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ABSTRACT In this paper, we investigate the outage performance of full-duplex (FD) and half-duplex
(HD) vehicle to vehicle (V2V) networks. We consider two vehicular communication scenarios with
the assistance of roadside unit (RSU), i.e., RSU-to-vehicle-to-vehicle (RVV) and vehicle-to-RSU-to-
vehicle (VRV) scenarios. In particular, we analyze the outage performance of vehicular networks with
the amplify-and-forward (AF) and decode-and-forward (DF) protocols under the effect of residual loop-
back-interference (LBI) and channel estimation errors. For RVV scenario, the upper bounds for the outage
probability of the AF based FD and HD relaying over double Rayleigh fading channels are derived. Moreover,
we derive the approximate closed form expressions for the outage probability of the DF based FD and HD
relaying protocol over Rayleigh fading channels; For VRV scenario, the exact closed-form expressions for
the outage probability of the AF and DF relaying protocols are presented in case of FD and HD modes.
Furthermore, we derive the approximate closed-form expressions for the outage probability of hybrid FD/HD
mode on AF and DF relaying protocols. The numerical and simulation results corroborate our theoretical
ones and quantify the impact of the data rates, channel estimation errors and the residual LBI on the system
performance.

INDEX TERMS V2V, full-duplex, half-duplex, amplify-and-forward, decode-and-forward, outage

probability, channel estimation errors.

I. INTRODUCTION

Vehicular communications [1] are a key integral part of the
intelligent transportation systems (ITSs) which involve the
application of advanced information processing [2], D2D [3],
internet of things (IOT) [4], edge computing [5], and wireless
access technologies [6] that have drawn much attention in
recent years. A full-duplex (FD) mode, where a node can
transmit and receive on the same frequency band simulta-
neously, achieves up to double the spectral efficiency of a
half-duplex (HD) scheme [7]-[9]. Although the FD transmis-
sion suffers from loop-back-interference (LBI), it has drawn
attention due to recent advances on novel combinations
of propagation-domain, analog-domain and digital-domain
interference cancellations [8]-[10]. For FD system, it is cru-
cial that the large LBI spans most of the dynamic range of the
analog-to-digital converter (ADC) at the receiver. Advanced
antenna isolation designs and RF-cancellation schemes can
attenuate the leakage signal to a proper level to prevent
the complete saturation of the receiver chain and reduce
the quantization noise of the ADC. The residual nonlinear

distortion of the LBI signal could be mitigated by novel
digital cancellation solutions [10]-[13].

Novel cancellation solutions could be applied to mitigate
the LBI, however, advanced antenna design and the energy
consumption caused by analog and digital LBI suppression
are still crucial for the low-cost low-cost battery-powered
mobile devices. FD vehicular communications have many
advantages to deal with the above issues, such as higher
level of passive antenna isolation with more flexible antenna
placement, stronger transceivers with unlimited power supply
which can handle complex signal processing and higher-
linearity analog components introducing fewer distortions
and imperfections [14]. FD V2V transmission can be a poten-
tially significant application area of full-duplex technologies.

Cooperative relay is an effective solution for achieving
higher reliability and throughput required in modern wire-
less communication systems [15]. Relaying techniques can
be classified into amplify-and-forward (AF), decode-and-
forward (DF), and compress-and-forward strategies. Among
those strategies, AF and DF are two commonly adopted
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protocols. In literature, the fundamental performance of the
FD relay has recently been investigated. Zhang et al. [16]
studied the average rate and outage probability tradeoffs
of full-duplex two-way and one-way relaying under resid-
ual self-interference. In general, the results show that the
DF relaying can achieve better performance than the AF one.
However, there is a certain loss in the rate for DF relaying at
high signal-to-noise ratio (SNR). Kwon et al. [17] derived
the outage probability of DF relaying and investigated the
conditions of full-duplex better than half-duplex mode. The
research issues and challenges of FD relaying system were
summarized in [18]. Reference [19] studied the switching
boundary of FD and HD modes. The authors also investigated
power adaptation solution to maximize the system spec-
trum efficiency. The analysis covers both AF and DF relay-
ing protocols for the case of downlink and uplink systems.
Kim and Paulraj [20] derived tight closed-form bounds on
the outage probability expression for full-duplex AF relaying
and studied the effect of the direct link and the residual
LBI on the optimal duplex mode selection. According on
the instantaneous channel conditions, [21] investigated an
adaptive transmission scheme among direct transmission,
HD relaying with maximal-ratio combining (MRC) and
FD relaying with MRC at the destination. Baranwal et al. [22]
studied the outage performance for multiple full-duplex
relays cooperation system, where multiple full-duplex
DF relays form a multi-hop network to forward the infor-
mation. Reference [23] studied the FD relay selection for
AF multiple relays cooperative networks. For the purpose of
signal detection, perfect channel state information (CSI) feed-
back is assumed in most existing works. However, in prac-
tical cases, the CSI may only be partially obtained at the
receiver [24]. Choi and Lee [25] derived the approximate
closed-form expressions for the outage probability of the
FD two-way AF relay with imperfect CSI. Wang et al. [26]
studied the average end-to-end capacity for the FD AF two-
way relay system. Wang et al. [27] investigated the perfor-
mance comparison of the full-duplex and half-duplex AF two
hop relaying system. For two practical relaying scenarios,
the authors derived the closed form expressions of ergodic
capacity with channel estimation errors, respectively.

Compared to the traditional mobile radio link, the
V2V channel is much more dynamic, as the communica-
tion link is established between two mobile transceivers. For
traditional mobile link, one of communicated transceivers
is fixed, i.e., stationary transceiver. Some studies have sug-
gested that double Rayleigh fading could be an appropri-
ate small-scale fading model for V2V channels [28], [29].
Campolo et al. [14] investigated the design issues of full-
duplex devices at the higher-layer protocols of vehicular
networks and discussed the benefits full-duplex could bring
with respect to half-duplex devices in some cases. Few works
have focused on FD in vehicular communications, especially
in full-duplex performance analysis.

