
Received June 17, 2020, accepted June 27, 2020, date of publication July 1, 2020, date of current version July 15, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3006243

Wideband Filtering Dumbbell-Shaped Slot
Antenna With Improved Frequency
Selectivity for Both Band-Edges
NA NIE AND ZHI-HONG TU , (Member, IEEE)
School of Electronic and Information Engineering, South China University of Technology, Guangzhou 510641, China

Corresponding author: Zhi-Hong Tu (zhtu@scut.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 61471172, in part by the Guangzhou
Science Technology Project under Grant 201707010360, and in part by the Joint Fund of Shanghai Jiaotong University and Xidian
University—the Key Laboratory of Ministry of Education of China for Research of Design and EMC of High Speed Electronic Systems.

ABSTRACT A novel wideband filtering dumbbell-shaped slot antenna with improved frequency selectivity
for both band-edges is proposed in this paper. The filtering slot antenna is composed of a dumbbell-shaped
slot, two parasitic patches, eight slot-stubs and a feeding line with a pair of step impedance resonator (SIR)
stubs. An additional resonance is generated to increase the bandwidth and a gain null is produced at the
upper band-edge to improve the frequency selectivity by loading parasitic patches in the dumbbell-shaped
slot. Eight slot-stubs adjacent to the dumbbell-shaped slot are etched to enhance the impedance matching.
In addition, the bandwidth is further broadened and two gain nulls are realized at both band-edges by adding
a pair of SIR stubs. Moreover, the gain nulls can be adjusted individually by the length of parasitic patches
or SIR stubs. As a result, the gain curve of the proposed filtering slot antenna has good flatness and the
frequency selectivity for both band-edges is significantly improved. A prototype has been manufactured and
measured to verify the validity of the design. The measured impedance bandwidth of |S11| <−10 dB is
62.5% (2.2 GHz - 4.2 GHz). High suppression levels of 26 dB and 30 dB can be achieved in the lower and
upper stopbands, respectively.

INDEX TERMS Filtering slot antenna, wideband, gain nulls, frequency selectivity.

I. INTRODUCTION
Higher requirements for the RF front-end devices are put
forward by the communication system, like multi-function
and integration. Antennas and filters are two kinds of impor-
tant front-end devices. Traditionally, antennas and filters have
been designed separately, and installing these two devices
requires a lot of space. To solve this problem and realize
the integration, a variety of antennas with filtering perfor-
mance have been reported. For the integrated filtering antenna
designs in [1]–[7], the radiator acts as the last resonator of the
narrow-band filtering circuit, which complicates the antenna
structure. Meanwhile, adding complex filtering circuits can
result in extra insertion loss and degrade the gain. Though
the structures of filtering antennas in [8]–[11] are simple,
they suffer limited impedance bandwidths. In order to meet
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the requirement of high-speed data transmission, it is of great
importance to design antennas with wideband performance.
Parasitic elements are introduced to widen the bandwidth and
achieve the filtering response in [12]–[14]. Broadband filter-
ing antennas with dielectric resonators [15], [16], and meta-
surface [17], [18] are published. A 3-D integrated filtering
magneto-electric dipole antenna is obtained in [19] by etching
a pair of C-slots on the planar dipole. However, the profiles
of these antennas are high due to the stacked structures.

It is generally known that slot antennas have been widely
studied because of their advantages of low profile, easy inte-
gration and easy fabrication. In order to increase the operating
bandwidth of slot antennas, off-centered microstrip-fed is
employed in [20], [21] and multi-mode radiator structure is
utilized in [22]. Although the impedance bandwidth is greatly
improved, none of them has filtering performance. Recently,
broadband filtering slot antennas are put forward in [23], [24],
but the frequency selectivity in the gain curve is not good.
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In this work, a wideband filtering dumbbell-shaped slot
antenna based on single-layer substrate is proposed. For the
design in [25], the dumbbell-shaped slot can be excited by
the microstrip line. By loading parasitic patches and step
impedance resonator (SIR) stubs, not only the bandwidth
of the proposed antenna is significantly broadened, but also
three gain nulls in the frequency-dependent gain curve are
obtained. Therefore, the selectivity of the proposed antenna
is greatly enhanced. Further, the locations of the gain nulls at
the lower and upper band can be controlled separately. The
proposed antenna has the characteristics of simple structure,
wide bandwidth, high out-of-band suppression and improved
frequency selectivity.

