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Dual-Polarized and Wide-Angle
Scanning Microstrip Phased Array

Ya-Qing Wen, Steven Gao, Bing-Zhong Wang,
Senior Member, IEEE and Qi Luo

Abstract—In this paper, a novel microstrip phased array with
dual-polarized and wide-angle scanning in the 2-dimensional
(2D) space is proposed. The antenna element consists of a
mushroom-shaped patch and two circular patches. Each circular
patch is connected with one feeding port. The mushroom-
shaped patch is excited via capacitive coupling through the gaps
between the mushroom-shaped patch and the circular patch.
The zeroth-order resonance (ZOR) and TMoi0 mode resonance
are simultaneously generated in the mushroom-shaped patch.
The 3dB beamwidth of the antenna element in the 2D space is
in the range between 110° and 125°. One 6X6 phased array
based on the antenna element is designed, fabricated and
measured. The phased array shows dual-polarized wide-angle
beam scanning in a range of £66° in both x-z and y-z planes.

Index Terms—Microstrip antenna, phased array, wide-angle
scanning, dual-polarization

. INTRODUCTION

HASED arrays have been widely used in the military radar

and civilian satellite communications, etc., because they
electronically scan the beam without any mechanical movement
[1]-[2]. In recent years, it becomes increasingly important for
researchers to investigate the technique of extending the beam
scanning angle range of phased arrays and related beamforming
technology. One of the popular techniques of achieving wide-
angle beam scanning is to broaden the 3dB beamwidth of the
antenna elements in phased arrays, such as the use of pattern
reconfigurable elements [3]-[5] where the total scanning area
was divided into several sub-areas with different radiation
modes of the element antennas. The gain of the elements was
kept large enough in the whole scanning range, which is an
effective way to extend the 3dB beamwidth of the elements.
The corresponding phased array using such reconfigurable
elements extended the scanning angle range to more than +70°.

Mutual coupling between antenna elements is one important
factor causing limited range of beam scanning. Strong mutual
coupling between antenna elements leads to deterioration of
antenna gain, sidelobe and efficiency at large scan angles. One
important technique to achieve wide-angle beam scanning is to
reduce the mutual coupling between antenna elements [6]. On
the other hand, the mutual coupling can also be utilized in the
phased array. In [7], the author presented a patch antenna with
multiple ports. The active elements were directly fed from ports
of feeding network, while the parasitic elements were excited
by coupling energy from coupling ports of the active element.
Applying this three-element patch subarray, a low-cost phased

array is realized.

It is important to for a phased array to have stable polarization.
In the linear phased array, normally vertically polarized
radiation pattern is applied [8]-[11]. Endfire lobes can be
generated by vertically polarized radiation pattern with an
infinite ground. It is helpful for the wide-angle scanning and
phased array with angle scan range over +77° at the elevation
plane was reported in [11]. Dual-polarized antennas have been
required for phased arrays to be applied to various applications
such as mobile satellite communications, weather radars, and
synthetic aperture radars [12], [13]. The dual-polarized
radiation can enhance the transmission efficiency between the
transmitted and received antennas. Techniques to obtain dual-
polarization includes using multiport feeding and multimode
operating [14]-[17]. In the reference [18], in order to realize a
differential feed, the dual-polarized patch antenna was excited
by two tapered baluns, thus achieving a high isolation (higher
than 28 dB) and reduced cross-polarization levels.

While the dual-polarized antenna operated in the phased
array, some serious problems need to be solved. The stability of
the polarization and the isolation between the orthogonal
polarizations are especially critical. A dual-polarized suspended
stripline fed open-ended waveguide antenna subarray was
proposed and applied in a phased array in [19]. In order to keep
a good isolation between the two polarized ports, multilayer
configuration was used. There was a compact transition
between the waveguide and the suspended stripline, and the
cross polarization level of the antenna was less than -27 dB.
Waveguide antenna and Vivaldi antenna were applied as the
antenna element in the dual-polarized phased array in the
reference [20] and [21]. For the waveguide antenna, dual-ports
were used to obtain the dual-polarized radiation. For the Vivaldi
antenna, double-mirror balanced antipodal Vivaldi antennas
reversed along the E- and H- planes as elements. The double-
mirroring can be employed for dual-polarized radiation in the
array. Both phased arrays can scan their beams with dual-
polarization over +40°.

