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Experimental Determination of Propagation Paths for the ETC
System—Equipment Development and Field Test—

Katsuyuki HANEDA†a), Student Member, Jun-ichi TAKADA†, Takeo IWATA††, Members,
Yoshitaka WAKINAKA†††, and Takeshi KUNISHIMA††††, Nonmembers

SUMMARY Electronic Toll Collection (ETC), an application of Ded-
icated Short Range Wireless Communication (DSRC), had suffered from
wrong operations due to multipath problems. To solve this problem, we
proposed to apply a simple configured path determination scheme for the
ETC system. The system consists of a vector network analyzer, low-noise
amplifier, and X-Y positioner and achieves an automatic measurement of
the spatial transfer function with emphasis on accurate measurement and
reproducibility. For the reliable identification of the propagating paths, 3-D
Unitary ESPRIT and SAGE algorithms were employed. Having developed
the system, field experiments at the toll gate of the highway was carried out.
In the measurements, we could determine many propagation paths so that
the dominant propagation phenomena at the toll gate was identified. They
included a ground-canopy twice reflected wave, which was a potential path
that caused wrong operation. Consequently, their reflection coefficients and
polarization characteristics were investigated. From the results, applicabil-
ity of the path determination system for short range on-site measurement
was confirmed.
key words: ETC, DSRC, propagation, short range wireless communica-
tion, measurement system, path determination, 3-D unitary ESPRIT, SAGE
algorithm

1. Introduction

Recently, the demand for short range wireless communica-
tion is expanding such as in Intelligent Transport System
(ITS), and wireless local area network (LAN). However,
these systems often suffer from multipath and shadowing.
In Japan, the ETC system had some problems in system op-
erations due to the presence of unexpected multipath waves
at the beginning of the deployment [1].

ETC is a communication system between a roadside
antenna at the toll gate and a vehicular antenna inside the
car. In this system, the waves reflected, diffracted or shad-
owed by the canopy, booth, road surface and cars may cause
problems to its own or the following cars because they may
extend the coverage area of the system. In the initial mea-
surement at the toll gate [1], the ground and canopy twice
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Fig. 1 Multipath problem of ETC occured at the beginning of
deployment.

reflected waves as shown in Fig. 1 were identified as the sus-
picious waves that caused the problem. A car that passes
through the toll gate receives both direct wave and ground-
canopy reflected wave at different points, so toll payment
may occur twice. Another reported trouble was that the exit
bar did not open and the car that was passing through the
gate bumped it. In this context, further needs to investigate
the potential reflected paths with respect to their power and
polarization has arose. It seems that this kind of problem
occured due to the system design based only on line-of-site
(LOS) paths.

For this purpose, it was necessary to specify the waves
which caused the problem. We can suppress the undesired
waves by putting an electromagnetic absorber at the reflec-
tion point of the wave. Moreover, after putting the electro-
magnetic absorber, its peformance evaluation is crucial for
the maintainance and sustainable usage of the toll gate. Such
a kind of inspection is achieved only by on-site measure-
ments with path determination systems. Therefore, what we
proposed here is an application of a conventional channel
sounding scheme as a path determination system for the im-
provement of the ETC/DSRC system.

There have been many studies on the development
of propagation channel estimation techniques and channel
sounders (e.g., [2]–[4]). However a channel sounder re-
quires a complex hardware design, so some simple system
is preferable when we consider the development time and
cost. Therefore, a channel measurement system with a sim-
ple configuration is employed in this study. The system in-
tegrates some off-the-shelf measurement equipments such
as a vector network analyzer (VNA), X-Y positioner, and
PC for simultaneous direction of arrival (DOA) and time of
arrival (TOA) estimation. There have been many channel
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measurement campaigns by using a VNA, with superreso-
lution techniques [5], [6], with synthesized array antennas
[6]–[8], with real antenna arrays [9] and for millimeter-wave
propagation measurements [10]. Based on their studies, we
developed an improved system which focuses on the precise
measurements with reproducibility and accurate estimation
of signal parameters.

An experiment at the toll gate of the highway was car-
ried out with the use of this path determination system. In
the results, several propagation paths were observed which
included the ground-canopy twice reflected wave. The es-
timated paths could be identified to the physical structure
of the environments, i.e. canopy, ground, polls at the toll as
well as the direct wave so that validity of the on-site mea-
surement with our system was confirmed. Consequently, de-
tailed investigations on the reflection coefficients, polariza-
tion characteristics and dominant scatteres were examined.

