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In this paper, we investigate a vehicle-to-vehicle (V2V) communication system where a full-duplex 
(FD) relay uses amplify-and-forward (AF) protocol. We consider two cases for the AF protocol, i.e. 
fixed and variable gain relaying. Furthermore, the channels between the nodes are considered as the 
double (cascaded) Rayleigh fading distributions. We derive the closed-form expressions for the outage 
probabilities (OPs) and symbol error rates (SERs) in these two cases. The numerical results show the 
impact of the double Rayleigh fading channels on the system performance in comparison with this 
system over Rayleigh fading channels. Moreover, the effects of the distances, path loss exponent, and 
residual self-interference (RSI) on the system performance are also studied. We find that for a given 
transmission power of the nodes in the system, there are optimal distances for the cases of fixed and 
variable gain which provide the best system performance. All analysis results in this paper are validated 
by Monte-Carlo simulation results.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

In the age of digital technology, almost personal devices are 
connected to the Internet to exchange data. Not only connect the 
people in voice and video, smart devices are connected to the 
others to control many operations such as in smart home, intelli-
gent transportation systems (ITS). Recently, device-to-device (D2D) 
communication is fast developed, leading to the demand of big 
data for the wireless communication such as the Internet of Things 
(IoT), the fifth generation (5G) of mobile communications. To re-
solve the problem of limited spectrum in wireless networks, vari-
ous methods have been proposed such as massive multiple-input 
multiple-output (MIMO), full-duplex (FD), non-orthogonal multiple 
access (NOMA) [1–3].

Among these methods, the FD communication has become a 
hot topic due to the fact that the FD devices can transmit and re-
ceive the signal at the same time and on the same frequency band, 
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that leads to the capability of doubling the theory capacity. With 
the development of antenna design techniques and the analog and 
digital signal processing, the operation of the FD devices is experi-
mented when the self-interference cancellation (SIC) is suppressed 
up to 110 dB in both theories and experiments [4,5]. Therefore, 
the FD communication is a promising solution for the future wire-
less networks and the researches on the FD system are conducted 
in many aspects such as the SIC techniques [5–7], the performance 
analysis in terms of the outage probability (OP), and the ergodic 
capacity [3,8–11].

In the literature, due to the benefits of using relay node in wire-
less systems, such as enhancing the reliability, coverage, and the 
performance of wireless systems [12,13], many researches have an-
alyzed the relay systems where the FD relay is used to improve 
the spectral efficiency [3,8,10,14,15]. Their results showed that the 
system with FD relay can be applied in the realistic scenarios 
where various SIC are conducted to suppress the self-interference. 
In these studies, the OP, symbol error rate (SER), and the ergodic 
capacity were analyzed in the case of imperfect SIC at FD relay 
node. The authors demonstrated that the FD systems can nearly 
double the spectrum when the RSI is very small. In addition, the 
OP and SER of these systems reach the error floor due to the 
RSI. Furthermore, the optimal power allocation scheme for the FD 
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mode was proposed to reduce the impact of the RSI and improve 
the system performance [9,15].

Today, vehicular communications play an important role due to 
their applications in autonomous vehicles [16–20]. On the other 
hand, almost people control the system through the smart de-
vices even when these devices move on the road, which form the 
vehicle-to-vehicle (V2V) communication. Furthermore, the chan-
nels between the devices in V2V communication exhibit double 
Rayleigh fading, thus they are worse than the channels in tradi-
tional wireless systems where the channels between the devices 
are usually characterized by Rayleigh fading. Therefore, the system 
performance of V2V communication will be decreased in compar-
ison with one over Rayleigh fading channel. However, due to the 
fact that the V2V communication can be applied for the intelli-
gent transportation systems (ITS) [19,20], it is vitally necessary to 
analyze and improve the system performance. Since they provide 
many applications for the traffic safety and efficiency, a lot of re-
searches have focused on the applications, architectures, protocols, 
and channel models of V2V communications.

Particularly, in V2V communication systems, since all nodes are 
vehicles, the channel models which are usually used for wireless 
systems such as Rayleigh, Rician or Nakagami-m do not fit for 
almost V2V channel measurements [21–23]. It is because those 
channels are often applied for stationary communication links, 
where all nodes are fixed. On the other hand, the theoretical 
analysis and field measurement [21–23] demonstrated that the 
double Rayleigh fading distribution can precisely characterize the 
V2V channel, because two-bounce scattering components caused 
by scatterers around both the transmitter’s and receiver’s local 
environments will generate a cascaded (double) Rayleigh fading 
distribution [22]. Furthermore, the double Rayleigh fading distri-
bution also fits for various scenarios such as suburban outdoor-
to-indoor mobile-to-mobile communication scenarios or keyhole 
channels [24].

