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 Energy harvesting (EH) module for wireless sensor network has become a 

promising feature to prolong the conventional battery inside the devices. This 

emerging technology is gaining interest from sensor manufacturers as well as 

academicians across the globe. The concept of employing EH module must 

be cost effective and practical. In such, the use of EH module type besides 

RF is more realistic due to the size of the scavenger module, the availability 

of the resources and conversion efficiency. Most of the oil and gas plants 

have some drawbacks in scavenging RF from surrounding (i.e. router, Wi-Fi, 

base station, cell phone) due to its placement in remote area and thus limited 

energy sources could be a threat in this application. Multiple sources, 

including co-channel interference (CCI) in any constraint nodes is a feasible 

way of scavenging several wastes from ambient RF energy via wireless mesh 

topology. In this paper, a 3-node decode-and-forward (DF) model is 

proposed where the relay node is subject to an energy constraint. Multiple 

primary sources and CCI are added in the system model known as Multiple-

Source and Single-Relay (MSSR). A mathematical model is derived in Time 

Switching Relaying (TSR) and Power Splitting Relaying (PSR) schemes to 

obtain an average system throughput at a destination. Numerical simulation 

with respect to the average throughput and EH ratio was performed and 

compared with the Single-Source and Single-Relay (SSSR) and ideal 

receiver. By applying multiple sources and CCI as an energy enhancement at 

the constraint node, the optimal value of EH ratio for TSR can be reduced 

significantly by 10% as compared to the ideal receiver whereas the optimal 

value of EH ratio for PSR is outweigh TSR in terms of overall system 

throughput. 
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1. INTRODUCTION  

RF energy harvesting is a process to harness energy from ambient to provide power and store energy 

in wireless sensor devices. One of the key advantages of RF energy harvesting is the ability to increase 

overall system throughput at the destination. Apart from that, the overall cost on project implementation can 

be significantly reduced if wireless sensors are being deployed, hence will eliminate the needs of physical 

cable. Nonetheless, the return on investment is superior and outweigh the wired network. In terms of network 

efficiency, system latency can be drastically reduced since real-time data and sensor’s scan rate can be set 

faster without losing the sensor power in lesser time, consequently increases power network range and 

improves performance [1].  
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Typically, wireless sensor operates in Industrial, Scientific and Medical (ISM) 2.4 GHz radio band. 

The wireless sensor uses several techniques to coexist with other wireless applications in the same spectrum 

bands [2]. One of the techniques is the network segmentation where each segment has several wireless sensor 

devices appeared in the same physical space and the devices embed with a unique network identification 

(ID). The spectrum isolation is another coexistence technique to avoid interference between wireless 

applications operating in different portion of spectrum bands. In addition to that, wireless sensor devices are 

low-power devices, and this may aid to prevent from interfering with high-power applications. Another 

important key aspect of coexistence technique is the ability of the wireless sensor network in spatial 

diversity. It means the self-organizing mesh network can hop on different and several paths within its 

segment that may expose to different RF condition. The wireless sensor device can perform channel hopping 

and uses 15 channels within the 2.4 GHz spectrum, thus ensures that interference on one or several channels 

will not occur. The other techniques are Direct Sequence Spread Spectrum (DSSS) coding and Time 

Synchronized Mesh Protocol (TSMP). The purpose of DSSS coding is to avoid network jamming, channel 

sharing and improved SNR ratio whereas TSMP provides a time synchronisation in scheduling the 

information transmission within the networks, and it is likely to reduce the battery consumption and 

interference. These criterions seem vital to convey and adapt MSSR in RF wireless multi-hop networks 

environment to scavenge multiple sources including CCI.  

A multi-hop network can be defined as point-to-point node between a source and destination with 

the presence of intermediate relay. The performance analysis, such as relay operation policy, relay selection 

and power allocation are discussed in [3]. In multi-hop relaying networks, a cooperative relaying technique is 

beneficial to overcome fading and attenuation of the transmission signal due to its propagation path condition 

and distance. This improves the network performance in terms of efficiency and reliability. Thus, it is 

suitable to apply energy constraint networks, such as RF EH network at the relay nodes. In cooperative 

relaying RF EH network, most of the works focused on improving the performance gain of physical layer 

(i.e. relay operation) and Multiple Access Control (MAC) layer (i.e. power allocation) and network layer (i.e. 

relay selection). For simplicity, the cooperative relaying only considers perfect channel state information 

(CSI) or otherwise it becomes complex.  

