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for Automotive Application

Shinya SugiuraMember, IEEEand Hideo lizukaMember, IEEE

Abstract—A novel type of smart antenna, called a reactively ~ Many types of smart antennas have been designed. Dig-
steered ring antenna array (RSRAA), is proposed. The antenna jtal beamforming (DBF) antennas are typical examples of
features a conformal configuration with three overlapping one- high performance antennas, but these antennas have major

wavelength ring elements. Directivity can be controlled by chang- . . . -
ing the values of variable reactance circuits that are embedded disadvantages with respect to cost and size. This is a result

in the antenna. The antenna can be mounted on the windshield Of the requirement for DBF antennas to have multiple an-
of an automobile without interfering with the view of the driver.  tenna elements and the same number of RF chains, including
An equivalent model of six dipole elements is derived from the |ow-noise amplifiers (LNAs), down converters (DCs), and
original antenna configuration to enable simple calculation of analog-to-digital converters (ADCs). In essence, vehicle safety

directivity when a set of reactance values is given. The validity licati lied | It f vehicld i
of the proposed equivalent model is confirmed by comparing applications are applied in all types or veniclas., no

simulation results calculated by the equivalent model and by ©Only expensive vehicles but also popular types of vehicles.
the method of moment (MoM). Another simulation shows that Therefore, smart antennas must be low-cost. To realize a
the conventional reactance domain multiple signal classification simpler configuration of smart antennas, various types of
(MUSIC) algorithm can be applied to the proposed antenna, anq10q heamforming (ABF) antennas have been developed.
while keeping the estimated direction-of-arrival (DOA) number . . . .

equal to the number of reactance circuits. In addition, the Typical examples _Include reaCt“_/ely steered a_ntennas, W_h'Ch
characteristics of an RSRAA , which is optimized at 2.4GHz have only one active element with an RF chain and multiple
and is mounted on an automobile, are measured in an anechoic parasitic elements terminated by variable reactance circuits

chamber, and directivity control is found to be implemented [6]-[11]. By changing the values of these reactance circuits,

effectively. directivity can be controlled. Here, the key point is that the
Index Terms—Active antennas, antenna arrays, direction of antenna actively utilizes sufficient mutual couplings among the
arrival estimation, road vehicles, varactors active element and the parasitic elements.

From a practical viewpoint with respect to antenna installa-
tion on automobiles, on-glass antennas are generally preferred
because they do not degrade the appearance of the vehicle.

ECENTLY, the demand for safety applications capable addition, considering the fact that approximately twenty

of drastically reducing the number of traffic accidentantennas are installed inside the vehicle, on-glass antennas are
has increased. Radar systems and/or imaging sensor systgessrable in order to save installation space. However, there are
have been developed for practical use. These systems difficulties in realizing a conformal type ABF antenna that can
highly effective for preventing possible collisions with forwardhe installed on the windshield. This is mainly because previous
obstacles that are within the line-of-sight (LOS) of the incidemésearch has primarily focused on three-dimensional ABF
vehicle. However, the systems cannot work in the case afitennas [6], [8], [9]. With regard to the microstrip type ABF
accidents that occur outside of the LOS, which accounts fantenna [7], it is difficult to design an on-glass antenna because
a large percentage of traffic accidents in Japan. To solve thisthe ground plate. It is possible to achieve a conformal
problem, safety applications using wireless communicatiogonfiguration by reducing the number of parasitic elements
such as inter-vehicle communication (IVC), are presentty two in previous work [6], [8], [9], but this has the effect of
being studied extensively [1]-[3]. As IVC is categorized agegrading beamforming performance. In addition, this leads
a high-mobilead hocnetwork, space division multiple accesso lower performance with respect to other capabilities, such
(SDMA) by smart antennas can be applied for the purpose direction-of-arrival (DOA) estimation using the reactance
of increasing system capacity and gain [4]. Dedicated shoglemain multiple signal classification (MUSIC) algorithm [11].
range communications (DSRC) have already been usedTiRe maximum estimated number of DOAs is given by the
commercial applications in addition to safety applicationswumber of reactance circuits that are sufficiently coupled with
Smart antennas can also be used for sharing system resouscgsed point. Therefore, the estimated number of DOAs also
between DSRC and IVC [5]. decreases with the decrease in the number of effective parasitic

