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Abstract 

    Recently, the using of the RF signal as part of the energy harvesting is one 

subject that has been increased rapidly. One of the most important scenario that the 

wireless node is being using in the many application such that: military operations, 

environmental monitoring, and faraway health system monitoring,…, etc. The 

distance issue between the source and the destination always can be solved by 

adding the intermediate node in this case called the wireless relay node, this type of 

node working to receive the signal from the source manipulate them by removing 

the noise (de-noising) amplifying the amplitude ten resending them to the 

destination, where the information would processing and considering to make a 

decisions.           

    In this thesis, Three most important protocols would be discussed (Time 

Switching protocol (TSR), Power Splitting Protocol, and hybrid power splitting 

protocol (HTPSR)) extensively and verifying their performances that have been 

proposed on the [1] to [8]. All the verification results show that the magnitude 

throughput factor (τ) is changed when the transmission rate (ℛ) and the energy 

harvesting efficiency factor (ɳ) were changed, respectively. Otherwise, the timing 

factor (μ) and the power splitting factor (ω) has been shift from the optimal location 

to the left or right depends upon the variances of the noise level for both the 

antenna noise and the rectifier converter noise, respectively.Secondly, the TSR with 

delay limited scheme, PSR with delay limited scheme, and the ATPSR protocols 

haven’t has too much execution time because both of them is working based upon 

the Shannon theorem and considered the threshold SNRd<SNRth , where the 

(SNRth=2^ℛ -1). Generally, The TSR with delay tolerant scheme and the PSR 

Delay tolerant scheme consume too much execution time to be calculating the 

variable and dynamic SNRd during the integral form zero to infinity that to 

calculate the ergotic capacity. Finally, based upon the results the all protocols were 

working as off line scheme to find out the optimality value for the timing factor (μ)  
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and power splitting (ω).  Somehow, the noise level may be changed at some 

circumstances that leads that all protocol would be failed to be charging nor 

resending the information from the wireless relay node. One important solution to 

solve such a problem is using the particle swarm optimization technique (PSO) 

where this type of technique does not need to find out the derivative of the outage 

probability nor the throughput expression, especially from the results show that 

some curve would be flat in set of points that made the derivative of the function 

has many zeros.   

    All extensive verification and online technique proposed in this thesis is to build 

up a fundamental back ground and background analysis to design and simulate a 

real hardware wireless relay node. 
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Chapter One 

General Introduction 

 

1.1 Introduction:  

    Recently, the most important subject emerge on the some important applications 

such as: military, electricity, …,etc, is the energy harvesting of the rechargeable 

battery of the remote far away wireless relay nodes. Replacing such battery may be 

not easy and costly especially when dealing with embedded sensor, or robotic 

diving inside the sea. Basically, there are many sources for green recharging the 

battery such as: wind, solar energy cells, vibrating of the peizo electric material. All 

those rechargeable green energy sources would be failed especially if the relay 

nodes location was in darkness underground or hazard contamination region, [1]-

[3].  

    The radio frequency signal provide that it is an important and efficient source of 

the recharging the battery at the same time it is used to sending the information. 

Duality properties in the RF signal indeed it is propagated around the environments 

regardless the circumstances. It is still represented as the safe, cheap, and 

unconstraint source of the energy harvester system, [4]-[8]. Basically, wireless 

relay nodes have two main jobs, the first one receiving the signal that has two 

portion information to the destination and the second portion is the part to recharge 

the battery passing through the rectifier (half or full wave circuit). Two priority 

have to considered here the threshold of the battery of the relay wireless node and 

the how fast the information that received should be resending to the destination. 

Choosing the half of the period time (T/2) would not be given a good choice some 

time especially if the battery has energy doesn’t enough for resending the received 

signal to the destination. Keep going to always be charging the battery that would 

make delay the information and when the destination received them that 
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information does not have any meaning (meaningless) because of it was past no 

action would be made depend upon it[8]-[11].   

    Generally, keep monitoring the priority of the streaming the information from 

the source to the destination during the wireless relay node at the same keep 

monitoring the level of the energy of the relay battery is the main purpose and there 

are many researcher have been proposed protocols and scheme to find the best 

selection of the timing period or the how much amount of the energy harvester 

without missing the priority of the both portion the information would not be 

delayed  and the battery always has the amount of enough energy to resending the 

received information to the destination,[11]-[14].   

1.2 Problem  Formulation: 

    Studying and analyzing the main protocols (TSR, PSR, and HTPSR) with its 

schemes (delay limited, delay tolerant) is one of the big challenge that is considered 

in this thesis to provide an affective and applicable fundamental and background 

verifying numerical online results to be using in designing and implementing a 

helpful, safe, and moving wireless portable relay node for receiving and resending 

the information as long as the battery recharging by using the energy harvester 

principle,[2]-[4].       

    Firstly, defining and naming the parameters of the model of the problem of 

wireless energy harvesting and information processing in amplifying and 

forwarding (AF) the information signal into wireless sensor network which is 

proposed by in this thesis which is shown in fig.(1.1), this type has the simplest 

wireless sensor network which will consider in this thesis. 

Where the main protocols that is verified in this thesis is: time switching protocols, 

power splitting protocol, and hybrid time power splitting protocols. 
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Figure1.1: Schematic diagram of the moving relay node system. 

Then main parameters would be dealing with is: the throughput (τ), the optimal 

timing factor (μ), and the power splitting factor (ω).  

    Secondly, verifying and determining what condition that has influence of these 

parameters. Here set of coefficient and parameters would be affected directly on the 

magnitude of the throughput such as: ℛ the transmission rate and the efficiency of 

the energy harvester of the rectifier (η), [15]-[18]. Find the optimality of the timing 

factor and the power splitting factor means keep up the priority of the receiving the 

information from the source and amplifying them then send the in time without 

delay to the destination where the decision it takes. The noise level variances which 

comes from the source transmitting, relay node receiving antenna, rectifier 

converter devices, and finally the receiving destination antenna has a big influence 

on the optimal value of the time factor and power splitting factor so that all 

protocols that been verified here would be failed because they are working as 

offline optimization techniques,[19]-[22].In this thesis, we have proposed one 

affective solution of this offline problem by using an affective online particle 

swarm that is dynamically changed whenever the noise level changed. 
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1.3 Objectives: 

    Basically, four main objectives have been considered in this thesis: 

 Analysis and re-derived the equations and verifying the numerical results of 

the times witching protocols (TSR) that is proposed by [2]. Studying the 

effective parameters and the outage probability. 

  Analysis and re-derived the equations of the power splitting communication 

protocols that is proposed by [2] and [3].Determine exactly the effectiveness 

of the noise variances on the optimality value of the power factor.  

 Studying the hybrid time power splitting communication protocols and how 

well using this type because it has many features: keep the both priority 

(charging the battery and resending the received information) working on, 

takes small amount of the execution time (fast). 

 Deriving and modeling the adaptive system online dynamic optimal finding 

of the timing factor and power factor using the PSO.  

 

1.4 Contributions: 

    In this thesis, the main contribution is described in Chapter 3 and Chapter 4. The 

thesis shows the significantly different between the off line PSR, and TSR, and 

HTPSR and the online scheme by using particale swarm optimization techniques. 

The thesis deployed three main schemes to overcome the execution time issue. 

 

 1.5 Thesis Organization 

    The rest of the thesis is organized as follows: 

 Chapter 2 gives a detailed explanation with the main parameters of the relay 

wireless node, Raly channel, path loses,…,etc. 
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 Chapter 3 presents the mathematical modeling for the TSR, PSR, and the 

HTPSR, explaining briefly how the delay limited and delay tolerant working.  

 Chapter 4 presents the numerical results and discussion for that reults, 

verification of analytical results for PSR , TSR, and HTPSR protocols, 

explaintion of the effeteness of the noise power for TSR & PSR, relay 

location (d1),the source transmission rate in delay-limited transmission, 

hybrid (TPSR) numerical results. 

 Chapter 5 presents the conclusion and suggestions for future works.  
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                                      Chapter Two 

Theoretical Background and Literature Review 

 

    One of the famous type of the communication system which is called wireless 

communications, where the information is exchanged between two or more than 

two node or locations remotely, there isn’t any physical  connected between them 

just the free space.  

    Recently, wireless communications is the fastest growing segment of the 

communication industry. Some of these important categories is: Cellular 

communication, wireless local area networks (WLAN), wireless sensors, 

Bluetooth,…, etc. All of these network are used most commonly everywhere today 

in offices, Universities, banking. The research has shown that approximately, there 

are more than two billion cell phone users worldwide [1]. 

 

2.1 Wireless Communication Characteristics: 

    Many well-known parameters always use as measurements of how well the 

wireless system works, below some basics of them:  

 

2.2 Signal to Noise Ratio SNR: 

    SNR is the second term that is used for comparing between the powers of the 

received signal to the power of the corrupted noise. It is a ratio of power of the 

received signal Pr to the noise power Pn. 

SNR= Pr/ Pn                                                                    …(2.1) 

Basically, the value of the SNR greater than 1 because usually the power of the  

received signal much bigger than the noise power. 
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2.3 Channel: 

     Channel is the medium of communication between the source of the information 

to the relay node or to the destination final node. It refers to either physical (wired) 

or logical (wireless). The channel credibility could be summarizing by the 

following factors. 

 

2.3.1 Path Loss: 

     When a signal traveling in the free space, the attenuation would be takeing 

place. This is called pathloss. Generally, the pathloss proportional directly with the 

distance between source of the information and the destination. That means when 

the distance becomes far away then at certain level the signal would be totally 

distorted. The repeaters and amplifiers by using the wireless relay nodes are used to 

overcome this problem.  Mathematically, pathloss can be represented as: 

PL=

𝑃𝑡

𝑃𝑟
                                                                                                   …(2.2) 

Where PL  is the pathloss, Pt is  represented the transmitted power and Pr is the 

received power.  Pathloss depends upon the transmission distance between the 

source and the destination, radio wavelength and how height of the transmitting and 

receiving antennas [13]-[16]. 

 

2.3.2 Free Space Path Loss: 

    When data travels from source to the destination in a wireless medium then the 

signal becomes weaker as the distance is increased. This is caused by reflection, 

refraction, shadowing, absorption, diffraction, atmospheric conditions and the 

distance between source and the destination.  For ideal isotropic Antenna, it is 

represented by, [17]: 

𝑃𝑙 = (
4𝜋𝑑

ʎ
)

2
= (

4𝜋𝑓𝑑

𝑐
)

2
                                                                      … (2.3) 
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ʎ is the carrier wavelength, d is the distance between antennas, f is the carrier 

frequency and c is the speed of light. For non-isotropic antennas, it is represented 

by, [17]: 

𝑃𝑙 =
(4𝜋𝑑)2

(𝐺𝑡𝐺𝑟ʎ2)
                                                                                       …(2.4) 

Gt and Gr are the gains of transmitter and the receiver, respectively. 

 

2.3.3 Noise: 

     Noise is the undesired and unwanted signal in any communication system. Due 

to noise and the interferences the signal at the receiver is unclear. Generally, As a 

result that would lead to achieve a low SNR at the destination node. There are 

many forms of noise in any communication system such as: thermal noises, inter-

modulation, cross-talk, impulse noise and white noise,.., etc.     

