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Abstract

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

Monte-Carlo simulations.

Index Terms

Vehicle-to-vehicle communications, cascade Rayleigh fading channels, full-duplex, energy harvesting, ergodic capacity.

I. INTRODUCTION

In the age of Industry 4.0, various new techniques have been fast developed to satisfy the requirements of capacity and
energy consumption of the future wireless networks such as the fifth-generation (5G) and beyond (B5G) [[1]-[3]. In addition, the
emergence of trillions of Internet-of-Things (IoT) devices in the world requires devices to consume less energy and transmit data

at a higher rate 3], [4]. Therefore, energy harvesting (EH) from radio frequency (RF) signal has been used to deal with these
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issues [4], [5]. Together with the traditional energy grid, EH can help to fulfill the energy requirements for different elements
of 5G networks, including sensors in the IoT, mobile devices, heterogeneous networks (HetNets), relays in device-to-device
(D2D) systems, and computing servers [3|]. Additionally, the emergence of advanced materials and hardware designs helps
realize the EH circuits for small portable consumer electronic devices in the IoT. Furthermore, RF signals can be transmitted
over the air all the time. Thus, EH from RF signals can provide stable energy for wireless devices that consume low power

such as IoTs, sensor, and the remote area communication used in 5G and B5G systems [1]], [3].

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

supporting ultra-low delay communication, small and dense cells [6]], [8[]-[|10].

In the literature, various works have combined of EH and FD techniques in a wireless communication system to solve the
battery and spectrum efficiency issues [[8], [[10], [11]. The mathematical analysis and the experimental measurements have
been applied for investigating the performance of FD-EH systems. Specifically, the mathematical analysis is used to derive
expressions of outage probability (OP), symbol error rate (SER), bit error rate (BER), and ergodic capacity (EC) of the FD-EH
systems [8]], [10]-[[13[]. Based on these obtained mathematical expressions, the system behavior is analyzed under the effects
of different parameters such as the residual self-interference (RSI) induced by FD transmission mode, the time switching ratio,
and the channel conditions. It is found that optimal power allocation for FD transmission mode and optimal time switching ratio
for EH can improve the system performance significantly [[14]-[16]. Furthermore, the EC of the FD-EH system is generally
higher than that of the HD-EH system for specific RSI values. Experimental measurements have also been widely used to
evaluate the algorithms and solutions used to improve the performance of FD-EH systems [12]], [17]-[19]. By applying the
optimization problem in a non-convex form, the FD-EH system’s system power is minimized and better than that of the HD-EH
system [19], and the sum rate and energy efficiency are maximized [18]]. As a result, most of the works about FD-EH systems
have analyzed RSI and other system parameters’ impacts and then proposed solutions to reduce OP, SER, and enhance EC

and energy efficiency. Furthermore, exploiting FD-EH systems in different scenarios such as cognitive radio (CR), spatial
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modulation (SM), cooperative communication has been widely carried out.

Recently, both FD and EH techniques are deployed in vehicle-to-vehicle (V2V) communication systems because of their
various advantages in V2V environments. Thanks to FD and EH techniques, the V2V communication systems can reduce the
delay time for signal transmission between vehicles and the power supply limitation problem [20], [21]. Hence, FD-EH-V2V
relay system can be applied for the intelligent transportation systems (ITS) and the road safety applications [8], [10], [20].
Specifically, the onboard unit was proposed in [20] to supply the energy for FD-V2V communications from the vehicle engine.
Although this scheme could solve the energy issues, applying EH for V2V communication systems still becomes an inevitable
trend thanks to many advantages of EH technique. In recent reports, the OP, SER, and throughput of the FD-EH-V2V relay
systems were obtained to investigate the system performance and evaluate the effects of several system parameters such as
RSI, time switching ratio, and channel characteristics [8], [10]. In particular, papers [8]] and [[10] derived the OP and SER
expressions of FD-EH-V2V relay systems with AF and DF relaying protocols, respectively. However, the EC expressions of
these FD-EH-V2V relay systems were not obtained. Meanwhile, we always want to get the lowest OP/SER and the highest EC
for wireless communication systems. Therefore, investigating OP/SER and ignoring EC when analyzing the performance of
wireless communication systems may result in inaccurate conclusions on the system behaviors. Specifically, experiments and
measurements indicate that the cascade (double) Rayleigh fading distribution best describes the channels between vehicle nodes
[21]], [22], while the traditional channels such as Nakagami, Rician, and Rayleigh cannot fully model the V2V communication
channel. It is shown that, under the effects of RSI and cascade Rayleigh fading channel, the OP and SER of the FD-EH-V2V
relay systems reach the error floor faster in the high SNR regime. Additionally, cascade Rayleigh fading channel makes the
derivation of closed-form expressions more difficult than Nakagami, Rician, and Rayleigh channels [§]], [10], [22], leading to

a lack of mathematical analysis of FD-EH-V2V relay systems over cascade Rayleigh fading channels.

