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Abstract—Antenna selection (AS) techniques are considered
as ideal candidates for vehicle-to-vehicle (V2V) communications,
since they improve system’s performance and simultaneously
satisfy the hardware and signal processing constraints that exist
in these systems. However, the achieved gain over single antenna
links is affected by the fast varying wireless channel, since AS
is frequently performed using outdated versions of the signal-
to-noise ratio (SNR). In this paper, we propose an AS technique
that exploits the stationarity of large-scale fading. In this context,
by employing shadowing information as an AS criterion, the
negative consequences of the outdated channel state information
(CSI) can be alleviated, since large-scale fading varies more
slowly than small-scale fading. The performance of the proposed
technique is analyzed using the criteria of outage probability
and average output SNR. It is shown that the proposed scheme
outperforms the corresponding one that is based on outdated
CSI, especially in scenarios with mild fading/shadowing channel
conditions. Moreover, the influence of correlated shadowing on
the system’s performance has been also analytically investigated.
The main results have been also verified by empirical data based
on measurement campaigns in non-stationary communication
conditions.

Index Terms—Composite fading, correlated shadowing, em-
pirical CDF, low complexity V2V communications, shadowing
stationarity, transmit/receive antenna selection.

I. INTRODUCTION

VEHICLE-to-vehicle (V2V) communication systems are

expected to be one of the pillars towards enabling the

autonomous driving in future intelligent transportation systems

(ITSs). By integrating these systems in vehicles, several clear

benefits will be attained, including enhanced safety and mo-

bility, reduced traffic emissions, as well as improved infotain-

ment. However, the direct application of advanced techniques

developed mainly for cellular communication systems, will not

result to the promised performance improvements in the case

of V2V communication systems. Reasons for this undesirable

ascertainment are attributable to the following: the peculiarities

of the wireless medium in vehicular communications (fast

changes of the environmental conditions and the mobility of

both the transmitter (Tx) and the receiver (Rx)), the constraints

that exist when integrating these systems on real vehicles, i.e.,

power and space limitations, and the particular requirements

of the V2V applications related to increased reliability and
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low latency. In that vein, antenna selection (AS) techniques

are expected to be an integral part of the V2V communication

systems, since they satisfy performance requirements in most

of the previous mentioned scenarios, e.g., they increase the

overall system’s signal-to-noise ratio (SNR) and simultane-

ously meet the low complexity constraints.

In V2V communications, due to the continuous motion of

the Tx, Rx, and the surrounding scatterers, the channel con-

ditions change rapidly. Thus, an AS system whose operation

depends on the available channel state information (CSI), in

practice operates using outdated versions of CSI. As a result,

irreducible diversity gain losses are expected, as it is proved

in many studies in the past, e.g., [1], [2]. The performance

degradation due to the outdated CSI increases with the speed

of vehicle, since higher Doppler shifts arise, which, in limiting

scenarios, will result to performance similar to single antenna

communication systems.

A quite promising solution to improve this situtation is

proposed in [3]. In that paper, a transmit antenna selection

(TAS) scheme based on shadowing side information (SSI) was

proposed, in which the transmit antenna offering the largest

amplitude shadowing variable between the Tx and the Rx

is selected. It was shown that as the number of antennas

increases, the shadowing effects on the transmitted signal can

be eliminated. The same basic idea, regarding AS with SSI,

was recently adopted in [4], [5] in physical layer security and

cooperative relaying scenarios, respectively. For example, in

[5], it was also proved that SSI-based AS is a promising option

for communication systems operating in higher frequencies,

e.g., in extremely higher frequency bands. Moreover, the

utilization of the large-scale fading characteristics has been

also examined in [6], where a low-complexity multi-user

scheme in massive multiple-input multiple-output (MIMO)

scenario is proposed, which offers similar performance with

traditional CSI-based schemes. A common outcome in all

the above mentioned works, is that the exploitation of the

shadowing information, provides worth-studying opportunities

towards designing low complexity communication techniques

that offer similar performance with existing CSI-based ones.

Here, it should be noted that the shadowing effects that

are induced by obstructing vehicles between the mobile Tx

and Rx considerably affect the performance of intervehicular

communication systems [7], [8]. However, very few contribu-

tions have analytically investigated the impact of large-scale

fading in these systems and the required countermeasures for

improving their performance.

Motivated by the aforesaid observations, in this paper, we
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propose and analytically investigate a TAS/selection diversity

(SD) system that exploits the stationarity of the shadowing.

