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This paper presents a compact four-element multiple-input–multiple-output (MIMO) antenna design operating within the WiFi
802.11 ac bands (5.2–5.84GHz) for a smartwatch. The antenna is fabricated using a polyamide substrate and embedded into the
strap of a smartwatch model; the strap is created using three-dimensional etching of plastic materials. The four-element MIMO
antenna is formed by four monopole antennas, has a simple structure, and is connected to the system ground plane of the
smartwatch. Due to the stub and notched block between two antennas and the slit in the system ground, the four-element
MIMO antenna exhibits favorable isolation. Moreover, the envelope correlation coefficient of the antennas is considerably lower
than 0.005 in the operating band. The measured −6 dB impedance bandwidths of the four elements of the antenna (Ant1–Ant4)
with the human wrist encompass the WiFi 802.11 ac range of 5.2–5.84GHz; moreover, an isolation of more than 20 dB is
achieved. The measured antenna efficiency with and without a phantom hand are 45%–55% and 93%–97%, respectively.

1. Introduction

Forty years after the revolutionary development of personal
computing that occurred in the 1970s, the technological
world is experiencing a second revolution—the Internet of
Things—which has applications in various domains, such
as smart homes, medicine, fitness, and gaming. In particular,
wearable devices, such as smartwatches, smartglasses, and
virtual-reality headsets, are set to lead the economic develop-
ment of the Internet of Things. For example, wearable prod-
ucts are ideal for conveniently controlling any device in smart
homes. The Internet of Things is a human-centric concept,
and wearable products are part of the relationship between
human users and intelligent home appliances. Currently,
mobile devices such as smartphones can be employed to con-
trol home appliances. However, wearable controllers, such as
smartwatches, can increase the convenience of and reduce
the time required for operating home appliances, thus greatly
enhancing user experience. Wearable wireless devices are
finding increasing applications such as in heart rate control,
the sending and receiving of emails and multimedia files,

the answering of mobile phone calls, and the tracking of user
devices. To enable smartwatches to play a crucial role in the
Internet of Things, the wireless communication transmission
capacity must be upgraded. Multiantenna designs can be
used to attain this objective; for example, wireless WiFi AP
employs multiple-input–multiple-output (MIMO) multian-
tennas to achieve high-transmission speed. Moreover, the
WiFi 802.11 ac specification supports an 8× 8 antenna,
which greatly enhances the transmission speed in MIMO
transmitter antennas. MIMO antennas have been designed
for WiFi 802.11 ac, the advantage of which is high-
transmission speed. The transmission speed of WiFi 802.11
ac is three times higher than that of the previous generation,
WiFi 802.11n. WiFi 802.11 ac has a bandwidth of 80MHz,
operates at 5GHz, and can reduce interference of the
2.45GHz frequency band. Currently, smartwatch antennas
are positioned under the LCD panel or around the main body
of the watch (e.g., in an Apple Watch), and WiFi band and
Bluetooth antennas are inserted into space of limited size. A
multiantenna design cannot be employed due to the limited
volume of the host object [1–3]. Several studies on MIMO
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antennas have proposed the implementation of the antenna
on the host object of a smart watch [4–6]; however, those
studies were conducted for the 2.4GHz band and did not
specify the antenna efficiency. An antenna [7] was designed
for the 2.4 and 5.2GHz bands but managed to only provide
the simulated efficiency of the 2.4GHz band. A circular slot
antenna for 2.4GHz WLAN on a watchstrap has been
investigated [8].

