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ABSTRACT In this paper, a dual-beam filtering patch antenna is proposed, wherein a symmetrical
m-shaped metal vias-loaded dual-mode patch and a cross-shaped metal strip are utilized. The dual-mode
patch resonator is realized through the loading of metal vias in the weak field region of mode TM3, which
effectively moves mode TMy; closer to TMj3;. Using a cross-shaped metal strip to excite the dual-mode
patch resonator not only provides a reflection zero and broadens the bandwidth, but also generates two
radiation nulls through zero coupling, thus improving the frequency selectivity. Compared with reported
dual-beam filtering patch antenna, the proposed design with the novel dual-mode patch resonator has a
wide stopband, enhanced frequency selectivity, small size and a low profile. Measurements show that
the antenna exhibits a 10-dB impedance matching bandwidth of 13% (3.23 GHz — 3.69 GHz), with two
radiation nulls at 3.15 GHz and 3.88 GHz and a measured 15 dB stopband of 2.14 fj.

INDEX TERMS Dual-beam, filtering patch antenna, frequency selectivity, wide stopband.

l. INTRODUCTION
UE TO their ability to provide larger data capacities
and reduce multipath and interference effects, dual-
beam antennas are currently under intense research focus,
especially for the design of wireless systems that require
fewer antennas, such as micro base stations, vehicle commu-
nication systems, satellite communication systems, etc. [1],
[2], [3], [4]. Filtering antennas are also receiving more
attention from researchers, as they can not only reduce the
size of the systems employing them, but also the distance
between systems operated at different frequencies [5],
[6], [7], [8], [9], [10]. Dual-beam filtering patch anten-
nas (DBFPAs) combine these two advantages with light
weight and low cost and thus exhibit significant research
value.
Most reported dual-beam patch antenna studies do not
take into account potential filtering functions [11], [12], [13],
[14], [15] and are realized through the TMg, mode [1], while

T- or cross-shaped probes are used to realize dual-beam
radiation [11], [16].

A few dual-beam patch antennas with filtering functions
have been proposed [17], [18], [19]. In [17], a pair of
T-shaped metallic strip was loaded to generate a wide
operating band with a symmetrical dual-beam radiation
pattern, while two reflective radiation nulls were generated
in both the upper and the lower stopbands. Although the
fusion of filtering and dual-beam radiation was realized, the
antenna’s frequency selectivity and stopband bandwidth need
to be further improved. In [18], a DBFPA with two radiation
nulls near the edges of the operating band was implemented
using a metal strip and a patch with two symmetrical slots.
This configuration showed improved frequency selectively
as well as a wide stopband.

In this paper, by utilizing a cross-shaped metal strip to
feed a dual-mode m-shaped vias-loaded patch resonator, a
compact DBFPA with high frequency selectivity and wide
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FIGURE 1. Structural schematic diagram of dual-beam filtering patch antenna.
(a) Top-layer structure. (b) Middle-layer structure. (c) Cross-section view.

stopband is proposed. Three reflection zeros are obtained
from two modes of the patch resonator and one equivalent
L-C mode of the metal strip cure, while two radiation nulls
are generated through the zero coupling of electric fields. The
evolution process, electric field distribution, and the resonant
frequency of the proposed dual-mode patch resonator are
given in detail. The analysis of the controllable reflection
zero and radiation nulls is verified through an analysis of
the electric field distribution and a parametric study. Finally,
a prototype of the proposed DBFPA is designed, fabricated,
measured and evaluated against state-of-the-art approaches.

Il. ANTENNA DESIGN

A. ANTENNA CONFIGURATION

Figure 1 is a schematic diagram of the proposed DBFPA
loaded with m-shaped vias. As can be seen from Figure 1,
the proposed antenna is mainly composed of a rectangular
holed patch on the top layer, a cross-shaped metal strip
on the middle layer, and a ground on the bottom layer.
The top rectangular metal patch is connected to the metal
earth through a pair of m-shaped metallized vias which are
symmetrical. The inner conductor of the SMA connector
connects the cross-metal strip in the middle layer and the
top metal patch. The dielectric substrates 1 and 2 are
Rogers RO4003C substrates (¢, = 3.55, tand = 0.0027)
with thicknesses of 71 = 1.524 mm and A, = 1.624 mm,
respectively.

