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SUMMARY

This paper investigates an intervehicle communica-
tion method as asafe driving support system for intersection
collision avoidance warnings. In this kind of system, reali-
zation of highly reliable communications in the physical
layer is an absolute requirement. As a result, we propose a
new MIMO-STBC (Space-Time Block Coding) method
based on intersection propagation channel characteristics.
MIMO transmission characteristics are determined by the
propagation channel characteristics. First, we use a ray-
tracing method simulation to clarify the propagation chan-
nel conditions, and then model the intersection propagation
channel. We use the characteristics of this propagation
channel to propose a MIMO-STBC method that utilizes
decision feedback channel estimation, and verify the effec-
tiveness of the proposed method in computer simulations.
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1. Introduction

Seatbelts, airbags, and other passive safety technolo-
gies are extremely important in reducing the number of
deaths and injuries due to automobile accidents. Now there
are expectations for active safety technologies such as VSC
(Vehicle Safety Communications) for avoiding accidents,
and various researches are in progress [1]. While cameras
or radar are already used in forward obstacle collision
prevention support systems, etc., issues have been raised
where these on-board sensors alone do not demonstrate
sufficient effectiveness as systems, in environments where
obstacles exist outside of the visible range.

For this issue, great expectations have been raised in
the VSC research sector for a collision avoidance warning
system using Inter-Vehicle Communication (IVC) like that
shown in Fig. 1. This involves an exchange of multipoint-
to-multipoint communications between vehicles at inter-
sections or hidden driveways regarding approach
information for both vehicles (such as position information,
speed information, etc.), and to then send warnings to the
drivers that lead to avoidance of the collision. In the future,
links to the vehicle control systems could also lead to
achievement of vehicle stops and other automatic controls.
In this paper, for the first step in this investigation we shall
target point-to-point communication systems, in which
each vehicle comes into an intersection from a direction
outside the line-of-sight.

© 2007 Wiley Periodicals, Inc.



Intersection / Hidden
Driveway Collision
Warning System

Positioning Information
obtained by GPS,
Speed, Direction, etc.

Fig. 1. System image of collision avoidance warning
using IVC.

Realization of a safe driving support system using
this kind of communication demands high reliability in the
higher layer of communication. Therefore, assurance of the
possibility of communication at the physical layer is essen-
tial even in communication environments without line-of-
sight. At present, attention is focused on MIMO
(Multiple-Input Multiple-Output) technology, which uses
array antennas for both transmitting and receiving, as one
element technology for improving reliability at the physical
layer. There has been much research and development in
this area in recent years, as a technology for improving the
communications quality of wireless communications sys-
tems in environments where multi-paths exist due to reflec-
tions and scattered waves, etc., and for enabling high-speed
large-capacity communications [2].

Moreover, since a key transmission feature of MIMO
systems is determined by the target propagation charac-
teristics, research on modeling the MIMO propagation
channel is also being actively pursued [3-5]. However,
investigations into application of MIMO transmission IVC
that take the intersection propagation model into considera-
tion are virtually nonexistent.

Therefore, we take into consideration the radio
propagation conditions during IVC at intersections to in-
vestigate the optimum communication method using appli-
cation of the MIMO system. MIMO can be classified by
system configuration depending on the usage objective
(higher-speed larger-capacity transmission and higher reli-
ability: SNR improvement) and the existence of propaga-
tion channel information (CSI: Channel State Information).
Safe driving support systems demand reliability over high
transmission capacity, and also require real-time capability.
In addition, since accurate estimation of CSI for both trans-
mitting and receiving requires two-way communication,
the control methods and other system configurations be-
come quite complex.

In this paper, therefore, for the achievement of higher
reliability we investigate application of a MIMO-STBC

method that makes use of Space-Time Block Coding
(STBC) using CSI for receiving only [6]. The STBC
method requires accurate propagation channel estimation.
In IVC, however, movement of the transmitting and receiv-
ing terminal risks causing an error in propagation channel
estimation, resulting in deterioration of communication
quality. Since these kinds of characteristics are determined
by the propagation channel characteristics, we firstexamine
the propagation channel response characteristics (e.g., the
channel impulse responses) in the intersection model.

For complex layouts such as intersections, we con-
sider the ray-tracing method to be effective as a method for
estimating propagation channel characteristics. The ray-
tracing method merely finds the geometrical track between
transmitting and receiving, and is used as a method for
relatively simple estimation of electric field intensities [7,
8]. Therefore, it should easily be able to find propagation
channel characteristics, as well. We also propose an IVC
method using a decision feedback channel estimation
method suitable for propagation channel response charac-
teristics, and use a computer simulation to clarify its valid-
ity. .
The rest of the paper is organized as follows. In
Section 2 we describe the problems with the MIMO-STBC
method in the target application model and in fast fading
environments, while in Section 3 we explain the intersec-
tion propagation simulation using the ray-tracing method,
and show the evaluation results. Next, in Section 4 we
model the intersection propagation channel, based on the
propagation characteristic evaluation results. Then, in Sec-
tion 5 we give an overview of the proposed method using
the decision feedback channel estimation method applied
to the intersection propagation channel characteristics. Fur-
thermore, in Section 6 we explain the statistical evaluation
method in the computer simulation, and show the evalu-
ation results for the proposed method.

