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ABSTRACT This paper presents the compact wideband loop antenna with a small size of 7.05mm’s radius
covering ultra-wideband above 6 GHz, Wi-Fi, and Bluetooth bands for earbuds. The wide bandwidth of the
proposed compact loop antenna is obtained with the antenna structure consisting of the loop antenna and
the capacitive loading pin inserted in the middle of the loop antenna. The loop antenna with the capacitive
loading pin supports multi-resonant modes. A wider bandwidth can be obtained by adjusting the position
of the capacitive loading pin. The half-wavelength resonant frequency of the basic loop can easily be tuned
through the physical capacitance between the capacitive loading pin and loop antenna. Additionally, the
impedance loop is considered for the impedance matching of the compact wideband loop antenna. The
simulated and measured results are included to evaluate the performance of the proposed compact wideband
loop antenna. Consequently, we obtained that the simulation and measurements results are consistent.

INDEX TERMS Earbuds, hearing instruments, wearable device, ultra-wideband, loop antenna.

I. INTRODUCTION

After the Federal Communications Commission approved
the operation of ultra-wideband (UWB) in February 2002,
related technologies have been continuously developed [1].
UWB technology has recently been commercialized in small
electronic devices such as mobile phones and accessories.
The most significant advantage of UWB is that it can
significantly reduce the position error indoors using a
modulation-based pulse without a carrier. Through this, users
can receive various advertisements and service benefits while
moving. Earbuds like True Wireless Stereo (TWS) earphones
are products that can maximize UWB service. It is not
simply a wireless earphone connected to a mobile phone
to stream music based on Bluetooth (BT), but it can be an
independent accessory that gets voice services in various
places. Because the Wi-Fi repeater has location information,
Wi-Fi technology is essential for this indoor positioning-
based UWB service. Therefore, research on UWB antennas,
including a Wi-Fi band for earbuds, is necessary.

However, research on antennas for earbuds has been
conducted only to cover the BT band and reduce the
size [2]-[6]. It is essential to develop an advanced antenna to
operate UWB and Wi-Fi band for local-based service (LBS)
in earbuds. Small-sized wideband antennas have been studied
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to review the antennas applicable to the earbuds [7]-[18].
There are methods to Planar Inverted-F Antenna (PIFA) with
slot [7], [8], slot antenna with Inverted-F Antenna (IFA),
dipole, and monopole [9]-[11], appropriate design cases of
feeder and slot antenna [12]—[15], and how to make additional
resonant modes between the resonant modes of the loop
antenna by adding a capacitance factor in the middle of the
loop antenna in series [16]-[18]. Although the previously
reported methods have differences in the limited ground size
of the earbuds and antenna positions, it is shown that a
wideband design is possible by designing a basic antenna and
creating additional operation modes. Antennas that require
a lot of antenna areas, such as PIFA and slots, cannot be
designed in earbuds to secure the touch sensor area. Loop
antennas require a wider bandwidth than previous studies;
thus, a different approach is required.

This paper proposes a method to operate in UWB
above 6 GHz, Wi-Fi, and BT bands by reflecting additional
elements to the loop antenna in earbuds. The capacitive
loading pin and ground are used to design the loop antenna for
wideband performance and miniaturization. Two sub-loops
are created by adding a capacitive loading pin and ground,
enabling wideband design. The loop antenna with ground
generates 0.5A resonant mode to enable a miniatured loop
antenna. Thus, 0.5, 1.0x, 1.5, and 2.0\ resonant modes
are implemented in the basic loop antenna; 0.5A, and 1X
resonant modes are implemented in the sub-loop antenna to
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TABLE 1. Parameter values of the proposed antenna.

Parameter Description Value
W, Width of the capacitive loading pin 1.44mm
We Width of the feeding pin 4.2mm
Wy Width of the impedance matching pin 0.4mm
Wy Width of the radiating loop 0.7mm
W Width of the shorting pin 0.4mm
CTL Location of capacitive loading pin 44mm

(Lrz = Lg1)

G Gap between feeding pin and shorting pin Imm
Ry Outermost radius of radiating loop 6.85mm
Ly Length of the impedance matching pin 4.7mm
Ly Length fr.om f(.ee('hng pin 'to capacitive 15.85mm

loading pin in radiating loop
Length from capacitive loading pin to
Lrz shorting pin in radiating loop 20.25mm
L Length from feed.mg pin to shorting pin in 37 54mm
radiating loop
TABLE 2. Wavelength according to resonant modes.
Type operating resonant wavelength
P mode (1) frequency (GHz) (mm)
0.5 2.45 0.4 %o
Basic 1 5.13 0.9 %
1.5 6.75 1.2%
2 8.68 1.5%
0.5 8.25 0.8
Subl 1 10.67 112
0.5 5.78 0.7 Ao
Sub2 1 9.03 1%