B. ANALYSIS OF THE n-SHAPED VIAS-LOADED PATCH
RESONATOR

Figure 2(a) shows the structural diagram of the traditional
patch-loaded metal resonator, which includes both row- and
column-vias. As can be seen from Figure 2(b) and 2(c),
the first mode of the resonator is TMy, the field under
the patch is in the same direction, and the electric field
component at the edge of the opening is reversed along the x
direction, which facilitates the generation of radiation along
two directions. In the second mode, TM»1, the electric field
below the patch presents a wavelength distribution along the
x direction, and the electric field components at the edge of
the opening are also reversed along the x direction, resulting
in radiation in two directions.
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FIGURE 2. The structure diagram, average amplitude electric field diagram and
electric field schematic diagram of z-shaped vias-loaded patch resonator. (a) The
structure diagram of patch resonator loaded with =-shaped vias. The average
amplitude electric field diagram and electric field schematic diagram of (b) TMy; mode
and (c) TM»; mode.
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FIGURE 3. Simulated S-parameters of the patch resonator.

Figure 3 shows the S-parameter responses of the tradi-
tional and the proposed resonators when fed using probes.
It is evident that the resonant frequency of mode TMy; is
shifted up to form a radiation band with mode TM;.

In order to determine the resonant frequency of the
proposed m-shaped vias-loaded resonator, the main param-
eters of the metal-through vias were studied, as shown in
Figure 4. It can be seen that with the increase of dis, the
resonant frequency of mode TMjy; first increases and then
decreases, while the resonant frequency of TMj; and the
distance between the two modes first decrease and then
increase. As can be seen from Figure 4(b), with the increase
of gp, the resonant frequency of TMy; increases, while
the resonant frequency of TMj; remains unchanged and
the distance between the two modes decreases. As can
be seen from Figure 4(c), with the increase of D, the
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FIGURE 4. Simulated resonator frequency and ratio of resonator frequency of the
proposed patch resonator under different parameters. (a) Different dis. (b) Different g,.
(c) Different D,.
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FIGURE 5. The structure diagram of the proposed antenna and that without the
cross-shaped metal strip. (a) z-shaped vias-loaded patch antenna. (b) z-shaped
vias-loaded patch antenna with cross-shaped metal stripline.

resonant frequencies of the two modes increase, with the
resonant frequency of TMp; increasing more rapidly, while
the distance between the two modes decreases. Therefore,
in the proposed m-shaped vias-loaded patch resonator, the
resonant frequencies of TMp; and TMj; and the distance
between the resonant frequencies of the two modes can be
adjusted using dis, g» and D;.

C. ANTENNA OPERATING MECHANISM

To establish the operating mechanism of the proposed
antenna, the proposed configuration with cross-shaped metal
strips, shown in Figure 5(a), was compared with a configura-
tion without a cross-shaped metal strip, shown in Figure 5(b).
The performance of the compared configurations is shown in
Figure 6. It can be found that the addition of the cross-shaped
metal strips on the middle layer, results in the addition of
one reflection zero in the operating band and a bandwidth
increase. Additionally, two radiation nulls occur near the
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FIGURE 6. Simulated S-parameters of the patch antenna.
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FIGURE 7. The structure diagram and vector electric fields diagram of the
cross-shaped metal strip resonator. (a) The structure diagram of the cross-shaped
stripline resonator. The vector electric field schematic diagram of (b) the first mode
and (c) the second mode.

edges of the operating bands, which improves the frequency
selectivity effectiveness.

