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This paper presents a novel low-cost integrated multiband antenna design customized for smartwatch applications and wearable
devices. The design consists in using a broadband planar patch antenna with circular microstrip lines and a miniaturized feeding-
point with a structure of 30 x 30 x 1.6 mm?, and it is easy to deploy inside the smartwatch and cost-effective for the wearable device
industry. The parametric study and final dimensions of the design and the measured results of the reflection and radiation pattern
are discussed. The antenna with maximum gain up to 6.6 dBi and S;; up to —22 dB exhibits excellent performance for all the
frequencies required in wearable systems such as 1.9 GHz, 2.3 GHz, 2.4 GHz, 2.6 GHz, 5.2 GHz, and 5.8 GHz. We drew a
comparison between similar research and this work in terms of antenna performance. Furthermore, we investigate the specific
absorption rate (SAR) performance of the antenna for the smartwatch application, using both human hand wrist multilayer and
SAM head mouth models. The SAR results in different positions for all the frequencies are compared to the Federal Com-

munication Commission (FCC) standards.

1. Introduction and Meotivation

Wearable intelligent devices are nowadays an exciting new
frontier and have become widely used in daily life. They are
rendering the coming era of the Internet of Things (IoT);
especially, smartwatches, after the success of smartphones,
have attracted a lot of attention from industries and audi-
ences [1]. Today, smartwatches and smart wristbands are
experiencing a speedy development with strong demand in
the mobile component market. However, they lack a mul-
titechnology network connectivity [2]. Most of the smart-
watches, due to their small size, contain antenna operating
only in the ISM Band (Bluetooth and Wi-Fi) [3].
Significant progress is noticed in research regarding
smartwatches and wearable devices antennas. An excellent
comparison between microstrip patch, helical, and conical
spiral antenna is developed in [4]. A multiband antenna
operating in GSM900, LTE2300, and UMTS1900 is pro-
posed in [5], the structure of the design sizes 55 x 12 x 4 mm®
which make the antenna unsuitable for smartwatches. A

miniaturized implantable ARRAY antenna was proposed in
[6] and in [7], both array designs cover the GPS band en-
tirely, but both of them do not cover the LTE bands and
present big size. Wang et al. proposed a miniaturized an-
tenna for GPS applications in [8], but the proposed antenna
is difficult to manufacture and does not cover the UMTS or
the LTE bands. Also, using a low-profile miniaturized an-
tenna in [9], the authors present a good antenna that covers
the LTE bands but the ISM band is not covered. In [10], a
built-in antenna works perfectly in GPS and ISM bands, and
the antenna is suitable for wearable devices such as
smartwatch, but it is built with complex materials. In [11],
Mehedi et al. designed a compact metamaterial-inspired
antenna which operates at LTE and WiMAX frequency
bands. Still, the ISM band is missing and the antenna
presents a large size for smartwatch implementation. Zhao
et al. proposed in [12] three cellular antenna designs for the
smartwatch application by using the metal watch belt. The
three designs cover the ISM, UMTS, and GSM bands en-
tirely, but all of them are big-sized and complex for
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implementing inside the smartwatch. In [14], Hasan et al.
suggested a tri-band microwave perfect metamaterial ab-
sorber with miniature structure up to 10x10x 1.6 mm?’;
however, the design resonates at higher frequency bands
6.22 GHz, 8.76 GHz, and 13.05 GHz, which are not suitable
for smartwatch application. Cheuk et al. designed in [15] a
miniaturized printed inverted-F antenna for the Internet of
Things, which sizes 15 x 30 mm? but works only in the ISM
and. An Electrically Compact SRR-Loaded Metamaterial
Inspired Quad-Band Antenna for Bluetooth, Wi-Fi, WLAN,
and WiMAX System is proposed in [16]; despite its com-
plexity, the design is miniaturized sizing 30 x 31 mm? and
potentially suitable for wearable devices.

The objective of this research is to design a miniaturized
integrated multiband antenna for smartwatches and wear-
able devices. The proposed antenna must operate in the
following technologies UMTS1900, LTE2300, ISM2400,
LTE2600, WIMAX5200, and ISM5800, satistying the pre-
requisites in terms of gain, radiation pattern, current dis-
tribution, total efficiency, and reflection coefficient in each.
Furthermore, the parametric study of the proposed antenna
is discussed, and the influence of each parameter on the
antenna performance in term of the reflection coeflicient is
presented. To ensure the compliance of the antenna against
the FCC standards, the impact of design in terms of the SAR
performance for the smartwatch application was evaluated.
We used both the SAM head model provided by CST Studio
and the human hand wrist model, designed based on the
following layers: skin, fat, muscle, and bone. The SAR
evaluation is calculated for the all selected frequencies and
for different antenna positions: d=1mm, d=2mm,
d=4mm, and d=7mm for antenna on hand wrist con-
figuration and d=1, d=5mm, and d=9mm for antenna
next to SAM mouth configuration.

