitted powers by R and EAV after energy harvested in 1st time slot are: 

2
2

(1 )( / 2)
HR

R

E
P

T
=

−
                 (3.59) 

2
2

(1 )( / 2)
HE

e

E
P

T
=

−
                 (3.60) 

 

B. Information Processing at R and EAV in 1st time slot 

 

1

(1 ) (1 ) (1 )ip

SR S SR SI D RD JD e RE JEy P g x P g x P g x N  += − + − − +                                   (3.61) 
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(1 ) (1 )ip

SE S SE SI D RD JDy P g x P g x N = − + − +              (3.62) 

While processing the information, R removes the jamming term (1 ) / 2T−  

1
(1 ) (1 )

ip

SR S SR SI RE JEey P g x P g x N += − − +               (3.63)    

Thus, SINR at R in 1st time slot is given as: 

1

(1 )

(1 )
S SR

SR

e RE

P g

P g N






−
=

− +
                        (3.64) 

and SINR at EAV in 1st time slot is given as: 

(1 )P

(1 )
S SE

SE

D RD

g

P g N






−
=

− +
               (3.65) 

 

C. Information Processing at D, EAV in 2nd time slot 

In 2nd time slot, the signal received at D is represented by: 

 

2

ip

RD avg RD I avg RD JR e DE JEy P g x P g x P g x N+= + +                                                              (3.66) 

2RD avg eRD I DE JEy P g x P g x N+= +               (3.67) 

where 1 2

2

r r

avg

P P
P

+
=                  (3.68) 

The total signal received at EAV in 2nd time slot is: 

 

RE avg RE JRS SE JSy P g x P g x N= + +                                                                             (3.69) 

 Thus, SINR at D in 2nd time slot is given as: 

2

avg RD

RD

DEe

P g

P g N
 =

+
                 (3.70) 

and SINR at EAV in 2nd time slot is given as: 

S SE

avg RE

RE

avg REg

P g

P P g N


+
=

+
                (3.71) 

The overall SNR of the legitimate channel is given by the expression: 

min( , )SD SR RD  =
                 (3.72) 

The EAV uses Selection Combining technique to obtain the total SNR represented as: 

, )max(E RESE  =
                 (3.73) 
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3.5.3 Calculation of SR 

In this subsection, the SR at the main channel link (
SDC ) and EAV link (

EC ) are evaluated 

using the developed expressions of SINRs. The SR at main channel link is: 

2

1
log (1 )

2
SD SDC




−
= +

                (3.74) 

and the rate of EAV link is: 

2

1
log (1 )

2
E EC




−
= +

                (3.75) 

Thus the overall SR is given as: 

[ ]SEC SD EC C C += −
                 (3.76) 

2 2

2

1
[log (1 ) log (1 )]

2

(1 )1
log

2 (1 )

SD E

SD

E


 





+

+

−
= + − +

  +−
=   

+                  (3.77) 

where [ ] max( ,0)z z+ =  

3.5.3 Results and Discussions 

To assess the secrecy performance of the proposed system, a Matlab based simulation has been 

carried out. The following system parameters have been used for the purpose of simulation: 

 

Table 3.10 Parameter Setting 

Parameters Meaning Default Values 


 Energy Conversion Efficiency 0.8 

  EH coefficient 0.001 
  Power splitting coefficient 0.01 

SP
 Source Transmit Power 10dBW 

DP
 Destination Transmit Power 10dBW 

IP
 Peak permissible Interference Transmit Power 20dB 

m  Path loss exponent 3 

 

In Figs. 3.14 and 3.15, simulation results are presented for the traditional DJ secure 

transmission scheme with the contrast scheme for comparison. The contrast scheme is denoted 

as non-interference jamming scheme [100] where S and D jams EAV and relays the confidential 

messages during the entire transmission period.  

Fig 3.14 shows plot of SR versus  for both proposed and contrast scheme [100].  
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Fig. 3.14 SR versus   for both Proposed and Existing [100] scheme 

 

It is observed that as   increases, SR also increases upto some optimal value of   . This is 

due to enhanced scope of EH for R (during EH slot) and thus, more energy is harvested which 

increases the information reception at D. After the optimal point, SR value decreases with the 

further increase in  . Because, increase in   reduces the channel capacity at D and increases 

channel capacity of EAV and thus, the SR plot decreases. For 0.15 = , we obtain the 

maximum SR for IA-EH which is 0.022, whereas, the maximal value of secrecy for non-

Interference scheme is 0.019 for 0.27 = . For a particular value of 0.1 = , the percentage 

improvement in SR of the proposed scheme over the existing scheme is 50%. Upto 0.32 = , 

better secrecy is observed for IA-EH compared to its contrast part. Thus, better secrecy is 

observed for IA-EH scheme compared to non-interference scheme. 

In Fig. 3.15, SR versus 
thR is plotted for both the proposed and existing cases. It is 

observed that secrecy is maintained upto 0.5thR = in case of IA-EH; whereas, for contrast 

model, SR falls after 0.34thR = .Thus the proposed scheme guarantees better secrecy than its 

contrast part. 
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Fig. 3.15 SR versus thR  for both Interference and non-Interference Scenario 

Fig. 3.16 shows the effect of power splitting factor  on SR under the hybrid scheme for several 

values of interference power. It is seen that with increase in  , EH at R increases. But at the 

same time EAV also scavenges energy. So EC  dominates over SDC  which causes SR to 

decrease. After a particular value, with further increase in  , power associated with 

information processing at R in 1st time slot decreases, which decreases SR further. The impact 

of one more parameter, i.e. 
IP  on SR has been depicted in this figure. Higher values of 

IP  

allow the source and EH relay to transmit in a higher power in the network. This increases the 

main channel capacity which results in increase of SR. As 
IP  increases from 1 to 10 dB, the 

secrecy performance of the system improves until peak interference threshold is reached. At 

higher values of 
IP  i.e. beyond 5 dB, improvement in secrecy is minimal as the harvested 

energy from I to R becomes nearly constant.  
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Fig. 3.16 Effect of   on SR for various values of 
IP  

 

 

3.6 OVERALL COMPARISON 
 

A critical study and comparison of the above three works namely, Proposed Work 1, Proposed 

Work 2 and Proposed Work 3 presented in section 3.3, 3.4 and 3.5 respectively with some of 

the existing relevant state-of-art have been abridged in Table 3.11 and 3.12. 

 

Table 3.11 Comparison table with existing relevant state-of-art 

Existing/Proposed 

Works 
Scenario 

Protocol 

used 

Scheme 

used 
Fading channel 

Performance 

metric 

Existing Works 

[93] 

RF harvesting from 

source only in presence 

of interferer 

Hybrid 

TSR-PSR 
DF Rayleigh Throughput 

[66] 

SNR based HDAF 

relaying cooperative 

network in presence of 

EAV 

- 

AF, DF 

& 

HDAF 

Rayleigh 
Ergodic Secrecy 

Capacity 

[73] 

Single hop relaying 

system with EH using 

Power Beacon in 

presence of EAV 

TSR 
DF and 

AF 
Rayleigh SC, EE 
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[67] 
Secrecy performance 

evaluation of IIoT 
- DF 

Weibull/ 

Rayleigh 
SOP, SR 

[74] 
Cognitive cooperative 

AF network 
- AF Rayleigh EE 

[100] 

Two-hop untrusted 

relay network with 

OPA and EPA schemes 

- AF Rayleigh OP, SR 

Proposed Works 

Proposed Work 1 

DF Relay Network with 

Interference-aided EH 

in absence of EAV 

TSR DF Rayleigh Throughput 

Proposed Work 2 

CIoT Network in 

interference-free 

environment in 

presence of EAV 

HYBRID 

TSR/PSR 

AF/DF/ 

HDAF 

Rayleigh/Weibull/ 

Hoyt 
SR, SEE 

Proposed Work 3 

CIoT Network with 

Interference-aided EH 

in presence of an EAV 

HYBRID 

TSR/PSR 
DF Rayleigh 

SR 

 

 

Table 3.12 Critical Analysis of the proposed works with existing works 

Performance 

metric used 

Existing/Proposed 

works 

Fading 

Channel 

Maximum 

Throughput 

value (bps/Hz) 

SR value 

(bps/Hz) 

SEE value 

(bits/Joule) 

Throughput  
[93] 

Rayleigh 
0.25 

- - 
Proposed Work 1 0.4 

Secrecy Rate 

(SR)  

[66] Rayleigh  

- 

CR:0.24 

CJ:0.48 

- 

Proposed Work 2 

Hoyt 
CR:0.19 

CJ:0.42 

Weibull 
CR:0.22 

CJ:0.57 

[73] 

Rayleigh - 

AF: 0.21 

DF:0.25 
- 

Proposed Work 2 
HDAF: 

0.4 

[67] Weibull  

- 

0.65 

- 
Proposed Work 2 

Rayleigh 0.62 

Hoyt 0.48 

[100]   0.019  

Proposed Work 3   0.022  

System Energy 

Efficiency 

(SEE)  

[194]  Rayleigh 0.2 

- 

77.3 

Proposed Work 2 
Weibull 0.32 89.6 

Hoyt 0.18 63 
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3.7 DISCUSSION 
 

This chapter presents a framework to evaluate the performance of RF-powered one-way single 

relay networks. Initially, the network throughput is analysed in terms of location of relay, 

position of interference and energy conversion efficiency of the proposed model 1. Next, in 

proposed model 2, an SNR-based HDAF scheme has been adopted for analysing the security 

of CIoT network under dissimilar fading scenarios. Here, the advantages of using a Beacon-

aided RF-EH technique are discussed for CIoT network that uses an SNR-based HDAF for 

maximizing SR and obtaining higher SEE under dissimilar fading environments. Also, it can 

be observed that severe fading over desired link provides more secure communication over 

main link. Comparative study of all the fading models shows that weibull fading gives better 

secrecy and higher energy efficiency than the other fading models. Also, the effect of fading 

parameters on the SEE performance for HDAF relay has been investigated. Our next model 

incorporates DBJ technique to increase the system security in the presence of I where we have 

analyzed the beneficial effects of harvesting energy from Interferer in the presence of EAV. By 

incorporating interferer into the network, the SR of the system is effectively enhanced as 

compared to non-interferer environment. The study also provides a benchmark on the 

maximum amount of interferer power that can be harvested so as to maximize the security 

performance. 
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Chapter 4 

RF ENERGY HARVESTING IN ONE-

WAY MULTI-RELAY NETWORKS 
 

 

4.1 OVERVIEW 
 

The performance analysis of one-way single relay cooperative network was presented in 

Chapter 3. In continuation with this work, the present chapter focuses on the performance 

analysis of multi-relay cooperative network where new relay selection schemes are proposed 

to enhance the throughput and secrecy of the relay networks. In the first instance, two Relay-

Selection (RS) schemes namely, Maximum Energy Accumulated (MEA) and Optimal Relay 

Maximization (OPT) have been presented. In the next section, a generalized IA-EH cooperative 

network has been designed under Weibull faded environment, where the performance of the 

system has been studied in terms of throughput and Outage Probability (OP) for various 

cooperation protocols such as, DF, AF and HDAF. In addition, the throughput of the network 

has been optimized with respect to the EH fractions of the Hybrid TSR–PSR protocol. 

Moreover, the OP and throughput performance the proposed network have been studied with 

respect to a number of system parameters. Lastly, a best-node scheduling technique has been 

proposed to enhance the system secrecy performance against multiple EAV attack using a 

friendly jammer.  

 

4.2 BACKGROUND 

In wireless cooperative networks, several intermediate relay nodes are available to assist the 

communication between a pair of data source and destination. Since these nodes have different 

locations, each transmitted signal from source to destination passes through different paths 

causing different attenuations within the signals received at the destination. This in turn results 

in reducing the overall system performance. To minimize this effect, designing of proper 

relaying strategy is highly necessary so that high-quality links can be chosen. The authors in 
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[58] have studied a comparison among three RS schemes namely: (i) OPT-RS scheme (ii) 

MHE-RS scheme and (iii) Minimum Self-Interference (MSI) RS scheme. Here, the effect of 

various parameters on throughput and OP has been studied. However, analysis is limited to a 

single source with a single antenna and no analysis has been carried out for a multi-source 

multi antenna system. With this motivation, RS in multi-source multi-antenna CR Network 

with RF-EH has been studied, where MEA-RS and OPT-RS schemes have been explored in an 

ideal interference-free environment. Two RS methods, PRS and ORS have been introduced in 

[33] where they have used the Rician fading channel to evaluate the OP. [45] have used TSR 

protocol to facilitate RF-EH in CSS, which shows that OAF relaying outperforms PRS and 

RRS for two or more number of relays. In [192], the multiple UAV relay-assisted networks 

using EH have been investigated to avoid large-scale fading from source to destination. An 

analytical expression of ASER is derived in [193] over Fluctuating Two Ray (FTR) fading 

channel considering multi-hop detect & forward and AF relaying. In [194], a vehicle-to-vehicle 

communication model has been employed in an FD EH system. The ergodic capacity has been 

evaluated and compared with the stationary nodes. The effect of residual self-interference on 

ergodic capacity has been shown. To keep the source information secure from an EH untrusted 

relay node, the DBJ technique has been used in [196] where they derived analytical expressions 

for SC and intercept probability to evaluate the secrecy performance of the system. BER for 

dual-hop AF and DF are analytically derived for both TS and PS relaying protocols in [195]. 

System optimization is also performed to maximize the BER performance. In this regard, a 

generalized RF-EH framework with hybrid TSR-PSR protocol for AF, DF and HDAF relaying 

schemes has been developed under the Weibull fading channel. Here, an optimization process 

has been applied with respect to the EH fractions. The mathematical expressions for AF, DF 

and HDAF modes have been derived systematically. Mainly, Rayleigh, Exponential and 

Gamma distributions have been modelled using Weibull distribution by varying the scale and 

shape parameters, which shows the flexibility of this fading channel. In the last section of this 

chapter, the security performance in multi-relay network has been evaluated. One of the novel 

aspects of the proposed work is the investigation of the secrecy performance of CR network 

with a friendly jammer and multiple EAVs who attempt to wiretap the communications 

between the EH relay nodes and BS. 
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4.3 RELAY SELECTION IN INTERFERENCE-

FREE SCENARIO 

 

In this section, a multi-antenna multi-relay network along with its mathematical representation 

and results have been described in details. 

 

4.3.1 System model for Relay Selection in interference-free 

environment 

 

The system model shown in Fig 4.1 is a DF relay network consisting of L number of Source 

nodes 
1 2, ,....., LS S S each having W number of antennas, one Destination node D with a single 

antenna and N number of Relay nodes 
1 2, ,....., NR R R , each with two antennas following 

accumulate-and-forward scheme. This architecture is particularly relevant for cluster-based or 

multi-source IoT environments, such as smart agriculture, distributed industrial monitoring, or 

environmental sensing, where multiple sensor nodes need to transmit data reliably to a central 

destination. The use of multiple antennas at the sources enables spatial diversity, improving 

the reliability of transmission under fading conditions. Meanwhile, the relay nodes act as 

energy-aware intermediaries that accumulate incoming data and forward it selectively, based 

on their energy availability or channel quality—making this approach well-suited for energy-

constrained, low-power deployments. The relevant assumptions are as follows: 

• A Rayleigh fading channel is employed. 

• Power is generated at the relays through EH which takes place through TSR protocol [19]. 

• Each relay is subjected to AWGN, with mean = 0 and variance = 𝑁0. Each source transmits 

with the same power 𝑝𝑠, while each relay transmits with a power 𝑝𝑟𝑖 (i=1,…,N). 
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Fig. 4.1 System Model  

 

4.3.2 Mathematical Modelling 

Let us assume two sets: h = {ℎ𝑥𝑦𝑖, x = 1,…,L; y = 1,…,W and i = 1,…,W} and g = {𝑔𝑖, i = 

1,…,N}. These sets represent the channel coefficients for S to R, and R to D transmission. 

Hence, the power gains for these channels would be |ℎ|2 and |𝑔|2, which are random variables 

subject to exponential distribution with mean Ωℎ𝑥𝑖 and Ω𝑔𝑖 respectively. Here, Ωℎ𝑥𝑖= 𝑑1𝑥𝑖
−𝑚 and 

Ω𝑔𝑖= 𝑑2𝑖
−𝑚, where 𝑑1𝑥𝑖 represents distances between the source nodes and the different relay 

nodes, 𝑑2𝑖  represents distances between the different relay nodes and D, and m is the path loss 

exponent. For simplicity, it has been assumed that 𝑑1𝑥𝑖= 𝑑1 and 𝑑2𝑖 = 𝑑2, for all x and i. 

Therefore, Ωℎ𝑥𝑖= Ωℎ= 𝑑1
−𝑚  and   Ω𝑔𝑖= Ω𝑔= 𝑑2

−𝑚. 

 

➢ Selection Protocols 

 Source antenna selection: 

The best source antenna is selected on the basis of S-to-R SNR link which is expressed as:  

𝑦𝑏𝑒𝑠𝑡𝑥: 𝑚𝑎𝑥
𝑦=1,...,𝑊

(𝛾𝑥,𝑟
𝑖 )                   (4.1) 

where {1, 2,..., }x L  and {1, 2,..., }i W  

 Relay Selection (RS) schemes:  

The next step is relay selection. Here, it is assumed that the relays have been provided with 

storage facility (in the form of appropriate battery), to accumulate the energy from the signals 
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from all the sources that are transmitting, one after the other. After the signals have been 

received from all the sources, and energy has been accumulated, transmission takes place from 

R to D. For RS, following two protocols are used: 

 

• Maximum Energy Accumulating Relay Selection (MEA-RS) 

Here, that relay is selected which can accumulate the highest amount of energy through 

harvesting during the transmission process. 

2

1,...,
1

_ : max
bestx

L

xy i
i N

x

i b h
=

=

 
 
 
                   (4.2) 

Here, i_b is calculated for a particular value of x, and subsequently 𝑦𝑏𝑒𝑠𝑡𝑥is also calculated for 

that particular value of x. 

 

• Optimal Relay Selection (OPT-RS) 

In this scheme, the end-to-end SNR (𝛾𝑒2𝑒) is maximized. 

𝑖_𝑏: 𝑚𝑎𝑥
𝑖=1,...,𝑁

(𝛾𝑒2𝑒
𝑖 )                                                   (4.3) 

 

➢ SNR Calculation 

Received signal at the relays is given by:  

𝑌𝑖  =  (√𝑝𝑠ℎ𝑥𝑦𝑏𝑒𝑠𝑡𝑥𝑖𝑋𝑥
(𝑡))  + 𝑛𝑟𝑖(𝑡)                (4.4) 

where, 𝑋𝑥(𝑡) is the signal transmitted from the source node x and 𝑛𝑟𝑖(𝑡) is the AWGN at relay 

node i. Therefore, energy harvested at the relay for this particular received signal is given by: 

2

1
bestx

L

i S xy i

x

E p h T 
=

=                   (4.5) 

where, 0≤α and ≤1. Here,  is the EH-coefficient and  is the energy conversion efficiency. 

Moreover, x varies from 1 to L, and for each value of x, there is a single 𝑦𝑏𝑒𝑠𝑡𝑥 determined 

from source antenna selection as given in (4.1). Accordingly, MEA relay selection is adopted 

on the basis of accumulated energy. This energy is then used for transmitting the signal. So, 

transmitting power of relay is given by 𝑝𝑟𝑖. Again, DF scheme is employed at the relay nodes. 

The decoded received signal  𝑋𝑟𝑖(𝑡) is given by: 

𝑋𝑟𝑖(𝑡)  =  𝑋𝑠(𝑡 − 𝑡0)                   (4.6) 
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where, t0 represents circuit processing delay, which is assumed to be very small, compared to 

the entire block time.  

Next, the received signal at D is given by: 

𝑌𝑑(𝑡)  =  √𝑝𝑟𝑖𝑔𝑖𝑋𝑟𝑖(𝑡)  +  𝑛𝑑(𝑡)                                       (4.7) 

where, 𝑛𝑑(𝑡) is the AWGN at the destination node. Based on the above equations, the SNR 

received for S-R transmission is given by: 

 𝛾𝑥,𝑟
𝑖  =  𝛾𝑥 |ℎ𝑥𝑦𝑏𝑒𝑠𝑡𝑥𝑖|

2

                  (4.8) 

Similarly, for received signal at D, the SNR is expressed as: 

𝛾𝑟,𝑑
𝑖  =  2𝜇𝛾𝑥 |ℎ𝑥𝑦𝑏𝑒𝑠𝑡𝑥𝑖|

2
|𝑔𝑖|

2                            (4.9)                                                                                          

Here, 𝛾𝑥= 𝑝𝑠/𝑁0 and 𝜇 =  𝜂𝛼/(1 − 𝛼). Finally, the end-to-end SNR is calculated as: 

𝛾𝑒2𝑒
𝑖  =  𝑚𝑖𝑛(𝛾𝑥,𝑟

𝑖 , 𝛾𝑟,𝑑
𝑖 )                                                 (4.10) 

 

➢ OP and Throughput Analysis 

Suppose SR  is the source transmission rate. To ensure reliable communication, considering B

=1 Hz, from Shannon-Hartley theorem, 
SR  can be expressed as: 

2log (1 )S thR = +                  (4.11) 

Thus, 2 1SR

th = −                  (4.12) 

Now, the OP is calculated as:  

_

2( )i b

out e e thP P  =                           (4.13) 

For DL mode of transmission, throughput 𝜏 is computed as : 

((1 )(1 ) ) / 2out SP R = − −                                                          (4.14) 

 

4.3.3 Results and Discussions 

The proposed model has been simulated using MATLAB Version R2018a and the results of 

simulations have been presented in this section. The distances d1 and d2 are normalized to unit 

value. For simplicity, the mean values of the exponential random variables |h|2 and |g|2 which 

are designated as 𝜆ℎ and 𝜆𝑔 respectively, are set to 0.3 and path loss exponent m is taken as 3. 

The setting of remaining parameters related to simulation has been made according to Table 

4.1.  
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Table 4.1 Simulation Parameters 

Symbol Name Values 
  Energy conversion efficiency 0.5 

th  SINR threshold 7 dB [58] 

  EH coefficient 0.25 

N No. of relay nodes 5 

L No. of source nodes 6 

W No. of antennas 7 

x  SNR of Source 22 dB 

SR  Source transmission rate 0.3 bps/Hz [58] 

 

The variation of throughput with EH ratio-𝛼 has been shown in Fig. 4.2. Here, MS corresponds 

to multi-source and SS denotes single source. From above figure, it is observed that the OPT-

RS (MS) scheme outperforms the MEA-RS (MS) scheme. This is because in OPT-RS, the best 

2e e  is selected which is directly related to decrease in outage much quicker than the case of 

MEA-RS, where the relay selected is made on the basis of energy accumulated. Also, it is found 

that the OPT-RS Multi Source (MS) and MEA-RS (MS) schemes outperform the SS schemes 

in terms of throughput for all values of  . This is because in case of MS schemes, both ,x r  

and ,r d  have a higher value as compared to SS schemes as concluded from the mathematical 

description of the model.  

 

Fig. 4.2 Throughput versus the EH ratio-α with N= 3, 𝛾𝑥  = 22 dB, RS = 0.3 bps/Hz 
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            The quantitative analysis of Fig. 4.2 has been summarized in Table 4.2 where the 

proposed work i.e. MS scheme has been compared with the existing models OPT-RS (SS) and 

MHE-RS (SS) of [58]. 

Table 4.2 Quantitative Analysis of Throughput  

Measured 

Quantities 
Schemes 

  

0.1 0.2 0.3 

Throughput 

(bps/Hz) 

OPT-RS(MS) 1.345 1.202 1.054 

MEA-RS(MS) 1.165 1.121 1.015 

OPT-RS(SS) 0.598 0.883 0.913 

MHE-RS(SS) 0.480 0.713 0.762 

Percentage 

Improvement 

In throughput 

 

 

OPT-RS(MS) OVER OPT-

RS(SS) 
55.5 26.5 13.3 

OPT-RS(MS) OVER MHE-

RS(SS) 
64.3 40.6 27.7 

OPT-RS(MS) OVER MEA-

RS(MS) 
13.3 06.7 03.7 

MEA-RS(MS) OVER OPT-

RS(SS) 
48.6 21.2 10.0 

MEA-RS(MS) OVER MHE-

RS(SS) 
58.7 36.3 24.9 

 

The variation of throughput with SNR has been shown in Fig. 4.3. It is seen that the curves are 

increasing for smaller values of x and then saturates or converges at higher values of x. This 

is because, with the increase in source SNR, ,x r  and ,r d also increases. From (4.11), it is seen 

that the probability that 
2e e  falls below 

th  is decreased which in turn decreases the possibility 

of outage and hence increases the throughput. It is also found that the OPT-RS (MS) scheme 

saturates at a much lower value of x=15dB, followed by MEA-RS (MS) at x=25dB, OPT-RS 

(SS) at x= 30dB, and MHE-RS (SS) at x=40dB. In addition, the plot shows that the OPT-RS 

(MS) scheme reaches the saturation much faster than the MEA-RS (MS) scheme. This is 

because in OPT-RS(MS), the best 
2e e  is selected compared to the case of MEA-RS (MS), 

where the relay selection is made on the basis of maximum energy accumulated. Also, it is 

observed that the MS schemes reach saturation level quicker than the SS schemes. This is 

because 
2e e  increases at a faster rate in case of MS scheme as a greater number of selections 

are incorporated. The variation of throughput with the number of relay nodes has been 
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illustrated in Fig. 4.4. It is found that the OPT-RS (MS) scheme outperforms all other relay 

selection techniques. The observation implies that on increasing the value of N, the probability 

of 𝛾𝑒2𝑒
𝑖_𝑏  of the selected relay to be greater than 𝛾0 increases which increases the throughput.  

 

Fig. 4.3 Throughput versus SNR with α=0.25, N=3, RS = 0.3 bps/Hz 

 

Fig. 4.4 Throughput versus number of relay nodes-N with α=0.25, x= 22 dB, RS = 0.3 bits/sec/Hz.  
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4.4 RELAY SELECTION IN INTERFERENCE-

LIMITED SCENARIO 

 

4.4.1 System model  

Fig. 4.5 shows a cooperative multi-relay assisted communication network consisting of source 

node S, multiple EH relay nodes 𝑅𝑗(𝑗 = 1, 2, 3, … 𝑛), each affected by a single interferer, and a 

terminal node D. Each relay node is subject to interference from a distinct, single interferer. 

The relays operate under an RF energy harvesting paradigm, where they extract energy from 

the received RF signals—both intended and interfering—to power their cooperative forwarding 

operations. This model is particularly applicable to energy-constrained IoT environments, such 

as smart cities, remote infrastructure monitoring, and environmental sensing networks, where 

deploying or recharging batteries is impractical. The presence of distributed interference 

reflects realistic wireless conditions in dense urban or industrial deployments, where spectrum 

reuse and coexistence are common. 

 

 

  

Fig. 4.5 System model 

 

 

 

S D 
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Fig. 4.6 Time frame structure of the system 

In the first phase, S transmits signal to the selected relay node 𝑅𝑗, which is selected as the best 

relay based on SINR maximization criterion. Here, ORS strategy has been implemented, where 

the best relay among n relays is chosen on the basis of the SINR value of source to relay and 

relay to destination links. In the second phase, the energy is harvested in the relay node and in 

the third phase, the terminal node receives the signal from the selected relay 𝑅𝑗 and decodes 

the received signal. The following assumptions have been considered: 

• Here, the communication between source and destination is prone to blockage by 

physical structures. To reduce this effect, an energy harvesting communication using 

multi relay is considered. 

• The impact of a single interferer on the relays and destination is considered. 

• All relay nodes are considered similar in nature. 

• The communication mode is taken as HD. 

The channel between source and relay has been modelled with Weibull distribution having gain 

ℎ𝑗 , where the 𝑗𝑡ℎ relay gets affected by AWGN 𝑛𝑗𝑅𝑎 and interference signal of power 𝐼𝑅𝑗. An 

additional noise 𝑛𝑗𝑅𝑐 is added at the relay which is generated due to conversion or sampling of 

the signal. In Fig. 4.6, T is the total time for EH and information transmission in which the 

energy is harvested into two separate parts: 𝛼𝑗
𝑡ℎfraction of time is used for energy harvesting 

with efficiency 𝜂𝑇𝑗 and for the next 𝛽𝑗
𝑡ℎ fraction of total time, the total power 𝑃𝑠 is divided into 

two portions: 𝜌𝑗 of the total transmitted power is used for EH with efficiency 𝜂𝑃𝑗 and 1 − 𝜌𝑗of 

the total transmitted power is used for information transmission. The total harvested energy 

and power are 𝐸ℎ𝑗 and 𝑃𝑗𝑅 respectively. After relay selection, the signal is transmitted from the 
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selected 𝑗𝑡ℎ relay to the destination following Weibull distribution with gain 𝑔𝑗. Here, the 

transmitted signal gets affected by AWGN 𝑛𝐷𝑗 and an interference signal of power 𝐼𝐷𝑗. 

