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Abstract—We investigate the performance gains of a transmission scheme in LTE-A networks where vehicles act as relaying
cooperating terminals. The advantages of vehicular relaying
networks are the abundant energy and computing power, the
predictable mobility patterns of vehicles, and the availability of
information from positioning systems and map-based technologies. The frequent availability of traveling vehicles, operating in
an ad hoc fashion, eliminates the need for establishing a dedicated
relaying infrastructure. However, the associated wireless links are
characterized by a doubly-selective fading channel. This causes
performance degradation in terms of error probability. Hence,
we propose a precoded cooperative transmission technique to
extract the underlying rich multipath-Doppler-spatial diversity.
Furthermore, we implement a relay selection scheme to take
advantage of the potentially large number of available relaying
vehicles. We further contribute by the derivation of a closed-form
error rate expression as a bench mark to assess our analysis
and future research studies of such an approach. Our analytical
and simulation results indicate that significant diversity gains
are achievable, and that error rates can be greatly reduced. As
well, there is a noticeable reduction in the required transmitting
powers compared to the traditional transmission schemes.

I. I NTRODUCTION
The evolution of Fourth Generation (4G) mobile communication is envisaged to permit new services and usage models
with higher efficiency protocols to be used in roaming and
communicating within the network anytime, anywhere using a
multiplicity of wireless technologies. 4G systems are expected
to support wide range of applications that require higher
data rates and reliable transmission. To meet such demand,
wireless communication system designers need to advance
and optimize the network performance in terms of better link
reliability, fewer dropped connections and longer battery life.
Long Term Evolution-Advanced (LTE-A), which was ratified
by the International Telecommunication Union (ITU) as an
IMT-Advanced 4G technology in November 2010, constitutes
a significant milestone in the evolution of 4G systems, and is
expected to dominate the next generation of wireless networks.
LTE-A, has adopted relaying for cost-effective throughput
enhancement and coverage extension [1], [2].
The utilization of multihop relaying techniques is aimed at
increasing network performance without the need to undergo
high costs in expanding a networks infrastructure. The main
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principle in relaying results in reduced levels of power consumption for the mobile terminals. This is the outcome of
reducing the transmitter to receiver distance and hence the
required transmission power. In addition they provide higher
throughput, increase coverage, lower operational and capital
expenditure allow for faster roll out, and a more flexible
configuration. A new approach to create relaying networks
has been noted by making use of vehicles equipped with
low elevation antennas, short and medium range wireless
communication technologies [3]–[6].
Characteristically advantages of vehicular relaying networks
are: 1) the abundant energy and computing power. 2) Unlike
general mobile ad hoc networks, vehicles can have very predictable movement. 3) Roadway information is often available
from positioning and map-based technologies. 4) Given the average speed and road trajectory, the future position of a vehicle
can be predicted. In addition to the previous advantages, the
frequent availability of traveling vehicles, operating in an ad
hoc fashion, eliminates the need for establishing a dedicated
relaying infrastructure. Hence, vehicular relaying is envisioned
to be a key technology area for significant growth in the
coming years. Although the expectations for this emerging
technology are set very high, many practical aspects remain
unsolved. The main challenge facing the deployment of the
vehicular relaying networks indeed comes from their main
advantage, i.e., the lack of infrastructure. Vehicular relays
suffer from frequent changes in connectivity and association.
As well, the associated wireless links are characterized by
a doubly-selective fading channel. This causes performance
degradation in terms of error probability. To realize the full
potential of cooperative diversity using vehicular relaying
for LTE-A networks, it is important to conduct an in-depth
investigation of performance limits and gains, as well as
development of enabling techniques to support such broadband
transmission [1], [6]. To best of the authors knowledge, such
a study does not exist in the literature.
In this paper we investigate the performance gains of a
transmission scheme in LTE-A networks where vehicles act as
relaying cooperating terminals for eNodeB-to-User equipment
(UE) downlink session. To overcome, the doubly-selective fading channel, we propose a precoded cooperative transmission
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technique to extract the underlying rich multipath-Dopplerspatial diversity. we further propose a best-relay selection
scheme to take advantage of the potentially large number of
available relaying vehicles. We further contribute by: 1) The
derivation of a closed-form error rate expression as a bench
mark to assess our analysis and future research studies of such
an approach. 2) Our analytical and simulation results show
significant diversity gains. 3) Our results also indicate that
the error rates can be tremendously reduced. 4) As well, a
noticeable reduction in the required transmitting powers.
The remainder of the paper is organized as follows: In
Section II, we describe the proposed dual-hop cooperative
system, using a best relay-selection from M available vehicles
willing to be involved in the transmission session. In Section
III, we derive the Pair-wise Error probability (PEP) expression
and demonstrate the achievable diversity gains. In Section
IV, we present numerical results to confirm the analytical
derivations and provide insight into the system performance.
Finally, we conclude in Section V.
T
∗
H
Notation: (.) , (.) and (.) denotes transpose, conjugate and Hermitian operations, respectively. E [.], |.| and ⊗
denotes expectation, absolute value and Kronecker product,
respectively. Bold letters denote matrices and vectors. [H]k,m
represents the (k, m)th entry of H. IN indicates an N ×N -size
identity matrix. 1 and 0 represents, respectively, all-ones and
all-zeros matrix with proper dimensions. d.e and b.c denotes
integer ceil and floor operations, respectively. ∗ is convolution
operator. x, i, j, k are dummy variables. F (.) and f (.) is the
cumulative distribution function (CDF) and probability density
function (pdf) for a given random variable, respectively.
II. S YSTEM M ODEL

