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Abstract- In this paper, a high performance antenna design for wearable smartwatch using controlled endless metal rim 
mode is introduced. The proposed antenna occupies a clearance of 1 mm × 4 mm on a 30 mm × 20 mm ground plane. The 
metal rim with a dimension of 34 mm × 24 mm surrounds the ground plane without any connection, so the metal rim is 
separated from the ground plane with a gap of 2 mm. In addition, a lumped capacitor between the metal rim and the ground 
plane is inserted to control the characteristic mode of the metal rim. The performance of the proposed antenna is compared 
with a reference antenna without the inserted capacitor between the metal rim and ground plane through simulation and 
measurement, and a wide bandwidth is generated by the proposed technique. 
 
Index Terms- Wearable device antenna, Smartwatch, Bluetooth, Wi‐Fi, Characteristic mode 
 
I. INTRODUCTION 
 
With the rapid development of wearable devices, 
printed circuit boards (PCB) are becoming smaller, 
and as a result, the area allocated for the antenna is 
also being miniaturized. However, designing a high 
performance antenna for a small area is a difficult 
task. Therefore, methods utilizing the characteristic 
modes of the ground plane are being studied to build 
strong coupling for enhanced performance [1‐3]. In a 
commercial PCB, however, the size of the ground 
plane is fixed and the antenna area and location are 
restricted, degrading the radiation performance of the 
antenna. Therefore, a simple and efficient technique 
is required for enhanced performance without 
modifying the ground plane. In this paper, a simple 
and efficient method for enhanced antenna 
performance is proposed by utilizing a metal rim 
characteristic mode. A loop‐type ground radiation 
antenna is designed on a ground plane within a 
clearance of 1 mm × 4 mm, and a metal rim is 
introduced surrounding the ground plane with a gap 
of 2 mm. Furthermore, a capacitor Cm is inserted 
between the metal rim and ground plane to control 
the resonance frequency of the metal rim mode, so 
that the bandwidth is greatly improved. For purposes 
of comparison, the reference antenna without Cm is 
also tested through simulation and measurement. The 
achieved bandwidths for the proposed and reference 
designs provide a ‐6 dB bandwidth from 2.3–2.75 
GHz and 2.43–2.46 GHz, respectively. Therefore, the 
proposed technique provides better radiation 
performance and can be applied to Wi‐Fi, Bluetooth 
and WiMAX applications. Furthermore, the 
resonance frequencies of both the ground radiation 
antenna and the metal rim can be easily controlled, 
implying its practical application. 
 
II. ANTENNA DESIGN AND OPERATING 
MECHANISM 
 

 
Fig. 1 Geometry of the proposed antenna. 

 

 
Fig. 2 Simulation reflection coefficients of reference antenna 

and the proposed antenna. 
 
Fig. 1 shows the configuration of the proposed 
antenna. The ground plane has dimensions of 30 mm 
× 20 mm printed on an FR 4 (εr = 4.4, tan δ = 0.02) 
substrate with a thickness of 1 mm. In Fig. 1, the 
ground radiation antenna occupies a clearance area of 
1 mm × 4 mm in the ground plane, and a metal rim 
with a size of 34 mm × 24 mm × 4 mm is introduced 
surrounding the ground plane only with a gap of 
2mm, so the metal rim can be integrated in the 
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housing of the device. In addition, a metal rim 
capacitor (Cm) between the metal rim and ground 
plane is inserted to control the resonance frequency of 
the metal rim characteristic mode. The reference 
antenna is designated as the antenna without Cm. 
Both the reference and proposed ground radiation 
antennas consist of a feeding capacitor (Cf) to control 
the input  impedance and a radiating capacitor (Cr) to 
control the resonance frequency of the antenna. The 
loop‐type ground radiation antenna is located at the 
center of the ground plane in order to generate strong 
magnetic coupling with the characteristic modes of 
the metal rim [4]. 
 
Fig. 2 presents the simulated reflection coefficients of 
the reference antenna and the proposed antenna. For 
the reference antenna, a ‐6 dB bandwidth of 30 
MHz(2.41 – 2.44 GHz) is achieved, and the values of 
Cf and Cr are 0.28 pF and 1.08 pF, respectively. For 
the proposed antenna, a –6 dB bandwidth of 450 
MHz (2.3 – 2.75 GHz), and the values of Cf, Cr and 
Cm are 1.5 pF, 1 pF and 0.4 pF, respectively. It can 
be observed that the characteristic mode of the 
endless metal rim can be controlled to improve the 
antenna performance. 
 

 
Fig. 3 Input impedance of reference antenna, the antenna 
without Cm, and the proposed antenna in a Smith chart. 

 
Both antenna excites the characteristic mode of the 
metal rim, which can be verified from the input 
impedance in Fig. 3. For purposes of comparison, For 
the reference antenna, additional resonance at 3 GHz 
is generated due to the resonance of the metal rim. 
However, the metal rim resonance is higher than the 
operating frequency, and the coupling between the 
antenna and the metal rim resonance is weak. By 
inserting Cm, the resonance frequency of the metal 
rim is controlled to be equal to the operating 
frequency, therefore, stronger coupling between the 
antenna and metal rim is generated, which can be 
explained 
as follows: 

 

 
 

 
Fig. 4 Simulated current distributions of the proposed 

antenna at 2.45 GHz. 
 
To verify the proposed antenna, the simulated current 
distributions of the proposed antenna at 2.45 GHz are 
presented in Fig. 4 It can be clearly seen that the 
characteristic mode of the metal rim is excited, which 
can be seen from the one‐wavelength current 
distributions. To control the resonance frequency of 
the metal rim, the capacitor is inserted at the current 
null of the metal rim mode. 
 
III. EXPERIMENTAL RESULTS 
 
The reference and proposed antennas were fabricated 
and measured. The reflection coefficients are shown 
in Fig. 5, where the impedance bandwidth was 60 
MHz (2.4 – 2.46 GHz) for the reference antenna and 
520 MHz (2.28 – 2.7 GHz) for the proposed antenna. 
The measurement and simulation results agreed well. 
In Fig. 6, the realized efficiencies of both antennas 
are compared. The average realized efficiency of the 
reference antenna is 34% from 2.4 to 2.5 GHz, while 
the average realized efficiency of the proposed 
antenna is 56% from 2.3 to 2.7 GHz. Great 
improvement of the radiation performance is 
achieved by the proposed technique. Furthermore, 
omnidirectional radiation patterns are observed from 
the simulation and measurement of both antennas. 
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Fig. 5 Measured reflection coefficients of proposed and 

reference antennas. 
 

 
Fig. 6 Measured realized efficiencies of proposed and 

reference antennas. 
 

CONCLUSION 
 
In this paper, a loop‐type ground radiation antenna 
using controlled endless metal rim with improved 
performance has been proposed. From the simulation 
and measured results, it is shown that the proposed 
antenna achieved a great radiation performance by 
strongly coupling with the characteristic mode of the 
endless metal rim. Improved bandwidth and better 
radiation efficiency can be obtained when the 
resonance frequency of the metal rim is equal to the 
operating frequency. Therefore, the proposed antenna 
can be effectively used for compact design in 
wearable devices. 
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