This paper proposes a polyamide substrate-based four-
element MIMO antenna that can be embedded in the plastic
watchstrap of a smartwatch device for use in 5.2–5.84GHz
wireless applications. The polyamide substrate of the antenna
is suitable for use in soft electronics, is built on a flexible sub-
strate film, and is light, flexible, low cost, and robust [9–12].
The biggest advantage of soft electronics is their ability to
bend because curved features enable devices to fit the human
body closely. Wearable devices, such as smart watches, smart
glasses, and smart clothing, have great potential in benefiting
human life in numerous ways. The proposed multiantenna,
which comprises four flexible antennas, is positioned over a
smartwatch strap for optimal use of the wearable watch. A
design in which the MIMO antenna is isolated is crucial for
high performance. Therefore, studies have explored MIMO
antenna decoupling technology to improve the methods of
isolating MIMO antennas, such as stub [13–16], defected
ground structure [17, 18], neutralization line [19, 20], elec-
tromagnetic band gap [21], and polarization [22–25]
methods. The stub and notched block designs are used in
the present study to reduce the pattern field overlapping
between the four elements in the MIMO antenna, that is,
between Ant1 and Ant2 and between Ant3 and Ant4. The
details of the proposed antenna and its performance in the
WiFi band are discussed in the following sections.

2. Antenna Design

Figure 1(a) illustrates the four-element MIMO antenna
attached to the watchstrap of a smartwatch model. The
watchstrap and smartwatch model are created using a
three-dimensional etching process for plastic materials. The
material is photopolymer resin with a dielectric constant of
3. The back-cover size of the smartwatch model is
40× 38× 8mm3, and the thickness and width of the watch-
strap are 3.8 and 25mm, respectively. To practically simulate
strap bending, the bend shape of the smartwatch strap is set
to that of a normal-sized plastic strap. We set the angle θ to
30° in the curved design because watches are generally worn
on the wrist at this angle. The MIMO antenna Ant1–Ant4 is
fed by the port 1–port 4, respectively.

The geometry of a two-element MIMO antenna is pre-
sented in Figure 1(b). The four-element MIMO antenna is
printed on a 0.135mm thick polyamide substrate (dielectric
constant: 4.3; loss tangent: 0.004), and the antenna is fed by
the coplanar waveguide (CPW). The ground of the four-
element MIMO antenna is connected to the system ground
through eight via holes; the system ground is on the back sur-
face of the system circuit board. Moreover, four via holes
connect each side of the polyamide substrate and FR4 sub-
strate. A system circuit board of size 30× 35mm2 is selected

and is fabricated using a 0.4mm thick FR4 substrate (relative
permittivity: 4.4; loss tangent: 0.02). The optimized dimen-
sions (in mm) of the proposed structures are as follows:
W = 25, L = 20, Gy = 7 5, Gp = 0 25, Gx = 5, Ws = 1, Ls = 8,
W1 = 1 5, L1 = 10, DL = 4, and Dw = 2. The size of the slit
into the system ground is 2.0× 8.5mm2 (Sg× Sw), and the dis-
tance between the antenna and the circuit board edge is 3mm
(Sd). The slit is employed to decrease mutual coupling
between Ant1 and Ant4 and between Ant2 and Ant3. The
length of the antenna (Ls) is designed to be 0.15 wavelength
in the 5.5GHz band when the MIMO antenna is attached
to the watchstrap of the smartwatch model. The ground stub
and notched block of theMIMO antenna are used to decrease
mutual coupling between Ant1 and Ant2 and between Ant3
and Ant4. Figure 1(c) displays the side view of the polyamide
substrate and FR4 substrate, which are connected using a
shorting pin with 0.6mm diameter via holes. Figure 1(d) dis-
plays a photograph of the MIMO antenna. The two elements
of the MIMO antenna are mounted at opposite ends of the
smartwatch model. The MIMO antenna is fed by 50Ω mini
coaxial lines connected to the feeding point (ports 1–4).