In this paper, we study system performance of FD
and HD V2V communications on AF and DF relaying
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protocols. A Roadside unit (RSU) deployed along the
road supply connectivity to vehicles passing by that can
exchange data [14]. We consider two vehicular communi-
cation scenarios, i.e., RSU-to-vehicle-to-vehicle (RVV) and
vehicle-to-RSU-to-vehicle (VRV) scenarios. In particular, the
contributions of the paper are summarized as follows:

1) By considering channel estimation errors, the expres-
sions of the received signal-to-interference-plus-noise
ratio (SINR) of the combinations of FD, HD, AF
and DF modes are derived for both RVV and
VRV scenarios;

2) For RVV scenario, we analyze the performance
over double Rayleigh fading channel. In particular,
we derive the upper bounds of outage probability for
FD and HD AF modes. Moreover, the approximate
closed form expressions of outage probability for FD
and HD DF modes are derived, respectively;

3) For VRV scenario, we derive the closed form expres-
sions of outage probability for all combinations
duplex modes (FD or HD) and relaying protocols
(AF or DF);

4) For VRV scenario, we analyze the outage performance
of optimal duplex transmission. In particular, we derive
an accurate approximation of outage probability for
hybrid FD/HD AF relaying transmission. Further-
more, the closed form expression of outage probability
for hybrid FD/HD DF relaying transmission are
derived.

The paper is organized as follows. In Section II, system
model is presented, including channel model, signal model
and SINR model. Firstly, we investigate the outage perfor-
mance for RVV scenario. A detailed derivation of the outage
probabilities of FD and HD on AF and DF relaying proto-
cols, respectively, are presented in Section III. In Section IV,
we study the outage performance of FD and HD on AF and
DF relaying protocols for VRV scenario. Moreover, we derive
the outage probability of optimal duplex mode based on
FD/HD switching. Analytical results, Monte Carlo simula-
tions and discussions are presented in Section V. Finally,
conclusions are drawn in Section VL.

Il. SYSTEM MODEL
We consider a V2V system where two nodes exchange infor-
mation though a middle node. The middle node acting as
a relay with AF or DF protocols resends the received data
from the source node to the target node. There are two kinds
of nodes in the network, i.e., vehicle nodes a and b and a
RSU r. All the nodes are equipped with single transmit and
receive antennas. RSU can be seen as a infrastructure-based
node to enlarge the coverage and improve the reliability of
the vehicular networks.

We focus on two V2V communication scenarios, as shown
in Fig. 1. For RVV scenario, the RSU r and the vehicle a
exchange information with each other via the vehicle b; For
VRV scenario, the vehicle a and the vehicle b exchange
information with each other via the RSU r.
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FIGURE 1. RVV scenario: RSU-to-vehicle-to-vehicle communication;
VRV scenario: Vehicle-to-RSU-to-vehicle communication.

A. CHANNEL MODEL

For VRV scenario, the RSU acting as a infrastructure-based
relay, the source vehicle a sends data to the destination vehi-
cle b. The channel coefficients can be modeled as the sum

of the estimate channels and the channel estimation errors.
‘We model the channel &, and A, [27]

har - ilar + Aar
hrh = hrb + Arb (1)

where h, ~ CN(0, a;%ar) and h, ~ CN(O, a}ib) are
jointly ergodic and stationary gaussian process. A, and
A, are the complex Gaussian terms with zero mean and
variances aiar = thm — E(|hgr?) and airh = th,b -
& (|fzrb|2), respectively. The orthogonality between the chan-
nel estimate and the estimation error is assumed. The simi-
lar channel model with estimation errors can also be found
in [25] and [26].

For RVV scenario, the source vehicle ¢ and RSU r
exchange information with each other via the vehicle-based
relay b. The channels between two vehicles a and b are
modeled as the product of two independent complex Gaussian
random variables, i.e., h;; = hj1hj2 (i,j € {a,b},i # )),
where is h;;, 1 and h;j > are the complex Gaussian random vari-
able with zero mean and variance of ah and oh . Hence,
|hijl = l|hij 111k 2| follow a double Raylelgh dlstrlbutlon
Similar to the RSU-vehicle link, we also model the vehicle-
vehicle link as

hijahijo = hij + A @
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FIGURE 2. The pdfs of |h,-j’1 ”hii,ZI and |i1,-j| for the case of azii,l =1,
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= {0.1, 0.05, 0.01, 0.001).

The probability distribution function (pdf) of |}Az,-j| is hard
to obtain as the presence of the estimation error term Aj.
The pdfs of |hy,1]lh,2] and |fl,-j| are plotted in the case of
different variances of estimation errors, as shown in Fig.2.
The channels are not reciprocal, i.e., h; # h;j;, since the
presence of the channel estimation errors.

The cumulative distribution function (cdf) of |hl-j|2 =
|hij,1 |2|h,-j,2|2 can be calculated as

Fig2(s) = 1=Pr(lhy 1Pyl > s)

4 4
ey | _ s K1< s ) 3)
)hij,l)\ij,z )“ij,l)\ij,Z

where ;1 = a;i” and A » = aﬁ_jz. In (3), (p1) is obtained

by fooo e iy = %K] (wab) in [30, eq. (3.324.1)].
K (+) is the first order modified Bessel function of the second
kind [30, eq. (8.432)].

