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Abstract. For multibeam operation at the satellite mobile
earth station and telecommunication base stations, a cylin-
drical lens antenna with multi-feed is a promising candi-
date due to the simple antenna configuration and good
scanning performance to produce multi beams. However,
efficient illumination at the lens surface is critical. Previ-
ously, the present antennas were used; however, a signifi-
cant tapered distribution is observed, resulting in under-
illumination at the lens edges. The feed positions are re-
quested to be placed near the lens to achieve a slender lens
form. Therefore, the feed radiation pattern should have
high radiations at the wide-angle region. This paper pro-
poses a bifurcated beam array antenna to alter the ampli-
tude distribution. This method is expected to improve the
radiation pattern coverage area. In designing a bifurcated
beam antenna, the important parameter is to ensure that
the separated beams have the same current phase excita-
tions at each radiating element and a precise patch ar-
rangement to achieve the targeted radiation pattern. The
differences in surface current will affect the radiation pat-
terns due to the significant interference and cancellation
effects which will contribute to high losses. This paper
forms the array by a convex bent array with the same
phase excitation for all patch elements. The feed perfor-
mances are also verified by the good agreement between
simulated and measured results. An improved aperture
distribution is demonstrated for array feed having 0.71,
spacing compared to the tapered distribution by a single
patch design with the hyperbolic lens through detailed
analysis and comparative study. By changing the spacing
distance of the convex bent array, many radiation patterns
are observed, such as strong radiation in the wide-angle
region, the uniform radiation level in a wide-angle region,
and the tapered radiation pattern. Thus, many aperture
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distributions of center-dip, uniform and tapered, are
achieved.
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1. Introduction

For future satellite earth station and telecommunica-
tion base station systems, the multibeam operation be-
comes highly demanded to ensure consistent communica-
tion to many users within a wide coverage area [l].
An antenna system with numerous beam capabilities and
multi-frequency is required in the satellite mobile earth
station system, as shown in Fig. 1 [2—4].

Fig. 1. Satellite mobile earth station configuration.
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The main objectives of the multibeam are to maxim-
ize the frequency reuse, pattern roll-off outside of the spot-
beam, minimum gain over the coverage region by increas-
ing the number of antennas at the base station and minimiz-
ing the side lobe radiation [5], [6]. In the satellite mobile
communication systems, the multibeam also effectively
increases the signal power flux density of the earth station
by narrowing the beamwidth pattern. The increase of signal
power flux density has an advantage, where the transmis-
sion capacity can be increased; thus, it can reduce the earth
station size and be more economical [7]. For mobile earth
and telecommunication base stations, conventional feed
radiators such as horn, dipole, and phased array antennas
have been used in the previous generation of mobile tech-
nology. However, those antennas are unsuitable for the
mobile system due to the higher capacity requirement.

Many multibeam antennas have been designed, such
as phased arrays, reflectors, and dielectric lens antennas.
Phased array antennas were designed to efficiently produce
beam steering characteristics at different scanning angles
[8, 9]. However, these array circuits are complex in design,
specifically the feeding network composed of the power
dividers and phase shifters, which will contribute to high
feeder loss and limit the usage of wideband frequency
[10-12]. Previously, a linear array antenna was also em-
ployed as the feed radiator. The array elements were divid-
ed into sub-arrays, and each sub-array consisted of array
elements connected by feeding cables. Thus, large spaces
are required to accommodate the feeding cables, especially
for multi-frequency applications [10]. These feeding cir-
cuits have also contributed to feeding losses, and thus, the
existing linear array antenna should be reconsidered for the
multi-frequency and multibeam applications [5], [12].

Multi-feed antennas are used in reflector and lens an-
tenna systems to achieve multibeam features. Nowadays,
the lens antenna has received good attention from re-
searchers due to its beam stability and high directivity,
especially for wide-angle beam scanning and multibeam
application [13]. Previous researchers [14] have proven
that the omnidirectional pattern diversity can be accom-
plished by applying a graded dielectric lens antenna. Mul-
tiple equally spaced beams are radiated by the lens when
an accurate phase is excited. However, this method has
increased the design and fabrication complexity of the lens
structure, and the amplitude distribution remains strongly
tapered, resulting in narrow coverage areas.

