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Land Vehicle Antennas
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SUMMARY Information services for drivers and passengers
in land vehicles have been drastically increasing in recent years.
Frequency spectra used in vehicle communications cover an ex-
tremely wide band ranging from the LF band to the millimeter-
wave band. Today, a variety of properties are required of anten-
nas depending on the types of radio systems; more than ten kinds
of antennas are installed in land vehicles. Advances in such land
vehicle antennas developed in Japan are reviewed in reference to
antennas for broadcasting reception and mobile communication
systems. Typical antennas are introduced for each system, and
the technology and performance are described.
key words: Vehicle Antennas, Mobile Communication, ITS,
Broadcasting, Train communication

1. Introduction

Broadcasting and mobile communication systems to-
day are indispensable not only for business activities
but also personal life, and have become an important
infrastructure. In the 1950s, only AM radio broadcast-
ing was available for personal use in cars, while land
vehicle radio communications were restricted to gov-
ernment and commercial use. However, now even FM
radio and television programs can be received in cars,
in addition to the AM radio. Furthermore, various mo-
bile radio communication systems, such as mobile tele-
phone systems, mobile satellite communication systems
and so on, can be personally utilized in land vehicles.
The number of mobile radio terminals has explosively
increased since the middle of the 1990s; it will reach
more than 70 million sets this year, while it was 4.7
million sets in 1990. The new services of Intelligent
Transport Systems (ITS) using radio systems were in-
troduced one after another, and contribute to a safer
and more comfortable drive. The rise in car navigation
systems using Global Positioning System (GPS) is also
remarkable, and cumulative number of the navigation
systems reaches nearly 10 million sets.

Recently, equipment not only for communica-
tion systems but also for sensing systems using the
millimeter-wave frequency for ITS applications, such as
Adaptive Cruise Control System and Collision Warn-
ing System, is being installed in cars. Consequently,
frequency spectra used in the land vehicles cover an
extremely wide band ranging from the LF band to the
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millimeter-wave band. In the early days of broadcasting
and mobile communication services, only a monopole
antenna was commonly used for land vehicles. How-
ever, a variety of radio communication systems are in
use today and more than ten kinds of antennas not only
for broadcasting and communication but also for radio
control and sensing are installed in vehicles.

The antenna is a critical device which significantly
affects system performance. Antennas for vehicles
need to satisfy various stringent requirements. Con-
sequently, vehicle antennas have been designed with
particular attention to both radio systems and envi-
ronmental conditions. Numerical analysis is very use-
ful for this purpose, and Computer Aided Design by
computer simulation is widely used in conjunction with
experiments today.

Antenna systems for vehicles were reviewed in
many previous references [1]–[7], and these references
will be helpful to understand past development well.
This paper reviews advances in vehicle mount anten-
nas developed in Japan. In particular, technical de-
scription focuses on antenna systems for land vehicles,
such as passenger cars, buses and trains. Firstly, ad-
vances in antenna systems since 1950 are summarized
for each system of terrestrial broadcasting, land mobile
communication, vehicle satellite communication, intel-
ligent transport systems and train communication sys-
tems. Next, typical antennas are introduced for each
system, and then the technology and performance are
described, but without detail for brevity.

2. Features of Land Vehicle Antennas and
Overview of Past Development in Japan

2.1 Features of Vehicle Mount Antennas

The initial consideration in the design of land vehicle
mount antennas is how to maintain sufficient sensitiv-
ity of reception on the occasion of high-speed travel and
rapid changes of orientation. Vehicle mount antennas
are designed so that sensitivity may be kept constant.
Omnidirectional antennas are generally required in ra-
dio systems for vehicles. Since high-gain antennas with
a narrow beam are used for most satellite communica-
tion systems, it is necessary to track the satellite as the
vehicle changes orientation.

Vehicle mount antennas are not used in isolation
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Table 1 Advances of antenna systems used in land vehicles.

1950–1979 1980–1989 1990–

Terrestrial
broadcasting

System
(Frequency)

AM (526.5–1606.5 kHz), FM (76–90
MHz)

TV (90–108, 170–222 MHz, 470–770
MHz)

2003– Digital TV(UHF)

(AM,FM,TV) Antenna
[Reference]

Monopole antenna (Pole antenna) Window glass antenna with amplifier,
FM-diversity [8,9], TV-diversity [10,11]

Digital TV-Adaptive array [12]

Land mobile
communication

System
(Frequency)

Taxi, BusAVM (60, 150, 450MHz), Mo-
bile telephone (800MHz)

MCA, Personal radio (800MHz) Digital mobile telephone (800MHz, 1.5GHz), IMT-
2000 (2GHz)

Antenna
[Reference]

Monopole antenna Siersity-Sleeve dipole [13], On-glass Pole
antenna [15,16], Flat plate antenna
[18,19,20], Printed dipole [23]

Sleeve dipole [14], Window glass antenna [17], Flat
plate antenna [21,22], Cabin antenna [24,25]

Mobile satellite
communication

System
(Frequency)

ETS (L-band), INMARSAT (L-band) N-STAR (S-band), COMETS (21–47 GHz)

Antenna
[Reference]

8 elements spiral array [33], Phased ar-
ray [37,38], Switched-element spherical
array [36]

Quadrifilar-helix [26], Annular ring MSA [27],
Dipole & Helix combination antenna [29], Bifilar-
helix [28,30], 5 elements spiral array [31], 4 ele-
ments cross dipole array [32], 9 elements MSA ar-
ray [34,35], Wave guide slot array [39], Torus reflec-
tor[39], Cylindrical slot array [40]

Satellite broad-
casting

System
(Frequency)

BS (11.7–12.2 GHz) BS Digital

Antenna
[Reference]

MSA array [41,43], Crank line [42] Wave guide slot array [44,47], MSA array [45], Ra-
dial waveguide + MSA array [46,48,49]

ITS communi-
cation and

System
(Frequency)

CACS (96 kHz) RACS, AMTICS (800MHz), GPS
(1.6GHz)

ASV, AHS, VICS (2.5GHz), ETC (5.8GHz)

navigation Antenna
[Reference]

Loop antenna, Ferrite antenna Quadrifilar-helix, MSA (for GPS) MSA [50–54], IFA

ITS radar System
(Frequency)

Automotive radar (60,76 GHz)

Antenna
[Reference]

V-shape waveguide slot [6], Tri-plate antenna [55],
Parallel plate slot antenna [57], NRD Guide antenna
[58], Dielectric slab leaky wave antenna [59], Lens
[60], MSA array [61,63], Waveguide slot [56,62]

Train commu-
nication

System
(Frequency)

Inductive communication system (200kHz),
Space wave radio system (150, 400MHz)

LCX communication system (400MHz)

Antenna
[Reference]

Loop antenna, Inverted L antenna [67], Beam
switching monopole array antenna [68]

Phased array antenna with 6 capacitor
elements [69], Slot array antenna [70,71]

AVM: Automatic Vehicle Monitoring, MCA: Multi Channel Access, CACS: Comprehensive Automotive Control Systems, RACS: Road Automobile Communication
System, AMTICS: Advanced Mobile Traffic Communication Systems, ASV: Advanced Safety Vehicle, AHS: Advanced cruise assist Highway System.

in free space, but in complex environment with multi-
path and some adjacent objects. Therefore, even if an
antenna has an omnidirectional radiation pattern, fluc-
tuation of the received voltage by multipath propaga-
tion arises. Thus it is necessary to design an antenna in
consideration of mitigating the fluctuation of the field
strength and consequent degradation of communication
quality.