2. Problems with MIMO-STBC in Fast
Fading Environments

In IVC where both the transmitting and receiving
terminals are moving, communication is occurring in a fast
fading environment. In this section, we first give an over-
view of the system configuration using the MIMO-STBC
method, and then move to an overview of the communica-
tion preconditions in the target application, and the prob-
lems with MIMO-STBC in a fast fading environment.

2.1. Basic concept of MIMO-STBC method

In this paper, we adopt a 2 x 2 MIMO system, which
realizes full-rate and full-diversity performance as shown



in Fig. 2. The propagation channel matrix H(zy) at time £,
and the STBC matrix G,(m) for discrete time 2m and 2m +
1, can be expressed as follows:
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Here, the asterisk represents the complex conjugate opera-
tion.

The transmitted signals s(2m) and s2m + 1) are
encoded in STE (Space-Time Encoding) according to
G,(m). The received signals y(2m) and y,(2m + 1) at the i-th
receiving antenna are dgcoded in STD (Space-Time Decod-
ing) using estimation H of the propagation channel H(1).
If there is no propagation channel estimation error, then
s(2m) and s(2m + 1) can be separately received without
mutual interference.

2.2. Application model and problems with
MIMO-STBC

In this paper, we target the preventive safety applica-
tion in intersections. In this kind of application, we need to
assume that multiple vehicles exist in the intersection si-
multancously and that they are exchanging information
with each other. This communication requires that informa-
tion transmission delays be ensured so as to obtain certain
communications. Although the amount of communication
per event is small, the information transferred needs to be
certain for all vehicles existing near the intersection. In
other words, the required characteristics are real-time, low
delay capability, and high reliability, and the ideal is packet
communication where one vehicle monopolizes the wire-
less communication for a short period (assumed to be a
maximum of 1 ms or less). As a result, we also assume that
the pilot signal and other preambles are short (several tens
of microseconds, or 16 ps, etc.), and for our system target
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Fig. 2. System model of 2 x 2 MIMO-STBC.

a semisynchronous detection method that does not repro-
duce the carrier.

However, when transmitting packet data like that
shown in Fig. 3, even if we assume a propagation channel
in which the pilot signal has transmit and receive signals
that are pre-known (such as Walsh codes), there will be a
delay until the packet data can be decoded. In cases where
there are huge changes over time in the propagation envi-
ronment, this delay time could threaten to have an effect on
characteristics. In particular, in cases such as IVC where
both the transmitter and receiver are in motion, even a short
movement will cause the propagation channel to change
radically. In other words, an error appears in the charac-
teristics between the propagation channel estimation value
based on the pilot signal, and the propagation channel at the
time the packet data is received, which leaves behind an
interference component between decoded signals after
STBC decoding that can degrade reception quality.

For example, the propagation channel matrix H(z, +
At) in the time (7, + Af) can be expressed as follows:
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Here AH(Af) represents the propagation channel error com-
ponent in the change over time At.

If we assume that the propagation channel at time ¢,
was accurately estimated Alhen we can express the propaga-
tion channel estimate as H= H(zy). Therefore, the effects of
intersymbol interference (IST) due to this propagation chan-
nel error matrix AH are received, preventing accurate
STBC decoding of the received signal and resulting in a
receive error [9].

In Ref. 9, the countermeasure for the case where the
dominant radio wave arrival (radiation) direction is the
vehicle’s forward motion direction, and where the angular
spread is small, is to derive an approximation formula
capable of expressing the propagation channel by executing
phase rotation relative to the movement distance of the

Channel ;
Estimation

! Data ]‘
! Delay (Ar) '

STBC Decoding

Fig. 3. Packet format for short-packet communication.



transmitting and receiving vehicles. As a result, the trans-
mitting and receiving vehicles utilize the speed information
for each vehicle to achieve communication in semistatic
conditions, to prevent the ISI error. However, this approxi-
mation formula may not work in cases where the radio wave
arrival (radiation) direction is at an angle to the vehicle’s
forward motion direction, or where the angular spread is
large.

There have been various investigations into this kind
of phase correction in MIMO systems [10-14].

In Ref. 10, for example, the transmit and receive sides
detect phase differences between a succession of pre-
known pilot signal symbols to achieve phase synchroniza-
tion of the MIMO system. However, in the safe driving
support application targeted in this paper for investigation,
we consider the case of bursts of information transmission.
As aresult, since packets will not necessarily always be sent
in succession, we cannot use a method designed like this
one to detect phases between continuous pilot signals.

In addition, in Refs. 11 to 13, the transmitter and
receiver estimate and correct the amount of phase change
within a pre-known single training signal symbol (such as
a pilot signal). However, in applications where the pilot
signal is short, the accuracy of the estimated phase rotation
can be expected to deteriorate. Moreover, while the correc-
tion could continue if the phase were to rotate at the same
speed until the next pilot signal is received, it is actually
highly likely that there will be a major change in the phase
rotation during the interval, since in IVC both the transmit-
ter and receiver are in motion. Furthermore, while Ref. 13
shows a relationship between the STBC block length and
the estimation accuracy, it is difficult with the length of our
pilot signal to obtain sufficient estimation accuracy. As a
result, these methods will not necessarily always be able to
accurately correct the phase rotation of data areas between
successive pilot signals.

