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Abstract

Vehicular-to-Vehicular (V2V) communications are receiving
considerable attention due to the introduction of the intel-
ligent transport system (ITS) concept. To design, evaluate
and optimize ITS applications oriented to vehicular safety
based on wireless systems, the knowledge of the propaga-
tion channel is vital, in particular the small-scale fading dis-
tribution. From a narrow-band V2V channel measurements
campaign carried out in an expressway area near the city
of Valencia (Spain), this paper analyzes the experimental
distribution of the small-scale fading. This experimental dis-
tribution is compared to the analytical distributions used in
wireless communications to model the fast fading: the
Rayleigh, Nakagami-m, Weibull, Rice and a-zdistributions.

Keywords: Vehicular communications, V2V channels,
small-scale fading.

1. Introduction

Traffic accidents are an important health and social prob-
lem all over the world. In spite of the continuous reduction
of the number of fatalities and injured people in traffic ac-
cidents over the last decade in developed countries, crash
rates remain approximately constant in such countries [1].
This decrease in death and injured people has been
achieved by both law enforcement and passive vehicle
safety systems (e.g., airbags, anti-lock braking system and
electronic stability control). A relevant aspect of the Intel-
ligent Transportation Systems (ITS), which consists of the
application of advanced and emerging technologies in
transportation to save lives, time, money, energy and the

environment, is the vehicular communications systems. A
myriad of applications related to vehicles, vehicle traffic,
drivers, passengers and pedestrians, which have been pro-
posed recently, requires reliable low-latency wireless com-
munications in vehicular ad hoc networks (VANETs). The
interchange of information in such networks is achieved
by vehicle-to-vehicle (V2V) and vehicle-to-infrastructure
(V21) communications. VANET also enables to extend the
range of the communications by using the multiple-hop
mode. Thus, several services as hazard warnings or infor-
mation on the current traffic situation will be addressed
with minimal latency in these wireless cooperative systems.
Physically, radio transmitter on-board units (OBUs) inside
the vehicles, and access points placed along the road,
equipped with radio transmitter road-side units (RSUs),
make vehicular communications operational.

In USA, the first ITS services, such as the electronic toll col-
lection, were allocated in a frequency spectrum between
902 MHz and 928 MHz [2], whereas the band of 5.8 GHz
(5.795-5.815 GHz) was allocated in Europe as a part of
dedicated short-range communications (DSRC) bands [3].
Unfortunately, this band turned out to be insufficient for
high and medium-range vehicular communication sys-
tems. Therefore, the Federal Communication Commission
(FCC) assigned 75 MHz of licensed spectrum in the 5.9
GHz frequency band in 1999, concretely from 5.850 GHz
t0 5.925 GHz [4], see Fig. 1. Its importance is further high-
lighted by the European decision on the use of the 5.875-
5.905 GHz frequency band for safety-related ITS applica-
tions and later on, the 5.855-5.875 GHz and 5.905-5.925
GHz bands for non-safety-related and road safety and
traffic efficiency services, respectively [5], [6].

In USA, the FCC specified the list of channels using 10 or
20 MHz bandwidth for DSRC applications, even though
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Figure 1. Spectrum allocated for ITS systems [22].

10 MHz is the most common channelization proposed for
ITS. For instance, channel 178 is the control channel (CCH)
used to broadcast communications related to safety appli-
cations. Service channels (SCHs) are dedicated to safety
and non-safety applications. Channels 172 and 184 are
especially used to V2V and V2I communications for safety
applications in crossroad situation, respectively. The maxi-
mum equivalent isotropically radiated power (EIRP) for
DSRC devices, i.e., OBUs and RSUs, is also illustrated in Fig.
2, where we have distinguished between public (Pub.) and
private (Priv.) applications [4].

In 2006, the family of standards named as Wireless Ac-
cess in Vehicular Environments (WAVE) [7] was issued by
the IEEE to promote ubiquitous high-speed communica-
tions between vehicles and service providers, and homo-
geneous communications interfaces between different
automotive manufacturers.