Various antenna types, such as a wire type, a patch
type and a slot type and arrays of those, are used on
land vehicles. Since vehicle mount antennas are mostly
installed in confined spaces, small size and lightweight
are natural requirements. For example, a low-profile
antenna or a flush-mount antenna is desirable. Further
structural requirements are for robustness, temperature
variation tolerance, no handicap with respect to vehicle
styling, and no wind noise.

Another major problem of the vehicle environment
is the influence of the adjacent objects. If the antenna
element resides on or near the vehicle body, radiation
current will be induced on the body near the antenna
element, and the body will also work as a radiator. In
most cases of vehicle mount antennas, radiation pat-
terns and impedance characteristics are considerably
changed from the isolated free space case condition for
this reason. When a low profile or build-in antenna
element is used inside the vehicle, the influence of the
surrounding body becomes larger. The influence on
the antenna element can cause both improvement and
degradation in the performance. Generally, since the
influence of the vehicle body causes antenna perfor-
mance degradation, designs which suppress degrada-

tion as much as possible are needed.

2.2 Overview of Past Development in Japan

Advances of antenna systems used in land vehicles for
each radio system are shown in Table 1 with the rele-
vant references. It is surprising that a very wide fre-
quency range from the LF band to 76GHz is used in
radio systems for land vehicles. Next, a brief history of
land vehicle antenna systems for each radio system is
given.

2.2.1 Antennas for Terrestrial Broadcasting Recep-
tion

The AM radio and FM radio bands cover the frequency
range of 526.5-1,606.5 kHz and 76-90 MHz, respectively,
in Japan. The TV band is located within 90-108 MHz
for VHF Low-channels, 170-222 MHz for VHF High-
channels and 470-770 MHz for UHF channels. Polar-
ization of radio waves in the AM band is vertical, but
most of FM radio and TV stations are horizontally po-
larized in Japan.

Since the early 1950s, an electrically small
monopole antenna (often called a “whip antenna” or
“pole antenna”) has been in use for AM reception. The
best place to mount such antennas is considered to be
the rear fender to avoid reception of electrical noise gen-
erated by the engine. However, almost all cars in Japan
had a front fender antenna until around 1975 because of
easiness to extend or retract the antenna from driver’s
seat. Although the pole antenna has very simple struc-
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ture, it has the disadvantages of wind noise, durability
and exterior design.

In the early 1970s, new types of antennas different
from the pole antenna were introduced in the Japanese
market, which overcame the above disadvantages. One
was the trunk-lid antenna which uses a trunk-lid floated
electrically from the car body as an antenna. Another
was the wire antenna printed on a glass window (called
a “window glass antenna”). The advantages of these
new antennas are no need for cleaning, no danger of
breaking, no handicap with respect to styling, and no
wind noise. Slant pole antennas fixed to the front driver
side pillar have been used for the cars without the win-
dow glass antenna since 1980, because these can be op-
erated from the driver’s seat and low cost.

Since the demand for high-fidelity audio became
strong with the spread of the FM radio, diversity re-
ception technology was introduced for reception of the
FM radio in the middle of 1980s [8],[9]. The combina-
tion of two wire antenna elements printed on the rear
window glass, or the combination of the rear pole an-
tenna and the rear window glass antenna was adopted
as the antenna system for FM diversity reception.

The diversity reception system for the terrestrial
television was on the market in the middle of the 1980s
[10],[11]. Two V-shaped pole elements were first used
for TV reception. A new antenna system consisting of
four antenna elements printed on the rear quarter win-
dow glass was developed in 1986. In recent years, an
adaptive array antenna for terrestrial digital TV broad-
casting has been developed, and high quality digital TV
programs will be able to be enjoyed in cars in the near
future [12].

2.2.2 Antennas for Land Mobile Communication

Since antenna systems for land mobile communication
systems are to be reviewed in another paper of this spe-
cial issue, only a brief history is given here. Frequency
used from the 1950s to the 1970s was mainly 150MHz
or 450MHz, and most antennas used on cars were a
quarter wave-length monopole antenna. As the system
capacity reached its limit with the rapid increase in
mobile system users, the 800MHz band was allocated
to mobile communication systems such as Mobile Tele-
phone, Personal Radio and MCA systems.

Cellular mobile telephone systems in the 800MHz
band started in 1979, and digital mobile telephone sys-
tems started in 1993. Currently, frequencies from the
800MHz band to the 2GHz band are assigned for mo-
bile telephones. Diversity reception systems have been
adopted to solve the multipath fading problem, which
is very serious in urban areas. A variety of car mount
antennas were developed in the 1980s and 1990s. An-
tennas used for these systems are a sleeve dipole an-
tenna, a quarter-wavelength monopole antenna and an
on-glass pole antenna, etc [13]–[16]. Further, to avoid

the disadvantages of the pole antenna, low profile flat
antennas, window glass antennas and cabin mount an-
tennas have been developed [17]–[25].

2.2.3 Antennas for Vehicle Satellite Communication
and Satellite Broadcasting Reception

(1) Communication
Research and development activities such as ETS and
COMETS programs on mobile satellite communica-
tions have been ongoing since the middle of the 1970s in
Japan. Since the early 1980s, the INMARSAT system
has provided international maritime satellite commu-
nication services in the L-band (1.6/1.5GHz), and has
been expanding their services to aircraft and land ve-
hicles. Domestic mobile telephone services using the
N-STAR satellite started in 1996.

Bifilar or quadrifilar helical antennas and mi-
crostrip antennas (MSA) are widely used as land ve-
hicle antennas because of light weight and good circu-
lar polarization properties [26]–[30]. In the 1980s and
the 1990s, various kinds of antennas with a mechanical
tracking mechanism were developed one after another
for the ETS-V program and the INMARSAT system
[31]–[35]. In order to realize low profile and high speed
tracking, phased array antennas for land vehicles were
also developed [37],[38]. Details of the phased-array
antenna are to be described in another paper in this
special issue.