2. Requirements and Objective

2.1.  Smartwatch  Evolution —and  Hand  Model.
Smartwatches are now enjoying great success as the new
technological trend in the mobile device market. Thanks to
their ideal portability while inheriting the charm of classic
watches, these devices are becoming more and more
competitive by acquiring the features existing in smart-
phones. The criteria for the progression of smartwatches are
reflected in their design, battery autonomy, and especially
the development of applications compatible with the min-
iature display.

While internal hardware layers differ from a brand to
another, most smartwatches have an electronic front display,
either backlit LCD, OLED, or hologram [4]. Some use
transflective or electronic paper, to consume less power. A
rechargeable lithium-ion battery generally recharges them.
Peripheral devices may include digital cameras, thermom-
eters, accelerometers, pedometers, heart rate monitors, al-
timeters, barometers, compasses, GPS receivers, tiny
speakers, and microSD cards, which are recognized as
storage devices by many other kinds of computers. The
software may include digital maps, schedulers and personal
organizers, calculators, and various types of watch faces.
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In smartwatches, efficient wireless performance is es-
sential. Users expect these devices to last all day and stay
connected all day. With the added challenges of imple-
menting multiple antennas in an ultracompact form, it is
absolutely essential to consider a multiband design to
minimize space. This design should not contain any active
component to reduce power consumption and should be
miniaturized as much as possible to fit inside the device. As
smartwatches can communicate with external devices such
as sensors, wireless headsets, or machines, several wireless
technologies may be required. In fact, a smartwatch can
collect information from internal or external sensors and
control or retrieve data from other instruments or servers via
alocal wireless network and then send it to an external server
via the internet or long-range wireless network. For this
reason, the proposed antenna should support the most
popular wireless technologies such as UMTS1900, LTE2300,
ISM2400, LTE2600, WIMAX5200, and ISM5800.

2.2. Antenna Requirement. The objective of this research is
to design an integrated antenna having a planar structure
and easy to manufacture, and such antenna is very suitable
for smartwatch applications. The antenna should be mini-
ature as possible and easy to deploy inside the smartwatch.
The antenna must fit inside the smartwatch configuration as
presented in Figure 1. The fact of implementing the antenna
inside the smartwatch protects the antenna from vandalism,
but it makes the wireless communication much difficult
within a metal environment where the communication path
is strongly influenced by the shielding of conductive layers.
Since the smartwatch contains already conductive printed
circuit boards (PCBs).

To ensure a general use case of the antenna, we selected
the famous common bands in which our terminal should
radiate. The target bands are listed in Table 1.

Regarding this frequency band specification, the antenna
will ensure the IoT data acquisition through the IoT band
and the data transmission through UMTS/LTE/WIMAX
bands. The ISM bands can be used for local data trans-
mission and to enable the IoT (communication with other
devices). In each of the frequency bands listed in Table 1, the
antenna must demonstrate compliance regarding its influ-
ence in terms of SAR on the wrist hand model presented in
Figure 2 and the SAM head model.

3. Proposed Design

3.1. Configuration and Parametric Study. We started from an
oft-the-shelf planar antenna to obtain a low-cost design. We
first design the UMTS/LTE2300/ISM band using the cor-
relation between frequency and wavelength. Afterward, we
create step by step the other bands also based on wavelength
and taking into account that each new arm must not in-
terfere in terms of the frequency band with the neighbor arm
and must fit the sizing specifications of the antenna. In each
designing step, we observe and study the current distribution
in each frequency in order to adjust and optimize the
structure. The configuration (a) refers to the coupling
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between circuit (A) and the ground, giving the UMTS1900
and WIMAXS5200 bands, whereas the configuration (a +b)
refers to the coupling of circuits (A) and (B) ensuring the
ISM2400 and LTE2600 bands and the enhancement of
WIMAX5200 band. The configuration (a+b+c) is the
coupling of circuits (A), (B), and (C) and the ground giving
the band LTE2300 and providing additional enhancement to
the other bands.

