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ABSTRACT A design of smartwatch integrated antenna with polarization diversity is proposed. An annular
ring is integrated in the framework of smartwatch, and excited by two ports. One port is fed by a coplanar
waveguide (CPW) line loaded with a T-shaped matching network, and the other is fed by a coplanar strip line
(CPS). The overall model of the proposed antenna has a cylindrical shape with 38 mm diameter and 7.5 mm
thickness. A metallic plate is located at the backside of the antenna to mimic the shell of smartwatch. The
prototype is fabricated and measured, and the measured results agree well with the numerical ones. The
two ports have orthometric radiation patterns and can cover the 2.4 GHz wireless local area network
(WLAN) band. The gain of the antenna is higher than 3.2 dBi in free space. The proposed antenna is
also analyzed with a cubic tissue model and a wrist model in different distances between the proposed
antenna and human models. The performances on body scenarios are also acceptable. The values of specific
absorption rate (SAR) in the cubic tissue model and wrist model are below the limitations set by both
the Federal Communication Commission (FCC) and the European Telecommunication Standards Institute
(ETSI). Envelope correlation coefficient (ECC) shows proposed antenna can be used in multiple input
multiple output (MIMO) applications. The influence of battery and printed circuits board assembly (PCBA)
on S parameters is obvious, and gain and radiation efficiency are not much affected.

INDEX TERMS Wireless body area network (WBAN), wearable antenna, smartwatch integrated antenna,
polarization diversity, cubic tissue model, wrist model, specific absorption rate (SAR), Envelope correlation
coefficient (ECC).

I. INTRODUCTION
Wireless body area network (WBAN) is a small
communication network attached to the body. In recent years,
it has attracted increasing attention because it can play an
important part in medical detection, fitness training, health
care and emergency rescue [1]. As one of the critical compo-
nents in wearable smart devices, wearable antenna can trans-
mit the microwave signals in the wireless communication
systems between the devices and sensors [2]. Smartwatch is
one of the most favorite wearable smart devices. It can inform
their users of their current location, current time, the steps
and the distance they have walked, the prospective weather
situation, their physiology parameters, and etc. Normally,
most of these data need to be synchronized with other smart

The associate editor coordinating the review of this manuscript and

approving it for publication was Weiren Zhu .

devices, e.g. smartphones and personal computers, for deep
analysis and long-term storage [3]. However, due to the
size of the normal devices and the crowded arrangement of
the inner components, antenna design is a challenge work
in smartwatches, especially considering the strong coupling
between the antenna and the human body. One of the pop-
ular antenna types for smartwatch was planar Inverted-F
antenna (PIFA) [4]–[6], which was easy to cover a single
band, usually the 2.4 GHz WLAN band, with a compact
size. To realize multifunction, several modified multi-band
PIFAs or monopole antennas were also proposed [7]–[12].
However, these structures could hardly be integrated with the
framework of smartwatch and thus, were not suitable for the
designs with totally metallic frame. Recently, the antennas
integrated in the structures of smartwatches were proposed
and studied, such as several antenna designs with metallic
frame of smartwatches [13]–[17]. Although these designs
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had some special advantages, none of them used diversity
technology. Besides, some designs proposed the solutions
of locating antennas and feeding ports on watch straps
[18]–[20]. However, these designs were completely inge-
nious but not very practical due to the various deformations
when worn on the user’s wrist and also the unrealizable
feeding connection between the antennas on the belt and the
RF circuits in the body of the watches.

Antenna diversity technologies can significantly improve
the performance of wireless communication systems in
multi-reflection environments. Several scholars proposed
dual-port antennas with polarization diversity and high
port isolation [21]–[26]. However, due to their topologies
and sizes, these designs could hardly be applied to real
smartwatch and body scenarios. Most of these designs did
not consider the integration between antenna and smartwatch,
and the coupling between antenna and human tissue.

