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Abstract
In this paper, we analyze the performance of vehicle-to-vehicle (V2V) communication system, which employs full-duplex
(FD) and energy harvesting (EH) techniques at source and relay nodes from power beacon (PB) through radio frequency.
Unlike previous systems where all nodes located at fixed locations, we investigate the case that three nodes (source,
relay, and destination) are moving vehicles. Therefore, the channels between them follow double (cascade) Rayleigh fading
distributions. Furthermore, the source and relay nodes can harvest the energy from PB for data transmission when they
move on the road. We derive the exact expressions of the outage probability (OP) and symbol error probability (SEP) of
the proposed system and then intensively study the impacts of various parameters such as the number transmission antennas
of PB, the time duration for EH, the distances between nodes, and the residual self-interference (RSI) at the FD relay
node on the system performance. Monte-Carlo simulations validate all theory analysis. Numerical results show that system
performance is strongly impacted by the number of transmission antennas of the power beacon, the EH duration, the RSI,
and the distances between nodes. Moreover, for a given transmission of power beacon and the SIC capability of the FD
relay node, there exist optimal EH duration and optimal distance from the source to relay, which provide the best system
performance.
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1 Introduction

Nowadays, most people in the world use smart devices.
Unlike the previous decade, when regular cell phones were
used; today, smartphones are not only used for voice but
also for many other functions such as exchanging the infor-
mation to control many things, especially in the age of
the Internet of Things (IoT). Hence, improving the spec-
trum efficiency to support the increasing demand for future
wireless networks becomes an urgent mission. To deploy
the fifth-generation (5G) mobile communication systems
around 2020, various technologies such as full-duplex (FD),
massive multiple-input multiple-output (MIMO), non-
orthogonal multiple access (NOMA) [1–4] are researched
and experimented. Among those solutions, FD technology
is very promising because the FD devices can transmit
and receive signals at the same time and on the same fre-
quency band simultaneously, thus can theoretically double
the spectral efficiency and capacity [5–11]. However, self-
interference (SI) from the transmission antenna to receiving
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antenna of the FD devices is a big problem for FD com-
munication systems. Fortunately, through using new tech-
niques in antenna design, analog, and digital processing, the
FD devices can suppress SI up to 110 dB which makes the
FD communication becomes more realistic [12–14].

Recently, the FD technique is not only able to double
the spectral efficiency but also has other advantages such
as reducing the feedback and end-to-end delay, improving
the network secrecy and the effectiveness of ad hoc network
protocols, enhancing the spectrum usage flexibility and the
system throughput, collision avoidance, solving the hidden
terminal problem, and reducing congestion through the aid
of Medium Access Layer (MAC) scheduling [1]. Therefore,
the usage of the FD technique in wireless communication
systems has attracted much attention in both education and
industry [10]. Especially, employing the FD technique at
relay nodes to increase the coverage and reliability of
the wireless system is considered as a promising solution
[15–19].

Today, smart devices are often mobile and connect to
other devices for data exchange, and form the device-to-
device (D2D) or vehicle-to-vehicle (V2V) communications.
In [3, 20–24], the V2V communication systems have
been investigated and analyzed. In [20], the advantages
of V2V communication such as safety applications, direct
D2D/V2V are considered. The authors indicated that V2V
communication is the crucial key for cooperative and semi-
autonomous driving. The ergodic capacity of the V2V
communication system over Rician fading channels was
investigated in [3, 21]. The authors derived the approximate
expression of the average capacity and simulated the bit
error rate (BER) of the system. Their results demonstrated
that using NOMA in the V2V system can improve the
reliability of communication link and bandwidth efficiency.

Due to the applications of both FD technique and V2V
communication in 5G and next-generation systems, com-
bining the FD and V2V communication in these systems
has been considered in many works [3, 20, 22, 23] because
FD technique can reduce the end-to-end delay of communi-
cation links between vehicles. Besides analyzing the per-
formance of the FD-V2V system, many solutions such as
antenna design [22], interference management [23] have
been introduced to enhance the self-interference cancella-
tion, which then improves the performance and capacity
of the system because of the reduction in the SI. In [22],
the authors proposed a dual-band full-duplex antenna/array,
which can be applied in intelligent transport systems (ITS).
By combining multiple functions in a device, the size,
weight, and cost of an antenna can be reduced. In [23], the
FD vehicular access network was considered in the case of
imperfect channel state information (CSI) at the transmit-
ter. An optimal blind interference alignment scheme was
proposed to improve the sum rate of the system.