Figure 7(a) shows the structure of the cross-shaped metal
strip resonator, which consists of a rectangular metal patch
at the top layer, a cross-shaped metal structure at the middle
layer, a first substrate, a second substrate and a metal
ground. The vector electric fields of the two resonator modes
are shown in Figure 7(b) and 7(c). It can be seen from
Figure 7(b) that when the cross-shaped stripline resonator
operates in the first mode, the electric fields are mainly
concentrated on the horizontal and vertical metal strips, and
the electric fields on both sides of the strips are larger
than those in the middle. The electric fields on the left and
right parts of the horizontal metal strip all show quarter-
wavelength distribution and have the same direction. The
electric fields on the left and right parts of the vertical
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FIGURE 8. Simulated S-parameters and Gain of the proposed antenna. (a) Different widths of the vias dis. (b) Different distances of the vias g,. (c) Different distances from the
center of the cross-strip gs. (d) Different lengths of the cross-strip L. (e) Different widths of the cross-strip L.

metal strip are symmetrically distributed, while those of
the horizontal strip are opposite. As can be seen from
Figure 7(c), when the cross-stripline resonator operates in
the second mode, the electric field is mainly concentrated
on the vertical metal strip, and there is almost no electric
field on the horizontal one. The field on the vertical strip
presents a half-wave distribution, and the field on the upper
part of the strip has the same amplitude and the opposite
direction as that in the lower part.

Due to the two modes of the cross-shaped metal stripline,
the overall integration of the electric field is zero for the
operating modes of the m-shaped vias-loaded patch antenna.
This results in the two radiation nulls of Figure 6 and
consequently the filtering effect of the antenna. In addition,
the equivalent capacitance is formed between the top metal
patch and the cross-shaped metal strip, the equivalent
inductance is formed on the first substrate of the SMA
connector, and the equivalent resonance between the top
metal patch and the cross-shaped metal strip generates
the first reflection zero in the band, which expands the
operational bandwidth of the antenna.

D. PARAMETRIC STUDY ON DIS, G, G4, Lg1 AND Lg

In order to clarify the influence of the antenna’s physical
parameters on ISl and its gain, five parameters, namely
the distance between the two vertically arranged vias (dis),
the distance between the vertically arranged metallized vias
(g2), the vertical position of the cross-shaped metal strip in
the middle layer (g4), the length of the horizontal metal strip
in the middle layer (L) and the length of the vertical metal
strip in the middle layer (Ls), were analyzed, as shown in
Figure 8.

It can be seen from Figure 8(a) that the impedance
matching performance of the antenna is first improved and
then deteriorates with the increase of dis, because when dis
= 29.08 mm, the metallized via is located in the zero electric
field region of mode TMj;, which has little influence on
the antenna’s matching performance. Figure 8(b) shows that
the antenna bandwidth decreases as g; is increased, because
the resonant frequencies of TMp; and TMj; increase. It
can be seen from Figure 8(c) that the impedance-matching
performance of the antenna changes with g4 because the
input impedance of the antenna changes with the vertical
movement of the cross-shaped metal strip. It is also evident
from Figure 8(d) and 8(e) that the low- and high-frequency
radiation nulls of the antenna move up with the decrease of
L1 and Ly, respectively, because the resonant frequencies
of the two modes of the cross-shaped stripline resonator
increase.

E. ANTENNA DESIGN PROCESS
Based on the above analysis, the summary of the proposed
antenna design process is as follows:

1) The operational frequency fy, the bandwidth and the
radiation null frequency of the DBFPA are set.

2) The initial dimensions L, and W), of the metal patch
are obtained by setting fry21 = fo. The widths of the vias
dis, the vias’ diameter D;, and distances of the vias gp of
the middle two columns can be obtained from the variation
rule shown in Figure 4.

3) The length of the horizontal metal strip L;; and the
length of the vertical metal strip Ly, are initially set according
to the radiation null frequency.
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FIGURE 10. Simulated and measured results of the proposed r-shaped vias-loaded
patch antenna.

