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Abstract: This article introduces an antenna design for smartwatch applications, with an overall size of 45 x 45 x 5.4 mm?.
All antenna elements adopt the Inverted-F antenna (IFA) structure. The operating bands include the Global Positioning
System (GPS), Wi-Fi 6E/7 covering the 2.4 GHz, 5.2 GHz, 5.8 GHz and 6 GHz bands, 4G LTE bands B2 and B4, and 5G
FR1 bands n41, n77, n78, and n79, thereby covering all Wi-Fi 6E/7 bands and the major SG FR1 bands. Additionally, this
design reserves a frequency band in the 6G mid-to-high band (6-9 GHz), ensuring compatibility with next-generation
wireless systems. Furthermore, the antenna element for the B2 and B4 bands incorporates a switching mechanism to reduce
the occupied space. The proposed design, which comprises five antennas and exhibits good performance, is suitable for
4G, 5G FR1, and Wi-Fi 6E/7 systems in smartwatch applications.
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1. Introduction

After the rapid development of wireless communication, innovative applications for smart devices also emerged rapidly,
such as Augmented Reality (AR), real-time health monitoring and high-quality video calls. Traditional smartwatches with
limit computing capabilities and transmission speeds could only work in past world. In the past, the majority of wearable
devices only supported older communication protocols like Long Term Evolution (LTE) or Wi-Fi 5, which could handle
mild transmission requirements adequately. However, with increasing demands for transmission, smartwatch antennas
need to be renewed to support higher transmission speeds and lower latency in the future.

Now, numerous references related to antennas on smart wearable devices have been proposed, and various structures
are utilized in the design. For example, the coupled structure [1, 2] has a smaller size, which is advantageous for application
in highly restricted space sizes. The Invert-F antenna (IFA) structure [3—6] has advantages such as superior matching and
stability. The loop structure [7, 8] has wider modes, and it can be built on metal frame of smartwatches, according to
size and shapes, ensuring maximize space utilization. The antenna design with Coplanar Waveguide (CPW) [9, 10] also
features wider modes, achieving better matching and a smaller size simultaneously. Additionally, there is a different design
that utilizes the watch strap and builds the antenna on it [11, 12], moving the antenna outside the smartwatch to a larger
space, avoiding restrictions in space.
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Along with various smart devices incorporating higher frequencies and wider application bands, such as Wi-Fi 6E/7
[13-16] and 5G C-Bands [17-20], there is a need to handle more stringent transmission requirements.

As transmission speed increases, new challenges arise, such as the increase in the number of antennas and frequencies,
requiring more occupied space, However, current smartwatches designs have limited space, posing a significant challenge
for designers. To address this issue, many antennas adopt a method of adding chip inductors and capacitors to the antenna
elements. This method has various applications, including the addition of inductors to the paths [21, 22], reducing path
length through the characteristics of inductors. Alternatively, more complicated methods, such as using impedance matching
or other tuning ways [23-27], can alter current characteristics, significantly reducing the size of the antenna element.

This article offers a design of smartwatch antennas that can be applied in 4G/5G FR1 and Wi-Fi 6E/7. This antenna
can supports 5G FR1 application bands, including B2, B4, n41, n77, n78 and n79, covering the majority of 5G FR1 bands.
This antenna also supported all bands of Wi-Fi 6E/7 systems, including 2.4 GHz, 5.2 GHz, 5.8 GHz and 6 GHz bands.
This design adds an additional frequency band, GPS, commonly found in most mobile devices, this enables devices to
support location services and provide navigation functions. A smartwatch antenna combines a simulated switch to change
bands between at B4 and B2 in limited space, reducing the occupied space for mid-low frequency antennas. Because of the
characteristics of IFA structure, chip inductors are added to reduce the antenna size, while it maintains the performance of
antenna’s gain and efficiency. This smartwatch offers variety of advantages, such as incorporating a simulated switch on
the path, which helps reduce the occupied space. Furthermore, the antenna supports the majority of 5G Sub-6 bands and
additionally support the 6G extended band (6—9 GHz), enabling the smartwatch antenna to transition to the next generation
of wireless systems.

2. Antenna design and concepts

The structure of this smartwatch antenna is shown in Figures 1 and 2. The substrate used is 0.4 mm FR4 with a
relative permittivity of 4.4, The overall size of the antenna is 45 x 45 x 5.4 mm?, and the system ground is 35 x 35 mm?.
It adopts 50-ohm feed for the current.