It is easy to see from the above discussions that the usage
of the FD technique in the V2V communication system is
vitally necessary for reducing the transmission delay and
improving the spectrum efficiency. However, when wireless
devices move on the road and exchange the information
for a long time, it is difficult to supply power to them.
Thus, to maintain the connectivity to the other devices, the
moving wireless devices need to harvest the energy from
the radio frequency (RF) signals and then use this harvested
energy for the data transmission. On the other hand, the
energy harvesting (EH) technique is a promising method
for V2V communication systems thanks to the advantages
of wireless charging. Moreover, the combination of EH and
new technologies for wireless communication systems such
as FD and NOMA becomes a hot topic [5, 10, 16, 28–31].
In these studies, the authors demonstrated that those systems
could be deployed in realistic scenarios when various self-
interference cancellation (SIC) is applied.

Meanwhile, although the EH technique is a crucial key
for wireless devices in the V2V communication systems,
there is a lack of research on the EH-V2V systems because
the harvested energy of the wireless devices is small and
depends on the instantaneous channel gain of the RF signal.
On the other hand, in V2V communication systems, the
channels between vehicles are usually considered as double
Rayleigh fading channels, which are worse than Rayleigh
fading channels [25, 26]. Furthermore, it is hard to derive
the closed-form expression of OP and SEP because many
instantaneous channel gains appear. Despite these issues,
combining EH and FD into a V2V system is considered
as an inevitable trend for future wireless networks. It is
because FD can significantly reduce the delay in V2V
communication systems compared with traditional half-
duplex (HD) mode by sensing the environment and sending
information simultaneously. Additionally, the usage of EH
at the transmitters can solve the problem of limited-energy
vehicles, especially when it is hard to supply power for
the transmitters, specifically when EH is exploited by the
dedicated power from power beacon (PB). Furthermore,
the large space on the rooftop of vehicle provides a good
isolation between the transmission and reception antennas
of FD node, thus, improving system performance because
the SIC capability is better.

Motivated by the above discussions, in this paper, we
investigate an EH-FD-V2V relay system, where the source
node transmits signals to the destination node through the
assistance of the relay node. In this system, source, relay,
and destination nodes move on the road while they transmit
and receive signals. Furthermore, the relay node operates
in FD mode. Due to the long transmission time, the source
and relay nodes must harvest energy from a PB and then
use the harvested energy to support the data transmission.
So far, this is the first work that combines both EH and
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FD techniques in a V2V communication system. Based
on the mathematical calculations, we successfully derived
the exact expressions of OP and SEP of the proposed
system. The contributions of this paper can be summarized
as follows:

– We consider a V2V system where the source and the FD
relay nodes harvest energy from power beacon through
RF before transmitting signal. To increase the harvested
energy at source and relay nodes, we investigate the
case that the power beacon has multiple transmission
antennas.

– We derive the exact closed-form mathematical expres-
sions for the OP and SEP of the proposed system over
double Rayleigh fading channels and under the impact
of residual self-interference (RSI) which is caused by
the imperfect SIC. Furthermore, we also investigate the
system throughput.

– We find that the system performance is strongly impac-
ted by the number of transmission antennas of the
power beacon, the EH duration, the RSI, and the distan-
ces between nodes. Moreover, for a given transmission
of power beacon and the SIC capability of the FD
relay node, there exist optimal EH duration and optimal
distance from the source to relay, which provide the best
system performance. All analysis results are validated
through Monte-Carlo simulations.

The rest of this paper is organized as follows. We present
the system model of the proposed EH-FD-V2V relay system
in Section 2 and then derive the system performance in
terms of the OP and SEP in Section 3. In Section 4,
we provide numerical results and discussions. Finally, we
conclude our paper in Section 5.

2 Systemmodel

The system model of the proposed EH-FD-V2V relay
system is illustrated in Fig. 1. There are four nodes in this
system, i.e., a power beacon (PB), a source node (S), a relay
node (R), and a destination node (D). The data transmission
from S to D is assisted by R. In the proposed system, S is
a device which has one antenna for both harvesting energy
and transmitting signal. D has an antenna for receiving
signal. S and D operate in half-duplex (HD) mode, while R
operates in FD mode with two antennas, one for transmitting
and another for receiving. Furthermore, since S, R and D
move on the road and exchange the information for a long
time, the portable power supplies of S and R are insufficient.
To address this problem, S and R need to harvest the radio
frequency (RF) energy from PB first and then exchange
data.