The system operates in a composite fading environment, in

which small-scale fading and large-scale fading are modeled

using the Rice and the Inverse-Gamma (IG) distributions,

respectively. The latter one has been recently proposed as an

alternative distribution for accuretely modeling the shadowing

variable variations [9], [10]. Based on this model, mathe-

matical convenient statistical expressions can be derived, in

contrast to the cumbersome expressions that are obtained with

lognormal distribution. In this context, important statistical

characteristics for this composite model are derived in closed

form for a single-input single-output (SISO) communication

system. The analysis is then extended to the scenario where

multiple antennas exist at both the Tx and the Rx, where the

pair offering the largest amplitude shadowing variable is se-

lected for the communication phase1. In the derived results, the

generic case where independent but non-identically distributed

(i.n.d.) fading/shadowing conditions exist is considered. Sim-

plified expressions are also provided for independent and

identically distributed (i.i.d.) conditions. Both these scenarios

have been studied in order to prepare a reference point. In

addition, in a more realistic research scenario, the influence

of correlated shadowing variables has been also analytically

investigated. Finally, the empirical data that have been also

employed verify i) the appropriateness of the IG distribution

to model shadowing variations and ii) the applicability of the

proposed scheme in real world situations.

The remainder of the paper is organized as follows. In

Section II, the system and channel model of the scheme

under consideration is presented. In Section III, a statistical

framework for the received SNR has been developed, while

in Section IV, the derived analytical results have been used

for the performance evaluation. In Section V, representative

numerical evaluated results and comparisons with measured

data are presented and discussed, while in Section VI, the

concluding remarks can be found.

II. SYSTEM AND CHANNEL MODEL

A. System Model

We consider a communication system in which both the Tx

and the Rx are equipped with one radio frequency (RF) chain

and Nt, Nr antennas, respectively. Such a low complexity

system satisfies the space and hardware constraints that exist in

vehicular communication systems. The links between the Tx

and the Rx are simultaneously affected by small-scale fading

(or multipath fading) and shadowing (or large-scale fading).

In this context, the composite envelope of the received signal

between the Tx antenna i and the Rx antenna j is denoted as

ci,j and the received SNR is given by [11]

γi,j = c2i,j
Es

N0
= h2

i,js
2
i,j

Es

N0
= gi,jpi,j , (1)

where hi,j and si,j denote the amplitude of the smale-

scale fading and shadowing variables, respectively, gi,j =

1It is noted that since the shadowing variables vary much slower as
compared to the received SNR, it is reasonable to assume that their values at
the selection and the reception phases is fully (temporally) correlated.

Stationarity Time (sj)

Coherence Time 

hi hi+1 hi+2 hi+40hi+39
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Delay (TD)

Fig. 1. Stationarity and coherence times in a V2V communication scenario.

h2
i,j , pi,j = s2i,j

Es

N0
, Es is the average energy per transmitted

symbol, and N0 the power spectral density of the additive

white Gaussian noise. In traditional CSI-based AS schemes

that operate in V2V communication environments, the es-

timated channel condition at the selection phase, could be

significantly different to the corresponding one at the reception

instance, due to the fast variations of the wireless medium.

In particular, even at the ideal scenario where the feedback

interval TD is equal or less than channel’s coherence time Tc,

i.e., the duration within the channel is approximately constant,

a delayed version of the CSI will be available, as it is shown

in Fig. 1. An alternative approach is to select the antenna by

taking advantage of the information related to the shadowing

conditions [3]. This approach is mainly based on the fact

that the decorrelation distance of the large-scale fading is

two orders of magnitude larger than the one of the small-

scale fading [12]. This is also shown in Fig. 1, where Tc

and stationarity time, i.e., the duration in which signal power

remains constant, are depicted. Therefore, with stationarity-

(or SSI-) based AS, the antennas pair that is selected is the

one providing the maximum averaged received power, i.e.,

shadowing variable, over a predetermined time interval. After

the ℓ, κth antenna-pair is selected, the corresponding index

is fed back to the Tx in order to proceed with the signal

transmission. Thus, the received SNR can be expressed as

γℓ,κ = gℓ,κ max
1≤i≤Nt

1≤j≤Nr

{pi,j} = gℓ,κpmax, (2)

where gℓ,κ depends on the small-scale fading of the selected

pair. It is worth-noting that gℓ,κs change in every channel’s

coherence time, whereas pi,js do not.

