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ABSTRACT Multibeam base station antennas are introduced for 5G and 6G mobile communication systems.
Considering higher frequency bands such as millimeter waves for 5G and terahertz for 6G, dielectric lens
antennas become promising candidates due to their simple antenna configuration and excellent multibeam
radiation characteristics. Therefore, it is important to identify the best multibeam antenna from the existing
typical lens antennas. In this article, a shaped lens and some conventional lenses are considered. For the
conventional types, the hyperbolic-planar, plano-convex, and spherical-convex are selected. As for the shaped
lens, Abbe’s sine condition lens is selected. This research begins by finding the best feed position of four
types of lenses. A MATLAB program is developed to find the smallest distance point for all focal region
rays. Based on this point, the feed position is selected and multibeam radiation patterns of four lenses are
obtained. It is shown that the spherical-convex lens can achieve the highest gain and the smallest beam shape
degradation. High gain characteristics are obtained until a 35° beam shift. As for sidelobe characteristics,
Abbe’s sine condition lens has the lowest sidelobe level. These properties are then clarified using amplitude
and phase distribution on the aperture plane. Furthermore, focal region ray concentration changes by F /D
and refractive index are discussed for practical applications.

INDEX TERMS Focal region, ray tracing, multibeam antenna, lens antenna, millimeter wave.

I. INTRODUCTION

In recent mobile wireless communications, 5G mobile
becomes a practical application condition, while 6G mobile
is currently developing [1], [2], [3], [4], [5], [6]. As for
the access method, the massive multiple-input multiple-
output (MIMO) is introduced [7], [8], [9], [10], [11]. Then,
multibeam radiation characteristics are required, especially
at the base station side. Moreover, the 5G mobile introduces
the usage of the millimeter wave frequency, whereas the
6G mobile will introduce the terahertz frequency. At higher
frequencies, base station antenna sizes become 10 centime-
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ters or less. For this antenna size, a multibeam dielectric
lens antenna is promising because of its simple structure and
excellent multibeam performance.

Multibeam dielectric antennas are constructed by multiple
feed antennas and a lens as shown in Fig. 1. Feed antennas
are arranged at the optimum position. Then, the lens is used
for beam focusing. Finally, multiple focused narrow beams
can be obtained. In this configuration, the feed position and
the lens shape should be optimized to meet the excellent
multibeam characteristics.

The most famous multibeam lens antenna was the Luneb-
urg lens. The lens was conformed of many annular spherical
dielectric layers and the used lens was not homogeneous [12],
[13], [14], [15]. By these configurations, the same radiation
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FIGURE 1. Multibeam dielectric lens antenna.

beam was obtained at any feed position on the sphere.
However, the non-homogeneous structure was not easy to
fabricate and unsuitable for practical application due to
layered material.

Some variations of the non-homogeneous lenses have
been proposed. A low-cost multibeam lens antenna for 5G
communications is presented in [16]. This perforated planar
lens structure achieved 28° beam scanning with a gain of over
18 dBi at 26 GHz. This beam scanning ability is considered
insufficient for a wide-angle multibeam. A graded dielectric
lens antenna is proposed in [17]. Layered materials with
various dielectric constants are used. The lens is designed
to cover a full 360° scanning angle which is divided into
8 sectors with 5.9 dBi gain at 5.8 GHz. The gain value is very
high for 5G in millimeter waves.

As for the homogenous lens, conventional lens antennas
of hyperbolic-planar, plano-convex, and spherical convex
are exist [18], [19], [20], [21]. The lens surface of these
lenses is given by simple equations making them very
practical. However, multibeam radiation characteristics are
not clarified.

For the homogenous good multibeam lens antenna,
a shaped lens of Abbe’s sine condition lens was developed.
The shape of Abbe’s sine condition lens is defined by some
equations of conditions. Therefore, the best feed positions
and multibeam radiation patterns are made clear [22].

Some modifications to the lens shape have been conducted
by some research. Straight-line condition lens is presented
in [23]. The straight-line condition offers a thin structure as
compared to other lens shapes. Multibeam performance is
obtained using the feed positions of Abbe’s sine condition
lens. However, these feed positions may not be the optimum
position. A bifocal lens is proposed in [24]. This lens
design employed two focal points to achieve good multibeam
performance. The bifocal lens is then improved using the
multiobjective optimization by multiple focusing points
in [25]. However, this design method may result in a complex
lens shape that is difficult to fabricate.