In our work, we consider the case that S and R have suita-
ble circuits to harvest the energy and have superior capaci-
tors to store the harvested energy. Moreover, S and R fully
use the harvested energy for transmitting signals in one
symbol period. To increase the amount of harvested energy
at S and R, we assume that PB has K transmission antennas
and the average transmission power P is equal for all anten-
nas of PB. Generally, there are two EH protocols commonly
used in wireless systems, i.e., time switching (TS) and
power splitting (PS) protocols. The combination of these
two protocols has also been applied in various works to in-
crease the amount of harvested energy. In this paper, we use
TS protocol because it is can be deployed more easily than
the PS protocol in practice. The operation of the proposed
EH-FD-V2V relay system using TS protocol consists of two
stages, as shown in Fig. 2. We denote T as the time duration
of the entire transmission block. In the first stage, S and R
harvest the RF energy from PB. The time duration of the
first stage is αT , where α, 0 � α � 1, represents the
time switching ratio. In the second stage, S and R use the
harvested energy for transmitting and receiving signals. The
time duration for the second stage is (1 − α)T . Since R
receives signals from S and transmits these signals to D at
the same time, the self-interference occurs.

For the EH duration αT , the harvested energy at S (deno-
ted by ES

h) and R (denoted by ER
h ) can be calculated as [38]

ES
h = ηαT P

K∑

i=1

|hiS|2, (1)

ER
h = ηαT P

K∑

i=1

|hiR|2, (2)

where η is the energy conversion efficiency. For given
circuit, the energy conversion efficiency is a constant and
its value depends on the rectification process and the EH
circuitry (0 � η � 1); P is the average transmission power
at an antenna of PB; hiS and hiR are the fading coefficients
from ith antenna of PB to S and R, respectively. It is noted
that ER

h in Eq. 2 can be increased when both antennas of R
are used for harvesting energy. However, the transmission
power of R will also be increased, leading to higher SI at R
which may reduce the system performance [27]. Therefore,
in this paper, we consider the case that R only uses one
antenna for EH. After converting the harvested energy, the
transmission power of S and R can be calculated as [32]

PS =
ηαT P

K∑
i=1

|hiS|2

(1 − α)T =
ηαP

K∑
i=1

|hiS|2

1 − α
, (3)

PR =
ηαT P

K∑
i=1

|hiR|2

(1 − α)T =
ηαP

K∑
i=1

|hiR|2

1 − α
. (4)
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Fig. 1 System model of the
proposed EH-FD-V2V relay
system

f
f
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During the time duration (1 − α)T for exchanging
information, S transmits signal to R, while R forwards the
signal to D at the same time and on the same frequency
band. This transmission process may generate the SI at R.
Therefore, the received message at R is given by

yR = hSR

√
d

−β

SR PSxS + h̃RR

√
d

−β
RR PRxR + nR, (5)

where xS and xR are the transmitted signals at S and R,
respectively; dSR and dRR are respectively the distances
from S to R and from transmission antenna to reception
antenna of R; β is the path loss exponent whose values
range from 2 to 6; hSR and h̃RR are the fading coefficients
of the channels from S to R, and from the transmission
antenna to the reception antenna of R, respectively; nR is the
Additive White Gaussian Noise (AWGN) with zero-mean
and variance σ 2, i.e., nR ∼ CN (0, σ 2).

As can be seen from Eq. 5, the average power of SI at R
before doing SIC is calculated as

E{|h̃RR|2d−β
RR PR} = ηαP

1 − α
E

{
|h̃RR|2d−β

RR

K∑

i=1

|hiR|2
}

, (6)

where E{.} denotes the expectation operator.
Since the distance between the transmission antenna and

the reception antenna of R is very small, the power of SI is

αT

Energy Harves�ng
PB to S &R

Informa�on Transmission
S to R & R to D

(1 )α− T

T

Fig. 2 Time duration for EH and information transmission of the
proposed EH-FD-V2V relay system

much stronger than that of the desired signal. Therefore, in
this paper, we assume that R can apply all SIC techniques,
such as antenna propagation, analog suppression, and digital
cancellation, to enhance the quality of the desired signal.
Especially, since R knows its transmitted signal, it can
subtract SI from the received signals by using the digital
cancellation method [13, 33, 37, 39]. On the other hand,
due to the error in estimating the SI channel and the faulty
hardware for SIC, the RSI still exists at R. Notably, the RSI
at R, denoted by IR, has a complex Gaussian distribution
with zero mean and variance γRSI [11, 13, 34–37, 39].
Moreover, γRSI is calculated as

γRSI = Ω̃
ηαP

1 − α
, (7)

where Ω̃ represents the SIC capability of the FD device.
After various SIC techniques are applied, Eq. 5 can be

rewritten as

yR = hSR

√
d

−β

SR PSxS + IR + nR, (8)

and the received signal at D can be expressed as

yD = hRD

√
d

−β
RD PRxR + nR, (9)

where hRD and dRD are respectively the fading coefficient
of R − D channel and the distance from R to D; nD is
the AWGN at D with zero mean and variance of σ 2, i.e.,
nD ∼ CN (0, σ 2).

