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Abstract—Passive UHF Radio Frequency Identification (RFID)
is a potential technology for Automatic Vehicle Identification
(AVI) and Electronic Toll Collection (ETC) systems. However,
the identification performance is often seriously influenced by the
RF radiation zone and anti-collision protocol simultaneously. The
impacts of scene geometry and vehicle speed on the identification
rate are analyzed and modeled for a typical AVI/ETC application
scenario. A calculation method of identification zone is firstly pro-
posed based on the ray-tracing theory. Then the communication
procedure is divided into three processes, which are also modeled
using individual probability methods. Numerical simulations
show that there are strong influences on the tag identification
rate caused by the tag speed and antenna inclination angles, and
we can obtain a higher identification rate through optimizing
them.

Index Terms—Radio Frequency Identification (RFID), Tag
Speed, Radiation Zone, Identification Rate (IR), Automatic Ve-
hicle Identification (AVI), Electronic Toll Collection (ETC).

I. INTRODUCTION

Passive UHF Radio Frequency Identification (RFID) tech-
nology can be used in Automatic Vehicle Identification (AVI)
and Electronic Toll Collection (ETC) system for its advan-
tages, such as wireless power supply and cheap tags [1], [2].
The identification rate (IR) is a key performance index. A
successful identification mainly relies on whether the power
received by the tag can activate the tag chip. Many factors will
affect the process, including the antenna gain, the transmitted
power, the tag chip activation threshold, and so on [3].
But among them, the reader RF radiation zone and vehicle
movement would be the most unmanageable in deployment,
because the others are all determined by the factory.

Researchers firstly studied the impact of RF multipath
propagation based on different models. The Friss model, two-
ray model, and ray-tracing model were used to estimate the
real RF radiation zone of a classroom [4]. A complete link
budget model for UHF RFID systems considering the gains
of transmitting and receiving antennas and multipath propa-
gation was proposed [3]. Then researchers tried to control the
radiation zone through array antennas. An array antenna was
manufactured to widen the readable zone [5]. Also, a kind
of phase-controlled array antenna was studied to control the
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radiation zone and was used to avoid interferences with other
lanes for ETC system [6].

On the other hand, other researchers paid extra attention
to the impacts of vehicle movements and the procedure
of communication determined by the anti-collision protocol.
The character of nonstationary and Doppler frequency was
simulated and measured for a vehicle to infrastructure scene
considering the vehicle movement speed [7]. The influences
of tag speed in multi-tag cases were studied simultaneously,
but only a simple Poisson distribution was used to model the
complex dynamical procedure [8]. Based on OMNeT++ and
PyONS discrete-event simulators, the impact of parameters
of protocol and propagation channels was analysed and sim-
ulated, but only statistical channel models were used in the
simulation [9].

The maximum IR is influenced by the physical and data
link layer simultaneously. However, nearly all the papers
focus on the static RF radiation zone, and few of them can
directly relate it with scene geometry and the vehicle speed
simultaneously. So this paper will consider the impacts of both
of them. The results will aid in the identification of the optimal
geometry locations of the infrastructure to minimize power
consumption and increase service performance, improving
vehicular communications in AVI/ETC.

The paper is organized as follows. Section II will present a
calculation method to show the impact of the scene geometry
on the radiation zone for a typical RFID AVI/ETC scenario.
Section III will focus on the influences of vehicle speed and
the whole communication procedure using suitable probability
models. Experimental results will be shown in Section IV.
Finally, the conclusion is given in Section V.

II. IMPACT OF THE SCENE GEOMETRY TO THE
IDENTIFICATION ZONE

A. Scene Geometry

Fig. 1 shows a geometric diagram of a typical RFID based
AVI/ETC system. The reader antenna is arranged above the
lanes, its height is Hreader, its inclination angle is α. In this
paper, the position of the reader antenna is set as Cartesian
coordinate origin. We suppose tags are attached to the vehicle
windscreen. The vehicle moves across the radiation zone in
the direction of −y. For a car, the main reflectors are the car



hood, with its height Hcar, and the bus body. Although there
are other multiple reflections, they contribute much lower to
the power received by the tag, which was confirmed by actual
measurements of ETC toll gates [10]. Therefore, the paper
will use a three-ray model to study the radiation zone based
on the geometrical optics method for a typical AVI/ETC toll
gate. And we believe that the prediction method of radiation
zone is representative.