II. ANTENNA DESIGN
A. ANTENNA STRUCTURE
The geometry of this proposed filtering slot antenna is shown
in Fig. 1. The proposed antenna is based on one-layer sub-
strate with the dielectric constant of 4.4, loss tangent of 0.02,
and height of 0.8 mm. It consists of a feeding line with SIR
stubs, a dumbbell-shaped slot with eight slot-stubs, and two
parasitic patches. The feeding line with SIR stubs is on the
top of the substrate, and the dumbbell-shaped slot with eight
slot-stubs is etched in the ground on the bottom of the sub-
strate. A circle of radius r is added at the ends of the feeding
line for improving the impedance matching. Two parasitic
patches with width of w2 and length of l2 are symmetrically
introduced in the dumbbell-shaped slot. The eight slot-stubs
have the same width of w3 and the same length of l3. A pair
of SIR stubs are loaded on both sides of the feeding line.
The proposed filtering antenna is only implemented on a
single-layer substrate, which achieves the low profile and
reduces the manufacturing difficulty. In Fig. 1, the optimized
parameter values are shown in detail.

FIGURE 1. Configuration of the proposed filtering dumbbell-shaped slot
antenna. (l = 64 mm, w = 40 mm, l1 = 30 mm, w1 = 1.8 mm, l2 =

18.5 mm, w2 = 4 mm, l3 = 6 mm, w3 = 2 mm, l4 = 5.7 mm, w4 = 1.6 mm,
l5 = 15.5 mm, r = 3 mm).

B. ANTENNA ANALYSIS
To better illustrate the operating performance of the pro-
posed antenna, the developments of reference antennas from
Antenna I to Antenna III are presented in Fig. 2, where the
reference and proposed antennas have the same ground size.
Fig. 3 and Fig. 4 depict the reflection coefficients and realized
gains of the above antennas, respectively. First, Antenna I
is the traditional dumbbell-shaped slot antenna which con-
sists of a microstrip feeding line and a dumbbell-shaped
slot. It can be found from Fig. 3 that it has only one reso-
nant frequency with narrow impedance bandwidth of 18.1%
(2.77 GHz - 3.32 GHz). As seen in Fig. 4, the gain of

FIGURE 2. Configurations of the reference antennas. (a) Reference
Antenna I: conventional dumbbell-shaped slot antenna. (b) Reference
Antenna II: dumbbell-shaped slot antenna with parasitic patches.
(c) Reference Antenna III: dumbbell-shaped slot antenna with parasitic
patches and slot-stubs.

FIGURE 3. Simulated |S11|-frequency curves of the reference and
proposed antennas.

FIGURE 4. Simulated gain-frequency curves of the reference and
proposed antennas.
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Antenna I shows no filtering performance. Next, two parasitic
patches are symmetrically loaded in the dumbbell-shaped slot
to form Antenna II in Fig. 2. A new resonant frequency is
introduced at 4.37 GHz for Antenna II, as shown by the
blue line in Fig. 3. Fig. 5(a) illustrates that the current of
Antenna II is mainly concentrated on two parasitic patches
at 4.37 GHz, and the length of the parasitic patches (l2) is
half the waveguidewavelength of 4.37GHz.Moreover, a gain
null is generated at 4.78 GHz and the gain of Antenna II
falls quickly in the high frequency band in Fig. 4. However,
these two resonant frequencies of Antenna II are separated far
apart. Then, Antenna III is formed by etching eight slot-stubs
adjacent to the dumbbell-shaped slot based on Antenna II.
The impedance matching is effectively improved and the
impedance bandwidth is up to 44.5% (2.46 GHz - 3.87 GHz).
Finally, the proposed filtering slot antenna is designed by
adding a pair of SIR stubs on the feeding line. Fig. 3 shows
that a new resonant frequency is generated in the lower band
and the impedance bandwidth is furtherly increased to 61.5%
(2.14 GHz - 4.04 GHz). This is because that the current is
mainly concentrated on SIR stubs at 2.23 GHz in Fig. 5(b),
and the length of it (l4 + l5) is the quarter waveguide wave-
length of 2.23 GHz. Furthermore, the other two gain nulls
in the low frequency band at 1.68 GHz (fnull1) and high fre-
quency band at 5.44GHz (fnull3) are achieved, as shown by the
red line in Fig. 4. Therefore, the selectivity of the lower band
is greatly improved and the out-of-band suppression level of
the upper band is further enhanced. Meanwhile, the position
of the gain null at 4.78 GHz (fnull2) remains unchanged.
As a result, the proposed antenna has three gain nulls through
the combined effect of parasitic patches and SIR stubs. Com-
pared with the traditional dumbbell-shaped slot antenna, high
frequency selectivity and out-of-band suppression level for
the both band-edges are realized.

FIGURE 5. Simulated current distribution of (a) Antenna II at resonant
frequency (4.37 GHz) and (b) the proposed antenna at resonant
frequency (2.23 GHz).

