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Abstract 

This paper addresses the study of a fading-rejection algorithm based on joint spectrum and antenna selection in a 

vehicle-to-vehicle (V2V) multiple antenna system. The central objective of this selective scheme is to provide 
resilience against the destructive effects of the superposition of line-of-sight (LOS) and ground-reflected signals. 

The paper also provides an extension to channels that combine such deterministic superposition of multiple paths 
and reflections with an uncorrelated double scattering component, which shows how the algorithm is also 

beneficial under more general channel modelling assumptions. A multiple-ray performance model is used to 
describe the deterministic signal interactions between multiple antennas across contiguous vehicles. The antenna 

selection component is shown to reject deterministic fading, particularly at short values of the inter-vehicular 
distance. By contrast,when the spectrum bands are correctly chosen, the spectrum selection component can 

exhibit gains for a wider range of inter-vehicular distances than its antenna selection counterpart. This indicates 
that both components of the proposed solution are, in some cases, complementary, and therefore, they should be 

considered together in V2V multiple antennadesign. Derivation of the statistics of the selective scheme 
considering an additional double scattering stochastic channel component is here proposed. Simulation results 
from all expressions show important gains for a given range of inter-vehicular distances. 
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Abstract. This paper addresses the study of a fading-rejection algo-
rithm based on joint spectrum and antenna selection in a vehicle-to-
vehicle (V2V) multiple antenna system. The central objective of this
selective scheme is to provide resilience against the destructive effects
of the superposition of line-of-sight (LOS) and ground-reflected signals.
The paper also provides an extension to channels that combine such
deterministic superposition of multiple paths and reflections with an un-
correlated double scattering component, which shows how the algorithm
is also beneficial under more general channel modelling assumptions.
A multiple-ray performance model is used to describe the deterministic
signal interactions between multiple antennas across contiguous vehicles.
The antenna selection component is shown to reject deterministic fading,
particularly at short values of the inter-vehicular distance. By contrast,
when the spectrum bands are correctly chosen, the spectrum selection
component can exhibit gains for a wider range of inter-vehicular distances
than its antenna selection counterpart. This indicates that both compo-
nents of the proposed solution are, in some cases, complementary, and
therefore, they should be considered together in V2V multiple antenna
design. Derivation of the statistics of the selective scheme considering an
additional double scattering stochastic channel component is here pro-
posed. Simulation results from all expressions show important gains for
a given range of inter-vehicular distances.

Keywords: MIMO · V2V · Line of sight · Two-Ray model

1 Introduction

Intelligent transportation systems (ITS) constitute one the best candidates to
achieve future mobility and related sustainability goals in urban environments [5].
The performance of these systems depends on a highly reliable, real-time, and
ultra-low latency vehicular network infrastructure [17]. The new 5G [18] and ITS
standards [1] are expected to fulfill several of these infrastructure requirements.
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One of the main features of 5G that will help in improving the reliability of
wireless links is multiple antenna technology, also known as MIMO or multiple-
input multiple-output systems. Multiple antennas will be located predominantly
at the base stations (potentially on a large scale, i.e., massive MIMO) and in less
quantity (due to implementation constraints) on the vehicle side. V2V (vehicle-
to-vehicle) multiple antenna technology will also support connectivity, particu-
larly when road infrastructure is unavailable or scarce. An additional reliability
solution to MIMO has been recently considered for the vehicular connectivity
problem: dynamic and opportunistic spectrum management and allocation [7].
The combined use of space and spectrum diversity will improve real-time V2X
services. It will enable ultra-fast response for critical system control, thus leading
to safer vehicular maneuvers and, in general, urban transport decision-making.

This paper attempts to contribute towards filling a gap in the literature
of vehicular MIMO systems in scenarios with dominant deterministic channel
components that experience the presence of explicit ground reflections. Our work
analyzes the joint effects of antenna and spectrum band selection, considering
frequency bands that are candidates in current standards to support vehicular
connectivity.