4.4.2 Mathematical Modelling 

This section depicts the mathematical analysis of the proposed scheme. As depicted in figure, 

the signal √𝑃𝑠  𝑠(𝑡) is transmitted from the source with power 𝑃𝑠 and normalized signal 𝑠(𝑡) 

with 𝐸(|𝑠(𝑡)|2) = 1. A Gaussian noise 𝑛𝑗𝑅𝑎~𝑁(0, 𝜎𝑗𝑅𝑎
2 ) is introduced in the 𝑗𝑡ℎreceiver 

antenna; ℎ𝑗  is the weibull channel gain with ℎ𝑗~𝑤𝑒𝑖𝑏𝑢𝑙𝑙(𝑘ℎ𝑗, 𝜆ℎ𝑗) for 𝑗𝑡ℎchannel between 

source and relay; 𝐿1𝑗 is the loss factor for 𝑗𝑡ℎ channel. The total interference power at relay j is 

𝐼𝑅𝑗 with normalized signal 𝑠𝑗𝑅(𝑡), i.e., 𝐸(|𝑠𝑗𝑅(𝑡)|
2) = 1. Accordingly, the corrupted signal at 

𝑗𝑡ℎ relay is shown in (4.15). 

𝑦𝑆𝑅𝑗(𝑡) =
ℎ𝑗√𝑃𝑠 𝑠(𝑡)

𝐿1𝑗
+√𝐼𝑅𝑗𝑠𝑗𝑅(𝑡) + 𝑛𝑗𝑅𝑎              (4.15)

  

This relay uses (1 − 𝜌𝑗) portion of power for receiving the transmitted signal. Considering a 

Gaussian noise 𝑛𝑗𝑅𝑐~𝑁(0, 𝜎𝑗𝑅𝑐
2 ), the converted signal at 𝑗𝑡ℎ relay is shown in equation (4.16). 

𝑦𝑆𝑅𝑗 = √(1 − 𝜌𝑗)[
ℎ𝑗√𝑃𝑠 𝑠

𝐿1𝑗
+ √𝐼𝑅𝑗𝑠𝑗𝑅 + 𝑛𝑗𝑅𝑎] + 𝑛𝑗𝑅𝑐 =

ℎ𝑗 𝑠

𝐿1𝑗
√(1 − 𝜌𝑗)𝑃𝑠  +  √(1 − 𝜌𝑗)𝐼𝑅𝑗𝑠𝑗𝑅 + 𝑛𝑗𝑅          (4.16)

  

The 1st part of the above equation corresponds to ‘Signal’ and the 2nd part represents ‘Noise’. 

where, 𝑛𝑗𝑅 = √(1 − 𝜌𝑗)𝑛𝑗𝑅𝑎 + 𝑛𝑗𝑅𝑐               (4.17) 

and  𝑛𝑗𝑅~𝑁(0, (1 − 𝜌𝑗) 𝜎𝑗𝑅𝑎
2 + 𝜎𝑗𝑅𝑐

2 ) is the total Gaussian noise at signal 𝑦𝑆𝑅𝑗. 

The harvested energy and power at relay ‘j’ are shown in equations (4.18) and (4.19) 

respectively. 

𝐸ℎ𝑗 = (𝜂𝑇𝑗
|ℎ𝑗|

2

𝐿1𝑗
2 𝑃𝑠𝛼𝑗𝑇 + 𝜂𝑃𝑗

|ℎ𝑗|
2

𝐿1𝑗
2 𝑃𝑠𝜌𝑗𝛽𝑗𝑇) + (𝜂𝑇𝑗𝐼𝑅𝑗𝛼𝑗𝑇 + 𝜂𝑃𝑗𝜌𝑗𝐼𝑅𝑗𝛽𝑗𝑇)    

= (
|ℎ𝑗|

2

𝐿1𝑗
2 𝑃𝑠 + 𝐼𝑅𝑗) (𝜂𝑇𝑗𝛼𝑗 + 𝜂𝑃𝑗𝜌𝑗𝛽𝑗)𝑇               (4.18)

  

𝑃𝑗𝑅 = 
𝐸ℎ𝑗

𝑇(1−𝛼𝑗−𝛽𝑗)
=

𝑃𝑠(𝜂𝑇𝑗𝛼𝑗+𝜂𝑃𝑗𝜌𝑗𝛽𝑗)

𝐿1𝑗
2 (1−𝛼𝑗−𝛽𝑗)

 (|ℎ𝑗|
2
+
𝐿1𝑗
2 𝐼𝑅𝑗

𝑃𝑠
) = 𝐾𝑗(|ℎ𝑗|

2 + 𝑈𝑗)          (4.19) 
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where, 𝐾𝑗 =
𝑃𝑠(𝜂𝑇𝑗𝛼𝑗+𝜂𝑃𝑗𝜌𝑗𝛽𝑗)

𝐿1𝑗
2 (1−𝛼𝑗−𝛽𝑗)

and 𝑈𝑗 =
𝐿1𝑗
2 𝐼𝑅𝑗

𝑃𝑠
 .      

            

The received SINR at 𝑗𝑡ℎ relay is formulated as: 

𝛾𝑆𝑅𝑗 =
|ℎ𝑗|

2
(1−𝜌𝑗)𝑃𝑠

𝐿1𝑗
2 [(1−𝜌𝑗)𝜎𝑗𝑅𝑎

2 +𝜎𝑗𝑅𝑐
2 +(1−𝜌𝑗)𝐼𝑗𝑅]

=
(1−𝜌𝑗)|ℎ𝑗|

2
𝑃𝑠

𝐿1𝑗
2 [𝜎𝑗𝑅

2 +(1−𝜌𝑗)𝐼𝑗𝑅]
= 𝑃𝑗|ℎ𝑗|

2           (4.20) 

where, 𝑃𝑗 =
(1−𝜌𝑗)𝑃𝑠

𝐿1𝑗
2 [𝜎𝑗𝑅

2 +(1−𝜌𝑗)𝐼𝑗𝑅]
 and 𝜎𝑗𝑅

2 = (1 − 𝜌𝑗)𝜎𝑗𝑅𝑎
2 + 𝜎𝑗𝑅𝑐

2             

Depending upon different protocol modes, SINR of DF, AF and Hybrid AF-DF protocols are 

analyzed: 

➢ DF Protocol 

In DF protocol, the signal √𝑃𝑗𝑅𝑆𝑗
′ is transmitted from 𝑗𝑡ℎ relay with power 𝑃𝑗𝑅  and normalized 

signal 𝑆𝑗
′, i.e.,𝐸(|𝑆𝑗

′|2) = 1 . A Gaussian noise 𝑛𝐷𝑗~𝑁(0, 𝜎𝐷𝑗
2 ) is introduced at the destination 

node. Here, 𝑔𝑗 is the weibull channel gain with 𝑔𝑗~𝑤𝑒𝑖𝑏𝑢𝑙𝑙(𝑘𝑔𝑗, 𝜆𝑔𝑗). Total interference power 

at the destination is 𝐼𝐷𝑗 with normalized signal 𝑆𝐷𝑗
′, i.e., 𝐸(|𝑆𝐷

′|2) = 1. Then, the received 

signal at the destination from j-th relay is given in (4.21) which is divided into signal and noise 

parts. 

𝑦𝑅𝐷𝑗 =
𝑔𝑗√𝑃𝑗𝑅𝑆𝑗

′(𝑡)

𝐿2𝑗
+√𝐼𝐷𝑗𝑆𝐷𝑗

′ + 𝑛𝐷𝑗       

                   (4.21) 

From the above equation, the expression of destination SINR for the DF protocol is shown 

below: 

𝛾𝑅𝐷𝑗 =
|𝑔𝑗|

2
𝑃𝑗𝑅

𝐿2𝑗
2 (𝜎𝐷𝑗

2 +𝐼𝐷𝑗)
=

|𝑔𝑗|
2

𝐿2𝑗
2 (𝜎𝐷𝑗

2 +𝐼𝐷𝑗)
. 𝐾𝑗(|ℎ𝑗|

2 + 𝑈𝑗) = 𝑄𝑗(|ℎ𝑗|
2 + 𝑈𝑗)|𝑔𝑗|

2
          (4.22) 

where, 𝑄𝑗 =
𝐾𝑗

𝐿2𝑗
2 (𝜎𝐷𝑗

2 +𝐼𝐷𝑗)
        

➢ AF Protocol 

In AF mode, the transmitted signal from 𝑗𝑡ℎ relay is given as: 
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𝑥𝑅𝑗 =
√𝑃𝑗𝑅𝑦𝑆𝑅𝑗

√
(1−𝜌𝑗)𝑃𝑠 |ℎ𝑗|

2

𝐿1𝑗
2 +(1−𝜌𝑗)𝐼𝑅𝑗+𝜎𝑅𝑗

2

               (4.23)

  

where, √
(1−𝜌𝑗)𝑃𝑠 |ℎ𝑗|

2

𝐿1𝑗
2 + (1 − 𝜌𝑗)𝐼𝑅𝑗 + 𝜎𝑅𝑗

2   is the power normalization factor for the 𝑗𝑡ℎrelay 

and 𝑥𝑅𝑗 is the transmitted signal from 𝑗𝑡ℎ relay.  

The received signal at the destination due to 𝑗𝑡ℎ communicating relay is given by: 

𝑦𝑅𝐷𝑗 =
𝑔𝑗𝑥𝑅𝑗

𝐿2𝑗
2 +√𝐼𝐷𝑗𝑆𝐷𝑗

′ + 𝑛𝐷𝑗 =

𝑔𝑗√𝑃𝑗𝑅𝑦𝑆𝑅𝑗

𝐿2𝑗

√
(1−𝜌𝑗)𝑃𝑠 |ℎ𝑗|

2

𝐿1𝑗
2 +(1−𝜌𝑗)𝐼𝑅𝑗+𝜎𝑅𝑗

2

+√𝐼𝐷𝑗𝑆𝐷𝑗
′ + 𝑛𝐷𝑗         (4.24) 

The simplified version of the above equation is framed as: 

𝛾𝑅𝐷𝑗 =
𝑎|𝑔𝑗|

2
|ℎ𝑗|

4+𝑏|𝑔𝑗|
2
|ℎ𝑗|

2

𝑐′|ℎ𝑗|
2+𝑑′|𝑔𝑗|

2
|ℎ𝑗|

2+𝑒′|𝑔𝑗|
2
+𝑓′

                          (4.25) 

where, 𝑎 =
 𝑃𝑠.𝐾𝑗(1−𝜌𝑗)

𝐿1𝑗
2𝐿2𝑗

2   𝑏 =
 𝑃𝑠.𝐾𝑗.𝑈𝑗(1−𝜌𝑗)

𝐿1𝑗
2𝐿2𝑗

2  𝑐′ =
(1−𝜌𝑗)𝑃𝑠(𝐼𝐷𝑗+𝜎𝐷𝑗

2 )

𝐿1𝑗
2    

𝑑′ =
((1−𝜌𝑗)𝐼𝑅𝑗+𝜎𝑅𝑗

2 ).𝐾𝑗

𝐿2𝑗
2   𝑒′ =

((1−𝜌𝑗)𝐼𝑅𝑗+𝜎𝑅𝑗
2 ).𝐾𝑗.𝑈𝑗

𝐿2𝑗
2   

𝑓′ = ((1 − 𝜌𝑗)𝐼𝑅𝑗 + 𝜎𝑅𝑗
2 )(𝐼𝐷𝑗 + 𝜎𝐷𝑗

2 )  

 

  

 

➢ HDAF Protocol 

In the HDAF protocol, the SINR at the destination will be the same as the DF protocol if the 

value of the destination SINR is greater than or equal to a fixed threshold SINR, otherwise, it 

will be the same as the AF protocol. 

The SINR at D is shown as: 

𝛾𝑅𝐷𝑗 =
|𝑔𝑗|

2

𝐿2𝑗
2 (𝜎𝐷𝑗

2 +𝐼𝐷𝑗)
. 𝐾𝑗(|ℎ𝑗|

2 + 𝑈𝑗) ; if 𝛾𝑅𝐷𝑗 ≥ 𝑇ℎ𝑗            (4.26) 

else, 𝛾𝑅𝐷𝑗 =
𝑎|𝑔𝑗|

2
|ℎ𝑗|

4+𝑏|𝑔𝑗|
2
|ℎ𝑗|

2

𝑐′|ℎ𝑗|
2+𝑑′|𝑔𝑗|

2
|ℎ𝑗|

2+𝑒′|𝑔𝑗|
2
+𝑓′

; if 𝛾𝑅𝐷𝑗 < 𝑇ℎ𝑗            (4.27) 
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where, 𝑇ℎ𝑗 is the threshold SINR for protocol switching for 𝑗𝑡ℎrelay. 

➢ Comparison of SINR of AF, DF and Hybrid AF-DF protocols 

The upper bound of SINR for AF protocol is: 

𝛾𝑅𝐷𝑗−𝐴𝐹 =
𝑎|𝑔𝑗|

2
|ℎ𝑗|

4+𝑏|𝑔𝑗|
2
|ℎ𝑗|

2

𝑐′|ℎ𝑗|
2+𝑑′|𝑔𝑗|

2
|ℎ𝑗|

2+𝑒′|𝑔𝑗|
2
+𝑓′

<
𝑎|𝑔𝑗|

2
|ℎ𝑗|

4+𝑏|𝑔𝑗|
2
|ℎ𝑗|

2

𝑐′|ℎ𝑗|
2 = (

𝑎

𝑐′
|𝑔𝑗|

2
) (|ℎ𝑗|

2 +
𝑏

𝑎
)(4.28) 

The upper bound is strictly greater than SINR when 𝑑′|𝑔𝑗|
2
|ℎ𝑗|

2 + 𝑒′|𝑔𝑗|
2
+ 𝑓′ > 0 . Equality 

holds for 𝑑′|𝑔𝑗|
2
|ℎ𝑗|

2 + 𝑒′|𝑔𝑗|
2

+ 𝑓′ = 0, which implies noiseless and interference-less 

conditions. So, the strict upper bound is selected as the communication network is always 

influenced by noise and interference. 

Hence, we obtain, 

𝛾𝑅𝐷𝑗−𝐴𝐹 <
|𝑔𝑗|

2

𝐿2𝑗
2 (𝜎𝐷𝑗

2 +𝐼𝐷𝑗)
. 𝐾𝑗(|ℎ𝑗|

2 + 𝑈𝑗) ⇒ 𝛾𝑅𝐷𝑗−𝐴𝐹 < 𝛾𝑅𝐷𝑗−𝐷𝐹           (4.29) 

(4.29) shows that the DF mode offers higher SINR compared to the AF mode. Since HDAF 

uses both AF and DF mode depending upon the threshold, so Hybrid mode offers a judicious 

trade-off between AF and DF protocol. 

➢ Channel distribution 

The PDF and CDF of Weibull distribution are defined in (4.30) and (4.31) respectively. 

f(x) = {
k

λ
(
x

λ
)
k−1

e−(
x
λ⁄ )
k

, 𝑥 ≥ 0

0, 𝑥 < 0
               (4.30)

  

  F(x)   = {1 − e
−(x λ⁄ )

k

, 𝑥 ≥ 0
0, 𝑥 < 0

               (4.31) 

where, 𝑘 is called shape parameter (𝑘 ∈ (0,∞)) and λ is called scale parameter (λ ∈ (0,∞)). 

The proposed model developed with Weibull distribution can easily be modified to obtain the 

other existing models by tuning certain parameters as shown in Table 4.3. Thus, the proposed 

model is highly flexible as well as adaptable to different situations. 
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Table 4.3 Parameter tuning to approach existing models 

Model 
Communication 

mode 

Energy harvesting 

parameters 

Channel distribution 

[192] DF 
In TSR, 𝛽 =

𝛼

2
, 𝜌 = 0 

In PSR, 𝛼 = 0, 𝛽 =
1

2
 

Nakagami-m 

[194] AF 𝛼 = 0, 𝛽 =
1

2
 

Nakagami-m and Rayleigh (𝑘 = 2, 𝜆 =
2𝜎2) 

[193] AF 𝛼 = , 𝛽 =
(1 − )

2
, 𝜌 = 0 

FTR (Fluctuating two ray) 

 

4.4.3 Performance Analysis 

➢ Outage probability (OP) Analysis 

The OP for 𝑗𝑡ℎ relay can be presented as : 

𝑃𝑜𝑢𝑡𝑗 = Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ  𝑜𝑟 𝛾𝑅𝐷𝑗 ≤ 𝛾𝑡ℎ) = 1 − Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗 > 𝛾𝑡ℎ)         (4.32) 

where 𝛾𝑡ℎ is the threshold for SINR. 

The relay selection can be carried out based on SINR maximization criteria. Since the relays 

are i.i.d., so the above equation converts to: 

𝑃𝑜𝑢𝑡 = ∏ Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ  𝑜𝑟 𝛾𝑅𝐷𝑗 ≤ 𝛾𝑡ℎ)
𝑛
𝑗=1 = ∏ 𝑃𝑜𝑢𝑡𝑗

𝑛
𝑗=1             (4.33) 

Proposition-1: 

The OP of DF and AF protocols are given in equations (4.37) and (4.38) respectively. 

 𝑃𝑜𝑢𝑡𝑗−𝐷𝐹 = 1 − ∫ 𝑒

−

{
 
 

 
 

𝑝𝑗+

(

  
 𝑁𝑗

(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

)

  
 

𝑘𝑔𝑗

}
 
 

 
 

𝑑
∞

𝑀𝑗
𝑘ℎ𝑗 𝑝𝑗             (4.34) 

 𝑃𝑜𝑢𝑡𝑗−𝐴𝐹 = 1 − ∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 (𝑝𝑗

1
𝑘ℎ𝑗+

𝑀𝑗
𝛾𝑡ℎ𝑗

)

(𝑝𝑗

1
𝑘ℎ𝑗−𝑀𝑗)(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

.𝑁𝑗

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑
∞

𝑀𝑗
𝑘ℎ𝑗 𝑝𝑗           (4.35) 

where, 

𝑀𝑗 =
𝐿1𝑗
2 𝛾𝑡ℎ((1−𝜌𝑗)𝐼𝑅𝑗+𝜎𝑅𝑗

2 )

 𝑃𝑠.(1−𝜌𝑗)𝜆ℎ𝑗
 𝑁𝑗 =

𝐿1𝑗
2 𝐿2𝑗

2 𝛾𝑡ℎ(𝐼𝐷𝑗+𝜎𝐷𝑗
2 )(1−𝛼𝑗−𝛽𝑗)

𝜆ℎ𝑗𝜆𝑔𝑗(𝜂𝑇𝑗𝛼𝑗+𝜂𝑃𝑗𝜌𝑗𝛽𝑗) 𝑃𝑠
 𝑋𝑗 =

𝐿1𝑗
2 𝐼𝑅𝑗

𝑃𝑠 𝜆ℎ𝑗
  

            

A formal proof of (4.43) and 4.35 is provided in in Section B.1 of Appendix B 
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Proposition-2: 

The OP of HDAF protocol is given as : 

𝑃𝑜𝑢𝑡𝑗−𝐻𝑦 = 1 − ∫ 𝑒

−

{
 
 

 
 

𝑝𝑗+

(

 
 
 (𝑝𝑗

1
𝑘ℎ𝑗+

𝑀𝑗
𝛾𝑡ℎ

)

(𝑝𝑗

1
𝑘ℎ𝑗−𝑀𝑗)(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

.𝑁𝑗

)

 
 
 

𝑘𝑔𝑗

}
 
 

 
 

𝑑𝑝𝑗
(𝛾𝐻𝑦𝑗𝑀𝑗)

𝑘ℎ𝑗

𝑀𝑗
𝑘ℎ𝑗

− ∫ 𝑒

−

{
 
 

 
 

𝑝𝑗+

(

 
 
 𝑁𝑗

(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

)

 
 
 

𝑘𝑔𝑗

}
 
 

 
 

𝑑𝑝𝑗
∞

(𝛾𝐻𝑦𝑗
   , if 𝛾𝑡ℎ < 𝑇ℎ𝑗 

                  = 𝑃𝑜𝑢𝑡𝑗−𝐷𝐹 , if   𝛾𝑡ℎ ≥ 𝑇ℎ𝑗        

                   (4.36) 

where, 𝛾𝐻𝑦𝑗 =
𝑇ℎ𝑗

𝛾𝑡ℎ
. 

A formal proof of (4.43) and 4.35 is provided in Section B.2 of Appendix B 

It can be noted that when 𝛾𝑡ℎ ≥ 𝑇ℎ𝑗, then outage probability for HDAF is equal to OP for DF 

protocol and when 𝛾𝑡ℎ ≪ 𝑇ℎ𝑗, then OP approaches the OP for AF mode, as Pr(𝛾𝑆𝑅𝑗 ≥

𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ,  𝛾𝑅𝐷𝑗−𝐷𝐹 > 𝛾𝑡ℎ) tends to zero for low 𝑇ℎ𝑗. 

From the expressions of OP of AF, DF and HDAF mode equation (4.40) can be easily proved. 

𝑃𝑜𝑢𝑡𝑗−𝐷𝐹 ≤ 𝑃𝑜𝑢𝑡𝑗−𝐻𝑦 < 𝑃𝑜𝑢𝑡𝑗−𝐴𝐹               (4.37)   

Finally, the overall OP of the system can be derived from equation (4.33). 

➢ Throughput 

The mathematical description of throughput is shown below: 

𝑇𝑜𝑢𝑡 = 𝐸[𝑅(1 − 𝛼𝑗 − 𝛽𝑗)] =∑𝑅(1 − 𝛼𝑗 − 𝛽𝑗)(1 − 𝑃𝑜𝑢𝑡𝑗)

𝑛

𝑗=1

 

= 𝑅∑ (1 − 𝛼𝑗 − 𝛽𝑗)(1 − 𝑃𝑜𝑢𝑡𝑗)
𝑛
𝑗=1                 (4.38) 

where, 𝑃𝑜𝑢𝑡𝑗 is the outage probability for 𝑗𝑡ℎ relay, n is the total number of relays. 𝑅 is the rate 

of transmission which is equal to, 𝑅 = 𝑙𝑜𝑔2(1 + 𝛾𝑡ℎ). 

 Proposed solution 

Solving Algorithm 
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To solve the optimization problem classically formulated above, Algorithm 1 has been used. 

For HDAF mode, the following Algorithm is used by the help of Algorithm 2. 

 

 

Algorithm 1: Pseudo-code of proposed Algorithm 

1: for 𝑗 = 1: 𝑛 

2: Define 𝑠𝑗 = 𝛼𝑗 + 𝛽𝑗 

3: Calculate constraints of 𝑠𝑗 , 𝛼𝑗 , 𝜌𝑗 

4: Calculate 𝑀𝑗 , 𝑁𝑗 , 𝑋𝑗 in terms of 𝑠𝑗 , 𝛼𝑗 , 𝜌𝑗  

5: Calculate 𝑇𝑜𝑢𝑡𝑗 for the boundary conditions 

6: Obtain the optimum condition of throughput by varying 𝛼𝑗  

and evaluate 𝑁𝑗 

7: Simplify the conditions for optimum throughput 

8: Evaluate 𝜌𝑗 for optimum throughput  

9: end for 

10: Calculate 𝑇𝑜𝑢𝑡−𝑚𝑎𝑥 using optimum 𝛼𝑗 , 𝛽𝑗 , 𝜌𝑗 

 

Algorithm 2: Pseudocode of proposed Algorithm for HDAF mode 

1: If 𝛾𝑡ℎ ≥ 𝑇ℎ𝑗 

2: Apply Algorithm 1 

3: Else 𝛾𝑡ℎ < 𝑇ℎ𝑗 

4: Minimize  𝑃𝑜𝑢𝑡𝑗 similar to Algorithm 1 

6: Obtain the optimum values of 𝛼𝑗 , 𝛽𝑗 , 𝜌𝑗 

7: Calculate 𝑇𝑜𝑢𝑡−𝑚𝑎𝑥 using optimum 𝛼𝑗 , 𝛽𝑗 , 𝜌𝑗 

8: end if 
 

 

The complexity analyses of the proposed model and the existing models have been presented 

in Table 4.4.  

Table 4.4 Time complexity of various models 

Model Time Complexity 

Proposed model 𝑂(𝑛) 

[192] 𝑂(𝑛) 

[195] 𝑂(1) 

[194] 𝑂(1) 
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4.4.4 Results and Discussions 

This section provides the performance analysis of the proposed scheme. The results are 

simulated in MATLAB 2021a environment using Monte-Carlo simulation. The parameters 

used for simulations are listed in Table 4.5. 

Table 4.5 Simulation parameters 

Symbol Name of parameter Value of parameter 

𝑅 Transmission rate 2 bps/Hz 

𝜂𝑇 Time switching harvesting efficiency 0.8 

𝜂𝑃 Power splitting harvesting efficiency 0.7 

𝐿1, 𝐿2 Loss factors 1 

𝜎𝑅𝑎
2 ,𝜎𝑅𝑐

2 ,𝜎𝐷
2 Noise variances 0.1W 

𝐼𝑅,𝐼𝐷 Interference Power 0.01W 

𝛼 
Time switching fractions 

0.2 

𝛽 0.3 

𝜌 Power splitting fraction 0.5 

 

Fig. 4.7 (a) and (b) depict the relation between OP and Throughput versus the number of 

selected relay nodes. From these figures, it is evident that if the number of relays increases then 

outage probability decreases and throughput increases. The analytical and simulation results 

show that the behaviour of the HDAF model has transitioned from AF mode to DF mode for 

increasing 𝛾𝑡ℎ in the region satisfying 𝛾𝑡ℎ < 𝑇ℎ and behaves like DF mode for 𝛾𝑡ℎ ≥ 𝑇ℎ, which 

can be easily inferred from (B.29). Fig. 4.8 (a) shows that OP decreases with scale parameters 

for all protocols. It is also shown that the OP falls rapidly up to λ = 2, then it falls slowly 

between 2 to 5. This variation is negligible after λ = 6. The opposite behaviour is observed for 

throughput in Fig. 4.8 (b). 
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(a) 

 

(b) 

Fig. 4.7 Performance Analysis for AF, DF and HDAF (a) OP versus Number of relays ( 𝑃𝑠 =

1𝑊, 𝛾𝑡ℎ = 3, Weibull parameters: Shape and Scale parameter=1) (b) Throughput versus Number of 

relays (𝑃𝑠 = 1𝑊, 𝛾𝑡ℎ = 3, Weibull parameters: Shape and Scale parameter=1) 



84 
 

 

(a)

 

(b) 

Fig. 4.8 Performance Analysis for AF, DF and HDAF (a) OP versus Weibull Scale parameter (𝑁 =

3, 𝑃𝑠 = 1𝑊, 𝛾𝑡ℎ = 3, Weibull Shape parameter=1) (b) Throughput versus Weibull Scale parameter 

(𝑁 = 3, 𝑃𝑠 = 1𝑊, 𝛾𝑡ℎ = 3, Weibull Shape parameter=1) 
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(a)

 

(b) 

Fig. 4.9 Performance Analysis for AF, DF and HDAF (a) OP versus Weibull Shape parameter (𝑁 =

3, 𝑃𝑠 = 1𝑊, 𝛾𝑡ℎ = 3, Weibull Scale parameter=1) (b) Throughput versus Weibull Shape parameter 

(𝑁 = 3, 𝑃𝑠 = 1𝑊, 𝛾𝑡ℎ = 3, Weibull Scale parameter=1) 
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The performance analysis in terms of Outage and Throughput for different values of Weibull 

Shape parameter has been shown in Fig. 4.9 (a) and (b) respectively. For Fig. 4.9 (a), the outage 

probability increases for AF, Hybrid AF-DF with 𝑇ℎ = 5 and 𝑇ℎ = 12; whereas, the OP 

decreases for DF and Hybrid AF-DF with 𝑇ℎ = 1.5. The opposite behaviour happens for 

throughput in Fig. 4.9 (b). 

 

Table 4.6 Comparison table 

Model 
Communication 

mode 
EH protocol 

Maximum 

Throughput 

(bits/s/Hz) 

Percentage 

improvement of 

throughput (%) 

Proposed 

model 

AF 
Hybrid TSR-PSR (𝜂𝑃 = 0) 3.4385 - 

Hybrid TSR-PSR (𝜂𝑇 = 0) 2.6293 - 

DF 
Hybrid TSR-PSR (𝜂𝑃 = 0) 3.8174 - 

Hybrid TSR-PSR (𝜂𝑇 = 0) 3.2071 - 

HDAF 
Hybrid TSR-PSR (𝜂𝑃 = 0) 3.8174 - 

Hybrid TSR-PSR (𝜂𝑇 = 0) 3.2071 - 

[192] DF 
TSR 2.1947 73.94 

PSR 2.7418 16.97 

[194] AF PSR 2.4156 8.85 

 

It is evident from the above comparison in Table 4.6 that the proposed work offers a noticeable 

improvement in throughput with respect to the existing models. It is also seen that the 

throughput performance of the proposed model is much superior to the mentioned existing 

works considering all the communication modes as highlighted in the table. The above 

comparison correctly establishes the supremacy of the proposed models over existing ones. 

 

4.5 RELAY SELECTION IN UNTRUSTED 

ENVIRONMENT WITH A FRIENDLY JAMMER 

This section presents an EH-CR network that uses a wireless powered friendly jammer to 

improve the secrecy performance.  
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4.5.1 System model for RS in presence of EAV 

Fig. 4.10 depicts a network consisting of N sources nS ,where 1,2,...n N=  available in the 

form of transmission towers in an environment such as TV broadcast towers, wireless local 

area networks or Global System for Mobile (GSM) communication. They operate on 

orthogonal frequency bands. The relays mR , where 1, 2,...m M= , harvest energy from nS and 

then use that energy to send information to a Base Station BS in the presence of multiple passive 

EAVs Ek, where 1, 2,...k K= , who wish to intercept the information transmitted from the relays 

to the BS. This architecture is highly relevant in cognitive radio-based IoT (CIoT) and green 

communication systems, where opportunistic energy harvesting from licensed or ambient RF 

signals is essential for sustainable operation. Relays mR  transmit known pilot signals (e.g., for 

the legitimate receiver BS to estimate CSI). It is assumed that the EAV uses Minimum Mean 

Square Error (MMSE) estimation for analysing the pilot signals to estimate the CSI of the 

signal. A friendly jammer J interferes with these EAVs, as illustrated in the figure. It is assumed 

that all channels undergo Rayleigh fading and that all nodes are equipped with a single antenna. 

