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Abstract

In this paper, vehicle-to-vehicle radio channels are explored and modeled. A
deterministic-statistical (hybrid) spatio-temporal model for vehicle-to-vehicle
channels is developed. The model combines a deterministic model with a statistical
model. The latter one employs statistical approach to calculate the scattered fields due
to randomly positioned scatterers in the first Fresnel zone, which represent the
vehicles, trees, lampposts, and motorcycles in the zone. The model is validated by
comparing the computed result with the measured averaged path loss, shadowing and
small scale fading at 900MHz and 1200MHz. The hybrid model has been proved to

be effective and accurate.
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Chapter 1

Introduction

In recent years, mobile ad-hoc networks (MANETSs) have received much
attention due to their potential applications and proliferation of mobile devices, [1, 2].
Specifically, MANETs mean wireless multi-hop networks formed by a set of mobile
nodes without relying on a preexisting infrastructure. Although they are
infrastructureless and has many benefits such as self-configuration and ease of
deployment, their flexibility and convenience come at a price. The networks still
inherit the traditional problems of wireless communications, such as bandwidth
optimization, power control, and transmission quality enhancement. In addition, their
mobility, multihop nature and the lack of infrastructure create a number of new
complexities and design constraints, which include dynamically changing network
topologies, network robustness and reliability, hidden-terminal and exposed-terminal
problems, variation in link and node capabilities, energy constrained operation and
network security. Many of them are due to the time-varying radio channel
characteristics since every node, including the source and the target, in the networks is
in motion. In addition, low transmitting and receiving antenna heights lead to severe
blockage effect, which may be different from that of macrocellular and microcelluar
radio systems with the base station antenna height being much larger than that of the
mobile station.

A profound knowledge of the radio channel characteristics is a prerequisite for
the development of efficient wireless transmission systems. To our knowledge, only
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few literatures explore vehicle-to-vehicle radio channel characteristics and models. In
[3]~[4], the authors present a “double ring” model to simulate the mobile-to-mobile
local scattering environment and use it to develop a sum-of-sinusoids based method
for simulating small scale fading channels. In [5], analytical expressions of the
time-autocorrelation function and the Doppler spectrum in a mobile radio channel are
derived in the presence of three-dimensional (3-D) multipath scattering. In [6], fading
statistical properties, such as the level-crossing rate and fade duration of the envelope,
of mobile-to-mobile land communication channels have been investigated. In [7], the
paper present results from vehicle to vehicle RF propagation measurements centered
at 900 MHz. The authors focus on determining delay spread and path loss exponents
measured by vector network analyzer.

In this paper, vehicle-to-vehicle radio channels are explored and modeled. A
deterministic-statistical (hybrid) spatio-temporal model for vehicle-to-vehicle
channels is developed. The model combines a deterministic model with a statistical
model. The former model, a site-specific model, considers the direct wave,
ground-reflected waves and the waves reflected from the walls along streets. The
latter one employs statistical approach to calculate the scattered fields due to
randomly positioned scatterers in the first Fresnel zone, which represent the vehicles,
trees, lampposts, and motorcycles in the zone. The model is validated by comparing
the computed result with the measured averaged path loss, shadowing and small scale
fading at frequencies 900MHz and 1200MHz. The hybrid model has been proved to
be effective and accurate.

This report is organized as follows. In Chapter 2, the measurement system and
measurement environments are described. In Chapter 3, channel parameters such as
path loss exponents, the correlation distance, standard deviation of shadowing and the

Ricean factor of the vehicle-to-vehicle channels are evaluated and analyzed using the
2



measured data. The hybrid spatio-temporal model is presented in Chapter 4.

Validation of the model is also given. In Chapter 5, the conclusion is presented.