B. Channel Model

1) Marginal Statistics: In this paper, small-scale fading is

modeled by the Rice distribution, while shadowing is modeled

by the IG distribution. This channel model corresponds to

scenarios, in which line-of-sight (LoS) conditions co-exist with

shadowing by large objects such as buildings and/or other

vehicles [13]. Then, the probability density function (PDF)

of gi,j is given by [14, eq. (2.16)]

fgi,j (x) =
(ki,j + 1)

Ω
exp

(

−ki,j −
(ki,j + 1)x

Ω

)

× I0

(

2

√

ki,j(ki,j + 1)x

Ω

)

,

(3)

where ki,j corresponds to the ratio of the power of the specular

component to the average power of the scattered component,
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Ω = E 〈gi,j〉, with E 〈·〉 denoting expectation, and Iv(·)
denotes the modified Bessel function of the first kind and order

v [15, eq. (8.406/1)]. In addition, similar to [9], the shadowing

variables are assumed to follow the IG distribution, with PDF

given by

fpi,j
(y) =

γ
αi,j

i,j

Γ(αi,j)yαi,j+1
exp

(

−
γi,j

y

)

, (4)

where αi,j > 1 is the shaping parameter of the distribution

related to the severity of the shadowing, γi,j denotes the scal-

ing parameter depicting the average received SNR, which is

related to the path losses [16], and Γ(·) is the gamma function

[15, eq. (8.310/1)]. Using the total probability theorem, the

PDF of the instantaneous received SNR of the i, jth pair is

given by

fγi,j
(γ) =

∫ ∞

0

fgi,j (γ|y)fpi,j
(y)dy. (5)

Substituting (3) and (4) in (5) and using [15, eq. (6.643/2)],

the following expression is derived

fγi,j
(γ) =

(ki,j + 1)1/2 exp (−ki,j) γ
αi,j

i,j αi,j
√
ki,jγ

[
(ki,j + 1)γ + γi,j

]αi,j+1/2

× exp

[
ki,j(ki,j + 1)γ

2((ki,j + 1)γ + γi,j)

]

×M−αi,j−
1
2
,0

[
ki,j(ki,j + 1)γ

(ki,j + 1)γ + γi,j

]

,

(6)

where Mκ,µ(·) denotes the Whittaker function [15, eq.

(9.220/2)]. The corresponding cumulative distribution function

(CDF) expression is given by

Fγi,j
(γ) =

(ki,j + 1)γ

(ki,j + 1)γ + γi,j

exp

[

−
ki,jγi,j

(ki,j + 1)γ + γi,j

]

×
αi,j−1
∑

k1=0

[
γi,j

(ki,j + 1)γ + γi,j

]k1

Lk1

[

− ki,j(ki,j + 1)γ

(ki,j + 1)γ + γi,j

]

,

(7)

where Ln(·) denotes the Laguerre polynomial [15, eq.

(8.970)].

2) Bivariate Statistics: Assuming that pi,j , p̃i,j denote two

IG distributed random variables (RVs) with marginal PDF

given by (4). By making a change of variables in [14, eq.

(6.1)], the joint PDF of pi,j , p̃i,j can be expressed as

fpi,j ,p̃i,j
(x, y) =

(
γi,jγi,j

)αi,j+1

2

Γ (αi,j) (1− ρ)ρ
αi,j−1

2 (xy)
m+3

× exp

[

−
γi,j/x+ γi,j/y

(1 − ρ)

]

Iαi,j−1




2
√

ργi,jγi,j

(1− ρ)(xy)
1
2



 ,

(8)

where ρ denotes the correlation coefficient between pi,j , p̃i,j
and γi,j denotes the scaling parameter of p̃i,j . The correspond-

ing joint CDF expression can be obtained by employing the

infinite series representation of the Bessel function [15, eq.

(8.445)] and performing a mathematical analysis resulting to

Fpi,j ,p̃i,j
(x, y) = (1− ρ)αi,j

∞∑

t=0

ρt

Γ(αi,j)Γ(αi,j + t)t!

× Γ



αi,j + t,

(
γ γ
) 1

2

(1− ρ)x
1
2



Γ



αi,j + t,

(
γ γ
) 1

2

(1− ρ)y
1
2



 ,

(9)

with Γ (·, ·) denoting the upper incomplete gamma function

[15, eq. (8.350/2)]. The CDF in (9) converges fast, since in

most cases a relatively small number of terms is sufficient, i.e.,

< 20, to achieve a high accuracy. To the best of the authors’

knowledge, both (8) and (9) have never been reported in the

open technical literature.