         

2.4 Fading: 

     In wireless communication, fading can be defined as: the amount of the 

attenuation experienced by the signal over a certain propagation media. Basically, 

fading always occurs in the two different environments: fixed environment and the 

mobile environment. In fixed environment, it occurs due to the atmosphere 

conditions and circumstances such as: rain, snow,…,etc. In the mobile 

environment, it occurs when the source and destination locations are not specific 

and dynamically change their positions while the new positions would have the 

obstruction or blocked line of sight (LOS) [20]. 

 

2.4.1 Multipath Fading: 

     Generally, the signal maybe propagates into multiple paths when it send from 

source and when it arrive to the destination this is called multipath propagation. 

Because of multipath propagation, the transmitted signal experiences reflection, 
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diffraction, refraction, and scattering with different objects and different 

environments e.g. mountain, wall, building, tree etc. Due to these, constructive and 

destructive interference, and phase shifting of the signal is observed. Fading is 

caused by destructive interference. 

 

             

             

             

             

         

Figure 2.1: Multiple fading, adaptive from [22]. 

 

There are many type of fading: 

 Fast fading; 

 Slow fading; 

 Flat fading; 

 Frequency selective fading. 

 

2.5 Types of Communication Channels: 

    In the communication system, the propagation system that is used to transfer the 

information from the source to the destination is known as channel, there are many 

factors that can distort the signal while propagation during the channels which is 

considered [23]. Some typical well known communication channels are listed 

below.  

 

2.5.1 Additive White Gaussian Noise (AWGN) Channel:  

    The AWGN channel is one of the basics and easy modeling channel as shown in 

fig. (2.2). Where the signal is corrupted by white noise which has well known 
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(PDF) which it has constant spectral density and a Gaussian distribution of 

amplitude. Generally, the thermal noise could be considered the only factor that 

encounters in this kind of channel. AWGN can be experienced due to thermal 

vibrations of atoms in conductors, short noise, physical channel and circuitry of the 

electronic devices used for communication between transmitter and receiver. 

 

  

 

 

 

 

 

 

 

 

Figure 2.2: AWGN Channel. 

            

2.5.2 Rayleigh Fading Channel: 

    Rayleigh fading is usually used in the case of the multipath propagation between 

the source and destination but there wasn’t any direct connection between them. It 

is the most useful model in case when there are many objects between the 

transmitter and the receiver and signal scatters before reaching the receiver. This is 

usually experienced in urban areas, [23]-[25].  

 

2.5.3 Rician Fading Channel: 

    Rician fading usually occurs in case of direct path and small multipath such as 

indoor environment. This channel can define the parameter “K” as follows,[26]: 

𝐾 =
𝑃𝑜𝑤𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑑𝑜𝑚𝑖𝑛𝑎𝑡 𝑝𝑎𝑡ℎ𝑠

𝑃𝑜𝑤𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑝𝑎𝑡ℎ𝑠
                                                    …(2.5) 
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When K = 0, the channel is experiencing Rayleigh fading and when K =∞ , the 

channel is AWGN [22]. 

  

2.6  Wireless Relying Nodes Protocols: 

    Generally, There are many types of the wireless relaying protocols such as: 

amplify and forward (AF), decode and forward (DF), decode amplify and forward 

(DAF), decouple and forward (DCF), and compress and forward (CF), [14]-[15]. 

All of these types which have their own behavior and responses way for dealing 

with the receiving source signals. Basically, the first two type commonly used in 

wireless communication systems, and in this thesis we are considering the first one. 

  

2.6.1 Amplify and Forward wireless relay nodes (AF): 

    It is a simple technique type of the wireless relay nodes. In this type, relay node 

just amplifies the received signal and then directly forwards it to the destination 

node. There is no regeneration of the signal takes place any more. Unfortunately, 

that leads that the noisy corrupted the source original signal is amplified and 

forwarded to the destination without decoding or de-nosing it. This is why 

sometimes this type of relay nodes is called non-regenerative (transparent) wireless 

relying nodes protocol.  

For example, let considering a single wireless relay between the source and the 

destination, signal Xs(n) is the desecrate received signal from the source at the 

wireless relay is multiplied with the amplification β factor, and then forwarded it 

the amplified signal Xr(n) to the destination nodes: 

Xs(n)=β Xa(n)                                                                      …(2.6) 

where 

𝛽 = √
𝑝𝑠

𝑝𝑟|ℎ|2+𝜎2
                                                                                  …(2.7) 
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While ps and pr the source and the wireless relay nodes power, respectively. |ℎ|2 is 

the chanell gain, 𝜎2 is the noise variance. 

 

2.6.2 Decode and Forward Relay Node Protocols (DF):  

    In this type, the wireless relay receiving the data from the source decodes, re-

encodes them and then forwards the regenerated relay signal to the destination 

node. The decoded signal is basically the estimate of the original source signal. It is 

also called as regenerative relaying protocol [16].  

Mathematically, 

𝑥𝑟[𝑛] = √
𝑝𝑠

𝑝𝑟
�̃�𝑠[𝑛]                                                                      …(2.8) 

Where xr[n] is the signal which is forwarded directly from the wireless relay to the 

destination node, ps and pr the source and the wireless relay nodes power, 

respectively. �̃�𝑠[𝑛] is the decoded (estimated) signal.  

 

2.7  RF Energy Harvesting:  

    The radio frequency energy transfer and harvesting protocols techniques have 

recently become an alternative schemes to the acquire energy support for next-

generation communication wireless networks. There are plenty of features of this 

emerging technology such as: enables proactive support energy for wireless relay 

nodes. It can be used advantageously in supporting applications with quality-of-

service requirements [14].  

The most commonly applied applications of RF energy harvesting is the 

wireless sensor networks. An RF energy harvester scheme can be deployed in a 

sensor wireless node to provide energy. Many wireless  prototype implementations 

of sensor nodes based on RF energy harvesting are presented in a different 

experiment. A multi-hop wireless sensor network is also considered for RF energy 

harvesting development.  
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Healthcare and medical applications are also attracted to RF harvesting technology, 

such as the wireless body network. Low-power medical devices can achieve real-

time operation with power supported by dedicated RF sources which are benefiting 

from RF energy harvesting technology. Furthermore, the devices are less likely to 

rely on the battery capacity, and it can increase battery lifetime. 
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Figure 2.3:Signal Model for the Relaying Node . 

 

2.8 Literature Review:  

    This section deals with the literature review where there are three main protocols 

of the wireless relay node network, time switching (TSR), ower splitting protocol 

(PSR), and adaptive power splitting protocol (APSR). Simultaneous information 

and power transfer over the wireless channels have been studied in:  

 • X. Zhou and et al (2012), [1] proposed receiver operation ,which is called 

dynamic power splitting (DPS).The system has been proposed splits the received 

signal with adjustable power ratio for energy harvesting and information decoding, 

separately. Three special cases of DPS, namely, time switching (TS), static power 

splitting (SPS) and on-off power splitting (OPS) are investigated. The TS and SPS 

schemes can be treated as special cases of OPS. Moreover, they were verified by 
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simulation results the two types of practical receiver architectures, namely, 

separated versus integrated information and energy receivers.  

• A. Nasir,et al (2013), [2] considered an enhance and forward (AF) relay 

node  systems and the vitality reaped from the (RF) signal and uses that harvests 

vitality to advance the source data to the destination. They consider two convention 

plans: Time exchanging based transfer (TSR) convention and power part based 

hand-off (PSR) convention. They did the numerical recreation results to locate the 

ideal incentive for the division time parameters.  

• Shixin Luo and Rui Zhang, (2013),[3] have been studied wireless system 

under practical conditions for energy harvesting. They did a new assumption model 

with non-ideal save effectiveness.Therefore,(Save- then- transmission) protocol 

was proposed in order to improve performance of ideal save ratio, and performance 

comparison for outage probability between fixed energy and random Rayleigh 

power has been investigated. 

Moreover, wireless network protocol in multi transmission devices (TDMA-

ST) was proposed. Two types of data were tested: independent data and shared 

data. As a result, this research work shows that each sender should be worked at 

minimum (lowest) of outage ratio, the sender should be italicized ideal operation 

point when the number of Transmitters exceeds the threshold.   

• Dinh-Thuan.Do (2015),[4] submitted a new protocol for the mobile node in 

order to wireless energy obtain and information transfer in the energy harvesting 

cooperative networks, where harvesting energy used for  source information 

amplification and transmission to the destination.  Their conclusion were done on 

the optimal value for protocol [TPSR] based upon time switching and power 

splitting in order to energy harvesting.   
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• S.T. Shah, K.W. Choi, S.F. (2016),[5] proposed a two-way relay node to 

collect EH and information processing, where the nodes would communicate with 

each other through multiplicative relay node and energy restricted, in terms of 

throughput, the performance of the proposed relay is superior to traditional (AF) 

relay, and second with a different transmission rates, the relay achieves much 

higher throughput than the AF relay. 

• Sy Nguyenl, Roa Bui (2016),[6] considered the effect of the performance  

analytical to three  and four transmitter systems   at time interval   (3TS,4TS),trans 

the information and the wireless energy to channels  relay in two direction through 

compare of the throughput performance to (3TS,4TS), in which derived proximate 

expressions of outage and throughput. Through the numerical results we can be 

seen obviously the throughput performances are lower when the distance between 

both the sources is far. 

         • N.Tri et al (2016), [7] studied the relay selection in decode-and-forward 

wireless energy harvesting cooperative networks.They also have analyzed the 

system performance in terms of outage probability (OP) over independent and non-

identical Rayleigh fading channels. Then, they derived the closed-form 

approximations for the metrical method to find the fraction time for energy 

harvesting. 

• Yifan Hu1, Ning Cao1, Yunfei Chen1(2017),[8]discussed and derived  

analytical expressions  for the continuous time  throughput , and EH protocols 

for the separate times with the ideal ,and non-ideal (AF) relaying node in the 

Rician fading channel.The accuracy of the productivity analysis was verified by 

a computer simulation. In addition, the presentations were examined in different 

positions with different channels such as equipment noise and nonlinear 

parameters. It has been shown that the performance of EH for separate time is 

better than EH for continuous time when the node is not ideal in the Rayleigh 
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fading channel. Where the performance of the EH protocol for   discrete and 

continuous time in the Rician fading channel is better than the Rayleigh fading 

channel. The relay node suffers from degradation of performance when exposed 

to hardware noise, and non-linear distortion and therefore fewer throughputs. 

All the above citation references have been listed in table (2.1). 

Table -2.1: List of the literature review papers 

NO Name of paper Publication 

Year  

Proposed Conclusion 

1- 

 

Wireless 

Information and 

Power Transfer: 

Architecture 

Design and Rate-

Energy Tradeoff. 

2013 Use a general receiver 

and Dynamic Power 

Splitting (DPS), and 

study three special cases 

of the DPS: 

1-time switching,(TS) 

2- static power splitting, 

(SPS) 

3- on-off power splitting 

,(OPS ) 

They achieved two types 

of architectures: a 

practical receiver 

(separate and integrated). 

Separate receiver is 

superior in a low 

harvest power area and 

the integrated receiver 

is superior in a high 

harvesting area. 

 

 

 

 

2- Relaying Protocols 

for Wireless 

Energy Harvesting 

and Information 

Processing. 

2013 Two protocols have been 

proposed, one of which is 

depended to switching the 

time (TSR) and another on 

the splitting of power 

(PSR). 

The greatest value was 

reached for 𝛼 which is 

0.28 and the value of 𝜌 is 

0.63.  