A lens antenna is usually made from low refractive
index material that can minimize the reflection at the lens
surface. It has no aperture blockage issue caused by the
feed radiator and can be designed to have low sidelobe
levels [13-21]. There are many types of lens antennas with
different characteristics. Cylindrical lens antennas are usu-
ally used for beam scanning with single or multiple feed
possibilities [22], [23]. Due to the symmetrical features and
excellent focusing properties, a cylindrical lens antenna is

an attractive solution that can exhibit a narrow beam shape
and multibeam capacity [24]. In a multi-feed lens system,
the array feed arrangement should be determined to ensure
efficient waves illumination from feed radiators to the lens
area. Thus, a bifurcated beam radiation pattern was pro-
posed to alter the tapered amplitude distribution produced
by a single beam. A set of dipole antennas can produce the
bifurcated beam. However, when multiple dipoles are ar-
ranged in parallel, the phase directions of all dipoles are
not the same. This arrangement has affected the formation
of the total radiation pattern due to the significant interfer-
ence and the cancellation effects [25]. A phased or scan-
ning array antenna can also produce multiple beams where
the phase excitation of each element can control the main
beam. However, it requires a complex feed network, result-
ing in higher losses and reduced efficiency [26-31]. The
electric field vectors produced by this antenna are also in
different vectors orientation that caused the amplitude
degradation.

This paper proposes a convex bent array for the cy-
lindrical lens antenna to produce a bifurcated beam with
the same electric field vectors orientation, as shown in
Fig. 2. The bifurcated beam antenna is proposed because
the dual beams can be produced using one feed radiator,
where the bifurcated beam can also cover the lens edge.
Besides that, this design also has a simple antenna configu-
ration because the antenna is not composed of many feed-
ing networks compared to the previous antenna design,
which can affect the high losses and low efficiency of the
antenna design. Besides that, the phase distribution of this
antenna is expected to be in the same current flow direc-
tion, where there is no significant interference and cancel-
lation effect happens after the signal pass through the lens
structure. The lens is formed cylindrically around the verti-
cal axis (z-axis) and is placed in front of the multi-feed
radiator. For installation convenience on a base station, the
distance between feeds to the lens should be as close as
possible, generally at the lens focal point along the lens
axis, to ensure that the feed signal is entirely directed to the
lens. Hence, no significant gain reduction for all the beam
scanning angles [8], [9].

Aperture
Distribution

Bifurcated Beam

Single Beam (Proposed Feed Radiator)

(Present Feed
Radiator)

Beam F3

Beam F2

Lens Single
Beam

Beam F1

Dielectric Lens ~ Lens Multibeam

Fig. 2. Existing and proposed configuration of a cylindrical
lens antenna.
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2. Antenna Configuration

This paper demonstrates a 1.72 GHz bent array an-
tenna design to produce a bifurcated beam radiation pattern
to increase the maximum beam angle from feed to the lens
edge. As for beam shaping by the lens, the relation be-
tween array element numbers, N, and beam shape was
investigated. A Matrix Laboratory (MATLAB)® program
[32] was developed to calculate the N based on the array
configuration shown in Fig. 3. E,(0) is the electric field
intensity of the feed radiator given by (1). & indicates the
beam shift angle, and m is the beam sharpness controlled
by the radiated beam, which is the parameter to determine
the beamwidth.