Meanwhile, on the receiving side a method has been

proposed that calls for STBC encoding with delay detection

without use of CSI [15]. In this method, however, the
characteristics for SNR deteriorate by just 3 dB compared
to synchronous detection, a serious drawback.

Another method that could be considered involves
insertion of multiple pilot signals into a packet and perform-
ing propagation channel estimation over a short time inter-
val. But using this method is difficult for the short packet
communications that we are targeting, because insertion of
pilotsignals would reduce the amount of data sent, resulting
in lower efficiency.

Also, Ref. 14 feeds back the decision signal and
calculates complex correlation between the signal and re-
ceived signal to estimate the amount of phase change.
However, this is not necessarily always the most efficient
method because it individually estimates the amount of the
MIMO channel phase correction between all transmitting

and receiving antennas without taking into consideration
the propagation channel characteristics.

As can be seen, there are hardly any investigations
targeting highly reliable safe driving support applications
that take propagation channel characteristics into consid-
eration for efficient phase correction of MIMO systems. As
a result, in this paper, for short packet communication like
that shown in Fig. 3, we propose a decision feedback
channel estimation method that takes into consideration the
intersection propagation channel characteristics.

Since the proposed decision feedback channel esti-
mation method incorporates a feedback system signal proc-
ess, a process delay will always occur. Nevertheless, since
we can assume that this process delay will involve an
extremely small delay compared to the real-time capability
demanded by the application (assuming a tolerated delay of
100 ms or less), we believe that it satisfies applicability for
this kind of application. First, therefore, we will evaluate
the transmission characteristics for a specific intersection
model.

3. Evaluation of Propagation Channel
Characteristics Using the Ray-Tracing
Method

MIMO transmission characteristics are determined
by the propagation channel characteristics. Therefore, in
order to survey the propagation environment in an intersec-
tion targeted for evaluation, we perform a simulation using
the ray-tracing method based on geometric optical theory
[7] to trace the radio waves from the transmission point to
the reception point.

3.1. Evaluation model

The intersection model for performance evaluation is
shown in Fig. 4. The intersection model is assumed to be a
300-m square with road widths of 10 m and office buildings
lining the roads, and concrete blocks 10 m high that are
randomly positioned. We set the initial positions of both the
transmitting point (Tx) and receiving point (Rx) antennas
at a distance of 40 m from the road intersection. Since the
average stoppable distance for an automobile moving at 60
km/h is assumed to be 40 m, we chose this position as the
initial communication position. We assume a road environ-
ment where it is impossible to judge which of the vehicles
is on the higher priority or lower priority road. We also
targeted for evaluation a situation where the signal receiv-
ing vehicle is running on the lower priority road, and the
initial communication occurs when Rx is at a position 5 m
from the intersection. In this case, we consider an applica-
tion where the signal receiving vehicle running on the lower
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Fig. 4. Intersection model for performance evaluation.

priority road is assumed to be required to stop temporarily
immediately before intruding into the higher priority road,
and that the vehicle will stop and not intrude into the higher
priority road if it has received a vehicle approaching warn-
ing from the transmitting vehicle, in order to avoid an
accident.

For the transmitting and receiving antenna, we used
two standard dipole antennas for each, with the interval
between antenna elements of 1.5 m and an antenna height
0f 0.8 m, and assumed that the antenna axis is perpendicular
to the ground surface. In addition, we assumed a distance
of 2 m from the wall. Also, we performed the simulation
with Tx and Rx traveling at the same speed, and with each
moving toward the road intersection.

3.2. Simulation method

For the simulation, we used the ray-tracing software
RapLab [16]. This software uses imaging methods to cal-
culate reflection, permeation, and diffraction from the

transmitting point, the receiving point, and combinations of

all other reflecting surfaces. For the reflection and permea-
tion coefficients, we used the Fresnel coefficient, while for
the diffraction coefficient, we used UTD (Uniform Geo-
metric Theory of Diffraction). In the simulation, we
changed the maximum reflection coefficient by 1 to 4 times
(called, respectively, Case 1, 2, 3, and 4), set the maximum
number of diffractions to two times, and also took into
consideration reflections off the ground. We limited consid-
eration of the permeation path to direct waves only, and
assumed that the block walls existing along the direct line
between the transmitting and receiving points were made
of glass (the walls along the diagonal lines in Fig. 4). Here
we used the values shown in Table 1 for the electrical

Table 1. Electric characteristics of concrete, glass, and
ground
Material | Permittivity | Conductivity | Permeability
(F/m] [S/m] [H/m]
Concrete | 5.99 x 1071 | 2.3 x 1073 | 1.26 x 10~°
Glass [4.43x 10711 | 1.0x 1072 | 1.26 x 10~
Ground |2.66 x 10711 | 1.0x 1074 | 1.26 x 107°

characteristics of concrete, glass, and the ground [8, 17]. In
addition, for the simulation transmission frequency, we
used 6 GHz.

Moreover, as shown in Table 2, for reflection and
diffraction only we targeted three evaluation models
(Model 1, 2, and 3), including two different initial commu-
nication distances (40 m and 5 m) from the intersection to
the receiving point, and a case considering direct wave
permeation.

