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Abstract—In this paper, the performance of an Energy 

Harvesting (EH) enabled full-duplex cooperative decode-and-

forward (DF) relaying system is investigated over the Fisher-

Snedecor F-fading channel. The system energy-constrained 

relay unit utilizes time-switching relay protocol for scavenging 

energy from the source signal and information transmission to 

the destination. To quantify the system performance, the exact 

analytical closed-form expression for the system outage 

probability is derived, and then used to obtain the analytical 

expression for the average throughput of delay-limited 

transmission mode. Moreover, the exact closed-form expression 

for the system Ergodic capacity is derived through which the 

average delay-tolerant throughput is determined for the system. 

In addition, the results demonstrate the impact of fading and 

shadowing severity on the system performance. It also is 

noticeable from the results that the performance of system is 

strongly affected by the loop back interference from the relay 

node. Finally, the accuracy of the derived analytical expressions 

is then validated through the Monte-Carlo simulation. 

 

Index Terms—Full-duplex, Energy harvesting, Fisher-

Snedecor fading, decode-and-forward relaying 

I. INTRODUCTION

A. Information Background

Cooperative relaying technology has been considered

as an effective technique of improving the performance 

of wireless communication systems while extending the 

its coverage area most especially, in strongly-shadowed 

environment [1]. In designing of relaying systems, the 

selection between the Full-Duplex (FD) and Half-Duplex 

(HD) relaying mode is one of the vital factors to be 

considered. Thus, in conventional relaying system, where 

the operation is in Half-Duplex (HD) mode, the relay 

node receive and transmit source signal to the destination 

in orthogonal time slots [2]. This operation mode is 

simple to design and implement, but leads to significant 

reduction in the system spectral efficiency. As a result of 

this, full-duplex relaying technique have attracted a lot of 

attention in research community due to ultimate usage of 

radio resources [3]. Comparing to HD relaying systems, 

the relay has capability to receive and transmit source 
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signal simultaneously on the same frequency band to 

achieve higher spectral efficiency [4].  

However, the issues of residual self-interference 

between the relay transmit and receive antenna severely 

limit the system performance [5]. Thus, with various 

development of self-interference cancellations and 

hardware designs, FD operation mode has been 

suggested as a potential enabling technique for improving 

the throughput performance of fifth generation (5G) 

wireless systems over existing HD mode [6]-[8]. The FD 

relaying system can be classified into Amplify-and-

Forward (AF) relaying systems and Decode-and-Forward 

(DF) relaying systems [9]. The AF relay received and 

amplifies the source signal with the inclusion of desired 

signal, noise, self-interference to the destination. On the 

other hand, the DF relay firstly decode the source signal 

and transmit the re-encode signal to the destination. 

Therefore, the residual self-interference does not affect 

the relay to destination link [7]. 

Wireless energy transfer has been emerged as a 

promising solution in energy-constrained wireless 

networks where it is impossible to replace or recharge the 

batteries of wireless devices [10]. This technique allows 

the wireless devices to harvest energy from any external 

natural resources such as solar, wind or vibration. 

However, the amount of energy that can be harvested 

from these natural resources is unpredictable due to the 

uncontrollable factors such as weather conditions that 

make the communication reliability highly difficult [11]. 

To overcome this challenge, harvesting energy through 

Radio Frequency (RF) have been suggested for wireless 

devices due to its capability to carry both information and 

energy simultaneously [12]. Practically, this could be 

realized through the Time-Switching Relaying (TSR) and 

Power-Splitting Relaying (PSR) protocols. In TSR 

protocol, there is division of transmission time frame into 

two parts with one used to harvest energy from the 

source while the remaining is designate for information 

transmission. On the other hand, in PSR protocol, the 

transmission time is evenly divided for the receive node 

to harvest energy and information processing [13]. 

Therefore, to prolong the lifetime of a full-duplex 

relaying systems, there is need to combine EH technique 

in which the relay nodes scavenge energy from the 

source signal and utilizes it to forward the intended 

information to a corresponding destination. 
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B. Related Works and Motivation 

Scanning through the open literature, it was found that 

the performance of FD relaying system in the context of 

energy harvesting has been extensively studied under 

different fading distributions environment/channel. The 

authors in [11] investigated the performance of a dual-

hop FD relaying system under AF and DF relaying 

protocols. A wireless powered full-duplex DF-based 

multiple input multiple output relaying system was 

studied in [6] where the performance of interference 

mitigation schemes were evaluated. In [8], the 

performance of a FD-DF relaying system with EH was 

analysed in terms of outage probability and symbol error 

probability. The security performance of a wireless 

powered FD and HD relaying system was investigated in 

[14] under the presence of an eavesdropper and a jammer. 