III. TAS/SD STATISTICS

A. Independent and Non-Identically Distributed Conditions

Here, the idealized case where i.n.d. fading/shadowing

conditions exist is investigated. This scenario can be used

as a bound to more realistic ones, in which identical and/or

correlated conditions exist. In this context, the CDF expression

of the instantaneous received SNR of the selected pair γℓ,κ is

given by

Fγℓ,κ
(γ) = 1−

Nt,Nr∑

i,j=1

αx,y−1
∑

qx,y=1
x,y 6=i,j

Si,j

Γ(αi,j)γ
−αi,j

i,j

I(γ). (10)

The proof for (10), as well as the definition of I(γ),Si,j , and

the sums are given in Appendix A. The corresponding PDF is

given by

fγℓ,κ
(γ) =

NtNr∑

i,j=1

αx,y−1
∑

qx,y=1
x,y 6=i,j

exp (−kℓ,κ)

Γ(αi,j)γ
−αi,j

i,j

Si,j(kℓ,κ + 1)

[(kℓ,κ + 1)γ +B]
h

× Γ(a)π exp

(
kℓ,κ(kℓ,κ + 1)γ

B + (kℓ,κ + 1)γ

) h−1∑

t=0

(1− h)t
t!(1)t

×
(

− kℓ,κ(kℓ,κ + 1)γ

(kℓ,κ + 1)γ +B

)t

,

(11)

where h,B are defined in Appendix A and (z)n denotes the

Pochhammeer symbol [17, eq. (6.1.22)]. The total CDF of the

output SNR is given by

Fγout
(γ) =

Nt∑

ℓ=1

Nr∑

κ=1

Pℓ,κFγℓ,κ
(γ), (12)

in which Pℓ,κ can be evaluated as

Pℓ,κ =

αx,y−1
∑

qx,y=1
x,y 6=i,j

Sℓ,κγ
αℓ,κ

Γ(αℓ,κ)

Γ (h− 1)

Bh−1
. (13)

The proof is given in Appendix B.
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B. Independent and Identically Distributed Conditions

For i.i.d. fading/shadowing, i.e., assuming that αi,j =
α, γi,j = γ, ki,j = k, the CDF expression of γout is given

by

Fγout
(γ) = 1−

N
t,r

−1
∑

n1,n2,...,nα=1
n1+···+nα=N

t,r
−1

(b− 2)!

Γ(α)N b−2
t,r

×
{

1− γ(k + 1)

N
t,r
γ + (k + 1)γ

exp

[

− kN
t,r
γ

N
t,r
γ + γ(k + 1)

]

×
b−2∑

t=0

[
N

t,r
γ

N
t,r
γ + γ(k + 1)

]t

Lt

[

− k(k + 1)γ

N
t,r
γ + γ(k + 1)

]}

,

(14)

where

N
t,r

−1
∑

n1,n2,...,nα=1
n1+···+nα=N

t,r
−1

=

N
t,r

−1
∑

n1=0

N
t,r

−1
∑

n2=0

· · ·
N

t,r
−1

∑

nα=0
n1+n2+···+nα=N

t,r
−1

Γ(N
t,r
)/ (n1! · · ·nα!)

(0!)n1 · · · ((α− 1)!)
nα

,

N
t,r

= NtNr, and b =
∑α

j=2(j − 1)nj + α + 1. For

deriving (14), a convenient expression for the PDF of pmax

is required, which, in general, is defined as fpmax
(y) =

N
t,r
fpi,j

(y)Fpi,j
(y)Nt,r

−1. Substituting (4) and (A-4) in this

definition and employing the multinomial identity, the follow-

ing simplified expression is extracted

fpmax
(y) =

N
t,r

Γ(α)
exp

(

−N
t,r
γ

y

) N
t,r

−1
∑

n1,n2,...,nα=1
n1+···+nα=N

t,r
−1

γb−1

yb
.

(15)

Based on (15) and using a similar approach as the one pre-

sented in Appendix A, finally yields (14). The corresponding

expression for the PDF of γout is given by

fγout
(γ) =

N
t,r

Γ (α)

N
t,r

−1
∑

n1,n2,...,nα=1
n1+···+nα=N

t,r
−1

exp

[
k(k + 1)γ

N
t,r
γ + (k + 1)γ

]

× (k + 1)Γ(b)γb−1e−k

(
N

t,r
γ + (k + 1)γ

)b

b−1∑

p=0

(1− b)p
p!(1)p

[ −k(k + 1)γ

N
t,r
γ + (k + 1)γ

]p

.

(16)

C. Spatial Correlation Conditions

In real communication environments, shadowing spatial

correlation will be present, affecting the performance of the

systems [18]. Thus, the previous analysis will be extended

to the scenario where correlation in shadowing exists. In

particular, we consider a communication system with Nt = 2
and Nr = 12, in which the received shadowing variables

are correlated with joint PDF given by (8). For identically

2The same result will also apply for Nt = 1 and Nr = 2.

distributed small- and large-scale fading, i.e., αi,j = α, γi,j =
γi,j = γ, ki,j = k, the CDF of γout is given by

Fγout
(γ) = 1−

∞∑

t=0

α+t−1∑

d1=0

α+t−1∑

d2=0

ρt((α+ t− 1)!)2(1− ρ)m

Γ(α)Γ(α + t)t!d1!d2!