RF wireless networks can transport information as well as power signal from source to its 

destination [4] and [5]. As in [6]-[8] the proposed two (2) schemes in DF model with relaying scheme, 

namely Time Switching Relaying (TSR) and PSR have been introduced for Simultaneous Wireless 

Information and Power Transfer (SWIPT). The work is an enhancement in [4] where it is realized on point-

to-point system and a single source of EH. However, the works in [6]-[8] only assume a single transmitter 

with a single relay in cooperative network without any multiple sources assisted including CCI. 

In the conventional relaying concept, CCI within the same bandwidth as transmitted signal will 

deteriorate the overall system performance and should be eliminated by applying interference alignment 

approach or by decoding the interfering signal as stated in [9] and [10]. In this work, CCI signal is treated as 

a new source of EH rather than a waste energy. Particularly, in [11] and [12], the authors propose a system 

model in DF network using time switching scheme where the constraint relay node harvests energy from both 

source and interference signals, and uses to decode the source signal and forwards it to the destination. The 

aim is to investigate the overall system performance in terms of EH ratio for different values of average SNR 

and signal-to-interference ratio (SIR) received at the relay node [11] and to investigate the second hop 

network outage performance at the destination node [12]. The results in [11] conclude that there is a desirable 

outcome in exchanging the values of SNR, SIR and EH ratio at the relay node. It means as SIR increases with 

a fixed SNR, the optimal value of EH ratio increases. This is because when the received average SNR is 

constant, the increase power in CCI signal can degrade the system performance, but reduces the optimal 

value of EH ratio effectively. Whereas, the results in [12] are obvious as compared to the previous works 

without CCI assistance [6]-[8] where the overall throughput is enhanced with better outage performance. The 

drawback of the previous works [6]-[8] is that the numerical equation does not consider multi-source as the 

primary signals in contrast to the work which considers multi-interference from other networks. This 

motivates the work to implement a multi-source as primary signals and CCI as secondary signals as part of 

harvested power at the relay node. 

The objectives of the paper are to develop relaying protocol for TSR and PSR in numerical form by 

applying multi-source with interference signals assisted and to validate the proposed technique in relation to 

overall system throughput against the EH ratio. The paper is organized in such that the overview and 

introduction of the work is discussed in part I while the system model is presented in part II. In part III is the 

development of numerical equations of MSSR in relation to TSR and PSR schemes and the results are 

discussed in part IV. 
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2. SYSTEM MODEL 

The transmission protocol used in this simulation is decode-and-forward relaying network. The 

protocol describes and analyzes the system throughput in the presence of energy harvesting constraint at the 

relay. It is assumed that the relay is an energy constraint node and capable of energy harvesting from the RF 

signal. The signal data is being transmitted from the source and processed at the relay prior to forwarding it 

to destination. The computed mathematical results are based on ergodic capacity, fraction of split power and 

average SNR/SIR. 

As shown in system model for MSSR in Figure 1, the energy harvesting at the relay node is a 

combination of multiple sources’ power and co-channel interferers’ power in different wireless network 

segmentation. As of MSSR from multiple sources, 𝑆1, … , 𝑆𝑀 to relay R, the distance represents as 

𝑑𝑆1, … , 𝑑𝑆𝑀 whereas from multiple interferers, 𝛽
𝑗
, … , 𝛽

𝑁
 to relay R, the distance represents as 𝑑𝛽1, … , 𝑑𝛽𝑁 

whereas the received channel for multiple sources represent as 𝑦
𝑆1
, … , 𝑦

𝑆𝑀
 and for interferers represent as 

𝑦
𝛽1
, … , 𝑦

𝛽𝑁
. Whereby from relay R to destination D, the distance represents as 𝑑2 and received channel 

represents as 𝑦
𝐷

. 

 

 

 
 

Figure 1. Schematic Diagram for 3-Node with Multiple Sources and Single Relay with Co-Channel 

Interference (CCI) in Mesh Topology Network 

 

 

 The data rate equation at R and D are shown in equations (1) where 𝑋 and 𝑌 are two random 

variables of point-to-point discrete memoryless channel (DMC) which corresponds to the input and output 

sequences for the DF model. Discrete channels for each of the nodes are symbolized as 𝑋𝑆1, … , 𝑋𝑆𝑀, 

𝑋𝛽1, … , 𝑋𝛽𝑁 for source nodes, 𝑋𝑅 and 𝑌𝑅 for relay node and 𝑌𝐷 for destination node. As for the signal 

transmission for cooperative relaying network theory, the first time slot, T1 represents signal transmission 

from 𝑆1, … , 𝑆𝑀 and 𝛽𝑗 , … , 𝛽𝑁  to R, while the second time slot, T2 represents signal transmission from R to D. 

