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Abstract— In this article, two compact dual-band substrate
integrated suspended line (SISL) filtering antennas with high
selectivity based on dual gap-coupled patches are proposed.
By using a quasi-I-shaped feedline, etching longitudinal slots on
two patches placed symmetrically, and connecting a metal strip
with both patches through metallized vias, three radiation nulls
(RNs) are generated in the stopband. Thus, an excellent dual-
band SISL filtering antenna with broadside radiation is achieved,
resulting in high selectivity and deep stopband rejection. To fur-
ther integrate filtering response and dual band with different
radiations, a dual-band SISL filtering antenna with broadside
and bidirectional beams is realized. Two RNs are introduced near
the upper passband with bidirectional beams by folded C-shaped
slots and parasitic strips, and the bidirectional beam is formed
by inverted currents on both patches. Moreover, by connecting a
T-shaped metal strip with both patches through metallized vias,
an extra RN is acquired near the lower passband with broadside
beams. Therefore, both sharp roll-off and different radiation in
the dual band are achieved. The operating mechanism of both
designs is analyzed. Two prototypes are fabricated and tested, and
good agreement between simulated and tested values is observed.

Index Terms— Compact, dual band, filtering antenna, pattern
diversity, substrate integrated suspended line (SISL).

I. INTRODUCTION

AS A new type of transmission line, substrate inte-
grated suspended line (SISL) owns the properties of low

loss, low cost, easy integration, easy processing, lightweight,
planarization, and self-packaged [1], fully meeting the require-
ments of modern communication systems. Thus, SISL has

Manuscript received 26 April 2023; revised 6 July 2023; accepted 29 July
2023. Date of publication 8 August 2023; date of current version 6 October
2023. This work was supported in part by the National Natural Science
Foundation of China under Grant 61801059, Grant U20A20157, and Grant
U20A200726, in part by the FY2021 Japan Society for the Promotion of
Science (JSPS) Postdoctoral Fellowship for Research in Japan under Grant
P21053, in part by the Grant-in-Aid for JSPS Research Fellow under Grant
21F21053, and in part by the Basic Research and Frontier Exploration
Special of Chongqing Natural Science Foundation under Grant cstc2019jcyj-
msxmX0350. (Corresponding author: Xiaoheng Tan.)

Zhirui Zheng, Xiaoheng Tan, and Mei Li are with the School
of Microelectronics and Communication Engineering, Chongqing Uni-
versity, Chongqing 400044, China (e-mail: zhengzhirui666@163.com;
txh@cqu.edu.cn; li.mei@cqu.edu.cn).

Daotong Li is with the School of Microelectronics and Communication
Engineering, Chongqing University, Chongqing 400044, China, and also with
the Department of Communications Engineering, Tohoku University, Sendai
980-8579, Japan (e-mail: dli@cqu.edu.cn).

Qiang Chen is with the Department of Communications Engineer-
ing, Tohoku University, Sendai 980-8579, Japan (e-mail: qiang.chen.a5@
tohoku.ac.jp).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TAP.2023.3301628.

Digital Object Identifier 10.1109/TAP.2023.3301628

been widely used to design various of passive and active
devices, such as antennas, filters, power dividers, and power
amplifiers [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12].
In the past decade, many kinds of antennas based on
SISL have been reported successively, such as quasi-Yagi
antenna [2], dielectric resonator antenna [3], cavity-backed
antenna [4], dipole antenna [5], leaky-wave antenna [6], and
patch antenna [7], [8], [9]. However, to suppress out-of-
band interference, filters need to be cascaded directly with
these designs, which inevitably increases the circuit size and
insertion loss of the system.

On the one hand, filtering antennas not only decrease
the overall size and insertion loss of the system but also
improve the antenna bandwidth and the stability of in-band
gain [13], [14]. The popular design methods of filtering
antennas can be divided into two categories: 1) bandpass
filter synthesis, where the antenna acts as a radiator as well
as a stage of the resonators and 2) fusion design, where
filtering performance is obtained by loading short pins, etch-
ing slots, and using parasitic/stacked elements. Based on
the aforementioned methods, several SISL filtering antennas
have been successfully implemented [15], [16], [17], [18].
In [15], a differentially fed SISL MIMO filtering antenna
was presented. By loading parasitic L-shaped resonators near
the main radiator and placing a specially designed stacked
patches, good filtering performance with three radiation nulls
(RNs) was achieved. In [16], by placing a rectangular loop
underneath stacked patches, a high-gain filtering SISL antenna
with two RNs was obtained. In [17], an SISL filtering antenna
with four RNs and enhanced frequency selectivity was attained
by using slots, parasitic units, stubs, and stacked patches.
To realize a low-cost, miniaturized, and high selective design,
a filtering dielectric resonator antenna (FDRA) was first
proposed based on SISL [18]. However, these designs only
focus on a single operating band. To the best of our knowl-
edge, only one dual-band SISL filtering antenna has been
reported to date [19]. Despite three RNs were yielded using
stacked/parasitic units, the selectivity of the upper passbands
is still poor, especially for the right sideband with positive
realized gain. To improve the filtering performance and further
reduce the system volume and cost [20], [21], [22], [23], dual-
band SISL filtering antennas with high selectivity are highly
demanded.

