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A Novel Dual Material Bionic Flexible Logo Antenna
with EBG Structure

Daming Lin', Encheng Wang? *, Jie Wang®, Wen Zhang*, and Hao Zhang?*

Abstract—Based on the principle of bionics, this paper combines the design of flexible bionic antenna
with Chinese culture and proposes a dual-material bionic antenna with Electromagnetic Band Gap
(EBG) structure. The antenna uses a polyimide flexible substrate. Radiation patch of this antenna is
shaped like a “pear flower”, and the “CHINA” shaped slot is etched on the ground to form a Logo mark.
In order to reduce the impact of antenna radiation on human body, the introduction of an EBG structure
made of Polydimethylsiloxane (PDMS) material makes the front-to-back ratio of the antenna radiation
significantly increased. The antenna was bent in different ways and placed on human body model for
simulation and testing. The results showed that the antenna achieved an impedance bandwidth of
18.8% (2.22-2.46 GHz), peak gain of 4.02 dBi, and the antenna was low sensitive to deformation, which
makes it suitable for modern flexible electronic equipment. From the perspective of bionics, the antenna
has good radiation and wearable type, and the beautiful pattern improves the viewing ability of the
antenna and people’s willingness to wear the wearable antenna, which provides a new design idea for
the future design of wearable devices.

1. INTRODUCTION

Colorful flowers with different shapes are gifts from nature. For thousands of years, people have
researched and used the forms, structures, functions and working principles of natural creatures to
invent and create brand-new technologies and tools. The bionic antenna is a new kind of antenna with
specific functions produced by combining bionics and antenna design. Bionic antennas can be divided
into functional bionic antennas, morphological bionic antennas, color bionic antennas, and structural
bionic antennas. In [1], a bionic ultra-wideband antenna was proposed based on insect antennae, which
effectively reduced the antenna radar cross section. In [2], a bionic Yagi antenna based on plant leaves
was proposed, which is suitable for applications in guidance, detection, and radar.

With the continuous improvement of the level of technology, various wearable devices continue to
emerge and are more and more widely used in military detection, tracking and positioning, medical
health, leisure and entertainment. The popularity of wearable devices has greatly increased the demand
for flexible antennas, and the performance requirements have become more stringent. In the design
of flexible antenna, appearance, comfort, flexibility, and the influence of antenna on human body are
particularly important [3-6]. [7] designed a dual-band antenna for WLAN and WiMAX bands. Utilizing
conductive oxide materials, the transparent properties were achieved, which greatly reduced the space
constraints for antenna usage. [8] designed a transparent four-element MIMO antenna to achieve 85%
transparency, applied in 5G mm-wave spectrum, and has broad development prospects in future smart
devices.
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In this paper, the principle of bionics is used to the design of flexible antenna, and the design
can improve the aesthetics of the antenna on the premise of ensuring the performance of the antenna.
By slotting on the ground, a logo mark is designed to further reduce the reflection coefficient and
improve the antenna matching [9-11]. In order to reduce the antenna’s backward radiation, an EBG
structure [12] is introduced to make the main lobe more concentrated and increase the antenna gain.
Wearing wear will not significantly reduce the performance of the antenna for its small size and easy
conformation. The antenna design details are presented in Section 2. Section 3 presents the EBG
structure, and the performance of the antenna with EBG structure is simulated and measured. Finally,
Section 4 simulates the application of the antenna and tests the performance of the antenna when it is
structurally deformed and placed on the human body.

2. ANTENNA DESIGN

Pear flower is Rosaceae Pyrus genus, the flowers of pear trees, as shown in Figure 1(a). In this paper,
the structure of a bionic pear flower shaped flexible antenna is shown in Figure 1(b). The antenna uses
organic polymer material polyimide (PI) as the dielectric substrate, which has the characteristics of
good mechanical properties, high temperature resistance, and easy bending. Relative permittivity and
loss tangent of PI substrate are 3.1 and 0.0025. The antenna radiation patch is in the shape of a pear
flower, and the ground plate on the back is etched with a “CHINA” shaped slot. The overall size of the
antenna is 44.2 mm x 25.9mm X 0.2 mm. Based on monopole antenna design theory, the initial antenna
frequency corresponds to the wavelength which is calculated as follows:

o= — (1)
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where ¢ is the speed of light in vacuum, and &, is the dielectric constant of substrate. The detailed
dimensions of the antenna are shown in Table 1.