B. SIGNAL MODEL
Both RVV and VRV scenarios are one-hop relay networks,
the difference between the two scenarios are channel models.
Therefore, we present the common signal models for both
scenarios with AF and DF relaying protocols, respectively.
For VRV scenario, we will only focus on the end-to-end
link of @ — r — b since analysis for the reverse link of
b — r — ais analogous. For RVV scenario, the uplink and
downlink experience asymmetric channels, we consider both
r = b — aand a — b — r links. The general signal model
is described below. For RVV scenario, / denotes the vehicle b,
m denotes the vehicle a or the RSU r and n denotes r or a.
For VRV scenario, [ denotes r, m denotes a and »n denotes b.
The relay / receives the mixed signal including the signal
from the source m, the LBI of the FD relay and the noise term

yilkl = /Pmbmixm k] + /prhiexilk] + zi[k] “)

where x,,[k] and x;[k] are the transmit signals from the
source m and the relay / with unit power; p,, and p; are the
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transmit energy from the source m and the relay [; hj ¢ is
the LBI channel between the transmit antenna and receive
antenna of the relay I; z;[k] ~ CN(0, Ny) is the Gaussian
noise at /.

The relay exploits interference cancellation algorithm to
mitigate the LBI. However, parameter estimation of the LBI
and LBI cancellation solutions are beyond the scope of this
paper. After LI cancellation, the residual received signal of
the relay can be denoted as

Skl = yilk] = /pihy exi[k]
= /Pmbmixmlk] + /PrALexi K] + z[k] - (5)

where fzz,g is estimation of the LBI channel. Similar signal
expression can also be found in [25]. A; ¢ is the residual LBI
after the LI cancellation. We assume that A; ¢ is also a zero-

mean complex Gaussian random variable with variance oil .

1) AMPLIFY-AND-FORWARD

In the AF protocol, the relay amplifies the received signal by
a factor G; with a processing delay 7. The transmit signal of
the relay can be denoted as

xi[k] = Giyilk — 7] (6)

With the help of the pilot sequence in x,[k], the relay
can estimate channels and forward fzml to sources. Specific
estimation strategies can be found in [24]. The amplification
factor with channel estimation errors can be expressed as

1

2

Gr = (pulhwil? + puod,, +pi03,, +No) 7

The received signal at the destination n is given by
Yot 1k = pihialk] + zialk] ®)

where z;,[k] ~ CN(0, Np) is independent Gaussian noise
terms at n.

By ignoring the processing delay 7 of relay and substitut-
ing (1), (4) and (6) into (8), the received signal with channel
estimation errors at the destination # is given by

Y Tk]
= G/t P1hmi X k] + G1 /Do) PiRin Ayt X [K]
+ G1/PI/ Pt A X[ K] + Gi P/ DT At Ao [K]
+ G1/PI DT ALexi k] + Gi /i /DI A AL exi Tk]
+ Gi/pilinzilk) + Giy/Pi Az (k] + zialk] 9)

2) DECODE-AND-FORWARD
In DF mode, the relay / decodes the received signal y;[k — ]
and reencodes it to generate the transmite signal x;[k] [7]. The
processing delay t is large enough to guarantee that x,,[k] and
xi[k] are independent. Different from the HD relaying, the
FD relay can decode the current received signal and send the
last processed signal simultaneously.

The received signal at the destination n can be expressed
as

yORIk] = /prhumxlk] + zilk] (10)
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It should be noted that the signal x;[k] here is different from
the signal in AF mode. x;[k] is the reencoded signal of the
transmit signal.

By substituting the estimated channels into (10),
the received signal with channel estimation errors at the
destination 7 is given by

YRkl = /priunxlk] + /prAmxlk] 4+ znlk] - (11)

C. SIGNAL-TO-INTERFERENCE-PLUS-NOISE RATIO

To analyze the outage performance in next sections, we give
the SINR for different combinations of FD, HD, AF and DF
modes. For easy of expression, we denote y, = p,/No, yr =
pr/No and v = pp/No, where p,, p, and p,, are the transmit
energy of vehicle a, RSU r and vehicle b, respectively.

1) RSU-TO-VEHICLE-TO-VEHICLE

When the vehicle b acting as a full duplex AF relay,
from (9), we can obtain the effective end-to-end SINRs of
the links @ - b — r and r — b — aq, respectively

mhah\ Yol ?

)/AF _ Vb Ttew €or
A= bl ol
Vb +fab €br
mh,b\ Volhpal
I0 P
AF " € ba
YFD,r—>a = 7 2 (12)
yr|hrh| + Vb‘hha| + 1
V;I+€rb €ba
LI 2 2 _ 2
where y," = = VbOp, ,» €ab = VaOx ) + 1, €y = Y04, T 1,
€p = yroA + 1 and €, = yboA + 1. For full-duplex

AF relaying mode the instantaneous end-to-end capacity of
a — b — rlink is defined as CFAlg usr =logy(1 +y§)l:,u~>r)'
The instantaneous end-to-end capacity of r — b — a link is
defined as CiS ,, = logo (1 + ¥, ,0)-

For AF based FD relaying mode, the effective end-to-end
SINR of the links a — b — r and r — b — a are given by,
respectively

Va‘hub| Vb|hb;|2
€ab €br

7
MDA yalha P ol
€ab €br

Vel ? yolhpal®
AF €rh €p,
YHD,r—>a = 7 2’ 7 az (13)
velhl® o yolhal® |
€rb €ba
For AF based HD relaying mode, the instantaneous end-

to-end capacity of a — b — r link is defined as

2
\

ChE .y = 3loga(1 + ¥ib ,_.,). The instantaneous end-

to-end capacity of r — b — a link is defined as
AF _ 1 AF

CHD r—a — 10g2(1 + yHD,r%a)'

For DF based FD relaying mode, the effective end-to-end
SINR of the links @ — b — r and r — b — a are given by,
respectively

JOF min( Yalha ybv%brﬁ)
FD,a—r LI + Gab €br
712
DF . Vr|hrb| Vbl hbal )
Y = min , (14)
FD,r—a (ygdl + e €ba
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For DF based FD relaying mode, the instantaneous end-to-
end capacity of a — b — r link is defined as Cl?l;a_)r =
log2(1 + yg; a _)r). The instantaneous end-to-end capacity of
r — b — alink is defined as CFDgrﬁu = log,(1 "‘VEDFJ»(J

For DF based HD relaying mode, the effective end-to-end
SINR of the links @ — b — r and r — b — a are given by,

respectively
DF . ya|hab|2 Vb|hbr|2
YHD,q—, = N ’
€ab €br
72 712
DF . Yr |hrb | Yb |hba |
YHD.rsa = mm(—, —_ (15)
€rb €ba

For DF based HD relaying mode, the instantaneous capac-
ity of a — b — r link is defined as ng oy = 1 10g2(1 +
ygg i r). The instantaneous capacity of r — b — a link is

. 1
defined as ng’r_)a =5 10g2(1 + yl?gr_)a).

