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This paper studies the ergodic capacity (EC) of full-duplex (FD) amplify-and-forward (AF) and decode-and-forward (DF) relay
system with energy harvesting (EH) for vehicle-to-vehicle (V2V) communications. Unlike previous works on FD-EH systems,
we consider the case that both relay and destination are mobile vehicles while the source is a static base station. We
mathematically derive the exact closed-form expressions of ECs of both AF and DF protocols of the considered FD-EH-V2V
relay system over cascade (double) Rayleigh fading. Our numerical results show that the ECs in the case of the V2V
communication system are reduced compared to those in the case of stationary nodes. Also, with a specific value of residual
self-interference (RSI), the ECs of the considered FD-EH-V2V relay system can be higher or lower than those of half-duplex-
(HD-) EH-V2V system, depending on the average transmission power of the source. Furthermore, when the transmission
power of the source and RSI are fixed, the ECs of the considered system can achieve peak values by using optimal EH time
duration. On the other hand, the ECs of both AF and DF protocols reach the capacity floors in the high signal-to-noise ratio
(SNR) regime due to the RSI impact. Also, the effect of RSI dominates the impact of cascade Rayleigh fading in the high SNR
regime. Finally, we validate our analysis approach through Monte-Carlo simulations.

1. Introduction

In the age of Industry 4.0, various new techniques have been
fast developed to satisfy the requirements of capacity and
energy consumption of the future wireless networks such as
the fifth-generation (5G) and beyond (B5G) [1–3]. In addi-
tion, the emergence of trillions of Internet-of-Things (IoT)
devices in the world requires devices to consume less energy
and transmit data at a higher rate [3, 4]. Therefore, energy
harvesting (EH) from radio frequency (RF) signals has been
used to deal with these issues [4, 5]. Together with the tradi-
tional energy grid, EH can help to fulfill the energy require-
ments for different elements of 5G networks, including
sensors in the IoT, mobile devices, heterogeneous networks
(HetNets), relays in device-to-device (D2D) systems, and
computing servers [3]. Additionally, the emergence of
advanced materials and hardware designs helps realize the
EH circuits for small portable consumer electronic devices

in the IoT. Furthermore, RF signals can be transmitted over
the air all the time. Thus, EH from RF signals can provide sta-
ble energy for wireless devices that consume low power such
as IoTs, sensors, and the remote area communication used in
5G and B5G systems [1, 3].

Meanwhile, full-duplex (FD) is a promising technique for
achieving high spectral efficiency in wireless systems thanks
to its capability to allocate the transmitted and received radio
signals of a communication node on the same frequency and
in the same time slot. Ideally, FD transmission increases the
spectral efficiency twice compared to traditional half-duplex
(HD) transmission. As a promising technology for next-
generation (5G and B5G) wireless networks, FD wireless
not only has the potential to double the spectrum efficiency
in the physical layer but can also enhance the performance
of wireless systems such as reducing feedback delay, end-to-
end delay, and congestion, improving the network secrecy
and efficiency and increasing the throughput and spectrum
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usage flexibility [6, 7]. Overall, it is envisaged that FD com-
munication technology can be adopted in the near future in
a number of scenarios and applications, such as throughput
enhancement in the sub-6GHz band, supporting ultralow
delay communication, small and dense cells [6, 8–10].

In the literature, various works have combined EH and
FD techniques in a wireless communication system to solve
the battery and spectrum efficiency issues [8, 10, 11]. The
mathematical analysis and the experimental measurements
have been applied for investigating the performance of FD-
EH systems. Specifically, the mathematical analysis is used
to derive expressions of outage probability (OP), symbol
error rate (SER), bit error rate (BER), and ergodic capacity
(EC) of the FD-EH systems [8, 10–13]. Based on these
obtained mathematical expressions, the system behavior is
analyzed under the effects of different parameters such as
the residual self-interference (RSI) induced by FD transmis-
sion mode, the time switching ratio, and the channel condi-
tions. It is found that optimal power allocation for FD
transmission mode and optimal time switching ratio for EH
can improve the system performance significantly [14–16].
Furthermore, the EC of the FD-EH system is generally higher
than that of the HD-EH system for specific RSI values. Exper-
imental measurements have also been widely used to evaluate
the algorithms and solutions used to improve the perfor-
mance of FD-EH systems [12, 17–19]. By applying the opti-
mization problem in a nonconvex form, the FD-EH
system’s system power is minimized and better than that of
the HD-EH system [19], and the sum rate and energy effi-
ciency are maximized [18]. As a result, most of the works
about FD-EH systems have analyzed RSI and other system
parameters’ impacts and then proposed solutions to reduce
OP and SER and enhance EC and energy efficiency. Further-
more, exploiting FD-EH systems in different scenarios such
as cognitive radio (CR), spatial modulation (SM), and coop-
erative communication has been widely carried out.