3- Optimal Save-

Then-Transmit 

Protocol for Energy 

2013 Use a protocol (save then 

send) where allocated part 

of the time to save and the 

Each transmitter must 

operate with the lowest 

outage, and the transmitter 
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Harvesting 

Wireless 

Transmitters. 

remaining part to the data 

processing, and the work 

has been extended to 

include multi-transmitter 

wireless networks. 

is slanted to an ideal 

operating point when the 

number of transmitters 

exceeds the minimum. 

4- Time Power 

Switching Based 

Relaying Protocol 

in Energy 

Harvesting Mobile 

Node: Optimal 

Throughput 

Analysis. 

2015 A new protocol was 

proposed (TPSR), where 

the effect of the power 

harvested in the moving 

relay node was studyed  on 

the outage probability and 

performance of the 

throughput. 

The results showed that 

the optimal value of the 

wireless networks' 

throughput  depends 

mainly on time switching 

and power distribution 

factor for TPSR protocol. 

5- Energy Harvesting 

and Information 

Processing in Two-

Way Multiplicative 

Relay Networks. 

2016 A two-way migration node 

was proposed for energy 

harvesting and information 

processing. 

The throughput of this 

protocol is better than the 

conventional 

protocol(AF) and with 

different transfer rates. 

6- Wireless 

Information and 

Energy Harvesting 

for Bidirectional 

Relay Channels: 

Tradeoff between 

Relay Distance and 

Optimal 

Throughput 

2016 A protocol has been 

proposed of work in( three 

and four) time slot of  

transmission systems for 

transmitting information 

and relaying the wireless 

energy of the channels in a 

two directional by 

comparing throughput 

performance. 

Through the numerical 

results  we can see the 

throughput performances 

is lower when the distance 

between both the sources 

is large. 

 

7- Outage 

Performance 

Analysis of Relay 

Selection Schemes 

in Wireless Energy 

Harvesting 

Cooperative 

2016 Several relays that work on 

energy harvesting,  and 

forward _ amplification of 

the information to the 

destination have been 

studied through (PSR), the 

selection of the optimal 

The optimal relaying 

node(ORN) was selected 

by studying the 

performance analysis and 

outage probability.  
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Networks over Non 

Identical Rayleigh 

Fading Channels. 

relaying node through 

independent and non-

identical Rayleigh 

channels(i.n.i.d.). 

8- Energy harvesting 

relaying using non-

ideal relaying node 

in Rician fading 

channels. 

 

2017 The throughput 

performance of the energy 

harvesting protocol has 

been analyzed for separate 

and continuous time for 

relay node ideal and non-

ideal through Rician 

channels. 

The numerical results 

proved that the 

performance of the 

separate time protocol is 

better than the 

continuous-time protocol 

of a non-ideal relay node 

via the Raleigh channel. 
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Chapter Three 

System Model and Problem Formulations 

    The main objective of this thesis is to keep the wireless relay node working 

through the transfer information from the source to the destination node. In general, 

the relay node can utilize from the receiving RF signal via harvesting energy to 

recharge its battery during the forwarding information from the source to the 

destination.  

This chapter describes the energy harvesting process at the relay node. A three 

formulation of protocols, time switching based relaying (TSR), power splitting based 

relaying (PSR), and hybrid time power splitting (HTPSR) that were have been 

derived in [2] and [4] are considered in this thesis, respectively. 

3.1 System Model: 

    The energy harvesting in wireless communication has been considered an 

important topic in particular since it helps the relay nodes keep working through the 

transfer information from the source to the destination node. The system model of 

this thesis is adopted from [2], where a single source node [Tx], single destination 

node [Dx] and a single relay node as an intermediate device are considered. Fig.(3.1) 

illustrates the topology of the system model, where   𝒅𝟏, 𝒅𝟐 are the distances from 

the source to the relay node, and from the relay node to the destination, respectively. 

𝑔1 and  𝑔2 are assumed a Rayleigh based small-scale fading between both source 

node to the relay node, and relay node to the destination node, respectively.   

The general assumptions that used in this thesis are addressed in the following:  

 The relay node is sitting between the source and a destination node, where 

the function of the relay node is to transfer the information from the source 
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to the destination.  In other words, there is no direct connection between the 

source and destination node as seen in fig.(3.1).  

 

 

                                   𝒅𝟏                                                                𝒅𝟐 

 

                                    𝒈𝟏                                                   𝒈𝟐 

 

                                    

                                           Figure 3.1: System model [2]. 

 It is assumed that the relay node has limited energy, so it is harvesting the 

required energy from the source signal and that is to ensure it working along 

time during the transfer of information from the source to destination nodes. 

 For implementation simplicity, it is assumed that the relay node uses an 

amplify and forward (AF) protocol [21]. 

 The channel state information (CSI) is assumed available only at the receiver 

node. Therefore, the receiver node can estimate the dual-hop channel at the 

start of data transmission in each block through benefit from pilots that sent 

from the transmitter node over the dual-hop link. It assumed that the 

transmission pilots overhead are negligible as considered in the previous 

research work [9-10], [13], [16], [17-18]. 

 

As mentioned earlier, the architectures used in this thesis were have been adopted. 

Therefore, depends on the time switching and power splitting receiver 

architectures. It has been suggested three relaying protocols, TSR, PSR, and 
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HTPSR, respectively. Moreover, it was considered two different transmission 

modes of each protocol as: 

 Delay-limited transmission mode. 

 Delay-tolerant transmission mode. 

  The delay-limited transmission mode is referred to the capability of the receiver 

node to decode the received signal block by block; hence, the transmission block 

time is always larger than the code length. 

The delay-tolerant transmission mode indicates the ability of the receiver node to 

buffer the received data blocks and can process the delay in decoding the received 

signal. The analysis of the protocols TSR, PSR, and HTPSR is given in the 

following sections.  

 

3.2 Time Switching Based Relaying (TSR) Protocol: 

    The time is considered the main important factor in the energy harvesting process 

since the time required to recharging the relay battery and resending the information 

to the distention node is considered a crucial factor in the energy harvesting 

system.Fig.(3.2) shows a block diagram of the basic parameters used in the TSR 

protocol for energy harvesting information processing at the relay node. In Fig.(3.2), 

T is the total block time of the energy harvesting at the relay, information 

transmission from source to the relay node, and the information transmission from 

the relay to the destination node, respectively. The total block time is divided into 

three parts, where  𝜇  is a fraction of the block time in which a relay node harvests 

energy from transmitter signal, where    0 ≤ 𝜇 ≤ 1. The rest of block time,  (1 − 𝜇𝑇)  

is used for processing of data transmission, where  half of it, (1 − 𝜇𝑇)/2, is used to 

send information from the transmitter to the relay node and the other half, (1 −

𝜇𝑇)/2 , is used during the information transmission from the relay node to the 
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receiver node. During the energy harvesting stage, all the harvested energies will 

consume by the relay node while forwarding the transmitter signal to the destination.   

                                                        T 

 

 

               μT                                       (1 ‒ μ)T/2                                (1 ‒ μ)T/2 

 

Figure 3.2: TSR protocol for energy harvesting and information transmission 

 

               𝒚𝒓(𝒕)                                                                                                           

                   𝒚𝒓(𝒕)                            

 

                          
(𝟏−𝝁)𝑻

𝟐
                  𝒚𝒓(𝒕) 

        𝒏𝒂
[𝒓](𝒕) 

                                                                                     Information Receiver        𝒏𝒄
[𝒓](𝒕) 

 

Figure 3.3: Block diagram for the relay node in the TSR protocol. 

 

Fig.(3.3) shows a block diagram of the relay receiver node in the TSR protocol.  At 

the beginning for the fraction of block time 𝜇𝑇,the RF signal,   𝒚𝒓(𝒕), which received  

at the relay node will send to the energy harvesting receiver firstly, after that it 

sends to the information receiver for (1 − 𝜇𝑇)/2  block time. 

Baseband 
processing 

 

Energy Harvesting Receiver 

RF to baseband 

    Conversion 
 

Energy 

Harvesting at  R 
Tx                  R 

Information Transmission 

R                   Dx 

Information Transmission 

𝝁𝑻 
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Based on the block diagram that shows in fig.(3.3), the received signal,𝑦𝑟(𝑡), at the 

relay node is given by [2].  

𝑦𝑟(𝑡) =
1

√𝑑1
𝑚  √𝑃𝑠 𝑔1𝑠(𝑡) + �̃�𝑎

[𝑟](𝑡),                                                     (3.1) 

where  𝑑1 is the distance from the transmitter to the relay node, 𝑃𝑠 is the transmitted 

power from the source, 𝑔1 is the channel fading from the source to the destination 

node which assumed follow Rayleigh distribution, and �̃�𝑎
[𝑟](𝑡) is the narrow-band 

Gaussian noise which introduced by the receiving antenna.  𝑚 is the path loss 

exponent that depends on the carrier frequency and physical environment, which is 

approximated in the range from 1.6 to 6.5 as shown in Table (3.1) [30]. 

Table-3.1: Path loss exponent in different environment. 

Environment Path loss exponent, 𝒎 

Factory 1.6-3.3 

Store 1.8-2.2 

Office building (same floor) 1.6-3.5 

Office building (multiple floor) 2-6 

Home 3 

Urban microcells 2.7-3.5 

Urban macrocells 3.7-6.5 

 

However, 𝑆(𝑡) is the normalized information signal from the transmitter, 

i.e.,𝔼{|𝑆(𝑡)|2} = 1, where 𝔼{∙} is the expectation operator and |∙| is the absolute 

value operator.  

Based on eq.(3.1), the energy harvested, 𝐸ℎ through the energy harvesting block 

time 𝜇𝑇 is expressed as [13]. 
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𝑬𝒉 =
𝜂𝑃𝑠|𝑔1|

2

𝑑1
𝑚 𝜇𝑇,                                                                                      (3.2) 

where 𝜂,   is the energy conversion efficiency which limited from zero to one    

(0 < 𝜂 < 1), in which the circuit of energy harvesting and the rectification process 

are affected directly on its value. |𝑔1|
2 is the channel power gain which follows an 

exponential distribution with unit mean and is denoted as 𝑓|𝑔1|2(𝑥) = exp (−𝑥).   

From Fig. (3.1), it is clear that after the energy harvesting process, the received RF 

signal will down converts to the baseband processing signal. Therefore, the 

sampled received baseband signal at the relay node, 𝑦𝑟(𝑘) is given by  

𝑦𝑟(𝑘) =
1

√𝑑1
𝑚  √𝑃𝑠 𝑔1𝑠(𝑘) + 𝑛𝑎

[𝑟](𝑘) + 𝑛𝑐
[𝑟](𝑘),                                (3.3) 

where  𝑘 indicates to the symbol index, 𝑆(𝑘) is the source  normalized information 

signal which is already sampled, ña
[r]̇
(𝑘) is the baseband AWGN caused by 

receiving antenna of the relay node and  �̃�𝑐
[𝑟]
(𝑘) is the AWGN due to RF band 

conversion to the baseband signal. 