Some research related to feed positioning is presented as
follows. A wide-scan spherical lens with multibeam ability
is presented in [26]. The ball-shaped lens has a specific
focal point for wide-angle coverage. The feed position is
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determined by an equation concerning lens geometry and
refractive index. Another work in [27] proposed an integrated
lens antenna employing two lenses. Focal region ray tracing
is used to examine how the rays are concentrated. The feed
position is determined by looking for the most concentrated
point and approached by using the locus approach. The use
of meta-material to make a thin lens is presented in [28].
Feed antennas are arranged as a linear array configuration.
By this arrangement, beam degradation is considerably high.
These research studies emphasize the importance of selecting
optimum feed positions. However, there is still no method to
determine the best feed position which can be applied for any
lens shapes.

This article proposes a method for determining the best
feed position, then examines the properties of three different
types of conventional lenses and Abbe’s sine condition lens.
To achieve optimal multibeam radiation patterns, the best
feed positions should be determined. At these positions,
multiple feed antennas are placed as shown in Fig. 1. These
multiple feeds work simultaneously to perform multibeam
radiation patterns. To find these feed positions, the MAT-
LAB program for determining the best feed positions is
developed. Based on the best feed positions of the four
lenses, the characteristics of the multibeam radiation patterns
are obtained by using electromagnetic simulator (FEKO)
calculations. For a detailed comparison of multibeam radi-
ation characteristics, cross-sectional shapes of multibeam
and near-field distribution are obtained. Finally, the best
lens type for an excellent multibeam radiation pattern is
selected.

The rest of this article is organized as follows. The lens
shape of three conventional lenses and Abbe’s sine condition
lens are provided in Section II. Meanwhile, the focal region
ray tracing and feed position determination programs are
presented in Section III. Then, the configuration of electro-
magnetic simulation is presented in Section IV. The obtained
multibeam radiation patterns are presented later in Section V.
Then discussion in near field distribution, the influence of
F /D change, and the influence of refractive index change are
presented in Section VI. Finally, conclusions are presented
in Section VII.

II. LENS TYPES

In this section, four types of lens shapes are selected:
hyperbolic-planar, plano-convex, spherical-convex, and
Abbe’s sine condition lens. Hyperbolic-planar, plano-convex,
and spherical-convex lenses are conventional lenses, whereas
Abbe’s sine condition lens is a shaped lens. The shape of a
conventional lens is based on a simple equation while the
shaped lens is based on a shaping method.

A. HYPERBOLIC-PLANAR LENS

Fig. 2 shows the geometry of the hyperbolic-planar lens.
The inner surface is formed by a hyperbolic shape and the
outer surface is a planar. The inner surface is given by r at 6
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FIGURE 2. Geometry of hyperbolic-planar lens.
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FIGURE 3. Geometry of plano-convex lens.

angle [19]
n—1HF
" ncosf —1° M

Here, F is the focal length, D is the diameter, and n is the
refractive index of the lens. T shows the lens thickness.

B. PLANO-CONVEX LENS

Fig. 3 shows the geometry of the plano-convex lens. The inner
surface is flat and the outer surface is convex. The flat inner
surface is given by (F, x1). Then, the convex shape of the
outer surface is given by (z2, x2) where [19]

[(n—1)T —M] \/(n2 — 1)x? + n?F2 + n’FM
= @)
M — [ (n? — 1) 37 + n2F?

and

7 —F
o=x | 1+ 2 : 3)

\/(nz— 1)x12+r12F2

Here M = F2+x12.
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FIGURE 5. Geometry of Abbe’s sine condition lens.

C. SPHERICAL-CONVEX LENS

Fig. 4 shows the geometry of a spherical-convex lens. The
inner surface is spherical with a constant distance of F' from
the focal center. The outer surface is defined by [19]

g= = DEFTD)

4
n—cos6 “)

Here, T is the lens thickness
T_2F—\/4F2—D2 )

2(m—1)

D. ABBE’S SINE CONDITION LENS

Abbe’s sine condition lens is categorized as a shaped lens.
The geometry of Abbe’s sine condition lens is shown in Fig. 5.
The shape of this lens is determined by two differential
equations at inner surface Sp, the outer surface S, [23], [29],
and the lens shape differential equation is derived from the
equivalent refraction point given by [19]

X = Fysiné, (6)
dx
70 = Fscosé. (7)

Here, F is the radius of a circle.
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FIGURE 6. Receiving mode ray tracing concept.

TABLE 1. Parameters of four types lens antenna.

