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Abstract—The focus of this paper is to design lens and analyze
the lens behavior in lens antenna. This lens antenna is designed
to enhance the gain of conventional antenna. A few factors that
influenced the design of lens and gain of lens antenna is
investigated. CST software is used to design the lens. At the end
of this experiment, the lens gain increased from 8.782 dB to
11.07 dB.

Index Terms—Dielectric Lens; Lens Antenna; Lens Analysis;
Shaped of Lens.

I. INTRODUCTION

Today, the wireless communications systems have become an
integral part of daily life and continue to evolve in providing
a better quality and experience for users. In wireless
communication system, the demands for higher data rates of
transmission keep increasing which includes high gain and
high directivity [2-3]. Conventional antenna itself is not
enough to provide the system with high gain. Therefore, lens
antenna is one of the potential alternative to enhance gain
[18],[10].

Generally, lens antenna are easy to design and assemble as
they are mechanically rigid and are tolerable of surface
imperfections and load distortion. Besides, lens antenna has a
more desirable form factor due to its feed through
characteristics and it also offers greater design flexibility to
meet various demand such as high gain, high directivity, low
side lobes and wide scan coverage [3], [17].

Basically lens antenna can be divided into two main parts,
primary and secondary. A primary part consists of feed
antenna while the secondary part consists of lens. The lens
used to directs the wave from the feed antenna and prevent
the signal from spreading in undesired direction. This type of
antenna works on the principle of refraction (Snell’s Law) [2-
4], [8].

In this paper, three basic shape of lens which is flat lens,
concave lens and convex lens is studied to determine the lens
best shape with the highest gain. Then, the shape of lens that
produced the highest gain is optimized. A few optimization
parameters such as distance of lens from feeder, thickness of
lens and edge of lens is tested. For feeder, any other type of
antenna can also be a feeder. Commonly used antenna are
patch antenna, horn antenna or open ended waveguide [17].
Hence, in this paper a basic antenna design (patch antenna) is
proposed.

I1. DESIGN CONSIDERATION
A. Design principle of dielectric lens

Figure 1 shows a dielectric lens with its general contour
design S1 and S2, each represented by (x1,y1) and (x2,y2).

Presume that the lens is rotationally symmetry, thus the only
interest is on the lens cross section. It is considered that the
dielectric constant of lens €r illuminated by a feed pattern
originate from a phase center located at the origin of the
coordinates. F is the distance between the origin and the lens
first surface. Meanwhile T is the central thickness of lens and
D is the diameter of lens aperture [3].
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Figurel: Geometry for dielectric lens design [3]

a. Rectangular Coordinate

Path length constrain is the most important condition in the
derivation of lens profile. An aperture plane is established at
x=S for phase reference. Aperture plane is placed to the right
of the lens for clarity. Generally, aperture phase distribution
can be any rotationally function specified by d{g), where d'is
the distance from the axis of lens. For a nonuniform aperture
phase front the lens profiles will be a function of S. Usually,
the aperture plane is very close to the lens hence the
dependence is minor. However, when the aperture is assume
to be uniform, the mathematically path length condition is
given by [3].

(X1% + y1)¥2 + n[(x2 — x1)? + (y2 - y1) ]2 -x2=(n—1)T (D)

Where the central ray is used as a path length reference and
n=(€r)*2 is the refractive index the lens, which is greater than
unity for real dielectrics. In this case the S parameter for the
reference plane is cancelled of both sides of Equation (1), and
the focal length F became the initial condition for x1.

