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ABSTRACT As atypical application of intelligent transportation systems (ITS), the electronic toll collection
(ETC) system has been widely used on highways due to its excellent toll efficiency. In the actual traffic
environment, there usually exists more than one vehicle in the radiation area of the road-side units (RSU) at
the same time, and the front vehicle will affect the ray paths between the RSU and the on-board units (OBU)
of the back vehicle. Here we studied the front vehicle’s impact on the ETC system’s path propagation loss
by ray tracing technology and Uniform Theory of Diffraction (UTD). Firstly, we simplified the vehicle body
structure into two equivalent geometric models. Four situations were considered according to the vehicles’
front and rear positions. We analyzed each scenario’s propagation loss models under line-of-sight (LOS) and
non-line-of-sight (NLOS) conditions based on the distance change among RSU, OBU, and the front vehicle.
Finally, we developed an ETC comprehensive test equipment to measure the propagation loss of the four
scenarios at a toll station. Both simulation and experiment results indicate that the propagation loss models
proposed in this paper are valid.

INDEX TERMS Electronic toll collection, geometric features, propagation loss model, ray tracing, the front

vehicle, uniform theory of diffraction.

I. INTRODUCTION

ELECTRONIC toll collection (ETC) system is an essen-
tial application of intelligent transportation system(ITS) and
has been widely adopted in the highway, housing estates,
and parking lots [1], [2], [3], [4], [5]. An ETC system
consists of road-side units (RSU), on-board units (OBU)
installed on the windshield of vehicles, and a cost accounting
subsystem operating in the background [6], [7]. RSU con-
nects to OBU (read or write information) through 5.8 GHz
wireless communication technology called Dedicated Short
Range Communication (DSRC) [8], [9], [10]. Researching
highly accurate radio propagation prediction models is vital
in designing and optimizing ETC systems, such as matching
communication equipment, determining antenna height, and
calculating communication distance [4], [11]. In actual appli-
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cation scenarios, many moving and stationary objects like
surrounding vehicles and infrastructure can reflect, scatter,
diffract and even block the signals [12], [13], [14]. As aresult,
the received signal of the OBU/RSU is composed of many
multipath signals with randomly distributed amplitudes and
phases. Therefore, the research of ETC channel modeling
considering multipath propagation characteristics is of great
significance to the development of ITS.

The height of the transmitter (Tx) and receiver (Rx)
antennas and their relative positions determine the multipath
components in wireless communication [15], [16]. Compared
with cellular systems [17], the antennas of the Tx and Rx
in vehicular communication have relatively lower elevation
angles, and other vehicles (surrounding vehicles) will become
obstacles to the LOS signal between Tx and Rx [13], [18],
resulting in distinct attenuation and packet loss [19], [20].
The influence of shadowing from other large vehicles (trucks
or buses) on vehicular communication is analyzed in [13],
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and it reveals that the bus will generate an additional
15-20 dB attenuation and an increase in the root-mean-square
delay spread. In [21], In this paper, the 5-GHz obstructed V2V
channels are characterized through measurement-calibrated
ray-tracing simulations for different antenna deployments in
the flat and sloped terrain environments. In existing studies
[22], [23], ETC radio links are generally considered to oper-
ate under LOS conditions (see Figure 1(a)). However, most
of the time, many vehicles line up to cross the ETC gate,
as shown in Figure 1(b), from which we can see two or more
vehicles simultaneously in the RSU antenna radiation area.
The front vehicle will hinder the direct signal path between
RSU and OBU on the back vehicle. In this case, the radio link
propagating conditions should switch from LOS to NLOS
conditions or LOS/NLOS mixed environments. Moreover,
the NLOS condition causes multipath components and the
loss of LOS components, leading to severe signal fading [19].
Thus, it is necessary and essential to explore the impact of
front vehicles between RSU and OBU in the ETC link.

The ETC channel propagation loss models in the case of
a single lane are established in [22], but it only regards the
ground as the reflection surface. In [23], the differences in
radio wave propagation caused by the head geometry charac-
teristics of cab-over-engine and cab-behind-engine vehicles
are analyzed, and it points out that the engine hood may cause
reflection and diffraction of ray paths. However, it neglects
the influence of the front vehicle. The attenuation of radio
signals and the composition of multipath components are
affected not only by the obstacle’s position and material but
also by the geometry features of the obstacle [24], [25], [26].
Therefore, in analyzing the ETC scene with the interference
of the front vehicle, the geometric shape of the front vehicle
and the back vehicle should be considered.
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FIGURE 1. The application scenario of the ETC system. (a) One vehicle in
the ETC lane. (b) More than one vehicle in the ETC lane.
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In this paper, based on ray tracing technology [25], [27]
and Uniform Theory of Diffraction (UTD) [28], [29], we ana-
lyze the impact of the front vehicle on the propagation loss
between RSU and OBU. Specifically, the contributions of this
work are presented as follows:

o Given the geometric commonality and the personality
of different vehicle structures, we quantify the complex
structure of the vehicles into two simplified models:
cars (cab-over-engine vehicles) and trucks (cab-behind-
engine vehicles). Four different ETC communication
scenarios and corresponding propagation loss models
are proposed based on the combination of cars and trucks
and their relative positions.

