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In this paper, we investigate the full-duplex (FD) decode-and-forward (DF) cooperative relaying system, whereas the relay node
can harvest energy from radiofrequency (RF) signals of the source and then utilize the harvested energy to transfer the information
to the destination. Specifically, a hybrid time-power switching-based relaying method is adopted, which leverages the benefits of
time-switching relaying (TSR) and power-splitting relaying (PSR) protocols. While energy harvesting (EH) helps to reduce the
limited energy at the relay, full-duplex is one of the most important techniques to enhance the spectrum efficiency by its capacity
of transmitting and receiving signals simultaneously. Based on the proposed system model, the performance of the proposed
relaying system in terms of the ergodic capacity (EC) is analyzed. Specifically, we derive the exact closed form for upper bound EC
by applying some special function mathematics. )en, the Monte Carlo simulations are performed to validate the mathematical
analysis and numerical results.

1. Introduction

In the last few decades, energy harvesting (EH) has received
significant attention from the researchers [1–10]. By
recharging energy from surrounding sources such as solar
[2], thermoelectric, wind, and radiofrequency (RF) signals,
relay users can perform information forwarding without
depending on external sources or battery replacement.
Particularly, the RF-based EH gains great interest because it
can bring energy and data simultaneously. Varshney first
introduced the concept of simultaneous wireless informa-
tion and power transfer (SWIPT) [1]. )en, Grover and
Sahai [7] continued Varshney’s work by studying the fre-
quency-selective channel. )en, two practical SWIPT de-
signs termed the time switching (TS) and power splitting
(PS) are proposed and studied in [5]. In the TS method, the
receiver can divide the total transmission time into two

portions: the first one is utilized for EH, and the second one
is reserved for the data reception process. In the PS method,
a portion of received RF power is used for EH, and then, the
rest is utilized for decoding signals.

Based on TS and PS architectures in [5], Nasir et al. [9]
proposed two relaying schemes, termed the TS-based re-
laying (TSR) and PS-based relaying (PSR), to enable EH and
information decoding at the relay node. Many works have
been done to study TSR [4, 6, 10], PSR [3], and both TSR and
PSR [8]. In [4], the authors investigated the secrecy per-
formance of multihop multipath wireless sensor networks
(WSNs) under the impact of EH and hardware impairment.
Specifically, each relay node harvested energy from the
power beacon (PB) by using TSR and then used this energy
to forward the information to the next receiver. Hieu et al. in
[6] studied the throughput maximization in backscatter- and
cache-assisted UAV communications. Herein, a UAV was
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replenished by RF signals from the source, and then, it used
this energy to backscatter information to the destination.
Moreover, both linear EH and nonlinear EH models were
considered in this work. )e authors in [10] solved energy
limitation and spectrum constraints for cognitive radio
WSNs, whereas the secondary source and relay users were
able to harvest energy from amultiantenna PB. In contrast to
[4, 6, 10] that studied TSR, Tin et al. [3] considered PSR.
Specifically, the authors investigated the secrecy perfor-
mance of the FD PB-aided EH relaying cooperative network.
Moreover, they derived the exact closed form of outage
probability (OP) and system throughput (ST) under PSR
protocol. In [8], Sumit et al. proposed a novel hybrid
backscatter and relaying scheme to leverage SWIPT con-
sidering both TSR and PSR methods in 6G green IoT
networks.

Despite remarkable achievements, TSR and PSR have
their own drawbacks. For instance, the TSR method
outperforms the PSR method at low SNR, and the PSR
obtains better performance at high SNR. )is is the
motivation for a new approach, namely, the hybrid time-
power switching relaying (TPSR) method [11–14]. Tan
et al. [11] studied the performance of a two-way amplify-
and-forward (AF) EH cooperative network over Rician
fading channels. Specifically, the closed-form results of
the achievable throughput, outage probability (OP), er-
godic capacity (EC), and symbol error rate (SER) for the
DL and DT transmission modes are derived. Saman et al.
[12] aimed at maximizing the total throughput from
source to destination for both DF and AF schemes by
optimizing the TS and PS ratios at the relay. Tin et al. [13]
investigated EH two-way half-duplex (TWHD) relaying
WSN adopting selection combining (SC) over block
Rayleigh fading channel. In particular, the direct link
between source and destination was also considered to
enhance network performance.