Recently, both FD and EH techniques are deployed in
vehicle-to-vehicle (V2V) communication systems because
of their various advantages in V2V environments. Thanks
to FD and EH techniques, the V2V communication systems
can reduce the delay time for signal transmission between
vehicles and the power supply limitation problem [20, 21].
Hence, the FD-EH-V2V relay system can be applied for the
intelligent transportation systems (ITS) and the road safety
applications [8, 10, 20]. Specifically, the onboard unit was
proposed in [20] to supply the energy for FD-V2V communi-
cations from the vehicle engine. Although this scheme could
solve the energy issues, applying EH for V2V communication
systems still becomes an inevitable trend thanks to many
advantages of the EH technique. In recent reports, the OP,
SER, and throughput of the FD-EH-V2V relay systems were
obtained to investigate the system performance and evaluate
the effects of several system parameters such as RSI, time
switching ratio, and channel characteristics [8, 10]. In partic-
ular, papers [8, 10] derived the OP and SER expressions of
FD-EH-V2V relay systems with AF and DF relaying proto-
cols, respectively. However, the EC expressions of these FD-
EH-V2V relay systems were not obtained. Meanwhile, we
always want to get the lowest OP/SER and the highest EC

for wireless communication systems. Therefore, investigating
OP/SER and ignoring EC when analyzing the performance of
wireless communication systems may result in inaccurate
conclusions on the system behaviors. Specifically, experi-
ments and measurements indicate that the cascade (double)
Rayleigh fading distribution best describes the channels
between vehicle nodes [21, 22], while the traditional channels
such as Nakagami, Rician, and Rayleigh cannot fully model
the V2V communication channel. It is shown that, under
the effects of RSI and cascade Rayleigh fading channel, the
OP and SER of the FD-EH-V2V relay systems reach the error
floor faster in the high SNR regime. Additionally, the cascade
Rayleigh fading channel makes the derivation of closed-form
expressions more difficult than Nakagami, Rician, and Ray-
leigh channels [8, 10, 22], leading to a lack of mathematical
analysis of FD-EH-V2V relay systems over cascade Rayleigh
fading channels.

As in the above discussions, the main benefit of FD trans-
mission is high capacity compared with HD one. However,
mathematical analysis of the EC of FD-EH-V2V relay sys-
tems under the effect of cascade Rayleigh fading has not been
investigated yet. Meanwhile, EH and FD techniques in V2V
communication systems are inevitable because these tech-
niques can solve various issues in traditional V2V systems.
Mainly, EH is an effective method for power supply in the
case that the wireline power supply may not be deployed
for moving vehicles. At the same time, the FD can improve
the performance of safety applications for V2V systems.
Therefore, it is required to mathematically analyze the ECs
of the FD-EH-V2V relay system for both AF and DF proto-
cols to evaluate the system behavior. This observation moti-
vates us to perform a mathematical analysis of the ECs of
the FD-EH-V2V relay system with AF/DF protocols over
cascade Rayleigh fading channels. In our paper, we focused
on analyzing the impacts of the cascade Rayleigh fading
channel, RSI, and time switching ratio on the ECs of the
FD-EH-V2V relay system with the AF/DF protocol by deriv-
ing the exact closed-form expressions of these attributes and
comparing with those in the case of Rayleigh fading channel,
perfect SIC, and HD system. So far, this is the first work
deriving the EC expressions of the FD-EH-V2V relay system
over cascade Rayleigh fading channels. It is noted that
exploiting EH from RF signals provides a stable energy sup-
ply for low-power consumption networks such as IoTs, wire-
less sensor networks, extremely remote area communications
used in 5G and B5G systems [4, 19], and vehicular networks
[23]. Meanwhile, FD transmission mode can be exploited in
various scenarios to support a set of safety applications in
V2V systems because FD devices can transmit signals and
sense the environment simultaneously, thus reducing the
end-to-end delay of the systems [6]. Consequently, the com-
bination of EH and FD in a V2V system can achieve many
advantages such as solving the battery and spectrum effi-
ciency issues. The main contributions of the paper are short-
ened as follows:

(i) We investigate an FD-EH-V2V relay system where
the source is located at a fixed location while relay
and destination move on the road. Besides, relay
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harvests energy from the source while moving and
exchanging signals. Furthermore, we consider both
AF and DF protocols at the relay

(ii) We mathematically derive the exact closed-form
expressions of the ECs of the considered FD-EH-
V2V relay system for both AF and DF protocols
under the influences of RSI and cascade Rayleigh
fading, then validate these derived expressions by
Monte-Carlo simulations. We also observe that cas-
cade Rayleigh fading results in more difficulties
deriving closed-form expression than traditional
channels such as Rayleigh and Nakagami

(iii) We investigate the performance of the FD-EH-V2V
relay system in different scenarios. Numerical results
reveal that the cascade Rayleigh fading hurts the ECs
of the considered system compared with the Ray-
leigh fading. Furthermore, the EC of the DF protocol
is higher than that of AF one, and the ECs of the
considered system are higher than those of the
HD-EH-V2V relay system for certain RSI and
SNR. On the other hand, when RSI and the average
transmission power of the source are fixed, a suitable
time switching ratio can be chosen to maximize the
ECs of the considered system

The rest of the paper is organized as follows. Section 2
describes the system model of the considered FD-EH-V2V
relay system with signal processing for both AF and DF pro-
tocols. Section 3 mathematically derives the EC expressions
of the considered system. Section 4 provides numerical
results and discussions. Finally, Section 5 draws some
conclusions.