) ) o __elements in the previous study.
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obtained from the IEEE by sending a request to pubs-permissions@ieee.called a reactively steered ring antenna array (RSRAA). The

The authors are with Toyota Central Research & Developme_Ebncept of the RSRAA was originally presented in [12].
Laboratories., Incorporated.,  Aichi  480-1192, Japan (e-mail . . . .

urther numerical and experimental studies are next described.
DOI: 10.1109/TAP.2007.900251 Note that the operating frequency is chosen to be 2.4 GHz

I. INTRODUCTION

sugiura@mosk.tytlabs.co.jp; hiizuka@mosk.tytlabs.co.jp).



ACCEPTED VERSION

throughout the present paper. The RSRAA is characterized
by a conformal configuration, which maintains the number

of reactance circuits that are strongly coupled with a feed
point as five. The configuration and concept of the RSRAA
are described in Section Il. Here, an equivalent model is also
presented for the purpose of simple calculation of incident
directivity when a set of reactance values is given. The
performance of the RSRAA is described in Section Ill. Resultst. ¢
of parameter studies and examples of beam patterns are Q;—»
tained by Monte Carlo (MC) simulation. Section IV describes

experimental results of a prototype antenna, including patterns w B variable reactance circuit
of the antenna mounted on a windshield. A brief comment
on the antenna module configuration is then presented from (&) Top view
a practical viewpoint. An additional discussion regarding the P
antenna configuration is also presented. Finally, this paper is
concluded in Section V. o 2 3 44 45
x |, {1 i, - {1 D
L
Feed
II. REACTIVELY STEEREDRING ANTENNA ARRAY z y * [@: variable reactance circuit
This section presents the configuration and concept of the (b) Side view

RSRAA.

A. Configuration

A configuration of the proposed reactively steered ring
antenna array is shown in Fig. 1(a) and Fig. 1(b), which are top
and side views, respectively. In addition, a mounted RSRAA
on a windshield is shown in Fig. 1(c). Three overlapping ring-
shaped wires are provided without any mutually nodal points.
The circuit length of each of the ring wires is given by one
wavelength\. A balanced feed point and five reactance circuits
are embedded in the wires. These elements are positioned
along the same straight line when viewed from thexis.
By changing the values of the reactance circuits, directivi%"
can be controlled in thecy-plane. In practical terms, the
reactance circuits are made of chip parts such as varactor
diodes, the values of which are controlled by changing their
input voltages. In this way, the proposed smart antenna realizes
a simple and conformal configuration.

B. Equivalent model

The directivity of previous ABF antennas can be formulated
as a function of values of reactance circuits [9]. The method
of applying the formulation to RSRAA is given here. As
described in [13], a one-wavelength ring antenna is represented
by two in-phase dipole antennas with a spacing of Q.2This
is because large current distributions are concentrated on both
the feed point and the opposite point of the feed on the ring
element. Using this relation, RSRAA is assumed to have an
equivalent model as shown in Fig. 2, which is composed of six
dipole elements. Accordingly, the directivit® (¢, ) in the
xy-plane is represented by a function of values of reactanlg,,
circuitsw = [z; --- a5)” as follows [9]:

D(¢,2) = aw ()" a(¢) 1)

element array.

(c) Over view of a mounted antenna

1. Configuration of proposed antenna. Each figure shows (a) top view,
side view, and (c) over view of a mounted antenna on a windshield.

e . . .
1g. 2. Equivalent model of RSRAA. The model is composed of a dipole
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TABLE |
PARAMETERS OFCALCULATED MODEL.

Height H of the antenna|] 39.8 mm (= A\/m)
Length D 0.125 mm
LengthG 3125 mm (= )\/4)
Line width L, 1.5 mm
Line height Lo 0.03 mm

. .
¢ |/ —150Q2 < x; < 02| .

. . e . ———-100Q2 < z; < 02 s
where o is a constant, and the weight vectar () and - - 509 < 1, < 00

steering vectom (¢) are given by 0 :

_ -90 -60 -30 0 30 60 90
w(w):(Yfl +X7") 1'l,l,() (2)
Angle [deg.]