N F D Om T
(mm) (mm) (°)  (mm)
Hyperbolic-Planar Lens 2 120 200 33.65 30.24
Plano-Convex Lens 2 120 200 39.81  36.22
Spherical-Convex Lens 2 120 200 56.44  53.67
Abbe’s Sine Condition Lens 2 120 200 43.23  39.62

IIl. FOCAL REGION RAY TRACING

To examine the multibeam radiation patterns of the four
types of lens selected, a problem in determining the adequate
feed positions arises. The most promising method is to
calculate the focal region rays for parallel incident rays. The
calculation method is called the receiving mode ray tracing
as shown in Fig. 6. The incident ray direction is selected
based on the target beam direction (¢;). The incident ray
arrives on the lens at point (zp, x,) and comes out at point
(za» X4)- In the focal region, the ray from the lens passes at an
angle ¢r. Many rays in the focal region may be concentrated
at the caustic point. This caustic point can be considered
the best feed point. In performing the receiving mode ray
tracing, the parameters of the four types of lens parameters
are summarised in Table 1.

A. RAY TRACING METHOD
The ray tracing process is divided into 3 steps as shown
in Fig. 7. These 3 steps are explained as follows.

1) FINDING REFRACTION POINT ON OUTER SURFACE

(STEP 1)

Incident rays arrive on the outer surface Sy at Py = (zp, xp).
Surface S, is determined from discrete points shown by the
black points, i.e., (z4, X4). The incident ray is expressed by

ztang; = x — X;. 8)

By changing x;, many incident rays are obtained. Then,
the MATLAB function of ‘“polyxpoly” is used to find
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FIGURE 7. Steps of receiving mode ray tracing.

(Zq+1,%q+1)

P> = (zp, xp) as an intersection between the lens outer surface
and the extended incident ray (8). At this intersection point,
the first refraction is obtained. The angle 6, of the normal
vector ng at this point can be calculated from the two nearest
points of (z4, x4) and (zg+1, Xg41) as

Zq-‘rl - Zq
\/(xq+1 _xq)z + (zg+1 — Zq)2

This normal vector angle is important to define the refracted
rays from the outer surface.

sin6, =

&)

2) FINDING REFRACTION POINT ON INNER SURFACE

(STEP 2)

By using the normal vector angle 6, a ray inside the lens can
be drawn. The refracted ray from the outer surface can be
calculated by following Snell’s law of

n= w (10)
sin (<p1 - Gq)

Here ¢ is the refracted angle.
The ray inside the lens is then expressed as

z—zp =tang; (x — Xxp) . (11

The same procedure using the MATLAB function of
“polyxpoly” between the lens inner surface S; and the ray
inside the lens (11) is conducted to find the refraction point
P1 = (24, X4). In this refraction point, angle 6, of the normal
vector m, can be calculated from the two nearest points of
(2p, xp) and (Zp+1, Xp+1) as

Zp+1 — Zp
\/(xp+1 —x)" + (@1 —7)°

The normal vector angle is then used to draw the focal region
ray in the next step.

sinf, = (12)
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FIGURE 8. On-focus and 5° off-focus receiving mode ray tracing of
hyperbolic-planar lens.

3) FOCAL REGION RAY (STEP 3)
The refracted ray on the inner surface follows Snell’s law as

_sin(gr — )
sin ((pl - 0p)
where ¢ is the refracted angle of the ray in the focal region.

The final focal region ray is then drawn from P; with an angle
of ¢r as

13)

7—2Zq =tangr (x — xg) . (14)

After the whole process is repeated for each parallel incident
ray, many final refracted rays can be obtained. These rays can
be analyzed to find the best feed position.

B. RAY CONCENTRATION

The ray concentration performance of the four types of lenses
is examined. Converged points with good ray concentration
are expected. If the rays are concentrated, the feed position
can be decided confidently. Otherwise, it becomes hard to
decide the feed position. To make a good comparison, the
key parameters such as refractive index, focal length, and
diameter are equally set. Parameters of these four types of
lenses are presented in Table 1.

Results of the hyperbolic-planar lens are shown in Fig. 8.
The focal region rays are perfectly converged at incident
angle ¢; = 0°. Meanwhile, the diverged focal region rays
are observed at ¢; = 5°. The most concentrated point will be
determined by finding the throat point. The estimated throat
point is (5, —15). At larger incident angles (¢; > 5°), focal
rays diverge and become larger. Selection of feed position
becomes more difficult.

Results of the plano-convex lens are shown in Fig. 9.
Focal region rays are perfectly converged at incident angle
¢; = 0°. Whereas, the diverged focal region rays are observed
at ¢; = 15°. Similar to the hyperbolic-planar lens, the
most concentrated point will be determined by finding the
throat point. The estimated throat point is (20, —35). At larger
incident angles (¢; > 15°), the focal rays diverge and become
larger. Selection of feed position becomes more difficult.
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FIGURE 9. On-focus and 15° off-focus receiving mode ray tracing of
plano-convex lens.
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FIGURE 10. On-focus and 20° off-focus receiving mode ray tracing of
spherical-convex lens.