Fig. 1. The geometry of a typical AVI/ETC scenario. (a) Side view (b) Top
view

B. Tag Received Power

The received power of tag comes from the power trans-
mitted by the reader antenna using the technique of wireless
power transfer. If the impedance between the tag antenna and
chip matches, and the polarization between transmitting and
receiving antennas matches, the tag received power can be
calculated by

P = AeSav. (1)

where Ae = λ2

4πG, Sav = |Etag|2
/

2η0, and Ae is the effective
cross-section of tag antenna, Sav is the energy flux density
at the tag, η0 is the free space impedance (377Ω), λ is the
wavelength and G is the antenna gain. With X representing
polarization matching coefficient between the tag and reader
antennas, τ representing matching factor between the chip
and the tag antenna, and Lws representing the windscreen
penetration loss, the tag received power can be expressed as

P =
λ2G|Etag|2Xτ

8πη0Lws
. (2)

In equation (2), it is critical to calculate the electric field
strength Etag at the position of tag. For an AVI/ETC system,
the LOS always exists, and it has minimum propagation delay.
Since the time difference among other delays may be small,

only several significant delay components can be divided [7].
As Fig. 1 shows, the dominant waves received by the tag are
the LOS wave and the waves reflected by the hood and the bus
body. These waves play a decisive role on the electric field
strength, with the Direction of Arrival (DoA) expressed as
(θm, φm),m = 0, 1, 2. So the field strength can be expressed
as

Etag =

2∑
m=0

Em(θm, φm). (3)

where m = 0, 1, 2 represent respectively LOS, the hood
reflection and the bus body reflection.

In the direction of azimuth (θ, φ), y meters away from
the reader antenna, the LOS electric field strength can be
expressed as

E(y, θ, φ) = (Aθ(θ, φ)êθ +Aφ(θ, φ)êφ)
e−jβy

y
. (4)

with

Aθ(θ, φ) =

√
PT η0

2π
gθ(θ, φ),

Aφ(θ, φ) =

√
PT η0
2π

gφ(θ, φ),

gθ(θ, φ) =
√
|Gθ(θ, φ)|ejψθ ,

gφ(θ, φ) =
√
|Gφ(θ, φ)|ejψφ ,

β =
ω

c
.

(5)

where PT is the reader transmitted power, êθ and êφ are the
unit vector of the spherical coordinates, Gθ(θ, φ) and Gφ(θ, φ)
are the transmitting antenna gain in the direction of êθ and êφ,
ψθ and ψφ are the relative phase of electric field in the distance
of y, and direction of êθ and êφ, β is the wave number, ω is
the carrier angular frequency.

In this paper, we use a right-handed circular polarization
microstrip antenna as the reader antenna, and its gain can be
calculated using

Gθ(θ, φ) = Gφ(θ, φ) = 3.136√
2
·(

sin(θ)
sin(π2 cos(θ))

cos(θ) cos
(
π
2 sin(θ)sin(φ)

))2 (6)

C. Calculation of Geometric Relations

Commercial ray-tracing software, such as Wireless Insite,
is suitable to calculate the multiple reflected RF waves. But
people need to build a three-dimensional geometric computer
model of the scene and determine the material properties for
reflective objects firstly. In the view that the RF strength is
mainly determined by the LOS and one time reflected waves
in AVI/ETC application scenarios, the geometric relationships
can be easily computed through the mirror method [1], [2], [7],
[8]. The paper will simulate a typical case that a car needs to
be identified with a large vehicle (a bus) inside the adjacent
lane, as illustrated in Fig. 1(b).



III. IMPACT OF VEHICLE SPEED

A. Available Inventory Distance
When the vehicle across the radiation zone A along a

specific route with a variable speed, it will experience two
states repeatedly. One is the power-up state of tag chip, the
other is the power-off state. The direction of main lobe of tag
antenna is also changed during moving.

Generally, there are two types of vehicle driving speed in
AVI/ETC applications. One is the vehicle constant speed of
ETC free flow record or AVI scenarios. The other is the
decelerated speed for toll collection scenario. As shown in
Fig. 2, a tagged vehicle with a maximum initial speed vmax
arrives at the ground sensor coil, then it decelerates with an
instantaneous speed v. After the data exchange is finished and
the barrier is opened, the vehicle, with a minimum speed vmin,
will accelerate and run away. In most cases, the vehicle will
decelerate linearly from vmax to vmin with an acceleration
parameter a, as illustrated in the Figure.