By investigating the nulls and fade distributions of V2V systems based on
the two-ray model, we obtain useful bounds and conclusions about the effects of
joint antenna and spectrum selection on the following characteristics of the two-
ray signal superposition model: depth of the fades, density of fades, and path loss

exponent transition. We also include the study of the statistics of the selection
algorithm when considering an additional stochastic channel component with
double scattering features, which reveals that the proposed mechanism is also
helpful in more generalized channel models. Summarizing, our contributions are
the following:

1. Investigation of the properties of the interference channel due to ground
reflections and the analysis of the effects of joint antenna and spectrum
selection, and

2. Investigation of the statistics of the resulting SNR when considering deter-
ministic ground reflections and double scattering distributions, which are
typical of V2V scenarios. This is, to the best of our knowledge, a new type
of derivation in the literature of V2V multiple antenna systems.

The rest of the paper is organized as follows. Section 2 presents a non-
exhaustive review of related works. Section 3 presents the scenario and signal
reception model for V2V links with multiple antennas. Section 4 introduces the
fading characteristics of the two-ray model that will be relevant for analyzing
the selection algorithm. Section 5 provides details of the proposed joint antenna
and selective algorithm, including statistics of the resulting signal-to-noise ratio
(SNR) when considering a double scattering stochastic component. Section 6
presents the results of our methods. Finally, Section 7 concludes the paper.
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2 Related Work and Contribution

The characterization of V2V MIMO channels and the optimization of vehicular
antenna design have gained the attention of research and industrial communities
in the past few years, mainly due to the advent of vehicular intelligent networks.

V2V channels can be broadly divided into three groups: i) deterministic line-
of-sight (LOS) models (e.g., [10]) that are useful for antenna separation and
beam-forming problems, ii) deterministic multiple ground reflection ray tracing
channels (e.g., [6,9]), and iii) geometry-based stochastic or stochastic vehicular
channel models (e.g., [11]). Regarding antenna design, the majority of works
have focused on three major issues: antenna position optimization (e.g., [15]),
optimization of the number of antennas [8], or the problem of optimum antenna
separation [10].

The literature of conventional MIMO has widespread use of antenna selection
diversity [16]. Also, in conventional cellular networks, dynamic spectrum man-
agement has been used to extend cellular capacity, increase coverage, improve
load-balancing in multi-cell scenarios, and provide an additional dimension for
diversity combining. However, the use of these two combined technologies in
V2V scenarios has yet to be reported to the best of our knowledge.

The work in [4] has presented a scheme to achieve diversity in V2V links
with ground reflections using several fixed frequency bands. Our work follows the
philosophy of this previous work and proposes an important upgrade. Instead of
continuously using different fixed frequency bands, our work proposes a dynamic
spectrum selection, where frequency bands are selected "on-the-fly" based on the
available channel state information. The dynamic spectrum selection algorithm
is combined with an antenna selection diversity scheme.

Contribution: Compared with previous works, our paper primarily looks
at how the LOS (line-of-sight) component in a V2V MIMO system is affected by
ground reflections and how we can fight against strong fading using a combined
antenna and spectrum band selection mechanism. We prove that for different
values of inter-vehicle distance, the dynamic allocation schemes contribute to im-
proving the SNR (Signal-to-Noise Ratio) of the transceiver in different regimes:
antenna selection has gains for short inter-vehicular distances. In contrast, fre-
quency selection can be helpful for a wider range of inter-vehicular distances but
always shorter than the critical point given by the total angle reflection (i.e., the
main fade). Results of the statistics achieved by the selective algorithm when as-
suming an additional double-scattering component are here also provided under
the assumption of uncorrelated double fading with a LOS component affected
by ground reflections.

Notation: Scalar variables are denoted by lowercase letters. The variable i
is the imaginary number i =

√
−1. Vector and matrix variables are denoted

by lowercase and capital-bold letters, respectively. | · | denotes absolute value
and vector norm operator. fY (y), FY (y), and F̄Y (y) denote, respectively, the
probability, cumulative, and complementary cumulative density functions of the
random variable Y (PDF, CDF, and CCDF, respectively). Similarly, ΨY |X(iω)
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and Ψ(iω) denote, respectively, the conditional and unconditional characteristic
function (C.F.) of the random variable Y with respect to X.