As mentioned earlier, it assumed that the relay node used an AF mechanism for 

simplicity.  Therefore, the relay node amplifies the received signal from the source 

node and then retransmitted this signal to the destination node. The transmitted 

signal, 𝑥𝑟(𝑘), after amplification from the relay node is given by  

𝑥𝑟(𝑘) =
√𝑃𝑟 𝑦𝑟(𝑘)

√
𝑃𝑠|𝑔1|

2

𝑑1
𝑚 +𝜎

𝑛𝑎
[𝑟]
2 +𝜎

𝑛𝑐
[𝑟]
2

 ,                                                      (3.4) 

where  𝜎𝑛[𝑟]
2  and 𝜎𝑛[𝑑]

2   are the power  of the AWGNs, ña
[r]̇
(𝑘) and  �̃�𝑐

[𝑟]
(𝑘), 

respectively, 𝑃𝑟 is the power of the relay node that essentially depends on the 

amount of harvested energy through the energy harvesting time, and the 
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denominator factor,  √
𝑃𝑠|𝑔1|^2

𝑑1
𝑚 + 𝜎𝑛𝑎

2 [𝑟] + 𝜎𝑛𝑐
2 [𝑟] refers to constrained power factor 

at the relay node.  

The received sampled signal at the receiver node, 𝑦𝑑(𝑘)   is given by 

𝑦𝑑(𝑘) =
1

√𝑑2
𝑚 𝑔2𝑥𝑟(𝑘) + 𝑛𝑎

[𝑑](𝑘) + 𝑛𝑐
[𝑑](𝑘) ,                                           (3.5) 

where   𝑛𝑎
[𝑑](𝑘)   is  the antenna noise, and   𝑛𝑐

[𝑑](𝑘) is the conversion AWGN at the 

receiver, respectively, 𝑔2  is the channel fading between the relay and destination 

node, and 𝑑2 is the distance from the relay node to the destination node. By 

substituting eq.(3.4) into eq.(3.5), we get     

𝑦𝑑(𝑘) =
𝑔2√𝑃𝑟𝑑1

𝑚 𝑦𝑟(𝑘)

√𝑑2
𝑚√𝑃𝑆|𝑔1|

2+𝑑1
𝑚(𝜎

𝑛𝑎
[𝑟]
2 +𝜎

𝑛𝑐
[𝑟]
2 )

+𝑛𝑎
[𝑑](𝑘) + 𝑛𝑐

[𝑑](𝑘),                    (3.6)    

Further, by substituting the sampled receive signal at the relay node, 𝑦𝑟(𝑘) from 

eq.(3.3) into eq.(3.6), the received signal at the destination, 𝑦𝑑(𝑘) is given by   

𝑦𝑑(𝑘) =
√𝑃𝑟𝑃𝑠𝑔1𝑔2𝑠(𝑘) 

√𝑑2
𝑚√𝑃𝑆|𝑔1|

2+𝑑1
𝑚𝜎

𝑛[𝑟]
2
+

√𝑃𝑟𝑑1
𝑚𝑔2𝑛

[𝑟](𝑘)

√𝑑2
𝑚√𝑃𝑆|𝑔1|

2+𝑑1
𝑚𝜎

𝑛[𝑟]
2
+ 𝑛[𝑑](𝑘) ,          (3.7) 

Depends on harvested energy, 𝐸ℎ in eq.(3.2), the power which transmitted from the 

relay node, 𝑃𝑟 is given by                              

𝑃𝑟 =
𝐸ℎ

(1−𝜇)𝑇/2
=
2𝜂𝑃𝑠|𝑔1|

2𝜇

𝑑1
𝑚(1−𝜇)

   ,                                                              (3.8)                               

Finally, by substituting  𝑃𝑟 from eq.(3.8) into eq.(3.7), the expression of the 

received signal at the destination node, 𝑦𝑑(𝑘)  is given by 
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𝑦𝑑(𝑘) =
√2𝜂|𝑔1|

2𝜇𝑃𝑠𝑔1𝑔2𝑠(𝑘) 

√(1−𝜇)𝑑1
𝑚𝑑2

𝑚√𝑃𝑆|𝑔1|
2+𝑑1

𝑚𝜎
𝑛[𝑟]
2

⏟                      
𝑠𝑖𝑔𝑛𝑎𝑙 𝑝𝑎𝑟𝑡

 +
√2𝜂𝑃𝑠|𝑔1|2𝜇𝑔2𝑛

[𝑟](𝑘)

√(1−𝜇)𝑑2
𝑚√𝑃𝑆|𝑔1|2+𝑑1

𝑚𝜎
𝑛[𝑟]
2
+ 𝑛[𝑑](𝑘)

⏟                      
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑛𝑜𝑖𝑠𝑒

,           (3.9) 

From eq.(3.9), the signal to noise ratio (SNR) at the receiver node, is given by 

𝑆𝑁𝑅𝑑 =
𝔼{|𝑠𝑖𝑔𝑛𝑎𝑙 𝑝𝑎𝑟𝑡 𝑖𝑛 (3.9)|2}

𝔼{|𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑛𝑜𝑖𝑠𝑒 𝑖𝑛 (3.9)|2}
  ,                                                     (3.10) 

Thus, 

        𝑆𝑁𝑅𝑑 =

2ηPs
2|g1|

4|g2|
2μ

(1−μ)d1
md2

m(Ps|g1|
2+d1

mσ
n[r] 
2 )

2ηPs|g1|
2|g2|

2σ
n[r]
2 μ

(1−μ)d2
m(Ps|g1|

2+d1
mσ

n[r]
2 )

 +σ
n[d]
2

 ,            

=
2𝜂𝑃𝑠

2|𝑔1|
4|𝑔2|

2𝜇

2𝜂𝑃𝑠|𝑔1|
2|𝑔2|

2𝑑1
𝑚𝜎

𝑛[𝑟]
2 𝜇+𝑃𝑠|𝑔1|

2𝑑1
𝑚𝑑2

𝑚𝜎
𝑛[𝑑]
2 (1−𝜇)+𝑑1

2𝑚𝑑2
𝑚𝜎

𝑛[𝑟]
2 𝜎

𝑛[𝑑]
2 (1−𝜇)

 ,           (3.11) 

3.2.1 Throughput analysis in the TSR protocol: 

      In the following, the throughput  𝜏  is evaluated at the destination node for both 

scenario the delay-limited transmission mode and delay-tolerant transmission 

mode, respectively. 

3.2.1.1 Delay - Limited Transmission Mode: 

    In this mode, the achievable throughput 𝜏 is calculated by evaluating the outage 

probability, 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅 with a fixed source transmission data rate, ℛ (bps/Hz), where   

ℛ = log2(1 + 𝑆𝑁𝑅𝑡ℎ) and 𝑆𝑁𝑅𝑡ℎ is the 𝑆𝑁𝑅 threshold value used for correct data 

detection at the receiver node. Therefore, the outage probability, 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅 is given by 

𝑃𝑜𝑢𝑡
𝑇𝑆𝑅 = 𝑃(𝑆𝑁𝑅𝑑 < 𝑆𝑁𝑅𝑡ℎ),                                                              (3.12) 

where 𝑆𝑁𝑅𝑡ℎ = 2
ℛ − 1. From eq.(3.11) and eq.(3.12), the outage probability at the 

receiver node for the TSR protocol, is given by [2].  
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𝑃𝑜𝑢𝑡
𝑇𝑆𝑅 = 1 − ∫ exp (−𝑧 +

𝒜𝑧+ℬ

𝒞𝑧2−𝒟𝑧
)

∞

𝑧=
𝒟

𝒞

𝑑𝑧                                       ,                 (3.13) 

where,   

𝒜 ≜ 𝑃𝑠𝑑1
𝑚𝑑2

𝑚𝜎𝑛[𝑑] 
2 𝑆𝑁𝑅𝑡ℎ(1 − 𝜇),                                             (3.13a) 

ℬ ≜ 𝑑1
2𝑚𝑑2

𝑚𝜎𝑛[𝑟]
2 𝜎𝑛[𝑑]

2 𝑆𝑁𝑅𝑡ℎ(1 − 𝜇)  ,                                       (3.13b) 

𝒞 ≜ 2𝜂𝑃𝑆
2𝜇    ,                                                                                  (3.13c) 

𝒟 ≜ 2𝜂𝑃𝑠𝑑1
𝑚𝜎𝑛[𝑟] 

2 𝑆𝑁𝑅𝑡ℎ𝜇     ,                                                         (3.13d) 

For the sake of simplicity, (3.13) is approximated at high SNR as follow 

𝑃𝑜𝑢𝑡
𝑇𝑆𝑅 = 1 −∫ exp (−𝑧 +

𝒜

𝒞𝑧 − 𝒟
)

∞

𝑧=
𝒟
𝒞

𝑑𝑧 

   ≈ 1 − exp (−
𝒟

𝒞
)   𝑣 𝐾1(𝑣)  ,                                           (3.14) 

where ≜ √
4𝒜

𝒞
  , and ℬ ⇢ 0 due to the product of the two values of noise will 

results in a very small amount of noise compared to the signal power. 𝐾1(∙) is the 

first order modified Bessel function of the second kind. 

Finally, the throughput 𝜏 at the destination depends on the data rate transmission, ℛ 

bps/Hz through the effective communication time (1 − 𝜇)𝑇/2 from source to 

destination, which is given by  

𝜏 = (1 − 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅)ℛ

(1−𝜇)𝛵/2

𝛵
=
(1−𝑃𝑜𝑢𝑡

𝑇𝑆𝑅)ℛ(1−𝜇)

2
 ,                                                   (3.15) 

3.2.1.2 Delay – Tolerant Transmission Mode: 

    In this mode, a throughput is calculated via evaluating the ergodic capacity, 𝐶𝑒 at 

the receiver node. In order to meet an acceptable outage probability, the source can 
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transmit information at any data rate less than or equal to the ergodic capacity, 𝐶𝑒.  

By using the received signal to noise ratio at the destination, 𝑆𝑁𝑅𝑑 in eq.(3.11), 𝐶𝑒 

is given by [23]. 

𝐶𝑒 = 𝔼𝑔1,𝑔2[log2(1 + 𝑆𝑁𝑅𝑡ℎ)] ,                                                                 (3.16) 

Where 𝐶𝑒 is averaged a random channel gains, |𝑔1|
2  and |𝑔2|

2. 