LTE B2/B4 PR GPS
5 1 35 mm

Figure 2. Measured of smartwatch antenna
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This antenna is built with five IFA structure antennas, and the details of antennas structure are shown in Figure 3.
Figure 3a represents Ant. 1, which is use to resonate GPS band. This element included an inductor at the antenna’s main
path with an inductance of 5.6 nH. This design helps reducing the original resonate path length. Figure 3b represents Ant.
2, using to resonate LTE B2 and B4 bands, this antenna element adopts a simulated switch design, as shown in Figure
4a. The switch is place on the main path of the antenna, and the inductance is 3.3 nH. Added an inductor on one side of
switch helps change the main path’s impedance matching, achieving the goal of using one path to resonate two frequencies.
This antenna element can operate in two types, B4 type and B2 type, resonating B4 uplink band (1.71-1.755 GHz) and B2
bands (1.85-1.99 GHz) separately. The circuit diagrams are shown in Figure 4b,c. Figure 3d represents Ant. 4, using to
resonate WLANS, Wi-Fi 6E (6 GHz) and 6G extended application band. This antenna adopts a wide path to resonate main
mode and combines with higher-order mode to achieve a wider bandwidth. Figure 3e represents Ant. 5, using to resonate
5G C-Bands, and there are n77, n78 and n79 separately. This antenna utilizes the main path and branch path to compose
a dual-mode resonance. Additionally, this antenna element uses two inductors to change the antenna’s resonant path
length and impedance matching, and both inductances are 1 nH and 1.5 nH, respectively, which meets the requirements of
matching and bandwidth. Dimensions of the antenna’s elements are also list in Table 1.
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Figure 3. Details of antenna structure (a) Ant. 1, using to resonate GPS band, (b) Ant. 2, using to resonate B2 and B4 bands, (c) Ant. 3, using to resonate

n41 and WLAN 2.4 bands, (d) Ant. 4, using to resonate WLAN 5, Wi-Fi 6E (6 GHz) and 6G mid-high extended bands, (¢) Ant. 5, using to resonate 5G
C-bands
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Figure 4. Ant. 2 with different switch types of antenna design and circuits diagrams (a) The antenna element place a switch on the main path, (b) B4 type
(B4 Uplink band), (c) B2 type (B2 Bands)
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Table 1. Detailed dimensions of the proposed antenna

Parameter
Unit (mm)
Parameter
Unit (mm)
Parameter
Unit (mm)
Parameter
Unit (mm)
Parameter

Unit (mm)