2) VEHICLE-TO-RSU-TO-VEHICLE

When vehicle RSU r acting as a AF based FD relay, the effec-
tive end-to-end SINR of the links a — r — b can be
expressed as

ya|ilar|2 )’r‘;lrb‘z

LI
AF . Y, tear  €rb
YFDa—b = 7 13 — (16)
Yalhar| + Yrlhewl +1
yH teqr €rb
where erI = y’“i,g’ €ar = Vaaiar + 1, e =
yroﬁrb + 1. The instantaneous capacity is defined as
AF _ AF
CeD,a—sb = logy (1 + yFD,a—)b)'

For AF based HD relaying mode, the effective end-to-end
SINR of the links a — r — b is given by

Vu‘ilar|2 Vr|ilrb|2

AF _ €ar €rb
YHDa—b = — 7 — (17)
Yalharl® 4 yrlhl” 4
€ar €rb
The instantaneous capacity is defined as CHD) asb

% 10g2(1 + yl?lg,a—ﬂ?)'
For DF based FD relaying mode, the effective end-to-end
SINR of the links a — r — b is given by

D _min( Valhar|? yr|hrb|2>
FD,a—b — ’
o erI + €ar €rb

(18)

Hence, the instantaneous end-to-end capacity is defined as
DF _ DF
ChD b = 1085 (1 + ¥ip,0s)-

For DF based HD relaying mode, the effective end-to-end
SINR of the links a — r — b is given by

Yalhar|? mmﬁ)
€ar ’ €rb

Viloamsb = min( (19)

Then, the instantaneous end-to-end capacity is defined as
DF _ 1 DF

Cib.amp = 21082 (1 + ¥4ib avp)- _ o

For VRV scenario, we investigate an optimal transmission

scheme based on a hybrid-duplex relaying (HR) that switches
between FD and HD modes. A FD/HD switching scheme has
been proposed in [19] where one of uplink and downlink
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channels is assumed to be an non-fading channel. In this
paper, both uplink and downlink channels are modeled as
fading channels. To achieve the best performance, the HR
RSU switches the duplex modes in terms of instantaneous
end-to-end capacity. For AF based relay, the HR scheme
switches the relaying mode that satisfies the following policy

AF _ AF AF
CHR g = Max (CFD,a—>b’ CHD,a—>b> (20)

For DF based relay, the HR scheme switches the relaying
mode that satisfies the following policy

DF _ DF DF
CHR a—b = maX<CFD,a—>b’ CHD,a—>b> 2D

Ill. OUTAGE OF RSU-TO-VEHICLE-TO-VEHICLE

In this section, we analysis the outage performance with both
AF and DF relaying protocols for RVV scenario. Assuming
that the communication between the source and the desti-
nation targets an end-to-end data rate R. Hence, the outage
threshold of the SINR for FD mode can be denoted as ¥ =
2R _ 1. The outage threshold of the SINR for HD mode
can be denoted as V(Y + 2) = 22X _ 1. Because of
the complexity of the distribution of lhap| and as a result,
the complexity of |hap|2, here we approximate \hap|? with
|hah|2 = |hab,1|2|hab,2|2. This approximation is accurate
when the estimation error is relatively low, as shown in Fig. 2.
For easy of expreAssions, we denote o1 = |hgp 1 |2, oy =
\hab2|* and B = |hpr|*.

A. AMPLIFY-AND-FORWARD
The outage probability of a — b — r with AF based
FD relaying protocol can be calculated as

AF AF
PFD,a—)r = Pr{CFD,a—>r < R}
Ya®1%2 YbB
V}E‘I‘i’eah €br -7 (22)
Ya193 o8B +1 -

VbI‘I+5ah €br

=1-Pr

Zar(ar,02,B)
For given o, by taking the average over «; and g,

Zar(ay, Blay) is given by

Zar(ai, Bloo)
o] LI
_ / {1_ fm<mb +eab)<ybs+ebr)>} fy(snds

Tepr Ya02(Yps — Yepr)

b

Yo ve)  1ep LI
— ¢ ab17a% 7)‘hr7rh 4rd + T)(yh + €ap)enr
Aab,1Mbr Ya Vb2

47 + DM + e)enr
K \/ (4 + 1)V + ap)en -

Aab, 1 Mbr VaYbO2
where Fo, (s) = 1—e a1 is the cdf of |ap, 1% hpr = 0, —

ox, Jo(8) = ie_ﬁ is the pdf of |Pp|°.
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By taking the average over oy, Zap(o1, @2, B) can be cal-
culated as

Iar(ay, a2, B)

Yo, oo T +eap) LI
= eixbr};/b / e Aabb,lms AT+ 1), + €av)énr
0 Aab,1 AbrYaYbs

47+ V)Y H + ep)e “Tarz
K \/ U+ D0+ emler | e P2

Aab,1 Abr YaYbs Aab,2

Yo, oo Yo tew)s LI
=e Tor¥s / e ‘ab1va \/4T(1 + O, + €ap)énrs
0 Aab,1Abr YaYb

I
e 'ab2s
2

47 + D)y + €,p)e
K \/ (A + 1)V + €ap)eprs W

Aab, 1 Mbr VaYb Aab,2S

Yepy

_ 8T (1 + T)(J/ + Gub)fbre AbrVb foo o 4({1{,1;/11,):2’
0

Aab,1Aab,2Xbr VaVb
4T(1+T)(Vb +Eab)5br ( )
xe ’ab1’ab, 24 vavps? Ki (24)