Chapter 2

Measurement  of Path Loss  for
Vehicle-to-Vehicle Environments

Narrow-band (CW) signal strength measurements were made at 900 MHz and
1200 MHz in Hsin-Chu city, Taiwan. We choose four measurement sites which
include open area without traffic, highway 68 (open area with traffic), Dong-Da road
and Kuang-Fu road to discussing the vehicle-to-vehicle channel characteristics in
different propagation environments. Resulting data were used for the analyses of

fading and propagation loss, as reported herein.

2.1 Measurement system and setup

CW measurements were conducted so as to enable the fast sampling required for
the study of fading dynamics on the channels of interest. A schematic diagram of the
measurement system is shown in Fig. 2.1. Narrow-band CW signal measurements
were taken at 900MHz and 1200MHz. A 10-dBm CW signal was transmitted by a
half-wavelength dipole antenna at a height 1.5 m above the ground. A GPS module
was used to position the location of the transmitter, which is recorded by a notebook.
The receiving antenna is a half-wavelength dipole antenna at a height 2 m above the
ground. The receiver (Advantest R3261A) can instantaneously measure the signal
strength between -10 to -85 dBm over a 300kHz interval. The received data was
acquired automatically by a notebook with a GPIB General Purpose Instrument Bus
card. A GPS module was also used at the receiver to position the location of the
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transmitter. The photographs of the transmitter and receiver are shown in Figure 2.2
and Figure 2.3.

During the measurement, two vehicles were carrying the transmitter and receiver
systems separately and moving along the roadway. The transmitting antenna height
and the receiving antenna height are 1.5 m and 2 m, respectively. Both the
transmitting and receiving antennas are vertically polarized. As the vehicle moved, the

T-R distance versus the received power is recorded.

@ Antenna
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Notebook g
Generator
Chamnel
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Notebook “*+—» cpB > Analyzer

Figure 2.1 Vehicle-to-vehicle field strength measurement system



Figure 2.2 The photograph of the transmitter

Figure 2.3 The photograph of the receiver



Figure 2.4 The photograph of the transmitter in outdoor

Figure 2.5 The photograph of the receiver in outdoor



2.2 Measurement Environments

2.2.1 Site A (open area without traffic)

The measured route is a 1-km long straight way in the north of the Hsin-Chu city,
which planted the shade tree on both sides, and the others are the spacious place. The
transmitting antenna and the receiving antenna were put on the roof of the car A and
car B, the height of the antenna is 2 meters and 1.5 meters respectively. Figure 2.6 and
Figure 2.7 illustrate the sketch map and the photograph of the measured route
respectively. In order to fully understand the time-varying property, we have done the

quantity 6 times to examine again in the same place.
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Figure 2.6 The measurement route of site A on the map
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Figure 2.7 The photograph of the site A

2.2.2 Site B (open area with traffic)

The measurement was done on the highway 68 to represent the open area with traffic.
The site B is the overpass way, there are few buildings on both sides. There are a lot
of cars on site B, which may result in scattering effects. Figure 2.8 and Figure 2.9

illustrate the sketch map and the photograph of the measured route respectively.



Figure 2.8 The measurement route of site B on the map

Figure 2.9 The photograph of the site B
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2.2.3 Site C & Site D (roadway in city)

The measurements were done on roadways in City, which are Dong-Da road (site
C) and Kuang-Fu road (site D) in Hsin-Chu City. Usually, the volume of traffic is
quite large on both roadways, which may result in scattering effects and sometimes
obstructed the direct path. There are a lot of buildings on both sides. The different
between site C and site D is that the road width of site C is greater than site D. Figure
2.10 ~Figure 2.13 illustrate the sketch map and the photograph of the measured routes

respectively.

