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Abstract—A wideband circular polarized planar monopole antenna
array (PMAA) that employs dual band-notched characteristics is
presented in this paper. The proposed antenna array is formed by
four pinwheel-shaped folded planar monopole antennas (PMAs) in
order to improve the performance of circular polarization and high
directivity. Also, it achieves low-profile, small-sized structure. The
attractive characteristics of the proposed PMAA are a wide impedance
bandwidth of 87.3% (1 GHz to 2.55GHz), the 3dB axial-ratio (AR)
bandwidth of 92.3% (1.05GHz to 2.85GHz) excluding dual notch
bands, the total bandwidth of 35% (1.8 GHz to 2.55GHz), and the
maximum gain of 8.24dBic within the total bandwidh. Moreover,
in order to generate dual band-notched characteristics in a circular
polarized antenna, a folded PMAA with multiple U radiators and
inverted W slots is proposed.

1. INTRODUCTION

The success of smart mobile phones has motivated and enhanced the
development of a wide range of wireless technologies, including for
example 3G video phones, WiFi, WIMAX, ZigBee, and Bluetooth.
For cost effectiveness and space utilization, wideband antennas that
can accommodate several different communication systems are in high
demand. In particular, antennas with unidirectional radiation patterns
of various beam widths are of interest as they may be mounted on
walls or vehicles without degrading their electrical characteristics and
without affecting the aesthetics of the mounting bodies. Although
PMA has a simple and compact antenna structure, it is a good
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competitive solution for such a system because of wide impedance
bandwidth [1-3]. There are lots of techniques such as a bevelling,
a shorting strip, a multiple feeding strip and loaded plate to increase
the impedance bandwidth in the PMA [4-6].

On the other hand, many modern wireless communication systems
such as radar, navigation, satellite, and mobile applications use
the circular polarized (CP) radiation pattern [7]. The attractive
advantages of the CP antenna are existed as follows. Firstly, since the
CP antennas send and receive in all planes, it is strong for the reflection
and absorption of the radio signal. In the multi-path fading channel
environment, the CP antenna overcomes out of phase problem which
can cause dead-spots, decreased throughput, reduced overall system
performance. Additionally, the CP antenna is more resistant to signal
degradation due to inclement weather conditions [8,9].

Conventional CP antenna is achieved by trimming opposite
corners of the patch corners [10,11], inserting the thin slots on
patch [12-19], fed by coplanar waveguide [20]. In these cases, due to
the narrow 3 dB axial ratio, it is not possible for the practical use. To
solve this problem, the design techniques for the wideband CP antenna
have been published on this study over a long period of time. Spiral
antennas which have essentially frequency-independent radiation and
impedance characteristics over bandwidth are the exemplary wideband
CP antenna, but they are bulky and required to achieve the proper
phase progression between adjacent spiral arms [21]. To design a
low-profile and compact size, the stacked configurations [22-29] with
a patch element are employed and the bandwidths are less than
30%. The broadband single-patch CP microstrip antennas with dual
capacitively coupled feeds are proposed [30-32]. They feature the
simple feeding networks that are composed of a Wilkinson power
divider and 90° phase shifters; however, impedance bandwidths are
around (20 ~ 30)%.

Prior studied CP antennas have the narrowband antenna element
with a narrowband or wideband feeding network. It causes the
degraded wideband performance due to the limit of the impedance
bandwidth. Therefore, in order to improve the enhanced wideband
characteristic, it seems to be a worthwhile subject to investigate
the wideband antenna elements having a wideband feeding network.
Related works are published in [33] and [34], but they derive the
simulated results with an ideal feeding network.

To remove the interference with a unwanted frequency band in a
wideband linear polarized antenna, it has been recently demonstrated
that by inserting a proper resonator [35] or etching a proper slot [36-40]
in the radiating element, a frequency notched or rejected band within
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a wide operating bandwidth can be obtained. These band-notched
operations are achieved in the linear polarization due to the antenna
configuration.

