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A Wideband Differentially Fed Dual-Polarized Antenna
With Wideband Harmonic Suppression

Le-Hu Wen™, Steven Gao, Qi Luo™, Qingling Yang

Abstract— A wideband differentially fed dual-polarized antenna with
wideband harmonic suppression is presented. The radiating structure is
composed of open slots, stair-shaped strips, and a square patch. Eight
open slots are etched on the four corners of the square patch to
realize symmetrical radiation and low cross-polarization for orthogonal
polarizations. Stair-shaped strips are not only used to excite the open
slots, but also introduce the monopole resonance. In addition, patch
resonance is excited on the center square patch. For matching these
different resonances, shorted microstrip lines are utilized to achieve
the wide impedance bandwidth. Moreover, compact stepped impedance
resonators are elaborately introduced on the top of the patch to achieve
wideband harmonic suppression without any increase of the antenna
footprint. The proposed antenna is designed, fabricated, and measured
to verify the design method. The measured results demonstrate that the
proposed antenna has the impedance bandwidth of 1.70-2.81 GHz for
Sdd11 < —15 dB with high isolation of 39 dB. Moreover, wideband
harmonic suppression is measured from 3 to 9 GHz with the S;;11
higher than —2.2 dB, and the corresponding harmonic gain lower than
—5.3 dBi. In addition, a stable gain of 7.2-7.9 dBi and beamwidth
of 63°-71° are achieved for base station applications.

Index Terms—Broadband, differentially harmonic

suppression, stepped impedance resonator.

fed antenna,

I. INTRODUCTION

Because of the advantages of reduced multipath fading effect
and increased communication capacity, dual-polarized antennas have
been widely applied in many wireless communication systems, such
as base stations, satellites, and radars. With the fast development
of these communication systems [1], [2], higher requirements are
put forward to guarantee the communication quality, including wide
impedance bandwidth, high port isolation, low cross-polarization, and
even high harmonic suppression. Recently, more and more differential
devices and circuit systems are being investigated due to their high
common-mode rejection and low noise level [3]. However, if the
traditional single-ended antennas are utilized in the differential circuit
systems, out-of-phase baluns or power dividers will be inserted, and
additional insertion loss and impedance mismatching will be intro-
duced. Therefore, it is necessary to directly research differentially fed
antennas for these differential circuit systems.

Many different techniques are utilized to design differen-
tially fed patch antennas for obtaining wideband impedance
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bandwidth [4]-[11]. However, due to the low profile and planar
configuration, patch antennas normally face the problem of limited
bandwidth and then it is difficult to meet the bandwidth requirement
for base stations. Because of the wideband requirement for 2G/3G/4G
base stations (1.7-2.7 GHz), dipoles are normally utilized to design
wideband dual-polarized antennas [12]-[18]. These antennas can
normally meet the bandwidth requirement for base stations, including
the low cross-polarization, stable gain, and beamwidth. However,
few of them consider the harmonic suppression of the base station
antennas, which can reduce the efficiency of the power amplifiers
in the transmitter, and cause serious electromagnetic interferences
to the other wireless systems [19]. In addition, harmonic radiations
can be received by the receiver, reducing the sensitivity of the
receiver, and even congesting the receiver with strong magnitude [20].
Therefore, it is necessary to develop wideband base station antennas
with harmonic suppression characteristic.

In this communication, a wideband, differentially fed dual-
polarized antenna composed of open slots, monopoles, a square
patch, and with wideband harmonic suppression, is presented. Eight
symmetrical open slots are etched on the four corners of the center
square patch to realize symmetrical and low cross-polarized radiation.
Stair-shaped strips are used to excite the open slots and also radiate as
the monopoles. The center square patch not only introduces the patch
resonance but also leaves space for the newly incorporated function
of harmonic suppression. Shorted microstrip lines are introduced for
matching these three different resonances to get wide impedance
bandwidth. For obtaining wideband suppression to the harmonic
radiation from the antenna, compact stepped impedance resonators
are elaborately introduced on the top of the patch without any increase
of the footprint of the antenna. The proposed antenna was finally
designed, fabricated, and measured. Both the measured and simulated
results prove that the proposed antenna has the impedance bandwidth
of 1.70-2.81 GHz with very high isolation of 39 dB. Moreover, com-
pared to the traditionally designed base station antennas, wideband
harmonic suppression from 3 to 9 GHz is measured with the reflection
coefficient higher than —2.2 dB and related undesired harmonic gain
lower than —5.3 dBi. In addition, stable antenna gain and radiation
patterns are achieved for base station applications.