E}(0)={cos(0-6,)}" 1

The bent array antenna configuration that can produce
a bifurcated beam shape is shown in Fig. 3(b), where the
0w, d, and AF(0) indicate the bent angle, spacing between
array elements, and array factor, respectively. These pa-
rameters are related by (2) and (3). As for the antenna
configuration, the relation of the 6, and 6 is expressed by (4):

. No

sin—
AF((D):izs (2)

Nsin((oj

2

. 272. . (3)
@ = fBdsing, =7dsm00,

0, =180-20, [deg]. “)

From the previous work by the authors [6], to deter-
mine the N, the AF(#) should have a similar beam shape as
the E,%(6). Comparison and analysis of various configura-
tions and parameters have been made in MATLAB before
further validation works in Computer Simulation Technol-
ogy (CST) Studio Suite® tool [33]. Based on the result,
N=2 and m = 2 produced an excellent radiation pattern
that agrees with the 4F (). From the calculated result, the
desired 65 = 45° can be produced by the array structure of
N =2 and d = 0.74,. Thus, further validation of the pro-
posed bent array structure is done through electromagnetic
simulation in this paper. The final system consists of four mi-

E,(6)

Bifurcated
Beam

(@) (b)

Fig. 3. Bifurcated beam antenna: (a) bifurcated beam, and
(b) convex bent array configuration (6,, = 90°).

crostrip patch elements with a serial feed line network
connected with a 180° phase difference, AP between ele-
ments.

3. Bent Antenna Design

To produce 6 = 45° by bifurcated beam radiation, the
bending angle of the bent array structure 6, should be 90°
by referring to (4). A single patch, a 4x1 array, and a con-
vex bent array with a serial feed network are simulated and
validated using CST software in this study.

3.1 Single Patch and Bent Array Design

Figure 4 shows a single patch antenna simulation
model consisting of a microstrip patch on the top, dielectric
substrate, and ground plane at the bottom. The dielectric
constant, &, and loss tangent of the substrate, 6 RO5880,
are 2.2 and 0.0009, respectively. The substrate width, W
and length, L, are the same, which is 117.4 mm with
a thickness, 4 of 1.57 mm. The patch element width, W,
length, L, and copper thickness, # are 55.6 mm, 56.5 mm,
and 0.035 mm.

The simulated results of the antenna are shown in
Fig. 5. Figure 5(a) shows that the antenna resonates at the
desired frequency of 1.72 GHz with a good return loss of
—27.11 dB and impedance bandwidth of 28.3 MHz. Fig-
ure 5(b) shows the radiation pattern of the single patch
antenna in the E-plane, with an excellent gain, G of
5.96 dB.

L Le
D ————— ——— el
Lo,
o . w,
Probe FeedI ’ Probe Feed )

(@) (b)
L tc

Probe Feed

©

Fig. 4. Simulation model of a single patch antenna structure;
(a) top view, (b) bottom view, and (c) side view.
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Fig. 5. Simulated results of the single patch antenna: (a) Re-
turn loss, and (b) E-plane radiation pattern in Cartesian
view.
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Probe Feed
(b)
Fig. 6. Simulation model of a convex bent array antenna with

a coaxial probe feed at each patch: (a) Top view, and
(b) bottom view.

The antenna also has a good directivity, D of 7.80 dBi with
an efficiency, 7 of 65.45%.

Then, to demonstrate the ability of a bent array to
produce a bifurcated beam, the single patch antenna was
arranged in an array structure using N = 2 as derived previ-
ously in Sec. 2. Figure 6 shows the bent array structure
with 6, =90° that consists of four probe-fed patch ele-
ments, with two elements on each side.

Figure 7 shows the radiation pattern of the convex
bent array for various spacing distances, d to determine the
optimum element spacing that can produce an excellent
and balanced bifurcated beam shape. As theoretically pre-
dicted by (4), two beams are produced at 45° and —45°,
respectively. From the simulated radiation patterns for
different d, d =0.74, gives a good bifurcated beam shape
where the two beams are clearly separated compared to
other d values. This finding is consistent with the theoreti-
cal modeling done using MATLAB, as stated in Sec. 2.