In this paper, a pinwheel-shaped wideband CP PMAA with dual
band-notched characteristics is proposed. Details of the wideband CP
PMAA and its performance such as impedance bandwidth, axial ratio,
frequency notched band, and radiation patterns are presented and
discussed.

2. ANTENNA CONFIGURATION

The geometry of the proposed PMAA is shown in Fig. 2. It is fabricated
on an RF-35 substrate with a dielectric constant of 3.5 and thickness
of 0.5mm. The size of the ground plane is 150 x 150 mm?.

2.1. A Wideband Feeding Network

In the bottom layer of the ground plane, the wideband feeding
network is formed and composed of a wideband planar balun [41]
and commercial hybrid couplers [42]. The wideband planar balun is
achieved by a Wilkinson power divider with a wideband 180° phase
shifter.

2.2. Geometry of The Proposed PMAA

The proposed antenna is assembled by inserting a pinwheel-shaped
folded antenna element into the four vertical PMAs which are fixed
on the ground plane. To improve the antenna performance of the

previous PMAA [43], the proposed PMAA has the folded structure for
a low-profile configuration and a high directivity toward the zenith,

(b)
Figure 1. Photograph of the fabricated proposed antenna prototype:
(a) Perspective view and (b) top view.
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Figure 2. Geometry of the proposed PMAA having the wideband
feeding networks which consist of the Wilkinson power divider with a
180° phase shifter and hybrid couplers.
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Table 1. Dimension of the proposed antenna configuration.

Part H Parameter ‘ Label ‘ Dimension
Vertical PMA Width Wi 20.0 mm
Vertical PMA Length H 19.5 mm

Horizontal PMA Width Wy 14.1 mm
Horizontal PMA Length | Hs | 28.3mm
Radiator | Antenna Start Bevelling o 12°
Antenna End Bevelling I} 45°

Dielectric Length Dy 100 mm
Substrate Thickness t 0.5 mm

Antenna Spacing Dy | 56.5 mm
Ground Plane Length G 150 mm
U Radiator Length Ny 33.2mm

Notch

Inverted W Slot Length Ny 58.6 mm

and a bevelling in the proposed PMAs is applied for the wideband
characteristic [4].

The proposed PMAA can be divided into the vertical and
horizontal antenna elements. The length of the vertical and horizontal
elements are Hy = 19.5mm (0.13\g, where )¢ is the free-space
wavelength at the center of the 3dB axial ratio bandwidth) and
Hy, = 283mm (0.18)g), respectively. Their lengths depend on
the lower side frequency band, whereas the widths of the antenna
element (W; = 20mm and Wy = 14.1 mm) decide to the wideband
characteristics. Optimized antenna bevels in the vertical and the
horizontal antenna element are o = 12° and 3 = 45°, respectively.

To generate the good circular polarization, the proposed PMAA
has the symmetrical configuration, and it is fed by an equal amplitude
and 90° phase difference. From port 1 to port 2, 3, 4, and 5 in Fig. 2,
the sequential phases of 0°, 90°, 180°, and 270° are achieved. Table 1
summarizes the dimensions of the proposed PMAA.

3. ANTENNA DESIGN PROCEDURES

The design procedures of the proposed PMAA consist of five steps as
shown in Table 2. Firstly, its design is based on the concept of a PMA
with a finite ground plane, which fulfills wide impedance bandwidth
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and omni-directional radiation pattern. However, the direction of peak
radiation has changed from the xy plane to an angle elevated from that
plane. In general, the large the ground plane is, the lower this direction
of maximum radiation; as the ground plane approaches infinite size,
the radiation pattern approaches a maximum in the zy plane [44].

The second step represents the PMAA which fed by in-phase
signals to have the uniform input impedance with respect to the
frequency as shown in Table 2. It can achieve higher antenna gain
using a impedance matching than a PMA due to the enlarged effective
aperture, whereas it also has a null in the zenith direction [45].
However, the PMAA with equal-amplitude power and quadruple phase
delay in the operating frequency range can remove the null of a
radiation pattern at § = 0°, and it has the circular polarization in step
IIT [43,46]. It needs to tune the directions between CP and boresight
gain for a high directional antenna characteristic.