The design process of the proposed bionic pear flower shaped antenna with the “CHINA” logo is
described in Figure 2. According to [3], a 50 impedance-matched rectangular patch monopole Ant.1
is designed, and the antenna size is 127 mm x 87 mm X 0.23 mm. For reducing the size of the antenna,
Ant.2 is proposed by loading a circular patch on the top of the rectangular antenna. Compared with
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Figure 1. (a) Pear flowers in nature; (b) Bionic pear-shaped antenna structure diagram.
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Table 1. Dimension of the proposed antenna of Fig. 1(b).

Parameter Size (mm) Parameter Size (mm) Parameter Size (mm)

L 44.2 Ry 8.7 Ly 5.6
W 25.9 Rs 31.5 Lys 4
Ly 11 Rg 13 Ly 3.7
Ly 1.4 Ry 28.5 Ly7 2.7
Ls 17.8 Rg 8.5 W1 2.1
Ly 21.8 Ry 23.5 Wyo 3
R 2.8 Rig 10.25 W3 0.8
R 23.2 Ly 11.4 Wy 0.8
Ry 10.3 Lo 5.1 Wy 1
R3 28.3 Ly 3.5 R, 2.6
(@) (b) (©

(d) (e)

Figure 2. The design process of the bionic pear flowers shaped antenna. (a) Ant.1, (b) Ant.2, (c)
Ant.3, (d) Ant.4, (e) Ant.5.

traditional loaded rectangular patch, this method can reduce the size of the antenna to achieve better
impedance matching effect, thereby improving the performance of the antenna. By imitating the shape
of pear flower in nature, a bionic pear flower Ant.3 is proposed. On the basis of Ant.3, a leaf-shaped
patch is loaded to make the antenna more beautiful and more in line with the design requirements of
the wearable antenna. Finally, a slot is etched on the antenna ground plate to form a “CHINA” logo
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Figure 3. Comparison curve of reflection Figure 4. EBG structure of the antenna.

coefficient of five antennas.

antenna. From Figure 3, we can see that the introduced slot structure not only increases the center
frequency of the antenna from 2.3 GHz to 2.45 GHz, but also makes the reflection coefficient of the
antenna lower and the antenna matching effect better. Table 2 shows the change in bandwidth during
antenna evolution.

Table 2. The change in bandwidth during antenna evolution.

Antenna  Resonating Frequency Impedance Bandwidth

Antl 2.32GHz 8.2% (2.23-2.42 GHz)
Ant2 2.68 GHz 9.7% (2.56-2.82 GHz)
Ant3 2.30 GHz 14.7% (2.20-2.39 GHz)
Ant4 2.35 GHz 7.7% (2.26-2.44 GHz)
Proposed 2.45 GHz 10.1% (2.34-2.59 GHz)

3. DUAL MATERIAL BIONIC FLEXIBLE LOGO ANTENNA BASED ON EBG

3.1. Design of the EBG Structure

A ring-shaped EBG structure is designed to suppress the backward radiation of the antenna. The
structure uses polydimethylsiloxane (PDMS) flexible material as the substrate with dielectric constant
gr 2.65, loss tangential angle tand 0.02, and the structure is shown in Figure 4. The outer square side
length a; is 29.4 mm; the inner square copper foil side length a9 is 28 mm; and the circle diameter as is
14 mm. The thickness H is 1.5 mm.

The EBG structure units can be regarded as LC resonant circuits, as shown in Figure 5. The annular
patch can be equivalent to inductance L;. (4 is the equivalent capacitance between the radiation
unit and the ground, and Cs is the equivalent capacitance between adjacent structural units. The
input impedance and resonant frequency of this EBG structure can be calculated from the following
formula [13]:

Zo(w) = Z1(w)/ ]/ Z2(w) = w(cljcstlw? ileLHl)— C2) (2)
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Figure 6. (a) EBG simulation model; (b) EBG structure reflection phase diagram.

