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Abstract—A shaped dielectric lens antenna with
simple array feeds was developed to realize
wide-angle beam scanning in car-mounted radar
systems. The electrical performance of the
dielectric lens antenna has been previously
studied through electromagnetic simulations.
The authors fabricated a practical dielectric lens
antenna operating at 20 GHz and measured its
performance. A convenient patch antenna
configuration was developed for the array feed.
A power divider comprising eight branched
microstrip lines was designed in order to achieve
precise excitation coefficients for the array feed.
Design accuracy of the array feed was confirmed
from measured and calculated results for the
excitation coefficients and radiated electric field.
To determine the wide-angle beam scanning
characteristics, the aperture amplitude and phase
distributions were estimated numerically using
the obtained array radiated electric field.
Excellent flat-phase  characteristics  were
confirmed. The commercial electromagnetic
simulator FEKO was employed for the
numerical simulations. The radiation patterns at
a 30° beam scanning angle were measured. Very
good agreements between the measured and
calculated results were found. Moreover,
sufficient antenna gain was confirmed through
experiments.

Index Terms— Shaped dielectric lens antenna,
array feed, wide-angle beam scanning,
electromagnetic simulation.

I. INTRODUCTION

Communication and car safety systems are
under development as part of the Intelligent
Transportation Systems (ITS) operating in the
millimeter-wave frequency bands [1, 2]. For
collision avoidance, car radar systems that can
scan 15° have been developed. However, in order

to expand the system for local street use, wide-
angle beam scanning ability of over 30° is
necessary. For this, a dielectric lens antenna is
considered one of the promising candidates [3].
The authors have been studying shaped dielectric
lens antennas. Lens shaping based on Abbe’s
sine condition [4] was proven to have excellent
wide-angle beam scanning capability [5].
Moreover, the wide-angle beam scanning
capability can be further improved by employing
simple array feeds [6]. Previously, the electrical
performance of the array-feed dielectric lens
antenna was studied through electromagnetic
simulations [7]. In the simulations, rectangular
horn antennas were considered as elements of the
array feed. By employing both a shaped
dielectric lens and array feed, an almost flat
aperture phase distribution was achieved. As a
result, the radiated beam at the 30° direction
could maintain the same beam shape at the 0°
direction [7].

In this study, the realization of a shaped lens
and array feed is pursued, and the appropriate
simulation tool for this rather complicated
configuration is identified. As an array element
antenna, a patch antenna configuration is
developed in place of the rectangular horn. In
order to achieve proper excitation coefficients for
the array feed, a power divider consisting of a
microstrip circuit is designed. The shaped
dielectric lens is fabricated by adequately
forming a polycarbonate material. In order to
confirm the design accuracies, electromagnetic
simulation results and measured results are
compared. As a simulator, the FEKO suite (ver.
5.3) is employed. The electric field distributions
of the array feed and dielectric lens are obtained

and achievement of design concepts is confirmed.

Finally, the wide-angle beam scanning
characteristics—radiation patterns and antenna
gains—are confirmed. As a result, the realization
of a wide-angle beam scanning antenna is
confirmed.
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II. CONCEPT OF ARRAY-FEED
SHAPED LENS ANTENNA

The antenna configuration is shown in Fig. 1.
The dielectric lens antenna has an
axisymmetrical structure around the Z axis. The
lens surfaces were shaped based on Abbe’s sine
condition [4, 5]. Beam scanning is achieved by
replacing the feed positions. The on-focus feed is
placed at the origin of the XYZ axes. The off-
focus feed for beam scanning is placed in the XZ
plane. Here, the beam scanning is achieved in the
XZ plane. In the off-focus feed, a linear array
antenna arranged in the Y axis direction is
employed.

The roles of the lens antenna and the array
feed cooperate in this configuration. The shaped
lens antenna can achieve a constant wave front in
the scanning plane. As a result, a sharp beam is
obtained in the scanning plane. The array feed is
designed to achieve a constant wave front in the
transverse plane. Thus, a sharp beam is obtained
in the transverse plane. With the assistance of
these two parts, a sharp pencil beam is achieved
in the wide-angle beam direction.

