
Citation: Shi, C.; Zou, J.; Gao, J.; Liu,

C. Gain Enhancement of a Dual-Band

Antenna with the FSS. Electronics

2022, 11, 2882. https://doi.org/

10.3390/electronics11182882

Academic Editor: Dimitra I.

Kaklamani

Received: 31 July 2022

Accepted: 5 September 2022

Published: 12 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

Gain Enhancement of a Dual-Band Antenna with the FSS
Chengming Shi 1, Jie Zou 2, Jing Gao 2 and Changjun Liu 1,*

1 School of Electronics and Information Engineering, Sichuan University, Chengdu 610064, China
2 The Second Research Institute of Civil Aviation Administration of China, Chengdu 611435, China
* Correspondence: cjliu@scu.edu.cn

Abstract: A dual-band directional antenna for Industrial, Scientific, and Medical (ISM) band appli-
cation is proposed in this article. The antenna consists of two layers of substrates. The first layer
contains the square loop loading with a meander stub to realize the dual band. The second layer
is a frequency selective surface (FSS) structure, which is a periodic array with square loops. The
phase shift from the FSS reflection and the distance between two layers are optimized to realize the
field superposition, which could achieve gain enhancement and bandwidth improvement at two
operating bands, simultaneously. The measured results indicate that within a 2.3–2.62 GHz range
and a 4.9–6.45 GHz range, the |S11| of the antenna is less than −10 dB. The −10 dB impedance
bandwidth is 13% and 27%, respectively. The gain of the antenna is 6.8 dB at 2.45 GHz and 9.0 dB at
5.8 GHz. Meanwhile, the antenna gain is over 8.5 dB from 5.0 GHz to 6.0 GHz. The working band of
the antenna covers all bands of WLAN. The design has a good application prospect in the future.

Keywords: dual-band; gain enhancement; frequency selective surface

1. Introduction

Wireless communication systems have developed rapidly in the past few decades,
meaning more is required from antennas, such as wideband and multi-band features, high
gain, and easy fabrication. Microstrip patch antennas show outstanding advantages for
mobile communication devices due to their low profile, easy fabrication, small size, and
easy integration with other circuits [1]. Nevertheless, normal microstrip antennas still have
many shortcomings which include their narrow- and single-band features, low-radiation
efficiency, and so on. In order to improve the performance of a microstrip antenna, many
methods have been proposed for various purposes. The use of multi-stubs on a monopole
antenna was widely studied in [2–5]. This method easily achieves multi-band performance
since it has stubs with different lengths corresponding to various resonant frequencies.
However, it is unable to realize a high gain since it is based on a monopole structure.
What is more, its radiation pattern could deteriorate, especially in a high frequency band.
Multi-mode antennas are a good way to realize dual-band operation as well. In [6], a dual-
band folded-end dipole antenna working at an S- and C-band was proposed. The antenna
worked in the 6th and 12th mode at 2.5 GHz and 4.7 GHz, respectively. It had a concise
structure and a good radiation performance. The use of frequency reconfigurable antennas
is another method used to achieve dual-band or multi-band performance [7–9]. However,
their complex structures which introduce the DC feed circuit and active components limit
their application. The DC feed circuit could cause pattern distortion as well.

