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ABSTRACT This paper presents a design approach of broadband filtering quasi-Yagi DRR Antenna using
a strip-loaded dielectric ring resonator (DRR) and near-zero-index (NZI) metamaterial (NZIM). The ring
strip is loaded to the inside wall of the DRR so that the TE01δ and TE21δ modes of the DRR can be close.
Meanwhile, they function as a dual-mode magnetic dipole (M-dipole) driver and can be differentially excited
at the same time for designing a wideband quasi-Yagi antenna. Benefiting from the dual-mode operation of
the strip-loaded DRR, the end-fire gain across the operating band of the antenna is stable with preliminary
bandpass filtering characteristics. To improve the in-band gain and enhance the filtering capability, a new
coplanar NZIM with wideband NZI characteristic and dual transmission notches in the lower and upper
stopbands of the preliminary gain passband, is introduced and put in the front of the DRR driver. To verify
the proposed design concept, an X-band filtering quasi-Yagi antenna with the NZIM is fabricated and
measured. Good agreement between the simulated and measured results can be observed. The wideband
antenna has a measured −10 dB impedance bandwidth of about 16% (8.5 – 10 GHz). Within it, the peak
gain of antenna reaches 8.3 dBi and 1-dB gain fractional bandwidth is about 10.8%. Meanwhile, it exhibits
good gain bandpass response due to the transmission notches of the NZIM.

INDEX TERMS Quasi-Yagi antenna, filtering antenna, dielectric ring resonator (DRR), near-zero-index
(NZI) metamaterial (NZIM).

I. INTRODUCTION
With the rapid development of wireless communication sys-
tems, various end-fire antennas have drawn extensive atten-
tions due to their high gain and good directivity. In among,
the quasi-Yagi antenna is particularly prominent on account
of its advantages, such as light weight, simple structure, and
easy forming arrays [1]–[4]. But it usually has a narrow
operating band, which could not meet the multi-frequency
operation requirements of wireless communication. Accord-
ingly, lots of efforts have been made to enlarge the impedance
bandwidth. In [5], a bowtie driver is adopted to improve the
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impedancematching. In [6]–[8], the wideband feeding baluns
are adopted to enlarge impedance bandwidth of the antenna,
but the gain fluctuation is large and in the low frequency
range it is only about 4 dBi. The reason mainly includes two
factors: 1) The driver is one-mode operation and is not able
to provide good wideband radiation. 2) The director is also
not able to provide wideband gain enhancement [6]. To solve
this problematic issue, multiple series dipoles with different
resonant frequencies are fed, and both wide bandwidth and
stable moderate gain can be obtained [9]–[11]. Nevertheless,
the longitudinal length is increased significantly while further
gain improvement in the wide bandwidth is still difficult
and becomes a challenging work. Recently, the microstrip
magnetic dipole (M-dipole) has been presented, and the

VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 31755

https://orcid.org/0000-0002-4045-5806
https://orcid.org/0000-0002-6127-4422
https://orcid.org/0000-0002-8703-5294
https://orcid.org/0000-0002-2781-7964


Y.-H. Ke et al.: Filtering Quasi-Yagi Strip-Loaded DRR Antenna With Enhanced Gain and Selectivity by Metamaterial

fundamental TE110 mode is shifted up by adding the shorting
via and is close to the higher-order TE310 mode [12]. The
enhanced bandwidth due to the combination of two modes is
achieved. However, the transverse size of the driver reaches
1.5λ0, where λ0 is the free-space wavelength at the center
frequency.

