










We denote X = |hSR|2, Y = |hRD|2 and a
1
 = ηρ(1 – ρ) Ps,b1

 = η2ρ2PsΩRR, c
1 

= (1– ρ) N
0 

+ 𝜂ρN
0
ΩRR, d = 

so equation (14) can be reformulated as
 

Consider  

   

(16)

 

 

 

 

where λRD is the mean value of the random variable (RV) |hRD|2. 

If we choose the condition of the threshold a
1
 > γth b

1 
↔ γth<       then by substituting (16) into (15) P

1
 

can be obtained as follows:
 

 

Substituting (18) into (17), we have 

By applying equation (3.381,3) from the table of integrals [38], equation (20) can finally be obtained as   
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th

s

P
P

= > = >
+ +

th th th
a xYx xY a b c

b xY c

d
RD th

SR SR
th

cP x dx
x a b

SR SRh

k kk
SR SR k

SR
k k

x
x x

k k

                              (17)
)

                              (18)

                              (19)

                              (20)

,

t

x

x e t dt

 a
1 

 b1



We denote that a
2 

= ηρ(1– ρ)PsPth,b2
 = η2ρ2P2

thQRR, c
2
 = (1– ρ)PsN0

,e
2 

= ηρPthN0
QRR. Hence, equation (22) 

can be reformulated as 

Consider  

By substituting (24) into (23), P
2
 can be obtained as 
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P

s SR RD

SR s
th RD RR RR

th

th s SR th

P h h

h P N
P h NP

P

P h P

= > > =
+ + + + >

                              (22)

 ƒx (x)dx.                (23)

             (24)

.

             (25)

        (26)

+ +
>



By substituting (21) and (28) into (13), the SP of the system can be obtained as 

 

Finally, the OP of the system in the AF mode can be claimed as 

3.2. DF  mode 

 

From equations (10) and (11), the end to end SINR of the DF mode can be given as 
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      (27)

      (28)

      (29)

      (30)

 

By substituting (27) and (2)6 and applying equation (3.381,3) from the table of integrals [38], P
2 

can 

finally be expressed as

Then we apply the Taylor series as follows:

      (31)



The SP in the DF mode can be expressed as 

We consider the term of equation (32) by substituting equation (2) and by denoting as above in the AF   

where  

In the AF mode we selected the condition                             . Hence, the condition (1– ρ)Ps– ηρPsγthΩRR  > 0 

is satisfied. 

If 
                                                                                           

 

 

the inequality                                                     will not hold. So, in this case, P
3
 = 0.  
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th
RR

a
b

      (34)

th
th

th RR

N
P P

      (32)

      (33)

th th
th

s s th RR th RR

N N
d P

P P

th

s s th RR

N
X d

P P

      (35)

th

s s th RR

N
P P



As it is difficult to find the closed­form expression for P
3
 due to the integral                    exp               for  

any value of v
1
 and, v

2
     0, we will employ the Gaussian–Chebyshev quadrature. 

 

First, we have to change the variable from equation (35) by denoting                                     . Equation (35) 

can be rewritten as

 

 

                                                                                                                                                                                             

 

where  

 

Apply the Gaussian–Chebyshev quadrature from [39–43]. Then equation (36) can be approximated as 

where N is a parameter that determines the tradeoff between complexity and accuracy for the Gaussian–

Chebyshev quadrature based approximation and                             and  

From equation (33), P
4
 is defined as 

 

 

where . 
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m

m

v
x

v x dx

d dx y

d dG y y

      (36)

      (37),

n
n

N n n
d d

      (38)

th th RR

s

P N
P

,



 

 

4. NUMERICAL  RESULTS  AND  DISCUSSION 

 

In this section, we present numerical results to demonstrate the system performance of the system network 

proposed in the previous section. The correctness of the analytical analysis in the previous section is verified 

by the Monte Carlo simulation as in [31–35].  

In Fig. 3 we depict the OP as a function of ψ using η = 0.8, γth 
= 0.25 and ρ = 0.2 and 0.5. Here we vary 

ψ from –15 DB to 20 dB for validating the correctness of the proposed system. We can observe in Fig. 3 that 

the system OP shows a massive decrease with the rising of the ψ from –5 dB to 10 dB. At the beginning and 

at the last values of the ψ, the system OP has a slight fall. Figure 4 illustrates the system OP versus the Pth 

while the Pth increases from 0 dB to 15 dB. In Fig. 4 we set the primary system parameters as η = 0.8, γth 
= 

0.25, ρ = 0.5, and ψ = 5 and 10 dB. As shown in Fig. 4, the system OP decreases significantly with the rising 

of the power Pth. It can be observed that the higher the Pth in the system, the lower the system OP may become.  

From Figs 3 and 4 we can see that the analytical curves and the simulation curves duplicate each other 

for validating the analytical analysis in the above section. The system OP in case ρ = 0.2 with a high SNR in 

Fig. 3 for the AF and DF modes can reach the value of 0.55, and the system OP with ρ = 0.5 with the AF and 

DF modes can reach the value of 0.3. In the same way, when the power Pth rises to higher values, the system 

OP in the case ψ = 5 can reach the value of 0.4 with the AF mode and 0.2 with the DF mode. However, in 

the ψ = 10 case, the system OP can obtain the value of 0.2 for the AF mode and 0.1 for the DF mode. 