Also, the security performance of a FD relaying EH 

assisted system was presented in [15] and the authors 

obtained the exact expression for the connection outage 

probability, the secrecy outage probability and the 

transmission outage probability based on which the 

secrecy throughput. The performance of an underlay 

cooperative wireless powered cognitive full-duplex 

relaying system was proposed in [16]. However, all of 

the aforementioned works considered FD energy 

harvesting-enabled relay networks over Rayleigh fading 

distribution channel. Moreover, the outage probability 

and energy efficiency of an EH aided non-orthogonal 

multiple access based FD-AF relaying system was 

presented in [17] over the Nakagami-m fading channel. A 

FD-DF relay system is studied in [18] over Nakagami-m 

fading channel. The source and relay nodes harvest 

energy from the power beacon and the closed-form 

expression for the system outage probability with symbol 

error rate were obtained. Also, the performance of non-

cooperative and cooperative energy harvesting enabled 

FD cognitive radio network was evaluated in [19] over 

Nakagami-m fading channel. In [20], the energy harvest 

enabled FD-DF system in indoor environment was in 

presented where the performance of three EH protocols 

was evaluated over the log-normal distribution channel. 

Recently, the outage probability of EH-based FD AF and 

DF relaying system in 𝛼 − 𝜇  fading environment was 

presented in [4]. The performance of wireless powered 

FD-DF based relaying network was evaluated in [21] 

where the exact expressions for the system ergodic 

outage probability was derived over the 𝑘 − 𝜇  fading 

distribution. Also, Rabie et al [22], analysed the 

performance of a cooperative relaying non-orthogonal 

multiple access network over F composite fading 

channels. In [23], the device-to-device communication 

with energy limited DF relay-assisted system over F-

distribution channel was studied, where the relay node 

was assumed to operate in half-duplex mode. However, it 

is worth noting that no research works have studied the 

performance of an EH assisted full-duplex relaying 

systems over the Fisher-Snedecor F-distribution fading 

channel. 

C. Contributions 

Motivated by the above facts, in this paper, the 

performance of an energy harvesting enabled full-duplex 

cooperative DF relaying system over the Fisher-Snedecor 

F-distribution fading channel is investigated. The energy-

limited relay node of the concerned system relies on the 

energy harvesting from the signal transmitted by the 

source through the time-switching relay protocol. The 

results reveal the impact of system and channel 

parameters on the performance. The contributions of this 

paper are detailed as follows: 

a) The exact analytical closed-form expression of the 

system outage probability over the F-fading 

channel is derived. 

b) Also, the analytical closed-form expression of the 

Ergodic capacity is obtained for the concerned 

system over the F-fading channel. 

c) Through the outage probability and Ergodic 

capacity, the average throughput under the delay-

limited and delay-tolerant transmission modes are 

respectively derived. 

d) Related to [4], [21] and [23], our system analysis is 

based on the Fisher-Snedecor F-distribution and 

average throughput under different transmission 

modes are considered. 

The rest of this paper is structured as follows. In 

Section II, the system and channel models are presented. 

Section III depicts the performance analysis of outage 

probability, Ergodic capacity and average throughput 

under different transmission modes. In addition, the 

numerical results and discussions are presented in 

Section IV. Finally, the concluding remarks are presented 

in Section V 

II. SYSTEM AND CHANNEL MODELS 

The system model of a full-duplex cooperative relay 

network with a source (S), a DF-based relay (R) and a 

destination (D) is illustrated in Fig. 1. The source and the 

destination are equipped with a single antenna while the 

relay has two antennas for receiving and transmitting 

source data. Owing to the severe shadowing and path-

loss impairments, there is no direct link between the S 

and D. The S-to-R, R-to-D and the l loop-back 

interference (LBI) links are assumed to follow Fisher-

Snedecor fading distributions with channel coefficient 

denoted as: ℎ1 , ℎ2  and ℎ3  respectively. The distance 

between S-to-R and R-to-D is respectively defined as 𝑑1 

and 𝑑2 with the corresponding path-loss exponents given 

as 𝜁1  and 𝜁2 . Therefore, the overall communication 

between S and D occurs in two-time phases. During the 

first phase, the DF relay node has no external power 

supply but scavenge energy from the transmitting signal 

from the source using the time-switching relay scheme. 

In this case, the overall time frame T is then divided into 

three consecutive time slots. The first time slot 𝛼𝑇  is 

designated for energy harvesting while each of the 

remaining time slot (1 − 𝛼)𝑇/2 is dedicated for S-to-R 
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and R-to-D information transmission with EH time factor 

defined with 0 ≤ 𝛼 ≤ 1. 