W1
17.5
W9
14.5
w17
3.5
L1
4
L9
4.5

w2
1.5
W10
12
W18
3.5
L2
4.6
L10
4.6

W3
14
W11
2.5
w19

L3

L11

w4
0.5
W12
13.5
W20

L4

L12
4.6

W5
3.5
W13
2.5
W21
2.5
L5
4.6
L13
3.5

Wé
0.5
Wi14

w22
4.5
L6

L14
35

w7 w8
3.5 11.5
W15 WI6
6.1 11.5
W23
1

L7 L8
4.5 2
L15 L16

3 4.6

Figure 5 shows the current distribution chart, illustrating the resonating of the antenna elements. Figure Sa presents
the chart for Ant. 1, resonating at 1.575 GHz. In this chart, it is evident that the application band of this antenna is
resonates through the main path of [FA. Figure 5b—d shows the charts for Ant. 2 that resonating at 1.73, 1.92, and 2.13 GHz,
respectively. In these charts, we can see that the 1.73 GHz resonance occurs through the main path, with the current flowing
along the lower side of the simulated switch and through the chip inductor simultaneously. The 1.92 GHz resonance occurs
through the upper side path of the switch, while the 2.13 GHz resonance occurs through branch path. Figure 5S¢ presents
the chart for Ant. 3, resonating at 2.53 GHz. This antenna also resonates through the main path of IFA. Figure 5f~h shows
the charts for Ant. 5, resonating at 5.48, 6.52 and 8 GHz, respectively. Because the bands of this antenna create through
both the main and higher modes, they exhibit similar current distribution performance in all three charts. The current is
distributed evenly on main path and some current flowing along the short path and reflowing to the ground plane. Lastly,
Figure 5i—j shows resonance at 3.75 and 4.7 GHz, respectively, the lower bands resonance through the main path, while the
higher band resonance through the branch path, demonstrating some coupled effects with main path simultaneously.
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Figure 5. Simulated surface current distribution of antenna elements (a) resonating at 1.575 GHz (Port 1/B4 type), (b) resonating at 1.73 GHz (Port 2/B4
type), (c) resonating at 1.92 GHz (Port 2/B2 type), (d) resonating at 2.13 GHz (Port 2/B4 type)
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Figure 5. Simulated surface current distribution (continued)—(e) resonating at 2.53 GHz (Port 3/B4 type), (f) resonating at 5.48 GHz (Port 4/B4 type),
(g) resonating at 6.52 GHz (Port 4/B4 type), (h) resonating at 8 GHz (Port 4/B4 type), (i) resonating at 3.75 GHz (Port 5/B4 type), (j) resonating at 4.7
GHz (Port 5/B4 type)
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3. Results and discussion
3.1 Parameters of proposed smartwatch antenna

This section will discuss the measured and simulated results of the proposed smartwatch antennas. All simulated
results are created by using Ansys High Frequency Structure Simulator (HFSS) and Computer Simulation Technology
(CST) Studio Suite. Figure 6 shows the 1-3 GHz S-parameters of the antenna for different types. All bands shown in
Figure 6a include GPS, B4, Wi-Fi 2.4 GHz and n41 bands, and all bands are good impedance matching. The bands of
antennas are defined as the S-parameter less than —6 dB for GPS and relative of 4G/5G bands, while Wi-Fi bands are
defined as S-parameter less than —10 dB. Furthermore, Figure 6b shows the S-parameter of the other antennas, at the end
of switch, in addition to the B4 uplink band changing to the B2 bands, the other bands maintain their respective matching.
Figure 7 shows the 3—10 GHz S-Parameters of the antenna, separated into two types, including frequency bands in the
range of 5G C-Bands (n77/n78/n79), WLANS, Wi-Fi 6E/7 (6 GHz band) and 6G extended band. From Figure 7a,b, it can
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be observed that all of this antenna’s bands have sufficient matching in both types. Combining the information from the
above figures and values ensures that the matching is adequate after switching between both types.
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Figure 7. Antenna measured and simulated in 3—10 GHz S-parameter (a) B4 type, (b) B2 type

Figure 8 shows the isolation S-parameters of the smartwatch antennas. In Figure 8a,b, they can be found the isolation
parameter between the two types of antenna elements is less than —10 dB. Incorporating the S-parameters of the two type
antennas ensures that the antenna elements can transmit data separately, and not disturbed by other antenna element in the
smartwatch.

Figure 9 shows the step-wise design chart of antenna elements. This figure illustrates some important designs. Figure
9a shows the step-wise design of Ant. 2. Step 1 is the proposed design, which has a branch path, and Step 2 decreases
the branch path, This chart demonstrates the higher frequencies resonate through the branch path. Figure 9b shows the
step-wise design of Ant. 4. This chart illustrates the resonating of the higher mode, decreasing the short path length helps
control the higher mode, moving it to lower frequencies. Furthermore, duo to the decrease in short path length, it affects
the matching of the main mode. It can be seen that the proposed design is the best situation compared to the others. Figure
9c shows the step-wise design of Ant. 3. Duo to this antenna consisting of dual modes, it needs to determine the resonating
of antenna. Step 1 is the proposed design, which can be seen as built by main and branch path. In Step 2, the higher
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mode vanishes duo to the decreased branch path, and in Step 3, the inductor set in the short path is decreased. After this
change, the antenna’s matching is worse than in Step 2. Figure 9 demonstrates the correct resonating and construction of
the antenna elements, ensure that the characteristics of those are under control of the designer.
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3.2 Measured results of far field

