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Abstract—This paper is a study on the center
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antenna is bent. In previous studies, research has 7 \\ o
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configure all systems due to increased complexity. 3 AN R
Therefore, in this paper, we propose a flexible antenna 2 *:1\__\ Lo ®

that does not change the center frequency even when 1 “‘\\'\_',_a__

the antenna is bent through a wavy surface structure 0 e
without the aid of a frequency reconfiguration circuit. 0.5m 1m L5m 2m Transmission

By studying the parasitic component that occurs when
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the antenna is bent, the cause of the change in the center frequency is identified and a structure to solve it is proposed.
In order to calculate the parasitic component, an approximate model divided by the vertical component of the bending
surface of the flexible antenna was used. In this paper, a gating air-gap structure was proposed to realize a wavy
surface, and through this, the antenna gain was increased by 1.47 dBi. In addition, through the wavy surface structure
using E-textile, it was possible to reduce the frequency shift by about 86% (70 MHz to 10 MHz) and improve the gain

reduction by about 86% (4.4 dBi to 0.63 dBi).
additional circuitry.

This allows the frequency to be reconfigured in real time without

Index Terms— Flexible antenna, frequency self-reconfiguration, wavy surface antenna, gridded substrate, wireless

power transfer, battery-less sensor platform, strain sensor.

I. Introduction

ERABLE devices are growing more and more over time.
According to Cisco, the number of wearable devices is
estimated to exceed 1.1 billion by 2022 [1]. Wearable
devices are electronic devices that are worn on a part or all of
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the body to measure bio-factors such as body temperature and
blood pressure as well as the wearer's posture and movement.
Therefore, it is not limited to wrist watches and fitness bands,
but is used in various medical applications [2], [3]. Such
wearable devices are composed of sensors, communication
devices, antennas, and batteries. In particular, an antenna is
essential to transfer the acquired information to an external
device. The wearable antenna is manufactured using flexible
materials such as polydimethylsiloxane (PDMS) [4] and
conductive cloth [5], [6] to reduce the sense of rejection with
the human body.

When designing a flexible antenna for wearables, various
points such as flexibility, strength, and interference with the
human body [7] are considered, but inevitably, changes in
antenna characteristics due to physical deformation such as
bending caused by the movement of the human body must be
considered.

One of the major drawbacks of the wearable flexible antenna
is that when the antenna is bent or stretched, the radiation
efficiency of the antenna decreases. [8] To improve this, silver
flakes embedded silicone [9], [10], silver loaded fluorine
rubber [11], CNT based films [12], liquid metals in stretchable
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Fig. 1. Side view of wavy surface antenna with gridded air-gap substrate.
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Fig. 2. Form factor of 2.4GHz wave guide for calculating permittivity.

substrate [13], and stretchable fabric [14], Antennas have been
manufactured using various materials such as [15].

Another problem is that the resonant frequency shifts when
the antenna is bent [16], [17]. In order to improve this, in the
existing research, the issue of resonant frequency movement
was minimized by fabricating a broadband antenna [18], and a
shorting pin was installed between the patch and the ground to
minimize the bending effect [19]. In addition, a study on
fabricating a flexible reconfigurable antenna using a varactor
diode and an external circuit has also been reported [20]-[22].
On the other hand, a paper using it as a sensor rather than
improving it was also published [9] and [10].

As mentioned above, the flexible antenna should minimize
the rejection of the human body and maintain its electrical
characteristics even if physical deformation is applied. In
particular, no clear solution has yet been reported for the issue
of resonant frequency shift due to physical deformation.
Therefore, in this paper, we intend to provide a solution to the
issue of resonant frequency shift. In addition, there have been
many approaches in terms of materials in the past, but this
paper has the advantage of being applicable to flexible antennas
of any material because the problem is solved through a
structural approach. The fundamental reason for the change of
the center frequency is that parasitic such as inductance and
capacitance occur when the antenna is bent. That is, if the
parasitic components generated before and after the antenna
bend can be made the same, the center frequency can be
maintained without changing. The structure that makes it
possible is the wavy surface structure.