Figure 2.10 The measurement route of site C on the map
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Figure 2.11 The photograph of the site C
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Figure 2.12 The measurement route of site D on the map
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Figure 2.13 The photograph of the site D

2.3 Measurement result

2.3.1 Site A

Figure 2.14a and Figure 2.14b show the measured path loss versus Tx.-Rx
distance at frequency 900 MHz and 1200 MHz respectively. It can be observe
obviously that the path loss increase with Tx.-Rx. separation distance. Because of
fewer obvious reflectors or cars, the field strength varies slightly comparing with the

other sites.
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2.3.2 Site B

The site B is the overpass way, there are few buildings on both sides. Because of
the cars which move along with the transmitter or receiver, it may induce deep fading
due to destructive or constructive interference. Figure 2.15a and Figure 2.15b show

the measured path loss versus T-R separation at frequency 900 MHz and 1200 MHz

respectively.

I
GO
0F
60|
s0F

40

Path Loss relative to 1m (dB)

201

10

L
10 10 10
Tx.-Rx. Distance (m)

(a)

=}
=}

@
a

Path Loss Ref. to T (dB)

Path Loss Ref. to 1m (dB)

o
[=}

@
[=]

Jid}
[=}

.
=]

w
=}

oy
=]

-~
=]

@
=]

i}
=}

.
[=]

w
=]

[~
=]

=]

Tx.-Rx. Distance (m)
(b)
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Figure 2.15 Path loss versus Tx-Rx distance of measured data at site B
(@) 900MHz ; and (b) 1200MHz
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2.3.3 Site C

Site C is a general roadway with buildings on both sides and a lot of cars near the
transmitter and receiver. It may produce the serious multipath effect and shadowing effect.
It can be observe obviously that the variation of the measured field strength become more
serious. Figure 2.16a and Figure 2.16b show the measured path loss versus Tx-Rx

distance at 900 MHz and 1200 MHz, respectively.

B0 s} on -
or
601
501

401

Path Loss relative to 1m (dB)
Path Loss Ref. to 1m (dB)
)

[=)

Tx.-Ru. Distance (m) Ti.-Ri. Distance (m)

(a) (b)
Figure 2.16 Path loss versus Tx-Rx distance of measured data at site C
(a) 900MHz ; and (b) 1200MHz.

2.3.4 Site D
The measured results at site D are similar to the results at site C. Figure 2.17a and
Figure 2.17b show the measured path loss versus the Tx-Rx separation at 900 MHz and

1200 MHz, respectively.
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Chapter 3

Characterization of Vehicle-to-Vehicle
Path Loss

Narrowband propagation measurements have been conducted in the previous
chapter. The narrowband propagation is characterized in terms of averaged path loss,
shadowing effect, and small scale fading. With massive measurement results, it is
found that (1) the dual slope empirical path loss model is suitable to describe averaged
vehicle-to-vehicle path loss; (2) The lognormal distribution basically fits the shadow
fading of the received signal well; and (3) The small scale fading still follows a

Ricean distribution.

3.1 Averaged path loss

Since both the transmitting and receiving antenna heights are lower than street
building heights, which is the same as that of microcellular environments, the dual
slope empirical model is adopted to describe the averaged path loss. The model is
given by [9]

PL(d)= PL(d,)+10n, log(d)+10(n, — nl)log[1+ di] (3.1)
b
where n, and n, are unknown parameters and PL(d,) is the path loss in decibels
at the reference distance of d, =1m. Again, n, and n, are the path loss exponents
for the model. d, is the break distance (d, =100m).
These two unknowns can be determined in closed form based on the MMSE criterion

17



[10], where the variance or mean squared error o is the quantity to be minimized.

For a total of N measurement locations, the mean squared error is

o7 i PL, — PL(d (3.2)

i=1

where PL, is the measured path loss in decibels for the ith path loss measurement
and PL(d,) in decibels is evaluated at the T-R separation distance d, in meters for
the ith measurement location. o represent the standard deviation of the shadow
fading.