The channel gain or Rayleigh fading channel for 𝑆1, … , 𝑆𝑀 and 𝛽𝑗 , … , 𝛽𝑁 to R denotes as ℎ𝑖 and 𝛽𝑗 

respectively while from R to D denotes as 𝑔. The overall addictive white Gaussian noise (AWGN) is added 

at both relay and destination nodes, and it represents as 𝑛𝑅 and 𝑛𝐷 respectively. 𝑀 denotes the no. of sources 

and 𝑁 denotes the no. of interferers. 

 The achievable DF rate equation which is derived from [13] for multi-source single-relay with 

interference assisted can be defined as: 

{
R1 ≤ I (XS1, . . , XSM , Xβ1, . . , XβN; YR|XR)for Relay

R2 ≤ I (XS1, . . , XSM , Xβ1, XR; YD)for Destination
      (1) 

 

The achievable rate R_1 at the relay R and R_2 at the destination D can be written as: 
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{
 
 

 
 𝑅1 ≤ log(1 +

𝑃1

𝑛
)

𝑅2 ≤ log(1 +
𝑃2

𝑛
)

𝑅1 + 𝑅2 ≤ log(1 +
𝑃1+𝑃2

𝑛
)

     (2) 

 

where 𝑃1 and 𝑃2 are the signal power for data rate 𝑅1 and 𝑅2 accordingly and 𝑛 is AWGN. The achievable 

rate, 𝑅1 and 𝑅2 are expected to be nearer to that of the optimal Shannon Hartley theorem. Time slot 

representation of the received signal at both relay and destination nodes are denoted as: 

Time slot no. 1, T1: 

 

𝑦
𝑅
=  ∑ √𝑃𝑖ℎ𝑖𝑥𝑖

𝑀
𝑖=1 + ∑ √𝑃𝑗𝛽𝑗𝑥𝑗

𝑁
𝑗=1 + 𝑛𝑅      (3) 

Time slot no. 2, T2: 

𝑦
𝐷
=  √𝑃𝑅𝑔�̅� + 𝑛𝐷       (4) 

 

where 𝑦𝑅 = the received signal at the relay, 𝑦𝐷= the received signal at the destination, ℎ𝑖 = channel gain from 

source 𝑖 to relay, 𝑔 = channel gain from relay to destination, 𝛽𝑗 = channel gain from interferer 𝑗 to relay, 𝑥𝑖 = 

information symbol from source 𝑖 to relay, 𝑥𝑗 = information symbol from interferer 𝑗 to relay, �̅� = decoded 

version of the signal 𝑥, 𝑃𝑖  = transmitted power from source 𝑖, 𝑃𝑗 = transmitted power from interferer 𝑗, 𝑃𝑅 = 

transmitted power from relay, 𝑀 = the no. of sources, 𝑁 = the no. of interferers, 𝑛𝑅 = noise at the relay, 𝑛𝐷 = 

noise at the destination. 

The transmission block structure in TSR scheme for energy harvesting and information processing 

at the relay is presented in Figure 2. In TSR scheme, energy harvesting power from S to R and R to D is 

given in (5). From the energy harvesting power, the received signal at the destination node can be derived 

accordingly. The same is adopted for the PSR scheme where the only difference is the energy harvesting 

equation from S to R and R to D. 
 

2.1. Time Switching for MSSR 

2.1.1. S ⇒ R Combination of Energy Harvesting and Information Transmission with Multiple 

Sources  

In this model, the energy constraint at relay node harvests energy from both source and interference signals, 

and uses the harvested energy to decode the source signal and forward it to the destination. As depicted in 

Figure 2, 𝑇 is the total block time in TSR scheme in which the information signal is transmitted from the 

source node to the destination node. The 𝛼 ∈ (0,1) denotes the fraction of block time in which the relay 

harvests energy from the source and interferer signals, while the remaining block time represents as (1 −
𝛼)𝑇 is used for the information transmission. In this manner, half of the (1 − 𝛼)𝑇 which is (1 − 𝛼)𝑇/2 is 

used for the source to relay information transmission, and the remaining half is used for the relay to 

destination information transmission. It is assumed that the relay would consume all the harvested energy 

prior to forwarding the source signal to its destination. The fraction of time 𝛼 controls the achievable 

throughput at the destination node. The only difference in this MSSR as compared to a single source is the 

availability of energy harvesting sources which are the sum of source and interferers. The details presentation 

of the received signal at the relay node and destination node is analyzed in below section. 