× (d1 + d2)!

2d1+d2
G(d1 + d2)G(d1 + d2 − 1)

(17)

where

G(x) = 1− (1 + k)γ

(1 + k)γ + 2γ/(1− ρ)

× exp

[

−k
γ/(1− ρ)

(1 + k)γ/2 + γ/(1− ρ)

]

×
x∑

q=0

[
γ/(1− ρ)

(1 + k)γ/2 + γ/(1− ρ)

]q

× Lq

[

−k
(1 + k)γ

(1 + k)γ + 2γ/(1− ρ)

]

,

with G(x) = 0 if x < 0. For deriving (17), an analytical

expression for PDF of pmax, defined as fpmax
(x) =

dFp,p̃(x,x)
dx ,

is required. Substituting (9) in this definition and using [15,

eq. (8.352/2)], fpmax
(x) is deduced as

fpmax
(x) =

∞∑

t=0

α+t−1∑

d1=0

α+t−1∑

d2=0

ρt[(α + t− 1)!]2(1− ρ)m

Γ(α)Γ(α + t)t!d1!d2!

×
(

γ

1− ρ

)d1+d2




2 exp

(

− 2γ
x(1−ρ)

)

γ

(1− ρ)xd1+d2+2

−(d1 + d2)
exp

(

− 2γ
x(1−ρ)

)

xd1+d2+1



 .

(18)

Based on (18) and by using a similar approach as the one

presented in Appendix A, finally yields (17).

IV. PERFORMANCE ANALYSIS

In this section, using the previously derived results, analyti-

cal expressions for the outage probability (OP) and the average

output SNR (ASNR) are derived.

A. Outage Probability (OP)

OP is defined as the probability that the output SNR falls

below a predetermined threshold γT and it can be evaluated

as Pout = Fγout
(γT), in which Fγout

(γT) is given by (12), for

the i.n.d. scenario, (14), for the i.i.d. scenario, and (17), for

the correlated scenario.

B. Average Output SNR (ASNR)

The ASNR is a performance measure quantifying system’s

reliability that can be evaluated as mγout
=
∫∞

0
γfγout

(γ)dγ.
For i.n.d. fading/shadowing, substituting (11) in this definition,
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employing [15, eq. (8.350/1)] and after some mathematical

procedure yields

mγout
=

Nt∑

ℓ=1

Nr∑

κ=1

Pℓ,κ

NtNr∑

i,j=1

αx,y−1
∑

qx,y=1
x,y 6=i,j

Si,jΓ(h)γ
αi,j
αi,j

Γ (αi,j)

h−1∑

t=0

× (1− h)t
t!(1)t

t+1∑

d=0

(
t+ 1

d

)
(−1)2t+1−dγ (t+ h− d− 1, kκ,ℓ)

kh−d−1
κ,ℓ Bh−1(kκ,ℓ + 1)

,

(19)

where γ(·, ·) is the lower incomplete gamma function [15, eq.

(8.350/1)]. For the i.i.d. conditions, (19) simplifies to

mγout
=

N
t,r

−1
∑

n1,n2,...,nα=1
n1+···+nα=N

t,r
−1

Γ (b)γ

Γ (α)

b−1∑

p=0

(1− b)p
p!(1)p(k + 1)

×
p+1
∑

d=0

(
p+ 1

d

)
(−1)2p+1−dγ (b+ p− d− 1, α)

N b−2
t,r

kb−d−1
.

(20)

V. NUMERICAL RESULTS

In this section, several numerically evaluated performance

results are provided. First of all, the appropriateness of the

IG distribution to model shadowing effects in various com-

munication scenarios was studied. First of all, the vehicle-to-

infrastructure (V2I) propgation conditions were investigated.

To this aim, the empirical data obtained in the channel

measurement campaign presented in [19] are employed. These

data were collected in an urban pedestrian propagation en-

vironment, with a stationary Tx and a mobile Rx, resulting

to time-variant channel characteristics. Based on them, in

Fig. 2, the empirical PDF of the signal envelope mean (shadow

fading) is plotted as a function of the normalized shadowing

amplitude. In the same figure, for comparison purposes, the

corresponding PDFs of Gamma, IG, and lognormal distri-

butions are also plotted, using the method of moments to

estimate their parameters. It is clearly shown that all PDFs

provide excellent fit to the empirical one. Moreover, in our

analysis the Kullback-Leibler divergence (KLD) criterion has

been adopted [20]. Employing this criterion, the distribution

that provides the best fit to the measured data, is the one

with the minimum value for the distance dKL. Our analysis

showed that dKL = 1.8, 1.54, 1.7%, for Gamma, IG, and

lognormal distributions, respectively. Therefore, it is proved

that the IG distribution is an excellent model for shadow

fading in V2I time-varying scenarios. Secondly, an additional

example comparing the IG density to measurement data in

V2V shadowing conditions in a highway setting, from [8],

was investigated in Fig. 3. In this figure, fits are also shown

using the lognormal and gamma densities. For this case, since

the data set is somewhat sparse (exhibiting a number of zero

histogram counts for several values of shadowing variable),

the KLD values are generally large (for all densities), thus

we report instead the Kolmogorov-Smirnov (KS) test statistic.