Results of the spherical-convex lens are shown in Fig. 10.
Focal region rays are perfectly converged at incident angle
¢; = 0° The diverged focal region rays are observed
at ¢; = 20°, while the estimated focal point of this incident
angle is at (10, —50). At larger incident angles (¢; > 20°),
the focal region rays become more diverged. Selection of feed
position at these larger incident angles is more difficult.

Results of the Abbe’s sine condition lens are shown
in Fig. 11. Focal region rays are perfectly converged at
incident angle ¢; = 0°. The diverged focal rays are observed
at ¢; = 30°, while the estimated focal point of this incident
angle is at (65, —50). At larger incident angles ¢; > 30°, the
selection of feed position is more difficult.

The summary of the estimated focal points of Fig. 8 - 11
are shown in Fig. 12. Abbe’s sine condition (Abbe) lens
has the throat part up to an incident angle ¢; = 30°.
The hyperbolic-planar (Hy-Pla), plano-convex (Pla-Con),
and spherical-convex (Sphe-Con) lens has a throat part at
incident angles up to 5°, 15°, and 20°, respectively. Therefore,
finding suitable feed positions for higher incident angles
becomes a problem. Thus, a more robust mechanism to find
suitable feed positions is required.

10501



IEEE Access

M. Muhsin et al.: Best Feed Positions and Radiation Patterns of Typical Multibeam Dielectric Lens Antenna

@i =307

on-focus focal point
100+

\ estimated focalpo ;
Qi = 30“
Ay

Ay

-50 0 50 100 150 200
z(mm)

FIGURE 11. On-focus and 30° off-focus receiving mode ray tracing of
Abbe’s sine condition lens.
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FIGURE 12. Summary of estimation of feed positions.

C. DETERMINATION OF FEED POSITION

1) MINIMUM AVERAGE DISTANCE

Determining the feed position for rays that are off-focus and
diverged is not easy, hence a robust selection mechanism is
proposed. The decision is made by employing a minimum
average distance selection mechanism. This mechanism
considers the ray density by calculating the distance of a point
with all the rays.

Some test points are made as shown in Fig. 13. The distance
between each test point and the focal region ray is calculated.
Each line /; can be expressed as another form of (14) by
general expression [30], [31], [32], [33]

x=mjz+¢ (15)

where m; = tan ¢; is gradient and ¢; is a constant of each ray.
Therefore, the distance of test point (zx, x) and the ray /; can
be calculated as

|—mjzi + x — ¢

‘/mjz—i—l

(16)

di =
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FIGURE 13. Scheme of feed position determination.
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FIGURE 14. Feed position determination of hyperbolic-planar lens at 30°
incident angle.

The distance is calculated for each test point (zx, xx) and
ray I;.

To decide on a point with a minimum average distance,
a calculation of the average distance of each point with all
rays is required. The average distance is

D Sy

dy = N a7
with dj is the distance between point k with ray /; and N is
the number of the ray. Then, point k with dy which has the
least value is selected. In this article, Ax = 1 mm is used
to obtain selection with high accuracies. Then, the scanning
point interval is set to 1 at both the z-axis and x-axis.

Fig. 14 shows the result of the minimum average distance
on a hyperbolic-planar lens at a 30° incident angle. The same
distance value is shown by the contour. The smallest distance
point is at (8, —75) coordinate. And the smallest distance at
this point is 13.6457 mm.

2) MINIMUM AVERAGE DISTANCE VALUE

The increase of the minimum average distance for the
incident angle is summarised in Fig. 15. The distance
becomes largest at the hyperbolic-planar lens, and the
distance becomes smallest at Abbe’s sine condition lens.
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At a 30° incident angle, the minimum average distance
becomes 6.9133 mm. In the case of Abbe’s sine condition,
the minimum average distance is rather small as shown
in Fig. 11 showing that good focusing characteristics are
obtained. In the case of the hyperbolic-planar, plano-convex,
and spherical-convex, the very large spread of the focal region
rays, the minimum average distance gives information that
the rays are very diverged.

Calculation of the minimum average distance involves the
total distance of the respected point to all rays. It is the cause
of some irregularities in the minimum average distance value.
At some incident angles, the total internal reflection on the
inner surface of the lens is obtained. Therefore, N in (17)
becomes lower due to the limited number of refracted rays.
It explains how at some point, the trend of the minimum
average distance becomes irregular.