This paper consists of the following sections: the next
section describes the specification of the path determination
system and in Sect. 3, a brief information on the signal pro-
cessing is given. Section 4 presents the result of the exper-
iment at the toll gate of the highway and the conclusion is
given in Sect. 5.

2. Specification of Path Determination System

The system we developed in this research is depicted in
Fig. 2. This system has two characteristics:

• It can measure the spatial transfer function automati-
cally while retaining accuracy.
• It offers precise estimation of the parameters by using

high resolution algorithms.

In Fig. 2, one of the antenna apertures is a synthe-
sized uniform rectangular array (SURA) which is realized
by scanning a single antenna element spatially by the aid of
a X-Y positioner. This allows us to avoid the complex cali-
bration procedure due to the mutual coupling of the antenna
array. The configuration of the antenna aperture is arbitrary

Fig. 2 Path determination system.

and depends on the antenna positioning equipment. The use
of a low-noise amplifier enables us to extend the dynamic
range of the signal to be detected.

Taking into account that it takes much time to move
antennas and some accuracy is required in antenna align-
ment, we automated this system with respect to controlling
the X-Y positioner and VNA via GPIB. This drastically re-
duces the measurement time while retaining the accuracy of
antenna alignment of 1 [mm]. The maximum size of the an-
tenna aperture is 2.42 [m]×1.5 [m] in either vertical or hori-
zontal plane. This system is shown to derive reliable results
for time-invariant channels while retaining reproducibility.

3. Parameters Estimation Schemes

In order to estimate the parameters of the incident waves
from the transfer function measured at the VNA, we used the
3-D Unitary ESPRIT in conjunction with the SAGE algo-
rithm which achieves higher resolution than Fourier Trans-
form (Beam Forming Method).

3.1 3-D Unitary ESPRIT

ESPRIT (Estimation of Signal Parameters via Rotational
Invariance Technique) [11] is an algorithm based on the
eigenspace analysis. In physical terms, it is equivalent to
finding out the parameters of the incident waves by using the
phase difference between groups of uniformly positioned el-
ements such as an uniform linear array antenna input. Uni-
tary ESPRIT [12] has an advantage in computaional speed
compared to the conventional ESPRIT and can expand to
multi-dimensional simultaneous parameters estimation [13].
In our system, 3-D Unitary ESPRIT is considered [2]. How-
ever, the algorithm may have an insufficient performance
when it is applied to short range wireless communication
environment due to the following aspects:

• Correlation of the incident waves/estimation of the
number of waves and the number of measurement
points:
In multipath environments, superimposed signals often
arrive coherently with each other, and it is required to
reduce the coherence by introducing a smoothing pre-
processing in the algorithm [14]. However, it comes
to light from the experiment that we cannot reduce it
perfectly because the coherency is too strong. In this
case, there may exist some waves detected degener-
ately which should have been separately detected. This
phenomenon can cause a bias in the parameter estima-
tion result, thus the estimation of the number of waves
is essential in the process.

If incident waves are incoherent with each other, the
number of waves are equal to the number of eigen-
values that are larger than noise power. In case of
the estimation of coherent waves, however, that cri-
teria does not hold. The same phenomenon can be
seen even when we introduce spatial smoothing as pre-
processing. Although there is an approach from the
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information theoretical point of view that estimates the
number of waves called MDL [15], the result is not
always so reliable. In present conditions, we only as-
sume the validity of each result obtained by changing
the number of waves.

In addition, the upper limit of the number of waves
we can estimate depends on a dimension of the cor-
relation matrix for reasons indicated above as well as
the change of the resolution. And the dimension of
the correlation matrix is also dependent on the number
of measurement points. Therefore when we determine
the number of measurement points, we must consider
the upper limit of the incident waves and the way of
smoothing.
• Plane wave approximation:

In short range wireless communication environment,
there may exist a wave that does not satisfy the plane
wave approximation which is a hypothesis of this algo-
rithm. Thus we must consider other methods for esti-
mation of these waves.

These kinds of phenomena often cause erroneous esti-
mation results, especially in the form of spurious ray paths
which are unable to be identified in the real environment.

