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Abstract: The wearable textile antenna plays a decisive role in the currently increasingly wireless
communication network area. To realize the miniaturization and electromagnetic reliability, a slot-
ted full-textile microstrip antenna was designed and fabricated using the screen printing method.
The measured return loss and radiation pattern were tested and compared with the simulated re-
sults. Additionally, the adhesion between the silver paste coating as the radiation element and the
textile substrate was detected using sticking tape as well as observation by the microscope. To de-
velop the designed antenna in the on-body application, the artificial magnetic conductor (AMC)
was designed, optimized and fabricated. The antenna performance results showed that the existence
of the AMC had a significant effect in reducing the body coupling and antenna backward radiation.

Keywords: artificial magnetic conductor; surface slot; textile substrate; wearable antenna

1. Introduction

In recent years, with the increasing development of smart wearable technology,
wearable devices have been used in various fields including medical assistance, military
applications, entertainment and trace tracking, etc. [1-3]. The wearable antenna in the
above systems plays a decisive role in signal transmission, providing good flexibility and
compatibility with other components. If the material development of wearable antennas
was tracked, it would be found that the substrate has evolved from the traditional rigid
composites to the later flexible materials and finally textile substrates.

The wearable textile antenna is flexible; however, textiles have a relatively low die-
lectric constant, which makes the antenna increase in size. The excess radiation to humans
from the antennas is also disturbing. Therefore, the challenges for realizing miniaturiza-
tion, less specific absorption ratio (SAR) and a higher gain for the textile antenna are be-
coming apparent. Miniaturization techniques for microstrip antennas include increasing
the dielectric constant of the substrate, loading special structures, surface slotting, etc. [4-
6]. For the reduction of the radiation effect, applying the full ground or loading metamate-
rials on the antennas has proved to be efficient. The former increased the isolation be-
tween the antenna and the human tissue, and the latter not only increased the isolation
but also reflected electromagnetic waves through the special physical structures from the
metamaterials [7,8].

In this study, to achieve miniaturization and a reduction of radiation, a new type of
slotted textile antenna was proposed. The designed antenna type is a microstrip antenna,
as this kind of antenna has the advantages of low profile, light weight and simple process,
and can be easily combined with radio frequency circuit systems [9,10]. Additionally, to
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improve the antenna’s radiation property, artificial magnetic conductor (AMC) structures
were designed and loaded on the antenna. AMC is one type of the metamaterial. Studies
on the use of AMCs to lower the coupling effect between the antenna and human body
were proposed by researchers [11-14]. Owing to the special reflective phase characteristics
of AMCs, the radiation from the back lobes was decreased and the SAR value of the an-
tennas towards the human was reduced; at the same time the radiation from the front
lobes and the antenna gain were enhanced. In our study, optimization of the proposed
antenna size as well as the AMC size were both carried out. The antenna’s electromagnetic
performance in a free space and an on-body scenario were compared and discussed. In
comparison with the other current antennas reported in the literature, the proposed an-
tenna combines the full-textile substrate, full-textile AMC loading and efficient miniatur-
ization realization. Due to the measurement limitations, the in situ on-body antenna test-
ing was not carried out, which will be designed and realized in a further study.

2. Materials, Design and Experimental
2.1. Materials

Polyester felt was selected as the dielectric substrate of textile antenna, as it has a
suitable dielectric constant and low dielectric loss. It is easier to control the thickness of
nonwoven felt than woven fabric.

In order to determine the dielectric constant and dielectric loss, the polyester felt was
first tested by the model fitting method. The principle of this fitting method is to make the
material to be a microstrip line and test its S parameters. Then, the simulation software
Advanced Design System is used to establish the microstrip line model. Therefore,
through fitting simulation and measured parameters, the dielectric property parameters
of the materials are extracted. Based on the above values, the dielectric parameters were
verified in a High Frequency Structure Simulator (HFSS). The finally determined dielec-
tric constant and loss were 1.25 and 0.02, respectively. The subsequent antenna design and
simulation was conducted using HFSS.

