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Abstract: In this study, power-splitting relaying is considered for decode-and-forward (DF)-based relay networks, which consist of a 

source, relay, and destination, and harvest energy from the radio frequency (RF) radiation of the source. To minimize outage probabil-

ities, we analytically derive the optimal power ratio of power splitting for DF relaying in closed-form and present the exact expression 

of outage probability with an optimal ratio over Rayleigh fading channels. Therefore, this paper proposes Relay Selection of Optimal 

Power Splitting(RSOPS), an optimal power-splitting relay selection scheme that maximizes the achievable transmission rate between 

the source and destination and can be used on a Simultaneous Wireless Information and Power Transfer(SWIPT) system. RSOPS 

selects the “Best” relay that maximizes the achievable transmission rate and demonstrates a significantly reduced outage probability. 

The outage probability expression with the optimal ratio is validated using the numerical results. The optimal power-splitting relaying 

is compared to other power-splitting protocols with a fixed power-splitting ratio. 
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1. Introduction
Energy harvesting is a promising solution that can help prolong 

the viability of wireless networks, including ad-hoc networks, cellu-

lar networks, and sensor networks, which are constrained by limita-

tions, such as batteries that cannot be replaced easily. Conventional 

energy-harvesting technologies derive energy from the surrounding 

environment, such as solar and wind energy. However, renewable 

energy sources cannot be controlled, and it is difficult to maintain a 

stable energy supply using these sources. Wireless energy transfer 

has recently attracted significant attention as a new energy-harvest-

ing source. With this technology, a receiver antenna captures radio-

frequency (RF) radiation and converts it into energy. This technology 

allows wireless signals to carry both information and energy. In this 

study, we propose two practical schemes for simultaneous wire-

less information and power transfer (SWIPT) using RF radiation: 

time switching [1] and power splitting [2]. In power splitting, the 

signal received from the source is split into energy and infor-

mation at the receiver. In the case of time switching, the receiver 

switches between decoding information and harvesting energy.  

Energy harvesting is significant in the case of wireless relay com-

munication because relay nodes consume their energy to facilitate 

transmission from the source to the destination, and the energy 

may be exhausted rapidly. Recent studies have focused on energy 

harvesting using RF signals in relaying communication [3]-[11]. 

Nasir et al. investigated the ergodic capacity and outage proba-

bility of time-switching and power-splitting protocols for am-

plify-and-forward (AF) relaying [3]. In [4], the authors also ana-

lyzed the throughput and ergodic capacity of two different proto-

cols for decode-and-forward (DF) relaying. In [5], SWIPT was 

investigated in cognitive radio networks. Chen et al. evaluated 

the outage probability where AF relaying was operated for a two-

way relay with SWIPT [6]. Chalise et al. investigated the perfor-

mance of AF multiple-input-multiple-output relay systems with 

an energy-harvesting receiver [7]. Strategies for power allocation 

between multiple source and destination pairs with an energy-

harvesting relay node were studied in [8]. The authors of [9] and 

[10] assessed AF and DF relaying and numerically evaluated the 

maximum achievable throughput. The optimal ratio of power 

splitting for AF relaying is analytically derived in the closed form 

[11].  

In this study, we derive the optimal power allocation ratio of 

power splitting for DF relaying as closed-form and formulate the 

exact expression for outage probability at an optimal ratio over 

Rayleigh fading channels. To the best of our knowledge, no study 
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has derived the exact expression for outage probability for DF 

relaying communication that adopts a power-splitting protocol 

with an optimal power ratio. Thus, we derive the optimal power 

allocation ratio as closed-form and evaluate the exact outage 

probability with an optimal value when the power-splitting pro-

tocol is applied to a DF relay consisting of a source, relay, and 

destination. The remainder of this paper is organized as follows. 

Section 2 describes the proposed system. Section 3 describes the 

proposed optimal power-splitting relay technology and the per-

formance of the proposed scheme, using a simulation. Section 4 

presents the simulation results, and Section 5 presents the con-

clusions. 