o We discuss the interference of the front vehicle on the
communication between the RSU and OBU according
to the distance changes between the RSU, OBU, and
the front vehicle. For each scene, we have calculated
the existing conditions of each ray path and innovatively
mapped them to the same coordinate axis plane, which
is divided into different zones containing multiple types
of ray paths.

+ We have developed an ETC comprehensive test equip-
ment based on a software-defined radio platform and
successfully verified the effectiveness of the four prop-
agation loss models we proposed at an ETC toll station.

The remainder of this paper is organized as follows:
In section II, we briefly introduce four different propagation
loss models, as illustrated in Figure. 2. Then, we analyze
the propagation loss with the distance change among RSU,
OBU, and the front vehicle. The simulation results are shown
in section III. Details of the ETC comprehensive test instru-
ments and the test vehicles are presented in section IV.
Conclusions are proposed in the last section.

Il. PROPAGATION LOSS MODELS

In this section, we concisely analyze the effects of the geo-
metric features of the vehicle and the distance among OBU,
the front vehicle, and RSU on the propagation mechanism
zone. We divide the ETC application into four different
propagation scenarios and propose their corresponding prop-
agation loss models.

A. CHANNEL MODEL FOR V2R COMMUNICATION

This paper models the channel of an ETC communication
system based on consistent diffraction theory, ray tracing
technology, and geometric features of vehicles (cars and
trucks). The model mainly considers the impact of front car
interference on the ETC communication system. Discussed
the impact of the distance between RSU and OBU, as well as
the distance between the OBU and the front vehicle, on the
propagation loss.

Ray tracing technology is a geometric ray technique based
on theories such as reflection and refraction laws, which
can accurately describe the multipath propagation of electro-
magnetic waves in wireless communication, such as direct,
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FIGURE 2. Four different propagation scenarios.

reflection, and scattering. The basic idea is to treat the trans-
mitting end as the emission source, and each radio wave
emitted by it is treated as a ray. The ray passes through various
propagation paths such as direct radiation, reflection, and
scattering to track the ray until it reaches the receiving end
or the energy of the radio wave is lower than the considered
limit. The received ray is vectorized and overlaid with field
strength to obtain the signal strength of the receiving point
and the influence of the radiation source.

Thus completing the prediction of channel propagation.
The consistent diffraction theory is the development and
extension of geometric diffraction theory based on geometric
optics and geometric acoustics. The consistent diffraction
theory solves the problem that geometric diffraction theory
cannot have non-uniformity at the intersection of shaded and
illuminated regions, and can calculate the field strength of
diffraction at the edge of the transition region. The consistent
diffraction theory can analyze the propagation characteristics
of wireless channels in complex environments, and is cur-
rently widely used in research on intelligent transportation,
airborne antennas, and large parking lot tolls.

The combination of ray tracing technology and consistent
diffraction theory has jointly constructed a highly accu-
rate modeling method for wireless communication systems.
Through ray tracing technology, the ray path of electromag-
netic waves in wireless communication is predicted, and then
the received power of the receiving point is calculated using
consistent diffraction theory to obtain the propagation loss of
ETC communication systems.

B. PROPAGATION LOSS IN ETC SYSTEM

The ground, vehicles, buildings, and road infrastructure can
cause reflection, scattering, and diffraction of radio sig-
nals in a vehicular communication system, known as the

138110

/ﬂﬁ RSUR)

OBU(O)

(b) RSU— truck— truck(OBU)

46 RSU(R)
OBU(O)
o A Lo O

(d) RSU— car— car(OBU)

multipath effect. Then the ray paths include incident,
reflected, diffracted, and scattered paths. The toll level cross-
ings in China are usually in open areas, and the adjacent toll
lanes are widely separated. Due to the relatively low height
of vehicle antennas, the front vehicles often have a more
significant impact on propagation than surrounding buildings
and static obstacles [19], [23], [31]. Consequently, this paper
ignores the scattering ray path caused by adjacent vehicles,
buildings, and road infrastructure. In addition, the car follow-
ing the target vehicle will not affect the radio link between the
RSU and OBU on the target vehicle. Hence the ETC plaza can
be simplified as a single lane in open areas. The electromag-
netic wave propagation between the RSU and OBU contains
three primary ray paths: direct path (RSU to OBU), reflected
path (caused by the ground, the front vehicle, or the object
vehicle), and diffracted path (caused by the front vehicle or
the object vehicle). Since the vehicles must pass through the
ETC plaza at a low speed (less than 20 km/h), the Doppler
frequency deviation caused by motion is ignored in this
paper [23].