3. Results and Discussion

3.1. Effect of the Notched Block and Stub for the Two-Element
MIMO Antenna. The S-parameters of the two-element
MIMO antenna are determined using the high-frequency
structural electromagnetic field simulator (HFSS, ANSYS,
Canonsburg, PA, USA), which is based on the finite element
method. Figures 2(a) and 2(b) display the S-parameters (S21
and S11) for the MIMO antenna with or without the notched
block and stub when the antenna only has two elements and
is not bent in free space. Figure 2(c) presents the various
MIMO antenna structures used—the ground of the MIMO
antenna with the stub and notched block (MIMO antenna
A), antenna with the stub but without the notched block
(MIMO antenna B), and antenna without both the stub and
notched block (MIMO antenna C). The MIMO antennas A,
B, and C are not combined with the watchstrap and are not
connected to the system ground. The length of the antenna
(Ls) is designed to be one quarter of λg at 5.5GHz. The
dimensions (in mm) of the two-element MIMO antenna
are W = 25, L = 20, Gy = 7 5, Gp = 0 25, Gx = 5, Ws = 1, Ls =
13 9, W1 = 1 5, L1 = 11, DL = 1, and Dw = 2. As the S-
parameter (S11) is less than −10 dB, the bandwidth of MIMO
antenna A is wider than that of MIMO antennas B and C;
however, the parameter S21 is higher than −20dB. MIMO
antenna C is more isolated than MIMO antennas A and B,
as shown in Figure 2(b). The stub between the two elements
of the MIMO antenna is used to increase the isolation. The
notched block is employed to achieve the 5.2–5.84GHz
bandwidth (Figure 2(a)).

3.2. Results of the Two-Element MIMO Antenna. The S-
parameters of the two-element MIMO antenna with or
without the watchstrap are measured using an N9019A
EXA Signal Analyzer (Agilent). First, the two-element
MIMO antenna is not combined with the system ground
and the smartwatch back cover. Figure 3(a) illustrates the
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Figure 1: Continued.
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configuration of the two-element MIMO antenna bent at an
angle of θ in free space. Figure 3(b) presents the measured S11
and S21 parameters of the two-element MIMO antenna when
the antenna is bent at various angles (0°, 30°, 45°, and 70°) in
free space (i.e., without a plastic strap). When the two-
element MIMO antenna is bent in free space, the original

frequency band of 5, 6GHz becomes offset to a higher fre-
quency due to the increase in θ. Figure 3(c) presents the mea-
sured radiation patterns of E-phi for the MIMO antenna
(Ant1) bent at 0°, 30°, 45°, and 70°. Waves are present in
the measured patterns because the antenna is placed into
styrofoam that is cut at different angles. Moreover, the

(d)

Figure 1: (a) Four-element MIMO antenna embedded in the smartwatch model. (b) Configuration, (c) side view, and (d) photograph of the
MIMO antenna.

(a) (b)

(c)

Figure 2: (a) S11 and (b) S21 parameters of the MIMO antenna with or without the stub and notched block. (c) Various MIMO antenna
structures.
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polyamide substrate surface becomes nonuniform because
the surface is very thin. For each bending angle, the radiation
pattern in the YZ plane was stronger at 90° than at 270°; this
is because the radiation pattern was measured at port 1,
which is at the +Y orientation. The proposed MIMO antenna
radiation performance did not change at different angles in
free space. The radiation pattern is substantially affected by
the bending angle. Figure 3(d) displays the measured and
simulated S-parameters for the two-element MIMO antenna
at the bending angle of 30° with the watchstrap. At a mea-
sured S-parameter (S11) of −6 dB [3 : 1 voltage standing wave
radio (VSWR)], the bandwidth is 3500MHz (3–6.5GHz;
approximately 73.7%). The bandwidth obtained from simu-
lation is 2600MHz (3.25–5.85GHz; approximately 57.1%).
The measured and simulated S11 are compared; the measured
first resonant mode is approximately similar to the simulated
first resonant mode. However, the measured second resonant
mode is shifted to a higher frequency. Furthermore, the
simulated and measured S21 exceed 20 dB between 5.2 and
5.84GHz. Figure 4 displays the measured S-parameters of
the two-element MIMO antenna at a bending angle of 30°