The structure of this paper is as follows. First, in Part 1, the
necessity, merits, and design method of a gridded substrate,
which is essential to fabricate a wavy surface, are discussed.
After that, in Part 2, an analysis method of wavy surface
structure using MATLAB was introduced, and it was verified
by fabricating a wavy surface antenna using a gridded substrate.
In the last part, it was confirmed that frequency correction is
possible through an actual power transmission experiment.
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Fig. 3. Changes in s11 magnitude and phase angle according to the
ratio of PDMS and air within the operating frequency range of
waveguide.

Il.  ANTENNA DESIGN USING GRIDDED SUBSTRATE

Fig. 1 shows the side view of the wavy surface antenna. As
shown in Fig. 1, a wavy structure can be implemented only
when there is an empty space between the substrates. Therefore,
it is necessary to design an antenna using a gridded substrate in
which rod-shaped dielectrics are regularly arranged. For this,
research on the high-frequency characteristics of the gridded
substrate must be preceded.

A. Waveguide Design to Obtain Dielectric Constant of
Gridded Substrate

The transmission phase-shift method was used to understand
the high frequency characteristics of the gridded substrate. This
method is easy to obtain the dielectric constant and loss-tangent
at a specific frequency by using the scattering parameter [23].
As this method basically utilizes the attenuation and phase shift
occurring within the waveguide, the waveguide was designed
according to the target frequency (2400 MHz) as shown in Fig.

E Xplore. Restrictions apply.
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Fig. 4. Changes in permittivity and loss tangent according to PDMS and air ratio within the waveguide's operating frequency range.
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Fig. 5. Changes in permittivity and loss tangent according to PDMS and
air ratio.

2. In the designed wave guide, scattering parameters were
extracted by varying the ratio of air and PDMS as shown in Fig.
3. The extracted scattering parameter can be calculated as
dielectric constant thorough (1) and tangent loss through (2).

2
2 Air _ sSample 2
r_ A 2 _ (T P21 05, ™ _ 2
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Where,
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and
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Symbol f is the operating frequencies. The B is a constant
value depended on the model and the quality of the rectangular
waveguide. In this study, the B was set to 0.3. In fact, the A
coefficient is used to improve the imperfection of propagation
wave in the region other than the operating frequency.

The calculated permittivity and tangent loss can be expressed
according to the frequency within the operating frequency of
the waveguide, and the result is shown in Fig. 4. According to
Fig. 4, it can be seen that the dielectric constant and tangent loss
decrease as the PDMS ratio decreases.

Fig. 5 shows only the result at the design frequency. If the
permittivity value is the most important factor influencing the
design, it is also a matter of wavelength. When the dielectric
constant changes, the wavelength of the electromagnetic wave
propagating in the dielectric is divided by the square root of the
dielectric constant, that is, has a guided wavelength value,
which has a decisive influence on the size of the circuit
structure itself. As the dielectric constant decreases, the
wavelength increases, and the antenna radiation area increases.
Due to this fact and the smaller tangent loss, the gain of the
antenna increases. In summary, as the PDMS, that is, the
substrate ratio decreases, the antenna gain can be improved.

B. Gridded Substrate Antenna Design.

In this chapter, a monopole antenna and a rectangular patch
antenna were designed based on the results obtained above.
Both types of antennas were designed using a conventional
substrate and a gridded substrate. The antenna was designed in
the most basic microstrip patch type. In the case of monopole,
the length was set according to the wavelength of 2.4 GHz, and
the width was optimized to match 50 ohms. In the case of a
rectangular patch antenna, it was designed using (3), (4). And
then each length was fine-tuned and optimized.
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Fig. 6. Comparison of conventional antenna and gridded antenna design results. monopole: (a) conventional antenna, (b) gridded antenna, (c) S11
comparison result, patch: (d) conventional antenna, (e) gridded antenna, (f) S11 comparison result.
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Fig. 7. Conceptual diagram for explaining the parasitic capacitance of
the wavy surface antenna.
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[
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The symbol W is antenna width and the symbol L is antenna
length. And c is the propagation velocity in the air, and ¢
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Fig. 8. Equivalent circuit with wavy surface structure in terms of
transmission line.

and L.s, are the effective permittivity and effective length,
respectively. Finally, f, represents the operating frequency,
and h represents the height of the substrate.