Fig. 2. A schematic of the communication procedure.

In the following, we suppose the tag moves straight in
the opposite direction of y-axis, parallel to the xy-plane, and
passes through the radiation zone from an initial position. At
the moment, the distance to the reader antenna is Dmax. The
total available inventory distance ∆, where the tag will be
activated, can be expressed as

∆ =

∫ Dmax

0

1 {Pr (y) ≥ Pth}dy (7)

where 1 {·} is the indicator function, Pr (y) is the tag received
power at position y.

B. Three Processes of Data Exchange
Both the inventory frequency and radiation zone are impor-

tant to the available total reading times and maximum vehicle
speed. So we will analyse this procedure comprehensively.
When the tagged vehicle passes through the ETC/AVI zone,
mainly three processes for data exchange need to be done.
First, when the vehicle reaches the ground sensor coil, the
reader will send the inventory QUERY command immediately.
At this time, if the tag is activated, the command will be
decoded successfully and the random code, RN16, will be
returned. The reader will then send the READ command, and
the tag will immediately return the ID. Second, the reader
will have data access with a remote database after the ID
is obtained, including identity verification, fee deduction, and
other operations. Third, the reader finally will write data to
the tag and open the lane gate at the same time. The tag will
also return an ACK signal, as shown in Fig.3(a).

Fig. 3. Three processes and corresponding probability models. (a) Commands
& data. (b) Average transition probability among the three processes. Note
that the transition between two process will happen with a probability of P (1)

i
after Ki − 1 times unsuccessful inventory.

Processes 1 and 3 use the air interface to communicate with
a Tag. Due to random multipath propagation and interference
of other RF emitters, bits error will occur and retransmission
will be needed. As shown in Fig.3(b), Ki times retransmission
is assumed to be needed with a reader inventory frequency ηi,
where i = 1, 3. For process 2, the remote database performs
data access services at a certain frequency η2. So the reader
may need the time of K2 ∗ η2 to complete the data exchange,
where K2 is the number of services the reader waits. Note
that Ki is the average retransmission times.

So the total interactive time T is the sum of the individual
used time of the three processes Ti. That is

T =

3∑
i=1

Ti (8)

and
Ti = ηi ·Ki (9)

where Ki is a random variable, and its sample space is all
positive integers.

C. Probability models of the Retransmission & Services Times

The probability of symbol error is determined by the
SNR (signal-to-noise ratio), which is the same as the tag
received power obtained through the wireless power transfer
at a certain noise power. According to the existing research
results [11], the probability of successful communication is
determined mainly by cascaded channels and is modeled
using a sophisticated model. Too many factors have impacts
on it. Therefore, we approximately model the probability of
successful communication in process i, i = 1, 3, as a negative
exponential function of tag received power for simplicity. So

pi (δpow) = (1− p0) e−βδpow + p0 (10)

where δPow = Pr (y) − Pth, and p0 is the probability of
the successful communication when Pr = Pth, and p0 is
assumed to be a constant value in this paper. And Pr (y) is
calculated using the prediction method described in Section II.
The probability of successful communication after Ki times
inventory is expressed as p(Ki)i , i = 1, 3, which is a conditional



probability, as the previous ki − 1 inventory is unsuccessful
and the Kith inventory is successful. So

p
(Ki)
i = p

(
δ(Ki)pow

)Ki−1∏
k=1

(
1− p(k)i

)
(11)

where δ(k)pow = P
(k)
r (y)−Pth. And P (k)

r (y) is the power value
at the specific position for the kth inventory, and the distance
y to the reader antenna is determined by the tag speed v. So

y = Dmax −
∫ k/ηi

0

vdt (12)

For process 2, the communication between the reader and
the remote database is usually through a wired channel and
surely exists a channel occupying or queuing buffer, so the
Poisson distribution can be used to model it. Every com-
munication with the remote database needs to wait for the
completion of the previous service. The probability of waiting
for K2 services can be expressed as

P
(K2)
2 =

K2∑
k=1

γke−γ

k!
(13)

where γ is the average times of services, it is related to the
vehicle speed and frequency of services η2.

Based on the above analysis, the maximum vehicle speed,
and the shortest time to pass through the toll gate can be
estimated numerically.