 

4.10 System Model 
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4.5.2 Mathematical modelling 

Here, Harvest-Use (HU) architecture has been adopted. Once a relay harvests the energy from 

nS , it generally uses that energy to transmit the information. Accordingly, the communication 

technique is deployed in two-phase, energy transfer and information transfer: In the 1st phase 

i.e. T , mR  harvests energy from nS  which is expressed as: 

2

n l

n l

n l

S R

S R S m

S R

h
E P T

d
=                 (4.39) 

where  is fraction of total time for EH and   represents energy conversion efficiency. SP and 

T are transmit power of sources and total time block respectively. The distance from nS to mR

and path loss exponent are expressed as 
n lS Rd and m respectively.  

After EH, a relay node performs CSI estimation to find the best source for harvesting purpose. 

Here, the best source is selected among N sources that allows lR to use the maximum transmit 

power to improve the secrecy performance.  

 

➢ Information transmission 

During the remaining time slot (1 )T− , the best relay 
*R is chosen such that channel gain of

*R B− link is maximum  

i.e.  *
1,2,...

max
lR BR B l L

h h
=

 

Now, *R transmits signal ( )x t to the BS. Simultaneously, the jammer generates jamming signal 

( )z t to the EAVs and BS. Signal received at BS is given as: 

* *

*

*

( ) ( ) ( )S R J
JBm mR B

JBR B

P P
y t h x t h z t N

d d
= + +               (4.40) 

where dJB is the distance from J to BS, PJ represents the transmit power of J, and N is an additive 

white complex Gaussian noise at BS. The instantaneous received SNR at the BS is given as: 

*

* * * * *

*

2

R B

B mS R S R R B

R B

h
P

d
  = =                 (4.41) 

where  
(1 )

SP

N





=

−
, 

* *

* *

* *

2

S R

mS R

S R

h

d
 =  and 

*

*

*

2

R B

mR B

R B

h

d
 =  
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The multiple EAVs can overhear the packet transmitted and can attempt to extract x(t) without 

using an active attack. In addition, the EAVs also receive interference signals from J; hence, 

the received signal at Ek is denoted as follows: 

* *

*

*

( ) ( ) ( )
kk

kk

S R J
k JEm mR E

JER E

P P
z t h x t h z t N

d d
= + +               (4.42) 

where
kSEd and

kJEd  are the distance from S to
kE  and from J to Ek respectively. Thus, the 

instantaneous received SINR at
kE is given by 

* * *

* *

*

2

2

k

k k

kk

k

S R R E

E ES R

m J
JE OmR E

JE

P h

P
d h N

d

  = =
 

+ 
  

              (4.43) 

 

➢ Secrecy Performance Evaluation 

The instantaneous channel capacity of R-BS link without interference from J is: 

2log (1 )B BC W = +                  (4.44) 

where W is the bandwidth of the system 

The instantaneous channel capacity of R-Ek link affected by interference from J is: 

2log (1 )
k kE EC W = +                  (4.45) 

Thus, the instantaneous secrecy capacity at Ek is: 

[ ]
kSec B EC C C += −                  (4.46) 

2

1
log ,

1

0,

k

k

k

B
B E

E

B E


 



 

  +
    +=   




                (4.47) 

 

 BEST-NODE SCHEDULING SCHEME  

Assuming that all channels are independent, the probability of achieving a successful secure 

communication between S∗ and BS for a single 
kE is defined as 

 0
k

best

k SecS P C=                  (4.48) 

In the considered network with multiple EAVs, the information can be transmitted 

confidentially only when the instantaneous SNR of the BS will be greater than that of any EAV 
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(this implies that the instantaneous SNR of the BS is greater than the largest EAV among ‘K’ 

EAVs) i.e.,  
1,...

max
kE E

k K
 

=
               (4.49) 

Thus, the SC for the best-node scheduling scheme as follows: 

  
1
min 0

k

best

Sec
k K

S P C
 

=                 (4.50) 

 

 

1 2

1

0, 0... 0

0

N

k

Sec Sec Sec

K

Sec

k

P C C C

P C
=

=   

= 
 

 

4.5.3 Results and Discussions 

For comparison purpose, a conventional round robin scheduling baseline scheme [197] has 

been used, where each mR has an equal opportunity to transmit its sensed data to the BS. In this 

section, the numerical values of the proposed model has been provided in Table 4.7. 

 

Table 4.7 Parameter assumptions 

Parameter Meaning Default values 

thR  Target secrecy threshold 0.1bps/Hz 

S  
Energy conversion efficiency  0.8  


 Power splitting coefficient 0.6  

m
 

Path loss exponent 3 

 

 Fig. 4.11 shows the SC of the system versus the distance from mR  to the BS for ‘K’ EAVs. It 

is observed that the SC for best-node scheduling scheme is higher than that of the round-robin 

scheduling scheme. Also, when there are more EAVs, their abilities to decode the secret 

message are improved along with the jamming also increases and the SC improves. Fig. 4.12 

highlights the impact of alpha on SOP. The energy harvesting at mR  increases as alpha 

increases; thus effectively reducing the SOP. It has been observed that SOP of the system with 

jammer decreases slightly with increasing alpha but the SOP of the system without jammer 

remains same for all values of alpha. This is because the jammer generates signals that interfere 

with the EAVs; hence, the higher power of the jammer improves the security performance of 

the system. 
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Fig. 4.11 Impact of varying distance and K on SC with N = 2, M = 5, α = 0.5, η = 0.85, PJ = 15 dB 

 

Fig. 4.12 Impact of alpha on SOP with and without the involvement of jammer 

 

Fig. 4.13 depict the SOP versus the SNR with varying M. These plots show a close resemblance 

between analysis and simulation. It can be inferred from the plots that increasing the number 
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of ‘M’ significantly decreases the SOP of the network, especially in the medium and high-SNR 

regimes.  

 

Fig. 4.13 Impact of varying SNR and ‘M’ on the SOP with K = 2, N = 2, α = 0.5, η = 0.85, PJ = 15 dB 

 

4.6 OVERALL COMPARISON 

A critical study and comparison of the above system models with some of the existing relevant 

state-of-art have been abridged in Table 4.8 and 4.9.  

 

Table 4.8 Comparison table with existing relevant state-of-art 

Existing/Proposed 

Works 
Scenario 

Relay selection 

strategy used 

Protocol 

used 

Scheme 

used 

Fading 

channel 

Performance 

metric 

Existing Works 

[58] 

One-way FD EH 

relay selection 

network with DF 

protocol 

OPT-RS, MHE-

RS and 

Minimum self-

interference 

(MSI) relay 

selection 

TSR DF Rayleigh Throughput 

[86] 
EH two-hop 

network 

Joint time 

allocation and 

relay selection 

algorithm 

- DF Rayleigh Throughput 
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[192] 

UAV assisted 

relay network in 

IoT 

SNR 

Maximization 
TSR,PSR DF Nakagami Throughput 

[194] 

UAV enabled 

SWIPT CRN with 

MRC  

- TSR AF Nakagami OP, SER 

[193] 
Single Relay 

Assisted WPCN 
- - AF 

Fluctuating 

Two Ray 

Fading 

OP and SER 

[196] 
RRS in Industrial 

WSNs 

Optimal sensor 

scheduling, 

Round Robin 

Scheduling 

Scheme 

- - Nakagami 
SC, Intercept 

Probability 

Proposed Works 

Proposed Work 1 

Multi-relay 

cooperative 

network in 

interference free 

scenario 

MEA-RS and  

OPT-RS 
TSR DF Rayleigh Throughput 

Proposed Work 2 

Multi-relay 

cooperative 

network in 

interference-

limited 

environment in 

absence of EAV 

Optimal relay 

selection (ORS) 

strategy 

Hybrid 

TSR-PSR 

AF, 

DF, 

Hybrid 

AF/DF 

Weibull Throughput 

Proposed Work 3 

Multi-relay 

cooperative 

network with 

Interference-aided 

EH in presence of 

an EAV 

Best-relay 

scheduling 

scheme 

TSR DF Rayleigh Secrecy 

 

Table 4.9 Critical Analysis of proposed work with existing works 

Performance 

Metric 

Existing/ Proposed 

Works 
Protocol 

Maximum 

Throughput 

(bps/Hz) 

Secrecy 

Capacity 

(bps/Hz) 
Complexity 

Throughput 

(bps/Hz) 

&  

Complexity 

Analysis 

 

 

[58]  

TSR 

0.913 

0.762 
- - 

Proposed Work 1 
1.054 

1.054 

[192] 

TSR 2.1947 

- O(n) 
PSR 2.7418 

Hybrid 

TSR-PSR 

(𝜂𝑇 = 0) 
1.6295 

[193]   - O(1) 

[194] PSR 2.4156 - O(1) 
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Proposed Work 2 

Hybrid 

TSR-PSR 

(𝜂𝑃 = 0) 
3.4385 

- O(n) 

Hybrid 

TSR-PSR 

(𝜂𝑇 = 0) 
2.6293 

Hybrid 

TSR-PSR 

(𝜂𝑃 = 0) 
3.8174 

Hybrid 

TSR-PSR 

(𝜂𝑇 = 0) 
3.2071 

Hybrid 

TSR-PSR 

(𝜂𝑃 = 0) 
3.8174 

Hybrid 

TSR-PSR 

(𝜂𝑇 = 0) 
3.2071 

[86] 
TSR 

0.74 - - 
[85] 0.05 - - 

Proposed Work 2 1.18 -  

[45] 

PSR - - 

O(n2log n) 

[44] O(n2log n) 

Proposed Work 3 O(L*n+n2+M2+M*logKM) 

Secrecy 

Capacity 

(bps/Hz) 

[196] 

TSR - 

0.61 

- 
Proposed Work 3 0.82 

 

4.7 DISCUSSION 

 

In this chapter, three frameworks have been presented to evaluate the throughput and secrecy 

performance of RF-powered one-way multi relay networks. In Proposed work 1, the throughput 

performance of a Multi-Source Multi-Antenna CRN has been observed using two relay-

selection techniques. In Proposed work 2, a generalized RF EH system using Hybrid TSR–PSR 

protocol has been modelled under the Weibull fading channel and the throughput has been 

analysed for DF, AF and HDAF modes. The proposed model uses the SINR maximization 

criteria and selects one relay from multiple relays. Comparative analysis shows the 

improvement in throughput of the proposed model over the existing benchmark models. 

Proposed work 3 studies the secrecy capacity and the SOP of an EH-CR network with a jammer, 

multiple beacons, multiple sources, and a base station in the presence of multiple EAVs. In 

addition, the best-node scheduling scheme has been proposed here to enhance system secrecy 

performance against eavesdropping attacks. 
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Chapter 5 

RF ENERGY HARVESTING IN 

TWO-WAY COOPERATIVE 

RELAY NETWORKS 

 
 

5.1 OVERVIEW 
 

This Chapter presents the performance analysis of two-way cooperative relay networks in line 

with Chapters 3 and 4. Initially, the performance of a bidirectional AF multi-relay multi-

antenna network system is studied. In the subsequent section, a secure Maximum RF Energy 

Harvested Antenna Selection (MHE-AS) scheme is presented in a Two-Way Communication 

(TWC) via two multi-antenna relays with Interference-Aided (IA-EH).  Here, the impact of 

some network parameters, namely EH coefficient, Transmit Power of Sources, Interferer 

Transmit Power, Global Target Secrecy Rate and number of antennas are examined on the 

Secrecy Capacity (SC). Lastly, as an extension of this work, a secure transmission scheme in 

two-way IoT relay network is introduced using IA-EH, where the amount of enhancement in 

secrecy performance is estimated by exploiting the interference power of CCIs using 

accumulate-and-forward scheme under both linear and non-linear scenarios. 

 

5.2 BACKGROUND 
  

An Adaptive Relaying Protocol (ARP) was introduced in [23], where the system was 

investigated over Rician fading channel. This model included a single-antenna relay between 

the source and destination nodes. To improve the performance of the model described in [23], 

an adaptive relaying for bidirectional multi-relay multi-antenna system is proposed in both 

Delay Limited (DL) and Delay Tolerant (DT) transmission over Nakagami faded channel. 

Similar to One Way Relaying (OWR), due to heavy spectral reuse, TWC systems are also 

affected by CCI which can be regarded as a constant energy source and has a major role to 

maximize the SC under EAV attack. In another work [97], the authors obtained the secrecy 
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performance of a TWC network via two half-duplexes DF relays in presence of an EAV. In 

contrast to this work, a secure MHE-AS scheme is proposed by incorporating a TWC via two 

multi-antenna relays in presence of an interferer. The proposed method mainly focuses on 

boosting the secrecy performance by using a selective antenna which harvests maximum 

energy from multiple antennas at each relay instead of a single one. The works in 

[70,80,81,111] involving PLS in EH networks are investigated considering linear EH network. 

However, in realistic scenario, RF transceivers suffer from various RF impairments such as in-

phase/quadrature-phase imbalance, oscillator noise, high-power amplifier nonlinearity etc. that 

compromises the system secrecy performance. However, the disadvantage associated with this 

work is that the linear EH model is too idealistic and impractical as this model is unable to 

demonstrate the nonlinear behaviour of any practical energy harvesting circuit. Moreover, 

[70,80,81,114] have utilized a separate jammer for maintaining secrecy of the network. In this 

work, we consider that the source nodes are configured with jamming signal generator to 

transmit both the message and jamming signals. This scheme does not require extra separate 

jammers. To address the above challenges, a thorough analysis on the secrecy performance of 

an untrusted RF-powered IoT relay network is provided under non-linear scenario in presence 

of CCIs where the relays are collocated with EAVs. Here, the increment in harvested energy 

with increase in number of frames is observed and the percentage improvement in SC is 

calculated. 

5.3 BIDIRECTIONAL COOPERATIVE NETWORK 

USING ARP 

In this section, a two-way Multi-Relay Multi-Antenna relay network along with its 

mathematical representation is described in details. 

5.3.1 System Model  

An adaptive EH protocol for a bidirectional network over Nakagami fading environment has 

been presented in Fig. 5.1. Here, simultaneous transfer of information and energy takes place 

between the sources (S1, S2) and the relays (R1, R2, . . ., RN) in both directions. The time frame 

diagram of the proposed scheme is presented in Fig. 5.2. Here, the overall time interval is 

denoted by T. Energy is harvested from S1 and S2 at a time interval T , where   is the EH 

coefficient. In the next interval of time (1 ) / 2T− , the source signal splits into two streams. 

EH by the relay node is done using a fraction of power SP , whereas (1 ) SP− is used to decode 
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the information signal coming from the source nodes. Here,   is the power splitting fraction 

and 0 ≤ ρ ≤ 1. In the remaining time interval (1 ) / 2T− , information is forwarded from the 

relay node to the nodes S1 and S2. This architecture is highly applicable to two-way IoT 

communication systems, such as vehicular-to-infrastructure (V2I) networks, smart meter data 

exchanges, or disaster recovery networks, where energy sustainability and bidirectional low-

latency data exchange are critical. The adoption of Nakagami-mmm fading allows for modeling 

a wide range of realistic wireless channel conditions, from severe to moderate fading, 

enhancing the generalizability of the proposed system. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 System Model 

 

 

 

 

 

 

 

Fig. 5.2 Time Frame Communication 

 

The relevant assumptions are as follows: 

• A Nakagami fading channel is employed. 
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• Power is generated at the relays through EH which takes place through Hybrid TSR-PSR 

protocol. 

 

5.3.2 Mathematical Modelling  

The signal received at the node Ri is calculated as: 
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           (5.1) 

where, SP  denotes the transmission power from S1 and S2; x1 and x2 denote the normalized 

information signals from S1 and S2, respectively; and 𝑛𝑖,𝑚
[𝑎]

∼ 𝐶𝑁(0, 𝜎𝑎
2) is the AWGN at the  

m-th antenna of Ri. Here, 1, mi
g , 2, mi

g are the Nakagami distribution parameters. The energy 

harvested at the m-th antenna of the relay node Ri is calculated as: 
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where   and   represent the EH efficiency of TS and PS respectively; 0 1  and 

0 1   

Therefore, the power which has been received at the relay node Ri can be computed as: 
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where 
2

1
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                    (5.4) 

Here, MHE-RS [58] has been considered. It is also considered that the n-th antenna of the b-th 

relay node harvests the maximum amount of energy. The receiver down-converts the RF signal 

,1 b ny− to baseband signal and processes it. After conversion, the baseband signal at the n-

th antenna is sampled and expressed as: 
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where [ ] [ ]

, , ,1 a c

b n b n b nn n n= − +  is the AWGN at relay node with variance N0 and zero mean. The 

signal received at relay node (which is amplified by a factor  ) is written as: 
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The received signal at the source S1 sent by the relay is given by: 

1 1, , 1nb b ny g x n= +                      (5.7) 

Here 1n  represents the AWGN at S1 with zero mean and variance N0. 
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S1 has to extract the signal sent by S2 from y1. Since it has the knowledge of its own transmitted 

symbol S1, it can perfectly remove the corresponding self-interference term. After that, an 

estimate of the intended signal 2x  can be obtained as: 
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Substituting the value of β, the end-to-end SNR of 2x̂  at S1 can be calculated as: 
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Putting /S O thP N =  and substituting the value of Pb, the above equation is modified to  
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Similarly, the end-to-end SNR of 1x̂  at S2 can be written as: 
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               (5.12) 

 

5.3.3 System Performance  

The system performance of the network is proposed for both DL and DT transmission.  

 

➢ Delay Limited (DL) Transmission 

In DL transmission mode, the throughput is determined by calculating the OP keeping the 

source transmission rate fixed at SR  bits/s/Hz, where 2log (1 )S thR = + and th  is the threshold 

value of SNR to detect data correctly. Thus, OP at S1 and S2 are given as: 

1

2

21
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( )

( )

out th

out th

P P

P P

 

 

= 

= 
                                 (5.13) 

The achievable throughput at S1 and S2 are computed as: 

(1 ) (1 )
2i

DL S
i out

R
p = −   −                  (5.14) 

where {1, 2}i  

 

➢ Delay Tolerant (DT) Transmission  

In DT transmission mode, the ergodic capacity at the destination needs to be evaluated to 

determine the throughput. Ergodic capacity at S1 and S2 are given by 
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The achievable throughput at S1 and S2 are computed by 

(1 )

2

DT

i iC



−

=                     (5.16) 

where {1, 2}i  

 

5.3.4 Results and Discussions  

MATLAB Version 9.1.0.813654 (R2020b) based simulation results are summarized in this 

section. For simplicity, the distances between sources and relays are normalized to unit value. 

The parameters used in simulation are listed in Table 5.1 [23].  

 

Table 5.1 Parameter assumptions. 

 

Parameter Meaning Default values 

  EH efficiency for TS 0.7 

  EH efficiency for PS 0.7 

th  SNR threshold 7 dB [23] 

/S OP N  Source power to noise ratio 0-30 dB  

SR  Source Rate 3 bps/Hz  

 

The impact of SNR on the achievable throughput of the system in DL and DT transmission 

mode are shown in Fig. 5.3 (a) and (b) respectively. The proposed model is compared with the 

existing scheme [23]. Since ergodic capacity increases with SNR, the end-to-end SNR for PSP 

is minimum and for TSP it is maximum as observed from the plots. Hence, throughput in ARP 

is less than that in TSP. Since effective communication time is more in PSP than ARP or TSP, 

throughput for PSP is maximum.  
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(b) 

Fig. 5.3 Throughput vs SNR between the proposed model and the existing model [23] for (a) DL 

transmission mode (b) DT transmission mode 

 

    

Fig. 5.4 (a) and (b) present the effect of variation of number of antennas in the relay nodes on 

throughput at DL and DT mode respectively. 
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(b) 

Fig. 5.4 Throughput vs SNR with the variation of number of antennas in relay nodes for (a) ARP-DL 

transmission (b) ARP-DT transmission 

For both the cases, ARP has been considered. It is observed that as the number of antennas 

increases, throughput also increases for a fixed value of SNR. Since in the proposed multi-relay 

multi-antenna network information is transmitted by the antenna which harvests the maximum 

amount of energy, the probability that an outage will occur within a specified time period 
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decreases as the number of antennas increases. As a result, throughput increases with increase 

in number of antennas. Since there are multiple relay nodes between the end nodes and 

information transmission occurs via the maximum energy harvesting relay node only; more 

throughput is achieved in our model compared to the single relay model. A quantitative 

comparison between the two models is shown in the Table 2. 

 

Table 5.2 Quantitative Analysis of Throughput 

Quantity Proposed Existing [23] 
% Improvement in 

Throughput 

ARP-DLT at Ps/No=15 dB 0.69 0.55 25.45 

ARP-TSP at Ps/No=15 dB 0.73 0.62 17.74 

ARP-PSP at Ps/No=15 dB 1.38 0.82 68.29 

ARP-DTT at Ps/No=15 dB 1.23 0.95 29.47 

TSP-DTT at Ps/No=15 dB 1.41 1.07 31.78 

PSP-DTT at Ps/No=15 dB 2.25 1.55 45.16 

 

 

5.4 SECRECY PERFORMANCE OF IA-EH 

SCHEME IN AN UNTRUSTED SCENARIO 

In this section, a single relay two-way relay network is described in details. 

5.4.1 System Model  

A Two-Way Communication (TWC) with MEH-AS technique is shown in Fig. 5.5 comprising 

of two sources (S1 and S2), two HD, DF relays DFR1 and DFR2 equipped with multiple 

antennas, an Interferer I and an Eavesdropper EAV. The energy-constrained relays collect 

energy from RF signals of their respective sources as well as from I. After performing Antenna 

Selection (AS) based on maximum harvested energy, the relays utilize that energy to transmit 

the data to S1 and S2. This system model is highly applicable in secure and energy-efficient IoT 

scenarios such as smart grid control systems, vehicle-to-vehicle (V2V) communications, or 

military-grade sensor networks, where bidirectional data exchange, energy sustainability, and 

secure transmission are paramount. The MEH-AS technique offers enhanced energy utilization 

without requiring additional power resources, while also contributing to physical layer security 

by complicating eavesdropping through unpredictable antenna selection. 
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Fig 5.5 System model of TWC with MEH-AS technique 

 

 

 

 

 

 

Fig. 5.6 Time frame structure of the system model 

 

The following assumptions have been taken into account: 

• Both the relays are deployed at approximately midpoint of S1 and S2. 

• A single EAV is present in the communication coverage area but not within the loop, 

i.e, it only intercepts the data of either S1 or S2 in the broadcasting phase, but not in the 

relaying phase due to directional transmit and receive antennas of relays [97]. 

• Whenever the EAV attempts to overhear the data of S1 by extracting the message, the 

signal of S2 functions as a jamming (or AN) signal and vice versa [38]. 

• The relays have knowledge on full CSI of the main channels, i.e. S1-to-DFR1, DFR1-to-

S2, S2-to-DFR2 and DFR2-to-S1. 

• All the nodes operate in HD mode [1]. 

• There is no direct path between S1 and S2 due to severe fading [39]. 

• All channel links being statistically independent and experience Rayleigh fading [19]. 
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The channel coefficients are indicated by ,i jh  where ,i j  indicate channel node that follow 

Rayleigh distribution; i  and is the transmitting node and j   is the receiving node. Thus, the 

instantaneous channel gains of these links are denoted by 
2

, ,i j i j
g h= . 

The entire communication is shown in Fig. 5.6. The duration frame T is split into three Time 

Periods (TP): (a) EH TP T ; (b) 1st TP (1 ) / 2T− ; (c) 2nd TP (1 ) / 2T− . At EH TP, DFR1 

captures energy from the data received from S1 and I. Simultaneously, DFR2 harvests energy 

from the data received from S1 and I. During 1st TP, S1 and S2 transmit data to DFR1 and DFR2 

respectively. At this point, as soon as the EAV tries to tap the data of S1 (or S2), the signal of S2 

(or S1) functions as jamming signal at the EAV and degrades the signal strength. At 2nd TP i.e 

the relaying phase, both the relays decode and then forward the signals to the respective 

destinations based on MHE-AS scheme with the assistance of directional antennas. At this 

moment, the EAV is unable to intercept the data relayed by either DFR1 or DFR2 presuming it 

is located at the null of the antennas. 

 

5.4.2 Mathematical modelling 

➢ EH at DFR1 & DFR2 

In the EH phase at the relay nodes, the received signal at each relay node can be calculated as: 

 

             (5.17) 

Thus the energy harvested by both relay nodes can be calculated as : 

                                                          (5.18) 

                                                        (5.19) 

Before decoding, the instantaneous SINRs obtained are: 
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                                                                      (5.21) 
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                                                                      (5.22) 

                                                                     (5.23) 

➢ MHE-AS Scheme 

Both the relays select an antenna from a set of ‘M’ antennas and transmit using the best selected 

antenna i.e. i-th antenna that harvests the maximum energy from both S1, S2 and I. The index 

of the selected antenna is given by: 

                                                                        (5.24) 

where  { 1, 2}DFR DFR  

Thus, energy harvested by the i-th antenna of the relays over the time slot T  can be written 

as: 

                                                     (5.26) 

where 
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The transmit power of the i-th antenna of the relays is given as: 
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                                                                          (5.27) 

Thus, the instantaneous SINRs obtained after decoding are given as: 

                                                                   (5.28) 

                                                                    (5.29) 

Thus, end-to-end SINR is denoted as: 

                                                           (5.30) 

                                                            (5.31) 

➢ Secrecy Capacity (SC) Calculation 

The instantaneous SC at the two nodes can be expressed as [97]: 
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                                                                   (5.32)

                                                                    (5.33) 

Now, the SC of each of the two-way links is expressed as [97]: 

                              (5.34) 

                             (5.35) 

The Global Secrecy Rate (GSR) is expressed as [97]: 

                                                      (5.36) 

Now, Secrecy Outage Probability (SOP) can be defined as: 

( )SEC

G thSOP P C C=                  (5.37) 

 

5.4.3 Results and Discussions 

To calculate the SC performance of the proposed system, simulation have been executed using 

Matlab version R2020a. The following parameters have been set accordingly as shown in Table 

5.3. 

Table 5.3 Parameter assumptions 

Parameters Meaning Default Values 

thC  Secrecy Threshold 1 bps/Hz [97] 

 Energy Conversion Efficiency 0.8  

 EH coefficient 0.2 

 Source Transmit Powers 5 dBW [97]  

 Peak permissible Interferer Transmit Power 10 dBW 

 Path loss exponent 3 

 

Fig. 5.7 gives a comparison of our proposed scheme with the contrast schemes in terms of EH 

coefficient.  
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Fig. 5.7 Comparison of SC versus  for three scenarios (in absence of ‘I’ with M=1 [97], presence of 

‘I’ with M=1 [96] and presence of ‘I’ with M=2, 3 [proposed]) 

 

The performance is significantly better in Interference limited system with single antenna relay 

[97] upto a certain value of  . It is also observed that for M=3, there exists a crossover point 

( 0.1 = ) beyond which the proposed scheme outperforms [97]. Taking a specific value of 

 i.e 0.3 = , the percentage improvement in SC of proposed scheme over [97] and [96] 

are found to be 13.33% and 61.7% respectively.  

In Fig. 5.8, the number of antennas has been varied and their impact on the secrecy 

capacity performance has been observed. Adding more number of antennas shifts the graph to 

the left and the system obtains higher secrecy performance at the cost of low EH coefficient 

i.e. EH time should be kept much less than the broadcast time to achieve the optimal SC. This 

is because the signal received from I provides energy for relay recharge and hence effectively 

reduces the optimal value of the EH coefficient. Hence peak secrecy can be achieved by not 

further increasing the EH time but by allocating the time for information transmission as a 

result of which reliable communication is affected. This indicates a trade-off between reliable 

communication and secure transmission since by increasing the amount of harvested energy, 

the available time for information transmission decreases and vice-versa. After M=7, the 

improvement in secrecy becomes minimal which provides a standard on the maximum number 

of antennas that can be placed so as to maximize the SC. 



110 
 

 
 

Fig. 5.8 SC versus   for varying M 

 

 

Fig. 5.9 Impact of SC w.r.t. IP  for equal and unequal transmit power of both the sources 

 

Fig. 5.9 highlights a plot of SC versus IP  for equal and unequal transmit power of both the 

sources with varying thC  . It is found that the SC for equal transmission of both the sources is 

more compared to unequal transmission powers. This is because of the fact that for equal 

transmit power of S1 and S2, the EAV gets maximum jamming from the sources and 
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eavesdropping capacity is minimized. Further, there is a performance degradation as Interferer 

Power is increased and SC goes flat. Flatness is due to good signal quality is received by EAV 

in broadcast phase since the effect of interference becomes dominant and the deteriorating 

effects of interference suppresses the gain obtained due to higher harvested energy. 

 

5.5 SECURE TWO-WAY COMMUNICATION WITH 

IA-EH FOR NON-LINEAR SCENARIO 

5.5.1 System model 

In this section, the system description and channel modelling are provided in detail.  