City area with a dense of scatterers with M-relaying
vehicles
R
TM

d rM d

2

d r2d
d srM

T2

T1

single transmit and receive antennas, and operate in halfduplex mode. We assume an orthogonal cooperation protocol of [7] with decode-and-forward (DF) relaying. In the
broadcasting phase, the source transmits its precoded signal
to the relaying vehicle and the destination. In the relaying
phase, the relay is engaged in forwarding the received signal
only if it was decoded correctly, otherwise the relay is silent.
The relay decodes and then forwards a fresh decoded copy
of the precoded signal to the destination. The destination
makes its decision based on the two received signals over
the broadcasting and relaying phases. Our aggregate channel
model takes into account both small-scale fading and pathloss. Path loss is proportional to dα where α is the path loss
coefficient and d is the propagation distance. The path loss
associated with the distance d from the eNodeB to the UE is
modeled as Ω (d) = 10(128.1+36.7log10 d)/10 .
Let dsd denote the distance from source S to destination
D (S → D), with dsri and dri d respectively denoting the
distances (S → Ri ) and (Ri → D), i = 1, 2, . . . , M . θi is
the angle between lines S → Ri and Ri → D. The relative
α
geometrical gains are defined as Gsri = (dsd /dsri ) and
α
Grdi = (dsd /dri d ) , and can be further defined using the law
−2/α −2/α
−2/α
−2/α
of cosines as Gsri + Grdi − 2Gsri Gri d cos θi = 1.
As for short-term fading, it should be noted that relaying
vehicles and destination UE have low elevation antennas
and are located within a highly scattering urban area. This
requires considering the local scattering around transmitters
and receivers. The time correlation function is given by
2π
C (∆t) = σ 2 J0 2π
λ v2 ∆t J0 λ v1 ∆t , where v1 and v2 are
the velocities of the two communicating terminals, J0 is the
zero order Bessel function, λ is the wavelength of the carrier
frequency, σ 2 is the channel variance. We have a stationary
eNodeB antenna (i.e, ve = 0). Assuming single Rayleigh
distribution with a single Doppler shift, the power spectrum
and time correlation mathematical functions reduce to having
the autocorrelation function and the power spectrum of the
complex envelope. These are respectively
q given by C(τ ) =

