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Abstract—A stacked rectangular microstrip antenna with a shorting
plate combined with a rectangular ring microstrip antenna is proposed
for triple band operation (GPS, VICS and ETC) in ITS. The two
microstrip antennas are excited by an L-probe feed. In the ETC band,
axial ratio deteriorates due to asymmetrical distributions of the electric
current in the ring microstrip antenna. In this paper, an approach
to improve the axial ratio for ETC is also proposed. The proposed
antenna has the proper radiation patterns and impedance matching
for the GPS, VICS and ETC.

1. INTRODUCTION

ITS (Intelligent Transport System) has received much attention
as a system for traffic safety and environmental protection. ITS
applications such as ETC (electric toll collection system), GPS (global
positioning system), SDRAS (satellite digital audio radio service) and
VICS (vehicle information and communications system) have been
proposed and are widely used presently. In order to use all these
applications, multi band antennas represent an effective solution as car
antennas for the ITS. In the ITS, a circularly polarized wave is used
in the ETC, SDRAS and GPS, while a linearly polarized wave in the
VICS. Therefore, car antennas have to radiate both circularly polarized
waves and linearly polarized waves. In [1,2], dual band microstrip
antennas (MSAs) with two feed ports for ITS have been proposed.
However, in the design for antennas with the multi feed ports, the
isolations between the feed ports have to be reduced, which makes the
design of the antenna difficult.
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The authors have proposed a single feed stacked MSA with a
shorting plate as a car antenna for VICS and ETC [3]. In the ETC
band, the proposed antenna radiates a circularly polarized wave at
high elevation angles where the toll gate antennas are installed. In the
VICS band, the antenna can receive signals with uniform level within
the communication area [3,4]. In this paper, an antenna combining
a stacked MSA proposed in [3] and a ring MSA is proposed as a car
antenna for triple band operation in ITS. The stacked MSA in [3] is
excited at the lower patch by a coaxial feed through the lower dielectric
substrate. In this paper, an L-probe feed is used to excite two antennas,
a stacked MSA and a ring MSA. A MSA fed by L-probe has been
proposed by Guo et al. for wideband operation [5]. Moreover, Lau and
Luk have proposed a dual-band circularly polarized MSA fed by four
L-probes [6]. However, as mentioned above, the isolations between the
feed ports have to be reduced in the design for antennas with multi
feed ports. MSAs fed by a single L-probe which can radiate circularly
polarized waves in multi band have not yet been reported, to the best
of the authors’ knowledge.

For the simulations in this paper, the simulation software package
XFDTD ver. 7, which is based on the finite difference time domain
method (FDTD), is used. In order to ascertain the accuracy of the
simulated results, the simulated VSWR, axial ratio, radiation pattern
and gain are compared with experimental data.

2. SPECIFICATIONS OF GPS, VICS AND ETC

In GPS, antennas have to receive signals from at least four satellites
at any one time [7]. Therefore, it is desirable that the car antenna
for GPS radiates at wide angles. The communication area for VICS
extends 35m in both directions from the beacon antenna installed at
the shoulder of the road. In such a case, the radiation peak of the car
antenna must be at low elevation angles along the road [3,4]. Figure 1
shows an ETC system. The communication area for ETC extends 4 m
in one direction from the toll gate antenna which is installed above the
car antenna. Therefore, it is desirable that the car antenna for ETC
radiates at 0° < o < 40° in the yz plane only in the +y direction
and 0° < 4 < 10° in the zz plane. The center frequency and the
bandwidth of GPS are 1.575 GHz and 2 MHz. Those of VICS in Japan
are 2.4997 GHz and 85kHz. Those of ETC in Japan are 5.8 GHz and
75MHz. In order to keep high communication quality for a mobile
communication system such as ITS, it is desirable for the bandwidth
to be as wide as possible. In this paper, therefore, bandwidths of
10 MHz, 40 MHz and 100 MHz are aimed for in the GPS, the VICS
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Figure 1. ETC system (Electric toll collection system).

and the ETC bands, respectively. Linear polarization is used for VICS
while circular polarization is used for GPS and ETC.

