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ABSTRACT The method to improve the wide-angle scanning performance of the phased array antenna is
studied and presented. The proposed method is realized by the dielectric sheet to reduce the size of the wide
beam antenna andmutual coupling between the elements in the array antenna. The size of the antenna element
is reduced by the dielectric sheet which is arranged on the top of the feed slot. The mutual coupling of the
array antenna is improved by the dielectric sheet. And, the wide-angle impedance matching performance is
improved by the above method. The operating frequency band of the E- and H-plane-phased array antennas
is from 3.2 to 3.8 GHz. The main beams of the E-plane scanning array antenna can scan from−90◦ to+90◦

with the gain variation less than 3 dB. The main beams of the H-plane scanning array antenna can scan from
−70◦ to +70◦ with the gain variation of less than 3 dB. The E- and H-plane scanning linear array antennas
with nine elements are fabricated and tested. The measured results have a good agreement with the simulated
results.

INDEX TERMS Phased array antenna, microstrip antenna, scanning antennas, wide beam antenna.

I. INTRODUCTION
With the rapid development of electronic technology, phased
array antenna has been widely applied in satellite commu-
nication system, radar, astronomical meteorology, air traffic,
earth exploration, space exploration, remote sensing map-
ping, 5G communication system, and so on in recent years
because of the remarkable characteristics of the phased array
are agile and flexible beam scan capacity, high tracking
accuracy, and adapting to the high-speed maneuver capacity
of the carrier. However, phased array antenna has a serious
drawback which is the limited beam scanning range of the
antenna with high gain [1]. For traditional phased array
antennas, the main beams can scan from −45◦ to +45◦

with a gain fluctuation of 4-5 dB [2], because the beam-
widths of the elements are limited, and mutual coupling
between elements is strong when the beam is scanned at
low elevation (near end-fire) angles. Actually, it cannot sat-
isfy the demand above most application. In order to further
extend the beam scanning coverage, many related efforts have
been carried out to break the bottlenecks of limited scan-
ning angles [3]–[26]. Firstly, the wide beam-width antenna
element is applied in the phased array antenna to improve
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the wide-angle scanning performance [3]–[10]. A dual-band
wide beam microstrip antenna element is presented in [3].
The half-power beam-width of the antenna in the low and
high frequency band is 104◦ and 94◦ in the E-plane and 105◦

and 110◦ in the H-plane, respectively. A 9× 9 planar phased
array is designed with the proposed antenna elements and
achieves the scanning range from −60◦ to +60◦ and −50◦

to +50◦ in the low and high frequency bands, respectively.
A microstrip magnetic dipole antenna is applied to improve
the wide-angle scanning performance of the array antenna
in [4]. The 1 × 9 linear phased array is fabricated with
the proposed antenna element and achieves the scanning
range from −76◦ to +76◦ and −64◦ to +64◦ in the E-plane
and H-plane linear array, respectively. Besides, some other
wide beam antenna elements such as wide beam tapered slot
antenna [5], quasi-hemispherical-pattern antenna [7], wide-
beam substrate integrated waveguide (SIW)-slot antenna [9],
resonant microstrip meander line antenna element [10] and a
simple wide beam antenna elements [11], [12] are applied to
improve the wide-angle scanning characteristic of the phased
array antenna. Secondly, some technologies used to decrease
or compensate the mutual coupling among the elements of
the array antenna achieve wide-angle scanning phased array
antenna [13]–[26]. A classic method is proposed in [13] and
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introduces a thin, high-permittivity dielectric sheet located
at some distance above the array to achieve wide-angle
impedancematching (WAIM). In recent years, some lecturers
present some other methods [14]–[20] which are similar to
the one in [13]. They utilize a sheet of split-ring resonators
(SRRs) [14], a multilayer WAIM structure [15]–[17], a two-
layer WAIM structure [18], a metamaterial slab [19], and
a frequency select surface [20] to replace the dielectric
sheet in [13] for realizing the wide-angle scanning capability
of the array antenna. Besides, the defected ground struc-
ture (DGS) [21], [22], electromagnetic band gap (EBG)
structure [23], high impedance surfaces (HIS) [24], [25],
and substrate-integrated cavity-backed (SICB) structure [26]
are applied to eliminate surface waves and improve WAIM.
In addition, there are also some other technologies to improve
wide-angle scanning performance of the phased array
antenna such as pattern reconfigurable technology [27],
multi-plane array technology [28], the varactor diode loading
technology [29] and so on.