with and without the watchstrap. The bandwidth of the
MIMO antenna with the watchstrap is 3500MHz (3–
6.5GHz; approximately 73.7%), and the bandwidth of the
MIMO antenna in free space is 2485MHz (4.125–6.61GHz;
approximately 46.2%). When the MIMO antenna is attached
to the watchstrap (i.e., not including the smartwatch back
cover), the first resonant mode of the S-parameter (S11) shifts
from 4.3 to 3.4GHz and the second resonant mode shifts
from 5.8 to 5.2GHz. Obviously, the overall S-parameters
shift to a lower frequency. The polyamide substrate (dielec-
tric constant: 4.3) is combined with the photopolymer resin
(dielectric constant: 3), and the two materials’ different
dielectric constants affect the antenna and shift the resonant
mode to a lower frequency. Therefore, the length of the

antenna (Ls) can be set to be less than a quarter of λg in the
5.5GHz band.

3.3. Effects of the Slit into the System Ground for the Four-
Element MIMO Antenna. The four-element MIMO antenna
is attached to the smartwatch model, and the two elements
of each antenna are connected to the system ground using
four via holes. The smartwatch model consists of two watch-
straps and a back cover, as shown in Figure 1(d). The simu-
lated S-parameters of the MIMO antenna transformed
when a slit was modified in the system ground, as shown in
Figure 5. The length of the slit (Sw) is increased from 6.5 to

(d)

Figure 3: (a) Configuration of the two-element MIMO antenna at angle θ in free space. (b) Measured S11 and S21 at different degrees of
bending for the two-element MIMO antenna in free space. (c) Measured radiation pattern for the two-element MIMO antenna bent at
different angles in free space. (d) Measured and simulated S11 and S21 at the bending angle of 30° with the watchstrap for the MIMO antenna.

Figure 4: Measured S-parameters of the two-element MIMO
antenna at the bending angle of 30° with and without the
watchstrap.
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10.5mm, and the length is 0mmwhen the system ground has
no slit. The resonance frequency of the S-parameters (S11 and
S41) both shift to a higher frequency when Sw is increased. As
Sw is varied, S11 remains lower than −6 dB in the operating
band. However, S41 is larger by approximately −10 dB when
Sw is 0mm. The slits in the system ground are used to
improve S41 between Ant1 and Ant4. Thus, the isolation
between Ant2 and Ant3 improves effectively.

3.4. Effects of the Via for the Four-Element MIMO Antenna.
The ground of the MIMO antenna is connected to the system
ground, which is on the back surface of the system circuit
board, through the via holes. Moreover, these four via holes
connect each side of the polyamide substrate and FR4
substrate. The structures obtained when employing four via
holes and two via holes are illustrated in Figure 6(a). The
simulated S11 and S21 are plotted in Figure 6(b).

S21 of the ground of the MIMO antenna connected to the
system ground through two via holes is larger than −20dB in
the operating band of 5.2–5.84GHz. Figure 6(c) illustrates
the simulated S31 and S41, which are unaffected by the num-
ber of via holes. Figure 6(d) displays the simulated surface
current distributions over the four via holes and two via holes
at 5.8GHz. The four via holes of the two-element MIMO
antenna are used to connect the polyamide substrate and sys-
tem ground. Therefore, the surface current distributions are
more uniform from theMIMO antenna ground to the system
ground plane when four via holes are used compared with
two, and a strong surface current on the stub is observed.
This strong surface current improves the isolation of the
S-parameter (S21).