3.2 SAGE Algorithm

To improve the defects of 3-D Unitary ESPRIT listed above,
we propose to use the SAGE algorithm [16] at the same
time. This algorithm is essentially based on the maximum
likelihood estimation (MLE) which is statistically an opti-
mum estimator. The SAGE algorithm reduces the compu-
tatioal cost compared to the MLE by exploiting hidden data
spaces [17], while retaining accuracy. However, we must
bear in mind that the result of the SAGE algorithm is not al-
ways a global optimum solution, thus the initial value of the
search is very important. There is a way that generates the
initial value called succesive interference cancellation [16],
but in this system the result of 3-D Unitary ESPRIT is em-
ployed as an initial condition [18]. By using this scheme, it
is expected to reduce the effect of spurious paths.

3.3 Resolution and Accuracy of the Parameters Estimation

Considering the structure of the toll gate, we assumed that
it is enough to achieve resolution of spatially 10 [deg] and
15 [ns] in temporal domain to distinguish the dominant
propagation paths. They correspond to the electrical aper-
ture size of 4.5λ and frequency band of 67 [MHz] with re-
spect to the Fourier resolution. They were achieved in the
field experiment at the toll gate of the highway, whose spec-
ifications and results are described in Sect. 4. Concern-
ing the accuracy of the estimation, root mean square error
(RMSE) of the results were about 0.23 [deg] in the angle,
and 0.15 [ns] in the delay domain, respectively. RMSE of
the estimated complex amplitude was 0.25 [dB] and 16 [deg]
with respect to the magnitude and phase. The RMSE was

obtained by using the Monte-carlo simulation of ESPRIT
and SAGE in which the detected waves were successfully
resolved either in the DOA or TOA domain. In the simu-
lation, signal-to-noise ratio (SNR) of the wave was 20 [dB]
and plane wave incidence was assumed.

4. Field Experiment at a Toll Gate of the Highway

We carried out a field measurement at a toll gate of a high-
way. The scenario of the measurement was the third lane of
Hinode toll gate in Center District Highway at Tokyo, Japan.
In the lane, we executed the measurements twice at different
points. Note that this toll gate had already been designed
to supress the multipath waves from the beginning so that
we changed the position of the transmitter antenna (Tx) and
the receiver antenna (Rx) intentionally in order to observe
multipath propagation. During the measurement, there were
no cars passing by and no moving objects around the field,
thus we can assume the environment to be time invariant.
The details of the parameters of the measurement and signal
processing are listed in Table 1.

We employed dipole antennas at Tx and Rx, thus lin-
early polarized waves were used in the measurement. In this
case, the resolution characteristics of the superimposed sig-
nals were dependent on the polarized direction of the waves,
i.e., in horizontally polarized case and vertically polarized
case, because of the directivity of the dipole antenna. Con-
sequently, we exploited polarization averaging in ESPRIT
[19] which takes advantage of this nature so that stable res-
olution in angle estimation is expected. In SAGE algorithm,
the search was conducted for both polarizations simultane-
ously. Then we can estimate the polarization dependent gain

Table 1 Specifications of the measurement and signal processing.

Measurement
points

Spatially 10 × 10 points
(Vertical plane, interval 25 [mm])
21 points over frequency from
5.8 [GHz] to 5.9 [GHz].

Estimated
Parameters

The number of paths/azimuth,
elevation, delay and complex
amplitude of each path.

Antennas
Dipole antennas at both Tx and Rx.
Reflection coefficient is below
−10 [dB] in 5.8–5.9 [GHz].

Calibration
Back-to-back at the distance between
Tx and Rx of 1 [m] in an open space.

Snapshot 20 times.

Signal
Processing

LS 3-D Unitary ESPRIT
(initial value estimation),
SAGE algorithm.

Smoothing
in ESPRIT

Spatially 4 times and
7 times over frequency.

Wave
Polarization

Vertical-Vertical,
Horizontal-Horizontal
(with polarization averaging in
ESPRIT, simultaneous search for
both polarization in
SAGE).

Signal-to-Noise
Ratio

Approx. 40 [dB].
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of a path. With the use of a LNA, the SNR at the input of
the VNA was estimated to be approximately 40 [dB].

Here we show the method of system calibration, the
test environment, and the results obtained by using the
SAGE algorithm which employed the result of 3-D Unitary
ESPRIT as an initial condition.

4.1 Calibration of the System

When we measured the distribution of the transfer function
spatially by using the proposed system, VNA also measured
the transfer function of cables and amplifier simultaneously
which was not negligible so that it is required to remove
them from measured data. This process is refered to as cali-
bration.