2. System model
In this work, we consider a wireless network that consists of a 

source, destination, and 𝑁𝑁  relays, without any source-destination 

link, as shown in Figure 1. The relay does not use a power supply; 

instead, it uses a rechargeable battery that can harvest energy from 

radio frequency (RF) signals that are broadcast by the source. It is 

assumed that each network node has a single antenna that communi-

cates with a half-duplex constraint so that the node can transmit and 

receive data in succession but not simultaneously. A relay involves 

DF relaying, decoding the signal from the source, and forwarding it 

to the destination. 

We denote the source, relay, and destination as 𝑠𝑠, r, and 𝑑𝑑, respec-

tively. The channel fading model is assumed to be a block Rayleigh 

fading channel that is fixed over one block time T. Each complex 

channel coefficient ℎ𝑖𝑖𝑖𝑖  between nodes i and j is independent of 

ℎ𝑖𝑖𝑖𝑖 ~ 𝒞𝒞𝒞𝒞(0, 𝜆𝜆𝑖𝑖𝑖𝑖). We also assume that the variance of all additive 

white Gaussian noises at the relay and destination is one. The nota-

tion 𝛾𝛾𝑖𝑖𝑖𝑖  expresses the effective channel gain, which is the squared 

magnitude of the channel coefficient. Each channel has a reciprocal; 

therefore, the channel gain from node 𝑖𝑖 to 𝑗𝑗 is the same as that from 

node 𝑗𝑗 to 𝑖𝑖, that is, 𝛾𝛾𝑖𝑖𝑖𝑖 = 𝛾𝛾𝑗𝑗𝑗𝑗 . 

3. Relay Selection of Optimal Power Splitting

(RSOPS) 

In this section, we derive the optimal power allocation ratio for 

power-splitting relaying, describe a novel approach for relay selec-

tion of SWIPT in a distributed manner, and analyze the outage prob-

ability of cooperative transmission, called RSOPS. In the proposed 

scheme, only one “Best” relay to cooperate transmission has the 

maximum achievable data rate with optimal power allocation ratio 

among N available relays in the distributed manner. By considering 

not only the channel gain coefficient between nodes but also the 

channel condition, energy harvesting, and power allocation of the re-

ceived RF signal, we exploit the characteristics of SWIPT for relay 

selection: RSOPS has a better performance compared to other relay 

selection schemes with fixed power allocation ratios, such as random 

relay selection, relay selection based on maximum end-to-end chan-

nel gain coefficient, partial relay selection, and relay selection based 

on maximum end-to-end signal-to-noise. 

Figure 1: Power-splitting protocol model: The wireless network 

consists of a source, a destination, and N relays 

Figure 2: Transmission block structure of one operation cycle 

in RSOPS 

3.1 Operation of RSOPS 
The following assumptions are required to describe the 

RSOPS scheme concisely: 

① Every relay is placed within the one-hop transmission

range of the source and destination. Hence, any relay can 

communicate directly with the source and destination if 

they are in the same system. This also means that the chan-

nel gain between the source or destination and any relay is 

nonzero. 

② The receiver has channel gain from the received data,

whereas the transmitter does not. This assumption is 
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practical in most wireless networks. 

③ Relays record the value of the optimal power allocation

parameter in the flag packet. 

The above two assumptions make it possible for every relay 

to obtain the channel gain coefficients between the source and its 

self-destination after exchanging the RTS and CTS. According to 

the third assumption, relays can transmit the value of the optimal 

power allocation parameter to the source when the cooperator 

uses it. In [12] and [13], a transmitter sent an RTS/CTS before 

data transmission, and in [14], a selected relay sent a flag packet 

to notify the relay selection. The last assumption was motivated 

by [13] and [15]. How the relay provides feedback on the optimal 

power allocation parameter into the flag packet to the source is a 

different research issue, which is beyond the scope of this study. 