3.5. Results of the Four-Element MIMO Antenna in Free
Space. The S-parameters of the four-element MIMO antenna
connected to the smartwatch model are measured using the
N9019A EXA Signal Analyzer and are simulated using the

aforementioned HFSS. During the measurements, ports 1
and 2 are excited and the other ports are terminated using a
50Ω load. Figures 7(a) and 7(b) present the measured and
simulated S-parameters of the proposed MIMO antenna.
Figure 7(a) displays that the measured S-parameters S11,
S22, S33, and S44 are less than −6 dB (3 : 1 VSWR) in the
desired frequency range of 5.2–5.84GHz, and S21, S31, and
S41 are less than −20 dB over the entire operational band.
Figure 7(b) demonstrates that the bandwidth of the simu-
lated S11, S22, S33, and S44 is approximately 1420MHz (4.8–
6.2GHz; approximately 25%); moreover, the simulated S21,
S31, and S41 are less than −20 dB over the entire operational
band. The impedances of the measured S11, S22, S33, and S44
differ slightly because the MIMO antenna is bent on the
watchstrap; nevertheless, the bandwidth of S11, S22, S33, and
S44 covers the operation frequency.

For a complete investigation of the far-field performance
of the MIMO antenna inside an anechoic chamber, an
N5230A vector network analyzer (Agilent) and computer
workstation running 3D NSI 800F far-field measurement
software are used according to generally applied methodolo-
gies to measure antenna gain and efficiency. The measured
and simulated antenna efficiencies and peak gains for the
four-element MIMO transmit ports (Ant1–Ant4) are pre-
sented in Figure 8. As shown in Figure 8(a), the measured
efficiencies of Ant1–Ant4 are approximately 93%–97% in
the operation band and the measured peak gains of Ant1–
Ant4 are approximately 3.35–5.6 dBi. In addition, the simu-
lated antenna efficiencies are between 94% and 97% in the
operation band and the simulated peak gains are approxi-
mately 3.6–4.6 dBi (Figure 8(b)). The simulation efficiency
is calculated using the finite element method (HFSS); the
efficiency of the antenna located in free space is calculated
using pattern integration. In this method, the radiation effi-
ciency is the ratio of the radiated power to the accepted
power [26]. The simulation results are in agreement with

(a) (b)

Figure 5: Simulated S-parameters of the antenna with the slit in the system ground: (a) S11 and (b) S41.
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the measured results. The antenna has reasonable and stable
efficiency in the operation band, making the antenna suitable
for practical applications.

Figures 9(a) and 9(b) display the 3D measured and
simulated radiation patterns for the four-element MIMO
antenna at 5.5GHz, respectively. Figure 9(c) presents the
2D measured radiation patterns for the MIMO antenna.

The Ant1 and Ant2 simulated radiation patterns are in agree-
ment with the measured radiation patterns. The strongest
radiating direction of Ant1 lies between the positive x-axis
and positive y-axis, and that for Ant2 lies between the posi-
tive x-axis and negative y-axis. The radiating direction is
affected by the stub and notched block in the ground that
are designed between the two elements of the antenna.
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Figure 6: (a) Structures with four and two via holes. (b) Simulated S11 and S21 and (c) S31 and S41 for the four-element MIMO antenna with
via holes. (d) Simulated surface current distributions over the four and two via holes at 5.8 GHz.
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To verify the suitability of the proposed antenna for
MIMO applications, a low envelope correlation coefficient
(ECC) is necessary. The ECC describes the extent to which
the communication channels are isolated or correlated with
each other. The ECC can be evaluated using the equation
mentioned in [27]. Figure 10(a) displays the ECC calculated
from the measured complex electric-field patterns for
Ant1–Ant4 in the MIMO antenna. Superior ECCs for any
two antennas within the MIMO antenna are obtained. All
ECCs are less than 0.05 in the operation band. The simulated
ECCs of the two antennas obtained from the complex
radiation patterns [28, 29] are presented in Figure 10(b).
All obtained ECCs are considerably lower than 0.01 in the
operation band, which is desirable for MIMO operation.