We propose a design of smartwatch integrated antennawith
polarization diversity for 2.4 GHz WLAN applications. The
proposed antenna has a simple structure because smart watch
antenna is generally limited by its structure, and the proposed
antenna compared to the existing antennas realizes diversity
technology, which has not been realized in the previous smart
watch antenna. The initial design idea is that two ports excite
the odd and even modes of a ring resonator respectively,
which has been presented in our previous work [27]. In this
paper, the complete design and structure, operating mecha-
nism, experimental and measured results, SAR results, ECC,
and influence of battery and PCBA are fully analyzed which
were not shown in [27], together with the measured results in
free space and on the human body models (including cubic
tissue model and wrist model). The final topology of the
proposed antenna has a cylindrical shape. The diameter of the
proposed antenna is 38 mm, and the height is 7.5 mm refer-
ring to the general height of the smart watch, which makes it
easy to be integrated in the frame of normal smartwatch. The
commercial simulation solver HFSS and CST are used in the
design and calculation.

II. CONFIGURATION AND STRUCTURE
In this chapter, the configurations of the simulation model in
free space, with the cubic tissue model, and with wrist model
are proposed.

A. ANTENNA DESIGN
Fig. 1 shows the geometry of the proposed antenna. The
overall model has three layers. The top layer and the
bottom layer are both FR-4 circuit boards (εr = 4.3,
tan δ = 0.02), and the antenna is located on the surface of the
top FR-4 board. The middle layer is a foam board (εr = 1.1)
which is used to pad the antenna up. All the values of the
geometry parameters are shown in Fig. 1 and TABLE 1.

A split ring resonator plays the main body of the antenna
[21], [27]. As shown in Fig. 1 (a), the antenna is composed
of a T-shaped line and two metallic arcs. The T-shaped line
for impedance matching is the extension of the inner signal

TABLE 1. Geometry parameters of the proposed antenna.

FIGURE 1. Geometry of proposed antenna. (a)Top view. (b)Side view.

line of the feeding CPW (port 1). The two metallic arcs are
connected to the two outer ground planes of the CPW, and
the electric length of one arc is about a half wavelength at
2.4 GHz. There is an air bridge wire across the port 1, which
connects the two outer ground planes of the CPW together,
shown in Fig. 1 (b), thus the annular ring is constructed.
The annular ring connected to a CPS is excited by the port
2 at the other side of the antenna. A circular metallic shell
is located under the bottom FR-4 board to mimic the backed
shell of smartwatch, called ‘Ground’. The design procedure:
choosing appropriate values of ‘h’, ‘R’, ‘r’, ‘r1’ can realize
impedance matching of port 2. Then, designing the geometry
of T-shaped line can realize impedance matching of port 1.

Fig. 2 shows the simulated current distributions at 2.4 GHz.
Port 1 is a CPW port. It is a common mode feed port which
can excite the even mode. When port 1 is excited, the currents
are distributed on the side metallic arcs with the current node
at port 2 position, as shown in Fig. 2 (a), which will bring a
low coupling between the two ports. Actually, the symmetric
structure is themain reason for the good isolation. The current
excited by port 1 is along the x- axis. Port 2 is a CPS port.
It is a differential mode feed port which can excite the odd
mode. When port 2 is excited, the currents are distributed
on the side metallic arcs with the current node at the middle
position of the metallic arcs, as shown in Fig. 2 (b). The
current excited by port 2 is along the y- axis. Thus, the cur-
rent on both the x- and the y- axis could be expected of
this design from different feeding ports at 2.4 GHz, so the
proposed antenna can realize orthometric radiation patterns
in far field. Fig. 3 and Fig. 4 show the fabricated antenna
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FIGURE 2. Simulated current distributions. (a) When P1 excited. (b) When
P2 excited.

FIGURE 3. The fabricated antenna.

and the experimental environment in the microwave chamber
for measurement. Two FR-4 boards are fabricated as printed
circuits boards (PCB).

B. STRUCTURE WITH CUBIC TISSUE MODEL
Fig.5 shows the structure of the proposed antenna with the
cubic tissue model. The cubic tissue model is constructed to
three cuboid layers. They are skin, fat and muscle from top
to bottom, respectively [28]. The thickness is 2 mm of skin,
5 mm of fat, and 20mm of muscle. The length of the cuboid is
150 mm. These geometry parameters are to mimic the human
body tissue. The parameters of each tissues are set from the
material library in CST.

C. STRUCTURE WITH WRIST MODEL
Fig. 6 shows the structure of the proposed antenna with the
wrist model. Thewrist model is constructed to four cylindroid

FIGURE 4. The antenna in microwave chamber for measurement.

FIGURE 5. Geometry with the cubic tissue model.

