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ABSTRACT: A novel compact dual-band antenna based on dual-cap metasurface (MS) is proposed. By etching circumferential circular
ring slots on one side of the substrate and a large cruciform slot on the other side, the dual-cap MS operates in two frequency bands. In
addition, by placing the dual-cap MS at the back of a circular ring planar antenna which serves as a reflector, the impedance characteristic
of the antenna in lower band and gain both in two bands are improved. The results show that this dual-cap MS antenna operates in the
Wireless Local Area Network (WLAN) bands of 2.43–2.6GHz and 5.48–6.05GHz. Moreover, the maximum gains in lower and upper
bands can reach 6.9 and 5.8 dBi, respectively.

1. INTRODUCTION

Recently, metasurface (MS) has been widely used in the de-
sign of antennas for performance improvement in some as-

pects, such as increasing the gain, reducing the radar cross sec-
tion, improving the bandwidth, controlling the radiation beam,
and reducing the size of the antenna. In [1], a low-profile cir-
cularly polarized antenna based on MS was proposed. By em-
ploying Hilbert fractal MS, a good front-to-back ratio of the an-
tenna was realized. In [2], by introducing the MS composed of
a rectangular patch artificial magnetic conductor, a slot antenna
got lower radar cross section. In [3], as a reflector, the dual-cap
mushroom-like MS with a shorting via was placed at the back
of a circular-polarization reconfigurable antenna to improve its
impedance bandwidth and gain. In [4], a wideband antenna
with the bandwidth of 33.1% was realized by using a nonuni-
form tapered MS structure. In [5], an antenna array with hy-
brid MS was proposed. By combining the ordinary rectangular
patchMS and theMSwith a shorting pin, the cross-polarization
levels of the antenna array were suppressed. In [6], by rotating
the semi-circular MS placed atop of a patch antenna, the recon-
figuration of radiation pattern was achieved. In [7], an antenna
based on 2-bit digital coding MS was proposed. By perform-
ing convolution operations on the coding antenna, the radiation
waves could be manipulated. In [8], a gradientMS based on ge-
ometric phase theory was used to customize the radiation angle
of the leaky-wave antennas and reduce the total antenna size.
A common feature of the MS antennas mentioned in [1–8]

was that they all work in a single frequency band. In order
to improve the performance of a dual-band antenna, MSs with
dual band operation were proposed. In [9], the MS composed
of pairs of nonuniform cut wires was used to reduce the mu-
tual couplings at two independent bands of two coupled MIMO
antennas. In [10], a periodic homogeneous array of split ring
resonators was used to form a modulated MS, which realized
the beam reconfiguration at 1.8 and 2.6GHz. In [11], a dual-
band MS based slot antenna was proposed. The MS with 4× 4
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square patches was used to reduce the mutual coupling for an-
tenna system. In [12], an inhomogeneous MS was proposed
to achieve the electromagnetic transparent performance of the
base station antenna. In [13] and [14], the dual-band MSs with
L-shape gap and non-identical arc shape were proposed to con-
vert linearly polarized wave into circularly polarized wave, re-
spectively. To achieve dual-band performance, an MS com-
posed of 4× 4 square patches was placed above the dipole an-
tenna in [15]. In [16], single negative metamaterial was uti-
lized to improve the antenna radiation characteristics for LTE
46/WLAN andKa-band applications. In [17–19], several artifi-
cial magnetic conductor (AMC) planes were loaded separately
in the wearable textile dual-band antennas, which could reduce
the backward radiation of the antennas and improve the gain.
Here, the MSs mentioned above both had the large dimensions.
In this paper, a compact dual-band antenna for WLAN-band

(2.4GHz and 5.8GHz) operations is proposed. It consists of a
circular ring planar radiator and a dual-cap MS. The proposed
MS is called dual-cap MS because each unit has a square patch
etched circumferential circular ring slots (PCCRS) on one side
of the substrate and a large cruciform slot (LCS) on the other
side. By introducing LCS and PCCRS, dual-band operation is
provided. Furthermore, by using a dual-cap MS as a reflector,
better impedance matching in lower band and higher gain of
the antenna both in two bands are achieved. Meanwhile, the
antenna realizes a compact layout of 0.32λ0×0.21λ0×0.11λ0

(λ0 is the wavelength at 2.47GHz). The measured results show
that the impedance bandwidths (|S11| < −10 dB) of the pro-
posed MS antenna in lower and upper bands are from 2.43 to
2.6GHz and 5.48 to 6.05GHz, respectively. In addition, the
gains over these two frequency bands are higher than 4.2 and
3.7 dBi, respectively.