The analytical expression for the ergodic capacity, 𝐶𝑒 at the destination node of 

(TSR) protocol is given by   

𝐶𝑒
𝑇 = ∫ ∫

(𝒜𝑧−ℬ)𝒞𝑧2

(𝒞𝑧2−𝒟𝑧)2 𝑆𝑁𝑅𝑑
𝑒
−(𝑧+

𝒜𝑧+ℬ

(𝒞𝑧2−𝒟𝑧)
)
log2(1 + 𝑆𝑁𝑅𝑑)𝑑𝑧𝑑𝑆𝑁𝑅𝑑   

∞

 𝑧=𝒟/𝒞

∞

𝑆𝑁𝑅𝑑=0
,                    (3.17) 

For the sake of simplicity, its assume the system operate at a high SNR, therefore 

after some manipulation, (3.17) will approximated as  

𝐶𝑒
𝑇 ≈ ∫ (

𝑣2𝐾0(𝑣)𝑒
−
𝒟
𝒞

2𝑆𝑁𝑅𝑑
+
𝑑𝑣𝐾1(𝑣)𝑒

−
𝒟
𝒞

𝑆𝑁𝑅𝑑𝒞
)

∞

𝑆𝑁𝑅𝑑=0
log2(1 + 𝑆𝑁𝑅𝑑)𝑑𝑆𝑁𝑅𝑑 ,                      (3.18)                                           

Where, 

𝒜 ≜ 𝑃𝑠𝑑1
𝑚𝑑2

𝑚𝜎𝑛[𝑑] 
2 𝑆𝑁𝑅𝑑(1 − 𝜇)                                                              (3.19a) 

ℬ ≜ 𝑑1
2𝑚𝑑2

𝑚𝜎𝑛[𝑟]
2 𝜎𝑛[𝑑]

2 𝑆𝑁𝑅𝑑(1 − 𝜇)                                                                  (3.19b) 

𝒞 ≜ 2𝜂𝑃𝑆
2𝜇                                                                                                 (3.19c) 

𝒟 ≜ 2𝜂𝑃𝑠𝑑1
𝑚𝜎𝑛[𝑟] 

2 𝑆𝑁𝑅𝑑𝜇                                                                           (3.19d) 

𝑣 ≜ √
4𝒜

𝒞
                                                                                                     (3.19e) 

Since a source is transmitting at a fixed data rate equal to ergodic capacity, 

therefore the throughput at the receiver node is given by  
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𝜏 =
(1−𝜇)𝛵/2

𝛵
𝐶𝑒
𝑇 =

(1−𝜇)

2
𝐶𝑒
𝑇  ,                                                                     (3.20) 

It is notice that the throughput expressions in eq.(3.15) and eq.(3.20) depends only 

on information transmission time, (1 − 𝜇)𝑇/2.  

3.3 Power Splitting Based Relaying (PSR) Protocols:  

      In this section, an outage probability and throughput analysis of the PSR protocol 

for the energy harvesting and information process are derived. Fig.(3.4) illustrate 

basic parameters of the PSR protocol, where 𝑇 is the total block time used to process 

the energy harvesting and information transmission. The total block time, 𝑇 is 

divided into two equally half time, 𝑇/2, the first half time used for the transmitter to 

relay information transmission, and  the remaining half of the block time, 𝑇/2 is 

used for the relay to receiver information transmission.  As seen in fig.(3.5), during 

the first half block time, a portion of the received signal power 𝜔𝑃𝑟 is used for 

energy harvesting and the rest of receiving power (1 − 𝜔)𝑃𝑟 is used to send 

information from the source to the relay node. It is notice that the choice of 𝜔 

(“fraction of power”) which used for energy harvesting at the relay node will effects 

on the achievable throughput at the receiver node, where 0 < 𝜔 < 1 . 

                                                         T   

 

 

                                     

 

                                        
𝑻

𝟐
                                         

𝑻

𝟐
 

Figure 3.4: Block diagram of the main parameters in PSR protocol 

Tx           R     Information Transmission    

(𝟏−𝝎 )Pr 
                        

 
R                    Dx 

Information Transmission 

Energy Harvesting at R 

(ωPr) 
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        In addition, fig.(3.5) shows a diagram of the relay receiver in the PSR 

protocol, where the received power at the relay is splitting into two parts, 

𝝎, 𝑎𝑛𝑑 𝟏 − 𝝎. However, at the first half for the block time, a part of the received 

signal power,√𝝎𝒚𝒓(𝒕) is send to relay receiver for energy harvesting process, and 

the rest of signal power, √𝟏 −𝝎 𝒚𝒓(𝒕) is forwarded to the information receiver.   

 

           √𝝎𝒚𝒓(𝒕)    

           𝒚𝒓(𝒕) 

  

                                                                                  

                𝒏𝒂
[𝒓](𝒕)                                                   √𝟏 −𝝎 𝒚𝒓(𝒕)           

Figure 3.5: Block diagram for the relay node in the (PSR) protocol. 

According to the received signal at the energy harvesting receiver part, which is given 

by  

√𝜔𝑦𝑟(𝑡) =
1

√𝑑1
𝑚  √𝜔𝑃𝑠 𝑔1𝑠(𝑡) + √𝜔�̃�𝑎

[𝑟](𝑡)  ,                                              (3.21) 

Thus, the energy that harvested, 𝐸ℎ at the relay node is given as [13]. 

𝐸ℎ =
𝜂𝜔𝑃𝑠|𝑔1|

2

𝑑1
𝑚 (𝛵 2⁄ )  ,                                                                                  (3.22) 

Where, 𝜔 is the part of the received power that use for energy harvesting at the relay 

node, and the remaining factors were defined as earlier in the TSR protocol.  

As the same procedure in the TSR protocol, the received signal at the relay node of a 

PSR protocol is given by 

Energy Harvesting Receiver 

Information Receiver 
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𝑦𝑟(𝑘) =
1

√𝑑1
𝑚  √(1 − 𝜔 )𝑃𝑠 𝑔1𝑠(𝑘) + √1 − 𝜔 𝑛𝑎

[𝑟](𝑘) + 𝑛𝑐
[𝑟](𝑘),                (3.23) 

After a signal is received by the relay node, it will amplifies and forwarded to the 

destination node, therefore the transmitted signal from the relay node is given by  

𝑥𝑟(𝑘) =
√𝑃𝑟 𝑦𝑟(𝑘)

√(1−𝜔 )
𝑃𝑠|𝑔1|

2

𝑑1
𝑚 +(1−𝜔 )𝜎

𝑛𝑎
[𝑟]
2 +𝜎

𝑛𝑐
[𝑟]
2

,                                                            (3.24)  

where the denominator represent the power constraint at the relay node, and the other 

parameters were defined as the same as eq.(3.5). By substituting eq.(3.24) into eq. 

(3.5), the received signal at the receiver node, 𝑦𝑑(𝑘) in the PSR protocol is expressed 

as 

𝑦𝑑(𝑘) =
𝑔2√𝑃𝑟𝑑1

𝑚 𝑦𝑟(𝑘)

√𝑑2
𝑚√(1−𝜔 )𝑃𝑆|𝑔1|

2+𝑑1
𝑚((1−𝜔 )𝜎

𝑛𝑎
[𝑟]
2 +𝜎

𝑛𝑐
[𝑟]
2 )

+𝑛𝑎
[𝑑](𝑘) + 𝑛𝑐

[𝑑](𝑘) ,          (3.25) 

Now by substituting eq.(3.23) into eq.(3.25), the expression of the received signal,  

𝑦𝑑(𝑘) at the destination is given by 

𝑦𝑑(𝑘) =
√(1−𝜔 )𝑃𝑟𝑃𝑠𝑔1𝑔2𝑠(𝑘) 

√𝑑2
𝑚√(1−𝜔 )𝑃𝑆|𝑔1|

2+𝑑1
𝑚𝜎

𝑛[𝑟]
2
+

√𝑃𝑟𝑑1
𝑚𝑔2𝑛

[𝑟](𝑘)

√𝑑2
𝑚√(1−𝜔 )𝑃𝑆|𝑔1|

2+𝑑1
𝑚𝜎

𝑛[𝑟]
2
+ 𝑛[𝑑](𝑘),                  

                                                                                                                       (3.26) 

Where  𝒏[𝒓](𝒌) ≜  √1 − 𝜔 𝑛𝑎
[𝑟](𝑘) + 𝑛𝑐

[𝑟](𝑘), and  𝒏[𝒅](𝒌) ≜ 𝑛𝑎
[𝑑](𝑘) + 𝑛𝑐

[𝑑](𝑘)   

are indicates to the total AWGNs at the relay and destination nodes, respectively.  

Since the relay node is communicate with the destination node for a half of block 

time 𝑇/2, and from eq.(3.22), the transmitting power 𝑃𝑟 from the relay node is 

given by 
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𝑃𝑟 =
𝐸ℎ

𝑇/2
=
𝜂𝑃𝑠|𝑔1|

2𝜔

𝑑1
𝑚  ,                                                                                     (3.27) 

Now, by substituting eq.(3.27) into eq.(3.26), the final expression of the received 

signal is given by 

𝑦𝑑(𝑘) =
√𝜂|𝑔1|

2𝜔(1−𝜔 )𝑃𝑠𝑔1𝑔2𝑠(𝑘) 

√𝑑1
𝑚𝑑2

𝑚√(1−𝜔 )𝑃𝑆|𝑔1|
2+𝑑1

𝑚𝜎
𝑛[𝑟]
2

⏟                      
𝑠𝑖𝑔𝑛𝑎𝑙 𝑝𝑎𝑟𝑡

 +
√𝜂𝑃𝑠|𝑔1|

2𝜔𝑔2𝑛
[𝑟](𝑘)

√𝑑2
𝑚√(1−𝜔 )𝑃𝑆|𝑔1|

2+𝑑1
𝑚𝜎

𝑛[𝑟]
2
+ 𝑛[𝑑](𝑘)

⏟                      
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑛𝑜𝑖𝑠𝑒

,    (3.28)                

3.3.1 Throughput Analysis for (PSR) Protocol: 

    Based on eq.(3.28), the signal to noise ratio (SNR) in the PSR protocol at the 

destination node can be define as   

 𝑆𝑁𝑅𝑑 =
𝔼{|𝒔𝒊𝒈𝒏𝒂𝒍 𝒑𝒂𝒓𝒕 𝒊𝒏 (𝟑.𝟐𝟖)|𝟐}

𝔼{|𝒐𝒗𝒆𝒓𝒂𝒍𝒍 𝒏𝒐𝒊𝒔𝒆 𝒊𝒏 (𝟑.𝟐𝟖)|𝟐}
   

Thus  

𝑆𝑁𝑅𝑑 =
𝜂𝑃𝑠

2|𝑔1|
4|𝑔2|

2𝜔(1−𝜔 )

𝜂𝑃𝑠|𝑔1|
2|𝑔2|

2𝑑1
𝑚𝜎

𝑛[𝑟]
2 𝜔+𝑃𝑠|𝑔1|

2𝑑1
𝑚𝑑2

𝑚𝜎
𝑛[𝑑]
2 (1−𝜔)+𝑑1

2𝑚𝑑2
𝑚𝜎

𝑛[𝑟]
2 𝜎

𝑛[𝑑]
2  ,              (3.29) 

where all parameters of eq.(3.29) has been defined earlier. As the same as TSR 

protocol, there are, two modes in the PSR protocol that need to evaluated, delay 

limited and delay tolerant transmission mode, respectively.  

3.3.1.1  Delay - Limited Transmission Mode: 

The throughput, τ for the for the fixed transmission rate, ℛ bps/Hz of the delay-

limited transmission mode in the PSR protocol is calculated as 

𝜏 = (1 − 𝑃𝑜𝑢𝑡
𝑃𝑆𝑅)ℛ

𝛵/2

𝛵
=
(1−𝑃𝑜𝑢𝑡

𝑃𝑆𝑅)ℛ

2
  ,                                                             (3.30)  
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Where 𝑃𝑜𝑢𝑡
𝑃𝑆𝑅 is calculated as eq.(3.13), and its parameters is defined as follows:  

𝒜 ≜ 𝑃𝑠𝑑1
𝑚𝑑2

𝑚𝜎𝑛[𝑑] 
2 𝑆𝑁𝑅𝑡ℎ(1 − 𝜔)   ,                                                          (3.30a) 

ℬ ≜ 𝑑1
2𝑚𝑑2

𝑚𝜎𝑛[𝑟]
2 𝜎𝑛[𝑑]

2 𝑆𝑁𝑅𝑡ℎ  ,                                                                     (3.30b) 

𝒞 ≜ 𝜂𝑃𝑆
2𝜔(1 − 𝜔) ,                                                                                      (3.30c) 

𝒟 ≜ 𝜂𝑃𝑠𝑑1
𝑚𝜎𝑛[𝑟] 

2 𝑆𝑁𝑅𝑡ℎ𝜔                                                                             (3.30d) 

𝑣 ≜ √
4𝒜

𝒞
     ,                                                                                                 (3.30e) 

where the value of the throughput 𝜏 in eq.(3.30) depends on the following 

parameters: 𝜂; 𝑃𝑠; 𝑑1
𝑚; 𝑑2

𝑚; 𝜎𝑛[𝑑] 
2 ; 𝜎𝑛[𝑟] 

2 ; 𝜔;ℛ. 