Next, in Fig. 5, we depict the influence of the power splitting factor ρ on the system OP with ψ = 5 dB, 

γ
th 

= 0.15, and η = 0.5 and 0.7. In Fig. 5, ρ increases from 0 to 1, and we considered both AF and DF modes. 

As shown in Fig. 5, the system OP decreases considerably when ρ rises from 0 to 0.6, and after reaching the 

optimal value, the system OP shows an immense increase when ρ rises to 1. The optimal value of the system 

OP can be obtained with ρ from 0.5 to 0.7.  
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Fig. 3. Outage probability (OP) versus the energy Ps to variance 

N
0 
ratio ψ. 

Fig. 4. Outage probability (OP) versus the saturation threshold 

of the rechargeable power Pth. 

N
SR SR

DF n
n

SRRD th RD th
n SR

s n th

d d
OP

N

dN N
PG P

      (39)
SRRD th RD th

n SR
s n th

dN N
PG P

.

  AF mode with ρ = 0.2 

  DF mode with ρ = 0.2 

  AF mode with ρ = 0.5 

  DF mode with ρ = 0.5 

  Monte Carlo simulation

  AF mode with ψ = 5 dB 

  DF mode with ψ = 5 dB 

  AF mode with ψ = 10 dB 

  DF mode with ψ = 10 dB 

  Monte Carlo simulation

OP of system versus ψ with η = 0.8 and γ
th

 = 0.25 OP of system versus P
th

 with η = 0.8, ρ = 0.5, and γ
th

 = 0.25



Furthermore, we investigated the system OP as the function of the ΩRR as shown in Fig. 6. In Fig. 6 the 

ΩRR increases from –10 dB to 2 dB, and the main system parameters are set as ψ = 5 dB, γ
th 

= 0.25, η = 0.8, 

ρ = 0.5, and N
0 
= 1 dB and 5 dB. The results demonstrate that with the rising of the ΩRR the system OP of the 

AF mode increases significantly, but that of the DF mode shows just a slight increase. Consequently, with a 

rising ΩRR the system performance of the DF mode is better than of the AF mode. Finally, as illustrated in 

Figs 5 and 6, the simulation results agree well with the analytical results.  

Figure 7 examines the impact of the N
0
 on the system OP with η = 0.8, γth = 0.25, η = 0.8, ρ = 0.25, and 

ΩRR 
= 1 dB and 5 dB. As shown in Fig. 7, the system OP of both AF and DF modes has a considerable increase 

with the continuous rising of N
0
 from –10 dB to 5 dB. This is due to the fact that the more energy is used for 

the harvesting phase, the higher the OP in the proposed system. 

The system OP as the function of the energy efficiency η is illustrated in Fig. 8. Here the energy efficiency 

η varies from 0 to 1, and the main system parameters are set as ψ = Pth = 5 dB, ρ = 0.5, and γth 
= 0.15 and 

0.25. In contrast to Fig. 7, the system OP has a colossal decrease with the rising of the energy efficiency η. 

This suggests that the more efficient energy use, the lower system OP can be obtained and the better system 
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Fig. 5. Outage probability (OP) versus the power­splitting 

factor ρ. 

Fig. 6. Outage probability (OP) versus the variance of |hRR|2 

ΩRR. 

Fig. 7. Outage probability (OP) versus the AWGN variance N
0
. Fig. 8. Ooutage probability (OP) versus the energy conversion 

efficiency η. 

  AF mode with Ω
RR

 = 1 dB 

  DF mode with Ω
RR

 = 1 dB 

  AF mode with Ω
RR

 = 5 dB 

  DF mode with Ω
RR

 = 5 dB 

  Monte Carlo simulation

  AF mode with γ
th

 = 0.15 

  DF mode with γ
th

 = 0.15 

  AF mode with γ
th

 = 0.25 

  DF mode with γ
th

 = 0.25 

  Monte Carlo simulation

  AF mode with η = 0.5 

  DF mode with η = 0.5 

  AF mode with η = 0.7 

  DF mode with η = 0.7  

  Monte Carlo simulation

  AF mode with N
0
 = 1 dB 

  DF mode with N
0
 = 1 dB 

  AF mode with N
0
 = 5 dB 

  DF mode with N
0
 = 5 dB 

  Monte Carlo simulation

OP of system versus ρ with ψ = 5dB, P
th

= 10 dB and γ
th

 = 0.15 OP of system versus Ω
RR

 with η = 0.8, ρ = 10.5 and γ
th

 = 0.25

OP of system versus η with ρ = 0.5, ρ = 10.5 and ψ = P
th

= 5dBOP of system versus AWGN N
0
 with η = 0.8, ρ = 0.25 and γ

th
 = 0.25



performance is achieved. As shown in Figs 7 and 8, the simulation curves overlap the analytical curves and 

thus verify the analytical expressions in the previous section. 

 

5. CONCLUSIONS 

 

In this paper, the system performance analysis of NEH based PS relaying in the FD relaying network is proposed 

and investigated. The closed­form expressions of the system OP are analysed and derived for both AF and DF 

modes. Then, the correctness of the analytical OP is verified by using the Monte Carlo simulation. Furthermore, 

the influence of the primary system parameters on the system OP is investigated. The research results showed 

that the simulation curves and the analytical curves overlapped, verifying the correctness of the analytical 

expressions. This paper can be considered as a novel recommendation for EH communication relaying networks. 
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