The impact of double Rayleigh fading channels on the V2V 
communication systems has been analyzed in several works in 
the literature [18,20,25–28]. Their results demonstrated that the 
double Rayleigh fading channels reduce the system performance 
strongly in both theory and experiments. Additionally, based on 
the theoretical analysis and field measurement [21–24], the dou-
ble Rayleigh fading channels can be applied for various scenarios 
such as urban, suburban and forest environments in V2V commu-
nication systems. The system performance of V2V communication 
in the case of point-to-point HD devices over double Rayleigh fad-
ing channels was analyzed in [20,29]. Recently, the combination 
of the FD technique with V2V communication in a system has 
been conducted, such as in [19,30–32]. The work in [19] consid-
ered the potential of FD technique in V2V communication. The 
advantages and disadvantages of the FD-V2V communication was 
analyzed. In addition, the guideline for the design and the deploy-
ment of medium access control was also proposed. Furthermore, 
the results in [30] demonstrated that a FD vehicle can detect col-
lision and apply this ability in cooperative automated driving. On 
the other hand, the antenna design is very important for the FD 
communication, thus [31] proposed a novel dual-band full-duplex 
antenna array for FD-V2V communication. In this antenna array, 
the authors used two ports to increase the isolation between the 
transmitted signal and received signal, resulting in the decreased 
self-interference. Furthermore the size, weight, and cost of the an-
tenna array is reduced because the authors combined the filtering, 
duplexing, and radiation in a single device. In [32], the FD vehicu-
lar access networks without the channel state information (CSI) at 
transmitter was investigated. The optimal blind interference align-
ment scheme was proposed to improve the sum rate of the system.

Although the FD-V2V communication has been studied, how-
ever the researches on this system are limited. It is because when 
two techniques are combined in a system, the system performance 
will be decreased due to the impacts of the RSI in FD mode and 
the double Rayleigh fading channels. Furthermore, the channels 
in V2V communications are considered as double Rayleigh fad-
ing channels that leads to the computation complexity. Therefore, 
the studies on FD-V2V communications have just archived some 
certain results. All previous works did not derive mathematical ex-
pressions for analyzing the OP and SER. Motivated by this issue, 
in this paper, we propose the novel model which combines the 
FD and V2V in a system. In this system, the source node which 
operates in half-duplex (HD) mode transmits the signal to the des-
tination node via the relay node which operates in FD mode. The 
relay node uses amplify-and-forward (AF) protocol with fixed and 
variable gain relaying.

The contributions of this paper can be summarized as follows:
– We consider the FD relay system where all nodes are vehi-

cles that form the FD-V2V communication system. At the FD relay 
node, we investigate two cases: fixed and variable gain relaying 
with imperfect SIC. The channels between nodes are considered as 
the double Rayleigh fading channels.

– We successfully derive the exact expressions of the OP and 
SER in the case of imperfect SIC at the FD relay node for fixed 
and variable gain relaying. Based on these expressions, the system 
throughput is also investigated.

– We show that the system performance in both cases fixed and 
variable gain relaying are decreased strongly compared with the 
system over Rayleigh fading channel. Furthermore, the system per-
formance is significantly affected by the RSI due to the FD mode. 
On the other hand, the impacts of far distance between the vehi-
cles and the path loss exponent are also investigated. We observe 
that there is an optimal distance between three nodes which pro-
vides the best system performance for two cases of gain relaying 
and the optimal distance of the fixed gain is different with that of 
the variable gain. Finally, the Monte-Carlo simulations are used to 
verify the correctness of the analysis results.

The rest of this paper is organized as follows. Section 2 de-
scribes the signal and system models, while Section 3 presents 
the analysis of system performance in terms of the OP and SER. 
Section 4 gives the numerical results and discussions. Finally, Sec-
tion 5 concludes the paper.

2. System model

In this section, the signal and system models of a FD-V2V com-
munication system is described. As illustrated in Fig. 1, the signal 
is transmitted from a source node (S) to a destination node (D) via 
a relay node (R). In this system, R operates in FD mode with two 
antennas, one for transmitting and the other for receiving. Mean-
while, S and D operate in the HD mode with single antenna. We 
should note that in practical system, the R can use one shared-
antenna for both transmitting and receiving by using the circulator 
to separate the transmitted and received signal. However, using 
two separate antennas can easily apply various SIC techniques for 
FD mode, such as the isolation, the analog and digital cancellations 
[4,33]. Therefore, in this paper, we assume that the relay uses two 
separate antennas to obtain good SIC capability.

On the other hand, the relay uses AF protocol. We investigate 
two cases at the relay node. Specifically, when the relay node 
knows the instantaneous channel gain from the source node to 
the relay node, it uses variable-gain relaying. Otherwise, it uses 
fixed-gain relaying. Furthermore, all nodes in the system are mo-
bile nodes which form a V2V communication system. Therefore, 
the channel between the source and the relay, the relay and the 
destination are considered as the double Rayleigh channels. In this 
case, all channels in the system are independent and identically 
distributed (IID) double Rayleigh random variables (RVs).
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Fig. 1. System model of the V2V communication system with FD relay. (For inter-
pretation of the colors in the figure(s), the reader is referred to the web version of 
this article.)