Although this assumption requires additional bits in the flag 

packet, which is used for relay contention, it can improve the net-

work performance. Based on the obtained local network channel 

gains, each relay calculates the value of the optimal power allo-

cation parameter and the maximum achievable rate as if it were 

selected as a cooperator. The maximum achievable rate is used in 

the relay contention period to determine the “Best” relay, which 

requires the maximum achievable rate among all available relays. 

The overall communication procedure for the RSOPS follows 

the algorithm described below. (See Figure 2.) 

① The source sends an RTS packet to the destination via

broadcast. Each relay overhears the information in the RTS

and estimates the instantaneous channel gain between the

source and the relay.

② The destination feeds the CTS back to the source. Each re-

lay overhears the information in the CTS and estimates the

instantaneous channel gain between the relay and the desti-

nation.

③ After exchanging the RTS and CTS, each relay has infor-

mation related to the channel gain values between the

source and relay and between the relay and destination.

Each relay then calculates the optimal power allocation ra-

tio and the maximum achievable rate when the SWIPT pro-

tocol is self-operated.

④ The relays set their backoff counters to an initial value (𝑇𝑇𝑟𝑟)

based on the maximum achievable rate (𝑅𝑅𝑒𝑒2𝑒𝑒,𝑟𝑟). When the

counter decreases to zero, the relays wait in the listening

mode. As soon as the backoff counter expires, the relay

broadcasts a short flag packet with the optimal power

allocation ratio value to contend for and occupy the role of 

a cooperator. 

⑤ The first relay that broadcasts a flag packet is determined

to be a cooperator. Other relays that receive the flag packet

in listening mode are silent. The source and selected relays

collaboratively transmitted data to the destination. The al-

gorithm returns to Step 1.

 𝑇𝑇𝑟𝑟 =  𝛼𝛼 ×  1
𝑅𝑅𝑒𝑒2𝑒𝑒,𝑟𝑟
𝑜𝑜𝑜𝑜𝑜𝑜     (1) 

where 𝑅𝑅𝑒𝑒2𝑒𝑒,𝑟𝑟
𝑜𝑜𝑜𝑜𝑜𝑜  is the maximum achievable rate, and the source and 

destination communication are assisted by relay 𝑟𝑟. The method 

used to determine and calculate 𝑅𝑅𝑒𝑒2𝑒𝑒,𝑟𝑟
𝑜𝑜𝑜𝑜𝑜𝑜  is described in the follow-

ing subsection. In calculating 𝑇𝑇𝑟𝑟 , 𝛼𝛼  is a constant and is deter-

mined by considering 𝑅𝑅𝑒𝑒2𝑒𝑒,𝑟𝑟
𝑜𝑜𝑜𝑜𝑜𝑜  and physical aspects. Usually, 𝛼𝛼 has

a value on the order of microseconds or nanoseconds. According 

to Equation (1), the initial value of the backoff counter 𝑇𝑇𝑟𝑟, be-

comes larger as the calculated maximum achievable rate de-

creases. Therefore, the counter of the relay with the largest max-

imum achievable rate expires first. As soon as the counter be-

comes zero, the corresponding relay records the value of the op-

timal power allocation to the flag packet and broadcasts the flag 

packet to occupy the location of the cooperator. If the relays re-

ceive a flag that originates from another node in listening mode, 

they drop the received packet and reset the counter for the subse-

quent data packet transmission. A relay with the largest maxi-

mum achievable rate is chosen using this relay-selection proce-

dure as a cooperator. 

3.2 Optimal power allocation ratio at each relay 
In this section, we describe the operation of the power-splitting 

protocol and analytically derive the optimal splitting power allo-

cation in a closed form. In the power-splitting protocol, the block 

time 𝑇𝑇 is divided into source transmission and relay transmission 

parts, as shown in Figure 2. First, the source transmits the RF 

signals to the relay over 𝑇𝑇/2 time duration. The relay then splits 

the RF signals into a harvesting energy part and a decoding in-

formation part based on the power ratio 𝜌𝜌. The relay retransmits 

the decoded information to the destination for the remaining time 

block duration. The energy from the 𝜌𝜌 proportion of the received 

power is harvested at the relay, and 1 − 𝜌𝜌 proportion of the re-

ceived power is used for decoding information from the source. 