In recent years, metamaterial structures have been widely studied because of their
excellent improvements of antennas [10–19]. In [10], the authors proposed a printed
Yagi antenna loaded with metamaterial-embedded square spiral rings (SSRs) in an array
formation to achieve a multi-band and a high gain. The first resonance of the antenna was
produced by the Yagi dipole elements, and the other resonances were produced by the
parasitic SSR. Thus, by optimizing the dimensions of the parasitic SSR, the antenna working
band could be controlled. In [11], an artificial magnetic conductor (AMC) was placed
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directly below two orthogonally placed dipoles. Due to the zero-reflection performance
of an AMC, the antenna had a low profile with an enhanced gain. Meanwhile, frequency
selective surfaces (FSSs) have been used as reflectors to improve the antenna radiation
performance. Another article introduced in [12] suggested a comprehensive review focusing
on gain enhancement techniques using an FSS as a reflector for UWB antenna applications.
According to [11], the main methods of gain enhancement for UWB antennas using FSS
reflectors in recent years are classified into two groups: FSS single-layer reflectors and FSS
multi-layer reflectors. For FSS single-layer reflectors, some work adopts an FSS unit array
on one side of the sheet of substrates as a reflector, though more FSSs are designed based
on metallic reflectors to enhance gain, and several pioneering FSS single-layer reflectors
are proposed to improve the gain of UWB planner antennas based on the magnitude of
their phase reflections. In [13], a wideband microstrip array antenna with an FSS reflector
was proposed. The designed FSS had a wide stopband transmission coefficient from 3.3
to 5.6 GHz, which made the antenna obtain a wide bandwidth and a stable high gain.
The proposed antenna obtained a high gain of 12.4 dB, and the radiation efficiency was
77.5% (3.3–5.6 GHz). The bandwidth reached 51.12%, which meant the antenna had a
better radiation performance than many relative works. Dual-band FSS reflectors are also
a research hotspot; in [14], a stopband FSS operating at 750 MHz and 3.5 GHz for a 5 G
application was proposed. The FSS unit cell was a bow tie, which was designed by an
iteration and fractal technique. A dual-band FSS reflector working at 2.45 GHz and 5.8 GHz,
whose unit cell is two square loops, was placed behind a dual-band antenna to enhance
the gain and improve the radiation pattern in [15]. In [16], the authors enhanced the
performance of a dual-band monopole antenna operating at 3.0 and 5.5 GHz by using an
FSS-based corner reflector. The reflector significantly increased the impedance bandwidth
from 20% to 44% and directivity to 5.5 GHz while maintaining omnidirectional radiation at
3 GHz.

In this article, a dual-band antenna operates at the ISM band with an FSS loaded as a
band-stop reflector at 5.8 GHz and a Partial Reflection Surface (PRS) at 2.45 GHz, through
adjusting the reflection phase shifting from the FSS to achieve the field superposition and
the gain enhancement. The antenna gain is significantly improved, as is its bandwidth
and front–back ratio. Its gain is enhanced from 2.2 dB to 6.8 dB at 2.45 GHz and from
4.4 dB to 9.0 dB at 5.8 GHz. In addition, the enhancement is achieved with a low-profile
structure which is 0.13 λ0 at 2.45 GHz. The antenna structure in this study is presented
after the Introduction in Section 1. The design of the antenna and the FSS is described in
detail in Section 2. In Section 3, some key parameters that were studied are presented, and
a prototype of the antenna is manufactured and measured. The measurement results are
presented and analyzed. Finally, the conclusion is given in Section 4.

The main contributions of this article are listed as follows:

1. A method to achieve the maximum field superposition in two ISM bands simultane-
ously which is based on the FSS reflection phase shift and adjusting the “air-gap” (the
gap between antenna and FSS) length is proposed and validated.

2. Some key parameters in gain enhancement such as the “air-gap” length and the FSS
unit amount are investigated to establish their effects on antenna radiation performance.

3. A dual-band antenna is proposed and measured, obtaining a wide bandwidth and
high gain with a low profile.

2. Antenna and FSS Design

The configuration of the proposed antenna is shown in Figure 1. Two layers of sub-
strate are parallel to each other and are fixed together with nylon screws. The substrate
of the first layer is F4B with a dielectric constant of 2.65, a loss tangent of 0.0015, and a
thickness of 1 mm. Figure 1b shows the top view of the original antenna which consists of
a square loop loaded with a meander stub. The ground of the antenna with a rectangular
opening is shown in Figure 1c. The substrate of the second layer is FR4 with a dielectric
constant of 4.3, a loss tangent of 0.02, and a thickness of 1 mm. Figure 1d shows the
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second layer of the structure, which is a frequency selective surface (FSS) whose funda-
mental element is a square loop. The distance between the two layers is 13 mm, which
is approximately a quarter-wavelength at 5.8 GHz. In Figure 1, the yellow parts mean a
copper cladding and the green and blue parts represent the FR4 and the F4B substrates,
respectively. The four gray circles are the nylon screws.
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Figure 1. Configuration of antenna: (a) side view, (b) first layer top view, (c) first layer bottom view,
(d) second layer.