At the time slot t , R receives signal from S. This received signal 
can be expressed as

yR =
√

d−α
SR PShSRxS + h̃RR

√
d−α

RR PRxR + nR, (1)

where dSR and dRR are the distances between S and R and between 
the transmission antenna and reception antenna of R, respectively; 
α is the path loss exponent and its value ranges from 2 to 6; 
hSR and h̃RR are respectively the fading coefficients of the channels 
from S to R and from the transmitting to the receiving antennas of 
R; xS and xR represent the complex signals which are transmitted 
from S and R, respectively; nR is the Additive White Gaussian Noise 
(AWGN) with zero-mean and variance of σ 2, i.e. nR ∼ CN (0, σ 2). 
It is also noted that, in the literature such as [34], the interference 
between vehicles can be utilized in various applications such as 
energy harvesting, channel estimation, message flooding, link se-
curity and signal alignment. However, in this scenario the SI signal 
is not a useful signal and the relay must suppress it to improve the 
system performance.

As aforementioned, the relay node can combine all SIC tech-
niques [5,6,33,35]. However, due to the imperfect SIC, the resid-
ual self-interference (RSI) still strongly impacts the system perfor-
mance. Specifically, after applying all SIC techniques, the RSI, de-
noted by IR, can be modeled as the Gaussian distribution [5,6,33]
with zero mean and variance of γRSI, which is well-fitted with the 
measurement and experiment results [4,8–10]. On the other hand, 
this assumption helps us reduce the variables in mathematical ex-
pressions because when we consider IR is the Gaussian variable, its 
variance is a constant. It is noted that γRSI = �̃PR where �̃ refers 
to the SIC capability of the FD node. Therefore, the received signal 
at R after SIC can be rewritten as

yR =
√

d−α
SR PShSRxS + IR + nR. (2)

Due to the AF scheme, the transmitted signal at the R is its pre-
vious received signal after amplifying, that means xR = G yR, where 
G is the relaying gain which is subjected to the normalized trans-
mission power of the relay. Furthermore, because of the double 
Rayleigh channels, hSR is the multiplication of two independent 
Rayleigh variables g1 and g2, i.e. hSR = g1 g2. Therefore, the fixed 
gain (G f) and the variable gain (Gv) corresponding to the channel 
conditions are calculated as

G f �
√

1

d−α
SR �1�2 PS + γRSI + σ 2

, (3)

Gv �
√

1

d−α
SR ρ1ρ2 PS + γRSI + σ 2

, (4)

where ρ1 = |g1|2 and ρ2 = |g2|2 are the instantaneous channel 
gains, �1 = E{ρ1}, �2 = E{ρ2}, E{·} denotes the expectation op-
erator.

According to the FD mode, the relay forwards the signal to the 
destination after amplifying this signal at the same time and on 
the same frequency band. Therefore, the received signal at D is 
given by

yD =
√

d−α
RD PRhRDxR + nD, (5)

where dRD is the distance between R and D; hRD is the fading 
coefficient of R–D link; nD is the AWGN at the destination D, nD ∼
CN (0, σ 2). It is also noted that hRD has the same distribution with 
hSR, that means hRD = g3 g4, where g3 and g4 are two independent 
Rayleigh variables. Substituting xR by G yR, we have

yD =
√

d−α
RD PRhRDG

(√
d−α

SR PShSRxS + IR + nR
) + nD. (6)

From (6), the end-to-end signal-to-interference-plus-noise ratio 
(SINR) for the cases of fixed and variable gains are computed as

γf = (dSRdRD)−α PS PR|hSR|2|hRD|2
d−α

RD PR|hRD|2(γRSI + σ 2) + σ 2/G2
f

= (dSRdRD)−α PS PRρ1ρ2ρ3ρ4

d−α
RD PRρ3ρ4(γRSI + σ 2) + σ 2/G2

f

, (7)

γv = (dSRdRD)−α PS PRρ1ρ2ρ3ρ4

d−α
RD PRρ3ρ4(γRSI + σ 2) + σ 2(d−α

SR PSρ1ρ2 + γRSI + σ 2)
,

(8)

where ρ3 = |g3|2 and ρ4 = |g4|2.