These values are KS(IG)=0.028, KS(lognormal)=0.016, and

KS(gamma)=0.053. Here the lognormal is slightly better than

the IG, but the IG fit is good, and fits better to both the

measurement data’s distribution mode and the measurement
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distribution tails at the largest values of shadowing variable. Fit

rankings using the chi-squared test are comparable. Therefore,

from both sets of measurement results it can be concluded that

the IG distribution can efficiently model the shadowing in both

V2I and V2V communication conditions.

In Fig. 4, assuming k = 5, α = 2, γ = 0dB, the normalized

OP is plotted as a function of the outage threshold, γT , and

for different numbers of the Tx and Rx antennas. It is shown

that as the number of the antennas increases, the performance

improves with a decreased rate. Moreover, the corresponding

performance of the scheme proposed in [3] is also depicted. It

is shown that the scheme proposed in this paper outperforms

the one presented in [3] as well as the shadowed SISO case,

with the later one preserving always the worst performance.

It is noteworthy that the proposed scheme can be considered

as an effective shadowing countermeasure technique, since it

provides better performance, for scenarios with Nt, Nr ≥ 2,

in comparison to a SISO system that operates in a non-

shadowing environment. In the same figure, the average output
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TABLE I
FADING/SHADOWING CONDITIONS FOR FIG. 6.

Fading Shadowing

Case 1
k=2

(strong)
α=2

(mild)

Case 2
k=2

(strong)
α=4

(strong)

Case 3
k=8

(mild)
α=2

(mild)

Case 4
k=8

(mild)
α=4

(strong)

SNR is also examined as a function of the shaping parameter

α and for different number of Tx/Rx antennas. It is shown

that the performance decreases with an increase on α. In

Fig. 5, the impact of spatially correlated shadowing on the

OP performance has been investigated. In particular, assuming

k = 2, α = 2, Nt = 2, Nr = 1, γ = 0dB, the normalized OP

is plotted as a function of γT and for different values of the

shadowing spatial correlation coefficient ρ. It is shown that the

performance decreases with the increase of ρ. However, even

for relatively high values of ρ, e.g., ρ ≈ 0.7, the performance

improvement of the system under consideration is notable as

compared to a SISO system.

Another important investigation that is also performed con-

cerns the performance comparison between SSI- and CSI-

based AS schemes, with the latter one being subjected to

outdated versions of CSI. In order to perform this comparison,

the CDF of the output SNR of a CSI-based TAS scheme

operating over Rice/IG composite fading environment is re-

quired to be evaluated. However, since an exact analytical

expression for this CDF does not exist in the open technical

literature, in Appendix C, this CDF has been derived. In

Fig. 6, the OP of the proposed scheme and the one that

is based on (C-3) is plotted as a function of the temporal
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correlation coefficient ρt, which quantifies the correlation

between the exact and the outdated versions of the received

SNR. To obtain this figure, the following assumption was made

Nt = 2, Nr = 1, while four different scenarios regarding the

LoS and fading/shadowing conditions (mild or strong), have

been considered and presented in Table I. It is shown that the

performance of the CSI-based system improves as ρt and k
increase as well as with the decrease of α. As a general ob-

servation, assuming reasonable values for the time correlation,

i.e., ρt > 0.6, which correspond to regular relative velocities,

the CSI-based TAS scheme offers better performance in the

cases where strong fading effects are present. This could be

explained by the fact that in these scenarios the multipath

components are dominant compared to the constant term of

the Rice model and thus the technique that offers improved
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fading countermeasure performance is the one that focuses on

the selection of the best fading variable, i.e., the CSI-based

TAS. However, the proposed scheme outperforms the CSI-

based one in all other investigated scenarios, where mild fading

conditions and/or lower values of ρt exist, which correspond to

higher velocities. More specifically, for mild fading/shadowing

conditions, i.e., Cases 3 and 4, the proposed scheme provides

better performance for almost the entire region of ρt. These

results reveal that the negative impact of outdated CSI on

the system’s performance can be alleviated by exploiting

the shadowing information. It is noted that the Monte Carlo

simulation that have been included in Figs. 4, 5, and 6 verify

the validity of the presented theoretical framework.

