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Abstract

This paper considers the performance of a full-duplex (FD) vehicle-to-vehicle (V2V) relay system where the relay

uses amplify-and-forward (AF) protocol and harvests the energy from the radio frequency (RF) signals transmitted

by source. Unlike previous reports, we investigate the case that both relay and destination are moving vehicles.

Therefore, the channel between source and relay is Rayleigh fading while the channel between relay and destination

is cascade (double) Raleigh fading. In addition, both fixed and variable gains are used at the FD relay. Based

on mathematical analysis, we successfully derive the exact closed-form expressions of the outage probability (OP)

and symbol error probability (SEP) to evaluate the system performance. Monte-Carlo simulations are exploited to

demonstrate the correctness of all derived mathematical expressions. Numerical results clearly indicate that the

OP and SEP performance of the considered energy harvesting (EH)-FD-V2V relay system with variable gain is

much better than that with fixed gain. Moreover, the OP and SEP performance are strongly impacted by residual

self-interference (RSI) due to the incomplete noise cancellation during the FD transmission. Besides the RSI, the

OP and SEP performance is greatly reduced because of the cascade Rayleigh fading. We also observe that there is

an optimal EH time duration to minimize the OP and SEP and this optimal value is different for fixed and variable

gains. Therefore, from the transmission power of source and the type of gains used at FD relay, we can choose a

suitable time EH time duration to get the best system performance.

Keywords: vehicle-to-vehicle communication, energy harvesting, full-duplex relay, cascade Raleigh fading, outage

probability, symbol error probability.

1. Introduction

In the age of the Internet of Things (IoT) devices, the number of smartphones is rapidly increased with various

functions such as in health-care, controlling machines, and other missions such as for smart home, automatic

driving. Therefore, the requirements of low energy consumption and spectral efficiency usage become a hot topic for

both researches and implementations [1–3]. There have been many solutions such as using low power consumption

devices, harvesting energy from radio frequency (RF) signals proposed to maintain the operation of wireless devices.

Recently, applying energy harvesting (EH) technique for wireless devices has becomes a promising solution because
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these devices always move during their operations, especially for personal devices. In addition, it was demonstrated

in [4] that integrating of simultaneous wireless information and power transfer (SWIPT) into typical fifth generation

(5G) systems including IoTs, device-to-device (D2D) networks, HetNets, and cognitive radio networks (CRNs) can

bring benefits in improving energy and spectral efficiency. Especially, SWIPT provides a great solution for the

extremely remote area communication (eRAC) where mobile edge devices can be located outside the coverage

of the electric grid for reasons such as deployment constraints, reliability requirements, weather, disasters, and

maintenance expenses. Besides EH, full-duplex (FD) technique can double the capacity of wireless systems because

FD devices can simultaneously transmit and receive signals by using the same temporal and frequency resources [3,

5, 6]. Therefore, FD communication systems have been widely employed in practice, including the IoT applications

[7, 8].

In the literature, the usage of FD communication in relay networks has been exploited in various scenarios

because of the benefits of both FD and relay communications [6, 9–13]. It was showed that FD relay systems

significantly improve the capacity of the systems compared with the traditional half-duplex (HD) relay systems,

especially when several methods such as pilot optimization, power allocation, high-performance beamformer, and

low-complexity detector are applied [12, 13]. However, the residual self-interference (RSI) induced by the FD

communication substantially impacts the performance of FD relay systems. The RSI reduces not only bit error

rate (BER) performance but also the capacity of FD relay systems. Fortunately, thanks to the fast development of

antenna and circuit designs combining with various signal processing methods in both analog and digital domains,

the RSI power can be decreased to the noise floor, making FD relay system feasible to implement in wireless

systems [14–16]. The FD devices can be used in many applications of vehicle-to-vehicle (V2V) communications

[3]. Since FD devices reduce the end-to-end transmission delay of communication between vehicles, it can use for

intelligent transportation systems (ITS) [17–19]. The performance of FD-V2V relay systems was studied in [17, 19],

where both decode-and-forward (DF) and amplify-and-forward (AF) schemes over cascade Rayleigh fading were

considered. It was indicated that the performance of FD-V2V relay system is significantly reduced in comparison

with that system over other channels such as Rayleigh fading. Furthermore, the impacts of both RSI and the

cascade Rayleigh fading are stronger in high signal-to-noise ratio (SNR) regime, making the OP and SEP of FD-

V2V relay system go to the error floor. Thus, various solutions such as antenna design [20], and interference

management [21] have been proposed to mitigate the effects of RSI and cascade Rayleigh fading.