As mentioned above, there is a difference in permittivity
between a general substrate and a gridded substrate. In the case
of a gridded substrate, it is advantageous to minimize the ratio
of PDMS, but in this paper, the design was carried out by
setting the ratio of PDMS and air to 2:3 for ease of fabrication.
In this case, the dielectric constant of the gridded substrate was
calculated as 1.7078 and the loss tangent was 1.0089e-0.4, and
the design was carried out using these values. And the substrate
height, h, is set to 2mm.

The design result of the monopole antenna is shown in Fig. 6
(@)-(c). As can be seen in the Fig. 6 (b), the length of the
antenna increased by 2mm and the gain rose from 2.5787 dBi to
2.7513 dBi. In addition, in terms of bandwidth, as shown in Fig.
6 (c), there was no difference. The design result of the
rectangular patch antenna is shown in Fig. 6 (d)-(f). As can be
seen from the Fig. 6 (), the length of the antenna increased by
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Setting a variable to mathematicalize a single wavy surface. (b)
Simplification of curved surface and setting parasitic capacitance
through right angle structure. (c) Depiction of how to set length and
angle parameters to calculate parasitic capacitance.

9.3mm, and the gain rose from 4.9307 dBi to 6.3767 dBi. In
terms of bandwidth, as shown in Fig. 6 (f), it was about 80 MHz
for a general substrate and 75 MHz for a gridded substrate.
From this result, it can be seen that high gain can be obtained
when using a gridded substrate.

I1l. WAVY SURFACE ANTENNA

A. Wavy Structure Analysis - Parasitic Capacitance

The wavy surface antenna means an antenna that has a
curved surface on the antenna surface as shown in Fig. 1. In
order to design an antenna that does not change the center
frequency, it is necessary to analyze both capacitance and
inductance. When the antenna surface is curved, electrical
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e \\ \\ 1'1. JIJ' ‘f 7 s }h’ parasitic components such as capacitors are generated due to
! phase difference in the RF environment. In a DC power supply,
\ \ / / capacitance does not occur because there is no potential
/ difference in the case of the same node, but in RF, a potential
b difference occurs due to the phase difference even at the same
node, and thus parasitic capacitance may occur.
Through this, the form factor of the antenna having a wavy
surface structure can be determined. Also, as shown in Fig. 11,
if the total amount of the parasitic capacitance (C,,1) generated
on the wavy surface and the parasitic capacitance (Ceqy)
+ d * generated when bending is designed to be the same, it is
possible to design an antenna in which the resonance frequency
©) does not change even when bending.
: . . In the case of a general RF line, its characteristics can be
Fig. 9. Mathematical modeling method of wavy surface structure. (a)

described using a transmission line model as shown in Fig. 8 (a),
but in the case of an RF line having a radius of curvature as
shown in Fig. 8 (b), a modified transmission line model must be
applied. At this time, the biggest difference from the existing
transmission line model is that a new capacitor component is
added. The method of obtaining the capacitance of the wavy
structure is as follows.

1. Set the form factor of the target wavy structure. In this
paper, wavy radius(r)=2.5 mm, wavy length(d)=3 mm, and
substrate height(t)=2 mm. Fig. 9(a) shows the meaning of each
variable.

2. In order to calculate the capacitance, one wavy structure
was divided into perpendicular components as shown in Fig. 9
(b), and for this, modeling was performed as shown in Fig. 9

(©).
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Fig. 11. Wavy surface antenna design results. monopole: (a) wavy surface antenna, (b) S11 comparison result, patch: (c) wavy surface antenna, (d)

S11 comparison result.