To clarify the effect of the number of slot-stubs on the per-
formance, the reflection coefficients under different numbers
of slot-stubs are compared in Fig. 6. It can be found that as the
number of slot-stubs is decreased from 8 to 0, the impedance
matching in the higher band is degraded. In addition, when the
slot-stubs are increased from 8 to 16, the bandwidth is sig-
nificantly narrowed. Therefore, considering the impedance
matching and bandwidth, eight slot-stubs adjacent to the
dumbbell-shaped slot are the most suitable.

FIGURE 6. Simulated |S11|-frequency curves of the proposed antenna
without slot-stub, with 4 slot-stubs, with 8 slot-stubs, with 12 slot-stubs
and 16 slot-stubs.

To further explain the principle of the generation of three
gain nulls, Fig. 7 and Fig. 8 show the current distributions
of the proposed antenna at them, respectively. Fig. 9 com-
pares the radiation patterns of the proposed antenna at three
gain nulls and the operating band. Different from the current
distribution in the passband, there is the reverse current on
both sides of the ground and on the parasitic patches at fnull2
(4.78 GHz) in Fig. 7. The radiating fields in the far-field
region generated by them are cancelled out. As can be observe
from Fig. 9(c), the radiation pattern split into several lobes
unlike that in Fig. 9(b) and a radiation null is generated
in the z-axis direction, leading to the gain null in the gain
curve at fnull2 (4.78 GHz). Fig. 8 clarifies the two gain nulls
(fnull1 and fnull3) generated by SIR stubs. Fig. 8(b) shows that
the dumbbell-shaped slot of the proposed antenna is com-
pletely excited at 3.5 GHz. However, Fig. 8(a) and (c) illus-
trate thatmost of the EMenergy is reflected to the input port at
fnull1 (1.68 GHz) and fnull3 (5.44 GHz). Because of the band-
stop property of the SIR open stubs, there is no energy input

FIGURE 7. Simulated current distribution of the proposed antenna
at fnull2 (4.78 GHz).

FIGURE 8. Simulated current distributions of the proposed antenna at
(a) fnull1 (1.68 GHz), (b) the operating band (3.5 GHz) and
(c) fnull3 (5.44 GHz).
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into the dumbbell-shaped slot. It is demonstrated that the slot
antenna is unexcited in Fig. 9(a) and (d), which results in two
gain nulls at these two frequencies (fnull1 and fnull3) in the gain
curve.

FIGURE 9. Radiation patterns of the proposed antenna at (a) fnull1
(1.68 GHz), (b) the operating band (3.5 GHz), (c) fnull2 (4.78 GHz),
and (d) fnull3 (5.44 GHz).

For the purpose of demonstrating the two gain nulls (fnull1
and fnull3) generated by SIR stubs, the equivalent circuit of
the proposed antenna is given in Fig. 10. The ABCD matrix
and transmission coefficient of the equivalent circuit for it is
calculated as follows:[

A B
C D

]
=

[
cos θ1 jZ1 · sin θ1

j sin θ1/Z1 cos θ1

] [
1 0
Y 1

]
×

[
cos θ4 jZ4 · sin θ4

j sin θ4/Z4 cos θ4

]
(1)

Y =
2
Z3
·
jZ3 · tan θ2 + jZ2 · tan θ3
Z2 − Z3 · tan θ2 · tan θ3

(2)

S21 =
2

A+ B/Z0 + C · Z0 + D
(3)

The calculated S-parameter is shown in Fig. 11 and compared
with the simulated realized gain. It can be seen that the fre-
quencies of the two nulls (fnull1 and fnull3) in the gain curve is
in good agreement with the frequencies of the nulls calculated
by the equivalent circuit. Thus, the frequency selectivity for
the both band-edges can be significantly improved. In addi-
tion, it also means that the nulls generated by the SIR stubs
and the parasitic patches are independent of each other and
can be controlled individually.

C. PARAMETRIC STUDIES
To further illustrate the function of the parasitic patches and
the SIR stubs on the filtering performance of the proposed
antenna, the parametric analyses are presented in Fig. 12 and
Fig. 13. Parameter l2 is the length of parasitic patches.
Fig. 12 shows the reflection coefficient and realized gain of
the proposed antenna under different l2. It can be observed
that as l2 increases from 17 mm to 20 mm, the impedance

FIGURE 10. Equivalent circuit of the proposed antenna from input port to
the radiator.