Finally, in Fig. 7, based on the empirical data for a 2 × 2
MIMO channel collected in [19], empirical OP comparisons

have been performed. In particular, three scenarios have been

investigated regarding the adopted channel selection mech-

anism, namely, i) transmit/receive channel selection based

on the composite fading (CF) variables, ii) transmit/receive

channel selection based on the shadowing variables, and iii)

random channel selection. It should be noted that shadowing-

based selection is performed every 10λ, i.e., per stationarity

region, in contrast to CF that is performed every λ/20, i.e.,

per coherence time. In this figure, it is also depicted the

performance improvement induced by the adoption of the

shadowing variable selection mechanism as compared to the

random channel selection. It is worthwhile to mention that the

correlation among the shadowing variables of the empirical

data was evaluate to take values between 0.8−0.92. Therefore,

the proposed scheme provides clear benefits even in scenarios

where strong correlation effects in shadowing are present.

VI. CONCLUSIONS

The performance of a TAS/SD scheme operating in a V2V

communication environment in the presence of composite

fading has been analytically investigated. The novelty of the

proposed scheme lies on the fact that the antenna selection

in both sides is performed by exploiting the stationarity of

the large-scale fading. Capitalizing on the slow variations of

the shadowing variable, the detrimental consequences of the

outdated CSI, that is frequently observed in V2V communica-

tions, are counteracted. The results presented are based on the

derived theoretical analysis, simulations, as well as empirical

data. It is shown the appropriateness of the inverse gamma

distribution to model the large-scale fading as well as the

impact of shadowing correlation on the system’s performance.

Moreover, it is also proved that in practical situations the

proposed approach outperforms the one that uses outdated ver-

sions of the CSI, under various fading/shadowing conditions.

APPENDIX A

PROOF FOR EQUATION (10)

In this Appendix, the proof for the derivation of (10) is

provided. The CDF of γℓ,κ can be evaluated by

Fγℓ,κ
(γ) =

∫ ∞

0

Fgℓ,κ (γ|y)fpmax
(y)dy. (A-1)

In (A-1), Fgℓ,κ(γ|y) is given by

Fgℓ,κ(γ|y) = 1−Q1

(
√

2kℓ,κ,
√

2(kℓ,κ + 1)γy−1

)

, (A-2)

where Q1(x, y) is the first-order Marcum Q-function [14, eq.

(4.33)]. Moreover, based on the order statistics [21], the PDF

of fpmax
(y) can be derived as

fpmax
(y) =

NtNr∑

i,j=1

fpi,j
(y)

NtNr∏

zi,zj=1

Fpz1,z2
(y)

︸ ︷︷ ︸

Qi,j

, (A-3)

where
NtNr∑

i,j=1

=
Nt∑

i=1

Nr∑

j=1

,
NtNr∏

zi,zj=1
=

Nt∏

z1=1
z1 6=i OR

Nr∏

z2=1
z2 6=j

and

Fpz1,z2
(y) =

Γ
(
αz1,z2 , γz1,z2/y

)

Γ (αz1,z2)
. (A-4)

Based on [15, eq. (8.352/2)], and after a mathematical proce-

dure, the following convenient expression for Qi,j is derived

Qi,j = exp



−
NtNr∑

zi,zj=1

γz1,z2

y





NtNr∏

zi,zj=1






αz1,z2
−1

∑

j=0

(
γz1,z2

y

)j

j!






=

mx,y−1
∑

qx,y=1
x,y 6=i,j

Si,jy
−

NtNr∑

zi,zj=1

qz1,z2

exp



−1

y

Nt,Nr∑

zi,zj=1

γz1,z2



 ,

(A-5)

where

αx,y−1
∑

qx,y=1
x,y 6=i,j

=

α1,1−1
∑

q1,1=1

· · ·
α1,Nr−1
∑

q1,Nr=1

α2,1−1
∑

q2,1=1

· · ·
αx,y−1
∑

qx,y=1

· · ·
αNt,Nr−1
∑

qNt,Nr=1
︸ ︷︷ ︸

x 6=i OR y 6=j

,
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Si,j =

NtNr∏

zi,zj=1
γ
qz1,z2
z1,z2

q1,1!, · · · , q1,Nr
!q2,1!, · · · , qNt,Nr

!
,

NtNr∑

zi,zj=1

=

Nt∑

z1=1
z1 6=i OR

Nr∑

z2=1
z2 6=j

.