As the above discussions, the main benefit of FD transmission is high capacity compared with HD one. However, mathematical
analysis of the EC of FD-EH-V2V relay systems under the effect of cascade Rayleigh fading has not been investigated yet.
Meanwhile, EH and FD techniques in V2V communication systems are inevitable because these techniques can solve various
issues in traditional V2V systems. Mainly, EH is an effective method for power supply in the case that the wireline power
supply may not be deployed for moving vehicles. At the same time, the FD can improve the performance of safety applications
for V2V systems. Therefore, it is required to mathematically analyze the ECs of the FD-EH-V2V relay system for both AF
and DF protocols to evaluate the system behavior. This observation motivates us to perform a mathematical analysis of the
ECs of the FD-EH-V2V relay system with AF/DF protocols over cascade Rayleigh fading channels. In our paper, we focused

on analyzing the impacts of the cascade Rayleigh fading channel, RSI, and time switching ratio on the ECs of FD-EH-V2V
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relay system with AF/DF protocol by deriving the exact closed-form expressions of these attributes and comparing with those
in the case of Rayleigh fading channel, perfect SIC, and HD system. So far, this is the first work deriving the EC expressions
of FD-EH-V2V relay system over cascade Rayleigh fading channels. It is noted that, exploiting EH from RF signals provides
stable energy supply for low-power consumption networks such as IoTs, wireless sensor networks, extremely remote area
communications used in 5G and B5G systems [4]], [[19]], and vehicular networks [23]]. Meanwhile, FD transmission mode can
be exploited in various scenarios to support a set of safety applications in V2V systems because FD devices can transmit
signal and sense the environment simultaneously; thus, reducing the end-to-end delay of the systems [6]. Consequently, the
combination of EH and FD in a V2V system can achieve many advantages such as solving the battery and spectrum efficiency
issues. The main contributions of the paper is shortened as:

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

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

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

The rest of the paper is organized as follows. Section [lI| describes the system model of the considered FD-EH-V2V relay

system with signal processing for both AF and DF protocols. Section [[T]] mathematically derives the EC expressions of the

considered system. Section [[V| provides numerical results and discussions. Finally, Section [V|draws some conclusions.

II. SYSTEM MODEL

The considered LPWA system is illustrated in Fig. [I] The system consists of a power beacon (B), a sensor (S), K gateways
(G1,Gao ..., Gk), and a server center (C). Specifically, S has only one antenna while B and G (k = 1, 2, ..., K), respectively,
have M and N antennas. In addition, S is located in a restricted area, it is difficult to supply power to it. Therefore, S has to

harvest the energy from B via radio frequency (RF) signals for data transmission.
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Fig. 2: TS protocol for the considered LPWA system.

There are two stages for the system operation, as shown from Fig. [2| First, S harvests energy from B using the interval T,
where « is the time switching ratio satisfying 0 < « < 1 and T is the transmission block. Second, S transmits signals to all
gateways using the remain interval (1 — «)7.

In the interval of EH, the harvested energy at S with (denoted by Eg) is given as

_ 10T Pydy{ || hps|?
M )

Es ey

where 7) is the energy conversion efficiency (0 < n < 1); Py is the total transmission power of B; dpg is the distance between
B and S; 2 < 8 < 4 is the path-loss exponent; hpg is the channel vector from M transmit antennas of B to one receive
antenna of S. Then, all the harvested energy at S is transformed to the power for signal transmission. The transmit power of

S is thus given as

_ naTPedgl|hps|® _ naPs|hgs|?