3 System model

3.1 Scenario description

Fig. 1 depicts a V2V system where an antenna array is located on the rooftop
of each vehicle [6]. The dimensions of the cars are identical, so the arrays in
the two vehicles constitute a mirror image of each other. The distance between
the two arrays, also called inter-vehicular distance, is denoted by dveh. This
means they are located at the same height (zant) with the same regular sep-
aration between antennas. The system assumes dynamic spectrum selection in
different wavelengths λm, m = 1, . . . ,M . The main objective of this config-
uration is to select the antenna link and the spectrum band m that provide
the best rejection of the fading effect that arises due to ground reflections and
other impairments (e.g., scattering). This fading-rejection ability will be trans-
lated into improved reliability of future vehicular applications such as vehicle
platooning and autonomous cars. Table 1 gives the list of main variables. The
number of Tx antennas is denoted by NTx, while the number of receive anten-
nas is denoted by NRx. The position of the jth transmit antenna is denoted by

r
(tx)
j = [x

(tx)
j , y

(tx)
j , z

(tx)
j ] while the position of the kth receive antenna is denoted

by the vector r
(rx)
k = [x

(rx)
k , y

(rx)
k , z

(rx)
k ]. The direct distance between antenna j

in the transmitter and antenna k in the receiver is denoted by dj,k and is given
by [6]:

dj,k =

√

(

x
(tx)
j − x

(rx)
k

)2

+
(

y
(tx)
j − y

(rx)
k

)2

+
(

z
(tx)
j − z

(rx)
k

)2

.

Fig. 1. V2V communication link: (bottom) LOS and ground reflected rays; and (top)
an aerial view of the V2V channel [6]



Joint Spectrum and Antenna Selection Diversity for V2V Links 5

Table 1. List of variables

Variable Meaning

dveh Inter-vehicular distance

NTx Number of Tx antennas

NRx Number of Rx antennas

r antennas position

dj,k Distance between jth Tx and kth Rx antennas

hj,k,m Channel between antenna j and antenna k in band m

Γj,k,m Reflection coefficient between antennas j and k

λm operational wavelength

ngr,m Complex refractive index in band m

c light speed

ϵr,m Ground relative permittivity in band m

σm Ground conductivity in band m

η Signal to noise ratio

σ2

v Variance of noise

ϕΓ Phase of reflection coefficient

PT Average Tx Power

κ Modified Rice factor

The distance for the ground reflected ray, denoted by d
(gr)
j,k , is given by [6]:

d
(gr)
j,k =

√

(

x
(tx)
j − x

(rx)
k

)2

+
(

y
(tx)
j − y

(rx)
k

)2

+
(

z
(tx)
j + z

(rx)
k

)2

.

3.2 Channel model

The channel between the jth Tx antenna and the kth Rx antenna in the band m
is denoted by hj,k,m and will be defined as the contribution of two components:
the deterministic component that will include the LOS and ground reflections,
and the second component that will consider all scattering contributions. This
can be expressed as follows:

hj,k,m = h
(d)
j,k,m + h

(s)
j,k,m, (1)

where h
(d)
j,k,m is the deterministic component of the channel and h

(s)
j,k,m is the

stochastic component. The ratio of the average power of the deterministic to the

stochastic component is given by: κj,k,m =
|h

(d)

j,k,m
|2

E[|h
(s)

j,k,m
|2]

, and is called here modified

Rice factor. The deterministic channel component h
(d)
j,k,m will be described by the

two-ray model. We consider the exact formulation of two rays traveling different
distances and concurring at the same destination antenna. Each ray experiences
path loss with an exponent equal to two (free space) and a phase shift delay
proportional to the distance of each trajectory. This model assumes the two
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rays arrive within the boundaries of a symbol duration (i.e., no inter-symbol
interference). This can be expressed mathematically as follows [13]:

h
(d)
j,k,m =

√
PT

4π
(e2πid̃j,k,m/d̃j,k,m + Γj,k,me2πid̃

(gr)

j,k,m/d̃
(gr)
j,k,m), (2)

where PT is the average total signal power including Tx and Rx antenna gains,

d̃j,k,m = dj,k/λm and d̃
(gr)
j,k,m = d

(gr)
j,k /λm, are respectively, the direct and the

ground reflected electric distances between antenna j and antenna k in band m,
Γj,k,m is the reflection coefficient for the same tuple, and λm is the operational
wavelength of the mth spectrum band. The reflection coefficient considering
vertical polarization can be written as follows (modification of [3]):