The dielectric resonator (DR), as a good radiator, has been
widely applied in the designs of various antennas due to
high radiation efficiency and flexible structure [13]–[18] in
the past decades. Recently, it is used as an M-dipole [19]
for designing a quasi-Yagi antenna. In [20], a quasi-Yagi
antenna using a rectangular DR (RDR) is reported, show-
ing higher gain over traditional metallic quasi-Yagi antenna.
The end-fire gain can be further enhanced by adding proper
RDR or strip directors in the front of RDR driver. However,
it has a narrow bandwidth of about 3% since only one TE1δ1
mode is adopted. In [21], the TE1δ1 and TE1δ3 modes of the
RDR are controlled by varying the length-to-width ratio for
designing dual-band quasi-Yagi antenna. By properly adding
directors with different sizes, which bring extra resonances
between the two modes, the wideband antenna comes into
being. However, time-consuming optimization is required to
balance the wideband impedancematching and gain enhance-
ment. In [22], a cylinder DR M-dipole is combined with the
folded strip electric dipole (E-dipole) on the opposite side of
the substrate for designing bandwidth-enhanced quasi-Yagi
antenna, which would be difficult for implementation of two-
dipole alignment. The in-band gain is evenly improved by
adding the near-zero-index (NZI)metamaterial (NZIM) in the
front of them because the NZIM can provide broadband NZI
characteristic [23]–[25]. However, thus far, all of the existing
quasi-Yagi DR antennas have not considered the integration
of filtering function.

In the past few years, filtering antenna has become a hot
topic in the microwave field and has attracted much atten-
tion, which can replace the cascaded antennas and filter to
reduce size and loss [26]–[28]. Accordingly, filtering quasi-
Yagi antenna has been developed recently [29]–[33], and the
designmethod depends on embedding the filtering balun with
bandpass response into the feeding network. However, the
potential mentioned above of filtering-antenna fusion design
has not been realized entirely.

In this paper, a broadband filtering quasi-Yagi antenna
using strip-loaded dielectric ring resonator (DRR) is pro-
posed. The TE01δ and TE21δ modes of the DRR are designed
in close frequency spacing and can be used as a dual-mode
driver for designing bandwidth-enhanced quasi-Yagi antenna
with stable in-band gain. Meanwhile, its gain shows a pre-
liminary bandpass filtering response. To improve filtering
antenna performance, a new coplanar NZIM structure is
proposed and put in the front of the DRR driver, which is
different from traditional NZIMs with one function of NZI
[22]–[25]. It provides two functions, i.e. one is to improve the
in-band gain by using the wideband NZI characteristic, and
the other is to enhance the filtering selectivity by introducing
dual transmission notches in the lower and upper stopbands of

the preliminary gain passband. For demonstration, an X-band
filtering quasi-Yagi antennawith theNZIM is designed, fabri-
cated and measured. Good agreement between the simulated
and measured results can be observed.

FIGURE 1. Configuration of proposed filtering quasi-Yagi antenna with
the NZIM, (a) 3-D view, (b) top view. (l = 36.7 mm, w = 30 mm,
l1 =19 mm, l2 =12 mm, l3 =5 mm, l4 =2.3 mm, w1 =0.9 mm,
w2 =1.6 mm, d1 =9 mm, d2 =2 mm, and h = 1 mm.)

II. DESIGN OF THE PROPOSED BROADBAND FILTERING
QUASI-YAGI ANTENNA
Fig. 1 shows the configuration of the proposed broadband
filtering quasi-Yagi DRR antenna using the strip-loaded DRR
on the top of a substrate (l × w) and the coplanar NZIM in
the front of it. The DRR (εr1 =38 and tanδ =0.0015) is
constructed by penetrating a central hole in the traditional
cylinder DR, and the inside wall of the hole is coated by
a ring sliver strip. The substrate is Rogers 4003C laminate
with a dielectric constant of εr2 =3.38 and a loss tangent
of tanδ =0.0027. The DRR is differentially fed through the
coplanar strip line (CPS) on the top of the substrate. The arc-
shaped ground plane on the bottom of the substrate is used as
a reflector for achieving end-fire radiation.

A. STRIP-LOADED DRR
It is well known that the TE01δ mode is the dominant one
of the cylinder DR (d2 =0 mm in Fig. 1), and its electric-
field (E-field) circulates azimuthally and tangential to the x-z
plane, as shown in Fig. 2 (a). Meanwhile, the TE01δ mode
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FIGURE 2. E-field of Cylinder DR and strip-loaded DRR, (a) Cylinder DR,
(b) strip-loaded DRR.