3. ANTENNA DESIGN

Figure 2 shows a proposed triple band MSA. The antenna consists of a
stacked rectangular patch MSA and a rectangular ring MSA. The two
antennas are excited by an L-probe feed. The microstrip line of the L-
probe feed lies around the diagonal of the rectangular patches and the
rectangular ring. Although the upper and lower rectangular patches
are the same size, the slits are installed on the lower patch to reduce the
size of the stacked MSA and to achieve the circularly polarized wave
in the ETC band. Similarly, the T-shaped slits are installed at each
edge of the rectangular ring to reduce the size of the ring MSA and
to achieve the circularly polarized wave in the GPS band. The upper
patch is shorted to the lower patch at the apex by a conducting plate
to obtain the resonance in the VICS band [3,4]. In order to control
the radiation pattern and the axial ratio in the ETC band, moreover,
two rectangular elements are installed at a plane where the microstrip
line lies. In this paper, the elements are referred to as Rc-elements
(radiation’s control elements).

The geometrical parameters optimized for GPS, VICS and ETC
is shown in Table 1. The relative dielectric constants of each layer
are ¢,1 = 1.0, .9 = 2.15 and ¢,3 = 2.6. In single layered MSAs,
as the thickness of the dielectric substrate increases, the bandwidth
increases [8]. Therefore, the height of the ring MSA is determined to
satisfy the specification of the bandwidth of GPS. In the VICS and
ETC bands, the bandwidths increase as the height of the upper patch
of the stacked MSA increases [3]. Therefore, the height of the upper
patch is determined to satisfy the specifications of the bandwidths of
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Figure 2. Geometry of a proposed antenna.

Table 1. Optimized geometrical parameters (units of ¢; and ¢, are
degree and the others are mm).

Wi | L1 Wa | Wiz | Ls Wy Ly Ws | Ls
13.6 | 15.1 | 19.0 | 40.4 | 424 4.24 28.04 | 4.24 | 10.9
h1 ha hs ha ta ty tw ts Wq
4.0 0.8 1.6 1.6 2.55 3.6 0.4 5.2 50
Sal | Sa2 | Sb1 | Se2 | Sc1 Sc2 Sd1 sa2 | Wy
4.0 6.73 | 2.81 | 2.81 | 5.75 4.93 194 19.0 | 100
dp TfE | YfE o Yo TeE YeE b be
1.5 —18 | =18 | =17 | —17 | —13.5 14.5 40.7 43

both VICS and ETC. The impedance matching in the three frequency
bands are tuned by adjusting the positions of the feed point (zq, yo)
and the edge point (g, yrr), the width Wy, the length L4 and the
angle ¢ of the microstrip line. In simulations and measurements in
Sections 4 and 5, the optimized geometrical parameters are used.



Progress In Electromagnetics Research C, Vol. 37, 2013 5

4. OPERATIONAL PRINCIPLES IN TRIPLE BAND

Figure 3 shows the simulated VSWRs of the proposed MSAs with and
without Rc-elements, and a stacked MSA without either Rc-elements
or a ring MSA.

The stacked MSA without the ring MSA has two resonant modes
in the VICS and the ETC bands [3]. However, the stacked MSAs
combined with a ring MSA, regardless of inclusion of the Rc-elements,
have a new resonant mode in the GPS band. Therefore, it is seen
that the ring MSA operates as a radiation element in the GPS band.
Figure 4(a) shows time averaged electric current distribution at the
frequency giving the minimum axial ratio in the GPS band. It is
confirmed that the electric current flows strongly on the ring MSA and
the electric currents exist around only the edges of the lower patch
and the shorting plate in the stacked MSA with a shorting plate. The
dimension of the T-shaped slits along the z-axis is different from that
along the y-axis. Moreover, a microstrip line of the L-probe feed lies
around the diagonal of the rectangular ring. Therefore, the ring MSA
with the T-shaped slits radiates a circularly polarized wave with the
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Figure 3. Simulated VSWRs of stacked MSAs with and without ring
MSA. (a) GPS band. (b) VICS band. (c¢) ETC band.
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appropriate size of each geometric parameter of the T-shaped slits and
with the appropriate ratio (L3/W3) of the length to the width of the
rectangular ring. The ring MSA operates as a single feed MSA with
perturbation segments for circular polarization.