 

 

 
 

Figure 2. Transmission Block Structure in TSR Scheme for EH and Information Transmission 

 

 

 The received signal, 𝑖 at the relay node, 𝑦𝑅(𝑘) can be derived as: 
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𝑦𝑅(𝑘) =  ∑
1

√𝑑𝑖
𝑚
√𝑃𝑖ℎ𝑖𝑠𝑖(𝑘)

𝑀

𝑖=1

+ 

 

∑
1

√𝑑𝑗
𝑚
√𝑃𝑗𝛽𝑗𝑠𝑗(𝑘)

𝑁
𝑗=1 + 𝑛𝑅(𝑘)  (5) 

 

where 𝑘 = 1, 2, …,integer denotes symbol index, 𝑑𝑖 = distance from source 𝑖 to relay, 𝑑𝑗 = distance from 

interferer 𝑗 to relay, ℎ𝑖 = channel gain from source 𝑖 to relay, 𝑃𝑖  = transmitted power from source 𝑖, 𝛽𝑗 = 

channel gain from interferer 𝑗 to relay, 𝑃𝑗 = transmitted power from interferer 𝑗, 𝑚 = path loss exponent, 𝑀 = 

the no. of sources, 𝑁 = the no. of interferers, 𝑠𝑖(𝑘) = 𝑘th normalized information symbol from the source 𝑖, 
i.e. E {|𝑠𝑖(𝑘)|

2} = 1, 𝑠𝑗(𝑘) = 𝑘th normalized information symbol from the interferer 𝑗, i.e. E {|𝑠𝑗(𝑘)|
2} = 1, 

𝑛𝑅(𝑘) = baseband addictive white Gaussian noise (AWGN) at the relay. 

 

The energy harvesting during 𝛼𝑇 time can be written as: 

 𝐸ℎ
𝑇𝑆 = η(∑

1

𝑑𝑖
𝑚 𝑃𝑖|ℎ𝑖|

2𝑀
𝑖=1 + ∑

1

𝑑𝑗
𝑚 𝑃𝑗|𝛽𝑗|

2𝑁
𝑗=1 ) 𝛼𝑇 (6) 

where η = energy conversion efficiency is 0 < η < 1 which depends on energy harvesting efficiency and the 

rectification process. 

 

2.1.2. R ⇒ D Information Transmission 

The decoded source signal at the relay node is forwarded to the destination node with power 𝑃𝑅
𝑇𝑆 as 

described in earlier section. The power use for the information transmission is the available harvested energy 

power during energy harvesting period. The received signal at the destination node, 𝑦𝐷
𝑇𝑆𝑀𝑆𝑆𝑅(𝑘) is given as: 

 𝑦𝐷
𝑇𝑆𝑀𝑆𝑆𝑅(𝑘) =

1

√𝑑𝑅𝐷
𝑚
√𝑃𝑅

𝑇𝑆𝑔. 𝑠(𝑘) + 𝑛𝐷(𝑘) (7) 

where 𝑑𝑅𝐷= distance from relay to destination, 𝑔 = channel gain from relay to destination, 𝑃𝑅= transmitted 

power from relay, 𝑠(𝑘) = decoded version of the signal 𝑠(𝑘), 𝑛𝐷(𝑘) = baseband addictive white Gaussian 

noise (AWGN) at the destination. 

The transmitted power from the relay node for (1 − 𝛼)𝑇/2 time in relation to the harvested energy 

𝐸ℎ
𝑇𝑆 can be written as: 

 𝑃𝑅
𝑇𝑆 =

𝐸ℎ
𝑇𝑆

(1−𝛼)𝑇/2
 (8) 

Substitutes (6) into (8): 

 𝑃𝑅
𝑇𝑆 =

η(∑
1

𝑑𝑖
𝑚𝑃𝑖|ℎ𝑖|

2𝑀
𝑖=1 +∑

1

𝑑𝑗
𝑚𝑃𝑗|𝛽𝑗|

2𝑁
𝑗=1 )𝛼𝑇

(1−𝛼)𝑇/2
= 

2η𝛼(∑
1

𝑑𝑖
𝑚𝑃𝑖|ℎ𝑖|

2𝑀
𝑖=1 +∑

1

𝑑𝑗
𝑚𝑃𝑗|𝛽𝑗|

2𝑁
𝑗=1 )

(1−𝛼)
  (9) 

Substitutes (9) into (7) will yield the received signal at the destination node: 

 

𝑦
𝐷
𝑇𝑆𝑀𝑆𝑆𝑅(𝑘) =

√
2η𝛼(∑

1

𝑑𝑖
𝑚𝑃𝑖|ℎ𝑖|2

𝑀
𝑖=1 +∑

1

𝑑𝑗
𝑚𝑃𝑗|𝛽𝑗|

2
𝑁
𝑗=1 )