II. DUAL-POLARIZED ANTENNA

A. Antenna Configuration

The configuration of the proposed dual-polarized antenna is shown
in Fig. 1, which is composed of a square substrate printed with
an antenna radiator, four coaxial cables as the antenna differen-
tial feeds, and a square copper sheet as the antenna reflector.
A low-cost substrate of Rogers 4003C with the relative dielectric
permittivity of 3.55 and thickness of 0.813 mm is used to fabri-
cate the antenna. The length of the square reflector is 140 mm.
Differential pairs of port 1, port 2, port 3, and port 4 are
used to excite the dual-polarized antenna for +45° polarizations.
In order to facilitate the calculation of the differentially driven
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Fig. 1. Configuration of the proposed dual-polarized antenna. (a) Isometric
view. (b) Top view of the antenna radiator. (c) Side view. (Detailed parameters
of the proposed dual-polarized antenna: Lg = 140 mm, Ly = 11.5 mm,
Ly =11.75 mm, L, = 11 mm, L3 = 8.25 mm, Ly =20 mm, L5 = 6 mm,
Lg =16 mm, L7 =4 mm, w; = 0.4 mm, wy = 2 mm, w3 = 2 mm, and
H =33 mm.)

antenna, the pair of single-ended port 1 and port 2 is defined
as the differential port dl, and the pair of single-ended port 3
and port 4 is defined as the differential port d2. Accordingly, the
S-parameters of the differentially driven antenna can be obtained
by using the single-ended four-port S-parameters [3]. In addition,
because the antenna is designed for base station applications, to ana-
lyze the radiation patterns for £45° polarizations, the xz plane,
as shown in Fig. 1, is defined as the horizontal plane (H-plane),
and the yz plane is defined as the vertical plane (V-plane).

Fig. 1(b) shows the details of the antenna radiator on the top and
bottom layers of the substrate; the top layer is depicted in red, and
the bottom layer is depicted in green. On the top layer, there are
eight stair-shaped narrow strips, four narrow shorted strips, and four
stepped impedance resonators, while on the bottom layer, there is a
square patch connected by four T-shaped stubs. With the proposed
configuration, three different resonances are developed. First, eight
open slots formed by the T-shaped strips and the square patch are
excited and radiate as the slot resonance. Then, the stair-shaped
narrow strips are utilized to feed the open slots and also radiate as the
monopoles. In addition, the square patch at the center of the bottom
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Fig. 2. Evolution process of the proposed differentially fed dual-polarized
antenna. (a) Ant. 1. (b) Ant. 2. (c) Proposed antenna.
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Fig. 3. Simulated results of the antennas in the evolution process.
(a) Radiation patterns at 2.2 GHz in V-plane. (b) S-parameters.

layer is also resonated and radiated. For obtaining the wide impedance
bandwidth, four shorted microstrip lines are introduced to match the
three different resonances to feed the coaxial cables. Furthermore,
to suppress the harmonic radiations of the antenna, four compact
stepped impedance resonators are elaborately integrated onto the top
of the patch to achieve wideband harmonic suppression without any
increase of the antenna footprint. Detailed working principles of the
antenna will be discussed in Sections II-B-II-E.

Fig. 1(c) shows the side view of the differentially fed antenna.
Four coaxial cables are used to feed the antenna. Note that the
outer conductors of the cables are soldered to the bottom square
patch, while the inner conductors are soldered to the top feed
microstrip lines. The height from the radiator to the reflector is
33 mm. All the simulations in this work are obtained from the
3-D electromagnetic simulation software ANSYS HFSS. The detailed
optimized parameters of the antenna are listed in the caption of Fig. 1.

B. Antenna Design

It is normally difficult to realize symmetrical radiation for dual-
polarization by using a single open slot. Therefore, eight symmetrical
open slots are etched on the four corners of a square patch to obtain
the symmetrical radiation pattern and also low cross-polarization.
For an illustration of the evolution process of the presented antenna,
the reference antennas are shown in Fig. 2. Ant. 1 in Fig. 2(a) has
two open slots, which are etched on the two opposite corners of
the square patch. Two feed lines are orthogonally arranged for dual-
polarization. In Fig. 2(b), two more symmetrical open slots are added
in Ant. 2. In Fig. 2(c), eight open slots are etched on the four corners
of the patch to obtain the entire structural symmetry as the proposed
antenna, and the antenna is fed by the differential feed ports.