Γj,k,m =
nr,m sinβj,k +B(

√

n2
r,m − cosβj,k

2 + ini,m)

n2
r,m sinβj,k + (

√

n2
r,m − cosβj,k

2 + ini,m)
, (3)

where βj,k,m is the angle of reflection, nr,m is the real part of the complex re-
fractive index of ground ngr,m and ni,m is the imaginary part of ngr,m. For lossy

materials we have ngr,m = nr,m + ini,m =
√

ϵr,m − iσmλm

ϵ02πc
[6], where c is light

speed, while ϵr,m and σm denote, respectively, the relative permittivity and con-
ductivity of asphalt pavement considering operation in the mth frequency band
[14]. Regarding the stochastic component, it will be considered as a double scat-
tering random variable, where each scattering component will be modeled as an

independent circular complex Gaussian random variable: h
(s)
j,k,m = xj,k,myj,k,m,

where {xj,k,m, yj,k,m} ∼ CN (0, γ), and γ is the variance of the zero-mean Gaus-
sian random variable.

The signal-to-noise ratio (SNR) of a single antenna link (j, k) in frequency
band m is thus given by:

ηj,k,m =
|hj,k,m|2

σ2
v

, (4)

where σ2
v is the noise variance.

4 Fading characteristics of the two-ray model (κ → ∞)

First, let us investigate the characteristics of the V2V two-ray channel model that
can be improved by the antenna and spectrum selection algorithm proposed in
this paper. In the case of one Tx and one Rx antenna (NTx = NRx = 1), and
considering dominance of the deterministic component in (1), which means κ is
relatively large (κ → ∞), the SNR expression in (4) boils down to the SNR of
the conventional point-to-point two-ray model:

η = P̃T

∣

∣

∣
ei2πd̃los/d̃los + Γei2πd̃gr/d̃gr

∣

∣

∣
, (5)

where d̃los is the LOS electric distance, d̃gr is the electric distance of the reflected

ray, and P̃T = PT /(16π
2σ2

v).
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4.1 Depth of the fade

The fades are destructive interference patterns caused by the interaction between
the direct and the ground reflection of the two-ray model in (5). These fades have
different "depths", which can be defined as the minimum value achieved by the
destructive interference. This depth in the two-ray model is bounded by:

ξ = 1− |Γ (df )| cosβ(df ), (6)

where df is the distance of occurrence of the fade.

Proof Consider the normalized two-ray model, which is given by the ratio of
the two-ray model in (5) to the free space loss:

η̂ = η/(P̃T |ei2πd̃los/d̃los|2) = |1 + Γei2π(d̃gr−d̃los)d̃los/d̃gr|

= |1 + Γ cosβei2π(d̃gr−d̃los)|
= |1 + |Γ | cosβei2π(d̃gr−d̃los)+iϕΓ |, (7)

where ϕΓ is the phase of the reflection coefficient. The fades occur when the two
components in the previous equation cancel or considerably cancel each other.
This happens when the second component achieves values closer to −1. Since
0 < |Γ | < 1, 0 < cosβ ≤ 1, and both Γ and cosβ are increasing functions with
respect to the inter-vehicular distance, then the closest excursion of the second
component in (7) to the value of -1 occurs when the phase of the exponential

complex term is 180 degrees, which means e2π(d̃gr−d̃los)+ϕΓ = −1. By substitut-
ing this value in the previous equation, we obtain the lowest excursion of the
two-ray model or lowest bound on the depth of the fades:

ξ = 1− |Γ (df )| cosβ(df ),
where df denotes the distance at which the phase of the exponential term
achieves the value to reach the bound on teh depth of the fade. This concludes
the derivation of the depth of the fade in (6).

Corollary The fades of the two-ray model are never strictly null or zero. Their
depth increases when the inter-vehicular distance increases or when the antenna
height is reduced. They asymptotically reach null values for distances near the
point where reflection conditions approach Brewster’s total reflection criterion.

Proof Consider the expression in (6) for the depth of the fades of the two-ray
model. The term |Γ |, or the reflection coefficient, only reaches the value of −1
for perfect metallic surfaces or for long distances between vehicles (i.e., beyond
the distance given by Brewster’s criterion for total internal reflection). For long
distances, the value of cosβ also tends to the value of 1. Therefore, the depth of
the fades as described by (6) with Γ → −1 and cosβ → 1 asymptotically reaches
a null value ξ → 0 only when the distance is in the vicinity of the Brewster’s
total reflection distance.
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4.2 Density of fades

The fades of the two-ray model occur at a variable frequency given by:

ν =
2π|d̃gr − d̃los|+ ϕΓ

2π
.