In the system depicted in Fig. 2, suppose that the trans-
fer functions of free space and the system are denoted by
H( f ) and G( f ), respectively. If we can neglect the reflection
within the equipment, transfer function X( f ) measured by
VNA is expressed as

X( f ) = H( f ) ×G( f ). (1)

Here, if H( f ) is expressed as a Friis’ free space transmission
formula

H( f ) =
λ

4πd
exp

(
−j

2π
λ

d

)
, (2)

we can derive the transfer function of the system G( f ) from
the measured data X( f ) through equation (1). Here λ is the
wavelength and d is the distance between Tx and Rx. We
estimate G( f ) by a back-to-back calibration procedure and
regard G( f ) as the calibration data. In the experiment, the
transfer function of free space can be extracted by dividing
the measured data from VNA by G( f ).

4.2 Results in Scenario A

Scenario A is depicted in Fig. 3. The transmitter antenna
was set to 4.79 meters high by a crane below the ETC gate.
And the receiver antenna is depicted at the center of the spa-
tial scanning.

The estimation results in scenario A are presented in
Table 2 and the ray paths identified are depicted in Fig. 3.
Definition of the angles is also described in the figure.
Path determination was achieved with the use of DOAs and
TOAs. First, DOAs were used to specify the reflection point
so that the exact path can be determined in the environment.
After that, TOA was examined whether it agreed with the
TOA derived from the length of specified path or not. If they
indicate different values, the path is regarded as a spurious
path.

In the result of ESPRIT, several spurious paths ap-
peared. For example, a wave whose path parameters are
azimuth 5.7 [deg], elevation −51.9 [deg] and delay 18.7 [ns],
were assumed to be incident from ground but its delay time
was much smaller than the one derived from the path length,

Fig. 3 Ray path identification at scenario A.

Table 2 Estimated parameters of incident waves at scenario A: theoreti-
cal values are shown in ( ) for direct wave and specular reflected waves.

Reflection Azimuth Elevation Delay Gain Phase
Point [deg] [deg] [ns] [dB] [deg]

#1
(Direct
Wave)

2.5
(5.1)

34.6
(36.0)

18.6
(18.7)

v:0.0
h:0.0

v:0
h:0

#2
Ground

1.9
(5.1)

−55.3
(−54.3)

26.0
(25.8)

v:−12.9
h:−9.3

v:225
h:348

#3
Ground
and Left

Poll

32.9 −55.1 31.2
v:−30.5
h:−15.6

v:25
h:134

#4
Right
Gate

−22.6 23.9 27.2
v:−22.6
h: noise

v:116
h: noise

#5
Right Poll −58.3 −13.1 29.3

v:−19.7
h:−34.4

v:149
h:269

25.8 [ns]. However, after the processing of SAGE, the de-
lay time was refined so that exact path determination to the
ground reflected wave was accomplished (#2 of Table 2).
As a result, results from SAGE algorithm were free from
the spurious paths.

In Table 2, estimates of the parameters by geometical
optics are also shown for the specular paths. The complex
amplitude of each path is normalized by the first arrival wave
and is expressed in the form of gain and phase. v and h mean
path gain values of vertically polarized wave and horizon-
tally polarized wave respectively. The expression “noise”
represents that the path was not able to be detected because
the received power was below noise level.

According to the results, we were able to detect 5 paths
in this scenario. For the specular reflected waves (#1: di-
rect wave and #2: ground reflected wave), the results well
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matched the theoretical ones. We can see 3 non-specular
reflected waves whose gain were at least 10 [dB] below the
direct path. Wave #3 experiences reflection on the ground
and diffraction at the poll equipped at the left side of the
road. Wave #4 is a diffraction from the edge of the gate and
wave #5 is a diffraction from the poll equipped at the right
side of the road.

4.3 Results in Scenario B

Scenario B is depicted in Fig. 4 as well as the definition of
the angles. The transmitter antenna was set to 5.0 meters
high by crane and the receiver antenna was placed at the
center of the spatial scanning. The estimation results in sce-
nario B is presented in Table 3 and the identified ray paths
are depicted in Fig. 4. In this scenario, spurious paths also
appeared, e.g., the wave with azimuth −1.8 [deg], elevation
44.2 [deg] and delay time 28.5 [ns] which corresponds to the
reflection from the canopy, but delay time was not consistent
with the length of specified path, 23.1 [ns]. However, after
refinement of the result by SAGE, it converged to the direct
wave (#1 of the Table 3). We observed no spurious paths in
the result of SAGE.