On the other hand, the same or different radiation char-
acteristics can be observed in the dual band of the antenna.
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In some cases, antennas with different radiation properties
over two bands are required to support different wireless
services [24], [25], [26], [27], [28], which avoids the use of
different antennas and enables miniaturization of the system.
In [24], a dual-band antenna with broadside and bidirectional
radiation using a monopole array and four patches was pro-
posed for vehicle communications. In [25], by etching two
U-shaped slots and loading a short pin, a single-fed dual-
band patch antenna with broadside and bidirectional beams
was presented for wireless local area networks (WLANs)
applications (indoor and outdoor). Through the use of differ-
ent radiators, the omnidirectional and unidirectional radiation
patterns were achieved in [26], [27], and [28]. However, these
dual-band radiation-differentiated antennas have no filtering
performance. To the best of our knowledge, filtering per-
formance and dual-band response with different radiations
have not been integrated together in the published literature.
To avoid the use of additional filters and take into account the
good properties of SISL [1], it is very meaningful to design
the dual-band radiation-differentiated filtering antenna based
on the SISL platform.

In this article, compact dual-band SISL filtering antennas
with high selectivity based on dual gap-coupled patches are
proposed. Two antennas are included as follows.

1) A dual-band SISL filtering antenna with broadside beams
is presented. Two identical rectangular patches are symmet-
rically placed at both sides of the quasi-I-shaped feedline;
thus, an RN is introduced. By etching a longitudinal slot
on each patch and connecting two ends of the metal strip
with both patches through metallized vias, two extra RNs
are generated in the stopband, respectively. As a result, the
excellent dual-band filtering performance with three RNs is
obtained on the SISL platform, achieving sharp roll-off rates
of 577/307/143/436 dB/GHz, deep out-of-band suppression of
over 13.7 dB, and high gain of 8.06/9.32 dBi.

2) To further integrate filtering response and dual band with
different radiations, a dual-band SISL filtering antenna with
broadside and bidirectional beams is proposed. Due to inverted
currents on both patches, the bidirectional beam in the upper
passband is formed. Two RNs situated at both sides of the
upper passband are yielded by using folded C-shaped slots
and parasitic strips. Furthermore, after a T-shaped metal strip
is connected to both patches through metallized vias, an RN
is produced near the lower passband with broadside beams.
Thus, the dual-band filtering response with broadside and
bidirectional beams is achieved on the SISL platform, resulting
in three RNs, high selectivity, high gain of 7.88/7.98 dBi,
and different radiations in the dual band. Both prototypes are
validated through fabrication and measurement.

II. DUAL-BAND SISL FILTERING ANTENNA
WITH BROADSIDE BEAMS

A. Antenna Configuration

The proposed dual-band SISL filtering antenna with broad-
side radiation is shown in Fig. 1 and named as Proposed
Antenna I. In Fig. 1(a), from the 3-D view, five dielectric
layers from substrates 1–5 and ten metal layers from G1–G10

Fig. 1. Configuration of dual-band SISL filtering antenna with broadside
radiation (Proposed Antenna I). (a) Three-dimensional view and the con-
figuration of each layer. (b) G5 layer. (c) G6 layer (L = 35, W = 40,
LS1 = 17.55, LS2 = 4, LS3 = 6.9, LS4 = 8.03, LS5 = 25.81, LS6 = 23.94,
LS7 = 6.71, LS8 = 8.84, WS1 = 0.58, WS2 = 1.4, WS3 = 2, WS4 = 1,
WS5 = 1, WS6 = 15.6, WS7 = 1.21, WS8 = 1.01, d0 = 2.5, d1 = 7.74,
d2 = 2.69, SS1 = 0.46, SS2 = 0.82, SS3 = 1.51, SS4 = 1.05, r1 = 1, and
r2 = 0.6. Unit: mm).