This paper presents the designs of a microstrip antenna and a
phased array. A novel array element with wide beamwidth is
developed by letting the microstrip antenna simultaneously
operates in ZOR mode and TMoio mode at the frequency of
interest. The microstrip antenna with only TMg10 mode cannot
obtain wide beamwidth. However, the microstrip antenna with
ZOR mode radiates like a monopole, which has a radiation
beam at the low angles in the elevation plane and a radiation
null pointing in the wvertical direction.  Therefore, the
combination of the ZOR mode and the TMo10 mode can realize
an antenna with wide beamwidth [22]. The dual-LP radiations
are obtained by using two feeding ports on the antenna, one is
for x-polarization and the other is for y-polarization. The
microstrip phased array designed by using this element can scan
its main lobe within a wide-angle range in the 2D space.
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Il. THE MICROSTRIP ANTENNA OPERATED WITH ZOR
MODE AND TMjg10 MODE

A. The Structure of the Microstrip Antenna

The structure of the antenna is shown in Fig. 1. The antenna
is printed on a dielectric substrate with a size of LaxLb. The
substrate is F4B-2 with a thickness of 2mm, & =2.65, and
0=1.9x103. A rectangular patch is printed on the top of the
substrate, while the bottom of the substrate is the ground plane.
The antenna element is mushroom-shaped as there is a metal
via connecting the center of the rectangular patch to the metal
ground. Two circular patches of the same size are inserted on
the adjoining edges of the rectangular patch. Coaxial probes
with characteristic impedance 50Q are connected to the center
of the circular patches. There is a gap (S) between the circular
patch and the rectangular patch, so the excited energy is
transmitted from the circular patches to the mushroom-shaped
patch via capacitive coupling. The specific parameters of the
antenna are as follow: La=Lb=80 mm; Wa=Wb=15.5 mm;

La |

wh| ILb

M\voim 2
R

L.
Fig. 1. Structure of the proposed microstrip antenna
R=1.7 mm; s =0.3 mm.

B. The ZOR Mode and TMo1o Mode

The TMoi0 mode can be generated in the proposed antenna as
a conventional rectangular patch antenna. The electric fields
distributions inside the patch are shown in Fig. 2. It is well
known that the half-wavelength wave is generated inside the
antenna and the resonance frequency is decided by the length
of the patch’s edge with half-period field. In order to keep the
same resonance frequency generated with the two different
ports, a square rectangular patch was selected.

In the center of the square rectangular patch, there is a metal
via which connected the patch to the ground plane. The patch
has been a shape of a mushroom. In general, the mushroom-
shaped antenna can work with an infinite wavelength mode at a
specific non-zero frequency called a ZOR mode. The radiation
of antenna with ZOR mode is like one of the monopoles. The
size of the patch, the radius of the via, the thickness of the
substrate, and the size of the metal ground have an influence on
the radiation. The mushroom-shaped patch with TMo1o mode
and ZOR mode has an equivalent circuit [23] as shown in Fig.
3, when Port 1is excited.

In the equivalent circuit, Lf is the inductance generated by the
feeding probe and Cf is the capacitance generated by the
circular patch. Cs is the capacitance of the gap between the
circular patch and the rectangular patch. For the mushroom-

(@) (b)
Fig. 2 Simulated distributed electric fields of the proposed antenna, (a) port 1
excited; (b) port 2 excited
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Fig. 3. Equivalent circuit of the mushroom patch when excited by one port

shaped patch, Cp and Rp are, respectively, the shunt
capacitance and shunt resistance generated by the patch and the
metal ground. Lz and Rz are, respectively, shunt inductance and
shunt resistance generated by the via. They connected the
source by the series capacitance Cs.

The antenna should obtain a wide beamwidth radiation
pattern, with a combination of the ZOR mode and TMo1o mode.
The radiated power between the ZOR mode and TMoio mode
should be balanced. The details will be discussed in Section III.