Figure 3 shows the four necessary steps of the conception
of the design. Each step represents a target band, and in each
stage, there was many simulations and iteration performed
to obtain the best reflection coefficient. In Figure 4, we show
the S;; result of each step and how the antenna resonates
with each arm. The final results show additional frequencies
obtained due to the mutual coupling between the compo-
nents of the antenna.

3.2. Final Design. The feeding line sizes 2x7mm? The
substrate made of FR4 material has a relative permittivity of
4.3 and a dielectric tangent loss up to 0.02, and it sizes
32 x 35 x 1.6 mm”. The soldering spaces are modelled as PEC
surfaces sizing 2 x 4mm?. Table 2 summarizes the dimen-
sions of the proposed antenna design and gives the value
in mm of each parameter of the structure of the configu-
ration shown in Figure 3.

4. Manufacturing and Measurement Results

In this section, the fabricated antenna is presented and
obtained measurement results for the S,;, radiation pattern,
gain, and current distribution are discussed.

4.1. Manufacturing. The proposed antenna model is fabri-
cated using the LPKF ProtoLaser S systems which can
process highly complicated tasks with printed circuit boards
(PCBs). The machine is very efficient for cutting assembled
PCBs, flexible PCBs, and cover layers. The manufactured
antenna shown in Figure 5 was printed on an FR4 substrate,
where the characteristics are listed in Table 2, and cut using
the Maestro3 machine.

4.2. Measurement Setup. To measure the S;; of the antenna,
the vector network analyzer (VNA) Agilent N3383 A
300kHz-9 GHz is used, and it is calibrated in each simu-
lation with the Agilent 85033E 3.5 mm calibration kit. The
antenna was attached to the VNA through the Keysight
8121-0027 cable.

To perform the radiation pattern measurements, the
double-ridged TEM horn antenna is used with Lens
GZ0226DRH intended for indoor and outdoor ultra-
wideband applications. The radiation measurement setup is
described in Figure 6. The far-field antenna measurement
system principle of operation is based on pulse measurement
technique (time-domain measurements, TD). This system is
applicable for most types of antennas and carries up sizes at
distances R between antenna under test (AUT) and mea-
suring antenna larger than far-field criteria [27]:

3
FIGURE 1: Smartwatch typical design.
TaBLE 1: Frequency specification of the antenna design.
Frequency (GHz) Bandwidth (MHz) Designation
1.9 1920-2170 UMTS band
2.3 2305-2400 LTE2300 band
2.4 2400-2500 ISM band
2.6 2500-2690 LTE2600 band
5.2 5200-5300 WIMAX5200 band
5.8 5750-5850 ISM5800 band
2
2D
R=""" (1)
A

where D is the section (aperture) of antenna and A is the
wavelength. As main measurement instrument, the digital
sampling converter is used. Its characteristics are opti-
mized according to the system’s parameters. The ultra-
short-pulse electrical generator serves as measurement
signal source.

The systems are built for frequency ranges 6 GHz,
12 GHz, 18 GHz, 26 GHz, and 40 GHz [27].

4.3. S;; Measurement Results. The simulation results com-
pared to the measurement results in free space in terms of S;;
with respect to 50 ohms are represented in Figure 7.

The measurement results confirm the results of simu-
lation done with CST Studio software where all the target
frequency bands fit the simulation resonance bands with
small shift for the lowest frequencies up to 0.2 GHz. The
first main reason is the line added in the manufactured
design and one of the possible reasons explaining the larger
bandwidth obtained in measurements is the multipath
effect obtained by the environment where the measure-
ments are performed and which is absent in the simula-
tions. The results prove that the antenna meets perfectly the
requirements in all the frequency bands discussed
previously.
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FIGURrE 2: Hand model 3D design.
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(®)

FIGURE 3: Antenna conception parameters: (a) top and (b) bottom. Each length is a parameter for the antenna conception.

4.4. Radiation Results. The radiation pattern of the gain in
2D plot (Phi=0 and Phi=90) is presented for each fre-
quency at elevation view in Figure 8, and at azimuth view in
Figure 9.

From the results plotted in Figures 8 and 9, it is observed
that the antenna is approximately omnidirectional and it
exhibits a higher gain for all the specified frequency bands.
The best result in terms of radiation pattern shape is ob-
tained for 2.3 GHz, for 2.4 GHz, and for 2.6 GHz where the
antenna is clearly omnidirective and the corresponding
maximum measured gains, respectively, are 3 dBi, 4.9 dBi,
and 4.4 dBi. The antenna is more directive at 5.8 GHz with a
maximum gain up to 6.6 dBi.