3) FEED POSITION

The coordinate points of the minimum average distance
points are shown in Fig. 16. In the case of the hyperbolic-
planar (Hy-Pla) lens, the minimum distance points are
distributed near the z-axis. In the case of the spherical-convex
(Sphe-Con) lens, the minimum distance points stay at the

VOLUME 12, 2024

FIGURE 17. Locus of Abbe’s sine condition.

middle of the x-axis and the z-axis. Meanwhile, in the case
of Abbe’s sine condition (Abbe) and plano-convex (Pla-Con)
lenses, the minimum distance points distribute near the locus
of Abbe’s sine condition

S = F (cos0)>. (18)

Here, F is the focal length and S is the distance to the locus
point as shown in Fig. 17. While for other lens, such as
spherical-convex, locus can be described as

S = F (cos0) 2. (19)
Generally, feed position locus is
S = F (cos6)* (20)

with varying o depend on the lens shape.

In some cases, a good pattern of feed position is expected,
such as a nearly linear or smooth curving feed position.
A nearly linear feed position may ease the configuration
of feed antennas by a planar array. A smooth curving feed
position is also easy to configure by a curving array antenna.
Therefore, a well-defined locus is important as shown in (20).
As for a low curvature of locus, « is a small number.

The results of Fig. 16 give important information for the
best feed positions. The minimum average distance point is
suitable for the best feed position and will be used for the next
step of electromagnetic simulations.

IV. ELECTROMAGNETIC SIMULATION

Electromagnetic simulations of the multibeam radiation
patterns are very important for the validation of the four types
of lens antenna features. In this section, configurations of
electromagnetic simulation are explained.

A. ELECTROMAGNATIC SIMULATOR

FEKO is used for electromagnetic simulation. The simulation
parameter of the employed FEKO simulator is presented
in Table. 2. A high-performance computer is used to
ensure the accuracy and efficiency of the running time. The
Multilevel Fast Multipole Method (MLFMM) is used for
speeding up the calculation time considering the antenna’s
geometry. Simulation is conducted at 28 GHz frequency
which is the designated frequency of the antenna.
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TABLE 2. Simulation parameter.

TABLE 3. Beam shifting of multibeam radiation pattern.

Computer
Processor
Random Access Memory

Intel Xeon E5-2683 v4 2.10 GHz
512 GB 2400 MHz

Software
Electromagnetic

. . FEKO 2019.2
Simulation
Method Method of Moment (MoM) - Multilevel Fast
Multipole Method (MLFMM)
Frequency 28 GHz
Mesh Size 0.05X
Calculation Time +30 minutes

Expected Beam

Obtained Beam Shifting (°)

——E-Plane

o Sy
10t HPBW E = 44:42° | HPiane |4
Ve B
5k < ---------------- > B
//HPBW H = 48.58°\\
& of /
= / \
s /
g /]
! / A
1r/ A
A
\
/ /\
15/ AN
28 mm |4 \
L -20 - -
3 6'\ > .5’ 9 mm 80 80 40 -20 0 20 40 60 80
.6 mm -

8,6(°)
(@) (b)

FIGURE 19. Feed horn: (a) geometry, (b) radiation pattern.

B. SIMULATION GEOMETRY

The geometry of the lens antenna and feed positions are
shown in Fig. 18. Feed horns are placed on the zx-plane
wherein, multibeam directions are shown by the angle 6. Feed
horn positions for the multibeam are determined based on the
xz-coordinate shown in Fig. 16. Practically, this feed horn can
be replaced with another feed antenna, such as a patch array
antenna. The feed antenna should have a sufficient portion of
the beam within the lens area to illuminate the lens surface.
Therefore, a good multibeam radiation pattern is obtained.

C. FEED HORN MODEL

The geometry of the horn antenna is shown in Fig. 19a.
A pyramidal horn of aperture sizes 14 mm x 12.4 mm.
This horn has a unidirectional radiation pattern with a
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Beam | " qpifting (°) [ Hy-Pla | Pla-Con | Sphe-Con | Abbe
Bo 0 0 0 0 0
B, 5 56 51 51 51
B 10 102 10 104 10.1
Bs 5 155 5 154 149
B, 20 202 204 204 20
Bs 25 257 26 253 252
Be 30 298 302 30.6 304
B, 35 344 359 354 36
Bs 40 0 304 - 304

12.04 dBi gain. Radiation patterns of the horn are shown in
Fig.19b. The beamwidth is 44.42° and 48.58° for E-Plane and
H-Plane, respectively.

V. MULTIBEAM RADIATION PATTERN RESULTS

In this section, the best multibeam antenna will be found from
the four types of lens antennas. First of all, 3D main beam
shapes at different beam directions are obtained to make clear
the differences between the four types of antennas. Then,
the detailed beam shape changes and the gain changes at
different beam directions are shown in 2D radiation patterns.
Finally, the gain performance and sidelobe comparison are

presented.
Each multibeam radiation pattern is marked as B =
{Bo, B1, Ba, - - - , Bg} with expected beam shifting as shown

in Table 3. The obtained beam shifting is the direction where
the peak of radiation pattern located. These beams achieved
maximum 1° deviation from the expected shifting angle.
Considering that each beam has beamwidth more than 3°,
the expected shifting angle is in the half-power beam area.
Therefore, the beamshifting is considered accurate. More
detail explanation from 3D radiation pattern is presented in
Subsection V-A. Then, explanation about beam shape and
gain change is presented in Subsection V-B. After that, gain
reduction is explained in Subsection V-C. Additionally, side-
lobe level of each multibeam radiation pattern is presented in
Subsection V-D.