To make a high directivity in the zenith direction, the CP PMAA

Table 2. Design procedures of the proposed PMAA.

Design Steps
[ I 11 v v
Charac PMA PI:I/I?HAh\ZiLh EM:;?H:V llteh Folded Proposed
' P dracttp PMAA PMAA
delay phase delay
Figure
Return
loss
Gain
Radiation
pattern
Polar. Vertical Vertical Circular Circular Circular
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is folded in step IV. In case of the folded antenna, although its input
impedance is reduced due to the ground plane, antenna impedance
matching is possible using a feeding network for the folded PMAA.
From the folded structure, the folded PMAA in step IV can be low-
profile, and it has a high directional characteristic.

In order to have a band-notched characteristic in the CP folded
PMAA, it is implemented by U radiators [35] or their similar
techniques [36] with a symmetric structure. In addition, due to the
wideband feeding network, return loss that has nothing to do with
a band-stop characteristic is achieved in wideband in step V. From
the radiation characteristics such as a radiation pattern and a gain
with regard to the frequency, the antenna band-notched functions are
verified.

4. RESULTS AND ANALYSIS

4.1. Analysis of the Input Impedance in the PMAA

Four antenna elements which consist of the PMAA are mounted
symmetrically on the square ground plane with the antenna spacing
(D2). Those elements are fed by equal-amplitude power and quadruple
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Figure 3. Real parts of input impedance (Z;,) with regard to the
frequency in the PMAA when the antenna spacing is changed.
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Figure 4. Imaginary parts of input impedance (Z;,) with regard to
the frequency in the PMAA when the antenna spacing is changed.

phase differences in wideband. Assume voltages and currents at port
2,3, 4 and 5 are V; and I, V5 and I, V3 and I3, and V4 and I4,
respectively.

Since the currents at port 3 and port 5 with regard to port 2 in the
antenna input impedance (Z;,) are canceled by the equal amplitude
and opposite phase, the Z;, can be calculated as follows:

Vi [Z1v1 Z12 Z13 Z14] [
Vol | Zo1 Zoo Zoz Zoy| |12
V| | 431 232 Zs33 Zsza| |13
Vi Zy1 Zap Zaz Zaa] |1

[Z11 Z12 Zi3 Zi2] | 771
Zia Zn Zi2 Zi3 Jjh (1)
Z13 Zi2 Zu Zi2 —I1 '
| Z12 Z13 Zi2 Zu) |75
Vi = Znh + Zyolo + Z1313 + Z1aly

= Znh + 3212 — Z131h — jZ1211

= (ZH — Zlg)ll. (2)
i

Lin = 21 = T = Z1 — Z13. (3)
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As shown in Figs. 3 and 4, when the antenna spacing (Ds) is
decreased, the Z;,, is bigger due to the antenna coupling. For wideband
impedance matching, the antenna elements must be at least 50 mm
apart.

4.2. Notch Characteristics

To generate the dual band-notched characteristics in the proposed
PMAA with a circular polarization, multiple U radiators and inverted
W slots are inserted in the PMAA | as shown in Fig. 2. The first notch
frequency (fn1 =~ 2.03 GHz) using the multiple U radiators [35] in the
proposed PMAA can be predicted accurately using (4).

C C
~ /feﬁ . /\g,nl ~ ﬁgeﬁ*. 2. Nla (4)

where ¢ and €. are the speed of light and the approximated effective
dielectric constant, respectively, and Ay 51 is the guided wavelength at
the first fundamental notch frequency (f,1). Also, the second notch
frequency (fn2 ~ 2.39 GHz) using the inverted W slots [36] can be
approximated by

fnl

Cc C

Agm2  2-No’ (5)

an ~

where Ay p2 is the guided wavelength at the second fundamental notch
frequency (fn2). According to (4) and (5), the center frequency of the
notch band shifts to lower frequencies as N1 or Ns increases.