Several bent array angles have been analyzed to prove
the relation shown by (4) using MATLAB software from
the previous work. Figures 8(a), (b), and (c) show the sim-
ulated E-plane radiation pattern of bent array antenna for d
= 0.7, with various 6.

Based on the figures, the relation between 6, and 6;
of all bent array antennas is proven. For example, when 6y,
is 60°, the angle of #; becomes 60° for N =2 and N = 3.
For 6,, = 90° and 270°, two beams are produced at —45°
and 45° respectively for N =2 and N = 3. From these pat-
terns, it shows that the increment of 6, has decreased the
0. Therefore, to increase s, the 6y should be reduced, and
the relation between 6 and 6,, can be considered in design-
ing a lens antenna to reduce the diameter of the lens struc-
ture. The figures also show that N = 2 produces better
beam shape performance than N = 3, consistent with the
MATLAB result, which is important in the validation pro-
cess of this research. In addition, as shown in Fig. 8, the side

10
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Fig. 7. Simulated E-plane radiation pattern of a convex bent
array antenna with various d values.
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Simulated E-plane radiation pattern of bent array an-
tenna for d = 0.74, with various €, and N values: (a) 0,
= 60 degree, (b) 6, = 90 degree, and (c) 6,, = 270 de-
gree.

Fig. 8.

lobes of all the radiation patterns for N = 3 designs are
bigger than the side lobes of N = 2 designs, where normal-
ly, when the beamwidth decreases, the side lobe is in-
creased. Besides that, the middle lobe produced by N =3 is
not bigger than N = 2, where it should be reduced.

3.2 Bifurcated Beam Antenna with Feed Net-
work

3.2.1 Feed Line Optimization of a 4x1 Array

Next, a 4x1 array antenna with a serial feedline net-
work is designed. Figure 9 shows the 4x1 array antenna,
fed by a coaxial probe. The 4x1 array dimensions are
shown in Tab. 1.

Figures 10(a), (b), (c), (d), and (e) show the calcula-
tion results of electric-field intensity, magnetic field, phase
distribution, and surface currents for the 4x1 array. Fig-
ure 10(a) indicates the correlation of the electric field inten-
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d
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©

Fig. 9. Simulation model of a 4x1 array antenna structure:
(a) Top view, (b) bottom view, and (c) side view.
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Parameter Dimension [mm]
W, 117.4
L, 455.9
W, 35.0
L, 57.8
d 0.72,
Wi 1.0
W 0.8
Wi 1.2

Ly, Lp, Ly 58.7
h 1.57
t. 0.035

Tab. 1. Dimension of 4x1 array antenna.

sity to the impedance at each element, where the center
elements have lower impedance than the elements at the
edges. This trend in E-field intensity is inversely propor-
tional to the current amplitude, as shown in Fig. 11(a). The
maximum and minimum electric fields in Fig. 10(b) can be
seen on the left and right sides of the radiating patches
[28]. Figure 10(d) shows the uniform phase distribution of
the antenna at each patch element for a 4x1 array. Theoret-
ically, the antenna’s phase is affected by the feedline length
of the antenna structure. As can be seen in the graph, the
phase has a uniform distribution. Thus, the feedline length
dimension is not optimized. In addition, the uniform phase
also can be proven by the same current flow direction of
each patch element, as shown in Fig. 10(e). As shown
in Fig. 10(e), the current amplitude for each patch surface,

2.
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Fig. 10. Near field intensity of 4x1 array: (a) Electric field at
each radiating elements, (b) electric field (side view),
(c) magnetic field (top view), (d) phase distribution,
and (e) surface current in transparent view (top view).
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Fig. 11. Simulated results for 4x1 array antenna structure:
(a) Amplitudes of currents, and (b) E-plane radiation
pattern in Cartesian view.

labeled as A4, A», A3, and A4 has the same orientation. It is
crucial to ensure that all currents add up in phase to avoid
gain and efficiency degradation contributed by the losses [29].

