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Abstract—This paper presents a compact, low-proﬁle, wearable dual-band antenna operating in the
Wireless WLAN band of 5.15 ∼ 5.25 GHz and 5.72 ∼ 5.83 GHz. The proposed antenna is composed
of a planar monopole and underneath three by three array arrangement of Jerusalem Cross (JC)
structure metasurface. The simulated results show that the integrated antenna express 4.09% and 4.14%
impendence bandwidths, increased gain up to 7.9 dB and 8.2 dB, front to back (FB) ratio achieved to
20 dB and 18 dB at the two frequencies, respectively. The measured results agree well with simulations.
In addition, the metasurface not only is equivalent to a ground plane for isolation, but also acts as
the main radiator, which enables a great reduction in the speciﬁc absorption rate (SAR). Furthermore,
because of a compact solution, the proposed integrated antenna can be a promising device for various
wearable systems.

1. INTRODUCTION
The research of wearable computing systems has experienced rapid development over the past decade
due to their great potential applications such as health monitoring, wireless communication and other
intelligent terminals [1–3]. As one of the key components in the communication system, wearable
antennas have received much attention in both academia and industry since their unconventional
operating environment is in extremely close proximity to the human body [4]. In this case, the loading
of lossy human tissue makes the design of a high radiation eﬃciency antenna challenging when it is
also desirable for it to possess light-weight and low-proﬁle characteristics [5, 6]. Simultaneously, the
impact of a wearable antenna on human tissue, characterized by the speciﬁc absorption rate (SAR),
also needs to be minimized. The Planar Inverted-F Antenna (PIFA) was used to be an ideal scheme for
the wearable antenna design since it has the promising characteristics such as compactness, ﬂexibility
and multi-frequency [7, 8]; however, the performance of SAR was substandard, and the impendence
was easily be changed when loading by the human tissue. Alternatively, the Electromagnetic BandGap (EBG) and Artiﬁcial Magnetic Conductor (AMC) ground plane were introduced in the wearable
antenna design [9, 10]; such substrates can isolate the radiation ﬁeld and body tissue, decreased the
SAR dramatically, while these solutions still suﬀer from relatively large footprints, over-thick or low
front to back (FB) ratios.
Metamaterials are artiﬁcial materials with unusual electromagnetic responses that are not possessed
by natural materials [11, 12]. In the past decades, researchers have engaged in planar metamaterials
composed of subwavelength periodic resonant or non-resonant unit cells [13], which are also called as
metasurfaces. Some important applications of metasurfaces are anomalous refraction or reﬂection [14],
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surface-wave conversion, and polarization transformation, and they have also led to a wide range of
applications in the antenna and propagation ﬁelds [15]. Metasurfaces not only are used to improve
the properties of antennas including bandwidth and gain, but also can eliminate the aforementioned
drawbacks. In order to ensure the antenna to work in a proper frequency, the metasurface must have
the function of frequency selection. Frequency Selective Surface (FSS) based on Jerusalem Cross (JC)
structure has been applied in the design of microwave and Radio Frequency (RF) systems, such as ﬁlters,
polarizers and couplers [16, 17]. JCs oﬀer a miniaturized structure over the conventional square-patch
based FSS suggested originally by Sievenpiper et al. [18]. Compared to the traditional Series-Resonant
Grids, JC structures are more ﬂexible on frequency selection and more miniaturized on size [19]. Hence,
this structure was selected as candidate for the targeted application which requires the metasurface to
follow certain properties in the target band.
In this paper, we present a dual-band low-proﬁle printed monopole antenna integrated with a
metasurface ground plane based on a miniaturized Jerusalem Cross (JC) structure. It functions in the
Wireless Local Area Networks (WLAN) band of 5.15 ∼ 5.25 GHz and 5.72 ∼ 5.83 GHz, respectively,
following the IEEE 802.11a standard [20]. In Section 2, we present the design of the antenna and
metasurface ground plane. The results of three kinds of antenna are presented in Section 3, and the
eﬀects of human body loading on the antennas are also studied in this section. It has been proved
that the metasurface can reduce the peak SAR value considerably. Finally, conclusions are given in
Section 4.
2. THE DESIGN OF ANTENNA AND METASURFACE
The antenna consists of two components, a planar monopole on the top and a custom-designed
metasurface at the bottom. The top view of the planar monopole is demonstrated in Figure 1. The
planar monopole is fed by a Coplanar Waveguide (CPW), and the patch is printed on the top surface
of a 36 mm by 30 mm Rogers RO4003 substrate with a dielectric constant of 3.38 and loss tangent of
0.0027. The thickness of the substrate is only 0.305 mm which is thinner and lighter than previous
schemes. The dimensions are L1 = 32 mm, L2 = 20 mm, L3 = 11 mm, L4 = 5.5 mm, W1 = 24 mm,
W2 = 10 mm, W3 = 1.6 mm, W4 = 0.6 mm.