 

Fig. 1. Full-duplex cooperative relay system model 

The received signal at the relay node can then be 

expressed as: 

𝑦𝑅(𝑡) = √𝑃𝑠𝑑1
−𝜁1ℎ1𝑥(𝑡) + ℎ3𝑟(𝑡) + 𝑛𝑅(𝑡)            (1) 

where 𝑃𝑠  denotes the source transmit power, 𝑥(𝑡) 
represents the source information signal, 𝑟  is the LBI 

signal and the 𝑛𝑅(𝑡) is the Additive white Gaussian noise 

(AWGN) at the relay node with variance 𝜎𝑅
2. 

As a full-duplex system, the relay node recognises its 

own signal and it applies interference cancellation to 

reduce the LBI. Hence, the post-cancellation received 

signal at relay node can be expressed as: 

𝑦𝑅(𝑡) = √𝑃𝑠𝑑1
−𝜁1ℎ1𝑥(𝑡) + ℎ̂3�̂�(𝑡) + 𝑛𝑅(𝑡)        (2) 

where ℎ̂3 represents the residual LBI 

At the end of the first phase, the total energy harvested 

by the relay node can be expressed as [21]: 

𝐸ℎ = 𝜂𝛼𝑇
𝑃𝑠‖ℎ1‖

2

𝑑1
𝜁1

                             (3) 

where 𝜂 denotes the energy conversion efficiency which 

is mainly affected by the circuitry is given at 0 ≤ 𝜂 ≤ 1 

During the second transmission phase, the transmit 

power at the relay node can be computed as: 

𝑃𝑅 =
𝐸ℎ

(1 − 𝛼)𝑇
=
𝜉𝑃𝑠‖ℎ1‖

2

𝑑1
𝜁1

                        (4) 

where 𝜉 =
𝜂𝛼

1−𝛼
 

Thus, the received signal at the destination can then be 

written as: 

𝑦𝐷(𝑡) = √𝑃𝑅𝑑2
−𝜁2ℎ2�̂�(𝑡) + 𝑛𝐷(𝑡)                 (5) 

where �̂�(𝑡) is the decoded signal transmit by the relay 

and 𝑛𝐷(𝑡)  denotes the AWGN at the destination with 

variance 𝜎𝐷
2. 

By utilizing the (2), (4) and (5), the instantaneous 

signal-to-noise ratio (SNR) at the relay node and 

destination can be expressed as: 

{
 
 

 
 𝛾𝑅 =

𝑃𝑠‖ℎ1‖
2

𝑃𝑅𝑑1
𝜁1‖ℎ3‖

2
=

1

𝜉‖ℎ3‖
2

𝛾𝐷 =
𝑃𝑅‖ℎ2‖

2

𝑑2
𝜁2𝜎𝐷

2
=
𝜉𝑃𝑅‖ℎ1‖

2‖ℎ2‖
2

𝑑1
𝜁1𝑑2

𝜁2𝜎𝐷
2

                  (6) 

As earlier mentioned, all the channels within the 

system are assumed to follow F-fading distribution. This 

is due to the fact that it can provide better fit for the 

modelling of channel data compared to generalized K 

distribution [24]. In this case, the small-scale fading 

follows the Nakagami-m distribution while the root-mean 

square (rms) power of the random variation of the mean 

signal power is shaped by the inverse Nakagami-m 

distribution. Thus, the probability distribution function 

(PDF)of F-distribution can be expressed as [25], [26]: 

𝑓𝛾𝑝(𝛾𝑝) =
𝜓𝑝𝛾𝑝

𝑚𝑝−1

(𝑚𝑝𝛾𝑝 + 𝜆𝑝)
𝑚𝑝+𝑚𝑠,𝑝

                          (7) 

where  𝑝 𝜖 {1,2,3}  and 𝜆𝑝 = 𝑚𝑠,𝑝Ω𝑝 . 𝑚𝑖 , 𝑚𝑠,𝑝  and Ω𝑝 

denote the fading severity parameter, the amount of 

shadowing of the root-mean-square (rms) signal power 

and mean power respectively of 𝑝 − 𝑡ℎ  link. 𝜓𝑝 =

𝑚𝑝
𝑚𝑝𝜆𝑝

𝑚𝑠,𝑝/ 𝐵(𝑚𝑝, 𝑚𝑠,𝑝) with the 𝐵(. , . ) represents the 

Beta function and 𝜓𝑝 =
𝑚𝑝

𝑚𝑝𝜆𝑝
𝑚𝑠,𝑝

𝐵(𝑚𝑝,𝑚𝑠,𝑝)
 

By integrating (7), the cumulative distribution function 

(CDF) for the links can be obtained as [27]: 

𝐹𝛾𝑝(𝛾𝑝)

=
𝑚𝑝

𝑚𝑝−1𝛾𝑝
𝑚𝑝 .2 𝐹1(𝑚𝑝 +𝑚𝑠,𝑝, 𝑚𝑝, 𝑚𝑝 + 1;−𝑚𝑝𝛾𝑝/𝜆𝑝)