B 1 C1+ Oy
fo=5; 01051, (3)

Under normal circumstances, the characteristics of the periodic structure can be verified by a unit,
so we only need to use the Floquet port simulation method to establish a simulation model for an EBG
unit, as shown in Figure 6(a). By changing the internal structure of the EBG to further adjust the
size of the EBG, the final EBG reflection phase diagram is shown in Figure 6(b). It is observed that
the zero-phase reflection point of the unit structure corresponds to 2.44 GHz, and the corresponding
frequency of the reflection phase interval is 2.37 GHz—2.51 GHz. The reflection phase of EBG is related
to many parameters. We select the gap g between adjacent structural units and the internal circular
hole diameter ag for parameter analysis, and the simulation results are shown in Figure 7(a). When g
increases from 0.4 mm to 1 mm, the frequency point corresponding to the zero reflection phase moves to
high frequency. Through the analysis of the EBG structure, it can be known that when the value of the
gap ¢ increases, the coupling effect between two adjacent units is weakened. The coupling capacitance
(' also decreases, and from Equation (3), it can be deduced that the resonant frequency fj increases. It
can be seen from Figure 7(b) that as as increases, the resonant frequency shifts to low frequencies. This
is because the increase in the diameter of the circular through hole causes the corresponding equivalent
inductance L; to increase, so the resonant frequency fy decreases.

3.2. Dual Material Bionic Flexible Logo Antenna Based on EBG

In order to reduce the impact of antenna radiation on human body, this section proposes the EBG
unit loaded under the flexible bionic antenna as shown in Figure 8. The EBG structure uses a 2 x 2
unit array. The distance between the bionic antenna and the EBG structure is very close, and there is
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Figure 7. The influence curve of the parameter change on the reflection phase. (a) Gap between units
g; (b) Internal hole diameter as.
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Figure 8. Bionic flexible antenna loaded with EBG.

coupling between them, which will affect the impedance matching of the antenna. Therefore, a 2 mm
thick foam was added as a filling material between the antenna and the EBG, and the structure is
simulated and analyzed.

Figure 9(a) is the prototype of the antenna, and Fig. 9(b) is the prototype of the EBG. The copper
sheet is thin and attached to the PDMS using special glue, and the proposed antenna is placed on
a foam material to reduce the coupling with the EBG structure. The simulation and measurement
results of the antenna, when EBG structure is used and not used, are shown in Figure 10. When the
antenna does not adopt an EBG structure, the actual coverage of the antenna is 2.26 GHz—2.65 GHz.
Compared with the simulation results, the bandwidth becomes wider, and the value of S1; increases
slightly. When the antenna is loaded with the EBG structure, the S7; of the antenna is reduced from
—25.9dB to —33.16dB, the bandwidth broadened, and the matching effect is better. The measured
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Figure 9. (a) Prototype of the antenna; (b) The prototype of the EBG.
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Figure 10. S1; comparison curve before and after loading EBG.

impedance bandwidth of the antenna is 2.22 GHz—2.68 GHz, and the minimum value of Sy; is —33 dB.

Figure 11 is the antenna simulation radiation pattern. When the EBG structure is not loaded, the
antenna presents omnidirectional characteristics. The back lobe of the antenna is significantly reduced
when the EBG structure is loaded, and the main lobe is more concentrated, which increases the front-
to-back ratio of the antenna. The EBG structure suppresses the electromagnetic wave of the negative
half axis of the Z axis, and the radiation of the antenna to human body is reduced. In addition, the
introduction of this EBG structure can increase the gain from 2.38 dBi to 4.02 dBi.

In terms of structure size, substrate material, bandwidth, and radiation efficiency, the proposed
antenna is compared with some related antennas in performance, as shown in Table 3.

Table 3. Comparison of flexible bionic antennas and related antennas.

Ref Dimensions Dielectric Impedance Gain
’ (mm) substrate bandwidth (GHz)  (dBi)

] 50 % 42 ¥ 0.8 FR-4 (Rigid) 3-14 (UWB) 3.95
3] 127 % 87 % 0.23 Photo paper (Flexible) 2.36-2.61 (10.06%)  0.86
[14] 68 % 38 x 1.57  Rogers RT duroid 5880 (semi Flexible) 2.40-2.50 (4.88%) 6.88

This work 44.2 % 25.9 % 0.2 Polyimide (Flexible) 2.22-2.68 (18.8%) 4.02
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Figure 11. Radiation patterns of the antenna. (a) E-plane, (b) H-plane.