3.6. Results of the Four-Element MIMO Antenna with the
Wrist. Simulation configurations with a wrist model are
considered because the four-element MIMO antenna is a
wearable antenna, as illustrated in Figure 11(a). Phantoms
used in some studies have been skin, muscle, and bones
[30, 31]. Other studies have only used bone phantoms [32]
and hand-tissue-equivalent medium phantoms [33]. The
Regional Anatomy and Surgical Intervals [34] suggests that
the wrist primarily comprises bones, with very less muscle
content. Utilizing a cross section of a wrist for the study is
complex and inconvenient. A study, RF/Microwave Interac-
tion with Biological Tissues [35], suggested that the relative
permittivity and conductivity constants can be controlled
by varying the mixture rate of silicone emulsion in the

0

4.0 4.5 5.0
Frequency (GHz)

5.5 6.0 6.5 7.0

S-
pa

ra
m

et
er

s (
dB

)
−10

−20

−30

−40

−50

S11
S21
S22
S31

S33
S41
S44

3 : 1 VSWR

Measured

−60

(a)

4.0 4.5 5.0
Frequency (GHz)

5.5 6.0 6.5 7.0

S11
S21
S22
S31

S33
S41
S44

3 : 1 VSWR
Simulated

0

S-
pa

ra
m

et
er

s (
dB

)

−10

−20

−30

−40

−50

−60

(b)

Figure 7: (a) Measured and (b) simulated S-parameters of the four-element MIMO antenna in free space.
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Figure 8: (a) Measured and (b) simulated antenna efficiencies and peak gains of the four-element MIMO antenna.
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skull-equivalent phantom composition. In the present study,
the material of the bone-equivalent phantom hand contains a
huge amount of silicone (relative permittivity: 18.6; conduc-
tivity: 0.8 S/m). Moreover, we used a 1mm thick artificial
skin to cover the phantom. By referring to the artificial phan-
toms employed in [36, 37], the dry skin for the frequency
range of 0.5–10GHz in that study is presented such that it
has relative permittivity and conductivity approximately in
the ranges of 45–31.4 and 0.73–8 S/m, respectively. The arti-
ficial skin is made of hydrocolloid thin dressing materials
that have good conductivity. Therefore, we use skin and bone
equivalent in the simulation in this study. The results thus
obtained are similar to those of the measurement of a human
hand. The wrist model is composed of skin (relative permit-
tivity: 38; conductivity: 1.4 S/m) and bone equivalent (per-
mittivity: 18.6; conductivity: 0.8 S/m) [8]. The thickness of
the skin used is 1mm, and the long axis and short axis of
the bone equivalent used are 60 and 41mm, respectively.
Figure 11(b) illustrates the measurement of the S-
parameters of the antenna on the watchstrap connected to
the human wrist using the vector network analyzer. For a
complete investigation of the far-field performance of the

proposed MIMO antenna inside an anechoic chamber, an
N5230A vector network analyzer (Agilent) and computer
workstation running 3D NSI 800F far-field measurement
software are used according to generally applied methodolo-
gies to measure antenna gain and efficiency. Figure 11(c)
displays a photograph of measurements using a phantom
hand in an anechoic chamber.

Figure 12(a) presents the S-parameters of the four-
element MIMO antenna that is attached to the smartwatch
model and mounted on the human wrist. The measured
S11, S22, S33, and S44 of the four-element transmit ports are
less than −6 dB (3 : 1 VSWR) in the 5.2–5.84GHz band. Typ-
ically measured S21, S31, and S41 between Ant1 and the three
nearby ports (Ant2, Ant3, and Ant4) are also shown and are
less than −20dB in the 5.2–5.8GHz band. Figure 12(b) illus-
trates the simulated S-parameters of the four-element MIMO
antenna with the wrist model. S11, S22, S33, and S44 are less
than −6 dB in the desired frequency range of 5.2–5.84GHz.
Furthermore, S21, S31, and S41 are less than −20dB over the
entire operational band.