To the best of the authors’ knowledge, (24) does not have
a closed form solution. Although, it can be calculated numer-
ically using tools such as Matlab, Maple or Mathematica,
we still want to get a closed form expression of it. A lower
bound of (24) is given by

Ipr(ay, a2, B)
Yepy

8Y (L + 1)V + eap)epre” o0 { /°°
Aab,1hab,2Mbr YaVb 0

A+ egp)epy

Ki(s)
2

Abr Vb
4T + Depy

xe tab\rab2orvavpst g

oo
X / e
0
Yep,

Y1+ )yt + eap)epre” 7o
Aab,1hab, 2 br YaVb
30 ( Y1+ V)" + €an)epr
03 Aab,1hab,2Mbr YaVb

Yep,

T(y + € b)e *brVb
Aab,1hab,2Va
30 <T(1 + D + €an)enr
03 Aab, 1 ab,2Mbr VaVp

A+ Fegp)epy

b, 1hab, 2 br Yavps® Ki(s)ds }

—-1,0, 0)

0,0, 1> 25)

Therefore, the upper bound of the outage probability of link
a — b — r with AF based FD relaying protocol is given by

Yepr

Y+ DG + eapepre”

Aab,1Aab,2Abr YaYb
Y(1 4+ V)Y + eap)e
XGS?( ( )(Vb ab)€br ~1.0, 0)
Aab,1Aab,2AbrYaVb

PFD a—>r = =1-
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Tebr
Yy + eap)e” Toro

)Vab,l)\ab,ZVa
Y1+ V)M + ep)e
(3)(3)( ( )(Vb ab)€br 0.0, 1) (26)
Aab,1 Aab,2Mbr YaVb

Similarly, the upper bound of the outage probability of link
r — b — a with AF based FD relaying protocol is given by

Y +em)
YA+ V) + ep)epae 7
)\ba,l)“ba,Z)\rbeyr
3()<T(1 + T)(Vl?I + €b)€ba 1.0 0)
03 Aba,1Mba,2X b Vs Vr o

R )
Yepge  Arovr

PFD r—a = <1-

Aba,1Aba,2Vb
30 < Y1+ D)y +em)epa
03 Aba,1Aba,2M b Vb Vr

0,0, 1) (27)
where A, = o}% ai
For HD rnode I(ay, a2, B) is given by

oy, o2, B)

{ Ya102 Vb
—Pr] — € Cr > Y(Y + 2)}
Ya1ot v
€alh : + el;ar + 1
T(r+2ep,

8T (Y +2)(1 + Y)2eupepre
Aab,1Xab, 2\ br VaVb

AT egpepy
e ‘abtab 2 brvavpst Kits)
2
The upper bound of the outage probability of link a —
b — r with AF based HD relaying protocol is given by

Abr Vb 00 __Mpr Vb"'z
/ e HT+D2ep,
0

ds (28)

~ Y(T+2)ep,
Y(Y +2)(1 + Y)ewpepre o7
Aab,1Aab,2AbrYaVb
30<T(T+2>(1 + V’ewerr| | o O)
03 Aab,1Aab,2Mbr Vs Vr o
_Y(C+2ep,
Y(YT + 2epe orvp
)\ah,l)\ab,ZVa
Y(Y+2)(14+Y)eme
GSg( ( + )( + ) ab€br 0’07 1) (29)
Aab,1hab, 22 br VaVb

The upper bound of the outage probability of link r —
b — a with AF based HD relaying protocol is given by

PHDa—)r =1-

T(C+2)e,p

Y(Y +2)(1 4 Y)’epaerpe 7"
Aba,l)\ba,ZArbber
Y(Y +2)(1+ T1)?
G30< (T 4+ 2)(1 4+ Y) €epaerp _1’0’0>

03 )\ba, 1 Aba,ZArb YbYr
_ Y(X+2)ep
T(Y + 2)epge e

Aba,1Aba,2Vb
30 ( T(r+2)1 +T)26ba€rb
03 )‘ba,lkba,Z)\rb YbYr

PHD r—a — 1-

0,0, 1) (30)
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B. DECODE-AND-FORWARD
The outage probability of a — b — r with DF based
FD relaying protocol can be calculated as

PFD a—r
= I_Pr{ DF,a—sr = }
_1_pr Yar1oy ybﬁ) _~
Ly €ab  €br
_ aalolz Vhﬂ .
+ Eab Ebr

Yep, LI LI
i \/my,, tea) ( /myb +eab>) an

)Lab,l)\ab,ZVa }\ab,l)\ab,ZVa

Similarly, the outage probability of r — b — a with
DF based FD relaying protocol is given by

PFD r—a

Y e
e 4T €py K]( AY €p, )
YbAba, 1 ba,2 VbAba,1Mba,2

(32)

The outage probability of ¢ — b — r with DF based
HD relaying protocol can be calculated as

PHD a—r
=1-Pr {CDFa—>r z R}

1 —Pr {min(w, @) > T(T + 2)}

€ab €br

€ab €br

2)epy
1_e_T<;b+;y>bb\/4T(T+2)eabK1 (\/4T(T+2)eab>

Aab,1hab,2Va Aab,1ab,2Ya
(33)

1—Pr{m > rr+2), 2P - T(T+2)}

The outage probability of r — b — a with DF based
HD relaying protocol is given by

7DHD r—a
_1_ e,%ﬁ:rb 47 (Y + 2)epq K ( 47(Y + Z)Gba>
Ybrab, 1 ab,2 Vorab, 1 ab,2
(34)

IV. OUTAGE OF VEHICLE-TO-RSU-TO-VEHICLE

In this section, we analysis the outage performance for both
AF and DF relaying protocols for VRV scenario. Same data
rate are assumed at node b, i.e., R. For easy of expression,
we denote o = |ftab|2, B = |fzrb|2.
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A. AMPLIFY-AND-FORWARD
The outage probability of a — r — b with AF based
FD relaying protocol can be calculated as