eNB/BS

d sr1
d sd
Pedestrian with UE

Fig. 1: Cooperative relaying vehicles transmission over LTE-A, using

σ 2 J0 (2πvr τ /λ) and S(f ) = σ 2 (πfDm 1 − (f /fDm ) )−1 ,
with vr being the maximum velocity of relaying vehicles. We
can further define the Doppler spread given by fd = 1/TD ,
where TD is the coherence time of the channel. Besides
time-selectivity results from the Doppler shifts, the channel
is subject to frequency-selectivity quantified through delay
spread τd . The channel satisfies the under-spread doublyselective condition 2fd τd < 1 [8]. The time-sampled OFDM
signal is converted into the frequency domain by implementing
a discrete Fourier transform (DFT). The DFT renders a discrete
finite sequence of complex coefficients, which are given by

M-relays deployment.

s (n) =
We consider a cooperative communication scenario as
shown in Figure 1, where an eNodeB antenna (source) communicates directly with UE (destination), and indirectly through
a relaying vehicle (R) that serves as a best selected relaying
terminal. All terminals are assumed to be equipped with

Q
X

s (n) e−jwq

(1)

q=0

where wq = 2π (q − Q/2) /Nt is the finite Fourier bases that
capture the time variation, and Nt is the number of the input
data symbols per each data block. From (1), a modified Basis
Expansion Model (BEM) can be used to represent a discrete-
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time baseband equivalent channel for the vehicular doublyselective channel under consideration, and is given by
hB (`; l) =

Q
X

hq (n; l) ej2wq ` , l ∈ [0, L]

(2)

q=0

where hq (n; l) is zero-mean complex Gaussian. Here, ` denotes the serial index for the input data symbols. The block
index is given by n = b`/Nt c.
The input data blocks at the transmitter (generated from an
M-QAM constellation) of length Nt are divided into shorter
sub-blocks of length Ns (Ns ≤ Nt ). Let each of these
sub-blocks be denoted by s(n) which are the input to a
linear precoder Θ of size Ns × Nt . We have Ns = P Z,
Nt = (P +Q)(Z +L). The number of the resolvable multipath
components is given by L = dτd /Ts e and the number of
Doppler shifts experienced over the data block is given by
Q = dNt Ts fd e, we have Ts as the symbols duration. For the
(0)
(0)
cooperative scheme under consideration, define Hsd,q , Hsr,q
(0)
and Hrd,q as the lower triangular Toeplitz channel matrices
with entries given by (2). Let Lsd , Lsr and Lrd denote the
channel multipath lengths for the S→D, S→R and R→D links,
respectively. Further, let Qsd , Qsr and Qrd denote the number
of resolvable Doppler components for corresponding links.
In the broadcasting phase, the received signals at the relay
can be expressed in a matrix form as
Q
X
p
D(wq )H(0)
ysr (n) = Gsr Es
sr,q (n) u (n) + nsr (n) (3)
q=0

where u(n) = Θs(n) is the transmitted data block, Q =
max (Qsd , Qsr , Qrd ) and Es is the modulated symbol energy.
We have D(wq ) := diag[1, . . . , exp(jwq (Nt −1))] and nsr (n)
the S→R additive white Gaussian noise (AWGN) vector with
entries of zero mean and N0 /2 variance. Using commutativity
of products of Toeplitz matrices with vectors, we replace
(0)
Hsr,q (n)u(n) with U(n)hsr,q (n), and rewrite (3) as
ysr (n) =

Q
X
p
Gsr Es
D(wq )U (n) hsr,q (n) + nsr (n) (4)
q=0

Defining the augmented matrices hsr (n)
T
hT
[ hT
and
Φ(n)
sr,0 (n) · · ·
sr,Q (n) ]
[ D(w0 )U(n) · · · D(wQ )U(n)] , we have
p
ysr (n) = Gsr Es Φ (n) hsr (n) + nsr (n)

=
=
(5)

Similarly, the received signal at the destination during the
broadcasting phase is given by
p
ysd (n) = Es Φ (n) hsd (n) + nsd (n)
(6)
where nsd (n) is the associated S→D AWGN vector with
entries of zero mean and N0 /2 variance. During relaying
phase, the relay-received signals are fed to the ML detector