Fig. 3 shows the corresponding simulated radiation patterns and
the S-parameters of the reference antennas in the evolution process.
Although all the reference antennas are symmetrical in the V-plane,
unsymmetrical radiation patterns are still observed for Ant. 1 and
Ant. 2 in the V-plane. In Fig. 3(a), Ant. 1 has the worst radiation
patterns, including the unsymmetrical copolarization and the poorest
cross-polarization level. After incorporating the other two symmetri-
cal slots for Ant. 2, the symmetry of the copolarized radiation pattern
is a little improved, and the cross-polarization level is reduced to some
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Fig. 4. Simulated Syz411 of the simplified reference antenna (Ant. 3).

extent. However, the radiation patterns of Ant. 1 and Ant. 2 are still
worse than the proposed antenna. The main reason for these results
is the strong reflections at the two input ports and the poor isolations
between the two input ports for these two reference antennas, and
these S-parameters are shown in Fig. 3(b). Compared to Ant. 1,
worse isolation is observed for Ant. 2. This is caused by the strong
coupling between the two radiating slots at the bottom right corner
of the square patch. As for the radiation patterns in the H-plane,
they will be more seriously affected, including the asymmetry of
the copolarized radiation pattern and poor cross-polarization levels,
which are caused by the asymmetry of the antenna structure in this
plane. Therefore, to get symmetrical radiation patterns in both H-
plane and V-plane, eight open slots are etched symmetrically on the
four corners of the patch for the proposed antenna. By using the
differentially fed method, orthogonal polarizations are excited with
symmetrical radiation patterns and very low cross-polarization level
in the broadside direction. Furthermore, the simulated S-parameters
in Fig. 3(b) also show that the proposed antenna has the high port
isolation (>45 dB) and the low reflection coefficient (<—15 dB) with
three reflection zeroes within the bandwidth (1.68-2.8 GHz).

C. Multi-Resonance Characteristic

The proposed antenna has the multi-resonance characteristic with
three different resonances, including the open slot resonance, the
monopole resonance, and the patch resonance. In the configuration
of the antenna, eight symmetrical open slots are introduced at the
four edges of the center patch. Eight stair-shaped strips working as
the monopoles are used to excite the eight open slots. The center
square patch is also elaborately excited by optimizing the parameters
of the antenna. For an illustration of the working principle of the
three different resonances, a simplified reference antenna (Ant. 3) is
investigated, and it is inset into Fig. 4. Different from the proposed
antenna, four integrated stepped impedance resonators are removed
from the top layer to clearly show the different resonances of the
antenna. In addition, the antenna input ports are moved to the feed
lines to directly reflect the input impedance of the antenna. Other
configuration parameters of Ant. 3 are the same as the proposed
antenna. The simulated reflection coefficient of Ant. 3 is shown
in Fig. 4. Three reflection zeroes are clearly observed at 1.72, 2.18,
and 2.68 GHz, and these different reflection zeroes represent three
different resonances.

Fig. 5 shows the current distributions of Ant. 3 at these different
resonant frequencies. In Fig. 5(a) at 2.68 GHz, strong current distri-
butions are mainly concentrated on the surfaces of the stair-shaped
monopoles, and this means the input energy is mainly radiated into
the air by these monopoles. Therefore, the resonant frequency can be
estimated by the length of the monopole, that is
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Fig. 5. Current distributions of Ant. 3 at different resonant frequencies of
the reference antenna. (a) 2.68 GHz. (b) 2.18 GHz. (¢) 1.72 GHz.

—e—L1=9.75 mm
——Li=11.75 mm
—+—Li=13.75 mm

=——L4=19 mm
= L4=20 mm
——14=21 mm

=-10 _-10
= )

3 <2
720 220

-30 -30+ y v )

1.5 2.0 2.5 3.0 1.5 2.0 2.5 3.0
Frequency (GHz) Frequency (GHz)
(a (b)
0

—e—L=15 mm
——e—L6=16 mm
——L=17 mm

~-10
/M

=

420

-30 T T )
1.5 2.0 25 3.0
Frequency (GHz)
©

Fig. 6. Parameters study of different resonances of the reference antenna.
(a) L1. (b) Lyg. (c) Lg.