Let 𝑅𝑅𝑠𝑠𝑠𝑠 denote the transmission rate between the source and 
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relay 𝑟𝑟 . Because only 1 −  𝜌𝜌  fraction of the received power is 

used for information decoding, 𝑅𝑅𝑠𝑠𝑠𝑠 is calculated by [16]. 

𝑅𝑅𝑠𝑠𝑠𝑠 = 1
2

log2(1 + (1 − 𝜌𝜌)𝑃𝑃𝑠𝑠𝛾𝛾𝑠𝑠𝑠𝑠),  (2) 

where 𝑃𝑃𝑠𝑠 is the transmission power at the source and 𝛾𝛾𝑠𝑠𝑠𝑠 denotes 

the effective channel gain between the source and relay 𝑟𝑟, which 

is the squared magnitude of the channel coefficient. Because the 

𝜌𝜌 fraction of the received power is used for harvesting energy at 

the relay, the harvested energy at the relay during 𝑇𝑇/2 time is ex-

pressed as follows: 

𝐸𝐸 = 𝜂𝜂𝜂𝜂𝑃𝑃𝑠𝑠𝛾𝛾𝑠𝑠𝑠𝑠𝑇𝑇
2

         (3) 

where 𝜂𝜂 (0 < 𝜂𝜂 < 1) is the energy-conversion efficiency factor, 

which depends on the rectifier and energy-harvesting circuitry. 

After the source transmission duration, the relay retransmits the 

decoded information to the destination by using the energy har-

vested over the first 𝑇𝑇/2  time block. Thus, the transmission 

power 𝑃𝑃𝑟𝑟 at the relay is. 

  𝑃𝑃𝑟𝑟 = 𝐸𝐸
𝑇𝑇/2

=  𝜂𝜂𝜂𝜂𝑃𝑃𝑠𝑠𝛾𝛾𝑠𝑠𝑠𝑠 .          (4) 

As shown in Equation (2), the transmission rate between the re-

lay and destination is calculated as follows: 

𝑅𝑅𝑟𝑟𝑟𝑟 = 1
2

log2(1 + 𝑃𝑃𝑟𝑟𝛾𝛾𝑟𝑟𝑟𝑟) =  1
2

log2(1 + 𝜂𝜂𝜂𝜂𝑃𝑃𝑠𝑠𝛾𝛾𝑠𝑠𝑠𝑠𝛾𝛾𝑟𝑟𝑟𝑟)          (5) 

where 𝛾𝛾𝑟𝑟𝑟𝑟 denotes the effective channel gain between the relay 

and the destination. Thus, the achievable end-to-end transmission 

rate between the source and destination is  

𝑅𝑅𝑒𝑒2𝑒𝑒,𝑟𝑟 = min[𝑅𝑅𝑠𝑠𝑠𝑠 ,𝑅𝑅𝑟𝑟𝑟𝑟] = min �
1
2

log2(1 + (1 − 𝜌𝜌)𝑃𝑃𝑠𝑠𝛾𝛾𝑠𝑠𝑠𝑠) ,
1
2

log2(1 + 𝜂𝜂𝜂𝜂𝑃𝑃𝑠𝑠𝛾𝛾𝑠𝑠𝑠𝑠𝛾𝛾𝑟𝑟𝑟𝑟)
�                                            

  (6) 

In Equations (2) and (5), the transmission rate between the 

source and relay is a monotonically increasing function over 𝜌𝜌. 

By contrast, the transmission rate between the relay and destina-

tion is a monotonically decreasing function over 𝜌𝜌 . Therefore, 

the two transmission rates in Equation (6) should have the same 

value to maximize the achievable end-to-end transmission rate. 

