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Summary 
In this paper, we study a dual-hop opportunistic decode-and-
forward (DF) wireless energy harvesting relaying network with 
multiple-antennas over 𝜅𝜅 − 𝜇𝜇  fading channels. The multiple 
antennas are considered at the source and destination and 
communication happens from the source to the destination via a 
selected energy-constrained relay from among all relays available 
in the network. In this system, the relay has no external source of 
power, therefore, it harvests the energy from the radio-frequency 
(RF) signals that are transmitted by the source node. Using the 
harvested energy, the selected relay decodes and transmits the 
source information to the destination. Considering a time-
switching-based relaying (TSR) protocol, the performance of the 
considered system is evaluated for a various number of relays and 
for a different combination of antennas. The 𝜅𝜅 − 𝜇𝜇 fading model 
is a broad fading model and has some particular cases, namely, 
Rician, Nakagami-𝑚𝑚, and Rayleigh. Hence, these results are broad 
and are applicable to evaluate the system performance for various 
fading scenarios. 
Keywords: 
Energy harvesting, relay selection, multiple-antennas, time-
switching-based relaying,  𝜅𝜅 − 𝜇𝜇 fading, outage probability. 

1. Introduction 

Wireless energy harvesting in a dual-hop relaying system is 
a breakthrough technology in which a relay harvests energy 
from the radio-frequency (RF) signals [1-13]. Wireless 
energy harvesting is a lucrative method to increase the 
network lifetime [1]. Energy and information are 
concurrently carried by the RF signals, hence, RF signals 
can be used to harvest the energy to recharge the battery or 
to operate the network [2]. Energy harvesting in a dual-hop 
relaying is studied extensively in [1-13] and references 
therein.         
Two important techniques are presented in the literature for 
energy harvesting in a dual-hop relaying system: time 
switching-based relaying (TSR) and power splitting-based 
relaying (PSR) method [3]. In the PSR and TSR protocols, 
time and power are divided into two parts at the relay node, 
one for energy harvesting and second for information 
processing [3].  

Energy harvesting based-on DF relay systems were studied 
in several works [3-13]. In [3] and [4], using TSR and PSR 
protocols, energy harvesting in DF relaying network was 
investigated for Rayleigh fading channels. Energy 
harvesting relay with an interference-aided scheme was 
evaluated in Rayleigh fading environment [5]. In [6], relay 
selection schemes were introduced in a dual-hop relaying 
network to increase the diversity order and system 
performance was evaluated over non-identical Rayleigh 
fading channels. 
The spatially random relays in DF energy harvesting 
relaying system was studied over Rayleigh fading channels 
in [7]. Further, in [8], relay selection aided DF relaying 
system was investigated where each relay has an energy 
storage device and they transmit the information when 
charged fully. Using a non-linear energy harvester, the 
performance of a partial relay scheme was evaluated in [9].       
In [10], the system performance was analyzed for mixed 
𝜅𝜅 − 𝜇𝜇 and 𝜂𝜂 − 𝜇𝜇 fading fading channels. In [11],  a dual-
hop relaying network with beamforming has been 
investigated over 𝜅𝜅 − 𝜇𝜇  shadowed fading channels where 
the system performance was evaluated in a delay-limited 
transmission mode for different shadowing and fading 
parameters. 
The system performance in a delay-tolerant transmission 
mode for a dual-hop energy harvesting relaying system over 
𝜅𝜅 − 𝜇𝜇  shadowed fading channels was studied in [12]. 
Recently, the system performance of a dual-hop DF 
wireless energy harvesting relaying system with hardware 
impairments and beamforming was investigated in 𝜂𝜂 − 𝜇𝜇 
fading environment [13].  
In the above-aforementioned works, relay selection 
schemes in DF relying systems were studied for classical 
fading channels. Despite the importance of the 
opportunistic relaying with beamforming and 
generalized 𝜅𝜅 − 𝜇𝜇 fading channels, the system performance 
was not analyzed for 𝜅𝜅 − 𝜇𝜇 fading environment.  
In this work, a dual-hop opportunistic energy harvesting DF 
relaying network is considered. The source and destination 
are armed with multiple-antennas and each relay is 
equipped with a single antenna. The source sends its 
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information with multiple-antennas via one of the selected 
relay based on the average SNR to the destination. The 
destination collects all signals sent by the relay to the 
destination. Each relay is assumed as an energy-constrained 
device which harvests energy from the RF signals that RF 
signals are sent by the source. A TSR method is assumed at 
the relay node for energy harvesting and information 
processing. In a delay-limited transmission mode, the 
system performance is analyzed for the 𝜅𝜅 − 𝜇𝜇  fading 
channels in terms of the outage probability and achievable 
throughput. The 𝜅𝜅 − 𝜇𝜇  fading model contains Rician, 
Nakagami-m, and Rayleigh as distinctive cases. Hence, our 
results said to be general and different scenarios can be 
deduced from it such as Rayleigh/Rayleigh, Nakagami-
m/Nakagami-m, Rician/Rician, and combinations of these 
fading links.   
We arranged this paper as follows: we delineated the system 
and channel models in Section 1. In Section 2, we described 
the outage probability and throughput metrices for our 
system. In Section 4, simulation results are shown. Lastly, 
this paper is condensed in Section 5. 