The current amplitude of each patch was originally
not uniform, which affects the radiation pattern perfor-
mance when designing the bifurcated beam antenna. Due
to the 4x1 flat configuration, the array antenna cannot be
fed from the center of the structure, which has caused
an unbalanced current amplitude and radiation pattern
results, as shown in Fig. 11(a). Thus, an iterative process
was performed to optimize the serial feed line of the patch
array antenna through adjustments to the width of the feed
lines to achieve a uniform current amplitude with a bal-
anced bifurcated beam radiation pattern. The modification
of the feed lines has altered the intensities around the
patch, resulting in consistent current amplitudes for each
patch surface, as seen in Fig. 11(a).

This process is essential during implementing the bi-
furcated beam for the bent array to ensure that the bifurcat-
ed beam is balanced in shapes. The simulated radiation
pattern of the 4x1 array antenna is shown in Fig. 11(b).

3.2.2 Substrate Optimization of a Convex Bent Array
Antenna

The 4x1 array antenna with serial feedline structure is
bent to produce a bifurcated beam. Figure 12 shows the
simulation model of a convex bent array. The antenna
structure is bent with an angle of 90° in between the two
segments. Slight modifications were made to the initial
antenna size by adjusting the radiating element length to
obtain resonance at the desired frequency. The final dimen-
sions of the antenna length for both planes are 227.9 mm
and 226.4 mm, respectively.

However, the required shifting angle, 5 of 45° for the
bifurcated beam, was not achieved. Therefore, to solve this
problem, the fringing effect concept was adopted by ex-
tending the size of the substrate and ground to improve the
0s performance. Hence, an extended convex bent array
antenna was designed, with an extended substrate and
ground length dimension denoted as AS in Fig. 12. The
fringing effect method created fringing fields at the edge of
the patches to produce wider s [30]. The AS of substrate
and ground for both sides are 45 mm.
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()
Fig. 12. Simulation model of a convex bent array antenna with
serial feed network: (a) Top view, (b) bottom view,
and (c) side view.

The electric-field intensity of the convex bent array is
shown in Fig. 13. From Fig. 13(a), the electric field intensi-
ties are consistent for all four patches, almost similar to the
previous 4x1 array. The three-dimensional electric and
magnetic field distribution views are presented in
Fig. 13(b) and (c), respectively. From the figures, the elec-
tric and magnetic field distribution have the same current
flow direction for each patch surface at one time. The
phase distribution for the convex bent array is shown in
Fig. 13(d). The plotted graph shows that this structure also
has an almost uniform phase distribution, the same as the
4x1 array structure. Thus, the feedline length of this structure
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Fig. 13. Near field intensity of convex bent array antenna:
(a) Electric field at each radiating elements, (b) electric
field (side view), (c¢) magnetic field (top view),
(d) phase distribution, and (e) surface current in trans-
parent view (top view).
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Fig. 14. Near field intensity of extended convex bent array an-
tenna; (a) electric field at each radiating elements,
(b) electric field (side view), (c¢) magnetic field (top
view), and (d) surface current in transparent view (top
view).

Convex Bent Array

===- Extended Convex Bent Array

-100 -50 0 50 100
Angle (degree)

Fig. 15. Comparison of simulated E-plane radiation pattern for
convex bent array and extended convex bent array in
Cartesian view.

is also not optimized since it has already produced a uni-
form phase distribution. The calculation results of the sur-
face current for this antenna design in the top view are
shown in Fig. 13(e), where the surface current for each
patch has the same current direction as the previous design.
Figure 14 shows the calculation results of the near field
intensity for an extended convex bent array antenna. The
electric field, magnetic field, and surface current distribu-
tion are almost similar to the previous design, as shown in
Fig. 14(a), (b), (c), and (d).

The comparison of gain for the convex bent array and
the extended convex bent array is discussed based on the
simulated E-plane radiation pattern, as shown in Fig. 15.