The second condition to be enforced is Snell’s law derived
from Fermat’s principle. By using the differential of yl with
respect to x1 in (1) the slope of the lens at (x1,y1) is obtained:
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dyl nl1 (x2 —x1) — L2x1 2
dx1 ™ L2yl —nL1 (y2 —yl) (2)

where:
L1 @ (x12+y1?)t2
L2 :[(x2—x1)?+ (y2 —y1)3“2

Similarly, the slope of the lens contour at (x2, y2) is given
by:

dy2 L2—n (x2 —x1)
dx2  n (y2 =y1) (3)

b. Polar Coordinates

Sometimes it is more suitable to formulate the problem in
terms of polar coordinates using the phase center as the
origin. Referring to Figure 2, the path length constraint now
becomes [3]:

r+n[R?+r?—2Rrcos(d—- ¢)]¥*~Rcos g=(n—1)T 4
Snell’s law on surface 1 is given by:

dr nRr sin (0 — ¢) 5
d0 n[Rcos(0— §)—7]—-1L2 ()

And Snell’s law on surface 2 leads to:

dr _ nRrsin(0 — ¢) — L2R sing 6
d¢ n[R—rcos(0 — ¢)] — L2 cosé (6)

where:
L2 :nl[(n—-1)T +Rcosg-r] =[R?+r2—2Rrcos(d— ¢)]"?
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Figure 2: Dielectric lens in polar coordinate formula [3]

There are four variables which are x1, x2, y1, y2 in the lens
formulation in Equations (1) — (3). As one of these quantities
is considered to be the independent variable three
independent equations are required to determine the lens
contours.

B. Surface of Lens

a. Lenswith a Flat Surface on S1

Figure 3 shows a lens with a flat surface on S1. By placing
x1 = F and the slope on S1 equal to infinity, a parametric
solution for s2 can be found from the path length constraint.
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Figure 3: Convex lens with planar surface on S1 [3]
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b. Lens with a Spherical Surface on S1
As shown in a Figure 4, if S1 is spherical the outer surface
S2 is an ellipse specified by [3]:

_(-DEF+T)

R
n —cos ¢

(10)

The equation is obtained by setting 6 = ¢ in Equation (6)
and integrating the differential equation. In rectangular
coordinates the solution is:

x2+n—-1DF+T)

y2 =1l o I? = (22 )2 (11)
In this case the central thickness is:
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Figure 4: Lens with spherical surface on S1 [3]

C. Lens Material

In this project denser dielectric materials such as Teflon is
used to construct lens. Teflon has a low dielectric constant
which is 2.1 and 0.002 loss tangent. Thus, this characteristic
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make the lens to produce high radiation efficiency and low
loss.

D. Lens Shape

The shape of lens plays an important role in designing. The
shape will influence the system performance such radiation
pattern, radiation efficiency, directivity, gain, and side lobe
of the system. There are 3 basic shape studied which are flat
lens, concave lens, and convex lens. Each types of lens will
use the same distance of lens from feed (50mm), height
(70mm), width (240mm) and thickness (10mm). Figure 5 and
Table 1 shows the preliminary results of the lens shape
design.

" Thickn
(a) Labelling indicator

(b) No lens design (left) and radiation pattern (right)

S1 S2

(c) Flat lens design (left) and radiation pattern (right)

o

(d) Concave lens deisgn (left) and radiation pattern (right)

(e) Convex lens design (left) and radiation pattern (right)

Figure 5: Lens design and radiation pattern
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Table 1
Results of Monitored Parameters

Types of Gain Radiation Directivity Side Lobe

Lens (dB) Efficiency (dBi) (dB)

(dB)

No Lens 8.782 -1.991 10.77 -12.2

Flat 8.798 -2.009 10.81 -10.8
Concave 8.593 -2.505 11.10 -9.8
Convex 9.339 -2.053 11.39 -11.9

The above results in Table 1 shows that after the flat lens
and convex lens are added to the antenna, gain of the system
is improved. However, the gain of the system is the highest
when convex lens applied. This is because the curve of the
convex lens (S1 and S2) influenced the refraction of signal.
The signal will converge and focusing to the center of lens,
thus, increase the gain. Meanwhile for concave lens, the
present of lens does not increase the gain of system but drop
below the gain of conventional antenna (antenna with no
lens). The decreasing of gain is also influenced by the
concave lens curve (S1 and S2) as shown in Figure 1. When
the signal from feeder radiated to the S1, signal will travel
from less dense to dense medium (Snell’s Law Principle) and
focusing the signal. However, as the signal pass through S2,
the signal diverge because of the shape of lens in S2.
Therefore, the gain reduced.