3. System performance

3.1. Outage probability

The OP of the considered system is defined as the probability 
that the transmission rate of the system is less than a given data 
rate. We assume that the minimum required data rate of the sys-
tem is R (bit/s/Hz), thus the OP is calculated as

Pout = Pr
{

log2(1 + γ ) < R
} = Pr

{
γ < 2R − 1

}
, (9)

where γ is the SINR of the considered system which is determined 
by (7) for the case of fixed gain relaying and by (8) for the case of 
variable gain relaying. Let x = 2R − 1 be the threshold for the OP, 
then (9) becomes

Pout = Pr{γ < x}. (10)

Theorem 1. The OPs of the FD relay system over double Rayleigh fading 
channels and under the impact of the RSI in the cases of fixed gain (P f

out)

and variable gain (P v
out) are expressed as follows

P f
out = 1 − πCf

2M

M∑
m=1

√
1 − φ2

m

z

√
Afx

− ln z
+ Bfx

× K0(
√−2Cf ln z)K1

(√
Afx

− ln z
+ Bfx

)
, (11)

P v
out = 1 − πCv

2M

M∑
m=1

√
1 − φ2

m

z

√
Av(x2 + x)

− ln z
+ Bvx

× K0(
√

−2Cv ln z + Dvx)K1

(√
Av(x2 + x)

− ln z
+ Bvx

)
, (12)

where
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Af = 4σ 2

(dSRdRD)−α�1�2 PS PRG2
f

; Bf = 4(γRSI + σ 2)

d−α
SR �1�2 PS

;

Cf = 2

�3�4
; Av = 4σ 2(γRSI + σ 2)

(dSRdRD)−α�1�2 PS PR
;

Bv = Bf; Cv = Cf; Dv = 4σ 2

d−α
RD �3�4 PR

z = 1

2
+ 1

2
φm;φm = cos

(
(2m − 1)π

2M

)
;

�i = E{ρi} is the average channel gain of link i, , i = 1, 2, 3, 4; M is 
the complexity-accuracy trade-off parameter; K0(.) and K1(.) denote 
the zero and the first-order modified Bessel function of the second kind, 
respectively.

Proof. The detailed proof is presented in Appendix A. �
3.2. Symbol error rate

The SER of the wireless system is calculated from the following 
expression [36]

SER = aE
{

Q (
√

bγ )
} = a√

2π

∞∫
0

F

(
t2

b

)
e− t2

2 dt, (13)

where a and b are constants and their values depend on the mod-
ulation types [36], e.g. a = 2, b = 1 for quadrature phase shift 
keying (QPSK) and 4-quadrature amplitude modulation (4-QAM), 
a = 1, b = 2 for the binary phase-shift keying (BPSK) modulation; 

Q (x) = 1√
2π

∞∫
x

e−t2/2dt is the Gaussian function; γ and F (.) are re-

spectively the end-to-end SINR and its CDF. It is noted that from 
the definition of the CDF and the OP, we can replace F (x) by the 
Pout of the system which are specified in (11) and (12).

Theorem 2. The SERs in the cases of fixed gain relaying (SERf) and vari-
able gain relaying (SERv) of the system are obtained as follows

SERf = a
√

b

2
√

2π

[√
2π

b
− πCf

2M

M∑
m=1

√
1 − φ2

m

z

√
Af

− ln z
+ Bf

× K0(
√

−2Cf ln z)exp

(
1

4b

(
Af

− ln z
+ Bf

))

× 	( 3
2 )	( 1

2 )√
b
2 (

Af− ln z + Bf)

W− 1
2 , 1

2

(
1

2b

(
Af

− ln z
+ Bf

))]
, (14)

SERv = a
√

b

2
√

2π

[√
2π

b
− π2Cv

2bMN

M∑
m=1

N∑
n=1

√
1 − φ2

m

z

×
√

1 − φ2
n

√
Av(b − 2 ln t)

−b ln z
+ Bv

× K0

(√
−2Cv ln z − 2Dv ln t

b

)

× K1

(√
−2

b

[
Av(b − 2 ln t)

−b ln z
+ Bv

]
ln t

)]
, (15)

where 	 and W are respectively the Gamma and Whittaker functions 
[37]; N is the complexity-accuracy trade-off parameter; t = 1

2 + 1
2 φn; 

φn = cos( (2n−1)π
2N ).

Proof. The detailed proof is presented in Appendix B. �
Fig. 2. The OPs of the considered FD-V2V communication system versus the average 
SNR in comparison with this system over Rayleigh fading channel for α = 4, dSR =
dRD = 0.5, �̃ = −30 dB, and R = 1 bit/s/Hz.

4. Numerical results and discussion

In this section, we evaluate the system performance by using 
the mathematical expressions in Theorems 1 and 2. Furthermore, 
we also use the Monte-Carlo simulations and plot both the theory 
and simulation curves on a figure to demonstrate the correctness 
of the derived mathematical expressions. On the other hand, we 
investigate the OP and SEP versus the SNR of the system. It is also 
noted that in this paper the SNR is calculated by the ratio of the 
transmission power (PS and PR) to the variance of AWGN (σ 2), 
i.e. SNR = PS/σ

2 = PR/σ 2. The average channel gains �i = 1 with 
i ∈ {1, 2, 3, 4}. The SIC capability �̃ is varied to evaluate the impact 
of the RSI on the system performance. The distance dSR and dRD
are chosen so that dSR + dRD = 1, which is similar to [28,38].