are contained. Substrates 1, 3, and 5 all adopt the material
of Rogers 4350 with the relative dielectric constant of 3.48,
loss tangent of 0.004, and thickness of 0.508 mm. In order
to reduce the antenna cost, the material FR4 with the relative
dielectric constant of 4.4, loss tangent of 0.02, and thickness
of 0.8 mm is used for substrates 2 and 4. To establish the
suspended structure, substrates 2 and 4 are hollowed by the
same rectangular aperture to form two air cavities. In addition,
the feed end is the transition structure of coplanar waveguide
(CPW)-stripline-suspended line, and cuboid-shaped metallized
vias are used in the whole text to replace general cylindrical
metallized vias around air cavities. The feedline, radiator, and
metal strip are all printed on substrate 3. In detail, as shown in
Fig. 1(b) and (c), a metal strip with width of Ws1 is placed on
G5 layer, and its two ends are connected with two rectangular
patches printed on G6 layer through metallized vias, respec-
tively. Two rectangular patches are symmetrically placed at
both sides of the quasi-I-shaped feedline; thus, both patches
are gap-coupled by the feedline. In addition, a longitudinal
slot with a length of Ls8 is etched along the center of each
patch. The entire structure of Proposed Antenna I is compact
and fully symmetrical.

B. Dual-Band Filtering Response

To get a deep insight into the operating mechanism, the
formation of the dual-band filtering response is analyzed.

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on September 17,2024 at 02:49:40 UTC from IEEE Xplore.  Restrictions apply. 



7894 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 71, NO. 10, OCTOBER 2023

Fig. 2. Antenna evolution. (a) Ant 1. (b) Ant 2. (c) Ant 3. (d) Proposed
Antenna I.

Fig. 3. Simulated results of reference antennas and Proposed Antenna I.
(a) S11. (b) Realized gain.

The configurations of three reference antennas and Proposed
Antenna I are presented in Fig. 2, and their corresponding sim-
ulated results are given in Fig. 3. To obtain better impedance
matching for easy comparison, some parameters of reference
antennas are slightly fine-tuned.

Ant 1 is the original structure, in which two patches are
gap-coupled through both sides of the conventional feedline.
From Fig. 3, RN0 is introduced in the lower stopband, and it
can be concluded that the unique resonant mode is yielded by
TM10 mode of the patch. According to the suspended structure
of the SISL and the cavity mode theory of patch antennas, the
frequency of TM10 mode can be evaluated by the following
equations [2], [13]:

fmn =
c

2√
εe f f

√(m
a

)2
+

(n
b

)2
(1)

εe f f =
h1 + h2

2h1 + h2

(
1 +

h1εr2

h1εr2 + h2

)
(2)

where c denotes the light speed in the vacuum, m and n are the
mode indices, a and b are the lengths of the nonradiation and
radiation sides of the patch, respectively, h1 is the thickness of
the top substrate, and h2 and εr2 are the thickness and relative
permittivity of the middle substrate, separately.

By loading two pair of open stubs on the conventional
feedline, Ant 2 is established, and the quasi-I-shaped feedline
is formed. As shown in Fig. 3, RN1 is introduced in the
upper stopband, and the upper passband is created by TM10
mode and the resonant mode f3. The electric field (E-field)
distribution at f3 is depicted in Fig. 4(a), demonstrating

Fig. 4. E-field distributions on (a) Ant 2 at f3, (b) Ant 3 at f2, and
(c) Proposed Antenna I at f1.

that f3 is a resonant mode of the quasi-I-shaped feedline.
However, it should be noted that when RN1 appears in the
upper stopband, RN0 disappears. Because RN0 and RN1 are
introduced when the I-shaped section operates at fundamental
and second-order modes, respectively, and RN0 is significantly
shifted to a low frequency far from the operating band. The
specific mechanism will be detailed in Section II-C.

Based on Ant 2, Ant 3 is built by etching a longitudinal
slot perpendicular to the radiation edge along the center of the
patch, which is illustrated in Fig. 2(c). As shown in Fig. 3,
RN2 is generated in the inner stopband between f2 and TM10.
Moreover, as proved by the E-field distribution presented in
Fig. 4(b), the resonant mode of the longitudinal slot marked as
f2 is produced, and its operating frequency can be evaluated
by the following equation:

f2 =
c

4Ls8
√

εe f f
(3)

where Ls8 is the length of the longitudinal slot.
Proposed Antenna I is obtained by printing a metal strip

on G5 layer and connecting two ends of the metal strip
with two patches through metallic vias, respectively, which
is depicted in Fig. 2(d). The resonant mode f1 is introduced
by the metal strip, which can be verified by the E-field
distribution displayed in Fig. 4(c). This metal strip oper-
ates at a half-wavelength under the excitation of a pair of
common-mode (CM) signals, which will be further detailed in
Section II-C. As a result, the lower passband is formed by f1
and f2, and RN3 is created in the lower stopband. Thus, total
of three RNs are generated, and the desired dual-band filtering
response with high selectivity and deep stopband rejection is
obtained.