The Figure 10 shows the variation of the measured
maximum gain in dBi in function of the frequency. It is
noticeable that the minimum gain is 2dBi obtained at
1.9 GHz and the maximum gain is 6.6 dBi at 5.8 GHz, and
this means that the antenna has a high maximum gain over
all the target frequency bands.

The total efficiency over frequency of the proposed
design is presented in Figure 11. For the UMTS1900 and
WIMAX5200 bands, the efficiency varies from 60% to 80%,
but only around 60% for WIMAX5200 and LTE2300. The
best results are obtained for ISM2400 and LTE2600 where
the antenna total efficiency is 80%.

The Figure 12 represents the current distribution of the
antenna in each frequency, showing which parts of the
design interact to construct the target band.

4.5. Influence of the Smartwatch. After evaluating the re-
flection and the radiation measurements of the antenna in
free space, the impact of the smartwatch on the perfor-
mance of the antenna in terms of Sy, is investigated. The
radiation is not concerned since the smartwatch is a di-
electric box with a relative permittivity of 2.3 and thus it
does not prevent and or reflect the propagation of the
antenna waves.
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FIGURE 4: S;; simulation results of each configuration.

Figure 13 shows the influence of the smartwatch cover
on the S, parameter of the antenna. The S;; results of the
antenna inside the smartwatch are compared to the S;;
results of the antenna in free space. Four positions of the
antenna were selected for this comparison: 0 mm (antenna
attached to the cover of the smartwatch), 1 mm, and 2 mm
separation of the antenna to the cover. As shown in Fig-
ure 13, it is noticeable that when the antenna is attached to
the cover, the measured S;; of the antenna is increased
dramatically. Starting from 1mm as a separation, the S;;
results get closed to the free space results. This explains why a
gap between the antenna and the cover of the smartwatch is
necessary.

5. Proposed Antenna Comparison to
Existing Antenna

Table 3 shows the comparison between the proposed an-
tenna and existing antennas based on size, coverage,
bandwidth, gain, and applications.

6. SAR Studies

In this section, we evaluate the SAR performance of the
antenna in two main scenarios: antenna mounted on the
human hand wrist and antenna next to the human head
mouth relevant for smartwatch with integrated microphone
functionality. The SAR values are examined according to the
standard limits defined by the FCC standards, which is 2 W/
kg averaged over 10 g of tissue of the human head and 4 W/
kg averaged over 10 g of tissue of the hand wrist [17, 19-26].
Figure 14(a) shows the position of the smartwatch antenna
on the hand model with human hand tissues layers used for
the SAR simulation with CST studio software, and
Figure 14(b) shows the position of the smartwatch antenna

TaBLE 2: Dimensions of the proposed antenna.

Parameter Value (mm)
h 32
w 35
L, 6.6
L, 21
Ly 4
L, 27
Ls 16
w, 26
W, 21
W, 4
Thickness 1.6
Gap

R, 12
R, 6
Ry 6
Ry 4
Rs 12

next to the SAM head model provided by CST studio
software.

6.1. Antenna on the Hand Wrist. Figure 15 shows the setup of
the antenna on the hand model. The antenna is placed in the
center of the wrist at the top. To evaluate the SAR in each
frequency, we choose four central values for the distance as
separation between the antenna and the hand wrist:
d=1mm, d=2mm, d=4mm, and d=7 mm.

We designed a three-dimensional human hand model
with four tissue layers: skin, fat, muscle, and bone. Table 4
summarizes the characteristics in terms of dielectric prop-
erty and conductivity at each frequency for each tissue.

The SAR values averaged over a mass of 10g of hand
wrist tissue, for d=1mm, d=2mm, d=4mm, and
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FIGURE 6: Measurement setup for the radiation pattern.

d=7mm, for each frequency and at each tissue layer, are
summarized in Table 5. From the results obtained, it can be
seen that the maximum SAR values in hand wrist case are
below the limits 4 W/kg specified by the FCC standards. We
notice that for all the frequencies in scope and at each
distance, the SAR value calculated in fat tissue is in average
0.01 W/kg higher than the SAR value calculated in skin
tissue. This can be explained by electrical properties ¢, and
(S/m) of the fat tissue that are lower than the electrical
properties of the skin tissue. In the other hand, the maxi-
mum SAR value decreases from the fat tissue to muscle
tissue, and then from the muscle tissue to the bone tissue.
We notice that the maximum SAR within the same tissue
decreases as the frequency increases. In average, the

maximum SAR decreases from 2.3 GHz to 5.8 GHz by 70%
at the skin, fat, and muscle layers and by 45% at the bone
layer.