If 𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜,𝑟𝑟  denotes the optimal value that enables the maximum 

achievable end-to-end transmission rate at relay 𝑟𝑟 ; it can be 

calculated as follows: 

  𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜,𝑟𝑟 = 1
𝜂𝜂𝛾𝛾𝑟𝑟𝑟𝑟+1

  (7) 

The optimal closed-form power allocation ratio at relay 𝑟𝑟 in Equa-

tion (7) is shown in Figure 3. 

Figure 3: Optimal closed-form power allocation ratio 

3.3 Analysis of outage probability 
In this section, we first formulate the exact expression of the 

outage probability at the optimal power allocation obtained in the 

previous subsection over Rayleigh fading channels. To correctly 

decode the information received from the transmitter, the trans-

mission rate should be larger than the spectral efficiency, R 

bps/Hz. Suppose the achievable end-to-end transmission rate be-

tween the source and destination in Equation (6) is smaller than 

the spectral efficiency. In that case, the destination cannot decode 

data from the source, and an outage occurs. Thus, the outage 

probability 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 is expressed as follows: 

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑟𝑟 =  Pr�𝑅𝑅𝑒𝑒2𝑒𝑒,𝑟𝑟
𝑜𝑜𝑜𝑜𝑜𝑜 < R� =

  Pr �min �
1
2

log2�1 + �1 − 𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜,𝑟𝑟�𝑃𝑃𝑠𝑠𝛾𝛾𝑠𝑠𝑠𝑠� ,
1
2

log2�1 + 𝜂𝜂𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜,𝑟𝑟𝑃𝑃𝑠𝑠𝛾𝛾𝑠𝑠𝑠𝑠𝛾𝛾𝑟𝑟𝑟𝑟�
� < R� .    (8) 

where 𝑅𝑅𝑒𝑒2𝑒𝑒,𝑟𝑟
𝑜𝑜𝑜𝑜𝑜𝑜   is the maximum achievable end-to-end transmis-

sion rate at relay 𝑟𝑟, which is the achievable end-to-end transmis-

sion rate at relay 𝑟𝑟  with optimal power allocation. The outage 

probability with optimal power allocation when the source se-

lects relay 𝑟𝑟 to cooperate, 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑟𝑟
𝑜𝑜𝑜𝑜𝑜𝑜 , is given by

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑟𝑟
𝑜𝑜𝑜𝑜𝑜𝑜  = 1 −  𝜆𝜆𝑟𝑟𝑟𝑟exp (−𝜂𝜂𝛽𝛽𝑟𝑟)(2�𝛽𝛽𝑟𝑟

𝜆𝜆𝑟𝑟𝑟𝑟
𝐾𝐾1�2�𝛽𝛽𝑟𝑟𝜆𝜆𝑟𝑟𝑟𝑟�   (9) 
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where 𝛽𝛽𝑟𝑟 =  𝜆𝜆𝑠𝑠𝑠𝑠(22R − 1)/𝜂𝜂𝑃𝑃𝑠𝑠  and 𝐾𝐾𝑣𝑣(∙)  is the second kind of 

modified Bessel function with order v.  

Relay selection is performed by comparing the 𝑅𝑅𝑒𝑒2𝑒𝑒,𝑟𝑟
𝑜𝑜𝑜𝑜𝑜𝑜  of each

relay node as a backoff timer method. The outage probability at 

each relay can be derived from these results. The outage proba-

bility of the RSOPS can be easily derived from the outage prob-

ability at each relay. An outage occurs in the RSOPS only if every 

cooperative transmission via each relay fails. That is, the maxi-

mum achievable end-to-end transmission rate at any relay is 

smaller than the spectrum efficiency R. Thus, the outage proba-

bility of the RSOPS, 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜, is given by 

  𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜  =  Pr � max
𝑖𝑖=1,…,𝑁𝑁

𝑅𝑅𝑒𝑒2𝑒𝑒,  𝑖𝑖
𝑜𝑜𝑜𝑜𝑜𝑜 < R�  =  � Pr�𝑅𝑅𝑒𝑒2𝑒𝑒,  𝑖𝑖

𝑜𝑜𝑜𝑜𝑜𝑜 < R�
𝑁𝑁

𝑖𝑖=1

  = ∏ Pr �min �
1
2

log2�1 + �1 − 𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖�𝑃𝑃𝑠𝑠𝛾𝛾𝑠𝑠𝑠𝑠� ,
1
2

log2�1 + 𝜂𝜂𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜, 𝑖𝑖𝑃𝑃𝑠𝑠𝛾𝛾𝑠𝑠𝑠𝑠𝛾𝛾𝑖𝑖𝑖𝑖�
� < R�𝑁𝑁

𝑖𝑖=1  

 = ∏ (1 −  𝜆𝜆𝑖𝑖𝑖𝑖exp (−𝜂𝜂𝛽𝛽𝑖𝑖)(2�𝛽𝛽𝑖𝑖
𝜆𝜆𝑖𝑖𝑖𝑖
𝐾𝐾1�2�𝛽𝛽𝜆𝜆𝑖𝑖𝑖𝑖�)𝑁𝑁

𝑖𝑖=1   

    (10) 

If the relay network is a hetero-network, where the expected 

value of the channel gain coefficient between the source and any 

relay is the same, and the expected value of the channel gain co-

efficient between the destination and any relay is the same (that 

is 𝛾𝛾𝑠𝑠1 = ⋯ = 𝛾𝛾𝑠𝑠𝑠𝑠 = ⋯ = 𝛾𝛾𝑠𝑠𝑠𝑠  and 𝛾𝛾1𝑑𝑑 = ⋯ = 𝛾𝛾𝑟𝑟𝑟𝑟 = ⋯ = 𝛾𝛾𝑁𝑁𝑁𝑁 ), 

then the outage probability of the RSOPS is given by 

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = {1 −  𝜆𝜆𝑟𝑟𝑟𝑟exp (−𝜂𝜂𝜂𝜂)(2� 𝛽𝛽
𝜆𝜆𝑟𝑟𝑟𝑟

𝐾𝐾1�2�𝛽𝛽𝜆𝜆𝑟𝑟𝑟𝑟�}𝑁𝑁  (11) 

where 𝛽𝛽 =  𝜆𝜆𝑠𝑠𝑠𝑠(22R − 1)/𝜂𝜂𝑃𝑃𝑠𝑠. 

4. Performance evaluation
In this section, we first investigate the optimal power-splitting 

relaying with only one relay. The performance of the power-split-

ting protocol at the optimal power allocation is presented through 

numerical results and is compared with the performance of the 

power-splitting protocols at a fixed power ratio. To validate the 

accuracy of the outage probability derived in Equation (9), we 

simulate a power-splitting protocol at an optimal power ratio that 

is obtained by exhaustively searching for the parameter 𝜌𝜌 over 

the range [0, 1]. The simulation of power-splitting relaying by an 

exhaustive search confirms that the analytical results obtained in 

Equation (9) demonstrate the same performance as the numeri-

cal results. A system model consisting of one source, one relay, 

and one destination was adopted for the performance evaluation 

with one relay. The energy conversion efficiency coefficient 𝜂𝜂 =

70%. For convenience, the time duration of each transmission 

block T was set to one. The required rate, R, was set to 1 dB. For 

comparison, a power-splitting protocol with fixed power alloca-

tion (𝜌𝜌 = 0.1, 0.3, 0.5, 0.7, 0.9) was considered. The simulations 

were derived from ten million iterative samples (the channel re-

alization trial was a million times). 

Figure 4: Outage probability of optimal power-splitting relay-

ing and fixed-ratio power-splitting relaying at different source 

transmission power values 

Figure 5: Outage probability of optimal power-splitting relay-

ing and fixed ratio power-splitting relaying at different expected 

channel coefficient values of relay and destination. 