Fig. 3 illustrates the WAVE protocol stack for DSRC com-
munications, including acronyms of protocols and stan-
dards [8]. At the physical (PHY) and medium access con-
trol (MAC) layers, DSRC makes use of the IEEE 802.11p

| 1 1
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V2v 1 1 1 1 V2|
< :|: P .: =|: P |4_>
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RSU-OBU EIRP ’ 23133 23123
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Figure 2. DSRC channel allocation in the 5.9 GHz band for ITS applications in USA [23]
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Figure 3. WAVE protocol suites, based on [8].

specifications [9], a modified version of the IEEE 802.11
(WiFi) OFDM standard [10], defined previously by the
American Society for Testing and Materials (ASTM) in
2003. In the middle of the stack, DSRC employs a suite
of standards defined by the IEEE 1609 Working Group:
1609.4 for Channel Switching, 1609.3 for Network Serv-
ices (including the WAVE Short Message Protocol
VWSMP), and 1609.2 for Security Services. DSRC also
supports the use of the well-known Internet protocols
for the Network and Transport layers, i.e., Internet Pro-
tocol version 6 (IPv6), user datagram protocol (UDP) and
transmission control protocol (TCP). IEEE 802.11p is also
one mode of communication access for land mobiles
(CALM), a framework for heterogeneous packet-
switched communications in mobile environments ap-
proved by the International Standards Organization (ISO).

In the PHY layer, the basic parameters of the IEEE
802.11p, which correspond to the 802.11 OFDM are il-

SYM SYM

where Ty, is the symbol period and M is the number
of points of the constellation in the modulation scheme.

For instance, the data rate of the channel for the QPSK
modulation (M = 4) and rate » = 1/2 of the convolutional
code, is given by

48><%>< log, 4 bit

R= — =6 Mb/s. (2)
8-10° s

Note that the control channel 178 in USA uses the above
combination of modulation and rate.

Due to the characteristic of low latency in communica-
tions oriented to vehicular safety, a precise understanding
of the propagation channel is essential to design, evalu-
ate and optimize the future vehicular communication ap-
plications. The vehicular propagation channel, where
both the transmitter (Tx) and the receiver (Rx) can be in
motion with low elevation antennas, exhibits significant
differences compared to the traditional fixed-to-mobile
(F2M) channels. Such discrepancies produce that channel
models for F2M communications cannot be applied to
assess the performance of ITS applications based on ve-
hicular communications systems. In addition, the propa-

Parameter Value
Channel spacing 10 MHz
Occupied bandwidth 8.3 MHz
Number of data subcarriers, Ngp 48
Number of pilot subcarriers, Ngp 4

Subcarrier frequency spacing, Ap
Fast Fourier period, Trrr
Guard interval duration, Tg;
Symbol period, Tsyy,

Error correction code

156.25 kHz = 10 MHz/64
6.4 us = 1/ TFFT
1.6 us = TFFT/4
8 us = Ty +Trrr
Convolutional code
K=7 (64 states)

Table 1. Basic parameters of IEEE 802.11 OFDM with 10 MHz spacing [10].
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Modulation Coding Coded bits per Data bits per Data
rate OFDM symbol OFDM symbol rate
R Ncgrs Npsps Mb/s
BPSK 172 48 24 3
BPSK 3/4 48 36 4.5
QPSK 172 96 48 6
QPSK 3/4 96 72 9
16-QAM 172 192 96 12
16-QAM 3/4 192 144 18
64-QAM 2/3 288 192 24
64-QAM 3/4 288 216 27

Table 2. Modulation parameters of IEEE 802.11 OFDM with 10 MHz spacing [10].

gation mechanisms in the DSRC band are significantly
different to those are present in the traditional cellular
communications bands, i.e., from 1 to 2 GHz.

Over the past ten years, the vehicular channel has at-
tracted the interest of numerous researchers [11]-[15].
Nevertheless, a specific fading analysis has not been per-
formed in V2V communications. Based on an extensive
measurement campaign, researchers of the Electromag-
netic Radiation Group (ERG) at the iTEAM Research Insti-
tute have assessed the characteristics of the small-scale
and long-term fading in V2V links. This work analyzes
thoroughly the small-scale behavior of the V2V channel
in an expressway scenario due to the multipath propa-
gation, as it is shown in Fig. 4.

This paper is organized as follows. In Section 2, the meas-
urement campaign and setup are introduced. Section 3
describes an extensive analysis of the statistical distribu-
tions used to model the small-scale fading. Also results
of both Kolmogorov-Smirnov (K-S) fulfillment test and
estimated parameters for small-scale distributions are an-
alyzed in this Section. Finally, the conclusions are dis-
cussed in Section 4.

Figure 4. Example of the vehicular to vehicular com-
munications link.