2. System Model

The considered FD-EH-V2V relay system consists of a static
station (S) and two moving vehicles (R and D), as described
in Figure 1. S and D are equipped with one antenna while
R is equipped with two antennas, one for receiving and
another for transmitting signals. S and D use traditional
HD communication, while R employs FD communication.
When R is moving on the road or restricted area, it is not easy
to supply power to it; thus, R needs to harvest energy from RF
signals for its operation. In particular, R is equipped with a
suitable circuit that can harvest energy from the RF signal
transmitted from S and then uses all the harvested energy

for signal transmission. In practice, R can use a shared
antenna for both transmitting and receiving signals; however,
exploiting a separate antenna can suppress self-interference
(SI) better, especially in the propagation domain. Specifically,
when a shared antenna is exploited at R, the isolation
between its output and input may not be sufficient to satisfy
the SIC requirements [24, 25]. Additionally, it is too difficult
to apply the spatial suppression at R with a shared antenna.
Meanwhile, various methods to suppress SI power with a
separate antenna such as the usage of lossy materials, direc-
tional antennas, and spatial suppression can be easily
deployed [25, 26]. Hence, R keeps antennas separately on
the vehicle rooftop to perform this task at a far enough dis-
tance to make passive isolation remarkably efficient. In this
paper, we also assume that R uses two separate antennas.

As can be seen from Figure 1, besides the signal process-
ing as traditional AF/DF relay, the relay in the considered
system has to deal with EH and SIC processes. In addition,
various algorithms to suppress the SI are also exploited at
the EH-FD relay. These operations lead to an increase in
the architecture complexity and signal processing delay at
the relay. Therefore, the considered FD-EH-V2V relay sys-
tem is more complex than the traditional HD relay system
without EH [27, 28]. On the other hand, the transmission
delay was characterized in several papers such as [29–31].
Since the authors of [29–31] analyzed a two-hop HD relay
system, the data transmitted from source to destination via
relay needs two time slots, leading to a significant increase
in the signal transmission delay. In contrast, there is only
one time slot for transmitting data from source to destination
in our work because of FD transmission mode. Thus, the
delay is greatly reduced. Furthermore, we focus on the math-
ematical analysis of the ergodic capacity (EC) of the V2V
relay system with two new techniques (EH and FD) and both
amplify-and-forward (AF) and decode-and-forward (DF)
relaying protocols by deriving the closed-form EC expres-
sions. Then, we compare the ECs of the considered system
with ECs of the traditional HD system or the system over
Rayleigh fading to exhaustively investigate the impacts of
cascade Rayleigh fading channel, RSI, and the benefits of
FD transmission mode. In the near future, we will extend this
work by analyzing the scenario where the delay is considered
in FD-V2V relay systems.

The operation of the considered FD-EH-V2V relay sys-
tem is illustrated in Figure 2. It consists of two stages. In
the first stage, R harvests the energy from the RF signal trans-
mitted from S in the time duration of αT , where 0 ≤ α ≤ 1 and

S
R

Tx Rx

f
f

SI Tx

D

Rx

R

Signal transmission (1−𝛼)T
Signal transmission (1−𝛼)T

Energy harvesting 𝛼T

Figure 1: Block diagram of the considered FD-EH-V2V relay system.
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T are, respectively, the time switching ratio and the transmis-
sion block. In the second stage, S and R transmit signals to R
and D, respectively, in the time duration of ð1 − αÞT . Due to
simultaneously transmitting and receiving at the same time
and same frequency band, the received signal at R is distorted
by the SI. Thus, all SIC techniques should be applied at R to
mitigate this issue.

Also, the measurements and experiments in the literature
such as [32, 33] indicated that the well-known channels such
as Nakagami-m, Rayleigh, and Rician do not fit the R–D
communication channel. It is because both R and D are mov-
ing vehicles. Instead, the cascade Rayleigh fading well charac-
terizes the R–D communication channel in both fields of
measurement and theoretical analysis [22, 32, 33]. Mean-
while, since S is static, the S–R communication link follows
Rayleigh fading [32, 34, 35].

In the EH time duration αT , the harvested energy at R
(denoted by Eh) is expressed as

Eh = ηαTPS hSRj j2, ð1Þ

where 0 ≤ η ≤ 1 is the energy conversion efficiency; PS is the
average transmission power of S; hSR is the fading coefficient
of the S–R channel.

Then, R uses all the harvested energy for signal trans-
mission. Consequently, the transmission power of R is
given by

PR =
ηαTPS hSRj j2

1 − αð ÞT = ηαPS hSRj j2
1 − α

: ð2Þ

In the communication time, ð1 − αÞT , S and R, respec-
tively, transmit signals to R and D. Simultaneously trans-
mitting and receiving signals of R causes SI from its
transmitting antenna to its receiving antenna. The received
signals at R is thus presented as

yR = hSR
ffiffiffiffiffi
PS

p
xS + ~hRR

ffiffiffiffiffiffi
PR

p
xR + zR, ð3Þ

where xS and xR are the transmitted signals at S and R,
respectively; PR is the transmission power of R given in
(2); ~hRR is the fading coefficient of SI channel; zR is the
Gaussian noise at R with zero mean and variance of σ2R,
i.e., zR ∼ CN ð0, σ2

RÞ.
Since the distance between transmission and reception

antennas of R is very small, especially for personal devices,
R must apply all SIC techniques to suppress SI power before

performing further processes such as decoding and for-
warding. The average SI power before SIC from (3) is cal-
culated as