I1l. WIDE BEAMWIDTH AND DUAL-POLARIZED RADIATION
PATTERN OF THE ANTENNA

A. Wide 3dB Beamwidth of the Radiation Pattern

It is known that a microstrip antenna with ZOR mode has a
conical-shaped radiation pattern, like a monopole’s dominant
mode. The radiation null arises at the vertical direction (6=0° of
the z-axis). The radiation pattern on the horizontal plane (x-y
plane) is omnidirectional. The direction of the main lobe at the
elevation plane is decided by the size of the metal ground. The
pointing angle becomes lower as the metal ground being
smaller. On the other hand, the microstrip antenna with only
TMo10 mode has a radiation pattern with the main lobe toward
the vertical direction. The combination of the ZOR mode and
the TMo10 mode makes combined radiation pattern with wide
coverage.

Fig.4 shows the radiation patterns of the antenna with only
TMo1o mode when Port 1 is excited. In this case, there is no via
in the center of the patch. The radiation is the same as that of
the conventional rectangular patch. The change of the size of
metal ground has little influence on the radiation pattern. The
radiation patterns at both x-z plane and y-z plane are linear
polarization, and the 3dB beamwidth of the radiation patterns is
in the range of [77°, 85°].
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When the ZOR mode is introduced by adding a central via,
the antenna is configured to the proposed structure. Fig. 5
shows the simulated radiation patterns of the proposed antenna
with different sizes of metal ground. The size of the metal
ground has much influence on the radiation of ZOR mode.
When the size is too small, the main lobe of the ZOR mode
radiates around the low angles at the elevation plane, and the
radiation interspace at the vertical angles is too much. In this
case, the combination of ZOR mode and TMg10 mode leads to a
wave-shaped radiation pattern like the patterns in Fig. 5 when
La=Lb=40mm. Similarly, when the metal ground is too large,
the main lobe of ZOR mode can only radiate in the vertical
direction. In this case, the combination of ZOR mode and TMozo
mode cannot play the role of increasing the beamwidth. As
shown in Fig. 5, when La=Lb=120 mm, the beamwidth of the
radiation patterns are the same as those of only TMoio mode.
Therefore, an optimized size of the metal ground is important
to broaden the beamwidth of the antenna. It is found that the
combination is perfect when La=Lb=80mm. The radiated lobe
of the TMoio mode fills up the interspace of the radiation pattern
of the ZOR mode around the vertical direction. Besides, the
conical-shaped radiation pattern of the ZOR mode fills up the
low angles in the elevation plane. A wide 3dB beamwidth
radiation pattern is generated.

Furthermore, the incident powers of the ZOR mode and the
TMo10 mode should be in a suitable ratio, otherwise undesired
wave-shaped radiation pattern will be generated. For the ZOR
mode and the TMo10 mode, the incident powers are respectively,
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Fig. 4. Simulated radiation pattern of the antenna with only TMg;0 mode (a)
x-z plane; (b) y-z plane (only Port 1is excited, unit: mm)
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The incident powers are influenced by Rz and Rp directly,
which are decided by the size of the metal via and thickness of
the substrate. Tables Iand II show the values of the 3dB
beamwidth of the antenna with different radius of metal via and
thickness of the substrate.

By comparing the results, the radius of the metal is set to
0.3mm, and the thickness is set to 2mm. With this configuration,
the 3dB beamwidth of the antenna in both x-z and y-z planes are
broadened.

p"lp

B. Dual-Polarized Radiation Pattern of the Antenna

TABLE I
BEAMWIDTH OF THE ANTENNA WITH DIFFERENT VALUES OF METAL VIA’S
RADIUS (ONLY PORT 1 IS EXCITED, SUBSTRATE’S THICKNESS IS ZMM)
Ruia (MM) 0.1 03 05

3-dB BW (x-z plane) | 81.6° | 125.3° | 99.2°
3-dB BW (y-z plane) | 77.1° | 110.0° | 86.3°
TABLE II

BEAMWIDTH OF THE ANTENNA WITH DIFFERENT VALUES OF SUBSTRATE’S
THICKNESS (ONLY PORT 1 IS EXCITED, METAL VIA’S RADIUS IS 0.3MM)
H (mm) 1 2 3