Fig. 2 investigates the OPs of the considered FD-V2V com-
munication system versus the average SNR in the cases of fixed 
and variable gain relaying in comparison with this system over 
Rayleigh fading channel. In this figure, we use dSR = dRD = 0.5
and α = 4. The minimum required data rate R = 1 bit/s/Hz, thus 
the threshold x = 2R − 1 = 1. The SIC capability �̃ = −30 dB. To 
demonstrate the performance degradation of the system over dou-
ble Rayleigh fading channels, we also conduct the simulations for 
this system over Rayleigh fading channel. As shown in the Fig. 2, 
the analysis results of the expressions in Theorem 1 are matched 
with the simulation results. This confirms the correctness of the 
Theorem 1. It is noted that the fixed-gain theory curve is plot-
ted by using (11) while the variable-gain theory curve is plotted 
by using (12). Furthermore, the variable gain relaying increases 
the system performance significantly compared with the fixed-gain 
relaying. Specially at OP = 10−2, the variable-gain relaying has ap-
proximately 10 dB gain in comparison with the fixed-gain relaying. 
On the other hand, the system performance in the case of V2V de-
creases almost 10 dB in comparison with this system over Rayleigh 
fading channels.

Fig. 3 illustrates the system throughput of the considered 
FD-V2V communication system with α = 4, dSR = dRD = 0.5, �̃ =
−30 dB in comparison with the Rayleigh fading system. Herein, the 
system throughput is calculated by T =R(1 − Pout). In this figure, 
we consider two data transmission rates, i.e. R = 2 and R = 4
bit/s/Hz. It is shown that in low SNR regime, the difference be-
tween the system throughput of the considered system and that of 
system over Rayleigh fading channel is significant. At SNR = 15 dB
and R = 4 bit/s/Hz, the system throughput of considered system is 
nearly less than 1 bit/s/Hz in comparison with that of the system 
over Rayleigh fading channel. On the other hand, it is difficult to 
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Fig. 3. The system throughput versus the average SNR, α = 4, dSR = dRD = 0.5, �̃ =
−30 dB.

Fig. 4. The SER of the considered FD-V2V communication system using BPSK mod-
ulation with α = 4, �̃ = −30 dB.

reach the transmission target for the considered system, especially 
with high data transmission rate, i.e. R = 4 bit/s/Hz.

Fig. 4 shows the SER of the considered FD-V2V communication 
system using BPSK modulation (a = 1, b = 2) versus the average 
SNR with α = 4 and �̃ = −30 dB. In this figure, we consider two 
distances, i.e. dSR = dRD = 1 and dSR = dRD = 0.5. Fig. 4 shows that 
the theory curves which are plotted by using the Theorem 2 are 
matched with the simulation ones. In the case of dSR = dRD = 1, 
the SER of variable gain relaying goes down slowly and reaches 
the error floor at high SNR regime while SER of fixed gain relaying 
continuously goes down. The reason is that in high SNR regime 
both fixed and variable gains relaying have the same error floor. 
Due to the fact that when SNR → ∞ the SINRs in (7) and (8) go 
to constant values. Furthermore, when the distances are decreased, 
such as for dSR = dRD = 0.5, the difference between the fixed and 
variable gains relaying is increased.

In Fig. 5, we investigate the impact of the path loss exponent 
on the SER of the considered FD-V2V communication system with 
dSR = dRD = 0.5 and �̃ = −30 dB. Due to the fact that the distances 
(dSR, dRD) are smaller than 1, thus larger α results in better SER of 
the system. As shown in Fig. 5, both SERs in cases of fixed and 
variable gain relaying increase significantly when α = 6 in com-
parison with those when α = 2. At SER = 10−2, the gains in both 
cases of fixed and variable gain relaying when α = 6 are 10 dB in 
comparison with those when α = 2. Therefore, when the system 
operates in the environment which has high path loss exponent, it 
Fig. 5. The impact of the path loss exponent on the SER of the considered FD-V2V 
communication system versus the average SNR for different path loss exponent, 
dSR = dRD = 0.5 and �̃ = −30 dB.

Fig. 6. The SER of the considered FD-V2V communication system versus the average 
SNR for different settings of the distances among vehicles, �̃ = −30 dB.

is necessary to apply various methods such as channel coding, or-
thogonal frequency division multiplexing (OFDM) to enhance the 
system performance.