Combined with the wide beam method and WAIM tech-
nology, a simple and more effective solution is applied in
this paper to achieve the wide-angle scanning phased array
antenna. Firstly, to solve the high fluctuation gain of a phased
array at large scanning angle, a wide beam antenna element is
designed by awide beammethod [30]. The 3-dB beam-width
of the wide beam antenna is 240◦ in the E-plane and 154◦ in
the H-plane at 3.5 GHz. Secondly, the wide-angle scanning
performance is affected by the input impedance matching of
the antenna element. The wide-angle impedance matching
is improved by the dielectric sheet arranged on the top of
the feed slot which is very simple and different with the
references [13]–[20]. Hence, a simple and effective method
is proposed in this paper and applied to realize twowide-angle
scanning array antennas. In the E-plane linear phased array
antenna, the main beam of the antenna can scan from −90◦

to +90◦ with a gain fluctuation less than 3dB. And in the
H-plane linear phased array antenna, the main beam of the
antenna can scan from −70◦ to +70◦ with the gain variation
less than 3dB.

The organization of the paper is as follows. In the second
section, the antenna element is proposed and the miniaturized
performance of the antenna element is realized by the dielec-
tric sheet. In the third section, the wide-angle impedance
matching is met by the dielectric sheet. The wide-angle scan-
ning performance of the array antennas are analyzed, which
demonstrates that the proposed method is beneficial to the
wide-angle scanning performance of the phased array. The
measured results and discussion are presented in the fourth
section. Finally, a summary together with concluding remarks
is presented.

II. THE OPTIMIZED DESIGN AND PERFORMANCE
ANALYSIS OF THE PROPOSED ANTENNA ELEMENT
The exploded view of the proposed antenna element is shown
in Fig. 1. The antenna element consists of the electric walls,

FIGURE 1. The exploded view of the proposed antenna element.

FIGURE 2. The diagram and parameters of the proposed antenna
structure. (a) Top view. (b) Bottom view. (c) Side view.

the dielectric sheet, the microstrip radiation part and the slot
coupling excitation part. The geometry of the antenna ele-
ment is shown in the Fig. 2. The radiating patch and radiating
substrate are in square shape, the side length of the patch is
w1 and the side length of the substrate isw0, its thickness is h1
and εr = 2.2. The feed substrate with a permittivity εr = 2.2
and a thickness h3 is also a square with side length w0. The
feed slot is a rectangular structure with the length Ls and the
width Ws. The length and width of the feed line is also a
rectangular structure with the length Lf and the width Wf .
The size of the electric walls is h0 × W0 × t . The size of
the square dielectric sheet with a permittivity εr = 3 is the
side lengthw0, and the thickness h2. The distance between the
microstrip radiating part and the dielectric sheet is 5.0 mm.

The operating frequency band of the proposed antenna
element is from 3.2 GHz to 3.9 GHz, as shown in Fig. 3.
The electronic main beam steering is intended to cover a
scan volume up to more than 60◦ in elevation plane for two
scanning linear array antennas. In order to achieve an excel-
lent wide-angle scanning performance of the array antenna,
the element size needs to be reasonable small [31]. The min-
imum dimensions for the unit cell lattice are likewise deter-
mined by the achievable integration level. In the presented
work, the dielectric sheet which is arranged on the top of the
feed slot is used to reduce the element size. A more in-depth
discussion about the detail function of the dielectric sheet will
be presented in the next section. Comparing with the simu-
lated reflection coefficients of the antenna element without
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FIGURE 3. The simulated reflection coefficients of the antenna element
with and without the dielectric sheet.

the dielectric sheet in the Fig. 3, the working frequency
band is obviously reduced. On the other words, the size of
the antenna element is reduced about 0.13 λ at the center
frequency (3.5 GHz) by the dielectric sheet.