Figure 4 compares the outage probabilities 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑜𝑜𝑜𝑜𝑜𝑜  of optimal

power-splitting relaying to the fixed allocation ratio power-splitting 

relaying when the link between the source and relay and the link be-

tween the relay and destination have unit variance Rayleigh fading, 

that is, 𝜆𝜆𝑠𝑠𝑠𝑠 =  𝜆𝜆𝑟𝑟𝑟𝑟 =  1. As shown in Figure 4, the optimal power-
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splitting relaying outperforms fixed-ratio protocols. In optimal 

power-splitting relaying, because the power allocation parameter 

𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜 is calculated based on the channel conditions and the conver-

sion efficiency for every block duration, the optimal power-splitting 

relaying has a lower outage probability than the fixed-ratio protocols 

for the entire displayed range of the source‘s transmission power val-

ues. 

Figure 5 shows the outage probabilities with increasing expected 

channel coefficient values between the relay and destination, 𝜆𝜆𝑟𝑟𝑟𝑟 , to 

observe the distinction between the optimal power-splitting relaying 

and fixed-ratio protocols when the variance value of the link between 

the source and relay is two and the transmission power of the source 

is set to 10 dB. As shown in Figure 5, protocols with lower 𝜌𝜌 values 

demonstrate a significant performance improvement. On the other 

hand, there is a slight decrease in the outage probability with higher 

𝜌𝜌 value protocols, as the expected channel coefficient value between 

the relay and destination increases. This is because the optimal value 

obtained in Equation (7) is lower, as the channel link between the 

relay and destination has a higher coefficient value. However, the op-

timal power-splitting relaying outperformed the fixed ratio protocols 

and demonstrated a significant performance improvement with in-

creasing channel coefficient values for the same reasons explained in 

the discussion of Figure 4. 

In Figures 6-9, the performances of the proposed RSOPS 

scheme are presented using numerical results, which are com-

pared to other relay selection criteria, such as random relay se-

lection [17][18], relay selection based on the maximum harvested 

energy [19], opportunistic relay selection [20], and relay selec-

tion based on the maximum signal-to-noise ratio in the compared 

relay selection schemes [21] previously mentioned in Section 3 

To validate the accuracy of the outage probability derived in 

Equation (10), we simulate the RSOPS at an optimal power ra-

tio, which is obtained by exhaustively searching for the parame-

ter ρ over the range [0, 1] at each relay. The simulation of the 

RSOPS by an exhaustive search confirms that the analytical re-

sults obtained in Equation (10) demonstrate the same perfor-

mance as the numerical results. A system model consisting of one 

source and one destination pair with N available relays was 

adopted for performance evaluation. We assume that N = 8 relays 

are the cooperators. The energy conversion efficiency coefficient 

was set to η = 70%. For convenience, the time duration of each 

transmission block T was set to one. For convenience, all of the 

links have unit variance Rayleigh fading, that is, λ_ij = 1 for any 

i,j in Figures 6-7. The required rate, R, was set to 2 dB. The 

performance metric to be compared was the average outage prob-

ability. For comparison, various fixed power allocation ratios (ρ 

= 0.1, 0.3, 0.5, 0.7, 0.9) for other relay selections were consid-

ered. After exchanging the RTS packet from the source and CTS 

packet from the destination, the system selects the “Best” relay 

during the relay contention period in a distributed manner by set-

ting a backoff timer at each relay. Then, the source and the best-

selected relay cooperate for data transmission to the destination 

in power-splitting relaying. The simulations were derived from 

ten million iterative samples (the channel realization trial was a 

million times). 

Figure 6: Outage probability of RSOPS and fixed ratio random 

relay selection at different source transmission power values 

Figure 7: Outage probability of RSOPS and fixed ratio relay se-

lection based on maximum harvested energy at different source 

transmission power values 
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Figure 8: Outage probability of RSOPS and fixed ratio oppor-

tunistic relay selection at different source transmission power 

values. 