P :
i M(1—a)T M(1 - a)dlg

(€5

The received signals at Gy, in the interval (1 — «)T is computed as

ya, = hsa, v/ Psdggkxs + 2ay,s (3)
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where hgg, is the channel vector from one transmit antenna of S to IV receive antennas of the kth gateway; xg is the transmitted
signal at S; dsq,, is the distance from S to the kth gateway; zq, is the Gaussian noise at the kth gateway with zero mean and
variance of o2, i.e., zg, ~ CN(0,0?).

At the each gateway, maximum ratio combining (MRC) is applied to maximize the received signal power. Consequently,
the signal-to-noise (SNR) ratio at the kth gateway is calculated as

_ IIbs, | Psdsg,

VG 3 “4)

g

In the case of cooperative communication, all the distances from S to all gateways are normalized for combining the signal

at the server center [...]. Thus, the received signal at C is now expressed as

K

yo = 4| Ps Y _ |hs, 12dy x5 + 2, (&)
k=1

where dy = min(dsg,,dsa,, -, dscy ); zc i the Gaussian noise term.

From (3), the SNR at C is computed as

X -8
Ps kzl [hsc, I*dg

Yo = = : ©)

Replacing Ps from (@) into @) and (), the SNR at the kth gateway and C are, respectively, expressed as

_ naPg|lhps||?||hsc, ||?

, @)
Y Mo2(1 - a)dpgdig,
K
naPg|hes|® 3 |hsa, |I”
_ k=1
Yo = (8)

Ma2(1 — a)dhgdy
III. PERFORMANCE ANALYSIS

A. Outage Probability

The OP of the considered LPWA system is defined as the probability when the instantaneous data transmission rate is lower
than the pre-defined data transmission rate. Mathematically, the OPs in the cases of without and with cooperative communication

are, respectively, computed as

P =Pr{(1 - a)logy(1 +17a,) < R}, ©

Pc :Pr{(l—a)logQ(l—i-Wc) <R}, (10)

where g, and ¢ are, respectively, given in and (B); R is the pre-defined data transmission rate.
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Let ¢, = 275 — 1 be the outage threshold, @) and can be rewritten as

P = Pr {76, <7}, (i

Po = Pr{vc <7 |- (12)

From (TI)) and (I2), the OPs of the considered system are derived as the following Theorem 1.
Theorem 1: The OPs of the considered LPWA system with energy harvesting in the cases of non-cooperative and cooperative

communication over Rayleigh fading channel are given as

N+7n
2 =1 [(Mo*(1— a)digdss, v Mo?(1 - a)disdgs, Yo
Pe=1- 57 > o KN —m e : (13)
m=0 ’

M-1 2 d8.d° S 2 d d’

Pe 2 1<M0' (1 — a)dpsdyven Krn_ Mo?(1 — o)dpgdyven (14)
T'(KN) m! naPg " naPg ’
m=0

where I'(.) is the gamma function; Ky _,(.) and g n_.,(.) are, respectively, the N —m and KN —m order modified Bessel
functions of the second kind [24].

Proof: Replacing g, and ¢ in (7) and (8) into (TI) and (T2)), respectively, the OPs are now expressed as

Pg|lh h 2
Py = Pr {W s |hes [ hsc, | <%h}

Mo2(1 — a)dpgdsg,
o*(1 - a)dgsdgck%h }

= Pr{ ||hps||?||hsa, ||? <
T{H Bs|“[|hsc, | Py

- Mo®(1 - a)dggdse, Yo
=1 - /O 1— F||hBS||2 ( BSY“SGy thSGk Ha(y)dy, (15)

nalPpy
K
naPs||hps || kzl [hsa, |2
Pc = Pr = < Vth
{ Mo?(1 — oz)dgsdg T }

K
Mo2(1 — a)dlodi v
) h 2 h 2 < BS™0
1"{II Bsl> ) [bsc, | Py

k=1
:1,/
0

Mo?(1 — a)dygdy
L= Finpg|2 U adpsdyn ) |y, (2)dz, (16)
> lhsg,, |I?
where F'(.) and f(.) are respectively the cumulative distribution function (CDF) and the probability density function (PDF) of

naPpz

the instantaneous channel gain amplitude.