𝑑𝑅𝐷
𝑚 (1−𝛼)

𝑔𝑠(𝑘) + 𝑛𝐷(𝑘)  

 (10) 

 

2.1.3. Throughput Analysis 

In considering (5), the SNR/SIR at the relay node, 𝛾𝑅
𝑇𝑆𝑀𝑆𝑆𝑅 can be derived as: 

 𝛾𝑅
𝑇𝑆𝑀𝑆𝑆𝑅 = ∑ ∑

𝑃𝑖|ℎ𝑗|
2
𝑑𝑗
𝑚

𝑃𝑗|𝛽𝑗|
2
𝑑𝑖
𝑚+𝜎

𝑛𝑅
𝑇𝑆
2

𝑁
𝑗=1

𝑀
𝑖=1  (11) 

where 𝜎
𝑛𝑅
𝑇𝑆
2 ≜ 𝜎𝑛𝑅

2  is the variance of the overall AWGN at the relay node, i.e. 𝑛𝑅
𝑇𝑆 ≜ 𝑛𝑅(𝑘)  

Using (10), the SNR/SIR at the destination node, 𝛾𝐷
𝑇𝑆𝑀𝑆𝑆𝑅 can be derived as: 

 𝛾𝐷
𝑇𝑆𝑀𝑆𝑆𝑅 = ∑ ∑

2η𝛼(𝑃𝑖𝑃𝑗|ℎ𝑖|
2|𝛽𝑗|

2
)|𝑔|2

𝑑𝑖
𝑚𝑑𝑗

𝑚𝑑𝑅𝐷
𝑚 𝜎𝑛𝐷

2 (1−𝛼)

𝑁
𝑗=1

𝑀
𝑖=1   (12) 

where 𝜎𝑛𝐷
2  is the variance of the overall AWGN at the destination node.  
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For the achievable throughput of the ergodic capacity for source to relay link, CR
TS and for relay to 

destination link, CD
TS is evaluated and determined using the received SNR/SIR for both link respectively. 

Thus, the ergodic capacity of source to relay link can be written as: 

 CR
TS = Eh,β {𝑙𝑜𝑔2(1 + 𝛾𝑅

𝑇𝑆𝑀𝑆𝑆𝑅)}  (13) 

whereas, the ergodic capacity of relay to destination link is given by: 

 CD
TS = Eh,β,g {𝑙𝑜𝑔2(1 + 𝛾𝐷

𝑇𝑆𝑀𝑆𝑆𝑅)}  (14) 

 

2.2. Power Splitting for MSSR 

2.2.1. S ⇒ R Combination of Energy Harvesting and Information Transmission with Multiple 

Sources 

As depicted in Figure 3, T is the total block time in PSR scheme in which the received power signal 

from the source and interferer, P is split at the relay node for the energy harvesting and information signal 

prior to sending the decoded source signal to the destination node. The ρ∈(0,1) denotes the fraction of power 

in which the relay harvests energy from the source and interferer signals with the fraction of ρ_(i,j) P, while 

the remaining fraction of power (1-ρ_(i,j))P is used for the information transmission. In this manner, the first 

half of the block time T/2 is used for the source to relay information transmission, and the remaining half T/2 

is used for the relay to destination information transmission. The fraction of power ρ controls the achievable 

throughput at the destination node. The details presentation of the received signal at the relay node and 

destination node is analyzed in below section 

 

 

 
 

Figure 3. Transmission Block Structure in PSR Scheme for EH and Information Transmission 

 

 

In PSR scheme, power is split into 2 proportions as illustrated in Figure 2, where the first portion of 

the received signal, ∑ ∑ √𝜌𝑖√𝜌𝑗𝑦𝑅(𝑘)
𝑁
𝑗=1

𝑀
𝑖=1  will be sent to EH receiver and the second portion of the 

received signal, ∑ ∑ √1 − 𝜌𝑖√1 − 𝜌𝑗𝑦𝑅(𝑘)
𝑁
𝑗=1

𝑀
𝑖=1  will be sent to information receiver. 