E ~hRR
��� ���2PR

� �
= ηαPS
1 − α

E ~hRR
��� ���2 hSRj j2
� �

, ð4Þ

where Ef:g denotes the expectation operator.
First, in the propagation domain, R uses antenna direc-

tionality, isolation, and cross-polarization to reduce the SI
power. Then, through circuits and algorithms in both analog
and digital domains, the SI is further suppressed. In particu-
lar, since R knows its transmitted signal, it can subtract this
signal from the received signals, especially by using digital
cancellation. However, due to imperfect circuit hardware
and SI channel estimation, the SI cannot be obliterated.
Therefore, residual self-interference (RSI) still exists in the
received signals of R. According to the measurements and
experiments on the RSI of FD devices, the RSI after using
all SIC techniques (denoted by IR) follows complex Gaussian
distribution with zero mean and variance of σ2

RSI [15, 16, 36–
38], where σ2RSI is expressed as

σ2RSI =
kηαPS
1 − α

, ð5Þ

where k is the RSI level at FD relay.
Now, the received signals at R becomes

yR = hSR
ffiffiffiffiffi
PS

p
xS + IR + zR: ð6Þ

2.1. Amplify-and-Forward (AF). When R uses the AF proto-
col, it amplifies the received signals after SIC and forwards
them to D. The transmitted signal at R is expressed as

xR =GyR, ð7Þ

where G is the relaying gain chosen so that EfjxRj2g = 1,
i.e.,

G =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
hSRj j2PS + σ2

RSI + σ2R

s
: ð8Þ

Then, R forwards signals to D. The received signal at D is
presented as

yD = hRD
ffiffiffiffiffiffi
PR

p
xR + zD, ð9Þ

where hRD is the fading coefficient of the R–D channel; zD is
the Gaussian noise at D, i.e., zD ∼ CN ð0, σ2

DÞ.
Replacing (6), (7), and (8) into (9), we have

yD = hRD
ffiffiffiffiffiffi
PR

p
G hSR

ffiffiffiffiffi
PS

p
xS + IR + zR

� �
+ zD

= hSRhRD
ffiffiffiffiffi
PS

p ffiffiffiffiffiffi
PR

p
GxS + hRD

ffiffiffiffiffiffi
PR

p
G IR + zRð Þ + zD:

ð10Þ

Energy harvesting
S to R

(1−𝛼)T𝛼T

T

Information transmission
S to R, R to D

Figure 2: The operation of the considered FD-EH-V2V relay
system with the TS protocol.
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From (10), the end-to-end signal-to-interference-plus-
noise ratio (SINR) of the considered FD-EH-V2V relay sys-
tem with the AF protocol (denoted by γAF) is computed as

γAF =
hSRj j2 hRDj j2PSPRG

2

hRDj j2PRG
2 σ2RSI + σ2R
� 	

+ σ2D
: ð11Þ

Substituting (2) and (8) into (11), γAF now becomes

γAF =
hSRj j4 hRDj j2ηαP2

S
hSRj j2 hRDj j2ηαPS σ2

RSI + σ2R
� 	

+ σ2D 1 − αð Þ hSRj j2PS + σ2
RSI + σ2R

� 	 :
ð12Þ

2.2. Decode-and-Forward (DF). When R uses the DF proto-
col, it decodes the received signals after SIC, recodes the
intended signals, and forwards them to D. The received sig-
nals at D is given in (9). Based on the received signals at R
and D given as (6) and (9), the SINRs for decoding signals
at R (denoted by γR) and D (denoted by γD) are, respectively,
calculated as

γR =
hSRj j2PS
σ2RSI + σ2R

, ð13Þ

γD = hRDj j2PR
σ2D

= hSRj j2 hRDj j2ηαPS
σ2D 1 − αð Þ : ð14Þ

For the DF protocol, the end-to-end SINR (denoted by
γDF) of the considered FD-EH-V2V relay system is given by

γDF = min γR, γDð Þ: ð15Þ

3. Performance Analysis

In this section, the ECs of the considered FD-EH-V2V relay
system for both AF and DF protocols are obtained. Generally,
the EC is computed as

C = E log2 1 + γe2eð Þf g =
ð∞
0

log2 1 + γe2eð Þf γe2e γð Þdγ, ð16Þ

where γe2e is the end-to-end SINR of the considered system
given in (12) and (15) for AF and DF protocols, respectively;
f γe2eðγÞ is the probability density function (PDF) of γe2e.

After some mathematical manipulations, (16) becomes

C = 1
ln 2

ð∞
0

1 − Fγe2e
xð Þ

1 + x
dx, ð17Þ

where Fγe2e
ðxÞ is the cumulative distribution function (CDF)

of γe2e.
From (17), the ECs of the considered FD-EH-V2V relay

system for both AF and DF protocols are derived in the fol-
lowing theorem.