Several types of antennas have been developed for
advanced mobile satellite communication experiments
in the Ka and mm-wave bands using the COMETS
satellite. One is an active phased array antenna, an-
other is the mechanically steered waveguide slot array
antenna, and the third is the mechanically steered torus
reflector antenna [39],[40].

(2) Broadcasting
Direct broadcasting satellite services (BS) began in
1989. In addition, BS digital television broadcasting
started in 2001. With the spread of BS broadcasting
reception in homes, the demand for BS reception in
land vehicles has increased. Since an antenna with high
gain of approximately 30dBi is necessary, a mechanism
to precisely track the BS satellite is indispensable.

The BS reception system for land vehicles was un-
veiled in 1988, and was mounted on buses and trains
[41]. Since the dimensions and weight were still exces-
sive for mounting on a passenger car, various planar
array antennas with high efficiency and a tilted beam
were studied aggressively in the 1990s. Also the noise
figure of Low Noise Amplifier (LNA) was improved con-
siderably. As a result, sufficient C/N was obtained by
using an antenna with gain of approximately 21dBi to
25dBi, and the miniaturization of the vehicle mount an-
tenna system progressed rapidly. Many sophisticated
antennas have been on the market from the middle to
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the end of the 1990s [42]–[49].

2.2.4 Antennas for Intelligent Transport Systems
(ITS)

(1) Communication and Navigation
Radio communication systems in ITS applications deal
mainly with data, not voice. History of traffic infor-
mation and management systems can be traced from
the early 1960s when inductive communication systems
were used. Although traffic information and manage-
ment systems had been planned since the 1970s, radio
communication means were not sufficient. For this rea-
son, a higher frequency band (5.8 GHz) was allocated to
dedicated short-range communication systems (DSRC)
for ITS applications [50].

The largest market in relation to ITS applications
is car navigation. In the beginning of the 1990s, car
navigation systems using Global Positioning System
(GPS) was introduced onto the market, and the total
number shipped exceeds 9,600,000 units to date. The
present car navigation system is equipped with not only
GPS but also Vehicle Information and Communication
System (VICS) and DSRC, etc. A helical antenna was
mainly used at the beginning of the GPS service, but it
has gradually been changed to a MSA [51]. The MSA
using ceramic materials with a high dielectric constant
is widely used today [52].

The VICS service, which started in the middle of
the 1990s, provides real-time road and traffic informa-
tion to drivers using three media; the radio beacon, the
infrared beacon and the FM multiple broadcasting sys-
tem. The 2.4GHz band is used for the radio beacon.

Electronic Toll Collection system (ETC) enables
vehicles to pass through a toll gate without stopping to
pay the road toll by means of the radio communication
between vehicles and the toll gate facilities.

It started in 2001. This communication system is
an application of the DSRC system at 5.8GHz.

Antennas for ETC or VICS are usually put on the
narrow dashboard of the car. Consequently, low pro-
file antennas such as MSA are commonly used [52],[53];
especially a high permittivity substrate is used for the
VICS antenna.

(2) Automotive Radar
The system which detects obstacles or preceding ve-
hicles in the road environment and prevents accidents
due to a driver’s carelessness and misjudgment is an
important ITS application. Automotive radars are an
indispensable key sensor in realization of important ITS
applications, such as Collision Avoidance System, Ob-
stacle Warning System and Adaptive Cruise Control,
and have been actively developed since the early 1970s.
In the Advanced Safety Vehicle (ASV) project, an au-
tomatic braking system using the radar to detect any
danger of collision has been developed in Japan. Au-

tomotive radar development in the USA and Europe
has focused on the 76GHz band, while efforts in Japan
mainly focused on the 60GHz band. Today, however,
the 76GHz band is used as the global standard fre-
quency for automotive radars.

The radar sensor should be as compact and light as
possible so that it may not affect the car design. More-
over, the lateral resolution ability of the radar should
be less than a lane width at the maximum detection
distance. For example, the beam width which illumi-
nates one lane width (3.5m) at 100m to the front is ap-
proximately 2 degrees. An antenna aperture requires
at least 9cm width at 76GHz to obtain the 2-degrees
beam width, thus dimensions of the radar are mostly
determined by the size of the antenna. Therefore, a
flat shape array antenna with high radiation efficiency
is desirable for automotive radars. Polarization diver-
sity is used to mitigate interference by the radar signals
emitted by any oncoming cars in the opposite lane. For
example, 45degrees inclined linear polarization is used
in many cases.

The first millimeter-wave automotive radar was de-
veloped in 1992, and was composed of a mechanical
steering mechanism and a V-shaped waveguide antenna
[6]. Subsequently the tri-plate planar array antenna,
the waveguide slot array antenna, the NRD guide an-
tenna and the dielectric slab leaky wave antenna, etc.
have been developed for mechanical beam scanning
radars [55]–[60]. Electrical beam scanning radars were
proposed in the latter half of the 1990s. Antennas used
in these radars are the waveguide slot array antenna
and the serial fed MSA array antenna, etc. [61]–[63].

2.2.5 Antennas for Train Communication Systems

Inductive communication systems using a loop coil in
the 200kHz band was used in the early communication
system for trains. Similar systems are presently used
as a communication system for the subway. A full-
fledged train communication system started in 1965 for
Tokaido and Sanyo Shinkansen (Japan Railways new
bullet trains). It was a communication service by using
a radio wave (Space wave radio system), which covered
the whole line with the 59 base stations. An inverted
L plate antenna and a directional beam switching an-
tenna were first used for this system as antennas in the
150MHz and 400MHz bands, respectively [67],[68]. In
addition, the three beam switching type using a phased
array antenna with 6 capacitor antenna elements was
adopted in 1985 as a new antenna system [69].

Another communication system using leaky coax-
ial cables (LCX system) has been used in the whole line
of Tohoku and Joetsu Shinkansen since 1982 [70],[71].
It was first developed for train communication sys-
tems in a tunnel for Tokaido and Sanyo Shinkansen.
The communication system of Tokaido Shinkansen also
shifted to the LCX system in 1989. An advantage us-
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Fig. 1 Window glass antenna.

Fig. 2 Diversity antenna system for TV.

ing LCX cables can prevent unnecessary propagation
compared with radio communication systems. That is,
the LCX system is suitable for the special service area,
such as a tunnel and an area along the railroad line.
LCX cables have a slot array on its outer-conductor
and radiate weak electromagnetic energy. Folded slot
array antennas are used as a train mount antenna for
the LCX system.

3. Land Vehicle Antennas and Technologies
Developed in Japan

3.1 Antennas for Terrestrial Broadcasting Reception

The typical problems in the design of the car radio and
TV antennas are to match the antenna to the receiver
over the wide operating frequency range, reduction of
multipath fading and to avoid the reception of noise. In
the AM radio band, exact matching is impossible, since
the commonly used antennas are electrically very small
and thus have extremely small radiation resistance and
very large reactance. As a result, matching the antenna
impedance with the nominal impedance of the cable is
not attempted in the AM range.