In addition, the wider beam-width of the antenna element
is beneficial to the scanning phased array antenna [32]. The
scanning coverage of the main beam of the array antenna
expands using the wide beam-width array antenna element.
In this paper, the electric walls which are arranged in the
xoz-plane of the antenna are used to broaden the beam of
the antenna element. Combined with the radiation theory
of the microstrip antenna [30], the method to broaden the
beam-width of the antenna element is as follows: the hor-
izontal current is distributed in the radiating patch which
producing the E-field. The vertical current is producing by the
E-field and distributed in the electric walls. Through synthe-
sizing the horizontal current and vertical current, the beam-
width of the antenna element is broadened. The radiation
patterns of the antenna element at 3.5 GHz are shown
in Fig. 4. The half-power beam-widths of the antenna are
240◦ in the E-plane and 158◦ in the H-plane, respectively. The
half-power beam-widths of the antenna are much wider than
the aperture stacked patch antenna [33]. Since the half-power

FIGURE 4. The simulated radiation patterns of the proposed antenna
element.

beam-widths of the aperture stacked patch antenna are about
90◦ in the H-plane and 100◦ in the E-plane.

III. THE WIDE-ANGLE SCANNING PERFORMANCE OF THE
ARRAY ANTENNAS
A. THE ARRAY ANTENNA GEOMETRY
As shown in Fig. 5 and Fig. 6, the E- and H-plane scanning
array antennas are designed. Each of the array antennas com-
poses of nine proposed wide beam elements. In contrast to the
restructured antenna [34], it is simple to adequately perform
the scanning beam range. The size of the ground plane is
350 mm×40 mm. The height of the array antennas is 18 mm.
The inter-element spacing is 36 mm, which is about 0.4 λ at
3.5 GHz.

FIGURE 5. Geometry of the E-plane scanning phased array. (a) Top view.
(b) Side view.

FIGURE 6. Geometry of the H-plane scanning phased array. (a) Top view.
(b) Side view.

B. THE PERFORMANCE OF THE ARRAY ANTENNAS
The simulated and measured reflection coefficients of the
E- and H-plane scanning array antennas are analyzed as
shown in Fig. 7. The simulated and measured results are
approximately in agreement. The impedance bandwidth is
3.18 – 3.95 GHz (21.6%) in the E-plane scanning array
antenna and 3.18 – 3.90GHz (20.3%) in the H-plane scanning
array antenna.

To realize wide-angle scanning performance of the array
antenna with the gain variation less than 3dB, the following
conditions should be met. Firstly, the grating lobe of the array
is disadvantageous to the main beam of the array antenna.
So the grating lobe of the array must be suppressed. The
condition for suppressing the grating lobe is

d <
λ

1+ |sin θ |
(1−

1
2N

) (1)

The inter-element spacing is d , and the scanning angle is θ .
N is the number of the antenna elements. In this paper, the
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FIGURE 7. Measured and simulated reflection coefficients of the array
antennas.

FIGURE 8. The reflection coefficients of the center element in the
proposed array antennas and GPA at different scan angles. (a) E-plane.
(b) H-plane.

scanning angle is up to 90◦ and N is 9. Hence, the inter-
element spacing is

d <
λ

1+ |sin θ |
(1−

1
2N

) ≈ 0.47 λ (2)

In the above description of the paper, the antenna element
size needs to be small as soon as possible. From Fig. 3,
the size of the antenna element is shrunk by the dielectric
sheet. The inter-element spacing is 36 mm, which is about
0.45 λ at 3.8 GHz. In the whole bandwidth, the inter-element
spacing meets the Equation (2). Besides, the radiating patch
of the element changes small, the mutual coupling of the
antenna elements is reduced weakly when the inter-element
spacing is constant. As shown in Fig. 8, the mutual coupling
of the adjacent antenna elements is obviously improved by
comparison with the general phased array antenna (GPA)
without the dielectric sheet. In the E-plane array antenna,
the coupling is reduced by at least 2.5 dB and reduced to
−15dB in the operating frequency band. In the H-plane
phased array, the coupling is reduced by at least 1.5 dB in
the operating frequency band. Secondly, the antenna element
should be a wide beam antenna. To guarantee that the array
antenna scanning to wider coverage with the gain variation
less than 3dB, the beam-width of the antenna element needs to
be much wide. Hence, the beam of the wide beam antenna is
broadened by the electric walls and used in the array antennas.