Constant beam is
achieved through
lens shaping

L1

Array feed

Beam 7
scanning

Constant beam is
achieved through Transverse plane

the array synthesis

Fig. 1. Configuration of array feed and shaped
lens antenna.

III. DESIGN RESULTS OF THE
ARRAY FEED LENS ANTENNA

A. Shaped Dielectric Lens for Wide-Angle
Scanning

The abilities of the shaped lens in 30° beam
scanning are shown in Fig. 2. The effects of the
lens are studied through ray tracings. The ideal
condition is that all rays refracted by the lens
become parallel. In the scanning directions of Fig.
2 (a), refracted rays become parallel and arranged
in a straight line. However, in the transverse
direction, refracted rays become curved and form
a U-shaped line. The ray tracing results are
converted to the antenna aperture phase
distribution (¢,,), as shown in Fig. 2 (b). In the
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scanning plane, constant phases are achieved.
However, in the transverse plane, large phase
delays occurred. These phase delays produce
radiation pattern degradation in the transverse
plane. Thus, compensation of this phase delay is
necessary to achieve excellent scanning
characteristics. We employed an array feed
configuration for this purpose.
Frequency : 20 GHz Constant phase

Locus of feed AT
ocus ot fee Shaped dielectric lens -
position o

Parallel rays .
i (Effect of lens R

X [mm]

rays

0 .
y [mm] -
200 100 100

0
Phase delay [deg]

(@ (b)

Fig. 2. Abilities of the shaped dielectric lens, (a)
ray tracing result, and (b) aperture phase
distribution (¢,p).

B. Array Feed

A configuration of the array feed is shown in
Fig. 3. The array feed is directed to the lens
direction, as indicated by the Z’ axis. Array
elements are arranged in the Y axis that
correspond to the transverse direction. The
radiation patterns of array elements in the
scanning plane and the transverse plane are
indicated by Ely(0s) and EI(0), respectively.
El(6;) has a rather narrow beam so as to
illuminate the lens efficiently. Hence, the array
element length in the X’ axis direction is about
1.5 wavelengths. On the other hand, El(6;) has a
wide beam width so as to ease the radiation
pattern synthesis in the transverse plane. The
array element length in the Y axis direction is 0.5
wavelengths. Array elements are excited with
excitation coefficients V;.

Fig. 3. Configuration of the array feed.

Figure 4 shows the geometry of the radiation
pattern synthesis. L is the length between the lens
and a feed horn. The array elements are located



along the Y axis. El; j = 1,2, +, q) indicates
array elements and y; represents their positions.
F(yp;) (I = 1,2, ++, p) is objective radiation
patterns on the lens surface that have p
components, which are represented by Eq(1).

[F]=[BI[V]. (M

Here, [F] components are expressed by
complex numbers that have amplitude and phase
values. Amplitude values are composed of the
projected values of Ely(0;) in Fig. 7 (b) on the
lens surface sampled at p points (yp;). Phase
values are composed of p sampling points of the
objective pattern of Fig. 6. [V] is excitation
coefficients of array elements. [B] is a pxq
matrix which expresses contributions of [V] to
each lens position of yp; (i=1,2,* * *, p).

Shaped dielectric lens , -

Weighting matrix
T, TE ghting ) T,

[4 DY
Yp1Yp2 Ypp
Synthesized pattern

L
El[ (el)

Bl Ely Y
Y1 Yq

£ Ll =0 el =3
BB Ey T
T T

Yi Y2 Y ‘O

Fig. 4. Geometry of radiation pattern synthesis.

Equation (1) can be solved using the Leased
Mean Square method. [V] is expressed by the
next equation [8].

[V1=((BI"[TI"[T] [B])"[BI"[T]"[T] [F].
@

Here, H indicates complex conjugate and
transpose of a matrix. [T] is a weighting matrix
used to emphasize certain angular regions. [T]
has only diagonal components (t;). By imposing
large weights on the lens region, both amplitude
and phase radiation patterns are designed
adequately. The most suitable value of [T] is
determined by trial and error [6].

Excitation coefficients (V;) of Eq.(2) are
shown in Figs. 5 (a) and (b). Eight array elements
are employed. As for the array element, a
rectangular aperture of 1.5 x 0.5 wavelengths is
considered. The radiation patterns (El(6;) and
El(6;)) are expressed by the following equation.