Besides, the EH technique reduces the limited energy at
the relay, and full-duplex is one of the essential techniques
to enhance the spectrum efficiency by transmitting and
receiving signals simultaneously. Motivated by the above
discussion, this paper proposed and investigated the system
performance analysis of the full-duplex (FD) DF relaying
system, in which the relay node can harvest energy from RF
signals of the source and then utilize the harvested energy
to transfer the information to the destination. Moreover,
the hybrid TPSR protocol is applied to gain the advantages
of both TSR and PSR methods. )e main contributions of
this research are summarized as follows:

(i) A system model of an FD- and EH-assisted DF
relaying network with the hybrid TPSR protocol is
presented.

(ii) We provide exact and upper bound closed-form
expressions of ergodic capacity by adopting a series
representation of modified Bessel functions.

(iii) We also show an insightful analysis of the effect of
various system parameters on energy and spectrum
efficiency.

(iv) )e correctness of themathematical expressions can
be validated through the Monte Carlo simulation.

)e remaining of this paper is organized as follows. In
Section 2, the system model of the FD- and EH-assisted DF
relay network is described in detail. )en, in Section 3, we
provide the ergodic capacity analysis of the system. Section 4
derives the closed form of the upper bound EC. Numerical
results to support our analysis are presented in Section 5.
Finally, Section 5 concludes the paper.

2. System Model

We consider an FD- and EH-assisted DF relaying network as
in Figure 1, where a relay R helps to forward data from a
source to a destination. Moreover, the direct transmission
link from source S to destination D is missing due to severe
fading or heavy obstacles. Besides, the source and destina-
tion are single-antenna devices and operates on half-duplex
mode. )e relay node is equipped with two antennas and
works on the FDmode. Since the relay is able to transmit and
receive the signal simultaneously, there exists residual in-
terference hRR at the relay R. As displayed in Figure 2, the
total transmission timeT is divided into two parts. In the first
fraction of time, αT, the relay node is harvest energy from
source S, where 0≤ α≤ 1 is the time-switching factor. In the
rest time, (1 − α)T, the PSR is applied. Specifically, a
portion of power ρPS is used for EH, and the second part
(1 − ρ)PS is used for information decoding, with 0≤ ρ≤ 1 is
the power-splitting factor. Moreover, we assume that the
transmission channels between two arbitrary users are block
Rayleigh fading, where channel coefficients are unchanged
during one transmission block and vary independently
across different blocks.

As above, we assumed that all of the channels are
Rayleigh fading. Hence, the channel gains |hSR|2, |hRD|2 are
exponential random variables (RVs) whose CDF are given as

F
hSR| |

2(x) � 1 − exp −λSRx( ,

F
hRD| |

2(x) � 1 − exp −λRDx( .
(1)

To take path-loss into account, we can model the pa-
rameters as follows:

λSR � dSR( 
χ
,

λRD � dRD( 
χ
,

(2)

where χ denotes the path-loss exponent and dSR and dSD are
link distances of the S⟶ R and R⟶ D links,
respectively.

)e RV hRR is also modeled as a complex Gaussian RV,
and hence, |hRR|2 is also an exponential RV, whose CDF is
expressed as

F
hRR| |

2(x) � 1 − exp −λRRx( . (3)

)en, the PDFs of |hSR|2, |hRD|2, and |hRR|2 are expressed,
respectively, as
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f
hSR| |

2(x) � λSR exp −λSRx( ,

f
hRD| |

2(x) � λRD exp −λRDx( ,

f
hRR| |

2(x) � λRR exp −λRRx( .

(4)

)e received signal at the relay can be expressed as

yR �
����
1 − ρ


hSRxs + hRRxR + nR, (5)

wherexsis the energy symbol with E |xs|
2  � Ps, xs is the

loopback interference due to full-duplex relaying and sat-
isfies E |xR|2  � PR, in which Ε •{ } denotes the expectation
operation, nR is the zero-mean additive white Gaussian
noise (AWGN) with variance N0, and hRR is the residual
self-interference channel.

At the first and second time slot, the harvested energy at
the relay can be computed as

E
1
R � ηαTPs hSR



2
,

E
2
R � η(1 − α)ρTPs hSR



2
.