3. Calculate the differential wavy angle b, based on the
form factor. The formula is as follows.

by = A — Ayp—q (by = 0) 5)

Where,

a,, = sin~! (d*—m)
m nar

4. Calculate the differential vertical, horizontal length. The
linear distance of the wavy structure with the radius of
curvature was called d, and it was divided into n differential
components. At this time, the differential horizontal length in
each divided section was called x,,, and the distance between
two adjacent horizontal length was set as h,,. x,, and h,, can
be calculated as in (6) and (7), (8) respectively. And the vertical
differential length can be calculated by (9).

Y

= 6

m tan(90—bm/2—(m_1)*0/n) ( )

P = 2201 (1 < < 2 — 1) @)
=5 (m =) ®
w=2 ©
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5. Calculate the differential vertical, horizontal capacitance.
(10) and (11) represent differential vertical capacitance, and (12)
and (13) are equations for differential horizontal capacitance.

Corm = 5 (10)
Corm = o0 (11)
Chim = I 12)
Cham = o (13)
6. Add up all the calculated capacitances.
R

If the capacitance is calculated through the above method,
the result as shown in Fig. 10(b) can be obtained. Compared to
the flat surface capacitance (Fig. 10(a)), it can be seen that it has
increased from 1.5 to 2.78. It can be said that the shift of the
resonant frequency is observed by this capacitance change
amount. Therefore, if the parasitic capacitances c.4; and c,q,
are made the same as in Fig. 7 mentioned above, the resonance
frequency can be maintained almost the same even if the
antenna is bent. In addition, it is possible to determine the form
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factor of the wavy surface antenna through this result.

B. Wavy Structure Analysis — Parasitic Inductance

In the case of inductance, it can be confirmed by analyzing
the H-field. In the Fig. 12, it can be seen that the center
frequency shifts when the antenna is bent. At this time, the
capacitance also changes, but the amount of change is not large,
and the parameter that changes mainly is the inductance. As can
be seen from the Fig. 12, in the case of flat, the maximum value
of H-field is 93.63 [A/m], but in case of 40R, it is 219.88 [A/m].
As the antenna bends, the field is concentrated inside the
antenna and the inductance increases. As shown in Fig. 13, if
the inductance, like the capacitance, is the same as the
inductance (Leq,1) generated in the wavy surface structure and
the inductance (Leq,2) generated in the curved structure, the
center frequency can be maintained.
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Fig. 14. Equivalent circuit and Smith chart changes when a wavy
structure is added.

C. Wavy Surface Antenna Design

Fig. 14 is a circuit in which only the capacitance component
is left out of the equivalent circuit of the patch antenna. If there
is a wavy surface, it can be seen that capacitance has occurred,
as mentioned above. So, the resonant frequency can be
corrected by adding an inductance component as shown in Fig.
14(c). The easiest way to add an inductance component in an
antenna is to increase the length of the antenna.

When designing a wavy surface antenna through this method,
it is shown in Fig. 14. A monopole antenna and a patch antenna
were designed, and it can be seen that both have a longer length
compared to the conventional flat surface antenna. This is
because, as mentioned earlier, the length was increased and
optimized to match the resonant frequency to 2.4GHz. In the
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Fig. 16. Frequency reconfiguration circuit simulation (a) Antenna
equivalent circuit and passive reconfiguration element, (b) Comparison
of s-parameters before and after reconfiguration when the antenna is
bent.

case of a monopole antenna, the width of the antenna is also
slightly increased, because when a wavy surface is formed,
resistance also occurs as a parasitic component. However, this
is very small value compared to the capacitance, so it is not
considered in this paper.

In the case of the wavy surface patch antenna, it can be seen
that the width is similar to that of the flat surface patch antenna,
and only the length is slightly increased. In the case of gain, it
decreased by 0.0318dB and 0.075dB, respectively, but the
amount of decrease was not large. In terms of bandwidth, the
monopole antenna showed the same appearance as the
previously measured two types of antennas. In the case of the

ci
2=50 Ohm | C=205 pF {1}

- Antenna equivalent circuit
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patch antenna, it has a bandwidth of 75 MHz, which is slightly
decreased compared to the conventional antenna measured
previously.