➢ Network Description 

A two-way IoT environment is considered in this work as shown in Fig. 5.10. A Low Power 

Wide Area Network (LPWAN) is considered under Rayleigh fading environment with a 

maximum range of 200 m. It comprises of two static IoT wireless devices (S1 and S2) that tries 

to exchange some confidential information among themselves. As the two sources are located 

far apart, they require the assistance of relays to support secure communication. The energy-

constrained relays are equipped with rechargeable batteries which take part in harvesting 

energy from the respective RF sources as well as the surrounding CCIs (
1 2, ,........., NI I I ). Here, 

the signals from the surrounding base stations act as interference signals. The relays deployed 

in this environment are untrusted nodes i.e. apart from being mandatory helpers in 

communication process, they try to overhear the secret information of the sources. Perfect 

knowledge of CSI of jamming signals is available at both legitimate sources [101]. Thus, 

jamming signal gets fully removed from the received signal at the sources. This architecture is 

highly relevant for urban IoT applications, such as smart home systems, smart metering, or 

environmental monitoring in low-density areas where low-power, long-range communication 

is crucial. The adoption of LPWAN allows for energy-efficient communication with minimal 

overhead, making it well-suited for devices that are either battery-powered or require long 

battery life, such as sensors or actuators in remote locations. The total time frame structure T 

is accomplished in three scheduled time phases following TSR protocol [19] as depicted in Fig. 

5.11. 
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Fig. 5.10 System model of the proposed untrusted TWR network in interference-limited scenario 

 

The following assumptions are considered:  

• The untrusted relays are employed at approximately midpoint of both the sources. 

• UR1 and UR2 are fitted with directional antennas such that they can intercept the signal 

of either S1 or S2 in the broadcasting phase only, but not in the relaying phase [38]. 

• All the nodes function in HD mode and configured with a single antenna [1]. 

• No direct connection exists between the sources due to long distance and strong fading 

[39]. 

• All the channel links experience Rayleigh fading [19]. 

 

 

 

 

 

Fig. 5.11 Time frame structure (INF. indicates Information signal and JAM. indicates jamming signal) 

 

➢ Channel Modelling 

The PDF of channel coefficient and channel gain are expressed as:  
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Following Rayleigh distribution, the channel gain coefficient between two communication 

nodes X and Y is indicated as xyh . Considering the assumption that the channels follow 

independent and identically Rayleigh distribution (i.i.d.), 
2

xy xyg h=  denotes the channel gains 

between X and Y. Thus
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5.5.2 Mathematical modelling 

In this section, the network is evaluated in the non-linear scenario where the harvested power 

is saturated to a maximum power value for the high input power at EH circuit. 

• EH and data communication for ‘K’ frames in linear scenario 

The received signal at the relays can be expressed as: 
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The energy is accumulated in relay’s battery up to K-th frame as given below: 
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where
1kRE and 

2kRE are the harvested energy at UR1 and UR2 in K-th frame, η is the power 

conversion efficiency of the harvester. The power transmitted in this duration is given as: 
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➢ RF EH for non-linear mode 

In practical scenario, the RF harvester is nonlinear and the DC output power of EH circuit 

depends on a fixed power saturation threshold 
thP . The threshold 

thP  depends on the frequency 

of incoming RF signals and type of the harvesting circuit (linear or non-linear). In general, 
thP  

ranges from −30 dB to −5 dB [112]. The received signal at the relays in non-linear mode for 

‘k’ frames can be expressed as: 
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where 1  and 2 are the distortion noises caused by the transmit hardware impairments at S1 

and S2, respectively; and we can model 1  and 2 as circularly symmetric complex Gaussian 

distribution with zero-mean and variance 2 , i.e., 𝜂1 ∼ 𝐶𝑁(0, 𝜅
2) and 𝜂2 ∼ 𝐶𝑁(0, 𝜅

2) where 

2 0   characterizes the level of impairment at the transmitter (3GPP LTE has EVM 

requirements in the range   ∈ [0.08, 0.175] [70, Sec. 14.3.4]). 

Accordingly, the harvested energy with non-linear circuit at the relay nodes can be obtained as 

shown below:  
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Thus, the power transmitted by the relays is given as:
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Proposition 1. The closed form expression for accumulated harvested energy can be 

formulated as: 
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A formal proof of (5.49) is provided in Section C.1 of Appendix C 

 

5.5.3 SINR estimation  

Here the SINR expressions for main channel links during broadcast phase are expressed as: 

1 1 1
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The relays being untrusted, try to intercept the information signals of both the transmitters 

during broadcasting phase. At this point, whenever relay UR1 tries to overhear the information 

of S1, the information signal of S2 acts as a jamming to the relay and vice versa. The SINRs for 

the wiretap links are given as: 

2 2 1

2 1

k

k

S S R

S R

O

P g

N
 =

                 (5.52) 

1 1 2

1 2

k

k

S S R

S R

O

P g

N
 =

                 (5.53) 

where
2 2 1kS S RP g and

1 1 2 kS S RP g are the jamming signals from S1 to UR2 and S2 to UR1 respectively. 

At relaying phase, the corresponding SINR at UR1 and UR2 after information decoding is 

expressed as under: 

1 1 2

1 2

1

1

k k

k

i i k

R R S

R S N

I I R O
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P g N



=

=

+
                 (5.54) 
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Therefore, the end-to-end SINR for both the paths can be expressed as: 

1 2 1 1 1 2
min( , )

k k

k

S S S R R S  =
                (5.56) 

2 1 2 2 2 1
min( , )

k k

k

S S S R R S  =
                (5.57) 

5.5.4 Performance analysis 

The key secrecy performance metrics are considered as SOP and ASC whose closed form 

expressions are derived below: 

➢ SOP Analysis 

Secrecy Capacity (SC) is the maximum rate of confidential message that is sent from source to 

destination under the threat of EAVs and is determined from the difference between main 

channel capacity and wiretap channel capacity. The expressions for SC of each of the two-way 

links from S1-S2 and S2-S1 is given as [75]: 

1 2 2 11 2 2

1 1
[ log (1 ) log (1 )]
2 2

SEC

S S S S RC   += + − +
              (5.58) 

2 1 1 22 2 2

1 1
[ log (1 ) log (1 )]
2 2

SEC

S S S S RC   += + − +
              (5.59) 

where
1 2S S and 

2 1S S  are the SINRs for links S1-S2 and S2-S1 respectively. Similarly, 
2 1S R and 

1 2S R are SINRs for jamming signals from S2-UR1 and S1-UR2 respectively.  

Global threshold secrecy rate (GSR) Sec

thC is expressed as [81]: 

1 2
min(C ,C )Sec SEC SEC

th S SC
+

 =                  (5.60) 

Secrecy outage occurs when secrecy capacity SEC

thC  drops below a predetermined threshold 
thR

> 0 (bps/Hz). Therefore, the SOP can be expressed as: 

( )SEC

th thSOP P C R=                   (5.61) 

1 2(min( , ) )SEC SEC

S S thP C C R=   

  1 21 ( ) ( )SEC SEC

S th S thP C R P C R= −  
 

1 2

1 1

1 2

1 {1 ( )}{1 ( )}

1 [1 ][1 ]

SEC SEC

S th S th

P P

P C R P C R= − −  − 

= − − −                (5.62) 
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Proposition 2. The closed form expression for SOP can be formulated as: 

2 3 2 3 2 3 2 3
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 (5.63) 

A formal proof of (5.63) is provided in Section C.2 of Appendix C 

 

➢ ASC Analysis 

Based on the definition given in [70], ASC is obtained by subtracting the wiretap channel 

capacity from the legitimate channel capacity.  
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where  
1

1
C

(R ) ( )SEC
S

SEC

th S thF P C R=    and  
2

2
C

(R ) ( )SEC
S

SEC

th S thF P C R=  are the CDFs of 
1

SEC

SC and 
2

SEC

SC

respectively. 

 

5.5.5 Results and Discussions 

The validation of the proposed system model is carried out through simulation using Matlab 

2021b and compared with the existing benchmarks to quantify the secrecy performance 

improvement. Table 5.4 shows the numerical values of the relevant parameters. 

Fig. 5.12 depicts the variation of SOP versus
SP for several values of

RP . Here, signal 

transmission with equal power from both the transmitters (i.e 
1 2S S SP P P= = )  is 

considered. As illustrated in the figure, the SOP performance degrades with increasing value 

of 
SP . The performance of the proposed system is compared with three existing works i.e. IA 

TWR Network without jamming [108], Interference-free OWR network with jamming[111] and 

IA-OWR network with FD jamming [114]. For a fair comparison, transmit power of the relays 

are pre-set according to [111] and the impact on SOP is observed. The SOP of the network is 

found to be more for lower values of 
RP  and reduces with further increase in RP .It is also seen 

that the secrecy performance of the proposed scheme and the other works [114] and [111] with 

jamming schemes is much better than that of the contrast network without jamming [108]. On 
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further comparison with OWR networks [111] and [114], it has been observed that the proposed 

network model achieves the lowest SOP. For 15SP dB= , an SOP value of 310− is obtained for 

the proposed model as opposed to 110−  and 010  for [114] and [108] respectively. In addition, a 

similarity between theoretical and simulation results verifies the correctness of the theoretical 

derivations with the simulated results.  

 

Table 5.4 Parameter assumptions 

Parameter Meaning Default values 

thR  Target bit rate 1 bps/Hz  
  Energy conversion efficiency for source 0.7 [111] 

  EH coefficient 0.2 

m
 

Path loss exponent 3  

1 2
,S SP P  Source Transmit Power 10 dB [111] 

NO AWGN Power 0.01 W [111] 

 

 

 

 

 

 

 

 

 

Fig. 5.12 Comparison plot of SOP versus 
SP  for different values of 5,10,15RP =  dBW 

The secrecy performance comparison between the conventional scheme [70] and the proposed 

system considering non-linear approach is displayed in Fig. 5.13. For a fair comparison with 

[70], Rayleigh faded channel parameter is set as (
1 2 1m m= = ) and non-linear distortion 

parameter is considered as 0.08. It clearly shows that the proposed model with energy 

accumulation significantly outraces the conventional approach. On increasing the number of 

frames, the accumulated energy at the relays gets increased which contributes to improvement 

in secrecy performance of the network. But at higher values of 
SP  i.e. beyond 5dB, 
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improvement in secrecy is minimal with increase in K . Moreover, the system secrecy capacity 

saturates when the transmit power is sufficiently high. This reveals the fact that the relay battery 

has a finite storage capacity because of which the accumulated energy cannot exceed the battery 

capacity. This study imposes a limitation on the maximum number of allowable frames that 

can be utilized for energy accumulation to maximize the network security. 

 

Fig. 5.13 The effect of transmit power on the ASC 

 

Table 5.5 shows a comparison of our scheme with [70] with increasing K in terms of ASC.  

Table 5.5 Average secrecy capacity for K=5,10,15 with variation in 
SP  

Parameter 

SP (in dB) 

ASC 

(in bps/Hz) 

[70] 
Proposed 

K=5 K=10 K=15 

0 0.06 0.12 0.17 0.175 

20 0.25 0.39 0.47 0.486 

40 0.31 0.465 0.55 0.576 

60 0.32 0.485 0.58 0.62 

 

In Fig. 5.14, the effect of EH coefficient  on the ASC is shown and compared with the existing 

benchmarks (i.e IA-EH in TWR network [81] and TWR network in interference-free 

environment [80]).  
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Fig. 5.14 The impact of  on ASC for both trusted and untrusted scenarios 

From Fig. 5.15a, b and c, it is seen that the accumulated energy keeps on increasing linearly 

with ‘K’ keeping ‘N’ fixed at 3 and gradually increasing 
SP . The variation of / TRE  (in Joules) 

versus ‘K’ for 3N = is shown in Table 5.6. From Fig. 5.15c and Fig. 5.15d, as the number of 

interferers is increased from 3N = to 5N = keeping 
SP  value fixed at 10dB, a minimal 

decrease in the value of
RE  has been found. Table 5.7 depicts percentage decrease in harvested 

energy.  

 

 

 

 

(a) (b) 
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Fig. 5.16 compares the secrecy capacity of the developed network for nonlinear and linear 

scenarios. It can be observed that the linear approach gives better secrecy than non-linear at 

relatively low EH coefficient. For 10thP dB= − , the secrecy is maintained upto 0.57 = . On 

increasing the saturation threshold 5thP dB= − , maximum secrecy is achieved at 0.35 =

beyond which the secrecy falls. An ASC value of 0.3 bps/Hz is obtained for linear EH model 

at 0.2 = , where for 5thP dB= − and 10thP dB= − , the ASC values of 0.2 and 0.12 are obtained 

at 0.36 = and 0.54 = respectively, for nonlinear scenario.  The comparative analysis of the 

proposed scheme for both the approaches is presented in Table 5.6. For a particular value of 

= 0.1, the percentage improvement in ASC of the proposed framework for linear approach 

over non-linear, at a saturation threshold of -5dB and -10dB is observed as 65% and 88% 

respectively that falls to 12.8% and 20% at 0.7 = . The comparative analysis of the proposed 

scheme for both the approaches is presented in Table 5.6. For a particular value of = 0.1, the 

percentage improvement in ASC of the proposed framework for linear approach over non-

linear, at a saturation threshold of -5dB and -10dB is observed as 65% and 88% respectively 

that falls to 12.8% and 20% at 0.7 = . Fig. 5.17 plots the amount of harvested energy versus 

number of frames ‘K’ under non-linear scenario, for the Ps value of 0dB. Here, the accumulated 

energy increases exponentially with increase in ‘K’. On comparing with Fig. 5.15 (c) and (d), 

initially, a significant enhancement in accumulated energy is obtained for linear model as 

compared to non-linear scheme. The percentage improvement in harvested energy for both 

linear and non-linear scenarios with respect to the number of frames is calculated and shown 

in Table 5.7. 

 

Fig. 5.15 Accumulated harvested energy versus K with variation in source transmit power 

and number of CCIs 

 

(c) (d) 
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Fig. 5.16 The impact of  on the ASC for nonlinear and linear EH scenarios 

 

Fig. 5.17 Accumulated Harvested Energy versus K for N=3,5 under nonlinear approach for 0SP dB=  

 

Table 5.6 Comparative secrecy performance analysis for linear and non-linear scenarios 

Parameter 
  

Average Secrecy Capacity 

(ASC) % Improvement in ASC 

Linear Non-Linear 

 5thP dB= −  10thP dB= −  
Linear over Non-

linear 

(-5dB) 

Linear over Non-

linear 

(-10dB) 

0.1 0.25 0.0875 0.03 65 88 

0.3 0.28 0.19 0.075 32.14 73.21 
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0.5 0.22 0.18 0.1125 22.22 48.86 

0.7 0.125 0.122 0.109 12.8 20 

0.9 0.049 0.048 0.048 2 2.04 

 

Table 5.7 Percentage improvement in accumulated harvested energy for linear and non-linear 

scenarios 

Parameter 

No. of 

frames (K) 

/ TRE  

(For N=3, 

Ps=0dBW) 
%Improvement in 

/ TRE  

/ TRE  

(For N=5, 

Ps=0dBW) 
%Improvement in 

/ TRE  

Linear 
Non-

Linear 
Linear 

Non-

Linear 

5 0.6 0.3 50 1.1 0.19 82.72 

10 1.2 0.85 29.17 2.1 0.75 64.28 

15 1.82 1.8 1.09 3.2 1.7 46.88 

 

 

5.6 OVERALL COMPARISON 

A critical study and comparison of the above three works namely, Proposed Work 1, Proposed 

Work 2 and Proposed Work 3 are presented in section 5.3, 5.4 and 5.5 respectively with some 

of the existing relevant state-of-art have been abridged in Table 5.8 and 5.9. 

 

Table 5.8 Comparison table with existing relevant state-of-art 

Existing/Propose

d Works 
Scenarios 

CCI 

Introduced 

EAV/Untrusted 

Relay 

One-

way/Two

-way 

Linear/Non

-Linear 

Performanc

e metric 

 Existing Works 

[23] 

Single-

Antenna 

TWR 

network 

absence of 

CCI 
EAV absent Two-way Linear Throughput 

[96] 

Interferer & 

Single 

antenna 

presence of 

CCI 
No EAV Two-way Linear OP 

[97] 

No Interferer 

& single 

antenna 

absence of 

CCI 

Single EAV, 

DBJ technique 
Two-way Linear SOP 

[70] 

untrusted 

unidirectiona

l relay 

network with 

EH 

absence of 

CCI 

Untrusted 

Relay, DBJ 

technique 

One-way Non-linear ASC 

[111] 
Interference-

free OWR 

absence of 

CCI 
Single EAV One-way Linear SOP 
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network with 

jamming 

[116] 

Full-Duplex 

Cognitive 

Radio 

Network 

absence of 

CCI 
No EAV One-way Nonlinear BER 

[81] 
TWR 

network 

presence of 

CCI 

Single EAV, 

Jamming 

cancellation 

Two-way linear ASC 

[108] 

TW 

cognitive 

radio 

network 

absence of 

CCI 
No EAV Two-way - OP 

[80] 

RF-powered 

TWR 

network 

absence of 

CCI 

Two-sided EAV 

(FD) relaying 

jamming 

scheme 

Two-way Linear SR 

[79] 

EH 

communicati

on network 

absence of 

CCI 
No EAV One-Way Linear 

Throughput, 

BER 

[114] 

EH spectrum 

sharing 

network 

absence of 

CCI 

Single EAV and 

FD DBJ 
One-way Non-Linear OP  

Proposed Works 

Proposed Work 1 

ARP for 

Bidirectional 

Multi-Relay 

Multi-

antenna 

Cooperative 

Network 

absence of 

CCI 
No EAV Two-way Linear Throughput 

Proposed Work 2 

Secure 

MHE-AS 

scheme in 

TWC via 

Two Multi-

Antenna 

Relays with 

Interference-

aided EH. 

presence of 

CCI 
Single EAV Two-way Linear ESR 

Proposed Work 3 

Interference-

assisted RF-

powered IoT 

relay 

network 

presence of 

CCI 

Untrusted 

Relays 
Two-way Nonlinear 

SOP, ASC, 

Accumulated 

Harvested 

Energy 

 

 

Table 5.9 Critical Analysis with existing works 

Performance Metrics 
Existing/Proposed 

Works 
 

Throughput 

(bits/s/Hz) 
SOP ASC 

Accumulated 

Harvested Energy 

Throughput [23] 
ARP-DLT 

ARP-TSP 

0.55 

0.62 
- - - 
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ARP-PSP 

ARP-DTT 

TSP-DTT 

PSP-DTT 

0.82 

0.95 

1.07 

1.55 

Proposed Work 1 

ARP-DLT 

ARP-TSP 

ARP-PSP 

ARP-DTT 

TSP-DTT 

PSP-DTT 

0.69 

0.73 

1.38 

1.23 

1.41 

2.25 

- - - 

Secrecy Capacity 

[97] TSR -  0.021 

- [96] TSR -  0.01 

Proposed Work 2 TSR   0.035 

SOP, ASC & 

Accumulated 

Harvested Energy 

[70] PSR - 0.3 
K=1: 

0.32 
- 

Proposed Work 3 TSR - 0.06 

K=5: 

0.485 

2.45 

 

K=10: 

0.58 

5.1 

 

K=15: 

0.62 
7.8 

[81] TSR - - 0.38 - 

[80] TSR - - 0.29 - 

Proposed Work 3 TSR - - 0.53 - 

[111] TSR - 1 - 2.6 

[114] TSR - 0.1 - 3.5 

Proposed Work 3 TSR - 0.001 - 7.68 

 

5.7 DISCUSSION 

In this chapter, the system performance of a bidirectional AF HD multi-antenna multi-relay 

network over the Nakagami fading environment is presented in Proposed Work 1. Here, the 

impact of different system parameters on the throughput performance of the system is also 

studied. Next, the Proposed Work 2 with MHE-AS scheme is shown to improve the SC 

performance significantly as compared to its contrast models where bidirectional 

communication takes place in presence or absence of CCI and the relays are equipped with a 

single antenna. Lastly, an IoT environment is designed in Proposed work 3, where the relays 

collocated with EAVs are equipped with a rechargeable battery so that they can harvest and 

accumulate the harvested energy from RF signals sent by the sources and CCIs, for stable 

operation of the network. The obtained results for both linear and non-linear scenarios are 

compared with each other which gives a useful insight to the network secrecy performance. 
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Chapter 6 

RF ENERGY HARVESTING IN NOMA-

ENABLED WIRELESS NETWORKS 
 

6.1 OVERVIEW 

The present chapter focuses on analysing the secrecy performance of an RF-powered two-user 

Cooperative Non-orthogonal Multiple Access (CR-NOMA) in presence of a cluster of CCIs 

under jamming cancellation scheme. The influence of various network parameters such as the 

source transmission power, Nakagami-m parameter, Jamming Signal Power and the number of 

CCIs on the system secrecy performance has been evaluated. Additionally, the impact of power 

allocation factor for varying transmit power of source on the Ergodic Secrecy Rate (ESR) has 

been found. In the next section, the performance of an autonomous and energy-efficient RF-

powered Multi-Device Diamond Relay Network (MD-DRN) in an IoT environment using an 

improved Adaptive NOMA (A-NOMA) protocol has been studied. Closed form expressions of 

Achievable Sum Rate (ASR) and Energy Efficiency (EE) have been derived under Rayleigh 

fading environment and validated through extensive monte-carlo simulations. In addition, the 

BER analysis has been carried out and compared with the existing benchmarks. Furthermore, 

an in-depth analysis on EE with respect to ASR has also been performed. Simulation results 

demonstrate the effectiveness of our investigated model over the existing state of art and unveil 

interesting trade-off between EE and ASR. 

6.2 BACKGROUND 

In conventional NOMA systems, multiple users share the same time-frequency resources by 

exploiting power domain multiplexing. The Base Station (BS) superimposes the signals of 

different users with distinct Power Allocation (PA) coefficients, and receivers apply Successive 

Interference Cancellation (SIC) to recover their intended messages. However, users with poor 

channel conditions may suffer from degraded performance due to their inability to effectively 

decode the received signal. To address this limitation, user cooperation can be integrated into 

NOMA, whereby users with stronger channels assist users with weaker channels by acting as 

relays. In a typical two-user cooperative NOMA scenario, the system consists of a BS, a strong 
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user/near user (NU), and a weak user/far user (FU). The cooperation process is generally 

divided into two phases: Downlink NOMA Transmission and Cooperative Relaying. 

Co-channel interference (CCI) in NOMA within a Resource Block (RB) arises due to 

the simultaneous transmission of multiple users over the same frequency-time resources, which 

leads to interference among the signals. In NOMA, multiple users share the same RB by 

superimposing their signals at different power levels. Since users share the same RB, the signals 

intended for different users overlap in the frequency domain, causing interference. Physical 

Layer Security (PLS) integrated with EH has been incorporated in NOMA [153], where 

Secrecy Outage Probability (SOP) plays a significant role. The effect of PLS on the 

performance of NOMA framework has been studied for both external and internal 

eavesdropping environment [154] in interference-limited system. In [155], the security 

performance analysis of NOMA in PLS has been carried out under jamming cancellation 

technique in interference-free environment. But the influence of EH on the performance of the 

system has not been addressed. Moreover, the work in [156] have developed UL and DL 

NOMA scheme in untrusted environment where the influence of EH has not been explored. 

Addressing the above issues, a secure transmission scheme has been proposed in a CR-NOMA 

network employing IA-EH. The developed model is focussed on enhancing the system security 

performance by introducing Jamming cancellation technique to block an EAV that uses Parallel 

Interference Cancellation (PIC) scheme [22] to intercept the signals of both the users. 

 Diamond Relay Network (DRN) model has recently attracted considerable attention as an 

efficient cooperative networking configuration in wireless Ad Hoc networks that offers higher 

achievable data rates than the conventional relay networks by simultaneous transmission of 

two symbols to the receiver within only two-time transmission slots thus increasing the 

multiplexing gain. A single DRN has been proposed in [1] where a pair of relays deployed 

between transmitter and receiver take part in signal transmission that is similar to combined 

DL-UL NOMA. In [2], a NOMA-enabled DRN model is deployed in a multi-relay scenario. 

Here relay selection scheme is applied to obtain higher transmission reliability. The authors in 

[3] have investigated the security performance of an untrusted diamond network with 

cooperative jamming scheme. In [4], the sum rate expression followed by optimum power 

allocation has been analysed in a single DRN but the Bit Error Rate (BER) has not been 

explored. In [5], BER performance in DL NOMA networks using BPSK modulation has been 

shown through simulations and real-time tests. Poor error performance in a single DRN has 

been observed in [6]. Meanwhile, the authors in [7] have improved the error performance of 

the single DRN earlier designed in [6] using joint maximum likelihood detector (JML). 
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Although the performance is improved in [7], still an error floor is observed. All of these works 

have not shown the impact of RF-EH on DRN. Also, the previous works on NOMA-based 

DRNs was limited to a single-relay scenario and the advantage of EH through multiple relays 

was not been explored. Since DRN is an efficient cooperative strategy to improve the 

achievable rate of the network, DRN powered with RF-EH can be an efficient approach to 

enhance the sum rate and EE of the proposed system. Joint effect of NOMA assisted relaying 

systems with RF-EH has been studied in [11,12]. In [12], the end-to-end BER has been 

examined in an RF powered CR-NOMA system with two users. In [13], an EH relay adopting 

NOMA protocol is designed where the system performance is considered under the impact of 

Relay Selection (RS). In [14], BER has been explored for downlink NOMA networks using 

SWIPT. The authors in [15] have examined the OP in NOMA EH AF relay network. The effect 

of optimizing PA coefficients for the DRN system is investigated in [16]. In [17], the authors 

have introduced A-NOMA protocol in CR network where the EE of the network is found to be 

better compared to that of OMA and NOMA. However, EE and BER analysis in RF-powered 

MD-DRN still remains an unexplored area of research. Motivated by the above investigations, 

the performance of an RF-powered MD-DRN has been studied in an IoT environment where 

the relay devices are deployed in a diamond relay topology between transmitter and receiver. In 

the proposed scheme, the sum rate for OMA and NOMA assisted devices is calculated using 

CSI, and then the best MA pattern is determined at the receiver based on maximum ASR. 

 

6.3 IA-EH SCHEME FOR CR-NOMA NETWORK 

In this section, description of a two-user CR-NOMA network along with its mathematical 

representation and results have been described in details. 

 

6.3.1 System Model  

A system architecture for CR-NOMA has been illustrated in Fig. 6.1. Here a source node S 

transfers superimposed information signals to two users NU and FU via an intermediate relay 

R using CJ under the impact of a cluster of CCIs ( 1 2, ,..... MI I I ). Here superposition coding is 

done such that the messages intended to different users are encoded with different power levels. 

An external jammer J transmits jamming signal to block the EAV.  Here, EAV uses PIC scheme 

to decode NOMA signal. J blocks it by sending an Artificial Noise (AN) signal which 

deteriorates the eavesdropping signal strength. On receiving the source signal, the users 
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initially detect the jammer signal, removing it and finally decode the information signal. This 

model is highly applicable to RF-powered IoT communication scenarios, where devices such 

as R, NU, and FU are assumed to be energy-constrained and are designed to harvest energy 

from ambient RF signals. In dense wireless environments—such as smart factories, urban 

sensing systems, or remote environmental monitoring stations—deploying battery-free or 

battery-assisted IoT nodes reduces maintenance overhead and enhances scalability. The 

integration of NOMA allows the simultaneous servicing of multiple users on the same 

frequency band, which is crucial in such spectrum-limited settings. 

 

 

 

 

 

 

Fig. 6.1 Network Architecture of EH based NOMA 

The following assumptions have been considered: 

• S is a conventional node with constant power supply. 

• Direct path between NU and FU is non-existent due to high attenuation. 

• S and R are NOMA-assisted users that can transmit superimposed information to other 

users. 

• Each node is configured with a single omni-directional antenna. 

• NU is present near R as compared to FU; mean channel strength for R NU→  is 

stronger compared to R FU→ . 

• Both NU and FU are aware of the knowledge of jamming signal. SIC occurs at R for UL 

and at nearest user NU for DL. 
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Fig. 6.2 Time frame 

6.3.2 Channel Model 

All the interferer links at R suffer from Nakagami-m fading. Thus, the power of summation of 

M identical CCI signals at R follows gamma distribution as: 
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where 
RIm  and 

RI  are the fading and Γ(.) is the Gamma function. 

All the wireless links apart from the CCI links are subjected to independent non-selective 

block Rayleigh fading whose channel coefficients for S R→ , R NU→ , R FU→ , J EAV→  are 

denoted as SRh , 
1RDh ,

2RDh  , JEh . Then, the average power of the channel gain is exponentially 

distributed. Here D1 and D2 represents NU and FU respectively. 

 

6.3.3 Time Frame Description 

The total two path communication has been shown based on TSR protocol [19] in two stages 

as represented in Fig. 6.2. Total duration frame T is split into two stages. During STAGE 1, R 

collects RF energy from the signals emitted from S and additional energy from CCIs as depicted 

from Fig. 6.1. Next, S broadcasts superimposed signals 1' 's and 2' 's to R. At STAGE 2, SIC 

occurs at R during uplink transmission following which R sends the decoded message signal to 

both NU and FU. At the same time, J creates artificial interference at the nodes to block the 

EAV. On receiving the signal, FU removes the jamming signal and decodes its own signal 2s ; 

whereas NU being the nearest user, performs SIC to cancel 2s and obtain its own signal 1s . 
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6.3.4 Mathematical Analysis  

 

➢ Energy Harvesting at R 

In the EH phase T , R harvests energy from S and CCIs given as: 

2
( )R S SR RE T P h I= +

                                (6.1) 

where 
2

1
i

M

R i RI

i

I P h
=

= ;   is the EH coefficient;  represents network energy conversion 

efficiency; SP is the Source transmission power  and IP is the transmit power of the CCIs 

The corresponding transmit power is: 

(1 )T/ 2

R
R

E
P


=

−                     (6.2) 

Next, S broadcasts superimposed signals 1' 's  and 2' 's  to relay R which can be expressed as: 

1 1 2 2R S Sy P s P s = +
                                (6.3) 

where 1  and 2 denote NOMA power factor allocation coefficients for NU and FU 

respectively,  

It is assumed that, 1 2  due to long distance of FU      

and 1 2 1 + =                     (6.4) 

 

➢ Information Processing at R, D1 and D2 

Assuming D1 to be NU and D2 to be FU, applying NOMA principle, the SINR at R to decode 

1' 's  by treating 2' 's  as noise is given as: 
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                   (6.5) 

where 
1RDh and 

iRIh represents mean channel power from R to NU and R to CCIs 

respectively. 
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where S
S

O

P

N
 = ; 

I
I

O

P

N
 =  

After perfect SIC, the SINR at R to decode 2' 's is given as: 
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                    (6.6) 

Now, treating 1' 's as interference, NU decodes symbol 2' 's  by cancelling 1' 's  with SIC. 

