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Abstract — In this paper, a filtering antenna based on
a metasurface is designed using slot-coupled feeding,
and the metasurface unit is a fractal pattern. Replacing
the rectangular patch on the metasurface with a fractal
patch can introduce a radiation zero point on the upper
sideband of the antenna, thereby enhancing the sideband
selectivity. In addition, the current is reversed by load-
ing shorting pin, and a radiation zero point is also intro-
duced in the lower sideband. After measurement, the -
10 dB impedance bandwidth of the filtering antenna is
23.6% (3.22-4.08 GHz), and the average antenna gain in
the passband is 8.1 dBi. The filtering antenna does not
involve an additional filter circuit, has a simple structure,
and a small size, and ideally eliminates insertion loss. To
verify, the real object was made and tested and found that
the reflection coefficient, pattern, gain, etc. were in good
agreement with the simulation results, it can be applied
to the 5G communication frequency band.

Index Terms — 5G communication, filtering antenna,
fractal structure, low profile, metasurface.

L. INTRODUCTION

In recent years, with the gradual development of
portable mobile communication equipment, the minia-
turization and integration of radio frequency front-
end devices have become a research focus. The high-
efficiency integrated design of the filter and the antenna
can obtain a filtering antenna with good out-of-band sup-
pression and high gain [1]]. It integrates filtering and
radiation functions and reduces the in-band loss caused
by the mismatch between the filter and the antenna
[2]. Therefore, the design of high-performance filtering
antennas has very important practical significance for the
further development of microwave circuit systems.

For example, in [3]], the dual-mode rectangular STW
cavity is used as a high-Q common resonant cavity for
the two bands, and then the filtering antenna is designed
by using the orthogonally polarized SL cavity as the radi-
ating element. However, this type of method requires
multiple resonators to achieve filtering, which will
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occupy a large area and cause additional loss, thereby
reducing antenna efficiency [4H6]. In [7], the transition
structure from the micro-strip to the suture is used as
the feed network of the antenna, and the planar dipole
is used as the radiator. The filtering response is obtained
by adding non-radiating elements to the feed network.
Although these methods of adding parasitic bands on the
feed network and adjusting the shape of the coupling
hole to obtain the filtering effect avoid additional cir-
cuits, they still bring additional losses to a certain extent
[8HL1]]. In addition, adding appropriate structures (such
as etching grooves or adding short pins, parasitic bands,
parasitic patches, etc.) to the antenna to insert the edge
radiation zeros point can also achieve filtering charac-
teristics [12-15]. Nowadays, metamaterials are widely
used in some antenna designs due to their unique elec-
tromagnetic properties. Among them, compared with
three-dimensional structural materials, metasurface has
a smaller volume and lower loss and can be used in the
design of high-performance antennas [16H18]. In [19],
a series of non-uniform metal patches are used as the
upper metasurface of the antenna, and the current mis-
phase on the inner and outer sheets will produce a radi-
ation zero point near the edge of the upper band. In
[20]], the researchers etched U-shaped gaps on the meta-
surface of the unit and loaded defective ground struc-
tures (DGS) on the ground to generate low-frequency
radiation zeros. Therefore, a well-designed metasurface
antenna can generate radiation zero points near the side-
bands, thereby obtaining a low-profile, wide-band, and
high-gain filtering antenna. Fractal geometry is intro-
duced to design compact or multi-band electromag-
netic structures due to the interesting features of space-
filling and self-similarity [21]]. Reasonable use of frac-
tal structure can effectively improve the performance of
microwave equipment, such as designing selective and
compact antennas [22} 23]

To realize a better filtering response, in this paper,
modifications are introduced both in the design of the
metasurface and feeding circuit. Replacing the rectan-
gular patch on the metasurface with a fractal patch can
introduce a radiation zero point in the upper sideband of
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the antenna. In addition, by loading a short PIN near the
center of the ground to reverse the current on the surface
of the patch, a radiation zero point can also be introduced
in the lower sideband. To make the antenna exhibit good
stop-band characteristics near high frequencies, it is also
necessary to suppress its high-order modes, which can be
achieved by adding stub micro-strip feeders and separa-
tion slots.

II. ANTENNA DESIGN AND ANALYSIS

Figure[T]is a schematic diagram of the three-dimen-
sional structure of the designed filtering antenna. The fil-
tering antenna is composed of a fractal metasurface and
a feed network. The metasurface is set on the upper sur-
face of the first layer of medium, the upper surface of the
second layer of medium is a grounding plate with a rect-
angular gap, and the lower surface is a micro-strip feeder.
Fig. [2| shows the configuration of the proposed filtering
antenna. The optimized parameters of the antenna are
shown in Table[I] Based on the slot-coupled micro-strip
antenna, it adds stubs on the micro-strip feeder and sepa-
rates the slots to suppress unwanted resonance modes in
the antenna, thereby achieving a filtering effect. The sim-
ulation and analysis for the proposed filtering antenna are
performed using the electromagnetic simulator ANSYS
HESS.