IV. NUMERICAL RESULTS

Based on the equations described in the above two sections,
numerical simulations are conducted. The tag received power
is calculated followed equations (1) to (5), and three rays are
considered with their geometric relations calculated for the
scenario in Fig.1. The antenna radiation pattern is calculated
from the equation (6). The impacts of tag speed and inventory
distance on the inventory performance are simulated based on
equation (8)-(12). Table I illustrates the detailed simulation
parameters, according to ISO 18000-6C.

Fig. 4 shows the received power distribution for several
inclination angles α of reader antenna, using the method in
section II. It illustrates how the geometric parameters impact
the RF radiation zones. In the simulation, the tag is attached
to the windscreen with its height 1.5 meters to the ground.
The results show that due to the RF multipath propagation,
the received power fluctuates but decreases in the overall tread.
When the tag is far away from the reader antenna (in the range
from y = 8 to y = 15), the received power fluctuates around
the threshold (for the cases of α = 150 and 300) or a blind
area (for the cases of α = 450 and 600). Even close to the
reader antenna (at y = 2 meters), there is a small number of
blind spots (for the case of α = 150). Due to the polarization
mismatching, the received power under the reader antenna (at
y = 0 meter) is small, which is not enough to activate the
tag. The received power on the lane is not symmetrical due
to the strong reflection from the large adjacent vehicle on the
right side. We also find that the available inventory distance

TABLE I
SIMULATION PARAMETERS

parameters value
carrier frequency f 915 MHz

e.i.r.p 33 dBm
polarization circular

tag antenna gain G 2.15 dB
activation sensitivity of passive tag Pth -11 dBm

Polarization matching coefficient X 3 dB
power transmission coefficient τ 0.92
path loss of windscreen LWS 2 dB

height of reader antenna Hreader 5 m
height of car hood Hcar 1 m

height of tag Htag 1.5 m
inclination angle of reader antenna α 150,300,450,600

distiance to the bus body Dr 0.7 m
maximum distance Dmax 10 m

inventory frequency ηi, i = 1, 2, 3 100 Hz

∆ has a close relationship with geometric parameters when
deployed. It varies among several meters to 10 meters along
the y-axis.

Fig. 4. Tag received power at different inclination angles of reader antenna.

Fig. 5 shows the identification zone corresponding to Fig.
4. In the figure, the white area represents the area where
the power received by the tag is greater than the activation
threshold of −11 dBm. When the tag moves across the
identification zone, the tag will power up and power down
repeatedly in the far zone and power down occasionally in the
near zone because of the existence of blind spots. The overall
available inventory distance ∆ will be also different according
to equation 7.

Fig. 6 shows the variation of available inventory distance
∆ due to different inclination angles α of reader antenna and
different activation threshold Pth. The results show that the



Fig. 5. Corresponding identification zone (white) at different inclination
angles of reader antenna for tag threshold Pth = −11 dBm.

maximum ∆ is obtained when α = 200. We can also increase
∆ significantly by improving the sensitivity of the tag chip.

Fig. 6. The impact of inclination angle α of reader antenna to ∆

The impacts of tag speed and available inventory distance ∆
on the probability of identification failure are showed in Fig. 7
and Fig. 8. The results illustrate that both factors have serious
influences on the failure probability. And for a specific failure
probability 0.1, the vehicle speed is very different (> 10 dB)
when ∆ = 12 meters and ∆ = 1 meter. Fig. 8 illustrates that
the vehicle speed is more important when ∆ >= 4 meters.
So we should maximize the ∆ to achieve a higher vehicle
speed by optimizing geometric parameters. On the other hand,
it also needs to control the vehicle speed to obtain an ideal
identification rate for a specific available inventory distance.

V. CONCLUSION

The paper focuses on the performance of RFID based
AVI/ETC systems. The influences of RF radiation zone and
vehicle speed were considered. The RF radiation zone was

Fig. 7. The impact of tag speed

Fig. 8. The impact of available inventory distance ∆

related to the geometric parameters for a typical scene through
a multi-ray method. So, a more accurate identification zone can
be calculated compared to the statistical method. After divid-
ing the whole communication procedure into three processes,
suitable probability distributions were used to model the
impact of vehicle speed and the available inventory distance
simultaneously. We found that the geometric parameters are
very important to achieve a wider identification zone and
higher vehicle passing speed. We can optimize them more
exactly based on the proposed method. Future research on this
topic could include the performance of passive RFID AVI/ETC
systems under high-speed multi-tag conditions.
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