In the point of view of filter design, the two-order filtering
response for both operating passbands is formed. All resonant
modes of Proposed Antenna I can be considered as resonators.
Although the longitudinal slot produces f2, it is etched on
the patch and actually affects the surface current distribution
of the patch, resulting in the far-field radiation of the patch
at f2. Therefore, both f2 and TM10 modes are attributed to
the patch. To better illustrate the formation of the dual-band
filtering response, the corresponding resonator-based topology
of Proposed Antenna I is established, as shown in Fig. 5,
where S and L denote the source and load, respectively, the
black nodes represent the resonators, and the solid lines with
different colors denote the main coupling in two operational
passbands.
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Fig. 5. Resonator-based topology of Proposed Antenna I.

Fig. 6. Effects of parameters (a) Ls4, (b) Ls8, (c) Ss3, and (d) Ls1 on RNs.

C. Radiation Nulls

As shown in Fig. 3(b), three RNs located at both sides of
the two operational passbands can be introduced by Proposed
Antenna I, which greatly improves the sideband roll-offs and
out-of-band suppression. Fig. 6 displays the effects of some
key parameters on the three RNs. It can be observed that RN1
is independently adjusted by Ls4, while RN2 can be controlled
by Ls8 with little impact on other two RNs. When the value of
Ss3 increases, both RN2 and RN3 simultaneously shift to lower
frequencies, with little influence on RN1. Moreover, all three
RNs can be simultaneously moved to higher frequencies by
decreasing the value of Ls1. It demonstrates the adjustability
of three RNs. To further reveal the antenna operating principle,
the formation mechanism of three RNs is analyzed as follows.

RN1: RN1 is generated after RN0 has been shifted away, and
the reason is as follows. RN0 is generated by Ant 1 at 4.8 GHz,
and the surface current distribution at RN0 on Ant 1 is
shown in Fig. 7(a), where the red strong current is mainly
concentrated on the feedline with a half-cycle current path LP0,
while the current on the patch is very weak. It illustrates
that the signal is reflected back to the source, resulting in
a very low level of the radiation from patches [29]. Thus,
RN0 is created. According to Fig. 3, RN1 is initially produced
by Ant 2 at 5.62 GHz. The corresponding surface current
distribution is displayed in Fig. 7(b), revealing that RN1 has

Fig. 7. Current distributions at (a) RN0 of 4.8 GHz on Ant 1 and (b) RN1 on
Ant 2. (c) Realized gain of Ant 2 at the frequencies of 2–6.5 GHz. (d) Current
distribution of Ant 2 at RN0 of 2.85 GHz.

the same generation mechanism with RN0 of Ant 1. Compared
with the feedline of Ant 1, the electrical length of the quasi-I-
shaped feedline is increased significantly by loading two pairs
of open stubs. Thus, the half-cycle current path related to
RN0 is greatly increased, and RN0 is moved to 2.85 GHz,
as displayed in Fig. 7(c). By comparing half-cycle current
paths on the I-shaped section at RN1 of 5.62 GHz and RN0
of 2.85 GHz, as shown in Fig. 7(b) and (d), it can be found
(LPa + LPb + LPc) ≈ (LP1 + LP2) + (LP3 + LP4), where
(LP1 + LP2) ≈ (LP3 + LP4), proving RN1 and RN0 of
Ant 2 are introduced when the I-shaped section of quasi-I-
shaped feedline operates at the second-order and fundamental
modes, separately. Since RN0 is far from the passband, RN0 is
not used in our work and is not given in the frequency range
of the article. So, RN1 is generated after RN0 has been shifted
away.

RN2: RN2 is initially introduced by Ant 3. The surface
current at RN2 on Ant 3 is given in Fig. 8(a). The strong
current in red mainly focuses around longitudinal slots, where
the currents on both sides of each slot flow reversely, as shown
by the black arrows, while on the upper side of the slots, the
current on one patch is inverted with that of another patch,
as shown by the purple arrows. Thus, the far-field radiation
can be canceled each other out in the broadside direction to
produce RN2. Note that RN2 cannot be introduced by the
asymmetrical structure with a single slotted patch presented in
Fig. 8(b). The comparison of realized gain between symmet-
rical (Ant 3) and asymmetrical structures is given in Fig. 8(c),
where the realized gain of the asymmetric structure is greater
than zero at the frequency of RN2. Because the current on
the upper side of the slot, as shown by the purple arrow in
Fig. 8(d), cannot be further canceled and will contribute to the
far-field radiation in the broadside direction. The comparison
of 3-D radiation patterns of the asymmetric and symmetric
structures at the corresponding frequency of RN2 is shown in
Fig. 9, further proving that RN2 is generated by the far-field
cancellation in the broadside direction caused by longitudinal
slots and two patches together. Therefore, the formation of
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Fig. 8. (a) Surface current distribution at RN2 on Ant 3 (symmetrical struc-
ture). (b) Asymmetrical structure. (c) Comparison of realized gain between
symmetrical and asymmetrical structures. (d) Surface current distribution at
the frequency of RN2 on asymmetrical structure.