Furthermore, to evaluate the MIMO transmission
characteristics, we used Eqgs. (4) to (6) below to find the
propagation channel response matrix. The propagation
channel characteristic hy, 5, between the n-th transmitting
antenna and the n,-th receiving antenna can be expressed as
shown below [7, 18]:

P Z ( e( iksi 1) HR“LHTZ .

1
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Here R;, T;,, and D, are, respectively, the reflection coef-
ficient when the i-th ray is reflected on reflection surface u,

Table 2. Performance evaluation models

Model 1 | Model 2 | Model 3
Maximum number of 1~4 1~4 1~4
loﬁectxons

Model conditions

Maxmmm number of 2 2 2
diffractions
Transmission path - — Direct
Distance of Rx 40 m 5m 40 m

from intersection




Table 3. Propagation simulation results at the intersection for maximum number of diffractions

Model Model 1 Model 2 Model 3
Maximum number of diffractions 1 2 1 2 1 2
Total number of paths 16 292 20 316 17 293
Average receive level [dBm)] —105.9 | —~104.1 | —84.1 | —83.3 | —76.6 | —76.6
Delay spread [ns] 14.98 | 15.10 | 10.25 | 14.50 | 4.15 | 4.19
Angular spread at Tx [degree] 10.23 10.32 | 11.96 | 15.31 | 2.68 | 2.71
Angular spread at Rx [degree] 11.04 11.14 | 60.76 | 59.80 | 2.71 2.74

the permeation coefficient when the permeation surface v
has been permeated, and the diffraction coefficient when
diffraction occurred on diffraction edge [. For rays where
diffraction occurs, s, ; is the distance from the transmitting
point to the first diffraction point and s;, is the distance
from the (/ — 1)-th diffraction point to the [-th point. For
rays where diffraction does not occur, s; | is the distance
from the transmitting point to the receiving point.
Also, g, (i) and g, (i) express the complex amplitude
gain of the transmitting and receiving antennas in
regards to the i-th ray, and & is the wave number.

3.3. Analysis results of path characteristics

First, we evaluate propagation channel characteristics
based on differences in the maximum number of diffrac-
tions. Table 3 shows propagation simulation results when
the maximum number of diffractions are changed, from
Models 1 to 3. These are the results for the first transmitting
antenna (Tx#1) and first receiving antenna (Rx#1) at the
initial communication positions (Model 1 and Model 3 are
for locations 40 m distant from the intersection, while
Model 2 is for a location 5 m distant).

From Table 3, we could confirm that, while there is a
slight difference between the Model 2 delay spread and the
Tx angular spread, the propagation characteristics were
virtually unchanged for all models overall even when the
maximum number of diffractions increased. This is because
the received level of the path for two diffractions is so small
that the paths for zero or one diffraction generally dominate.
As a result, we decided for future simulations to fix the
number of diffractions to one diffraction.

Next, we conduct a performance evaluation for the
maximum number of reflections. Tables 4 to 6 show the
propagation simulation results when the maximum reflec-
tion coefficient is changed in Models | to 3. These tables,
as well, show the results of Tx#1 and Rx#1 in the initial
communication positions.

Figures 5 to 7 show the receiving angle profile be-
tween Tx#1 and Rx#1 in the initial communication posi-
tions, for Models 1 to 3, respectively. Note that these are
Case 2, where the number of reflections is set at two

reflections. The horizontal axis in the figures shows the
arrival angle in the horizontal direction, with the vehicle’s
forward motion direction set at 0°, and leftward rotation
from the forward direction until it reaches the vehicle rear
direction is from 0° to 180°, while the rightward rotation is
expressed as coordinates from 0° to —180°.

Figure 8 shows the simulation result examples be-
tween Tx#1 and Rx#1 in the initial communication posi-
tions for Models 1 to 3 (for Case 2).

Tables 4 and 5 reveal that the arrival angular spread
for the receiving vehicle in Model 2 is larger than that for
Model 1. This is due to the fact that the initial position of
the receiving vehicle in Model 1 is 40 m from the intersec-
tion, while the position in Model 2 is 5 m, with the result
that the angle of arriving radio wave is spread farther. In
addition, when we confirm the receiving angular profiles in
Figs. 5 and 6, we can see that the one in Model 2 has a larger
spread. In fact, this can be confirmed from the simulation
result example in Fig. 8.

From Table 6, the arrival angular spread of Model 3
is extremely small compared to that of Models 1 and 2, and
the average receive level holds at a fixed value even if the
number of reflections is increased. The reason for this is as
follows. Model 3 is a model that takes the direct permeation

Table 4. Propagation simulation results at the
intersection (Model 1)

Simulation condition | Case 1 | Case 2 | Case 3 | Case 4
Maximum number 1 2 3 4
of reflections .
Total number of 16 36 64 99
paths
Average receive —105.9| —99.1 | —98.4 | —98.0
level [dBm]
Delay spread 14.98 16.14 17.72 19.30
[ns]
Angular spread at 10.23 | 13.55 | 15.66 | 16.77
Tx [degree]
Angular spread at 11.04 13.82 | 15.73 | 16.91
Rx [degree]




Table 5. Propagation simulation results at the

intersection (Model 2)