Table 3.1 shows the best-fitting results with the dual slope path loss model at
four measurement sites at frequency 900MHz and 1200MHz. An important result
shown in Table 3.1 is that the path loss exponents for these four sites are all in the
ranges of 1.9<n, <21 and 4.0<n, <4.2. These results indicate that the two-ray
or three-ray model may accurately predict the averaged path loss of vehicle-to-vehicle
propagation. From the table it can be seen that the rms errors (o in decibels) increase
when measurement sites become complex; it is greatest on roadways and smallest in
the open area without traffic. Figures 3.1, 3.2, 3.3 and 3.4 show measured average
path loss versus Tx-Rx distance at sites A, B, C and D, respectively, compared with

the computed path loss using the dual slope path loss model.
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Table 3.1 Dual slope path loss exponents and the standard deviation of the shadow
fading for 900MHz and 1200MHz of the four sites

Measurement 900MHz 1200MHz
sites n, n, | odB) | n, n, |o(dB)
Site A 2 4.1 3.26 1.9 4.1 3.62
Site B 1.9 4.0 4.03 1.9 4.1 5.29
Site C 1.9 4.0 4.74 2 4.0 5.93
Site D 21 4.2 5.57 21 4.1 5.04
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Figure 3.1 Measured averaged path loss versus Tx-Rx distance at site A compared
with the computed path loss using the dual slope path loss model: (a) 900MHz with
n,=2 and n, =4.1; and (b) 1200MHz with n, =1.9 and n, =4.1.
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3.2 Shadow fading distribution

The shadowing contribution to the global attenuation had to be extracted [8]. The
small-scale fading is easily discarded by computing local means of the received field
usinga 104 sliding window.

Figures 3.5 and 3.6 illustrate the measured path loss variation due to shadow
fading on a receiver moving away from a transmitter as a function of separation
distance and its probability density histogram with log-normal fitting curve at site A
for 900MHz. Figure 3.8-3.20 illustrate the same measured results at site B, site C, and

site D for 900 MHz and 1200 MHz respectively.
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Figure 3.5 The measured path loss variation versus T-R separation at site A for

900MHz.
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Figure 3.6 Probability density histogram with log-normal fitting curve (o =3.26dB)
at site A for 900MHz.
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Figure 3.7 The measured path loss variation versus T-R separation at site A for
1200MHz.
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Figure 3.8 Probability density histogram with log-normal fitting curve (o =3.62dB)
at site A for 12200MHz.
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Figure 3.9 The measured path loss variation versus T-R separation at site B for
900MHz.
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Figure 3.10 Probability density histogram with log-normal fitting curve (o =4.03dB )
at site B for 900MHz.
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Figure 3.11 The measured path loss variation versus T-R separation at site B for
1200MHz.
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Figure 3.12 Probability density histogram with log-normal fitting curve (o =5.29dB )
at site B for 1200MHz.
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Figure 3.13 The measured path loss variation versus T-R separation at site C for
900MHz.
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Figure 3.14 Probability density histogram of the measured with log-normal fitting
curve (o =4.74dB) at site C for 900MHz.
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Figure 3.15 The measured path loss variation versus T-R separation at site C for
1200MHz.
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Figure 3.16 Probability density histogram with log-normal fitting curve (o =5.93dB )
at site C for 1200MHz.
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Figure 3.17 The measured path loss variation versus T-R separation at site D for
900MHz.
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Figure 3.18 Probability density histogram with log-normal fitting curve (o =5.57 dB )
at site D for 900MHz.
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Figure 3.19 The measured path loss variation versus T-R separation at site D for
1200MHz.

D12 T T T T T T T
Log-normal Distribution

R e2cured Data
0.1 .

0.058 - .

0.06 -

probahility density

=

=

=,
T

002+

I:I L L L |
-40 -3a -20 -10 a 10 20 3a 40

Medium Scale “ariation (dB)

Figure 3.20 Probability density histogram with log-normal fitting curve (o =5.04dB )
at site D for 1200MHz.
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In order to discuss the time-varying property of the propagation channels, we
consider the parameter of the shadowing correlation distance. The autocorrelation of
the shadow fading process over a range of lags [11] is computed, using Equation (3.3).

The lags correspond to a range of distances traveled.