2.2. Fabrication of Antennas

The fabrication method of our designed antenna was screen printing. It is a low-cost
method for fabricating the wearable antenna, which uses a scraper to press the conductive
ink over the screen so that the conductive ink prints on the surface of the dielectric sub-
strate [15-17]. The process is simple and adaptable to changes in the shape of radiation
element and ground.

2.3. Antenna Performance Test

The parameters that characterize antenna performance are the resonant frequency,
return loss, bandwidth, radiation pattern and gain. The E5071C vector network analyzer
of KEYSIGHT was used to measure the return loss and bandwidth. In order to eliminate
the interference of other electromagnetic waves and improve the accuracy of the antenna
test results, the antenna radiation pattern and gain were measured in the microwave an-
echoic chamber and read by the PNA-X type measurement receiver.

3. Results and Discussion
3.1. Design of The Slotted Antenna

To design the antenna in HFSS, the boundary conditions of radiation element and
ground plane were set as Perfect E, and the air box was set as the radiation boundary with
the size of 1/4 wavelength, and the default was vacuum. The textile antennas were de-
signed to work under the resonant frequency of 2.45 GHz and were fed by a coaxial line
of 50 Q. The antenna substrate was the aforementioned polyester felt.

The schematic configuration of the unslotted and slotted antennas is shown in Figure
1. It can be seen from Figure 1b that there were three slots in the slotted antenna including
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two T-shape and one rectangular-shape slots. The unslotted antenna had a radiation ele-
ment with the size of 50 x 50 mm, while the slotted antenna had one 612 mm? smaller in
area, a 24.5% decrease in radiation element.

Substrate

(@) (b)

Figure 1. Schematic configuration of (a) the unslotted antenna and (b) the slotted antenna struc-
tures.

Figure 2 shows the comparison of return losses between the above two types of an-
tennas. The slotted antenna had the bandwidth of 8.16% with the return loss value lower
than —10 dB in the frequency range from 2.38 to 2.58 GHz. In comparison with the unslot-
ted antenna, the bandwidth had a 122% increase. It was clear that after slotting, these slots
reduced the Q value of the antenna and expanded the bandwidth of the antenna. In ad-
justment of the slotted structure, the new peak gains occurred and the bandwidth was
increased accordingly.
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Figure 2. Comparison of the simulated return losses for the antennas.

3.2. The Prototype of the Slotted Antenna

The size parameters of the designed textile slotted antenna were shown in Figure 3
and the detailed size was listed in Table 1. According to the size, the antenna was fabri-
cated by the screen printing method. The antenna substrate was the aforementioned pol-
yester felt and the conductive parts, including the radiation element and ground plane,
were silver paste coating with the electrical conductivity of 5.5 x 10¢ S/m. The coaxial feed-
ing was applied for the antenna and the SMA connector was fixed throughout the thick-
ness of the substrate.
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side view top view
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Radiation element Dielectric substrate
Figure 3. The detailed size of the final slotted antenna.
Table 1. Dimension parameters of the slotted antenna.
Parameter (mm) Parameter (mm) Parameter (mm) Parameter (mm)
Wa 70 Lo 1 L7 14 L 18
La 70 Ls 10 Ls 1 Lis 0.8
Whb 43 | 1 Lo 1 Lia 14
Lo 43 Ls 10 Lo 16 h 3

L1 16 Ls 10 Lu 12

Figure 4 shows the slotted antenna prototype. It can be seen that the silver nanopar-
ticles in the silver paste coating on the white polyester felt had a uniform and dense dis-
tribution and exhibited a light yellow color. As the silver paste coating was screen printed
onto the polyester felt, to determine the adhesion of the silver paste coating with the pol-
yester felt substrate, black colored adhesive tapes were used, which were stuck to the sil-
ver coating repeatedly; and each time, the dropped silver fiber residue was detected by
the polarized light microscope (ECLIPES LV 100N POL). The smaller the amount of fiber
residue, the better the adhesion between the silver coating and the substrate.