2
Q


X
p
arg min
ysr (n) − Gsr Es
D(wq )H(0)
sr,q (n) Θs̄
s̄ 

q=0

(7)

with s̄ as all possible signal block combinations. We implement ”ideal DF” at relay [9], the relay then forwards a fresh
decoded copy of the received precoded signal, i.e., u̇(n). The
received signal during relaying phase at destination is then
p
(8)
yrd (n) = Grd Es Φ̇ (n) hrd (n) + nrd (n)
where nrd (n) is the associated R→D AWGN vector
with entries of zero mean and N0 /2 variance. Φ̇ (n) =
[ D(w0 )U̇(n) · · · D(wQ )U̇(n) ]. Finally, arranging (6)
and (8) in matrix form, we have
Y (n) = S (n) h (n) + n (n)

(9)

in (9), we have
Y (n) =
S (n) =



ysd (n) yrd (n)

T

,

p


√
Es diag Φ (n)
Grd Φ̇ (n) ,

h (n) =



hsd (n) hrd (n)

T

n (n) =



nsd (n) nrd (n)

T

and

Maximum Likelihood (ML) detection is then performed at
the destination with the metric form

2

Q
√
P
(0)
arg min
ysd (n) − Es
D(wq )Hsd,q (n) Θs̄
s̄ 
q=0

2

Q
√
P
(0)
¯
+ yrd (n) − Grd Es
D(wq )Hrd,q (n) u̇

q=0
(10)
¯ as all the possible block combinations for the relayed
with u̇
signal.The above signal model developed for single relay can
be easily extended for a multi-relay scenario with relay selection. Let γ̇sd (n), γ̇sri (n) and γ̇ri d (n) denotes the average
end-to-end SNRs per block for the S → D, S → Ri and
Ri → D links, respectively.
The best relay is selected as the relay node that can achieve
the highest signal-to-noise ratio at the destination node. Since
the performance gains of the cooperative link S→R→D is
bounded by the minimum of the individual S→R and R→D
links [10], the relay selection will follow
rsel = arg max {min (γ̇sri , γ̇ri d )}
ri

(11)

with rsel as the metric used for selecting the best relaying
vehicle. The received signal matrix has similar form as in (9).
III. PEP D ERIVATION AND D IVERSITY G AIN A NALYSIS
In this section, we investigate the achievable diversity gain
order for the precoded cooperative communication, using the
best-relaying vehicular. We assume perfect CSI at the relay and
destination. For the orthogonal cooperative protocol with DF
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relaying, after removing the block index n for mathematical
convenience, the PEP at the destination node is given by [9]


PRsel S → Ŝ hsd , hsri , hri d


≤ PCoopi S → Ŝ hsd , hri d




+ Psri S → Ŝ hsri Psd S → Ŝ hsd
(12)
with Ŝ representing the erroneously decoded data matrix

instead of the originally transmitted S. PRsel S → Ŝ is


the end-to-end PEP, Psri S → Ŝ is the PEP results from


the S → Ri link, Psd S → Ŝ is the PEP results from the


S → D link and PCoopi S → Ŝ is the PEP results from the
cooperative link (i.e., S → Ri and Ri → D, in the case that
the relay detects the signal correctly but the signal resulting
from the cooperative link is detected wrong). The conditional
PEP for each individual term in (12) is given by [11]
r

1 2
P ( S → Ŝ h) = Q
d S, Ŝ h
(13)
2N0
Using the lower bounds recently proposed in [12], (13) can
be tightly lower bounded by
P





3
 X
− ρm d2 S,Ŝ h
S → Ŝ h ≈
εm e 4N0 ( | )

vector h̃sd = V̄sd h̄sd will have correlation matrix identical to
H
H
h̄sd , namely we have C̃ := E[h̃sd h̃H
sd ] = E[V̄sd h̄sd h̄sd V̄sd ].
From (15), we have