𝐵(𝑚𝑝, 𝑚𝑠,𝑝)𝜆𝑝
𝑚𝑝

(8) 

where  2𝐹1(𝑎, 𝑏, 𝑐; 𝑑)  is the Gauss hypergeometric 

function. Thus, for easy analysis, the Gauss 

hypergeometric function in (8) is converted to Meijer-G 

function by using the identity defined in [28], then the F-

distribution CDF can further expressed as: 

𝐹𝛾𝑝(𝛾𝑝)

= Δ𝑝𝛾𝑝
𝑚𝑝+1𝐺2,2

1,2 (
𝑚𝑝𝛾𝑝
𝜆𝑝

|
−(𝑚𝑝 +𝑚𝑠,𝑝), −𝑚𝑝

−1,−(1 + 𝑚𝑝)
)            (9) 

where Δ𝑝 =
Γ(𝑚𝑝+1)𝑚𝑝

𝑚𝑝

Γ(𝑚𝑝+𝑚𝑠,𝑝)Γ(𝑚𝑝)𝐵(𝑚𝑝,𝑚𝑠,𝑝)𝜆𝑝
𝑚𝑝+1  and Γ(. ) 

denotes the Gamma function 

III. PERFORMANCE ANALYSIS 

A. Outage Probability 

In this section, the exact closed-form expression for 

the system outage probability is derived. The outage 

probability can be described as the probability that the 

R

S D

1h
2h

3h

2d1d

loop-back 

interference 
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instantaneous capacity of the first and second links fall 

below a predefined threshold value 𝑅𝑡ℎ(𝑏𝑝𝑠/𝐻𝑧). Thus, 

by assuming that 𝐴 = ‖ℎ1‖
2 , 𝐵 = ‖ℎ2‖

2 , 𝐷 = ‖ℎ3‖
2 

and 𝑇 = 𝐴𝐵 , the system outage probability can be 

defined as [21]: 

𝑃𝑜𝑢𝑡 = 𝑃𝑟(𝑚𝑖𝑛(𝐶1, 𝐶2) < 𝑅𝑡ℎ) 

      ≜ 𝑃𝑟 (𝑚𝑖𝑛 (
1

𝜉𝐷
,
𝜉𝑃𝑠𝑇

𝑑1
𝜁1𝑑2

𝜁2𝜎𝐷
2
) < 𝜔)     (10) 

Since random variable (RV) of 𝐷  and 𝑇  are 

independent, the system outage probability can be further 

expressed as: 

𝑃𝑜𝑢𝑡 = 1 − 𝐹𝐷 (
1

𝜉𝜇
) (1 − 𝐹𝑇(𝜇Θ))                       (11) 

where 𝜇 = 2
𝑅𝑡ℎ
1−𝛼 − 1 and Θ =

𝑑1
𝜁1𝑑2

𝜁2𝜎𝐷
2

𝜉𝑃𝑠
 

Through the (9), the CDF of RV of 𝐷  can be 

determined as: 

𝐹𝐷(𝜇)

=
Δ3

𝜉𝑚3+1
𝜇−(𝑚3+1)𝐺2,2

1,2 (
𝑚3

𝜆3𝜇𝜉
|
−(𝑚3 +𝑚𝑠,3),−𝑚3

−1,−(1 + 𝑚3)
) (12) 

Moreover, the CDF of RV of 𝑇 can be obtained as: 

𝐹𝑇(𝑔) = ∫ 𝐹𝐴 (
𝑔

𝜔
)

∞

0

𝑓𝐵(𝜔)𝑑𝜔                                (13) 

By using (7) as the PDF of the RV 𝐵and utilizing (9) 

as CDF of RV 𝐴 in (13), the CDF of RV of 𝑇 can be 

expressed as: 

𝐹𝑇(𝑔) = 𝜓2Δ1𝑔
𝑚1+1∫ 𝜔𝑚2−𝑚1−2(𝑚2𝜈 + 𝜆2)

−(𝑚2+𝑚𝑠,2)

∞

0

 

× 𝐺2,2
1,2 (

𝑚1𝑔

𝜆1𝜔
|
−(𝑚1 +𝑚𝑠,1),−𝑚1

−1,−(1 +𝑚1)
) 𝑑𝜔        (14) 

By simple variable transformation, the (14) can be 

further be expressed as:  

𝐹𝑇(𝑔) =
𝜓2Δ1𝑔

𝑚1+1

𝑚2
𝑚2−𝑚1−1

∫ 𝑘(𝑚2−𝑚1−1)−1(𝑘

∞

0

+ 𝜆2)
−(𝑚2+𝑚𝑠,2) 

× 𝐺2,2
1,2 (

𝑚1𝑚2𝑔

𝜆1𝑘
|
−(𝑚1 +𝑚𝑠,1),−𝑚1

−1,−(1 +𝑚1)
) 𝑑𝑘          (15) 