∑∑√𝜌𝑖√𝜌𝑗𝑦𝑅(𝑘)

𝑁

𝑗=1

𝑀

𝑖=1

∶  ∑∑√1 − 𝜌𝑖√1 − 𝜌𝑗𝑦𝑅(𝑘)

𝑁

𝑗=1

𝑀

𝑖=1

 

 

 
 
 

 
 The received signal at the relay node, 𝑦𝑅(𝑘) is defined as: 

√𝜌𝑖√𝜌𝑗𝑦𝑅(𝑘) =  ∑
1

√𝑑𝑖
𝑚
√𝜌𝑖𝑃𝑖ℎ𝑖𝑠𝑖(𝑘)

𝑀

𝑖=1

+ 

 ∑
1

√𝑑𝑗
𝑚
√𝜌𝑗𝑃𝑗𝛽𝑗𝑠𝑗(𝑘)

𝑁
𝑗=1 + √𝜌𝑖√𝜌𝑗𝑛𝑅(𝑘) (15) 

where 𝑘 = 1, 2, …, integer denotes symbol index, 𝑑𝑖 = distance from source 𝑖 to relay, 𝑑𝑗 = distance from 

interferer 𝑗 to relay, ℎ𝑖 = channel gain from source 𝑖 to relay, 𝑃𝑖 = transmitted power from source 𝑖, 𝛽
𝑗
 = 

channel gain from interferer 𝑗 to relay, 𝑃𝑗 = transmitted power from interferer 𝑗, M = the no. of sources, N = 

the no. of interferers, 𝑚 = path loss exponent, 𝑠𝑖(𝑘) = 𝑘th normalized information symbol from the source 𝑖, 

EH 
Information 

Transmission 
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i.e. E {|𝑠𝑖(𝑘)|
2} = 1, 𝑠𝑗(𝑘) = 𝑘th normalized information symbol from the interferer 𝑗, i.e. E {|𝑠𝑗(𝑘)|

2} = 1, 

𝑛𝑅(𝑘) = baseband addictive white Gaussian noise (AWGN) at the relay. 

  The energy harvesting, 𝐸ℎ
𝑃𝑆 during 𝑇/2 time can be written as: 

 𝐸ℎ
𝑃𝑆 = η (∑

1

𝑑𝑖
𝑚 𝜌𝑖𝑃𝑖|ℎ𝑖|

2𝑀
𝑖=1 +∑

1

𝑑𝑗
𝑚 𝜌𝑗𝑃𝑗|𝛽𝑗|

2𝑁
𝑗=1 ) 𝑇/2 (16) 

 The baseband signal at the input of information receiver after the power split is: 

√1 − 𝜌𝑖√1 − 𝜌𝑗𝑦𝑅(𝑘) =  ∑
1

√𝑑𝑖
𝑚
√1 − 𝜌𝑖𝑃𝑖ℎ𝑖𝑠𝑖(𝑘)

𝑀

𝑖=1

 

+∑
1

√𝑑𝑗
𝑚
√1 − 𝜌𝑗𝑃𝑗𝛽𝑗𝑠𝑗(𝑘)

𝑁
𝑗=1 + √1 − 𝜌𝑖√1 − 𝜌𝑗𝑛𝑅(𝑘) (17) 

 

2.2.2. R ⇒ D Information Transmission 

The decoded source signal at the relay node is forwarded to the destination node with power 𝑃𝑅
𝑃𝑆 as 

described in earlier section. The power use for the information transmission is the available harvested energy 

power during energy harvesting period. The received signal at the destination node, 𝑦𝐷
𝑃𝑆𝑀𝑆𝑆𝑅(𝑘) is given as: 

 𝑦𝐷
𝑃𝑆𝑀𝑆𝑆𝑅(𝑘) =

1

√𝑑𝑅𝐷
𝑚
√𝑃𝑅

𝑃𝑆𝑔. 𝑠(𝑘) + 𝑛𝐷(𝑘) (18) 

The transmitted power from relay node for 𝑇/2 time in relation to the harvested energy 𝐸ℎ
𝑃𝑆 can be 

written as: 

 𝑃𝑅
𝑃𝑆 =

𝐸ℎ
𝑃𝑆

𝑇/2
 (19) 

Substitutes (16) into (19): 

𝑃𝑅
𝑃𝑆 =

η(∑
1

𝑑𝑖
𝑚𝜌𝑖𝑃𝑖|ℎ𝑖|

2𝑀
𝑖=1 +∑

1

𝑑𝑗
𝑚𝜌𝑗𝑃𝑗|𝛽𝑗|

2𝑁
𝑗=1 )𝑇/2

𝑇/2
 = η (∑

1

𝑑𝑖
𝑚 𝜌𝑖𝑃𝑖|ℎ𝑖|

2𝑀
𝑖=1 +∑

1

𝑑𝑗
𝑚 𝜌𝑗𝑃𝑗|𝛽𝑗|

2𝑁
𝑗=1 ) (20) 