Let H(A, f, d;) be the transfer function from the RSU to
the OBU. The received signal of the OBU includes direct
path, reflected path, and diffracted path component, then
H(A, f, d;) can be expressed as:

H(Avf’ di) = Hdir(Adiraf’ dd) + Href(Arefaf’ dr)
+ Hait(Adit, [, ddr) (D

where A is the amplitude fading factor, f is the frequency, d; is
the transmission distance of different ray paths, dg, d;, and dg,
are the transmission distance of the direct path, reflected path,
and diffracted path, respectively. Hgir(Adir, f > dd), Hret(Aref, f
dy), and Hgit(Agif, f , dar) are the transfer function of the direct
path, reflected path, and diffracted path, respectively.
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FIGURE 3. Nine ray paths in RSU—truck— car (OBU) scenario, a, is direct path R— O, a, is ground-reflected path R—~G— 0, a3 is engine
hood-reflected path R—E— 0, a4 is engine hood-diffracted path R—~A— O, a5 is ground-reflected/engine hood-diffracted path R—~G—A—0,
ag is front vehicle-diffracted path R—~M— 0, ay is front vehicle-diffracted/ground-reflected path R—~M—G— O, ag is front
vehicle-diffracted/engine hood-diffracted path R—~M—A— O, ag is front vehicle-diffracted/engine hood-reflected path R—~M—F— 0.

Finally, the propagation loss between the RSU and OBU
can be defined as [22]:

Pl = —2010g10 |H(A7f7 dl)'

Hdir(Adir,f, dd) + Href(Arefsf, dr)

2
+Hit(Adgit, f» dar) @

= —20log;
C. FOUR DIFFERENT PROPAGATION SCENARIOS
According to the geometric characteristics of vehicles, the
vehicle can be sorted into two classes, cab-over-engine
vehicles (bus and truck) and cab-behind-engine vehicles
(car) [22]. Based on the categories of vehicles, four different
propagation scenarios are divided and discussed in this paper,
as depicted in Figure 2. Meanwhile, the relative position
among RSU, OBU, and the obstruction (the front vehicles)
decides the types and areas of ray paths. When a signal is
reflected and diffracted more than twice, the effect of reflec-
tion and diffraction on propagation loss is weak, so we only
consider the primary and secondary reflection and diffraction
in this paper.

1) RSU—TRUCK— CAR(WITH OBU INSTALLED)

As illustrated in Figure 2(a), the ray path can be affected by
the truck’s rear cover and the car’s engine hood. Accord-
ing to whether the rear cover of the truck obstructs the
direct path (aj), the situation can be divided into LOS and
NLOS. Figure 3 shows there always exist diffracted paths,
R—-M—0 (ag) and R—-M—A—O (ag). For cab-behind-
engine vehicles, the bulgy engine hood and relative positions
among OBU, bulgy engine hood, and RSU directly determine
the reflected ray path (reflected from the ground or the engine
hood) and diffracted ray path. Based on the geometric anal-
ysis of the reflection and diffraction path, this propagation
model has nine ray paths (see Figure 3).

VOLUME 11, 2023

When the distance between the RSU and the OBU and
between the front vehicle and the OBU changes, the effect
of the rear cover of the truck and engine hood also changes.
Therefore, in some areas, some ray paths may be blocked.

Suppose H and hy are the vertical height of RSU and
truck from the ground, respectively, 41 and hg are the vertical
height of the top of the car and its engine hood from the
ground, respectively, /o is the length of the engine hood, 6
is the tilt angle of the front windshield of the car, b is the
length of the front windshield of the car, d is the horizontal
distance between RSU and the back vehicle, L is the horizon-
tal distance between the front vehicle and the back vehicle
(d = L), dy, d» and dj3 are the extreme distance of ground-
reflected path, engine hood (front vertex)-reflected path and
the engine hood (rear vertex)-reflected path, respectively (the
detailed deduction can be seen in [23]).

Using the principle of similar triangles, we calculate the
critical horizontal distance between the front and back vehi-
cles where each ray path exists or vanishes.