A dual-band prototype patch antenna is designed to be printed on the first substrate.
The main radiating part of the antenna at 2.45 GHz is the square on the first layer. The
length of the square is calculated preliminarily by

L =
c

4 · f · √εr
, (1)

where L, c, f, and εr are the length of the square, the light speed in vacuum, the operating
frequency, and the equivalent dielectric constant of substrate, respectively. Figure 2 is an
equivalent circuit model (ECM) of the proposed dual-band prototype antenna. It indicates
that the resonance at 2.45 GHz is produced by a “Cl, Ll, Rl” series resonant circuit and the
resonance at 5.8 GHz is produced by a “Ch, Lh, Rh” series resonant circuit. Meanwhile, C1
and L1 are the equivalent parasitic parameters.
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The equivalent circuit was designed utilizing the Advanced Design System software
(ADS). The input impedance of the proposed antenna and the equations to calculate the
equivalent circuit variables are presented as follows [20,21]:
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ωz1 , ωz2 , and ωp2 ,respectively, represent two zeros and the second pole of Equation (3),
and the value of ωp1 was taken to be zero. When the antenna is working at the resonance
frequencies, the imaginary part of input impedance is zero, which means that the ωz1 and
ωz2 correspond to 2.45 GHz and 5.8 GHz, respectively. In Equation (2), R represents the ra-
diation resistance. These variables could be calculated using Equations (3)–(8). The lumped
RLC values recorded in Table 1 were estimated using the equations mentioned above.

Table 1. Lumped parameters of ECM.

Circuit Parameters Cl Ll Ch Lh C1 L1

Values 0.745 pF 5.9 nH 0.14 pF 5.4 nH 0.3 pF 9.1 nH

The current distribution at 2.45 GHz is shown in Figure 3a. The current at 2.45 GHz is
mainly distributed on the square. However, the bottom side of the square is parallel and
close to ground. It could be regarded as a transmission line without radiation. Thus, two
sides of the square which are vertical to ground are equivalent to two monopoles. They
are in parallel, as shown in Figure 2. The main radiating part of the antenna at 5.8 GHz is
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the meander line stub on the U-shaped frame and its length also could be calculated by
Equation (1).

Electronics 2022, 11, x FOR PEER REVIEW  5  of  16 
 

 

sides of the square which are vertical to ground are equivalent to two monopoles. They 

are in parallel, as shown in Figure 2. The main radiating part of the antenna at 5.8 GHz is 

the meander line stub on the U‐shaped frame and its length also could be calculated by 

Equation (1). 

   

(a)  (b) 

Figure 3. Current distribution of the original antenna at (a) 2.45 GHz and (b) 5.8 GHz. 

The meander line stub is adopted since it reduces the size as well as the coupling to 

the surrounding U‐shaped frame. Figure 3b shows the distribution of the current at 5.8 

GHz; introducing the stub on the square makes a strong concentration of the current on 

the stub and a weak concentration of the current on the square, and it indicates that the 

main radiation part at 5.8 GHz is the meander line stub which is equivalent to a monopole, 

as shown in Figure 2. A 50Ω microstrip line is used to feed the antenna from the middle 

of the bottom side. 

The bottom substrate is a frequency selective surface (FSS), which is a spatial reso‐

nant structure. It has different responses to electromagnetic waves at different frequen‐

cies. In this article, a square‐loop‐based FSS has been designed, which is a band‐stop spa‐

tial filter as a reflector at 5.8 GHz and as a Partial Reflection Surface (PRS) at 2.45 GHz. 

