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3 Discipline of Electrical Engineering, Indian Institute of Technology Indore, Madhya Pradesh, India

e-mail: {pbithas;kanatas}@unipi.gr, danielbcosta@ieee.org, pkupadhyay@iiti.ac.in

Abstract—Transmit antenna selection (TAS) schemes have been
adopted in various communication systems to provide improved
performance with relatively reduced complexity. The quality-of-
service (QoS) in these systems depends on the availability of
perfect channel state information (CSI). In practice, it is difficult
to acquire perfect CSI, since it may get outdated due to feedback
process. In this paper, we investigate the impact of outdated
CSI in a TAS system that operates in a vehicle-to-vehicle (V2V)
communication environment. The V2V channel is modeled by the
double-Weibull (DW) distribution, a widely adopted distribution
for modelling scenarios where both the transmitter and the
receiver are in motion. In this context, we introduce and derive
important statistical metrics for the bivariate DW distribution,
such as the probability density function, the cumulative distribu-
tion function, and the moments. Based on them, exact expressions
for the outage probability and the average bit error probability
of the TAS scheme are derived under the assumption of outdated
CSI. Moreover, simplified asymptotic closed-form expressions
have been obtained. These expressions are then used to study
the performance of the system under consideration.

Index Terms—Correlated double-Weibull fading, outdated
channel estimations, quality-of-service, transmit antenna selec-
tion, vehicle-to-vehicle communications.

I. INTRODUCTION

Intervehicular communication (IVC) systems have gained
an increased interest by the academic community and the
industry over the past several years. These systems enable the
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure com-
munications and can be used in a variety of application
scenarios, including road-safety, energy-saving improvements,
infotainment. However, in contrast to the traditional cellular-
mobile radio link, the V2V propagation channel is much more
dynamic, since it consists of two mobile transceivers that
are both closely located to the ground level. As far as the
V2V channel fading statistics are concerned, several models
have been proposed, which are mainly based on the double-
scattering radio propagation channel [1]. The basic principle
in this model is that the envelope of the resulting impulse
response is actually a multiplication of two independent en-
velopes, due to the double-bouncing mechanism. In this con-
text, several approaches have been proposed including double-
Rayleigh [2], double-Nakagami [3], and double-Weibull (DW)
[4]. Using these new families of distributions, the performance
of various communication systems has been evaluated in IVC

scenarios, e.g., diversity systems [5], cooperative communica-
tions [6], [7], automatic repeat request [8].

An important aspect that should also be taken into consid-
eration in IVC systems is the size and power limitations that
exist due to the constraints that are imposed by the vehicle.
A well-known technique that is found to clearly improve
the system’s performance without considerable increasing the
overall complexity is the transmit antenna selection (TAS).
In this scheme, a single transmit antenna that maximizes the
total received signal power at the receiver (Rx) is selected
for transmission [9]. This “simple” and effective approach has
gained the interest of many researchers and consequently has
been adopted in various communication scenarios, including
cooperative communications [10] and security enhancement
techniques [11]. Despite the benefits that TAS scheme offers to
the system’s quality-of-service (QoS), its performance depends
on the availability of perfect channel state information (CSI).
However, in practical cases due to channel estimation errors
and/or feedback delays, such an ideal assumption has only
theoretical importance and cannot be established, especially
in mobile networks [12]. Owing to this fact, the performance
of TAS systems under the assumption of outdated CSI has
been investigated in various (cellular-based) communication
scenarios [13]–[15]. Nevertheless, to the best of the authors’
knowledge, the performance of TAS in DW modeled V2V
communication scenarios has not been investigated in the
literature yet and thus motivates this work.

In this paper, an analytical study of the impact of outdated
CSI on the performance of a V2V communication system that
supports TAS is performed. The analysis is based on a well-
established channel model for mobile-to-mobile communica-
tions, which is the DW. In order to investigate the effects of
outdated CSI in this scenario, the bivariate DW distribution is
introduced and studied. In particular, important statistical char-
acteristics of the bivariate DW distribution, namely the proba-
bility density function (PDF), cumulative distribution function
(CDF), and the moments, are presented for the first time. The
new expressions are used to model the correlation between
the exact and outdated versions of the received signal-to-noise
ratio (SNR) in a V2V TAS communication scenario. Under
this context, the QoS is evaluated using the criteria of outage
probability (OP) and average bit error probability (ABEP).



The results are obtained in exact analytical expressions that
allow fast and efficient evaluations of the performance, thereby
avoiding the time consuming simulations.