4. EVALUATION OF WEARABLE PERFORMANCE

In traditional monopole antennas, most of the dielectric substrates are made of hard materials, which
cannot be bent. The flexible bionic antenna proposed in this paper is made of polyimide, which has
good bendability, so it can conform to the human body well. As we know, when the antenna is placed
on different parts of human body, such as the front chest, waist, arms, and thighs, the antenna will
bend or deform to varying degrees, thereby affecting the performance of the antenna. This section will
discuss the effects of different bending directions, different degrees of bending, and different parts of the
human body on the performance of the antenna.

4.1. The Effect of Antenna Bending Direction on Antenna Performance

If we put the antenna in different parts of human body, the bending direction will be different. This
section discusses the effect of bending on antenna performance when the antenna is bent along the
z-axis and y-axis. Figure 12(a) shows the simulation model of the bionic pear flower shaped antenna
bending along the X axis, and Figure 13(a) shows the relationship between frequency and reflection
coefficient of the antenna under different bending radii. When the bending radius of the antenna
decreases, the resonant frequency of the antenna moves to the low frequency, and the value decreases
slightly. Through comparison, it can be found that when it is bent 30 mm, 40 mm, and 50 mm along

(b)

Figure 12. Bionic pear flower shaped antenna structure after bending. (a) Bend along the X axis; (b)
Bend along the Y axis.
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Figure 13. Antenna bending performance curve (a) X axis bending; (b) Y axis bending.

the X-axis, the performance of the antenna is lower than that when it is not bent, but the —10dB
impedance bandwidth can still cover the 2.45 GHz operating band.

Figure 12(b) shows the simulation model of the bionic pear flower shaped antenna bending along
the Y axis, and the bending circle center is located on the negative half axis of the Z axis. Figure 13(b)
shows the comparison of S7; of the antenna with different bending radii. When the antenna bending
radius decreases, the value of S11 is continuously increasing. When R, becomes 30 mm, the Si; is still
below —15dB, which can still meet the design requirements.

4.2. The Impact of Different Wearing Positions on Antenna Performance

In order to study the influence of different wear positions on antenna performance, we put the antenna
on a human body model for simulation. First, simplify the human body into three layers of tissue
structure, namely skin, fat, and muscle, and set their thickness to 2 mm, 5 mm, and 20 mm, respectively.
Table 4 shows the electromagnetic parameters of human tissue [15]. As shown in Figure 14, the bionic
pear flower shaped antenna loaded with EBG structure is placed on the three-layer model of the human
body to simulate it. Figure 15 shows the reflection coefficient comparison curve of the bionic pear flower
shaped antenna in free space and on human body model. The frequency coverage is 2.3 GHz—2.62 GHz,
and the center frequency is 2.44 GHz. Compared with the simulation results in free space, the reflection
coeflicient is slightly larger, and the antenna bandwidth is narrower.

Table 4. Electromagnetic parameters of human tissue.

Human tissue Dielectric constant Conductivity (S/m) Density (kg/m?)

Skin 37.95 1.49 1001
Fat 5.27 0.11 900
Muscle 52.67 1.77 1006

The bionic pear flower shaped antenna loaded with an EBG structure is placed at different positions
of human body, such as arms and thighs for testing. Figure 16 shows the testing process, and the test
results are shown in Figure 17. From Figure 17, we can see the reflection coefficient curve of the antenna
on the arm, thigh, and in free space, and the center frequency moves to the low frequency. This is due to
the small size of the antenna and the use of flexible dielectric substrate processing. It is difficult for the
antenna to maintain a flat state during testing, so there is a certain deviation between the test results
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antenna in free space, human arm and thigh.

and simulation results. Although the reflection coefficient value varies the most when it is placed on the
arm, the performance is still good. The antenna is usually placed on people’s arms for easy carrying,
and it is recommended that arm is still the preferred wearing position for the proposed antenna.

5. CONCLUSION

This paper designs a dual-material bionic pear flower shaped flexible antenna based on an EBG structure.
The antenna looks like a pear flower, and a slot is etched on the antenna ground plate to form a “CHINA”
logo. The antenna is made of polyimide material. Considering that the antenna will have radiation
effect on the human body when people wear it, an EBG structure is introduced to improve the front-
to-back ratio of the antenna. PDMS material is chosen for EBG, through the study of its reflection
phase, which proves the correctness of the design. The EBG structure was loaded under the flexible
bionic pear antenna, and simulation and testing were performed, which met the design requirements.
Through the performance simulation of the antenna in bending state and the actual measurement of
different human tissues, the rationality of the antenna design is verified.
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