Thus, the received SINR for 2' 's at NU is: 
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                  (6.7) 

SINR after SIC at NU to decode 1' 's  
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Treating 1' 's  as IUI, SINR at FU to recover its own signal is given as: 
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                   (6.9) 

PIC is carried out at EAV to decode the superimposed signal of S from R. Hence the received 

SINR at EAV to detect the signals of NU and FU is: 
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The end-to-end SINR for both the paths is computed as: 

1 1

1 1

1 min( , )
s s

SD R D  =
                              (6.12) 
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2 2

2 2

2 min( , )
s s

SD R D  =
                             (6.13) 

 

➢ SOP and ESR Analysis 

 

Following [157], the ESR of NU and FU are obtained as follows:
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                           (6.14) 

where [ ] max( ,0)x x+ =  

The probability of the given SR remaining below a predetermined secrecy rate is known as 

the SOP which is expressed as: 

sec 1 2

1 2( )D D

out S SP P C R or C R=  
                          (6.15) 

where 1R  is threshold secrecy rate of NU and 2R  is threshold secrecy rate of FU. 
 

 
 

6.3.5 Results and Discussions 

 

The effectiveness of the developed model has been investigated through simulation using 

Matlab 2021b. The relevant parameters are set according to Table 6.1. 

 

Table 6.1 Parameter Setting 

Parameter Meaning Default Values 

1 2,R R  Bit Rates for NU and FU 2,0.2 bits/s/Hz 
  Energy conversion efficiency 0.8  

  EH coefficient 0.2 

1 2,   PA coefficients 0.2,0.8 [155] 

SP  Source transmit power 10dBW  

IP  Interferer transmit power 1dBW  

JP
 Jamming Power 20dB 
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Fig. 6.3 Comparison of SOP versus
S with varying number of CCIs 

Fig. 6.3 highlights a comparison plot of the developed model with the contrast model [155] 

for several values of M. It is found that the secrecy performance is significantly better in [155] 

upto a certain value of S . It is shown that when the additional energy from CCI is introduced, 

the SOP falls upto some optimal value of S and then after a certain crossover point we observe 

a noticeable improvement in secrecy performance for our model. In addition, the gap between 

the SOP curves decreases with increasing M and at high SINR, the gap between the plots 

becomes negligible indicating lesser impact of change in M beyond 6. The highlighted portion 

in Table 6.2 depicts the improvement in SOP of our developed model over the existing model. 

From Table 6.2, the percentage improvement in SOP of proposed scheme (M=2) outperforms 

that of [155] by 27.08% at 0S dB = which decreases to 9.69% at 20S dB = . Beyond 30dB, a 

significant improvement in secrecy performance  is obtained for our developed network 

compared to the existing one. 

Table 6.2 Percentage Improvement in SOP 

Parameter SOP %Improvement in SOP 

S  
Existing 

[155] 
M=2 M=4 M=6 M=8 

Proposed 

(M=2) over 

[155] 

M=4 

over 

M=2 

M=6 

over 

M=4 

M=8 

over 

M=6 

0 0.7 0.96 0.9849 0.985 0.9854 27.08 2.4 0.01 0.04 

20 0.22 0.52 0.62 0.69 0.72 9.69 16.13 10.14 4.34 
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40 0.6 0.4 0.45 0.47 0.49 33.33 13.04 4.25 4.08 

60 0.95 0.8 0.81 0.816 0.818 15.78 1.23 0.73 0.5 

80 1 0.97 0.972 0.975 0.976 2 0.21 0.31 0.1 

 

 

 

 

 

 

 

 

 

Fig. 6.4 SOP as a function of S  for different values of jamming power 

The impact of S on SOP for different levels of JP  has been discussed in Fig. 6.4. We observe 

that for a fixed S in each curve, with increasing value of JP , initially the SOP falls guaranteeing 

higher secrecy. This is because with increasing JP , EAV receives more interference from J due 

to which EAV capacity decreases. This in turn increases the secrecy capacity and SOP falls. 

Also, the optimum value of S  where SOP is minimum shifts to the right with increasing JP . 

After a certain optimal S , the EAV channel capacity increases for a fixed JP . At low to 

moderate SNRs, the jamming power is typically sufficient to significantly suppress the 

eavesdropper's channel capacity. As the source transmission power increases, the legitimate 

receiver benefits more than the eavesdropper, resulting in an increased secrecy capacity and 

hence a reduced SOP. At high SNR, both the legitimate and eavesdropping channels improve 

due to stronger received signals. Since the jamming power remains constant, its relative impact 

on the eavesdropper diminishes as the signal power increases. Consequently, the capacity of the 

eavesdropper channel eC  begins to rise more noticeably. As eC  increases, the gap between mC

and eC  narrows, and in some cases, the secrecy capacity may decrease or even drop to zero. 

This leads to a higher probability of secrecy outage, indicating that the system becomes more 

vulnerable to information leakage at high transmission powers unless jamming power is also 

adaptively increased. 
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Fig. 6.5 SOP performance for different values of interferer power 

Fig. 6.5 illustrates the plot of SOP versus S for varying IP . As IP
 
increases, the SOP 

increases and the secrecy performance of the system degrades. Initially with increasing values 

of
IP , the transmit power based on harvesting also increases. But simultaneously, the effect of 

interference from the cluster of interferer nodes also increases which have a dominant effect 

thus increasing SOP. So, at higher values of S , the SINR at each relay node is near about 

constant and become independent of
IP .  

 

 

 

 

 

 

 

 

Fig. 6.6 SOP versus Transmit Power of Jammer for various values of M 

In Fig. 6.6, we observe a change in SOP for increasing M. Initially the SOP is more for lower 

value of M and then gradually goes down at high transmit power, SOP falls and becomes almost 

independent of J . At high value of J , the channel capacity of the EAV becomes poor and the 

SOP plot gradually decreases. For a fixed J in the low SINR range, EAV is able to successfully 
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intercept the source signal as a result of which SOP is higher. But with increase in jamming 

power level, the secrecy capacity increases and SOP curve goes down. Moreover, as we increase 

the number of CCIs from (M=2 to 8), the value of SOP decreases due to increased opportunity 

for R to harvest more energy from both S and CCIs. But, after a certain value of J i.e. beyond 

10dB the SOP curve for higher CCI becomes comparatively more and then becomes almost 

independent of J because of greater interference effect imposed on the jammer. 

 

 

 

 

 

 

 

 

Fig. 6.7 SOP versus S  for different values of Nakagami parameter 

Fig. 6.7 illustrates the plot of SOP versus S  for several values of Nakagami-m parameter 

(m=1,2,3). The network performance worsens with increasing ‘m’. 

 

 

 

 

 

 

 

 

Fig 6.8 ESR versus S for both NU and FU 
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To highlight the impact of 1 on ESR for both NU and FU, Fig. 6.8 plots ESR versus S  for 

varying 1 . Increasing 1 improves ESR for both the users. It is also observed that ESR for NU 

is much better than that of FU. Less power allocation factor 1 indicates more power allocated 

to FU, thus 1D

SC increases initially. But due to longer distance from R, transmission power loss 

becomes more in FU as evident from Equation (6.4). 

 

6.4 RF-POWERED MULTI-DEVICE DIAMOND 

RELAY IoT NETWORK USING A-NOMA 

In this section, description of diamond relay IoT network using A-NOMA along with its 

mathematical representation and results have been described in details. 

6.4.1 System Model  

An RF-powered IoT relay network is shown in Fig. 6.9. The network consists of a base station 

transmitter T, ‘N’ RF-powered IoT relay devices represented as Dn 1 2{ , ,... ,.... }K ND D D D=  and a 

Receiver R. The relays can be any wearable device, smartphone, camera, sensor etc that harvest 

RF energy from T and utilize it for downlink information reception as well as uplink 

information transmission. The battery of the nth relay is denoted as pn. NOMA protocol is 

implemented by K devices located far away from T with different allocated power factors 

represented as Dk where {1, 2,...., }k K= ; whereas OMA is implemented by the rest N-K devices 

deployed closer to T that require less power for communication represented as Dm where 

{ 1, 2,...., }m K K N= + + . Accordingly, the network is modelled in a diamond relay topology and 

the devices are grouped into two groups based on channel conditions between T and Dn. Dk 

operate in the same bandwidth B whereas Dm communicates over different bands Bm. We also 

assume that Dn and R are fitted with SIC receivers. Employing (TSR) [19], the entire time 

frame  in Fig. 6.10 is divided into three-time phases: in the 1st phase, Dn harvest energy from 

T. In the next phase, T multicasts superimposed signals to Dn. Dk implements SIC to decode 

their desired signals. Dm uses OMA to decode their respective signals. In the 3rd time slot, R 

receives two copies of superimposed signals from Dk and Dm, calculates the sum rate and 

finally selects the protocol with the maximum sum rate. Here we have not considered end-to-
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end delay for the devices. Here, Rayleigh fading has been applied whose CDF and PDF are 

defined respectively as:  

2
,

2

,

( ) 1 i j

i j

x

h
F x e

−


= −           (6.1) 

and 
2
,
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,
2

,

1
i j
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h
i j

f e dx
−
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=


         (6.2) 

where 
2

,i jh are random independent variables with i and j as source and destination nodes, and 

2

,i j is the channel mean power with 
2

2

, ,[ ]i j i jE h = . 

 

Fig. 6.9 System Configuration of MD-DRN using A-NOMA 
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Fig. 6.10 Frame Structure 

 

6.4.2 Workflow of A-NOMA 

To understand the concept of A-NOMA and for simplicity, a 4-device scenario has been 

considered as shown in Fig. 6.11. Fig. 6.12 depicts the workflow of A-NOMA. The CSI of all 

the links is collected at Tx. Initially, CSI estimates the distance between Tx and the relay devices. 

Accordingly, power and resource allocation are done based on far and near distances. In order 

to support the diamond relay topology in a 4-device IoT network, it is assumed that the 1st 

node is at a distance of 2.5 m, 2nd node at 2m, 3rd node at 1.5 m and the nearest node at 1m 

from Tx. Three devices located far away from Tx employ NOMA protocol (Band 6) while the 

nearest device located near Tx transmits data in a separate frequency band with OMA protocol 

(Band 3). In the 1st group for RF-powered NOMA, the farthest node D1 will decode a single 

packet. D2 implements SIC to decode the multiplexed packets in descending order, i.e., first x1 

and then x2. Similarly, D3 obtains its desired signal x3 after decoding and subtracting x1 and x2. 

The nearest user D4 follows OMA protocol to decode its signal. At Rx, we determine the 

appropriate Multiple Access (MA) pattern by selecting the best protocol between OMA and 

NOMA to obtain the maximum sum rate. 
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Fig. 6.11 System Configuration of 4-device DRN using A-NOMA 

 

 

 

 

 

 

 

 

 

 

Fig. 6.12  Workflow of A-NOMA 
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6.4.3 Mathematical Modelling 

➢ Energy Harvesting by Dn 

In the EH slot, the energy harvested by Dn is expressed as: 

2

1

/ 2
n n

N

D T TD

n

E P h 
=

=                 (6.16) 

where TP is the total power transmitted by Tx,  is the EH coefficient, is energy conversion 

efficiency, 
2

nTDh is the channel mean power from Tx to nth relay  

The power transmitted by Dn is:  

2

1
n n

N

D T TD

n

P P h
=

=
                 

(6.17) 

➢ Communication in DL scenario 

In the 1st time slot, T multicasts data packets consisting of 
1 2, ,..., ,..,l Nx x x x to Dn given as 

1

N

T n n

n

t P x
=

=                          (6.18) 

where 
nx  denotes modulated symbol of nth relay ; n is the allocated power factor to nth relay  

1

1
N

n

n


=

= and 
1 20 ...... 1N       ;

nn is the Additive White Gaussian Noise with zero mean 

and variance 
ON . 

The received signal at Dn is given as: 
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1
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N

D TD T n n n n

n

y h P p x n
=

= +                                 (6.19) 

where 1, 2,.....,n N= ,
np  is the battery of n-th relay devices  

Out of ‘N’ devices, the first K devices are NOMA-functioned, and the rest N-K devices are 

OMA-functioned. To obtain the desired signal of k-th relay, SIC process is applied. Using 

(6.19), the SNR for k-th relay is expressed as [128]:  
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Now, for ‘N-K’ devices with OMA functionality, the SNR is given as: 

'

m m

Downlink

m D m D Rh  =                 (6.21) 

➢ Communication in UL scenario 

In the 3rd slot, Rx receives two copies of superimposed signals from Dk and Dm. SIC is applied 

to decode the signals of the first ‘K’ NOMA-enabled devices. In uplink mode, the farthest device 

located far from Tx is now the nearest device from Rx. Accordingly, the strongest device’s signal 

is decoded first (reverse order with respect to the downlink) i.e.
1D will be decoded first at Rx 

followed by
2 3, ,....., , KD D D . Accordingly, the SNR for k-th relay is expressed as:  
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For N-K devices with OMA functionality, the SNR is given as: 

2

mT TDUplink
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O

P h

N
 =                   (6.23) 

 

where 1, 2,...,m K K N= + +  and /T T OP N =  

6.4.4 Performance Analysis 

In this section, the key secrecy performance metrics of our investigated system i.e., ASR, BER 

and EE are derived. 

➢ ASR calculation 

ASR signifies the transmission capacity [117] which guarantees the highest spatial reuse under 

a maximum outage constraint. ASR for the overall network is given as: 

Downlink UplinkA NOMA Total TotalASR R C− = +                 (6.24) 

When NOMA is employed, the ASR for k-th relay can be expressed as follows:  
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The total ASR for ‘K’ devices is 
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1
Downlink

K
NOMA

Total k

k

R R
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=                   (6.26) 

Similarly, the ASR for OMA can be formulated as:  

( )2log 1m m mR B = +                   (6.27) 

The aggregate ASR of DL OMA can be written as: 

1
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m K
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= +

=                   (6.28) 

Combining (6.26) and (6.28), the ASR for DL scenario is expressed as: 

Downlink Downlink Downlink

NOMA OMA

Total Total TotalR R R= +                 (6.29) 

  

Now, for UL mode, ASR for k-th device using NOMA and OMA protocols is formulated as 

under: 
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where /
K KD D OP N = represents the transmit power from 

KD  

and ( )'

2log 1
m mm m D m D RC B h = +                 (6.31) 

Combining (6.30) and (6.31), the overall ASR in UL scenario is expressed as:  

uplinkTotal k mC C C= +                  (6.32) 

Finally, ASR for NOMA and OMA DRNs are described as: 

Downlink Uplink

NOMA NOMA

NOMA Total TotalASR R C= +                  (6.33) 

Downlink Uplink

OMA OMA

OMA Total TotalASR R C= +                 (6.34) 

Next step is to determine the best multiple access pattern. The best protocol between OMA and 

NOMA is selected to maximize the total instantaneous rate for A-NOMA. 

max( , ) [ ]A NOMA NOMA OMA NOMA OMAASR ASR ASR ASR ASR +

− = = −              (6.35) 
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and [ ,0] max( ,0)x x+ =  

Taking the help of [187] as well as (4) and (5) from [143], and after some tedious 

calculations using (6.36), we obtain the closed form expression of ASR for A-NOMA network 

given as: 
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where (*)K
 is the modified Bessel function of second kind with order K, and 

!/ ( )!( 1)!kv N N k k= − −  

A formal proof of (6.36) is provided in Appendix D 

 

➢ BER analysis 

From [148], the end-to-end BER analysis can be expressed as: 

2 2 2
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where 2 2 2

1 2( ), ( ),....., ( )e e e e e e

NP e P e P e represents e2e BER of 
1 2, ,....., Nx x x symbols respectively.  

The overall BER of A-NOMA network for both UL and DL scenarios can be expressed as: 

( )
ANOMAA NOMA thBER P ASR ASR− =                (6.38) 

where
thASR is a fixed threshold rate  

        

➢ EE calculation 

The EE can be calculated as the overall ASR of the network (in bps/Hz) divided by the total 

power consumption of the network. It is mathematically expressed as: 
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where CP is the circuit power consumption 
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Putting the value of A NOMAASR −  , we get (6.40) as follows: 
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6.4.5 Results and Discussions 

In this section, the effectiveness of the developed model has been investigated through 

simulation using Matlab 2021 over Intel i5, 4GHz processor. The relevant parameters are set 

according to Table 6.3. 

 

Table 6.3 Parameter settings 

Parameters Value 

Fixed Transmit Power 0 dB 

Noise power  -174 dBm  

Modulation BPSK [148] 

No. of devices 2,3,4 

Circuit Power consumption 1 W  

Power allocation for 3-device DRN 
1 2 30.18, 0.27, 0.55a a a= = = [148] 

Power allocation for 4-device DRN 
1 2 3 30.12, 0.16, 0.24, 0.48a a a a= = = = [148] 

 

 Fig. 6.13  Comparison of OMA, NOMA and A-NOMA in terms of ASR for 3-device and 4-device 

DRN 
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Fig. 6.13 highlights ASR comparison of the proposed scheme for RF powered OMA, NOMA 

and A-NOMA in an ‘N’ device DRN where N=3,4. A close similarity between theoretical and 

simulation results has been observed. For a fair and logical comparison, the system model has 

been devised using OMA and NOMA protocols and then in terms of ASR. On comparing, it is 

observed that ASR for the proposed RF powered network employing A-NOMA is much better 

than the RF powered OMA and NOMA DRN. From the figure, it is found that 4-device DRN 

system gives better sum rate than 3-device DRN. At 10SP dB= , ASR is 3.6bps/Hz for 3-device 

network that rises to 9bps/Hz for 4-device network.  

 

 

 

 

In Fig. 6.14, the BER performance of the investigated DRN using A-NOMA scheme in a 4-

device scenario has been compared with the existing OMA and NOMA protocols [148]. The 

selection of power allocation factors for a 4D DRN is based on the analysis of BER in DL 

NOMA utilizing BPSK modulation, as reported in [148]. In order to provide a fair comparison, 

we have assumed D1 as the farthest device and D4 as the device closer to T. From the plots, the 

BER performance of A-NOMA is found to be less than NOMA, but more than OMA. This can 

be explained as follows: The BER plots for N=1,2, 3 and 4 using OMA technique are similar, 

since there is no asymmetrical power allocation applied in OMA; whereas, when NOMA is 

Fig. 6.14 Comparison of OMA, NOMA [148] and A-NOMA in terms of BER in 4-device network  

 

 OMA  

 A-NOMA 

 NOMA [148] 
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applied, the difference of the BER curves of all the devices is noticeable. This is due to the fact 

that for OMA, each device is assigned a single orthogonal block that is free of any interference 

from other devices; whereas using NOMA protocol, the devices are sharing the same 

transmission power, which lowers the SNR and energy per symbol. As a result, there is more 

interference between the devices and more incorrect bits. Hence, the BER performance is high 

and the system reliability in NOMA is compromised. For the case of A-NOMA, the relay 

devices are divided into two groups in the diamond relay topology model of the network. Thus, 

the interference among ‘N’ devices is comparatively less than NOMA and the BER 

performance  decreases. 

 

 

 

Fig. 6.15 compares the BER performance for N=2,3,4. Here [140] represents Single DRN using 

NOMA where the concept of EH has not been addressed. For a fair comparison, the model in 

[140] has been devised using A-NOMA and then compared. It is observed that BER value 

increases with increasing N. From the analysis, it can be concluded that superposing the signals 

of more than 2 devices on a single orthogonal block leads to severe degradation in BER. Hence, 

the system reliability is compromised. This is because the same transmission power is being 

divided among the devices resulting in lesser energy per symbol and lower SNR thus leading 

to high interference among the devices and more erroneous bits. For 20SP dB= , a BER value 

Fig. 6.15 BER performance of our proposed MD-DRN using A-NOMA for N=2,3,4 
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of 0.003 is obtained for the proposed model with a single DRN as opposed to 0.02  and 0.057  

for 3-device and 4-device DRNs respectively. 

Fig. 6.16 shows a comparison between conventional non-RF A-NOMA network [141] and RF-

powered A-NOMA in terms of EE with respect to ASR (i.e. SE). As depicted from the figure, 

in the low SE region, EE rises, becomes maximum and then gradually reduces in the high SE 

region signifying an EE-SE trade-off. It can be clearly understood from the figure that the 

proposed adaptive scheme provides better efficiency within a certain SE region. It is evident 

from the figure that initially upto a certain value of ASR, [141] gives better efficiency. After a 

certain crossover point, an upsurge in EE is observed upto a certain range of ASR beyond 

which the EE performance falls. At lower levels of ASR, energy efficiency tends to improve 

with increasing SE. This is because the energy used for transmitting data is spread over a smaller 

bandwidth, allowing more bits to be transmitted for the same amount of energy. As SE increases, 

the system may reach an optimal point where the trade-off between bandwidth and energy use 

is balanced. At this point, the system is efficiently using both energy and bandwidth. Beyond 

this optimal point, further increasing SE can lead to diminishing returns in EE. This is often due 

to increased complexity in signal processing, higher power requirements for maintaining signal 

quality and the need for more sophisticated (and energy-intensive) techniques to handle higher 

data rates or finer modulation schemes. 

 From Table 6.4, for 0.75 /A NOMAASR bps Hz− = , the maximum EE for the developed scheme is 

found to be 55 Mbits/s/Hz/J, whereas the maximal EE for benchmark scheme is 38 

Mbits/s/Hz/J for 0.5 /A NOMAASR bps Hz− = . Upto 1.5 /A NOMAASR bps Hz− = , better EE is obtained for the 

developed scheme as compared to its contrast part. Highlighted part indicates improvement of 

the proposed work compared to the conventional scheme. For a particular value of ASR= 

0.85bps/Hz, the percentage enhancement in EE of our proposed system over [141] is 28.4% 

beyond which the efficiency reduces.  
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Table 6.4 Percentage Improvement in EE with respect to ASR 

Parameter 

ASR (bps/Hz) 

Energy Efficiency (Mbit/s/Hz/J) % Improvement in EE 

Conventional  

A-NOMA [141] 

Proposed  

RF powered A-NOMA 

0.5 38 30 21 

0.75 43 55 21.86 

0.85 41.5 58 28.4 

2 1.9 1.4 26.31 

 

Fig. 6.17 plots EE comparison for existing OMA, NOMA [139] and proposed A-NOMA with 

respect to ASR. Among the three scenarios, A–NOMA achieves a remarkable performance gain 

as compared to OMA and NOMA signifying that our proposed scheme is much more energy 

and spectrally efficient than the existing schemes. It is also found that initially with increase of 

SE, the optimal achievable EE gradually rises to the maximum point and after attaining the 

maximum EE, the network suffers a sudden decrease in EE with further increase in ASE. When 

ASE is 2 bps/Hz, the proposed network with A-NOMA achieves 67.56% and 12.7% EE gain 

over the conventional OMA and NOMA functioned networks respectively. In addition, a close 

resemblance between theoretical and simulation result has been observed for our proposed 

model which verify the correctness of our theoretical derivations with the simulated results. 

Fig. 6.16 Comparative plot of EE versus ASR for Conventional A-NOMA [141] and proposed RF 

powered A-NOMA  
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6.5 OVERALL COMPARISON 

A critical study and comparison of the above works namely, Proposed Work 1 and Proposed 

Work 2 are presented in section 6.3 and 6.4 respectively with some of the existing relevant 

state-of-art have been abridged in Table 6.5 and 6.6. 

 

Table 6.5 Comparison table with some existing relevant state-of-art 

References Scenario Protocol used 
Performance 

metric 

Existing Works 

[151] Multi-relay Single DRN in IoT NOMA ASR 

[144] Single DRN NOMA ASR 

[143] Single DRN NOMA BER 

[135] SWIPT assisted Single DRN in IoT NOMA ASR 

[150] Single DRN NOMA ASR 

[141] Cooperative Relay Network A-NOMA ASR, EE 

[155] 
NOMA in PLS under jamming cancellation 

technique in interference-free environment 
NOMA SOP 

Proposed Works 

Proposed 

Work 1 

Interference-aided RF powered Cooperative 

NOMA Network 
NOMA SOP, ESC 

Proposed 

Work 2 
RF-powered MD-DRN 

RF-powered A-

NOMA 
ASR, BER, EE 

 

 

Fig. 6.17 EE versus ASR for both OMA and NOMA and our proposed RF powered A-NOMA  
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Table 6.6 Critical Analysis of proposed work with existing works 

Performance metric used 
Existing/Proposed 

works 
SOP ESR ASR BER EE 

SOP & ESR 

 

[14] 0.85 0.9 
 

0.7 
- 

Proposed Work 1 0.65 1.4 0.2 

ASR 

[26] 

- - 

0.85 

- - 

[27] 0.65 

[28] 0.93 

[29] 0.39 

Proposed Work 2 1.4 

BER 

Single DRN [5] 

- - - 

0.2 

- [17] 0.7 

Proposed Work 2 0.85 

EE 
[28] 

- 
0.9 

- - 
41.5 

Proposed Work 2 1.6 58 

 

6.6 DISCUSSION 

In Proposed Work 1, the performance of CR-NOMA network with Interference-aided RF EH 

has been improved by introducing a secure jamming cancellation scheme in the presence of an 

eavesdropper.  Here, the security performance of the existing model [13] has been improved 

through our developed model. The performance of an RF-powered MD-DRN has been 

investigated using an upgraded A-NOMA protocol in Proposed Work 2. In this framework, the 

IoT relays are deployed in a diamond relay topology and are empowered by ambient RF energy 

for sustainable operation of the network. Firstly, theoretical derivations have been carried out 

and validated using Monte-Carlo simulation. Using the expressions, overall ASR has been 

evaluated in a 3-device and 4-device scenario and compared with the existing conventional 

OMA and NOMA protocols. BER comparison criteria has been used to evaluate the 

performance of the overall network in terms of communication reliability. Lastly, an in-depth 

analysis on the network performance in terms of EE with respect to ASR has also been 

performed. 
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Chapter 7 

RF-POWERED RECHARGEABLE 

WIRELESS SENSOR NETWORK 

FOR LR-WPAN 

  
 

7.1 OVERVIEW 

This chapter explores the feasibility of Radio Frequency Wireless Power Transfer (RF-WPT) 

using an advanced energy measurement system consisting of PowerSpot® RF module in Low-

Rate Wireless Personal Area Network (LR-WPAN) for industrial monitoring applications. The 

main focus is to design an intelligent industrial WSN to make the sensors autonomous in any 

industrial environment. In other words, it is required to develop an RF-powered Rechargeable 

WSN (R-WSN) and study its performance in terms of battery recharging time, harvested energy 

and Network Lifetime (NL). To meet this objective, firstly, measurement is carried out to 

monitor the effect of antenna gain on the recharging time for three widely used on-board 

rechargeable batteries. Moreover, the variation in recharging time for the batteries is recorded 

using patch and dipole antennas with respect to distance, depth of discharge and number of RF 

transmitters. Using these measurement values, a realistic virtual WSN environment has been 

created in Netsim v13.1 and subsequently the simulated values of energy consumption are 

processed in MATLAB 2022b to compare NL and throughput with Non-Rechargeable WSN 

(NR-WSN). Finally, the percentage improvement in harvested RF energy has been calculated 

and compared with some of the existing state-of-art. 

 

7.2 BACKGROUND 

Industrial IoT (IIoT) consist of ultra-low battery-powered automated smart sensors to sense, 

collect, process, and communicate temporal events in industrial systems [190, 191]. Classic 

IIoT sensor nodes (motes) are mostly equipped with non-rechargeable batteries that perform 
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energy-intensive network operations [191]. For stable network operation, the sensor batteries 

require frequent recharging/replacement after a specific time, which is expensive in terms of 

both labour and cost. Also, the battery lifetime of the sensor motes must be monitored 

continuously for better maintenance. Being a key enabler in the evolution of Industry 4.0, 

energy is a vital component in smart production environment. Thus, energy management is an 

important aspect to be considered when improvement in lifetime of sensor nodes is concerned 

[193]. This has motivated robust research into the development of RF-EH technique of 

acquiring energy from either ambient sources or other dedicated sources and further utilizing 

the harnessed energy (electrically converted) to power the sensor motes and improve their 

operational capability and lifetime. RF-WPT technology has emerged as viable attractive green 

technology to power the sensors in smart factory, where ambient RF cannot deliver sufficient 

energy to power the sensors. The application of wireless recharge mechanisms to WSNs, 

referred to as R-WSN [6], consists of multiple sensors that harvest energy emitted by single or 

multiple wireless power transmitters to recharge their batteries or super-capacitors. One of the 

commercially available evaluation kits allowing wireless energy transmission is the Bluetooth-

enabled PowerSpot RF Wireless Power Development Module (P1110-EVAL-PS) [11] to 

charge various sensors and multiple consumer devices using the harvested RF power. In [177], 

the total harvested energy was typically modelled by the linear model. However, in practice, 

EH circuits produce a non-linear end-to-end WPT. In [178], a non-linear EH model was built 

on a logistic function that reflects the dynamics of RF energy conversion efficiency for various 

input power levels. Contrary to [178], the authors in [179] proposed a quadratic RF-EH 

efficiency model that obtained better results. Meanwhile, the authors in [180] designed a 

piecewise linear approximation model and obtained better performance but they did not 

analyzed the battery recharging time. To the best of our knowledge, none of the above-

mentioned articles have analysed the battery recharging time and NL for any R-WSN in IIoT 

environment using RF-WPT. So, this study is presented in subsequent section.  
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7.3 FLOW OF PROPOSED WORK 

The logical flow of the proposed work is presented in Fig. 7.1. 