Combining EH and FD relay into wireless systems has been studied in many works, such as [14, 22–24]. In

EH-FD relay systems, either FD relay harvests energy through RF signals transmitted from source [14, 24] or both

source and FD relay harvest energy through RF signals transmitted from power beacon (PB) [22, 23]. Through

mathematical analysis, these papers derived the exact expressions of outage probability (OP) and symbol error

probability (SEP) of the EH-FD relay systems. Their results showed that the RSI significantly reduces the OP

and SEP performance of the EH-FD relay systems. Furthermore, the usage of PB with multiple antennas can

dramatically improve the OP and SEP performance because the RF signals from the PB often have higher energy

than the RF signals from the source. Moreover, for a specific transmission power of PB or source, there is an

optimal EH time duration that minimizes the OP and SEP of the EH-FD relay systems. In addition, EH and

FD techniques were now combined with other new techniques such as non-orthogonal multiple access (NOMA)
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in [25] to enhance the spectrum utilization. On the other hand, a new secrecy information and energy transfer

scheme for EH-FD systems were proposed in [26, 27]. Based on the mathematical expression of achievable secrecy

rate, several optimal methods such as jointly optimizing the energy and information beamforming vectors [26],

nonconvex optimization problem [27] were applied to maximize the secrecy rate of the systems.

Recently, the combination of EH and FD techniques in V2V communication systems has become an inevitable

trend for the fifth-generation (5G) and beyond (B5G) wireless networks. Due to the fact that EH from RF signals

has great potential to provide stable energy to low-power energy-constrained networks including wireless sensor

networks (WSNs), IoTs, and eRAC use cases in 5G and B5G networks [4, 28, 29]. Meanwhile, FD communication

is expected to support a set of safety applications which make vehicles aware of road hazards or hidden objects [3].

It is because FD communication can help to solve some important problems in existing wireless networks such as

feedback delay and end-to-end delay reduction, network secrecy and efficiency improvement, increasing the spectrum

usage flexibility and throughput, collision avoidance, solving the hidden terminal problem, reducing congestion with

the aid of medium access layer (MAC) scheduling [3, 30]. Moreover, because of the moving of wireless devices in

V2V communication systems, the traditional channels between nodes such as Rayleigh, Rician, and Nakagami-m

fading channels may not be suitable. Instead, both theoretical analyses and practical measures have shown that the

cascade Rayleigh fading channels are ideal for V2V communication systems [31–33]. However, when the cascade

Rayleigh fading channels are considered in V2V communication systems, the calculation complexity will increase,

leading to the difficulty in mathematically evaluating the performance of V2V communication systems, especially

for the EH-V2V communication systems.

Motivated by the above issues, to exploit the benefits of both EH and FD relay techniques in V2V communication

systems, we study a system where EH, FD relay are exploited in the scenario of V2V communication. In the

considered EH-FD-V2V relay system, the source is a static roadside unit while both relay and destination are

vehicles. Furthermore, the relay is powered by RF signals from source to support data transmission. So far, this

is the first work considering EH and FD relay in the V2V communication system. With the fast development of

circuit design, analog and digital signal processing in recent years and forecast of the future, the considered scenario

can be successfully exploited in crucial vehicular scenarios such as in vehicle-to-roadside (V2R) communications,

V2V interactions for safety applications. The contributions of this paper can be summarized as follows:

– We investigate an EH-FD-V2V relay system where the source is stationary while relay and destination are

mobile. This assumption leads to the channel from source to relay is Rayleigh fading channel while the channel

from the relay to the destination is cascade Rayleigh fading channels. Moreover, relay is powered from the source

through RF signals to support data transmission. We consider two kinds of gain, i.e., fixed and variable gains at

the FD relay.

– We successfully obtain the exact closed-form expressions of OP and SEP of the considered EH-FD-V2V relay

system over cascade Rayleigh fading channels and under the effect of RSI due to FD transmission mode for both

cases of fixed and variable gains. Based on the expression of OP, we also calculate the throughput of the considered

EH-FD-V2V relay system. All analysis expressions are validated via Monte-Carlo simulations.

– We evaluate the performance of EH-FD-V2V relay system in various scenarios. Numerical results clearly

indicate that the performance with variable gain is much better than that with fixed gain. Moreover, the RSI has
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Figure 1: Illustration of the considered EH-FD-V2V relay system.

a substantial impact on the OP and SEP of the considered system for both cases fixed and variable gains. The

performance of the EH-FD-V2V relay system is reduced compared with this system over Rayleigh fading channels.

Also, for specific transmission power of the source, there is an optimal value of EH time duration that minimizes

OP of the considered system, and this optimal value of fixed gain is different from that of variable gain.

The rest of this paper is organized as follows. Section 2 presents the system and signal model of the considered

EH-FD-V2V relay system. Section 3 derives the mathematical expressions of the OP and SEP of the considered

system. Section 4 provides numerical results and discussions. Finally, Section 5 concludes the paper.

2. System Model

The system model of the considered EH-FD-V2V relay system includes three nodes: source (S), relay (R), and

destination (D) as illustrated in Fig. 1. In this system, S is static roadside unit while R and D are moving vehicles.

S and D have only one antenna and operate in HD mode. Meanwhile, R has two antennas, one for transmitting

and another for receiving and operates in FD mode. Data is transferred from S to D via the assistance of R.