In this scenario, 7 waves were detected because there
were more objects around it than scenario A and it arose
from the beam, pole, canopy and ground reflection. We
could also see ground-canopy twice reflected wave which
might cause an undesired extension of the coverage area in

Fig. 4 Path identification at scenario B.

communication. Note that non-specular waves are dominant
among reflected waves. One reason is the shape of the ob-
jects, i.e. cylindrical poll, corrugated canopy. Non-specular
scattering from the metals equipped on the ground was de-
tected (#6) as well as the specular paths from the ground
(#4). For the parameters of specular reflected waves, we
could see close agreement with the theoretical values.

4.4 Discussion on the Dominant Propagation Phenomena

From the experiments, dominant propagation paths were
discovered. They are scattering at

• Ground,
• Canopy (including beams),
• Polls equipped at the roadsides.

Among them, ground and canopy scattering consist of spec-
ular reflection which can be easily predicted intuititively,
while scattering at the poll is normally non-specular reflec-
tion or diffraction because of the shape of the poll. Note
that metal parts in the ground can also produce an enhanced
reflection even though it is a non-specular direction.

In order to predict the incident power of the scattering
wave, reflection coefficients are calculated for each path in
scenarios A and B. The results are shown in Tables 4 and
5, respectively. For the specular reflected waves, they are
compared to the theoretical ones. In the theoretical deriva-
tion, the reflection plane is assumed to be semi-infinite and
have a finite thickness of 10 [cm]. The permittibity of re-
flection plane is εr = 7.0 − j0.85 [20], which is adequate for
asphalt. Perfect refletion is assumed in canopy for the twice
reflected waves in scenario B (#7), since the canopy is made
of metal although it is corrugated. From the results it can be
observed that theoretical consideration can be applicable for
predicting scattering loss of the specular reflected waves, i.e.
ground and canopy reflection. For the reflection coefficients
of non-specular waves, they indicate larger loss than those

Table 3 Estimated parameters of incident waves at scenario B: theoreti-
cal values are shown in ( ) for direct wave and specular reflected waves.

Reflection Azimuth Elevation Delay Gain Phase
point [deg] [deg] [ns] [dB] [deg]

#1
(Direct
wave)

3.9
(2.3)

37.9
(35.0)

19.6
(20.4)

v:0.0
h:0.0

v:0
h:0

#2
Right
Beam

−25.3 27.4 26.1
v:−20.2
h:−19.8

v:70
h:253

#3
Canopy 2.1 67.6 25.9

v:−13.6
h:−13.8

v:88
h:211

#4
Ground

2.4
(2.3)

−59.5
(−52.4)

27.5
(27.3)

v:−11.2
h:−10.6

v:191
h:304

#5
Left
Poll

37.4 20.4 29.2
v:−11.9
h:−21.2

v:218
h:257

#6
Ground
(Metal
part)

4.2 −39.9 36.0
v:−33.6
h:−12.5

v:200
h:286

#7
Ground

and
Canopy

2.8
(2.3)

72.8
(71.3)

50.9
(52.1)

v: noise
h:−16.1

v: noise
h:239
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Table 4 Reflection coefficients of each path in scenario A: theoretical
values are shown in ( ) for the specular reflected waves.

Path
Ref. coeff. [dB]
Vertical wave

Ref. coeff. [dB]
Horizontal wave

#2
(Ground)

−10.0
(−8.3)

−6.5
(−5.7)

#3
(Ground & Poll)

−26.1 −11.1

#4
(Gate)

−19.3
Not

detected
#5

(Poll)
−15.8 −30.5

Table 5 Reflection coefficients of each path in scenario B: theoretical
values are shown in ( ) for the specular reflected waves.

Path
Ref. coeff. [dB]
Vertical wave

Ref. coeff. [dB]
Horizontal wave

#2
(Beam)

−17.7 −17.3

#3
(Canopy)

−11.2 −11.3

#4
(Ground)

−8.3
(−8.0)

−7.7
(−5.9)

#5
(Poll)

−8.4 −17.7

#6
(Ground)

−28.3 −7.0

#7
(Ground & Canopy)

Not
detected

−7.8
(−6.6)

predicted by theoretical considerations. We could confirm
the dependence of reflection coefficients on the polarization
since vertical wave reflections have larger loss than that of
horizontal waves.