In Fig. 5(b) at 2.18 GHz, strong current distributions are found on
the edges of the four open slot. Slot radiation mode is excited at this
frequency. So the resonance frequency can be estimated by

f2

C
2(La+ L5+ Le)verp

In Fig. 5(c) at 1.72 GHz, strong current distributions are mainly
focused on the surface of the square patch. Therefore, the patch mode
is excited, and the resonance at this frequency is mainly determined
by the square patch. The corresponding resonant frequency can be
estimated by

@)

C
2(2Lg + w3)\/,3

In (1)-(3), c is the light velocity in the free space, and ¢,1, &2,
and ¢,3 are the effective dielectric permittivities for the monopoles,
the slots, and the patch, respectively. Note that the collective current
direction on the stair-shaped monopoles shown in Fig. 5(a) and four
open slots shown in Fig. 5(b) is in the ¢ = 445° direction, which
is realized for the +45° polarization. Whereas in the ¢ = —45°
direction, currents directions are opposite, and radiations from these
opposite currents are canceled in the far-field. Therefore, a low
cross-polarization level can be expected for the proposed antenna.

To illustrate the effects of the different antenna parameters on
the antenna performance of the different resonances, parameters
of Ly, L4, and Lg are studied in Fig. 6 according to (1)-(3).
As shown in Fig. 6(a), when the length of the monopole L1 becomes
longer, it can be observed that the monopole resonance at the higher
frequency moves to a lower frequency, whereas the other resonances
almost keep unchanged. In Fig. 6(b), when the length of the open

/3 (3)
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Fig. 7. Study of the effect of the shorted microstrip lines on the performance
of the impedance bandwidth for Ant. 3. (a) With and without the shorted
microstrip lines. (b) Variation in the length of the shorted microstrip lines.
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Fig. 8. Configuration of the stepped impedance resonator-based low-pass
filter. (Detailed parameters: Lg = 5 mm, Lg = 8 mm, wyq = 2.5 mm, and
dy = 0.3 mm.)

slot (L4) grows longer, the slot mode at the center frequency also
moves to a lower frequency. The resonances for the monopole mode
and the patch mode are almost unaffected.

When studying the parameter of Lg for the patch mode
in Fig. 6(c), the variation of the curves is a little complicated. As there
is an increase in the length of Lg, the lower resonance for the
patch mode moves to the lower frequency, while other resonances
are affected by the change of Lg. The center resonance for the slot
mode slightly shifts to the lower frequency due to the increase of the
open slot length. The higher resonance for the monopole mode also
shifts to the lower frequency due to the increase of the equivalent
electric length for L3, which is printed on the top of the patch. This
can also be demonstrated by (1)—(3), when Lg¢ is changed, both f,
and f3 are affected. Therefore, as the change of the patch mode
occurs, both the slot mode and the monopole mode will be affected.

D. Impedance Matching

For matching the three different resonances well with characteristic
impedance of the differentially fed coaxial cables, shorted microstrip
lines are introduced to tune the input impedance of the antenna.
Fig. 7 shows the effect of the shorted microstrip lines on the
impedance bandwidth of the antenna. In Fig. 7(a), when the shorted
microstrip lines are removed from the antenna, it is observed that one
reflection zero is disappeared on the curve with narrowed impedance
bandwidth due to the mismatching between the antenna radiator and
the feeding cables. Furthermore, the first reflection zero shifts to the
upper frequency and the reflection coefficient at the center band is
also affected and deteriorated.