PFD a—b
=1-Pr [CFD a—sb = R}
)l/u yrﬂ
—1-Pr vt E;’ >
Yall Yr
VVLI'FEar + €rb +1
00 T LI+€ s+e
_ l—ﬁg {1—%( (v, +€ar)yr ’b))}fﬁ(s)ds
L0 Ya(yrs — Yer)
1 [0 _xXuftanorster) s
— 1 _ )\_ e Yarar (yrs—Ye€pp) e Arb ds
rb JYey
- 1_67% Ten J47(1 + DM + €arders
AarArbYaVr

471 + 1)y
K (I + 1)y, + €ardem (35)
)"arkrbyayr
where A, = of — ai and A, = Ghz;, Gib Fuls) =

1—e ~Tar is the cdf of |har|2 fﬂ(s) —e i is the pdf
of |hrb|2-
The outage probability of a — r — b with AF based

HD relaying protocol can be calculated as

PHD a—b
=1-Fr {CHD asb = R}
Yoo yrB
=1—"Pr Car_Crb >Y(Y +2)

Yao B

w Ty T 1

SXC2e (4T 2+ D)L+ Ve
)Var)&rbyayr

_ X(X+2)eqr
1 —e AarYa

(36)

\/ A2+ 1) + Y earern
XK]
)\ar)"rd YaVr

The outage probability of HR scheme with AF relaying can
be calculated as

PHR a—b
- Pr{CHR a—sb < R}

= Pr{maX<CFD a—sb+ CiiD a—)b) < R}

v yrB Yao yrB
—pr{ e L SR (e
b }’a Yrb
b '+e,,, T €rb +1 Sty €rb +1
37

For y' < (Y + 1)éqr. Since (v + €4r) < (X + 2)eqr.
vaayrB < (T + 2)ey < T(Vaaerb. + (T + 2)eqr (B +
€p) < Y 4+ (yaaenp + €4, (B + €p). Therefore,

AF AF
PHR,a—>b = PFD,a—>b'
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For yM > (Y + Dear, PR ., is given by

PHR a—b
& T(T+2)% (54 52)
~ g < R EL ) }f e
yH-C+ear vr
A
rerpH o Ly
o Yepp 1-Fq §— Te,h fﬂ(S)dS
Yr
e
(38)

In (38), Z; is given by

7

= ¢ AarYa A Vr e
YT(Y+2)(Y+Dearepp

=Y+ Dearyyrigy
YN+ earepy
ds

XY +2ear T(Y+2)e,p { ©

xe harhppYayrs

() - T WLZI(ﬂzw)(lH)Zearerb)l
B =0 AarArbYaVr

(— l)l oo oS
X ——ds
Al TOCAD(C+Dearery gl

G-+ Dear)yripg

XYY H2ear  Y(T+Dey, — TOHR)(TH)ear€pp L—-1 1 1
(p3) Tarva v 2P P D
=2 e v —=(Y+Dear)vriyp
I

=0
l

(T(T+2>(T+1>emerb> ;
(Y +Dear)yriny
(T(Z—l—T)(l—i—T)zea,erb !
AarArbYaYr )
T +2)(YT+Dearerp
i <()/ (T+1)€ar)yr)\rb>

where () is obtained by the L-th order Taylor series approx-
imation of the exponential function e™* =~ ZIL:O((—S)Z /1Y),
The integral in (p3) can be obtained from the fact
in [30, eq. (9.224)], i.e., Wp,1/045(a) = a~Pe? [ 1?Peds.
W,.p(2) is the Whittaker function defined in [30, eq. (9.222)].
This formulation can be easily solved by the matlab function
‘whittakerW’.
In (38), Z» can be calculated as

(39)

I

LI
Y(Y+ Dy +ear ey
_ T(VrLI+€ar) _ Yepp W
=e¢ AarYa Yripp vr ar)yrirb e_s
0

T+ +ear)en,
ds

Xei YayriarhppSs

YoM ear)
~ e rarYa

Tw’ 471+ T)(V + €ar)érp
)\ar)“rbyayr
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471 + T)(Vru + €ar)€rp
XK1
)‘-ar)trbyayr

LI e L-1 l
R {Z(T(l + D) + ea»erb)
—o AarArbYaVr

( 1)1 oS
L —ds
I T<T+1><y, +ear)ery, sl

(V *(T+1)5ar)7r)~;b

_T(VrLIJre‘”)—TE;f’\/A"T(I + ’Y‘)(erI + Ear)erb

= e AarYa )‘rh r
Aarhrb YaVr

4T(1 + T)(V;&LI + 6ar)érb
x K1
)\ar)‘rhyayr

TGy Yoy YU vear)e, L1 (—1y
harva  AbYr 2t Dear vy
1

—e
=0

( YOC + DM + earden )‘5
(erI — (Y + Dear) vt
5 <T(1 + 1M + ear)erb)l
)har)&rbyayr
o < T(T + DM + earder )
(V — (Y 4+ Dear)virm

By substituting (39) and (40) into (38), the outage prob-
ability of HR scheme with AF relaying is shown in (41), as
shown at the bottom of the next page.

xW_ (40)

-5,

B. DECODE-AND-FORWARD
The outage probability of a — r — b with DF based
FD relaying protocol can be calculated as

PDa—>b =1_PI{CFDa—>b>R}

=1 —Pr{min(d/i, )/r,3> > T}
Ve t€aur €np

1—Pr{Lya—azT, veh zT}

Vr I+ €ar €rb
_ XM ear) _ Yep,
=1—e Aarva App¥Vr (42)

The outage probability of a — r — b with DF based
HD relaying protocol can be calculated as

PHD asp = 1—Pr {CHD a—sb = R}
XX +2ear _ Y(X+2)€p

=1—e harva T hpvr (43)