Figure 1. Top view of the monopole.
The substrate of metasurface has the same material and thickness as the planar monopole. The
unit cell conﬁguration on the surface is based on the shape of JC. The metasurface comprises 3 × 3 unit
cells, and the bottom layer is covered by copper, as shown in Figure 2. The dimensions are a = 14.4 mm,
b = 13.4 mm, c = 8.8 mm, d = 4.8 mm, e = 1.4 mm. The monopole, as an eﬃcient excitation, parallels
to the metasurface.
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Figure 2. Geometry and dimensions of the JC
based metasurface.
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Figure 3.
metasurface.

Equivalent circuit of JC-based

(a)

(b)

Figure 4. Reﬂection phase and coeﬃcient for the
JC based metasurface.

(c)

Figure 5. (a) Conﬁguration of the integrated
planar antenna, (b) front and (c) side view of the
integrated planar antenna.

We deal with the modeling and characterization of the JC structure metasurface composed of
periodic resonant LC cells [21]. A circuit model for the JC structures is depicted in Figure 3. To make
the metasurface operate at the proper band, the geometrical dimensions of the metasurface were tuned to
yield a zero reﬂection phase around 5.5 GHz and ensure the −90◦ reﬂection phase to occur at the target
bands. It is evident that the structure can be miniaturized by increasing one of the following parameters:
the grid inductance Lg , dielectric inductance Ld , and grid capacitance Cg [22, 23]. Obviously, increasing
Ld leads to a higher proﬁle structure which is not preferred for the considered application. Resonant
frequency of the structure can be expressed as
1
(1)
f= 
2π (Lg + Ld )Cg
Once deﬁning the geometry of the JC structure, we will have the values of corresponding
inductances and capacitances, and the reﬂection and transmission characteristics can then be visualized
automatically [24]. For characterization, we used the CST Microwave Studio to analyze the reﬂection
behavior, in which the ﬁnite integration technique was applied. The program was simulated with
appropriate boundary conditions, as a unit cell in the x and y directions, and open (add space) in
the z direction. Electromagnetic waves were normal incident on the surface of the structure. Figure 4
shows the simulated results of the reﬂection phase and reﬂection coeﬃcient proﬁles of the proposed
JC structures. The gray areas are the range −90◦ ± 45◦ reﬂection phase region. The frequency bands
4.1 ∼ 5.2 GHz and 5.5 ∼ 5.9 GHz are the target frequency where we want to achieve good impendence
matching for the proposed antenna.
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3. RESULTS AND DISCUSSIONS
Conﬁguration of the integrated metasurface-enabled antenna is shown in Figure 5(a). The metasurface
and monopole were ﬁrst fabricated separately using standard print circuit broad (PCB) etching. A foam
spacer with the prescribed thickness was then added in the two components, as shown in Figures 5(b)
and 5(c).
3.1. S-Parameters
The simulated impedance performance of the monopole in free space is illustrated in Figure 6(a). The
monopole alone shows a poor impedance match through the entire band, and the reﬂectance is higher
than −10 dB. The monopole placed above a metallic sheet was also simulated, which achieved a single
impedance matched band with S11 lower than −10 dB. It has also been demonstrated that the integrated
antennas consisting of a radiator backed by a metasurface ground plane working at operational band
around 0◦ or +90◦ reﬂection phase frequency [25], while the frequency bandwidth of 0◦ or +90◦ reﬂection
phase would be extremely narrow when the thickness of ground plane was only 0.305 mm. However, the
metasurface with −90◦ reﬂection phase can achieve a wider and dual-band antenna, thus the metasurface
with −90◦ reﬂection phase was adopted in the proposed design (see in Figure 4).