1) The critical distance L,y where the direct path (aj) is
blocked:
_(hy —h)(d +lp + bcosH)

L
a0 H— h

— (lp + bcos6)
(3)

2) The critical distance L,; where the ground-reflected
path (ap) is blocked:

La]

d, 0<d<d;
=1 (h+h)d—H—hy)(lp+b 0
(h1+h2)d —( 2)(lo+b cos )’ d>d;
H+hy

@
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3) Thecritical distance L,> where the engine hood-reflected
path (a3) is blocked:

L
(h1+hy — 2ho)d— (H—hy )(l-+b cos 0)
H+hy —2hg ’

d3<d=d,

d, else

(5
4) The critical distance L,3 where the engine hood-diffracted
path (a4) is blocked:
hy —h
_m 0,4
H — hy
5) The critical distance L,4 where the ground-reflected/engine
hood-diffracted path (as) is blocked:
_ha+ho
 H+hy
6) The critical distance L,s where the front vehicle-
diffracted/ ground-reflected path (a7) is blocked:
_ (ha + ho)(lp + bcos )
N hy — ho
7) The critical distance L,s where the front vehicle-
diffracted/engine hood-diffracted path (ag) exists:

La3

(6)

)

ad

®)

a5

h

hy

8) The critical distance L,7 where the front vehicle-
diffracted/engine hood-diffracted path (ag) is blocked:

M =0 4 cos0) — 1o
hi — ho
9) The critical distance L,g where the ray paths (ag, a7, ag,
ag) related to the front truck exist:

La8 =d

Ly =

s
%o + beosh) )
— hO

Ly = (10)

(11

50

Lal

La
™ La4
20 La3
L/m 22 Lo

Las
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d/m

FIGURE 4. The axis formed by all the critical distance of the ray paths in
RSU— truck— car (the same color represents the same path).
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Put all the critical distance data into a coordinate plane,
which is divided into 24 zones (see Figure 4). The types of
ray paths included in each region are presented in Table 1.
For example, zone 22 in the figure, can be derived. L, is the
critical distance for blocking the direct path. The direct path
only exists when the distance between the two workshops
is greater than L,g, so zone 22 contains the direct path al.
Similarly, zone 22 is located above L,3, La5, Lag, and Ly7.
At this point, the distance between the two workshops is
greater than the critical distance, so there are paths a4, ag, a7,
and ag,

TABLE 1. The ray paths contained in each zone in RSU— truck— car.

Zone Ray paths

L15 (ar), (a4), (as), (ae), (as)

2,16 (an), (a4), (a), (as)

3,17 (a1), (2), (as)

4,18 (a), (as)

5 (ar), (a4), (as), (a6), (as), (a9)

6 (1), (a4), (a¢), (as), (a0)

7,11 (a1), (), (as), (a9)

12 (2), (as), (a0)

8 (a1), (23), (24), (as), (), (as), (a9)
9 (an), (a3), (as), (), (as), (a9)

10 (a1), (a3), (a), (as), (a0)

13 (an), (a3), (as), (as), (as), (as)

14 (an), (a3), (as), (), (as)

19 (a1), (a2), (a4), (as), (as), (a7), (as)
20 (a1), (a4), (as), (ac), (a), (as)

21 (a1), (a4), (as) (a), (a), (as)

22 (ar), (a4), (as) (a7), (as)

23 (a1), (a6), (a7), (as)

24 (a6), (a7), (ag)

2) RSU—TRUCK—TRUCK(WITH OBU INSTALLED)

Figure 2(b) depicts that the ray path can be influenced by the
rear cover of the front truck. As shown in Figure 5, because
the height of the rear cover is not higher than that of the
headstock of the truck, there is always a direct path R—O
(b1). In other words, the LOS condition exists for all time.
Meanwhile, the ray path from RSU diffracts through the front
truck’s rear vertex (point M).

As a result, the propagation loss model has four kinds of
ray paths.

Assume that hy/ is the vertical height of the truck’s rear
cover from the ground. The critical horizontal distances
between the front vehicle and the back vehicle where each
ray path exists or vanishes are as follows:

1) The critical distance Ly; where the ground-reflected
path (by) is blocked:

_ hy + hy
 H+hy

bl d (12)
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FIGURE 5. Four ray paths in RSU— truck—truck (OBU) scenario, b, is
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vehicle-diffracted path R—~M— O, b, is front
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FIGURE 6. The axis formed by all the critical distances of the ray paths in
RSU— truck—truck.

2) The critical distance Ly, where the ray paths (b3, bs)
related to the front truck exists:

Ly =d (13)

The zoom maps and the types of ray paths each area contains
are shown in Figure 6 and Table 2. For example, the zone 1 is
located on the left side of the blocking ground reflection path
Ly1, so ground emission path by exists, so paths by, bz, and
b4 also exist.

TABLE 2. The ray paths contained in each zone in RSU— truck— truck.