The rest of the paper is organized as follows. In Section II,
the bivariate statistics of the DW distribution are presented. In
Section III, the system and channel models of the TAS scheme
are presented along with a stochastic analysis for the received
SNR statistics. In Section IV, this analysis is used to study the
OP and the ABEP performance measures. In Section V, several
numerical performance results are presented and discussed,
while in Section VI, the concluding remarks are provided.

II. BIVARIATE STATISTICS

Let Xj , Xj+1, j ∈ {1, 3}, be two correlated Weibull random
variables (RVs) with joint PDF given by [16, eq. (11)]
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where cov(·) and var(·) stand for the covariance and variance,
respectively. Let Z1, Z2 denote two DW RVs which are defined
as the product of two independent Weibull RVs, i.e.,
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In (3), ρi denotes the correlation coefficient between the
Weibull RVs, defined in (2), and ρDW is the correlation
coefficient of the corresponding DW RVs.

Applying the probability theory, the joint PDF of Z1 and
Z2 is given by
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Substituting (1) in (4), employing the infinite series representa-
tion of the Bessel function, [17, eq. (8.445)], making a change

of variables, and using [17, eq. (3.471/9)], an exact expression
for the PDF of the bivariate DW distribution is extracted as
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where ρ̂ = (1−ρ1)(1−ρ2), p1 = h+q, p2 = h−q, and Kv(·) is
the modified Bessel function of the second kind and vth order
[17, eq. (8.432/1)]. The joint CDF of Z1 and Z2 is given from
FZ1,Z2(x, y) =

∫ x

0

∫ y

0
fZ1,Z2(z, w)dzdw. Substituting (5) in

this definition, representing Bessel function as in [18, eq. (14)],
and then using [18, eq. (26)], the generic expression for the
joint CDF of Z1, Z2 is deduced as
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where Gm,n
p,q [·|·] denotes the Meijer G-function [17, eq.

(9.301)]. It is noted that the Meijer G-function is a built-in
function in many mathematical software packages, e.g., Math-
ematica, Maple, and thus can be easily evaluated. Moreover,
the rate of convergence of the infinite series given in (6) has
been investigated. More specifically, the minimum number
of terms, which guarantees accuracy better than ±0.5%, is
presented in Table I, for different values of x = y,Ω = Ω1 =
Ω2 = Ω3 = Ω4, β = β1 = β2, and ρ = ρi. From this table, it
is clear that a relatively small number of terms is necessary to
achieve an excellent accuracy. More specifically, this number
of terms increases as x, y and/or ρ and/or β increase as well
as with the decrease of Ω. It should be also noted that similar
rate of convergence has been also observed for all the other
infinite series expressions presented in this paper.

The joint moments of Z1, Z2 are defined as
µZ1,Z2(n1, n2) , E⟨Zn1

1 Zn2
2 ⟩. Substituting (5) in this

definition, making a change of variables, and using [17,
eq. (6.561/16)], the joint moments of the bivariate DW
distribution can be expressed as
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Furthermore, using [17, eq. (9.100)] and after some mathe-
matical manipulations, a closed-form expression for (7) can



TABLE I
MINIMUM NUMBER OF TERMS OF (6) REQUIRED FOR OBTAINING ACCURACY BETTER THAN ±0.5%

Ω = 10 Ω = 20
β = 1.5 β = 2.5 β = 1.5 β = 2.5

x,y=1 2 2 2 2
ρ = 0.5 x,y=8 4 6 3 5

x,y=1 10 10 7 7
ρ = 0.85 x,y=8 21 26 14 22

be derived as
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with 2F1(·) denoting the Gauss hypergeometric function [17,
eq. (9.100)]. In order to determine the relation between the DW
correlation coefficient, ρDW , and the corresponding Weibull
ones, ρ1, ρ2, the nth order moment of a single DW RV Xi is
required and is given by
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Substituting (8) and (9) in the definition of the correlation
coefficient given in (2) and after some simplifications, a simple
closed-form expression for ρDW is obtained as
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In Fig. 1, based on (10), the correlation coefficient ρDW is
plotted as a function of ρ1, ρ2, which are considered to be
equal. It is clear that ρDW also ranges between zero and one,
while it is shown that as βi increases, ρDW approaches ρ1, ρ2.