FIGURE 9. The active reflection coefficients of the elements in the
E-plane GPA at different scan angles. (a) Element 1. (b) Element 5.

FIGURE 10. The active reflection coefficients of the elements in the
H-plane GPA at different scan angles. (a) Element 1. (b) Element 5.

Thirdly, the wide-angle radiation performance needs to
be enhanced. Generally, the wide-angle impedance matching
performance is improved by the dielectric sheet which is
arranged on the above antenna [13], [35]. In this paper,
the dielectric sheet which is arranged on the ground plane
is used to reduce the mutual coupling between the antenna
elements in the array and improve the wide-angle impedance
matching performance as shown in Fig. 1. To analyze the
effect of the current method on wide-angle impedance match-
ing of the antenna, the active reflection coefficients on
the Element 1 and Element 5 in the array are given and
compared with the elements in GPA. The active reflec-
tion coefficients of the elements at different scan angles
in the E- and H- plane array antennas without the dielectric
sheet is shown in Fig. 9 and Fig. 10. In the E-plane array
antenna, the active reflection coefficients on the Element
1 and Element 5 are higher than−10 dB when the scan angle
is up to 30 degrees in Fig. 9. In particular, the active reflection
coefficients are higher than −5 dB when the scan angle is
up to 60 degrees. The wide-angle impedance matching is
not well when the scan angle is up to 30 degrees. In the
H-plane array antenna, the active reflection coefficients on
the Element 1 and Element 5 are higher than −10 dB when
the scan angle is up to 60 degrees in Fig. 10. The wide-angle
impedance matching is not well when the scan angle is up to
60 degrees. In the proposed array antennas, the wide-angle
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impedance matching performance is obviously improved by
the dielectric sheet as shown in Fig. 11 and Fig. 12. The active
reflection coefficients on the Element 1 and Element 5 in the
E-plane and H-plane array antennas are almost lower than
−10 dB in the whole operating frequency band when the scan
angle is up to 60 degrees. By comparing active reflection
coefficients without and with the dielectric sheet, the wide-
angle impedance matching performance is improved by the
proposed method. Therefore, the dielectric sheet not only
reduces the size of the antenna element, but also improves
the wide-angle impedance matching performance.

(a)

FIGURE 11. The active reflection coefficients of the elements in the
proposed E-plane array at different scan angles. (a) Element 1.
(b) Element 5.

FIGURE 12. The active reflection coefficients of the elements in the
proposed H-plane array at different scan angles. (a) Element 1.
(b) Element 5.

C. THE SCANNING RADIATION PERFORMANCE OF THE
E-PLANE ARRAY ANTENNA
The E-plane scanning array antenna is shown in Fig. 5.
A parametric study and optimizing the scanning performance
of the proposed array antenna have been carried out using
Ansoft HFSS [36]. In the Fig. 13, the simulating radiation
patterns of the above array antenna at three frequencies in the
operating bandwidth are given. The beam of the antenna can
realize to scan from −90◦ to +90◦ with the gain variation
less than 3dB in the whole operating frequency band. The
detailed scanning performance of the proposed antenna is

TABLE 1. The scanning radiation performance with different directions at
different frequencies in the E-plane array.

TABLE 2. The scanning radiation performance with different directions at
different frequencies in the H-plane array.

given in Table 1. The gain of the proposed antenna grad-
ually decreases with increasing the scanning angle of the
beam. However, the scanning angle exceeds 60◦, the gain of
the antenna increases with variation of the scanning angle.
In addition, the SLLs of the scanning beam are lower than
6.0 dB except the SLL of the scanning beam at 60◦. The
proposed method is applied to realize the wide-angle scan-
ning capacity of the array antenna. The wide beam perfor-
mance of the antenna element is realized by the electric wall.
The wide-angle scanning impedance matching performance
of the array antenna is improved by the dielectric sheet.
In the whole work frequency band, the main beam of the
proposed phased antenna can scan from broadside direction
to endfire direction. Because the gain variation of the array
antenna is less than 3 dB in the beam scanning coverage
from −90◦ to +90◦, the gain of the array antenna is not
very high. When the scanning angles are ±60◦, the gains
of the array antenna are the least about 10.7 and 10.8 dBi
at 3.2 GHz.