 

 

Fig. 7.1 Flow chart of the proposed work 
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7.4 NETWORK MODEL 

Fig. 7.2 presents an R-WSN based on LR-WPAN architecture deployed for environmental 

monitoring in an industrial warehouse (30 x 40 m2).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.2 Proposed framework for R-WSN in LR-WPAN 

 

Here sixteen sensor motes (S1,….,S16), say Zolertia mote (also known as Z1 mote [187]) 

working at 915 MHz radios are installed at different locations in the warehouse and they report 

data to an Access Point (AP) within a period of 4 seconds. Using Internet connection, the data 

received at AP gets stored in a database that runs on a remote server which can be accessed by 

the user anytime using special Java-based application. For simplicity, it is assumed that there 

is only one transmitter located at a depot within the monitoring area of the WSN. Each mote 

comprises of a wireless EH module (P1110), an energy storage module (preferably a 

rechargeable battery), and a sensor module. To keep the sensor motes working perpetually, they 

are assumed to have EH capabilities. Each Z1 mote has an onboard rechargeable battery (i.e., 

Li-ion or AAA) that stores energy charged by the EH module. The harvesting module powers 

the sensor module using an Analog-to-Digital converter (ADC). The motes adopt TI MSP430 

as an MCU and TI CC2420 as an RF transceiver that is responsible for data transmission and 

reception. The sensed data is sent periodically to a cloud platform through the Internet and then 

to GSM mobile or Wi-fi router. The user observes the data using monitoring and control 

application running on their Personal Computer or mobile phone. The assumptions for the 

constructed network model are listed below: 
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• The amount of the available RF energy is the same throughout the WSN. 

• The motes are static and homogeneous with same initial battery energy and same hardware. 

They transmit/receive similar number of packets and are distributed in the industry to 

monitor variables, such as humidity, temperature, sound, luminosity etc. 

• Each of the energy constrained motes are powered by rechargeable batteries and fitted with 

an RF harvester that harvest energy from a dedicated power beacon. 

• Multiple sensor motes are managed by one gateway. 

• The rechargeable batteries of the sensor nodes are subjected to recharge via radiative WPT. 

 

7.5 MEASUREMENT METHODOLOGY 

In this section, a detailed description of measurement tools and procedure is given to calculate 

the battery charging time of on-board rechargeable batteries. RF module P1110-EVAL-PS is 

used for measurement of battery recharging time. Software tools used for modelling and 

simulation are Netsim v13.1 and Matlab R2022b. Measurements are taken at different distance 

and DoD is varied using vertically polarized PCB dipole (1 dBi) and patch (6.1 dBi) antennas.  

7.5.1 Measurement tools 

Table 7.1 shows the specifications of three widely used rechargeable test batteries to drive the 

sensor motes i.e. one Li-ion 2032 coin cell battery (Bat 1), a single AA Lithium Manganese Li-

Mn (Bat 2), and 3 AAA Nickle Metal hydride (Ni-MH) in series (Bat 3). The developed model 

(shown in Figure 7.2) is tested by selecting all the three batteries one at a time and the 

performance is analysed using Netsim modeller tool. The runtime of a battery is dictated by 

the battery capacity expressed in milliampere per hour (mAh) or amp hours (Ah). Z1 motes 

can be powered by any one of the given three batteries [175]. Figure 7.3 depicts the Evaluation 

Board (EVB) to charge the on-board batteries [11]. 
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Fig 7.3 Powerspot Development Board with battery holder for harvesting energy to charge the on-

board batteries [11] 

Table 7.1 Various on-board rechargeable battery specifications [11] 

Battery type 
NiMH 900mAh 

10.5mm x 44.5mm 

Li-MN 650mAh 

14mm x 50mm 

Li-ion coin cell 

85mAh 20mm x 3.2mm 

Make Duracell EFest Route JD 

Model no. DX2400 IMR14500 PD2032C1 

Characteristics of a single storage element 

Nominal voltage (V) 1.2 3.6 3.7 

Current rating (mAh)/ Capacity 900mAh 650mAh 85mAh 

Self-discharge (per month) 30 <10 <10 

Charge–discharge efficiency (%) 66 95 99.9 

Memory effect No No No 

Charging method Trickle/Pulse Pulse Pulse 

Charging Time (in hours) 4-9 4-5 2-3 

Recharge cycles 1000 1200 1200 

 

7.5.2. Block diagram of WPT model 

Fig. 7.4 depicts the block diagram of the WPT model. Left part of the diagram depicts 

power beacon (TX91501-3W-ID) and the right part shows a sensor mote powered by 

P1110-EVAL-PS power harvester [11]. The WPT system consists of RF energy transfer 

channel and data communication channel. There is no interference between these channels 

as they use different frequency bands. 
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Fig. 7.4 Block Diagram 

The RF energy that is harvested by the P1110 RF module gets stored in a rechargeable battery 

or capacitor. An internal RF sensor in this module measures the received power using ADC. 

The beacon and EVB exchange information by means of IEEE 802.15.4 standard [175] on the 

2.4 GHz ISM band that provides a communication range of approximately 20-50 m indoors. 

Main function of the power beacon is to wirelessly supply RF energy to any battery-driven 

sensor mote by means of WPT. The beacon is connected to a power grid. It consists of a signal 

generator that generates a weak continuous wave RF source signal and feeds it to the amplifier. 

The weak RF signal is amplified by the amplifier and the transmit antenna emits a high-power 

signal. The amplifier consumes DC power from the power supply and performs DC-to-RF 

conversion. In the sensor mote, the harvester receives RF signal from the power beacon through 

the receive antenna and performs RF-to-DC conversion by using a rectifier. The DC power is 

then stored in the storage module i.e., a rechargeable battery. 

 

7.5.3. Measurement procedure  

Fig. 7.5 shows the experimental set up for the determination of battery charging time using 

Powerspot Development module consisting of a transmitter TX91501-3W and the EVB. The 

former is a wireless dedicated 915 MHz transmitter with 26 MHz bandwidth and 3 Watts 

Equivalent Isotopically Radiated Power (EIRP) fitted with an inbuilt patch antenna (8 dBi 

gain). The latter is a power harvester EVB with onboard rechargeable batteries which can 

harvest energy from RF signal radiated by the transmitter to provide intermittent/pulsed power 

output. In the current setting, the operation of Z1 mote has not been considered as the main 

focus is on battery charging time using P1110-EVAL-PS module. P1110 IC converts 915MHz 
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RF received using a dipole or patch antenna to DC and stores it in any one of the selected 

onboard rechargeable batteries. The harvester collects the RF input power in the range of −5 to 

+20 dBm. EVB includes the circuitry required to activate the Powerspot transmitter via 

Bluetooth Low Energy (BLE) communication. 

 

Fig. 7.5 Experiment Setting for monitoring Battery Recharge Time at 915 MHz 

Circuitry on the board monitors the Received Signal Strength Indication (RSSI) of the RF field 

received from the Powerspot transmitter, the amount of current supplied to recharge the 

selected battery and the voltage of the selected battery being recharged. Via Bluetooth, the data 

is transmitted to a smartphone and is displayed in the Powerspot Dev app. A sliding switch on 

the EVB allows the user to select any one of the three batteries. The Li-ion battery is connected 

to BAT 1 pin, LiMn to Bat 2 and AAA to Bat 3. When any battery voltage goes below a 

predetermined threshold (3.1V), the selected battery will recharge again and the cycle will 

repeat. When the charge threshold >=3.1 is achieved, P1110 enables the voltage output. The 

output voltage from P1110 is applied to the BAT pin. The RSSI is monitored using RSSI Pin 

on the board or from Powerspot Dev app in smartphone. After reaching the max voltage of 3.6 

V or 3.7 V, P1110 shut off its output and prevents the battery from getting overcharged. During 

the experiment, the transmitter is fixed at a position and the harvester board is varied with 10 

steps (10 cm, 20 cm, 30 cm and so on). To find out the battery recharge time, measurement is 

taken at different distances using dipole antenna attached to the harvester circuit as shown in 
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Fig. 7.5. Similar experiment is carried out with patch antenna. As per the recharge time, the 

batteries can be used in Z1 motes. Initially, the battery recharge time for Bat 1 with a capacity 

of 85 mAh and nominal voltage of 3.6 V is monitored. The process is repeated with the other 

on-board batteries and compared with respect to distance and DoD. 

 

7.6 SIMULATION NETWORK SCENARIO OF THE 

PROPOSED MODEL  

 

 

 

 

 

 

 

 

 

Fig. 7.6 RF simulation module implementation using NETSIM modeller tool comprising of 16 

battery-operated RF-powered sensor motes 

 

9.6.1 Simulation model and network setup 

To test the feasibility and performance of the proposed R-WSN described in Fig. 7.2, a virtual 

IIoT scenario is created using NETSIM in Fig. 7.6 comprising of similar rechargeable sensor 

motes with P1110 EH module for monitoring environmental parameters. Z1 mote requires 36 

mJ at 3.6 V of harvested voltage to turn on the mote for initialization of the uC MSP430F2617 

and data communication. Z1 can be powered in several ways: Battery-powered (using AA or 

AAA or Li-ion coin cell in the battery-holder) or USB powered. It is flexible in the sense that 

it can switch to any battery as per the required application. The measured and processed data 

from the sensor motes is transmitted to the Gateway. Finally, the transmitted data is forwarded 
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to the user through Internet. Simulation is carried out in Netsim modeller to find the network 

energy consumption. The sixteen RF-powered Z1 motes can operate as both with 

(Rechargeable) or without (Non-rechargeable) RF harvesting feature. For real-time IIoT 

applications, the harvested power needs to be deterministic and consistent and proper 

placement of RF source and sensor motes are required to obtain fixed amount of harvested 

power. In this network, if the battery voltage of any sensor falls below a critical minimum 

voltage level (Vmin) i.e., 3.1 V then, it is considered to be ‘non-operational’ and requires re-

powering by EH. 

9.6.2 Design and implementation 

To model the circuit described in Fig. 7.2, the sensor battery/energy model (that is a part of 

WSN/IoT networks) in the Netsim simulator has been used. The energy model is user-

configurable and can be found in the ZigBee Interface properties of the sensor motes. The 

network performance has been analysed in terms of energy consumption by entering the 

specifications of all the three batteries one at a time. Energy consumption is calculated 

individually for each battery. Based on the simulations and calculations done, NetSim provides 

a detailed Battery Model Metrics table which provides energy consumption of each mote with 

respect to Transmission, Reception, Idle Mode, Sleep Mode. NetSim also supports an abstract 

EH model where a specified amount of energy (calculated from recharging current and voltage 

specified) is added to the remaining energy of the node periodically to replenish the battery 

energy. 

 

7.7 THEORETICAL ANALYSIS 

A R-WSN is considered that comprises of a set of rechargeable homogeneous sensor motes 

1 2{ , ,.... }nS s s s=  deployed in a rectangular area L L for environmental monitoring; n  is the 

total number of sensor motes. The coordinate of 
thi sensor mote 

is  is taken as ( , )i ix y . The 

energy of the RF transmitter is assumed to be infinite and is located at a depot within the 

monitoring area of the network. Sensor 
is  comprises of a sensing module, a processing unit, 

an RF transceiver, an EH module, rechargeable battery for storage and a power management 

unit. Sensory data is generated by 
is  with a data rate of iR  and fed to the processing unit. After 

processing, the data is forwarded to the gateway via single-hop or multi-hop communication 
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using the transceiver unit. ,i tB  represents the remaining energy of 
is  at some time point t , and

maxB is the maximum energy level of each sensor mote. When , maxi tB B= , then 
is starts 

harvesting energy from the RF transmitter to continue operation of the network. For NR-WSN, 

when , maxi tB B= , then 
is becomes non-operational. 

 

➢ Battery Charging Time 

The Friis free space equation according to omnidirectional WPT model is given as [15] 

2 2

T t

R

P h s
P

d 


=                   (7.1) 

where 
RP  represents the power received by a sensor mote; 

TP is the power transmitted by the 

RF transmitter; s  is the transmitted signal, and h  is the channel coefficient between the beacon 

and harvester. 
2

s and 
2

h denote the powers of s  and h  respectively.   is the path loss 

exponent, d  indicates distance between the transmitter and harvester board.   and   are the 

transmitter efficiency and the large-scale propagation effect parameter, respectively.  

2

4

T R

P

G G

L





 
 =  

                     (7.2) 

Here is dependent on transmitter and receiver antenna gains ( TG  and RG ), wavelength of 

transmitted signal (λ) and polarization loss ( pL ) 

Let θ represent the charging orientation angle between transmitter and sensor. According to 

directional WPT model [15], the Friis free space equation is expressed as:  

2 2
(cos )T R T t

R

P A A h s c
P

d 

  +
=

                 (7.3) 

where RA  and TA  represent effective power receiving area and the maximum power 

transferring area of sensor and transmitter, respectively; c is a constant. 

The RF EH circuit converts the received RF input power to DC output power. The efficiency 

of the P1110 EH module used here is approximately 80% at 915 MHz given as: 
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DC
EH

R

P

P
 =                     (7.4) 

where DCP indicates DC output power 

The harvested energy by the harvesting circuitry is expressed as: 

H DC BatE P T=
                    (7.5) 

where BatT  is the time to recharge the battery as expressed below:  
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                 (7.6) 

Now, HE  amount of harvested energy is transferred to a rechargeable battery with a certain 

capacity and voltage and stored to power the sensor motes. Thus, the expression for battery 

recharging time is given as: 
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                 (7.7) 

where BV  is the charging voltage, BC  is the battery capacity and BD is the DoD of the battery. 

From (7.7), the recharging time is inversely proportional to the gain of antenna, number of 

transmitters and directly proportional to the battery capacity, voltage, distance and DoD. 

➢ Energy Consumption ( CE ) 

The CE of a sensor mote occurs during four modes: idle listening ( IdleE ) and sleep mode ( SleepE

), data transmission (
XTE ) and data reception (

XRE ). The sum of all the consumed energies give 

the total energy consumed by a mote. 
XTE depends on the amount of data transmitted by one 

node to other motes. In the reception mode, the amount of data received by the sensor motes 

from the gateway is a measure of the total energy consumed. In idle mode, the motes consume 

energy by turning their transceivers in “ON” position without any data transmission or 

reception. During sleep mode, the sensors turn off their receiver and the energy consumption 
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is negligible, hence ignored in calculation. The following equation is used to compute energy 

consumption [182]. 

ONE V I =                      (7.8) 

where ‘I’ is current drawn at different modes in the mote components, ‘V’ represents the 

battery voltage of the mote (voltage is 3.6 V for Z1 mote), and ‘ ON ’ is the duration when the 

node is ON.  

The energy consumed during transmission is expressed as: 

beacon
Tx Tx Tx Tx

l
E V I V I

R
=   =                    (7.9) 

where beaconl represents length of beacon packet and 𝑅 is the data rate 

Energy consumption in reception mode is given as:  

beacon
Rx Rx Rx Rx

l
E V I V I

R
=   =  

               (7.10) 

where RxI denotes current drawn during data reception and Rx  is the receiving time. For idle 

mode, the energy consumed during is given as: 

Idle Idle IdleE V I =                    (7.11) 

where IdleI is the idle-mode current and Idle  represents time in idle mode 

The energy consumed by a single sensor mote is calculated as: 

C Tx Rx IdleE E E E= + +                  (7.12) 

➢ Network Lifetime (NL) 

In WSN, the time duration from starting time to the time instant when the network becomes 

non-functional defines the NL as expressed [183]: 

.

initial W
Net

C S

E E
T

E E

−
=

+
                 (7.13) 

where  NetT = Average Network Lifetime (in days) 

initialE = Initial Network Energy (Joules) 
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WE = Expected wasted (unused) energy in the network when it dies (Joules) 

CE is the energy consumed by the network / day (Joules) 

SE  is the expected energy consumption (Joules) 

  is packet arrival rate 

 

 Initial network energy InitialE  calculation: 

It is assumed that each mote operates with a single AA LiMn (Bat 2) rechargeable battery. The 

initial energy of a single AA 3.7 V battery having capacity 650 mAh in joules is obtained as 

0.65 Ah × 3.7 x 3600 = 8658 J. Thus, initial energy of the whole network with 16 Bat 2-driven 

motes is obtained as 8560 J × 16 = 138,528 J. Similarly, the initial energy of the network with 

the other two test batteries (Bat 1 and Bat 3) has been obtained as presented in Table 7.2.  

 Unused network energy WE  calculation 

It is assumed that the battery State-of-Charge (SoC) becomes ‘zero’ for NR-WSN when the 

maximum rated energy of the battery is reduced to 70%. Here, one sensor mote has maximum 

energy of 8658 J. Then 70% of 8658 J = 6060.59 J. Thus, when the battery energy reaches less 

than 6060.59 J, each sensor mote is considered “non-operational”. For the entire network, the 

expected wasted energy when the network dies is 6060.59 J × 16 = 96969.59 J.  

If any mote energy goes below the predefined threshold level, the battery re-charging for the 

motes occurs autonomously for R-WSN. After battery charging using RF harvesting, when the 

battery SoC of the energy constrained motes is more than 70%, they become operational and 

automatically participates in the network. Thus, NL becomes infinite (ideally) and network 

never dies completely. In traditional NR-WSNs, very low duty cycle (say < 5%) is kept by the 

designers to save the power consumption of WSN motes. But, in RF-EH, as the nodes are not 

energy limited, the duty cycle can be increased. Here, 5% DoD and 12% duty cycle has been 

considered for R-WSN i.e. the network sends one message after every 8.3 s to the gateway 

node for better monitoring in industrial application. 
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Table 7.2 On-board battery energy calculation 

Sl.No 

 
Parameters 

1 WSN 
Whole Network (comprising of 16 

WSNs) 

Bat3 Bat2 Bat1 Bat3 Bat2 Bat1 

1 Initial energy (in J) 34992 8658 1101.6 559,872 138,528 17,625.6 

2 

Unused or wasted 

energy 

 (in J) 

24494.4 6060.59 771.12 391910.4 96,969.6 12,337.9 

 

Let the expected energy consumption by a sensor mote be 16 mW or 16 mJ/s. For 16 motes, it 

becomes 16 mW×16 = 256 mW or 256 mJ/s. The number of secs-rounds in one day is 24 h × 

60 min × 60 s = 86,400 s. For 1 % duty cycle, a sensor mote is powered up for 864 s out of 

86,400 s in 24 h. Thus, the expected energy consumed by a single mote 
1SE is 16 mJ/s × 864 s 

= 13.82 J/ day. For 16 motes, SE becomes 13.82 J × 16 = 221.184 J/ day. Thus, the NL is 

calculated as given in (7.13). Using the same procedure as 1% duty cycle, the NL for various 

duty cycles (5%, 10%,…) is calculated and shown in Table 7.3. 

Table 7.3 Duty cycle versus Network Lifetime 

Duty 

Cycle 

(in %) 

Energy 

consumption/day for 1 

WSN (in J/day) 

Energy consumption/day for 

of the network (comprising 

of 16 WSNs) (in J/day) 

Network lifetime (no. of 

days) 

Bat 1 Bat 2 Bat 3 

1 13.82 221.184 24.59 187.934 253.18 

5 69.12 1105.92 4.92 37.58 151.88 

10 138.24 2211.84 2.46 18.79 76.07 

12 162.12 2593.92 2.03 16.23 64.75 

20 276.48 4423.68 1.19 9.39 27.97 

50 691.2 11059.2 0.5 3.75 5.06 

 

➢ THROUGHPUT 

Throughput is defined as the rate of successful transmission of data (in bps/Hz) within the 

network for a specific duration of simulation time. It is expressed as: 

Throughput = SRP x packet size/Ts                (7.14) 

where SRP is successful reception of data packets and Ts is the simulation time. 

7.8 PERFORMANCE EVALUATION 

In this section, the recharging time is evaluated by varying the DoD for all the batteries. The 

distance between the RF transmitter and EVB is not shortened by less than 10 cm during 
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measurement. Table 7.4 shows the measurement results of Recharge Time versus DoD for Bat 

1, 2 and 3 at 915 MHz and 10 cm distance. 

Table 7.4 Test results of Recharge Time versus DoD at 10 cm distance 

Battery Type Parameters Patch Dipole 

Received RF Power (mW) 8.12 2.56 

Harvested DC Power (mW) 5.33 1.43 

Conversion Efficiency (in %) 65.7 55.7 

DoD (in %) Recharging Time (in hours) 

Bat 1  

 

5 0.24 0.37 

10 0.43 0.84 

15 0.56 1.05 

20 0.67 1.18 

25 0.76 1.28 

30 0.85 1.41 

35 0.91 1.55 

40 0.97 1.69 

Bat 2  5 0.6 1.70 

10 1.52 2.33 

15 1.62 2.86 

20 1.87 3.30 

25 2.09 3.68 

30 2.32 4.05 

35 2.47 4.36 

40 2.65 4.7 

Bat 3 5 0.97 1.95 

10 1.68 2.76 

15 1.89 3.38 

20 2.19 3.90 

25 2.46 4.5 

30 2.70 4.82 

35 2.90 5.2 

40 3.08 5.51 

 

The recharging time values with varying distance (in cm) for Bat 1, 2 and 3 using patch and 

dipole antennas at 915 MHz and 5% DoD are listed in Table 7.5. It is evident that recharging 

time increases with increasing distance. Moreover, recharging time is faster with patch antenna 

compared to dipole. In addition, Bat 1 gives the shortest recharging time value at 10 cm distance 

with 6.1 dBi patch antenna at 5% DoD as compared to Bat 2 and 3. For Bat 1, the shortest 

charging time is found to be 0.24 hrs (14.4 minutes) at a distance of 10 cm and the longest 

charging time is determined as 0.672 hrs (40.32 minutes) at a distance of 50 cm for 6.1 dBi 

Patch antenna. Moreover, the shortest recharging time is determined as 0.36 hrs (21.6 minutes) 

at a distance of 10 cm and the longest charging time is found as 1.92 hrs at a distance of 50 cm 
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for 1 dBi Dipole antenna. Similarly, the recharging time for Bat 2 and 3 are also recorded and 

shown in Table 7.5. 

Table 7.5 Recharging time versus Distance 

 

 

 

 

 

 

 

 

 

Table 7.6 shows the variation in recharging time with increase in number of transmitters for 

Bat 1, 2 and 3 using PCB patch and dipole. Due to resource constraint, only two transmitters 

are used in this work. It is observed that the recharging time is faster with increase in number 

of transmitters. Using 6.1 dBi PCB patch, the recharging time for Bat 1 is found to be 0.672 

hrs (40.32 minutes) for N=1 that reduces to 0.432 hrs (25.92 minutes) for N=2. Meanwhile, the 

recharging time using 1 dBi PCB dipole for Bat 1 is found to be 1.92 hrs for N=1 that decreases 

to 0.96 hrs (57.6 minutes) for N=2. Similarly, the recharge time for Bat 2 and 3 are also recorded 

and shown in Table 7.6.  

Table 7.6 Recharging time for Bat 1, 2 and 3 for single and double RF transmitters at 50 cm 

distance and 5% DoD 

No. of Transmitters (N) 

Recharging time (in hrs) 

Patch Dipole 

Bat 1 Bat 2 Bat 3 Bat 1 Bat 2 Bat 3 

1 0.672 4.56 18.72 1.92 13.92 50.6 

2 0.432 2.64 9.04 0.96 6.72 15.08 

 

 

To evaluate the performance of the overall WSN using Bat 1, 2 and 3, a simulation environment 

is designed as shown in Fig. 7.6 using NETSIM comprising of a set of 16 WSN nodes, one 

gateway, one router and one user application. The 16 sensor nodes are uniformly deployed in 

the network area and the initial energy for each node is varied according to the battery 

specifications given in Table 7.1. Physical quantity like temperature, light, humidity etc. is 

Distance 

(in cm) 

Recharging time (in hrs) 

Bat 1 Bat 2 Bat 3 

Patch Dipole Patch Dipole Patch Dipole 

10 0.24 0.32 0.6 0.72 0.97 2.88 

20 0.312 0.44 0.96 2.64 3.84 11.04 

30 0.432 0.72 1.93 5.04 8.4 20.88 

40 0.6 1.2 3.12 8.64 13.5 35.76 

50 0.672 1.92 4.56 13.92 18.72 50.2 
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sensed by a sensing agent in the industrial environment that sends data to all the motes. The 

simulation parameters are listed in Table 7.7.  

 

Table 7.7 Simulation parameters 

Performance Parameters Values 

Simulation Time 10000 

Frequency 915 MHz 

Sensor mote Z1 mote 

No. of sensors 16 

Initial battery capacity  1101 J, 8658 J, 34992 J 

Recharging Current (mA) 50 

Transmitting Current (mA) 8.8 

Idle Mode Current (mA) 3.3 

Receiving Current (mA) 9.6 

Voltage (V) 3.7 

Mobility model No mobility 

No. of sink (gateways) 1 

Type of harvesting source RF 

Area of deployed nodes 30 x 40 m2 

Transmission rate 250 kbps 

Data size 800 bits 

Duty cycle (%) 12 

 

Two sets of simulation results are obtained in the pre-analysis, for only battery-powered i.e. 

NR-WSN and another with included EH feature i.e. R-WSN. Tables 7.8 and 7.9 shows the 

simulated results generated in NETSIM using Bat 1.  

Table 7.8 Results for NR-WSN using Bat 1 without EH feature (NR-WSN) 

Device Name 
Consumed 

energy(mJ) 

Remaining 

Energy(mJ) 

Harvested 

Energy(mJ) 

Transmitting 

energy(mJ) 

Receiving 

energy(mJ) 
Idle energy(mJ) 

WIRELESS_SENSOR_1 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_2 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_3 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_4 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_5 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_6 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_7 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_8 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_9 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_10 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_11 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_12 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_13 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_14 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_15 1101600 0 0 24312.8331 23470.78487 1053816.382033 

WIRELESS_SENSOR_16 1101600 0 0 24312.8331 23470.78487 1053816.382033 
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Table 7.9 Results for R-WSN using Bat 1 with EH feature (R-WSN) 

Device Name 
Consumed 

energy(mJ) 

Remaining 

Energy(mJ) 

Harvested 

Energy(mJ) 

Transmitting 

energy(mJ) 

Receiving 

energy(mJ) 

Idle 

energy(mJ) 

WIRELESS_SENSOR_1 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_2 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_3 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_4 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_5 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_6 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_7 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_8 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_9 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_10 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_11 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_12 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_13 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_14 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_15 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

WIRELESS_SENSOR_16 3014622.019 62886273.879 64799295.89 67397.6475 53149.85061 2894074.521 

 

Table 7.10 presents a detailed analysis on the total energy consumption of the network driven 

by Bat 1 for NR-WSN and R-WSN scenarios. It is found that the transmission mode energy 

consumed by the network driven by Bat 1 is 11149.42109 mJ for NR-WSN, whereas it is 

12294.82967 mJ for R-WSN. The receiving mode energy consumed is 26462.86184 mJ 

without harvesting and 29065.52955 mJ with EH. In idle mode, energy consumption for NR-

WSN is 114,175 mJ and for R-WSN is 2,208,608 mJ. Sleep energy consumption in both cases 

is zero. Finally, the total sum of all energies consumed in all modes of operation for NR-WSN 

and R-WSN is 17625600 mJ and 48233952.3 mJ respectively using Bat 1. It can be observed 

that although the total network energy consumption increases, at the same time the remaining 

energy does increase from 0 to 64799.295 J.  

Table 7.10 Network Energy Consumption for NR-WSN and R-WSN using Bat 1 

Packets 

Generated 
Parameters 

NR-WSN (A) (in 

mJ) 

R-WSN (B) 

(in mJ) 

Improvement Factor 

(B/A) 

10000 

  

Remaining Energy 0 62886273.88 NA 

Harvested Energy 0 64799295.89 NA 

Transmitting mode energy 

consumed 
24312.8331 67397.6475 2.77 

Receiving mode energy 

consumed 
23470.78487 53149.85061 2.26 

Idle mode energy consumed 1053816.382 2894074.521 2.74 

Total Energy Consumption (1 

sensor) 
1101600 3014622.019 2.73 

  
Network Energy Consumption 

(16 sensors) 
17625600 48233952.3 2.73 
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Similarly, Tables 7.11 and 7.12 present a detailed analysis on the total energy consumption of 

the network driven by Bat 2 and 3 respectively for both the scenarios. Energy consumption of 

the entire network driven by rechargeable Li-ion battery, LiMn AA and 3 AAA is increased by 

2.73, 3.46 and 1.00 times with RF harvesting. With addition of harvested energy in the battery, 

the remaining energy for Bat 1, 2 and 3 is found to be 62886.273 J, 45284.922 J and 89900.888 

J respectively.  