2T p
a(g)= {exp {j)\’!‘o L (¢)}
9 T Fig. 3. Dependence of variable range of reactance values on beamforming
LT toward each direction in the case af.{, xas) = (-5002, 082), (-10Q2, 0F2),
...exp{ T5L(¢)H , 3) o o) = ( ) ( )

Normalized gain [dB]

J hY and (-15@2, 092), respectively.

respectively, where

X, = diag [ 2z jaT ] 4) Here, gach of the simulgteq ggiﬁ?sl (¢, ) is normalized ip
T the horizontal plane, which is given by the following equation:
up = [1 0000 0] 5) D (é.a)
. ) &
L(¢) = [cos¢ sing 0] . (6) Gu(d,2) = —7 (7)

. f—ﬂ'/2 D (¢/,$) d¢/
Here, components of the admittance matkix are mutual
admittances among the ports (the feed point and the filfe order to determine each beam patt€rp (¢, =), 100,000
reactance circuits). Position vectors(i = 0, - - -, 5) represent random sets of were generated. Here, directivity (¢, ) in
the positions of the feedi = 0) and the reactance circuitsequation (1) was chosen as the cost function to be maximized
(i = 1---5) in the equivalent model, respectively. In additionfor each. The following three cases were selected as the
2, is the characteristic impedance. From the equivalent modginulation conditions of the variable range of each reac-
the antenna is found to be polarized vertically. Note that tance value:(x,,, zy) = (=50 €, 0 Q), (—100 Q, 0 Q),
has to be calculated by full-wave simulations before applyirpd (—150 €, 0 ), wherez,, and z); are minimum and
the formulated directivity (1), as noted in [9]. In generalmaximum values of the variable range, respectively. First,
reactively steered types of smart antennas actively utilifewas found that beamforming ability differs depending on
mutual couplings among elements [6]. The RSRAA realizélirection. In the case of—150 Q, 0 ), for example, the
strong mutual coupling among each port because the ring wifggximum normalized gain reaches 5 dB¢t=0 deg. On
are overlapping and share magnetic fields through the are#€. other hand, the normalized gains toward the directions
It should be noted that these strong mutual couplings of teé approximately¢ =30 deg and -45 deg are lower in
RSRAA cannot be obtained by a real dipole array that ggmparison with the average. Second, the calculated gain is

identical to the array of the equivalent model. greatly influenced by the range of variable reactance values.
As shown in the figure, the case of the narrowest reactance
||| PERFORMANCE I’ange,i.e., (I’m, LEM) = (*50 Q, O Q), ShOWS a mUCh IOWer

. . . . . . erformance than the other two cases. The range of the
In this section, numerical analysis is carried out in order_ . L . .
variable reactance circuits must be higher than a certain value.

to clarify the performance of the RSRAA. First, beamforming : .
abilities were examined by a MC simulation. The conventiona Tr?(;(té;lt)hseesl?f:ili]emjer?wfetr:z (S)Eat(;:;@bgzrtrv\\;?)?;]i;hea%?lﬂte:/ias
reactance domain MUSIC algorithm [11] was then applie 9 9 y

to the RSRAA for estimating DOAs at a high resolutionexamined' The simulation results are shown in Fig. 4. Here,

Admittance matrixY, as well as radiation properties ofthe average ga.in in thg fi_gure Is defined b.y a\{eraging the cal-
the antenna, are calculated in free space using commer&%lllated normalized gain in (7) for each direction. Parameters
simulator "FEKO”, based on the method of moment (MoM)(.)t er thanz were kept constant, and the range of the r_eactance
Note that reactance values are assumed to be excluded in't Iges was set ¢z, IM) - (.*.15.0 Q.’ 0 42). The figure
case ofY calculation. The basic parameters of the anten ows that the beamforming ability is highest whén= A/4.
configuration are shown in Table I. Unless otherwise note ,US’G was set tor/4.

these parameters are used throughout the paper.
B. Beamforming
A. Parameter Study Fig. 5 shows beam patterns towagd=-90 deg, -30 deg,
The dependence of the antenna gain on the beam directibrdeg, 30 deg, and 90 deg, each of which is calculated

was calculated. Fig. 3 shows the gain toward each directiontgt both MoM and the equivalent model represented by (1).
every 10 deg fromp =-90 deg top =90 deg withf = 90 deg. In terms of MoM simulations, the values of the reactance
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0 [dB] [dB] ¢

(a) -90 deg (b) -30 deg (c) 0 deg (d) 30 deg (e) 90 deg

Fig. 5. Comparison between patterns calculated by equivalent model and by MoM.