III. TRANSMIT ANTENNA SELECTION IN TIME-VARYING
FADING CHANNELS

We consider a communication system with 2 transmit
antennas and one receive antenna that operates in an IVC
environment modeled by the DW fading model. It is noted
that the assumption of 2 transmit antennas is desirable in
practical V2V systems, where major constraints exist in terms
of space limitation, power consumption, and signal processing
capabilities. In the system under consideration, the transmit
antenna with the largest SNR is selected by the Rx. The
transmitter (Tx) is informed for each decision based on an
error-free feedback link. In this context, let γi = |Zi|2 Es

N0
, with

i ∈ {1, 2}, denoting the instantaneous SNR, with Es being
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Fig. 1. The DW correlation coefficient ρDW as a function of ρ1, ρ2.

the transmitted symbol energy and N0 the noise variance. The
marginal PDF of γi is given by [4]
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and the corresponding CDF is given by
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. Here, it is noted that as the

value of βi increases, the severity of fading decreases, while
for βi = 2, (11) reduces to the well-known double-Rayleigh
PDF. In a V2V communication environment, it is very likely
that the fading behavior will change rapidly due to the fast
time varying nature of the medium. Hence, in this work, the
CSI that is fed back to the Tx is assumed to be outdated,
due to the delay naturally existing between the selection and
data transmission phases. More specifically, the imperfection
between the actual received SNR of the selected antenna at the
data reception instance, γi, and γ̃i, which is available during
the selection phase, can be measured based on a correlation
coefficient [14]. In that case, assuming i) the two links between
the two antennas of the Tx and the corresponding one of the
Rx are spatial uncorrelated and ii) characterized by different
fading (shaping and scaling) parameters, the PDF of the actual



received SNR at the data reception instance, γout, can be
expressed as

fγout(x) =

2∑
i=1

∫ ∞

0

fγi,γ̃i(y, x)Fγ3−i(y)dy (13)
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fγi,γ̃i(y, x) is required, which can be evaluated based on the
results presented in the previous section. More specifically,
assuming equal shaping and scaling parameters, for the time-
correlated versions of each Tx-Rx link, and making a change
of variables in (5), the expression for the joint PDF between
γi and γ̃i can be obtained as
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Therefore, based on (13) as well as (14), the CDF of γout is
given by
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given in the Appendix. Assuming the same fading conditions
for both Tx-Rx links, (15) simplifies to
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where ρ = ρi, β = βi and γ = γi.

IV. PERFORMANCE EVALUATION

In this section, using the previously derived expressions,
analytical results for important metrics of the QoS, such as
the OP and the ABEP, are provided.

A. Outage Probability

The OP is defined as the probability that the instantaneous
received SNR falls below a predetermined threshold γT. In
this case, using (15) it can directly be evaluated as Pout =
Fγout(γT).

1) Asymptotic Analysis: In order to provide a simplified
expression, the main concern is to derive an asymptotic closed-
form expression for Fγout(γ). Therefore, assuming ρ = ρ1 =
ρ2, higher values of γ, and using [19, eq. (03.02.06.0004.02)],
the Bessel function in (1) can be approximated as Iv (z) ≈
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approach presented in Appendix, the closed-form asymptotic
expression for the CDF of γout is obtained as
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B. Average Bit Error Probability

Using the CDF-based approach, the ABER is given by [20]
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where −P ′
e(γ) denotes the negative derivative of the con-

ditional error probability. It is noted that for all the ABEP
expressions derived here, different fading parameters have
been considered for the two Tx-Rx links.

1) Differentially Binary Phase Shift Keying (DBPSK): For
DBPSK modulation, −P ′

e(γ) = αβ exp(−βγ), where α =
1/2, β = 1 [20]. Substituting (15) in (18), employing [18, eq.
(21)], and doing some mathematical manipulations yield

Pb =

2∑
i=1

∞∑
h,q=0

αρp1

i /γ2
i

(h!)2(q!)2 ((1− ρi)γi)
p1

(βi/β)
βi
2 (

p1
2 +1)+ 1

2

(2π)
βi+1

2 2β1/2

× G4,βi+2
βi+2,6

(
(βi/β)

βi

((1− ρi)2γi)
4

∣∣∣ −∆(2,− p1
2 ),∆

(
βi,−

βi
2 (

p1
2 +1)

)
∆(2, p22 ),−∆(2, p22 ),∆(2,−

p1
2 −1)

)
Si.

(19)
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Since both ABEP expressions derived in this section are based
on (5), their convergence is fast due to the reduced number of
terms that is employed, as shown in Table 1.
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Fig. 2. OP vs γ for different values of γT .