Table 7.11 Network Energy Consumption for NR-WSN and R-WSN using Bat 2 

Packets  

Generated 

Parameters NR-WSN 

(A) 
R-WSN (B) 

Improvement 

Factor (B/A) 

10000 

 

Remaining Energy 0 45284922.22 NA 

Harvested Energy 0 66599271.68 NA 

Transmitting mode energy 

consumed 

39499.46914 138514.0865 3.50 

Receiving mode energy consumed 32343.60269 89393.6576 2.76 

Idle mode energy consumed 8586156.928 29744441.71 3.46 

 Total Energy Consumption (mJ) 8658000 29972349.46 3.46 

 

Table 7.12 Network Energy Consumption for NR-WSN and R-WSN using Bat 3 

Packets 

Generated 
Parameters NR-WSN (A) R-WSN (B) 

Improvement 

Factor (B/A) 

10000 

Remaining Energy 25101629.101703 89900888.189864 3.58 

Harvested Energy 0 64799291.362509 NA 

Transmitting mode energy consumed 134680.677481 134646.316201 0.99 

Receiving mode energy consumed 108858.17088 108938.63808 1.00 

Idle mode energy consumed 9646832.049846 9646818.21807 0.99 

 Total Energy Consumption (mJ) 9890370 9890403.172301 1.00 

 

 

7.9 RESULTS AND DISCUSSIONS 

Fig. 7.7 highlights a plot of Recharging time ( Ct ) versus DoD for Bat 1, 2 and 3 at a fixed 

distance of 40 cm using PCB patch and dipole antennas respectively. From Fig 7.7 (a) and (b), 

a close resemblance is observed between the measured and simulated values for both patch and 

dipole antennas. It is found that the recharging time increases with increase in DoD. Table 7.13 

presents the % deviation calculation in recharging time of a single sensor mote driven by Bat 

1, 2 and 3 using Patch antenna at varying distances (in cm) and DoD (in %). The shortest 

recharging time is found to be 0.24 hrs (14.4 mins) for Bat 1 at a distance of 10 cm. The % 
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deviation is lowest for Bat 3 (0.12) at a distance of 50 cm and 5% DoD and highest for Bat 1 

(6.06) at a distance of 100 cm and 20% DoD as highlighted in blue colour.  

 

 

 

   

 

 

        

 

 

 

 

(a) 

 

(b) 

Fig. 7.7 Recharging time versus DoD (a) Patch Antenna (b) Dipole Antenna 
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Table 7.13 Percentage deviation calculation in recharging time of a single sensor mote driven by Bat 

1, 2 and 3 using Patch antenna at varying distances (in cm) and DoD (in %) 

Distance 

(in cm) 

Battery 

Type 

Recharging time (in hrs) 

DoD 5% DoD 10% DoD 20% 

Measured Simulated 
% 

Deviation 
Measured Simulated 

% 

Deviation 
Measured Simulated 

% 

Deviation 

10 

Bat 1 0.24 0.239 0.416 0.432 0.42 2.7 0.69 0.67 3.1 

Bat 2 0.6 0.591 1.5 1.52 1.554 1.87 1.85 1.87 2.67 

Bat 3 0.97 0.964 0.62 1.68 1.56 1.56 2.12 2.024 0.95 

20 

Bat 1 0.312 0.309 0.96 0.862 0.84 2.5 1.73 1.68 2.9 

Bat 2 0.96 0.954 0.625 4.26 4.2 1.41 8.376 8.16 2.57 

Bat 3 3.84 3.85 0.25 17.38 17.28 0.57 33.96 33.6 1.06 

50 

Bat 1 0.672 0.661 1.63 1.25 1.22 2.12 2.592 2.52 2.78 

Bat 2 4.56 4.584 0.52 9.24 9.12 1.29 18.22 18 1.18 

Bat 3 18.74 18.72 0.12 37.63 37.44 0.6 75.8 74.88 1.20 

100 

Bat 1 7.52 7.2 4.25 11.04 10.8 4.34 15.84 14.88 6.06 

Bat 2 18.72 21.84 3.19 31.68 30.24 4.54 44.88 42.72 5.34 

Bat 3 25.68 25.2 1.84 36.48 35.52 2.63 52.56 50.4 4.10 

 

The effect of antenna gains on the recharging time for Bat 1, 2 and 3 at different distances is 

shown in Fig. 7.8. Based on the charging time values given in Table 7.5, the % improvement 

in recharging time with increasing distance has been calculated for Bat 1, 2 and 3 with respect 

to antenna gains. For a fixed distance of 10 cm, it was found that patch antenna shortened the 

recharging time by 25.34%, 16.67% and 66.32% for Bat 1, 2 and 3 respectively compared to 

dipole antenna. On further increasing the distance to maximum 50 cm, the recharging time for 

patch antenna is improved by 65%, 67.24% and 62.96% for Bat 1, 2 and 3 respectively as 

compared to dipole. Based on the charging time values given in Table 7.6, the percentage 

improvement in recharging time with increasing number of RF transmitters has been calculated 

for Bat 1, 2 and 3 with respect to antenna gains as depicted in Fig. 7.9. It is found that dual RF 

transmitters decrease the recharging time by 35.7%, 42.1% and 51.7% for Bat 1, 2 and 3 

respectively compared to single RF transmitter using 6.1 dBi patch.  

Fig. 7.10 compares the impact of transmit power on the harvested energy for proposed and 

existing baseline models (linear [177], constant-linear (CL) [180] and constant-linear-constant 

(CLC) [180]). Accordingly, the percentage improvement in harvested energy for the proposed 

work over the existing works has been presented in Table 7.14. For a fixed transmit power of 

28 dBm, the % improvement of our work over Linear [177], CL [180] and CLC [180] is 99.3%, 

89.3% and 84 % respectively. 
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Fig. 7.8 Effect of antenna gain on recharging time for Bat 1, 2 and 3 at different distance expressed as 

percentage 

 

 

Fig. 7.9 Percentage improvement in Recharging time for Bat 1, 2 and 3 for single and dual RF 

transmitters with 6.1 dBi patch 
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Fig. 7.10 Comparison of harvested energy for proposed and existing works 

Table 7.14 Percentage improvement in harvested energy 

Parameter Harvested power (in mJ) % Harvested energy 

Transmit 

power (in 

dBm) 

[180] 

CLC 
[180] CL 

[177] 

Linear 
Proposed 

Proposed over 

[180] CLC 

Proposed over 

[180] CL 

Proposed over 

Linear [177] 

26 2.9x10-5 6.1x10-6 10-7 4.3x10-6 
85.2 

(deterioration) 

29.5 

(deterioration) 
97.6 

27 9.9x10-5 4.2x10-5 10-6 1.6x10-4 38.13 73.75 99.35 

28 2.4x10-4 1.6x10-4 10-5 1.5x10-3 84 89.3 99.33 

29 5.1x10-4 4.8x10-4 10-4 7.7x10-3 93.4 93.7 98.75 

31 0.011 0.003 0.001 0.078 85.9 96.15 98.7 

 

Figs. 7.11, 7.12 and 7.13 highlight the comparison of Throughput and NL for NR-WSN and R-

WSN using Bat 1, 2 and 3. The average transmitted power from source is 3W EIRP and the 

harvested energy is approx. 2.97 J. The average network throughput for NR-WSN with Bat 1, 

2 and 3 is 162.64, 162.48 and 162.19 Kbps respectively. For Bat 1, beyond 34 hrs, the 

throughput goes below 162.64 Kbps and keeps on decreasing as is evident from Fig. 7.11. 

Similarly for Bat 2 and 3, after 245 hrs and 1031 hrs, the throughput goes below 162.48 and 

162.19 Kbps because the sensor node battery SoC decreases continuously with time. From Fig. 

7.11, the NL for Bat 1 is around 59 hrs. This means that network is operational for 59 divided 
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by 24 hrs i.e. 2.45 days approximately. After 2.45 days, the network throughput goes down and 

the network becomes non-operational. 

 

 

  

 

 

 

 

 

 

(a) 

            

 

 

 

 

 

 

 

 

 

 

 
(b) 

Fig. 7.11 Comparison plot of Throughput and Network Lifetime with Bat 1 (a) NR-WSN (b) R-WSN 

Similarly, from Figs. 7.12 and 7.13 the network lifetime for Bat 2 and 3 is around 390 hrs and 

1559 hrs respectively. This means that network is operational for 16.25 days and 64.95 days 

approximately. The average network throughput for R-WSN using Bat 1, 2 and 3 is 175.88, 
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174.87 and 165.07 Kbps upto 10,000 hrs (416 days i.e. 1.13 years). Following the limitation of 

the simulation software which cannot show simulation beyond 10,000, the maximum limit is 

shown up to 10,000 only. The network throughput is increased up to 1.08, 1.07 and 1.02 times 

for Bat 1, 2 and 3 with RF Harvesting. 

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

(b) 

Fig 7.12 Comparison plot of Throughput and Network Lifetime with Bat 2 (a) NR-WSN (b) R-WSN 
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(a) 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Fig. 7.13 Comparison plot of Throughput and Network Lifetime with Bat 3 (a) NR-WSN (b) R-WSN 

The key findings from the analysis are summarised below: 

• Bat 1 gives the shortest recharging time value at 10 cm distance with 6dBi patch antenna 

at 5% DoD as compared to Bat 2 and 3. The recharging time for Bat 1 (Li-ion coin cell) 

is much faster (14.4 minutes) using 6.1 dBi patch at 10 cm as compared to Li-Mn (Bat 

2) and 3 AAA (Bat 3).   
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• 6.1 dBi patch shortens the recharging time by 65%, 67.24 and 63% for Bat 1, 2 and 3 

respectively as compared to 1 dBi dipole.  

• Dual RF transmitters reduce the recharging time by 35.7%, 42.1% and 51.7% for Bat 

1, 2 and 3 respectively compared to single RF transmitter with 6.1 dBi patch.  

• The energy consumption for RF powered WSN driven by Li-ion battery, LiMn AA and 

3 AAA is increased by 2.73, 3.46 and 1.00 times. At the same time, the remaining energy 

for Bat 1, 2 and 3 is found to be 62886.273, 45284.922 J and 89900.888 J respectively. 

Thus, a conclusion can be made that with EH, the lifetime of a wireless sensor node can 

be extended with proper selection of correct parameters.  

• The network lifetime @ 12% duty cycle and 5% DoD is extended up to 1.13 years and 

higher (ideally, up to infinite time) as compared to only 2.45, 16.45 and 66.67 days by 

RF harvesting. Besides, the network throughput is increased up to 1.08, 1.07 and 1.02 

times for Bat 1, 2 and 3 with RF Harvesting. 

 

7.10 DISCUSSION 

This chapter investigates the impact of RF-WPT on a battery driven R-WSN for IIoT 

application to enhance the throughput and network lifetime. P1110 Power harvester® Receiver 

IC converts RF energy into DC power and charges the onboard batteries. The simulation 

findings show that RF-EH can extend the network's life span to a theoretically unlimited 

amount of time. In addition, from the analysis, RF harvesting can be considered a cost-efficient 

technique as the battery of the sensor nodes need not be changed regularly to maintain the 

network operation. The performance of the proposed model is compared with existing state-

of-art network models. The results obtained prove the superiority of the proposed model in 

terms of harvested energy. 
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Chapter 8 
CONCLUSION AND FUTURE WORKS 

 

8.1 CONCLUDING REMARKS 

With the emergence of 5G+, the proliferation of RF signals will provide abundant 

opportunities for harvesting energy from the surrounding environment. This will lead to the 

development of ultralow power and even energy-autonomous IoT devices, revolutionizing the 

way we interact with technology. In this research, different relay selection strategies have been 

applied for better reception reliability in one-way and two-way relay networks with IA-EH. 

Moreover, research has been carried out to augment the performance of NOMA-assisted 

network by integration of RF-EH technology. In addition, the impact of RF-EH in IIoT scenario 

has been demonstrated to enhance the throughput and network lifetime of the designed R-

WSN. 

The throughput performance of EH from an interferer in a CRN has been investigated 

in DL transmission mode in Chapter 3. It is seen that initially the throughput is more due to the 

extra acquired energy while harvesting energy from the interferer compared to the case where 

the interference is treated as an undesired in EH phase. Moreover, the throughput of the 

protocols strictly depends on the location of relay, position of interference and energy 

conversion efficiency. The results of simulation also show that as the interferer is closer to relay 

and destination, more energy is harvested at relay and less interference is imposed on relay and 

destination so that the throughput of the network increases. Results also show that after a certain 

distance, the detrimental effect of interference outweighs the benefits of energy harvested from 

interferer. In the next framework, a novel approach for hybrid CIoT network has been 

implemented in the presence of an EAV where an SNR-based HDAF relay has been 

implemented for analysing the security of the network under dissimilar fading environments. 

Secrecy performance of each of the relaying schemes has been evaluated in terms of power 

splitting factor and channel variances. It is also observed that the proposed relaying scheme 

maximizes the SR of the network as compared to the existing schemes. Results also show the 

impact of EAV position on SR at different channel mean power values. Also, it can be observed 

that severe fading over desired link provides more secure communication over main link. 
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Comparative study of all the fading models shows that weibull fading gives better secrecy and 

higher EE than the other fading models. More precisely, the secrecy performance as well as EE 

of the developed model has been found to be better in weibull/rayleigh environment as 

compared to the other fading environments (rayleigh/ weibull, hoyt/rayleigh, rayleigh/hoyt). 

Also, the effect of fading parameters on the SEE performance for HDAF relay has been 

investigated. On further extending the model to interference-limited environment in untrusted 

scenario, the SR of the system has been effectively enhanced as compared to interference-free 

environment. Results demonstrate that as distance between EAV and interferer increases, STP 

increases due to increased jamming.  This study provides a benchmark on the maximum 

amount of interferer power that can be harvested so as to maximize the security performance. 

A simulation model of the HD DF network has been presented using accumulate-and-

forward scheme in Chapter 4. From the calculations it can be seen that there has been 

considerable improvement in throughput compared to any multi-source (single antenna) or any 

multi-relay. The different criteria for relay-selection have also been explored, like maximum 

energy accumulated and optimal relay, and the throughput variations for the same are observed. 

Next, a generalized RF energy harvesting system model with the Hybrid TSR–PSR protocol 

under Weibull fading channel has been introduced using DF, AF and HDAF modes. Here OP 

and throughput have been calculated. Along with this, the throughput optimization has been 

carried out to find the maximum achievable throughput. Integral form expressions for OP and 

throughput have been simulated using MATLAB and compared with analytical results to 

establish the correctness of the proposed model. The comparative analysis shows an 

improvement in throughput of the proposed model over the existing benchmark models. 

In Chapter 5, the system performance of a bidirectional AF HD multi-antenna multi-

relay network over the Nakagami fading environment in terms of OP, throughput and ergodic 

capacity for DL and DT transmission modes has been evaluated. The impact of different system 

parameters on the performance of the proposed model has also been studied. Next, a secure 

MHE-AS scheme has been incorporated in TWC via Two Multi-Antenna Relays with IA-EH. 

Here, the relays harvest energy from both the sources as well as CCI, and after performing 

antenna selection, utilize that energy to decode the signals and forward it to the respective 

nodes. The proposed model with MHE-AS scheme improves the secrecy performance 

significantly as compared to its contrast models where bidirectional communication takes place 

in presence or absence of CCI. Results demonstrate that (i) a trade-off has been observed for 

the secrecy capacity. The presence of CCI increases the secrecy performance of the considered 

protocol at the cost of reliable communication (ii) the secrecy performance is improved when 
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both the sources transmit information with equal power (iii) From the findings, it is found that 

the presence of CCI creates a flooring effect on the system performance. In addition, this study 

provides a constraint on the maximum number of antennas that needs to be installed at a 

particular relay so to maximize the secrecy performance. The results presented can be helpful 

for designing a multi-antenna relay network for bidirectional communication in untrusted 

scenario for secured data transmission with IA-EH. The proposed model has been extended to 

two-way untrusted scenario where an IoT environment has been designed. Here the relays 

collocated with EAVs are equipped with a rechargeable battery so that they can harvest and 

accumulate the harvested energy from RF signals sent by the sources and CCIs for stable 

operation of the network. Theoretical derivations have been carried out and validated via 

Monte-Carlo simulation results. Using the derived expressions, SOP performance has been 

evaluated in terms of source transmit power, threshold secrecy rate and number of frames. 

Comparative analyses with the existing conventional schemes depict superiority of our model 

in terms of energy accumulation and secrecy.  The impact of EH coefficient and number of 

frames on the SC has also been examined. Moreover, the amount of harvested energy versus 

number of frames in terms of source transmission power and number of CCIs has been analysed 

for both linear and non-linear scenarios. The obtained results for both the scenarios have been 

compared with each other which gives a useful insight to the network secrecy performance. 

Lastly, the effect of saturation threshold value on the secrecy capacity for non-linear approach 

has also been depicted. The results of this paper illustrate how the accumulated energy 

alongwith exploitation of the radiated energy from CCIs contributes to improvement in secrecy 

performance of a bidirectional IoT Relay network. More precisely, this study provides a 

guideline on the maximum number of frames that can be utilized for energy accumulation in 

any interference-limited environment to obtain a desired level of secrecy. 

In Chapter 6, the secrecy performance of CR-NOMA network with IA-EH has been 

investigated by introducing a secure jamming cancellation scheme in the presence of an EAV. 

Results demonstrate that (i) there exists an optimal value of S  for SOP curves with varying

IP   and JP  (ii) the security performance is initially improved due to addition of extra energy 

from CCIs, but at high J , a performance degradation has been observed due to dominant 

interfering effect after exceeding a certain threshold. From the findings, it is also seen that 

increasing 1 increases ESR of both near and far users. Our findings may serve as a constraint 

on the utilization of maximum number of CCI nodes that will prove to be beneficial for secrecy 

performance improvement of the network. In the subsequent framework, the performance of 
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an RF-powered MD-DRN has been investigated using an upgraded A-NOMA protocol. From 

the observations, it has been found that a 4-device DRN system gives a better sum rate than a 

3-device DRN. At 10SP dB= , ASR is found to be 3.6 bps/Hz for a 3-device network that rises 

to 9 bps/Hz for a 4-device network. With an increase in the number of relay devices, the BER 

value increases. For 10SP dB= , a BER value of 0.19 is obtained for the proposed model with a 

single DRN as opposed to 0.7 and 0.98 for 3-device and 4-device DRNs respectively. With a 

greater number of devices, the BER value for the A-NOMA protocol is comparatively less than 

that of NOMA, thus providing much better system reliability. Upto a certain range of ASR, the 

proposed adaptive scheme provides better efficiency than the conventional non-RF A-NOMA 

scheme. At a fixed ASR of 0.85 bps/Hz, the percentage improvement in EE of our developed 

system over the existing scheme is found to be 28.4%. Additionally, our proposed network with 

RF-enabled A-NOMA achieves upto 67.56% and 12.7% EE gain over the conventional OMA 

and NOMA functioned networks, respectively, for ASE=2 bps/Hz.  

The impact of RF-EH on a battery driven R-WSN for IIoT application has been depicted 

in Chapter 7 to enhance the throughput and NL using P1110 Power harvester® Receiver 

module. It was found that Bat 1 gives the shortest recharging time value at 10 cm distance with 

6.1 dBi patch antenna at 5% DoD as compared to Bat 2 and 3. The recharging time for Bat 1 

(Li-ion coin cell) is much faster (14.4 minutes) using 6.1 dBi patch at 10 cm as compared to Li-

Mn (Bat 2) and 3 AAA (Bat 3).  More precisely, 6.1 dBi patch shortens the recharging time by 

65%, 67.24 and 63% for Bat 1, 2 and 3 respectively as compared to 1 dBi dipole. Dual RF 

transmitters reduce the recharging time by 35.7%, 42.1% and 51.7% for Bat 1, 2 and 3 

respectively compared to single RF transmitter with 6.1 dBi patch. The energy consumption for 

RF powered WSN driven by Li-ion battery, LiMn AA and 3 AAA is increased by 2.73, 3.46 

and 1.00 times. At the same time, the remaining energy for Bat 1, 2 and 3 is found to be 

62886.273 J, 45284.922 J and 89900.888 J respectively. Thus, a conclusion can be made that 

with EH, the lifetime of a wireless sensor node can be extended with proper selection of correct 

parameters. The NL @ 12% duty cycle and 5% DoD is extended up to 1.13 years and higher 

(ideally, up to infinite time) as compared to only 2.45, 16.45 and 66.67 days by RF harvesting. 

Besides, the network throughput is increased up to 1.08, 1.07 and 1.02 times for Bat 1, 2 and 3 

with RF-EH. The proposed system model can be a reference for new RF-powered IIoT designs 

and can be relevant for planning and deploying IEEE 802.15.4 based sensor networks with 

appropriate battery system and specific performance demands. 
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8.2 FUTURE SCOPE 

The power consumption of portable gadgets, implantable medical devices (IMDs) and 

WSNs has reduced significantly with the ongoing progression in low-power electronics and the 

swift advancement in nano and microfabrication. The recent emergence in IoT, Industry 4.0, 

and 5G communication has resulted in a demand for using self-powered, ultra-low powered, 

and maintenance-free devices and circuits. In this context, the area of RF-EH for wireless 

networks has been progressed significantly over the last decades. Despite the highlighted 

possibilities for RF-EH in wireless networks, there exist a number of open research challenges 

and future research directions for the new entrants working into RF energy harvesting domain. 

This work could have been extended further as discussed below: 

The secrecy performance of bi-directional relaying in untrusted scenario using CR-

NOMA may be well-though-out as alternative interesting investigation track. In addition, the 

performance of our proposed model can be observed using full duplex relays where the effect 

of positions of the selected relays can be examined. Further extension of this work may include 

game theory approach for power allocation in DRN under the influence of multiple interfering 

signals. Furthermore, some relaying strategies can be combined with deep learning algorithms 

and intelligent reflecting surface (IRS) for more efficient results. Also, the impact of RF-WPT 

on a battery-less R-WSN can be observed for IIoT application where it can be shown that that 

RF-WPT allows the implementation of battery-free WSNs where the lifetime is no longer 

limited by battery lifespan, but rather by the lifespans of the electronic components. The 

solutions for enhancing the performance of RF-powered wireless communication using ambient 

backscatter technology may be another interesting future topic. 
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APPENDIX 

Appendix A 

 

A.1 Proof of (3.43)  

The CDF of the S-R link is given as: 
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calculated, respectively as 
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                                                                          (A.5) 

where   is the Euler’s constant [9.73]. 

Putting the value of 1  and 2  from (A.5) to (A.4) we have, 
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where (.)Ei  is the exponential integral 

Capacity of EAV Channel is given as: 
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After some simplification and manipulation: 
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                                             (A.8) 

The SC of HDAF relay when operating in AF mode is given as: 
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                                                     (A.9) 

The SC of HDAF relay when operating in DF mode is given as: 
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Capacity of EAV Channel is given as: 
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After some simplification and manipulation: 
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                                                 (A.13) 

Similarly, the SC of HDAF relay when operating in DF mode is given as: 
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                                       (A.14) 

Thus substituting (A.9), (A.14) in (3.38) , closed form equation for (3.43) is obtained. Putting 

(3.43) in (3.46), closed form equation for (3.48) is obtained. 

 

A.2 Proof of (3.45): 

The pdf of main and wiretap links for Weibull fading takes the following form : 
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                                                           (A.16) 

where mv
 
is the fading factor of the main channel and (.) is the gamma function, defined as:  
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ev
 
is the fading factor of the EAV channel  

Corresponding to (A.15) and (A.16), the CDFs take the following form:  
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The SR of the channel is defined as follows: 
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Substituting (3.27),(3.29),(A.17) and (A.18) into (A.19), we have: 
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After converting to single integral form, we have,  
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According to probability theory, we have: 

0

( ) ( ) ( )
RD REZ RE RE RE REf z f z f d    



= 
 

Accordingly, the CDF is formulated as:  

0 0 0

( ) ( ) ( ) ( )
RD RE

z z

Z Z RE RE RE REF z f t dt f t f d    


= =  
 

0 0 0

( ) ( ) ( ) ( )
RE

RE RD RE RD

z

RE RE RE RE REf f y dy d f F z d



       
  

= = 
  

                                                                  (A.23) 

With several transformations, we obtain: 
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Thus , 2
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Thus, SC of HDAF relay when operating in AF mode is given as: 
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Similarly, the SC of HDAF relay when operating in DF mode is given as: 
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Thus substituting (A.28), (A.29) in (3.38) , closed form equation for (3.45) is obtained. Putting 

(3.45) in (3.46), closed form equation for (3.48) under Weibull faded environment is obtained. 

 

A.3 Proof of (3.44): 

The pdf of S-R link for Hoyt fading takes the following form : 
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where (.)OI  is the modified Bessel function of the first kind and zero order, { }RD RD =  and 
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For Rayleigh faded channel, the capacity per unit bandwidth using Optimum Rate Adaptation 

(ORA) policy is calculated as: 
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Now, for a Hoyt faded channel, the capacity per unit bandwidth is calculated as: 
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where 
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              (A.34) 

where mq and eq  represent the Hoyt shape parameters for the desired and EAV links. 

Eccentricities associated with both Hoyt distributions as 
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Thus, SC of HDAF relay when operating in AF mode is given as: 
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                                                                                                              (A.36) 

Similarly, the secrecy capacity of HDAF relay when operating in DF mode is given as: 

2

RE

RD RE

1

1

DF

HOYT

DF DF

DF

DF DF

RDDF

S

RD RE
e

C

q



 


 

=
+  

−  
 + 

                                                                                   (A.37) 

Thus substituting (A.36), (A.37) in (3.38) , closed form equation for (3.44) is obtained. Putting 

(3.44) in (3.46), closed form equation for (3.48) under Hoyt faded environment is obtained. 

 

Appendix B 

B.1 Proof of (4.34) and (4.35) 

 

For deriving the OP for DF protocol, the SINR of DF is put into the expression of OP 

By using equations (4.19)-(4.22), the resultant expression of OP for 𝑗𝑡ℎ relay is obtained which 

is shown in equation (B.1). 
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2
>

𝛾𝑡ℎ

𝑄𝑗(|ℎ𝑗|2 + 𝑈𝑗)
) 

= 1 − ∫ 𝑓
|ℎ𝑗|

2(𝑧)

∞

𝛾𝑡ℎ
𝑃𝑗

[Pr (|𝑔𝑗|
2
>

𝛾𝑡ℎ

𝑄𝑗(𝑧𝑗 + 𝑈𝑗)
)] 𝑑𝑧 

= 1 − ∫ 𝑓
|ℎ𝑗|

2(𝑧)
∞
𝛾𝑡ℎ
𝑃𝑗

[1 − Pr (|𝑔𝑗|
2
≤

𝛾𝑡ℎ

𝑄𝑗(𝑧𝑗+𝑈𝑗)
)] 𝑑𝑧               (B.1) 

Putting the PDF and CDF of the Weibull distribution equation (B.2) is obtained. 

𝑃𝑜𝑢𝑡𝑗 = 1 −
𝐾ℎ𝑗

𝜆ℎ𝑗
𝑘ℎ𝑗
∫ 𝑧𝑗

𝑘ℎ𝑗−1  𝑒
−{(

𝑧𝑗

𝜆ℎ𝑗
)

𝑘ℎ𝑗

+(
𝛾𝑡ℎ

𝑄𝑗𝜆𝑔𝑗(𝑧𝑗+𝑈𝑗)
)

𝑘𝑔𝑗

}

𝑑𝑧𝑗
∞
𝛾𝑡ℎ
𝑃𝑗

                                                     (B.2) 

Substitution of 𝑝𝑗 = (
𝑧𝑗
𝜆ℎ𝑗
⁄ )

𝑘ℎ𝑗

into equation (B.3) can be derived. 
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𝑃𝑜𝑢𝑡𝑗 = 1 − ∫   𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 

𝛾𝑡ℎ
𝑄𝑗𝜆𝑔𝑗𝜆ℎ𝑗

.
1

(𝑝𝑗

1
𝑘ℎ𝑗+

𝑈𝑗
𝜆ℎ𝑗

)

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑𝑝𝑗
∞

(
𝛾𝑡ℎ
𝑃𝑗𝜆ℎ𝑗

)

𝑘ℎ𝑗                                    (B.3) 

Now, using (4.18), (4.19), (4.22) and (4.24), (B.4)-(B.6) are formulated. 

𝛾𝑡ℎ

𝑃𝑗𝜆ℎ𝑗
=

𝛾𝑡ℎ((1−𝜌𝑗)𝐼𝑅𝑗+𝜎𝑅𝑗
2 )

𝐿1𝑗
2 𝑃𝑠.(1−𝜌𝑗)𝜆ℎ𝑗

= 𝑀𝑗                  (B.4) 

𝛾𝑡ℎ

𝑄𝑗𝜆𝑔𝑗𝜆ℎ𝑗
=

𝛾𝑡ℎ(𝐼𝐷+𝜎𝐷
2)(1−𝛼𝑗−𝛽𝑗)

𝜆ℎ𝑗𝜆𝑔𝑗(𝜂𝑇𝑗𝛼𝑗+𝜂𝑃𝑗𝜌𝑗𝛽𝑗)𝐿1𝑗
2𝐿2𝑗

2 𝑃𝑠
= 𝑁𝑗               (B.5) 

𝑈𝑗

𝜆ℎ𝑗
=

𝐼𝑅𝑗

𝐿1𝑗
2 𝑃𝑠 𝜆ℎ𝑗

= 𝑋𝑗                   (B.6) 

Equations (B.3)-(B.6) lead to equation (B.7). 