Figure 10 shows the measured gain and efficiency of the smartwatch antennas. The all of far field testing are measured
by chamber of ETS-Lindgren [29, 30]. In Figure 10a, the positioning of the antenna during testing is displayed, also
included the measured far-field patterns. Duo to the antenna having two switch types, and both have same results, testing
for B2 bands is conducted using the B2 type, while the results for other bands are obtained using the B4 type. Figure 10b
shows the cases for Ant. 1 testing in the range of 1.56—1.595 GHz. The gain is ranging from —0.5 to 1 dBi; the efficiency
is ranging from 45 to 64%. Figure 10c shows the cases for Ant. 2 testing in the range of 1.71-1.755 GHz. The gain is
ranging from 2.2 to 2.7 dBi, and efficiency is ranging from 83—-86%. Figure 10d shows cases for Ant. 2 testing in the range
of 2.11-2.155 GHz. The gain is ranging from —1.1 to 1 dBi, and the efficiency is ranging from 31 to 47%. Figure 10e
shows the cases for Ant. 2 testing in the range of 1.85-1.99 GHz. The gain is ranging from 1.9-3.2 dBi, and the efficiency
is ranging from 68—87%. Figure 10f shows the cases for Ant. 3 testing in the range of 2.4-2.69 GHz. The gain is ranging
from 0.2-2.4 dBi, and the efficiency is ranging from 35-69%. Figure 10g shows the cases for Ant. 4 testing in the range of
5.15-5.825 GHz. The gain is ranging from 2.2-4.9 dBi, and the efficiency is ranging from 57-84%. Figure 10h shows the
cases for Ant. 4 testing in the range of 5.925-7.125 GHz. The gain is ranging from 2.8—4 dBi, and the efficiency is ranging
from 54-80%. Figure 10i shows the cases for Ant. 4 testing in the range of 6—9 GHz. The gain is ranging from 2.6-3.3
dBi, and the efficiency is ranging from 51-72%. Figure 10j shows the cases for Ant. 5 testing in the range of 3.3—-5 GHz.
The gain is ranging from 0.5-3.1 dBi, and the efficiency is ranging from 23-36%.
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Figure 10. Measured gain and efficiency of antenna (continued)—(e) Ant. 2 testing in 1.85-1.99 GHz (Resonating by Port 2/B2 type), (f) Ant. 3 testing
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Figure 11 presents the measured and simulated 2D radiation patterns of the design, Figure 11a shows the angle and
scale chart of the 2D radiation patterns, with charts separated into the H plane (Magnetic Field Plane) and E plane (Electric
Field Plane), represented in the XY, YZ and XZ planes. Furthermore, because this smartwatch antenna has a significant
portion that is hand-made, there are some differences between the measure and simulated results. Figure 11b shows the
radiation pattern of Ant. 1 tested at 1.575 GHz. In H plane, the radiation is directed in Y direction, and in the E2 plane,
it’s directed in Z direction, demonstrating that the antenna radiates in YZ direction with a nearly omnidirectional pattern.
Figure 11c—e shows the radiation pattern of Ant. 2 tested at 1.73, 2.13 and 1.88 GHz, respectively. As these three bands
resonate through the same antenna element, they have similar radiation results. In H plane, radiation is directed in X
direction, and in E1 plane, it’s directed in Z direction, indicating radiation in XZ direction with a pattern, which is similar
to omnidirectional. Figure 11f shows the radiation pattern of Ant. 3 testing at 2.45 GHz. In H plane, radiation is directed in
Y direction, and in E2 plane, it’s directed in Z plane, indicating that the antenna radiating in YZ direction with a pattern,
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which is similar to omnidirectional. Figure 11g—j shows the radiation pattern of Ant. 4 tested at 5.26, 5.75 and 6.125 GHz,
respectively. In H plane, the antenna doesn’t have a specific radiation direction, while in E1 plane, radiation is directed in
Z direction, indicating the antenna have radiation pattern similar with omnidirectional and not have specific directionality.

Lastly, the radiation patterns of Ant. 5 tested in 3.4 and 4.6 GHz are shown. This antenna shows similar results to Ant. 4,
that doesn’t have accurate directionality and exhibiting an omnidirectional.