Figures 13(a) and 13(b) display a comparison of the S-
parameters obtained when simulation is conducted by using

+y

+x

Ant1 Ant2

+10

+0

−10

−20

−30

−40

−50
dB

+y

+x
+10

+0

−10

−20

−30

−40

−50
dB

(a)

+x

+y
+z

Ant1 Ant2

3. 9372e + 000 3. 9819e + 000
3. 1021e + 000
2. 2222e + 000
1. 3424e + 000
4. 6257e − 001

dB (Gain total)dB (Gain total)
x x

y z y

3. 0426e + 000
2. 1479e + 000
1. 2533e + 000

−1. 4307e + 000
−4. 1727e − 001
−1. 2971e + 000
−2. 1769e + 000
−3. 0568e + 000
−3. 9366e + 000
−4. 8164e + 000
−5. 6963e + 000
−6. 5761e + 000
−7. 4560e + 000
−8. 3358e + 000
−9. 2156e + 000
−1. 0095e + 001

−2. 3253e + 000
−3. 2199e + 000
−4. 1146e + 000
−5. 0092e + 000
−5. 9039e + 000
−6. 7985e + 000
−7. 6932e + 000
−8. 5878e + 000
−9. 4825e + 000
−1. 0377e + 001

3. 5863e − 001
−5. 3601e − 001

z

(b)

0

−10

−20

−30

−40

180

270

90 (+y)

0 (+x)

180

0 (+z)

90 (+y)

180

0 (+z)

90 (+x)

180
Ant1 Ant2

E-Phi
E-Theta

0 (+z)

90 (+x)

180

0 (+z)

90 (+y)

270

90 (+y)

0 (+x)−50

−40

−30

−20

−10

0

0

−10

−20

−30

−40

180−50

−40

−30

−20

−10

0

0

−10

−20

−30

−40

180−50

−40

−30

−20

−10

0

0

−10

−20

−30

−40

180−50

−40

−30

−20

−10

0

0

−10

−20

−30

−40

180−50

−40

−30

−20

−10

0

0

−10

−20

−30

−40

180−50

−40

−30

−20

−10

0

+x

+y
+z

(c)

Figure 9: (a) Measured and (b) simulated 3D radiation patterns for the four-element MIMO antenna in free space (at 5.5 GHz). (c) Measured
2D radiation patterns (at 5.5GHz).
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a wrist model, measurement is conducted by using a phan-
tom hand, and measurement is conducted by using a human
wrist. The S11 obtained from measurement and simulation

are less than −6 dB in the 5.2–5.84GHz band. The S21, S31,
and S41 obtained from measurement and simulation are less
than −20dB in the 5.2–5.84GHz band. The S11, S21, and S31
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Figure 10: (a) Measured and (b) simulated ECCs of the four-element MIMO antenna.
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Figure 11: (a) Simulation configuration when using a wrist. (b) Photograph of the human wrist measurement. (c) Photograph of the phantom
hand measurement in an anechoic chamber.
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measured with the phantom hand are similar to those
measured with the human wrist. Nevertheless, S21 and S41
have slight frequency shifts between the simulated and mea-
sured results, which may be due to the 50Ωmini coaxial lines
that are not included in the simulation or in the variation of
the bending of the antenna. However, the simulated S21 and
S41 parameters are also lower than −20dB in the 5.2–
5.84GHz band.