Theorem 1. Under the impacts of RSI and the cascade Ray-
leigh fading channels, the ECs of the considered FD-EH-V2V

relay system using AF (denoted by CAF) and DF (denoted by
CDF) protocols are expressed as

CAF =
π2

4MN ln 2
〠
M

m=1
〠
N

n=1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϕ2m
� 	

1 − ϕ2n
� 	q

Ψ − ln v

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ ln v ln u + ln v −Ψð Þ
Ψ ln u ln u + ln vð Þ

s
K1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ ln v ln u + ln v −Ψð Þ
Ψ ln u ln u + ln vð Þ

s !
,

ð18Þ

CDF =
π2

4MN ln 2
〠
M

m=1
〠
N

n=1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϕ2m
� 	

1 − ϕ2n
� 	q

Ψ − ln v

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Φ ln v
Ψ ln u ln u + ln vð Þ

s
K1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ ln v

Ψ ln u ln u + ln vð Þ

s !
,

ð19Þ
where Ψ = ðσ2

RSI + σ2RÞ/PS; Φ = ð4σ2Dð1 − αÞÞ/ηαPS; ϕm = cos
ððð2m − 1ÞπÞ/2MÞ; u = 1/2ðϕm + 1Þ; ϕn = cos ððð2n − 1ÞπÞ/2
NÞ; v = 1/2ðϕn + 1Þ; M and N are complexity-accuracy
trade-off parameters [39]; K1ð:Þ is the first order modified Bes-
sel function of the second kind [40].

Proof. To obtain ECs for both cases of AF and DF protocols,
we have to derive the CDFs of γAF and γDF first and then
replace them into (17).

For the AF protocol, the CDF of γAF (denoted by FAFðxÞ)
is computed as

FAF xð Þ = Pr γAF < xf g

= Pr hSRj j4 hRDj j2ηαP2
S

hSRj j2 hRDj j2ηαPS σ2RSI + σ2R
� 	

+ σ2D 1 − αð Þ hSRj j2PS + σ2RSI + σ2
R

� 	 < x

( )

= Pr hSRj j2 hRDj j2ηαPS hSRj j2PS − x σ2
RSI + σ2R

� 	
 �
< xσ2D 1 − αð Þ�

� hSRj j2PS + σ2RSI + σ2R
� 	g:

ð20Þ

By changing variable, i.e., jhSRj2 = y + ðxðσ2RSI + σ2
RÞ/PSÞ,

(20) becomes

FAF xð Þ = Pr hRDj j2 < σ2D 1 − αð Þ σ2RSI + σ2R
� 	

x2 + x
� 	

+ PSyx

 �

ηαPSy PSy + σ2RSI + σ2R
� 	

x

 �

( )

= 1 −
ð∞
0

1 − F hRDj j2
σ2D 1 − αð Þ σ2RSI + σ2R

� 	
x2 + x
� 	

+ PSyx

 �

ηαPSy PSy + σ2
RSI + σ2

R
� 	

x

 �

 !" #

� f hSRj j2 y + x σ2RSI + σ2R
� 	

PS

 �
dy:

ð21Þ

To calculate (21), we begin with the CDF and PDF of the
instantaneous channel gain, jhSRj2, that follows Rayleigh dis-
tribution, i.e.,

F hSRj j2 xð Þ = 1 − exp −
x
Ω

� �
, x ≥ 0, ð22Þ

5Wireless Communications and Mobile Computing



f hSRj j2 xð Þ = 1
Ω

exp −
x
Ω

� �
, x ≥ 0, ð23Þ

where Ω = Efjhj2g is the average channel gain.
To shorten the derived expressions, all the average chan-

nel gains are normalized, i.e., Ω = 1. Therefore, (22) and (23)
become

F hSRj j2 xð Þ = 1 − exp −xð Þ, x ≥ 0, ð24Þ

f hSRj j2 xð Þ = exp −xð Þ, x ≥ 0: ð25Þ

In addition, since the R–D channel is influenced by cas-
cade Rayleigh fading, the CDF and PDF of jhRDj2 are, respec-
tively, expressed as [22, 34, 41]

F hRDj j2 xð Þ = 1 −
ffiffiffiffiffi
4x

p
K1

ffiffiffiffiffi
4x

p� �
, ð26Þ

f hRDj j2 xð Þ = 2K0
ffiffiffiffiffi
4x

p� �
, ð27Þ

where K0ð:Þ is the zero-order modified Bessel function of the
second kind [40].

It should be better to know that the movements of both
transmitter and receiver make the signal’s amplitude and
phase fluctuate and cause the Doppler shifts. As a result,
the cascade Rayleigh fading channels are widely used in
V2V communication systems such as in [22, 35, 42] to best
describe the characteristics of V2V channels. Through math-
ematical analysis, previous works such as [22, 33, 35, 43] take
these characteristics into account when deriving the CDF and
PDF of the V2V communication channels. In other words,
the CDF in (26) and the PDF in (27) implicitly reflect the
movements of both transmitter and receiver in the V2V
system.

Applying (26) and (25), (21) becomes

FAF xð Þ = 1 −
ð∞
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4σ2D 1 − αð Þ σ2RSI + σ2

R
� 	

x2 + xð Þ + PSyx

 �

ηαPSy PSy + σ2RSI + σ2
R

� 	
x


 �
s

× K1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4σ2D 1 − αð Þ σ2RSI + σ2R

� 	
x2 + xð Þ + PSyx


 �
ηαPSy PSy + σ2RSI + σ2R

� 	
x


 �
s !

� exp −y −
x σ2RSI + σ2

R
� 	

PS

 �
dy:

ð28Þ

Let z = exp ð−yÞ be a new variable, we can rewrite (28) as

FAF xð Þ = 1 − exp −
x σ2RSI + σ2R
� 	

PS

 �ð1
0

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4σ2D 1 − αð Þ σ2RSI + σ2

R
� 	

x2 + xð Þ + PSx ln 1/zð Þ
 �
ηαPS PS ln 1/zð Þ + σ2RSI + σ2

R
� 	

x

 �

ln 1/zð Þ

s

× K1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4σ2D 1 − αð Þ σ2RSI + σ2R

� 	
x2 + xð Þ + PSx ln 1/zð Þ
 �

ηαPS PS ln 1/zð Þ + σ2RSI + σ2R
� 	

x

 �

ln 1/zð Þ

s !