A. 3D RADIATION PATTERN

The multibeam radiation patterns of the hyperbolic-planar,
plano-convex, spherical convex, and Abbe’s sine condition
lenses are shown in Table. 4. Main beam directions of 0°, 15°,
and 30° are shown.

All lenses show a good pencil beam at 0° direction.
At a beam direction of 15°, the main beamwidth of the
hyperbolic-planar types becomes wider than the other three
types. At a beam direction of 30°, the sharpest beamwidth
is achieved by the spherical-convex type. To clarify the beam
shape, radiation intensities in 8 ¢-coordinate at 30° beams are
shown in Fig. 20. The main beam shape differences become
clear. The spherical-convex type achieves the most excellent
pencil beam. At the hyperbolic-planar type, the main beam
becomes wide in the 6 direction. At the plano-convex and
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TABLE 4. Multibeam radiation pattern results.

Lens Shape Bo(0°)

Hyperbolic-Planar

Plano-Convex

Spherical-Convex

Abbe’s Sine Condi-

tion v
-

FIGURE 20. Radiation intensities at 30° beam: (a) hyperbolic-planar lens,
(b) plano-convex lens, (c) spherical-convex lens, (d) Abbe’s sine condition
lens.

Abbe’s sine condition types, the main beam spreads in the
¢ direction. Detailed main beam shapes become clear.

B. BEAM SHAPE AND GAIN CHANGES

Detailed beam shape changes and gain change in the 6
direction are shown at 6 with an increment of 5°. The antenna
type with the smallest gain changes is clarified.

1) HYPERBOLIC-PLANAR LENS

The multibeam radiation patterns of the hyperbolic-planar
lens are shown in Fig. 21. The beam direction of 0°
produces the highest gain of 32.31 dBi. The main beam shape
deformation begins at 10° beam and deformation becomes
larger as the beam direction increases. The gain reduction
from 0° to 35° becomes —7.91 dB.
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FIGURE 21. 2D multibeam radiation pattern of the hyperbolic-planar lens.
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FIGURE 22. 2D Multibeam radiation pattern of the plano-convex lens.

2) PLANO-CONVEX LENS

The multibeam radiation pattern of the plano-convex lens
is shown in Fig. 22. A beam direction of 0° produces
the highest gain of 33.01 dBi. The main beam shape
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FIGURE 23. 2D multibeam radiation pattern of the spherical-convex lens.
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FIGURE 24. 2D multibeam radiation pattern of Abbe’s sine condition lens.

deformation begins at 25° beam and deformation becomes
larger as the beam direction increases. The deformation
angle of the beam direction of this lens is better than
the hyperbolic-planar. However, the gain reduction from 0°
to 35° becomes —10.19 dB, which is comparable to the
hyperbolic-planar lens.

3) SPHERICAL-CONVEX LENS

Multibeam radiation patterns of the spherical-convex lens are
shown in Fig. 23. This lens can achieve high gain at 0° beam
direction with a value of 34.33 dBi. The main beam shape
deformations begin at 30° beam, which is considered wide.
The gain reduction from 0° to 35° beam becomes —8.61 dB.

4) ABBE'S SINE CONDITION LENS

The multibeam radiation patterns of the Abbe’s sine condition
lens are shown in Fig. 24. The maximum gain is achieved at 0°
with a value of 33.28 dBi. The main beam shape deformations
begin at 30° beam. The gain reduction from 0° to 35° beam
becomes —10.49 dB.

C. GAIN REDUCTION IN MULTIBEAM
A summary of the gain reductions in multibeam is shown
in Fig. 25. The spherical-convex lens achieves the highest
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FIGURE 25. Gain comparison of hyperbolic-planar, plano-convex,
spherical-convex, and Abbe’s sine condition lens.
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FIGURE 26. Aperture efficiency of hyperbolic-planar, plano-convex,
spherical-convex, and Abbe’s sine condition lens.

gain at 0° to 35°. At 0° beam, the antenna gain of 34.33 dBi
is achieved. By comparing the maximum theoretical gain of
35.36 dBi, the gain reduction is only —1.03 dB. The second
highest gain type is Abbe’s sine condition lens. The third in
order is the plano-convex lens. The hyperbolic-planar lens
becomes the fourth in order. Antenna gain reductions from
the maximum gain in the form of aperture efficiency are
shown in Fig. 26. Overall, the spherical convex type achieves
the highest aperture efficiency. At 0°, aperture efficiency
of 78.88% is achieved and at 10° it is maintained around
56.16%.