4) Using the variation rule in Figure 8 and the set
operating frequency, bandwidth and radiation nulls, Ly, Ly,
D1, g1, D3 and g3 are fine-tuned in the full-wave simulation
to obtain the final antenna size.

lll. RESULTS

Figure 9 is a photograph of a prototype of the proposed
DBFPA. The detailed dimensions of the antenna were as
follows: I, = 90 mm, wg = 36 mm, [, = 55 mm, w, =
36 mm, d = 27.08 mm, D, = 2 mm, g, = 1.89 mm, [; =
29.5 mm, [;; = 19.1 mm, wy, = 0.5 mm, wg; = 1.9 mm,
h; = 1.524 mm, and hy = 1.624 mm. The S-parameters
of the fabricated antenna were measured on a Keysight
N5227A network analyzer. The radiation performance was
measured in an anechoic chamber using a far-field antenna
measurement system.

The simulated and measured 1S11! and gain of the prototype
are shown in Figure 10. The measured 10-dB impedance
matching bandwidth was 13% (3.23 GHz - 3.69 GHz). The
measured gain of the bandwidth was flat and greater than
5.2 dBi. Two radiation nulls occurred at 3.15 GHz and
3.88 GHz, respectively. The measured 15 dB stopband was
up to 2.14 fy, while the 20-dB roll-off coefficient (£) was
170, calculated using:

_ | Ga2od — GasdB
fa20dB — fA3dB

(D

1.0

—— Simulated
= = =Measured

0.8

Radiation efficiency

0.0

3 4 5 6 7
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FIGURE 11. The simulated and measured radiation efficiency of the proposed
antenna.
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FIGURE 12. The simulated and measured radiation patterns of the proposed
antenna. (a) 3.26 GHz, (b) 3.42 GHz, (c) 3.66 GHz.

where Gazoqp and Gasgp are the gain values which are
reduced by 20-dB and 3-dB respectively compared with the
gain in the operating frequency band, and fa204p and fa3gp
are the frequencies corresponding to Gazogp and Gazgp,
respectively.

Figure 11 shows the simulation and measured efficiency
curves of the proposed antenna. It can be seen that
the measured peak radiation efficiency in the operating
frequency band is about 90%.

Figure 12 exhibits the simulated and measured radiation
patterns at three frequencies (3.26 GHz, 3.42 GHz and
3.66 GHz). It can be seen that the two main radiation beams
at the three frequencies were both directed at Phi = 0° and
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TABLE 1. Performance summary of the proposed and state-of-the-art designs.

- . Radiation Rejection
fo  Antenna dimensions FBW £ Filtering

Ref. ffici t
GHo)  Goxoxde) (%) TEIY TR
[1] 549 0.62x0.49x0.058 113 95 - - N
[2] 546 0.77x044x0.10 132 NA. . - N
2.40/ 73/
[16] %5 081x059x0.17 77 NA. . - N
[17] 538 0.8x046x0.043 193 75 139/ 28 Y
[18] 3.5 0.8x04x0096 235 NA. 2f, 113 Y
Thi
work 35 0.64x042x0.037 13 90 214f 170 Y

Theta = £ 39°. The measured cross-polarization levels were
all lower than —20 dB.

Table 1 compares the proposed and state-of-the-art
dual-beam patch antennas. Compared with the designs
of [1], [2], and [16], the proposed one achieves the fil-
tering function with a wide stopband. Compared with the
DBFPAs [17], [18], the proposed design shows enhanced
frequency selectivity, a wider stopband and has a more
compact size.

IV. CONCLUSION

In this article, a DBFPA based on m-shaped vias-loaded
dual-mode patch is proposed. By using a cross-shaped strip
to feed the dual-mode patch, three reflection zeros and two
radiation nulls are achieved simultaneously. Thus, compared
with reported dual-beam patch antennas, the proposed one
achieves high frequency selectivity, a wide stopband, a
compact size, an excellent out-of-band suppression level and
the widest stopband bandwidth.
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