Figure 16 shows the three-dimensional distributions of
the SAR (W/kg) averaged over a mass of 10g simulated
inside the hand wrist model at the frequencies of 2.3 GHz,
2.4 GHz, 2.6 GHz and 3.500 GHz, 5.2 GHz, and 5.8 GHz with
5mm spacing, using software CST MWS.

We notice that the averaged SAR over 10g decreases
slightly from the skin layer to the fat layer then decreases
highly at the muscle layer to the bone. The values of the
average SAR is higher in the center top of the wrist than the
edges, which can be explained by the position of the antenna
placed on the center of the hand wrist.
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FIGURE 8: Elevation view of the radiation pattern.

Based on results obtained, we notice that all SAR values,  6.2. Antenna next to SAM Mouth. In this configuration, the
at each hand wrist layer, fit the SAR requirements defined by =~ antenna is placed next to SAM mouth. We selected three
the FCC standards 4 W/kg for the hand wrist. values of the separation between the antenna and SAM
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FIGURE 9: Azimuth view of the radiation pattern.
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FIGURE 10: Variation of the maximum gain over frequencies.

mouth: d=1mm, d=5mm, and d=9 mm. The simulated
values of the maximum SAR averaged over a mass of 10 g of
the tissues of the head for the SAM phantom head, at se-
lected frequencies, using CST MWS software, are summa-
rized in Table 6. From the results of electromagnetic
simulations, we notice that the maximum SAR values for
10g of the head model tissue decreases when the spacing

between the antenna to SAM mouth changes from d = 1 mm
to d=9mm. In average, the SAR value decreases by 60%
from d =1 mm to d =9 mm. It is also noticeable that the SAR
value is higher at higher frequencies 3500 MHz, 5200 MHz,
and 5800 MHz.
We notice from the plots of SAR distribution inside SAM
head that for the lowest frequencies 2300 MHz, 2400 MHz,
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Figure 13: Influence of the smartwatch on the antenna S,,.

TaBLE 3: Performance comparison between the proposed antennas with the existing antennas.

Antenna dimension Resonant frequencies

Maximum gain o
References (mm?) (GHz) (dBi) Applications
Zhao et al. [17] 40 % 124 0.7, 1.8 3.8 Bluetooth, WLAN, WiMAX
Wu et al. [18] 40% 38 247, 5.18 7.0 WLAN
[Cl%‘]mg etal 33x41 154, 2.41, 3.25 3.0 GPS, WLAN, WiMAX
I[\fle]hedl etal. 42%33 0.63, 3.21, 3.63 3.69 LTE, WiMAX
EZT‘“ etal. 31%30 24,35 225 1SM2400, WIMAX3500
[Cl};T“k etal. 30x15 2.4 4 ISM2400
Proposed 3523 1.9, 2.3, 2.4, 2.6, 5.2, o UMTS, LTE2300, ISM2400, LTE2600, WIMAX5200,
antenna 5.8 ’ ISM5800

(a)

(®)