Furthermore, since the power supply of R is limited, when R moves on the road and exchanges data for a long time,

it harvests the energy from RF signals transmitted by S to support the data transmission. To perform this task,

R has a suitable energy harvester and a superior capacitor to store the harvested energy. Moreover, it is assumed

that all harvested energy of R is used for data transmission in one symbol period.

The operation of the considered EH-FD-V2V relay system is comprised of two stages: EH and data transmission.

Let us denote T as the time duration of an entire transmission block. The first time duration, αT, is used for EH

while the remaining time duration, (1−α)T, is used for data transmission, where α, 0 6 α 6 1, represents the time

switching ratio and . Due to the FD mode, i.e., R simultaneously transmits signals to D and receives signals from

S at the same time and on the same frequency band, the SI from transmitting antenna to the receiving antenna

occurs. Therefore, all SIC techniques such as antenna domain suppression, analog and digital domain cancellation

need to be exploited at R to reduce the SI effect. Since R uses a separate antenna for signal transmission and

reception, it can easily apply all SI suppressing methods in antenna domain such as isolation, cross-polarization,

and antenna directionality [34]. Although, a shared-antenna with a circulator can be used at R, the usage of a

separate antenna can provide better SI suppression compared with shared-antenna [3, 10, 34].
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During the time duration αT for EH, the harvested energy at R (denoted by ER
h ) is expressed as [35]1

ER
h = ηαTPS|hSR|2, (1)

where η, 0 6 η 6 1, is the energy conversion efficiency; PS is the average transmission power of S; hSR is the fading

coefficient of S – R channel. For any energy harvester, the energy conversion efficiency is constant and depends on

the quality of electric circuitry. It should be noticed that R can use two antennas for EH to increase the harvested

energy. However, higher harvested energy leads to higher transmission power at R and thus higher SI power. As a

result, the OP and SEP performance of the system is reduced compared with the case of using only one antenna

for EH [38]. Therefore, we consider the case of only one antenna is used at R for EH.

Since all harvested energy at R is used for the data transmission, the transmission power of R is expressed as

PR =
ηαTPS|hSR|2

(1− α)T
=
ηαPS|hSR|2

1− α
. (2)

Next, during the time duration (1−α)T, the data are transmitted from S to R and from R to D simultaneously,

causing the SI from transmission antenna to reception antenna of R. Consequently, the received signals at R is

given by

yR = hSR
√
PSxS + h̃RR

√
PRxR + zR, (3)

where 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; PS and PR are respectively the average signal transmission power of S

and R; xS and xR are the transmitted signals at S and R, respectively; zR is the Gaussian noise with zero-mean

and variance of σ2, i.e., zR ∼ CN (0, σ2). We should note that the term h̃RR

√
PRxR is the SI due to FD mode and

its average power before SIC is calculated as

E{|h̃RR|2PR} =
ηαPS

1− α
E
{
|h̃RR|2|hSR|2

}
, (4)

where E{.} is the expectation operator.

As aforementioned, all SIC techniques such as antenna propagation, analog suppression, and digital cancellation

must be applied at R to reduce the SI power. Particularly, R knows its transmitted signals, and it can subtract

SI from the received signal via SI channel estimation, especially in digital domain cancellation [16, 22, 39, 40].

However, due to the imperfect channel estimation and the imperfect hardware of cancellation circuits, R cannot

completely remove the SI from the received signals. Thus, the residual SI (RSI) still exists at R. Furthermore, the

1It is noted that, in practical scenario, the output power of EH circuit may depend on a certain saturation power threshold Pth.

Specifically, if the input power exceeds Pth, the output power remains unchanged. This nonlinear characteristic of energy harvester

is caused by various factors such as diode and saturation nonlinearities. Researches and experiments have demonstrated that the

saturation nonlinearities of energy harvesting circuits cannot be avoided in realistic systems [36, 37]. As a result of this fact, the

harvested energy at R with nonlinear energy harvester can be obtained by extending (1) as

ER
h =

 ηαTPS|hSR|2, PS|hSR|2 ≤ Pth,

ηαTPth, PS|hSR|2 > Pth.
.
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RSI (denoted by IR) follows complex Gaussian distribution with zero mean and variance of γRSI [15, 16, 22, 41],

where γRSI is

γRSI =
kηαPS

1− α
, (5)

with k denotes the SIC capability of the FD relay.

Then, we can rewrite (3) as

yR = hSR
√
PSxS + IR + zR. (6)

After doing SIC, R amplifies the received signal before forwarding it to D. Therefore, the transmitted signal

from R is expressed as

xR = GyR, (7)

where G is the relaying gain.

In the case that R knows the channel state information (CSI) of S – R channel, it uses variable gain (Gv).