Zone Ray paths
1 (b1), (b2), (bs), (ba)
2 (b1), (b3), (bs)

3) RSU—CAR—TRUCK(WITH OBU INSTALLED)

As presented in Figure 2(c), the ray path can be affected by the
front car’s rear cover and windshield. When electromagnetic
waves pass through the windshield, most penetrate, and only

VOLUME 11, 2023

a few are reflected. Therefore, this paper ignores the reflected
ray path caused by the rear windshield. According to Figure 7,
there are nine ray paths in this propagation loss model, where
the rear cover of the car has two points, C and D, to generate
diffraction.

Suppose i’ and hy' are the vertical height of the car and
its rear cover from the ground, respectively, [y’ is the length
of the car’s rear cover, /1’ is the length of the car.

The critical horizontal distances between the front vehicle
and the back vehicle where each ray path exists or vanishes
are as follows:

1) The critical distance Lo where the diffracted paths (cs,
cg) caused by point D is blocked:

Lo=d———F—20 (14)

2) The critical distance L;; where the ground-reflected
path (cp) is blocked by point D:
. hy' + hy
 H+h
3) The critical distance L, where the ground-reflected
path (cy) is blocked by point C:
_h U +h
T H4+h

15)

cl

2 d—1I (16)

4) The critical distance L.3 where the vehicle surface-reflected

path (c3) exists:

Ly 2l lo/ (17)
ST Htm—2m "
5) The critical distance L.4 where the vehicle surface-reflected
path (c3) is blocked:
hy — hl/ / /
Lay=—"—""-—d—1Iy —1 18
4= T 2h o — 1 (18)

6) The critical distance L.s where the front vehicle-
diffracted/ground-reflected path (c7) is blocked:

_ ho' + hy

cS = hl/ — hO/

7) The critical distance L. where the front vehicle-
diffracted/the rear cover reflected path (co) exists:

h2 - hO/ /

Tl

hi” — ho

8) The critical distance L.7 where the ray paths (c3, c4, cs,
Cg, C7, C8, Co) related to the front vehicle exist:

lo/ 19)

Lo = (20)

Lag=d 1)

The zoom maps and the types of ray paths that each area
includes are presented in Figure 8 and Table 3. For example,
for the zone 16, as the vehicle ahead is a sedan, the direct path
¢y always exists, and similarly, paths ¢4 and cg also exist. Due
to the location of zone 16 above L1, L2, and L¢7, paths ¢
and c7 exist.
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FIGURE 7. Nine ray paths in RSU— car— truck (OBU) scenario, c; is direct path R— O, ¢, is ground-reflected path R—G— 0O, c3 is vehicle
surface-reflected path R—~S— 0, ¢, is the rear cover diffracted path R—C— 0, cj is the rear cover diffracted path R—~D— 0, cg is the rear cover
diffracted path R—C—D— 0, ¢; is front vehicle-diffracted/ground-reflected path R—~C—G— 0, c; is front vehicle-diffracted/ground-reflected path
R—D—G— 0, ¢gq is front vehicle-diffracted/the rear cover-reflected path R—C—T—0.
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FIGURE 8. The axis formed by all the critical distances of the ray paths in
RSU— car— truck.

4) RSU—CAR—CAR(WITH OBU INSTALLED)
As shown in Figure 2(d), the rear cover of the front car and the
engine hood of the rear car will affect the ray path. We can see
from Figure 10 that there are 12 ray paths in the propagation
loss model.

The critical horizontal distances between the front vehicle
and the back vehicle where each ray path exists or vanishes
are as follows:

1) The critical distance Lgo where the diffracted path (di,
di1, di2) caused by point D is blocked:

(H — hohlo' 22)

138114

TABLE 3. The ray path contained in each zone in RSU— car— truck.

Zone Ray Paths

1 (c1), (c2), (ca), (c5), (cs), (c8), (c9)
23,5 (c1), (c4), (c5), (€6), (C8), (Co)

4 (c1), (c3), (ca), (c5), (cs), (c8), (c9)
6,8 (c1), (ca), (ce), (co)

7 (c1), (c3), (ca), (c6), (co)

9 (c1), (c2), (ca), (cs), (co), (cs)
10,11 (c1), (ca), (cs), (Co), (cs)

12,14 (C]), (04), (Cs)

13 (c1), (c3), (ca), (co)

15 (c1), (c2), (ca), (c5), (cs), (€7), (c8)
16 (c1), (c2), (ca), (c6), (c7)

17,18,20 (c1), (ca), (co), (c7)

19 (c1), (c3), (c4), (co), (c7)

2) The critical distance Lg; where the engine hood of the

car blocks the ground-reflected path (d3):

Lqi

3)

dv
(h1+h"d —(H —hy")(lp+b cos 0)