Window glass antennas have been developed to

solve the pole antenna’s disadvantages with respect to
wind noise, durability and exterior design. Figure 1 il-
lustrates one example of window glass antennas having
AM and FM diversity reception antenna elements, and
came on the market in the middle of the 1980s. An-
tenna elements are printed on the rear window glass,
and one of the antenna elements is directly connected
to a defogger (heater) element for improving its sensi-
tivity in the AM radio band. It was difficult for the
early window glass antenna to obtain sufficient sensi-
tivity across the wide frequency band of FM radio. In
the early 1980s, this problem was solved by using an
amplifier as an impedance matching device.

In order to mitigate the fading distortion in recep-
tion of FM radio, window glass antennas for diversity
reception system were studied and introduced into the
Japanese market in the middle of 1980s [8],[9]. The
combination of two wire antenna elements on the win-
dow glass and the combination of the rear pole antenna
and a rear window glass antenna were used as the di-
versity antennas.

Vertically oriented pole antennas are not suitable
for the horizontally polarized FM radio and TV sig-
nals in Japan. In the case of a pole antenna vertically
mounted on a car roof, it was clear from an analysis by
the wire-grid model that sensitivity to horizontal polar-
ization was only due to the currents excited on the car
body [65]. Particularly for the pole antenna mounted
at a symmetrical location on the car (for example, the
center of roof or trunk), remarkable degradation ap-
pears in its radiation patterns. As a result, it is obvi-
ous that the omnidirectional radiation patterns in the
horizontal plane cannot be expected for FM radio and
TV signals. Therefore, selection of the optimal antenna
location and adoption of diversity reception are very
important for reception of FM radio and TV waves.

The wavelength of the frequency band of FM radio
or the Low-channel TV is close to the length of a car
body. The antenna performance changes considerably
due to the resonance phenomenon of the car body. Con-
sequently, not only an antenna element but also the car
body should be taken into consideration in order to de-
sign an antenna with a desired performance, especially
in these bands. The Method of Moments (MOM) using
the wire grid model of a car body is highly useful for
the design of car radio antennas [65],[66].

Figure 2 illustrates the diversity reception antenna
system for TV [10],[11]. The antenna elements are
printed symmetrically on the left and right rear quar-
ter windows of the car. The antenna consists of two
parts; the slanted element consisting of three thin lines
located close to rear pillars and a horizontal element
printed at the center of the quarter glass. A switch-
ing diversity system was adopted because the synthetic
diversity system was not so effective to suppress the
multipath distortion. The switching diversity system
can effectively follow changes in field strength by se-
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Fig. 3 Car mount antennas.

lecting appropriate antennas for better reception. The
antenna switching is performed during every vertical
blanking period in the TV video signals.

3.2 Antennas for Land Mobile Communication

Vertical polarization is usually used in most mobile
communication systems because it makes broadband
omnidirectional antennas very easy to develop and mo-
bile terminals are very near the ground. Figure 3 illus-
trates the typical antennas developed for mobile tele-
phone and other communication systems. In order to
cope with the problem of the multipath fading, diver-
sity reception technology is used on car mount anten-
nas for mobile telephone systems. Conventional 1/4-
wavelength monopole antenna elements are used as a
roof mounted diversity antenna. The most commonly
used antenna is the trunk mount antenna which con-
sists of two sleeve dipole antennas as shown in Fig. 4
[13],[14]. These antenna elements are arranged one on
top of the other, and the feeder for the upper antenna
element exists in the core of the lower antenna element.
This antenna acts as a space diversity reception com-
position in the vertical plane, and a small correlation
coefficient of less than 0.6 is achieved.

Figures 5(a) and (b) show two types of cabin
mount antennas [23]–[25]. One consists of two direc-
tive antenna elements put on the front and the rear
positions in the car cabin. Each antenna element has
directivity in the front or the rear direction. The front
side antenna element is shown in the Fig. 5(a). Radia-
tion pattern diversity reception is performed by use of
these two antenna elements and the hybrid circuit. As
for the correlation coefficient, less than 0.3 is attained.
The other antenna on the market is the space diversity
antenna which consists of two omnidirectional antenna
elements, and is put on a rear tray of the car cabin.
The antenna element is a post-added monopole antenna
shown in Fig. 5(b). Although the element spacing is
less than 0.3-wavelength, a small correlation coefficient

Fig. 4 Trunk mount antenna for car telephone.

of less than 0.5 is obtained, and sufficient diversity re-
ception effectiveness is realized.

Another notable antenna is the low profile en-
ergy density antenna [21],[22]. The antenna shown in
Fig. 5(c) consists of a disk loaded monopole antenna (a
ring patch antenna) and four notch antennas forming a
crossed slot antenna in the disk [21]. The electric field
is received by the ring patch antenna, while the mag-
netic field is received by the notch array; as a result,
the energy density reception is realized. The ring patch
antenna is fed by a center probe and has four matching
posts to have the same pattern as that of the monopole
antenna over a wide frequency range. The notch an-
tenna has a Fig. 8 radiation pattern shape, but an om-
nidirectional pattern can be realized by the four notch
antenna elements and the 90 degrees phase difference
excitation circuit.

3.3 Antennas for Vehicle Satellite Communication
and Satellite Broadcasting Reception

(1) Communication
Since an axial mode helical antenna has good circu-
lar polarization characteristics over a wide frequency
range, the quadrifilar helical antenna (QHA) with four
two-turn helical elements is commonly used for satel-
lite communication [26]. A high order mode microstrip
antenna features a conical radiation pattern and low
profile structure. It is also used as a vehicle mount
antenna for satellite communication systems [27].

The maximum gain of these antennas, however, is
usually less than 4dBic. In order to obtain a conical
radiation pattern over the elevation range from 30 to
60 degrees, the pole-shaped antenna using the quadrifi-
lar helix array or the bifilar helix array was developed.
These antennas have the maximum gain of more than
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(b)(a) (c)

Fig. 5 Antennas for car telephone. (a) and (b) Cabin mount antenna, (c) Flat energy
density antenna.

(a) (b) (c)

Fig. 6 Antennas for Land vehicle satellite communication systems. (a) Bifilar helical
antenna, (b) 8 elements spiral array, (c) 9 elements MSA array.

5dBic, and are utilized for the satellite telephone ser-
vices of the INMARSAT and N-STAR systems [28]–
[30]. Figure 6(a) shows the bifilar helical antenna for
the N-STAR system. A conical radiation pattern with
the wide elevation angle coverage is realized by helical
elements arranged to overlap each other [30].