FIGURE 3. The frequencies of TE01δ and TE21δ modes under different d2.
(d1 =9 mm and εr1 =38 are fixed).

E-field density at the center of the DR is lowest. Therefore,
the strip-loaded hole placed at the center of DR doesn’t have
much effect on the TE01δ mode. The TE21δ mode is the
lowest-frequency high-order mode, and its E-field is also
tangential to the x-z plane. Unlike the TE01δ mode, the E-field
of the TE21δ is concentrated in the center of the DR, which
means the strip-loaded hole here is equivalent to an electric
wall located in the path of the E-field. It can be expected that
loading a sliver-coated hole at the center of the cylinder DR
has small effect on the dominant TE01δ modewhile has signif-
icant effect on the high-order TE21δ mode of the DRR, which
can be confirmed by the change of E-field distributions shown
in Fig. 2 (b). Fig. 3 shows the resonant frequencies of TE01δ
and TE21δ modes against the hole diameter d2 under different
thickness h of the strip-loaded DRR. As d2 increases, the
TE21δ mode frequency shifts down dramatically while the
TE01δ mode frequency increases gradually. As a result, when
the strip-loaded hole is incorporated, they can be designed in
a close spacing and combined together to achieve a wideband
design of the antenna.

B. BASIC ANTENNA
According to the above analysis, the strip-loaded DRR can be
used as a dual-mode M-dipole (both along y-axis direction)
operating at two close frequencies to design a bandwidth-
enhanced quasi-Yagi antenna. Here the NZIM and balun in
Fig. 1 are not included for building a basic antenna. To excite

FIGURE 4. Simulated |S11| of proposed basic antenna under different d2.
(d1 =9 mm, h = 1 mm and εr1 =38 are fixed).

FIGURE 5. Simulated |S11| and gain of basic antenna without the NZIM
and balun.

the two modes at the same time, the balanced transmission
line, i.e. the CPS is applied because the E-field distribution of
the CPS (parallel to the x-z plane) is consistent with those of
the twomodes [20]. Under this condition, the CPS is designed
to be stepped-width, and the parameters w1, w2 and g2 can be
tuned to achieve good impedance matching in a broad band.

Fig. 4 shows the simulated reflection coefficient (|S11|)
under different d2. As expected, the TE21δ mode (correspond-
ing to the upper resonant frequency) shifts down while the
TE01δ mode (corresponding to the lower resonant frequency)
shifts up slightly, which is well consistent with the varia-
tion trend shown in Fig. 3. To design a wideband quasi-
Yagi antenna, we choose d2 =2 mm for good impedance
matching. The simulated |S11| and gain of the basic antenna
is presented in Fig. 5. The fractional bandwidth (FBW) for
|S11| <−10 dB is about 16% (8.5 - 10 GHz). In the operating
band, the end-fire peak gain is up to 6.3 dBi, which is about
1-dB higher than that of the quasi-Yagi antenna using the
strip E-dipole with one director [32], [33]. Fig. 6 depicts the
simulated radiation patterns in both E- and H-planes at 8.75
GHz and 9.75 GHz. As can be seen from Fig. 5, both high
stable gain in a broad band (due to dual-mode radiation) and
preliminary filtering response can be observed. However, its
filtering selectivity is not adequate, especially in the upper
stopband. In this case, we apply the dual-notch NZIM as fol-
lows instead of traditional metal strip director [21] to improve
the selectivity.

C. DESIGN OF THE DUAL-NOTCH NZIM
In this section, a new coplanar NZIM structure with dual
transmission notches is designed to achieve two targets: One
is to entirely enhance the gain in the whole operating band
by using the wideband NZI characteristic of the NZIM,
and the other is to improve the out-of-band suppression by
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FIGURE 6. Simulated radiation patterns of basic antenna without the
NZIM, (a) 8.75 GHz, (b) 9.75 GHz.