3.3.1.2  Delay – Tolerant Transmission Mode: 

    The value of the throughput, 𝜏 in the delay–tolerant transmission mode for (PSR) 

at destination node is calculated as 

𝜏 = 𝐶𝑒
𝑃 𝛵/2

𝛵
=
𝐶𝑒
𝑃

2
                                                                                         (3.31) 

Where the ergodic capacity, 𝐶𝑒
𝑃 for a PSR protocol can be calculate as eq.(3.17).  

All equations, which have been derived for the PSR protocol for both modes, delay 

limited and delay tolerant are listed in Table(3.2). 

 

Table -3.2: Equations of the protocol (PSR) for both modes 

Delay-limited transmission Delay–tolerant transmission 

𝑃𝑜𝑢𝑡
𝑃𝑆𝑅 ≈ 1 − 𝑒− 

𝒟
𝒞  𝑣𝐾1(𝑣) 

 

𝜏 = (1 − 𝑃𝑜𝑢𝑡
𝑃𝑆𝑅)ℛ

𝛵/2

𝛵
=
(1−𝑃𝑜𝑢𝑡

𝑃𝑆𝑅)ℛ

2
  

𝜏 = 𝐶𝑒
𝑃 𝛵/2

𝛵
=
𝐶𝑒
𝑃

2
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𝒜 ≜ 𝑃𝑠𝑑1
𝑚𝑑2

𝑚𝜎𝑛[𝑑] 
2 𝑆𝑁𝑅𝑡ℎ(1 − 𝜔) 

ℬ ≜ 𝑑1
2𝑚𝑑2

𝑚𝜎𝑛[𝑟]
2 𝜎𝑛[𝑑]

2 𝑆𝑁𝑅𝑡ℎ         

𝒞 ≜ 𝜂𝑃𝑆
2𝜔(1 − 𝜔)                        

𝒟 ≜ 𝜂𝑃𝑠𝑑1
𝑚𝜎𝑛[𝑟] 

2 𝑆𝑁𝑅𝑡ℎ𝜔   

 

𝑣 ≜ √
4𝒜

𝒞
                      

𝐶𝑒
𝑃 ≈ ∫ (

𝑣2𝐾0(𝑣)𝑒
−
𝒟
𝒞

2𝑆𝑁𝑅𝑑

∞

𝑆𝑁𝑅𝑑=0

+
𝑑𝑣𝐾1(𝑣)𝑒

−
𝒟
𝒞

𝑆𝑁𝑅𝑑𝒞
)  log2(1

+ 𝑆𝑁𝑅𝑑)𝑑𝑆𝑁𝑅𝑑 

 

𝒜 ≜ 𝑃𝑠𝑑1
𝑚1𝑑2

𝑚2𝜎𝑛[𝑑] 
2 𝑆𝑁𝑅𝑑(1 − 𝜔)            

ℬ ≜ 𝑑1
2𝑚𝑑2

𝑚𝜎𝑛[𝑟]
2 𝜎𝑛[𝑑]

2 𝑆𝑁𝑅𝑑           

𝒞 ≜ 𝜂𝑃𝑆
2𝜔(1 − 𝜔)             

𝒟 ≜ 𝜂𝑃𝑠𝑑1
𝑚𝜎𝑛[𝑟] 

2 𝑆𝑁𝑅𝑑𝜔   

𝑣 ≜ √
4𝒜

𝒞
 

 

3.4  Hybrid Time -Power Switching Based Relay (HTPSR): 

     In this section, a TSR and PSR protocol are merged in a hybrid time power 

switching based relaying (HTPSR) protocol as shown in fig.(3.6) [4]. The factor  𝑇 

is the total block time in which the information is transmitted from the source to the 

destination node, 𝜇 is the fraction of the time switching and 𝜔 is the fraction of the 

power switching, respectively. 

Unlike the TSR protocol, the first portion in this protocol (HTPSR), 𝜇𝑇 is used for 

energy harvesting and information process between the source and relay node, and 

the other portion is used to transmit the information from the relay to the 

destination node, respectively.  
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                                                                 𝑻 

 

 

 

                                           𝝁𝑻                                (𝟏 − 𝝁)𝑻  

Figure 3.6: Illustration the diagram of  HTPSR protocol [4]. 

Moreover, the portion of the power splitting 𝜔𝑃𝑟 is used for the energy harvesting 

process, while the other portion, (1 − 𝜔)𝑃𝑟 is used for information transmission 

from the source to the relay node. Notice that the two portions of power splitting, 𝜔 

and (1 − 𝜔)𝑃𝑟  are obeys with the first portion of the time switching, 𝜇𝑇. As same 

as the TSR and PSR protocols, the received signal in the HTPSR protocol can be 

divided into two parts for harvest energy and information processing as shown in 

fig.(3.7).   

The received signal, 𝑦𝑅 at the input of relay energy harvesting receiver is given by 

𝑦𝑅 =
1

√𝑑1
𝑚√𝜔𝑃𝑠 𝑔1𝑆(𝑘) + √𝜔𝑛𝑟 ,                                                                  (3.32) 

While the input of the relay node in the receiver of the information processing stage 

is given by 

𝑦𝑅𝑖 =
1

√𝑑1
𝑚√(1 − 𝜔)𝑃𝑠 𝑔1𝑆(𝑘) + √(1 − 𝜔)𝑛𝑟 ,               (3.33) 

Where 𝑛𝑟 is the total AWGN at the relay node which introduced by the receiving 

antenna and signal baseband conversion. By doing the same manipulation of the 

equations in the TSR and PSR protocols, the outage probability is given by [4]. 

                   Tx                   R 

    Information Transmission 

                    ((𝟏−𝝎)𝑷𝒓)     

  
R                 Dx 

Information Transmission 

Energy Harvesting at  R 

(𝝎𝑷𝒓) 
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. 

                                                    √ 𝛚 𝒚𝑹                                                       Energy harvesting 

                                 𝒚𝑹                                                                                   𝒏𝒓𝒆 

     𝝁𝑻                                                         

 √𝟏 −𝛚 𝒚𝑹 

        𝒏𝑨                                                                                                 𝒏𝑪 

                                                                    (𝟏 − 𝝁)𝑻    

                                                                            Information  receiver                                                                            

 

 

 

Figure 3.7: Block diagram of the receiver architecture, HTPSR protocol in the 

relay mobile node.        

𝑃𝑜𝑢𝑡
𝑇𝑃𝑆𝑅 = 1 − 𝑒𝑥𝑝 (−

𝜚

𝜉
)√

4∗𝜙

𝜉
𝐾1 (√

4∗𝜙

𝜉
)   ,                                              (3.34) 

Where  

𝝔 ≜ 𝜂𝜇𝜔𝑑1
𝑚𝜎𝑛[𝑟] 

2 𝑆𝑁𝑅0                                                                            (3.34a) 

𝝓 ≜  (𝟏 − 𝜇)(1 − 𝜔)𝑑1
𝑚𝑑2

𝑚𝜎𝑛[𝑑]
2 𝑆𝑁𝑅0                                                  (3.34b) 

𝝃 ≜ 𝜂𝜇𝜔(1 − 𝜔)𝑃𝑆                                                                                  (3.34c) 

According to the outage probability, the optimal value for the throughput is given 

as [4]: 

Time 

power 

switching  

 RF to 

baseband 

conversion 

Battery 

Baseband 

processing  

Information 

transmitter 

Rectifier 
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𝝉𝑻𝑷𝑺𝑹 = (1 − 𝑃𝑜𝑢𝑡
𝑇𝑃𝑆𝑅)𝑅

(1−𝜇)𝛵

𝛵
= (1 − 𝑃𝑜𝑢𝑡

𝑇𝑃𝑆𝑅)𝑅(1 − 𝜇)                          (3.35)  

Where both  𝒚𝒓 , 𝝉𝑻𝑷𝑺𝑹, 𝑷𝒐𝒖𝒕
𝑻𝑷𝑺𝑹, depends on the following parameters 

𝜂; 𝑃𝑠; 𝑑1
𝑚; 𝑑2

𝑚; 𝜎𝑛[𝑑] 
2  ; 𝜎𝑛[𝑟] 

2 ; 𝜔, 𝑔1,  𝑔2, 𝑠(𝑘), 𝑛𝑎
[𝑟](𝑘), 𝑛𝑐

[𝑟](𝑘), ℛ, 𝜇. 
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Chapter Four 

Numerical Results and Discussion 

 

    In this chapter, a numerical results are given to illustrate the outage probability 

and throughput performance with the TSR,PSR and HTPSR based sechemes. 

The effects of energy harvesting fraction time (μ) and power splitting propotion (ω) 

in the performance of outage probability and throughput are presented,respectivily. 

The mean of channel fading is considered unity and the transmission power (𝑷𝒔) is 

normalized to one.unless noted other wise, the other parameters are listed in table 

(4.1). 

    However ,all results from different parameters in different schemes are discussed 

in the following.  

 

Table -4.1: Numerical setup for the parameters. 

 

No. Parameter’s Name Parameter’s Value 

1- Energy Harvesting Efficiency (ɳ) 1 

2- Source transmission power (Ps Joules/Sec.) 1 

4- Path loss exponent (m) 2.7 

5- Source Relay distance (d1) 1 

6- Relay destination distance (d2) 1 

7- Antenna noise variances  (𝜎𝑛𝑎
2 ) 0.01 

8- Conversion noise variances (𝜎𝑛𝑐
2 ) 0.01 

 

The impact of different parameters on the outage probability and throughput in the 

TSR protocol is presented as follow. 
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 4.1 Delay Limed TSR Protocols:  

    In this subsection, the investigative the output performance for the outage 

probability 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅at the receiver node for the TSR protocol in two ways: the exact 

term without approximation and the approximate term by changing the time factor 

μ from zero to one by 0.05 step size to find the optimal throughput 𝜏. The outage 

probability verses the time factor μ is shown in fig. (4.1).  

    Obviously, the 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅 is behavior exactly described in chapter three (Eq(3.14) and 

Eq.(3.13)). When μ is small number near the zero that makes the negative exponent 

term is too small and 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅 near to the one (there is not enough time for recharging 

the battery of the relay), once the value of the μ goes to bigger value near to the 

final value that is one the negative exponent term becomes bigger that would lead 

to 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅 tends to zero (there is not enough time for retransmitting the information). 

 

 

 

 

 

 

 

 

 

Figure 4.1: 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅  Changing based upon μ factor. 

 

    Figure (4.2) shows the optimal through put verse the timing factor μ. So that 

𝑃𝑜𝑢𝑡
𝑇𝑆𝑅 is decreases as μ increase because of the large μ means large transmission 

power and that is leaded to less outage. 
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Figure 4.2: Throughput τ changing with μ. 