Fig. 15 shows the simulation result when the wavy surface
antenna is bent. This simulation was conducted based on a
radius of curvature of 40R. As can be seen in the Fig. 15, when
the wavy surface antenna is bent, all the wavy structures
existing on the surface are unfolded. At this time, the resonance
frequency shifted from 2.4 GHz to 2.37 GHz for a monopole
antenna by about 30 MHz, and moved 10MHz from 2.4 GHz to
2.39 GHz for a rectangular patch antenna. The antenna gain
decreased slightly from 2.7195 dBi to 2.6135 dBi in the case of
a monopole, and decreased from 6.3017 dBi to 5.6699 dBi in
the case of a rectangular patch antenna. In addition, it can be
seen that the magnitude of the magnetic field before and after
bending is almost the same from 107.22 [A/m] to 100.8 [A/m].

In general, antenna characteristics do not vary significantly
with E-plane bending. On the other hand, the antenna
characteristics according to the H-plane bending are greatly
changed. Therefore, existing papers are mainly researching to
reconfigure the frequency or gain for the H-plane. This paper is
also a study on the H-plane, and the superior reconfiguration
characteristics could be confirmed.

Table 1 lists the results compared to previous studies. First,
in the case of the resonant frequency, in the case of 39R in the
previous paper [19], it shifted about 40 MHz, and in this paper,
the monopole and the patch antenna shifted by 30 MHz and 10
MHz, respectively. The difference from the previous paper is
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TABLE |
COMPARISON WITH EXISTING PAPERS
. . This work Tang, M. Cetal.
Parameters Conditions This work (patch) (mono pole) B. Huetal. [19] Yan. Setal. [24] [25]
Realized gain at Res. Flat 6.3 2.72 1.47 3.9 4.4
Freq (dBi) Bending 57 2,61 About -7.5 39 3.9
Flat 24 2.4 2.4625 2.45 1.7/1.83
Res. Freq (GHz)
Bending 2.39 2.37 242 2.422 1.706/1.810
Size(mm?) 90x77 30x42 70x25 100x100 25x25
Flat 3.13 16.6 231 5.77 134
Bandwidth (%)
Bending 25 14.2 2.6 6.49 129
Maximum radius of 30R 30R 39R 40R 50R
curvature
Freq reg;)rrgzligturatlon Not necessary Not necessary Needed Used Used
Real-time Available Available Unavailable Unavailable Unavailable

reconfiguration

markedly in the antenna gain part. In the previous paper, the
realized gain at the resonant frequency was significantly
reduced from 1.47 dBi to -7.5 dBi, whereas in this paper, the
monopole was slightly reduced from 2.72 dBi to 2.61 dBi and
the patch antenna from 6.3 dBi to 5.7 dBi.

In the case of the existing papers [25] and [26], they are the
results of research using a frequency reconfiguration circuit. In
this case, superior reconfiguration characteristics is shown, but
an additional control circuit must be used to control the
reconfiguration circuit. The use of a control circuit increases
the complexity of the circuit and increases the volume of the
system. Also, real-time reconfiguration is not possible without
an additional feedback circuit. In this paper, it can be seen that a
reconfiguration circuit is unnecessary and real-time
reconfiguration is possible by structurally reconfiguring the
frequency.

To sum it up, in this paper, the radius of curvature was taken
from flat to 40R, and in the case of the conventional antenna,
the frequency shift was measured to be 0~3.3% (based on the
center frequency) and 0~89% (based on the bandwidth). To
overcome this, a wavy surface structure was proposed, and the
following differences were obtained. In the case of the
proposed antenna, the frequency shift was significantly
improved to 0~0.41 % (based on the center frequency) and
0~13 % (based on the bandwidth). In addition, high gain was
obtained compared to other papers, and gain loss due to
bending was minimized. Finally, since there is no frequency
reconfiguration circuit, real-time calibration is possible and the
complexity of the sensor system can be reduced. Looking at the
results presented in Figure 15, frequency shifting of about 10
MHz (0.41%) still remains, but no additional reconfiguration
circuit is required because the degree of movement falls within
the bandwidth of the flat antenna. In other words, even if the
circuit at the rear end is designed for a flat antenna, the return
loss at the center frequency is —17 dBi when bent, which is less
than 2 %.