Simulation condition | Case 1 | Case 2 | Case 3 | Case 4
Maximum number 1 2 3 4
of reflections
Total number of 20 61 141 211
paths
Average receive —84.1 | —80.1 | —73.6 | —73.0
level [dBm]
Delay spread 10.25 10.32 10.66 12.24
[ns]
Angular spread at 11.96 | 16.80 | 23.12 | 26.23
Tx [degree]
Angular spread at 60.76 | 50.23 | 49.00 | 49.91
Rx [degree]
Table 6. Propagation simulation results at the
intersection (Model 3)
Simulation condition | Case 1 | Case 2 | Case 3 | Case 4
Maximum number 1 2 3 4
of reflections -
Total number of 17 37 65 100
paths
Average receive —76.6 | —76.6 | —76.6 | —76.6
level [dBm]
Delay spread 4.15 5.38 6.06 6.70
[ns]
Angular spread at 2.68 3.44 3.74 3.99
Tx [degree]
Angular spread at 2.71 3.54 3.88 4.16
Rx [degree]
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Fig. 5. Angular profile of Rx (Tx#1-Rx#1, Model 1,

Case 2).

-60

I

-120}- S WO

m

-140

Receive level [dBm]

-160}f -

18 ‘ i
—?80 -120 -60 0 60 120 180
Receive angle [degree]

Fig. 6. Angular profile of Rx (Tx#1-Rx#1, Model 2,
Case 2).

pathinto consideration, and the receiving level (=76.6 dBm)
for this permeation path is larger by more than 20 dB than
the average receiving level (-99.2 dBm) of the other reflec-
tion and diffraction waves. This can be confirmed by the
permeation path of the spectrum shown at the arrival direc-
tion of —48.8 degrees in Fig. 6. As a result, in Model 3 this
permeation path is extremely dominant. The angular spread
is smaller, and the permeation path receiving level is fixed
regardless of the number of reflections, so that the average
receiving level is the same receiving level.

From Tables 4 to 6, we could confirm that the results
of Cases 3 and 4, as with the evaluation for the maximum
number of diffractions, while exhibiting a slight difference
with the Model 2 delay spread and the Tx angular spread,
the characteristics were vir'lually unchanged for all models
overall. Therefore, we concluded that setting the maximum
number of reflections at three is sufficient to model the
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Fig. 7. Angular profile of Rx (Tx#1-Rx#1, Model 3,
Case 2).



(a) Model 1

(b) Model 2

(c) Model 3

Fig. 8. Propagation simulation result (Tx#1-Rx#1, Case 2).

propagation channel characteristics in the intersection
model.

3.4. Channel correlation analysis results

Next, we evaluate the correlation characteristics of
the intersection propagation channel. For our evaluation
measure, we used the complex spatial correlation coeffi-
cient p,(Ax) in the i-th receiving antenna. Here we define
pi(Ax) as follows:

pi(Ax) =) hij(@)his (v + Aa)

j=1

2 9 —1/2

<A Do i@ Y has (o + Aa)? )

=1 j=1

Here h;(x) is the propagation channel response charac-
teristics between the i-th receiving antenna and j-th trans-
mitting antenna at position x. h;(x + Ax) shows the
propagation channel response characteristics in the position
moved by exactly Ax from position x. Here if we assume
that Axy, and Axg, represent the move distance for the
transmitter and receiver, respectively, then in the current
simulation, both the transmitter and receiver have moved at
the same movement speed, so that Ax = Ax, = Axg,.

First, to investigate the relationship between the
maximum number of reflections and the spatial correlation
characteristics, we plotted the real number values of the
complex spatial correlation coefficient pg;(Ax) in receiving
antenna #1, in relation to the movement distance Ax value
normalized by the transmission wavelength A (Ax/A), for
the results of Cases 1 to 3, using the symbols O, A, and *,
respectively (for Model 2). While the actual simulation was
performed at a transmission frequency of 6 GHz, it was
expressed by normalizing with wavelength A, since the
same results were obtained at 2 GHz. We also confirmed

that the same results were obtained with receiving antenna
#2.

From Fig. 9, since the receiving angular spread is
large in Model 2, the amount of phase change in the range
where the Ax/A value is large varies depending on the
maximum number of reflections. In short-distance move-
ment ranges, however (for example, when Av/A is from 0 to
0.2), we can see that the amount of phase change shows
virtually no difference even when the maximum number of
reflections is changed. We confirmed that the same results
were obtained in Models 1 and 3, as well. Next, we evaluate
the differences in the spatial correlation characteristics of
each model.

Figure 10 shows the complex element spatial corre-
lation coefficient py;(Ax) in receiving antenna #1 in relation
to Ax/A (for Case 2). In this figure, the results of Models 1
to 3 show absolute values with a dotted line, solid line, and
dashed line, respectively, with the real number values plot-
ted using the symbols O, 2, and *, respectively.
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Fig. 9. Spatial correction analysis results for maximum
number of reflections (Model 2).
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Fig. 10. Spatial correlation analysis results for the
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In Fig. 10, the real number value for py;(Ax) changes
greatly in relation to the Ax/A values. This is because
movement of the transmitter and receiver toward the road
intersection causes the propagation path length to shorten,
resulting in a phase rotation. Regarding the absolute value
of py(Ax), however, the absolute values of Models 1 and 3
remained virtually unchanged, while that of Model 2
changed sharply. This was because the Model 2 receiving
angular spread is large.