Based on Eqs. 8 and 9, the signal-to-interference-plus-
noise ratios (SINRs) at R and D are calculated as

γR = |hSR|2PS

d
β

SR(γRSI + σ 2)
= ηαP |hSR|2

(1 − α)d
β

SR(γRSI + σ 2)

K∑

i=1

|hiS|2. (10)

γD = |hRD|2PR

d
β
RDσ 2

= ηαP |hSR|2
(1 − α)d

β
RDσ 2

K∑

i=1

|hiR|2. (11)
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We note that in wireless relay system which uses DF
protocol, the end-to-end SINR is given by

γe2e = min{γR, γD}. (12)

On the other hand, in the V2V system with double
Rayleigh fading channels, the instantaneous channel gain
of S − R link is computed by multiplying two independent
instantaneous channel gains of Rayleigh fading channels,
i.e., |hSR|2 = |hSR1 |2|hSR2 |2, where |hSR1 |2 and |hSR2 |2 are
the instantaneous channel gain of Rayleigh fading channel.
Similarly, for R−D link, we have |hRD|2 = |hRD1 |2|hRD2 |2.

3 System performance

3.1 Outage probability

The outage probability (OP) of a wireless system is the
probability that the instantaneous SINR is less a certain
threshold [40]. Let R1 and R2 (bit/s/Hz) be the minimum
required data rates from S to R and from R to D. For
simplicity, we assume that R1 = R2 = R. Therefore, the
OP of the proposed EH-FD-V2V relay system is defined as

Pout = Pr{(1 − α) log2(1 + γe2e) < R},
= Pr{γe2e < 2

R
1−α − 1} = Pr{γe2e < x}, (13)

where x = 2
R

1−α − 1 is the threshold. Substituting Eqs. 12
into 13, we have

Pout = Pr{min{γR, γD} < x}. (14)

Applying the probability law in [41] for two independent
random variables, i.e., Pr{A ∪ B} = Pr{A} + Pr{B} −
Pr{A}Pr{B}, where A and B are two independent random
variables, Eq. 14 can be rewritten as

Pout = Pr{γR < x} + Pr{γD < x}
−Pr{γR < x}Pr{γD < x}. (15)

From Eq. 15, the OP of the proposed EH-FD-V2V relay
system is determined in the following Theorem 1.

Theorem 1 The outage probability of the proposed system
under the impact of RSI and double Rayleigh fading
distributions is calculated as

Pout = 1 − π2
√

ABx

4MN(Ω1Ω2)K−1	2(K)

×
M∑

m=1

N∑

n=1

√
(1 − φ2

m)(1 − φ2
n)K1

(√
Ax

−Ω1 ln u

)

×K1

(√
Bx

−Ω2 ln v

)
(Ω1Ω2 ln u ln v)K− 3

2 , (16)

where

A = 4(1 − α)d
β
SR(γRSI + σ 2)

Ω3Ω4ηαP
; B = 4(1 − α)d

β
RDσ 2

Ω5Ω6ηαP
;

Ω1 = E{|hiS|2}; Ω2 = E{|hiR|2}; Ω3 = E{|hSR1 |2};
Ω4 = E{|hSR2 |2}; Ω5 = E{|hRD1 |2}; Ω6 = E{|hRD2 |2};
Ωi refers to the average channel gain of Rayleigh fading
channel, i = 1, 2, ..., 6; E denotes the expectation operator;
M and N are the complexity-accuracy trade-off parameter;

φm = cos
(

(2m−1)π
2M

)
; u = 1

2 (φm+1); φn = cos
(

(2n−1)π
2N

)
;

v = 1
2 (φn + 1); K1(.) and 	(.) are respectively the first-

order modified Bessel function of the second kind and the
Gamma function [42].