0<d<d

, d>d

H+h

The critical distance Lg> where the engine hood-reflected
path (d3) is blocked:

Ld2=[

0,
d,

dy <d<d
else

VOLUME 11, 2023
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FIGURE 9. Twelve ray paths in RSU— car— car (OBU) scenario, d1 is direct path R— O, d2 is ground-reflected path R—G— 0, d3 is engine
hood-reflected path R—E— O, d4 is engine hood-diffracted path R—A— 0, d5 is ground-reflected/engine hood-diffracted path R—G—A— 0, d6 is
the rear cover diffracted path R—C— 0, d7 is the rear cover diffracted path R—C—D— 0, d8 is the rear cover diffracted/ground-reflected path
R—C—G— 0, d9 is the rear cover diffracted/the engine hood diffracted path R—C—A— 0, d10 is the rear cover diffracted path R—D— 0, d11 is the
rear cover diffracted/ground-reflected path R—D—G— 0, d12 is the rear cover diffracted/the engine hood diffracted path R—D—A—O.

4) The critical distance Lq3 where the ground-reflected/engine

hood-diffracted path (ds) is blocked by point D:
Liz=——"—d (25)

5) The critical distance Lqs where the ground-reflected
path (d;) is blocked by point C:

LTy (26)

6) The critical distance Lgqs where the rear cover
diffracted/ground-reflected path caused by point C (dg)
is blocked:

27

7) The critical distance Lgg Wwhere the rear cover
diffracted/ground-reflected path caused by point D
(dq1) is blocked:

_ (ho' + ho)(lp + bcos )
- hi — ho

8) The critical distance Ly7 where the ray paths (dg, d7,
dg, dg, dig, d11, d12) related to the front vehicle exist:

Lgs

(28)

Ly =d (29)

The zoom maps and the types of ray paths each area
includes are presented in Figure 10 and Table 4. For example,
in Figure 10, For the zone 11, as both the front and rear cars
are sedans, the direct path d; always exists. zone 11 is located
below Lgy, to the left of Lq;, so paths d> and d3 do not exist.
And because the zone 11 is located above Lg3, La4, Lgs, and
Ld6, paths da4, ds, dg, d7, dg, do, djg, d11, and dp» exist.
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FIGURE 10. The axis formed by all the critical distance of the ray paths in
RSU— car— car.

D. PROPAGATION LOSS MODELS
As depicted in sections II-A and B, the propagation loss of
different scenarios can be expressed as:

n
PL = —20log, | > Hi(Ai.f. d)) (30)
i=0
where n is the number of ray paths.
The transfer functions of the direct path, reflected path and
diffracted path are as follows:

Hair(Adir, f, da) = exp(—jkdq) 31

A
drdy
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TABLE 4. The ray paths contained in each zone in RSU— car— car.

Zone Ray paths

13 (d), (ds), (ds), (de), (d7), (ds), (d1o), (d12)

2,35 (d1), (ds), (de), (d7), (do), (di0), (d12)

4 (dr), (d3), (da), (ds), (de), (d7), (ds), (do), (d10), (1), (d12)
5 (d), (d3), (da), (ds), (de), (d), (ds), (do), (d10), (d12)

6 (d1), (d3), (ds), (ds), (ds), (d7), (do), (d10), (d12)

7.8 (d1), (d3), (ds), (ds), (d7), (do), (d10), (di2)

9 (d), (d3), (da), (ds), (ds), (dv), (do)

10 (d1), (ds), (da), (ds), (d7), (do)

11 (d1), (d4), (ds), (ds), (d7), (dg), (do), (d10), (di11), (di2)

12 (d1), (ds), (ds), (ds), (d7), (ds), (do), (d10), (di2)

13,14 (d1), (ds), (ds), (ds), (d7), (ds), (do)

15 (d), (ds), (ds), (de), (d7), (do)

16,17 (d1), (d4), (ds), (d7), (do)

18,19,20,21  (d), (d4), (ds), (d7), (dg), (do)

22 (d), (d2), (da), (ds), (de), (d), (ds), (do), (d10), (di1), (d12)
23 (d1), (d2), (da), (ds), (ds), (dv), (ds), (do)

Href(Aref’f’ dri) = 4_Rriexp(_jkdri) (32)
r

A

d,

A s o
Hit(Agit, f, dar) = mD‘/ S5y exp(—jk(s' +s)) (33)

cot(”+ﬁ )F kLa* (B_))