* X is the wavelength of resonant frequency in free space

operate eight resonant modes. These resonant modes are later
verified through current distribution and impedance analysis.
Broadband performance can be realized through the location
of the capacitive loading pin. Additionally, the 0.5A resonant
frequency of the basic loop can easily be shifted through the
physical capacitance between the capacitive loading pin and
radiating loop. The impedance loop is added to match the
impedance of a wideband. The proposed antenna operates
UWB above 6 GHz (6-10.6 GHz), Wi-Fi (5.15-5.825 GHz),
and BT (2.4-2.4835 GHz) bands. In the UWB band above
6 GHz, it operates |S1;| < —10 dB, which is the UWB
standard for LBS use, and in the BT and Wi-Fi bands, it is
designed to be |S;;| < —6 dB based on a small antenna for
earbuds [2]-[5]. The proposed antenna is designed within a
radius of 7.05 mm, considering the size of a commercial coin
battery of the ultra-small earbuds. Therefore, it is suitable
for earbuds and wearable devices. The performance of the
proposed loop ntenna is confirmed using CST [19] and
measurement.

Il. GEOMETRY AND ANALYSIS OF

THE PROPOSED ANTENNA

Fig. 1. shows a perspective view of the proposed antenna.
The equivalent structure is illustrated in Fig. 2 to demonstrate
the operation principle. The basic loop consists of a feeding
pin, radiating loop, shorting pin, and ground. The sub-loops
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FIGURE 1. Geometry of the proposed loop antenna: (a) Perspective view,
(b) Top view.

WF Lz, Wc Lzs W
‘ | b I,
r 0.2 2
Radiating loop o - 0. 5[1‘]11.1. )
|} Feeding pin ~ Capacitive loading | 7mm
WM b ]
L 1 Shorting pin

Ly 0.4mm Impedance matching pin

ZH(RR—WRIZ) -G

FIGURE 2. Equivalent structure of the proposed loop antenna.

are formed by dividing the main loop through the capacitive
loading pin for broadband performance. There is a physical
capacitor between the capacitive loading pin and radiation
loop to tune the 0.5 resonant mode of the basic loop. The
impedance matching pin is added to match the impedance
of 0 ohms. The size of the circular ground has a radius of
7.05 mm, considering the size of the coin-type battery used in
the earbuds. The circular ground is Taconic RF-35 substrate
(e, = 3.5, loss tangent = 0.0018, and thickness = 0.5 mm).
The other parts are Taconic RF-35 substrate (¢, = 3.5, loss
tangent = 0.0018, and thickness = 0.25 mm). Table 1 presents
the parameter values of the proposed antenna.
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FIGURE 3. Simulated surface current distributions of eight resonances of
the proposed loop antenna.
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FIGURE 4. Simulated input impedance of eight resonances of the
proposed loop antenna.

Fig. 3 shows the current distributions of the proposed loop
antenna, where the cross “x’’ represents the current null
point. In the basic loop, 0.5A, 1A, 1.5A, and 2A resonant
modes operate, and in each sub-loop, 0.5A and 1\ resonant
modes work. Fig. 4 shows the input impedance of the
proposed loop antenna. The feeding and shorting pins are
perpendicular to the ground, and the radiating loop is parallel
to the ground. The direction of the current changes in each

mode, and the width of each pin affects the impedance.
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FIGURE 5. Simulated reflection coefficient of the loop antenna with
effects of the ground.
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FIGURE 6. Simulated reflection coefficient of the proposed antenna with
effects of the capacitive loading pin and CTL.

Therefore, the width of each pin is optimized to match
the impedance of 50 ohms. Table 2 shows the wavelength
for the operating frequency according to each operation
mode. In the case of sub modes, looking at the current
distribution in Fig. 3, other sub-loop and basic loop exist as
parasitic components. As a result, the wavelength seems to be
increased.

A. LOOP ANTENNA WITH GROUND

It is necessary to use a 0.5A resonant mode for a miniaturized
loop antenna. One way to create a 0.5A resonant mode is
using a ground [20]. The loop antenna with the ground is an
unbalanced feeding structure. One end of the loop antenna
is connected with the shorting pin to the ground plane, and
the other end serves as the feeding point. Fig. 5 shows the
ground effect of the loop antenna when the width of the
loop antenna is 1| mm. Half-wavelength resonance of the loop
antenna is possible due to the ground effect in the earbud
model.