Proof From Eq. 15, we need to compute the probability
Pr{γR < x} and Pr{γD < x} to achieve (16) in Theorem
1. Firstly, we start with the cumulative distribution function
(CDF), and the probability density function (PDF) of
the channel gains of Rayleigh fading channels which are
respectively given by

F|h|2(x) = 1 − exp
(

− x

Ω

)
, x � 0, (17)

f|h|2(x) = 1

Ω
exp

(
− x

Ω

)
, x � 0. (18)

For the summation of channel gains, i.e., X =
K∑

i=1
|h|2,

its CDF and PDF are respectively calculated as [43]

FX(x) = 1 − exp
(

− x

Ω

) K−1∑

i=0

( x

Ω

)i

, x � 0, (19)

f|h|2(x) = xK−1

ΩK	(K)
exp

(
− x

Ω

)
, x � 0. (20)

Applying Eqs. 17, 18, 19, and 20, we obtain (A2), and
then derive Eqs. A8 and A9. Using Eq. 15, we obtain the OP
of the proposed system as in Theorem 1.

The detailed proof is presented in Appendix A.

3.2 Symbol error probability

For the wireless system, SEP can be calculated as [40]

SEP = aE{Q(
√

bγ )} = a√
2π

∞∫

0

F
( t2

b

)
e− t2

2 dt, (21)

where Q(x) = 1√
2π

∞∫
x

e−t2/2dt is the Gaussian function; a

and b are certain values that depend on the modulation types
[40], i.e., a = 1, b = 2 for the binary phase-shift keying
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(BPSK) and a = 2, b = 1 for the quadrature phase shift
keying (QPSK); γ and F(.) are the end-to-end SINR and its
CDF, respectively.

From Eq. 21, we obtain the SEP of the proposed system
in the following Theorem 2.

Theorem 2 The SEP of the proposed EH-FD-V2V relay
system is calculated as

SEP = a
√

b

2
√

2π

[√
2π

b
− π3

√
AB

4MNJb(Ω1Ω2)K−1	2(K)

×
M∑

m=1

N∑

n=1

J∑

j=1

√
(1 − φ2

m)(1 − φ2
n)(1 − φ2

j )

×(Ω1Ω2 ln u ln v)K− 3
2

√−2 ln w

b

×K1

(√
2A ln w

bΩ1 ln u

)
K1

(√
2B ln w

bΩ2 ln v

)
, (22)

where J is the complexity-accuracy trade-off parameter;

φj = cos
(

(2j−1)π
2J

)
; w = 1

2 (φj + 1).

Proof After some basic albegra calculations, Eq. 21 becomes

SEP = a
√

b

2
√

2π

∞∫

0

e−bx/2

√
x

F(x)dx. (23)

Based on the definitions of the CDF and the outage
probability, we can replace F(x) in Eq. 23 with Pout in
Eq. 16. After some mathematical transforms, we obtain the
SEP of the proposed system.

The detailed proof is represented in Appendix B.

4 Numerical results and discussion

In this section, we use the expressions in Theorem 1 and
Theorem 2 to evaluate the performance of the proposed
system. Furthermore, to verify the correctness of the math-
ematical analysis, we conduct Monte-Carlo simulations to
compare the analytical results with simulation results. In our
proposed system, the average SNR is defined as the ratio
of the average transmission power of PB to the variance of
AWGN, i.e., SNR = P/σ 2. On the other hand, we choose
the average channel gains Ωl = 1 with l = 1, 2, ..., 6;
the energy harvesting efficiency η = 0.85. The simula-
tion results were obtained by using 106 channel realizations
so that the simulation results can converge to the analysis
results.

Figure 3 illustrates the outage probability of the proposed
system versus the average SNR. We use minimum data rate
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Fig. 3 The outage probability of the proposed system versus the
average SNR for different number of transmission antennas of PB,
R = 1 bit/s/Hz, Ω̃ = −30 dB, α = 0.5, dSR = dRD = 0.5, β = 4

R = 1 bit/s/Hz, the SIC capability Ω̃ = −30 dB, the time
switching ratio α = 0.5, the distances between S and R and
between R and D are dSR = dRD = 0.5 so that dSR +dRD =
1 [18, 44], the path loss exponent β = 4, and the number
of transmission antennas of PB vary from 1 to 4. The
analysis curves are plotted by using Eq. 16 in Theorem 1,
while the symbol markers indicate Monte-Carlo simulation
results. It is easy to see that the theoretical analysis is
perfectly matched with the simulation. Furthermore, the
outage probability is reduced when we increase the number
of transmission antennas of PB. It is reasonable because
when the number of transmission antennas of PB increases,
the amounts of harvested energy at S and R become higher,
thus reduces the outage probability. However, we can see
that the reduction in the outage probability is non-linear.