 

   Figure (4.2) is shown that the optimal value of the throughput didn’t happen in 

the middle as expected analytically during the (Eq.(3.15)). The optimal value of the 

μ is approximately is 0.3 with the throughput is 0.63. The exact and approximate 

value doesn’t have too much different because the noise variances are low. Now let 

trying to exam and discuss the changing in the energy harvesting efficiency factor 

(η) where changing it from unity to 0.7 as shown in fig. (4.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 
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Figure 4.3: Numerical results delay limited TSR  η change from 1 to 0.7:  

(a) 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅Outage probability; (b) τ throughput. 

 

    Generally, from fig.(4.3) changing the efficiency of the energy harvesting 

doesn’t have any effect upon the 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅  outage probability but it has effect directly 

on the magnitude of the throughput it decreases from o.63 to 0.57, but still the 

value of the μ doesn’t affect too much and it is kept at 0.3. Now, let setup the μ=0.3 

and changing the transmission rate R, where in this protocol the threshold of the 

SNRth is setup to be constant depends upon the value of ℛ. Fig. (4.4) shows the 

numerical analysis for the throughput verses the value of  ℛ. 

 

 

 

 

 

 

 

    (b) 

 

 
(a) 
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Figure 4.4: Numerical results: (a) 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅outage probability verses 𝓡 ; (b) 

throughput verses ℛ . 

    Obviously from fig.(4.4) the 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅 increases when the R is increases directly and 

the optimal throughput value happened in ℛ=3, if R becomes larger than 3 that 

leads to deceases the throughput because of that retransmission  the big information 

from the relay nodes needs more time and that would be increased the outage 

probability. 

    Now, examine the distance effect on the results where the value of μ setup to be 

0.3 and ℛ is 3, the range of distance is clarify in table (4.2). 

 

Table -4.2: Distance explanation. 

No. d1 d2=2-d1 Comments 

1- <1 >1 Relay near the source and far from the destination 

2- 1 1 Relay in the middle 

3- >1 <1 Relay far from the source and near from destination 

 

          (b) 
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Figure (4.5) shows the performance behavior of the outage probability and the 

throughput when the distance is changing. 

 

 

 

 

 

 

 

 

 

 

  

 

 

        

                                                                                                                                                                                  

Figure 4.5: Distance effect: (a) 𝑃𝑜𝑢𝑡
𝑇𝑆𝑅outage probability; (b) throughput. 

 

  (a) 

(b) 
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    Figure (4.5) shows obviously as d1 increases that leads to decease in the 

throughput that because the relay  node needs more energy harvesting and the path 

loses effect it becomes larger. The best value for the energy harvesting is can be 

considered when d1=1.2 and that leads to d2 <= 0.8, which means the relay near to 

the destination rather than the source, that leads to make the information for sure 

would retransmission and reach the destination. But still the best value for the 

distance is 1 to make the optimal value for the throughput. 

 

4.1.1 Delay Tolerant TSR Protocols:  

    In this section the delay tolerant TSR protocols numerical results presents and 

discuss briefly. Firstly the new term appear is the ergodic capacity which is defined 

as the averaging of the capacity where the ergodic term deals with the random or 

dynamic behavior of the channel capacity. Here there isn’t any threshold value for 

the SNRth, dealing with the dynamic one.  

Fig.(4.7) shows the numerical results for the delay tolerant TSR protocols which is 

given in eq.(3.18).  

    Obviously the ergodic capacity increase if the timing factor μ increase toward the 

value 1, the optimal value of the μ is 0.28 and it isn’t differ too much from the 

value of it in the delay limited TSR protocol. Congruently, it shows that for the 

delay-limited transmission mode in the PSR protocol, the throughput increases as µ 

increases from 0 to 1 at some optimal µ=0.28, (τ =0.63 ) but after that , it starts 

decreasing as µ increases from its optimal value. This lie what happened in TSR is 

because for the values of µ smaller than the optimal µ, there is small amount of the 

power available for energy harvesting. Consequently, the less transmission power 

Pr is available from the relay node and smaller values of throughput is observed at 

the destination node due to larger outage Probability.  
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Figure 4.7: Numerical results for delay tolerant: (a) 𝐶𝑒  ergodic capacity; (b) 

throughput. 

    On the other hand, for the values of µ greater than the optimal µ, that leads to 

power is wasted on energy harvesting although the battery does not needed and less 

power is left for the receiving the information from the source to relay information 

 

(a) 

(b) 
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transmission. As a result, that would make the signal has poor strength at the relay 

node and when the relay doing the traditional jobs by amplifying and forwarding 

that noisy signal to the destination, larger outage occurs and results in lesser 

throughput at the destination node. 

    Now examine the changing of the other parameters such as the energy harvesting 

efficiency and the noise variance level. Fig.(4.8) shows the numerical result of the 

delay tolerant TSR protocols  when changing the value of the energy harvesting 

efficiency factor from unity to 0.7. Obviously from the fig.(4.8) the ergodic 

capacity would not be changed even the optimal value of the timing factor μ. 

Generally the effecting of changing the energy harvesting efficiency is directly 

proportional to the magnitude of the throughput.  

     Now, increasing the noise level variance ten times what it was as shown in 

fig.(4.9), that would be affecting directly on the optimal value of the timing factor μ 

and it is shifting it from 0.27 to the 0.17.  

 

 

 

 

(a) 
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Figure 4.8: Numerical results for delay tolerant changing η from 1 to 0.7: 

(a) 𝐶𝑒 ergodic capacity; (b) throughput. 

    Indeed the magnitude of the throughput decreases from approximately 50%. 

So that generally both the delay limited and the delay tolerant TSR protocol 

need to the computerize optimization techniques.  

 

 

 

 

      

 

 

 

 

 

   

 

 

 

 

 

 

(a) 

(b) 
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Figure 4.9: Numerical results for delay tolerant TSR changing the noise 

variance level from 0.01 to 0.1: (a) 𝐶𝑒  ergodic capacity; (b) throughput. 

4.2 Delay Limed PSR Protocols: 

    Now we would like to verify the numerical results for the second power splitting 

delay limited protocol, where all the setup parameters used here was listed in table 

(4.1). Now by varying the value of the (𝝎) between 0 and 1 step size is 0.05 to find 

out the exact and approximate output power and the optimal value of ω and 

throughput. 

Figure (4.10) shows the outage probability decrease as the (𝝎)  increases after the 

(𝝎 =0.5)  then increases after the (𝝎)  moved from value 0.5 toward 1, and 

obviously the throughput start increasing then decreasing after the value of (𝝎)  

moved far from value 0.5. The middle point is the best because it is suitable for 

energy harvesting and provide enough power for receiving information. 

(b) 
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    The second exam is to be changed the efficiency of energy harvesting for the 

converter to be 0.7.Fig.(4.11) shows the behavior responses of the outage 

probability and the throughput responses, respectively. Obviously, change the 

energy efficiency harvesting factor would be change the magnitude of the output 

power and the throughput but it doesn’t have any effect on the optimal value of 

power splitting factor(𝝎). 

       

 

 

  

 

 

 

   

 

 

                             

Figure 4.10: Delay limited PSR numerical results: (a) 𝑃𝑜𝑢𝑡
𝑃𝑆𝑅 outage probability; 

(b) throughput. 

 

(a) 

(b) 
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Figure 4.11: Delay limited PSR results, η=0.7: (a) 𝑃𝑜𝑢𝑡
𝑃𝑆𝑅outage probability; (b) 

throughput. 

    Basically checking the effecting of the numerical results for distance changed is 

shown in fig.(4.12). Where 𝝎 set to be 0.55.  

 

(a) 

(b) 
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    Obviously form fig.(4.12) the suitable normalize distance is the one that the 

wireless relay node being in the middle distance between the source and the 

destination. 

 

 

 

 

 

 

Figure 4.12: Distance numerical results for delay limited PSR: (a) 𝑃𝑜𝑢𝑡
𝑃𝑆𝑅 outage 

proability; (b) throughput. 

 

(a) 

(b) 
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    Now, examine the SNRth which is play crucial role in this scheme like the delay 

limited TSR protocol, The threshold of the SNR here is constant and depends upon 

the value of the transmission rate R. Basically changing the value of R from 1 to 8 

where (8=2
3
) which is constrained by the Shannon theory principle. Fig.(4.13) 

shows the numerical results of the delay limited PSR where the 𝝎 =0.55 and the 

d1=d2=1, and the energy harvesting efficiency factor set to be 1. 

    Obviously from fig.(4.13) the best value for the R is equal to be 2.5 but 3 is still 

the best value of the transmission rate for the numerical analysis. Finally, noise 

level variance was had an effect on the optimal value of the timing factor μ, to 

examine the effecting of the power splitting factor 𝝎 let change the noise level 

variance ten time what it was (i.e. it becomes 0.1 instead of 0.01). Fig. (4.14) has 

shown the behavior of the outage probability and the throughput responses if the 

noise level variances increased.Fig. (4.14) clearly described two main things; first 

when the noise level variances increase the different increased between the 

analytical and approximated value because the factor b start effecting on the outage 

probability and the throughput magnitude as well as. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

(a) 
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Figure 4.13: Numerical results for delay limited PSR changing R: (a) Outage 

probability; (b) throughput. 

 

Second the power splitting factor moved from the optimal location to the new one 

which is here 0.4. 

 

 

 

 

 

 

 

 

 

Figure (4.14): Numerical results for delay limited PSR changing noise level 

variance of throughput. 

(b) 
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4.2.1 Delay Tolerant PSR Protocols: 

    In this section the numerical results and discussion of the delay tolerant PSR 

protocol presents; firstly the numerical analysis was done based upon the 

parameters listed in table (4.1). Where obviously the optimal value of 𝝎  is 0.51.  

Fig.(4.15) shows that the ergodic capacity and the throughput responses has the 

same shape except the magnitude is half. Obviously this type of protocol provides a 

montaically response but still it takes long time in the execution of the program. 

Fig.(4.16) shows the responses when the energy harvesting efficiency factor change 

from unity to 0.7.It is clearly from fig.(4.16), both responses the ergodic capacity 

nor the throughput has not effect when the energy harvesting efficiency factor was 

changed. That is one strong point for this protocol if compare it with the others. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Numerical results for delay tolerant PSR of the ergodic capacity.  
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Figure 4.16: Numerical results for delay tolerant PSR changing ɳ from unity 

to 0.7 of the ergodic capacity 

 

 

 

 

 

 

 

 

 

Figure 4.16: Numerical results for delay tolerant PSR changing variance of 

noise from 0.01 to 0.1 of the ergodic capacity. 
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    Now, examine the effect of the noise level variances, if the variance of the noise 

level increase largely ten times about what it was (i.e. from 0.01 to 0.1), the 

magnitude of the ergodic capacity and the throughput responses decreases but still 

the optimal value for the power splitting factor keep the same value almost 

(𝝎 = 0.51).   