TAJMA, KAMADA, MICHISHITA, YAMADA: PERFORMANCE ESTIMATIONS FOR SHAPED DIELECTRIC LENSANTENNA WITH ARRAY FEED
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In Fig. 5 (a), amplitude taper is formed to the
edge elements. In Fig. 5 (b), large phase delay is
formed to the edge elements. By applying V; to
Eq.(1), the radiated electric fields (amplitude and
phase) of the array feed are calculated. These
radiated electric fields are refracted by the lens
and perform the antenna aperture distribution.
The calculated antenna aperture phase
distributions are shown in Fig. 6. The data in Fig.
6 corresponds to that of Fig. 2 (b). The objective
pattern indicates the opposite phase (—¢,,) of Fig.
2 (b). It is recognized that excellent —¢,, is
achieved in the designed pattern. Thus, it is
certain that sufficient phase delay compensation
can be achieved using the array feed.
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Fig. 5. Excitation coefficients (V) for 30° beam
scanning, (a) amplitude of V, and (b) phase of V.
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Fig. 6. Aperture phase distribution from array
feed (~4uy).
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IV. SIMULATION OF THE ARRAY
FEED LENS ANTENNA

A. Simulation Condition

The simulation methods and simulation
details are summarized in Table 1. It is assumed
that a very large memory is needed for
calculation of the array feed and the dielectric
lens. Utilization of the MLFMM becomes
inevitable. In order to apply MLFMM, the
surface equivalent principle is employed for the
dielectric substrate of the array feed and the
dielectric lens body. Mesh sizes and the number
of meshes in the simulation objects are given in
Table 1. More than 10,000 meshes are used in
simulating each object. The total memory size of
5.1 GB and the calculation time of 20 hours are
required.

Table 1: Simulation parameters.

CPU Xeon 3.2 GHz X2
Computer specification FEKO (Suite 5.3)
Software with MLEMM
Frequency 20 GHz
Simulation models of dielectric material Surfé'lce.equlvalence
principle (SEP)
Dielectric Finite plane
substrate Mesh size 20
Edge M40
Array feed Patch | Mesh size £
Face 20
Number of meshes 25,086
Shaped Mesh size M3.5
dielectric lens Number of meshes 17,068
Used memory 5.1 GBytes
Calculation time 20H

B. Simulation Results of the Array Element

The actual structure of the fabricated array
element is shown in Fig. 7 (a). The array element
is composed of three square patch antennas [7].
The center patch is fed by the feed pin. Square
patches are connected by thin connecting lines in
order to be excited in phase. All the metallic
parts are conformed on the dielectric substrate of
e=2.2.

The square patch size becomes the half
wavelength in the dielectric substrate. The
connecting line length is determined so as to
excite three patches in phase. Simulated results
are shown in Fig. 7(b). In the El|(0;), a rather
sharp beam antenna is achieved. The edge level
becomes less than -15 dB. In the El(6,) plane, the
broad beam is achieved.
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Fig. 7. Configuration of array element, (a)
structure, and (b) radiation pattern.

C. Simulation Results of the Array Feed

Electrical field distributions of the array feed
are shown in Fig. 8. In the scanning plane of Fig.
8 (a), many curved regions are observed. These
regions correspond to wave fronts. It is
recognized that wave fronts coincide with the
spherical wave fronts. Thus, in the scanning
plane, spherical waves are produced. In the
transverse plane of Fig. 8 (b), the synthesized
wave front becomes flatter than the spherical
wave front. This wave front change is considered
the result of the phase advance. Consequently, it
is anticipated through this wave front shape that
the phase advance design has been successfully
achieved.
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Fig. 8. Electric field distribution of the array feed,
(a) scanning plane, and (b) transverse plane.

D. Simulation Results of Array and Shaped
Lens Antenna

Electrical field distributions of the dielectric
lens are shown in Fig. 9. In the scanning plane of
Fig. 9 (a), it is recognized that the flat wave front
is achieved in front of the lens. In the transverse
plane of Fig. 9 (b), the flat wave front is also
achieved. Consequently, desired constant phase
distributions are expected in the antenna aperture
plane.