(6)

From (6), the amount average transmit power of the
relay node can be obtained as

PR �
E
1
R + E

2
R

(1 − α)T
�
ηαPs hSR



2

(1 − α)
+ ηρPs hSR



2

� κPs hSR



2
,

(7)

where 0≤ η≤ 1 denotes the energy conversion efficiency,
which takes into account the energy loss by harvesting
decoding and processing circuits and κ � ηα/1 − α + ηρ.

)e received signal at the destination can be given as

yD � hRDxR + nD, (8)

where nD is the AWGN with variance N0.
In our model, we adopt the decode-and-forward (DF)

protocol. Hence, the signal to interference noise (SINR) at
the relay node from (5) can be given as

cR �
(1 − ρ)Ps hSR



2

hRR



2
PR + N0

. (9)

Substituting (7) into (9) and using the fact that N0<<PS,
we have

cR �
(1 − ρ)Ps hSR



2

κPs hSR



2

hRR



2

+ N0

≈
1 − ρ
κ|f|

2. (10)

From (8), the SINR at the destination can be obtained as

cD �
hRD



2
PR

N0
�
κPs hSR



2

hRD



2

N0
� κΨ hSR



2

hRD



2
, (11)

where Ψ � Ps/N0.
Finally, the overall SINR of the system in DF mode can

be claimed as follows [15–18]:

cDF � min cR, cD(  � min
1 − ρ
κ hRR



2, κΨ hSR



2

hRD



2⎛⎝ ⎞⎠ � min

1 − ρ
κZ

, κΨXY ,

.

(12)

S R D

Residual self-interference
Energy flow
Data flow

hSR

hRR

hRD

Figure 1: System model.

T

Energy harvesting at R
Information transmission

(1 – ρ)PS

Energy harvesting at R
ρPS

S R D

αT (1 – α)T

Figure 2: IT and EH processes with hybrid time-power-splitting
relaying protocols.
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where X � |hSR|2, Y � |hRD|2, Z � |hRR|2.

3. Ergodic Capacity (EC) Analysis

)e EC of the system can be defined as follows [1]:

EC �
1
ln 2



∞

0

1 − FcDF
(x)

1 + x
dx. (13)

To find the integral in (13), we first find the CDF of cDF
calculated as

FcDF
(x) � Pr cDF <x(  � Pr min

1 − ρ
κZ

, κΨXY <x  � 1 − Pr
1 − ρ
κZ
≥ x 

√√√√√√√√√√
P1

Pr(κΨXY≥x)√√√√√√√√√√√√
P2

.
(14)

From (14), P1 can be calculated as

P1 � Pr
1 − ρ
κZ
≥ x  � Pr Z≤

1 − ρ
κx

  � 1 − exp −
λRR(1 − ρ)

κx
 . (15)

Next, P2 can be computed as

P2 � Pr(κΨXY≥x) � 1 − Pr(κΨXY< x) � 1 − Pr X<
x

κΨY
 

� 1 − 

∞

0

FX

x

κΨy
|Y � y fY(y)dy � 

∞

0

λRD exp −
λSRx

κΨy
− λRDy dy.

(16)

By applying eq [3.324,1] (14), P2 can be rewritten as

P2 � 2

�������

λSRλRDx

κΨ



× K1 2

�������

λSRλRDx

κΨ



⎛⎝ ⎞⎠, (17)

where Kv(•) is the modified Bessel function of the second
kind and v-th order. Substituting (16) and (17) into (14), we
have

FcDF
(x) � 1 − 2 1 − exp −

λRR(1 − ρ)

κx
   ×

�������

λSRλRDx

κΨ



× K1 2

�������

λSRλRDx

κΨ



⎛⎝ ⎞⎠. (18)

Finally, by substituting (18) into (13), the exact EC can be
obtained as

EC �
2
ln 2


∞

0

1 − exp −λRR(1 − ρ)/κx(   ×
����������
λSRλRDx/κΨ


× K1 2

����������

λSRλRDx/κΨ


 

1 + x
dx.