L —exp(in /4 +cot (%52 ) (kLa= (B-))
B 2n+/2mk +R cot ﬂ (kLa (,B+))
+R,, cot ”;f* F (kLa%t (B3))
(34)
F(x) = 2j/x - exp(jx) - / exp(—jt?) dr (35)
Jx
s s
L= §2 + 81 36)
+_
a=(B) = 2cos? (M) 37)

where A is the wavelength, k is the wavenumber, D is the
diffraction coefficient (In [36], [37]), D mainly depends on
the incident Angle, the Angle of diffraction, the edge material
where diffraction occurs, and the reflection coefficient of the
edge material. @1 is the incidence Angle, ®; is the diffraction
Angle, B4 = &1 + Py, f— = P + Dy, n is the wedge
Angle (a multiple of 7 radians), Rg and R, are the reflection
coefficients of the 0 and n planes, F(x) is the Fresnel inte-
gral, and N? is the integer closest to satisfying the formula
N2= B £ n/2nm. The geometric diagram of the consistent
diffraction is shown in Figurell.
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FIGURE 11. Consistent diffraction geometry.

R is the reflection coefficient [15], [20], which can be
calculated by:

R = cos 0; — a;jt; (38)

cos 0; + ot
where 0; is the incidence angle, when «; = 1, Ry is the
horizontal polarization reflection coefficient; when «; = 1/¢;,
Ry is the vertical polarization reflection coefficient. &; = &3
/g1 is the relative dielectric constant, €1 and &, are the rela-
tive permittivity of the incident medium and the transmitted

medium, t; = V& — sin® 6;.

Ill. SIMULATION RESULTS
In this part, we simulated the propagation loss of four models.
The model parameters are presented in Table 5.

We assume that H=6m, hp, = hy =4 m, hy = h)’ =
1.5mhg=h) =1m,lp =1l =1m, ;' =1.5m, bsind =
0.5 m, bcos® = 0.5 m. With the change of L (the distance
between the front vehicle and the back vehicle) and d (the
distance between the RSU and the OBU), we can get different
propagation path loss, as illustrated in Figure 12. The transmit
power of RSU is 30dBm and the receive sensitivity of OBU
is -30dBm. When the path loss is greater than 60dB, the OBU
cannot be active. In order to distinguish the identification
area more clearly, the area where the path loss is greater than
60db is indicated in black, we can get the bicolor heat map
of propagation path loss, as illustrated in Figure 13. We can
conclude from Figure 12 and Figure 13:

1) When L increases and d remains constant, the prop-
agation loss changes from high to low and then to
high; when L is constant, with the increase of d, the
propagation loss also changes from high to low and
then to high.

2) The propagation loss is relatively high when d = L or
L = 0. For instance, the propagation loss is between
55 dB and 70 dB when d = L or L = 0 in Figure 13(a).
We can regard the RSU and the front vehicle as a whole
when d = L; the front vehicle and the back vehicle
with OBU can be considered as a whole when L = 0.
In the two situations, the front vehicle acts as an internal
interference factor in the communication between the
RSU and the OBU, resulting in a significant impact.
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3) Abrupt changes exist in all the propagation loss mod-
els because when the incidence angle approaches 0°
or 180° (boundary points), the propagation loss is
approximately zero, and a region near zero appears
in the diffracted path. If there are one or more
diffracted paths in the propagation loss model, such as
Figure 13(a), (b), and (c), a relatively apparent low
loss linear region appears. If there are more than two
diffracted paths, such as Figure 13(d), a low loss tri-
angular region occurs due to the cumulative effect of
multiple diffracted incidence paths.

4) As shown in Figure 13(b), when L is about 30.6 m,
there is a horizontal line with a sudden increase in
the propagation loss. This model assumes that the
two trucks are the same height. In the ray path
R—M—G— 0, when L = 30.6 m, the reflection coef-
ficient of the road surface is close to zero, so total
reflection occurs, and the reflected wave cannot reach
the OBU, leading to a rise in the path loss.

TABLE 5. Model parameters.

Parameters Value

Road relative dielectric constant (1) 15
Car hood relative dielectric constant (&r2) 3.5
Air permeability (ur1)
Air relative dielectric constant
Alloy film permeability (ur2)
Alloy film relative dielectric constant
Glass permeability (z43)
Glass relative dielectric constant

B e, N = -

IV. TEST EQUIPMENT AND EXPERIMENT SCENE

The communication between RSU and OBU in the ETC sys-
tem usually employs microwaves at 5.8 GHz and 915 MHz.
As presented in Figure 14, to improve the adaptability of test
equipment, we developed an ETC comprehensive test instru-
ment based on a software-defined radio platform, which can
not only measure different wireless communication devices
with various working frequencies but also simulate the tag or
reader of a radio frequency identification (RFID) system [32].
The test instrument system contains an NI PXI-1065, and an
NI PXI-8108 embedded controller that can run the LabVIEW
application program [22], [33], [34], [35]. When the radio fre-
quency (RF) signal generator of NI PXIe-5644 sends a query
command to the RSU, the RF signal receiver can capture and
process the response from the OBU. The NI PXIe-5640R IF
RIO FPGA can establish the communication between RSU
and OBU. Furthermore, the parameters of the antennas in the
test instrument are depicted in Table 6.