Antenna aperture distributions are shown in Fig.
10. In the illumination distribution of Fig. 10 (a),
the high intensity region is shifted to the upper
part of the aperture plane. This reason is clearly
recognized from the electrical field distribution
of Fig. 9 (a). Electrical fields on the lower part of
the antenna aperture become weak. In order to
achieve symmetrical illumination distribution,
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Fig. 9. Electric field distribution of 30° scanning
beam, (a) scanning plane, and (b) transverse
plane.

the tilt angle of the array feed should be larger
than 30°. In the phase distribution of Fig.10 (b),
excellent constant phase characteristic is
achieved. The effects of dielectric lens shaping
and the array feed are confirmed.

E. Radiation Pattern

Radiation beam shapes are shown in Fig. 11. In
the bore site beam of Fig. 11 (a), an
axisymmetrical beam shape is achieved. In this
case, two array elements are arranged side by
side, as shown in Fig. 14 (b). Three dB beam
widths in the scanning (0) and transverse (¢)
planes both become 4.5°. In the 30° scanning
beam of Fig. 11 (b), an almost axisymmetrical
beam is achieved. Three dB beam widths in the
scanning and transverse plane become 4.5° and
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Fig. 10. Aperture distribution of 30° scanning
beam, (a) field intensity, and (b) phase.

5.0°, respectively. The reason for the broadened
beam width of 5.0° on the scanning plane is
recognized from the intensity distribution on the
scanning of Fig. 10 (a).

V. MEASURED RESULTS

A. Measurement Setting

Measurement set up of the radiation patterns is
shown in Fig. 12. The off-focus feed is placed at
30° offset from the dielectric lens axis (Z). The
feed position adjustment is very important. The
alignment accuracy of about 1 mm is achieved.
During the measurements, the supporting metal
frames and the antenna back area are covered by
the electromagnetic absorbing sheet. Measured
planes include the scanning and the transverse
planes, as shown in Fig. 12. The dielectric lens
antenna is composed of the polycarbonate whose
electric constants are g, = 2.64 and tand = 0.0075.
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Fig. 11. 2D radiation beam shapes of the bore site
and 30° scanning beams, (a) bore site beam, and
(b) 30° scanning beam.

The antenna diameter is 200 mm and thickness
is 57 mm. The antenna weight is 1.3 Kg.

B. Array feed

First of all, the fabricated array element is
shown in Fig. 13 (a). Three square patches are
excited in phase through connecting lines.
Measured and simulated radiation patterns are
shown in Fig. 13 (b). In El(6,) and EI(0;)
patterns, simulated and measured results agree
very well. Thus, it is shown that the fabrication
of the array element has been successfully
performed. The band width characteristics of the
array feed is determined by the input impedance
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Fig. 13. Array element, (a) fabricated, and (b)
radiation pattern.
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Fig. 14. Array feed, (a) 30° scanning beam, and
(b) Bore site beam.

bandwidth of the patch antenna [9]. About 20%
bandwidth in VSWR<2 was reported.

Next, configurations of array feed are shown in

Fig. 14. The array feed for a 30° scanning beam,
as shown in Fig. 14 (a), is composed of eight
array elements.
The array feed for the bore site is composed of
two array elements. In this feed, an almost
axisymmetrical beam is achieved. Array
elements of both the array feeds are excited
through the power divider.
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Fig. 15. Power divider for the 30° scanning beam.

C. Power Divider

Configuration of the power divider for the 30°
scanning beam is shown in Fig. 15. Branching
circuits are composed on the dielectric substrate
of & = 2.8 and tand = 0.0018. The circuit line
lengths determine the phase values of terminals.
The circuit line widths at the branching points
determine the dividing power values of the
terminals. As the result, excitation coefficients
(V) are designed. In order to confirm the
achievement of this power divider, measured
amplitude and phase characteristics of all
terminals are obtained.