2. System and Channel Models 

2.1 System Model 

A relaying network is considered as shown in Fig. 1, where 
multiple relays denoted as 𝑅𝑅𝑖𝑖  (𝑖𝑖 = 1, 2, … ,𝑅𝑅) are trying to 
assist a source to send information to a destination.  

S

1

2

N1 N2

1

2 DEnergy Harvesting Relays

 

Fig. 1  System model  

In this network, each relay is armed with a single-antenna 
whereas the source and destination are armed with multiple-
antennas, 𝑁𝑁1  and 𝑁𝑁2 , respectively. It is assumed that the 
source is unable to communicate the destination directly 
and each node know the channel state information (CSI). A 
time-switching-based relaying (TSR) protocol is assumed at 
each relay node. The source-relay and relay-destination 
channel gains are represented by ℎSRi  and ℎR𝑖𝑖D , 
respectively, with mean 𝜆𝜆1  and 𝜆𝜆2 . Fig. 1 shows the 

transmission block structure for information processing and 
energy harvesting in the TSR protocol, where block time is 
denoted by 𝑇𝑇 in which time the message is transferred from 
the source to destinaiton node and 𝛼𝛼 is the fraction of the 
block time. A TSR protoocl switches the received signal 
from the source node in 𝛼𝛼: (1 − 𝛼𝛼)𝑇𝑇  proportion. In the 
portion 𝛼𝛼 , a relay harvestes energy and the rest of the 
portion (1 − 𝛼𝛼)𝑇𝑇 is devided into two parts, (1 − 𝛼𝛼)𝑇𝑇/2 is 
utilized for the source-relay transmission and (1 − 𝛼𝛼)𝑇𝑇/2 
is utilized for the relay-destination transmission [4].   

Energy Harvesting 
at R

S to R Information 
Transmission

                      

T

α T (1-α )T/2

R to D Information 
Transmission

(1-α )T/2  

Fig. 2  Transmission block structure of the TSR protocol. 

Using the transmit beamforming technique (i.e., maximum-
ratio transmission technique) [15], the source beamforms 
the signals to the relay. The received signal from the relay 
node is given by [3] 

†
1 ,=

ii
s SR a rR

y P w x n+h
    (1) 
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[5], †( )⋅ symbolizes conjugate transpose, 

|| ||⋅  designates the Euclidean norm, sP indicates the 

transmit power of the source, 
2

, ,(0, )a r a rn σ: and 
2

, ,(0, )c r c rn σ:   
represent the AWGN at the relay node and RF to baseband 
signal conversion. According to TSR protocol, the received 
signal at the relay node is conveyed to the energy harvester 
and information processor for time 𝛼𝛼𝑇𝑇  and (1 − 𝛼𝛼)𝑇𝑇/2 , 
respectively. From (1), the harvested energy duering time 
𝛼𝛼𝑇𝑇 is obtained as 

2= || || ,
ih s SRE P Tη αh     (2) 

 
where 𝜂𝜂 is the energy conversion efficiency. Consequently, 
the harvested power, 𝑃𝑃𝑟𝑟 , can be written by [3] 
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The relay forwards the received signal with the harvested 
power 𝑃𝑃𝑟𝑟  to the destinaiton node. The destination unify the 
received signal via the receive beamforming technique (i.e., 
maximum-ratio transmission technique) as 

†
2 , ,=   

iD r R D r a d c dP x + +y h w n n
  (4) 
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2 =
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h [15], rx  is the relay signal, 
2
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 and 
2

, , 2
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 are the AWGNs, 
respectively, at the destination antennas and RF-to-
baseband conversion, respectively. Using (1), the SNR at 
the relay node can be written as 
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The SNR at the destination node is obtained by 
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2.2 Channel Model 

A general fading model, the 𝜅𝜅 − 𝜇𝜇  fading model, is able to 
model the small scale variation of the fading signal in the 
presence of a line-of-sight (LoS) [16]. For a j-th (𝑗𝑗 = 1, 2) 
link  (i.e., source-relay or relay-destinaiton), the probability 
distribution function (PDF) of 𝛾𝛾𝑗𝑗 (instantaneous SNR) can 
be written as [eq. (2), 14] 

( ) ( )

( )

1
11 2

22

1

1 x e

              = I 2                                                 (7)

j j

j jj j
j j j j j

j

j j

N
NN

N x
j

j j

N j j j j

f x
N

N x

µ
µµ

µ κ µ ψ
γ

µ

µ ψ
κ

µ κ ψ

−
−+

− −

−

 
=   

 
 

 

where ( )1j j jψ κ γ= +
, 𝛾𝛾𝚥𝚥�  denotes the average SNR of the j-

th hop, Γ(. )  represent the Gamma function [16], 𝐼𝐼𝑣𝑣(. ) 
shows the v-th order modified Bessel functionof the first 
kind [16] and parameters 𝜇𝜇ℓ  and 𝜅𝜅ℓ  are the fading 
parameters. 
The 𝜅𝜅 − 𝜇𝜇 fading model has some special cases, namely, 
Nakagami-m (𝜅𝜅𝑗𝑗 → 0 and 𝜇𝜇𝑗𝑗 = 𝑚𝑚𝑗𝑗 ), Rician (𝜅𝜅𝑗𝑗 = 𝐾𝐾𝑗𝑗  and 
𝜇𝜇𝑗𝑗 =1), and Rayleigh  (𝜅𝜅𝑗𝑗 → 0 and 𝜇𝜇𝑗𝑗 =1) fading [14]. 