45 TABLE Il
' SIMULATION PARAMETERS FORMUSIC.

Number of Waves 3 (uncorrelated)
DOAs -60 deg, 0 deg, and 45 deg
’ SNR 20 dB (each of the waves)

This is because the equivalent array works as a broad side
array at¢ = 0 deg and as an end-fire array @at= 490
deg. Second, the patterns by MoM and the equivalent model
are quite similar especially around the direction of the beam.
3.5 3.75 4 4.25 45 Therefore, the fundamental validity of the proposed equivalent
G model was confirmed. On the other hand, slight differences are
found at the sidelobes and the nulls. These may be caused by
a model error of the equivalent model, such as positions of

Fig. 4. Calculated average gain of each direction for parameter study in the . . . .
case 0fG — /3.5, \/3.75, A/4, \/4.25, and A /4.5. e equivalent dipoles and/or their resonance amplitudes and

Average gain [dB]
E-N

3.5

phases.
TABLE I
INCIDENT VALUES OF REACTANCE CIRCUITS USED IN PATTERN
SIMULATION .

C. MUSIC
Direction | T Zo T3 Tq Ts5
-90 geg -157.3Q 10620 -168.4Q -1532Q 16240 Another capability of the proposed antennz., DOA
30deg | 363Q 156.00Q  345Q  268.6Q 29530 TR ; - ;
Odeg | 6310 -17.5Q 780 6490 7950 estimation, is presented here. As d_escrlbed in Section Il the
30deg | -1222Q  56.9Q  193.0Q 9.7Q  -2292Q equivalent model enables the steering vector to be defined, as
Ydeg | 4909 3910 10780 12329 2479 represented in (3). Using this steering vector, the conventional
Direction [ HPBW . . .
50 deg 93 deg reactance domain MUSIC algorithm [11] was applied to the
-30 deg 64 deg proposed antenna, and its performance was verified numeri-
Sooddegg s ggg cally. The simulation parameters are listed in Table IIl. Here,
90 deg 92 deg three uncorrelated waves are assumed, and the signal-to-noise

ratio (SNR) of each of the waves is given as 20 dB. Fig.

6 shows the simulation results of MUSIC. It was found that
circuits are built into the model as lumped-parameter elemenX¥)As can be estimated at a high resolution and with estimated
Each incidentx for each beam pattern is obtained by Mrrors of less than 0.5 deg. Note that the proposed antenna
simulation of 100,000 random in the same way as the formercan estimate a maximum of five DOAs. As shown in [11],
simulation of the parameter study. Herg;,,, za;) is set this maximum number is equal to the number of variable
by (—300 Q, 300 Q). The reactance values obtained by MCeactance circuits. On the other hand, in a real dipole array ,
simulation are listed in Table 1l. Each half-power beam widtthe configuration of which corresponds to the equivalent model
(HPBW) is also described in the table. The following twmf the proposed antenna, a maximum of only two DOAs can
findings were observed in the simulation results. First, typiché estimated. This is because the active element couples with
beam patterns toward the desired directions were formexhly the closest parasitic elements in such a real dipole array.
Thus, an effective beam control technique was verified hus, the proposed antenna has the advantage of the ability to
calculation. Note that, in the simulated cases, HPBW changestimate many more DOAs than the conventional dipole array
from 45 deg to 93 deg, depending on the beam directian.the conformal configuration.
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—  Experiment
MoM

(a) 10 deg (b) 30 deg

MUSIC Spectrum [dB]

-90 -60 =30 0 30 60 90
Angle [deg.]

Fig. 8. Comparison between patterns measured in anechoic chamber and
calculated by MoM.