2. Channel measurements

In V2V communications, the considerable mobility of
both the Tx and Rx terminals and the interacting objects
(reflectors and/or scatterers), leads to high temporal vari-
ability (time-selectivity). In addition, the low elevation an-
tennas along with the displacement of the interacting
objects, and a significant probability of Tx-Rx link ob-
struction, determine the range of the communications,
particularly in heavy traffic urban environments. There-
fore, accurate models for the fading distribution are es-
sential to develop, evaluate and validate new protocols
and system architecture configurations. Vehicular net-
works simulators require the integration of realistic prop-
agation channels, to which may also be added mobility
models to take into account the behavior of vehicles. It
is worth highlighting that in the context of vehicular net-
works, simulations are particularly decisive due to the dif-
ficulty and enormous effort to perform real tests involv-
ing the high number of vehicles, driving conditions and
different vehicular environments.

2.1. Measurement setup

In order to characterize the V2V channel, a channel
sounder has been designed at the above mentioned
DSRC frequency of 5.9 GHz. This system was designed
for the measurement in a narrow-band vehicular com-
munications channel to estimate the path loss, Doppler
effect and fading statistics.

On one hand, as it is shown in Fig. 5, the HP83623A Sig-
nal Generator (SG) was used to obtain a 5.9 GHz Con-
tinuous Wave (CW) at the Tx. A power amplifier enables
to transmit with 23.8 dBm of EIRP. On the other hand,
the ZVA24 Rohde & Schwarz Vector Network Analyzer
(VNA) was in charge of estimating the received power
level, measuring, directly, the b, parameter, at the Rx. A
laptop controlled the VNA to automate the measure-
ments acquisition system. Furthermore, we used two am-
plifiers in series and low loss wires with 1.15 dB at 5.9
GHz, to achieve a total gain of 68.12 dB. The received
system is shown in Fig. 6.

The noise level and the bandwidth resolution have been
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Flgure 6. Receiver system setup for the channel sounder

measured in the laboratory. The results show that using
a resolution bandwidth (RBW) of 10 kHz leads to both a
noise level of -80 dBm and an acquisition measurement
time of 135 us. However, the noise level reaches -75 dBm
and 45 us of acquisition time with a RBW of 100 kHz.

Both Tx and Rx use the same antenna, a A//4 monopole,
which provides a gain in the horizontal plane of -2.56 dB
measured in an anechoic chamber with the scattering pa-
rameter Sy, lower than -21 dB at 5.9 GHz.

In addition, both the Tx and Rx systems were equipped
with a GPS receiver, each one controlled by a laptop, to
provide constant information about the acquisition meas-
urement time, as well as relative speed and separation
distance between Tx and Rx. The laptops have been
synchronized to relate the data from the different GPS
and the measurement from the VNA.

A power supply system is required for the measurement
system equipment aboard vehicles. A couple of 75 Ah,
12V DC battery along with an inverter to convert to 220 V AC

supply around 90 minutes of autonomy, enough time to
perform the measurement campaign.

2.2. Measurement environment

This environment corresponds to an expressway in the
north of the city of Valencia, with heavy road traffic den-
sity and three lanes in each direction. Both sides of the
expressway are open areas. The total path is depicted in
Fig. 7. Details about the measurements are shown in
Table 3.

In order to analyze the small-scale statistics, the total
measurement record has been divided in windows of
1004, which correspond to a variable window size in
number of samples because of the variation of the re-
ceiver vehicle speed. Table 4 shows the main parameters
of each window. The low mean standard deviation of the
received power reflects a dominant multipath compo-
nent in most of the extracted windows.
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Number of Total duration  Total distance

samples

Mean time

between samples

Mean distance covered

between samples

595,000 602.78 s 10,762.76 m

1.013 ms

0.018 m

Table 3. Main parameters of the V2V measurements.

Number  Mean Mean Max. Mean distance  Max. distance ~ Mean standard

of size relative relative between Tx between Tx deviation of

windows  in speed speed and Rx and Rx the received
samples power

2112 281.72 1631 km/h  49.14km/h 163.3m 440.53 m 2.16 dB

Table 4. Parameters using short-term windows of 1004.

3. Estimators of the small-scale
distributions

In this section, some estimators of the Rayleigh, Rice,
Weibull, Nakagami-m, a-p distributions are used to
model the small-scale fading in vehicular communica-
tions. Such distributions have been extensively used in
F2M environments [16]. Nevertheless, some researchers
have employed them to characterize the small-scale fad-
ing in the vehicular communications channel [17], [18].