Otherwise, it uses fixed gain (Gf). These gains are computed subject to the normalized transmission power of R,

i.e.,

Gf =

√
1

Ω1PS + γRSI + σ2
, (8)

Gv =

√
1

|hSR|2PS + γRSI + σ2
. (9)

where Ω1 = E{|hSR|2} is the average channel gain of S – R channel.

In this paper, we normalize all average channel gains, i.e., Ω1 = 1 for all channel gains. Therefore, the fixed

gain now becomes

Gf =

√
1

PS + γRSI + σ2
. (10)

The received signal at D is given by

yD = hRD

√
PRxR + zD, (11)

where hRD is the fading coefficient of R – D channel; zD is the Gaussian noise at D with zero mean and variance

of σ2, i.e., zD ∼ CN (0, σ2).

Using (6), (7) and (9), we rewrite (11) as

yD = hRD

√
PRG(hSR

√
PSxS + IR + zR) + zD. (12)

From (12), the end-to-end signal-to-interference-plus-noise ratios (SINRs) for the case of fixed gain (denoted by

γf) and variable gain (denoted by γv) of the considered EH-FD-V2V relay system are respectively computed as

γf =
|hSR|2|hRD|2PSPR

|hRD|2PR(γRSI + σ2) + σ2/G2
f

=
|hSR|4|hRD|2ηαP 2

S

|hSR|2|hRD|2ηαPS(γRSI + σ2) + σ2(1− α)/G2
f

, (13)

γv =
|hSR|4|hRD|2ηαP 2

S

|hSR|2|hRD|2ηαPS(γRSI + σ2) + σ2(1− α)(|hSR|2PS + γRSI + σ2)
. (14)
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3. System Performance

3.1. Outage Probability

The outage probability (OP) of the considered EH-FD-V2V relay system is defined as the probability that the

instantaneous data transmission rate falls below a threshold [42]. Denote R (bit/s/Hz) as this threshold, then the

OP of the considered EH-FD-V2V relay system is computed as

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

1−α − 1} = Pr{γ < γth}, (15)

where γ is end-to-end SINR given by in (13) and (14) for the cases of fixed and variable gains, respectively;

γth = 2
R

1−α − 1 is the SINR threshold.

Based on (15), the OPs of the considered EH-FD-V2V relay system with fixed and variable gains under the

impact of the cascade Rayleigh fading channels and RSI are provided in the following Theorem 1.

Theorem 1: Under the impact of RSI and cascade Rayleigh fading, the OPs in the case of fixed gain (denoted

by Poutf ) and variable gain (denoted by Poutv) of the considered EH-FD-V2V relay system are given by

Poutf = 1− π

2M
exp(−Aγth)

M∑
m=1

√
1− φ2m

√√√√ Bγth

PSG2
f

(
ln 1

u +Aγth

)
ln 1

u

×K1

(√√√√ Bγth

PSG2
f

(
ln 1

u +Aγth

)
ln 1

u

)
, (16)

Poutv = 1− π

2M
exp(−Aγth)

M∑
m=1

√
1− φ2m

√√√√√B
[
A(γ2th + γth) + γth ln 1

u

]
(

ln 1
u +Aγth

)
ln 1

u

×K1

(√√√√√B
[
A(γ2th + γth) + γth ln 1

u

]
(

ln 1
u +Aγth

)
ln 1

u

)
,

(17)

where A = γRSI+σ
2

PS
;B = 4σ2(1−α)

ηαPS
; M is the complexity-accuracy trade-off parameter; φm = cos

(
(2m−1)π

2M

)
; u =

1
2 (φm + 1); K1(.) denotes the first order modified Bessel function of the second kind [43].

Proof : The detailed proofs are presented in Appendix A.

3.2. Symbol Error Probability

The SEP of the considered EH-FD-V2V relay system can be calculated as [42]

SEP = aE{Q(
√
bγ)} =

a√
2π

∞∫
0

F
( t2
b

)
exp

(
− t2

2

)
dt, (18)

where Q(x) = 1√
2π

∞∫
x

e−t
2/2dt is the Gaussian function; (a, b) are constants and their values are determined by the

modulation types [42]. For examples, (a, b) = (1, 2) for the binary phase-shift keying (BPSK) and (a, b) = (2, 1) for

the 4-quadrature amplitude modulation (4-QAM); γ and F (.) are respectively the end-to-end SINR and its CDF.