Fig. 6 shows the SER of the FD-V2V communication system 
versus the average SNR under the impact of the RSI and the dis-
tance between vehicles. We consider dSR + dRD = 1, α = 4, and 
�̃ = −30 dB. Fig. 6 indicates clearly that the SER of the sys-
tem significantly depends on the distances dSR and dRD. For the 
variable gain relaying, the system performance is the best when 
dSR = dRD = 0.5 while that for fixed gain relaying is when dSR = 0.7
and dRD = 0.3. Furthermore, when dSR = 0.3 and dRD = 0.7 the 
difference between the SERs of fixed gain relaying and variable 
gain relaying is the largest in three considered cases. In the case 
of dSR = 0.7, dRD = 0.3 the difference is smallest. Therefore, de-
pending on the case of fixed or variable gain relaying is applied 
to select the suitable distances between three nodes, better perfor-
mance can be obtained. On the other hand, when the summation 
of the distances is a constant, the optimal values of dSR and dRD
in the cases of fixed and variable gain relaying are available. Thus, 
in the next figure, we will investigate the optimal distance for this 
system.

In Fig. 7, we study the impact of the distance dSR on the 
SER of the considered FD-V2V communication system. We eval-
uate the SERs with dSR + dRD = 1 for three cases of SNR i.e. 
SNR = 10, 20, 30 dB. It is obvious that the optimal values of dSR
for the case of fixed gain and variable gain are different. For the 



JID:VEHCOM AID:100166 /FLA [m5G; v1.260; Prn:16/07/2019; 15:45] P.6 (1-9)

6 B.C. Nguyen et al. / Vehicular Communications ••• (••••) ••••••

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132
Fig. 7. The SERs of the considered system versus the distance dSR for different aver-
age SNRs.

Fig. 8. The impact of RSI on SER of the considered FD-V2V communication system 
with dSR = dRD = 0.5, α = 4.

case of fixed gain relaying, the optimal distances are dSR = 0.7
and dRD = 0.3 for three considered cases of SNR. For the case 
of variable gain relaying, the optimal distances depends on the 
average SNR. When SNR = 10, 20 dB, the optimal distances are 
dSR = dRD = 0.5. However, when SNR = 30 dB, the optimal dis-
tances are dSR = 0.4 and dRD = 0.6.

Finally, Fig. 8 illustrates the impact of the RSI on the SER of 
the system with dSR = dRD = 0.5, α = 4. This figure represents the 
importance of SIC capability on the FD system. In the case of 
small RSI, such as �̃ = −30 dB, the SERs continuously go down 
when SNR increases. However, when the RSI is stronger, such as 
�̃ = −20, −10 dB the SERs go down slowly and reach the error 
floor faster. For the case of variable gain relaying, the SER reach the 
error floor at SNR = 30 dB when �̃ = −20 dB and at SNR = 20 dB
when �̃ = −10 dB. We can also see that the SER of variable gain 
relaying is lower than those of fixed gain relaying, not only in 
Fig. 8 but also in other figures.

5. Conclusion

The FD-V2V communication system which combines the FD 
technique and the V2V communication is a promising system for 
the future wireless networks. In this paper, we studied the outage 
probability and symbol error rate of this system where the relay 
operates in FD mode and uses amplify-and-forward protocol. We 
also investigated the cases of fixed gain and variable gain at the 
relay node. Firstly, we successfully derived the expressions of the 
outage probability and symbol error rate in two cases over double 
Rayleigh fading channels. Then, we analyzed the system perfor-
mance in comparison with this system over Rayleigh fading chan-
nel. The numerical results showed that when the system operate 
in V2V communication over double Rayleigh fading channels, the 
system performance strongly degrades compared with that over 
Rayleigh fading channel for both cases of fixed and variable gain 
relaying. Furthermore, the impact of the distances, path loss ex-
ponent, and the residual self-interference also examined. On the 
other hand, we found the optimal values of the distances for both 
cases of fixed and variable gain relaying. Based on these results, 
we can apply various methods such as using suitable distances be-
tween vehicles in FD-V2V communication system to achieve the 
best performance. In the near future, we will extend our work by 
analyzing the scenario where the interference is considered as use-
ful signal for V2V communication systems.
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Appendix A

This appendix provides the step-by-step derivations, showing 
how to obtain the outage probabilities in the case of fixed and vari-
able gain of the considered FD-V2V communication system over 
double Rayleigh fading channels.

Firstly, we start with the Rayleigh fading channel. The proba-
bility density function (PDF) and cumulative distribution function 
(CDF) of the instantaneous channel gain ρ = |g|2 are respectively 
given by

fρ(x) = 1

�
exp

(
− x

�

)
(16)

Fρ(x) = 1 − exp

(
− x

�

)
, (17)

where � =E{ρ}.
For the double Rayleigh fading channels in V2V communica-

tions, the instantaneous channel gain |h|2 is considered as the 
multiplication of two independent variables |g1|2 and |g2|2, where 
|g1|2 and |g2|2 are the instantaneous channel gains of the Rayleigh 
fading channel. Therefore, |h|2 = |g1|2|g2|2 = ρ1ρ2. Due to the fact 
that ρ1 and ρ2 are independent variables, thus we have the CDF 
of |h|2 as

F |h|2(x) = Pr(ρ1ρ2 ≤ x)