By inverting the Meijer-G function using the identity 

detailed in [28, Eq.(9.31(2))] and apply the integral 

identity defined in [28, Eq.(7.811(5))], (15) can be solved 

as it is given in (16) with 𝜑 = 𝑚2 +𝑚𝑠,2 and 𝜌 = 𝑚2 −

𝑚1 − 1 

𝐹𝑇(𝑔) =
𝜓2Δ1𝜆2

𝜌−𝜑

𝑚2
𝜌Γ(𝜑)

𝑔𝑚1+1𝐺3,3
3,2 (

𝜆1𝜆2
𝑚1𝑚2𝑔

|
1 − 𝜌, 2, (2 + 𝑚1)

𝜑 − 𝜌, (1 +𝑚1 +𝑚𝑠,1), (1 + 𝑚1)
)                               (16) 

𝑃𝑜𝑢𝑡 = 1 −
Δ3

𝜉𝑚3+1
𝜇−(𝑚3+1)𝐺2,2

1,2 (
𝑚3

𝜆3𝜇𝜉
|
−(𝑚3 +𝑚𝑠,3),−𝑚3

−1,−(1 +𝑚3)
) +

𝜓2Δ1Δ3𝜆2
𝜌−𝜑Θ𝑚1+1

𝑚2
𝜌Γ(𝜑)𝜉𝑚3+1

 

× 𝜇𝑚1−𝑚3𝐺2,2
1,2 (

𝑚3

𝜆3𝜇𝜉
|
−(𝑚3 +𝑚𝑠,3),−𝑚3

−1,−(1 + 𝑚3)
)𝐺3,3

3,2 (
𝜆1𝜆2

𝑚1𝑚2Θ𝜇
|

1 − 𝜌, 2, (2 + 𝑚1)

𝜑 − 𝜌, (1 +𝑚1 +𝑚𝑠,1), (1 + 𝑚1)
)            (17) 

 

Thus, the outage probability can be obtained as it is 

expressed in (17). 

B. Ergodic Capacity 

The Ergodic capacity can be defined as the mutual 

information per unit bandwidth and can be expresses as 

in terms of complementary CDF (CCDF) as follows [29], 

[30]: 

�̅� =
1

𝑙𝑛(2)
∫(1 + 𝛾)−1𝐹𝛾

𝑐(𝛾)𝑑𝛾

∞

0

                     (18) 

where 𝐹𝛾
𝑐(𝛾) is the CCDF 

By putting (17) into (18), the Ergodic capacity for the 

under studied system can be expressed as: 

�̅� = ℶ1 − ℶ2                                     (19) 

where  

ℶ1 =
Δ3

𝑙𝑛(2)𝜉𝑚3+1
∫ 𝜇−(𝑚3+1)(1 + 𝜇)−1
∞

0

  

× 𝐺2,2
1,2 (

𝑚3

𝜆3𝜇𝜉
|
−(𝑚3 +𝑚𝑠,3),−𝑚3

−1,−(1 +𝑚3)
) 𝑑𝜇               (20) 

By inverting the Meijer-G function using the identity 

defined in [28, Eq.(9.31(2))] and applying the integral 

identity detailed in [28, Eq.(7.811(5))], the first term of 

(19) can be obtained as: 

ℶ1 =
Δ3

𝑙𝑛(2)𝜉𝑚3+1
 𝐺1                                (21) 

where 𝐺1 = 𝐺3,3
3,2 (

𝜆3𝜉

𝑚3
|

1 + 𝑚3, 2, 2 + 𝑚3

1 +𝑚3, 1 + 𝑚3 +𝑚𝑠,3, 1 + 𝑚3
)
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Then,  

ℶ2 =
Ξ

𝑙𝑛(2)
∫ 𝜇𝑚1−𝑚3(1 + 𝜇)−1
∞

0

× 𝐺2,2
1,2 (

𝑚3

𝜆3𝜇𝜉
|
−(𝑚3 +𝑚𝑠,3),−𝑚3

−1,−(1 +𝑚3)
) 

× 𝐺3,3
3,2 (

𝜆1𝜆2

𝑚1𝑚2Θ𝜇
|

1 − 𝜌, 2, (2 + 𝑚1)

𝜑 − 𝜌, (1 + 𝑚1 +𝑚𝑠,1), (1 + 𝑚1)
) 𝑑𝜇(22) 

where Ξ =
𝜓2Δ1Δ3𝜆2

𝜌−𝜑Θ𝑚1+1

𝑚2
𝜌Γ(𝜑)𝜉𝑚3+1

 

By inverting the Meijer functions of (22) using the 

identity defined in [28, Eq.(9.31(2))] and converting 

(1 + 𝜇)−1 to Meijer-G function via the identity detailed 

in [31, Eq.(10)] and applying the identity defined in 

[28Eq.(7.811(5))] to the converted Meijer-G function, 

then the ℶ2can be further expressed as: 