The element of the FSS is shown in Figure 4a; it is analyzed as a parallel LC resonant circuit 

which is equal to an open circuit at the resonant frequency. The equivalent circuit sche‐

matic is given in Figure 4b. 

   

(a)  (b) 

Figure 4. (a) An FSS element and (b) its equivalent schematic. 

At the resonant frequency, the phase shift of the reflection of the FSS is about 180°, 

which is similar to a normal metal reflector. Thus, to achieve the field superposition, the 

distance between  the FSS and  the prototype antenna  is equal  to  𝜆/4, where  𝜆  is  the 

wavelength. However, for a dual‐band antenna, it is hard to realize the field superposition 

by this method, since the distance between the FSS and the antenna is related to the wave‐

length. Compared to the normal metal reflector, which has a 180° phase shift for all fre‐

Figure 3. Current distribution of the original antenna at (a) 2.45 GHz and (b) 5.8 GHz.

The meander line stub is adopted since it reduces the size as well as the coupling
to the surrounding U-shaped frame. Figure 3b shows the distribution of the current at
5.8 GHz; introducing the stub on the square makes a strong concentration of the current on
the stub and a weak concentration of the current on the square, and it indicates that the
main radiation part at 5.8 GHz is the meander line stub which is equivalent to a monopole,
as shown in Figure 2. A 50Ω microstrip line is used to feed the antenna from the middle of
the bottom side.

The bottom substrate is a frequency selective surface (FSS), which is a spatial resonant
structure. It has different responses to electromagnetic waves at different frequencies. In
this article, a square-loop-based FSS has been designed, which is a band-stop spatial filter
as a reflector at 5.8 GHz and as a Partial Reflection Surface (PRS) at 2.45 GHz. The element
of the FSS is shown in Figure 4a; it is analyzed as a parallel LC resonant circuit which is
equal to an open circuit at the resonant frequency. The equivalent circuit schematic is given
in Figure 4b.
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At the resonant frequency, the phase shift of the reflection of the FSS is about 180◦,
which is similar to a normal metal reflector. Thus, to achieve the field superposition, the
distance between the FSS and the prototype antenna is equal to λg/4, where λg is the
wavelength. However, for a dual-band antenna, it is hard to realize the field superposition
by this method, since the distance between the FSS and the antenna is related to the
wavelength. Compared to the normal metal reflector, which has a 180◦ phase shift for
all frequencies, the phase shift of the FSS reflection at the non-resonant frequency varies.
Therefore, utilizing the FSS at the non-resonant frequency is a good way to realize the field
superposition for a dual-band antenna. At the non-resonant frequencies, some parts of the
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incident wave transmitted the FSS and the other parts were reflected by the FSS—the FSS is
used as a PRS in this case. For the purpose of gain enhancement, the reflected wave is not
expected because the radiation should be mainly towards a single direction. The reflected
wave could be eliminated with the original antenna radiation wave if they have a 180◦

phase difference.
A schematic of the entire structure is shown in Figure 5. Not all the reflected waves

are eliminated since the incident angles are different. The remaining reflected waves will
be reflected and then reflected again between the antenna ground and the FSS. According
to the analysis mentioned above, two conditions are required to realize field superposition
at 2.45 GHz:

2π
2h
λ

+ ϕr = (2n + 1)π , (9)

π + 2π
2h
λ

+ ϕr = 2nπ (n = 0, 1, 2 . . .), (10)

where h is the distance between the FSS and the antenna, ϕr is the reflection phase shift,
and λ is the wavelength. Equation (9) is the condition that the reflected wave and the
incident wave can be eliminated with each other. Equation (10) is the condition that the
final transmitted wave will get the same phase after being reflected between the two
substrates many times [22]. The two formulas are equivalent to each other.
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Figure 5. The schematic of the antenna working principle at (a) 2.45 GHz and (b) 5.8 GHz.