Fig. 6. Calculated MUSIC spectrum for a set of reactance values. DOAs =

-60 deg, 0 deg, and 45 deg. SNR = 20 dB for each signal. TABLE IV
INCIDENT VALUES OF REACTANCE CIRCUITS USED FORMEASURED
. PATTERNS.
1%

.———————-—————————---—-—-----’[- _____ Direction | T T2 T3 T4 T5
'

10deg | -51.8Q -2.10Q -340  -56.1Q -83.30Q

i Cb - R 30 deg 370 2140 -37.3Q0 -18Q  -1.6Q

i N Here, in order to obtain these values, MC simulations were
G Vi ; conducted in the same way as in Section |ll. Based on these
[ R ‘I i results, the measured patterns and simulated patterns were
5 found to be quite similar.

B. Mounted Antenna

The prototype antenna was mounted at the upper center
region of the windshield, as shown in Fig. 1(c). The distance
IV. EXPERIMENT between the metal-top roof and the nearest side of the pro-
totype antenna was set to be 40 mm. The angle between the
i windshield and the horizontal plane was approximately 30 deg.
A prototype antenna was constructed on a typical Teflgflg g shows the beam patterns of the mounted antenna toward
substrate with a thicknes#&l of 0.§ mm and a dielectric ¢ = 10 deg ands’ = 30 deg in the coordinate system shown
constante, of 2.6. Here, the configured parameters of thg rig 1(c). In each of the cases, three patterns at every 10
prototype antenna are the same as those listed in Ta_bledégrees of elevation angle frofh = 90 deg to#’ = 70 deg
except for H = 0.6 mm. Copper was etched on both sidegre piotted. Here, the incident reactance values are the same

of the substrate, and reactance circuits were mounted Usllihe cases shown in Fig. 8. The VSWR with the 10-deg
chip parts (varactors, capacitors, and resistors). The equivalent

circuit of the reactance circuits is shown in Fig. 7. The

main components of the circuit are a serial varactor and a

blocking capacitor. The varactor is DC biased through chao I¢"
resistors of 10 K. The bias lines are drawn orthogonally t
the polarization in order not to affect the radiation pattern. T
feed point is connected to a parallel line , the characteris
impedance of which is 20Q. The width of each line and the
distance between the centers of the two lines were chosel
be 1.6 mm and 3.0 mm, respectively. The end of the para _Joton
line is connected to an LC balun, which transforms the 2! | —— o soee
Q2 balanced line to a 5 unbalanced line. The measure =% "=
insertion loss of the LC balun is 0.29 dB at 2.4 GHz. Fig.

shows the patterns that were measured in an anechoic chamber

and calculated using MoM. Here, Fig. 8(a) and 8(b) represent (a) ¢’ = 10 deg (b) ¢ = 30 deg

the beam patterns toward 10 deg and 30 deg, respectively. The

incident sets of reactance values are also listed in Table INg. 9. Measured radiation patterns of mounted RSRAA indhplane.

Fig. 7. Equivalent circuit model of variable reactance circuit.

A. Prototype Antenna

[dBd] 10| 5 [dBd] 10, 5

Elevation
—>— 0" =90deg
—b— 0’ = 80deg

—e— 0’ = 70deg
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and 30-deg beams are 1.8 and 1.9, respectively. The measured

results indicate that effective beam patterns were obtained Multi-layered films

while keeping the return loss quite low. Note that the VSWR A== ==

changes depending on the values of reactance circuits, and that = = T
|

the VSWR can be suppressed by choosing appropriate valu8b Connecter
The ability to suppress the VSWR depends on the variable

range of reactance circuits, as well as the beamforming ability L4 7 '|
\

Balanced line Film (thickness 125um)
ya S

In addition, radiation patterns in Fig. 9 are somewhat noisy,
primarily because of the reflection from the vehicle body.
In general, radiation patterns at 2.4 GHz are more strongly
influenced than at the VHF band when antennas are mounte

50 mm

on vehicles. VCC lines
-~ (width 20um)
C. Antenna Module
We present a brief description of a practical antenna moduletal box (RF circuit) Variable reactance circuits

that has been designed from a practical point of view. Fig.