(19)
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4. Upper Bound EC Analysis

To the best of our knowledge, the (19) integration has no
closed-form result. )erefore, in this section, we try to find
the different EC analyses in upper bound form. )e upper
bound EC can be defined as follows [2]:

ECUP � log2 1 + Ε cDF ( , (20)

where

Ε cDF  � 
∞

0
x × fcDF

(x)dx. (21)

From (18), fcDF
(x) can be found as

fcDF
(x) �

zFcDF
(x)

zx
�
2λRR(1 − ρ)

κx
2 exp −

λRR(1 − ρ)

κx
 

�������

λSRλRDx

κΨ



× K1 2

�������

λSRλRDx

κΨ



⎛⎝ ⎞⎠

+
2λSRλR D

κΨ
1 − exp −

λRR(1 − ρ)

κx
   × K0 2

�������

λSRλRDx

κΨ



⎛⎝ ⎞⎠.

(22)

Substituting (22) into (21), we can claim as

Ε cDF  � Ξ1 + Ξ2, (23)

where

Ξ1 �
2λRR(1 − ρ)

κ
× 
∞

0

���
Θ3
x



× exp −Θ4(  × K1 2
���
Θ3


( dx. (24)

By changing variable t � κΨ/λSRλRDx, equation (24) can
be reformulated by

Ξ1 �
2λRR(1 − ρ)

κ
× 
∞

0
t
− 3/2

× xp −
λSRλRDλRR(1 − ρ)t

κ2Ψ
  × K1

2
�
t

√ dt. (25)

By using the same proof as [3], equation (25) can be
rewritten by

Ξ1 �
λRR(1 − ρ)

κ2

���������������
λSRλRDλRR(1 − ρ)

Ψ



× G
3,0
0,3

λSRλRDλRR(1 − ρ)

κ2Ψ
|
−1
2

,
−1
2

,
1
2

 , (26)

where Gm,n
p,q z|

a1, ..., ap

b1, ..., bq
  is the Meijer G function. Next, Ξ2 can be calculated as

Ξ2 � 
∞

0
2
λSRλRDx

κΨ
1 − exp −

λRR(1 − ρ)

κx
   × K0 2

�������

λSRλRDx

κΨ



⎛⎝ ⎞⎠dx

� 
∞

0
2
λSRλRDx

κΨ
× K0 2

�������

λSRλRDx

κΨ



⎛⎝ ⎞⎠dx

√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√
Ξ2,1

− 
∞

0
2
λSRλRDx

κΨ
× exp −

λRR(1 − ρ)

κx
  × K0 2

�������

λSRλRDx

κΨ



⎛⎝ ⎞⎠dx

√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√
Ξ2,2

.

(27)
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By adopting y �
����������
λSRλRDx/κΨ


, Ξ2,1 can be reformulated

as

Ξ2 � 
∞

0

2λSRλRDx

κΨ
1 − exp −

λRR(1 − ρ)

κx
   × K0 2

�������

λSRλRDx

κΨ



⎛⎝ ⎞⎠dx

� 
∞

0
2Θ3 × K0 2

�������

λSRλRDx

κΨ



⎛⎝ ⎞⎠dx

√√√√√√√√√√√√√√√√√√√√√√√√√√√√
Ξ2,1

− 
∞

0

2λSRλRDx

κΨ
× exp −

λRR(1 − ρ)

κx
 dx

√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√
Ξ2,2

.

(28)

With the help of eq [6.561,14] in (14), we obtain

Ξ2,1 �
κΨ

λSRλR D

. (29)

)e same proof for Ξ2,2 is as above, and we can claim as
follows:

Ξ2,2 �
2κΨ

λSRλRD


∞

0

t
− 3

× exp −
λSRλRDλRR(1 − ρ)t

κ2Ψ
 K0

2
�
t

√ dt

�
2λSRλRD λRR(1 − ρ) 

2

κ5Ψ2
× G

3,0
0,3

λSRλRDλRR(1 − ρ)

κ2Ψ
|−2, 0, 0 .