Meanwhile, focusing on the short movement distance
in Fig. 10 (for example, when Ax/A is from 0 to 0.2), the
absolute value of py(Ax) for all models was generally about
1, so that a phase rotation only occurred. While not shown
in the figure, we confirmed that the same trend seen for real
numbers also occurred for imaginary numbers. We found,
however, that the amount of rotation differed depending on
the model. In Model 1, where the direction of radio wave
arrival is the vehicle’s direction of forward motion and
where the angular spread is small, the amount of phase
rotation is large, with phase rotation covering just the
amount of change in wavelength corresponding to the
movement distances of the transmitting and receiving ter-
minals. This has also been confirmed in Ref. 9.

By contrast, in Model 2 with its large angular spread,
and in Model 3 with its dominant direction of radio wave
arrival coming at an angle from the vehicle’s direction of
forward motion, the amount of phase rotation was smaller.

3.5. Discussion

We here summarize the ray-tracing simulation results
of propagation characteristics. In intersections without line-
of-sight, we found that communication when both the trans-
mitter and receiver are proceeding in the direction of the
road intersection shows changes in propagation channel

characteristics due to phase rotation at short movement
distances. Therefore, if we assume that the transmitter’s and
receiver’s positions are xp, and xg,, respectively, and move-
ment distances are Axy, and Axgy, the following approxi-
mation formula is obtained:

H(zrx + AzTx, TrRx + AZRx)
~ H(zrx, Trx) exp (j6) ®)

Note that the exp(j8) value changes depending on the
arrival, the radiation angle, and the size of angular spread.

4. Intersection Propagation Modeling

Based on the propagation characteristic evaluation
results of the previous section, we now perform intersection
propagation modeling. While a difference in the receiving
angular spread exists between Models 1 and 2, we can still
summarize both of their environments as having multi-
paths with about the same receiving levels.

For Model 3, however, while the receiving angular
spread is small, the environment includes just one path with
a large receiving level.

Modeling is possible based on these models, as
shown in Figs. 11 and 12. Figure 11 corresponds to the
situations in Models 1 and 2, forming an environment of
reflection and diffraction waves only, without any perme-
ated objects existing nearby. We believe that this model
would still apply even in cases where vehicles (buses,
trucks, etc.) block the front side of the receiving vehicle.
The reason is that, while the dominant radio wave arrival
direction is at an angle to the forward motion of the receiv-
ing vehicle because the forward direction is blocked, there
would still exist multi-paths at about the same receiving
level. In this case, the angular spread for both the transmit-
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Fig. 11. Propagation modeling at intersection
(Modeling A).




Fig. 12. Propagation modeling at intersection
(Modeling B).

ting and receiving sides, the number of paths, the dominant
arrival (reflection) direction, etc., are expressed as parame-
ters.

Figure 12, meanwhile, corresponds to the Model 3
case, for a situation where permeation objects exist in the
intersection, and form an environment with an extremely
high level of permeation paths. In this case, we can express
as parameters the relatively high intensity of permeation
paths compared to the reflection and diffraction waves.
Moreover, the case where the permeation paths are at about
the same receiving level as the reflection and diffraction
waves can be incorporated into the Fig. 11 model.

In this kind of intersection environment, environ-
ments with completely blocked visibility can be modeled
with Fig. 11, while cases where permeation objects exist
between the transmitting and receiving points can be mod-
eled with Fig. 12.

5. Decision Feedback Channel Estimation
Method

Based on the characteristics of intersection propaga-
tion channels found in the previous sections, we propose a
MIMO-STBC method applicable to IVC. While the ap-
proximation method in Eq. (8) establishes both of the
propagation models shown in Figs. 11 and 12, this value
can vary greatly depending on the angular spread and on
the relative intensity of the permeation path to the reflection
and diffraction paths. As a result, it is unable to settle on a
value for the amount of phase rotation corresponding to the
movement distance obtained from vehicle speed, etc., as in
Ref. 9.

Therefore, we propose the decision feedback channel
estimation method. The proposed method performs com-
plete control of the receiver only. First, we make a decision

signal on the receiver decoded using STBC. Next, we feed
back the decision signal, and calculate the amount of
change exp(j0) of the propagation channel.

Here we define the receiving signal vector R(my) for
the discrete time 2m, and 2m, + 1 intervals in the i-th
receiving antenna.

R, _ yi(2myo)
(mo) yi(2mo + 1) )

If we assume that the propagation channel in time fy was
accurately estimated, then H = H(zy), and h;, h; can be
handled as if already known. If we assume, however, that
in reality signals are received at the 2mq and 2mgy + 1
intervals during time fy + At, then

Ri(mo) = Ga(mo) ,{'1 (10)
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and encoding interference occurs due to changes in the
propagation channel over time. Therefore, to convert the
approximation formula (8) to a time function, we next
assume that distances Axp, and Axg, were covered during
time At, which can be expressed as follows:

H(to + At) ~ H(to) exp (56) (1

As a result, Eq. (10) can be transformed as follows:

Ri(mo) =~ Gz(mo) }i ' exp (70)  (12)

2

Here when the Ar value is small, the effects of encod-
ing interference are also small, and we can assume that
STBC decoding Rroceeds relatively accurately. In other
words, if we use H so that the signals s(2mg) and s(2mg +
1) after decoding by STBC are s'(2n1g) and s'(2mg + 1),
respectively, they can be expressed as follows. (Note, how-
ever, that this assumes the number of receiving antennas N,
=2)