Given the security and implementation of the experiment,
we chose a toll station that is not yet open to traffic, as shown
in Figure 15. The OBU should be placed on the upper half of
windshield, especially on the middle of top ledge (microwave
skylight), which is in accordance with the suggestion of
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RFID test
instrument

FIGURE 14. The test instruments.

FIGURE 15. Real test environment.

TABLE 6. Antennas parameters.

Parameters Value
Frequency (GHz) 5.79-5.84
Bandwidth (MHz) 125

Gain (dBi) 16
VSWR <15
Impedance (Q) 50
Polarization RHCP
Vertical beam-width (°) 40
Horizontal beam-width (°) 30

producer of OBU. The RSU is placed in the top position of the
ETC lane of the toll station. To get closer to our experiment;
we utilized Volkswagen Jetta cars and Xu Gong heavy trucks
as our test vehicles. We conducted multiple measurements on
all ray paths, taking the average value to ensure the minimum
error. The distance between OBU and RSU varies from 100 m
to 0 m with a step 1 m and each model was measured five
times. Finally, we obtained the propagation losses of four
models. We do not consider the interference of side vehicles,
and defaults that the front and rear vehicles are in the same
straight line.
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VOLUME 11, 2023 138119



IEEE Access

X. Li et al.: Analysis of the Influence of the Front Vehicle on the Propagation Loss of ETC System

70 : : ,
~L=30(S)
. ~L=30(E)
60 \ - L=30(T)
\\j‘
a |\
=50 \ 1
250\
s ‘
— i
=
S40
o "
30} o )’\ ;
Y
20 s LY s ‘ ‘ ‘ ‘
30 40 50 60 70 80 90 100
d/m

FIGURE 17. Experimental comparison.

TABLE 7. Comparison of errors between different algorithms.

Model MAE RMSE
This paper 2.8924 3.5689
Two-ray 3.3454 4.0003

Because of the massive workload for measuring all the
distances of d and L in the actual road, we choose two values
of d (d =30 m, d = 70 m) and two values of L (L = 30 m,
L =70 m). We eventually get the propagation loss of the four
models, as presented in Figure 16.

Figure 16 reveals that the trend of the experiment results
is similar to the simulation results. S stands for simulation
result. E stands for experimental results. T stands for Two-
ray. The average error between simulation and measurement
results is less than 5 dB, induced by the test equipment, the
vehicle geometric features’ irregularity, and the surround-
ing infrastructure’s interference. In some cases, the error is
greater than 10dB. The propagation loss is related to the dis-
tance and frequency f. The received signal is the vector sum
of direct, reflected, and diffracted signals. Due to the high
operating frequency and short wavelength of the radio wave,
a measurement error or the displacement of a few centimeters
of the RSU/OBU antennas may cause the response in (2) to
be completely different.

In order to verify the feasibility of the model proposed in
this paper, the model is compared with the actual measure-
ment results and the two-ray model. As shown in Figure 17
and TABLE 7, compared with the two-ray model, the mean
absolute error (MAE) and root mean square error (RMSE)
of the model are smaller, therefore, the accuracy and perfor-
mance of this algorithm are higher.

V. CONCLUSION

In this paper, we mainly explore the interference of the front
vehicle in the ETC communication system. Considering the
geometric characteristics of the vehicle, we divide the ETC
application into four different scenarios. The results demon-
strate that: (1) the geometric features of vehicles (the front
vehicle and the object vehicle) have effects primarily on the
reflected path and diffracted path; (2) the relative location
among RSU, the front vehicle, and OBU is the critical factor
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in determining the presence (LOS condition) or non-existence
(NLOS condition) of the direct path; (3) when L increases,
and d remains unchanged, or d rises, and L is constant, the
propagation loss changes from high to low, and then to high.
Therefore, based on the path loss results as a function of d
and L in the four propagation loss models, we can obtain a
lower path loss region for the ETC communication system.

The ETC system discussed in this paper is a single-lane
mode in which the vehicle passes through the toll station at a
low speed (less than 20 km/h). With the development of ITS,
the Multi-Lane Free-Flow (MLFF) will gradually become
mainstream, where the vehicle does not need to slow down
to pass through the ETC. Accordingly, the influence of the
vehicles in adjacent lanes and the Doppler effect caused by
vehicle speed cannot be neglected. In future research, we will
study the impact of adjacent lanes and the Doppler effect on
ETC communication.
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