Metasurface

Ground N O C O

shorting via
separated
X % slots

Microstrip

Fig. 1. The three-dimensional structure diagram of the
proposed filtering antenna.

Table 1: Design parameters of the filtering antenna

Parameters L, L, L3 r
Values (mm) 18.85 10.7 8525 | 0.2
Parameters W, W, W3 d
Values (mm) 2.5 1.95 1.8 0.2
Parameters a g L S
Values (mm) 6.5 0.8 70 0.8
Parameters h; hy €1 3
Values (mm) 2.6 0.813 2.2 3.38

To properly display the design concept of this filter-
ing antenna, the following will analyze the mechanism
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of the antenna filtering response through five antenna
structures.
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Fig. 2. Configurations of the proposed filtering antenna.
(a) Metasurface. (b) Ground plate. (c) Feeder. (d) Side
view.

The five structures are as follows: (I) The upper layer
is a metasurface of the uniform rectangular patch and
adopts linear micro-strip coupling feed. (II) Change the
rectangular metasurface patches into fractal patches, and
the feed structure remains unchanged. (III) The meta-
surface is made of fractal patches and two branches are
added to the feeder. (IV) Separate the groove in the mid-
dle of structure III, and the metasurface structure remains
unchanged. (V) A metal via is added in the middle of
the groove separated in structure IV, and the other parts
remain unchanged. Figure [3]lists several structures such
as improved metasurfaces and feed networks. Among
them, combining (a) and (b) with (c) respectively can get
antennas (I) and (IT), and combining (b) with (d), (e) and
(f) in turn will get antennas (IIT), IV) and (V). Simu-
late their reflection coefficient and gain curve in the elec-
tromagnetic simulation software in turn, and analyze the
influence of each structural improvement on the antenna
performance step by step.

To investigate the properties of the metasurface unit
cell, the calculated reflection and transmission coeffi-
cients of the metasurface unit cell are shown in Fig. [}
The reflection coefficient magnitude is less than —10 dB
in the whole simulation frequency range. On the other
hand, the reflection coefficient phase varies from 0° to
180°, and it is close to stability at the working band

1154



1155

—
(a) (b) (c)
I [ — N —
(d) (e) (f

Fig. 3. Several antenna configurations. (a) The rectangu-
lar metasurface of Antenna I. (b) Fractal metasurfaces of
antennas II, III, IV, and V. (c) Initial feeding circuit of
antennas [ and II. (d) Two additional arms are added to
the linear micro-strip feeder of Antenna III. (e) Antenna
IV is fed with two separate slots. (f) Antenna V has an
additional shorting via.
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Fig. 4. Simulated reflection and transmission coefficient
of the metasurface unit cell.

(3.22-4.08 GHz). It is indicated that the surface wave can
propagate along the proposed metasurface.

Figures [5] (a) and (b) are respectively the |S;;| and
gain simulation curves of the antenna structure I-V. It
can be found that with the improvement of the struc-
ture, Antenna V finally has a passband between 3.31-
4.23 GHz. Compared with Antenna I, Antenna II is
only modified from a rectangular metasurface to a fractal
structure metasurface; however, the feed structure is the
same. Its |Sy;| curve and gain curve have no change in
the low-frequency part, but a weak radiation zero point
appears at the frequency of 4.85 GHz. Antenna III has an
improved feed structure based on Antenna II. It is found
from Fig.[5|(a) that there is only one mode near 4.1 GHz.
This shows that adding stubs to the linear feed structure
can well suppress the high-frequency resonance mode of
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the antenna. Next, by adjusting the coupling gap to two
separate grooves, the resonance condition of the gap can
be destroyed, thereby suppressing the partial resonance
near the low-frequency 2 GHz. In the end, the |S;;| curve
of the Antenna IV becomes smoother at low frequencies,
but the sidebands of the curve are not very steep, result-
ing in poor roll-off characteristics. Try to add a radiation
zero point similar to the upper sideband in the lower side-
band to enhance its roll-off characteristics to achieve a
good filtering effect. Therefore, add a shorting via in the
middle of the two slots of Antenna I'V to obtain Antenna
V. The simulation results showed that it produces three
resonance frequency points, and a radiation zero point
appears at 3.18 GHz in Fig. [5] (b). Antenna V is the fil-
tering antenna proposed in this paper. The average gain
in the passband of the antenna is about 8dBi, there is no
other resonance mode outside the band, which meets the
design requirements of the filtering antenna.
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Fig. 5. The reflection coefficient |S;;| and gain curves of
the proposed five antennas are simulated. (a) [S11]. (b)
Gain.