� dz = 1 − exp −Ψxð Þ
ð1
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ Ψ x2 + xð Þ + x ln 1/zð Þ½ �
ln 1/zð Þ +Ψxð Þ ln 1/zð Þ

s
K1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ Ψ x2 + xð Þ + x ln 1/zð Þ½ �
ln 1/zð Þ +Ψxð Þ ln 1/zð Þ

s !
dz:

ð29Þ

Using [39] (Eq. (25.4.30)), (29) is computed as

ð1
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ Ψ x2 + xð Þ + x ln 1/zð Þ½ �
ln 1/zð Þ +Ψxð Þ ln 1/zð Þ

s
K1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ Ψ x2 + xð Þ + x ln 1/zð Þ½ �
ln 1/zð Þ +Ψxð Þ ln 1/zð Þ

s !
dz

= π

2M 〠
M

m=1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϕ2m

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ Ψ x2 + xð Þ − x ln u½ �
−ln u −ln u +Ψxð Þ

s
K1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ Ψ x2 + xð Þ − x ln u½ �
−ln u −ln u +Ψxð Þ

s !
,

ð30Þ

where M, ϕm, and u were defined in the theorem.
Then, FAFðxÞ is expressed as

FAF xð Þ = 1 − exp −Ψxð Þ π

2M 〠
M

m=1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϕ2m

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ Ψ x2 + xð Þ − x ln u½ �
−ln u −ln u +Ψxð Þ

s
K1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ Ψ x2 + xð Þ − x ln u½ �
−ln u −ln u +Ψxð Þ

s !
:

ð31Þ

Substituting FAFðxÞ in (31) into (17) for calculating the
EC corresponding to the AF protocol, we have

CAF =
1

ln 2

ð∞
0

1
1 + x

exp −Ψxð Þ π

2M 〠
M

m=1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϕ2m

q

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ Ψ x2 + xð Þ − x ln u½ �
−ln u −ln u +Ψxð Þ

s
K1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ Ψ x2 + xð Þ − x ln u½ �
−ln u −ln u +Ψxð Þ

s !
dx:

ð32Þ

Let t = exp ð−ΨxÞ be a new variable, (32) can be rewritten
as

CAF =
π

2M ln 2 〠
M

m=1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϕ2m

q ð1
0

1
Ψ + ln 1/tð Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ ln 1/tð Þ ln 1/tð Þ − ln u +Ψð Þ

−Ψ ln u ln 1/tð Þ − ln uð Þ

s
K1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ Ψ x2 + xð Þ − x ln u½ �

−Ψ ln u ln 1/tð Þ − ln uð Þ

s !
dt:

ð33Þ

Applying [39] (Eq. (25.4.30)), the integral in (33) is
calculated as
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ð1
0

1
Ψ + ln 1/tð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ ln 1/tð Þ ln 1/tð Þ − ln u +Ψð Þ

−Ψ ln u ln 1/tð Þ − ln uð Þ

s
K1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ ln 1/tð Þ ln 1/tð Þ − ln u +Ψð Þ

−Ψ ln u ln 1/tð Þ − ln uð Þ

s !
dt

= π

2N 〠
N

n=1

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϕ2n

q
Ψ − ln v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ ln v ln u + ln u −Ψð Þ
Ψ ln u ln u + ln vð Þ

s
K1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ ln v ln u + ln u −Ψð Þ
Ψ ln u ln u + ln vð Þ

s !
,

ð34Þ

where N , ϕn, and v were defined in the theorem.
Replacing (34) into (33), we obtain the EC of the consid-

ered system with the AF protocol as (18).
For the DF protocol, the CDF of γDF (denoted by FDFðxÞ)

is computed as

FDF xð Þ = Pr γDF < xf g = Pr min γR, γDð Þ < xf g
= 1 − Pr γR > x, γD > xf g: ð35Þ

Substituting γR and γD in (13) and (14) into (35), we have

FDF xð Þ = 1 − Pr hSRj j2PS
σ2
RSI + σ2

R
> x, hSRj j2 hRDj j2ηαPS

σ2D 1 − αð Þ > x

( )

= 1 − Pr hSRj j2 > x σ2RSI + σ2
R

� 	
PS

, hRDj j2 > xσ2D 1 − αð Þ
hSRj j2ηαPS

( )

= 1 − 1 − Pr vj j2 ≤ xσ2D 1 − αð Þ
hSRj j2ηαPS

�����
hSRj j2> x σ2RSI+σ2Rð Þ/PSð Þ

8<
:

9=
;

0
@

1
A:

ð36Þ

Using the conditional probability [44], (36) can be
expressed as

FDF xð Þ = 1 −
ð∞
0

1 − F hRDj j2
xσ2

D 1 − αð Þ
hSRj j2ηαPS

 ! !
f hSRj j2 y + x σ2

RSI + σ2R
� 	

PS

 �
dy,

ð37Þ

where y = jhSRj2 − ðxðσ2
RSI + σ2RÞ/PSÞ.