Substitutes (20) into (18) will yield the received signal at the destination node: 

𝑦
𝐷
𝑃𝑆𝑀𝑆𝑆𝑅(𝑘) = √

η(∑
1

𝑑𝑖
𝑚𝜌𝑖𝑃𝑖

|ℎ𝑖|2
𝑀
𝑖=1 +∑

1

𝑑𝑗
𝑚𝜌𝑗𝑃𝑗

|𝛽𝑗|
2

𝑁
𝑗=1 )

𝑑𝑅𝐷
𝑚 𝑔𝑠(𝑘) + 𝑛𝐷(𝑘)   (21) 

 

 

2.2.3. Throughput Analysis 

 In considering (17), the SNR/SIR at the relay node, 𝛾𝑅
𝑃𝑆𝑀𝑆𝑆𝑅 can be derived as: 

 𝛾𝑅
𝑃𝑆𝑀𝑆𝑆𝑅 = ∑ ∑

𝑃𝑖|ℎ𝑗|
2
(1−𝜌𝑖)𝑑𝑗

𝑚

𝑃𝑗|𝛽𝑗|
2
(1−𝜌𝑗)𝑑𝑖

𝑚 + 𝜎
𝑛𝑅
𝑃𝑆
2

𝑁
𝑗=1

𝑀
𝑖=1  (22) 

where 𝜎
𝑛𝑅
𝑃𝑆
2 ≜ (1 − 𝜌𝑖)(1 − 𝜌𝑗)𝜎𝑛𝑅

2  is the variance of the overall AWGN at the relay node, i.e. 𝑛𝑅
𝑃𝑆 ≜ 𝑛𝑅(𝑘)  

Using (21), the SNR/SIR at the destination node, 𝛾𝐷
𝑃𝑆𝑀𝑆𝑆𝑅 can be derived as: 

 𝛾𝐷
𝑃𝑆𝑀𝑆𝑆𝑅 = ∑ ∑

η𝑃𝑖𝑃𝑗|ℎ𝑖|
2|𝛽𝑗|

2
|𝑔|2𝜌𝑖𝜌𝑗

𝑑𝑖
𝑚𝑑𝑗

𝑚𝑑𝑅𝐷
𝑚 𝜎𝑛𝐷

2
𝑁
𝑗=1

𝑀
𝑖=1  (23) 

where 𝜎𝑛𝐷
2  is the variance of the overall AWGN at the destination node.  

For the achievable throughput of the ergodic capacity for source to relay link, CR
PS and for relay to 

destination link, CD
PS is evaluated and determined using the received SNR/SIR for both link respectively. 

Thus, the ergodic capacity of source to relay link can be written as: 

 CR
PS = Eh {𝑙𝑜𝑔2(1 + 𝛾𝑅

𝑃𝑆𝑀𝑆𝑆𝑅)} (24) 

whereas, the ergodic capacity of relay to destination link is given by: 

 CD
PS = Eh,g {𝑙𝑜𝑔2(1 + 𝛾𝐷

𝑃𝑆𝑀𝑆𝑆𝑅)} (25) 

 

 

3. NUMERICAL ANALYSIS 

This section discusses numerical results and simulation analysis for MSSR. All related parameters 

and values are selected based on MSSR equations. Unless stated otherwise, the number of source 𝑀 is set to 

2, while the number of interferer, 𝑁 is set to 2. Integers 𝑖 and 𝑗 are referring to 𝑀 and 𝑁 accordingly. The 

average SNR and SIR values are set to 20dB respectively. The energy harvesting efficiency, 𝜂 = 0.7, distance 
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from sources 𝑖 to relay, 𝑑𝑖 = 1, distance from interferers 𝑗 to relay, 𝑑𝑗 = 1, distance from relay to destination, 

𝑑𝑅𝐷 = 1, transmitted power from sources, 𝑃𝑖  = 1 watt, transmitted power from interferers, 𝑃𝑗 = 1 watt, noise 

power at relay, 𝜎𝑛𝑅
2  = 0.1 watt, noise power at destination, 𝜎𝑛𝐷

2  = 0.1 watt, pathloss exponent, 𝑚 = 2.7 and the 

target rate, 𝑅 = 1.  

The trending plots for ideal receiver using SSSR and MSSR can be seen in Figure 4 and 5. The 

system throughput versus the energy harvesting ratio with respect to the fraction of block time, 𝛼 for TSR 

scheme is illustrated in Figure 4. In this case, the SSSR model is matching perfectly with ideal receiver [8]. 