To further analyze the generation principle of the
antenna filtering response, the current distribution on
the metasurface and ground plane of the five antenna



structures is given below. Figures [f] (a) and (b) show
the current distribution of the metasurface of Antenna I
and Antenna II at 4.85 GHz. Comparing them, the cur-
rent direction on the rectangular metasurface is approx-
imately the same. The direction of current on the outer-
most left and right rows of patches on the fractal meta-
surface is opposite to the direction of current on the two
rows of patches in the middle. The radiation of the two
can cancel each other, so a radiation zero point will be
generated in the upper sideband. Figures[6](c) and (d) are
the current distribution of the ground plate of Antenna II
and Antenna III at 4.7 GHz. The current of the Antenna
IT ground plate is not only concentrated on the micro-
strip line but also distributed around the gap. The current
of the Antenna III ground plate is only concentrated on
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Fig. 6. Surface current distribution of the metasurface
/ground plane of the filtering antenna. (a) Metasurface
of Antenna I at 4.85 GHz. (b) Metasurface of Antenna II
at 4.85 GHz. (c) Ground plane of Antenna II at 4.7 GHz.
(d) Ground plane of Antenna III at 4.7 GHz. (e) Meta-
surface of Antenna IV at 3.18 GHz. (f) Metasurface of
Antenna V at 3.18 GHz.
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the micro-strip line, and there is almost no energy around
the gap. Therefore, the analysis shows that after adding
the branch, the high-order mode of the antenna is sup-
pressed, so that the rejection of the high-frequency range
of the stop band is improved, and a good filtering effect
is achieved. Figures [6] (¢) and (f) are the current distri-
butions of the metasurfaces of Antenna IV and Antenna
V at 3.18 GHz. The current direction at the center of
the metasurface of Antenna IV is uniformly downward,
and when a shorting via is added at the center position,
the current direction of Antenna V at this position is
reversed, so a radiation zero point is also generated in
the lower sideband.

In the above content, the design principle of the fil-
tering antenna is discussed, and then we will analyze the
effect of the structural parameters on the performance
of the filtering antenna. Figures [7] (a) and (b) show the
reflection coefficient and gain of the filtering antenna
under different slot lengths. As L; increases, the second
resonant frequency point of the filtering antenna grad-
ually moves to the low-frequency direction, and finally
merges with the first frequency point. With the reduc-
tion of the slot length L, the out-of-band suppression of
the antenna is improved to a certain extent, but the band-
width is also relatively narrow. Therefore, the length of
the gap on the ground plane should be moderate.
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Fig. 7. (a) Simulated reflection coefficient of the filtering
antenna for different slot lengths L. (b) Simulated gain
of the filtering antenna for different slot lengths L;.

Figures [§] (a) and (b) are simulation curves of the
reflection coefficient and gain of the filtering antenna
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\
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Fig. 8. (a) Simulated reflection coefficient of the filtering
antenna for different arm lengths L3. (b) Simulated gain
of the filtering antenna for different slot lengths L3.
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under different arm lengths L3. When L3 is smaller,
the third resonance mode at the high-frequency shifts
to higher frequencies, and when it is larger, the work-
ing frequency band of the filtering antenna becomes nar-
rower and partly above -10 dB. Therefore, an appropriate
length of the short arm should be selected in the design
process to ensure that the high-order mode of the antenna
can be suppressed without affecting its bandwidth.
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Fig. 9. (a) Simulated reflection coefficient of the filtering
antenna for different short via positions. (b) Simulated
gain of the filtering antenna for different short via posi-
tions.

To introduce a radiation zero point in the lower
sideband of the antenna, a short via is set in the mid-
dle of the antenna separation slot. The location of the
via also has a certain impact on the performance of the
filtering antenna. Figures 0] (a) and (b) show the sim-
ulation curves of the reflection coefficient and gain of
the filtering antenna when the distance d between the
short via and the horizontal center line of the substrate
changes. As the distance d increases, it can be seen that
the bandwidth of the antenna and the resonance depth
of the mode will slightly change, while the gain curve is
almost unchanged. Therefore, to ensure processing accu-
racy and antenna bandwidth, the distance between the
short via and the center line should be carefully selected.

III. MEASUREMENT VERIFICATION

To verify the performance of the designed filtering
antenna, it was manufactured and tested. As shown in
Fig.|10], the upper metasurface is fabricated on an FAB
dielectric substrate with a dielectric constant of 2.2 and a
loss tangent of 0.003 (thickness 2.6 mm), and the lower
layer uses Rogers 4003C with a dielectric constant of
3.38 and a loss tangent of 0.0027 as the dielectric sub-
strate (thickness 0.813 mm).

