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Abstract—In this letter, we investigate cooperative diversity with
relay selection over cascaded Rayleigh fading channels. In partic-
ular, we analyze the performance of a relay selection scheme for
cooperative vehicular networks with the decode-and-forward (DF)
protocol. Only the “best” relay, which satisfies an index of merit,
is selected. We ignore the direct transmission between the source
� � and its destination � �, and assume that the destination has
perfect knowledge of the and channel gains. We
study the performance of the underlying scheme in terms of outage
probability and investigate its achievable diversity order.

Index Terms—Cooperative diversity, inter-vehicular networks,
outage probability, relay selection.

I. INTRODUCTION

V EHICULAR ad-hoc networks (VANETs) [1] are a cru-
cial component of the intelligent transportation systems

which involve the application of advanced information pro-
cessing, communications, sensor, and control technologies in
an integrated manner to improve the functioning of the trans-
portation system. VANETs have received much attention in
recent years with their potential of enormous improvements in
the road safety, and elimination of the excessive cost of traffic
collisions. Besides safety improvement and traffic management,
other applications, such as audio/video streaming, real-time
gaming and high-speed internet access are also envisioned.

Considering the lack of infrastructure, cooperative diversity
[2] has been recently proposed as an efficient solution to many
challenging physical-layer problems in VANETs [3]. User co-
operation takes advantage of the broadcast nature of the radio-
frequency transmission and creates virtual antennas among the
nodes which are willing to share their resources. Dual-hop trans-
mission is a special case of user cooperation where no direct
transmission between source and destination is possible. In this
letter, we consider a dual-hop inter-vehicular communication
system where a source vehicle communicates with a destination
vehicle via another vehicle acting as a relay node. We assume
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that a number of vehicle nodes are willing to act as relays, there-
fore relay selection is performed among them.

Relay selection has been studied extensively in the literature,
see, e.g., [6]–[10] and the references therein. However, current
results are limited to Rayleigh fading channel assumption. Ex-
perimental and theoretical studies [4], [5] have reported cas-
caded (double) Rayleigh fading as an appropriate small-scale
fading model for inter-vehicular channels. In this letter, we will
investigate the outage performance and the achievable diversity
order of dual-hop transmissions with relay selection over cas-
caded Rayleigh fading channels.

II. SYSTEM MODEL

We consider a multi-relay scenario with relays. We
assume that the relay, , , the source
and destination terminals are equipped with single transmit
and receive antennas. In our system model, and
represent the channel coefficients between and

, respectively. Both hops are modeled as the product
of two independent complex Gaussian random variables [11],

and , where is a complex
Gaussian random variable with zero mean and variance of

, for and . Therefore,
and follow a cascaded Rayleigh distribution. We

assume that all underlying channels are quasi-static which can
be justified for vehicular communication scenarios in rush-hour
traffic. We further assume, without loss of generality, that
the additive white Gaussian noise (AWGN) terms have zero
mean and variance of . Assuming a half duplex constraint,
the data transmission is performed in two time slots. In the
first time slot the source terminal transmits its data to all
the potentially available relays. Meanwhile, receiving the
source signal via different independent channels, all the relays

, , decode their received signal, and check
whether the transmitted signal is decoded correctly or not. This
can be done via some ideal CRC codes [10], which are added
to the transmitted information symbols. We define the decoding
set as the set of relays that decode the transmitted signal
correctly. Clearly only those relay nodes with a minimal good
source to relay channel can be in the decoding set . In the
second time slot, the best relay that satisfies an index of merit
participates in the transmission and broadcasts its decoded
symbol towards the destination. We assume that the source has
a power constraint of Joules/symbol and similarly each relay
node in can potentially transmit its information with
Joules/symbol.

III. OUTAGE PROBABILITY

Assuming that the communication between the source and
the destination targets an end-to-end data rate , the relay
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is in the decoding set if the link observes an
instantaneous capacity per bandwidth , that is above the
required rate

(1)

where the factor accounts for the two time slot transmission
protocol, , where for

, and .
Proposition: The probability that the relay decodes the

transmitted signal incorrectly is given by (2), where
is the average signal to noise ratio (SNR) at the receiving

node (see (2), shown at the bottom of the page).
Proof: Noting that , for

and , is Rayleigh fading with
; hence, we can calculate the CDF as

(3)

where is the modified Bessel function of the second kind,
and we have used the fact that [13]

The outage probability of link is subsequently ob-
tained as

(4)

Using (3) at , we obtain (2).
Similarly, noting that , can

be written as

(5)

In order to find the outage probability, following [12], we
define a random variable which represents the instantaneous
SNR received at the destination via the th path. Typically, this
random variable accounts for the channel gains of both

and links. Obviously, the th path would be in

outage if any of the sub-channels, or , is in
outage. If the is in outage, then the relay is not
able to decode its received information. Therefore, no relaying
would take place, i.e., the relay is not in the decoding set