In order to obtain the maximum gain from 10dBic
to 15dBic, mechanical beam steering antennas are con-
sidered to be the best candidates for land vehicles from
a cost standpoint. Many notable beam steering anten-
nas have been developed for vehicle satellite commu-
nication systems [31]–[35]. MSA elements and spiral
elements, etc. were adopted for these systems. Figures
6(b) and (c) show two types of the mechanical track-
ing antennas. One is an 8 spiral elements array for
the ETS-V program [33], and the other is a 9 MSA

elements array for the N-STAR system [34]. These an-
tennas have maximum gains of 15dBic and 12.5dBic,
respectively. Another interesting antenna is a switched-
element array antenna of 6 MSA elements [36]. It has
no mechanical mechanism, and has the maximum gain
of approximately 10dBic.

(2) Broadcasting
The first BS reception system developed in Japan in
1988 is shown in Fig. 7(a), and is composed of the two
tilted MSA planar array antennas arranged in front and
rear positions [41]. Each planar array consists of two
sub-arrays (left and right). In order to track the satel-
lite, the phase mono-pulse technique was adopted to-
gether with a gyroscope. The dimensions were 862mm
in diameter, 350mm in height and 50kg in weight, and
the maximum gain was 34dBic.
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Required antenna gain and dimensions strongly de-
pend on the noise figure (NF) of the front-end amplifier
and antenna efficiency. In the 1990s, the miniaturiza-
tion of the vehicle mount antenna system progressed
as NF and antenna efficiency improved gradually, and
various antenna systems were developed for train, ship,
and car [42]–[49].

The following BS reception antenna systems on the
market are suitable for compact cars. The antenna sys-
tem shown in Fig. 7(b) has a leaky waveguide slot array
antenna with beam tilt of 50.5 degrees [47]. Since this
thin array antenna is installed horizontally, it is possi-
ble to make the antenna system low profile. The beam
width in the vertical plane is wider than the horizontal
one. The antenna section mechanically rotates only in
the horizontal plane to track the satellite. The maxi-
mum gain of the array antenna within the BS band is
26.7dBic and the antenna efficiency is more than 70%.
The dimensions are 550mmX450mm in width, 90mm
in height and 8kg in weight including the radome.

Figure 7(c) shows another type of BS reception sys-
tem. Further miniaturization and lower profile are pos-
sible for an antenna system mounted on compact cars
[48]. High efficiency and tilted beam have been realized
by the combination of the radial waveguide and the an-
nular ring microstrip array. The antenna structure be-
comes drastically simpler because the circular shape of
the radial waveguide is suitable for the horizontally ro-
tating antenna section. Furthermore, a feeding circuit
without the conventional rotary joint and the direct
drive mechanism rotating the array antenna itself con-
tribute to simplifying the antenna structure. The array
antenna has the maximum gain of 25.1dBic with tilted
beam and an efficiency of 70%. The dimensions of the
antenna system including the radome are 400mm in di-
ameter, 29mm in height and 3.3kg in weight. Another
model of this antenna system on the market, which
also includes the BS receiver in the antenna radome,
is 400mmX400mm square, 60mm in height and 5kg in
weight.

3.4 Antennas for Intelligent Transport Systems (ITS)

(1) Communication and Navigation
The toll gate antenna for Electronic Toll Collection
(ETC) systems is about 5m above the road lane, while
the communication area is specified to be an area of
4m long and 3m wide at a height of 1m above the lane.
The MSA used at the toll gate is designed to have the
radiation pattern that uniformly illuminates the com-
munication area and has low sidelobes in order to avoid
interference caused by the fixed objects around the gate
[50]. The antenna gain is less than 20dBic for the road-
side and less than 10dBic for the vehicle, and right-
hand circular polarization is used. Cost effectiveness is
especially important for the car mount antennas. Fig-
ure 8(a) shows a typical example of the currently used

(a)

(b)

(c)

Fig. 7 BS reception antenna system. (a) MSA array type, (b)
Wave guide slot array type, (c) Annular ring MSA array with
radial wave-guide type.

ETC antennas which are mounted in the car cabin. It
is a kind of MSAs, and consists of a metal plate without
a dielectric substrate. The ETC antenna is usually set
on the dashboard. It is reported that the radiation pat-
tern and the axial ratio are degraded by the windshield
and adjacent objects [54]. It is not necessary for the
cabin mount antenna to have an omnidirectional radia-
tion pattern, but is necessary to consider the effects of
adjacent objects.

The Vehicle Information and Communication Sys-
tem (VICS) operates in the 2.4GHz band, and its road-
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(a) (b)

Fig. 8 Antennas for ETC and VICS. (a) ETC, (b) VICS.

side antenna with two beams is specifically designed so
that the direction of vehicle motion may be identified
and vehicles can get information in relation to the di-
rection of travel [52]. The radio beacon employs a spot
zone (70m long and 10-15m wide) for communication
on a lane. Commonly used car antennas in VICS are
a MSA, and they are set on the dashboard similar to
the position of the ETC antenna. Figure 8(b) shows
an example of car mount VICS antenna, which uses
high permittivity ceramic substrate. The gain of the
antenna is more than -1dBi with VSWR of less than 2.

Antennas for GPS reception should provide uni-
form sensitivity over the entire upper hemi-sphere over
which the satellites may be visible, but reception when
the GPS satellites are below 10 degrees above the hori-
zon should be avoided because of the severe multi-
path and troposphere effects. Omnidirectional anten-
nas such as QHAs and MSAs are potential candidates
for GPS reception. Although QHAs have advantages
such as wide beam coverage and wide frequency band-
width properties, MSAs are most commonly used for
land vehicles because of their low-profile and compact
nature. In particular, MSAs with high permittivity ce-
ramic substrate are the best choice for compact cars
because of its extremely small size. Figure 9(a) shows
a MSA designed to avoid reception performance degra-
dation at low elevation angle [51]. By arranging the
parasitic elements above the circular patch, wide an-
gle coverage of 160degrees with axial ratio less than
3dB was realized across 3.3% band width. Figure 9(b)
shows a MSA using ceramic material with high permit-
tivity of 20. MSAs using high permittivity substrates
feature particularly small size, but very narrow band-
width. Consequently, it is very important to design
such cabin mount antennas in consideration of the ef-
fect of the antenna radome and the metal fixture on the
input impedance.

(2) Automotive Radar
It is indispensable for automotive radars to have lat-
eral detection ability so that it may not miss the target
on a curved road. Consequently, a beam steering func-
tion which changes the beam direction in response to
a curved road, a beam scanning function and a multi-
beam function, etc. are adopted for detecting the lat-

(b)(a)

Fig. 9 GPS antennas. (a) MSA with parasitic elements, (b)
MSA with high permittivity substrate.

eral position of the preceding car.
Mechanical systems are the simplest method of

scanning a narrow beam antenna. The tri-plate an-
tenna shown in Fig. 10(a) was used in such a mechan-
ically scanned system [55]. It had the gain of approx-
imately 30dBi and beam cross section of 2.8degrees
by 2.8degrees. This tri-plate array antenna features
high efficiency and 45degrees tilted linear polarization.
The waveguide slot array shown in Fig. 10(b) and other
types such as the dielectric leaky wave antenna and the
parallel plate slot antenna, etc. are excellent antennas
with fixed beam and high efficiency of more than 70%
[57]–[59]. As an antenna for another type of mechanical
systems, a dielectric lens antenna has been developed
for the mechanical beam switching radar [60].