Substituting (A-5) in (A-3), and (A-3), (4) in (A-1), an integral

of the following form appears

I(γ) =
∞∫

0

exp (−B/y)

yq
Q1

[

√

2kℓ,κ,

(
2(kℓ,κ + 1)γ

y

) 1
2

]

dy,

(A-6)

with q = αi,j +
NtNr∑

zi,zj=1
qz1,z2 +1, B =

NtNr∑

i,j=1

γi,j . This integral

can be solved by making a change of variables of the form

z = y−1/2 and using [22, eq. (8)] yielding to

I(γ) = 2q−1 (q − 2)!

(2B)q−1

[

1− γ(kℓ,κ + 1)

B + (kℓ,κ + 1)γ

× exp

(

− kℓ,κB

B + γ(kℓ,κ + 1)

) q−2
∑

t=0

(
B

B + (kℓ,κ + 1)γ

)t

×Lt

(

− kℓ,κγ(kℓ,κ + 1)

B + γ(kℓ,κ + 1)

)]

.

(A-7)

Based on this solution and after some mathematical manipu-

lations, (10) is obtained and also completes this proof.

APPENDIX B

PROOF FOR EQUATION (13)

In this Appendix, the proof for the derivation of (13)

is provided. Let us define the following sets A =
{p1,1, p1,2, . . . , p2,1, . . . , pNt,Nr

} and B = A − pℓ,κ. The

probability Pℓκ is the probability that the shadowing vari-

able pℓ,κ is the maximum of set A. Therefore, in terms

of probability theory, this probability can be evaluated as

Pℓκ = Pr (pℓ,κ = max {A}) = Pr (pℓ,κ > max {B}) =
Pr (pℓ,κ > γB). The latter probability can be evaluated as

Pκ,ℓ =

∫ ∞

0

FγB
(y)fpκ,ℓ

(y)dy. (B-1)

Substituting (A-5) and (4) in (B-1), and using [15, eq.

(3.351/3)] yields (13) and also completes this proof.

APPENDIX C

ANTENNA SELECTION BASED ON OUTDATED CSI

In this Appendix, the performance of a communication

system with two Tx antennas and a single Rx antenna is

studied. For this system, it is assumed that the AS is performed

using an estimated version of the received SNR, which is

outdated due to the fast varying channel. The scope is to

derive an exact expression for the CDF of the output SNR

for this scheme. Assuming Rice/IG composite fading and i.i.d.

conditions, this CDF can be evaluated as

Fγout
(γ) =

∫ ∞

0

Fγr
(γ|y)fp(y)dy, (C-1)

in which Fγr
(γ|y) denotes the CDF of the actual received

output SNR based on the fading variables. Hopefully, for Rice

distributed fading variables, this CDF has been previously

derived in [23, eq. (19)]. Substituting this equation and (4)

in (C-1), integrals of the form given in (A-6) as well as of the

following form have appeared

I2 =

∫ ∞

0

W−a exp
(
−BW−1

)

× γ
(√

2(k + 1), (k + 1)W−1
)

dW.

(C-2)

This integral can be solved by making a change of variables

of the form W = 1/y and by using [15, eq. (6.455)]. Based

on this solution and after some mathematical procedure, the

following expression for the Fγout
(γ) is finally deduced

Fγout
(γ) = 2Fγi,j

(γth)−
γα

Γ(α)

∞∑

i,j=0
v1+v2+v3=i

2Aββ3

1

× (1− ρ2t )
α+β3

∞∑

n=0

kn

n!

n∑

p=0

e−k

p!

(
1− ρ2t
2− ρ2t

)p+β2

×
[

(1 + (−1)v3)F(0)− (−1 + (−1)v3)F
(
1

2

)]

,

(C-3)

where

A =
2v3+2h−1(k + 1)1+β4ρ2ht

(
k

(1+ρt)2

)i

√
π γ1+β4

d (1− ρ2t )
1+2h

v1! v2! v3! i!
exp

(

− 2k

1 + ρt

)

,

F(x) =
(2ρt)

2xΓ
(
j + x+ 1

2 + v3
2

)

Γ (2x+ 2j + 1)Γ
(
x+ 1 + j + v3

2

)

(
1 + k

1− ρ2t

)x

× Γ (p+ β2 + x) Γ (α+ β3 + x)

(β3 + x) [β1 + γ(1− ρ2t )]
α+β3+x

(
1− ρ2t
2− ρ2t

)x

× 2F1

[

1, α+ β3 + x;β3 + x+ 1;
β1

β1 + γ(1− ρ2t )

]

,

with β1 = (k+1)γth, β2 = v1+
v3
2 +j+1, β3 = v2+

v3
2 +j+1,

and 2F1(·) denoting the Gauss hypergeometric function [15,

eq. (9.100)].
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