FIGURE 6. Geometry with the wrist model. (a) Full view. (b) Side view.

layers which are skin, fat, muscle and bone from its out to core
[18]. The material parameters of the human tissue model are
shown in TABLE 2 at 2.4 GHz. The distance between the
‘Ground’ and the human tissue model is written as ‘d’(mm).

III. PERFORMANCES AND RESULTS
The proposed antenna is fabricated and measured. The results
of simulation and measurement are analyzed in free space,
and with the cubic tissue model and wrist model.

A. S PARAMETERS
The S parameters in free space are shown in Fig. 7 (a). In free
space, port 1 operating band (S11 < −10 dB, VSWL < 2) is
from 1.89GHz to 2.93GHz in simulation, and from 1.89GHz
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TABLE 2. Material parameters of body model (2.4 GHz).

to 2.62 GHz in measurement. The overlapped bandwidth
in free space is 1040 MHz in simulation, and 730 MHz in
measurement, which can cover the band for 2.4 GHz WLAN
applications. Port 2 operating band is from 2.33 GHz to
2.50 GHz in simulation, and from 2.31 GHz to 2.53 GHz
in measurement. The overlapped bandwidth in free space is
170MHz in simulation, and 220MHz inmeasurement, which
can also cover the band for 2.4 GHz WLAN applications.
In the band range of 2.4 GHz – 2.5 GHz, the isolation between
the two ports (S21) is lower than −13 dB in free space.
Fig. 7 (b) shows the S parameters with the cubic tissue

model when d is 0.5mm and 2mm. Fig. 7 (c) shows the
S parameters with the wrist model when d is 0.5mm and
2mm, and especially the measurement results. The operating
bands of both ports move to lower frequency because of
the influence of human tissue, but they still cover 2.4 GHz
WLAN bandwidth. The values of port isolation S21 is lower
than −12 dB on body scenario on the band range of 2.4 GHz
to 2.5 GHz.

TABLE 3, TABLE 4 and TABLE 5 list all the values of
operating band and bandwidth when antenna is in those three
situations. When the antenna is put on the cubic model, its
lowest bandwidth is 260 MHz when d is 0.5mm. When the
antenna is put on the wrist model, the lowest bandwidth is
500 MHz when d is 2mm. These two lowest bandwidths are
both sufficient for smartwatch antenna at 2.4 GHz WLAN.
As for comparison between simulated results and measure-
ment, there is little difference of the operating band between
the simulation and measurement both in free space and on
the wrist model, as shown in TABLE 3 and TABLE 5. The
simulated results and measurements can cover the 2.4 GHz
WLAN band. TABLE 6 shows that operating band is not
much affected by the hand in measurement, because the ring
is about 8 mm away from the hand, which reduces the impact.

B. RADIATION PERFORMANCES
The simulated and measured radiation patterns of the pro-
posed antenna in free space are shown in Fig. 8. The results
are tested at 2.4 GHz. When one port is fed and tested,
the other port is connected with a matched load. The radia-
tion patterns between simulated results and measurement are
close in Fig. 8. The results reveal that the realized gain of
port 1 is 3.7 dBi in simulation and 3.2 dBi in measurement,
while the realized gain of port 2 is 4.6 dBi in simulation and
4.7 dBi in measurement. It’s close between the simulated and
measured realized gain. Thus, the results of radiation pattern
and realized gain between simulation and measurement are
close. The cross-polarizations are below−10 dB for both the

FIGURE 7. S parameters (a) in free space. (b) with cubic tissue model.
(c) with wrist model. d (mm) is the distance between the antenna and the
human tissue model. The same color represents the same S parameter:
red is S11; blue is S21; black is S22. The gray zone is the frequency band
from 2.4 GHz to 2.5 GHz.

two ports. Furthermore, the radiations of the two ports have
orthometric polarizations, which accords with the current
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TABLE 3. Operating band (−10dB) in free space.

TABLE 4. Operating band (−6dB) with cubic tissue model.

TABLE 5. Operating band (−6dB) with wrist model.

TABLE 6. Operating band (−10dB) in measurement.

distributions in Fig. 2. The values of measured radiation
efficiency are higher than 80%, which is a bit lower than the
simulated one, shown in TABLE 7. It is caused by processing
loss and cable loss.