Fig. 9. Three-dimensional radiation patterns at the corresponding frequency
of RN2. (a) Asymmetrical structure. (b) Symmetrical structure (Ant 3).

RN2 requires the cooperation of the longitudinal slots and two
patches.

RN3: According to Section II-B, RN3 adjacent to f1 is
formed after loading the metal strip printed on G5 layer. Since
both ends of the metal strip are connected to the same location
on both patches through metallized vias, the metal strip is
simultaneously excited by two signals with the same amplitude
and the same phase provided by two patches, i.e., a pair of CM
signals. The vector E-field distribution at f1 on the metal strip
is illustrated in Fig. 10(a), and the standard half-cycle vector
E-field can be observed due to the superposition of standing
waves. Thus, the metal strip acts as a half-wavelength res-
onator under the CM excitation, and its equivalent circuit can
be established, as shown in Fig. 10(a). Due to the resonance of
the metal strip, the red strong current is mainly concentrated on
the metal strip at a certain frequency. Moreover, since the CM
excitation occurs, the current on the metal strip flows to the
opposite direction, which is depicted in Fig. 10(b), resulting
in the current cancellation of generating RN3.

D. Simulated and Measured Results

For demonstration, a prototype of Proposed Antenna I is
simulated, fabricated, and measured. The simulated and mea-
sured curves of S11 and realized gain are given in Fig. 11, and

Fig. 10. (a) Vector E-field distribution at f1 and equivalent circuit of the
metal strip. (b) Surface current distribution at RN3 on Proposed Antenna I.

Fig. 11. Simulated and measured S11 and realized gain.

Fig. 12. Photographs of the fabricated antenna prototype and its experimental
environment in the chamber.

the fabricated antenna is shown in Fig. 12. Two measured oper-
ational passbands with a fractional bandwidth of 1.95% and
2.71% are centered at 5.13 and 5.53 GHz, respectively. The
maximum measured in-band gain reaches 8.06 and 9.32 dBi
for the lower and upper passbands, separately, realizing the
characteristic of high gain. In the stopbands, three RNs located
at both sides of the two operating bands can be obtained at
5.01, 5.26, and 5.66 GHz, respectively, which achieves the fast
roll-off rates at the sidebands. Furthermore, the good out-of-
band suppression level more than 13.7 dB can be achieved
within the stopband. As a result, the excellent dual-band
filtering response is obtained by Proposed Antenna I, which
is a good candidate for 5G dual-band applications.

The simulated and measured radiation patterns at 5.13 and
5.53 GHz are illustrated in Fig. 13. It can be seen that all
radiation patterns are uniform and stable, and the good broad-
side radiation characteristics are achieved. The co-polarized
fields of E-plane are at least 32 dB stronger than their cross-
polarized ones, and the co-polarized levels in the broadside
direction of H-plane are at least 13 dB stronger than their
corresponding cross-polarized levels. Moreover, the front-to-
back ratio at the measured frequencies is greater than 20 dB.
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Fig. 13. Simulated and measured radiation patterns. (a) E-plane at 5.13 GHz.
(b) E-plane at 5.53 GHz. (c) H-plane at 5.13 GHz. (d) H-plane at 5.53 GHz.

The good agreement can be observed between the simulated
and measured ones.

III. DUAL-BAND SISL FILTERING ANTENNA WITH
BROADSIDE AND BIDIRECTIONAL BEAMS

A. Antenna Configuration

The proposed dual-band SISL filtering antenna with broad-
side and bidirectional beams is presented in Fig. 14 and
is named Proposed Antenna II. All substrates are the same
material, thickness and form as the corresponding substrates in
Proposed Antenna I. In Fig. 14(b), on M5 layer, T-shaped stubs
with a length of Lg4 are loaded on the patches, and a parasitic
strip with a length of Lg1 is placed near the lower side of each
patch. In Fig. 14(c), a T-shaped metal strip connected with both
patches through metallized vias and a quasi-T-shaped feedline
is printed on M6 layer. Note that two disks etched with folded
C-shaped slots and short matching branches are loaded on the
quasi-T-shaped feedline. Both folded C-shaped slots are placed
under the corresponding patch, where the narrow side of each
patch is symmetrical about the slot up and down. The entire
structure is also compact and fully symmetrical.