D. THE SCANNING RADIATION PERFORMANCE OF THE
H-PLANE ARRAY ANTENNA
The H-plane scanning phased array is shown in Fig. 6. In the
Fig. 14, the simulating radiation patterns of the above array
antenna at three frequencies in the operating bandwidth are
reported. The beam of the antenna can realize to scan from
−70◦ to +70◦ with the gain variation less than 3dB in
the whole operating frequency band. The detailed scanning
performance of the proposed antenna is given in Table 2.
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FIGURE 13. Scanning radiation performance of the E-plane scanning
array antenna at different frequencies. (a) 3.2GHz. (b) 3.5GHz. (c) 3.8GHz.

The gain of the proposed antenna gradually increases with
increasing the scanning angle of the beam.However, the scan-
ning angle exceeds 60◦, the gain of the antenna decreases with
variation of the scanning angle. In addition, the SLLs of the
scanning beam are lower than 6.5dB except the SLL of the
scanning beam at ±70◦ in the low frequency band. The pro-
posed method is applied to realize the wide-angle scanning
capacity of the array antenna. The wide beam performance of
the antenna element is realized by the electric wall. The wide-
angle scanning impedancematching performance of the array
antenna is improved by the dielectric sheet. In the whole work
frequency band, the beam of the proposed phased antenna can
scan from−70◦ to+70◦ with the gain variation less than 3dB
and lower SLLs. The side lobe levels of the H-plane scanning
array in the operating bandwidth are better than the ones of
the E-plane scanning array.

FIGURE 14. Scanning performance of the H-plane scanning array antenna
at different frequencies. (a) 3.2GHz. (b) 3.5GHz. (c) 3.8GHz.

IV. MEASURED RESULTS
The E- and H-plane phased array antennas were fabricated
for measurements as depicted in Fig. 15. In the figure, the
E- and H-plane array prototypes are fabricated as the ref-
erence of the simulations using Ansoft HFSS. The size of
the array prototype is consistent with the array antennas
in Fig. 5 and 6. The antenna elements in the arrays are
assembled and fixed by the nylon columns as shown in the
Fig. 15. The scanning performance of the array antennas are
verified and measured in the microwave anechoic chamber,
shown in Fig. 16.

A. THE MEASURED SCANNING PERFORMANCE OF THE
E-PLANE ARRAY ANTENNA
The measured radiation patterns at different frequencies in
the E-plane array antenna are shown in Fig. 17. The mea-
sured radiation patterns of the E-plane array antenna are in
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FIGURE 15. The array antenna prototype (a) The E-plane scanning array
(b) The H-plane scanning array.

FIGURE 16. The testing picture in the microwave anechoic chamber.

good agreement with the simulated results in Fig. 13. The
beam of the antenna can realize to scan from −90◦ to +90◦

with the gain variation less than 3dB in the whole operating
frequency band. The detailed scanning performance of the
proposed antenna is given in Table 3. The gain of the proposed
antenna gradually decreases with increasing the scanning
angle of the beam. However, the scanning angle exceeds
60◦, the gain of the antenna increases with the variation of
the scanning angle. In addition, the SLLs of the scanning
beam are lower than 5.8dB except the SLL of the scanning
beam at 60◦. The simulated gains of the scanning beams are
higher than the measured ones. And there are some slightly
differences between the simulated SLLs and measured SLLs.
It is mainly produced by the following factors. Firstly, there
is some difference between the simulated and fabricated
antenna. Secondly, it is most critical impact that the testing
processing and environment is not ideal, as shown in Fig. 16.
Thirdly, the ports of the elements in the array are affected by
the feed network, which leads the measured SLLs to make
weak. However, the outstanding wide-angle scanning phased
array antenna is realized. And the method to realize the

FIGURE 17. The measured radiation patterns of the E-plane scanning
phased array at different frequencies. (a) 3.2GHz. (b) 3.5GHz. (c) 3.8GHz.

wide-angle scanning performance is verified by the proposed
array antenna, which can scan its main beam over the range
from −90◦ to +90◦ at 3.2, 3.5 and 3.8 GHz with high gain.