Figure 4 depicts the impact of EH duration α on the
outage probability of the proposed system with various
SNR. We evaluate the OP with K = 3 transmission antennas
at PB and four different values of SNR, i.e., SNR =
10, 20, 30, 40 dB. Other parameters are the same as those in
Fig. 3. As can be seen in Fig. 4, there exists an optimal value
of α, which gives the lowest OP for this system. On the other
hand, this value is different for each SNR. For example, the
optimal value of α is about α = 0.2 when SNR = 40 dB and
α = 0.4 when SNR = 30 dB. When the transmission power
of PB decreases, that value will increase. For example, in
the case SNR = 10 dB, the optimal value is α = 0.6. It is
because when the transmission power of PB is low, S and R
need more time to have enough energy for data exchange.
As a result, the time duration for information transmission is
decreased. In the case of the high transmission power of PB,
S and R can harvest enough energy in a short time, leading
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Fig. 4 The impact of EH time duration on the outage probability of the
proposed system with various SNR, R = 1 bit/s/Hz, Ω̃ = −30 dB,
dSR = dRD = 0.5, β = 4, K = 3

to the reduction in the EH duration. Consequently, based on
the transmission power of PB, we can adjust the EH time
duration to improve the outage performance of the proposed
system.

Figure 5 shows the impact of RSI on the outage
probability of the proposed EH-FD-V2V relay system. It is
easy to see that the RSI has a strong influence on the outage
performance. When the RSI is small, such as Ω̃ = −30 dB,
the OP rapidly decreases when SNR increases. However, for
larger RSI, such as Ω̃ = −20 dB, the OP decreases slowly
and reaches the outage floor at SNR = 30 dB. The outage
floor is reached faster at SNR = 20 dB when Ω̃ = −10 dB
and at SNR = 10 dB when Ω̃ = 0 dB. Therefore, it is
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Fig. 6 The OP of the proposed system versus the distance dSR with
R = 1 bit/s/Hz, Ω̃ = −30, −20 dB, α = 0.5, β = 4, K = 3

important to effectively apply various SIC techniques for the
FD relay node so that the outage floor can be avoided.

Figure 6 investigates the impact of dSR on the OP of the
proposed system. We set dSR + dRD = 1 for two values of
the RSI and three values of SNRs. It is obvious that when
SNR increases, such as from 20 to 40 dB, the optimal value
of dSR which minimizes the OP decreases. For example, in
the case SNR = 20 dB and Ω̃ = −30 dB, the OP is lowest
when dSR = dRD = 0.5. However, when SNR increases to
SNR = 40 dB and Ω̃ = −30 dB, the OP is lowest when
dSR = 0.3 and dRD = 0.7. On the other hand, if the SIC
capability and SNR increase, dSR which gives the lowest OP
is shorter. Particularly, in the case Ω̃ = −20 dB, the OP
is lowest when dSR = 0.4, dRD = 0.6 and SNR = 20 dB
and when dSR = 0.2, dRD = 0.8 and SNR = 40 dB. This
is suitable for the proposed system because increasing SNR
requires higher transmission power of the FD relay node,
thus the RSI increases. From Eqs. 10 and 11, we can see
that the SINR at D increases but the SINR at R does not.
Therefore, to increase the SINR at R we need to reduce the
distance dSR.

Figure 7 illustrates the system throughput of the proposed
EH-FD-V2V relay system versus the average SNR for
various time switching ratio α. The system throughput is
defined by Tput = R(1−α)(1−Pout), where Pout is given in
Eq. 16. As obviously shown in Fig. 7, when the EH duration
is short, i.e., α is small, the proposed system has the highest
throughput. For example, when α = 0.1 we achieve the
best system throughput. More specifically, when α = 0.1
the system throughput reaches 0.9 bit/s/Hz when SNR =
30 dB. However, when α = 0.9, the system throughput
only reaches 0.1 bit/s/Hz while the target throughput R = 1
bit/s/Hz. Therefore, for the proposed system, we need to
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reduce the EH duration to get higher throughput. Using
both Figs. 4 and 7, we can choose a suitable value of α to
achieve low outage probability and high system throughput.
For example, we can use α = 0.3 in high SNR region such
as SNR = 30 dB to obtain OP = 0.0028 (while the lowest
OP is 0.0026, Fig. 4) and the system throughput Tput = 0.7
bit/s/Hz (Fig. 7).