FIGURE 7. Configuration of the proposed NZIM unit cell, (a) 3-D view of
simulation model, (b) Top view. (ml1 = 3.5 mm, ml2 = 3.7 mm, ml3 = 1.45
mm, mw = 0.4 mm, and mg = 0.5 mm).

introducing the radiation nulls of the lower and upper gain
stopbands resulting from the dual notches of the NZIM.
Fig. 7 (a) shows the simulation model of the NZIM unit cell
printed on the top of the substrate, and its dimensions are
given in Fig. 7 (b). Since the incident wave propagating along
z-direction with x-direction polarization is the main interest,
which is consistent with the end-fire radiation of the proposed
quasi-Yagi antenna shown in Fig. 1. The simulation setup is
as follows. The two ports are perpendicular to the propagating
z-direction. The two surfaces of the waveguide, perpendicular
to x-direction, are assigned as perfect electric conducting
(PEC) and the other two sides as perfect magnetic conducting
(PMC).

The dual-notch frequencies (fn1 and fn2) are mainly deter-
mined by the total length of the strip, while they can be tuned
by other parameters of the unit cell. Fig. 8 (a) shows the
transmission coefficient (|S21|) under strip width mw, where
the total length of the strip remains unchanged. Both fn1 and
fn2 move down as mw decreases (implying the inductance
of the unit cell increases). Besides, the ratio (fn2/fn1) of the
dual-notch frequencies can be controlled by the parameters
of mg, mw, and ml3, which is flexible and helpful to design
two notches at desired frequencies.

Fig. 9 shows the configuration of the NZIM array with
three cascaded unit cells, which is used for the following
antenna design and Fig. 10 shows the extracted refractive
index (n) and |S21| under different distance dy between the
unit cells. As can be seen from Fig. 10(a), as dy increases,
the real part of n, i.e. Re(n), increases in the frequency range
of interest (8.5 to 10 GHz) while the imaginary part of n, i.e.
Im(n), becomes close to zero, implying lower loss introduced
by the NZIM array, especially in higher frequency range. On
the other hand, three sub-notch frequencies can be observed
in either lower or upper notch band due to three NZIM unit
cells in the array. Meanwhile, the distance dy determines the
coupling between the unit cells. As dy decreases, meaning the
coupling becomes strong, the sub-notch frequencies become
far away in both notch bands, as shown in Fig. 10(b).

FIGURE 8. Simulated results of the NZIM unit cell, (a) Transmission
coefficient under different mw, (b) fn2/fn1 against ml3 under different
mg and mw.

FIGURE 9. Simulation model of the NZIM array.

D. PROPOSED ANTENNA WITH THE NZIM
According to the above discussions, a broadband filtering
quasi-Yagi antenna can be easily constructed by combing the
basic antenna and the NZIM together. By optimization, the
dimensions of the antenna are obtained and shown in Fig. 1
and Fig. 7. The distance dy =0.6 mm between the NZIM
unit cells is chosen so that Re(n) is from −1 to 0.4 and
Im(n) is lower than 0.5 in frequency range of 8.5-10 GHz.
Meanwhile, the three sub-notches in each notch band are near
to the gain passband so that the filtering selectivity can be
improved significantly. Fig. 11 shows the simulated |S11| and
gain of the antenna with/without the NZIM. It can be found
that the NZIM has a rare effect on the bandwidth while the
in-band gain is entirely improved by about 2 dB and keeps
stable. Remarkably, the gain filtering response is improved
significantly, especially in the upper stopband, where the
suppression improvement reaches about 10dB. In addition,
it can be seen from Fig. 11 that the distance l3 between the
NZIM and DRR cannot almost affect the antenna perfor-
mance and the slight difference lies in the gain enhancement.
This implies the basic antenna and NZIM can be indepen-
dently designed, showing simplified design procedure. As l3
increases, the gain enhancement is slightly enlarged. But it
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FIGURE 10. The simulated results of the NZIM array, (a) Refractive index
(n), (b) transmission coefficient (|S21|) in the lower notch band, and
(c) |S21| in the upper notch band under different dy .

FIGURE 11. Comparison of |S11| and gain between the basic antenna
without the NZIM and the proposed antenna with the NZIM under
different l3.