B. THE MEASURED SCANNING PERFORMANCE OF THE
H-PLANE ARRAY ANTENNA
The measured radiation patterns in the H-plane array antenna
at 3.2, 3.5 and 3.8 GHz are shown in Fig. 18. The measured
radiation patterns of the H-plane array antenna are in good
agreement with the simulated results in Fig. 14. The beam of
the antenna can realize to scan from −70◦ to +70◦ with the
gain variation less than 3dB in the whole operating frequency
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TABLE 3. The scanning radiation performance with different directions at
different frequencies in the E-plane array.

TABLE 4. The scanning radiation performance with different directions at
different frequencies in the H-plane array.

band. The detailed scanning performance of the proposed
antenna is given in Table 4. The gain of the proposed antenna
gradually increases with increasing the scanning angle of the
beam. However, the scanning angle exceeds 60◦, the gain of
the antenna decreases with variation of the scanning angle.
The simulated gains of the scanning beams are higher than
the measured ones. And there are some slightly differences
between the simulated SLLs and measured SLLs. It is mainly
produced by the following factors. Firstly, there is some
difference between the simulated and fabricated antenna.
Secondly, it is most critical impact that the testing pro-
cessing and environment is not ideal, as shown in Fig. 16.
Thirdly, the ports of the elements in the array are affected by
the feed network, which leads the measured SLLs to make
weak. However, the outstanding wide-angle scanning phased
array antenna is realized. And the method to realize the
wide-angle scanning performance is verified by the proposed
array antenna, which can scan its main beam over the range
from −70◦ to +70◦ at 3.2, 3.5 and 3.8 GHz with high gain
and low SLL.

From the above analysis, it is obvious that the proposed
method is applied to realize wide-angle scanning array
antenna which make its main beam scans from the broadside

FIGURE 18. The measured radiation patterns of the H-plane scanning
phased array at different frequencies. (a) 3.2GHz. (b) 3.5GHz. (c) 3.8GHz.

direction to the end-fire direction with the gain variation less
than 3dB in the E-plane array antenna and from−70◦ to+70◦

with the gain variation less than 3dB in the H-plane array
antenna in the bandwidth from 3.2 to 3.8 GHz, respectively.
In addition, the dielectric sheet is beneficial to reducing the
size of the elements and improving the wide-angle impedance
matching performance of the phased array antenna.

V. CONCLUSION
In this paper, a miniaturization and wide beam aperture feed
patch antenna is studied firstly. The antenna consists of the
electric walls, the dielectric sheet, the feed part and the radi-
ating part. The size of the antenna is reduced by the dielectric
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sheet. The radiation beams can be improved in the E- and
H- plane by the electric walls. The 3-dB beam-width is 240◦

in the E-plane and 154◦ in the H-plane at 3.5 GHz. Then,
a simple method to realize the wide-angle scanning perfor-
mance of the array antenna is proposed. The mutual coupling
between the elements in the array antennas are improved in
the E- and H- plane array antennas by comparison with the
GPA. The wide-angle impedance matching performance is
improved by the dielectric sheet. Hence, the main beam of
the E- and H- plane scanning linear array antenna can scan
from −90◦ to +90◦ and from −70◦ to +70◦ with the gain
variation less than 3dB in the operating bandwidth from 3.2 to
3.8 GHz, respectively. The E- and H-plane scanning array
antennas with nine elements are fabricated and tested. The
measured results have a good agreement with the simulated
results. In conclusion, an excellent wide-angle scanning per-
formance from the broadside direction to the end-fire direc-
tion in the E-plane array antenna and from −70◦ to +70◦ in
the H-plane scanning array antenna can be obtained by the
proposed approach, which is can be applied to realize a planar
wide-angle scanning phased array.
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