Applying (25) and (26), (37) becomes

FDF xð Þ = 1 −
ð∞
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4xσ2

D 1 − αð Þ
y + x σ2

RSI + σ2R
� 	

/PS
� 	� 	

ηαPS

s
K1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4xσ2
D 1 − αð Þ

y + x σ2
RSI + σ2R

� 	
/PS

� 	� 	
ηαPS

s !
exp

� −y −
x σ2RSI + σ2R
� 	

PS

 �
dy = 1 −

ð∞
0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Φx

y +Ψx

s
K1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Φx

y +Ψx

s !
exp −y −Ψxð Þdyz

= 1 − exp −Ψxð Þ
ð∞
0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Φx

y +Ψx

s
K1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Φx

y +Ψx

s !
exp −yð Þdy:

ð38Þ

Applying all steps used for the AF protocol such as
changing variable z = exp ð−yÞ and using [39] (Eq.
(25.4.30)), we can obtain the CDF of the considered system
with the DF protocol as

FDF xð Þ = 1 − π

2M exp −Ψxð Þ 〠
M

m=1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϕ2m

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φx

Ψx − ln u

r
K1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Φx
Ψx − ln u

r !
:

ð39Þ

Then, substituting (39) into (17) and applying similar
transformations used for the AF protocol, we obtain the EC
of the considered system with the DF protocol as (19). The
proof is complete.

4. Numerical Results and Discussions

In this section, the mathematical expressions in the previous
section are used to evaluate the ECs of the considered FD-
EH-V2V relay system with AF/DF protocols. The effect of
several system parameters such as the RSI level, the average
transmission power, the time switching ratio, and the cascade
Rayleigh fading is investigated to provide the system deploy-
ment guidelines in practice. All mathematical expressions are
validated throughMonte-Carlo simulations. In particular, we
use the MATLAB simulator to obtain the simulation results.
To generate a cascade Rayleigh fading channel, we generate
two independent Rayleigh fading channels and then multiply
these two channels. To realize the ECs of the HD-EH-V2V
relay systems, we set the RSI level k = 0 in the obtained EC
expressions of the FD-EH-V2V relay systems and divide
the results by two because HD-EH-V2V relay systems need
two time slots to transmit signal from S to D via R. In all sce-
narios, we set σ2

R = σ2
D = σ2, the energy harvesting efficiency

η = 0:85, and the complexity-accuracy trade-off parameters
M =N = 20. In addition, the average transmission power is
calculated as SNR = PS/σ2. Furthermore, ECs of the consid-
ered system are compared with those in the case of Rayleigh
fading channel and HD transmission mode to demonstrate
the benefits of the FD technique and the impacts of the RSI
and cascade Rayleigh fading. For the sake of redoing the sim-
ulation easily by other researchers, we summarize the param-
eter settings for evaluating the system performance in
Table 1.

Figure 3 illustrates the ECs of the considered FD-EH-
V2V relay system versus the average SNR for different values
of the RSI level, i.e., k = −30, −20, and − 10 dB. The time
switching ratio is α = 0:5. We use (18) and (19) in the theo-
rem to plot the ECs of the considered FD-EH-V2V relay sys-
tem with AF and DF protocols. In Figure 3, the ECs of the
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FD-EH system over Rayleigh fading channels are denoted by
“Sim-R.” As shown in Figure 3, the cascade Rayleigh fading
reduces the ECs compared with the Rayleigh fading, espe-
cially in low SNR regime and low RSI level. Particularly,
when RSI is low, i.e., k = −30 dB, the ECs of the considered
system are 0.2 bit/s/Hz lower than those in the case of Ray-
leigh fading for both AF and DF protocols at SNR = 30dB.
However, all ECs approximate 9 bit/s/Hz at SNR = 50dB.
With higher RSI levels, i.e., k = −20 and −10 dB, all ECs reach
the capacity ceilings at SNR = 40dB and 50 dB for the case
k = −10 dB and k = −20 dB, respectively. In these two cases,
the ECs only reach 3.1 and 6 bit/s/Hz for k = −10 dB and k
= −20 dB, respectively. These features indicate a strong
impact of RSI on the ECs of the considered FD-EH-V2V
relay system. On the other hand, the ECs with the DF proto-
col are always higher than those with the AF protocol. This
result is reasonable because AF amplifies not only noise but
also the RSI.

Figure 4 investigates the effect of the RSI on the ECs of
the considered FD-EH-V2V relay system for different aver-
age transmission power, i.e., SNR = 10, 20, 30, and 40dB.
We also provide the ECs of the considered system with HD
transmission mode to clearly show the impact of RSI and
the benefit of FD transmission mode. It is evident from