Polyester felt substrate

el pou

Figure 4. Prototype of the slotted microstrip antenna.

Figure 5 shows the appearance of the tape surface after sticking. It is clear to see that
when the sticking times were from 0 to 3, there was nearly no silver residue on the tape
surface. When the sticking times reached 10 and 20, there were very few residue particles
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on the tape surface. The above observation shows that good adhesion between the silver
coating and polyester felt was built after the fabrication of screen printing.

Figure 5. The appearance of the tape surface: (a) no sticking, (b) 1-time sticking, (c) 2-time sticking,
(d) 3-time sticking, (e) 10-time sticking, (f) 20-time sticking.

3.3. Design and Loading of the AMC on the Antenna

As our designed antenna would be used for the on-body application, the high gain
and low back-lobe radiation were required. Herein, the AMC structure was designed and
would be loaded onto the antenna. The AMC structure is a kind of EBG structure, which
not only has the property of preventing the electromagnetic wave of a certain frequency
band from propagating on its surface, but also can reflect the electromagnetic wave of
vertical or oblique incidence in the same phase. The typical schematic picture is shown in
Figure 6a. In this study, polyester felt was selected as the substrate of the AMC.

As shown in Figure 6b, Eiis the incident wave; En and Ex are the reflected waves. E1
is the composed electromagnetic wave from En and E;; while Ez is from Er and Ei. When
6 is in the range of -90° to +90°, the composed wave intensity from the incident wave and
the reflected wave increases. When the frequency of the incident electromagnetic wave
has the same value as the resonant angular frequency of the AMC structure, the surface
impedance of the AMC is infinite. When the reflection phase band gap of the AMC struc-
ture is between -90° and +90°, its corresponding resonance angular frequency band is the
reflection phase bandwidth [18].

When the AMC is loaded under the ground of the antenna, the backward radiation
will be reflected, and the positive gain will be amplified due to the same phase reflection
property of the AMC [19-21]. Therefore, it was particularly important to load the AMC
structure to optimize the antenna performance. In this study, the AMC structure without
a metal connecting column was used to facilitate fabrication and did not change the re-
flection phase characteristics of the AMC [22].
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Figure 6. The composed electromagnetic waves obtained from the incident wave and reflected
wave: (a) the typical schematic picture of the principle of AMC, (b) the formation principle sche-
matic picture of the composed electromagnetic waves.
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The size parameters of the AMC were analyzed as shown in Figure 7. In Figure 7a,b,
H was the thickness of the AMC unit. The substrate and ground plane of the AMC were
square shapes with size of Wg and Lg, and the conductive element was also square shaped
with a size of Wp and Lp.

To get the proper AMC unit size, a series of optimization work was done. As shown
in Figure 8a,b, the reflection phase dependence of frequencies were investigated under
different Lp and Lg size parameters, which finally showed that when Lp and Wp were 41
mm, and Lg and Wg were 43 mm, the anticipated results could be obtained. From Figure
8¢, it was clear that when the reflection phase was in the range of -90° to +90°, the corre-
sponding frequency was between 2.3 and 2.6 GHz.

fe = r-
) |.}_I Lg
(a) (b)

Figure 7. The schematic configuration of the AMC unit: (a) the side view and (b) the top view.
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Figure 8. Reflection phase curve of the AMC element: (a) Lp effect on the reflection phase, (b) Lg effect on the reflection
phase, (c) the reflection phase of the final AMC unit size.

The whole size of the slotted microstrip antenna was 70 mm x 70 mmx 3 mm, and the
overall size of square AMC structural unit was 43 mm x 43 mm x 3 mm. In order to ensure
the performance of a square AMC was good and the whole size of the wearable antenna
was relatively small, a 3 x 3 array AMC was selected to combine with the textile slotted
antenna, and the designed and prototype figures are shown in Figure 9a,b.