First of all, we analyze the standard deviation of the field
strength in logarithmic units using a fixed-size window.
Second, we present the percentage of fulfillment of the
K-S test for the small-scale distributions in all the records.
Finally, the distributions of the estimated parameters for
such distributions are analyzed thoroughly.

3.1. Standard deviation of the field strength

The standard deviation of the field strength in dBV/m has
been calculated for all the windows with a size of 1004.
Fig. 8 shows the standard deviation of the field strength
in terms of the separation between the Tx and Rx vehi-
cles. Each dot represents the standard deviation in dB in
a window of size 1004. It can be observed a high disper-
sion of the standard deviation with high concentration
between 0.5 and 3 dB, which are small values of stan-
dard deviations for the small-scale fading in F2M com-
munications. Nevertheless, 2.5% of 1004-sized windows
provide standard deviations that exceed 5.57 dB. Note
that this situation corresponds to a composite small-scale
and long-term fading. Meanwhile, the standard deviation
of the field strength is also shown in Fig. 9 in terms of
the absolute relative speed between the Tx and RX, V.
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Figure 8. Standard deviation in dB of the field strength
in dBV/m as a function of the separation between trans-
mitter and receiver in m.

This absolute relative speed is defined as
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where || represents the absolute value, and vy and vgy
are the Tx and Rx speeds, respectively.
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Figure 9. Standard deviation in dB of the field strength
in dBV/m as a function of the absolute value of the relative
speed between the transmitter and receiver in km/h.

From Fig. 9, it can be inferred that the standard devia-
tions barely depend on the absolute value of the relative
speed in V2V communications.

3.2. Kolmogorov-Smirnov test

Once calculated the estimated parameters of the
Rayleigh, Rice, Nakagami-m, Weibull, and a-u distribu-
tions, we have compared such distributions to the exper-
imental distribution in each window. The statistical K-S
test is used to assess the goodness-of-fit of the above es-
timated distributions to the experimental results [19].
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Figure 10. Percentage of accomplishment of the
Kolmogorov-Smirnov test for a significance of 1% as a
function of the window size in wavelengths.

To determine the optimal size of the windows, we have
calculated the percentage of fulfillment of the K-S test
for the above distribution as a function of the window
sizes in wavelengths for a significance of 1%, as depicted
in Fig. 10.

From Fig. 10, the percentage of accomplishment decreases
with the window size for all the analyzed distributions. How-
ever, this percentage tends to stabilize for window sizes
lower than 1004 for the a-u distribution. Therefore, we have
evaluated the K-S test using a window size of 1004 to max-
imize the number of samples in each extracted window.

An example of evaluation of the K-S test applied to the
Rayleigh distribution is shown in Fig. 11 by using the cu-
mulative distribution function (CDF). The K-S test in one
extracted window given is fulfilled if the maximum ab-
solute value between the experimental and the estimated
distribution, Degimated - depicted with double arrows lines
in Fig. 11, is lower or equal than a given value, K, (p),

, Example of the Kolmogorov-Smirnov test assesment for the Rayleigh distribution
10 T T : :

Rayleigh
b—p - Nalfagami
(= —— Weibull
Test K-S Rice
107" Maximum value | ot H

Experimental

Cumulative distribution function
3

38 39 40 4‘1 4‘2 4‘3 44 45 46
Field strength (dBV/m)

Figure 11. Example of the evaluation of the Kol-

mogorov-Smirnov test using the cumulative distribution
function for the Rayleigh distribution.
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which depends on both the number of samples, n, and
the significance level, p. Therefore, the condition to be
fulfilled in each window is as follows

[Tcs\imalcd (xi ) - Plx;mcrill\cx1lnl (Xi )‘ = kn (p) ’ (4)

estimated 5
e ¢ i=l,..., N

where Iisﬁmmed (+) is the CDF of the Rayleigh, Nakagami-
m, Weibull, Rice or a-u estimated distributions, Foyperi-
mental (+) 1S the CDF of the experimental distribution, and

ﬁ, p=1% n>50
b (p)=1 ¥ ©
136 5% n>50

W’

The statistical K-S test has been assessed for the Rayleigh,
Nakagami-m, Weibull, Rice, and a-u distributions in the
2,112 windows with sizes of 1004. Table 5 shows the
percentage of fulfillment of K-S test with significance lev-
els of 5% and 1%. Also, the percentage of the best-fit
distribution is illustrated in Table 5. This percentage eval-
uates the number of the windows for each estimated dis-
tribution where the value of Degimated 1S the least
amongst the values of the rest of the estimated distribu-
tions, divided by the total of windows, i.e., 2,112. Note
that the sum of the percentages of the best-fit distribu-
tion for all distributions is equal to 100%.