Ny

s'(2mo) = Z{ (hflizil + hi27~lf2) s(2mo)
=1
-+ (h;fuz = hizﬁfl) s(2mo + 1)} (13)
N

S/(ZTH() +1) = Z{ (h,m iljl + hfgiliz) 8(21710 +1)

i=1
+ (hihir — hirhly) S(Zmo)} (14)
From these two formulas, we can confirm that encoding

interference arises from the change in the propagation
channel over time. We therefore temporarily conclude that



the two signals are correct. To ensure that s'(2mg) and s"(2my
+ 1) are at the same signal amplitude as s2mg) and s(2myg
+ 1), we set the normalized signals to s(2m0) and s(2m0 +
1). If we feed back these decision signals, and calculate the
STBC matrix Gy(rmg), we obtain

5‘(27710)
—8"(2mo+1)

N §(2m0+1)
G2 mo)=

(mo) & (2mo) (15)
In addition, for the case where the effects of encoding
interference are assumed to be small and STBC decoding
was accurate, the following formula is established:

Gz(mo) = Gz(mo) (16)

This result means that R;(mg), Gy(myg), h;1, and hy, in
Eq. (12) can be handled as if already known, and the two
exp(j0) values can be calculated, and these results are
represented by o, ; and 0, ;:

yi(2mo)
3(2mo)hi1 + 8(2mo + 1)hi2 (17)

a1,i =

o yi(2mo + 1)
s —8*(2mo + V) hi1 + §*(2mo)hi2 (18)

As seen here, a single STBC symbol interval (2m and 2m1,
+ 1 intervals) for a single receiving antenna can be used to
find two values. Therefore, we find the average o, for all
values found for the number of receiving antennas N,

N
1 a1+ ag
o= 2 ()@
=1

Furthermore, if we average o, over the multiple
symbol interval m,,,, and call that value 0, (114, has a
multiple of 2), then we obtain

1
Qave = Mave Z Qimyg (20)

Mave

Using t/l\\is O to calculate the new channel estimation
matrix H,,,,, it is expressed as follows:

ﬁnew == aavel’:I (2])

Setting lA{,ww as ﬁ we use it in STBC decoding in the next
Mg, symbol interval. Thereafter, by renewing the channel
estimation matrix for each m,,, symbol interval, we can
track changes in the propagation channel.

6. Computer Simulation

To investigate the validity of the proposed method,
we did a performance comparison with a method that does
not perform propagation channel estimation correction (a
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method that does not track propagation channel changes as
movement occurs). For the computer simulation, we used
the QPSK modulation method.

6.1. Simulation conditions and statistical
evaluation method

In this paper, we assume that, at the initial communi-
cation position (time fy), accyrate propagation channel es-
timation can be performed [H H(to)], and then perform
evaluation of propagation characteristics in regards to phase
change in the propagation channel that occurs with later
movement. For the propagation channels, we targeted the
case where the maximum number of reflections is two
(Case 2). We chose this number because, from the propaga-
tion characteristic evaluation results in Section 3 (Fig. 9),
we found that when the range of movement distances is
short (for example, when Ax/A is from O to 0.2) there is
virtually no difference in the amount of phase change even
when the maximum number of reflections is changed from
one reflection to three.

For the propagation simulation, we decided to make
the phases for all paths unique, since the initial phase for
each path is fixed. In reality, however, the phases should be
randomly distributed because of slight differences in the
angles of reflection surfaces or shifts in the vehicle running
lane positions, etc. Therefore, for a statistical evaluation
method, we applied the following method. First of all, for
the first simulation round, we set the vehicle to a fixed
movement speed, and transmitted 30 symbols over the
movement distance at intervals of 0.5 mm. Then, we used
a method that implements uniform random numbers for
10,000 rounds to randomize the initial positions of each
path. This action statistically handles the effects of phasing.
In addition, we set the m,,, values in the decision feedback
channel estimation method to 30 symbols. Furthermore, to
achieve changes in the propagation channel related to vehi-
cle movement, we conducted a propagation simulation
using the ray-tracing method for each vehicle movement of
0.5 mm, to regenerate the paths.

6.2. Performance evaluation in Modeling A

For Modeling A, we targeted the Model 1 and Model
2 propagation simulation results in Section 3 that took into
account the reflection and diffraction paths only.

To evaluate the characteristics versus SNR, Figs. 13
and 14 show the Bit Error Rate (BER) for the SNR in
Models 1 and 2, respectively. The figures show the plots for
Ax/A = 0.03, 0.04, and 0.05 (represented by *, O, and 4,
respectively). In these figures, the dotted line represents a
method that does not perform any propagation channel
estimation correction, while the solid line represents the

!



proposed method. In addition, the BER for the SISO (Sin-
gle-Input Single-Output) case where communication is per-
formed by single transmitting and receiving elements is
shown by the dashed line and by v (this assumes that all
transmitting power is a fixed value, using Tx#1 and Rx#1).
For reference, since Models 1 and 2 are in environments
with multiple arrivals of paths at about the same receiving
level, the theoretical value for BER characteristics of sin-
gle-element QPSK synchronous detection in a Rayleigh
fading environment is shown in the dashed line only.