2. DUAL-CAP MS UNIT

The operating frequency for a antenna loaded withMS based on
given dielectric material is inversely proportional to the effec-
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FIGURE 1. Configuration of the dual-cap MS unit.
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FIGURE 2. (a) Reflection magnitude and (b) phase of the MS unit.

tive permittivity and permeability. Accordingly, the Compact
Factor (CF), which is the profile ratio of the antenna with MS
to that without MS is given by [20]

CF=
εr

|εeffµeff|
(1)

where εeff and µeff are the effective permittivity and permeabil-
ity of the MS, respectively. To achieve the miniaturization of
antenna, CF needs to be less than 1. Thus, it is necessary to
design an MS with high εeff × µeff.
Based on this, a dual-cap MS unit is proposed in this pa-

per. Fig. 1 gives its structure. A square patch of w1 × w1

with circumferential circular ring slots (PCCRSs) is printed on
the top side of a 0.8mm thick FR4-epoxy substrate (εr = 4.4,
tan δ = 0.02). These circular ring slots are connected end to
end and distributed in a circle with a radius of r. On the bottom
side of the substrate, a large cruciform slot (LCS) with a width
of w2 is etched on the square metal patch. The width of the MS
is calculated according to the formula:

wm=
c

2fr
√
εr

(2)

where fr and c are the resonant frequency (5.2GHz) and the
speed of light in vacuum, respectively. Also, when the perime-
ter of the etched slot on the MS is a guided wavelength, the

resonance is easily excited. Here, the parameters of the MS
unit are optimized as follows: wm = 13mm, wr = 0.2mm,
w1 = 12mm, w2 = 12mm, w3 = 2mm, r = 5mm and
r1 = 0.7mm.
For characterization and design, the reflectionmagnitude and

phase of the MS unit is plotted in Fig. 2. For the MS only with
a rectangular patch (without LCS and PCCRS), only one oper-
ating band is formed at 5.22GHz, as shown in Fig. 2(a). Also,
in Fig. 2(b), it can be seen that the reflection phase at this fre-
quency is close to 0◦. After the LCS is introduced, since the
length of LCS is designed as 4× w2 which is around a guided
wavelength at 3.3GHz, the operating band shifts down to this
frequency. It indicates that the LCS is the basis of realizing the
compact antenna.
When both the LCS and PCCRS are introduced, another op-

erating band is formed at 7GHz, and the MS has two operating
frequency bands. This is because the inner perimeter of the
circumferential ring slots is designed around a guided wave-
length corresponding to 7GHz. It can be seen that in the range
of 2.43–2.52GHz (as the first gray shaded area shown), the re-
flection magnitude is larger than −1.6 dB, and the reflection
phase is about 125◦. On the other hand, the reflection magni-
tude and phase are larger than−3.5 dB and 100◦ in the range of
5.6–5.98GHz (as the second gray shaded area shown), respec-
tively. This indicates that most of the EM waves are reflected
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FIGURE 3. (a) Effective permittivity and (b) permeability of the MS unit.
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FIGURE 4. (a) Equivalent circuit of the dual-cap MS unit and (b) reflection magnitude simulated using HFSS and calculated from the equivalent
circuit.

by the dual-cap MS. It exhibits a PEC-like response in these
two frequency bands.
Moreover, to verify the miniaturization effect of the dual-cap

MS unit, its effective permittivity (εeff) and permeability (µeff)
are obtained from a full-wave parameter extracting technique,
respectively [21]. The relationship between the impedance z
and the S parameters is determined by

z = ±

√
(1+S11)

2 −S2
21

(1−S11)
2 −S2

21

(3)

The refractive index n can be calculated according to the for-
mula:

Re (n) = ±Re

{
cos−1{ 1

2S21

[
1−

(
S2
11−S2

21

)]
}

k0h

}
(4)