PCoopi S → Ŝ h
≈

−

3
P

εm e

Gr d hH χhr d
ri d
i
i
4

h̃H Asd h̃sd
sd
4


ρm γ

m=1

(17)
Prsd −1
sd 2
=
where γsd = hH
=
p=0 λp |βp | , γsri
sd χhsd
Prsri −1
sri 2
H
Gsri hsri χhsri = Gsri k=0 αk |βk | and γri d =
Prri d −1
Gri d hH
κj |βjri d |2 . Define γi =
j=0
ri d χhri d = Gri d
0
min (γsri , γri d ) and γi = max (γsri , γri d ). Note that −∞ ≤
i
i

0
γi − γi ≤ 0. Based on [13], the best relaying location is
by selecting a relay which is close to the destination, hence
0
Gsri  Gri d and γi  γi . We can rewrite (17) as
3

 X
γ̇sd +γ̇b
PRsel S → Ŝ γ̇sd , γ̇b ≤
εm e−ρm 4

(18)

m=1

H

d2 S → Ŝ h = hH S − Ŝ
S − Ŝ h. Starting with


PCoopi S → Ŝ h , (14) can be rewritten as

PCoopi

e

−

(16)



We obtain Psd S → Ŝ hsd and Psri S → Ŝ hsri by
following similar steps


PRsel S → Ŝ hsd , hsri , hri d
 γsr

3
γr d
γsd
P
i
i
≤
εm e− 4 ρm γ e− 4 ρm γ + e− 4 ρm γ

(14)

√

where ε1 = ε√2 
= 2ε3 = 1/12, ρ√1 = 12 3 − 1 π,
ρ2 = 4 3 − 3 π and ρ3 = 2 3 π. The Euclidean
distance
conditioned
on the fading


  channel
 coefficients is

3
 X
S → Ŝ h ≈
εm e



m=1

m=1



!
ρm γ

hH χhsd +Gr d hH χhr d
sd
ri d
i
i
−
4

!
ρm γ

m=1

(15)
H 

where χ = Φ − Φ̂
Φ − Φ̂ . Note that the channel
autocorrelation matrix is given by Ch,sd := E[hsd hH
sd ], and
the channel rank is ra := rank(Ch,sd ) 6 (Qsd + 1) (Lsd + 1).
For the S → D link, we have Qsd = 0 and ra 6 (Lsd + 1).
Using the eigenvalues decomposition of the autocorrelation
H where D
matrix, we have Ch,sd = Vsd Dsd Vsd
sd :=
H = I
diag[σ02 , σ12 , . . . , σr2a −1 ] and Vsd Vsd
rsd . Let the normalized channel vector be denoted as h̄sd of size ra × 1 whose
entries are independent and identically distributed (i.i.d.) Gaussian random variables with zero mean and unit variance.
1/2
We can replace hsd with Vsd Dsd h̄sd since both will have
identical distribution, so the PEP will remain
 statistically


1/2 H

where γ̇sd = γγsd is the SNR results from the S → D link.
γ̇b = arg max (γ̇i ), i.e. γ̇i = γ di γi , is the SNR results from
ri

the relaying link S → Ri → D, where di = min (rsr , rrd ).
Define γ̇ = γ̇sd + γ̇b as the total end-to-end SNR. The CDF
of γ̇i is given by [14]
Fγ̇i (x)




= 1 − Psri S → Ŝ γsri > x Pri d S → Ŝ γri d > x
(19)
γ̇sri and γ̇ri d are a summation of weighted independent
exponential distributed random variables [15] and follow the
hypoexponential distribution also known as the generalized
Erlang distribution, and will have the pdfs based on [16]


rsri −1
rsri −1
X 
Y
αi,k

− α γ
f (γsri ) =

αi,j e ( i,j sri )
(α
−
α
)
i,k
i,j
j=0
k6=j
k=0

and

1/2

invariant. Further define Asd := Vsd Dsd
χVsd Dsd ,
where Asd is Hermitian (i.e. Asd = AH
),
so
there exists
sd
a unitary matrix V̄sd and a real non-negative definite matrix
H A V̄
D̄sd such that V̄sd
sd sd := D̄sd . The eigenvector of Asd
is D̄sd := diag[λ0 , λ1 , . . . , λra −1 ]. Since V̄sd is unitary, the
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rri d −1
X 
Y
− κ γ
f (γri d ) =
κi,j e ( i,j ri d )
rri d −1

j=0

k6=j
k=0


κi,k


(κi,k − κi,j )