For real values of the reflection coefficient (i.e., ϕΓ = 0), the rate of fades of the
two-ray model becomes

ν = |d̃gr − d̃los|, (8)

which means that at longer electric distances, where the difference between the
two values d̃gr and d̃los is minimized, the rate of fades experienced by the receiver
is reduced. By contrast, increasing the height of the antennas or reducing the
inter-vehicular distance leads to an increased value of the difference between the
two distances, which means an increase in the rate of appearance of fades.

Proof The proof follows from the analysis of the complex exponential term in
(7). The fades occur when the second term (complex exponential) is as close as
possible to −1, which occurs when the argument is equivalent to -180 degrees.
The argument of the complex exponential term provides us with the angular and
linear rate as follows:

ei2πν = ei2π(d̃gr−d̃los)+iϕΓ .

The value of the frequency is thus given by (8). This concludes the proof of the
derivation of the rate of fades in (8).

5 Selection Diversity

5.1 Algorithm description

The main goal of this paper is to use the concept of diversity across antennas
and spectrum bands to reduce the probability of fading that occurs with the
interference created by ground reflections and/or scattering components. The
idea behind this proposal is that not always processing all the available antenna
links is beneficial for improved performance. There could be configurations of
multiple antennas and spectrum bands that can experience deeper fades than
other configurations. In our context, the joint spectrum and antenna selection
algorithm can be expressed as an optimization problem:

{j, k,m}opt = argj,k,m max |hj,k,m|2 . (9)

5.2 Deterministic channels

From the results in the previous sections, we can predict some of the features of
the selective algorithm. The maximum excursion of antenna link selection is given
by the antennas at opposite ends of the vehicle width (vw). This configuration
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provides an effective distance difference with respect to two antennas facing each

other given by ddif =
√

d̃2veh + ṽw − d̃veh. From this expression, we can observe

that for larger values of dveh, then ddif → 0 and the effects of maximum excursion
of the antenna array decrease. Therefore, the effects of the multiple antenna
systems (including antenna selection) also start to decline. This suggests that
antenna selection is mainly beneficial for values of dveh relatively short or small
when compared to the vehicle width. This also means that path-loss transition
beyond the critical point of total reflection is likely not to be influenced by
antenna selection. The main fade given by the critical point is also expected not
to be highly influenced by antenna selection, as this critical point mainly occurs
at values of dveh that are considerably large and therefore also larger compared
to the vehicle width. By contrast, a change of frequency band can result in a
more effective way to bring the electric vehicle width within values that can affect
the location of the main fade. Therefore, we can select a set of frequency bands
for which the maximum antenna excursion and spectrum dynamic selection can
produce different fade distributions, allowing the selective algorithm to reject
fades more effectively across different bands. This analysis will be verified in the
section of results.

5.3 Stochastic channels

Let us now consider the case where the stochastic component in (2) becomes

relevant, i.e. when κ increases. We consider that the stochastic component h
(s)
j,k,m

is described by a random variable with a strength characterized by a double
Rayleigh distribution. The statistics of the SNR of the selected link and spectrum
band as expressed by (9) can be obtained using the theory of order statistics [12].
This leads to the following PDF of the SNR of the proposed selection scheme:

fη∗(y) =
∑

j,k,m

fηj,k,m
(y)

∏

{ĵ,k̂,m̂}̸={j,k,m}

Fηĵ,k̂,m̂
(10)

where fηj,k,m
(y) is the PDF of a single link with double scattering and with mean

given by the deterministic channel component in (2). The CCDF (complemen-
tary cumulative distribution function) of this random variable can be calculated
in integral-form as follows:

F̄ηj,k,m
(y) =

∫ ∞

r=0

∞
∑

n=0

n
∑

l=0

|µj,k,m|2nyl
n!(γr)l+n

e−
y+|µ|2

γr
1

γ
e−

r
γ dr, (11)

and as a proposed closed-form as follows:

F̄ηj,k,m
(y) =

∞
∑

n=0

n
∑

l=0

|µj,k,m|2nyl
n!γ2l+2n

2

(

y + |µ|2
γ2

)

1−l−n
2

Kl+n−1

(

2

√

y + |µj,k,m|2
γ2

)