From Table 5, the Nakagami-m, Weibull, Rice, and a-u
distributions match rather satisfactorily the experimental
distribution with similar percentages of accomplishment
over 78%. Nevertheless, the a-u distribution clearly is
the best-fit distribution, condition fulfilled in the 46.31%
of the cases.

3.3. Distribution of estimated parameters.

Once the parameters of the Rayleigh, Nakagami-m,
Weibull, Rice, and a-u distributions are estimated, we
can obtain the distribution of the main parameters of
these statistics for all the measurements.

Since all the distributions of these parameters are con-
siderably right-skewed, we have obtained the distribution
for each parameter in logarithm units, i.e., 10 log p,
where p is the parameter analyzed.

The skewness is a measure of the asymmetry of the prob-
ability distribution [20]. It is defined as

7 = “ (6)

where (1, is the nth sample central moment of the distri-
bution. If v,=0 the distribution is symmetrical. Values of
right-skewed distributions provide y,>0, and y,<0 cor-
responds to left-skewed distributions.

The kurtosis is a measure of the “peakedness” of the
probability distribution [20]. It is defined as

B =t %)

N2
2

For instance, a Gaussian distribution exhibits y,=0 and
32:3.

Table 6 shows the sample mean, standard deviation,
skewness, and kurtosis of the main parameters of the es-
timated distributions in logarithmic units. For further de-
tails about the definition of the parameters and the esti-
mators of such distribution, the reader is referred to [21].

Distribution Rayleigh Nakagami-m Weibull Rice a-u
5% 4.5 80.82 78.27 81.77 82.01

K-S
1% 6.4 88.87 89.73 90.24 85.46
Best-fit % 0.66 14.63 24.72 13.68 46.31

Table 5. Best-fit distributions percentages and fulfillment percentage of the Kolmogorov-Smirnov
test for a significance level of 5% and 1%, with window sizes of 100 wavelengths.

Distribution Nakagami Weibull Rice a-u a-u
Parameter m a K a u

Mean (dB) 8.54 7.96 10.91 5.48 4.92
Std. dev (dB) 5.39 2.75 5.57 5.52 9.08
Kurtosis 2.58 2.36 2.84 5.99 6.66
Skewness 0.37 0.03 -0.17 0.65 091

Table 6. Sample mean, standard deviation, skewness, and kurtosis of the main parameters of the
estimated distributions in logarithmic units (10 log p, where p is the parameter).
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Figure 12. Probability density functions of the K param-
eter of the Rice distribution in dB and the Gaussian ap-
proximation.

All the parameters exhibit high standard deviation in dB
except the a parameter of the Weibull distribution,
which has a lower standard deviation of 2.75 dB.

Also, all the distributions are significantly symmetrical
with maximum absolute value of the skewness of 0.91
for the u parameter of the a-u distribution.

Since the kurtosis and the skewness for the K(dB) of the
Rice distribution are close to 3 and 0, respectively, we can
approximate this distribution for a Gaussian distribution.
Fig. 12 shows the probability density function of the
K(dB) of the Rice distribution and the Gaussian approxi-
mation. The mean of K(dB) of 10.91 dB is considerably
high and suggests a dominant multipath component pre-
vailing in multiple windows. In the V2V communication
channel at 5.9 GHz, the secondary scattered and/or re-
flected components are significantly attenuated related
to the main contribution, and thus it results in high K(dB)
parameter values.

4. Conclusions

In this work, an extensive study of the small-scale ampli-
tude distribution in the V2V channel has been carried out
in the 5.9 GHz band in an expressway environment.

Parameters of the Rayleigh, Rice, Nakagami-m, Weibull,
and a-u distributions have been estimated and such in-
ferred distributions are compared to the experimental dis-
tribution using the K-S test for all the windows. With the
help of the K-S test, we have shown that the a-u distri-
bution is the most frequently best-fit distribution. To ex-
tract the small-scale fading, we have divided the total
record in windows of sizes 1004.

Finally, we have observed that the Rice K parameter can
be modeled as a lognormal distribution with a consider-
able mean, 10.91 dB, which corresponds to a dominant
component in multiple windows.
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