D. SIDELOBE LEVEL

The summary of the sidelobe level is shown in Fig. 27.
At 0° on focus beam direction, all lenses show good sidelobe
level. Sidelobe levels are increased gradually with a higher
angle beam direction. A lower sidelobe level is better. Abbe’s
sine condition lens shows the best sidelobe level compared
to other lens shapes. The sidelobe level of Hyperbolic-planar
starts to decrease at 20° and above beam direction. It achieves
the lowest sidelobe level at 35° and 40° beam direction. As for
the spherical-convex lens, the value is relatively constant
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FIGURE 27. Sidelobe level comparison of hyperbolic-planar,
plano-convex, spherical-convex, and Abbe’s sine condition lens.

FIGURE 28. Near Field Aperture Plane for 30° beam direction:
(a) xz-view, (b) 3D view.

from 10° to 30° beam direction. While for plano-convex, the
sidelobe level is constantly increasing.

V1. DISCUSSION

In this section, a discussion of near-field distribution and
changes on F /D are presented. Near-field distribution
explains the performance of the lens antenna. While changing
the F/D to lens design and changing lens material might
change lens performance.

A. NEAR FIELD DISTRIBUTION
Results of far-field radiation pattern and gain are good data
for evaluating multibeam characteristics of four types of lens
antenna. These results can be explored in more detail using
aperture plane electric fields. In Fig. 28, the aperture plane
for 30° is shown. Here, the aperture plane is set perpendicular
to the beam axis to clarify amplitude and phase distribution
on the aperture plane. The strong homogeneous electric field
inside the lens area demonstrates good amplitude distribution.
The uniform electric phase inside the lens area indicates
good phase distribution. As a result, high aperture efficiency,
constructive refraction, and optimum gain can be achieved.
In Fig. 29, amplitude distributions of the electric fields
on the x’y’-plane are shown. The black circles indicate the
projections of the lens antenna’s rims. For the hyperbolic-
planar type, the large amplitude area is concentrated at the
central area in the lens rim. For the plano-convex and Abbe’s
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FIGURE 29. Electric field amplitude distribution on the 30° beam
aperture plane: (a) hyperbolic-planar lens, (b) plano-convex lens,
(c) spherical-convex lens, (d) Abbe’s sine condition lens.

FIGURE 30. Electric field phase distribution on the 30° beam aperture
plane: (a) hyperbolic-planar lens, (b) plano-convex lens,
(c) spherical-convex lens, (d) Abbe’s sine condition lens.

sine condition types, the large amplitude areas spread wide
in the lens rim. And for the spherical-convex type, the large
amplitude areas are spread more widely in the lens rim. The
amplitude distribution of the spherical convex is the flattest.
So, a high aperture efficiency is expected. As for Abbe’s sine
condition lens, the amplitude is distributed densely within the
lens area. It explains the obtained low sidelobe.

In Fig. 30, the phase distribution in the x’y’-plane is
shown. At the hyperbolic-planar type, a large phase change
is observed in the x’ axis direction. At the plano-convex
and Abbe’s sine types, large phase changes are observed
in y’ axis. At the spherical-convex type, the phase change
becomes the smallest in the lens rim. The phase change from
its maximum to its minimum becomes within 50°. Good
amplitude and phase distribution of the spherical-convex type
produce a gain increase of 2.5 dB at a 30° beam, as shown in
Fig. 25.
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TABLE 5. Impact of F/D change.

F/D Low 0.6 High
Sample: Abbe

Lens Geomtetry

Om High 43.23 mm Low

re — F Large 26 mm Small
Lens Thickness (T) Thick 39.62 mm Thin
Focusing Ability

Ray Concentration More Diverged Diverged Less Diverged
min(dy) of Eq. (17) Large 3.69 mm at 30° Small
Field of View Narrow-Angle = 35° Wide-Angle
Feed Position (S) F(cosOp)> F(cosOp)~ F(cosOp)>

B. THE INFLUENCE OF F/D CHANGE

Some lens geometries become crucial for producing good
multibeam radiation patterns, as seen in Fig. 31. To achieve
0p beam direction, the feed antenna is positioned at the focal
point of each beam direction with 6r angle. In this case,
Or ~ Op is achieved.