As a result, convex lens is proposed to be the lens design
because this design produced the highest gain. Next step,
optimize the lens antenna.

I1l. RESULTS AND DiscussION OF LENS ANTENNA

In order to establish the best lens design with the best value
of gain, optimization is done. The parameters measured are
distance of lens from feeder, edge of lens, and thickness of
lens.

A. Distance

In designing lens antenna, distance of lens from feeder is
important. Distance between lens and feeder is optimized
until the highest gain is determined. The width, thickness and
height of the lens used remain constant.

——
distance

' feeder " lens

Figure 6: Distance of lens from feeder

Table 2
Results of Distance between Feeder (Source) and Lens
Distance Gain Radiation Directivity Side Lobe

(mm) (dB) Efficiency (dB) (dBi) (dB)
0 8.931 -2.022 10.95 -10.0
10 8.770 -2.330 11.10 -10.2
20 8.810 -2.436 11.25 -10.5
30 8.981 -2.374 11.36 -11.0
40 9.156 -2.241 11.40 -11.5
50 9.339 -2.053 11.39 -11.9
60 9.403 -1.940 11.34 -12.2
70 9.374 -1.908 11.28 -12.2
80 9.329 -1.920 11.25 -12.1
90 9.249 -1.994 11.24 -12.0
100 9.224 -2.075 11.30 -11.9
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From the observation, at distance corresponding to the
maximum gain is 60 mm. Thus, for the next optimization
distance of lens from feed used is 60mm.

B. Edge of Lens

The edge of lens is tested to investigate either it will
affecting the gain of system. The thickness used for lens is
10mm, height is 70mm, width is 240mm, and distance of lens
from feed is 60mm.

; (a) Design of sharp edgé lens (left) and flat edge lens (right)

V'Y

Gain: 9.325 dB Gain: 9.403 dB
Directivity: 11.25 dBi Directivity: 11.34 dBi
(b) Radiation pattern of sharp edge lens (left) and flat edge lens (right)

Figure 7: Edge of lens

Figure 7 shows that flat edge lens produce higher gain
compared to the sharp edge lens. The radiation pattern of flat
edge lens is more directive compared to the sharp edge lens.
In this case both lens undergo refraction of signal. Refraction
is the bending of a signal or wave when it enter from one
medium to another medium of different speed. Both lens have
a different thickness at the edge of lens. Therefore, when a
wave propagate on a thick surface which is from fast medium
to slow medium it bends toward the normal which is the
boundary between two media. Thus, the wave produced will
be more directives and high gain. Meanwhile, wave in sharp
edge lens will propagate in thin surface. Wave propagation
from fast medium to the less slow medium in sharp edge lens
causing it slightly bends toward the normal. Hence, the wave
produced will be less directives and less gain. For the design,
flat edge lens will be used because it produce high gain.

C. Thickness

To test the suitable thickness of the lens there are two
method will be used, which are thicken the outer surface of
lens and thicken the inner surface of lens.

a. Thicken the outer surface of lens. The inner radius of
lens used is 60mm, distance is 60mm, and width is
240mm.