ℶ2 =
Ξ

𝑙𝑛(2)
∫ 𝐺0,0

1,0 (𝜇|
− 

𝑚1 −𝑚3
)

∞

0

× 𝐺2,2
2,1 (

𝜆3𝜉𝜇

𝑚3
|

2, 2 + 𝑚3

1 +𝑚3 +𝑚𝑠,3, 1 + 𝑚3
) 

× 𝐺3,3
2,3 (

𝑚1𝑚2Θ𝜇

𝜆1𝜆2
|
1 − 𝜑 + 𝜌,−(𝑚1 +𝑚𝑠,1),−𝑚1

𝜌,−1,−(1 +𝑚1)
) 𝑑𝜇(23) 

By applying the integral identity defined in [32], the 

(23) can be solved as it given in (24) with 𝑞1 = 1 − 𝜑 +

𝜌,−(𝑚1 +𝑚𝑠,1),−𝑚1  and 𝑞2 = 𝜌,−1,−(1 + 𝑚1) 

where 𝐺𝑝1, 𝑞1: 𝑝2, 𝑞2: 𝑝3,𝑞3
𝑚1,𝑛1:𝑚2,𝑛2:𝑚3,𝑛3[. ]  is the extended generalized 

bivariate Meijer’s G-function (EGBMGF), as defined in 

[33]. 

Thus, the system Ergodic capacity can be then 

expressed by putting (21) and (24) into (19) as it is 

detailed in (25). 

ℶ2 =
Ξ

𝑙𝑛(2)
𝐺0,0:2,2:3,3
1,0:2,1:2,3 (

1 +𝑚1 −𝑚3

−
|

2, 2 + 𝑚3

1 +𝑚3 +𝑚𝑠,3, 1 + 𝑚3
|
𝑞1
𝑞2
|
𝜆3𝜉

𝑚3
,
𝑚1𝑚2Θ𝜇

𝜆1𝜆2
)                            (24)  

�̅� =
Δ3

𝑙𝑛(2)𝜉𝑚3+1
𝐺3,3
3,2 (

𝜆3𝜉

𝑚3
|

1 + 𝑚3, 2, 2 + 𝑚3

1 +𝑚3, 1 + 𝑚3 +𝑚𝑠,3, 1 + 𝑚3
) 

− 
Ξ

𝑙𝑛(2)
𝐺0,0:2,2:3,3
1,0:2,1:2,3 (

1 +𝑚1 −𝑚3

−
|

2, 2 + 𝑚3

1 +𝑚3 +𝑚𝑠,3, 1 + 𝑚3
|
𝑞1
𝑞2
|
𝜆3𝜉

𝑚3
,
𝑚1𝑚2Θ𝜇

𝜆1𝜆2
)         (25) 

C. Average Throughput 

1) Delay-Limited transmission mode 

The average throughput in delay-limited transmission 

mode can be obtained by utilizing the outage probability 

at a fixed transmission rate [34]: 

𝜏𝐿𝑖𝑚 = (1 − 𝑃𝑜𝑢𝑡)(1 − 𝛼)𝑅𝑡ℎ                          (26) 

Thus, by putting (17) into (26), the average throughput 

under the mode can be expressed as it is given in (27). 

𝜏𝐿𝑖𝑚 = (1 − 𝛼) {
Δ3

𝜉𝑚3+1
𝜇−(𝑚3+1)𝐺2,2

1,2 (
𝑚3

𝜆3𝜇𝜉
|
−(𝑚3 +𝑚𝑠,3),−𝑚3

−1,−(1 +𝑚3)
) −

𝜓2Δ1Δ3𝜆2
𝜌−𝜑Θ𝑚1+1

𝑚2
𝜌Γ(𝜑)𝜉𝑚3+1

 

× 𝜇𝑚1−𝑚3𝐺2,2
1,2 (

𝑚3

𝜆3𝜇𝜉
|
−(𝑚3 +𝑚𝑠,3),−𝑚3

−1,−(1 + 𝑚3)
)𝐺3,3

3,2 (
𝜆1𝜆2

𝑚1𝑚2Θ𝜇
|

1 − 𝜌, 2, (2 + 𝑚1)

𝜑 − 𝜌, (1 + 𝑚1 +𝑚𝑠,1), (1 + 𝑚1)
)} 𝐶𝑡ℎ           (27) 

2)
 

Delay-Tolerant transmission mode  

The average throughput in delay-tolerant transmission 

mode can be determined by using the ergodic capacity at 

any constant rate [34]: 

𝜏𝑇𝑜𝑙 = (1 − 𝛼)�̅�               (28)

 

Hence, by substituting (25) into (28), the average 

throughput under the mode can be expressed as it is 

given in (29). 