,

(12)
where Kn(·) is the modified Bessel function of the second kind and n-th order.
The closed-form expression in (12) remains to be fully investigated as part of
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our future work. For details in the derivation of these equations we refer to the
Appendix. In practice, antenna selection can be activated when two connected
vehicles have a good estimation of the average distance between them or when
channel estimation allows the system to know accurate propagation conditions
between vehicles. The objective of the selective antenna approach is to minimize
the fading or destructive interference that is typical of two-ray model propaga-
tion and double scattering. By dynamically combining different locations of the
receive and transmit antenna with the selection algorithm, the intention is to ob-
tain less probability of low signal quality at the receiver end. Another advantage
of antenna and spectrum selection is that the system is still characterized by a
single link, rather than a combination of multiple components of the underlying
multiple-input multiple-output system with multiple ground reflections.

6 Results

Consider a 2-vehicle configuration with N = NTx = NRx antennas with variable
distance between vehicles (dveh). Each uniform linear array of antennas will be
placed at a height given by zant = 1.2 meters. The width of the vehicles is set
to vw = 1.5 meters. Simulation settings are given in Table 2. Two operational
frequencies are assumed to enable the spectrum band selection component: f1 =
3Ghz and f2 = 4GHz. All the results are calculated using the same number of
antennas on each vehicle side N = 4, 8, assuming vertical polarization for the
reflection coefficient in (3). It is worth pointing out that all results assume a
unitary Tx power PT = 1 and unitary noise variance σ2

v , which means that all
SNR curves show the effective channel gain. It is, therefore, straightforward to
scale the results to the desired power and noise levels according to the target
bandwidth and spectrum band regulations.

The results in Fig. 2 show the individual SNR (channel gain) performance
without antenna selection for the two targeted frequency bands. The figure also
includes the solution for joint antenna and spectrum band selection (labeled as
’SEL’). We can observe that antenna selection rejects some of the fades, partic-
ularly for low values of inter-vehicular distance. This is observed in the curves
that show modified peaks and fades on the left side of the figure. This ability to
reject fades decreases as the inter-vehicular distance increases. This is because
increased inter-vehicular distances yield a reduction in the diversity provided by
the antenna arrays, as their performance becomes indistinguishable from a sin-
gle antenna system for such long inter-vehicular distances. In turn, this means
that for the largest channel fade, which is given by Brewster’s total reflection
critical point, the antenna selection system has reduced effectiveness, particu-
larly when this critical distance point is relatively large compared to the width
of the antenna array. In the case of the results in Fig.2, the main channel fade
for both frequency bands occurs at distances beyond 25 meters, which is consid-
erably large with respect to the width of the antenna arrays of only 1.5 meters.
Therefore, we can observe that the antenna selection diversity scheme shows
gains only for the first fades of the channel. By contrast, secondary frequency
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Table 2. Simulation parameters

Variable Meaning value

dveh Inter-vehicular distance 1-50 (m)

zant height of antenna array 1.5

vw vehicle width 1.5

ϵr relative permittivity (asphalt) [14] 4

λ1, λ2 wavelengths 0.1m, 0.075m,
(3GHz,4GHz)

σ conductivity (asphalt) [14] 0.02

hj,k,m channel j, k antenna link in band m (2)

NTx Number of Tx antennas 8

NRx Number of Rx antennas 8

PT Tx Power Unitary

transmission provides a different channel fade distribution, which shows to be
beneficial as the selective algorithm effectively removes the two main fades of the
two spectrum bands. From our results in the previous sections, the fade density
depends on the operational wavelength. Therefore, it is possible to select a set
of channel frequencies with a fade distribution that can be complementary to
each other (if possible). In the case of Fig. 2, we can observe that for values of
the inter-vehicular distance close to the main channel fade or Brewster’s total
reflection angle, the two frequencies have a significant difference in the location
of their main fade, and therefore, the dynamic spectrum allocation allows us
to avoid the main channel fade of both frequencies. These results show how the
combined diversity of spectrum and antenna selection will reduce the probability
of fades, the depth of the fade, and also the density of the fades with respect to
a single antenna V2V link.