Figure 8 plots the symbol error probability of the
proposed system when BPSK (a = 1, b = 2) and 4QAM or
QPSK (a = 2, b = 1) modulations are used. We consider
two cases of the distances from S to R and from R to
D, i.e., dSR = dRD = 0.5 and dSR = dRD = 1. In
Fig. 8, the analysis curves are plotted by using Eq. 22 in
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Fig. 8 The SEP of the proposed EH-FD-V2V relay system using
BPSK and 4QAM/QPSK modulations with α = 0.5, Ω̃ = −30 dB,
K = 3, β = 4, dSR = dRD = 0.5, and dSR = dRD = 1

Theorem 2, and the symbol makers refer to Monte-Carlo
simulation results. We can see that the diversity order of
the proposed EH-FD-V2V relay system is one in the case
dSR = dRD = 0.5. On the other hand, all SEPs tend towards
the error floor in the high SNR regime due to the RSI of
FD mode. Furthermore, the SEP of the system in the case
dSR = dRD = 1 cannot be less than 10−3 even when the
transmission power of PB gets higher.

5 Conclusion

Motivated by the advantages of the EH and FD techniques,
in this paper, we mathematically analyze the performance
of the proposed EH-FD-V2V relay system where the source
and relay node harvest the energy over double Rayleigh
fading channels. Specifically, we derive the exact expres-
sions of the outage and symbol error probabilities of the
proposed system. The numerical results show that the sys-
tem performance in terms of the outage and symbol error
probabilities is strongly impacted by the number of trans-
mission antennas of PB, the time duration for energy har-
vesting, the distances between nodes, the path loss expo-
nent, and the SIC capability of FD relay node. Moreover, for
given transmission power of PB, there is an optimal value of
the EH duration α, which offers the lowest OP and high sys-
tem throughput. Thus, depending on the transmission power
of PB, the SIC capability, and other system parameters, we
can choose a suitable value of EH duration to maximize the
system performance.

Appendix A

This appendix presents step-by-step derivations of the
mathematical expression of the outage probability in
Theorem 1. Firstly, the probability Pr{γR < x} is calculated
as Eq. A1.

Pr{γR < x} = Pr

{
ηαP |hSR|2

(1 − α)d
β

SR(γRSI + σ 2)

K∑

i=1

|hiS|2 < x

}

= Pr

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩
|hSR|2 <

(1 − α)d
β

SR(γRSI + σ 2)x

ηαP
K∑

i=1
|hiS|2

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭
(A1)

Due to the fact that |hSR|2 = |hSR1 |2|hSR2 |2, the CDF of
|hSR|2 is computed as

F|hSR|2(x) = Pr(|hSR1 |2|hSR2 |2 < x)

=
∫ ∞

0
Pr

(
|hSR2 |2 <

x

y

)
f|hSR1 |2(y)dy. (A2)
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From Eqs. 17 and 18, we can rewrite (A2) as

F|hSR|2(x) = 1 − 1

Ω3

∫ ∞

0
exp

(
− y

Ω3
− x

yΩ4

)
dy

= 1 −
√

4x

Ω3Ω4
K1

(√
4x

Ω3Ω4

)
. (A3)

We can see from Eq. A3 that, the CDF of |hSR|2 impli-
citly takes into account the effects of scatterers around the
transmitter and the receiver which include the fluctuating
amplitude and phase of signal, the Doppler shifts caused by
the movement of vehicles [26].

Using Eqs. A3, 20, and A1 becomes (A4). It is also
noted that, we set Ω1 = E{|hiS|2}, Ω3 = E{|hSR1 |2} and
Ω4 = E{|hSR2 |2} in Eq. A4.

Pr{γR < x} =
∞∫

0

[
1 −

√
4(1 − α)d

β

SR(γRSI + σ 2)x

Ω3Ω4ηαPy
K1

(√
4(1 − α)d

β

SR(γRSI + σ 2)x

Ω3Ω4ηαPy

)]
yK−1

ΩK
1 	(K)

exp
(

− y

Ω1

)

=
∞∫

0

[
1 −

√
Ax

y
K1

(√
Ax

y

)]
yK−1

ΩK
1 	(K)

exp
(

− y

Ω1

)

= 1

ΩK
1 	(K)

[ ∞∫

0

yK−1 exp
(

− y

Ω1

)
dy − √

Ax

∞∫

0

K1

(√
Ax

y

)
yK− 3

2 exp
(

− y

Ω1

)
dy

]
. (A4)

For the first integral in Eq. A4, we apply [42, 3.351.3] to
have

∞∫

0

yK−1 exp
(

− y

Ω1

)
dy = ΩK

1 	(K). (A5)

For the second integral in Eq. A4, we set t = exp
(
− y

Ω1

)
.