(a)

(b)

(c)

Figure 6. Simulated and measured S11 of (a) the monopole alone in free space, (b) the monopole above
a PEC ground plane, (c) the integrated metasurface-enabled antenna.
The monopole alone in the free space has a dipole-like pattern in E-plane and an omnidirectional
pattern in H-plane. When the monopole is integrated with metal plate, most of the energy is radiated
towards the +z half space with a half-power beamwidth (HPBW) about 60◦ and 75◦ in E-plane and Hplane. The integrated antenna exhibits a −10 dB impedance bandwidth at 5.38 ∼ 5.67 GHz, as shown
in Figure 6(b) and Figures 7(c), (d). When the monopole is integrated with the designed metasurface,
depicted in Figure 6(c), most of the energy is radiated towards the +z half space as well. The integrated
antenna exhibits a couple of −10 dB impedance bandwidths at 5.06 ∼ 5.27 GHz and 5.68 ∼ 5.84 GHz.
The HPBW in the lower band are about 65◦ and 75◦ in the E-plane and H-plane and about 60◦ and
75◦ in the higher band, as shown in Figures 7(e) and 7(f).
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(d)

(e)

(f)
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Figure 7. Simulated and measured E-plane and H-plane radiation pattern of (a), (b) the monopole,
(c), (d) integrated PEC-enabled antenna and (e), (f) the metasurface-enabled antenna at two diﬀerent
resonant frequencies.
To get a better understanding of the two suﬃcient wide operational frequency bands, the
metasurface with −90◦ reﬂection phase was utilized, which acted as a capacitive surface in the two
operational bands [26]. Since the monopole alone is operated at the frequency above its fundamental
resonant mode, its input impedance is inductive. When the monopole is loaded by the capacitive
impedance surface which can store more magnetic energy, the reactance of the integrated antenna can
be suppressed [25], thus achieving a good impedance match.
The surface current distributions of the monopole and integrated antenna at the frequency of
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Figure 8.
Simulated surface current of
the monopole and metasurface at 5.2 GHz and
5.5 GHz.
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Figure 9. Simulated S11 of the proposed antenna
with diﬀerent gaps between the monopole and
metasurface.

Figure 10. Simulated eﬃciency of the proposed antenna.
5.17 GHz and 5.76 GHz are illustrated in Figure 8. When the monopole is simulated alone, the current
distributions are mainly concentrated on the feeding line. The magnetic resonance will occur between
the monopole and metasurface when they are close to each other since the current distributions are both
on the monopole and metasurface. It furthermore proves that the metasurface acts as a main radiator
in the antenna and signiﬁcantly improves the radiation characteristics of the proposed antenna.
The eﬀect of the gap between the monopole and metasurface is also explored. The simulated Sparameter of the gap varied from 3 mm to 6 mm is exhibited in Figure 9. With widening of the gap,
the bandwidth at the ﬁrst band (below 5.5 GHz) was broadened, and the second band (above 5.5 GHz)
was redshifted. The eﬃciency of the integrated antenna would be decreased when the frequency band
was close to 5.5 GHz. Therefore, the thickness of 4 mm was selected as the optimal choice, and the two
bandwidths are wide enough. The total thickness of the integrated antenna is only 4.6 mm which agrees
well with the purpose of low-proﬁle as well. The simulated eﬃciency of the integrated antenna with
4 mm gap is shown in Figure 10. The eﬃciency in the WLAN band is around 0.9, indicating that the
proposed antenna is well designed with high eﬃciency.
3.2. Gain and FB Ratio
The gain and front to back (FB) ratio are desirable characteristics to identify whether the antenna has
the potential for wearable applications. The monopole alone has a simulated gain of 2.5 dB whereas
the integrated antenna has a simulated gain of 7.9 dB at 5.2 GHz and 8.2 dB at 5.8 GHz, as the gray
areas shown in Figure 11(a). In terms of FB ratio, while the value of the monopole approaches zero, the
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(b)