X =X, —lz X,
)
1 ossx
n-k&s (33)
Px =

13-
R

where X, represents the path loss variation of T-R distance, d,. Here, p,

represents the autocorrelation of k th lag.

Measurements of the shadowing autocorrelation process suggest that a simple
exponential model of the process is appropriate, characterized by the shadowing
correlation distance, r,, the distance taken for the normalized autocorrelation to fall
to 1/e of its value. In macrocells, the correlation distance is a few tens or hundreds
of meters, and corresponds to the widths of the buildings and other obstructions that
are found closest to the mobile. In our research, the correlation distances are below
ten meters in mobile-to-mobile channels. It is because both transmitter and receiver
are moving simultaneously, which will decrease the correlation distances. Table 3.2
shows the correlation distances at four sites for 900MHz and 1200MHz. From the
table it can be seen that the correlation distances decrease when measurement sites
become complex and when measurement frequency increase. Figures 3.21, 3.22, 3.23,

and 3.24 illustrate the autocorrelation functions of the slow fading or shadowing at

four sites for 900MHz and 1200MHz.
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Table 3.2 Correlation distances at four sites for 900MHz and 1200MHz

Measurement r (m) r, (m)

sites
(900MHz) | (1200MH?2)

Site A 7.9 7.7
Site B 7.1 7

Site C 5.7 4.7
Site D 5 4.18

(a) (b)

Figure 3.21 Autocorrelation function versus distance due to the shadow fading at
site A (a) Correlation distance, r, =7.9m, at 900MHz ;
and (b) Correlation distance, r, =7.7m, at 12200MHz.
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Figure 3.22 Autocorrelation function versus distance due to the shadow fading at

site B (a) Correlation distance, r, =7.1m, at 900MHz ;
and (b) Correlation distance, r, =7.0m, at 12200MHz.
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Figure 3.23 Autocorrelation function versus distance due to the shadow fading at

site C (a) Correlation distance, r, =5.7m, at 900MHz ;
and (b) Correlation distance, r, =4.7m, at 1200MHz.

32



Autocarrelation

5] 10 15 it} 25 a0 34 40 ] 5] 10 15 20 25 30 3 40
Distance Distance

(a) (b)
Figure 3.24 Autocorrelation function versus distance due to the shadow fading at
site D (a) Correlation distance, r, =5.0m, at 900MHz ;

and (b) Correlation distance, r, =3.7m, at 12200MHz.

3.3 Small scale fading

Small scale fading contribution to the fading in short distance, which is relative
to correlation distance, had to be extracted. In a mobile-to-mobile channel, small scale
fading is due to the small path length differences between rays coming from scatterers
in the neighborhood of the mobile. These differences, on the order of a few
wavelengths, lead to significant phase differences.

Here, the amplitude statistics of received signal on each measured sites has been
fitted by using a Ricean distribution [12]. Figures 3.25 and 3.26 illustrate the
measured signal variation due to small scale fading on a receiver moving away from a
transmitter as a function of separation distance and its cumulative distribution with
Ricean fitting curve at site A for 900MHz. It is found that the Rician distribution
yields good fitting result. Figure 3.27-3.40 illustrate the same measured results at site
B, site C, and site D for 900 MHz and 1200 MHz respectively. Table 3.3 shows the
Ricean factors of four measurement sites at 900MHz and 1200MHz. From the table it
can be seen that the Ricean factors ( K ) increase when measurement sites become

clear; it is greatest on the open area and smallest on roadways.
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Table 3.3 Measured Ricean factors ( K ) at four sites for 900MHz and 1200MHz

Measurement K K
sites (900MHz) (1200MH?z)
Site A 13 12.5
Site B 6 5.8
Site C 3 2
Site D 2.7 2.5
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Figure 3.25 The small scale fading variation versus T-R separation distance at site A

for 900MHz

*  Measured data '