Figure 9: Outage probability of RSOPS and fixed ratio relay se-

lection based on signal-to-noise ratio at different source trans-

mission power values. 

Figures 6 and 7 compare the outage probability of the RSOPS 

with random relay selection and relay selection based on the 

maximum harvested energy at fixed power allocation ratios (ρ = 

0.1, 0.3, 0.5, 0.7, 0.9). There is a significant performance gap be-

tween the proposed RSOPS, random relay selection, and relay 

selection based on the maximum harvested energy. The perfor-

mance of random relay selection is the lowest because it is the 

simplest relay selection and does not consider choosing a coop-

erator. In addition, relay selection based on the maximum har-

vested energy has poor network performance because it considers 

only the channel gain coefficient between the source and relay. 

The performance difference according to different fixed power 

allocation ratios in the random relay selection and the relay 

selection based on the maximum harvested energy is similar to 

that described later. We explain it in the next paragraph in Figure 

9. 

Figures 8 and 9 show the outage probability of the RSOPS, 

opportunistic relay selection, the outage probability of the 

RSOPS, and relay selection based on the signal-to-noise ratio at 

fixed power allocation ratios (ρ = 0.1, 0.3, 0.5, 0.7, 0.9). In Fig-

ure 8, the opportunistic relay selection selects the ‘Best relay’ 

based on the maximum end-to-end channel gain coefficient. Alt-

hough opportunistic relay selection is most widely used for relay 

selection in cooperative communication, it does not consider the 

characteristics of SWIPT; that is, the link between the source and 

relay is used not only for data transmission but also for energy 

transfer. Thus, opportunistic relay selection is not suitable as a 

relay selection method for SWIPT. 

In Figure 9, the relay selection based on signal-to-noise ratio 

selects the ‘Best relay’ based on the maximum end-to-end signal-

to-noise ratio, which is a modified version of opportunistic relay 

selection for SWIPT. We can see that the simulation with fixed 

ratios of 0.5 and 0.7 has superior performance compared to other 

fixed ratios because it is merely the expected channel gain value 

between the relay and destination. The expected channel gain 

value between the relay and destination is set by 1, and the fixed 

ratios 0.5 and 0.7 are close to ρ_(opt,r) value with γ_rd = 1. Relay 

selection based on the maximum end-to-end signal-to-noise ratio 

considers the characteristics of SWIPT to some degree; therefore, 

the achievable end-to-end rate in Equation (6) is used for relay 

selection. However, relay selection based on the signal-to-noise 

ratio only uses fixed power allocation because the source needs 

centralized information about all links between nodes for optimal 

power allocation. This problem can be easily solved by adding 

some bits to a flag packet broadcast from the relay. Each relay 

calculates the optimal power allocation and inputs the value into 

the flag packet to be sent. This procedure eliminates the need for 

a source to collect information about all links. Owing to the rea-

sons explained above, the RSOPS has a lower outage probability 

than other relay selection schemes for the entire displayed range 

of SNR values. 

5. Conclusion
In this paper, we propose RSOPS, an optimal power-splitting 

relay selection scheme, that maximizes the achievable transmis-

sion rate between the source and destination and can be used on 

a SWIPT system. The RSOPS advantageously utilizes the 
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SWIPT characteristics and delivers the optimal power allocation 

parameter at each relay in a distributed manner. The RSOPS se-

lects the “Best” relay that maximizes the achievable transmission 

rate and demonstrates a significantly reduced outage probability. 

In addition, the RSOPS is carried out in a distributed manner that 

does not require complicated centralized control. We theoreti-

cally analyzed the optimal power allocation ratio, the outage 

probability at each relay, and the outage probability of RSOPS as 

closed-form over the Rayleigh fading channel. The performance 

of the RSOPS was evaluated, and the numerical results showed 

significant improvements in outage probability compared to 

other fixed-ratio relay selection schemes. 
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