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Circularly Polarized Wearable Antenna With Low
Profile and Low Specific Absorption Rate Using

Highly Conductive Graphene Film
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Abstract—A low-profile circularly polarized wearable antenna
with flexible performance and reduced specific absorption rate
(SAR) based on graphene is presented. The antenna adopts highly
conductive graphene film and polydimethylsiloxane substrate,
which have good flexibility, mechanical stability, and light weight.
The wearable antenna operating at 5.8 GHz with a profile of 0.05 λ
is designed and fabricated, which retains a reflection coefficient of
less than −10 dB when loaded on the human body. The measured
results indicate the axial-ratio (AR) bandwidth for AR<3 dB covers
5.75–5.83 GHz with the realized gain varying from 5.0–6.1 dBic.
The SAR peak is 1.02 W/kg when the human tissue is 1g and
0.947 W/kg when the human tissue is 10g, which meets the inter-
national SAR standards.

Index Terms—Circularly polarized, highly conductive graphene
film (CGF), low profile, specific absorption rate (SAR), wearable
antenna.

I. INTRODUCTION

NOVEL wireless communication system based on body
area network is emerging in our daily life to meet the

increased requirements of intelligent telemedicine and health
monitoring, where wearable devices play a significant role [1].
In wireless on body area networks, devices need to satisfy some
special performances, such as wearability, flexibility, low profile,
and low specific absorption rate (SAR). Therefore, substantial
research on wearable devices has been carried on, especially the
antenna design [2]–[4].

The wearable antenna based on flexible substrates has drawn
lots of attention since they are bendable when their soft sub-
strates are clad by the thin metallic film. However, with the
improved performance requirements of wearable antennas, such
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as light weight, flexural endurance and corrosion resistance,
traditional metallic materials are not good candidates. Recently,
novel conductive materials have attracted increasing attention.
There are several types of novel conductive materials, such as
metal nanoparticle, conductive polymer, and carbon nanotube.
Nevertheless, the metal nanoparticle is too expensive and easy
to be oxidized [5], the conductive polymer normally has low
conductivity which is not suitable for antenna design [6], and
the carbon nanotube also has relatively high sheet resistance
resulting from junction resistance [7]. Recently, the highly con-
ductive graphene film (CGF) has been proposed as a promising
alternative conducting material for antenna design [8] and sens-
ing applications [9]. This kind of carbon-based film possesses
many advantages including high conductivity, excellent flexural
endurance, chemically stability and environmental friendliness,
which is discussed in our previous works [10]–[12]. The supe-
riorities of highly CGFs show great potential in overcoming the
challenges of wearable antenna design.

The existing wearable antennas can be generally divided into
several types: monopole form [13]–[15], microstrip patch form
[16], [17], monopole combined with artificial magnetic conduc-
tor (AMC) [18]–[20] and others [21]–[23]. In the case of single-
layer antennas, such as monopole and dipole, it usually has no
back-metal to achieve isolation between the antenna and the hu-
man body, which leads to high SAR. The AMC-based wearable
antenna can solve the excessive SAR problem. However, this
multilayer structure increases the overall thickness. The previous
AMC-based wearable antennas proposed in [18]–[20], [24] have
an exceeding thickness of 4 mm and operate in linear polariza-
tion, which cannot guarantee the antenna performance in motion.
In summary, it remains a big challenge to realize a wearable
antenna with a low profile, low SAR, and circular polarization.

In this letter, we propose a novel circularly polarized flexible
antenna with both low profile and low SAR by using highly
CGF. To the best of our knowledge, the CGF is applied to
the wearable antenna for the first time, and it is proved to
have good flexibility and mechanical stability as well as high
conductivity. The proposed graphene-based antenna achieves
circular polarization with low SAR and low profile of 2.57 mm
in the Industrial, Scientific, and Medical (ISM) radio band. A
practical antenna is fabricated, and the antenna performance is
measured at different body positions of the human body. The
measurement results validate the simulations.

II. CHARACTERIZATION OF THE CGF

The carbon-based film exhibits more favorable properties than
most metal materials in flexibility, mechanical reliability, light
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Fig. 1. (a) Photographs of the CGF. (b) Cross-section SEM image of the CGF.

Fig. 2. Comparative experiment of mechanical reliability between the CGF
and copper.

weight, and excellent environmental toughness [10]–[12]. We
have presented and realized a kind of CGF with high conductiv-
ity and excellent flexural endurance in [8] and [10], which shows
superiorities in the wearable application. Fig. 1 illustrates the
photographs and the cross-section scanning electron microscopy
(SEM) image of the CGF sample, which has good flexibility and
can be bent and folded into an airplane. The CGF is fabricated by
three steps: vacuumed heating; firing under argon atmosphere;
and rolling process, which is described in detail in our previous
work [8] and [10]. After the rolling process, the CGF shows a
glossy surface, which means the regularity of graphene sheets
and the density of the CGF is improved [8], [10]. The cross-
section SEM image shows the thickness of CGF is ∼24 µm, the
corresponding electrical conductivity is 1.13×106 S/m, which
is very close to the electrical conductivity of metal and has the
potential for antenna design. Moreover, the density of the CGF is
1.8 g/cm3, which is smaller than a quarter of the copper density
of 8.8 g/cm3, a light weight is easy to be achieved.