In terms of 6, the extended convex bent array was in-
creased from 38.20° to 42.5° after the extension work.
Furthermore, as shown in the graph, the middle section of
bifurcated beams for extended convex bent array also is
smaller. This scenario is due to the decrease in the mutual
coupling between the bent structures, especially at the
bending area.

3.3 Lens Antenna Performances

The proposed convex bent array is to be used as
a feed radiator for a dielectric lens antenna in a mobile base
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station application. The relation between the feed radiation
pattern (E,%(0)) and the electric power distribution (E4*(x))
on the aperture plane is shown in Fig. 16. Based on the
figure, the focal length, lens thickness, and lens diameter
are indicated as F, T, and D, respectively. During opera-
tion, rays coming to the lens are refracted at S; and S». The
ray emitted from the feed at an angle # reaches S) at the
point indicated by (xi, y1). After passing through the lens,
all rays become parallel to the x-axis, suggesting that a flat
wavefront is formed.

The lens is called the hyperbolic lens, and the lens
surface is given by (5). The hyperbolic lens is chosen be-
cause of its simple shape and design [34].

-1)F
el (5)
ncosd—1

The central thickness of the lens structure, 7, is calcu-
lated using (6)

2
o | g (e)D? (6)
n+l 4(n—1)

Here, n is the refractive index, and r is the distance from
the feed to the lens surface. The electric power relation of
Es(x) and E,*(0) is expressed by (7) based on the electric
power conservation law

E?(6)d6=E}(x)dx. ™

To obtain the functional relation, the dx/d@ is calcu-
lated. In Fig. 16, x is expressed by (8)

—1)F sin@
x:rsinﬁzu~ (8
ncosd—1
Then, the dx/d@ is obtained as follows:
ng(n—l)(n—coszﬁ)_ ©)
do (ncos-1)

By inserting equation (9) in (7), the aperture distribu-
tion, E4*(x), is determined by (10):

s s (ncos6-1)’
E(0)=E,( )F(n—l)(n—cose). (1o

The function f{#) shown in (11) is considered to un-
derstand the numerical relation of E,*(0) and E¢(x):

(ncosé’—l)2
e ey

For n = 3, then f{#) change is shown in Fig. 17. As
aresult, the aperture distribution, E4*(x), is obtained by
multiplying Fig. 7 and Fig. 17.

Validation works were performed by comparing the
aperture distribution of the single patch and the extended
convex bent array antennas when both structures are inte-

4 Aperture

' /111
/

Plane

-X

m

Fig. 16. Lens antenna parameters.

1//(6) (dB)

-60 40 -20 0 20 40 60
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Fig. 17. 1/f(0) distribution.
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——— Convex Bent Amay (4= 0.7.4_) with Lens (Center Dip)

Fig. 18. Aperture distribution of various feed configurations.

grated with a hyperbolic lens structure, as shown in
Fig. 16. The purpose of using the bifurcated beam is to
modify the aperture distribution for the case when the feed
position is located near the lens, especially in the base
station antenna configuration.

For that configuration, the single patch is not suitable
for being used as the feed because it will produce a radia-
tion beam with a significant edge taper, resulting in non-
uniform illumination of the lens. The expected aperture
distributions E4*(x) are shown in Fig. 18. Here, the radia-
tion patterns of Fig. 7 are converted to the uniform and the
center-dip distributions represented by a single patch,
a convex bent array with d = 0.5, and d = 0.74,, respec-
tively. The tapered distribution is for the single patch feed.
The radiation pattern concept is expressed in Fig. 19.
Compared to the uniform aperture distribution, the radia-
tion level of the tapered distribution is significantly small-
er. Based on this distribution, lens illumination is not opti-
mized. In the center-dip distribution, the sidelobe levels are
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Fig. 19. Radiation patterns of various feed configurations.

increased compared to the uniform distribution [35]. Ideal-
ly, the cosecant squared radiation pattern is suitable for the
mobile base station because the constant power density can
be received at any distance. It is observed that the sidelobe
level of the center-dip case is approaching the cosecant
squared level. Based on the data, the extended convex bent
array with d = 0.7/, is demonstrated to produce better aper-
ture distribution with high lobe magnitude even at the
sides. This observation indicates that efficient lens illumi-
nation is achieved. Therefore, the convex bent array pattern
of d=0.74, is selected for practical use.