The measurement of the proposed filtering antenna
is shown in Fig. [[1} The return loss was measured
by using an Agilent ES071C vector network analyzer.
Figure[12]shows the comparison curve between the mea-
sured value of the filtering antenna reflection coefficient
and the simulated value. It can be seen that the measured
curve is slightly shifted to the low frequency compared to
the simulated curve. This may be because there is a gap
between the two substrates during the physical process-
ing and cannot fit together ideally. In addition, errors may
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Fig. 10. Photographs of the fabricated filtering antenna.
(a) Top view. (b) Bottom view.

Fig. 11. The measurement of the proposed filtering
antenna.

511 (dB)
Ié
Z T -

30 F
1— Simulated n F I I
|— - —Measured
-40 r T T T r . -
2 3 4 5 6
Frequency(GHz)

Fig. 12. Simulated and measured reflection coefficients
of the filtering antenna.

be introduced during the measurement process, which
may also cause deviations between the simulation results
and the actual measurement results. The sidebands of
the simulated curve and the measured curve are rela-
tively steep, and both show good filtering characteristics.
Among them, the measured -10dB impedance bandwidth
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Fig. 13. Simulated and measured the gain of the filtering
antenna and efficiency simulation values.

is 23.6% (3.22-4.08 GHz), and the simulated -10 dB
impedance bandwidth is 24.4% (3.31-4.23 GHz), and
there is not much difference between them. In Fig. [12}
the comparison curve between the measured gain value
and the simulated value of the proposed filtering antenna
and the antenna efficiency is given. It can be seen that
although the measured gain curve has a slight jitter com-
pared to the simulated gain curve, the overall consistency
is better. In addition, it can be seen that the antenna has
a radiation zero point at 3.18 GHz and 5.05 GHz. These
two radiation zero points enhance the sideband roll-off
of the antenna and bring good edge selectivity. In the
range of 3.31-4.23 GHz, the average gain of the filtering
antenna reached 8.1 dBi, while the gain dropped rapidly
outside the sideband. In the lower stopband range of 2.0-
3.18 GHz, the antenna achieves an out-of-band rejection
of nearly 17 dB. In the higher stopband range of 5.05-
6 GHz, an out-of-band rejection of more than 20 dB is
achieved. In addition, the average in-band efficiency of
the antenna exceeds 90%, reaching 98.5% at the highest
point.

Figure [[4] depicts the normalized radiation pattern
of the filtering antenna at the three resonance points of
3.35 GHz, 3.60 GHz, and 4.20 GHz. The simulation
results are in good agreement with the measured results.
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Fig. 14. Simulated and measured normalized radiation
patterns of the filtering antenna. (a) The normalized pat-
tern of the filtering antenna at 3.35 GHz. (b) The normal-
ized pattern of the filtering antenna at 3.60 GHz. (c) The
normalized pattern of the filtering antenna at 4.20 GHz.

In addition, it can be seen from Fig. El that the main
polarization of the measured H plane (xz plane) and
E plane (yz plane) is approximately 25 dB greater
than the cross-polarization. It should be noted that the
cross-polarization obtained by simulation is less than -40
dB. The performance comparison between the filtering
antenna proposed in this article and other reported
filtering antennas is given in Table [2] In contrast, our

Table 2: Comparison between the proposed filtering antenna and some previous works

References Center Profile (1) FBW(%) Average Suppression | Size (Ag*Ag)
Frequency Gain (dBi) Level (dB)
(GHz)
(8] 4.22 0.078 61.4 8.7 23 0.84*0.84
[12] 4.5 0.098 22.6 7.4 23 0.66*0.66
[LLS] 24 0.032 20.1 9.5 14.5 1.2*%1.2
[19] 5 0.06 28.4 8.2 20 1.3*¥1.3
[120] 7 0.04 17.6 8 17 0.77%0.77
This work 3.35 0.038 23.6 8.1 17 0.78%0.78

1158



1159

proposed filtering antenna based on the fractal meta-
surface unit achieves a broadband filter response under
the condition of low profile (0.0384¢). In addition, the
antenna has a relatively high gain in the passband and a
satisfactory suppression level in the stopband.

IV. CONCLUSION

In this paper, a filtering antenna based on a metasur-
face is designed by using a slot-coupled feeding mode.
The working principle of the antenna is analyzed through
the surface current, and the function of each structure
of the antenna is explained. The antenna has a good
filtering effect. To verify the performance of the filter-
ing antenna, the actual antenna was fabricated and mea-
sured. The -10 dB impedance bandwidth measured by
the filtering antenna is 23.6% (3.22-4.08 GHz), its struc-
ture is compact, and the profile is low. The average gain
in the antenna passband is 8.1 dBi and the efficiency
exceeds 90%, which can meet the needs of 5G communi-
cation. Regardless, future research should be devoted to
the development of filtering properties by well-designed
fractal metasurface and compacting its structure further.
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