(a)

- |-40-30-20-10 0

“ |

E1 Plane (YZ)

— i plane G i Oewsared)
| = E1 plase  Gain Thet (lessured)
= = ~E1 plaseGain

Thets Simalaied)

|

E2 Plane (XZ)

H Plane (XY) El Plane (YZ)

Figure 11. Measured and simulated 2D radiation patterns of antenna (a) angle and Scale of 2D radiation fields, (b) Ant. 1 testing at 1.575 GHz (resonating
by Port 1/B4 type), (c) Ant. 2 testing at 1.73 GHz (resonating by Port 2/B4 type), (d) Ant. 2 testing at 2.13 GHz (resonating by Port 2/B4 type), (¢) Ant. 2
testing at 1.88 GHz (resonating by Port 2/B2 type), (f) Ant. 3 testing at 2.45 GHz (resonating by Port 3/B4 type)
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Figure 11. Measured and simulated 2D radiation patterns of antenna (continued)—(g) Ant. 4 testing at 5.26 GHz (resonating by Port 4/B4 type), (h)

Ant. 4 testing at 5.75 GHz (resonating by Port 4/B4 type), (i) Ant. 4 testing at 6.125 GHz (resonating by Port 4/B4 type), (j) Ant. 4 testing at 8.4 GHz
(resonating by Port 4/B4 type), (k) Ant. 5 testing at 3.4 GHz (resonating by Port 5/B4 type), (1) Ant. 5 testing at 4.6 GHz (resonating by Port 5/B4 type)

3.3 Simulated SAR results of smartwatch

Duo to the prolonged contact of smartwatches with human body, devices such as smartwatches, smartphones, and
other wearables that transmit data wirelessly are required to be evaluated the Specific Absorption Rating (SAR) testing.
After the test, these devices can be used in practical applications.

This simulated test was conducted in compliance with Federal Communications Commission (FCC) regulations
governing wearable devices. According to FCC guidelines, the testing should be performed in units of 10 grams of tissue,
with an average absorption rate not exceeding 4.00 W/kg. The simulated SAR results are shows in Figure 12 and were
performed by using CST Studio Suite, with smartwatch and wrist positioned at a distance of 5 mm. Details of the SAR
testing are provided in Table 2.
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Figure 12. SAR simulation of smartwatch antennas with wrist (a) The position of antenna and wrist in simulation, (b) Ant. 2 test in 1.73 GHz, (c) Ant. 2
test in 2.13 GHz, (d) Ant. 2 test in 1.92 GHz, () Ant. 3 test in 2.54 GHz, (f) Ant. 4 test in 5.48 GHz, (g) Ant. 4 test in 6.525 GHz, (h) Ant. 4 testin 7.5
GHz, (i) Ant. 5 test in 3.75 GHz, (j) Ant. 5 test in 4.7 GHz

Table 2. Detailed SAR parameters for antenna worn on the wrist

10 g SAR (<4 W/kg)  Frequency  SAR (W/kg)

Ant. 2 2.49 GHz 22
Ant. 3 5.25 GHz 1.73
Ant. 3 5.775 GHz 1.76
Ant. 3 6.525 GHz 1.56
Ant. 4 5.25 GHz 1.76
Ant. 4 5.775 GHz 1.81
Ant. 4 6.525 GHz 1.55
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3.4 Simulated radiation patterns of smartwatch with or without worn

This section will discuss the radiation fields of the antenna when worn or not on the wrist. Due to the prolonged
contact of smartwatches with the body, the radiation direction or deflection may be changed as the result of body absorption.
This test was simulated using CST Studio Suite, with a 5 mm gap between at the antenna and the wrist. The 2D radiation

patterns for both types are listed in Table 3.
The simulated radiation patterns of the antenna without a wrist are similar to the measured patterns, and the radiation

closely resembles omnidirectional distribution. Duo to the radiation with body absorption, after worn the smartwatch, the

radiation of —Z direction is reducing, and other way’s radiation will change the direction close to +Z.

Table 3. Simulated radiation field difference between antenna with and without wrist wear

Phi/Theta Angle/Scale of 2D radiation fields
135
I dB (GainPhi)
18 -40-30°-20 -10 0 0
I dB(GainTheta)
225 315
Ant. 1 (1.575 GHz) XY Plane XZ Plane YZ Plane

20

T4

0
o 3
-39 :20/-10 10

N

P E
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Table 3. Cont.

Ant. 2 (1.73 GHz) XY Plane XZ Plane YZ Plane

403020 )

270

Ant. 2 (1.92 GHz) XZ Plane

270

Ant. 2 (2.13 GHz) XZ Plane
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Table 3. Cont.

b

0

270 270

Ant. 3 (2.54 GHz) XY Plane

2

0

270 270

Ant. 4 (5.48 GHz) XY Plane

XZ Plane YZ Plane
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Table 3. Cont.