The concave feature of the curves from the plots explains the signal transmission from relay to destination in 

the second time slot. As 𝛼 increases, the system throughput increases until it reaches its optimal value, then it 

starts to decrease from maximum to zero. During this period, the capacity is enhanced due to the increase of 

energy harvesting and the system uses all the available energy to transmit information effectively to its 

destination. When the EH ratio reaches its optimal value, the throughput starts reducing as more EH energy is 

harnessed rather than the information is decoded for the information transmission at this time fraction. From 

the plot, the optimal value of 𝛼 for the peak throughput in MSSR is at 0.2 as compared to 0.3 in ideal 

receiver, which reduces significantly the value of EH ratio by 10%. 

 

 

 
 

Figure 4. Throughput vs EH Ratio at Destination Node with Respect to Fraction of Block Time, α 

for TSR Scheme 

 

 

In Figure 5, the system throughput versus the energy harvesting ratio with respect to the fraction of 

power split, ρ for PSR scheme is simulated. In this case, the SSSR model is matching perfectly with ideal 

receiver [8]. As ρ increases, the system throughput increases until it reaches its optimal value which is 0.7, 

then it starts to decrease from maximum to zero. The EH ratio range between 0 to 0.7 indicates that the time 

slot is used further in signal decoding rather than energy harvesting. As compared to the EH ratio range 

between 0.7 to 1, the time slot is used for energy harvesting rather than signal decoding. As we can see from 

both curves, the trend is almost identical. This is due to continuous operation of power splitting and 

information decoding in both first and second half of the power fractions which yields more energy being 

harvested and more information is decoded simultaneously during this period. From the plot, the optimal 

value of ρ for the peak throughput in MSSR is at 0.7 as compared to 0.5 in ideal receiver. 
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Figure 5. Throughput vs EH Ratio at Destination Node with Respect to Fraction of Split Power, ρ for PSR 

Scheme 

 

 

 In the next simulation, to illustrate the benefit of MSSR with multiple sources is through cumulative 

distribution function (CDF). Figure 6 shows the variation of probability of CDF against system throughput. 

From the curves, it can be easily obtained whichever outage percentage acquired from the system. For 

example in Figure 6, the 20% capacity outage for the MSSR is equal to 2.6 bits/transmission as compared to 

a much lower of 1.5 bits/transmission for SSSR. 

 

 

 
 

Figure 6. Variation of Probability of CDF Against Throughput with Respect to EH Ratio 

 

 

Figure 7 shows the variation of probability of CDF against the selected rate. By observing at the CDF curves, 

it can be figured out that the outage probability decreases quite significantly for the MSSR. For example, for 

a selected rate of R=1.5 bits/transmission, the outage probability for SSSR is approximately 70%, while it is 

significantly much smaller for the MSSR which is 35%. 
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Figure 7. Variation of Probability of CDF against Selected Rate with Respect to EH Ratio 

 

 

4. CONCLUSION  

In this paper, the MSSR scheme in decode-and-forward model with multiple sources including CCI 

signal is proposed where the multiple sources and CCI are harvested at the constraint relay node and used the 

harvested energy to decode-and-forward the information signal from source to destination. Both TSR and 

PSR schemes have been adopted in the mathematical expression to derive the instantaneous capacity in terms 

of SNR/SIR. TSR scheme is adopted where the receiver is switching over stipulated time in between 

information transmission and energy harvesting processes, whereas PSR scheme is used when the receiver 

splits between information transmission and energy harvesting overtime. The optimal values of EH ratio for 

both TSR and PSR schemes are obtained with respect to the overall achievable throughput. It was shown in 

simulation that multiple sources including CCI signal has significant effect on energy harvesting in terms of 

harvested energy loading and consumption at the constraint node. In other word it can provide alternative 

energy for the relay in lieu of conventional battery.  

In TSR scheme, multiple sources have substantially reduced the optimal value of EH ratio and increased the 

overall system throughput as compared to ideal receiver, while in PSR scheme, due to the nature of 

simultaneous and continuous operation for power splitting processes, the optimal value of EH ratio is 

decreased as compared to the ideal receiver but a trade-off in overall system throughput which is way better 

than the latter. As mentioned in the overview of the nature of wireless sensor coexistence with other wireless 

technologies, the interference cancellation techniques under lower noise variance can be utilized in order to 

improve overall system performance. Future work under investigation is the proposal of multiple relaying 

with interference assisted in energy harvesting approach to decode and forward the information signal from 

source to destination. The proposal will provide theoretical insights into the effect of overall system 

performance with various system parameters of information processing and energy harvesting using decode-

and-forward model. 
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