In this design, the band-stop FSS is a reflector at 5.8 GHz. Thus, h is about 0.25 λH and
0.1 λL, and the value of h is 12.9 mm, where λH and λL are the wavelengths at 5.8 GHz and
2.45 GHz, respectively. Thus, the designed reflection phase shift ϕr could be calculated at
approximately 0.6π.

3. Simulated and Measured Results

The FSS unit is designed and finally optimized by the full wave electromagnetic
simulation software. The simulated transmission coefficient (|S21|) and the reflection
phase shift of the FSS for the normal incidence plane waves are shown in Figure 6. The
transmission coefficient is less than −35 dB at 5.8 GHz, which means almost all waves are
reflected by the FSS at 5.8 GHz. The transmission coefficient is −3.2 dB at 2.45 GHz, which
means that about half the power of the incident waves is reflected. The reflection phase
shift is 135◦ at 2.45 GHz, which is close to the required value in theory.
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Figure 6. The simulated transmission coefficient and reflection phase of the FSS.

The analysis and simulation of the FSS above are based on an ideal assumption that
the FSS is an infinitely large surface. However, the size of antennas is always limited in
real antenna design engineering. The effects of the FSS unit cell number on the antenna
radiation performance are given in Figure 7a,b, showing |S11| and the gain of the antenna
with “2 × 2”, “3 × 3”, “4 × 4”,”5 × 5”, and”6 × 6” FSS unit cell arrays, respectively,
when h is 13 mm. The number of FSS unit array dimensions is n, as shown in Figure 7a.
When n is increasing, the first resonance frequency is moving to a lower frequency, and the
second resonance at the 5.8 GHz band is barely influenced. When n > 4, the first resonance
frequency is stable at about 2.45 GHz, and the antenna’s bandwidth becomes independent
of the FSS size, which illustrates that the FSS is large enough to meet the condition in
Section 2. In Figure 7b, it is clear that with the increase in “n”, the gain in operating bands
is improving, especially at 5.8 GHz band. When n > 4, the antenna gain at 2.45 GHz is
stable at 7.5 dB. Comparing n = 5 with n = 6 shows that the gain improvement of the FSS
unit cell number increasing is not significant in the two operating bands. Considering the
size of antenna, for the number of FSS unit cells, the “5 × 5” array is appropriate.
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The length of the air-gap between the antenna and the FSS is h, as mentioned above. It
plays a crucial role in antenna performance. A parameter study of the air-gap was carried
out to explore the influence of the air-gap on the antenna radiating and validating the
analysis in Section 2. The results are displayed in Figure 8. Figure 8a shows that the two
resonance frequency points vary with the values of the air-gap. The field distribution
around the antenna is also changing for the different values of the air-gap and this has an
impact on antenna input impedance. As shown in Figure 8b, gain gets a maximum value at
2.45 GHz and 5.8 GHz simultaneously, when the air-gap is 10 mm, and the air-gap is close
to a quarter of the wavelength at 5.8 GHz, but is 1/10 wavelength at 2.45 GHz. What is
more, the FSS is a PRS at 2.45 GHz. Hence, even when the air-gap = 30 mm, that is a quarter
of the wavelength at 2.45 GHz and the gain is lower than at other values. The simulation
results validate the theory analysis in Section 2 that the antenna has a higher gain when
meeting Equations (9) and (10).
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Figure 8. The antenna performance of various values of “air-gap” parameter (a) |S11| and (b) gain.

The antenna and the FSS are simulated and optimized. After combining the two
substrates, the input impedance would be influenced especially at 2.45 GHz. In order to
realize the impedance matching again, many parameters of the antenna are analyzed. The
antenna impedance is sensitive to a key parameter Botm_L1, which is shown in Figure 9.
In Figure 9, impedance curve fluctuation is relatively large in the low operating bands, but
it stays relatively flat when the resistance is about 50 Ohm and the reactance is 0 Ohm in
the high operating bands. Thus, adjusting Botm_L1 may affect the antenna impedance at
2.45 GHz, but has little influence on the antenna impedance at 5.8 GHz. The parameters of
the final optimization results are given in Table 2.
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Table 2. Design parameter values of proposed antenna.