, and the received SNR via the th path at the destination
would be 0. On the other hand, if the relay is on, i.e., it
belongs to the decoding set , the received SNR depends on
the link. In the following, we derive the probability
density function (PDF) of the received SNR via the th path.
First, the PDF of the received SNR given is off is

(6)

where is the Dirac delta function, and the probability of
the event that is off is . On the other hand,
the conditional PDF of the received SNR given is on is
expressed by

(7)

and this event is occurred with the probability
. Finally, the PDF of the received SNR ,

via the th path is obtained as [12]

(8)
and the cumulative density function (CDF), , is obtained
by integrating (8) with respect to

(9)

where is given in (5), and subsequently, is given
by

(10)

It must be noted that the total received SNR via the selected
relay at the destination terminal is

(11)

however, using the random variable , the total received SNR
can be written as

(12)

Note that the expressions in (11) and (12) are equal; however,
the expression in (12) is analytically more tractable. The outage

(2)
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probability of selection cooperation in the DF mode for inter-
vehicular scenarios is then obtained as

(13)

Finally the closed-form outage probability formula is given by
(14), shown at the bottom of the page.

IV. MAXIMUM ACHIEVABLE DIVERSITY ORDER

In this section, we analyze the achievable diversity order for
an inter-vehicular relay scenario with decode-and-forward se-
lection cooperation, which to the best of our knowledge, has
not been studied yet. We show that the maximum achievable
diversity order for inter-vehicular relay channels with selection
cooperation is , where is the number of
relays, and is a logarithmic function of SNR.

To simplify the analysis, without loss of generality, we as-
sume , for , , and ’s
are i.i.d exponential random variables for , and

. Considering the i.i.d property of ’s and ’s we
have where

. By (9) we have

(15)

where we approximate

by for

.
Finally, noting that ’s are i.i.d random variables and using

(13) and (15), we obtain an upper bound on the outage proba-
bility of the underlying selection scheme as follows:

(16)

The asymptotical diversity order is given by the magnitude of
the slope of SER against average SNR in a log-log scale [4]:

���

hence, using (16), we can write the asymptotical diversity order
of the underlying selection scheme as

���

(17)

The second term in (17) can be shown to tend zero by a simple
l’Hôpital’s rule. Thus, the outage probability of selection
cooperation in inter-vehicular scenarios scales no slower than

, and hence, the maximum achievable diversity
order is .

V. SIMULATION RESULTS

We consider two different power modes, namely, fractional
power allocation (FPA) and equal power allocation (PA) modes.
In FPA, all participating nodes carry the same power, i.e.,

, where is the total power budget. On the other
hand, in the PA scheme, the total available power is and once
a relay is selected all the available power, , is divided equally
between the source terminal and the selected relay, i.e.,

each. Fig. 1 compares the outage probability of selection
cooperation in the FPA mode with the full cooperation scheme,
i.e., all the relays participate in communication. It can be easily
deduced from this figure that as the number of relays increases,
the outage probability decreases. Furthermore, it is noticed that
relay selection in the FPA mode performs worse than the full
cooperation scheme. Fig. 1 also compares the simulation results
with the analytical results, which are obtained using (14). For all
considered cases, the analytical expressions exactly match with
the simulation results.

Fig. 2 shows the outage probability of selection cooper-
ation in the DF mode assuming the PA scheme. It is clear
from Fig. 2 that, selection cooperation outperforms the full
cooperation scheme. It is also observed that, as the number of
relays increase the gap between selection cooperation and full
cooperation further increases. For the sake of fair comparison in
both scenarios, we assume that, in the full cooperation scheme,
the power of is allocated to each transmitting
node.

In Fig. 3, the selection cooperation scheme in cascaded
Rayleigh channels is compared with its counterpart in Rayleigh
fading channels. As it is obvious from Fig. 3, selection cooper-
ation in Rayleigh fading channels enjoys a better performance
than cascaded Rayleigh channels.

Fig. 4 shows the diversity order analysis of selection cooper-
ation in a cascaded Rayleigh fading channel versus its Rayleigh
fading counterpart. As depicted in the figure as the SNR tends to
infinity, the diversity order of both channels models approaches

, however, in a Rayleigh fading channel, the full diversity
order is achieved in lower SNR values. This can also be seen
in Fig. 3 where the slope of the Rayleigh fading channel curves

(14)
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Fig. 1. Outage probability of DF selection and regular cooperation for equal
power scheme, � � � �� � � and � � �� � � � �.

Fig. 2. Outage probability of DF selection and regular cooperation for power
allocation scheme, � � � and � � �� � � � �.

are slightly steeper than the corresponding cascaded Rayleigh
channel curves at the same SNRs.

VI. CONCLUSION

In this letter, we discuss selection cooperation in DF vehicular
networks, where the channels in each link are modeled as cas-
caded Rayleigh fading. We derive an exact analytical expression
for the outage probability and prove that the maximum achiev-
able diversity order is equal to the number of relays.
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