0.2H Ricean K=13  frmsmsmmmmmremsmsm oo oo
= : :
o , ,
o 1 1
W 0 i
g 5| mesasasaaas [ [ % """"" Tommmmmmomos ToTmmmomomos 1:
B, : :
I boooooos boooooos D booeooaiois beoooiois :
= i '
© , ,
a s s
Q2F---------- R LR R LR RS EEELEEEE I RECEEEEEEEE Tommmmmo-o- i
D'] ____________ Lemmmmmmm e e = Lemmmmmmm e e = i __________ S, Lmmmmmmmem e = J:

() ettt A ) i

-15 -10 -5 15

Fading amplitude relative to RMS [dB)

Figure 3.26 Cumulative distribution of small scale fading with Ricean fitting curve

( K=13) at site A for 900MHz.

35



15 .

Marmalized small scale fading variation (dB)

20 .

_25 1 1 1 | | | |
a 50 100 150 200 250 300 350 400
T-R Separation Distance (m)

Figure 3.27 The small scale fading variation versus T-R separation distance at site A

for 1200MHz
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Figure 3.28 Cumulative distribution of small scale fading with Ricean fitting curve
(K=12.5) at site A for 1200MHz.
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Figure 3.30 Cumulative distribution of small scale fading with Ricean fitting curve

( K=6) at site B for 900MHz.

37



—
o

[y
T

o

n
T

-10

-15

Mormalized small scale fading variation (dB)

20 F

-25

' ‘ ’l\jﬁ 0 -
I !

1 | 1 1 | 1 1 1
50 100 150 200 250 300 350 400 450 500
T-R Separation Distance (m)

Figure 3.31 The small scale fading variation versus T-R separation distance at site B

for 1200MHz
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Figure 3.32 Cumulative distribution of small scale fading with Ricean fitting curve

(K=5.8) at site B for 1200MHz.
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Figure 3.33 The small scale fading variation versus T-R separation distance at site C
for 900MHz
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Figure 3.34 Cumulative distribution of small scale fading with Ricean fitting curve
( K=3) on site C at 900MHz.
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Figure 3.35 The small scale fading variation versus T-R separation distance at site C
for 1200MHz
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Figure 3.36 Cumulative distribution of small scale fading with Ricean fitting curve
( K=2) on site C at 1200MHz.
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Figure 3.37 The small scale fading variation versus T-R separation distance at site D
for 900MHz
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Figure 3.38 Cumulative distribution of small scale fading with Ricean fitting curve
( K=2.7) on site D at 900MHz.
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for 1200MHz
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Figure 3.40 Cumulative distribution of small scale fading with Ricean fitting curve
( K=2.5) on site D at 1200MHz.
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Chapter 4

Modeling of Vehicle-to-Vehicle Spatio-Temporal

Channels

The hybrid Spatio-Temporal channel model is developed to describe
vehicle-to-vehicle fading channels. The model will be validated by the measurement data

described in Chapter 3.

4.1 The hybrid model
The hybrid (deterministic-statistical) model comprises a site-specific propagation
model and a statistical model. In the model, the received electric field after the antenna is
determined by a superposition of deterministic and randomly scattered fields [13], which

is given by
E

—=E, +E (4.1)

total sr

where E, =p e> E; and E, =) E; with p" being the complex conjugation of

unit polarization vector of the receiving antenna. E, represents the deterministic ray

field E,computed by the site-specific model. E, represents the summation of each

sr

scattered field E due to randomly positioned scatterers.

4.1.1 Site-specific model
The site-specific model includes multipath propagation in both vertical and
horizontal planes. The vertical plane is defined by the transmitter and the receiver

positions and is perpendicular to the earth surface, where propagation paths due to direct
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wave and ground-reflected wave are considered. The horizontal plane is perpendicular to
the vertical plane, where propagation paths due to wall-reflected waves are considered.