In the VICS band, the difference of the VSWR between the
stacked MSAs with and without the ring MSA is very small. This
states that the stacked MSA operates as a radiation element in the
same principle as the antenna proposed in [3]. Figure 4(b) shows
time averaged electric current distribution at the frequency giving the
minimum VSWR in the VICS band. In the stacked MSA with a shoring
plate, the intensities of the electric current around the shorting plate
are maximum and those on the opposite apexes to the shorting plate
are approximately zero on the upper and lower patches. The antenna
resonates when the sum of the lengths of the diagonal of the upper
and lower patches and the shorting plate becomes a half wavelength.
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Figure 4. Time averaged electric current distributions in GPS and
VICS bands. (a) GPS band (1.574 GHz). (b) VICS band (2.498 GHz).
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Although the intensities of the electric current on the ring MSA are
very small compared with those on the shoring plate, the electric
currents flow on the ring MSA in the vicinity of the shorting plate
and above the microstrip line of the L-probe feed.

It is confirmed from Figure 3 that the ring MSA influences
the VSWR not only in the GPS band but also in the ETC band.
Figure 5(a) shows time averaged electric current distribution of the
antenna without the Rc-elements at frequency giving the minimum
axial ratio in the ETC band. Without the Rc-elements, the electric
current flows strongly on the ring MSA above the L-probe feed. The
electric current distribution on the ring MSA significantly affects the
axial ratio in the ETC band. In order to improve the symmetry of
the electric current distribution on the ring MSA in the ETC band,
two Rc-elements are installed on the upper left and the upper right on
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Figure 5. Time averaged electric current distributions in ETC
band. (a) Without Rc-elements (5.81 GHz). (b) With Rc-elements
(5.79 GHz).
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the plane where the microstrip line lies. The two Rc-elements are the
same size and are arranged symmetrically with respect to the y-axis.
Figure 5(b) shows the electric current distribution of the antenna with
the Rc-elements. The electric current on the ring MSA above the L-
probe feed becomes very small and concentrates on the lower patch and
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Figure 6. Simulated axial ratios for change of elevation angle 6 (w/o
Rc-elements: 5.81 GHz, with Rc-elements: 5.79 GHz).
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Figure 8. Simulated and measured axial ratios. (a) GPS band.
(b) ETC band.

the Rc-elements. Figure 6 shows the simulated axial ratio against the
change of elevation angle 0 at the frequency giving the minimum axial
ratio. By installing the Rc-elements, the axial ratio for the elevation
angle is improved.

In [9], a circularly polarized MSA with a slit at the center of each
edge of the rectangular patch has been proposed. In the antenna fed
by the L-probe, however, the slits overlap the microstrip line of the
L-probe feed. Therefore, it is difficult to tune the impedance matching
in the VICS and ETC bands simultaneously. In this paper, the slits
along the z-axis are deviated by t¢s from the center of the edge of the
rectangular patch.