The results in Fig. 3 show the cumulative distribution function (CDF) of
the SNR (channel gain due to unitary Tx power and noise assumption) when
considering a channel model with a stochastic component using a simulated
version of the expressions previously derived. The results considered a modified
Rice factor of κ = 10dB and used as a LOS component the multiple ray model
for deterministic fading calculation as presented in (2). We can observe the gain
provided by the joint selection of antenna and frequency band compared to the
two CDFs of the individual bands with a single antenna transmission and ground
reflection. This shows that the selection algorithm is also beneficial in channels
with more general V2V channel models.

7 Conclusions

This paper has presented a scheme to achieve diversity in V2V channels by
combining antenna and frequency band spectrum selection. In comparison with
previous multiple antenna systems, the use of the spectrum band selection com-
ponent to achieve additional diversity gains proves beneficial, particularly when
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Fig. 2. SNR versus inter-vehicular distance (dveh for different V2V schemes with or
without antenna and spectrum selection (No scattering) assuming unitary noise and
Tx power.

Fig. 3. CDF of the SNR for different V2V schemes with or without antenna and spec-
trum selection (Scattering).
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the operational frequencies are not too dissimilar and when their fading dis-
tributions are complementary. We have proven using plots of the channel gain
performance that antenna diversity is mainly beneficial for short values of inter-
vehicular distance, while spectrum dynamic selection can provide rejection of
channel fades when the selected frequency bands have distinct density of fades
and also distinct locations of the main channel fade (total reflection). We have
also shown that when considering a channel double scattering component, the
cumulative distribution function (CDF) of the joint antenna and frequency band
selection shows considerable improvements, which reveals additional gains. This
means fades due to the stochastic signal superposition are also efficiently rejected
together with the deterministic fading distribution. Expressions of the statistics
were provided by considering uncorrelated double scattering stochastic compo-
nents, which is to the best of our knowledge, a new attempt in the literature.
Future work includes the investigation of selective schemes in the presence of out-
dated channel state information and in the presence of co-channel interference,
which are problems that commonly arise in dynamic spectrum and opportunistic
cognitive radio systems.
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Appendix Derivation of statistics of the joint
antenna-frequency selection in Eq.(11) and (12).

Consider a random variable given by

y = µ+ xz, (13)

where µ is the mean and x, y are both zero-mean circular complex Gaussian
random variables with variance γ. The random variable ν = |y|2 is therefore
considered here as a random variable with a LOS component and with double
scattering. Consider now the characteristic function (CF) of this random variable
conditional on a given value of the r.v. r = |x|2, which leads to the conventional
Rice CF as follows:

Ψν|r(iω) =
1

1− iωγr
e

iω|µ|2

1−iωγr , (14)
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which can be rewritten as follows:

Ψν|r(iω) =
1

1− iωγr
e−

|µ|2

γr e
|µ|2/γr
1−iωγr = e−

|µ|2

γr

∞
∑

n=0

( |µ|2
γr

)n
1

n!(1− iωγr)n+1
.

The back-transform of this expression yields the following conditional CCDF:

F̄ν|r(y) =
∞
∑

n=0

n
∑

l=0

|µ|2nyl
n!(γr)l+n

e−
y+|µ|2

γr

The unconditional CCDF of ν can be obtained as follows:

F̄ν|r(y) = Er[F̄ν|r(y)] =

∫ ∞

r=0

F̄ν|r(y)fr(r)dr, (15)

where fr(r) =
1
γ
e−

r
γ . This can be expressed explicitly as follows:

F̄ν(y) =

∫ ∞

r=0

∞
∑

n=0

n
∑

l=0

|µ|2nyl
n!(γr)l+n

e−
y+|µ|2

γr
1

γ
e−

r
γ dr. (16)

Let us now use the following change of variable u = r
γ

in the previous expression,
which yields:

F̄ν(y) =

∫ ∞

u=0

∞
∑

n=0

n
∑

l=0

|µ|2nyl
n!(γ2u)l+n

e
−

y+|µ|2

γ2u e−udu, (17)

which yields, using formula (29) in Chapter 4.5 of the integral tables in ([2]), the
following:

F̄ν(y) =

∞
∑

n=0

n
∑

l=0

|µ|2nyl
n!γ2l+2n

2

(

y + |µ|2
γ2

)

1−l−n
2

Kl+n−1

(

2

√

y + |µ|2
γ2

)

, (18)

where Kn(·) is the nth order modified Bessel function of the second kind. This
final expression remains to be confirmed as part of future work. This concludes
the derivation of (11) and (12) in the integral form and in its potential closed-
form expression.
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