The outage probability of HR scheme with DF relaying can
be calculated as

Pk = Pr{maX<CFD b CHD a—>b> < R}
= Pr{min(ﬂ, Vrﬂ) <7,
Vr + €ar €

min(ya , ”’ﬁ) <Y +2)} (44)

€ar  €rb
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For yM < (Y + Dear, PR 4, is given by 10° : , : —
—0— |hab‘
—— [ap1 | hap 2|
73HR a—b
Yo ear) . o}, =01
a SVa€ =
=f ” {1-]@;( Ya rh)}fa(s)ds =
0 Yr€ar s r
Tosot e & 1ot o3, =001 1
e . {1 - Fu (T(VrLI + Ear)) }fﬁ(s)ds %
T g
T€yh()/rLI +ear) P
Yrear S€ar
|- F, ( ) (s)d.
+ /0 { “\ 2, }f,g(S) s %, = 0.001 P
acr, T( rI‘I+€ar)
1— ei( Vr};arfrb )vtllr ) . Ya _ Y(Vrl‘iJrEur) _ Tgr})(l/r]'l;r&zr) 10-20 ; 1‘0 1; 2:) 2‘5 30
= +e Yarar €arVripd /N (dB)
1+ % p/No
Yr€arhrb e T  ear) FIGURE 3. Outage probability for the case of Gib .= 0.01.
_ T(VrLIJrellr) _ Xepp 1 — gi(farr)/r)»rb )»ar) - Ya e, .
—e vatar Vil 4 Car Vih _YOytear)  Yeg ] — e_(yayfrrba{ar +ﬁ)mr;2) .
1 + arVr)Lrb —e Vshsr Yripd —+
€rbYalrar 1 + Vrfar)-rb
_ Yo +ear) _ Yepp Ya€rbrar
=1—e harva Arpyr 45) Yo dear)  Tr+2)ep, Yo bew) ey,
— 1 + 8_ Yarar T Yk —_ e_ Yahar Rz
. . Ye,p(T+2)  Yeur(Y+2)
For y11 > (Y + ey, ngﬂ_}b is given by —e y[;lrb - yaxa:r (46)
PDF Finally, the outage probability of HR scheme with
HRa=b s DF relaying is shown in (47), as shown at the bottom of the
_ / Va {1 £ (S)/aGrb) }f (5)ds next page.
= —F5 ”
O i Vr€ar V. SIMULATIONS AND DISCUSSION
Vr = I_F SVr€ar d In this section, our theoretical results will be verified through
+ o TV ( Va€rb ) fp(s)ds Monte-Carlo simulations. Assuming equal power allocation,
YO +2)epp LI ie., ps = pp = pr = p. Without loss of generality, same
— f " {1 _ fa(T(VV téar )> } fB (5)ds levels of channel estimation errors are assumed at the RSU
% a and the vehicles, i.e., %2‘,, = ezb,- = aezrb = 062. We assume
(A7 6ar 2 2 = 2 2 = i
. e*(yrye“r T ) Lear(r42)  Torphe)  T(ri2e hr = Oy = Ohy = Oy = Oy ah The analytical
= - + e  rvakar Vil results are generated based on expressions (26), (29), (31),
1 Jtboar (33), (35), (36), (42), (43), (41) and (47). In particular, Fig. 3,
- 5% Lep [47(1+ )y +ea,)e,bK 471+ V)M + ear)erm 7 <T+1)
AarAbVaVr AarArbVaVr ’ €ar
|t Ten AT+ D + ey [ [ATA+ D@ + adery
J— arya r 1
AarAbVaVr AarArbYaVr
T(C+2eqr Y(T+ey,  Y(X+2(Y+Deare, L—1 1 2 l
_ e_ rarva ApbVr _Z(V}‘I*(Y+1)€ar)yr)»rb Z (_1) <T(2 + T)(l + T) EarErb>
!
PR asb = B = HarkrbYalr (41)
% ( T +2)(T + Degrenp >_2 . ( T +2)(T + Degrer >
(V}I — (¥ + Deéar)Vrim A (erI — (T + Dear)yrrrm
Y M) Yo YU teare, L1 i LI I
+e e T G e Z =D (T(l + 1)y, + €ar)erw
A )\ar)\rbyayr
=0
TP + DM + canden | 2 T(r + DM + carde U
x( r 7 €ar r”) W111< Yr T Car ’b>, v g
(V}‘I — (T + Dear)vriny T (erI — (T + Deéar)yrrrb €ar
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— % — FD Numerically Integral
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—o— HD Upper Bound
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FIGURE 4. Outage probability of RVV scenario. Comparison of FD and HD
AF relaying for the case of “ze =0.001.
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FIGURE 5. Outage probability of RVV scenario. Comparison of FD and HD
DF relaying for the case of age =0.001.

Fig. 4 and Fig. 5 are plotted for RVV scenario, while Fig. 6
and Fig. 7 are plotted for VRV scenario. And Fig. 4 is for both
RVYV and VRV scenarios.

As the complexity of the distribution of |ﬁab|, we approx-
imate |/ |? with |Agp.1|%|hap.2|?. Fig. 3 shows the effect of
channel estimation errors on the accuracy of approximations
for the case of o}%ab.l = thah , and oiu = 0.01. It is
quite obvious that the errors of approximations decrease as
the channel estimation errors decrease. When aie = 0.001,
the approximate results are accurate enough to match the
practical ones. For the same duplex modes, it can be observed
that the outage probability of the DF relaying always outper-
forms AF relaying.