𝑃𝑜𝑢𝑡𝑗 = 1 − ∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 

𝑁𝑗

(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑
∞

𝑀𝑗
𝑘ℎ𝑗 𝑝𝑗               (B.7) 

Equation (B.7) shows the OP of 𝑗𝑡ℎ relay in DF protocol. 

 

Outage probability for AF protocol 

For deriving the outage probability for DF protocol, the SINR of DF is put into the 

expression of outage probability. The alternative expression of outage probability for 𝑗𝑡ℎrelay 

is shown in equation (B.8). 

𝑃𝑜𝑢𝑡𝑗 = Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ) + Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗 ≤ 𝛾𝑡ℎ)             (B.8) 

Putting (4.19) in Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ𝑗) equation (B.9) is obtained. 

Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ) = Pr (
(1 − 𝜌𝑗)𝑃𝑠

𝐿1𝑗
2 (𝜎𝑗𝑅

2 + (1 − 𝜌𝑗)𝐼𝑗𝑅)
|ℎ𝑗|

2 ≤ 𝛾𝑡ℎ) 

= Pr (|ℎ𝑗|
2 ≤ 𝛾𝑡ℎ.

𝐿1𝑗
2 [(1−𝜌𝑗)𝜎𝑗𝑅

2 +𝐼𝑗𝑅]

(1−𝜌𝑗)𝑃𝑠
 )                 (B.9) 

The constants in equations (19)-(22) are modified into equations (B.10)-(B.13).   

𝑐 = 𝑐′𝛾𝑡ℎ                  (B.10) 

𝑑 = 𝑑′𝛾𝑡ℎ                  (B.11) 

𝑒 = 𝑒′𝛾𝑡ℎ                  (B.12) 

𝑓 = 𝑓′𝛾𝑡ℎ                  (B.13) 

Therefore, equation (B.14) is obtained. 
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Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ) = Pr (|ℎ𝑗|
2 ≤

𝑑

𝑎
) = ∫ 𝑓

|ℎ𝑗|
2(𝑧)𝑑𝑧

𝑑

𝑎
𝑧=0

                      (B.14) 

The equation (B.15) shows the expression for Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ,  𝛾𝑅𝐷𝑗 ≤ 𝛾𝑡ℎ). 

Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ,  𝛾𝑅𝐷𝑗 ≤ 𝛾𝑡ℎ) 

= Pr(
(1 − 𝜌𝑗)𝑃𝑠

𝐿1𝑗
2 [𝜎𝑗𝑅

2 + (1 − 𝜌𝑗)𝐼𝑗𝑅]
|ℎ𝑗|

2 > 𝛾𝑡ℎ,
𝑎|𝑔𝑗|

2
|ℎ𝑗|

4 + 𝑏|𝑔𝑗|
2
|ℎ𝑗|

2

𝑐′|ℎ𝑗|2 + 𝑑′|𝑔𝑗|
2
|ℎ𝑗|2 + 𝑒′|𝑔𝑗|

2
+ 𝑓′

≤ 𝛾𝑡ℎ) 

= Pr(|ℎ𝑗|
2 > 𝛾𝑡ℎ.

𝐿1𝑗
2 [(1 − 𝜌𝑗)𝜎𝑗𝑅

2 + 𝐼𝑗𝑅]

(1 − 𝜌𝑗)𝑃𝑠
, |𝑔𝑗|

2
{𝑎|ℎ𝑗|

4 + 𝑏|ℎ𝑗|
2
− 𝛾𝑡ℎ𝑑

′|ℎ𝑗|
2 − 𝛾𝑡ℎ𝑒′}

≤ 𝛾𝑡ℎ(𝑐′ |ℎ𝑗|
2 + 𝑓′)) 

= Pr (|ℎ𝑗|
2 >

𝑑

𝑎
  , |𝑔𝑗|

2
{𝑎|ℎ𝑗|

4 + 𝑏|ℎ𝑗|
2
− 𝑑|ℎ𝑗|

2 − 𝑒} ≤ (𝑐 |ℎ𝑗|
2 + 𝑓))          (B.15) 

From equations (17), (18), (20), (21), (B.11), (B.12),
𝑏

𝑎
=

𝑒′

𝑑′
=

𝑒

𝑑
. Thus, 

{𝑎|ℎ𝑗|
4 + 𝑏|ℎ𝑗|

2
− 𝑑|ℎ𝑗|

2 − 𝑒} = 𝑎 (|ℎ𝑗|
2 −

𝑑

𝑎
) (|ℎ𝑗|

2 +
𝑏

𝑎
)           (B.16)  

If,|ℎ𝑗|
2 >

𝑑

𝑎
, then the right-hand side of the equation (A.16) will be positive. The equation 

(A.15) leads to equation (A.17). 

Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗 ≤ 𝛾𝑡ℎ) 

= Pr(|ℎ𝑗|
2 >

𝑑

𝑎
  , |𝑔𝑗|

2
≤

(𝑐 |ℎ𝑗|
2 + 𝑓)

𝑎 (|ℎ𝑗|2 −
𝑑
𝑎) (|ℎ𝑗|

2 +
𝑏
𝑎)
) 

= ∫ 𝑓
|ℎ𝑗|

2(𝑧𝑗)𝑃𝑟 (|𝑔𝑗|
2
≤

𝑐𝑧𝑗+𝑓

𝑎(𝑧𝑗−
𝑑

𝑎
)(𝑧𝑗+

𝑏

𝑎
)
)𝑑𝑧𝑗

∞

𝑧𝑗=
𝑑

𝑎

             (B.17) 

By putting the p.d.f. and c.d.f. of Weibull distribution and using Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗 ≤ 𝛾𝑡ℎ) 

leads to: 

𝑃𝑜𝑢𝑡𝑗 = ∫ 𝑓
|ℎ𝑗|

2(𝑧𝑗)𝑑𝑧𝑗

𝑑
𝑎

𝑧𝑗=0

+ ∫ 𝑓
|ℎ𝑗|

2(𝑧𝑗)

[
 
 
 
 

1 − 𝑒

−(
𝑐𝑧𝑗+𝑓

𝑎(𝑧𝑗−
𝑑
𝑎
)(𝑧𝑗+

𝑏
𝑎
)
.
1
𝜆𝑔𝑗

)

𝑘𝑔𝑗

]
 
 
 
 

𝑑𝑧𝑗

∞

𝑧=
𝑑
𝑎

 

𝑃𝑜𝑢𝑡𝑗 = 1 − ∫ 𝑓
|ℎ𝑗|

2(𝑧𝑗)𝑒

−(
𝑐𝑧𝑗+𝑓

𝑎(𝑧𝑗−
𝑑
𝑎
)(𝑧𝑗+

𝑏
𝑎
)
.
1
𝜆𝑔𝑗

)

𝑘𝑔𝑗

𝑑𝑧𝑗

∞

𝑧𝑗=
𝑑
𝑎
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𝑃𝑜𝑢𝑡𝑗 = 1 − ∫
𝑘ℎ𝑗

𝜆ℎ𝑗
(
𝑧𝑗

𝜆ℎ𝑗
)

𝑘ℎ𝑗−1

𝑒
−(
𝑧𝑗
𝜆ℎ𝑗
⁄ )

𝑘ℎ𝑗

𝑒

−(
𝑐𝑧𝑗+𝑓

𝑎(𝑧𝑗−
𝑑
𝑎
)(𝑧𝑗+

𝑏
𝑎
)
.
1
𝜆𝑔𝑗

)

𝑘𝑔𝑗

𝑑𝑧𝑗

∞

𝑧𝑗=
𝑑
𝑎

 

= 1 −
𝑘ℎ𝑗

𝜆ℎ𝑗
𝑘ℎ𝑗
∫ 𝑧𝑗

𝑘ℎ𝑗−1𝑒
−{(

𝑧𝑗
𝜆ℎ𝑗
⁄ )

𝑘ℎ𝑗
+(

𝑐𝑧𝑗+𝑓

𝑎(𝑧𝑗−
𝑑
𝑎
)(𝑧𝑗+

𝑏
𝑎
)
.
1

𝜆𝑔𝑗
)

𝑘𝑔𝑗

}

𝑑𝑧𝑗
∞

𝑧=
𝑑

𝑎

   

 (B.18) 

Now using 𝑐𝑧𝑗 + 𝑓 = 𝑐 (𝑧𝑗 +
𝑓

𝑐
) = 𝑐(𝑧𝑗 +

𝑑

𝑎𝛾𝑡ℎ
) and 𝑝𝑗 = (

𝑧𝑗
𝜆ℎ𝑗
⁄ )

𝑘ℎ𝑗

equation (B.19) can be 

obtained. 

𝑃𝑜𝑢𝑡𝑗 = 1 − ∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 (𝑝𝑗

1
𝑘ℎ𝑗+

𝑑
𝑎𝜆ℎ𝑗𝛾𝑡ℎ

)

(𝑝𝑗

1
𝑘ℎ𝑗− 

𝑑
𝑎𝜆ℎ𝑗

)(𝑝𝑗

1
𝑘ℎ𝑗+  

𝑏
𝑎𝜆ℎ𝑗

)

.
𝑐

𝑎𝜆𝑔𝑗𝜆ℎ𝑗

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑
∞

(
𝑑

𝑎𝜆ℎ𝑗
)

𝑘ℎ𝑗 𝑝𝑗          (B.19) 

Now, using (4.25) and (B.10)-(B.11), (B.20)-(B.22) are formulated. 

𝑑

𝑎𝜆ℎ𝑗
=

𝐿1𝑗
2𝛾𝑡ℎ((1−𝜌𝑗)𝐼𝑅𝑗+𝜎𝑅𝑗

2 )

 𝑃𝑠.(1−𝜌𝑗)𝜆ℎ𝑗
= 𝑀𝑗                (B.20) 

𝑐

𝑎𝜆𝑔𝑗𝜆ℎ𝑗
=

𝐿1𝑗
2𝐿2𝑗

2𝛾𝑡ℎ(𝐼𝐷+𝜎𝐷
2)(1−𝛼𝑗−𝛽𝑗)

𝜆ℎ𝑗𝜆𝑔𝑗(𝜂𝑇𝑗𝛼𝑗+𝜂𝑃𝑗𝜌𝑗𝛽𝑗) 𝑃𝑠
= 𝑁𝑗              (B.21)                    

𝑏

𝑎𝜆ℎ𝑗
=

𝐿1𝑗
2𝐼𝑅𝑗

𝑃𝑠 𝜆ℎ𝑗
= 𝑋𝑗                 (B.22) 

Equations (B.20)-(B.22) lead to equation (B.23). 

𝑃𝑜𝑢𝑡𝑗 = 1 − ∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 (𝑝𝑗

1
𝑘ℎ𝑗+

𝑀𝑗
𝛾𝑡ℎ

)

(𝑝𝑗

1
𝑘ℎ𝑗−𝑀𝑗)(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

.𝑁𝑗

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑
∞

𝑀𝑗
𝑘ℎ𝑗 𝑝𝑗           (B.23) 

 (B.23) shows the OP of 𝑗𝑡ℎ relay in AF protocol. 

 (B.7) and (B.23) are in very similar forms with the same constants. Therefore, the AF and DF 

in the proposed model can be analysed similarly. 

 

 

B.2 Proof of (4.36) 

Outage probability for HDAF protocol 

Outage probability for 𝑗𝑡ℎ relay for HDAF is given in (B.24). 
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𝑃𝑜𝑢𝑡𝑗 = Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗) + Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗) + 

    DF component 

Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 < 𝑇ℎ𝑗) + Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 < 𝑇ℎ𝑗)  

 (B.24) 

AF component 

Let us define, 𝛾𝐻𝑦𝑗 =
𝑇ℎ𝑗

𝛾𝑡ℎ
.                                                (B.25) 

I. If𝛾𝑡ℎ ≥ 𝑇ℎ𝑗 , i.e., 𝛾𝐻𝑦𝑗 ≤ 1, (B.26)-(B.29) are obtained. 

Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗) = Pr(𝑇ℎ𝑗 ≤ 𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ𝑗).                                        (B.26) 

Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗) = Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ𝑗).        (B.27) 

Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 < 𝑇ℎ𝑗) = Pr(𝛾𝑆𝑅𝑗 < 𝑇ℎ𝑗).                                           (B.28) 

Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 < 𝑇ℎ𝑗) = 0.                                       (B.29) 

Putting the values of (B.26) -( B.29) into (B.24), OP can be written as equation (B.30). 

𝑃𝑜𝑢𝑡𝑗 = Pr(𝑇ℎ𝑗 ≤ 𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ) + Pr(𝛾𝑆𝑅𝑗 < 𝑇ℎ𝑗) + Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ) 

= Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ) + Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ) 

= 𝑃𝑜𝑢𝑡𝑗−𝐷𝐹                  (B.30) 

So, if 𝛾𝑡ℎ ≥ 𝑇ℎ𝑗 (𝛾𝐻𝑦𝑗 ≤ 1), then the OP of the HDAF protocol is equal to the OP of the DF 

protocol. 

II. If  𝛾𝑡ℎ < 𝑇ℎ𝑗 , i.e., 𝛾𝐻𝑦𝑗 > 1, 

Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗) = 0.                                        (B.31) 

Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗) = Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗   ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ).          (B.32) 

Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 < 𝑇ℎ𝑗) = Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ).                                        (B.33) 

Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ   ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ, 𝛾𝑆𝑅𝑗 < 𝑇ℎ𝑗) = Pr(𝛾𝑡ℎ < 𝛾𝑆𝑅𝑗 < 𝑇ℎ𝑗,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ).         (B.34) 

Putting the values of (B.31) -(B.34) into (B.24), OP can be written as equation (B.35). 

𝑃𝑜𝑢𝑡𝑗 = Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ) + Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗   ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ)

+ Pr(𝛾𝑡ℎ < 𝛾𝑆𝑅𝑗 < 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ) 

= Pr(𝛾𝑆𝑅𝑗 ≤ 𝛾𝑡ℎ) + Pr(𝛾𝑆𝑅𝑗 > 𝛾𝑡ℎ  ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ)

+ [Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ) −Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ)] 

= 𝑃𝑜𝑢𝑡𝑗−𝐴𝐹 − [Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ) −Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ)](B.35) 

Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ) = Pr (𝛾𝑆𝑅𝑗 ≥ 𝛾𝑡ℎ.
𝑇ℎ𝑗

𝛾𝑡ℎ
,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ) 
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= Pr(|ℎ𝑗|
2 ≥

𝑑

𝑎
.
𝑇ℎ𝑗

𝛾𝑡ℎ
  , |𝑔𝑗|

2
{𝑎|ℎ𝑗|

4 + 𝑏|ℎ𝑗|
2
− 𝑑|ℎ𝑗|

2 − 𝑒} ≤ (𝑐 |ℎ𝑗|
2 + 𝑓)) 

= Pr (|ℎ𝑗|
2 ≥

𝑑

𝑎
. 𝛾𝐻𝑦𝑗  , |𝑔𝑗|

2
{𝑎|ℎ𝑗|

4 + 𝑏|ℎ𝑗|
2
− 𝑑|ℎ𝑗|

2 − 𝑒} ≤ (𝑐 |ℎ𝑗|
2 + 𝑓))           

Now, as 𝛾𝐻𝑦𝑗 > 1, therefore |ℎ𝑗|
2 ≥

𝑑

𝑎
. 𝛾𝐻𝑦𝑗 >

𝑑

𝑎
.  

Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ) = ∫ 𝑓
|ℎ𝑗|

2(𝑧𝑗)𝑃𝑟 (|𝑔𝑗|
2
≤

𝑐𝑧𝑗+𝑓

𝑎(𝑧𝑗−
𝑑

𝑎
)(𝑧𝑗+

𝑏

𝑎
)
)𝑑𝑧𝑗

∞

𝑧𝑗=𝛾𝐻𝑦𝑗.
𝑑

𝑎

                (B.36) 

Putting the parameters of Weibull distribution in equation (B.14), equation (B.37) is obtained. 

Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ) = ∫
𝑘ℎ𝑗

𝜆ℎ𝑗
(
𝑧𝑗

𝜆ℎ𝑗
)
𝑘ℎ𝑗−1

𝑒
−(
𝑧𝑗
𝜆ℎ𝑗
⁄ )

𝑘ℎ𝑗

[1 −
∞

𝑧𝑗=𝛾𝐻𝑦𝑗.
𝑑

𝑎

𝑒
−(

𝑐𝑧𝑗+𝑓

𝑎(𝑧𝑗−
𝑑
𝑎
)(𝑧𝑗+

𝑏
𝑎
)
.
1

𝜆𝑔𝑗
)

𝑘𝑔𝑗

]𝑑𝑧𝑗                                     (B.37) 

Substituting 𝑝𝑗 = (
zj
λhj
⁄ )

khj

in equation (B.37), equation (B.38) is obtained. 

Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ) 

= ∫ 𝑒−𝑝𝑗𝑑

∞

(
𝑑

𝑎𝜆ℎ𝑗
.𝛾𝐻𝑦𝑗)

𝑘ℎ𝑗

𝑝𝑗 − ∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 (𝑝𝑗

1
𝑘ℎ𝑗+

𝑑
𝑎𝜆ℎ𝑗𝛾𝑡ℎ

)

(𝑝𝑗

1
𝑘ℎ𝑗− 

𝑑
𝑎𝜆ℎ𝑗

)(𝑝𝑗

1
𝑘ℎ𝑗+  

𝑏
𝑎𝜆ℎ𝑗

)

.
𝑐

𝑎𝜆𝑔𝑗𝜆ℎ𝑗

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

∞

(
𝑑

𝑎𝜆ℎ𝑗
.𝛾𝐻𝑦𝑗)

𝑘ℎ𝑗

𝑑𝑝𝑗 

= 𝑒
−(

𝑑

𝑎𝜆ℎ𝑗
.𝛾𝐻𝑦𝑗)

𝑘ℎ𝑗

− ∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 (𝑝𝑗

1
𝑘ℎ𝑗+

𝑑
𝑎𝜆ℎ𝑗𝛾𝑡ℎ

)

(𝑝𝑗

1
𝑘ℎ𝑗− 

𝑑
𝑎𝜆ℎ𝑗

)(𝑝𝑗

1
𝑘ℎ𝑗+  

𝑏
𝑎𝜆ℎ𝑗

)

.
𝑐

𝑎𝜆𝑔𝑗𝜆ℎ𝑗

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

∞

(
𝑑

𝑎𝜆ℎ𝑗
.𝛾𝐻𝑦𝑗)

𝑘ℎ𝑗 𝑑𝑝𝑗         (B.38) 

Using (B.20)-(B.22), equation (B.39) is obtained. 

Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ) = 𝑒−(𝛾𝐻𝑦𝑗𝑀𝑗)
𝑘ℎ𝑗

−

∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 (𝑝𝑗

1
𝑘ℎ𝑗+

𝑀𝑗
𝛾𝑡ℎ

)

(𝑝𝑗

1
𝑘ℎ𝑗−𝑀𝑗)(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

.𝑁𝑗

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

∞

(𝛾𝐻𝑦𝑗𝑀𝑗)
𝑘ℎ𝑗 𝑑𝑝𝑗                                             (B.39) 

Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ) = Pr (𝛾𝑆𝑅𝑗 ≥ 𝛾𝑡ℎ.
𝑇ℎ𝑗

𝛾𝑡ℎ
,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ) 
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= Pr (|ℎ𝑗|
2
>

𝛾𝑡ℎ

𝑃𝑗
.
𝑇ℎ𝑗

𝛾𝑡ℎ
  , |𝑔𝑗|

2
≤

𝛾𝑡ℎ

𝑄𝑗(|ℎ𝑗|
2+𝑈𝑗)

) = ∫ 𝑓
|ℎ𝑗|

2(𝑧)
∞

𝛾𝐻𝑦𝑗.
𝛾𝑡ℎ
𝑃𝑗

Pr (|𝑔𝑗|
2
≤

𝛾𝑡ℎ

𝑄𝑗(𝑧𝑗+𝑈𝑗)
)𝑑𝑧    (B.40) 

Putting the PDF and CDF. of Weibull distribution equation (B.41) is obtained. 

Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ) =
𝐾ℎ𝑗

𝜆ℎ𝑗
𝑘ℎ𝑗
∫ 𝑧𝑗

𝑘ℎ𝑗−1  𝑒
−(

𝑧𝑗

𝜆ℎ𝑗
)

𝑘ℎ𝑗

[1 −
∞

𝛾𝐻𝑦𝑗.
𝛾𝑡ℎ
𝑃𝑗

  𝑒
−{(

𝛾𝑡ℎ

𝑄𝑗𝜆𝑔𝑗(𝑧𝑗+𝑈𝑗)
)

𝑘𝑔𝑗

}

]𝑑𝑧𝑗                          (B.41) 

Substitution of 𝑝𝑗 = (
zj
λhj
⁄ )

khj

into equation (B.42) can be derived. 

Pr(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ)

= ∫   𝑒−𝑝𝑗𝑑𝑝𝑗

∞

(𝛾𝐻𝑦𝑗 .
𝛾𝑡ℎ
𝑃𝑗𝜆ℎ𝑗

)

𝑘ℎ𝑗

− ∫   𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 

𝛾𝑡ℎ

𝑄𝑗𝜆𝑔𝑗(𝑝𝑗

1
𝑘ℎ𝑗𝜆ℎ𝑗+𝑈𝑗)

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑𝑝𝑗

∞

(𝛾𝐻𝑦𝑗.
𝛾𝑡ℎ
𝑃𝑗𝜆ℎ𝑗

)

𝑘ℎ𝑗

 

=   𝑒
−(𝛾𝐻𝑦𝑗.

𝛾𝑡ℎ
𝑃𝑗𝜆ℎ𝑗

)

𝑘ℎ𝑗

− ∫   𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 

𝛾𝑡ℎ

𝑄𝑗𝜆𝑔𝑗(𝑝𝑗

1
𝑘ℎ𝑗𝜆ℎ𝑗+𝑈𝑗)

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑𝑝𝑗
∞

(𝛾𝐻𝑦𝑗.
𝛾𝑡ℎ
𝑃𝑗𝜆ℎ𝑗

)

𝑘ℎ𝑗           (B.42) 

Using (B.4) -(B.6), (B.43) is formulated. 

𝑃𝑟(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ) =   𝑒
−(𝛾𝐻𝑦𝑗.𝑀𝑗)

𝑘ℎ𝑗
−

∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 

𝑁𝑗

(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑
∞

(𝛾𝐻𝑦𝑗𝑀𝑗)
𝑘ℎ𝑗 𝑝𝑗              (B.43) 

Combining (B.23), (B.4) -(B.6), (B.20) -(B.22),  

 𝑃𝑜𝑢𝑡𝑗 = 𝑃𝑜𝑢𝑡𝑗−𝐴𝐹 − [𝑃𝑟(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐴𝐹 ≤ 𝛾𝑡ℎ) −𝑃𝑟(𝛾𝑆𝑅𝑗 ≥ 𝑇ℎ𝑗 ,  𝛾𝑅𝐷𝑗−𝐷𝐹 ≤ 𝛾𝑡ℎ)] 
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= [1 − ∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 (𝑝𝑗

1
𝑘ℎ𝑗+

𝑀𝑗

𝛾𝑡ℎ
)

(𝑝𝑗

1
𝑘ℎ𝑗−𝑀𝑗)(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

.𝑁𝑗

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑𝑝𝑗

∞

𝑀𝑗
𝑘ℎ𝑗

+ ∫ 𝑒

−

{
 
 
 

 
 
 

𝑝𝑗+

(

 
 
 
 (𝑝𝑗

1
𝑘ℎ𝑗+

𝑀𝑗

𝛾𝑡ℎ
)

(𝑝𝑗

1
𝑘ℎ𝑗−𝑀𝑗)(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

.𝑁𝑗

)

 
 
 
 

𝑘𝑔𝑗

}
 
 
 

 
 
 

𝑑𝑝𝑗

∞

(𝛾𝐻𝑦𝑗𝑀𝑗)
𝑘ℎ𝑗

− ∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 

𝑁𝑗

(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑

∞

(𝛾𝐻𝑦𝑗𝑀𝑗)
𝑘ℎ𝑗

𝑝𝑗 

=1 − ∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 (𝑝𝑗

1
𝑘ℎ𝑗+

𝑀𝑗
𝛾𝑡ℎ

)

(𝑝𝑗

1
𝑘ℎ𝑗−𝑀𝑗)(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

.𝑁𝑗

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑𝑝𝑗
(𝛾𝐻𝑦𝑗𝑀𝑗)

𝑘ℎ𝑗

𝑀𝑗
𝑘ℎ𝑗

−

∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 

𝑁𝑗

(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑𝑝𝑗
∞

(𝛾𝐻𝑦𝑗𝑀𝑗)
𝑘ℎ𝑗                      (B.44) 

Therefore if 𝛾𝐻𝑦𝑗 ≤ 1 then, 𝑃𝑜𝑢𝑡𝑗 =  𝑃𝑜𝑢𝑡𝑗−𝐷𝐹; else  

 𝑃𝑜𝑢𝑡𝑗 = 1 − ∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 (𝑝𝑗

1
𝑘ℎ𝑗+

𝑀𝑗
𝛾𝑡ℎ

)

(𝑝𝑗

1
𝑘ℎ𝑗−𝑀𝑗)(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

.𝑁𝑗

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑𝑝𝑗
(𝛾𝐻𝑦𝑗𝑀𝑗)

𝑘ℎ𝑗

𝑀𝑗
𝑘ℎ𝑗

−

∫ 𝑒

−

{
  
 

  
 

𝑝𝑗+

(

 
 
 
 

𝑁𝑗

(𝑝𝑗

1
𝑘ℎ𝑗+  𝑋𝑗)

)

 
 
 
 

𝑘𝑔𝑗

}
  
 

  
 

𝑑𝑝𝑗
∞

(𝛾𝐻𝑦𝑗𝑀𝑗)
𝑘ℎ𝑗                         (B.45) 

From equation (B.45), it is noted that if 𝛾𝐻𝑦𝑗 ≤ 1, then the system behaves like DF and when 

𝛾𝐻𝑦𝑗 is sufficiently large, then the system approaches AF. 
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Appendix C 

C.1 Proof of (5.49) 

This appendix furnishes the steps to obtain closed form expression of accumulated harvested 

energy in multiple frames. We recall from (5.41), 
1

k

RE can be expressed as: 

1 1 1

1 1

1 1

1 1 1

1 1

1 1 1

2

2 2

2 2

k i k i

k i k i

k i k i

K N
k

R S S R I R I

k i

K K N

S S R I R I

k k i

K K N

S S R I R I

k k i

T
E P g P g

T T
P g P g

T T
P g P g



 

 

= =

= = =

= = =

 
= + 

 

= +

= +

 

 

 

                (C.1) 

Since, 
1 1kS Rg is an exponential random variable, 

1 1

1
k

K

S R

k

g
=

 follows gamma distribution. From 

(3.351.3) of [185] and (13) of [111], the harvesting energy for ‘K’ frames at each relay in closed-

form expression can be obtained from (5.41). 

 

C.2 Proof of (5.63) 

This appendix provides the details for obtaining SOP. From (5.62), we compute 1 and 2 . 

 

1 2

2 1

1 1

2

2

2

( )

11
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where
1 2S S =  and 

2 1S R =  

Now,
1 2 1 1 1 2

min( , )S S S R R S  =  

Thus,
1 2 1 1 1 2 1 1 1 2
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and 

 

                (C.4) 2 1 2 2 2 1 2 2 2 1

( ) ( ) ( ) ( ) ( )
S S S R R S S R R Sth th th th thF F F F F        = + −



200 
 

Taking CDF of 
1 1S R , we have, 
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Differentiating the above equation, we obtain the PDF of 
1 1S R given as: 
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Next, for a single frame i.e. K=1, we recall from (5.54), 
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After some simplification and modifications, taking help of (24) in [28], we obtain (C.8) as: 
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Thus, putting (C.5) and (C.7) in (C.3) and after some simplifications we get (C.9) as shown 

below: 
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Putting (C.8) and (C.9) in (C.2) we get  
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After some modification and simplification we obtain (C.11):  
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where (*)KK   is the “modified Bessel function of second kind with order K, 
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2 3 2 3
2

2 2 2 2

1
1 exp( ) 2 2

(K)

N
K

K

B B B B
P Y K

 

  
     = − −                             (C.12) 

where (*)KK  is the “modified Bessel function of second kind with order K”, 
2 21 KS RB =  , 

2
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Putting equation (C.11) and (C.12) in (5.62), we get the closed form expression of SOP for 

multiple frames. 
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Appendix D 
 

Proof of (6.36) 
From Equation (6.22), we have, 
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(i.n.i.d) exponential random variables, each with mean 
2 i

t
m D R

P



=  . Thus, the PDF of NI  is 

obtained as: 

( )( )
1

,

1 1

( ) ( ) exp
( 1)!

m

N

nAv A
m n

I m n

m n m

f A
n

  
  



−

−

= =

  
= − 

−   
                 (D.3)

  

where 1 2( , ,..., )NA diag   = , ( )v A denotes number of distinct diagonal elements of A, 

1 2 ( )
...

v A
     are the distinct diagonal elements, ( )m A  denotes multiplicity of  , and 

, ( )m n A  is the (m, n)th characteristic coefficient of A.  
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where the approach in [186, Chapter 6] is used to obtain (D.4). On integrating (31), the CDF 

of UL

k  is obtained as: 
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If the signals are i.i.d., the CDF of UL

k  reduces to 
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Using a similar approach as (D,4), the PDF of OMA in UL is expressed as: 
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Putting the value of PDF and CDF of 
UL

k and
UL

m in Equation (6.35) we obtain (6.36). 
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