Ant. 4 (6.525 GHz) XY Plane XZ Plane YZ Plane

270 270 2

Ant. 4 (7.5 GHz) XY Plane XZ Plane YZ Plane

270 2

Ant. 5 (3.75 GHz) XY Plane XZ Plane
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Table 3. Cont.

2 2

Ant. 4 (4.7 GHz) XY Plane

T

3.5 Comparison of smartwatch antennas with others

The Table 4 provides a comparison of the smartwatch antennas, including the antenna presented in this article and
articles [1, 5, 28]. Since the proposed antenna and others have similar bands and applications, we can compare them
accordingly. The antenna presented in reference [5] supports GSM, LTE, WLAN2.4 and GPS bands, with the goal
of providing mobile communications. In reference [28], the antenna is designed for transmitting 5G communications,
supporting WRC 5G bands, as well as WLAN 2.4 and GPS bands simultaneously. Lastly, reference [1] describes a smaller
antenna capable of supporting LTE bands, while also enhancing support for Wi-Fi and location bands. This enables the
antenna to operate flexibly across various applications. Compared to the four antennas, the proposed antenna stands out
with a significant advantage in supporting a majority of 5G FR1 and Wi-Fi 6E/7 bands, enabling the smartwatch to operate
in low, mid, and higher bands. While the proposed antenna currently doesn’t include antenna elements for the 700-900
MHz bands due to the size constraints, it is compatible with most 5G FR1 bands. Additionally, other antennas may offer
distinct advantages, such as more beauty, compactness and simplicity. Through the table can know about the advantages of
these antennas, allowing users to choose based on their requirements or preferences. Furthermore, this chart also compares
the average gain and efficiency of smartwatch antennas. In reference [5], gain and efficiency are 0.7 dBi and 46.2%
separately. In reference [28], gain and efficiency are 0.5 dBi and 46.2% separately. In reference [1], gain and efficiency are
gain and efficiency are 0.1 dBi and 85.2% separately. Lastly, the proposed antenna in this article has an average gain and
efficiency of 2 dBi and 59.6%. Reference [1] shows best efficiency performance in the table, but the far field results of the
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antenna are simulated, which differs from measured results. In conclusion, the antennas of the design compared in this
table have an efficiency performance higher than 40%, indicating good transmission performance for each antenna.

Table 4. Comparison chart of smart watch antennas

Gain and eff. Application

Antenna Overall size (Average) Structure bands Year/ref.
Gain: 2.0 dBi o ByBa
3 . [
45 x 45 x 5.4 mm E]&f 59.6dA; IFA 5G n41/C-Bands 2024 (Proposed)
(Measured) Wi-Fi 6E Bands
Gain: 0.74 dBi aoaro00
40.8 x 40.8 x 5.4 mm? Eff.: 46.2 % IFA LTE 2300 2017 [5]
(Measured) WLAN 2.4
Gain: 0.5 dBi GPS
35 x 35 x 5 mm? Eff.: 46.2 % Open Slot WLAN 2.4 2019 [28]
(Measured) WRC 5G C-Band
) ) Galileo/GPS/Glonass
— Gain: 0.1 dBi GSM 1800/1900
—— 30 x 30 x 0.5 mm3 Eff.: 85.2 % Coupled UMTS/LTE 2300/2500 2018 [1]
P Sso o (Simulated) WLAN 2.4/5
e = WiMAX

4. Conclusions

Duo to the rapid development of smart devices, applications of wearable devices are also increasing. The transmission
requirements for wearable devices are more stringent. This article introduces a design of smartwatch antennas for 4G, 5G,
and Wi-Fi 6E/7. The application frequency bands include GPS, all Wi-Fi 6E/7 bands, LTE B2 and B4 and 5G C-Bands.
Additionally, the design reserves a mid-high band (6-9 GHz) for 6G extended band ensuring compatibility with future
generation of wireless systems. In terms of design the antenna utilizes inductors and a simulated switch to reduce its size,
and it adopts space diversity to address isolation issues between antenna elements, enabling simultaneous and separate
transmission and reception of signals. Furthermore, the antenna undergoes various testing, including simulated SAR,
measured gain and efficiency. Finally, the article examines the simulated radiation field with and without wrist wear,
ensuring reliable signal transmission and reception in different scenarios.
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