Figure 5 shows the surface current plots of the averaged amplitude
at each notch frequency band for the proposed PMAA. The surface

(b)

Figure 5. Surface current plots of the averaged amplitude at the notch
frequency band in the proposed PMAA: (a) At the first notch frequency
(2.03GHz) and (b) at the second notch frequency (2.39 GHz).
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current is concentrated around the top edge of U radiators or Inverted
W slots at the notch frequency. This leads to the desired high
attenuation near the notch frequency.

4.3. Simulated and Measured Results

To investigate the electrical characteristics of the proposed antenna
array, it has been designed and optimized using a 3-D electromagnetic
solver (Microwave Studio by CST). The photograph of the fabricated
antenna prototype is shown in Fig. 1.

By connecting 502 SMA connectors in the port 1, 2, 3, 4, and
5, the steady amplitude and phase characteristics for the designed
feeding network are shown in Fig. 6. Although the amplitude and phase
differences between S31 and S41 or S21 and Ss1 are higher at the lower
and upper frequency band due to the narrowband characteristics of a
Wilkinson divider and hybrid couplers, the wideband CP characteristic
has been retained since the performances of the other ports sustain the
impedance matching.

Figure 7 shows the simulated and measured results of the proposed
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Figure 6. Amplitude and phase differences of the designed feeding
networks for the proposed PMAA.
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PMAA which has an impedance bandwidth of (1.0-2.55) GHz (87.3%).
It also shows that return loss in the proposed PMAA (Case B) depends
on that of the feeding network with 502 terminations (Case A).
Figure 8 shows the gain and 3dB AR with regard to the frequency
for the proposed PMAA. The use of pinwheel-shaped folded PMAA
structure leads to a maximum gain of 8.24 dBic. The feeding network
characteristic causes the low gain in the lower frequency band. From
the same figure, 3dB AR bandwidth is (1.05-2.85) GHz (92.3%),
3dB gain bandwidth is (1.8-2.9) GHz (49%), and the total antenna
bandwidth is (1.8-2.55) GHz (35%). Additionally, due to the dual
band-notched characteristics, the antenna radiation gain reductions at
the notch frequencies such as 2.03 GHz and 2.39 GHz are more than
approximately 10dB in the direction of maximum gain.
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Figure 9. Simulated and measured radiation patterns at 1.4 GHz and
2.5 GHz passband frequency: (a) zz plane, (b) yz plane.
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Figure 10. Simulated and measured radiation patterns at 2.03 GHz
and 2.39 GHz notch band frequency: (a) xz plane, (b) yz plane.

As shown in Figs. 9 and 10, the simulated and measured radiation
characteristics of the proposed PMAA at the different passband and
notch band frequencies (1.4, 2.03, 2.39, and 2.5 GHz) are plotted, and
measurements agree well with simulations along main beams. The
proposed PMAA produces right-hand circular polarization (RHCP)
in the wideband frequency. The radiation patterns at the passband
frequency are about the same as those of the reference antenna, i.e.,
the PMAA without inverted W slots or U radiators for band-notching
feature. In case of notch band frequencies in Fig. 10, it is noted that
the antenna radiation reductions are more than approximately 10dB
in the antenna elevation pattern. Fig. 11 also shows high directivity
and attractive axial ratio for the z axis direction.
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Figure 11. Measured radiation and axial ratio patterns at 1.4 GHz
and 2.5GHz passband frequency: (a) Three-dimensional radiation
patterns, (b) axial ratio patterns.

5. CONCLUSION

In this paper, a low-profile, small-sized, pinwheel-shaped wideband
PMAA with circular polarized and band-notched characteristics has
been proposed. To achieve the high directivity of z axis direction
with a wideband bandwidth of 35%, folded antenna array has been
implemented. Also, wideband circular polarized antennas with dual
band-notched characteristics can be obtained by etching the inverted
W slots in the antenna elements and inserting U radiators on
the backside of the antenna elements. Due to favorable antenna
performance, the proposed PMAA can be useful for many modern
wireless communication systems that require wideband circularly
polarized radiation patterns and a high directivity.
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