To derive the exact closed-form expressions from and (T6), we firstly obtain the CDF and PDF of the instantaneous

channel gain following Rayleigh distribution. For only one channel gain, i.e., |h|?, given

as

F‘\h|2(x) =1- exp(—x), z >0, (I7)
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fin2(z) = exp(—z), x > 0. (18)

When MRT/MRC techniques are applied at the transmitter/receiver, such as MRT at power beacon and MRC at kth gateway
or server center, the CDF and PDF of channel gains, i.e, ||hps]||? is expressed as [25]:

M-1 2
‘FHhBSHQ(x) =1- eXp(_x) W? T > Oa

19)

m=0
M—-1

Sings)2 () = G ) . > 0.

M) (20)

Now, applying and (20), the probabilities in and are solved as

0o M— m _
Pk -1 / exp ( _ MU2(1 - a)dgsdg(}k'yth> Zl i (MO-Q(l - Oé)dgsdg(;k’yth> yN ;exp(fy) d
0

naPgy m! noPgy (V) Y

M—1 2 B B m 2 B8 B
1 1 [ Mo“(1 — a)drd o0 Mo“(1 — a)dRd
4 1 ( )dpsdsa, Yin / exp [ — ( )dpsdsg, Vi —y )Ny, 1)
I'(N) m! noPp 0

m=0

naPpy

Po=1- /Oo exp (— Mo?(1 - a)dgsdoﬁ%h> ME? 1 <M02(1 - @)dgsdoﬂVth)mZKN_l exp(—z)
0

naPpz m! naPpz T'(KN)

L 1 Ml 1 <M02(1 - a)dgsdég%h>m /OO exp | - Mo?(1 — a)dgsdg%h _ | EN-m—1,
o I'(KN) m! 0 |

dz

m=0

22
naPp naPpz (22)

Applying [24, Eq. (3.471.9)], two above integrals are computed as

o0 Mo2(1 — a)d2.d>
/ exp (_ ( )dpsdsc, Yin y Ny
0 naPpy

N
., Mo?(1 — a)dgstGk%h B IC Mao2(1 — «) BSdSGk%h @3
naPg N=m naPg ’

/Oo exp ( Mo?(1 — a)dgsdg%h B z) SEN-m—1,,
0

naPpz

:2(M02(1—a;dgsd€%h> S Kan_ m( Mo?(1 — «) stdo’Yth>. (24)
narp

naPp
Replacing (23) and (24) into 21) and (22)), respectively, we obtain the exact closed-form expressions of OPs of the considered

LPWA system as in Theorem 1. The proof is now complete.

B. Symbol Error Probability

The SEP of the considered LPWA system is expressed as

SEP = aE{Q(\/by W / )=, 25)

where (a,b) is a couple of the modulation types, i.e., (a,b) = (1,2) and (a,b) = (2,1) for the binary phase-shift keying

(BPSK) and 4-quadrature amplitude modulation (4-QAM), respectively [26]; Q(x) denotes the Gaussian function; ~ is SNR of
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the considered system, which is given as and for the cases without and with cooperative communication, respectively.

. . . 2 .
By changing variable, i.e., z = % (23] can be rewritten as

F bx
SEP = — )dz. 26
2\/27r 2) . (26)

Based on (26), the SEPs of the considered LPWA system are derived in the following Theorem 2.
Theorem 2: The SEPs of the considered LPWA system with energy harvesting in the cases of non-cooperative and

cooperative communication over Rayleigh fading channel are, respectively, given as

/ Mo?(1—a)d2.d?
SEP; :L\/B 2r 1 F(N+ }) exp 0°(1 — a)dpgdsg,
2 V 21 b F(N) 2 bnaPB

M-1 1 m 2 8 B = 2 8 B
o Z W(b)%(MU (la)dBSdSGk> W_w7w <2MJ (1Oé)dBSdSGk>‘|’ (27)

m=0 m! 2 naPg bnaPg
avb | [27 1 1 Mo%(1 — a)dbyd]
SEPqg = -~ _T(KN+Z Bs%o
© 24/ 21 [ b F(KN) ( + 2) eXPp < bnaPg

KN+m—1

M- KN+m o2(1 — a)dP.d?
z; ( )(Z) : (M (177apB)stdo>

where W._ (.) is the Whittaker functions [24].