3. Performance analysis 

3.1 Outage probability 

A dual-hop opportunistic energy harvesting DF relaying 
network is in an outage when one of both links (or hops) 
goes in an outage. In an opportunitic relaying scheme, a 
relay node that has highest instantaneous end-to-end SNR 
of the channel from the source to relay 𝑅𝑅𝑖𝑖 and from relay 𝑅𝑅𝑖𝑖 
to the destination is selected. Mathematically, the best relay, 
𝑅𝑅𝑏𝑏, as 

1,2,...,
arg max  .

ib SRi R
R γ

=
=

    (8) 

The outage probability for the considered system is 
evaluated by  [7]  
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where 𝑝𝑝𝑅𝑅[. ] indicates the outage probability, 𝛾𝛾𝑡𝑡ℎ = 2𝑈𝑈 − 1, 
and 𝑈𝑈 is the fixed transmisisn rate in bits/second/Hz. 

3.2 Throughput analysis 

The throughput of the considered dual-hop energy 
harvesting opportunistic DF relaying system in a delay-
limited transmission mode is given by [13] 

( )1
2
outP U

τ
−

=
    (10) 

5. Numerical Results and Discussion 

In this section, the system performance is evaluated of an 
energy harvesting opportunistic relaying system with 
beamforming over 𝜅𝜅 − 𝜇𝜇  fading channels where the 
selected relay harvests energy from the RF signals which 
are sent by the source. Our results are general; therefore, 
these results can give insights into different design options. 
But in this paper, we focus only to evaluate the performance 
in terms of relays, antennas, and fading parameters. It 
should be noted that the optimal value of time switching 
ratio and throughput are obtained when system achieves 
maximum throughput. Unless otherwise stated, the system 
parameters are given as: 𝑃𝑃𝑠𝑠 = 1, 𝜂𝜂 = 1, 𝜆𝜆1 = 𝜆𝜆2 = 1, and 
noise variances = 0.01. 
Fig. 3 shows the outage performance versus time switching 
ratio for the considered system in terms of the different 
number of relays. It is seen that the system performance 
increases with increasing the number of relays. The 
performance becomes better with increasing time-switching 
ratio from 0 to an optimal value (when system achieves 
maximum throughput) and the system performance 
decreased when the value of the time-switching ratio 
increases from its optimal value to 1. 
In Fig. 4, the throughput performance is presented with 
respect to the time switching ratio for various antennas 
combinations. The outage probability decreases with 
increasing number of antennas. The outage performance is 
also cross-examined for different antennas combinations at 
the source and destination. It is observed that when a large 
number of antennas are equipped at the source compared to 
the destination provides higher throughput gain. 
Fig. 5 depicts the throughput performance versus time 
switching ratio for a different number of relays and for a 
different number of antennas at the source and destination. 
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Here, outage performance is cross-compared between the 
number of relays and the number of antennas. It is seen that 
a large number of antennas at the source provides a higher 
throughput gain compared to a large number of relays.    

 

Fig. 3  Outage probability versus time switching ratio 𝛼𝛼 when 𝑁𝑁1 = 𝑁𝑁2 =
1, and 𝜇𝜇1 = 𝜇𝜇2 = 1, and 𝜅𝜅1 = 𝜅𝜅2 = 1. 

 

Fig. 4  Throughput versus time switching ratio 𝛼𝛼 for different number of 
antennas when 𝑅𝑅 = 1, and 𝜇𝜇1 = 𝜇𝜇2 = 1, and 𝜅𝜅1 = 𝜅𝜅2 = 1. 

6. Conclusion 

In this paper, an opportunistic energy harvesting DF 
relaying system with beamforming is studied. Based on the 
TSR protocol, the system performance in terms of the 
outage probability and throughput is analyzed in a delay-
limited transmission mode over 𝜅𝜅 − 𝜇𝜇 fading channels. It is 
concluded that the system performance increases with 
increasing the number of relays and number of antennas. It 
is also observed that the increasing number of antennas at 

the source is more beneficial than the increasing number of 
antennas at the destination and relays.     

 

Fig. 5  Throughput versus time switching ratio 𝛼𝛼 for different number of 
relays and antennas when 𝜇𝜇1 = 𝜇𝜇2 = 1, and 𝜅𝜅1 = 𝜅𝜅2 = 1. 
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