Figure 4 that the effect of RSI is significant for high SNRs.
Specifically, when self-interference is obliterated (k = 0), the
ECs of the FD-EH-V2V relay system are two times higher
than the ECs of the HD-EH-V2V relay system. When k
increases, the ECs of the considered FD-EH-V2V relay sys-
tem decrease. In particular, the ECs of the FD-EH-V2V relay
system are always higher than ECs of the HD-EH-V2V relay
system for low SNRs, i.e., SNR = 10 and 20dB. However, for
higher SNRs, i.e., SNR = 30 and 40 dB, the ECs of the FD-EH-
V2V relay system are higher or lower than the ECs of the
HD-EH-V2V relay system. For example, the ECs of the
FD-EH-V2V relay system are higher than the ECs of the
HD-EH-V2V relay system when k ranges from 0 to 0.07
and SNR = 30dB. When k > 0:07, the ECs of the FD-EH-
V2V relay system are lower than the ECs of the HD-EH-
V2V relay system. With higher SNR, i.e., SNR = 40dB, the
ECs of the FD-EH-V2V relay system are only higher than
those of the HD-EH-V2V relay system when k < 0:03. There-
fore, depending on the measured and experimented RSI
levels in practice, we can select FD or HD transmission mode
to obtain high system capacity.
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Figure 4: The impact of RSI on the ECs of the considered FD-EH-
V2V relay system for different average transmission power, SNR
= 10, 20, 30, and 40 dB; α = 0:5.
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Figure 3: The ECs of the considered FD-EH-V2V relay system for
different values of the RSI level, k = −30, −20, and − 10 dB; α = 0:5.

Table 1: Parameter settings for evaluating the system performance.

Notation Description Fixed value Varying range

SNR Signal-to-noise ratio 40 dB 10, 20, 30, 50 dB; 0~50 dB
σ2 Variance of Gaussian noise 1 None

η Energy harvesting efficiency 0.85 None

α Time switching ratio 0.5 0.1~0.9
k RSI level -20 dB -10, -30 dB; 0~0.2
M,N Trade-off parameters 20 None
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Figure 5 shows the ECs of the considered FD-EH-V2V
relay system versus the time switching ratio α for different
SNRs, e.g., SNR = 10, 20, 30, 40, and 50 dB. The RSI level is
k = −30dB. As observed in Figure 5, it is obvious that the
ECs of the considered FD-EH-V2V relay system closely
depend on α. When SNR is small, i.e., SNR = 10 and 20dB,
the ECs increase with α. It is because small SNR means low
transmission power of S; thus, R needs more time for EH to
have enough signal transmission power. However, when
SNR is higher, i.e., SNR = 30, 40, and 50dB, the ECs firstly
increase and then decrease when α gets higher. Specifically,
for SNR = 30dB and SNR = 40dB, ECs are maximal when
α = 0:7 and α = 0:4, respectively, for both AF and DF proto-

cols. If the transmission power of S continues to increase,
i.e., SNR = 50dB, ECs are maximal when α = 0:2. Therefore,
based on the transmission power of S, the optimal α can be
used to obtain the peak ECs of the considered FD-EH-V2V
relay system.

To understand the relationship between the average
transmission power of source and the time switching ratio
α, we plot the ECs of the considered FD-EH-V2V relay sys-
tem versus the average SNR for various time switching ratio,
α = 0:1,0:3,0:5,0:7,0:9, as shown in Figure 6. We can see that,
in a low SNR regime, i.e., SNR < 20dB, the EC of the case α
= 0:7 is the best while the EC of the case α = 0:1 is the worst.
However, for higher SNR range, 20 < SNR < 40dB, the EC of
the case α = 0:3 is the best while the EC of the case α = 0:9 is
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Figure 5: The ECs of the considered FD-EH-V2V relay system versus the time switching ratio α for different SNRs, k = −30 dB.
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the worst. If the average SNR still increases, i.e., SNR > 40dB,
the EC of the case α = 0:1 is the best while the EC of the case
α = 0:9 is still the worst. To sum up, low SNR leads to a high α
and vice versa.

The joint and cross impacts of the RSI level k and the
time switching ratio α on the ECs of the considered FD-
EH-V2V relay system are illustrated in Figure 7, where the
average SNR is set as SNR = 40dB. Similar to the ECs in
Figure 5, with a certain value of k, there is an optimal α that
maximizes ECs of AF/DF protocols. In particular, when k
= 0:01, the ECs reach the maximum of 6.9 and 7.3 bit/s/Hz
for AF and DF protocols, respectively, at α = 0:15. However,
with a higher value of k, the ECs are the highest when α =
0:1. In other words, for k ranges from 0.02 to 0.2, ECs of
AF/DF protocols decrease when α increases. Surprisingly,
in the case of perfect SIC (k = 0), the ECs increase when α
increases. As a result, besides reducing the ECs of the consid-
ered FD-EH-V2V relay system, the RSI also influences the
optimal ECs. Therefore, for choosing an optimal α that max-
imizes the ECs of the considered system, it is necessary to
know the RSI level and the average transmission power of
the source before deploying this system in practice.

5. Conclusion

Applying FD and EH techniques are inevitable for future
wireless networks, especially for V2V communication sys-
tems, because of the big advantages of these techniques.
Therefore, in this paper, we evaluate the ergodic capacities
of an FD-EH-V2V relay system with both AF and DF proto-
cols under the impact of RSI and cascade Rayleigh fading
channel. We mathematically derive the exact closed-form
expressions of the EC of both AF and DF protocols. Numer-
ical results reveal that the EC of the DF protocol is slightly
higher than that of the AF one. Also, the cascade Rayleigh
fading reduces the ECs of the considered system compared
with the traditional Rayleigh fading. Furthermore, the ECs
of the considered system are compared with those in the case
of HD transmission mode to demonstrate the benefit of the
FD technique. We also observe that, based on the RSI level
and the source’s average transmission power, we can choose
an optimal time switching ratio to maximize the ECs of the
considered FD-EH-V2V relay system.
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