FIGURE 11. The comparison between the calculated transmission
coefficient of the equivalent circuit and the simulated realized gain
of the proposed antenna.

matching in the higher band is degraded. Moreover, the posi-
tion of the null (fnull2) generated by the parasitic patches shifts
toward the lower frequency band, and the other gain nulls
are not influenced. Parameter l4 is the partial length of SIR
stubs. As shown in Fig. 13, the impedance matching in the
lower band is affected by the change of l4. Similarly, the gain
nulls (fnull1 and fnull3) introduced by the SIR stubs move to the
lower frequency with the increase of the total length. It can be
found that there is almost no impact on the position of the gain
null (fnull2). The results of the parametric studies demonstrate
that the positions of gain nulls can be adjusted independently.

III. MEASUREMENT OF ANTENNA
The prototype of the proposed wideband filtering dumbbell-
shaped slot antenna has been manufactured and measured to
verify the design. The photograph of the prototype is shown
in Fig. 14, and the measured results by the using of Satimo
near field measurement system are depicted in Fig. 15. The
simulated impedance bandwidth of |S11| <−10 dB is 61.5%
(2.14 GHz - 4.04 GHz) and the simulated gain is stable
at 4.5±0.5 dBi. The measured impedance bandwidth of it
is 62.5% (2.2 GHz - 4.2 GHz), and the max measured gain
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TABLE 1. Comparison between the proposed filtering slot antenna and reported paper.

FIGURE 12. Simulated (a) reflection coefficient and (b) realized gain of
the proposed antenna under different l2.

is 5 dBi. The measured results agree well with the simulated
results.

Fig. 16 shows the measured total efficiency in the passband
is above 80%. It also exhibits that the proposed antenna has
the high selectivity of efficiency. It can be observed that the
measured curves shift a little towards the high frequency
band. By analyzing the influence of the dielectric constant
on the simulated results, the simulated results with dielectric

FIGURE 13. Simulated (a) reflection coefficient and (b) realized gain of
the proposed antenna under different l4.

constant of 4.0 are more coincident with the measured results.
Therefore, the deviation between simulated and measured
results is mainly due to the error of dielectric constant of
substrate. The limitation on the accuracy of manufacturing
and measuring also affect the measured results. The simu-
lated and measured normalized radiation patterns at the three
resonances of 2.23 GHz, 3.34 GHz and 3.91 GHz are shown
in Fig. 17, respectively.
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FIGURE 14. Photograph of the proposed filtering slot antenna.

FIGURE 15. Simulated and measured reflection coefficient and realized
gain of the proposed filtering slot antenna.

FIGURE 16. Simulated and measured total efficiency of the proposed
filtering slot antenna.

The comparison of the simulated performance between
the proposed filtering antenna and reported works is pre-
sented in Table 1. λ0 is the wavelength of the center fre-
quency in free space. The frequency selectivity for the
lower (SL) and upper (SU ) band-edges can be defined as
follows [26]:

SL =
f 110L − f

2
120L

f 110U − f
1
10L

, SU =
f 2120U − f

1
10U

f 110U − f
1
10L

(4)

FIGURE 17. Simulated and measured normalized radiation patterns in the
two main planes at three resonances. (a)2.23 GHz, (b)3.34 GHz, and
(c)3.91 GHz.

where f 110L and f 110U represent the frequencies of the lower
and upper band-edges with |S11| = −10dB. f 2120L and f 2120U
are the frequencies corresponding to the upper and lower
band-edges when the gain of the center frequency drops by
20dB. Smaller SL or SU means higher frequency selectivity.
After comparison, it can be found that the designs in [4]
and [12] suffer limited impedance bandwidth. Although the
filtering performance is realized in [13] and [14], the fre-
quency selectivity is not high for the both band-edges. Due
to the integration of multimode resonator, the gain of the
filtering slot antenna is low in [23] and the occupied size
is relatively large in [24]. By the combination of parasitic
patches and SIR stubs, the proposed antenna has a wider
bandwidth, higher frequency selectivity, and better out-of-
band suppression level.
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IV. CONCLUSION
A novel wideband filtering dumbbell-shaped slot antenna
with improved frequency selectivity for both band-edges is
proposed. The bandwidth of it can be greatly broadened
by loading parasitic patches and a pair of SIR stubs. Three
gain nulls can also be obtained at 1.68 GHz, 4.78 GHz
and 5.44 GHz, respectively. Due to the generation of the
gain nulls, the antenna gain flatness and frequency selec-
tivity can be effectively enhanced. Moreover, the gain nulls
can be controlled independently by changing the length of
parasitic patches or SIR stubs. The measured bandwidth of
|S11| <−10 dB is 62.5% (2.2 GHz - 4.2 GHz), and the gain
is steady within the passband. The antenna can be applied in
ISM Band (2.45 GHz), Wi-MAX (2.5 GHz - 2.69 GHz and
3.2 GHz - 3.8 GHz) and 5G (3.3 GHz - 3.6 GHz) wireless
communication system.
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