Antennas for electrically scanning radars such as
beam switching, mono-pulse and holographic radars
have also been actively studied and have been proposed
one after another [60]–[63]. Although the MSA array
has desirable advantages of thinness, lightweight and
ease of mass production, it is usually difficult to obtain
high radiation efficiency in the millimeter-wave band
because of ohmic loss and manufacturing defects. How-
ever, the MSA array shown in Fig. 10(c) features high
efficiency of more than 50%. It was developed for holo-
graphic radar [61],[64]. This array antenna consists of
sub-arrays of series fed rectangular MSAs. The radia-
tion quantity of each MSA element was finely controlled
by its dimensions to achieve the desired illumination
along the length of each sub-array.

3.5 Antennas for Train communication Systems

Figure 11(a) shows the inverted L type antenna for
train communication systems in the 150MHz band [67].
This antenna was mounted on the roof of the head
train and was used in common with a sensor of over-
head power line voltage. The antenna system shown in
Fig. 11(b) was adopted for the 400MHz band communi-
cation system. It was a directional flush antenna with
the beam switching circuit of changeable to forward or
backward direction of the train [68]. The antenna was
composed of an array of parasitic monopoles. In order
to make the antenna height low, a circular disk was
loaded to the top of the monopole. The typical per-
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(a) (b) (c)

Fig. 10 Antennas for automotive radars. (a)Tri-plate array type, (b) Wave-guide slot
array type, (c) MSA array type.

formance of the antenna is as follows. The half-power
beam width in the horizontal plane is more than 60de-
grees and the maximum gain is approximately 4dBd for
the vertical polarization.

LCX systems adopted as the communication sys-
tem for Tohoku and Joetsu Shinkansen have two LCX
cables along the railway. Train has two array antennas
composed of four folded slot elements on each side of
its head vehicle. Structure of one folded slot element
is shown in Fig. 11(c) [70]. The train mount antennas
have the broad beamwidth of approximately 110degrees
in the vertical plane and the maximum gain is 5dBd.

4. Conclusions

Advances in land vehicle antennas developed in Japan
have been reviewed. Most engineers concerned with
communication systems today recognize the important
role of vehicle antennas in mobile communication sys-
tems. Designers of vehicle antennas always consider
many factors, besides the electrical performance of the
antennas themselves. That is, the effect of close prox-
imity to the vehicle body, environment, propagation
problems and tracking capability, etc. An antenna sys-
tem equipped with advanced functionality which can
selectively receive only the desired signal is most desir-
able for land vehicles moving in various environments.
In order to realize such functionality, future antenna
systems will definitely incorporate intelligence, which
will be realized by the use of signal processing tech-
nologies and highly integrated devices with the antenna
system. Adaptive arrays are already being used in
practice. In addition to this, sophisticated intelligence
such as recognition, comprehension, and noise deduc-
tion which an animal may have is expected to be intro-
duced into antenna systems in the future.

(a)

(c)

(b)

Fig. 11 Train mount antennas. (a) 150MHz band antenna for
space wave radio system, (b) 400MHz band antenna for space
wave radio system, (b) Train mount antenna for LCX communi-
cation system.

References

[1] K. Kagoshima and Y. Yamada, “Mobile communication an-
tennas,” Ch.9 in Mobile Communications, M. Shinji, ed.,



NISHIKAWA: LAND VEHICLE ANTENNAS
1003

Maruzen, 1989.
[2] T. Suda and N. Kumagai, “Trend of automotive electron-

ics,” J. the Society of Automotive Engineers of Japan,
vol.43, no.2, 1989.

[3] K. Fujimoto, “Overview of antenna systems for mobile
communications and prospects for the future. technology,”
IEICE Trans. Commun., vol.E74-B, no.10, p.3196, Oct.
1991.

[4] S. Ohmori, “Vehicle antenna for mobile satellite com-
munications,” IEICE Trans. Commun., vol.E74-B, no.10,
pp.3210–3221, Oct. 1991.

[5] K. Nishikawa, “Car antennas and technologies,” IEICE
Technical Report, AP93-143, MW93-146, RCS93-97, Feb.
1994.

[6] T. Ihara and K. Fujimura, “Research and development
trends of millimeter-wave short-range application systems,”
IEICE Trans. Commun., vol.E79-B, no.12, pp.1741–1753,
Dec. 1996.

[7] K. Fujimoto and J.R. James, ed., Mobile Antenna Systems
Handbook, Artech House, Boston, London, 2001.

[8] H. Fukuhara, “Space diversity FM radio system for auto-
mobiles,” IECE Technical Report, SANE82-20, 1982.

[9] K. Ito, H. Kondo and H. Toriyama, “Development of auto-
mobile diversity antenna,” Toyota Technical Report, vol.34-
1, pp.81–88, 1884.

[10] H. Toriyama, J. Ohe, H. Kondo, and H. Yotsuya, “Develop-
ment of printed-on glass TV antenna system for car,” Proc.
IEEE Vehicular Tech. Conf., pp.334–342, 1987.

[11] J. Ohe, “Development of printed-on quarter glass antenna
system for cars,” ITEJ Technical Report, vol.13, no.26,
pp.19–24, RE’89-15, May 1989.

[12] J. Imai, M. Fujimoto, N. Itoh, T. Shibata, N. Suzuki and K.
Mizutani, “Mobile reception experiments of digital terres-
trial broadcasting – A study on beam control for improve-
ment of reception quality –,” Proc. Commun. Conf. IEICE
2001, B-5-113, Sept. 2001.

[13] Y. Ebine and Y. Yamada, “A vehicular-mounted vertical
space diversity antenna for a land mobile radio,” IEEE
Trans. Vehicular Tech., vol.40, no.2, pp., May 1991.

[14] T. Kanemoto, Y. Ebine and M. Sato, “Vehicular diver-
sity antennas using 2GHz band for cellular mobile ra-
dios,” IEICE Technical Report, AP2000-42, SAT2000-39,
MW2000-42, July 2000.

[15] K. Kosaka and N. Shimada, “Collinear antenna for mobile
phone,” Proc. Spring National Convention IEICE, B-75,
March 1989.

[16] S. Egashira, A. Sakitani and T. Harada, “Mobile telephone
antenna fed with electro-magnetic coupling,” IEICE Trans.
Commun. (Japanese Edition), vol.J71-B, no.12, pp.1719–
1721, Dec. 1988.