V. NUMERICAL RESULTS

In this section, several numerically evaluated performance
results are provided, using the criteria of OP and ABEP. It is
noted that, for the simulated results, which are also included
in the figures, correlated DW RVs have been generated using
(3) and the approach presented in [16]. In Fig. 2, using (16)
and (17), assuming equal fading parameters for the two Tx-Rx
links and β = 3, ρ = 0.75, the OP is plotted as a function of
the outage threshold γT . It is shown that the OP decreases with
an increase on γT as well as on γ. Moreover, the asymptotic
curves, which are also included in the same figure, approxi-
mate quite well the exact ones, even for moderate values of
the average SNR, that is for γ ≥ 20dB. In Fig. 3, using (19),
assuming different fading parameters for the two Tx-Rx links
with β2 = β1 + 1, ρ1 = 0.8, ρ2 = 0.85, the ABEP of DBPSK
is plotted as a function of the average SNR of the first antenna.
In particular, the relationship between the average SNRs for
the two Tx-Rx links is given by γi = γ1 exp (−δ(i− 1)),
where δ is the power decaying factor, which has been set to
d = 0.5, and i ∈ [1, 2]. In this figure, it is shown that the
performance improves with an increase of the SNR as well as
βi. It is interesting to note that the performance improvement
(due to the increase of βi) decreases as βi increases.

In Fig. 4, using (20) and assuming β1 = 2, β2 = 3, the
ABEP of BPSK is plotted as a function of average received
SNR of the first antenna for different values of ρi. In this
figure, it is shown that as ρi increases, i.e., the SNR at the
selection instance approaches the one at the reception instance,
the performance improves. This performance improvement is
higher for ρi → 1. Finally, the simulation performance results,
which are also included in all figures, verifying the validity of
the proposed theoretical approach.
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Fig. 3. ABEP vs γ1 for different values of the shaping parameters βi.
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VI. CONCLUSIONS

The influence of outdated CSI on the performance of a TAS
scheme operating in a V2V communication environment has
been analytically investigated. For the purposes of the analysis,
the bivariate DW distribution has been presented for the first
time and used to model the correlation between the channel
gains of the received signals at the selection and the data
transmission instances. Considering non-identically distributed
fading conditions, an analytical expression for the CDF of the
output SNR was derived for the scheme under consideration.
Based on this expression, the performance has been evaluated,
using well-known metrics for the QoS, namely OP and ABEP.



It is depicted that outdated CSI affects seriously the system’s
performance, even when good channel conditions exist.

APPENDIX

In this Appendix, a proof for the derivation of (15) is
presented. The CDF of the actual received SNR of the selected
antenna is given by

Fγout
(γ) =

2∑
i=1

∫ γ

0

∫ ∞

0

fγi,γ̃i
(y, x)Fγ3−i

(y)dydx. (A-1)

Substituting (14) and (12) in (A-1), the following three types
of integrals appear

I1 =

∫ γ

0

x
βi
2 (

p1
2 +1)−1Kp2

(
2xβi/4

(1− ρi)γi

)
dx

I2 =

∫ ∞

0

y
βi
2 (

p1
2 +1)−1Kp2

(
2yβi/4

(1− ρi)γi

)
dy

I3 =

∫ ∞

0

y
βi
2 (

p1
2 +1)+

β3−i
4 −1

×Kp2

(
2yβi/4

(1− ρi)γi

)
K1

(
2
yβ3−i/4

γ3−i

)
dy.

(A-2)

For evaluating I1, the Meijer G-function representation of the
Bessel functions is employed, i.e., [18, eq. (14)]. Based on this
representation, and with the aid of [18, eq. (26)], the solution
of I1 is given as follows

I1 =
γ

βi
2 (

p1
2 +1)

βi
G2,1
1,3

(
γβi/2

((1− ρi)γi)
2

∣∣∣ − p1
2

p2
2 ,− p2

2 ,− p1
2 −1

)
.

(A-3)
For evaluating I2, [19, eq. (03.04.21.0116.01)] is employed,
so that

I2 =
((1− ρi)γi)

p1+2

βi
h!q!. (A-4)

For evaluating I3, the Meijer G-function representation of the
Bessel functions is also employed and with the aid of [18, eq.
(21)], the solution of of I3 is given as follows

I3 =
β
p1+β2/β1+1
3−i

2β1

((1− ρi) γi)
p1+β2/β1+2

(2π)3

G2βi,2β3−i

2β3−i,2βi

(
((1− ρi)γiβ3−i)

2β3−i(
γ3−iβi

)2βi∣∣∣∆(
β3−i,−

2h+β3−i/βi
2

)
,∆

(
β3−i,−

2q+β3−i/βi
2

)
∆(βi,1/2),∆(βi,−1/2)

)
.

(A-5)

Based on all these expressions and after some mathematical
simplifications, (15) is finally derived.
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