Figure 11. (a) Simulated gain of the monopole alone and the integrated antenna, (b) simulated FB
ratio of the monopole alone and the integrated antenna.
integrated antenna has a simulated FB ratio around 20 dB and 18 dB at the working frequency band of
5.15–5.25 GHz and 5.72–5.83 GHz, respectively, as the gray areas shown in Figure 11(b). Such a high
FB ratio indicates that very little energy will be radiated into the tissue when the antenna is placed on
the human body. This property can reduce the SAR value and make the antenna more stable to the
loading eﬀects of the human body, both of which are essential characteristics for wearable applications.
3.3. Experimental Results
In measurement, an Agilent E8362B network analyzer was used to characterize the S11 of both
the monopole and the integrated metasurface-enabled antenna in free space. The measured S11 of
the integrated antenna has two relative bandwidths of 4.07% at 5.06 ∼ 5.27 GHz and 4.16% at
5.60 ∼ 5.84 GHz, as shown in Figure 6. Good agreement can be found between simulated and
measured results. Remarkably, the test result of the band above 5.5 GHz has a slight diﬀerence from
the simulations. Discrepancy comes from the deviation of the parameter of the material between the
simulation and the test. For example, dielectric coeﬃcient changes as the frequency increases while in
simulation, the coeﬃcient will be a constant.
The far-ﬁeld radiation patterns of E- and H-planes were measured at 5.2 GHz and 5.8 GHz, which
are depicted in Figure 7. Figures 7(a), (b) indicate the printed monopole which retains a reasonable
omnidirectional radiation patterns at resonance. When the monopole is integrated with metal plate,
the radiation patterns turn unidirectional, shown in Figures 7(c), (d). However, the measured HPBWs
are too narrow to meet the design speciﬁcation. Then, the metal plate was replaced by the proposed

Figure 12. Measured S11 of the integrated antenna placed on arm compared with the antenna measured
alone.
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metasurface; the HPBWs turn broader; the radiation patterns in both E- and H-planes agree well with
the simulated results, shown in Figures 7(e), (f).
In further research to prove that the integrated antenna has a good impendence matching with the
body tissue, we measured the S11 of the antenna placed on arm. As shown in Figure 12, a very stable
S11 is maintained for the case that the antenna is directly placed on arm, which basically obeys the
result of the antenna measured in the free space.
3.4. SAR Evaluation
SAR is a standard measure used to evaluate the electromagnetic power deposition in the human tissues.
According to the guidelines speciﬁed by the Federal Communication Commission (FCC), SAR values
must not exceed the exposure limit which is 1.6 W/kg averaged over 1 g of tissue [27]. The SAR value
is related to the applied input power by
SAR = σ|E|2 /ρ