Therefore, when the structure presented in this paper is used,
as shown in Table 1 and Figure 19(c), it can be seen that the
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resonance frequency and realized gain are maintained almost
constant without a special circuit depending on the degree of
bending. The reason the antenna gain is kept is that the
inductance and capacitance are kept constant. In terms of
frequency, even in the result presented in Figure 15, frequency
shifting of about 10 MHz (0.41 %) still remains, but no
additional reconfiguration circuit is required because the degree
of movement falls within the bandwidth of the flat antenna. In
other words, even if the circuit at the rear end is designed for a
flat antenna, the return loss at the center frequency is —17 dBi
when bent, which is less than 2 %.

However, if you need accurate frequency reconfiguration,
you can solve it with a simple passive component as shown in
Figure 16. In order to instantly reconfigure the frequency
according to the bending of the antenna, a readout circuit that
can read S11, a feedback circuit, and an MCU for feedback are
additionally needed. This method is not suitable for wearable
systems because of its high complexity and large size. However,
the flexible antenna can be used without such a circuit through
the wavy surface structure presented in this study.

From the results obtained above, it can be seen that the
frequency self-configurable characteristic of the wavy surface
antenna can be used in various flexible antenna applications.

D. Fabrication & Test of Wavy Surface Antenna

Fabrication of the wavy surface antenna proceeded as shown
in Fig. 17. First, the latex was lengthened, and then a flat
surface antenna composed of PDMS and conductive fabric was
bonded to the latex using a hot melt film. After that, the
increased latex can be reduced again to fabricate a wavy surface
antenna. The appearance of the manufactured antenna is shown
in Fig 18.

The fabricated antenna was measured through a network
analyzer (Agilent E5071a) and a spectrum analyzer
(ADVANTEST R3271). In the case of the resonant frequency,
it was obtained through the s11 parameter of the network
analyzer, and the gain was obtained through the configuration
as shown in Fig. 19(a). If you know the transmit distance,
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(©)

Conductive cloth

!l PDMS
(b)

Conductive cloth

!

PDMS
Conductive cloth
Hot melt film

Latex

(d)

Fig. 17. Conventional patch antenna (a) production sequence, (b) configuration and Wavy surface antenna (c) production sequence, (b)

configuration.

-

(b)
Fig. 18. Fabrication result of monopole wavy surface antenna and patch
wavy surface antenna.

transmit and receive power, and transmit antenna gain, you can
calculate the receive antenna gain through the friis formula.

=66 ()

Experiments are conducted in flat, radius 60mm, and radius
15mm. The above experimental results are shown in Fig. 19 (b).
In the case of the existing antenna, it can be seen that the
resonant frequency deviates from the operating frequency of
2.4 GHz due to the bending of the antenna. Accordingly, the
gain of the antenna at the resonant frequency also significantly
decreased. In contrast, it can be confirmed that the wavy
surface antenna proposed in this paper maintains the
characteristics evenly even when the antenna is bent.

(13)

E. Application of Wavy Surface Antenna

Based on the above research results, an experiment was
conducted by configuring a wireless power transmission
application as shown in Fig. 20. In the transmitting part, the
oscillator generates a 2400 MHz signal, amplifies it in the
amplifier, and transmits it to the receiving part through the
patch antenna. In the receiving part, the gridded antenna is used
to receive the transmitted power and then it is transmitted to the
LED through the transmission line, the matching network and
the rectifier. In this case, the gridded antenna was manufactured
in a wavy structure using a conductive cloth without
stretchability, and the transmission line was manufactured in a
conventional structure using a conductive cloth with
stretchability. In the case of a gridded antenna with a wavy
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Fig. 18. Power transfer experiment of wavy surface antenna (a) block
diagram, (b) experiment in flat, 60R, 30R, (c) result

structure, the characteristics are maintained even when the
antenna is bent as mentioned above, but in the case of a
transmission line, the characteristics change when the line is
bent. In other words, the transmission line can be used as a
strain sensor, and a power-free sensor platform as shown in the
fig. 20 can be configured by using it together with a gridded
antenna.
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\_Patch Antenna j
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Gridded Antenna  (Strain Sensor) Network RF Rectifier

(tr)

Fig. 20. System configuration for implementing a battery-less sensor
platform.