Im (n) = ±Im

{
cos−1{ 1

2S21

[
1−

(
S2
11−S2

21

)]
}

k0h

}
(5)

where k is the wavenumber of the incident wave in free space
and h is the thickness of the substrate. Then, the εeff and µeff
are directly calculated from

εeff = n/z (6)
µeff = nz (7)

Figure 3 plots the effective permittivity and permeability of
the dual-cap MS unit. It can be seen that the real part of εeff
is positive, and that of µeff is negative in the ranges of 2.43–
2.52GHz and 5.6–5.98GHz, which indicates that the MS unit
is a single-negative medium. Also, according to the values of
εeff and µeff, a very small CF can be obtained at these two bands.
It indicates that the dual-cap MS unit is suitable for miniatur-
ization design of antenna.
In addition, to further explore the working mechanism, the

equivalent circuit of the dual-cap MS unit is established as
shown in Fig. 4. The MS unit without LCS and PCCRS can be
modeled by a parallel resonant tank, which is composed of an
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FIGURE 5. Simulated reflection phase of the MS unit (a) for different w3, (b) for different r.

inductor L, a capacitor C, and a parallel capacitor C0. The slot
between the rectangular patches on adjacent MS units can be
equivalent to a series capacitor Cd. Additional inductor LLCS

and capacitor CLCS are introduced in the parallel branch when
the LCS is loaded on the MS. Meanwhile, an additional capac-
itor CPCCRS is added in the series branch when the PCCRS
is introduced. For the optimized dual-cap MS unit, the values
of the components in the equivalent circuit are assumed as fol-
lows: L = 11.5 nH, C = 0.12 pF, C0 = 1.27 pF, Cd = 0.1 pF,
LLCS = 12.1 nH, CLCS = 0.045 pF, and Cpccrs = 0.2 pF.
Fig. 4 also shows the reflection magnitude of the dual-cap MS
unit simulated using HFSS and calculated from the equivalent
circuit. It can be seen that the calculated reflection magnitude
is in agreement with the simulated result.
Next, the influence of w3 and r on the reflection phase of

the MS unit is studied. Fig. 5(a) shows the reflection phase
of the MS unit for different w3. When w3 is 0mm, the fre-
quencies corresponding to zero reflection phases are 3.09 and
6.97GHz, respectively. When w3 increases to 1mm, it has a
similar performance in these two frequency bands. This indi-
cates that there is no effect on the reflection phase when w3

is small. However, when w3 increases to 2mm, the frequency
corresponding to zero reflection phases in the lower band shifts
down to 2.98GHz, and the one in the upper band remains un-
changed. Compared to this, with the further increase of w3, the
frequencies in both the operating bands shift down.
Figure 5(b) shows the reflection phase for different r. It can

be seen that with the decrease of r, there is little effect on the
reflection phase in the lower band. However, the frequency
corresponding to the reflection phase of 0◦ in the upper band
shifts up. When r decreases from 5 to 4.8mm, the frequency
increases from 6.94 to 7.44GHz. It indicates that the frequency
ratio of these dual bands can be adjusted by varying r.

3. DUAL-BAND ANTENNA BASED ON DUAL-CAP MS
Figure 6 shows the configuration of the proposed antenna based
on a dual-cap MS. A circular ring planar (CRP) antenna using

a noncomplete ground plane (w × lg mm2) is selected as the
source radiator, and the dual-cap MS is placed at a distance of
d (0.09λ0 at 2.47GHz) from the back of the source radiator, as
shown in Fig. 6(a). The dual-cap MS and CRP source radia-
tor together form a CRP MS antenna. FR4-epoxy (εr = 4.4,
tan δ = 0.02, h = 0.8mm) is used as both MS substrate and
CRP radiator substrate, which are marked as Sub1 and Sub2,
respectively. Fig. 6(b) shows the top view of the CRP radiator.
It is composed of a microstrip feed line and a circular ring with
a radius of r2. In order to reduce the size of the antenna and en-
sure consistency with the MS array, the top of the circular ring
is cut flat, and a rectangular split ring stripline is embedded to
form a closed metal strip with it. Also, a rectangular stub with
a length of l2 is introduced at the bottom of the circular ring,
which can extend the current path of the antenna and improve
impedance matching in the upper band. Fig. 6(c) shows the top
view of MS. It is composed of six PCCRSs forming a 2 × 3
array. Fig. 6(d) shows the bottom view of MS. It consists of six
LCS units which are arranged in a 2 × 3 array, and the size is
w×lmm2. Table 1 lists the dimensions of the CRPMS antenna
which are optimized using the Ansoft HFSS.