3-dB BW (x-z plane) | 104.3° | 125.3° | 107.0°

3-dB BW (y-z plane) | 89.5° | 110.0° | 100.2°

There are two feeding ports on the antenna. Fig. 6 shows the
simulated current distribution with two ports excited,
respectively. The surface currents point to the x-direction and
y-direction, respectively. According to the antenna theory, the
polarization of the radiation is decided by the surface currents
on the radiating element. The x-direction-polarized radiation
pattern is generated by the x-directional current. Similarly, the
y-direction-polarized radiation pattern is generated by the y-
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Fig. 6. Simulated current distribution of the antenna with the two ports
excited successively, (a) Port 1 excited; (b) Port 2 excited
directional current. Therefore, the proposed antenna can obtain

dual-polarized radiation patterns.

C. Measured Results and Analysis

The proposed antenna was fabricated and measured. The
photos of the antenna porotype and the antenna under
measurement are shown in Fig. 7.

Fig.8 shows the simulated and measured S-parameters of the
two ports of the antenna. If there is no metal via, only TMo1o
mode is generated in the antenna. The resonance frequency is
5.23 GHz. While for the ZOR mode, the resonance is at 5.07
GHz. When two modes work together, the resonance is near
5.13 GHz in the simulation results. Because the antenna

a b

Fig.7. View of t(hZJ antenna and measured scenarios ir(1 tLe anechoic chamber
structure is symmetrical, the simulated results of two ports are
exactly the same, while the measured results show that the
responses from the two ports are very similar. From Fig. 8, it
can be seen that the simulated results show the overlapped
bandwidth of the two polarizations from 5.02 GHz to 5.23 GHz,
and the measured results show that the overlapped bandwidth
of the two polarizations from 5.15 GHz to 5.26 GHz. Thus, the
antenna can work with a bandwidth over 100MHz which is
sufficient for some radar detection system. The isolation
between the two ports is higher than 22 dB in its operating
frequency band.

1, SIM.

——S,, mea.

2
S, mea.

48 5.0 52 54
Frequency/GHz
Fig. 8. Simulated and measured S-parameters of the proposed antenna
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Fig. 9. Simulated(aLd measured radiation pattern og t)he proposed antenna. (a)
Port 1 x-z plane; (b) Port 1 y-z plane; (c) Port 2 y-z plane; (d) Port 2 x-z plane.

Radiation patterns of the two ports are measured respectively
at 5.2 GHz, which are shown in Fig. 9. During the measurement,
when one port is excited, the other is connected to a matched
load. When Port 1 is excited, the co-polarized radiation pattern
is x-polarization at both x-z and y-z planes. The main lobe gain
is 6.8 dBi, and the 3dB beamwidth is wider than 125° for the x-
z plane and 110° for the y-z plane. Cross-polarized radiations of
the simulated results are less than -21dBi. Because of the
environmental noise, the cross-polarized radiations of the
measured results are less than -16 dBi, which is larger than the
simulated one.

Because of the symmetry, the radiation pattern with Port 2
excited is the same as that with Port 1 excited. The co-polarized
radiation pattern is y-polarization at both x-z and y-z planes. The
peak gain is 6.8 dBi, and the 3dB beamwidth is wider than 125°
for the y-z plane and 110° for the x-z plane. The maximum
cross-polarization of the measured results is less than -15 dBi.
Therefore, the proposed antenna obtains a wide beamwidth
radiation pattern in the upper space with dual-polarization.

IV. WIDE-ANGLE SCANNING IN THE UPPER SPACE

A 6x6 planar phased array was fabricated with the element
antennas developed above. The view of the array measured in
the anechoic chamber and the measurement system for the
scanning radiation patterns are shown in Fig. 10. The
measurement system was set-up by using coaxial cables, six-bit
digital phase shifters, power dividers and a computer.

Fig.10. View of the phased array measured in the ane
measurement system
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The distance between the adjacent elements is 23 mm. The
size of the substrate is 19.5 cmx19.5 cm. Since the size of the
metal ground plane has an effect on the radiation of the element
antenna, the distance between the edge of the substrate and the
edge elements is the same as the one on the single antenna, so
the effect of the scattering of the edge of the metal ground is the
same as that of the single antenna.
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Fig.11. S21 and S12 of the two ports of orthogonal polarizations on
Elements 1 and 3

As shown in Fig. 10, Elements 1 and 2 are the edge elements
and Elements 3 and 4 are the middle elements. Fig. 11 shows
the isolation between the two ports of orthogonal polarizations
in Elements 1 and 3. Fig.12 shows the effect of the matching of
Elements 1 and 3 with Port 1 excited, and the coupling between
the adjacent elements with Port 1 excited. The elements have a

perfect matching around 5.2 GHz with a bandwidth of 100 MHz.