To extensively investigate the variation of the length of the shorted
lines, different shorted strip lengths of L are studied. As shown
in the Smith chart in Fig. 7(b), with the increase of the length,
the inductance produced by the shorted microstrip line grows bigger.
This means more inductance is shunted to the input port. Therefore,
the Smith curve is moved to the inverse direction of the inductive
region as the increase in the length. As shown in the Smith chart,
when Lg is selected as 11.5 mm, the widest impedance bandwidth
is obtained for the antenna, and the Smith curve of Ant. 3 within the
VSWR = 1.5 circle is from 1.63 to 2.77 GHz.
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E. Harmonic Suppression

Thanks to the center radiating patch, compact stepped impedance
resonators can be elaborately integrated on the top of the patch.
Fig. 8 shows the detailed configuration of the stepped impedance
resonator. The stepped impedance resonator is composed of a high-
impedance microstrip line with the width of w5 and length of Lo,
and a low-impedance microstrip line with the width of w4 and length
of Lg. By using the stepped impedance resonator, an elliptic function
low-pass filter can be realized with two attenuation poles [21], [22].
Fig. 9 shows the filtering response of the integrated low-pass filter.
As shown in Fig. 9, the simulated reflection coefficient from 1.7 to
2.7 GHz is lower than —20 dB. Two attenuation poles are obtained
at 4.5 and 7 GHz. The simulated suppression for the low-pass filter
from 4.1 to 8.1 GHz is higher than 15 dB.

Fig. 10 compares the simulated S;,411 and peak realized gain of the
proposed antenna with Ant. 3. As shown in Fig. 10, Ant. 3 has many
undesired harmonic resonances and radiations. Harmonic resonances
of Ant. 3 can be observed at around 4.1, 5.5, 7.15, and 7.6 GHz. Cor-
respondingly, the peak realized gains at these frequencies are of high
values, which are greater than 5 dBi. In order to reduce the antenna
harmonic radiation, compact stepped impedance resonators are elab-
orately integrated into the proposed antenna without any increase in
the antenna footprint. After the stepped impedance resonators are
integrated into the antenna, the higher order harmonic resonances
and radiations are greatly suppressed. Referring to the simulated
results in Fig. 9, high suppression can be found at the frequencies of
the two deep attenuation poles. Combining with the multi-resonance
characteristic of Ant. 3, improved wideband harmonic suppression
can be observed in Fig. 10. Strong reflection is achieved from 3
to 9 GHz for the antenna with the simulated S;;1; > —1.46 dB.
In addition, the gain over the whole harmonic frequency band is
lower than —5.1 dBi. Three-octave harmonic suppression is achieved
by elaborately integrating the stepped impedance resonators into the
antenna.
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Fig. 12 Measured and simulated normalized radiation patterns of the
proposed antenna in H-plane when differential port d1 is excited.

III. RESULTS AND DISCUSSION
A. Antenna Verification

The proposed differentially fed dual-polarized antenna was fab-
ricated and measured at the University of Kent, Canterbury, U.K.
The photograph of the fabricated prototype of the antenna is inset
on the right side of Fig. 11, and both the measured and simulated
S-parameters of the prototype are shown for a good comparison.
The measured impedance bandwidth for Sg;11 and S;427 lower than
—15 dB is from 1.70 to 2.81 GHz. Owing to the symmetry of the
antenna, very high isolation is measured within the whole operation
band, which is higher than 39 dB. Furthermore, three-octave high
harmonic suppression is achieved with the measured S;411 and
Saq22 higher than —2.2 dB from 3 to 9 GHz. Good agreement
can be observed between the simulated and measured results. Small
differences between the simulated and measured results are mainly
caused by the fabrication and soldering errors of the feed cables.

Fig. 12 shows the measured and simulated normalized H-plane
radiation patterns when differential port d1 is excited at 1.7, 2.2, and
2.7 GHz. Because of the symmetry of the antenna, only the H-plane
radiation patterns are shown, and as can be seen, the measured radi-
ation patterns agree well with the simulated radiation patterns. The
measured cross-polarization level is 29 dB lower than co-polarization

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 67, NO. 9, SEPTEMBER 2019

90+ 110
— Simulated
80+ —e— Measured 0 -~
e g
Q
§70— > 10§
: E
T 60+ -20 3
[}
~
50 T T T T -30
1.5 3.0 4.5 6.0 7.5 9.0
Frequency (GHz)
Fig. 13.  Measured and simulated HPBW and peak realized gain of the

proposed differentially fed dual-polarized antenna.

