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Abstract— For electronic payments, the communication
link has to be reliable. Dedicated short range communi-
cation is a proposed solution for the automatic debiting of
vehicles without disturbing the traffic low. The require-
ments on the reliability of such a system are high, which
implies that only large scale simulations with a lot of detail
are effective to analyse an occasional error. In this article,
an hierarchical approach is worked out that allows such sim-
ulations of the communication link with a 80% reduction of
the computational effort compared to simulation with full
detail.
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I. INTRODUCTION

N the Netherlands Automatic Debiting Systems for traf-

fic will be introduced in the near future. To analyse
the reliability of such systems a project is initiated by the
Dutch government. The goal of the project is to evalu-
ate the technical feasibility of Automatic Debiting Systems
(ADS) for Electronic Toll Collection (ETC) on the Dutch
road network. We have designed a modelling and simula-
tion approach for this evaluation project, and developed a
software environment to perform these simulations. The
environment, called ADSsM [1], is used by both govern-
ment and industry.

In an automatic debiting system on the road network,
it is essential that the exchange of information between
roadside system (RSS) and the on-board unit (OBU) in
a moving vehicle is reliable and fast. This is the task of
the dedicated short-range communication system (DSRC),
one of the subsystems of the ADS. Other subsystems are
used for vehicle detection, co-ordination and license plate
registration.

In this paper, a hierarchical approach is introduced to
model the reliability of the physical layer of the com
nication subsystem. Step by step more detail is added
the model of the subsystem. We will show the trade-off
between reliability of the results and computational effort.
As a result of this analysis, insight is gained into the parts
of the model that are critical for defining the reliability of
the system.
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II. MODELLING

In order to simulate a complete ADS [2], we have to
model the different subsystems [3]. In this article we are
only interested in the communication subsystem: the link
between the microwave antennas at a gantry above the road
(RSS) and the small patch antenna (OBU) in moving vehi-
cles. Via this link a certain fee that has to be paid for the
passage is collected. When the vehicles are not equipped
with an OBU, their license plate will be registered, which
is a task of the other subsystems of the ADS (detection &
registration). The other subsystems are out of the scope of
this article.

A communication link for electronic payments has to be
reliable. To prove the reliability of such a system, a detailed
analysis of the occasional errors is needed. Large scale
simulations are well suited for this job. The aim of this
article is to find the right level of detail needed for such an
analysis.

Therefore, a hierarchical approach is used for mod-
elling the physical layer of the communication. Higher
(OSI-)layers are as important for the reliability as the phys-
ical layer, and quite some modeling effort has been put into
those higher layers, but in this article we concentrate on the
physical layer. For this layer, five models will be described
with their implementation. Each lower level model contains
more details, but is also computationally more expensive.

The following five models are distinguished:

o Transmitter Geometry model is the highest model with
the least detail. It provides the spatial distribution of the
three volumes in the ADS configuration where communi-
cation is possible, not possible or perhaps possible.

o Transmitter Field model provides the spatial distribution
of the strength of the electromagnetic (EM) field of the
transmitting antennas.

o Single-Receiver model provides the EM vector-field (in-
cluding amplitude, phase and polarisation) at the receiver
of an OBU, which could be direction, phase and polarisa-
tion dependent.

o Single-Vehicle model is an extension of the Single-
Receiver model with bonnet reflections and windscreen in-
fluences.

o Multiple-Vehicle model is an extension of the Single-
Vehicle model with reflections and disturbances from other
vehicles.

In the following section, the different implementations of
the five models will be discussed.

The communication system modelled as case-study, is
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the Philips/Kista system designed in 1990. From this sys-
tem a large set of measurements is available [4]. Although
the system is not completely comparable with the commer-
cial systems currently available, the results of this study are
general applicable.

Especially for this article the parameters of the
Philips/Kista are tuned in such a way that the commu-
nication performance is just enough to exchange the infor-
mation for the electronic payment. In this way the effect of
the different hierarchical models can be seen in a difference
of the number of not successful transactions.

III. IMPLEMENTATION
A. Transmitter Geometry model

The ‘communication zone’ is the area where the trans-
action takes place for most of the passages. In this area
the signals on both downlink and uplink are off such level
that a reliable link is guaranteed. Around this zone is an
area where the success of the transaction depends on many
parameters.

Based on this, we define ‘grey’ zones (where a more de-
tailed modelling of the communication is needed) next to
‘white’ zones (where a high level modelling of communica-
tion is sufficient).
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Fig. 1. Definition of a VolumeTriangle

The volumes in the ADS configuration where communi-
cation is possible are implemented as so called VolumeTri-
angles, which include both the white and the grey zones
described above. In the ADS configuration, the sensitive
zone of the roadside microwave antenna is implemented
as a so called VolumeTriangle. This VolumeTriangle has
to contain both the white and grey zones described above.
The Philips/Kista system [4] is modelled with the following
parameters for the VolumeTriangle (Fig. 1):

LateralOpeningAngle: 50.0 ; degree
YRotation: -69.75; degree
LongitudinalOpeningAngle: 32.25; degree
;TransceiverHeight 5.3 ; meter

Fig. 2 gives two cross-sections of this volume: a side
view and a top-view. The thick bars in the figure are the
measurements performed on the Philips/Kista system in
1990. A thick bar indicate the largest uninterrupted in-
terval where the signal level exceeds a threshold, so that
reliable communication is guaranteed.
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Side view of cross-section
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(Y = 0m) of the footprint
(measurements at 1.25 m and
2.65m height)

Top view of cross-section
VolumeTriangle at 1.25 meter
height (measurements only for

Y < 0m)

Fig. 2. Footprints of the VolumeTriangle and measured uninter-
rupted interval of signal levels above a certain threshold. The
projection of the position of the transceiver is indicated.