The Sy, of the element’s two ports in the array is less than -15
dB. The Si; between the adjacent elements is less than -16 dB.

Radiation patterns of Elements 1 and 3 in the x-z plane with
Port 1 excited are shown in Fig.13. According to the analysis in
Section 111, a large size ground plane makes the beamwidth
narrower than that of the single antenna. For the Element 3, the
3dB beamwidth is larger than 110°. For the edge Element 1 the
lobe is inclined to one side and the 3dB coverage range can
reach -70°in the elevation plane. Therefore, the beam of active
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Fig.13. Active pattern of the element in the x-z plane with Portl excited, (a)
Element 1; (b) Element 3

patterns can also cover a wide angle range that is suitable for
the wide angle scanning.

The scanning radiation patterns of the phased array were
measured at 5.2 GHz. Fig. 14 shows the measured scanning
radiation pattern in the x-z plane and y-z plane with Port 1
excited. Table III shows the specific scanning information
from measurement of the phased array with Port 1 excited. In
the table, “6” is the main lobe direction in the elevation plane,
“Gain” is the peak gain of the main lobe, “SLL” is the
maximum sidelobe of the scanning pattern, and “Mcross-pol”
is the maximum of the cross-polarization. Because of the
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Fig.14. Measured scanning radiation pattern of the phased array with Port 1
excited. (a) x-z plane; (b) y-z plane
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TABLE 11l
SCANNING INFORMATION WHEN PORT 1 1S EXCITED
x-z plane
0 (degree) | Gain(dBi) | SLL(dB) | Mcross-
pol(dBi)
0 18.1 -15.8 -17.3
-30 17.8 -11.2 -14.6
29 17.2 -9.7 -14.8
-42 16.6 -12.2 -14.1
44 16.2 -9.6 -15
-65 15 -4.5 -14.4
66 14.7 -5 -14.8
y-z plane
Adegree) | Gain(dBi) | SLL(dB) | Mcross-
pol(dBi)
0 18.1 -12.6 -17.8
-30 17.4 -12.2 -17.3
32 17 -11.5 -16.7
-43 16.1 -10.4 -16.5
45 15.4 -10.9 -15.9
-66 14.8 -5.8 -14.6

symmetry, the scanning radiation pattern and the scanning
information when the Port 2 is excited are similar to the one
with Port 1 excited. The co-polarization is x-pol when Port 1 is
excited, and the co-polarization is y-pol when Port 2 is excited.

The phased array can scan its main lobe in a wide-angle range
of £66° in the y-z plane and a wide-angle range from -65° to 66°
in the x-z plane. Meanwhile, the gain in the scanning range of
the phased array is between 18.1 dBi and 14.6 dBi with a gain
fluctuation of 3.5 dB. The SLL is less than -10dB in most
scanning range. When the scanning lobes get the low elevation
angle the SLL becomes larger because of the mismatching of
the ports. The maximum SLL in the scanning range is less than
-4.5 dB. When Port 1 and Port 2 are excited respectively, the x-
polarization and y-polarization were generated. The amplitude
of cross-polarization in the scanning range is less than -14.1dBi.
The phased array shows a good dual-polarized scanning in a
wide-angle range.

V. CONCLUSION

In this paper, a novel dual-polarized microstrip antenna with
wide beamwidth is proposed. TMoio mode and ZOR mode are
simultaneously excited so the radiation patterns of the two
modes can be combined, which leads to wide beamwidth
radiation patterns. The dual-LP is realized by exciting the
microstrip patch with two ports through capacitive coupling,
and the port isolation is higher than 22 dB. A 6x6 planar phased
array is designed and fabricated using the developed array
element. Dual-polarized beam scanning is realized in a wide-
angle range of £66° in both x-z and y-z planes.
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