TABLE I
COMPARISON OF THE REFERENCE ANTENNAS

. Gain of the
Ref. Bandwidth ~ Height Isolation Sy, ofth_e Harmonic
(dB) Harmonic L
Radiation
52%
[12] 1729 GHy 0274 363 N.G. N.G.
48%
131 168274GHz 024 35 NG. N.G.
45%
(4] |7275GH, 034 38 N.G. N.G.
45%
(51 1712.690GHz 044 39 N.G. N.G.
0.508 >-2.5dB
0,
(23] 7% mm I 3sa26nz NGO
1.57 >-2.5dB
0,
[24] 8.4% . I s han, NG
0.8 >-2.8dB
0,
[25] 8.42% . / 310 GHy N.G.
1.8 >-4.2 dB
0,
[26] 13.9% . / 20 GIL N.G.
. 49% >-2.2dB <-5.3 dBi
This work 0.5 g1 Gz 0250 39 39GHz  3-9GHz

in the broadside direction and 23 dB lower in the & 30° directions.
The measured front to back ratio is higher than 16 dB. Fig. 13 shows
the measured half-power beamwidth (HPBW) and peak realized gain
of the antenna. The measured HPBW varies from 63° to 71° within
the impedance bandwidth. Stable antenna gain is also achieved within
the bandwidth, which varies from 7.2 to 7.9 dBi. Most importantly,
wideband harmonic radiations from 3 to 9 GHz are suppressed with
the maximum harmonic gain lower than —5.3 dBi.

B. Comparison

Table I compares the presented antenna with the recently pub-
lished antennas. In Table I, A¢ is the free space wavelength at the
central operating frequency. Dual-polarized antennas in [12]-[15] are
designed for 1.7-2.7 GHz base station applications by using crossed
dipoles, dual-dipoles, or the multi-dipoles for wideband operations.
Note that the antenna in [15] has the highest port isolation, but its
profile is also the largest. As there is development of the wireless
communication systems, more and more military and commercial
wireless devices are increased in the realistic environment. If the
harmonic radiations are not considered, serious interferences and
congestions will be caused to affect each other’s operation. To the
authors’ knowledge, few of these base station antennas are concerned
about the harmonic radiations.

Designs in [23]-[26] are the single-polarized antennas, so there
are no port isolations. For the harmonic suppression, normally only



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

reflection coefficients are considered, so the harmonic radiations are
not provided in the references. Designs in [23] and [24] are the nar-
rowband patch antennas. By introducing a pair of partial ring slots and
an open-ended circular stub under the microstrip line [23], wideband
harmonic suppression is achieved. However, additional footprint is
required for these additional feed network. Designs in [25] and [26]
are the slot antennas, and different shaped etched slots are employed
as the defected ground structures to achieve the wideband har-
monic suppression. Regarding the wideband antennas for base station
applications, multiple resonances are normally employed to broaden
the impedance bandwidth. Therefore, compared to the narrowband
antennas in [23]-[26], more complicated harmonic radiations will
be seen at the upper out-of-band, and it is more difficult to realize
wideband antennas with wideband harmonic suppression. As for the
presented antenna, wide impedance bandwidth of 1.70-2.81 GHz
(49%) 1is achieved for Sy411 and Sg4z20 lower than —15 dB with
high isolation (>39 dB). Moreover, wideband harmonic suppression
from 3 to 9 GHz is obtained with the Sy411 and Sz402 higher than
—2.2 dB. In addition, the corresponding measured harmonic radiation
gain is lower than —5.3 dBi.

IV. CONCLUSION

This communication presents a novel wideband differentially fed
dual-polarized antenna with wideband harmonic suppression for base
station applications. The wide impedance bandwidth is obtained
by combining different resonances from slots, monopoles, and a
patch. Symmetrical radiation patterns and low cross-polarization
levels are obtained by etching eight symmetrical open slots and
the differential fed method. By properly changing the length of the
shorted stubs, three different resonances are matched well to the
feeding cables. In order to suppress the harmonic radiation of
the antenna, compact stepped impedance resonators are elaborately
integrated on the top of the patch with wideband harmonic suppres-
sion and without any increase of the antenna footprint. The antenna
prototype was fabricated and measured for verification. The measured
results demonstrated that a wide impedance bandwidth of 1.70-2.81
GHz for Sgg11 < —15 dB is achieved with high port isolation
of 39 dB. Moreover, wideband harmonic suppression from 3 to
9 GHz is obtained with the S;4711 > —2.2 dB and harmonic gain
< —5.3 dBi. Stable gain and radiation patterns are also achieved
within the bandwidth. Therefore, the proposed antenna can be a
good candidate for base station applications with excellent wideband
harmonic suppressions.
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