TABLE 1. The structural parameters of the CRP MS antenna (Unit:
mm).

l w r r1 r2 wm wr w1 w2 w3

39 26 5 0.7 12 13 0.2 12 12 2
w4 w5 w6 w7 l1 l2 l3 lg h d

0.5 1 8 0.8 16 5.2 6.2 18 0.8 11.4

To further demonstrate the relationship between the selection
of the antenna size and the resonant frequency, Fig. 7 plots the
simulated current distribution on the CRP at 2.47 and 5.82GHz,
respectively. Usually, the antenna parameter can be calculated
according to the formula:

Lm =
n

2
λ=

nc

2fr
√
εr

, n = 1, 2, 3, · · · (8)
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FIGURE 6. Configuration of the CRP MS antenna: (a) side view, (b) top view of the radiator, (c) top view of MS, and (d) bottom view of MS.

2.47 GHz                                           5.82 GHz

FIGURE 7. Simulated current distribution on the CRP at 2.47 and 5.82GHz.

where Lm and λ are the current path length and guided wave-
length of the corresponding resonant band, respectively. Ac-
cording (8), when n = 2, the corresponding values of Lm are
57.8 and 24.5mm at 2.47 and 5.82GHz, respectively. In Fig. 7,
it can be seen that the lengths of the current concentration dis-
tribution (as the black arrow shown) are approximately 53mm
and 24mm at these two operating bands, respectively. The val-
ues are nearly identical to those calculated using (8).

3.1. Improvement of the Antenna Performance

In this part, the effect of the dual-cap MS on the impedance
characteristic and gain of the CRP MS antenna is studied.
Firstly, the simulated input impedance and reflection coeffi-
cient |S11| of the antennas are given in Figs. 8(a) and (b), re-
spectively. As an excitation source, two different modes can be
excited at 2.63 and 5.82GHz on the CRP, respectively. When
theMS has not been introduced, as shown in Fig. 8(a), the input
impedance of the antenna is about 50+j0Ω at 5.82GHz. There-
fore, an operating band (|S11| < −10 dB) of 5.59–5.98GHz

can be observed as shown in Fig. 8(b). Nevertheless, the in-
put impedance at 2.63GHz is about 150 + j50Ω, which has
deviated from 50 + j0Ω. Thus, a poor impedance matching
is achieved around this frequency band, and the |S11| is larger
than −5.4 dB.
Then, the dual-cap MS is arranged as shown in Fig. 8(a), and

the input impedance of the antenna is reduced to 50 + j0Ω at
about 2.47GHz. This is because the lower operating band of
MS is also near this frequency. This gives rise to the additional
capacitance effect, and a parallel resonance appears near this
frequency. In this case, a better impedance matching of the
antenna in the lower band is achieved. The |S11| at 2.47GHz
decreases to −29 dB, and an operating band (|S11| < −10 dB)
of 2.43–2.52GHz is observed. For this frequency band, the
antenna achieves a compact electrical dimension of 0.32λ0 ×
0.21λ0 × 0.11λ0 (λ0 is the wavelength at 2.47GHz). On the
other hand, after the dual-cap MS is introduced, it has a similar
impedance characteristic to the CRP antenna without MS in the
upper band. This is because the MS is arranged at a distance of
11.4mm (about 0.1λ0 at 2.47GHz in the lower band) from the
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FIGURE 8. Simulated (a) input impedance and (b) |S11| of the antennas.
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FIGURE 9. Simulated gains of the antennas without and with MS.