4. Measurement Results

In this section, the 4x1 linear array, convex bent ar-
ray, and extended convex bent array were fabricated and
measured to verify the accuracy of the bifurcated beam
array antenna.

4.1 Fabrication and Measurement Method

The antennas were fabricated using a high-precision
microstrip circuit plotter, LPKF ProtoMat. Then, the an-
tenna performances and characteristics were verified
through laboratory measurements. The Rohde & Schwarz
ZVB20 Vector Network Analyser (VNA) with a frequency
range of 10 MHz-20 GHz was used to measure the S-
parameters. While the OTA-500 Atenlab anechoic chamber
is used to measure the radiation pattern, gain, directivity,
and efficiency. This anechoic chamber can measure
an antenna with a frequency range of 700 MHz to 18 GHz.

Figures 20(a) and (b) show the fabricated 4x1 array
and convex bent array antenna. Figures 21(a) and (b) show
the measurement configurations of the extended convex
bent array antenna in the anechoic chamber. All antennas

were measured in vertical positions.
(a) (b)

Fig. 20. Fabricated antennas: (a) Patch array with serial feed-
line, and (b) convex bent array.

= w om .

o b j

Fig. 21. Measurement setup of the extended convex bent array:
(a) Front view, (b) side view.

4.2 Results and Discussion

This section presents the measurement results of all
antennas. During analysis, the simulation and measured
results are discussed and compared in terms of the resonant
frequency, return loss, bandwidth, gain, directivity, effi-
ciency, and radiation pattern.

4.2.1 Patch Array with the Serial Feed Line

Figure 22 compares simulated and measured return
loss for the 4x1 array. The measured return loss slightly
shifted to about 0.017 GHz from the simulated data based
on the graph with a small percentage of 0.99%. However,
this value is considered acceptable in this work because the
frequency is still within the range of the actual operating
bandwidth for a base station. The difference between the
simulation and measurement results is due to the fabrica-
tion tolerance and possible inaccuracies during antenna
assembly. These factors have contributed to the slight dif-
ference in antenna impedance, thus has affected the anten-
na return loss performance.

Figures 23(a) and (b) show the comparison of the
simulated and measured radiation pattern for the 4x1 array
in elevation plane (E-plane) and azimuth plane (H-plane),
respectively. The designed antenna produces a gain of
12.4 dB and 13.78 dB for simulated and measured results,
respectively, with a difference of 1.38 dB only. The polar
plot results reach a reasonable agreement for both simula-
tion and measurement. The measured efficiency was re-
duced from 82.55% during simulation to 68.71%; however,
the value is still acceptable. The slight degradation of effi-
ciency is due to the losses caused by the slight misalign-
ment during radiation pattern measurement.

Simulated S171

-40

Return Loss, S77 (dB)

——— Measured S771

168 1.70 172 1.74 176 1.78 1.80
Frequency (GHz)

Fig. 22. The simulated and measured return loss of the 4x1 array.
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—— Simulated E-plane
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——— Simulated H-plane
==== Measured H-plane

(a) (b)

Fig. 23. Simulated and measured radiation pattern of 4x1 array:
(a) E-plane, and (b) H-plane.