2Mo>(1 — a)dpgdy
W_ KN+m KN-—-m g ( a)dBSdO ) (28)
T2 2 bna Py

Proof: To obtain the SEPs of the considered LPWA system, we firstly derive the CDF, F'(x) in the cases of non-cooperative

and cooperative communications. Based on the definition of F(z), i.e.,
F(x) =Pr{y <z}, (29)

we can easily obtain the CDFs of the considered LPWA system in the cases of non-cooperative and cooperative communications
by replacing 4, by « in the OP expressions. Therefore, the CDFs in the cases of non-cooperative (Fy(x)) and cooperative

(Fc(z)) communications are, respectively, derived as

N+tm
M-1 2 B B 2
2 1 ( Mo*(1 — a)dpgdsg, @ Mo2(1— ) BSdSG
Folz)=1——— S = i Kxom el 30
k(@) I(N) mz:o m! ( naPg N naPg (30)
M1 B IB KN2+'NL ﬁ IB
2 ~ 1 [ Mo?(1 — a)djedy Mo?(1 — a)dpgdyx
Fo(z) =1-— L Krn—m| 2 BS 0 . 31
c(z) F(KN) Z m,( e ) KN-m 7o Ps (3D

Replacing (30) and (ZI)), the SEPs are now expressed as

SEP, — av'b 7 exp ( - b%) - 2 Mzél 1 Mo?(1 — oz)dﬁBSdgka =+ . Mo2(1 -« dBSdSGk "
R T(N) £~ m! N=m

2v2r ) VT = naPyg noPg
00 bz _
_ avb /eXp(_ 7) de_ 2 lei Mo?(1 - a)dhgdas, N
2v2m [ VT LN naPs

T Mo?(1 — a)dbgds
x/xiNJrz lexp(—— ICN m( \/ 5Gx )dm]. (32)
naPp

0
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o0 _bl M—1 KN2+m
exp 21— o)dP df YRR
sp = VP / (-%) ll_ 2 N~ (Ma (1 oz)dBSde> o <2\/Ma (1 a)dBSdoxﬂdx

2v/2r ) VT [(KN) 4= m! naPg naPg
s @ _ KN+m
_avhb /eXp ( B b?) do 2 lei Mo?(1 —a)dbedl\ °
S 2V2r ) NG D(KN) == m! naPg
oo
KN4mo1 bz Mo2(1 — a)dbgdix
x /1: = oxp ( _ ?)ICKN_m (2\/ s da|. (33)
0

Applying [24] Eq. (6.643.3)], two integrals in (32)) and (33) are now calculated as
Replacing (??) into (??), we obtain the EC of the considered system with AF protocol as (2?).

For DF protocol, the CDF of ypr (denoted by Fpr(z)) is computed as

Fpr(z) =Pr{ypr < 2} = Pr{min(yr,p) <z} =1 —-Pr{yr > z,7p > z}. 34)

Substituting yg and yp in (??) and (??) into (B4), we have

Fpr(z) =1-— Pr{ s |* P [hsw|*|Pro|*nals > x}
ORs1 TR " oh(l-a)
r(okq +03) rod (1 — a)
=1—=Prllh 2>M’h 25 D
{' S| Ps rol |hsr [*naPs
2(1
—1-[1-Pr{|hrpl? < M . (35)
|hsr|?naPs henl? >z<a§§+n§>
) S
Using the conditional probability [27]], can be expressed as
e rod (1 — a) r(okg + 03)
F 1 1_F (Di) L ( M)d’ 36
pr() /0 ( [hrp|? |hSR|27704PS f|isR\2 Y+ Ps Y (36)

_ 2 _ z(ohgitoR)
where y = |hggr|* — =REES

Applying (??) and (??), (36) becomes
FDF<:1;):1_/OO 403 (1 — ) 4an (1-a) exp(—y—w)dy
0 (y + I(JRSI+6R) naPS z GRSI+JR)>naPS Py

717/ \/y—i—\lla: <\/y+\lfx> )
=1—exp(—V¥xz) / \/y e <\/y —&—:fllx) exp(—y)dy. (37)

Applying all steps used for AF protocol such as changing variable z = exp(—y) and using [28] Eq. (25.4.30)], we can

obtain the CDF of the considered system with DF protocol as

Fpr(z )_1——exp —Uz) Z V1—¢2, ,/% (,/Mlnu> (38)