The pdf of γ̇i can then be calculated and results in the form
fγi (x)
=

rsri −1 rri d −1 

P

P

j1 =0

j2 =0

ci,j1 ,j2 (αi,j1 + κi,j2 ) e−(αi,j1 +κi,j2 )x



(20)

Further, the pdf for the S → D link is given by


rri d −1
rri d −1
X 
Y
λi,k

− λ γ
f (γsd ) =
λi,j e ( i,j ri d )

(λ
−
λ
)
i,k
i,j
j=0

where


rsri −1
 Y
=

ci,j1 ,j2

k6=j1
k=0





rri d −1
αi,k
κi,k
 Y



(αi,k − αi,j1 )
(κi,k − κi,j2 )
k6=j2
k=0

k6=j
k=0

(21)
The average SNR for the relaying link S → Ri → D
is given by γ̄i = E [γ̇i ]. Recalling the definition of γ̇b =
max (γ̇i ), we have

(30)

The pdf for the end-to-end SNR is
fγ̇ (x) = fγ̇sd (x) ∗ fγ̇b (x)

(31)

i


Fγ̇b (x) = P

 Y
R
max (γ̇i ) < x =
P (γ̇i < x)
i∈R

(22)

where γ̇ = γ̇sd + γ̇b . Substituting (26) and (30) in (31) , and
defining
G1 =

i=1

where
P (γ̇i < x) =
=

1
γ̄i

Rx




fγ̇i (z) dz

0
rsri −1 rri d −1 

P

P

j1 =0

j2 =0

ci,j1 ,j2 − ci,j1 ,j2 e

−(αi,j1 +κi,j2 )x



(23)
noting
ci,j1 ,j2 = 1 [16]. In the following, assuming independent identical distributed (i.i.d.) channels, the unconditional
PEP can be evaluated first by averaging (18). From (22) and
(23), we obtain

rsr
P−1 rrd
P−1
p1 =0 p2 =0

−
(αp1 +κp2 )

4ρm γDj3 ,p5 ,p6 ,p7
4+ρm λp7 γ

rX
rX
−1
3
sr −1 rX
rd −1
sd −1 M

 X
X
Bj 3
G1
Pi S → Ŝ 6
εm A
m=1

p7 =0 j3 =0

(24)
note that the relay index i have been removed for the sake of
presentation. The pdf of γ̇b is given by

!

p5 =0 p6 =0

Dgain,M = rsd + M (min (rsr , rrd ))

2




(32)
From (32), at sufficiently high SNR, we find that the
asymptotic diversity gain Dgain,M is given by



1

4Dj3 ,p5 ,p6 ,p7
1+4(αp5 +κp6 )+4j3

we have the resulting PEP as

PP

M
rX
sr −1 rX
rd −1 

1
1
cj1 ,j2 e−(αj1 +κj2 )x 
Fγ̇b (x) =  −
γ̄i
γ̄i j =0 j =0



(33)

from (33), the divesrity gain is function of the number of
relaying vechiles involved in the best-relay selection, as well
as the channel order of all the underlying links.
IV. N UMERICAL AND S IMULATION R ESULTS

