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Abstract—In this article, a multimode antenna with
polarization diversity is designed for smartwatch applications.
The antenna structure consists of a circular watch frame and a
circuit mainboard. Two ports are used to excite the antenna in
odd and even modes, and polarization-diversity resonances are
achieved. Additionally, a circular current is excited on one port
to realize low-frequency multimode operation. Furthermore,
high-order modes are excited by introducing slots in the circuit
board, enabling multiband and multimode operation. The port
1 is working at 2.45 GHz, 4.1 GHz, and 5.8 GHz. And Port 2
works at 0.82 GHz 2.45 GHz, 4.1 GHz. and 5.8 for ISM band.
The proposed antenna exhibits stable radiation patterns and
high port isolation across multiple frequency bands, making it a
promising candidate for next-generation smartwatch devices.

Index Terms—multimode antenna, polarization diversity,
smartwatch, wearable antenna.

I. INTRODUCTION

With the progress in Internet of Things (IoT) technologies,
Wireless Body Area Networks (WBANs) have become
essential local area networks for communication on and
around the human body [1-3]. In healthcare monitoring and
communication, WBANs are increasingly important.
Smartwatches, designed as wearable devices for wrist-based
communication and monitoring, have gained significant
popularity due to their intelligence, convenience, and ability
to connect personal endpoints with remote networks
effortlessly. Common functionalities of a smartwatch include
blood oxygen level tracking, activity monitoring, emergency
communications, internet access, body temperature
measurement, heartbeat tracking, location services, and
electrocardiogram (ECG) readings [4, 5].

The design of watch antennas can be categorized into four
types based on their placement: frame antenna design [1, 6-
11], mainboard antenna design [12-17], strap antenna design
[18-20], and screen antenna design [21-23]. Each type is
specifically tailored to meet distinct functionalities and
requirements.  Additionally, innovative methods and
technologies are being applied in smartwatch antenna designs.
Characteristic mode analysis serves as an effective technique
for examining orthogonal modes and multi-mode distributions
[1,9, 12]. This method's strength lies in its capacity to analyze
the overall structure of the antenna without compromising
performance when additional components are integrated into
the watch. All analyzed modes remain orthogonal which aids
in designing extra features like circular polarization or

polarization diversity. However, it has limitations since it only
evaluates existing structures requiring trials with structural
modifications for specific patterns. Electromagnetic
metamaterials represent another advanced approach for
designing wearable antennas [6, 16, 17, 24-26]. Previous
studies have leveraged unique electromagnetic properties of
these materials to create Electromagnetic Band Gap (EBG)
reflectors that minimize size while lowering resonance
frequencies, thus enhancing performance. However, when
such antennas are fully integrated within the watch case, their
radiation efficiency may be impacted once assembled.

To improve functionality while addressing multi-band
communication needs within wearable technology designs
incorporate techniques such as parasitic elements [1],
electromagnetic metamaterials [6], stacking antennas [8], and
differential feeding [26]. These strategies allow wearable
antennas to efficiently operate across various frequency bands
catering effectively to modern smartwatch application
demands.

This paper proposes a multimode watch antenna utilizing
electric field coupling alongside magnetic field coupling
feeding methods. To achieve this polarization diversity dual-
port feeding structure generate current directions that are
orthogonal along the watch frame operating at 2.5 GHz, and
5.8 GHz respectively. Then, integrating motherboard along
with frame results in even full-wave mode configuration
working at 4.1 GHz creating dual-port quadruple-band co-
polarization diversity watch antenna. In additional, feeding
structure of port 2 generates a circuit tuning, and its resonance
frequency is 0.82 GHz. Ultimately, the proposed antenna can
generate tri-band polarization diversity radiation and work at
four frequencies, greatly reducing polarization attenuation
caused by human movement and multipath effects caused by
the environment. This antenna will be a good choice for multi-
functional smartwatch antennas.

II.  ANTENNA DESIGN

A. Antenna Configuration

The proposed smartwatch antenna consists of two primary
components: the watch frame and the mainboard. The layered
structure of these components is depicted in Fig. 1(a). The
watch frame is constructed from a metal plating applied to the
exterior side of a circular substrate with a thickness of 1 mm.
This substrate has a permittivity of 4.3 and a loss tangent of
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Fig. 1. The model of the proposed antenna. (a) three-dimensional view, (b)
feeding structure, (c) top view.

TABLE 1 DIMENSIONS OF THE ANTENNA

fll f2 f3 fwl fw2 h
5.6 mm 3.0 mm 24mm | 6.9 mm 1.2 mm 10.0 mm
g wil wi2 sl1 si2 R1
6.8 mm 4.3 mm 24mm | 59mm | 40mm | 22.7 mm
R2 R3 01 62
23.0 mm 24.0 mm 20.7° 40.0°

0.025. A patch structure (designated as port 2) is affixed to the
inner surface of the circular support to excite the slot in the
watch frame. On the opposite side of the symmetry axis, a
connector (port 1) links the metallic portion of the mainboard
to the exterior of the frame, facilitating the feeding of the
watch antenna. The dimensions of the ring structure measure
1x24.0x24.0x10 mm?®. The specific dimensions of the
proposed antenna, as shown in Fig. 1(b) and (c), are detailed
in Table I. The design was stacked and optimized using CST
Microwave Studio.