B. EFFECT OF THE CAPACITIVE LOADING PIN

The capacitive loading pin is used for wideband performance
and moving 0.5\ resonant frequency in basic loop. Open-
ended antennas such as PIFA [21], IFA [22], and dipole [23]
se a capacitive loading to reduce antenna size. For loop

VOLUME 10, 2022



T. Woo et al.: Compact Wideband Loop Antenna for Earbuds

IEEE Access

CTL=2mm, Resonant mode

Basic Basic  Subl Basic  Subl  Basic Sub2 Subl
55 1i. 0.5, L.50. 0.5 2k 1) 1
—a—Re (Z,)) without the capacitive loading pin
——Imn (Z,,) without the capacitive loading pin|
—a—Re (Z,) CTL=2mm
—o—Im (Zyy) CTL = 2mm
& H
£ L
& Real pa
9 i i
= H
= 1 . _ A 1
D )
£ L :
g S uz i
e : y: o 1 !
g' ‘ o e =0
= -50 | /{J i nary patt
- 1 00 1 1 1 1 ; L 1 1
| 3 4 5 6 7 8 9 10 11
Frequency (GHz)
(@)
CTL=2mm, Resonant mode
Basic Subl  Basic Subl  Basic  Sub2 Subl
J 0.50 L35, 0.55 20 1k If'
i —s— Re (Z,;) CTL =2.0mm
—o— Im (Z;;) CTL=2.0mm
—e— Re(Zy;) CTL=3.2mm
= —— Im(Z;;)) CTL=32mm
E —a— Re(Z;;) CTL = 4 4mm
G —o— Im (Zyy) CTL = 4 4mm
© T -
(5
g
=]
D
=
=
E
£ sof , et |
i /—‘ =% Injaginary part { i
-100 i 1 L L A i
2 3 4 b 6 7 8 9 10 11

Frequency (GHz)
(b)
FIGURE 7. Simulated input impedance of the proposed antenna with
effects of the capacitive loading pin and CTL: (a) comparision between a

effect of the capacitive loading pin, (b) the location of the capacitive
loading pin (CTL).

antenna, capacitive loading allows additional wideband
designs. Fig. 6 shows that new resonant modes are generated
when a capacitive pin is inserted. Additionally, as CTL
increases, the UWB, and Wi-Fi bands become broader. CTL
is the parameter for the position of the capacitive loading pin.
CTL is the difference in length between the two sub-loops.
Lg is the length of the radiating loop from the feeding pin
to shorting pin (L = 27 (Rgp — Wg/2) — G — Wr — Wy).
Lg; is the length of the radiating loop from the feeding pin to
the capacitive loading pin (Lg; = (Lg — W¢)/2 — CTL/2),
and Lg is the length of the radiating loop from the capacitive
loading pin to the shorting pin (Lg, = (Lr—W¢)/2+CTL/2).
Fig. 7 shows the simulated input impedance to verify the new
resonant modes. Fig. 7(a) shows the added resonant modes
of two sub-loops created by the two sub-loops because of
the capacitive loading pin. Fig. 7(b) shows that as the CTL
increases, the resonant frequencies of the sub-loopl move to
a high-frequency band, whereas the resonant frequencies of
the sub-loop2 move to a low-frequency band. Additionally,
as the CTL value increases, the electrical length of sub-
loopl decreases, whereas the electrical length of sub-loop2
increases. Therefore, as the CTL value increases, a wider
bandwidth is satisfied.
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FIGURE 8. Simulated reflection coefficient of the proposed antenna with
effects of the capacitive loading pin and W¢.

The loop antenna has the same current distribution as
the quarter-wavelength monopole in half-wavelength mode.
Therefore, when the capacitive loading pin is inserted at the
midpoint of the radiating loop where the current becomes
null in the half-wavelength mode of the loop antenna, the
operating frequency can be moved to the lower frequency
band. Thus, it is possible to satisfy the BT band without
increasing the antenna’s physical length. The shift of the
resonant frequency is explained using Equation (1). The
resonant frequency shifts to a lower frequency as the
inductance and capacitance values increase.