Parameters Top_L1 Top_L2 Stub_L Side_L1 Side_L2 Botm_L1

Value(mm) 8.5 5 6.4 11.8 4 22
Parameters Feed_L DG_L DG_W FS_L FS_W Air-gap
Value(mm) 25.9 27 36 13 10.8 13

A prototype has been manufactured and measured. Two layers were combined using
the nylon screws, as shown in Figure 10. Figure 11 shows the antenna measurement envi-
ronment in an anechoic chamber. The generator produced a signal which was transmitted
by the standard horn antenna. The signal was received by the antenna under test (AUT). A
spectrum analyzer measured the magnitude of signals from the AUT when the AUT was
rotating around two axes to measure the E and the H plane pattern. Another standard
horn antenna whose gain was known repeated the steps mentioned above as the receiving
antenna. Finally, all values were normalized by the maximum value to draw the patterns
and the gain of the AUT from the received signal magnitude difference between the stan-
dard horn antenna and the AUT. The radiation pattern and the gain were measured in the
anechoic chamber, and the |S11| was measured by a Vector Network Analyzer (VNA).
The measured |S11| together with the simulated values are shown in Figure 12a, in which
there is an agreement between the simulated and the measured results. The two operating
bands of the proposed antenna (|S11| < −10 dB) were 2.3–2.62 GHz and 4.9–6.42 GHz,
respectively. The relative bandwidths were 13% and 27%, respectively. Moreover, the single
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original antenna was measured as well. A comparison between the original antenna and
the proposed antenna with the FSS is shown in Figure 12b. The original antenna without
the FSS had poor impedance matching at 2.45 GHz and the voltage reflection coefficient
was about −5 dB. While loaded with the FSS, the proposed antenna had a resonance of
2.45 GHz and a good bandwidth. The bandwidth at the high frequency band was also
expanded. Thus, it can be seen that the FSS improved the antenna bandwidth.
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Figure 12. (a) The simulated and measured |S11| of the antenna and (b) the comparison of the
measured |S11| of the antenna with and without the FSS.

The simulated and measured radiation patterns of the proposed antenna are shown in
Figure 13. Figure 13a contains the E-plane pattern and the H-plane pattern at 2.45 GHz. The
maximum gain is 6.8 dB, and the front–back ratio is 8.2 dB. The simulated and measured
results are in good agreement. Figure 13b shows the simulated and measured radiation
patterns at 5.8 GHz. Meanwhile, the measured E-plane patterns of the proposed antenna at
5.0 GHz, 5.4 GHz, and 6.0 GHz are shown in Figure 13c.
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The gain measurements of the proposed antenna with and without an FSS are shown
in Figure 14. The gains show a significant improvement in the two operating bands
compared with the original antenna without an FSS. The measured peak gain reaches
6.8 dB at 2.45 GHz and 9.0 dB at 5.8 GHz, which is a little lower than the simulated value.
This reduction may be produced by the fabrication and measurement errors. What is more,
the 3 dB gain bandwidth points are marked in Figure 14. The gain is higher than 3.8 dB at
2.0–3.15 GHz and higher than 6 dB at 4.8–6.42 GHz. The 3 dB gain bandwidth is 1.15 GHz
and 1.62 GHz at 2.45 GHz and 5.8 GHz, respectively, which illustrates that the antenna has a
wide gain bandwidth through integration with the FSS. Figure 15 is the simulated radiation
efficiency of the proposed antenna with and without the FSS; it shows that the antenna
with the FSS achieved a maximum radiation efficiency of 94.3% and 95.7% at 2.45 GHz
and 5.8 GHz, respectively. A significant improvement of efficiency from 66.2% to 94.3% at
2.45 GHz occurs when the antenna is integrated with the FSS. However, this improvement
in efficiency at the 5.8 GHz band is not obvious since it is already high without the FSS. The
proposed antenna has a high efficiency in the range of 85–95.7% in the two operating bands.
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Analyzing the current distribution of the antenna is a direct way to figure out the
operating principle of the antennas. The current distribution of the antenna with the FSS
is displayed in Figure 16. As shown in Figure 16a, a strong current is distributed by the
central “3× 3” FSS unit cells, and a relatively weaker current comes from the outer FSS unit
cells, which explains the reason for the increased number of the FSS unit cells no longer
improving gain significantly when the number is already high enough, as mentioned above.
Figure 16b,c show the current distribution of the antenna integrating with the FSS. It can be
observed here that the current on the antenna and the FSS are strong and saturated. The
antenna has a larger equivalent aperture compared with Figure 3 in Section 2, which is
without the FSS.
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Previous work related to dual-band, multi-band, broadband, metamaterials, and FSS
reflector integration antennas is displayed in Table 3. The antennas are compared in four
dimensions which are size, bandwidth, gain, and radiation efficiency. The size is presented
as wavelength, with the largest wavelength of operating frequencies being adopted for
multi-band antennas. In comparison to other studies using different design methods, it is
evident that the proposed antenna has a small size and achieves a wider bandwidth with
an appropriate gain and radiation efficiency.
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Table 3. Comparison of the proposed antenna with other studies.