B. Working Principles

The current distribution of the antenna modes is shown in
Fig. 2 and 3, which indicates the working principle. Form the
current distribution in Fig. 2, it can be seen that when the port

Fig. 2. Current distributions. (a) Port 1, 2.45 GHz, (b) Port 2, 2.45 GHz, (c)
Port 1, 4.1 GHz, (d) Port 2, 4.1 GHz, (e) Port 1, 5.8 GHz, and (f) Port 2, 5.8
GHz.

(2 (®
Fig. 3. (a) Current distribution at 0.82 GHz, and (b) its equivalent circuit.

1 is excited, the circuit shows vertical symmetry. Therefore,
the watch frame can be analyzed symmetrically with the
middle being the magnetic wall. The watch frame can be
regarded as an equivalent transmission line in the equivalent
circuit. Similarly, when the port 2 is excited, the circuit shows
horizontal symmetry at 2.45 GHz. Thus three resonant modes
are generated from the harmonic of the equivalent
transmission line. Meanwhile, coupling feeding is performed
at port 2 to generate a current distribution orthogonal to that
of port 1. The 4.1 GHz of port 1 and port 2 forms four out-of-
phase half-wave periodic currents flowing along the
circumference on the watch frame, and the current distribution
at zero phase is shown in Fig. 2. Ports 1 and 2 at 5.8 GHz are
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Fig. 4. S-parameters results.

symmetrical fourth-order modes, and their current
distributions at zero phase are shown in Table II. The
matching at high frequencies can be adjusted through the slots
on the main board.

For 0.82 GHz at port 2, a tuning circuit is generated at the
slot feeding point as shown in Fig. 3(b), and the resonant
impedance is

1-&’L.C,
Z feed = . . 2 . (1)
JoC, + joC, (1-w°L.C))
Therefore, the lowest resonant frequency can be obtained
by

1

2z JL.C, @)

where L; is the equivalent inductance of the watch frame, C;
is the equivalent capacitance of the slot on the watch frame,
and Cris the equivalent capacitance between the feeding patch
and watch frame. The resonant mode will change with the
parameters of this circuit. Due to the generation of circuit
tuning on the watch frame, the current distribution is a
clockwise circular flow as shown in Fig. 3(a). But the
disadvantage is that the resonant point bandwidth of the tuning
circuit is relatively narrow.

S =

III. RESULTS AND DISCUSSION

As shown in Fig. 4, the simulation results of the S
parameters of the antenna designed in this paper are presented.
Due to the narrow low-frequency bandwidth, a reflection
coefficient less than -6 dB (VSWR < 3) is adopted as the
performance evaluation criterion. The three frequency bands
2.45 GHz, 4.1 GHz, and 5.8 GHz of port 1 S;; are 2.19~2.62
GHz with 434 MHz bandwidth, 3.89~4.29 GHz with 400
MHz, and 5.64~5.87 GHz with 230 MHz bandwidth. For S>>
of port 2, the four frequency bands are 0.788~0.825 GHz with
37 MHz, 2.42~2.5 GHz with 80 MHz, 4.04~4.15 GHz with
110 MHz, and 5.36~6.26 GHz with 900 MHz, respectively.
The isolation between two ports are under -15 dB over the
working frequency band.

In Fig. 5, the simulated far-field patterns of the antenna in
the four frequency bands are presented. The radiation patterns
of 0.82 GHz, 4.4 GHz, and 5.8 GHz present a petal-shaped
configuration, mainly due to the reverse current on the watch
frame, and the specific analysis has been described in the
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Fig. 5. The pattern of the port 1 and port 2. (a) 0.82 GHz, (b) 2.45 GHz, (c)
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4.1 GHz, and (d) 5.8 GHz.
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Fig. 6. Realized gain and efficiency of the antenna.

working principle section. In Fig. 5 (a), the resonance at 0.82
GHz is circuit tuned, thus presenting an electrically small loop
radiation mode.

Furthermore, the simulation of the far-field gain and
efficiency of the antenna were conducted, and the results are
shown in Fig. 6. The simulation results of port 1/port 2 in the
three frequency bands (i.e., 2.45 GHz, 4.1 GHz, and 5.8 GHz)



are 5.40 dBi/2.71 dBi, 5.01 dBi/4.91 dBi, and 4.50 dBi/3.50
dBi, respectively. The efficiency is 96%/81%, 95%/88%, and
94%/87%, respectively. At 0.82 GHz in port 2, the realized
gain is 0.2 dBi and the efficiency is 82%. The efficiency
difference between port 1 and port 2 is mainly due to the
difference in feeding mode, port 1 is fed directly, while port 2
is fed through coupling. Coupled feeding structure need to
consider the loss of the substrate of the watch frame.

IV. CONCULSION

This paper presents a multimode antenna for smartwatches
that employs both electric and magnetic field coupling feeding
techniques. To achieve polarization diversity, the dual-port
feeding design creates orthogonal current directions along the
watch frame, operating at frequencies of 2.5 GHz, 4.1 GHz,
and 5.8 GHz. Additionally, the feeding structure of port 2
facilitates circuit tuning with a resonance frequency of 0.82
GHz. The proposed antenna demonstrates consistent radiation
patterns and excellent port isolation across various frequency
bands, positioning it as a strong candidate for future
smartwatch technologies.
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