5. ANTENNA CHARACTERISTICS

Figures 7 and 8 show the measured and simulated VSWRs and the
axial ratios, respectively. The antenna was made of copper-clad Glass-
fiber-PTFE. The measured bandwidths (VSWR < 2 with axial ratio
< 3dB) in the GPS and ETC bands are 11.5MHz and 165 MHz,
respectively. The measured bandwidth (VSWR = 2) in the VICS
band is 43 MHz. The fabricated antenna satisfies the specification of
the bandwidths in the triple band. The relative errors of the center
frequency between the simulated and measured results in the GPS,
VICS and ETC bands are 0.57%, 1.40% and 1.83 %, respectively. The
measured center frequencies agree well with the simulated ones.
Figures 9(a)—(c) show the measured and simulated radiation
patterns normalized by the maximum value of the electric fields in the
xzz and yz planes. As shown in Figures 7 and 8, since the measured
VSWR and axial ratio against frequency don’t agree completely with
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Figure 9. Simulated and measured radiation patterns. (a) In GPS
band (simulated: 1.574 GHz, measured: 1.565GHz). (b) In VICS
band (simulated: 2.498 GHz, measured: 2.532 GHz). (c¢) In ETC band
(simulated: 5.79 GHz, measured: 5.68 GHz).

the simulated results. Therefore, in the GPS and ETC bands, the
simulated radiation patterns are compared with the measured ones at
the frequency giving the minimum axial ratio. In the VICS band, the
simulated radiation pattern is compared with the measured one at the
frequency giving the minimum VSWR. In the GPS band, the simulated
angles of axial ratio < 3 dB are approximately 0° < # < 85° in the both
xz and yz planes. In the VICS band, the radiation peak is at a low
elevation angle, which is very similar to the radiation pattern of the
antenna proposed in [3]. These radiation patterns match the required
ones for GPS and VICS. In the ETC band, a null exists around 6 = 30°
in the measured results.
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Figures 10(a) and (c) show the simulated and measured gains at
0 = 0° in the GPS and ETC bands. The measured results are shown in
the frequency range where the axial ratio is 3.0 dB or less. Figure 10(b)
shows the simulated and measured gains at the elevation angle 6 = 45°
where both the simulated and the measured gains are maximum at
the frequency giving the minimum VSWR. The measured results are
shown in the frequency range where the VSWR is 2 or less. In the
GPS band, the measured gains agree with the simulated results in
the whole frequencies with the axial ratio < 3dB. In the VICS band,
the simulated maximum gain (4.41 dBi) agrees with the simulated one
(3.45dBi). However, the measured results vary between 2.50 dBi and
3.45dBi in the frequency range. In the ETC band, the errors between
the simulated and the measured gains are big compared to those in the
GPS band. Since the electric currents exist on the ring MSA in the
VICS and ETC bands as mentioned in the previous section, the ring
MSA contributes to radiation in the VICS and ETC bands. Therefore,
aberration of the position of these two antennas during fabrication
affects the radiation pattern and gains in the VICS and ETC bands.
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The radiation angle of circularly polarized waves is very important
for ETC. However, as shown in Figure 9(c), there are differences
between the simulated and measured radiation patterns. Therefore,
the axial ratio for changes of the angles is investigated. Figure 11
shows the measured axial ratio for changes of elevation angles 6 in the
xz and yz planes. The measured values of the antenna without the
Rc-elements are shown for comparison. The angles with the axial ratio
< 3dB are approximately § = 40° in the yz plane (y > 0) and 6 = 10°
in the zz plane. Although differences between the simulated results
(Figure 6) and the measured results are observed, the antenna with
the Rc-elements satisfies the specifications for the angle distributions
of the axial ratio mentioned in the Section 2.

6. CONCLUSION

An L-probe fed stacked MSA combined with a ring MSA has been
proposed for triple band (GPS, VICS and ETC) operation in ITS.
The operational principles of the antenna were discussed.
Moreover, the antenna characteristics (VSWR, axial ratio, radiation
pattern and gain) were simulated and compared with measured results.
In the simulation, the proposed antenna satisfies the specifications of
the impedance matching and axial ratio and has suitable radiation
patterns. Although differences between the simulated and measured
radiation patterns in the ETC band were observed, the measured
angle distributions of the axial ratio satisfy the ETC specification.
There were differences between the measured and simulated center
frequencies in the triple band, too. However, the relative errors
between the simulated and measured center frequencies were small in
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the triple band. Although the geometry of the proposed antenna is
complicated, the measured results of the center frequencies present the
correct operation of the prototype antenna.
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