B. Dual-Band Filtering Response

In this part, Proposed Antenna II and reference anten-
nas ANT_1–3 are analyzed to reveal the mechanism of the
dual-band filtering response. Their structures are shown in
Fig. 15, and the comparisons of simulated return loss and
realized gain are given in Fig. 16. For Proposed Antenna II,
as the lower passband shows the broadside beam, while
the upper passband features the bidirectional beam with the
maximum radiation at 8 = 90◦ and θ = 30◦, the simulated
gain curves present the values at 8 = 90◦ and θ = 30◦ for
comparing conveniently.

ANT_1 is the initial configuration, where two patches
printed on M5 layer are gap-coupled by the quasi-T-shaped

Fig. 14. Configuration of dual-band SISL filtering antenna with broadside
and bidirectional beams (Proposed Antenna II). (a) Three-dimensional view
and the configuration of each layer. (b) M5 layer. (c) M6 layer (W′

= 67,
L′

= 35, Lg1 = 19.44, Lg2 = 21.03, Lg3 = 3, Lg4 = 12.3, Lg5 = 17.15,
Lg6 = 8.03, Lg7 = 8.78, Lg8 = 5.84, Lg9 = 1.97, Wg1 = 1.95, Wg2 =

13.69, Wg3 = 1.09, Wg4 = 1.01, Wg5 = 1.33, Wg6 = 0.7, Wg7 = 0.58,
Wg8 = 0.91, Sg1 = 6.1, Sg2 = 1.8, d3 = 0.96, d4 = 6.32, r3 = 1, r4 = 1.35,
r5 = 1.15, and rg = 0.3. Unit: mm).

Fig. 15. Structure of (a) ANT_1, (b) ANT_2, (c) ANT_3, and (d) Proposed
Antenna II.

feedline with folded C-shaped slots printed on M6 layer.
From its simulated results, resonant mode fc produced by the
folded C-shaped slot and TM01 mode of the patch are yielded,
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Fig. 16. Simulated results of the reference antennas and Proposed Antenna II.
(a) S11. (b) Realized gain (8 = 90◦ and θ = 30◦).

Fig. 17. E-field distribution on ANT_1 at (a) fc and (b) TM01 mode.

which can be proved by their E-field distributions presented
in Fig. 17. In addition, an RN named RNU1 is produced in
the stopband. However, the selectivity of the upper stopband
is poor.

To further improve the roll-off rates in the upper stopband
and broaden the bandwidth, a parasitic strip is placed near
the lower side of each patch to establish ANT_2. As depicted
in Fig. 16, resonant mode fp is introduced by the parasitic
strip, and an RN named RNU2 is generated in the upper
stopband. Thus, the frequency selectivity of the upper stopband
is enhanced as expected, and the upper passband with good
filtering response is attained.

Subsequently, by loading T-shaped stubs on both patches,
the current path of TM10 mode can be effectively
increased [30], while the size still remains small, as shown
in Fig. 15(c). As a result, TM10 mode is successfully excited
at a lower frequency of 4.4 GHz by ANT_3, which can be
flexibly adjusted through the T-shaped stubs [30]. To further
introduce an RN and broaden the bandwidth, a T-shaped metal
strip connected with both patches through metallized vias
is utilized to build Proposed Antenna II. As illustrated in
Fig. 16, ft is introduced by the T-shaped metal strip, and the
lower passband is formed by ft and TM10 mode. Moreover,
RNL is created at the right side of the lower passband.
Finally, the desired dual-band filtering response with three
RNs is obtained. According to the same theory as Proposed
Antenna I, the two- and three-order filtering responses are
achieved in lower and upper passbands, respectively, and the
resonator-based topology of Proposed Antenna II can be given
as Fig. 18.

C. Broadside and Bidirectional Beams

For the lower passband, the surface current distribution at
the simulated center frequency of 4.42 GHz is illustrated in
Fig. 19. It can be found that the surface current on the left
patch rotates clockwise with the change of phase, while the

Fig. 18. Resonator-based topology of Proposed Antenna II.

Fig. 19. Surface current distribution at 4.42 GHz. (a) Phase = 0◦.
(b) Phase = 90◦. (c) Phase = 180◦. (d) Phase = 270◦.