=
∞∫

0

Pr

(
ρ2 ≤ x

ρ1

)
fρ1(y)dy

= 1 − 1

�1

∞∫
0

exp

(
− y

�1
− x

y�2

)
dy

= 1 −
√

4x

�1�2
K1

(√
4x

�1�2

)
. (18)

From (18), we can obtain the PDF of |h|2 as

f |h|2(x) = 2

�1�2
K0

(√
4x

�1�2

)
, (19)
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where �1 = E{ρ1}, �2 = E{ρ2}. As can be seen from (18), the 
double Rayleigh fading remarkably increases the computation com-
plexity compared with (17) of the Rayleigh fading. On the other 
hand, the PDF and CDF of |h|2 implicitly take into account the ef-
fects of scatterers around the transmitter and the receiver which 
include the fluctuating amplitude and phase of the signals, the 
Doppler shifts caused by the movement of vehicles [39].

It is noted that, from (10), we have

P f
out = Pr{γf < x}

= Pr

{
(dSRdRD)−α PS PR XY

d−α
RD PRY (γRSI + σ 2) + σ 2/G2

f

< x

}
, (20)

P v
out = Pr{γv < x}

= Pr

{
(dSRdRD)−α PS PR XY

d−α
RD PRY (γRSI + σ 2) + σ 2(d−α

SR PS X + γRSI + σ 2)

< x

}
, (21)

where X = ρ1ρ2; Y = ρ3ρ4.
Combining with the PDF and CDF of the instantaneous chan-

nel gain of double Rayleigh fading channels which are given in 
(18) and (19), we can calculate the P f

out and P v
out of the system as 

shown on the top of next page.
For the P f

out, from (20), we derive (22). It is also noted that 
since X and Y (which are presented in Section 3) are the double 
Rayleigh fading channels, the PDF and CDF of X and Y are given 
in (18) and (19). Therefore, the P f

out is calculated as in (23). To 
resolve the integral in (23), we set e−ξ = υ , thus (23) becomes 
(24). Applying the Gaussian-Chebyshev quadrature method in [40], 
we obtain the OP in the case of fixed gain relaying as in (11).

P f
out = Pr

{
(dSRdRD)−α PS PR XY

d−α
RD PRY (γRSI + σ 2) + σ 2/G2

f

< x

}

= Pr

{
X <

σ 2x

G2
f (dSRdRD)−α PS PRY

+ (γRSI + σ 2)x

d−α
SR PS

}

= 1 −
∞∫

0

[
1 − F X

(
σ 2x

G2
f (dSRdRD)−α PS PRξ

+ (γRSI + σ 2)x

d−α
SR PS

)]
fY (ξ)dξ (22)

P f
out = 1 −

∞∫
0

√
4σ 2x

�1�2G2
f (dSRdRD)−α PS PRξ

+ 4(γRSI + σ 2)x

�1�2d−α
SR PS

× K1

(√
4σ 2x

�1�2G2
f (dSRdRD)−α PS PRξ

+ 4(γRSI + σ 2)x

�1�2d−α
SR PS

)

× 2

�3�4
K0

(√
4ξ

�3�4

)
dξ

= 1 − Cf

∞∫
0

√
Afx

ξ
+ BfxK1

(√
Afx

ξ
+ Bfx

)
K0(

√
2Cfξ)dξ

(23)

P f
out = 1 − Cf

1∫
0

√
Afx

− lnυ
+ BfxK1

(√
Afx

− lnυ
+ Bfx

)

× K0(
√−2Cf lnυ)

dυ

υ
(24)
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P v
out = Pr

{
(dSRdRD)−α PS PR XY

d−α
RD PRY (γRSI + σ 2) + σ 2(d−α

SR PS X + γRSI + σ 2)
< x

}

= Pr
{

d−α
SR X PS

(
d−α

RD PRY − σ 2x
)
< d−α

RD PRY
(
γRSI + σ 2)x

+ (
γRSI + σ 2)σ 2x

}
(25)

P v
out = Pr

{
(dSRdRD)−α PS PR X Z

< d−α
RD PR

(
Z + σ 2x

d−α
RD PR

)(
γRSI + σ 2)x + (

γRSI + σ 2)σ 2x

}
(26)

P v
out = 1 −

∞∫
0

[
1 − F X

(
(γRSI + σ 2)σ 2(x + x2)

(dSRdRD)−α PS PRξ
+ (γRSI + σ 2)x

d−α
SR PS

)]

× f Z

(
ξ + σ 2x

d−α
RD PR

)
dξ

= 1 −
∞∫

0

√
(4γRSI + σ 2)σ 2(x + x2)

�1�2(dSRdRD)−α PS PRξ
+ 4(γRSI + σ 2)x

�1�2d−α
SR PS

× K1

(√
(4γRSI + σ 2)σ 2(x + x2)

�1�2(dSRdRD)−α PS PRξ
+ 4(γRSI + σ 2)x

�1�2d−α
SR PS

)