(2)

where σ is the conductivity of the tissue in S/m, E the electric ﬁeld in V/m, and ρ the mass density of
the tissue in kg/m3 . As a benchmark, a 100 mW power accepted by the antenna is chosen to evaluate
and compare the SAR performance of the monopole and the proposed integrated antenna.
The conﬁgurations are shown in Figure 13, where the antennas are placed on a multilayer human
tissue model. The skin, fat, muscle, and bone layers have thickness values of 2 mm, 5 mm, 20 mm, and
13 mm, respectively [28, 29]. For each layer, typical permittivity, conductivity, and mass density values
are reported in the literature [30], as listed in Table 1.
The simulated averaged SAR is shown in Figure 14 and Table 2, and variable d represents the
distance between simulated antenna and the tissue model. The proposed monopole and integrated
antenna operated near the tissue model with four diﬀerent distances, respectively. As shown in the
table, for the considered input power, the monopole generates maximum 1 g averaged SAR value of
about 6.6 W/kg at 5.2 GHz and 11.7 W/kg at 5.8 GHz even at a distance of 4 mm away from the tissue
model, which has surpassed the FCC standard. For the integrated antenna, the maximum 1 g averaged
SAR value drops to 0.0646 W/kg at 5.2 GHz and 0.0268 W/kg at 5.8 GHz only at a distance of 4 mm
away from the tissue model, as can be found in Table 2. Figure 14 shows the great disparity of SAR

(a)

(b)

Figure 13. Conﬁgurations of (a) the monopole antenna and (b) the integrated antenna when place on
a multilayer tissue model L = 150 mm.
Table 1. Material properties of the multilayer human tissue model.

εr
σ (S/m)
Density (kg/mm3 )
Thickness (mm)

Skin
37.95
1.49
1001
2

Fat
5.27
0.11
900
5

Muscle
52.67
1.77
1006
20

Bone
18.49
0.82
1008
13
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(b)

(c)

(d)
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Figure 14. Simulated averaged SAR value for (a), (b) the monopole and (c), (d) the integrated antenna
at 2 mm away from the tissue model.
Table 2. Maximum 1 g averaged SAR value for the monopole and the integrated antenna (units:
W/kg).
(f = 5.2 GHz)
d
1 mm
2 mm
3 mm
4 mm
Monopole
6.62
13.1
8.56
6.60
Integrated Antenna 0.0646 0.0449 0.0341 0.0176

d
Monopole
Integrated Antenna

(a)

(f = 5.8 GHz)
1 mm
2 mm
10.3
25.3
0.0258 0.0315

3 mm
15.8
0.0176

4 mm
11.7
0.0091

(b)

Figure 15. Simulated S11 for (a) the monopole and (b) the integrated antenna at diﬀerent distances
away from the tissue model.
values between the monopole and the integrated antenna, which have strongly proved that the adoption
of metasurface has the eﬀect of reducing SAR dramatically and decreases the injury of humans body
from electromagnetic radiations.
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In addition, we investigate the eﬀects of human body by placing the monopole and integrated
antenna on the designed tissue model. The distance between the antenna and tissue model was varied
from 1 mm to 4 mm. The monopole always shows a poor impendence matching at the Wireless WLAN
band of 5.15 ∼ 5.25 GHz and 5.72 ∼ 5.83 GHz, as displayed in Figures 15(a) and (b), while the integrated
metasurface-enabled antenna shows a steady −10 dB bandwidth as it functions alone.
4. CONCLUSION
In conclusion, we have proposed and demonstrated a conformal dual-band antenna with a compact
footprint, light-weight, and low-proﬁle design for wearable applications. A miniaturized slotted JC
metallic sheet backed isotropic metasurface was employed to provide capacitive loading, which enables
impedance to match the inductive feed element in the Wireless WLAN band of 5.15 ∼ 5.25 GHz and
5.72 ∼ 5.83 GHz. The realized antenna accomplishes a 4.07% −10 dB bandwidth at 5.06 ∼ 5.27 GHz,
a 4.16% −10 dB bandwidth at 5.60 ∼ 5.84 GHz, and a gain around 8 dB at the two bands. The SAR
simulations further prove the superiority of the proposed antenna, showing a low SAR value and robust
performance to human body loading. Therefore, the proposed integrated metasurface-enabled antenna
will be a good candidate for wearable device in terms of bandwidth, eﬃciency, SAR and stability.
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