FIGURE 14: Position of smartwatch antenna: (a) next to SAM mouth model; (b) on the hand wrist model with 4 tissues.
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Skin layer
Human hand 3D model
Muscle layer
Bone layer
FIGURE 15: SAR simulation setup.
TaBLE 4: Human hand tissue characteristics [19].
Frequency (MHz) 2400 2600 5200 5800
Tissues &, o (S/m) & o (S/m) & o (S/m) & o (S/m)
Skin 43.8 0.86 38.43 1.30 38.18 1.40 38.06 1.44
Fat 11.3 0.11 5.32 0.09 5.30 0.10 5.28 0.10
Muscle 55.9 0.97 54.04 1.57 53.77 1.70 53.64 1.77
Bone 20.8 0.34 15.28 0.50 15.10 0.56 15.01 0.59
TaBLE 5: SAR result table of antenna mounted on the hand.
Distance d=1mm d=2mm d=4mm d=7mm
Frequency (MHz)  Tissue  Input power (W)  10g SAR (W/kg)  10g SAR (W/kg)  10g SAR (W/kg)  10g SAR (W/kg)
Skin 0.125 2.29 0.73 0.69 0.36
2300 Fat 0.125 2.30 0.74 0.70 0.37
Muscle 0.125 1.25 0.65 0.61 0.21
Bone 0.125 0.44 0.27 0.24 0.14
Skin 0.125 2.31 0.68 0.62 0.48
2400 Fat 0.125 2.32 0.69 0.63 0.49
Muscle 0.125 1.30 0.58 0.51 0.44
Bone 0.125 0.32 0.24 0.21 0.15
Skin 0.125 2.61 0.90 0.68 0.42
2600 Fat 0.125 2.62 0.91 0.69 0.43
Muscle 0.125 2.10 0.83 0.54 0.41
Bone 0.125 0.36 0.29 0.25 0.14
Skin 0.125 3.31 2.18 1.98 1.49
3500 Fat 0.125 3.32 2.19 1.99 1.50
Muscle 0.125 2.17 2.05 1.53 1.32
Bone 0.125 0.58 0.56 0.50 0.40
Skin 0.125 3.66 3.72 2.79 1.86
5200 Fat 0.125 3.67 3.73 2.80 1.87
Muscle 0.125 2.88 3.39 2.35 1.6
Bone 0.125 0.40 0.51 2.16 0.30
Skin 0.125 3.50 3.37 2.17 0.86
5800 Fat 0.125 3.51 3.38 1.68 0.87
Muscle 0.125 2.82 291 1.53 0.77
Bone 0.125 0.27 0.35 0.27 0.17
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2.3GHz 2.4GHz 2.6 GHz

3.5GHz 5.2GHz 5.8GHz

FIGURE 16: SAR (W/kg) distribution averaged over 10 g inside the hand wrist, for a spacing d =2 mm.

TaBLE 6: Maximum SAR results at each frequency for each distance of antenna next to mouth.

Distance d=1mm d=5mm d=9mm
Frequency (MHz) Tissue Input power (W) 10g SAR (W/kg) 10g SAR (W/kg) 10g SAR (W/kg)
2300 SAM head 0.125 0.60 0.49 0.35
2400 SAM head 0.125 0.78 0.40 0.27
2600 SAM head 0.125 0.76 0.37 0.23
3500 SAM head 0.125 1.98 1.19 0.88
5200 SAM head 0.125 1.79 1.20 0.64
5800 SAM head 0.125 1.90 0.96 0.55
and 2600 MHz, the SAR values are higher with more con- Based on the results shown in Table 6 and Figure 17, all

siderable surface impact deep inside SAM head. However,  the values of the SAR averaged over 10 g inside SAM head
for the highest frequencies 3500 MHz, 5200 MHz, and  obtained at each frequency starting from a separation of
5800 MHz, the SAR values are lower with smaller surface 1 mm are below the SAR limits 2 W/kg defined by the FCC
impact deep inside SAM head. standards.
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F1GURE 17: SAR (W/kg) distribution averaged over 10 g inside SAM head, antenna 5mm separated to SAM mouth.

7. Conclusions

In this paper, a novel miniaturized antenna experimentally
verified for wearable device applications is presented. The
antenna with its simple low-cost planar structure allows
manufacturer to save considerable amount of money ac-
counting of the number of antennas required in such ap-
plication in the worldwide. Comparatively, to the existing
propositions, the presented antenna sizing 32 x 35 x 1.6 mm”
is distinguished by its simplicity for manufacturing, ease of
deployment inside smartwatches, and excellent performance
in terms of radiation pattern, total efficiency, gain, and
reflection coefficient. The antenna was fabricated and
measured in terms of the radiation pattern and the reflection
coeflicient, the results confirm the simulations and show that
the antenna is approximately omnidirectional with a max-
imum gain up to 6.6 dBi and S;; up to —22 dB, and it covers
all the specified technology bands used in the smartwatch
devices such as UMTS1900, LTE2300, ISM2400, LTE2600,
WIMAX5200, and ISM5800. For the compliance of antenna
against the FCC standards, the SAR averaged for 10g of
tissue was evaluated for each frequency and for two con-
figurations: antenna on the hand wrist model with four
tissue layers and antenna next to the SAM mouth model. The
maximum SAR results obtained starting from a separation of
1 mm shows compliant values below the limit 4 W/kg in the
case of the hand wrist and values below 2 W/kg limit in case
of SAM head.
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