Table. 5 summarizes the effect of changing the F/D ratio
on focusing properties. The focusing abilities are strongly
depending on the lens thickness. Firstly, lens thickness is
changed by F /D change. At a thick lens, focusing will be
weakened, then focusing is more diverged. At a thin lens,
focusing will be strong, then focusing are less diverged.
The focusing ability determines the coverage angle (field of
view). A good focusing lens may be applied to obtain a wide
coverage angle. F/D changes affect feed position. However,
the feed locus S is depending on only F' value.

To visualize the effect of F/D change, ray convergences
of Abbe’s sine condition lens with F/D = 0.6 and F/D =
1.0 are shown in Fig. 32. A lens with /D = 1.0 is thinner
than /D = 0.6. It then affects the lens’ focusing. For higher
F /D —1.0, the concentrating area is smaller than F /D = 0.6.

C. THE INFLUENCE OF REFRACTIVE INDEX CHANGE

The lens thickness will change as the refractive indexes of
the lens material change. Lens thickness decreases at higher
n values, allowing better focusing ability. When the n value
is low, the lens becomes thick and the focusing ability is
reduced. Fig. 33 shows the Abbe’s sine condition lens with
n = 1.6 and n = 2. A lens with n = 1.6 has a larger focal
region than a lens with n = 2. This focusing ability has an
impact on the coverage angle. As a result, at higher n values,
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a wider coverage angle is achievable. However, for a high
refractive angle material, there will be higher reflection on the
lens surface due to high refractive index differences between
air and the lens. Therefore, for practical usage, choosing lens
material should consider this trade-off.

D. FEED DISPLACEMENT

In this research, it is shown that the best feed position of
any lens shape can be found by using focal region ray
tracing explained in Section III. Any displacement from these
found feed positions may reduce the obtained gain and move
the beam direction. Feed displacement can be occurred in
angular or radial position as shown in Fig. 34. Impact of feed
displacement is explained in this Subsection.

Angular displacement of the spherical-convex lens at 20°
beam direction is shown in Fig. 35. The feed is displaced
by 5° from its initial best position. It is shown that the beam
direction is shifted. Therefore, if the feed is displaced from
its original best feed position by angular displacement, the
obtained beam direction may not be accurate.

Radial displacement of the spherical-convex lens at 20°
beam direction is shown in Fig. 36. The feed is displaced
by 1 cm from its initial best position. It is shown that
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FIGURE 35. Radiation pattern of angular feed displacement on the
spherical-convex lens at 20° beam.
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FIGURE 36. Radiation pattern of radial feed displacement on the
spherical-convex lens at 20° beam.

the gain is reduced by 0.67 dB and 0.19 dB for feed
displacement of —1 cm and 41 cm, respectively. Therefore,
if the feed is displaced from its original best feed position by
radial displacement, the obtained gain may not be optimum.
The gain change over radial feed displacement is for the
spherical-convex lens at 20° beam direction is summarized
in Fig. 37. It is shown that at the selected feed position
(0 radial displacement), the achieved gain is maximum.
It validates that the feed position obtained in Section III is
the best feed position.
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FIGURE 37. Summary of radial feed displacement on the
spherical-convex lens at 20° beam.

VII. CONCLUSION

To find out the best multibeam lens antenna, the typical
three antenna types such as hyperbolic-planar, plano-convex,
and spherical convex were selected. Moreover, the shaped
lens type like Abbe’s sine condition which is well known
for its good multibeam radiation characteristics was also
considered. The prime concern was to find out the best feed
positions for the multibeam performance. Two MATLAB
programs were developed. The first program was to achieve a
focal region ray for the slant incident ray. Through using this
program, the focal region ray’s spread for the incident ray
angle increment was shown to have increased. The second
program was to find out the smallest distant point from
all focal region rays. Through this program, suitable feed
position data for the feed positions were obtained. Based
on the obtained feed position data, multibeam radiation
patterns were obtained by electromagnetic simulations. The
main beam shape deformations from a pencil beam, the
beamwidth changes, and the gain reductions depended on
beam directions of 0° — 25° were shown.

Of the four types of antennas, the spherical convex
type achieved the highest gain and the best beam shape.
To understand the reason, aperture distributions at 30°
beam were compared between the four antenna types. The
spherical-convex type achieved a flat amplitude and constant
phase distributions. The reason for the high and good beam
shape had been made clear. In terms of sidelobe level,
Abbe’s sine condition lens presents the best performance with
the lowest overall sidelobe level among other lenses. The
obtained multibeam results of the four types of lenses would
be useful for the selection of the best multibeam lens antenna.
Moreover, a newly proposed method of finding out the best
feed positions would be useful for feed design.

Modification of lens parameters is possible to create a fea-
sible lens design. It then changes the focusing characteristics
of the lens. By applying the correct adjustments, feed antenna
separation will be sufficient. Additionally, improvement in
beam coverage is also possible.
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