Then, substituting (38) into (??) and applying similar transformations used for AF protocol, we obtain the EC of the

considered system with DF protocol as (??). The proof is complete.
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IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, the mathematical expressions in the previous section are used to evaluate the ECs of the considered FD-EH-
V2V relay system with AF/DF protocols. The effect of several system parameters such as RSI level, the average transmission
power, time switching ratio, and the cascade Rayleigh fading are investigated to provide the system deployment guidelines in
practice. All mathematical expressions are validated through Monte-Carlo simulations. In particular, we use MATLAB simulator
to obtain the simulation results. To generate a cascade Rayleigh fading channel, we generate two independent Rayleigh fading
channels and then multiply these two channels. To realize the ECs of the HD-EH-V2V relay systems, we set the RSI level
k = 0 in the obtain EC expressions of the FD-EH-V2V relay systems and divide the results by two because HD-EH-V2V
relay systems need two time slots to transmit signal from S to D via R. In all scenarios, we set 0 = 03 = o2, the energy
harvesting efficiency n = 0.85, and the complexity-accuracy trade-off parameters M = N = 20. In addition, the average
transmission power is calculated as SNR = Ps/02. Furthermore, ECs of the considered system are compared with those in the
case of Rayleigh fading channel and HD transmission mode to demonstrate the benefits of the FD technique and the impacts
of the RSI and cascade Rayleigh fading. For the sake of redoing the simulation easily by other researchers, we summarize the

parameter settings for evaluating the system performance in Tab. [l

TABLE I: Parameter settings for evaluating the system performance.

Notation Description Fixed value Varying range
10, 20, 30, 50 dB;
SNR Signal-to-noise ratio 40 dB

0~ 50dB
o? Variance of Gaussian noise 1 none
n Energy harvesting efficiency 0.85 none

« Time switching ratio 0.5 0.1~09

k RSI level -20 dB -10, -30 dB; 0 ~ 0.2

M,N Trade-off parameters 20 none

Fig. 3] illustrates the ECs of the considered FD-EH-V2V relay system versus the average SNR for different values of RSI
level, i.e., k = —30, —20, —10 dB. The time switching ratio is v = 0.5. We use (??) and (??) in the Theorem to plot the ECs
of the considered FD-EH-V2V relay system with AF and DF protocols. In Fig. 3] the ECs of the FD-EH system over Rayleigh
fading channels are denoted by “Sim-R”. As shown in Fig. [3] the cascade Rayleigh fading reduces the ECs compared with
the Rayleigh fading, especially in low SNR regime and low RSI level. Particularly, when RSI is low, i.e., Kk = —30 dB, the

ECs of the considered system are 0.2 bit/s/Hz lower than those in the case Rayleigh fading for both AF and DF protocols at
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SNR = 30 dB. However, all ECs approximate 9 bit/s/Hz at SNR = 50 dB. With higher RSI levels, i.e., K = —20, —10 dB, all
ECs reach the capacity ceilings at SNR = 40 dB and 50 dB for the case K = —10 dB and k£ = —20 dB, respectively. In these
two cases, the ECs only reach 3.1 and 6 bit/s/Hz for £ = —10 dB and & = —20 dB, respectively. These features indicate a
strong impact of RSI on the ECs of the considered FD-EH-V2V relay system. On the other hand, the ECs with DF protocol

are always higher than those with AF protocol. This result is reasonable because AF amplifies not only noise but also the RSIL.

Fig. [ investigates the effect of the RSI on the ECs of the considered FD-EH-V2V relay system for different average
transmission power, i.e., SNR = 10, 20, 30, 40 dB. We also provide the ECs of the considered system with HD transmission
mode to clearly show the impact of RSI and the benefit of FD transmission mode. It is evident from Fig. [4] that the effect
of RSI is significantly for high SNRs. Specifically, when self-interference is obliterated (k = 0), the ECs of the FD-EH-V2V
relay system are two times higher than the ECs of HD-EH-V2V relay system. When k increases, the ECs of the considered
FD-EH-V2V relay system decrease. In particular, the ECs of the FD-EH-V2V relay system is always higher than ECs of the
HD-EH-V2V relay system for low SNRs, i.e., SNR = 10, 20 dB. However, for higher SNRs, i.e., SNR = 30, 40 dB, the ECs
of the FD-EH-V2V relay system are higher or lower than the ECs of HD-EH-V2V relay system. For example, the ECs of the
FD-EH-V2V relay system are higher than the ECs of the HD-EH-V2V relay system when k ranges from O to 0.07 and SNR
=30 dB. When k > 0.07, the ECs of the FD-EH-V2V relay system are lower than the ECs of the HD-EH-V2V relay system.
With higher SNR, i.e., SNR = 40 dB, the ECs of the FD-EH-V2V relay system are only higher than those of the HD-EH-V2V
relay system when k& < 0.03. Therefore, depending on the measured and experimented RSI levels in practice, we can select

FD or HD transmission mode to obtain high system capacity.