back of the CRP antenna to improve the impedance matching of
the antenna in the lower band without affecting the upper band.
Next, Fig. 9 shows the simulated gains. For the CRP antenna

without dual-capMS, in the two operating bands, the peak gains
of 3 and 4 dBi are obtained at 2.6 and 5.9GHz, respectively.
When the MS is introduced, the gain in the lower band is obvi-
ously improved, and themaximum gain reaches 7.19 dBi. Also,
in the upper band, the gain is also enhanced and larger than
5 dBi. The peak gain reaches 6 dBi at 5.75GHz.
In order to explain the reason for gain improvement, Fig. 10

gives the electric field distribution of the antennas at 2.47 and
5.82GHz in the yoz plane. When the dual-capMS has not been
introduced, the energy is mainly concentrated near CRP, which
leads to the lower gains at these two frequencies. When the
MS is arranged as a reflector, the energy from the CRP is ef-
fectively reflected by the MS. As displayed in Fig. 2(b), the
reflection phases of the MS unit are close to 125◦ and 100◦

at 2.47 and 5.82GHz, respectively. The large reflection phase
will lead to a large phase difference between the reflected wave
and forward propagating wave when the distance between the
CRP radiator and the MS is small. In this case, these two waves
will be in a state of antiphase superposition state, and the field
will be weakened. In order to enhance the superposition of
two fields, the distance between the radiator and the MS is in-
creased, which makes the phase difference between these two
waves close to 0◦. At this point, the total energy is enhanced,
and the gain of the antenna is improved. Moreover, an induced
current is generated on the dual-cap MS after the CRP is ex-
cited, and the effective radiation aperture of the antenna is en-
larged. This also results in an increase in gain.

3.2. Parametric Study
In this section, the numerical analysis for the CRP MS antenna
is made using HFSS. The results indicate that the parameters
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FIGURE 10. Simulated Electric field distribution of the antennas (a) without and (b) with MS in the yoz plane.
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FIGURE 11. Simulated |S11| of the CRP MS antenna: (a) for different r2, (b) for different r, and (c) for different l2.

r2, l2 and r affect the performance of the antenna significantly.
Fig. 11(a) shows the |S11| for different r2. With the increase of
r2, the resonant frequencies both in the lower and upper bands
shift down. When r2 increases from 11 to 13mm, the reso-
nant frequencies decrease from 2.56 to 2.41GHz and 6.16 to
5.71GHz, respectively.

Figure 11(b) shows the |S11| for different r. It is observed
that r mainly affects the impedance performance on the upper
band. The impedance bandwidths of the lower band are almost
unchanged with the increase of r. However, the resonant fre-
quency in the upper band shifts down, and the bandwidth is
broadened.
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FIGURE 12. Photos of the proposed antenna and test environment: (a) top and bottom view, (b) side view, and (c) experimental environment.
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FIGURE 13. Simulated and measured results of the proposed antenna: (a) |S11| and (b) gain.

Figure 11(c) shows the |S11| for different l2. It is observed
that l2 has little effect on |S11| in the lower band. Nevertheless,
when the rectangular stub has not been introduced (l2 = 0), the
|S11| exceeds −10 dB in the upper band. When l2 is 4.7mm,
a narrow operating band of 5.73–5.81GHz is observed. Af-
ter l2 increases to 5.2mm, a better impedance matching is ob-
tained in a wider band of 5.6–5.98GHz. However, the res-
onant frequency shifts down with the further increase of l2.
Also, the |S11| at 5.68GHz is larger and close to−10 dB. Thus,
r2 = 12mm, r = 5mm, and l2 = 5.2mm are chosen, and the
operating bands of the antenna are from 2.43 to 2.52GHz and
5.6 to 5.98GHz, respectively

4. SIMULATED AND MEASURED RESULTS
The proposed CRP MS antenna is fabricated. Figs. 12(a) and
(b) show its photographs. Four thin nylon posts are used to
bond the CRP radiator and MS. In order to reduce the impact
on antenna performance, these nylon posts are placed on the
four corners of the proposed CRP MS antenna without touch-
ing the circumferential circular ring slots loaded on the upper
layer of MS. Moreover, Fig. 12(c) gives the test environment of
the antenna. The ZVL13 vector network analyzer and SZ-VL
antenna automatic test system are used to measure the antenna,
and the results are shown in Figs. 13 and 14.