𝜏𝑇𝑜𝑙 = (1 − 𝛼) {
Δ3

𝑙𝑛(2)𝜉𝑚3+1
𝐺3,3
3,2 (

𝜆3𝜉

𝑚3
|

1 + 𝑚3, 2, 2 + 𝑚3

1 +𝑚3, 1 + 𝑚3 +𝑚𝑠,3, 1 + 𝑚3
) 

− 
Ξ

𝑙𝑛(2)
𝐺0,0:2,2:3,3
1,0:2,1:2,3 (

1 +𝑚1 −𝑚3

−
|

2, 2 + 𝑚3

1 +𝑚3 +𝑚𝑠,3, 1 + 𝑚3
|
𝑞1
𝑞2
|
𝜆3𝜉

𝑚3
,
𝑚1𝑚2Θ𝜇

𝜆1𝜆2
)}              (29) 
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IV. NUMERICAL RESULTS AND DISCUSSIONS 

In this section, the analytical results of the derived 

system outage probability, Ergodic capacity and the 

average throughput under the delay-limited and delay-

tolerant transmission modes are presented. In evaluating 

the system performance, the following parameters are set 

to be: 𝑑1 = 𝑑2 = 5 𝑚 , 𝜂 = 0.75 , 𝜁1 = 𝜁1 = 2 , 𝑚2 =
𝑚𝑠,2 = 1 , 𝜎𝐷

2 = 0.5 ,  m2 = 1 , m𝑠,2 = 1 and 𝑅𝑡ℎ =

0.2𝑏𝑝𝑠/𝐻𝑧 unless otherwise specified in relation to [4, 

21]. Hence, Monte Carlo simulations are provided to 

corroborate the presented analysis and these are 

performed by generating 105  independent channel 

realizations. In all cases, the results show that analytical 

results are well agreed with the simulation results which 

validate the correctness of the derived analytical 

`expressions. 

 

Fig. 2. Impact of fading severity and shadowing parameters of S-to-R 

and LSI links on the outage probability when m2 = 2, m𝑠,2 =1, Ω1 = 

Ω2 = 15𝑑𝐵 and Ω3 = −15𝑑𝐵 

The impact of fading severity and shadowing 

parameter of S-to-R and LBI links on the concerned 

system performance is presented in Fig. 2. It can be 

deduced that the outage probability decreases as the 

function of increasing in value of the link parameters. 

This is because shadowing vanishes as the 𝑚𝑠,𝑖 → ∞ and 

also the large values of 𝑚  signifies moderate fading 

effect which present a noticeable improvement in the 

outage probability of the system. 

 
Fig. 3. Outage probability as a function of 𝛼 under different values of 𝑃𝑠 
when Ω1 = 25𝑑𝐵, Ω2 = 15𝑑𝐵 and Ω2 = −10𝑑𝐵 

The system outage performance as a function of EH 

time factor 𝛼  under different values of source transmit 

power is illustrated in Fig. 3. The results show that as the 

transmit power increases the better the system outage 

probability performance. Also, it can be observed that for 

either small or large values of 𝛼, the higher the value of 

outage probability. Therefore, optimum value of 𝛼 needs 

to be selected to achieve minimum outage probability for 

the system. In this case, the optimum value of 𝛼  thus 

depends on the source transmit power as the increase in 

𝑃𝑠 leads to decrease in the values of 𝛼. Also, the results 

prove that the increase in the value of fading parameter 

on the R-to-D enhances the system outage probability.  

 

Fig. 4. Outage probability as a function of ℛ under different values of 

Ω3, 𝑚𝑠,1and 𝑚𝑠,3 when 𝑃𝑠 = 15𝑑𝐵𝑊, Ω1 = 25𝑑𝐵 and Ω2 = 15𝑑𝐵 

The outage probability performance of the concerned 

system with respect to threshold value 𝑅𝑡ℎ  under 

different values of Ω3 and shadowing severity of S-to-R 

and LBI links is demonstrated in Fig. 4. It can be 

deduced that the higher the values of Ω3, the worsen the 

system outage performance since large value of Ω3 

signifies high loop back interference which degrade the 

system performance. For every value of Ω3, the decrease 

in shadowing parameter (𝑚𝑠,𝑖 → ∞)  of the considered 

links yields better system outage probability. 

 

Fig. 5. Effect of shadowing parameters of S-to-R and LSI links on the 

system Ergodic capacity under different values of Ω3 when, Ω1 = 40𝑑𝐵 

and Ω2 = 15𝑑𝐵 

,1 ,3 1s sm m 

,1 ,3 2s sm m 

5 ,10 ,15sP dBW dBW dBW

3 5dB  

3 15dB  

3 10dB  

3 15dB  
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The effect of shadowing parameter of S-to-R and LBI 

links on the system Ergodic capacity under various value 

of Ω3 is presented in Fig. 5. The results clearly show that 

there is significant improvement in the system capacity 

with the decrease in value of Ω3 since small value of Ω3 

implies a weaker residual loopback interference. Also. It 

can be observed that the decrease in shadowing 

parameter (𝑚𝑠,𝑖 → ∞) of S-to-R and LBI links enhances 

the system capacity performance. 