Reference Dimensions (λ3
0)

Working Bands
(GHz) Bandwidth Peak Gain (dB) Radiation

Efficiency

[6] 0.86× 0.86 × 0.04 2.25–2.75 and 4.6–4.85 20% and 5.3% 7.55 and 4.7 null

[10] 1 × 1.15

2.38–2.51
2.92–3.36

3.74
3.83

5.3%
13%
null
null

9.98
3.82
10.4
8.08

null

[11] 0.85× 0.85 × 0.1 2.36–2.76 and 5.1–6.2 15.6% and 9.3% 7.2 and 7.3 null

[12] 0.66× 0.66 × 0.31 2.37–2.56 and 5.15–6.22 7% and 18.8% 7.5 and 6.8 null

[13] 10.32× 4.251 × 1.295 3.5–5.8 51.12% 12.4 77.5%

[23] 0.66× 0.66 × 0.13 2.3–2.6 and 4.6–5.78 11.8% and 22% 6.4 and 7 null

[24] 0.62× 0.43 × 0.04 2.4–2.48 and 5.72–5.83 5.5% and 7.48% 4.9 and 8.3 null

This work 0.6× 0.6 × 0.13 2.3–2.65 and 4.9–6.45 13% and 27% 6.8 and 9.0 94.3% and 95.7%

4. Conclusions

In this article, a double-layer dual-band antenna based on the FSS is proposed. A layer
of a frequency selective surface is loaded to improve the gain and bandwidth of the antenna
at two operating frequencies. The realization of a dual-band operation is through a square
loop loading a meander stub and the tuned reflection phase shift of the FSS to achieve field
superposition. The equivalent circuit models of the antenna and the FSS unit are given
and analyzed. The comprehensive parameters are presented and discussed to reveal the
working mechanism of the proposed antennas. The proposed antenna achieves a high gain
of 6.8 dB at 2.45 GHz and 9.0 dB at 5.8 GHz with a low profile of 0.13 λ0 and a structure
which is easy to fabricate. Meanwhile, the antenna obtains a wide impedance bandwidth
of 13% at 2.45 GHz and 27% at 5.8 GHz. The 3 dB gain bandwidth attains 2–3.1 GHz and
4.8–6.4 GHz in the two operating bands. The results show that the antenna has a good
radiation performance in the WLAN bands and is easy to manufacture. It can also be used
for ISM communication.
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