In this section, we present the numerical results to demonstrate the error rate performance advantages achieved from our
= (γ̄M)M
cj1 ,j2 (αj1 + κj2 ) e−(αj1 +κj2 )x
proposed scheme. LTE-A addresses those challenges by targeti
j1 =0 j2 =0
ing peak data rates up to 1 Gb/s with up to 100 MHz supported
!M −1
rsr
P−1 rrd
P−1
spectrum bandwidth and by making use of high-order mul−(αj1 +κj2 )x
× 1−
cj1 ,j2 e
tiple antennas transmission [2]. Unless otherwise stated, we
j1 =0 j2 =0
(25) consider QPSK modulation and assume fc = 2.5GHz, Ts =
Using the binomial theorem [18] along with some mathe- 500µs, vr = 60km/h, α = 3.67, θ = π, Gsr /Grd = −30dB
and τd = 1.328 µs [17]. We assume that perfect channel state
matical manipulations, we rewrite (25) in compact form as
information is available at the receiving terminals. We use the
M
−1
X
fγ̇b (x) = A
Bj3 Kj3
(26) precoder Θ with parameters P = 2 and Z = 2. This results
in [LCoop , QCoop ] ∈ ([0, 0], [0, 1], [1, 0], [1, 1]) for S → R and
j3 =0
R → D links. A frequency-time flat channel is used for S → D
where
link, i.e. [Lsd , Qsd ] = [0, 0]. Further, in urban areas it is
rsr −1 rX
rd −1
M X
reasonable
to expect that a significant portion of the vehicular
(αj1 + κj2 )
(27)
A=
M
(γ̄i ) j1 =0 j2 =0
communication will be bound to the road surface. Thus making
the LOS between two communicating nodes with one of them
!


−1
rsr
−1 rrd
Y
Y
as a vehicle having a low elevated antenna, susceptible to
M −1
j3
j3
Bj 3 =
(−1)
cp3 ,p4
(28)
interruptions by other vehicles. It is likely that other vehicles,
j3
p3 =0 p4 =0
especially large public transportation and commercial vehicles
such as buses and trucks, will often obstruct the LOS and
Kj3 =
! 

rsr
P−1 rrd
P−1
− (αp5 +κp6 )+j3
rsr
(αp1 +κp2 ) x results in a Rayleigh distributed channels.
P−1 rrd
P−1
p1 =0 p2 =0
cp ,p e
 In Figure 2, we illustrate the PEP expression (32), compared
5 6
p5 =0 p6 =0
to the exact ”analytical” expression (12). Exact PEP can be
(29) found by taking the expectation of the unconditional PEP
fγ̇b (x)

rsr
P−1 rrd
P−1

!
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Fig. 2: Derived and analytical PEPs versus SNR.

V. C ONCLUSION
Existing literature on vehicular relaying for LTE-A networks
has mainly focused on networking aspects, but has not yet
fully explored physical layer issues, which inherently differ,
from the well-studied traditional cellular networks. We have
investigated the performance of a cooperative vehicular relaying system over LTE-Advanced downlink sessions, in which
eNodeB point communicate to a UE using cooperating vehicles as relaying terminals. For the doubly-selective vehicular
channel under consideration, we have employed a precoded
cooperative transmission technique to extract the underlying
rich multipath-Doppler-spatial diversity. We derived a closed
form expression for the pair-wise error probability, as a bench
mark to assess our analysis as well as future research studies
of such an approach. The analytical and simulation results
demonstrated significant performance gains, where notable
diversity gains are achieved, as well as notable reduction in
the error rates, and a reduction in the transmitting powers
compared to the traditional direct transmission is observed.
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numerically through the random generation of h with proper
statistics. We assume M = 1, 2 and 3 available relaying
vehicles with [LCoop , QCoop ] = [1, 1]. We observe that the
derived PEP provides a tight upper bound on the exact one
with about ' 0.5dB difference. A power consumption saving
is clearly observed, for example at PEP=10−5 a transmitting
power consumption saving of 5 dB and 7 dB is observed for
M = 2 and M = 3, respectively, with respect to M = 1.
In Figure 3, we plot the slope of the best-relay selection
case PEPs to precisely observe the gain we achieved from
our proposed scheme, the achieved asymptotic diversity orders
equal to 5, 9 and 13 is observed and consistent with (33).
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