1
VLC

The capacitance of physical capacitor can be expressed as
follows:

Jx e))

C= - (2)
_gd

where C is the capacitance, ¢ is the permittivity, A is the area
of the capacitor, and d is the space of both plates. The spacing
d of both plates is fixed 0.25 mm, which is the thickness of
the PCB’s substrate. The relative permittivity of the designed
PCB is 3.5. Because the physical capacitor plate area is
0.2 mm x W¢ mm, the half-wavelength resonant frequency of
the basic loop can be adjusted through W¢. Fig. 8 shows that
the resonant frequency of the half-wavelength resonant mode
of the basic loop can be shifted to the BT band according to
the W¢ value.

C. EFFECT OF THE IMPEDANCE MATCHING PIN

IFA can easily match 50 ohms by adding one loop to the
Inverted-L antenna and increasing the low input resistance
by adjusting the length of the matching loop. As the length
of the impedance matching decreases, the current value
to the impedance matching increases, reducing the current
value input to the radiation antenna. Therefore, the input
resistance value entering the radiating antenna increases [24].
The technique of matching the impedance through the
additional current path can also be applied to the loop
antenna. Fig. 9 shows the simulated reflection coefficient
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FIGURE 10. Simulated reflection coefficient of the proposed antenna with
effects of the impedance matching pin and the Lg,;.

according to the length of the impedance matching pin.
Fig. 10 shows the simulated input impedance to analyze
the change in input impedance. The input resistance value
increases as the length of the input impedance matching pin
reduces.

Ill. RESULTS AND DISCUSSION

The proposed loop antenna with optimized parameters is
conducted as shown in Fig. 11. The fabricated antenna is fed
with a coaxial cable, as shown in Fig. 11(e).

Fig. 12 shows the simulated and measured reflection coef-
ficients in free space (FS) and in-the-ear (ITE). Head model
provided by CST is used for simulation, and EAR-A2-P10
model is used for measurement. Bandwidth is defined as
[S11] < —6 dB for BT and Wi-Fi, and |S1;|] < —10 dB
for UWB. The measured FS bandwidths are BWegg BT =
90 MHz (2.47-2.56 GHz), BWegg wiri = 1,170 MHz
(5.05-6.22 GHz), and BWjosg uws = 2,990 MHz
(6.22-8.82 GHz, 9.28-9.67 GHz). The lowest reflection
coefficient value in the UWB band is —7.95 dB at 10.2 GHz.
The measured ITE bandwidths are BWggg_ T = 150 MHz
(2.3-2.45 GHz), BWgdp_wiri = 955 MHz (4.87-5.825 GHz),
and BWiogg_ uws = 3,225 MHz (5.825-9.05 GHz). The
lowest reflection coefficient value in the UWB band is
—5.46 dB at 10.17 GHz. Comparing the results of ITE and
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(e)

FIGURE 11. Photographs of the fabricated proposed antenna. (a) circular
ground part (b) radiating loop part (c) feeding and shorting pin
(d) capacitive loading pin (e) assembled prototype.
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FIGURE 12. Simulated and measured reflection coefficient of the
proposed loop antenna in FS and ITE.

FS conditions, the resonant frequencies move to a slightly
lower frequency band due to the body effect [5]. And the
measured results show the reduced bandwidth compared with
the simulated results because the measurement environments
such as the position of the antenna and the ear shape are not
exactly matched with the simulation and there exists some
minor manufacturing error due to the coaxial feeding cable.

The measured total efficiency and peak gain are plotted
in Fig. 13 compared to the simulation results in FS. The
simulated total efficiency is up to 49.74 % (2.45 GHz) in
the BT band, 85.04 % (5.75 GHz) in the Wi-Fi band, and
97.41% (6.75 GHz) in the UWB band, respectively. The
measured total efficiency is up to 78.37 % (2.55 GHz) in
the BT band, 76.36 % (5.5 GHz) in the Wi-Fi band, and
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TABLE 3. Performance comparison of wideband antennas.