The topology of the VolumeTriangle is chosen in such
way that uninterrupted signal levels inside the volume can
be guaranteed. The only exception is that at the far edges
at low height, the location of the communication zone is not
correct, although the length of the communication zone is
not overestimated.

B. Transmitter Field model

Around the ‘white’ zone of the Transmitter Geometry
model, there is an area where microwave signals are re-
ceived, but a successful transaction cannot be guaranteed.
The quality of the signal in this ‘grey’ area depends on
many parameters, which can attenuate or amplify the sig-
nal. In the Transmitter Field model, a rough estimation
of the microwave signal based on standard mathematical
models for the main lobes of the antenna field pattern [5]
is made.

In the Transmitter Field model, it is assumed that the
actual power received at a certain location is independent
of the orientation of the OBU and the shape of the vehicle
carrying it. These assumptions are quite reasonable. For
instance, the difference in signal level between this model
and the lower Single Receiver model, which takes the orien-
tation into account, is in the area directly under the gantry
(X > —5m), and at the far edges of the communication
zone (|Y| > 3.5m).

In the Transmitter Field model, we will use the following
simple formula to calculate direct path loss that takes into
account losses due to distance, azimuth angle and elevation
angle:

loss(r, ¢,0) = loss(r) + loss(¢p) + loss(6)



where

loss(r) = —20log(r)[dB]

= Tog(eos(z2.5y) 9 cos(#)ldB]

sin(Kssin(f — 6o)(1 + cos(0 — 6o))
2K sin(f — 6p)
and 6y = 35° and K, = 8.87.

loss(¢)

loss(8) = 20log(

)[dB]

The formulas used for calculating the azimuth and el-
evation losses are standard mathematical models [5, page
180-185] for the main lobe of moderate and narrow antenna
patterns, respectively. The parameters in the azimuth and
elevation loss equations are chosen in accordance with the
specification of the Philips/Kista system [4, page 13].

In Figure 3 the field obtained from this model (a,b) and
the actual measurements (c,d) for different values of the
lateral position Y are shown and they match quite well.
Since this is a crude model, there are some differences be-
tween model and measurements. Notice for instance that
there are no sidelobes. The measurements are taken from
[4], for an OBU with a ‘standard’ orientation (elevation
angle ppy = 45°, azimuth angle ¢opy = 0°). For the
calculations no OBU orientation is taken into account.

In the images at the top row, two curves can be found.
Only the upper curves (for 2.45 GHz) should be compared
with the measurements. Validation issues will be discussed
thoroughly in section IV. Here, both calculations and mea-
surements are used to illustrate the impact of the modelled
effects. The lower curves (for 5.8 GHz) represent the pow-
ers used in the simulations that generated the results of
section V.
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Fig. 3. Calculations and measurements of the received power for two
values of Y. The measurements are taken from [4, page A.1 &
A.9].

C. Single-Receiver model

On this level, both the transmitter and the receiver an-
tennas are modelled. The antennas are modelled as arrays
of patch elements. Although each patch antenna element
that emits (or receives) signals has a wide field pattern,

by combining the fields of all patches that make up an an-
tenna, narrow antenna patterns can be obtained.

The antennas at the gantry of the Philips/Kista system
(the RSS) contain eight patch elements (array of 4x2). The
antenna in the vehicles (the OBU) contains a single or a
double-patch element. The next figure shows the side view
of both antenna positions with their schematic directional
patterns.
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Fig. 4. The Single Receiver model for the single patch version of the
Philips/Kista system.

The far field model (Carver and Mink [6]) of a linearly
polarised rectangular microstrip patch antenna operating
in the TMjo mode at location P(R,8,¢) is given by the
following expressions:

EG,patch (Ra 05 ¢) = Enain (R; 03 ¢)COS¢

Ey patch (R, 6,¢) = Enain(R, 6, ¢)cosbsing

, =y Vok
Emain(R; 0; ¢) = 67](k0R7 E) O—OGCOS((ktCOSG)
TR
sinc(kog gsinO.sinqS)cos(ko §sin9cos¢)

where k = ko /€, ko = 27 [Xo, €r is the dielectric constant
and Vg the voltage applied to the patch. The expressions
are formulated in the local spherical coordinate system il-
lustrated in Figure 5. Fg and Ey denote the field com-
ponents along the vectors 4g and 44 at point P. The field
component in the radial direction Eg is zero (in the far
field).

In order to generate elliptically polarised waves, we as-
sume that there exists an equivalent second antenna emit-
ting with a 90° phase difference at the same location, and
with its coordinate system rotated 90° about the z-axis.
At broadside the polarisation will be circular, the elliptic-
ity ratio will gradually deviate from one when moving away
from broadside (6 = 0°).

The contribution of all the (eight) patches in the gantry
antenna are summed to compute its field pattern at a cer-
tain point:

N

E9 (Ra 9, (]S) = Z \/—P_HEG,n(Ra 0, ¢)eia0'"

n=1
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