FIGURE 12. Comparison of |S11| and gain between basic antenna,
antenna with metal strip director and antenna with the NZIM.

is inevitable that the antenna total length is enlarged as well.
Therefore l3 =5 mm is chosen for the proposed antenna. In
Fig. 12, we can clearly see the advantages of the proposed

FIGURE 13. Photograph of the proposed filtering quasi-Yagi antenna.
(a) Tow view, and (b) bottom view.

FIGURE 14. The simulated and measured |S11| and gain of the proposed
filtering quasi-Yagi antenna with the NZIM.

TABLE 1. Performance comparison with previous filtering quasi-yagi
antenna.

antenna with the NZIM over traditional RDR Yagi antennas
with metal strip director [21]. One is the entire and stable gain
enhancement in the whole band, given that traditional director
can only provide 0.63 dB gain enhancement at 10 GHz, where
the NZIM can provide 2.44 dB gain enhancement. The other
is a good improvement in selectivity, as can be seen from
Fig. 12.

III. VERIFICATION AND DISCUSSION
To verify the proposed design concept, a wideband filtering
quasi-Yagi antenna using the strip-loaded DRR and NZIM is
designed and fabricated. Fig. 13 shows the photographs of
the implemented antenna with the NZIM, whose electrical
size is 0.94λ0×1.1λ0. A microstrip balun based on the 180◦

delay line is designed to connect with the CPS for antenna
test. Fig. 14 shows the simulated and measured |S11| and
gain of proposed antenna, exhibiting good agreement. The
measured impedance FBW (|S11| < −10 dB) is about 16%
from 8.5 to 10 GHz, and the measured peak gain is up to
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FIGURE 15. Simulated and measured radiation patterns of proposed
filtering quasi-Yagi antenna with the NZIM, (a) 8.73 GHz, (b) 9.27 GHz,
(c) 9.87 GHz.

8.3 dBi across in operating band and the 1-dB gain FBW
is about 10.8% (from 8.9 to 9.9 GHz), showing stable in-
band gain. Besides, the measured dual notches are also con-
sistent with the simulated ones. Fig. 15 shows the simulated
and measured radiation patterns in both E- and H-planes at
8.73 GHz, 9.27 GHz and 9.87 GHz, respectively. Their cross-
polarization levels of less than −20 dB are observed within
±30◦ beam width. The front-to-back ratio is more than 10 dB
in the whole operating band. The comparison of the pro-
posed antenna with previous filtering quasi-Yagi antennas
is summarized in Table 1. In [29]–[32], by adding different
filtering structures into feeding network, several broadband
filtering quasi-Yagi antennas are obtained. Although that’s
an effective method to obtain good filter response, complex
feeding and extra loss structures are unavoidable. Therefore,
the peak gains of these antennas with one director are low,
ranging from 4.7 to 5.8 dBi, which is even lower than the basic
antenna proposed in this paper. In [33], by inserting a double-
sided parallel-strip line (DSPSL) filter between the driver
and the reflector, the proposed filtering quasi-Yagi antenna
achieves frequency selectivity without increasing the overall
size. However, the loss brought by the filtering structure is
still a problem, resulting in peak gain of only 5.5 dBi. In this
work, the proposed antenna has the highest gain due to the
reasonable combination of dual-modeDRRdriver andNZIM.
Since the distance between the NZIM and DRR driver cannot
affect the antenna performance while the incorporation of

the NZIM has rare effect on the impedance matching in a
broad band, the design method is much simpler than those
using the cascaded filter and antenna [29]–[32], where it is
inevitable that the time-consuming optimization is required
when cascading the two components.

IV. CONCLUSION
In this paper, a broadband filtering quasi-Yagi DRR antenna
with enhanced gain and selectivity by the NZIM has been
presented. The TE01δ and TE21δ modes of the DRR can be
effectively excited at the same time and used as a dual-mode
dipole. By introducing the NZIM with dual-notch in the front
of strip-loaded DRR driver in a simple way, the in-band gain
can be effectively enhanced and the out-of-band suppression
can be improved simultaneously. The demonstration antenna
has been designed and implemented, and the simulated and
measured results with good accordance have been presented.
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