The comparative experiment of mechanical reliability be-
tween the CGF and copper is exhibited in Fig. 2. The CGF
can restore to its original state without any damage after folding
and kneading. Furthermore, the CGF can maintain unchanged
resistivity after 1000 bending cycles at a frequency of 0.5 Hz,
while commercial copper foil broke after only 28 cycles due to
metal fatigue, which proves that the CGF has good flexibility
and better mechanical stability than the traditional metallic
materials. Therefore, the proposed carbon-based CGF behaves
excellently under flexural endurance, has light weight and high
conductivity, which is suitable for flexible and conformal an-
tenna applications in the wearable communication system.

III. CONFIGURATION AND PRINCIPLE

Making use of the advantages of the presented CGF above, we
aim to realize a low-profile and circular polarization wearable
antenna based on the CGF. The working frequency is chosen as
5.8 GHz (5.75–5.83 GHz) within the ISM band. The structure
of the proposed wearable antenna is shown in Fig. 3, which

Fig. 3. Structure of the proposed wearable antenna. (a) Top view. (b) Side
view. (c) Structure of the monopole patch. (d) Structure of the unit cell of the
AMC array.

Fig. 4. (a) Reflection phase and (b) reflection magnitude of the proposed AMC.

consists of a monopole patch, a 3× 3 AMC array and a propping
foam. The propping foam adopts ROHACELL 71HF with a
dielectric constant of 1.075 and the loss tangent of 0.0002,
and the monopole patch and AMC array employ CGF as the
conductive material. The monopole patch is placed at an angle
of 45° above the AMC array, and the thickness of propping foam
is d = 1 mm. Both the monopole patch and the AMC array use
the flexible polydimethylsiloxane (PDMS) as the substrates with
a dielectric constant of 2.7 and the loss tangent of 0.013, while
the thickness of the PDMS substrate for them is h1 = 1 mm
and h2 = 0.5 mm, respectively. The monopole patch is fed by a
coplanar waveguide with 50 Ω characteristic impedance.

The AMC array placed on the back of the monopole patch is
designed to modulate the reflected wave and protect the human
body against the harm of electromagnetic radiation. When the
reflection phases in x-direction and y-direction of the AMC array
equal 90° and −90°, a right-hand circular polarization (RHCP)
can be achieved [25]. Fig. 4 shows the reflection phase and
reflection magnitude of the AMC unit cell. Around the working
frequency of 5.8 GHz, the reflection phases in x-direction and
y-direction are 90° and −90°, respectively, while the reflection
magnitude has little difference, which means the RHCP can be
obtained.

Therefore, we can utilize the designed anisotropic AMC array
incorporating with monopole radiation patch to achieve RHCP
of the whole wearable antenna. The geometrical parameters of
the proposed antenna are given in Table I.

IV. ANTENNA PERFORMANCE ON HUMAN BODY

Since the wearable antenna needs to conform to the tissue
surface of the human body, the performance of the proposed
antenna under different bending radii needs to be considered. We
set the bending radii of R = 100 and 30 mm in two orthometric
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TABLE I
GEOMETRICAL PARAMETERS OF THE PROPOSED WEARABLE ANTENNA

Fig. 5. Proposed wearable antenna under different bending radii in two ortho-
metric bending directions.

Fig. 6. (a) Reflection coefficient and (b) axial ratio of the wearable antenna
under flat and bending states.

Fig. 7. Wearable antenna loaded on the human body model.

bending directions as shown in Fig. 5 to model the cases on
the chest and wrist of an adult body. As shown in Fig. 6, the
reflection coefficients corresponding to different bending radii
in two orthometric bending directions (D1 and D2) remain
below −10 dB within the ISM frequency band of 5.8 GHz. The
antenna can guarantee circular polarization between 5.75 and
5.83 GHz for all bending conditions, which includes the antenna
being flat and bent to different radii and in different directions.
These results indicate that both the impedance matching and
the circular polarization are guaranteed under different bending
radii.

In order to evaluate the impact of the human body, the ra-
diation performance of the proposed antenna in direct contact
with the body and free space is simulated. As shown in Fig. 7,
a multilayer human tissue model was employed to mimic the
human arm, with a dimension of 120 mm × 120 mm ×50 mm.
This model consists of four layers representing skin, fat, muscle,
and bone tissues [26], and the typical permittivity, conductivity
and mass density values have been reported in [27].

Fig. 8 depicts the simulated reflection coefficients and the
axial ratio of the antenna in free space and in direct contact with
the human body, which shows good agreement. The simulated

Fig. 8. (a) Reflection coefficient and (b) axial ratio of the wearable antenna
on and off the human body.

Fig. 9. The radiation patterns of the wearable antenna on/off human body. (a)
xoz plane. (b) yoz plane.