10

o AF (Sim)

—— AF (Ana)
_ gl - AF (SimR)
T 4 DF (Sim)
S |[--—'DF (Ana)
£ |- & DF (Sim-R)
2
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&
O gyt
g
e)
o
2
LIJ 2_

k= —10,—20,—30dB

0 10 20 30 40 50
Average SNR [dB]

Fig. 3: The ECs of the considered FD-EH-V2V relay system for different values of RSI level, k = —30, —20, —10 dB; o = 0.5.
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Fig. 4: The impact of RSI on the ECs of the considered FD-EH-V2V relay system for different average transmission power,

SNR = 10, 20, 30, 40 dB; o = 0.5.
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Fig. 5: The ECs of the considered FD-EH-V2V relay system versus the time switching ratio « for different SNRs, £ = —30

dB.

Fig. ] shows the ECs of the considered FD-EH-V2V relay system versus the time switching ratio « for different SNRs,
e.g., SNR = 10, 20, 30, 40, 50 dB. The RSI level is k = —30 dB. As observed in Fig. [5] it is obvious that the ECs of the
considered FD-EH-V2V relay system closely depend on «. When SNR is small, i.e., SNR = 10, 20 dB, the ECs increase
with a. It is because small SNR means low transmission power of S; thus, R needs more time for EH to have enough signal

transmission power. However, when SNR is higher, i.e., SNR = 30, 40, 50 dB, the ECs firstly increase and then decrease when
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Fig. 6: The ECs of the considered FD-EH-V2V relay system versus the average SNR for different values of time switching

ratio, kK = —20 dB.

o gets higher. Specifically, for SNR = 30 dB and SNR = 40 dB, ECs are maximal when o = 0.7 and o = 0.4, respectively,
for both AF and DF protocols. If the transmission power of S continues to increase, i.e., SNR = 50 dB, ECs are maximal

when o = 0.2. Therefore, based on the transmission power of S, the optimal « can be used to obtain the peak ECs of the
considered FD-EH-V2V relay system.

To understand the relationship between the average transmission power of source and the time switching ratio o, we
plot the ECs of the considered FD-EH-V2V relay system versus the average SNR for various time switching ratio, o =
0.1,0.3,0.5,0.7,0.9, as shown in Fig. @ We can see that, in low SNR regime, i.e., SNR < 20 dB, the EC of the case v = 0.7
is the best while the EC of the case a = 0.1 is the worst. However, for higher SNR range, 20 < SNR < 40 dB, the EC of
the case o = 0.3 is the best while the EC of the case o = 0.9 is the worst. If the average SNR still increases, i.e., SNR > 40
dB, the EC of the case o = 0.1 is the best while the EC of the case a = 0.9 is still the worst. To sum up, low SNR leads to
a high o and vice versa.

The joint and cross impacts of the RSI level k£ and the time switching ratio a on the ECs of the considered FD-EH-V2V
relay system are illustrated in Fig. [7] where the average SNR is set as SNR = 40 dB. Similar to the ECs in Fig. [] with a
certain value of k, there is an optimal « that maximizes ECs of AF/DF protocols. In particular, when k& = 0.01, the ECs reach
the maximum of 6.9 and 7.3 bit/s/Hz for AF and DF protocols, respectively, at &« = 0.15. However, with higher value of k,
the ECs are highest when o = 0.1. In other words, for £ ranges from 0.02 to 0.2, ECs of AF/DF protocols decrease when «

increases. Surprisingly, in the case of perfect SIC (k = 0), the ECs increase when « increases. As a result, besides reducing the
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Fig. 7: The joint impacts of RSI level k and the time switching ratio o on the ECs of the considered FD-EH-V2V relay system.

ECs of the considered FD-EH-V2V relay system, the RSI also influences the optimal ECs. Therefore, for choosing an optimal
« that maximizes the ECs of the considered system, it is necessary to know the RSI level and the average transmission power

of the source before deploying this system in practice.

V. CONCLUSION

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

considered FD-EH-V2V relay system.
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