The measured radiation efficiency and peak gain of the
four-element MIMO antenna worn on the phantom hand
are 45%–55% and 2.2–4 dBi, respectively (Figure 14(a))
over the operational band of 5.2–5.84GHz. The peak gain
varies only slightly over the entire band (5.2–5.48GHz),
with a variation of less than 1.8 dBi. The simulated
antenna efficiencies and peak gains for the four-element
MIMO antenna with the wrist model are presented in
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Figure 12: (a) Measured S-parameters for the four-elementMIMO antennas with a human wrist and (b) simulated ones with the wrist model.
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Figure 14(b). The simulated antenna efficiencies are 49%–
58% over the operation band, and the simulated peak
gains are approximately 2.4–2.9 dBi. The difference

between the simulated and measured values in Figures 8
and 14 are observed due to the limitations of the measure-
ment set-up or the flexible substrate variations.
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Figure 14: (a) Measured antenna efficiency and peak gain for the four-element MIMO antenna worn on the phantom hand; (b) simulated
antenna efficiency and peak gain for the four-element MIMO antenna mounted on the wrist.
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Figure 15: (a) Measured antenna 3D radiation patterns for the four-element MIMO antenna worn on the phantom hand. (b) Simulated 3D
radiation patterns for the four-element MIMO antenna (at 5.5GHz) worn on the wrist model. (c) Measured 2D radiation patterns
(at 5.5GHz).
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The 3D measured radiation pattern at 5.5GHz for the
four-element MIMO antenna on the phantom hand are
shown in Figure 15(a). The XY plane of Ant1 and Ant2 are
displayed. The strongest radiating direction of Ant1 is
between the positive x-axis and positive y-axis and that of
Ant2 is between the positive x-axis and negative y-axis.
Figure 15(b) presents the 3D simulated radiation pattern
for the four-element MIMO antenna with the wrist model.
The radiating direction is affected by the stub and notched
block in the ground that is designed between the two
elements of the antenna. As a result, the Ant1 and Ant2
simulated radiation patterns are in agreement with the
equivalent measured radiation patterns. Figure 15(c) shows
the 2D measured radiation patterns for the MIMO antenna
on the phantom hand.

In this study, we set the input power of the smartwatch
antenna to 18.5 dBm for WiFi applications, which is on the
basis of the value used in the MediaTek MT2502 platform
for wearables and IoT devices [38]. Figure 16 displays the
simulated SAR distributions at 5.5GHz worn on the wrist.
The 10 g SAR value is approximately 0.499W/kg for Ant1,
0.623W/kg for Ant2, and 0.647W/kg for Ant1–Ant4. Both

SAR values are less than the corresponding SAR limitations
of 4W/kg, set by the Federal Communications Commission
(FCC) [39].

4. Conclusion

This study proposed a novel, compact four-element
MIMO antenna for operation at 5.2–5.8GHz to be used
in a smartwatch. This antenna comprises a four-element
polyamide antenna that is connected to the system ground
and combined with a plastic strap and cover. The manner
in which a smartwatch is worn on the wrist affects the
functioning of the antenna on the strap. We intend to
minimize this effect; therefore, three methods are employed
in this paper to investigate the effect on the antenna—
simulation by using a wrist model, measurement by using
a phantom hand, and measurement by using a human wrist.
The measured and simulated S11 are less than −6 dB in the
5.2–5.84GHz band. The measured and simulated S21, S31,
and S41 are less than −20dB in the 5.2–5.84GHz band.
The proposed MIMO antenna has superior isolation
because a stub and notched block in the antenna ground
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Figure 16: SAR simulation models worn on the wrist (a): Ant1 (b), Ant2 (c), and Ant1–Ant4 (at 5.5GHz).

14 International Journal of Antennas and Propagation



and the slit in the system ground are used. The maximum
measured antenna efficiency for the four-element MIMO
antenna in free space is approximately 97%. This value
reduces to 55% when the MIMO antenna is worn on the
hand. The maximum measured antenna peak gain reduces
from 5.6 to 4 dBi when the antenna is worn on the hand.
The radiating direction of Ant1 is between the positive
x-axis and the positive y-axis, whereas that of Ant2 is
between the positive x-axis and the negative y-axis.
Moreover, the antenna elements exhibited excellent ECC
values, which indicate favorable isolation of the com-
munication channels. The proposed MIMO antenna is
well integrated and suitable for use in the watchstrap
of a smartwatch.
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