In Fig. 6, the impact of the end-to-end distance 

(𝑑 = 𝑑1 + 𝑑2)  on the system Ergodic capacity with 

respect to different values of shadowing parameter of S-

to-R and LBI links is illustrated. It can be inferred from 

the results that the system capacity improves as the 

source transmit power increase and worsen with the 

increase in the end-to-end distance. It is noticeable that 

the increase in the values of shadowing effect on the S-

to-R and LBI links enhances the system ergodic capacity 

performance. 

 

Fig. 6: Impact of link distance (𝑑 = 𝑑1 + 𝑑2) on the system Ergodic 

capacity under different values of 𝑚𝑠,1and 𝑚𝑠,3when Ω1 = 45𝑑𝐵  and 

Ω2 = 10𝑑𝐵, Ω3 = −5𝑑𝐵 

Moreover, the average throughput performance of the 

system under the delay-limited transmission mode as a 

function of the distance between the source and relay 

node is depicted in Fig. 7 under different values of fading 

severity of S-to-R and LBI links. The results show that 

the increase in the value of the fading parameter on the of 

S-to-R and LBI links offers the system better throughput 

performance. Also, it is noted that the increase in the 

distance between the source and the relay decreases the 

system throughput and yield poor performance at the 

mid-way between the source and the destination. This is 

because the EH reaches its peak values which 

significantly affect the time designated for information 

transmission.  

In addition, the performance of the system average 

throughput under the delay-tolerant transmission mode as 

a function of the distance between the source and relay 

node for different values of source transmit power is 

presented in Fig. 8. The results depict that the increase in 

transmit power 𝑃𝑠  improves the system average 

throughput. As the same with the Fig. 7, the increase in 

𝑑1 drastically degrade the system average throughput. 

 

Fig. 7. Average throughput for delay-limited transmission as function of 

S-to-R link distance under different values of fading severity 𝑚1 = 𝑚3 

when  m2 = 2, m𝑠,2 =1, 𝑃𝑠 = 10 𝑑𝐵𝑊 , Ω1 = 35 𝑑𝐵 , Ω2 = 15𝑑𝐵  and 

Ω3 = −15𝑑𝐵 at 𝑅 = 5 𝑏𝑝𝑠/𝐻𝑧 and 𝑑2 = 6 − 𝑑1 

 

Fig. 8. Average throughput for delay-tolerant transmission as function 

of S-to-R link distance under different values of 𝑃𝑠 when𝑑2 = 6 − 𝑑1, 

Ω1 = 35 𝑑𝐵, Ω2 = 15𝑑𝐵 and Ω3 = −15𝑑𝐵 

 
Fig. 9. Comparison between the average delay-limited and delay-

tolerant transmission as function of 𝛼 under different values of Ω3 when 

𝑃𝑠 = 15 𝑑𝐵𝑊, Ω1 = 45𝑑𝐵 and Ω2 = 15𝑑𝐵 at 𝑅 = 4 𝑏𝑝𝑠/𝐻𝑧 

The average throughput performance comparison 

between the delay-limited and delay-tolerant 

d = 20 m

d = 10 m

Delay-limited mode

Delay-tolerant mode
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transmission mode under different values of Ω3  is 

presented in Fig. 9 as a function of EH time factor 𝛼. The 

results depict that the average throughput of both modes 

is a decreasing function of 𝛼. In this case, at small value 

of 𝛼 , the better the system throughput snice large amount 

of time is used for information transmission. In addition, 

it can be deduced that the decrease in values of Ω3 offers 

the system better throughput under the two transmission 

modes. Also, it is observed that the delay-tolerant mode 

outperforms the delay-limited mode. This is because the 

average throughput of the delay-tolerant mode is limited 

by (1 − 𝛼)�̅� while the delay-limited mode throughput is 

limited by (1 − 𝛼)𝑅𝑡ℎ. 

V. CONCLUSION 

In this paper, the performance analysis of full-duplex 

wireless powered cooperative relay system over F-

distribution channel is present. The concerned system 

analytical closed-form expressions of outage probability 

and Ergodic capacity are derived. Through these, the 

average delay-limited and average delay-tolerant 

throughput are obtained. The accuracy of the derived 

analytical expression is validated through the Monte-

Carlo simulations. The results illustrated the significant 

impact of fading parameters on the system performance. 

In addition, it is noticed from the results that the increase 

in the values of Ω3  significantly degrade the system 

outage probability and capacity. 
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