Fig. 10. (a) Radiation efficiency of the wearable antenna on/off human body.
(b) Simulated SAR value of the wearable antenna with human body.

radiation patterns and radiation efficiency are displayed in Figs. 9
and 10(a), respectively. When the antenna is placed on the human
body, the RHCP radiation patterns in the xoz plane and yoz plane
remain almost the same with that in free space. The RHCP gain
is more than 15 dB higher than the left-hand circular polarization
(LHCP) gain in the 0° direction in both planes. Besides, the gain
of the antenna at 0° increases a little, and decreases at 180°
when it is placed on the human body, which is mainly caused by
the body reflection of the electromagnetic energy. The radiation
efficiencies of the on-body and off-body wearable antenna are
displayed in Fig. 10, which are over 70% under both conditions.

For wearable applications, the radiation safety of the wearable
antenna must be considered. The SAR is generally used to
characterize the rate of the electromagnetic energy absorbed by
the human tissues. The FCC and ICNIRP stipulate that the SAR
value cannot exceed 1.6 and 2 W/kg for 1 and 10 g human
tissue, respectively. As depicted in Fig. 10 (b), the SAR is
calculated with the input power of 500 mW, and a maximum
1 g SAR value of 1.02 W/kg and a maximum 10 g SAR value of
0.95 W/kg are achieved. Therefore, to satisfy the FCC and
ICNIRP standards, the maximum input power has to be kept
lower than approximately 784 mW. Complying with the regu-
lations of FCC and ICNIRP, the proposed antenna is safe for
wearable applications.
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Fig. 11. Photographs of the CGF wearable antenna.

Fig. 12. (a) Measured reflection coefficients in different positions of the body.
(b) Photograph of the measurement environment.

Fig. 13. Simulated and measured radiation patterns of the wearable antenna
at 5.8 GHz. (a) xoz plane. (b) yoz plane.

V. FABRICATION AND MEASUREMENTS OF ANTENNA

As shown in Fig. 11, the monopole patch of the wearable
antenna electrically connects to the subminiature version A
(SMA) connector through the conductive adhesive. The con-
ductive adhesive adopts silver colloidal suspension 05001-AB
from the structure probe incorporated company, and the typical
sheet resistivity is 12 m Ω/square. The monopole patch layer is
placed above the AMC array layer by a piece of 1 mm thick
foam as an upholder. The fabricated antenna has good flexibility
and the total thickness is only 2.57 mm.

To verify the practical performance of the wearable antenna,
the fabricated antenna was measured by a vector network ana-
lyzer while attached to different positions of the human body
including the chest, arm, twist, and leg, and the measured
reflection coefficients are compared in Fig. 12(a). Although the
resonance depth and center frequency show some little changes
in different body positions, the impendence bandwidth for S11
<−10 dB covers 5.6–6.0 GHz consistently, which means the
antenna remains good impedance matching in different positions
of the human body.

The radiation performance of CGF wearable antenna was
measured in an anechoic chamber as shown in Fig. 12(b). Fig. 13
presents the simulated and measured radiation patterns in the
xoz plane and yoz plane. The RHCP gain is more than 20 dB

Fig. 14. Simulated and measured realized gain and axial ratio of the wearable
antenna. (a) Realized gain. (b) Axial ratio.

TABLE II
COMPARISON OF PROPOSED ANTENNA WITH OTHER WEARABLE ANTENNAS

higher than LHCP gain in the 0° direction in both planes, which
indicates the fabricated antenna has good polarization isolation.
As demonstrated in Fig. 14, the simulated and measured results
of realized gain and the axial ratio of the proposed antenna show
good consistency. Within 5.75–5.83 GHz, the measured realized
gain ranges from 5.0–6.1 dBic, and the axial ratio is less than
3 dB. The measured results verify the proposed antenna with a
low profile and low SAR possesses good RHCP performance,
high polarization isolation, and stable gain, which is suitable for
on-body wireless communication.

Table II gives the comparison between the proposed wearable
antenna and the recently published wearable antennas. It can be
concluded that the proposed antenna provides one of the lowest
profile and circular polarization with an acceptable SAR and
a mid-range gain. This letter offers a method to achieve low
profile, circular polarization, and safe SAR in wearable antenna
design. Moreover, using CGF as conductive film and PDMS as
dielectric substrate guarantees flexibility, mechanical stability,
and light weight of the wearable antenna.

VI. CONCLUSION

A novel circularly polarized wearable antenna with low profile
and low SAR using highly CGF is designed, fabricated and
measured, which also possesses many mechanical advantages,
such as good flexibility and excellent flexural endurance. The
CGF antenna has only 2.57 mm profile and achieves RHCP with
high polarization isolation. Within 5.75–5.83 GHz, the axial
ratio is less than 3 dB, the reflection coefficient is less than
−15 dB, and the realized gain ranges from 5.0–6.1 dBic, which
works in the ISM radio band. The CGF wearable antenna shows
superiorities and good potential in the on-body communication
system.
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