The proposed model includes three major propagation modes: (i) a direct-path wave, Eg;

(ii) a ground-reflected wave, E; and (iii) the reflected field from the walls along the

roadway, E, . Summation of these waves determines the receiving field at the

observation position and yields

E, =E, +E. +E, (4.2)

The ground-reflected wave, is given by

E. =E,G,G, L, (d)R,(9,) (4.3)
And, the wall-reflected wave, is given by

Ey =E,GG,L, (d)R,(6,) (4.4)
where E is the field one meter away from the transmitting antenna. G, and G, are the

field amplitude patterns of the transmitting and the receiving antennas, respectively.

L (d):ﬂ is the free-space propagation factor with an unfolded path length d. R (6,)
' 47d

is the Fresnel reflection coefficient of ground with an incident angle ¢ . R,(4,) s the
Fresnel reflection coefficient of the walls along the roadway with an incident angle ¢ .

The direct wave E, can be obtained from Eq.(4.3) by setting Ry =1-

It is noted that the ground reflected wave will be blocked by the neighboring cars
around the transmitter and the receiver and is neglected. It is assumed that this situation

will always happen for heavy traffic situation on the roadway in city.

4.1.2 Statistical model

44



In the evaluation of the scattered field, the Geometrically Based Single Bounce
Elliptical Model (GBSBEM) [14] has been employed to determine the sampled positions

of scatterers as shown in Figure 4.1.

Buildings
EWl
Mobile B w
Ep
2 Esi
Mobile~2 d, scatte?er \ 12 e
es®©
F\(S‘g
EW2
Buildings

Figure 4.1 The path geometry on the horizontal plane.

E. is given as the summation of the scattered field due to each scatterer:

Esr = Z Esi (45)

Here, N and V are the scatterer number density (per unit area) and the area of the
Fresnel zone, respectively. [ N V ] represents the maximum integer number of N V . And,

the scatterers are assumed to distribute uniformly in the region of the ellipse, the first
Fresnel zone. The ith random scattered field E, is given by
E. =aE,G,G,L, (d,)L,(d,) (4.6)

where « is the scattering attenuation factor, which is assumed to be uniformly

distributed in the region from O to 1.
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From the definition of the Fresenl zone, the major axis half length a_ and the minor

axis half length b, of the ellipse are given by

A d,
m =—+—
4 2

2
o, =3 (2]

4.2 Validation of the hybrid model

a

4.7)

The model is verified by the measured data at the four sites measured at 900 MHz
and 1200 MHz. Figures 4.2, 4.3, 4.4 and 4.5 illustrate the 900 MHz measured data and
the computed results of the received power versus T-R distance for site A, site B, site C
and site D, respectively. It is found that the hybrid model has reasonable prediction
accuracy of the received power at four sites. It also found that N =0.08 at site A,
N =0.12 at site B, and N =0.3 at sites C and D may be suitable values. Figures 4.2, 4.3,
4.4 and 4.5 illustrate the 900 MHz measured data and the computed results of cumulative
distribution of small scale fading with Ricean fitting curve for site A, site B, site C, and
site D, respectively. It is also found that the hybrid model still has better prediction
accuracy of the Ricean factor K. Table 4.1 shows the best-fitting path loss exponents
and the standard deviations of shadowing at four sites for measured data and computed
results. Table 4.2 shows the correlation distances for measured data and computed results.
There is a larger difference between the measured and computed results for open area. It
is probably because that the reflected waves from far reflectors are neglected. Table 4.3
shows the Ricean factors for measured data and computed results. From these tables, it
can be found that the hybrid model present the good prediction accuracy of the