Transmitting Part

(b) (©)
Fig. 21. (a) Wireless power transfer experiment of wavy surface antenna
and battery-less sensor platform, (b) Result in flat (c) Result in bent.

The experimental results are shown in fig. 21&22. First, the
power reception performance was checked at a distance of 1.5
m using a wooden hand model. At this time, in the case of the
transmit antenna, a 2x2 array antenna was used for high gain,
and the transmit power was set to 3 W. As can be seen from Fig.
20, there was no difference in the brightness of the LED
between the case where the antenna was “flat” and the case
where the antenna was “bent”. For a more detailed experiment,
the sensor platform manufactured as in fig. 21 was worn on the
hand and the experiment was carried out. First, the experiment
was conducted by changing only the angle of the antenna while
maintaining the angle of the sensor, and the results are
presented in fig. 22(b). As can be seen from the figure, the
brightness of the LED according to the bending degree of the
antenna was constant. After that, while maintaining the angle of
the antenna, only the bending degree of the sensor was changed

(a) (b) ©)
Fig. 22. (a) Wireless power transfer experiment of wavy surface antenna
and battery-less sensor platform, (b) Antenna bending test (c) Sensor
bending test.
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Fig. 23. Center frequency repetition test according to bending degree of
Wavy surface antenna

and the brightness of the LED was compared, and the result is
as fig. 22(c). The brightness of the LED changed according to
the bending degree of the sensor, and the LED became brighter
as it moved from “flat” to “full-bent”. Through this, it can be
seen that the brightness of the LED depends only on the
bending degree of the sensor. Ultimately, it can be confirmed
through the above experiment that this study can be applied to
battery-less wearable devices.

F. Stability Test of Wavy Surface Antenna

The center frequency was repeatedly measured while
changing the degree of bending of the wavy surface antenna,
and the results are shown in Fig. 23. First, in the case of patch
antenna, the fluctuation range was within 0.12 % based on 2.4
GHz. Also, in the case of dipole antenna, it was confirmed that
the fluctuation range was within 0.15 %. Of course, in actual
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use, it can have a larger fluctuation range because there is a part
that is bent in an atypical shape, but as mentioned in the
introduction, the change in the center frequency according to
the bending of the axis belonging to the width of the antenna is
not large. Therefore, it is negligible.

IV. CONCLUSION

In this paper, we proposed an antenna whose frequency is
self-reconfigured even when the antenna is curved. In the case
of the conventional antenna, when the antenna is bent, the
resonant frequency of the antenna is shifted, and accordingly,
the antenna gain is greatly reduced. For this reason,
conventionally, the issue was solved through a reconfiguration
circuit using a varactor diode, and the resonant frequency shift
was minimized through material research.

In this paper, we tried to solve this issue by modifying the
structure of the antenna, and to this end, a wavy surface antenna
was proposed. Through the wavy surface antenna, the deviation
of the resonant frequency was reduced to within 0.5%, and the
gain of the antenna was also reduced to within 0.5dBi. In
addition, it was possible to fabricate an antenna with an
improved gain of about 1.446dBi by using a gridded substrate
structure. Finally, in this paper, a battery-less wearable sensor
platform was proposed to present the scalability of the wavy
surface antenna, and its operation was verified by actually
manufacturing it. In order to develop wearable sensor
technology in the future, the development of power supply
technology is essential. In the future, based on the results of this
paper, it is predicted that it can be used for the fabrication of a
wearable antenna or a sensor-antenna integrated structure.
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