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Abstract. This paper introduces for the first time a relay-assisted het-
erogeneous vehicular model including numerous stationary small cells,
a mobile relay and a mobile receiver with unreliable backhaul. In this
proposed system model, a macro-base station connected to the cloud
communicates to numerous small cells through wireless backhaul links.
A Bernoulli process is utilized to model the backhaul reliability. A relay
using decode-and-forward protocol is considered to help the transmis-
sion from the stationary small cells to the mobile receiver. Moreover,
at the mobile relay side, a selection combining protocol is applied to
maximize the received signal-to-noise ratio. The links between station-
ary small cells and mobile relay are Rayleigh fading channels, and the
link between mobile relay and mobile receiver is double-Rayleigh fad-
ing channel. A closed-form expression for outage probability is provided
to evaluate the influence of the number of small cells and the backhaul
reliability on the proposed system performance.
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1 Introduction

With the fast increasing amount of smart devices, future networks will be more
dense and heterogeneous [5,12]. In heterogeneous networks (HetNets), the adop-
tion of backhaul to connect the macro-base station and small cells is gaining
interest. The conventional wired backhaul can provide stable transmissions, but
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it costs a lot to deploy and maintain it. Alternatively, wireless backhaul is flexible
and cost-effective, but because of non-line of sight (nLOS) and channel fading [6]
wireless backhaul can not ensure a transmission as reliable as wired backhaul.

In recent years, the increasing number of vehicles has caused traffic con-
gestion, traffic accidents and resource consumption. Therefore, future vehicular
communication networks and vehicular ad-hoc networks (VANETs) which can
provide information transmission through vehicle-to-vehicle (V2V) and vehicle-
to-infrastructure (V2I) have been widely investigated [16]. Many applications are
available to improve road safety and resource management in vehicular networks
[1]. Hence, it is essential to study the performance of heterogeneous vehicular
network. In vehicular networks, vehicles are mobile so channel models for static
objects, such as, Rayleigh, Rician and Nakagami-m are not suitable for vehic-
ular communications. Instead, double-Rayleigh fading channel was introduced
and can be utilized for mobile transmission links [2].

In heterogeneous vehicular networks, relays also attract interest because they
can help to improve the system coverage and overall system performance [3,11].
In vehicular networks, relays are likely to exist in abundance as vehicles are
scattered around a geographical area. There are two well known relay protocols,
amplify-and-forward (AF) and decode-and-forward (DF) [10]. Networks with
DF relays can achieve better system performance than AF because of the lower
interference [14]. The authors in [15] studied the impact of backhaul reliabil-
ity on vehicular networks, but the benefit of using relays was not investigated.
This motivates us to consider exploiting cooperative DF relays in heterogeneous
vehicular networks.

In recent research, the influence of wireless backhaul on system performance
over Rayleigh fading channels [14] and Nakagami-m fading channels [8] was
investigated and the conclusion of this research shows that backhaul reliabil-
ity is a crucial parameter which can influence the system model significantly
[6–9,13,14]. Hence, in our proposed relay-assisted heterogeneous vehicular net-
works, the backhaul reliability parameter should be well studied.

Notation: For a random variable X, FX(·) represents the cumulative distribu-
tion function (CDF) and fX(·) represents the corresponding probability density
function (PDF). P [·] denotes the probability of occurrence of an event. max (·)
represents the maximum of arguments, and min (·) represents the minimum of
arguments.

2 System Model

We propose a relay-assisted heterogeneous vehicular network including a Macro-
Base station (BS) linked to the cloud, K stationary small cells {T1, ...Tk, ...TK},
a mobile DF relay R and a mobile receiver D as shown in Fig. 1. sk represents the
backhaul reliability for small cell Tk and it denotes the probability that the small
cell Tk can decode the kth Tk’s information successfully from BS through unre-
liable backhaul. The relay R selects a best small cell Tk with the highest SNR
using selection combining protocol. All nodes are assumed to be equipped with
single antenna. Because the small cells Tk are stationary and the relay is mobile,
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Fig. 1. Relay-assisted vehicular network system model with small cells and unreliable
backhaul

we assume that the links from small cells Tk to the mobile relay R follow inde-
pendent and identically distributed Rayleigh fading channels. Moreover, both
the relay and receiver are mobile nodes, so we assume that the channel from the
relay R to the destination D is independent and identically distributed double-
Rayleigh fading channel. Assume that perfect CSI of the connections from Tk to
R and R to D is available.

The channel from Tk to R is Rayleigh fading channel, and the CDF and PDF
of Rayleigh fading channels are written as [13]

FX(x) = 1 − exp(−λx), (1)

fX(x) = λ exp(−λx). (2)

The channel from R to D is double-Rayleigh fading channel, and the CDF
and PDF of double-Rayleigh fading channels are given as [1]

FX(x) = 1 − 2
√

xK1

(
2
√

x
)
, (3)

fX(x) = 2K0

(
2
√

x
)
. (4)

where Kv(.) denotes the modified Bessel function of second kind with order v.
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The unreliable backhaul links behave either a successful or failed transmission
in a “one shot” communication fashion with no packet retransmission. Therefore,
a Bernoulli process Ik is chosen to model backhaul reliability. The success proba-
bility of the transmission via wireless backhaul is sk where P (Ik∗ = 1) = sk, sim-
ilarly, the probability of failed transmission is 1 − sk where P (Ik∗ = 0) = 1 − sk

[6]. This represents that the probability of the signal successfully transmitted
through wireless backhaul is sk, however, the failure probability is 1 − sk . x
is assumed to be the desired transmitted signal from BS to mobile D. At the
mobile relay R side, the received signal is given as

yR =
√

PT hTRxIk + n. (5)

Where PT represents the transmission power at Tk, hTR represents the chan-
nel coefficient of the connection from Tk to R, n is the complex additive white
Gaussian noise (AWGN) with zero mean and variance σ2, i.e., n ∼ CN(0, σ2).