Fig. 9 shows the radiation patterns with the cubic tissue
model and wrist model when d is 2 mm 0.5 mm at 2.4 GHz.
The peak gain and efficiency of the same port with wrist
model is higher than it with cubic tissue model when d is
same. When d reduces from 2 mm to 0.5 mm, the gain and
efficiency will be lower because the closer between antenna
and human body, the more power human body absorbs.When
the proposed antenna is on cubic tissue model, the values of
peak gain and radiation efficiency are higher than 2.2 dBi and
32%, respectively, which are sufficient for smartwatch appli-
cations. When the antenna is put on wrist model, the values of
peak gain and radiation efficiency are even higher than 4 dBi
and 62%.

C. SAR ANALYSES
The SAR is a value to represents the RF power-absorption rate
by a unit mass of tissue within a unit time. The density (ρ) of

FIGURE 8. Radiation patterns in free space at 2.4 GHz. (a) xz-plane when
P1 is excited; (b) yz-plane when P1 is excited; (c) xz-plane when P2 is
excited; (d) yz-plane when P2 is excited.

TABLE 7. Values of peak gain and radiation efficiency in free space and
with human body model.

the human tissue is 1000 kg/m3. According to the limitation
that the maximum of equivalent isotropically radiated power
(EIRP) is 20 dBm for 2.4 GHz band [29] and the peak gain
which is more than 3 dBi of proposed antenna in foregoing
results, we set the input power on both two ports of the
proposed antenna to 17 dBm (50 mW). Measurement of SAR
value is complicated. Our laboratory does not support it,
but our fellows had a previous work to verify the accuracy
and reliability of SAR value simulation [30]. Thus, we use
simulation package HFSS and CST to calculate and analyze
SAR results.

Fig. 10 shows the 10-g SAR and 1-g SAR distribution in
xz-plane at 2.4 GHz with cubic tissue model when d is 2 mm.
The peak SAR value appears in the center of the muscle
layer in the cubic tissue model. The 10-g SAR peak value
is about 0.6980 W/kg of port 1 and 0.7698 W/kg of port 2.
The 1-g SAR peak value is about 0.9561 W/kg of port 1 and
1.0569 W/kg of port 2.

Fig. 11 shows the 10-g SAR and 1-g SAR distribution in
xz-plane at 2.4 GHz with wrist model when d is 2 mm. The
peak SAR value also appears in the center of the muscle layer
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FIGURE 9. Radiation patterns on body scenarios at 2.4 GHz. (a) xz-plane
when P1 is excited; (b) yz-plane when P1 is excited; (c) xz-plane when
P2 is excited; (d) yz-plane when P2 is excited.

FIGURE 10. SAR distributions with cubic tissue model in HFSS when d is
2mm. (a)10-g SAR of port 1. (b)10-g SAR of port 2. (c) 1-g SAR of port 1.
(d) 1-g SAR of port 2.

in the wrist model. The SAR values with cubic tissue model
and wrist model when d is 0.5mm are also analyzed. All the
specific values are shown in TABLE 7 and TABLE 8.

TABLE 8 lists SAR values with cubic tissue model and
wrist model when d is 2 mm in both two software, and
TABLE 9 lists SAR values when d is 0.5 mm. These two
tables show the results calculated by HFSS and CST are
similar. According to these two tables, when d reduces from
2 mm to 0.5 mm, the 10-g SAR value and 1-g SAR value
will be higher, it is also because the closer between antenna
and human body. The limitations about SAR values set by
Federal Communication Commission (FCC) and European
Telecommunication Standards Institute (ETSI) [31] are also
listed in the two tables. According to the regulations, all the
SAR values of proposed antenna are less than the correspond-
ing SAR limitations set by both the FCC and ETSI. It means

FIGURE 11. SAR distributions with wrist model in HFSS when d is 2mm.
(a)10-g SAR of port 1. (b)10-g SAR of port 2. (c) 1-g SAR of port 1. (d) 1-g
SAR of port 2.

TABLE 8. SAR values when d is 2 mm and limitations.

that the radiation effect on human body created by proposed
antenna can be ignored. The proposed antenna will not make
terrible effect on human health.