[17] H. Kawakami, G. Sato, K. Sakurai, and H. Murakami,
“Characteristics of mobile telephone antennas,” Proc.
Spring National Convention IEICE, B-111, March 1990.

[18] K. Kaneta, K. Sakurai and N. Goto, “Resonant mode and
radiation patterns of a ring patch antenna,” IEICE Techni-
cal Report, AP86-56, 1986.

[19] K. Nakase, T Abiko and S. Tokumaru, “A planar antenna
for mobile telephone,” Proc. Autumn National Convention
IEICE, B-53, Sept. 1989.

[20] T. Mizuno, Y. Itoh, M. Saitoh, and M. Hirano, “Develop-
ment of a planar antenna for mobile cellular telephones,” J.
the Society of Automotive Engineers of Japan, vol.46, no.2,
pp.17–24, 1992.

[21] H. Arai, H. Iwashita and N. Goto, “Vehicular diversity
flat antenna at 900MHz,” IEICE Trans. vol.E-74, no.10,
pp.3232–3225, Oct. 1991.

[22] S. Hosono, N. Goto and H. Arai, “A flat diversity antenna

by disk loaded monopole and three notches,” IEEE Trans.
Veh. Technol., vol.43, no.2, pp.353–358, 1994.

[23] M. Karikomi, “Characteristics of printed dipole antenna
with capacitive plates,” Proc. Autumn National Conven-
tion IEICE, B-57, Sept. 1989.

[24] Y. Ebine, “Investigation of a compartment mounted diver-
sity antenna for land mobile radios,” IEICE Trans. Com-
mun. (Japanese Edition), vol.J73-B-II, no.9, pp.455–463,
Sept. 1990.

[25] N. Izu, A. Gotoh, M. Morita, Y. Tanaka, K. Nishikawa,
and K. Sato, “Development of cabin-mounted antenna for
cellular mobile telephones,” J. the Society of Automotive
Engineers of Japan, vol.46, no.8, pp.52–57, 1992.

[26] N. Endo, K. Kosukegawa, H. Kitahara, M. Momose, Y.
Kato, and K. Sekiya, “Omni directional antenna for mobile
satellite communications,” Proc. Spring National Conven-
tion IEICE, B-42, March 1991.

[27] H. Ohmine, Y Sunahara and M. Matsunaga, “An annular
ring microstrip antenna fed by a co-planar feed circuit for
mobile satellite communication use,” IEEE Trans. Anten-
nas and Propagation, vol.45, no.6, June 1997.

[28] N. Ohmuro, K. Tanabe, A. Kuramoto, N. Endo, “An un-
equal pitch bifilar helical antenna for mobile satellite com-
munications,” Proc. Spring Conf. IEICE, B-58, March 1994.

[29] N. Terada and K. Kagoshima, “Compatible mobile antenna
for mobile satellite and cellular communication systems,”
IEICE Technical Report, AP91-65, 1991.

[30] R. Yamaguchi and Y. Ebine, “Design of vehicle antenna
using helical array for mobile satellite communication sys-
tem,” IEICE Technical Report, AP97-64, July 1997.

[31] A. Kuramoto, Y. Yoshino, M. Morita, and N. Endo, “5
element cavity backed spiral array antenna for land mo-
bile satellite communications,” Proc. ISAP ’92, pp.645–648,
Sapporo, Japan, 1992.

[32] Y. Kazama, H. Sirotori, T. Suda, and K. Kasamaki, “4-
element array antenna for INMARSAT-M land mobile
satellite communications,” Proc. Spring National Conven-
tion IEICE, B-122, March 1992.

[33] A. Kuramoto, T. Yamane and N. Endo, “Mechanically
steered tracking antenna for land mobile satellite communi-
cations,” 1988 IEEE Int. Antennas Propagat. Symp. Dig.,
vol.26, pp.1314–1317, June 1988.

[34] S. Mizoguchi, H. Kimura, M. Iwasaki, and H. Kawabata,
“Portable terminals for N-STAR mobile satellite commu-
nications system,” Proc. IEICE Gen. Conf. 1997, B-3-36,
March 1997.

[35] A. Kuramoto, S. Kitano, Y. Yoshino, M. Morita, and R.
Kuzuya, “The 9th element patch array antenna for satellite
communications of the vehicle,” Proc. IEICE Gen. Conf.
1997, B-1-65, March 1997.

[36] T. Hori, N. Terada and K. Kagoshima, “Switched-element
spherical array antenna for wide scan angle,” IEICE Trans.
Commun. (Japanese Edition), vol.J69-B, no.11, pp.1400–
1407, Nov. 1986.

[37] S. Ohmori, K. Tanaka, S. Yamamoto, M. Matsunaga, and
M. Tsuchiya, “A phased array tracking antenna for vehi-
cles,” Proc. Int. Mobile Satellite Conf., Ottawa, pp.519–
522, June 1990.

[38] K. Nishikawa, K. Sato, T. Hirako, T. Yamanaka and N.
Takahashi, “Phased array antenna for land vehicle satellite
communications,” Denshi Tokyo, no.29, 1990.

[39] Y. Hase, S. Yoshimoto and M. Tanaka, “COMETS mo-
bile satcom antenna development,” IEICE Technical Re-
port, AP94-45, SAT94-50, pp.39–43, Sept. 1994.

[40] K. Iigusa, T. Teshirogi, M. Fujita, S. Yamamoto, and T.
Ikegami, “A slot array on coaxial cylinder with a circularly
polarized conical beam,” Proc. IEICE Gen. Conf. 1997, B-



1004
IEICE TRANS. COMMUN., VOL.E86–B, NO.3 MARCH 2003

1-67, March 1997.
[41] Y. Ito, K. Ohmaru, S. Yamazaki, M. Uematsu, T.

Harakawa, and R. Hiratsuka, “A mobile receiving system
for satellite broadcasting,” ITEJ Technical Report, vol.12,
no.23, pp.44–52, RE’88-20, June 1988.

[42] H. Okamura, K. Ohmaru, S. Yamazaki, M. Uematsu,
T. Harakawa, and R. Hiratsuka, “Test results of mobile
DBS reception on suburban road using beam-tilted pla-
nar array,” ITEJ Technical Report vol.12, no.23, pp.53–56,
RE’88-21, June 1988.

[43] Y. Ito and S. Yamazaki, “A mobile 12 GHz DBS television
receiving system,” IEEE Trans. Broadcasting, vol.35, no.1,
March 1989.

[44] A. Kuramoto, N. Endo, A. Kawaguchi, R. Shimizu, Y.
Furukawa, S. Oyaizu, K. Maehara, and Y. Suzuki, “Mo-
bile DBS receiving antenna system,” Proc. Spring National
Convention IEICE, B-59, March 1991.