Figure 13(a) shows the simulated and measured |S11|. When
the MS has not been introduced, a poor impedance matching
is achieved around 2.5GHz band. Then, the dual-cap MS is
arranged, and the antenna has the measured−10-dB impedance
bandwidths of 170MHz (2.43–2.6GHz) and 570MHz (5.48–
6.05GHz), which is better than the simulated result. This may
be caused by the instability of the actual FR4-epoxy substrate.
The permittivity of it may vary with frequency, and the loss
may be larger than that in the simulation model. Fabrication
and assembly tolerances also result in the deviation.
Figure 13(b) shows the gains of the antennas. For the antenna

with dual-cap MS, in the lower and upper bands, the measured
gains are stable and better than 4.2 dBi and 3.7 dBi, respec-
tively. The peak gains of 6.9 and 5.8 dBi are obtained, which
are improved by 4.8 and 2.3 dB compared to the antenna with-
out MS at 2.5 and 5.7GHz, respectively. It can be seen that the
measured gain is less than the simulated one (7.19 and 6 dBi).
This might be caused by the fabrication error.
Figure 14 shows the normalized radiation patterns at 2.47 and

5.82GHz. Compared to the antenna without dual-cap MS, the
one with MS has higher radiation along the boresight direction.
In addition, it can be seen that the measured results agree well
with the simulated ones. The maximum radiation is along the
boresight direction. At 2.47GHz, the half-power beamwidths
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FIGURE 14. Simulated and measured radiation patterns: (a)E-plane at 2.47GHz, (b)H-plane at 2.47GHz, (c)E-plane at 5.82GHz, and (d)H-plane
at 5.82GHz.

TABLE 2. Comparison of dual-band MS antennas.

Dimension Freq. (GHz) BW (%) Peak gain (dBi)
Ref. [14] 2.7λ0 × 2.7λ0 × 0.11λ0 2.7/4.3 1/6.3 5/6.6
Ref. [15] 0.58λ0 × 0.58λ0 × 0.058λ0 12/16.4 22.6/13.4 6.7/6.8
Ref. [16] 0.38λ0 × 0.56λ0 × 0.1λ0 5.5/19.2 6.2/14.9 5.04/9.13
Ref. [17] 1.2λ0 × 1.2λ0 × 0.057λ0 2.4/5.8 3.5/4.8 3.58/6.08
Ref. [18] 0.45λ0 × 0.45λ0 × 0.02λ0 1.575/2.45 7.6/5.5 1.98/1.94
Ref. [19] 0.68λ0 × 0.68λ0 × 0.053λ0 1.58/2.44 1.84/0.736 5.1/5.03
This work 0.32λ0 × 0.21λ0 × 0.11λ0 2.52/5.8 6.76/9.9 6.9/5.8

λ0, wavelength at the center frequency of the lower band. BW, impedance bandwidth.

are 90◦ and 55◦ in the E-plane and H-plane, respectively.
Also, the cross-polarization radiation levels are both less than
−20 dB. At 5.82GHz, the half-power beamwidths are 70◦ and
55◦ in the two planes, respectively. In addition, although the
cross-polarization radiation in E-plane is larger, it is still less
than −30 dB in the boresight direction.
Finally, Table 2 lists the key data of dual-bandMS antenna in

this study and those reported in [14–19]. It can be seen that the
proposed antenna has the minimum size and wide impedance
bandwidth (except the ones in [15] and [16]). In addition, the
peak gain of the proposed antenna is similar to those designs
listed in Table 2.

5. CONCLUSION
A dual-band antenna based on dual-cap MS is designed and
realized in this paper. By introducing LCS and PCCRS, the

dimensions of the MS are reduced. Meanwhile, the dual-band
operation is provided. In addition, as a reflector, the dual-cap
MS is placed at the back of the CRP antenna for performance
enhancement. The results confirm that the dual-band CRP
MS antenna has a total volume of 0.32λ0 × 0.21λ0 × 0.11λ0

(at 2.47GHz), and its impedance matching in lower band is
improved. Also, the boresight gains over the two operation
frequency bands (2.43–2.6GHz and 5.48–6.05GHz) are obvi-
ously improved, up to 6.9 and 5.8 dBi, respectively. It is suit-
able for wireless interconnection of electrical equipment in in-
door environments in theWLAN frequency band, such as dual-
band wireless routers and dual-band RFID antennas.
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