(30)

Finally, substituting (25), (26), (29), and (30) into (20),
the ECUP can be given as

ECUP � log2

1 +
λRR(1 − ρ)

κ2

���������������
λSRλRDλRR(1 − ρ)

Ψ



G
3,0
0,3

λSRλRDλRR(1 − ρ)

κ2Ψ
|
−1
2

,
−1
2

,
1
2

 

+
κΨ

λSRλRD
−
2λSRλRD λRR(1 − ρ) 

2

κ5Ψ2
G
3,0
0,3

λSRλRDλRR(1 − ρ)

κ2Ψ
|−2, 0, 0 

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

. (31)

5. Simulation Results

In this section, Monte Carlo simulations [15–21] are con-
ducted to validate the exact and upper bound ergodic ca-
pacity derived for the proposed FD DF relaying network
with hybrid TSPR. We assume the distances between source
to relay and relay to destination equal to the unit value. )e
means of all the channel gain coefficients λSR, λRR, λRD are
equal to 1, the energy harvesting coefficient η � 1, time-
switching factor α � 0.5, power-splitting factor ρ � 0.5, and
Ψ value varies from −5 to 20 dB. )e simulation results for
the ergodic capacity were achieved by averaging it over 106
random samples for each Rayleigh channel gain.

In Figure 3, the ergodic capacity is presented as a
function of Ψ (dB). It is easy to see that when the value of Ψ

is less than 4, the EC of hybrid TSPR (HTSPR) outperforms
PSR. However, the EC of HTSPR is worse than that of the
PSR scheme at a high level of Ψ, i.e., Ψ> 4. It is also ob-
served that the TSR scheme always obtains the best per-
formance compared to that of HTSPR and PSR.
Furthermore, the increasing Ψ value significantly influ-
ences on the EC of the TSR and PSR than the HTSPR
scheme. Specifically, when Ψ equals to 20 dB, the HTSPR
converses to a saturation value, while the TSP and PSR’s EC
are still raising. Moreover, the upper bound of the three
schemes gives a better EC as compared with the exact ones
which are expected.

In Figure 4, we investigate the ergodic capacity as a
function of energy harvesting coefficient η for HTPSR
scheme with three scenarios: the first scenario with
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ρ � 0.35 and α � 0.85 is called HTPSR1, the second scenario
with ρ � 0.85 and α � 0.35 is called HTPSR2, and the third
scenario with ρ � α � 0.5 is called HTPSR3. It is shown that
the EC of HTPSR protocol obtains a maximum value at an
optimal value of energy-efficient coefficient η, and then, it
decreases when η increases. Moreover, when the value of the
energy-efficient coefficient is less than 0.3, the EC of the
HTPSR1 scheme is better than that of other schemes.
Nevertheless, when the value of the energy-efficient coeffi-
cient is higher than 0.3, the HTPSR1 obtains the best per-
formance, which outperforms others.

In Figure 5, the EC is depicted as a function of α and ρ for
the HTPSR scheme, whereΨ � 1 and η � 1. As expected, the

EC of the upper bound method is always better than that of
the exact one which is verified by the mathematical results.
Moreover, Figure 5 shows that there is good agreement
between the analysis and the simulation. Because the value of
α and ρ significantly influences on the network performance,
they impact directly on the allocated time for the EH and
information transmission. Consequently, EC can obtain the
best value at an optimal α and ρ, and then, the total
achievable capacity decreases.

Figures 6 and 7 show the EC as a function of ρ or α for
PSR/TSR protocol. )e value of ρ or α plays an important
role since it influences not only the amount of harvested
energy at the relay but also the information transmission
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from the relay to destination. )is can be explained that the
higher the value of ρ or α is, the more the energy than the
relay can harvest. However, this also means that there is less
power/time for information decoding at the destination. It
leads to the fact that the ergodic capacity can obtain the
maximum value at the optimal point of ρ or α, and the
performance decreases.)e EC of PSR with ρ � 0.85 is better
than that of PSR with ρ �, 0.5 when ρ< 0.75.

Otherwise, when ρ value is bigger than 0.75, the EC of
PSR with ρ �, 0.85 is worse than that of PSR with ρ � 0.5.)e
same phenomena can be explained as in Figure 7.

6. Conclusions

A new hybrid TPSR protocol for energy harvesting wireless
communication networks over DF-based Rayleigh fading
channels is proposed and studied in this work. )e system
model includes one source, one relay, and one destination
for data transmission from the source to the destination. We
derive the exact and upper bound expressions of the ergodic
capacity and then investigate the influence of all designed
parameters on the system performance utilizing Monte
Carlo simulation. Simulation results show that the hybrid
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TPSR can dynamically operate in the TSR or PSR mode by
setting ρ or α equal to zero. For future work, the performance
analysis can be extended by considering hardware impair-
ment, cognitive radio network, or NOMA.
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