[45] K. Takano, T. Murata, M. Fujita, and D. Kato, “Com-
pact mobile receiver for direct satellite broadcasting,” Proc.
Spring Conf. IEICE, B-46, March 1993.

[46] M. Shigihara, Y. Ohtaki and T. Kumagai, “Mobile DBS re-
ceiving antenna system – antenna unit –,” Proc. Fall Conf.
IEICE, B-118, Sept. 1994.

[47] J. Hirokawa, M. Ando, N. Goto, N. Takahashi, T. Ojima,
and M. Uematsu, “A single-layer slotted leaky waveguide
array antenna for mobile reception of direct broadcast from
satellite,” IEEE Trans. Vehicular Technology, vol.44, no.4,
pp.749–755, Nov. 1995.

[48] M. Ogawa, T. Watanabe, K. Nishikawa, T. Harada, E.
Teramoto, and M. Morita, “Mobile antenna system for di-
rect broadcasting satellite,” Proc. ISAP ’96, pp.1197–1200,
Chiba, Japan, 1996.

[49] Y. Minami, S. Aoshima, M. Makoto, K. Nishikawa, and S.
Inamura, “Development of BS reception system for a small
car,” ” J. the Society of Automotive Engineers of Japan,
vol.51, no.2, 1997.

[50] Y. Shindo, H. Arai and M. Fujita, “Antenna technology for
DSRC system,” Monthly Electronics Magazine, pp.43–46,
Feb. 1999.

[51] T. Matsuoka and M. Karikomi, “GPS microstrip antenna
with two pairs of parasitic elements,” Proc. Fall Conf.
IEICE, B-113, Sept. 1993.

[52] M. Ohta and N. Mitsuno, “Technological innovations of
navigation antenna for GPS and VICS,” Monthly Electron-
ics Magazine, pp.40–42, Feb. 1999.

[53] K. Sakai, K. Aoki, Y. Kamei, S. Hirai, T. Shimura, H.
Hamada, K. Toyoshima, and M. Akita, “An automobile
antenna for the ETC system,” Furukawa Electric Review,
no.108, pp.7–10, June 2001.

[54] M. Obuchi and S. Matsuzawa, “Analysis of the character-
istics of the on-board DSRC antenna,” Proc. ITS World
Congress 2001, Oct. 2001.

[55] M. Ohta, H. Ishizaka, S. Wakushima, Y. Uesato, and M.
Haneishi, “Radiation properties of triplate-feed-type patch
antennas at 60GHz band,” Proc. Fall Conf. IEICE, B-114,
Sept. 1993.

[56] K. Sakakibara, T. Watanabe, K. Sato, and K. Nishikawa,
“Single-layer slotted waveguide arrays for millimeter wave
applications,” IEICE Trans. Communications, vol.E79-B,
pp.1765–1772, Dec. 1996.

[57] J. Hirokawa and M. Ando, “Efficiency of 76GHz post-wall
waveguide-fed parallel-plate slot arrays,” IEEE Trans. An-
tenna and Propagation, vol.48, no.11, Nov. 2000.

[58] K. Maamria, T. Wagatsuma and T. Yoneyama, “Leaky
NRD guide as a feeder for microwave planar antennas,”
IEEE Trans. Antennas and Propagation, vol.41, no.12, Dec.
1993.

[59] T. Teshirogi, Y. Kawahara, A. Yamamoto, Y. Sekine, N.
Baba, and M. Kobayashi, “High-Efficiency, Dielectric slab
leaky-wave antennas,” IEICE Trans. Commun., vol.E84-B,
no.9, pp.2387–2394, Sept. 2001.

[60] Y. Ishikawa, T. Tanizaki, H. Nishida, and Y. Taguchi,
“60GHz band FM-pulse automotive radar front end using
new type NRD guide and dielectric lens antenna,” Proc.
TSMMW 97, vol.1, no.4, pp.155–158, Aug 1998.

[61] H. Iizuka, T. Watanabe, K. Sato, and K. Nishikawa,
“Millimeter-wave microstrip array antenna for automotive
radar systems,” Proc. ISAP2000, pp.465–468, Fukuoka,
Japan, 2000.

[62] K. Sakakibara, T. Watanabe, K. Sato, and K. Nishikawa,
“Millimeter-wave slotted waveguide array antenna man-
ufactured by metal injection molding for automotive
radar systems,” IEICE Trans. Commun., vol.E84-B, no.9,
pp.2369–2376, Sept. 2001.

[63] H. Shinoda, H. Nagaishi and H. Kondoh, “MMIC
transceiver integrated with a planar antenna for automo-
tive radar applications,” MWE2001 Microwave Workshop
Digest, WS5-1, pp.119–122, 2001.

[64] Y. Asano, “Millimeter-wave holographic radar for automo-
tive applications,” MWE2000 Microwave Workshop Digest,
WS6-4, pp.157–162, 2000.

[65] K. Nishikawa, “Effect of automobile body and earth on ra-
diation patterns of antennas for FM radio,” IECE Trans.,
vol.E-67, no.10, pp.555–562, Oct. 1984.

[66] Y. Taniguchi, M. Hirano and H. Arai, “The application of
numerical methods to vehicle antennas,” Proc. ISAP ’85,
pp.441–444.

[67] Antenna Engineering Handbook, 1st Edition, IECEJ,
pp.317–318, 1980.

[68] T. Kitsuregawa, Y. Takeichi, M. Mizusawa, O. Abe, and Y.
Obayashi, “400Mc directional flush antennas for trains,”
Mitsubishi Electric Co. Technical Report, vol.38, no.3,
pp.38–41, 1964.

[69] M. Kondo, S. Sasaki, K. Matsumoto, T. Numazaki, Y.
Chatani, S. Mano, and F. Takeda, “A beam-switching train
antenna for the new trunk line,” IEICE Technical Report,
AP85-32, 1985.

[70] H. Watanabe, “Electronic control and communication sys-
tem of shinkansen,” IECEJ, ISBN 4-88552-044-4, 1982.

[71] Y. Takase and Y. Nishimura, “ Performance enhancement
by means of maximal-ratio combining diversity in LCX-
based transmission environment” Proc. IEICE Gen. Conf.
2001, B-5-201, March 2001.

Kunitoshi Nishikawa received the
B.S. and M.S. degrees in Electronics Engi-
neering from Nagoya University, Nagoya,
Japan, in 1976 and 1978, respectively, and
a Doctorate in Engineering from Univer-
sity of Tsukuba in 1986. He joined Toyota
Central Research and Development Lab-
oratories, Inc., Aichi, Japan in 1978. He
has engaged in research on mobile com-
munications, navigation systems and au-
tomotive radar systems. He is a recipient

of the IEEE VTS Paper of the Year Award in 1984. He is cur-
rently the general manager of the ITS research domain and a
fellow of Toyota Central R & D Labs.