Fig. 20. (a) Current vector sum schematic (phase ̸= 90◦ and 270◦) and
the 3-D radiation pattern at 4.42 GHz. (b) Simulated axial ratio values of the
lower passband.

surface current on the right patch rotates counterclockwise as
the phase varies. It is worth noting that the surface currents
on the both patches are not inverted, except for the phases of
90◦ and 270◦. Thus, although different current directions are
achieved, the vector summation of currents in other phases
(phases ̸= 90◦ and 270◦), which is presented in Fig. 20(a),
is not zero and will contribute to the total far-field radiation
in the broadside direction. It can be proved by the 3-D
radiation pattern at 4.42 GHz shown in Fig. 20(a), which
reveals that the lower passband owns the typical broadside
radiation. Furthermore, according to the axial ratio of the lower
passband, which is presented in Fig. 20(b), the total radiation
field exhibited the good linear polarization with axial ratio
values of about 20 dB is obtained in the lower passband.

For the upper passband, the surface current distribution
at the simulated center frequency of 5.52 GHz is shown
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Fig. 21. Surface current distribution at 5.52 GHz. (a) Phase = 0◦.
(b) Phase = 90◦. (c) Phase = 180◦. (d) Phase = 270◦.

Fig. 22. Three-dimensional radiation pattern at 5.52 GHz.

in Fig. 21. It can be observed that the currents on both
patches exhibit an equal magnitude but out of phase, and they
always flow in the ±y-direction without changing with the
phase. This phenomenon indicates that the far-field radiation
of the two patches will be canceled out by each other in the
broadside direction of the +z-axis, resulting in the formation
of the bidirectional beam. The 3-D pattern at 5.52 GHz is
given in Fig. 22, where the angle between the beams in the
direction of maximum radiation is 60◦, realizing the good
bidirectional radiation characteristics. Ultimately, broadside
and bidirectional beams are achieved in the two operational
passbands, respectively.

D. Radiation Nulls

From Fig. 16(b), it can be clearly observed that the deep
RNL is yielded at the right side of the lower passband. The
surface current distribution at RNL is displayed in Fig. 23(a).
The red strong currents mainly focus on the T-shaped metal
strip, while the extremely weak currents are on both patches,
thus generating RNL due to the very low radiation level of
patches [29]. Note that the T-shaped metal strip is also excited
by a pair of CM signals provided by two patches, and its
mechanism is the same as detailed in Section II-C. Because of
the CM excitation, the odd modes of the T-shaped metal strip
are suppressed, and the even mode is excited. The even-mode
equivalent circuit is presented in Fig. 23(b). In this work, the
first even mode is used, its current path is shown by the black
arrows in Fig. 23(a), and its frequency can be calculated by
the following equation:

feven_1 = ft =
c

(L1 + 2L2)
√

εe f f
. (4)

Fig. 23. (a) Surface current distribution at RNL. (b) T-shaped metal strip
and its even mode equivalent circuit. (c) Effects of Lg8 on RNL (8 = 90◦

and θ = 30◦).

Fig. 24. Surface current distribution at (a) RNU1 and (b) RNU2.

It reveals that ft can be easily adjusted by changing L2
(equivalent to Lg8) without altering the transverse size L1
(equivalent to Lg7). Since the T-shaped metal strip contributes
to the formation of RNL, the location of RNL can be adjusted
by changing the frequency of the first even mode of the
T-shaped metal strip. Therefore, by increasing Lg8, both RNL
and ft exhibit a red shift, which is presented in Fig. 23(c).

Additionally, two RNs, i.e., RNU1 and RNU2, are located
on both sides of the upper passband. The surface current
distribution at the two nulls is shown in Fig. 24. At RNU1,
the strong currents mostly flow inside and outside the folded
C-shaped slots and have opposite flow directions. It means
that the currents outside the slot can be eliminated by the
currents inside the slot, thus producing RNU1. At RNU2, the
current direction of each patch is opposite to that of each
parasitic strip, and the parasitic strips have the same magnitude
of energy as the patches [31]. Naturally, RNU2 is created by
the far-field radiation cancellation of patches and parasitic
strips. By changing the lengths of the folded C-shaped slot
and the parasitic strip, i.e., Lg9 and Lg1, RNU1 and RNU2 can
be adjusted independently, as shown in Fig. 25.