Size of Antenna

Ref Antenna type (LxH mm?) BW (GHz) Operating bands Total Efficiency (%) Application
37 54%7 2.4-2.4835 *|Syi|.6an BT 41.78-49.74
proposed loop 031 ;(0 0561 5.15-5.825 *|Sq1|-6a Wi-Fi 5 GHz 79.45-85.04 earbuds
(0.32,.%0.056A) 6-10.6 *|S11|-10a8 UWRB high band 89.06-97.41
hybrid 53x41.4 . WLANS .
7] (PIFA& slot) (0.883.X0.692,) 37 * S0 oV NA vehicles
hybrid 30x7 %
[8] (PIFA& slot) (0330, x0.07740) 3.3-7.5 *|Sy1|-6a8 5G 40-78 smartphones
hybrid 12.4%1.5 «
[9] (Slot & TFA) (0.136).x0.0170) 3.3-7.1 *|S11]-6a8 5G 49-76 smartphones
hybrid 40x7.5 « 58.9-88.6
[10] (Slot & dipole) (0.44%,X0.0831,) 3:3-5.0 %Sul.ean 3G 31.6-76.7 smartphones
hybrid 43x8 % 63-79
(1] (Slot & monopole)  (0.1264 x0.023%) 3.3-5 %S ukeas 5G 61-87 smart watch
153 3.3-4.2 %S |ean
[12] slot 4.4-5 *|S|.6a8 5G 40-71 smartphones
(0165 X0.033%) 5 157500 wig oo
[13] slot 17X5.7 3.3-6 *|Sy4| 5G 40-90 smartphones
(0.1874x0.0634,) : t1lsom rtp
28x7 . 55-83.1
[14] slot (0.308% x0.077h) 3.3-5 *|S11|6an 5G 52583 1 smartphones
9x7 . 5G
[15] slot (0.099% x0.077h) 3.27-5.92 *|Syi|-10a8 WLAN 5 GHz 50-82 smartphones
147.7%0.8 .
[16] loop (1.068% X0.0064,) 2.17-2.97 *S11].108 NA 82-94 B
[17] loo 30%20 2.1-2.9 *|Sy| NA NA mobile platforms
P (03500142, 757 TSnl0as P
[18] 1oo 226 3.3-5 %S| 5G 55-80 smartphones
P (0242, X0.0661,) : tl6ds rtp
100 30 100 30
80 e 4 20 80 |- 4 20
260 —log 260 —10@
& C g & &
3 i
Syl 1038 5 a0l - 1,8
= 3 & |
| ; [—=— Sim. EfT. (FS) & M : 2 _a— Mea. BT, (FS) | &
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FIGURE 13. Simulated and measured total efficiency and peak gain of the
proposed loop antenna.

93.13 % (7.25 GHz) in the UWB band. The total efficiency
follows the reflection coefficient results. The simulated peak
gain performance is up to —1.53 dBi (BT band), 2.01 dBi
(Wi-Fi band), 4.15dBi (UWB band), measured peak gain
performance is up to 5.4 dBi (BT band), 7.09 dBi (Wi-Fi
band), 6.61 dBi (UWB band).

Fig. 14 shows the difference in total efficiency and
peak gain measured in FS and ITE. The measured total
efficiency is 90.57% and 36.13% in FS and ITE at 7.5 GHz,
respectively, reducing the total efficiency by about 40%.
Total efficiency degradation through the human body effect
is like the previous study [5]. Similarly, the measured peak
gain is 6.89 dBi and 1.69 dBi in FS and ITE at 5.75 GHz,
respectively, reducing the peak gain by 5.2 dB.

VOLUME 10, 2022

Frequency (GHz)

FIGURE 14. Measured total efficiency and peak gain in FS and ITE.

For LBS using UWB, an omnidirectional radiation pattern
is required. Fig. 15 shows the simulated and measured radi-
ation patterns in FS. It has an omnidirectional characteristic.
This is because the loop configuration is designed to make
the current distribution in the x, y, and z directions possible.
Additionally, the current distribution is diversified as the
resonance mode of the loop antenna changes according to
the frequency. The abnormal peaks appear in the -z direction
of the measured patterns due to the elongated coaxial cable
which is fabricated for the ITE mode measurement.

The performance of the proposed loop antenna is compared
to the wideband antennas in Table 3. Compared with
reported other wideband antenna designs, the proposed loop
antenna design has wideband performance and small size
applications.
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FIGURE 15. Simulated and measured radiation patterns.

IV. CONCLUSION

This paper proposes the compact loop antenna for earbuds
that covers the application of UWB, Wi-Fi, and BT. It is
designed to cover the application of UWB and Wi-Fi to
provide an LBS in a streaming service based on simple BT
communication. The proposed antenna designs a basic loop
antenna on the ground and puts the capacitive loading pin
in the middle to create two sub-loops. Multiple resonances
can be created to ensure wideband performance by adjusting
the capacitive loading pin’s position to tune the sub-loop
antenna’s length. The capacitor for capacitive loading is
physically designed. The capacitive effect can be controlled
by adjusting the area of the physical capacitor. Consequently,
the frequency of the 0.5\ resonant mode of the basic loop
can work at BT band. The impedance matching loop can
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be added to match low impedance to high impedance. The
impedance matching loop is in the minimum area of PCB
used as ground. The proposed loop antenna is designed in a
very small size. Therefore, it is suitable for earbuds and other
wearable devices.
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