0f

10

= 10'F
2
a9}
)
&
£ Ll —p— Analysis, 03 = 0.001,03 , = 0.1
S —&— Analysis, 03 = 0.01,0% , =0.1
—o— Analysis, 03 =0.01,03 , =0.5
—— Simulation
10-3 L L L L Il
0 5 10 15 20 25 30
[)/Nl] (dB)

FIGURE 6. Outage probability of VRV scenario. Approximate accuracy
verification of HR AF relaying for different oﬁe and uzr sL=2

Fig. 4 shows the theoretical upper bound of outage prob-
ability for FD and HD AF transmission modes. The inte-
gral expressions in (24) and (28) are also plotted as the
benchmarks. When the channel estimation error is low,
ie., aie = 0.001, the integral results are perfectly matched
with the simulation results. The upper bound results are close
to the integral ones as the residual LBI decreases and the

channel gains increase. The reason is that e can be approx-

AN FeanJenr
Aab, 1 hab, 2 br YaVs®

ybLI is small and Agp 1 Aap,2Apr 1s relative big. Fig. 5 shows the

approximate closed form expressions of outage probability
for FD and HD DF transmission modes. For fixed estimation
error oﬁe = 0.001, the LBI O’ir , changes from 0.01 to 0.1.
It can be seen that the high LBI will deteriorate the outage
performance. For low LBI, the the FD relaying mode outper-
forms the HD mode for most SNR. For oiu = 0.05 and

oiw = 0.1, as the SNR is above a certain threshold, the
HD mode is superior to the FD mode. This is because that
the SINRs are dominated by high LBI as SNR increases.

For the result in (41), very small values of L, i.e., L = 2
can achieve sufficient accuracy. From the Fig. 6, it can be
seen that all the analytical results are perfect matched with the
simulation ones. Actually, the accuracy of approximations is
sufficient even for L = 1, i.e., (39) is simplified as

imate by 1 — x as x — 0. Hence, — Oas

XX +Dear Y X4y, Y)Y Y+Deareyp
harva Arb¥r 2yt Dear v kg

y ( T(YT4+2)(T+ Deyr€rm ) 48)
0.2 (V}I_(T'i' 1)Gar)yr)\rb

e

_ T(J/;!“I tear) _ Yepp J/LI
1—e¢e AarYa App¥r s r < (T+l)
DF €ar
» _ 47
HR,a—b Y ear)  Yep, _ Tep(T+2)  Year(Y+2) _X0H ) XMy L “7)
1—e Yatar rhp — e Vripp Yarar +e Yatar Vripp r > (T+ 1)
€ar
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FIGURE 7. Outage probability of VRV scenario. Comparison of FD/HD/HR
AF and DF relaying for different data rates. L = 2. a,f =1.

2
This is different from the case of exp (— %W) is
approximated by O-th order Taylor series, i.e. 1. At this time,
7, is given by

_ Y(Y+ear T(Y+2)e,p _ T(Y+2)(Y+Deareyp
e v ArpYr 20— (Y Dear v (49)

The expression (48) is much more accurate than (48). Hence,
we can obtain a simple version of (41) by L = 1. It can be
seen from the Fig. 6 that high channel estimation errors will
lead to a floor when p/Ny is in high-SNR area.

In Fig. 7, for fixed estimation error oie = 0.01 and LBI
air = 0.1, we compare the outage performance of FD,
HD and HR AF modes for different data rates. For both
high data rate and low data rate modes, the HR scheme
always achieves best performance. There are floors for both
FD and HD modes, FD mode suffers more serious floor
problem since the additional high LBI. As the transmit power
increases above a certain limit, the HD mode outperforms the
FD mode. The high LBI dominates the SINR of the relay
when transmit power is rather high. HR mode by switching
between FD and HD modes gives significant performance
improvement. adhering to either conventional mode. When
the SNR is low, static FD relaying mode achieves the same
performance with hybrid FD/HD mode switching. This is
because then the lower transmit power significantly reduce
the LBI which makes FD the chosen mode. As the switching
threshold is to compare the y,LI and €,,(Y + 1), lower data
rate will lead to a more earlier switching between FD and HD
modes. The DF protocol benefits more from HR switching
than the AF protocol.

Fig. 8 compares the outage performance of VRV scenario
and RVYV scenario, where a}% =1, oie = 0.01 and airl =

Uﬁhz = O’iz. For both scenarios, there will be a floor of

FD transmission caused by high residual LBI when p/Ng
is in high-SNR area. For the same duplex modes, the VRV
scenario is always superior to RVV scenario in terms of
outage probability. This is because that vehicle-to-vehicle
link follows the double Rayleigh fading channel. All the
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Outage Probability
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[)/Nl] (dB)

FIGURE 8. Comparison of RVV and VRV scenarios.

transmission modes in Rayleigh fading channels enjoys a bet-
ter performance than double Rayleigh channels. If the relay
exploits perfect LBI cancellation, FD mode achieves better
performance than HD mode for all practical SNR values.

VI. CONCLUSION

In this paper, we investigate the outage performance of full-
duplex relaying for vehicular communications. Two vehicular
communication scenarios are considered, including RVV and
VRV scenarios. For RVV scenario, the vehicle-to-vehicle link
is modeled as double Rayleigh fading channel. The upper
bounds of outage probability for FD and HD on AF relaying
protocols were analyzed. We also derived the approximate
expressions of outage probability for FD and HD on DF
relaying protocols, respectively. For VRV scenario, the closed
form expressions of outage probability of FD and HD on AF
and DF relaying protocols are derived. Furthermore, we stud-
ied the outage performance of the optimal HR scheme based
on FD/HD switching in terms of instantaneous end-to-end
capacity. The HR transmission achieves best performance for
all practical SNR. Both channel estimation errors and residual
LBI will deteriorate the outage performance and can lead to
a floor. For the same duplex mode, DF relaying is always
superior to the AF relaying. The performance gap of relaying
protocols is gradually reduced as the SNR increases. For high
residual LBI, lower data rate will lead to a more earlier duplex
mode switching. Finally, it is shown that the VRV scenario
has a better performance than RVV scenario. The slope of
outage probability with the Rayleigh fading channel curves
are steeper than the corresponding one with double Rayleigh
channel curves at the same SNRs.
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