(e) 50mm thickness (left) and radiation pattern (right)

Figure 8: Thicken the outer surface of lens

Table 3
Results of Thicken the Outer Layer of Lens
Thickness  Gain Radiation Directivity ~ Side Lobe
(mm) (dB) Efficiency (dB) (dBi) (dB)
10 9.403 -1.940 11.34 -12.2
20 9.557 -1.896 11.45 -11.7
30 9.526 -1.687 11.21 -113
40 9.205 -1.611 10.82 -10.1
50 8.944 -1.764 10.71 -8.7

The thickness of lens at 20mm showing the maximum gain.
Hence, 20mm is used as the thickness of lens. Next,
optimization will be done by thickening the inner surface of
lens.

b. Thicken the inner surface of lens. The outer radius of
lens used is 80mm (use the previous thickness results),
distance is 60mm, and width is 240mm.
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Table 4
Results of Thickening the Inner Layer of Lens
Thickness Gain Radiation Directivity ~ Side Lobe
(mm) (dB) Efficiency (dB) (dBi) (dB)
10 9.246 -1.890 11.14 -12.0
20 9.557 -1.896 11.45 -117
30 9.721 -2.026 11.75 -11.3
40 9.853 -2.191 12.04 -10.9
50 10.03 -2.299 12.33 -105
60 10.17 -2.349 12.52 -10.2
70 10.21 -2.363 12.57 -9.8
80 10.21 -2.343 12.55 -9.6

In this case, there are two different thickness (70mm and
80mm) that shows the highest gain. Others parameter in the
system such as radiation efficiency and directivity also shows
only a slight different value between these two thickness of
lens. Thus, the design of lens with thickness 80mm is chosen
as it construct a simple design compare to the design of lens
with inner thickness of 70mm. After configuring the
thickness of lens, distance adjustment will be done again
using 80 mm thickness.

(c) 30mm thickness (left) and radiation pattern (right)

D. Distance Adjustment Using Lens with 80mm Thickness
(The Highest Gain)

(d) 40mm thickness (left) and radiation pattern (right)

(h) 80mm thickness (left) and radiation pattern (right)

Figure 9: Thicken the inner surface of lens

(e) 40mm distance (left) and radiation pattern (right)
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(f) 50mm distance (left) and radiation pattern (right)

(g) 60mm distance (left) and radiation pattern (right)

(h) 70mm distance (left) and radiation pattern (rig/ht)

(i) 80mm distance (left) and radiation pattern (right)

(I) 110mm distance (left) and radiation pattern (rigﬁt)

Figure 10: Distance adjustment for lens with 80mm thickness

Table 5 shows that by adjusting the distance of lens from
feed again, using the 80 mm lens thickness (highest gain), the
highest gain that this type of lens design could achieve is
11.07 dB, at 100 mm distance. At this point, the gain of lens
antenna is the best as to compare with the conventional lens
gain. There is a tremendous increase of gain which is from
8.782 dB (conventional antenna gain) to 11.07 dB (lens
antenna using convex lens).

Table 5
Results of Distance Adjustment for Lens with 80mm Thickness
Distance Gain Radiation Directivity ~ Side Lobe

(mm) (dB) Efficiency (dB) (dBi) (dB)
0 10.34 -0.8215 11.16 -12.8
10 9.861 -1.700 11.56 -116
20 10.09 -1.668 11.76 -10.9
30 10.04 -1.806 11.85 -10.0
40 10.02 -1.979 12.00 -9.4
50 10.01 -2.238 12.24 9.3
60 10.21 -2.343 12.55 -9.6
70 10.49 -2.346 12.84 -10.1
80 10.83 -2.200 13.03 -10.8
90 11.05 -2.034 13.08 -11.4
100 11.07 -1.929 13.00 -117
110 10.97 -1.881 12.85 -11.8

IV. CONCLUSION

As a conclusion, the gain of system increased from 8.782
dB (conventional antenna gain) to 11.07 dB (lens antenna
using convex lens).In designing lens there are many factors
that will influence the performance of a system. First thing to
be considered before designing is the material of lens to be
used. Next, the largest factor that contribute in the designing
process is shape of lens. Lens shape will influence the
diffraction of wave, thus enhance the gain and directivity of
system. Other factors that also influence the lens performance
are lens thickness, lens distance from feed, and lens edge.
Those factors mention above is just only a few factors that
can be analyze within this short period of research. For future
studies, the studies about angle of radiation from feed to lens
and the surface of lens is recommended.
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