After some basic algebra calculations, (18) becomes

SEP =
a
√
b

2
√

2π

∞∫
0

exp(−bx/2)√
x

F (x)dx. (19)

Based on (19), the SEPs of the considered EH-FD-V2V relay system with fixed and variable gains are given in

the following Theorem 2.
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Theorem 2: The SEPs of the considered EH-FD-V2V relay system in the case of fixed gain (denoted by SEPf)

and variable gain (denoted by SEPv) are computed as

SEPf =
a
√
b

2
√

2π

[√
2π

b
− π2

4MN(A+ b/2)

M∑
m=1

N∑
n=1

√
(1− φ2m)(1− φ2n)

√√√√ B

PSG2
f

(
A ln 1

v

A+b/2 + ln 1
u

)
ln 1

u

×K1

(√√√√ B ln 1
v

PSG2
f (A+ b/2)

(
A ln 1

v

A+b/2 + ln 1
u

)
ln 1

u

)]
, (20)

SEPv =
a
√
b

2
√

2π

[√
2π

b
− π2

4MN(A+ b/2)

M∑
m=1

N∑
n=1

√
(1− φ2m)(1− φ2n)

√√√√√B
[
A ln 1

v

A+b/2 + ln 1
u +A

]
(
A ln 1

v

A+b/2 + ln 1
u

)
ln 1

u

×K1

(√√√√√√B
[
A
(

ln 1
v

A+b/2

)2
+

A ln 1
v

A+b/2 +
ln 1
v ln 1

u

A+b/2

]
(
A ln 1

v

A+b/2 + ln 1
u

)
ln 1

u

)]
, (21)

where N is the complexity-accuracy trade-off parameter; φn = cos
(

(2n−1)π
2N

)
; v = 1

2 (φn + 1).

Proof : The detailed proofs are presented in Appendix B.

4. Numerical Results and Discussion

Using the exact closed-form expressions of the OP and SEP in the previous section, we exhaustively investigate

the performance of the considered EH-FD-V2V relay system through various evaluating scenarios. In the following

figures, the curves represent the analysis results while the markers refer to Monte-Carlo simulation results. To

further show the impact of cascade Rayleigh fading on the performance of the considered EH-FD-V2V relay system,

we also provide the OP and SEP of the system for both fixed and variable gains over Rayleigh fading (denoted by

“Ray-fa” in some figures). Moreover, we define the average SNR as the ratio of the average transmission power of

S to the variance of AWGN, i.e., SNR = PS/σ
2. Otherwise stated, the time switching ratio α = 0.5, the energy

harvesting efficiency η = 0.85, and the SIC capability k = −30 dB.

Fig. 2 illustrates the OP of the considered EH-FD-V2V relay system versus the average SNR in comparison

with the OP of this system over the Rayleigh fading channel. We choose the data transmission rate R = 0.3

bit/s/Hz. The analysis results are plotted by using (16) and (17) in Theorem 1 for the cases of fixed and variable

gains, respectively. Moreover, we also simulate the OPs of the considered EH-FD-V2V relay system for both fixed

and variable gains with nonlinear energy harvester (denoted by “Non-Sim”) when the saturation power threshold

is Pth/σ
2 = 25 dB to compare with the OPs of this system with linear energy harvester. It is obvious that the

OP of the considered EH-FD-V2V relay system over cascade Rayleigh fading is significantly reduced in comparison

with the OP of that system over Rayleigh fading. Specifically, to obtain OP = 10−2, the SNR of the system over

cascade Rayleigh fading need to be 4 dB and 5 dB higher for the case of fixed and variable gains, respectively. The

similar behavior can be observed in [44–46]. In addition, due to the effect of saturation power threshold, the OPs

with nonlinear energy harvester go to the floor faster, especially for the case of fixed gain relaying. Furthermore,

the OP performance with variable gain is much better than that with fixed gain. The SNR benefit with variable
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Figure 3: The OP of the considered EH-FD-V2V relay system vs. the average SNR for various data transmission rates.

gain compared with fixed gain is about 20 dB at OP = 10−2. Therefore, it is important to use variable gain instead

of fixed gain for the considered EH-FD-V2V relay system to achieve lower OP.

Fig. 3 shows the impact of the data transmission rate on the OP of the considered EH-FD-V2V relay system.

The data transmission rate is varied as R = 0.5, 1, 1.5, 2 bit/s/Hz. We can see in Fig. 3 that, for the low data
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Figure 4: The impact of time switching ratio α on the OP of the considered EH-FD-V2V relay system for different values of SNR;

R = 0.5 bit/s/Hz.

transmission rate, i.e., R = 0.5 bit/s/Hz, the OPs reach 10−2 and 2× 10−3 at SNR = 50 dB for the cases of fixed

and variable gains, respectively. However, for higher data transmission rate, especially when R = 2 bit/s/Hz, the

OPs only reach 8× 10−2 and 3× 10−2 at SNR = 50 dB for the cases of fixed and variable gains, respectively. It is

because this system uses a half time duration (α = 0.5) for EH, thus the time duration for the data transmission is

only a half, which greatly reduces the OP performance of the considered EH-FD-V2V relay system. Therefore, to

maintain the OP performance, a low data transmission rate should be used. Additionally, the time switching ratio

α has a strong effect on the OP. Thus, in the next figure, we will evaluate the impact of α on the OPs for both

cases of fixed and variable gains.