4.2.2 Convex Bent Array

Figures 24(a) and (b) show the simulated and meas-
ured return loss and E-plane radiation pattern of the convex
bent array antenna. The measured resonant frequency was
slightly shifted from 1.72 GHz to a higher frequency of
1.736 GHz with about a 0.93% difference. The shifting of
resonant frequency might be due to the losses from the
SMA connector used during the arrangement setup of the
measurement process. However, the return loss result for
both simulation and measurement is still good since it is
still within the base station operating band range. A good
agreement for the simulated and measured bandwidth is
obtained, 9.46 MHz and 9.59 MHz, respectively. The E-
plane radiation pattern for a convex bent array antenna in
the polar plot is shown in Fig. 24(b). Both measured and
simulated results seem to have an excellent bifurcated
beam performance, with the simulated and measured gain
of 7.62 dB and 7.36 dB, respectively. However, the back
lobe of the measured radiation pattern is more significant
than the simulation due to the reflections from cables in-
side the anechoic chamber and misalignment during meas-
urement. The simulated and measured efficiency is 81.81%
and 74.30%, showing a slight degradation. As expected,
the shifting angle, 6 of the bifurcated beam, is 38.50°,
which indicates that the desired 0; were not achieved for
this design, as shown by (4).

LN .
SIS

Returp LO.SS’ S.“ (dB)
o —
(=) [$2]

)
a1

——— Simulated 517
=== Measured S11

1.68 1.70 1.72 1.74 1.76 1.78 1.80 1.82
Frequency (GHz)

(2) (b)

<)
S

180

— Simulated E-plane
—== Measured E-plane

Fig. 24. Simulated and measured results of a convex bent array:
(a) return loss, and (b) E-plane radiation pattern.
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Fig. 25. Simulated and measured results of an extended convex
bent array; (a) return loss, and (b) E-plane radiation
pattern.

4.2.3 Extended Convex Bent Array

The simulated and measured return loss of an extend-
ed convex bent array is shown in Fig. 25(a). The measured
resonant frequency is slightly shifted to about 0.016 GHz
from the desired frequency. However, it is still acceptable
with only about 0.93% in terms of percentage difference. It
might be due to fabrication tolerance, especially during the
cable and antenna assembly. The frequency shifting also
happened might be due to the fabricated material used.
Thus, the value of & needs to be remeasured before the
fabrication process to ensure that the &; value is the same as
the simulation material used during the antenna design.
However, the bandwidth results are almost similar, with
9.34 MHz and 9.75 MHz for measurement and simulation.

The simulated and measured bifurcated beam radia-
tion pattern in E-plane was plotted in a graph as shown in
Fig. 25(b). Both results show good radiation patterns,
which indicate that the signal radiates in two main direc-
tions to obtain the bifurcated beam. It is clearly demon-
strated that the antenna has a balance radiation signal for
both sides of bifurcated beams. The maximum simulated
gain of the extended convex bent array antenna is 7.32 dB,
while the measured gain is 6.98 dB. The measured antenna
efficiency has decreased by about 4.27%, from 81.46% to
77.98%.

5. Conclusion

This study proposed a convex bent array antenna de-
sign to produce an optimum bifurcated beam radiation
pattern for a cylindrical lens antenna. A 4x1 array with
a serial feed line network has been designed to produce
a balanced and uniform bifurcated beam. Besides that, the
optimum array excitation for each radiating element was
also performed by optimizing the serial feedline. Then,
a convex bent array was developed and produced an excel-
lent bifurcated beam radiation pattern. However, the 6; of
this bifurcated beam were smaller than the targeted value
derived by (2). Then, the dimension parameters of the
substrate and ground planes were extended using the fringing
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effect concept. By this extension, the f; were increased by
about 10.39%, and it is concluded that the bifurcated beam
shifting angle can be increased using this method. Besides
that, the extended convex bent array antenna showed better
performance, based on the smaller middle lobe between the
bifurcated beams than the non-extended version. The relia-
bility and validity of the proposed bifurcated beam for
efficient lens illumination are verified based on the aper-
ture distribution results. Based on the analysis, the extend-
ed convex bent array with d = 0.7, is demonstrated to
produce better aperture distribution with high lobe magni-
tude, indicating efficient illumination at the lens surface.
The technical performance of the 4x1, convex bent, and the
extended convex bent array was validated through fabrica-
tion and measurement works. The simulated and measured
results show good agreement.
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