× 2

�3�4
K0

(√√√√4(ξ + σ 2x
d−α

RD PR
)

�3�4

)
dξ

= 1 − Cv

∞∫
0

√
Av(x + x2)

ξ
+ BvxK1

(√
Av(x + x2)

ξ
+ Bvx

)

(27)

× K0(
√

2Cvξ + Dvx)dξ

P v
out = 1 − Cv

1∫
0

√
Av(x + x2)

− lnυ
+ BvxK1

(√
Av(x + x2)

− lnυ
+ Bvx

)

× K0
(√

2Cv(− lnυ) + Dvx
)dυ

υ
(28)

For the P v
out, from (21), we calculate the OP of the system in 

this case (i.e. the variable gain relaying) as in (25). Then, by setting 
Y = Z + σ 2x

d−α
RD PR

, (25) becomes (26). From (26), we can calculate the 

P v
out by using the same method as for P f

out. After some mathemat-
ical transforms, which are combined with the Gaussian-Chebyshev 
quadrature method in [40], (28) becomes (12). The proof of Ap-
pendix A is complete.

Appendix B

This appendix presents detailed derivations to obtain the SERf
and SERv of the considered FD-V2V communication system.

From (13), after some mathematical transforms, the SER can be 
rewritten as

SER = a
√

b

2
√

2π

∞∫
0

e−bx/2

√
x

F (x)dx. (29)

Then, we substitute F (x) in (29) by P f
out in (11) to obtain SERf

and by P v
out in (12) to obtain SERv.
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SERf = a
√

b

2
√

2π

[ ∞∫
0

e−bx/2

√
x

dx −
∞∫

0

e−bx/2

√
x

πCf

2M

M∑
m=1

√
1 − φ2

m

z

×
√

Afx

− ln z
+ BfxK0(

√−2Cf ln z)K1

(√
Afx

− ln z
+ Bfx

)
dx

]

= a
√

b

2
√

2π

[ ∞∫
0

e−bx/2

√
x

dx − πCf

2M

M∑
m=1

√
1 − φ2

m

z

√
Af

− ln z
+ Bf

× K0(
√−2Cf ln z)

∞∫
0

e−bx/2 K1

(√
Afx

− ln z
+ Bfx

)
dx

]
(30)

For the SERf, we have (30) after some mathematical transforms. 
To derived the closed-form for the first integral in (30), we use [37, 
Eq.3.361.2] to have

∞∫
0

e−bx/2

√
x

dx =
√

2π

b
. (31)

For the second integral in (30), we apply [37, Eq. 6.614.4] to 
have the result in (32). Then, we substitute (31) and (32) into (30)
to obtain SERf in (14).

∞∫
0

e−bx/2 K1

(√
Afx

− ln z
+ Bfx

)
dx

= exp

(
1

4b

(
Af

− ln z
+ Bf

))
	( 3

2 )	( 1
2 )√

b
2 (

Af− ln z + Bf)

× W− 1
2 , 1

2

(
1

2b

(
Af

− ln z
+ Bf

))
(32)

Similar to the SERf, the SERv is calculated in (33). To derive 
the closed-form expression for the second integral in (33), we 
change the variable by setting χ = e−bx/2, thus x = − 2

b lnχ , and 
can rewrite the second integral as in (34).

SERv = a
√

b

2
√

2π

[ ∞∫
0

e−bx/2

√
x

dx −
∞∫

0

e−bx/2

√
x

πCv

2M

M∑
m=1

√
1 − φ2

m

z

×
√

Av(x2 + x)

− ln z
+ BvxK0(

√
−2Cv ln z + Dvx)

× K1

(√
Av(x2 + x)

− ln z
+ Bvx

)
dx

]

= a
√

b

2
√

2π

[ ∞∫
0

e−bx/2

√
x

dx − πCv

2M

M∑
m=1

√
1 − φ2

m

z

∞∫
0

× e−bx/2

√
Av(x + 1)

− ln z
+ Bv K0(

√
−2Cv ln z + Dvx)

× K1

(√
Av(x2 + x)

− ln z
+ Bvx

)
dx

]
(33)

∞∫
0

e−bx/2

√
Av(x + 1)

− ln z
+ Bv K0(

√
−2Cv ln z + Dvx)

× K1

(√
Av(x2 + x)

− ln z
+ Bvx

)
dx

=

T
d
b

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

2

b

1∫
0

√
Av(b − 2 lnχ)

−b ln z
+ Bv K0

(√
−2Cv ln z − 2Dv lnχ

b

)

× K1

(√
−2

b

[
Av(b − 2 lnχ)

−b ln z
+ Bv

]
lnχ

)
dχ (34)

hen, using the Gaussian-Chebyshev quadrature method in [40] to 
erive the closed-form for the integral in (34). After that, we com-
ine this with (31) to obtain SERv in (15). The proof is complete.
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