Fig. 4 depicts the impact of time switching ratio α on the OP of the considered EH-FD-V2V relay system for

different values of SNR. We use (16) and (17) to plot analysis curves. It is noted that the terms A and B in these

expressions are functions of α when setting the SNR and other parameter as constants. Therefore, the OPs with

fixed and variable gain relaying are also functions of time switching ratio α. We can see that for a certain SNR

there are optimal values of α that minimize the OP of fixed and variable gains. For examples, when SNR = 20 dB,

the optimal values are α = 0.6 and α = 0.5 for fixed and variable gains, respectively. As the SNR increases, these

values are reduced, e.g., when SNR = 40 dB, the optimal values are α = 0.5 and α = 0.3 for fixed and variable

gains, respectively. These results are suitable for the considered system because when the SNR is low, R needs

more time for EH. Therefore, the time duration for data transmission is reduced. However, when the SNR is high,

R can harvest enough energy in a short time, leading to a decrease in the time duration for EH. As a result, based

on the average transmission power of S and the type of gain relaying used at R, we can choose a suitable the EH

time duration for R to significantly improve the OP performance of the considered EH-FD-V2V relay system.
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Figure 5: The throughput of the considered EH-FD-V2V relay system vs. the average SNR for different time switching ratio α; R = 1

bit/s/Hz.

In Fig. 5, we investigate the throughput of the considered EH-FD-V2V relay system versus the average SNR

for various time switching ratio α. This throughput is calculated as Tput = R(1 − α)(1 − Pout), where Pout are

given in (16) and (17) for the cases of fixed and variable gains, respectively. As can be seen from Fig. 5, the lower

value of α leads to a higher throughput. For example, when α = 0.1, the throughput nearly reaches 0.9 bit/s/Hz

at SNR = 50 dB for both cases of fixed and variable gains. However, for the higher α, especially when α = 0.7,

the throughput only reaches 0.3 bit/s/Hz at SNR = 50 dB for both cases of fixed and variable gains. It is also

noted that lower α leads to higher throughput due to the higher time duration for data exchange. However, lower

α will reduce the OP performance, especially in the low SNR region. Therefore, using both Fig. 4 and Fig. 5, we

can choose a suitable α for the considered EH-FD-V2V relay system based on the requirements of the OP and

throughput.

Fig. 6 plots the SEP of the considered EH-FD-V2V relay system with BPSK modulation (a = 1, b = 2) versus

the average SNR for both fixed and variable gains. We also provide the SEP of this system over Rayleigh fading

channels for both fixed and variable gains. The analysis curves in Fig. 6 are plotted by using (20) and (21) for fixed

and variable gains, respectively. Similar to the OP, the SEP of the considered EH-FD-V2V relay system is higher

than that of this system over Rayleigh fading. Furthermore, the SEP with variable gain is much lower than that

with fixed gain, and the SEP of the considered EH-FD-V2V relay system will go to error floor in high SNR regime.

Fig. 7 presents the impact of the RSI on the SEP of the considered EH-FD-V2V relay system. As can be seen

from Fig. 7, the RSI significantly affects the SEP, especially in the high SNR regime. Notably, in the low SNR

regime (SNR < 20 dB), SEPs of fixed and variable gains are nearly similar. However, in the high SNR regime, the

difference between them is remarkable. Furthermore, since the RSI power increases with the transmission power
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Figure 6: The SEP of the considered EH-FD-V2V relay system with BPSK modulation vs. the average SNR.
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Figure 7: The impact of RSI on the SEP of the considered EH-FD-V2V relay system for different RSI levels.

of S (refers to (5)), high SNR leads to high RSI power. With low RSI level, i.e., k = −30 dB, SEPs for both fixed

and variable gains still decrease in the evaluating SNR range. However, for higher RSI level, e.g., k = −20 dB, the

SEPs of both cases fall slowly, especially for variable gain. In the case of k = −10 dB and k = −5 dB, the SEPs

for both fixed and variable gains are similar. On the other hand, with the investigated RSI levels, SEPs decrease

slowly and go to error floor earlier when SNR increases. When RSI level is small, SEP of variable gain is always

12



lower than that of fixed gain, especially in high SNR regime. However, when the RSI level is large enough, SEPs

of both fixed and variable gains are similar in the high SNR regime. Therefore, more efforts are needed to improve

the SIC capability of FD relay so that higher system performance can be achieved.

5. Conclusion

Realizing the advantages of combining both EH and FD in V2V communications, in this paper, we conducted a

performance evaluation of EH-FD-V2V relay system under the impact of RSI due to FD transmission over cascade

Rayleigh fading channels. We successfully obtained the exact expressions of the OP and SEP of the considered

EH-FD-V2V relay system for both cases, i.e., fixed and variable gains at FD relay. Numerical results showed

that the performance of this system is significantly reduced due to the cascade Rayleigh fading. Additionally, the

performance of the considered system with variable gain is considerably better than that with fixed gain. We

also observed that, with a specific transmission power of the source, there is an optimal time switching ratio that

minimizes the OP of the considered EH-FD-V2V relay system. However, the optimal time switching ratio with

fixed gain is different from that with variable gain. Therefore, depending on the transmission power of source and

the type of gain relaying used at FD relay, we can choose a suitable time switching ratio to achieve the best system

performance. On the other hand, reducing the RSI is also crucial in the considered EH-FD-V2V relay system.