Measured frequency characteristics are shown
in Figs. 16 (a) and (b). At the amplitude
characteristics of Fig. 16 (a), frequency
dependences are divided into two groups. The
first one consists of terminals a,, a; and a;, as.
The other group consists of terminals a3, a5 and ay,
as. Within each group, frequency dependence
becomes  similar.  However,  frequency
dependence becomes opposite between different
groups. Hence, at the branching point dividing
#1,#2 terminals and #3,#4 terminals, opposite
frequency dependence is produced. By refining
these branching points, all the curves can become
parallel. The insertion loss of this power divide
can be estimated by summing up the square
values of a;. The estimated insertion loss is about
6.5 dB. The insertion loss is divided into the strip
line loss of 2 dB and radiation loss of 4.5 dB.
Because the purpose of this paper is to achieve
the accurate excitation coefficient, reduction of
this large insertion loss is considered as the future
subject. At the phase characteristics of Fig. 16 (b),
frequency dependences become almost similar in
all terminals. At 20 GHz points, measured and
design objects agree very well.
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Excitation coefficients of the power divider are
summarized in Fig.17. The target values are the
designed results of Fig.5. In the amplitude and
phase characteristics, target values are accurately
achieved with the fabricated power divider.
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D. Radiation Pattern

Measured and simulated beam scanning
characteristics are shown in Fig.18. In the
scanning plane of Fig.18 (a), measured and
simulated results agree very well. The beam
width in the 30° scanning beam becomes slightly
broader than the bore site beam. This result is
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anticipated from the beam shape of Fig.11 (b).
The antenna gain decrease at the 30° scanning
angle is 1.7 dB. A rather small gain decrease is
achieved. In the transverse plane of Fig.18 (b),
measured and simulated results agree very well.
Almost identical beam widths are achieved in the
bore site and at the 30° scanning beams. As a
result, realization of the wide-angle beam
scanning antenna is confirmed.
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Fig. 18. Radiation patterns of the array feed lens
antenna, (a) scanning plane, and (b) transverse
plane.

In order to confirm the antenna gain, antenna
measurement is conducted. The configuration of
the gain reference antenna is shown in Fig.19. In
this case, as the gain reference, a half wave
dipole antenna is attached at the #5 output
terminal. The others are terminated by 50
Q) resistances. The power ratio of each port



Table 2: Power ration of power divider.
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Port #1 #2 #3 #4 #5 #6 #7 #8
number
l;;):;rjr 0.002 | 0.059 | 0.076 | 0.347 | 0.384 | 0.082 | 0.059 | 0.001

obtained from Fig. 17 is shown in Table 2. The
power ratio of the #5 port becomes 0.384. The
purpose of this configuration is to avoid the
affect of large insertion loss of the power divider.

The radiation patterns of the gain reference
antenna and 30° scanning beams are shown in
Fig. 20. These values are measured using
radiation power. At the gain reference antenna, a
measured power of —68.0 dBm is obtained,
which corresponds to —2.0 dBi by the following
equation.

~68.0 [dBm] = 2.15 [dBi] x0.384
= 2.0 [dBi] @)

The measured power of the 30° scanning
beams becomes —37.7 dBm. Thus, the antenna
gain is estimated to be 28.3 dBi, as shown in Fig.
20. This value is consistent with the simulated
value of 28.2 dBi.
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Fig. 19. Structure of gain reference antenna of
the off-focus feed.
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Fig. 20. Gain calculation from measurement.

The measured gain of the bore site beam is
obtained through the same method. In this case,
the dipole antenna is attached at the one terminal
of Fig. 14 (b) and the other is terminated by 50 QQ
resistance. The measured and simulated gains of
the bore site beam also agree very well, as shown
in Fig. 18 (a). In conclusion, this study has
ensured that antenna gains can be successfully
achieved.

VI. CONCLUSIONS

Realization of the shaped dielectric lens antenna
with array feed is ensured through measurement
and electromagnetic simulations. Important
technical results developed are summarized as
follows.

(1) As an array element, a convenient patch
antenna configuration is developed that replaces
the previous rectangular horn antenna.

(2) For the 30° beam scanning, an eight-branch
power divider is fabricated. Accurate excitation
coefficients are confirmed through the measured
results.

(3) The achievements of design concepts of the
array feed and the shaped lens are confirmed
through electromagnetic simulations of the
electric field distributions.

(4) Antenna radiation characteristics at 30° beam
scanning are ensured through the radiation
pattern measurements. Beam shapes that are
almost identical to the on-focus feed are
confirmed.

(5) Excellent antenna gains coinciding with

simulated  values are ensured through
measurement.
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