From Figs. 13 and 14, we can see that the method that
does not perform any propagation channel estimation cor-
rection exhibited deteriorating characteristics versus SNR
as Ax/A grew larger. By contrast, the proposed method
obtained fixed and high-quality characteristics regardless
of Ax/A. This result was due to the nonoccurrence of encod-
ing interference, which was due to the steady renewal of
channel estimation. In addition, a comparison of the two
figures reveals that the deterioration in characteristics
shown by the method that does not perform any propagation
channel estimation correction was smaller in Model 2 than
in Model 1. This was due in Model 1 to the small angular
spread of the receiving vehicle’s radio wave arrival and to
the dominance of the vehicle’s forward motion, whereas in
Model 2 the angular spread was larger and the amount of
change in propagation characteristics corresponding to the
vehicle’s direction of motion was smaller.

Furthermore, in Fig. 13, for the case of Ax/A = 0.05,
we saw that the BER for the method not performing propa-
gation channel estimation correction showed more deterio-
ration than SISO. In other words, the SNR’s improvement
capability provided by MIMO was lost due to vehicle
movement.

We also learned from these figures that the BER
characteristics for SISO show virtually the same results as
the theoretical characteristics in the Rayleigh fading envi-
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Fig. 13. BER performance versus SNR
(Model 1, QPSK modulation).
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Fig. 14. BER performance versus SNR
(Model 2, QPSK modulation).

ronment. From these results, we conclude that the Modeling
A environment modeled in this simulation has charac-
teristics close to the Rayleigh fading environment.

As can be seen from the above, we confirmed that the
proposed method can obtain stable, high-quality charac-
teristics regardless of the size of the angular spread in a
Rayleigh fading environment.

6.3. Performance evaluation in Modeling B

For Modeling B, we used the propagation simulation
results for Model 3 that took into consideration the direct
permeation path in Section 3. Figure 15 shows the BER
versus SNR in Model 3. As in the previous section, we
plotted for Ax/A =0.03, 0.04, and 0.05 (represented by *, O,
and A, respectively), with the dotted line representing a
method that does not perform any propagation channel
estimation correction and the solid line representing the
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Fig. 15. BER performance versus SNR
(Model 3, QPSK modulation).



proposed method. In addition, the BER for the SISO case
is shown by the dashed line and by v. For reference,
considering that Model 3 has one permeation path that is
extremely dominant, the theoretical value for BER charac-
teristics of single-element QPSK synchronous detection in
a Nakagami-Rice fading environment is shown in the
dashed line only. At this time, we referred to the simulation
results in Section 3 for the receiving level ratio of the direct
wave to the reflection and diffraction waves in the Naka-
gami-Rice environment, to obtain 22.6 dB.

From Fig. 15, we can see that, while the method that
does not perform any propagation channel estimation cor-
rection exhibited deteriorating characteristics versus SNR
as Ax/A grew larger, the proposed method showed abso-
lutely no deterioration due to the Ax/A value. This was due
to the same reason as seen for Modeling A. In addition,
assuming a frequency of 5.8 GHz and a data packet length
of 120 ps, then for Av/A = 0.04, we could confirm the
validity of the proposed method at a normal running speed
corresponding to a vehicle speed of about 62 km/h.

In addition, with the BER characteristics for SISO
showing virtually the same results as the theoretical char-
acteristics in the Nakagami-Rice fading environment, we
conclude that the Modeling B environment has charac-
teristics close to the Nakagami-Rice fading environment.

As can be seen from the above, we confirmed that the
proposed method can always obtain fixed BER charac-
teristics regardless of the movement distance or the trans-
mission frequency, suppressing deterioration of
characteristics due to movement.

Moreover, since the simulation results for this evalu-
ation model satisfy the delay spread << symbol length
(assumed to be about 1 s) relationship, we can assert that
it shows flat fading characteristics.

7. Conclusions

In this paper, we investigated an intervehicle commu-
nication (IVC) method that considers radio wave propaga-
tion conditions during IVC at intersections. First, we used
the ray-tracing method to evaluate the characteristics of
radio wave propagation in intersection models without
line-of-sight, and performed propagation modeling. Then
we proposed an IVC method based on MIMO-STBC that
makes use of these characteristics. As a result, we obtained
constantly fixed bit error rate characteristics, regardless of
the movement distance or the transmission frequency, con-
firming its validity. In addition, we confirmed that the
transmission modeling result virtually matches the charac-
teristics of the Rayleigh fading environment and the Naka-
gami-Rice fading environment.

As a first step of investigation, we hypothesized for
this paper an intersection on office-lined streets with large

numbers of vehicles, and implemented a basic investigation
targeting point-to-point communication focusing on the
characteristics of tracking changes in propagation channels
as transmitter and receiver are in motion. However, in order
to realize a safe driving support system that demands high
reliability, we believe that targeting point-to-point commu-
nication should go beyond this basic investigation to in-
clude verification of effectiveness under various
environments. Possible situations could include communi-
cation in suburban areas where wooden structures exist in
the surrounding area, situations where the existence of
blocking vehicles results in large differences in the receiv-
ing level or propagation characteristics between antenna
branches, or situations that take into account reflection
waves coming off of multiple vehicles.

Other issues for consideration include adaptive ac-
cess control between multiple vehicles, and evaluation of
characteristics in frequency selective fading environments.
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