D. COMPARISON
TABLE 9 shows the comparison between the proposed
antenna and other designs of smartwatch antennas in liter-
atures. In size and structure, the planar dimension of the
proposed antenna (diameter is 0.3 λ) is smaller than some of
designs in references in TABLE 10. The height of proposed
antenna (7.5mm) refers to the size of the general smart watch,
unlike antennas in [6], [8], [10], [11] whose heights were
not suitable for a watch. In performance, the bandwidth, gain
and radiation efficiency of the proposed antenna with hand
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TABLE 9. SAR values when d is 0.5 mm and limitations.

TABLE 10. Comparison between proposed antenna and other
smartwatch antennas in references. ‘λ’ means the wavelength
corresponding to the lowest operating frequency. ‘ϕ’ means diameter.

model are also the highest one, 500 MHz, 4.0 dBi and 62%,
respectively. Most importantly, the proposed antenna is with
polarization diversity which was not realized in the existing
smart watch antenna, and it can be well integrated in the
framework of smartwatch because of its annular shape.

IV. DISCUSSION
This chapter calculates the ECC to determine whether the
proposed antenna can be used in MIMO applications, and
adds the battery and PCBA into the inner structure to analyze
the influence of them.

TABLE 11. ECC at 2.4 GHz.

FIGURE 12. Antenna model after adding the battery and PCBA.

TABLE 12. Gain and Efficiency with battery and PCBA at 2.4 GHz. Rbat ,
Rpcb, Hbat are in millimeters. Hpcb = 0.5mm.

A. ECC
ECC is a parameter to evaluate whether the antenna can
be used in MIMO applications. It can be calculated by
S parameters [32] or by this formula in far field [33]:

ρ12 =
|
∫∫

4π
EF1(θ, ϕ) ∗ EF2(θ, ϕ)d�|√∫∫

4π |
EF1(θ, ϕ)|d�

∫∫
4π |
EF2(θ, ϕ)|d�

(1)

The results of ECC at 2.4 GHz are shown in TABLE 11.
It lists ECC calculated by simulated S parameters, measured
S parameters, and measured ECC in far field. As we can see,
the results are all low in free space. When antenna is with
cubic tissue model or wrist model, the results of d = 0.5 mm
and d=2mm are also low. The maximum value in TABLE 11
is just 1.368×10−2, which is enough low to be used inMIMO
applications.

B. INFLUENCE OF BATTERY AND PCBA
Influences of the battery and PCBA (printed circuit board
assembly) are studied. We replaced the foam board with
a PEC and a lossy metal to mimic battery and PCBA,
shown in the Fig. 12. The S parameters in free space are
shown in Fig. 13. When the PCBA is not too close to the
proposed antenna, the antenna can basically maintain the
impedance matching. When the battery and PCBA are too
large, the antenna needs to be redesigned. Gain and Radiation
efficiency are listed in TABLE 12, which are not too much
affected.
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FIGURE 13. S parameters with battery and PCBA in free space. (a) S11;
(b) S22. Hpcb is 0.5mm. Rbat, Rpcb, Hbat are in millimeters.

V. CONCLUSION
A design of smartwatch integrated antenna with polarization
diversity is proposed. The annular shape and the size of the
proposed antenna make it easy to be integrated in the frame of
the normal smartwatch. The polarization diversity is realized
by exciting the two ports. The antenna is also analyzed with
cubic tissue model and wrist model when the d is 2 mm
and 0.5 mm respectively. According to the simulation and
measurement results, the band ranges can cover 2.4 GHz
WLAN band. The peak gains are higher than 2 dBi of both
ports in free space and on body scenarios. The port isolation
S21 is lower than −13 dB from 2.4 GHz to 2.5GHz, and the
cross-polarization is below −10 dB. The radiation efficiency
is higher than 32% on cubic tissue model at 2.4 GHz, which
is sufficient for smartwatch application, and it is even higher
than 62% on wrist model. Besides, the 10-g SAR values
and the 1-g SAR values calculated by HFSS and CST are
analyzed, which are both less than the limitations set by

FCC and ETSI. When the distance between the proposed
antenna and human body scenario get closer, the gain and
radiation efficiency will get lower and the SAR value will
get higher, but the performances are also acceptable. The low
ECC results show the proposed antenna can be applied on
MIMO applications. The influence of the battery and PCBA
on the S parameter is large, but it is not much affected on
gain and efficiency of the proposed antenna. The results prove
the proposed design of smartwatch integrated antenna is a
suitable candidate for smartwatches.
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