E. Simulated and Measured Results

Proposed Antenna II is processed and tested to verify its per-
formance. The simulated and measured results are illustrated
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TABLE I
COMPARISONS BETWEEN THE PROPOSED FILTERING ANTENNAS AND RECENTLY REPORTED ANTENNAS

Fig. 25. (a) Effects of Lg9 on RNU1. (b) Effects of Lg1 on RNU2 (8 = 90◦

and θ = 30◦).

in Fig. 26, and the fabricated antenna is displayed in Fig. 27.
Two measured operational passbands are centered at 4.43 and
5.53 GHz, respectively, and their −10-dB impedance band-
width is from 4.38 to 4.46 GHz and from 5.44 to 5.63 GHz,
separately. In the direction of 8 = 0◦ and θ = 0◦, the realized
gain of the broadside beam in the lower passband exhibits the
maximum measured value of 7.88 dBi, while the bidirectional
beam in the upper passband shows negative realized gain,
as shown in Fig. 26(a). In Fig. 26(b), the bidirectional beam in
the upper passband shows the maximum tested realized gain
of 7.98 dBi in the direction of 8 = 90◦ and θ = 30◦, while the
broadside beam in the lower passband has the realized gain
about 5 dBi. Furthermore, three apparent RNs can be observed
at 4.63, 5.41, and 5.65 GHz in the stopband, respectively,
greatly improving the frequency selectivity and the stopband
rejection levels.

The simulated and measured radiation patterns at 4.43 and
5.53 GHz are presented in Fig. 28. The radiation pattern
at 4.43 GHz shows the typical broadside radiation, and its
cross-polarization level is less than −15 dB in both E- and
H-planes. At 5.53 GHz, the radiation pattern exhibits good
bidirectional radiation characteristics. The maximum radiation
field of the bidirectional beam can be observed at 8 = 90◦

Fig. 26. Simulated and measured S11 and realized gain. (a) 8 = 0◦ and
θ = 0◦. (b) 8 = 90◦ and θ = 30◦.

and θ = ±30◦ in the E-plane, and its cross-polarization field
is lower than −20 dB.

IV. COMPARISONS

The comparisons between our proposed antennas and some
related antennas reported recently are listed in Table I.
Although the SISL antenna presented in [7] has the dual-band
response and a small size, it has no filtering performance.
In [15], [16], [17], and [18], the SISL filtering antennas with
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Fig. 27. Photographs of the assembled antenna prototype and the testing
environment in the chamber.

Fig. 28. Simulated and measured radiation patterns. (a) E-plane at 4.43 GHz.
(b) H-plane at 4.43 GHz. (c) Co-polarization in E-plane at 5.53 GHz.
(d) X-polarization in E-plane at 5.53 GHz.

multiple RNs were obtained, achieving the good filtering per-
formance. However, these designs can only operate in a single
operational passband. Despite one dual-band SISL filtering
antenna was implemented in [19], its higher passband showed
slow roll-off rates of about 70 and 10 dB/GHz, resulting in
poor selectivity near the upper passband. In [20], [21], [22],
and [23], the dual-band filtering response was realized by the
microstrip and SIW structures. However, these structures suffer
from the lower realized gain due to the higher dielectric loss
of the microstrip and SIW and have no self-packaged prop-
erty. In [24] and [25], the dual-band radiation-differentiated
microstrip antennas is achieved, showing the good broadside
and bidirectional radiation properties. However, the filtering
response needs to be introduced. In our work, the proposed
two SISL antennas exhibit the excellent dual-band filtering
response with fast roll-off rates and three RNs, achieving
high selectivity for each passband. Furthermore, both proposed
antennas feature high gain of 8.06/9.32 and 7.88/7.98 dBi,
respectively. In addition, with broadside and bidirectional
beams, Proposed Antenna II realizes both filtering response
and dual-band with different radiation, which can meet differ-
ent wireless services in different application scenarios, such as
5G communications in crowded scenarios (bidirectional beam)
and general scenarios (broadside beam).

V. CONCLUSION

Compact dual-band SISL filtering antennas with high selec-
tivity based on dual gap-coupled patches are presented.
By utilizing a quasi-I-shaped feedline, longitudinal slots etched
on patches, and the metal strip connected with both patches,
an excellent dual-band SISL filtering antenna with three RNs
and broadside beams is realized, achieving sharp roll-offs
and deep stopband rejection level. The measured −10-dB
impedance bandwidths are 5.08–5.18 GHz and 5.45–5.6 GHz,
with the maximum gain of 8.06 and 9.32 dBi, respectively.
Furthermore, by using folded C-shaped slots, parasitic strips,
and the T-shaped metal strip connected with two patches,
a dual-band filtering antenna with broadside and bidirectional
beams is obtained on the SISL platform, generating three RNs
in the stopband. Thus, both high selectivity and dual-band
response with different radiations are achieved. The measured
operating frequencies are 4.38–4.46 GHz and 5.44–5.63 GHz,
achieving the maximum gain of 7.88 and 7.98 dBi, separately.
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