4.5 Discussions on the Characteristics of Circular Polar-
ization

Since the ETC system employs circular polarized waves,
prediction of the propagation phenomena with respect to
circular polarized wave would be necessary. The com-
plete construction of circular polarized waves needs co- and
cross-polarization measurement. In our field tests, however,
sufficient SNR in the cross-polarization measurement was
not accomplished so we could not collect reliable data. In
other words, the effect of cross-polarization is negligible
compared to the co-polarization in terms of the SNR. There-
fore, considering only the co-polarization case is sufficient
for reconstructing the circular polarized component.

Suppose pure right-handed circular polarized (RHCP)
wave of unit power is radiated from Tx, polarimetric inci-
dent field at Rx is denoted as Eq. (3),

[
yV

yH

]
=

[
rVV − jrVH

jrHV rHH

] 
1√
2

j√
2

 , (3)

where yV is a received field with respect to the vertically po-
larized wave and yH is that of horizontal polarization. The
matrix composed of r expresses a scattering loss, including
free space attenuation. The diagonal elements denote scat-

Table 6 Normalized incident power of the RHCP and LHCP in scenario
A: when pure RHCP wave is radiated.

Path
Power of

RHCP [dB]
Power of

LHCP [dB]
#1

(Direct wave)
0.0 −∞

#2
(Ground)

−16.8 −12.0

#3
(Ground & Poll)

−22.0 −21.0

#4
(Gate)

−28.6 −28.6

#5
(Poll)

−26.4 −24.9

Table 7 Normalized incident power of the RHCP and LHCP in scenario
B: when pure RHCP wave is radiated.

Path
Power of

RHCP [dB]
Power of

LHCP [dB]
#1

(Direct wave)
0.0 −∞

#2
(Beam)

−49.2 −20.0

#3
(Canopy)

−20.1 −14.8

#4
(Ground)

−16.1 −12.5

#5
(Poll)

−15.8 −20.3

#6
(Ground)

−18.4 −18.6

#7
(Ground & Canopy)

−22.1 −22.1

tering coefficients for the vertical and the horizontal polar-
ization, while the non-diagonals represent polarization rota-
tion effects. Herein the non-diagonal elements can be treated
as zero, since they are negligibly small. Obtained yV and
yH enables us to analyze the incident power of RHCP and
left-handed circular polarized (LHCP) waves for each path.
Note that yV and yH should be normalized by a definition
of the notation of circular polarized waves such that yV is a
reference of phase. For example, in wave #2 of scenario A,
the received field is yV = 0.1601, yH = −0.2033 − j0.1320
and it corresponds to an elliptic wave. Any elliptic wave
can be decomposed into the RHCP and LHCP waves then
the received field yields −16.8 [dB] and −12.0 [dB] of the
RHCP and LHCP components, respectively. The power de-
notes a relative value, which is normalized by the received
power of the RHCP of the direct wave. It is observed that
the LHCP component more or less appears even when pure
RHCP wave is radiated. This is due to the different propaga-
tion characteristics between vertical and horizontal waves.
They lead to the degradation of axis ratio of circular po-
larized waves, which result in the elliptic polarized waves.
Incident power of the RHCP and LHCP for other paths are
shown in Table 6 and Table 7.
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5. Conclusion

In this paper, propagation environments of the ETC sys-
tem were investigated with a simple configurated path de-
termination system and advanced parameters estimation al-
gorithms. The system is easily integrated with commercial
equipments, VNA, X-Y positioner and PC and achieves a
completely automated measurement. The accuracy of an-
tenna alignment and reproducibility were emphasized in the
system design. The use of SAGE algorithm in conjunction
with 3-D Unitary ESPRIT makes it possible to reduce the
spurious paths.

The measurement results at the toll gate of the high-
way showed that the measurement system could determine
many propagation paths in the environment. They included
the ground-canopy twice reflected wave which caused an in-
correct operation in the ETC. Consequently, their scattering
coefficient as well as the polarization characteristics were
analyzed.

The validity of the path determination system were
confirmed by the experiment so that several applications
can be undertaken in addition to the undesired path detec-
tion: efficiency evaluation of the electromagnetic absorber
at the toll gate, coverage design in DSRC (ex. road to ve-
hicle communication). Such a kind of analysis is accom-
plished only by the on-site measurement, then the possibil-
ity to contribute to those works by the path determination
system can be emphasized. This system can be applied not
only to ITS, but also to other short range communications,
link design and performance evaluation of indoor wireless
LAN and Ultra Wideband (UWB) system by employing the
horizontal spatial scanning [21], [22].
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