At the mobile receiver side D, the received signal can be expressed as

yD =
√

PRd−β
RDhRDx + n. (6)

where PR represents the transmit power at R, hRD is the channel coefficient of
the link from R to D, dRD represents the distance from R to D and β is the
path loss exponent.

Hence, the received SNR at the mobile relay R is given as

γR = γI |hTR|2Ik, (7)

where γI = PT

n .
The selection combining protocol [4] is applied at R to select the best Tk∗

with highest SNR to transmit the signal,

k∗ = max
k=1,...,K

arg (γR) . (8)

Therefore, the received SNR at R with the selected Tk∗ using selection com-
bining protocol can be rewritten as

γTK∗ R = γI |hTk∗R|2Ik∗ , (9)

where |hTk∗R|2 represents the channel coefficient from the chosen Tk∗ to R. Sim-
ilarly, the received SNR at the mobile receiver D can be given as

γD =
γS |hRD|2

dβ
RD

, (10)

where γS = PR

n .
We assume that the relay R utilizes the DF protocol, so the overall SNR can

be derived as

γTK∗ D = min(γTK∗ R, γD). (11)
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3 Outage Probability Analysis

Outage probability is a key performance metric to figure out the system perfor-
mance and is described as the probability that the instantaneous mutual infor-
mation rate is below a certain threshold θ. In this section, outage probability is
utilized to investigate the proposed relay-assisted vehicular system performance.

Firstly, without considering the backhaul reliability, the CDF of SNR from
Tk to R can be derived as,

FγT
(x) = P [γI |hTR|2 < x]

= 1 − exp(−λx

γI
).

(12)

We now take into account the unreliable backhaul. We assume that success
probability s for each link from BS to Tk i.e., sk = s, ∀k. The PDF of γR is
modeled by the mixed distribution [6],

fγR
(x) = (1 − s)δ(x) + s

∂FγT
(x)

∂x
, (13)

where δ(x) denotes the Dirac delta function. As stated in (15), the CDF of γR

is given as

FγR
(x) =

∫ x

0

fγR
(t)dt. (14)

According to selection combining protocol, Tk∗ with the highest SNR γR

will be chosen, because all random variables γR are independent and identically
distributed. Hence, the CDF of SNR γTR can be given as

FγTK∗R
(x) = FγR

(x)k

= 1 +
K∑

k=1

(
K

k

)
(−1)ksk exp(−λkx

γI
).

(15)

Moreover, the CDF of SNR from R to D is written as,

FγD
(x) = 1 − 2

√
xdβ

RD

γS
K1

⎛

⎝2

√
xdβ

RD

γS

⎞

⎠ . (16)
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With the help of (11) (15) and (16), the CDF of our proposed model from
BS to D is given as,

FγTK∗D
(x) = 1 − (1 − FγTK∗R

(x))(1 − FγD
(x))

= 1 + 2
K∑

k=1

(
K

k

)
(−1)ksk exp(−λkx

γI
)

√
xdβ

RD

γS

K1

⎛

⎝2

√
xdβ

RD

γS

⎞

⎠ .

(17)

4 Numerical Results

Numerical results of outage probability are investigated to study both the effect
of backhaul reliability and number of stationary small cells on our proposed
system performance. In this section, we have the following assumptions. The
outage probability threshold is θ = 1 bits/s/Hz. In a Cartesian coordinate system,
the location of small cells, mobile relay and mobile receiver are: Tk = (0, 0),
R = (0.8, 0) and D = (1, 0). The path loss exponent is β = 4 and γI=γS . In the
figures, ‘Sim’ is the results for simulation and ‘Ana’ is the results for analytical.
The ‘Sim’ and ‘Ana’ match very well.

In Fig. 2, the influence of the number of small cells on system performance
is presented. The backhaul reliability s is fixed at 0.90. We assume the number
of small cells is K = 1, K = 2 and K = 3. In the figure, we can observe that
when K increases, the outage probability drops. This is because the system can
gain a superior performance because of the correlation of numerous signals at
the mobile receiver side.

In Fig. 3, the effect of backhaul reliability s on system performance is studied.
We assume that K = 3. The level of backhaul reliability is various: s = 0.90,
s = 0.80 and s = 0.70. We can observe in the figure that when the value of s
increases, the outage probability decreases, the system can achieve a significant
superior performance. This is because when the signal has a higher probability
to transmit successfully through the wireless backhaul the system can perform
better.

As shown in Figs. 2 and 3, both the number of stationary small cells and the
level of backhaul reliability have a significant influence on our proposed system
performance. More specifically, in this relay-assisted heterogeneous vehicular net-
work, adding more stationary small cells and increasing the backhaul reliability
can result in a significant better system performance.
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Fig. 2. The influence of the number of small cells on system performance (s = 0.90)
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Fig. 3. The influence of backhaul reliability on system performance (K = 3)

5 Conclusion

We propose a relay-assisted heterogeneous vehicular network with a macro-base
station, numerous stationary small cells, a mobile relay and a mobile receiver
under unreliable backhaul over both Rayleigh fading channels and double-
Rayleigh fading channels. At the mobile relay, selection combining protocol is
utilized to select a best stationary small cell with the highest SNR. Outage
probability is the metric to evaluate the system performance and the closed-
form expression is provided. Our results prove that wireless backhaul reliability
can affect the system performance significantly and this parameter should be
considered when studying heterogeneous vehicular networks. Moreover, increas-
ing the number of stationary small cells in our proposed system can help the
system achieve a better performance.
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