10(a) shows a configuration of the proposed antenna module,

and an example of the antenna mounted on a windshield is @
shown in Fig. 10(b). The overall size including a voltage bias
circuit is 220 mmx 50 mm. The antenna is composed of
copper-etched multi-layered films. The fed ring wire , as well
as the other two ring wires, are situated on the independent
films. The films are made of a transparent polyethylene
terephthalate (PET) substrate , the thicknéssf which is

125 um. As for the reactance circuits, chip parts are mounted
using conductive paste. Each of the varactors in the reactance
circuit is connected to bias lines with a width of 20m,

and is supplied with control voltage. Then, the feed point
is connected to a RF connecter through a RF circuit that is
surrounded by a metal box. The RF circuit in the metal box
is composed of an LC balun, a filter, and an LNA, where the
LNA is prepared for the case in which the antenna is used as
a part of receiving system. The filter is situated such that the
LNA is not saturated. At 2.4 GHz, the insertion loss of the
LC balun and the filter are 0.29 dB and 0.46 dB, respectively,
and the gain of the LNA is 6.7 dB.

(b)

D. Discussion

This paper has focused on an RSRAA with three rin jg. 10. Photograph of an antenna module. (a) configuration of antenna
. Oéiule and (b) mounted antenna module on a windshield.

elements. However, the element number should be adjuste

depending on the requirements of the application. For the

case in which a narrower beam is required, for example,gderating frequency is out of the allowable range. A detailed

larger number of ring elements is effective. This is because thgnsideration of the bandwidth is beyond the scope of the
effective length of the antenna can be increased while keepiigsent paper.

mutual couplings among the equivalent dipoles. On the other
hand, the number of reactance circuits also goes up, resulting
in a more complex system. This design property has a trade-
off relationship. Furthermore, in addition to the number of A reactively steered ring antenna array and its beamform-
ring elements, there is no limit for the relationship among thieg concept have been proposed for forthcoming automotive
feed and the reactance circuits. The position of the feed capplications. The antenna features a conformal and simple
be replaced by the position of one of the reactance circuitsclinfiguration composed of only one RF port with multiple
is important to adjust the parameters so that the performanegiable reactance circuits. Strong mutual couplings among
meets the requirements of the target system. the feed and the reactance circuits have been realized, which
In addition, the directivity function (1) is derived on thecontribute to beamforming performance. An equivalent dipole
basis of the assumption that the circuit length of each ofodel was presented for simple calculation of directivity,
the ring elements is one wavelength. Thus, it is clear thahich was verified through computer simulation. An equiv-
the concept of the beamforming does not work when tteent model also enabled the conventional MUSIC algorithm

V. CONCLUSION
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to be applied to the proposed antenna. Representative bgeim J. Lu, D. Ireland, and R. Schlub, "Dielectric embedded ESPAR (DB-
patterns of the prototype antenna were measured for the case ESPAR) antenna array for wireless communicatid&EE Trans. An-

. . tennas Propag.vol.53, no.8, pp.2437-2443, Aug. 2005.
of ¢ = 10 deg and 30 deg in the horizontal plane. Here, ﬂf?l] C. Plapous, J. Cheng, E. Taillefer, A. Hirata, and T. Ohira, "Reactance

validity was confirmed in comparison with simulation results.  domain MUSIC algorithm for electronically steerable parasitic array
Furthermore, the beam patterns of the antenna mounted on radiator” IEEE Trans. Antennas Propageol.52, no.12, pp.3257-3264,

the windshield of an automobile were measured, and w Dec. 2004.
’ Eﬁ@] S. Sugiura and H. lizuka, "Study of reactively steered ring antenna array

found to be formed effectively. Finally, brief comments on the  suitable for automobiles,” itEEE Int. Antennas and Propag. Symp. Dig.,

antenna module and its settings were described. The proposed Albuguerque, NM, July 2006, pp.2365-2368. . ,
il b tilized for future vehicle communicationgls] K. Sawaya, "Review of research and development on linear antennas,
antenna wi € utlize |IEICE Trans. Communyvol.E86-B, no.3, pp.892-899, March 2003.

related to beamforming applications.
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