4.3 Hybrid TPSR Numerical Results: 

    In this section, we present numerical responses of the hybrid HTPSR protocol 

one of the efficient protocol that keeps the priority to the battery charging and 

interrupt the timing period of charging if there is important information should be 

receiving or transmitting to the destination. The optimality estimation of the outage 

probability and throughput 𝜏 is depending up on two main factors: the timing 

time factor μ, and power splitting factor ω, respectively.All numerical setup below 

would be exactly used the same parameters in table (4.1): 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 4.17: Numerical results for delay limited HTPSR of the throughput. 
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    Figuer.(4.17) is shown that, when the power splitting is fixed then the optimal 

throughput increases as the timing factor is increase  at the some point(µ=0.6 at 

ω=0.7) and (µ=0.71 at ω=0.3) after that beyond this point start the throughput is 

decreased because there is not enough time for energy harvesting to recharge the 

battery.Now examine changing the energy harvesting efficiency factor from unity 

to 0.7, fig. (4.18) shows the numerical performance response for both the outage 

probability and throughput, respectively.  

As expected before changing the energy harvesting efficiency factor did not effect 

on the optimal value of the timing factor μ in this protocol but has effect upon the 

magnitude of the throughput. Now examine the changing in the transmission rate R 

the numerical results shown in fig. (4.19). 

 

 

                   

 

 

Figure 4.18: Numerical results for HTPSR changing η from unity to 0.7 for 

the throughput. 
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Figure 4.19: Numerical results for HTPSR changing R from 0 to 8 wih  

throughput. 

    Obviously, the changing in the transmission rate ℛ in this protocol did not have 

any effect on the outage probability and it keep constant but the throughput has 

linear relationship with the value of ℛ, so that choosing any value of ℛ would be 

meeting the optimality criteria for the timing factor μ except the zero for sure. 

 

4.3.1 HTPSR Numerical Results Fixed μ : 

     Fixing the value of the timing factor (μ=0.3 and μ=0.7), where these values have 

been taking based upon the results that found in TSR protocol. Then changing the 

splitting power factor ω from 0 to 1 by step size 0.05 is presented in this 

subsection. Fig.(4.20) shows the numerical programming results for the throughput 

where the parameters used here are listed in table(4.1).  

    Obviously the optimality of the power splitting ω is 0.5 when the timing factor 

μ=0.3 and it is ω = 0.4 if the timing factor μ=0.7. 
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Figure 4.20: Numerical results for hybrid TPSR fixing μ with throughput. 

 

4.4 Particle Swarm Optimization Techniques: 

     Generally, from the above figures and tables, it has been demonstrated that all 

protocols (TSR, PSR, and HTPSR) working offline and the environmental noise 

variances and other parameters had been affected directly on the magnitude, timing 

factor, powers splitting factor respectively. Another things the ATPSR has two 

tuning parameters should be found automatically without fixing one and tune the 

other parameters. At the same time from the equations that is presented in chapter 3 

all traditional would be failed if it depends up one the derivative for two reasons: 

1. Some responses have many optimal points, all these points would have 

derivative equal to zero and we will get the local minimum or maximum 

points. 

2. It has exponential term, and the derivative of this term would be the same 

and getting the roots it is difficult to find analytically. 
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 One solution proposed in this thesis is to be used a PSO. PSO definitely depends 

upon velocity of the new particle and it is randomly change based on the 

constraints ( 0<μ<1, and 0< ω<1) and find the optimal value based upon maximize 

the throughput fitness function. The main numerical results for PSO for the 

different protocols and schemes are listed in table (4.2). 

 

Table -4.2: PSO results. 

No. Parameters protocol Scheme Swarm 

size 

Optimal 

value 

throughput 

1 μ TSR Delay 

limited 

20 0.3 0.625 

2 μ TSR Delay 

tolerant 

20 0.288 1.2 

3 ω PSR Delay 

limited 

20 0.53 0.7 

4 ω PSR Delay 

tolerant 

20 0.58 1.4 

5 μ, ω HTPSR Delay 

limited 

20 0.45, 0.65 0.085,0.08 
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                                                  Chapter Five 

Conclusions and suggestion for future works 

 

5.1 Conclusions: 

In this thesis, studying and analysis numerical results for main crucial subject 

of the wireless relay node systems and protocols. Generally there are five 

categories cover this subject:   

 Delay limited TSR protocol, 

 Delay tolerant TSR Protocol, 

 Delay limited PSR protocol, 

 Delay tolerant PSR Protocol, 

 Hybrid TPSR protocol (HTPSR).  

    In all these protocols the model has one transmitter source node that it doesn’t 

need recharging its battery and it is sending the information to the relay node which 

is far away from it by normalized distance d1. The main job for the relay node is to 

receiving the information from the source the manipulating them (amplifying them) 

then resending the information to the destination (which is far from it by d2) that 

because there is not connection way directly from the source to the destination. 

Based up on the derivation that the researcher have been made [1-8], verifying is 

the most important things that this thesis deals with and suggestion for how moving 

from the off line predication for the optimal timing factor μ and power splitting 

factor ω which are directly would be effecting on  the output power and the 

throughput magnitude. All protocols were effecting directly to the value of noise 

variances, and the value of the optimal of timing factor and power splitting factor 

were changed slowly if the noise variances changes softly but with hard changing 

that made all parameters change rapidly especially the value of timing factor μ and 

power splitting factor ω. Generally the value of the output power and throughput is 
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one important index to find the optimal value of the μ and ω using the off line 

method. In summary table (5.1) listed the main parameters that would be affected 

on the optimality processing: 

 

Table -5.1: Numerical Comparison. 

No. 
Protocol’s name and how 

long program takes 

Energy 

harvesting 

efficiency (ɳ) 

Transmission 

rate R 

Distance 

d1,d2 

Noise 

Level 

variances 

1- 
Delay limited TSR 

Few seconds 

Effecting on the 

magnitude of the 

throughput 

Best value is 3 
Middle 

d1=d2=1 

Changing the 

optimal value 

of μ 

2- 
Delay tolerant TSR 

Approximation one hour 

Effecting on the 

magnitude of the 

throughput  

          ___ 
Middle 

d1=d2=1 

Changing the 

optimal value 

of μ 

3- 
Delay limited PSR 

Few seconds 

Effecting on the 

magnitude of the 

throughput 

Best value 2.5 
Middle 

d1=d2=1 

Changing the 

optimal value 

of ω 

4- 
Delay tolerant PSR 

Approximation one hour 

Doesn’t effect on 

the magnitude of 

the throughput 

andthe ergodic 

capacity  

          ___ 
Middle 

d1=d2=1 

Changing the 

magnitude of 

the ergodic 

capacity and 

throughput 

5- HTPSR 

Few seconds 

Doesn’t effect on 

the magnitude of 

the throughput and 

the output power 

Any value 

(0<R<4) 

Middle 

d1=d2=1 

Sensitive to 

the noise 

variances. 

 

    From the above table (5.1), the execution time playing crucial time for choosing 

the best protocols to implement it in the hardware design. So that the ATPSR 

represents the best protocol for hardware implantation for many reasons: 

 It has suitable execution time, it takes few seconds, 

 It keep monitoring the priority of the threshold battery of the relay node as 

well as the priority of the receiving information, 
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 The change in the noise variance level doesn’t effect two much on the 

optimal value of the timing factor μ and the power splitting factor ω. 

 

    Finally, based upon the equations and analytical analysis it is hard to find the 

online optimal value by using tradition optimization method which are depends 

upon the derivative, because of some figures in chapter 4 shown flat responses that 

make the best selection to find online optimization solutions by using the PSO 

where it doesn’t depends upon the derivative scenario.   

 

5.2 Suggestion for Future Works: 

    In thesis we suggest the following direction to be as future works: 

 Build in new hardware drone system that depends on energy RF harvesting 

system to recharge the battery. 

 Using optimal global algorithms to find the optimal throughput value such as 

nonlinear dynamics programming. 

 Change the assumption by making the destination and the node relay are 

moving in different direction, that we need to calculate the distance as 

dynamic parameter. 

 Using the multi-processing system to reduce the execution time in the delay 

tolerant TSR and PSR protocols, respectively. 
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 خالصة

 .عايسر تزايدت و أحد المواضيع التيهوإشارة التردد الالسلكي كجزء من حصاد الطاقة  استخدامتم حديثا ،    

أحد أهم السيناريوهات التي تستخدمها العقدة الالسلكية في العديد من التطبيقات مثل العمليات العسكرية ، 

 يمكن حل مشكلة المسافة بين المصدر والوجهة والرصد البيئي,، ورصد النظام الصحي البعيد ، ... ، إلخ.

، هذا النوع من العقدة يعمل وسيطة في هذه الحالة تسمى عقدة الترحيل الالسلكي عقدة بواسطة إضافة 

تعيد إرسالها إلى الوجهة ،  تضخيم السعة ثموتعالج عن طريق إزالة الضوضاء لشارة من المصدر اإلالستقبال 

  حيث تتم معالجة المعلومات مع مراعاة اتخاذ القرارات.

( ، بروتوكول TSRثالثة بروتوكوالت مهمة )بروتوكول تبديل الوقت ) في هذه الرسالة ، ستتم مناقشة    

قق من أدائها الذي تم (( على نطاق واسع والتحHTPSR) ، وبروتوكول تقسيم الطاقة الهجينتقسيم الطاقة 

  .[8[ إلى ]1] اقتراحه من

 البيانات( قد يتغير عندما يتم تغيير معدل τ)البيانات نقل معدل توضح جميع نتائج التحقيق أن عامل سرعة 

(ℛ( وعامل كفاءة حصاد الطاقة )ɳ.على التوالي ، )م( ن ناحية أخرى، فإن عامل التوقيتμ وعامل تقسيم )

حول من الموقع األمثل إلى اليسار أو اليمين يعتمد على تباينات مستوى الضوضاء لكل من ( قد يتωالقدرة )

( بنمط ارسال محدود TSR, PSR بروتوكوالت ) ل المعدل ، على التوالي.ضوضاء الهوائي وضوضاء محو

عتبر هما يعمل على أساس نظرية شانون وتالكثير من وقت التنفيذ ألن كالاليحتاج  (HTPSR)، والتأخير

( لنمط TSR ,PSR.بشكل عام ، تستهلك بروتوكوالت)(SNRth=2^ℛ -1)، حيث  SNRd < SNRthالعتبة 

المتغير والديناميكي خالل التكامل من   SNRdلتأخير وقتًا كبيًرا في التنفيذ بحيث يتم حساب المتغير متسامح ا

 الصفر إلى ما ال نهاية والذي يحسب سعة اإلرغوتيك.

قيمة اللمعرفة  ميع البروتوكوالت تعمل كمخطط يحتاج الى وقتأخيًرا ، استنادًا إلى النتائج ، كانت ج    

بطريقة ما ، قد يتم تغيير مستوى الضوضاء في بعض  . (ω)( وعامل تقسيم القدرةμالتوقيت )المثالية لعامل 

في شحن أو إعادة إرسال المعلومات من عقدة الترحيل  تيؤدي إلى فشل كل البروتوكوال مما الحاالت

( حيث PSOاحد الحلول المهمة لحل مثل هذه المشكلة هو استخدام تقنية تحسين سرب الجسيمات )الالسلكي.

، خصوصا البيانات  نقلعامل معدل االنقطاع أو ال يحتاج هذا النوع من التقنية إلى معرفة المشتقة الحتمالية

الدالة  مشتقة من النتائج التي تظهر أن بعض المنحنى سيكون مسطح في مجموعة من النقاط التي جعلت

المقترحة في هذه الرسالة هو بناء خلفية  االنيةق الواسعة والتقنية يتتمثل جميع أساليب التحق .مساوية للصفر

 السلكية. لتصميم ومحاكاة عقدة  تتابع اجهزة حقيقيةأساسية وتحليل الخلفية 
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