Appendix A

This appendix provides the detailed derivations of the OP expressions in Theorem 1.

For the case of variable gain, we calculate the OP by replacing γv in (14) into (15), i.e.,

Poutv = Pr

{
|hSR|4|hRD|2ηαP 2

S

|hSR|2|hRD|2ηαPS(γRSI + σ2) + σ2(1− α)(|hSR|2PS + γRSI + σ2)
< γth

}
. (22)

To solve the probability in (22), we consider the Rayleigh fading channel first. The cumulative distribution

function (CDF, denoted by F (.)), and the probability density function (PDF, denoted by f(.)) of the instantaneous

channel gain |hSR|2 of Rayleigh fading channel are given by

F|hSR|2(x) = 1− exp
(
− x

Ω

)
, x > 0, (23)

f|hSR|2(x) =
1

Ω
exp
(
− x

Ω

)
, x > 0. (24)

where Ω = E{|h|2} is the average channel gain.

In this paper, we normalize all the average channel gains, i.e., Ω = 1. Therefore, (23) and (24) become

F|hSR|2(x) = 1− exp(−x), x > 0, (25)

f|hSR|2(x) = exp(−x), x > 0. (26)
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On the other hand, the R – D channel is cascade Rayleigh fading channel. Therefore, the CDF and PDF of

|hRD|2 are respectively calculated as [17, 19, 31]

F|hRD|2(x) = 1−
√

4xK1

(√
4x
)
, (27)

f|hRD|2(x) = 2K0

(√
4x
)
, (28)

where K0(.) is the zero-order modified Bessel function of the second kind [43].

Based on the CDF and PDF of |hSR|2 and |hRD|2, we can now calculate the OP of the considered EH-FD-V2V

relay system from (22) as follows

Poutv = Pr

{
|hSR|4|hRD|2ηαP 2

S

|hSR|2|hRD|2ηαPS(γRSI + σ2) + σ2(1− α)(|hSR|2PS + γRSI + σ2)
< γth

}
= Pr

{
|hSR|2|hRD|2ηαPS

[
|hSR|2PS − γth(γRSI + σ2)

]
< γthσ

2(1− α)(|hSR|2PS + γRSI + σ2)
}
. (29)

Let |hSR|2 = y + γth(γRSI+σ
2)

PS
, we rewrite (29) as

Poutv = Pr

|hRD|2 <
σ2(1− α)

[
(γRSI + σ2)(γ2th + γth) + PSyγth

]
ηαPSy

[
PSy + (γRSI + σ2)γth

]


= 1−
∫ ∞
0

[
1− F|hRD|2

(
σ2(1− α)

[
(γRSI + σ2)(γ2th + γth) + PSyγth

]
ηαPSy

[
PSy + (γRSI + σ2)γth

] )]
× f|hSR|2

(
y +

γth(γRSI + σ2)

PS

)
dy.

(30)

Using (27) and (26), (30) becomes

Poutv = 1−
∫ ∞
0

√√√√√4σ2(1− α)
[
(γRSI + σ2)(γ2th + γth) + PSyγth

]
ηαPSy

[
PSy + (γRSI + σ2)γth

]

×K1

(√√√√√4σ2(1− α)
[
(γRSI + σ2)(γ2th + γth) + PSyγth

]
ηαPSy

[
PSy + (γRSI + σ2)γth

] )
exp

(
− y − γth(γRSI + σ2)

PS

)
dy. (31)

By setting z = exp(−y), (31) can be rewritten as

Poutv =1− exp
(
− γth(γRSI + σ2)

PS

)∫ 1

0

√√√√√4σ2(1− α)
[
(γRSI + σ2)(γ2th + γth) + PSγth ln 1

z

]
ηαPS

[
PS ln 1

z + (γRSI + σ2)γth

]
ln 1

z

×K1

(√√√√√4σ2(1− α)
[
(γRSI + σ2)(γ2th + γth) + PSγth ln 1

z

]
ηαPS

[
PS ln 1

z + (γRSI + σ2)γth

]
ln 1

z

)
dz

=1− exp(−Aγth)

∫ 1

0

√√√√√B
[
A(γ2th + γth) + γth ln 1

z

]
(

ln 1
z +Aγth

)
ln 1

z

K1

(√√√√√B
[
A(γ2th + γth) + γth ln 1

z

]
(

ln 1
z +Aγth

)
ln 1

z

)
dz. (32)
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Applying the Gaussian-Chebyshev quadrature method [47] for the integral in (32), we have

∫ 1

0

√√√√√B
[
A(γ2th + γth) + γth ln 1

z

]
(

ln 1
z +Aγth

)
ln 1

z

K1

(√√√√√B
[
A(γ2th + γth) + γth ln 1

z

]
(

ln 1
z +Aγth

)
ln 1

z

)
dz

=
π

2M

M∑
m=1

√
1− φ2m

√√√√√B
[
A(γ2th + γth) + γth ln 1

u

]
(

ln 1
u +Aγth

)
ln 1

u

K1

(√√√√√B
[
A(γ2th + γth) + γth ln 1

u

]
(

ln 1
u +Aγth

)
ln 1

u

)
, (33)

where M,φm, and u are defined in Theorem 1.