vehicle-to-vehicle channel fading characteristics.
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Figure 4.2 Received power versus Tx-Rx distance at site A for 900MHz
(a) Measured data; and (b) Computed results
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Figure 4.3 Received power versus Tx-Rx distance at site B for 900MHz
(a) Measured data ; and (b) Computed results
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Figure 4.4 Received power versus Tx-Rx distance at site C for 900MHz
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(a) Measured data ; and (b) Computed results
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Figure 4.6 Cumulative distribution of small scale fading with Ricean fitting curve at
site A for 900MHz. (a) Measured data with Ricean factor, K=13
(b) Computed results with Ricean factor , K=12.3
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Figure 4.7 Cumulative distribution of small scale fading with Ricean fitting curve at site
B for 900MHz. (a) Measured data with Ricean factor, K=6
(b) Computed results with Ricean factor, K=6.7
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Figure 4.8 Cumulative distribution of small scale fading with Ricean fitting curve at
site C for 900MHz. (a) Measured data with Ricean factor, K=3
(b) Computed results with Ricean factor, K=2.4
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Figure 4.9 Cumulative distribution of small scale fading with Ricean fitting curve at
site D for 900MHz. (a) Measured data with Ricean factor, K=2.7
(b) Computed results with Ricean factor, K=2
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Table 4.1 Comparisons between measurement data and computed results of the
best-fitting path loss exponents and standard deviation of shadow fading distribution
(@) 900 MHz; and (b) 1200 MHz

Measurement Measured Data Computed Results
e n, n, | odB)| n | n, | ofdB)
Site A 2 41 3.26 2.0 3.9 3.42
Site B 1.9 4.0 4.03 2.0 3.9 3.57
Site C 1.9 4.0 4.74 2.0 4.0 4.88
Site D 2.1 4.2 5.57 2.1 4.1 5.02
(a)
Measurement Measured Data Computed Results
e n, n, |od)| n | n, | odB)
Site A 1.9 41 3.62 2.0 4.0 3.71
Site B 1.9 4.1 5.29 2.0 4.0 3.95
Site C 2 4.0 5.93 2.0 41 5.36
Site D 21 4.1 5.04 2.1 4.2 5.52
(b)
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Table 4.2 Comparisons between measurement data and computed results of the
correlation distance. (a) 900 MHz ; and (b) 1200 MHz.

Measurement r, (m) r, (m)

sites
(measured) | (computed)

Site A 7.9 10.2
Site B 7.1 9.9
Site C 5.7 6.8
Site D 5 6.1
()
Measurement r, (m) r, (m)
sites

(measured) | (computed)

Site A 7.7 8.7

Site B 7 8.3

Site C 4.7 5.8

Site D 3.7 5.2
(b)
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Table 4.3 Comparisons between measurement data and computed results for the Ricean

factors. (a) 900 MHz ; and (b) 1200 MHz

53

Measurement K K
sites (measured) (computed)
Site A 13 12.3
Site B 6 6.7
Site C 3 24
Site D o 2
(a)
Measurement K K
sites (measured) (computed)
Site A 12,5 11.7
Site B 5.8 6.2
Site C 2 2.1
Site D 2.5 1.8
(b)




Chapter 5

Conclusion

This thesis presents the measurement channel characteristics and a hybrid
spatio-temporal model for vehicle-to-vehicle radio channels. The CW measurement was
performed by using spectrum analyzer with GPS module at four sites at 900MHz and
1200MHz.

For large scale path loss, the dual slope path loss model provide good accuracy with
the path loss exponents; n, =2,n, 4. The log-normal distribution was preformed to
describe the shadowing effect. The standard deviations of the shadowing distribution and
the correlation distances at four sites are calculated. It can be observed obviously that as the
measurement environment become more complex, the standard deviations increase and the
correlation distances decrease. Also, it is found that the correlation distances at higher
frequency (1200MHz) are always smaller than lower frequency (900MHz).

The Ricean distribution was used to perform the small scale fading in our study. The
Ricean factor, K, is spread in the range 2~13, it is greatest at clear site and smallest on the
roadway. Also, the Ricean factor, K, at 1200MHz are always smaller than 900MHz.

The hybrid model is validated by comparing the computed result with the measured
averaged path loss, shadowing and small scale fading at frequencies 900MHz and

1200MHz. The model provides accurate prediction for vehicle-to-vehicle fading channels.
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