After some algebra calculations, we obtain the following
integral

∞∫

0

K1

(√
Ax

y

)
yK− 3

2 exp
(

− y

Ω1

)
dy

= Ω1

1∫

0

K1

(√
Ax

−Ω1 ln t

)
(−Ω1 ln t)K− 3

2 dt . (A6)

Applying the Gaussian-Chebyshev quadrature method in
[45], Eq. A6 becomes

Ω1

1∫

0

K1

(√
Ax

−Ω1 ln t

)
(−Ω1 ln t)K− 3

2 dt

= Ω1π

2M

M∑

m=1

√
1 − φ2

mK1

(√
Ax

−Ω1 ln u

)
(−Ω1 ln u)K− 3

2 . (A7)

Substituting Eqs. A5 and A7 into Eq. A4, we get (A8).

Pr{γR < x} = 1

ΩK
1 	(K)

[
ΩK

1 	(K) − √
Ax

Ω1π

2M

M∑

m=1

√
1 − φ2

m

×K1

(√
Ax

−Ω1 ln u

)
(−Ω1 ln u)K− 3

2

]

= 1 − π
√

Ax

2M(Ω1)K−1	(K)

M∑

m=1

√
1 − φ2

m

×K1

(√
Ax

−Ω1 ln u

)
(−Ω1 ln u)K− 3

2 (A8)

By doing the same calculations as for Pr{γR < x} for
Pr{γD < x}, we have (A9).

Pr{γD < x} = Pr

{
ηαP |hRD|2

(1 − α)d
β
RDσ 2

K∑

i=1

|hiR|2 < x

}

= Pr

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩
|hRD|2 <

(1 − α)d
β
RDσ 2x

ηαP
K∑

i=1
|hiR|2

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

= 1 − π
√

Bx

2N(Ω2)K−1	(K)

N∑

n=1

√
1 − φ2

n

×K1

(√
Bx

−Ω2 ln v

)
(−Ω2 ln v)K− 3

2 . (A9)
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Then, plugging Eqs. A8 and A9 into Eq. 15, we obtain
(16) in Theorem 1 which is the closed-form expression of
the outage probability of the proposed system. The proof is
complete.

Appendix B

In this section, we provide the detailed derivations of Eq. 22
in Theorem 2.

Replacing F(x) in Eq. 23 with Pout in Eq. 16, we obtain
(B1).

SEP = a
√

b

2
√

2π

∞∫

0

e−bx/2

√
x

[
1 − π2

√
ABx

4MN(Ω1Ω2)K−1	2(K)

×
M∑

m=1

N∑

n=1

√
(1 − φ2

m)(1 − φ2
n)K1

(√
Ax

−Ω1 ln u

)

×K1

(√
Bx

−Ω2 ln v

)
(Ω1Ω2 ln u ln v)K− 3

2

]
dx

= a
√

b

2
√

2π

[ ∞∫

0

e−bx/2

√
x

dx − π2
√

AB(Ω1Ω2 ln u ln v)K− 3
2

4MN(Ω1Ω2)K−1	2(K)

×
M∑

m=1

N∑

n=1

√
(1 − φ2

m)(1 − φ2
n)

×
∞∫

0

x
1
2 e−bx/2K1

(√
Ax

−Ω1 ln u

)
K1

(√
Bx

−Ω2 ln v

)
dx

]
. (B1)

For the first integral in Eq. B1, we use [42, 3.361.2] to
solve it, i.e.,

∞∫

0

e−bx/2

√
x

dx =
√

2π

b
. (B2)

For the second integral in Eq. B1, we set z = e−bx/2.
After some mathematical calculations, we get (B3).

∞∫

0

x
1
2 e−bx/2K1

(√
Ax

−Ω1 ln u

)
K1

(√
Bx

−Ω2 ln v

)

dx = 2

b

1∫

0

√−2 ln z

b
K1

(√
2A ln z

bΩ1 ln u

)
K1

(√
2B ln z

bΩ2 ln v

)
dz. (B3)

Due to the complexity of the integral in Eq. B3, it is
hard to find the closed-form expression for this integral.
Therefore, we use the Gaussian-Chebyshev quadrature

method in [45] to solve this integral. After that, we have
(B4).

2

b

1∫

0

√−2 ln z

b
K1

(√
2A ln z

bΩ1 ln u

)
K1

(√
2B ln z

bΩ2 ln v

)
dz = π

Jb

×
J∑

j=1

√
1 − φ2

j

√−2 ln w

b
K1

(√
2A ln w

bΩ1 ln u

)
K1

(√
2B ln w

bΩ2 ln v

)
. (B4)

Substituting Eqs. B2 and B4 into Eq. B1, we obtain (22)
in Theorem 2 which is the closed-form expression of the
SER of the proposed system. The proof is complete.
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