Substituting (33) into (32), we obtain the OP of the considered EH-FD-V2V relay system in the case of variable

gain as in (17) of Theorem 1.

Similarly, by doing all mathematical derivation steps above for the OP in the case of fixed gain, we obtain (16).

The proof is complete.

Appendix B

This appendix provides the detailed derivations of the SEP expressions in Theorem 2.

To calculate SEP from (19), we firstly need to obtain the CDF, F (x), of the end-to-end SINR from its definition,

i.e.,

F (x) = Pr{γ < x}, (34)

where γ is the end-to-end SINR.

Meanwhile, the OP is calculated from (15). Therefore, we can replace γth in (16) and (17) by x to obtain the

F (x) for the cases of fixed gain and variable gain, respectively. For the case of variable gain, F (x) is given by

F (x) = 1− π

2M
exp(−Ax)

M∑
m=1

√
1− φ2m

√√√√√B
[
A(x2 + x) + x ln 1

u

]
(

ln 1
u +Ax

)
ln 1

u

K1

(√√√√√B
[
A(x2 + x) + x ln 1

u

]
(

ln 1
u +Ax

)
ln 1

u

)
. (35)

Replacing F (x) in (35) into (19), we can compute SEPv as

SEPv =
a
√
b

2
√

2π

[ ∞∫
0

exp(−bx/2)√
x

dx− π

2M

M∑
m=1

√
1− φ2m

∞∫
0

exp
(
− (A+ b/2)x

)√√√√√B
[
Ax+ ln 1

u +A
]

(
Ax+ ln 1

u

)
ln 1

u

×K1

(√√√√√B
[
Ax2 +Ax+ x ln 1

u

]
(
Ax+ ln 1

u

)
ln 1

u

)
dx

]
. (36)

Using [43, Eq. (3.361.2)] for the first integral in (36), we have

∞∫
0

exp(−bx/2)√
x

dx =

√
2π

b
. (37)
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To solve the second integral in (36), we use a change of variables, i.e., t = exp
(
− (A + b/2)x

)
. After some

mathematical transforms, we have

∞∫
0

exp
(
− (A+ b/2)x

)√√√√√B
[
Ax+ ln 1

u +A
]

(
Ax+ ln 1

u

)
ln 1

u

K1

(√√√√√B
[
Ax2 +Ax+ x ln 1

u

]
(
Ax+ ln 1

u

)
ln 1

u

)
dx

=
1

A+ b/2

1∫
0

√√√√√B
[
A ln 1

t

A+b/2 + ln 1
u +A

]
(
A ln 1

t

A+b/2 + ln 1
u

)
ln 1

u

K1

(√√√√√√B
[
A
(

ln 1
t

A+b/2

)2
+

A ln 1
t

A+b/2 +
ln 1

t ln 1
u

A+b/2

]
(
A ln 1

t

A+b/2 + ln 1
u

)
ln 1

u

)
dt (38)

Applying the Gaussian-Chebyshev quadrature method [47], the integral in (38) is calculated as

1

A+ b/2

1∫
0

√√√√√B
[
A ln 1

t

A+b/2 + ln 1
u +A

]
(
A ln 1

t

A+b/2 + ln 1
u

)
ln 1

u

K1

(√√√√√√B
[
A
(

ln 1
t

A+b/2

)2
+

A ln 1
t

A+b/2 +
ln 1

t ln 1
u

A+b/2

]
(
A ln 1

t

A+b/2 + ln 1
u

)
ln 1

u

)
dt

=
π

2N(A+ b/2)

N∑
n=1

√
1− φ2n

√√√√√B
[
A ln 1

v

A+b/2 + ln 1
u +A

]
(
A ln 1

v

A+b/2 + ln 1
u

)
ln 1

u

K1

(√√√√√√B
[
A
(

ln 1
v

A+b/2

)2
+

A ln 1
v

A+b/2 +
ln 1
v ln 1

u

A+b/2

]
(
A ln 1

v

A+b/2 + ln 1
u

)
ln 1

u

)
, (39)

where N,φn, and v are defined in Theorem 2.

Substituting (37), (38), and (39) into (36), we obtain the exact closed-form expression of the SEP of the

considered EH-FD-V2V relay system in the case of variable gain as in (21). The SEP in the case of fixed gain can

be obtained by similar ways. The proof is complete.
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