" Radiation
element

................. Dielectric

ery substrate

........ ‘ AMC
.... *-.,, patch
AMC

dielectric
substrate

(a) (b)

Figure 9. Textile slotted microstrip antenna loaded with AMC: (a) designed and (b) prototype fig-
ure.

side view top view

3.4. The Performance of Textile Slotted Microstrip Antenna

Figure 10 shows the measured return loss and radiation pattern of the antennas with
and without AMC in free space. The return losses in Figure 10a had no significant differ-
ences between the two antennas, indicating in the free space environment the existence of
the AMC would not nearly influence the impedance matching. In Figure 10b, the antenna
loaded with the AMC had obvious small back lobes compared with the unloaded AMC
antenna, whether for the E-plane or H-plane.
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Figure 10. The measured return loss (a) and radiation pattern (b) of textile slotted microstrip an-
tenna with and without AMC at 2.45 GHz.

In the current on-body antenna performance study, the simulation method was used,
as on-body testing is complicated. In this study, human tissue was simulated and the sim-
ulation model is given in Figure 11. The properties of the human tissue at 2.45 GHz are
shown in Table 2 [23]. Figure 12 shows the on-body and off-body antenna return loss with
and without the existence of the AMC. The on-body antenna without AMC had obviously
different return loss behavior from the other three, showing that the human body, as a
very efficient conductor, had great impact on the antenna return loss. While for the on-
body antenna with AMC, the return loss curve had almost no significant difference, when
compared with the off-body antenna return loss. In Figure 13, the radiation patterns for
the E-plane and H-plane without AMC showed that the antenna without AMC had the
protruding back lobe, which verified that the existence of an AMC could reduce the back
gain and protect the human body from radiation invasion efficiently.

Antenna

Skin
Imm
12 mm

13 mm

Figure 11. The human tissue simulation model.

Table 2. Properties of human tissue at 2.45 GHz.

Tissues Conductivity (S/m) Relative Permittivity Loss Tangent
Skin 1.464 38.007 0.28262
Fat 0.10452 5.2801 0.14524

Muscle 1.7388 52.729 0.24194
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Figure 12. The simulated return loss of the textile slotted microstrip antenna.
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Figure 13. The simulated radiation patterns of the textile slotted microstrip antenna at 2.45 GHz:
(a) E-plane, (b) H-plane.

Figure 14 gives the comparison of SAR value distribution on human tissue, and it can
be seen that the radiation elements of the AMC loaded antenna showed apparently less
radiation compared with the unloaded AMC antenna. The highest SAR value from the
antenna with AMC was 0.23 W/kg, which was much lower than the antenna without AMC
with SAR value of 256 W/kg. As the requirement for the International Commission on
Non-lonizing Radiation Protection is below 2 W/kg, the antenna radiation is thought to
be safe. Therefore, our designed antenna loaded with AMC meets the above requirement.
In a future study, the on-body antenna performance would be explored to be tested to
fully characterize the wearable textile antenna performance.
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Figure 14. The simulated distribution of SAR values on human tissue of textile slotted microstrip
antenna: (a) without an AMC, (b) with an AMC.

4. Conclusions

In this study, a new type of full textile slotted antenna was designed and fabricated
by the screen printing method. Polyester felt was selected as the dielectric substrate of
textile antenna and its dielectric properties were determined by the model fitting method.
The final size of the radiation element of the slotted textile antenna was decreased by
24.5% from that of the unslotted one and the bandwidth of the slotted antenna had a 122%
increase. In the antenna fabrication process, to detect the adhesion of the silver ink with
the polyester felt substrate, sticking tape was used. The tape surface was observed and the
adhesion was verified to be good. As the designed antenna would be used for on-body
application, the AMC structure was designed and loaded to our aforementioned antenna.
The antenna performance results showed that the existence of the AMC had a positive
effect on the reduction of body coupling and backward radiation. Compared with the un-
loaded AMC antenna, the SAR value decreased from 256 to 0.23 W/Kg, making the wide
usage of on-body wearable antennas possible. To fully characterize the textile antenna,
the real in situ on-body antenna property testing will be carried out in a future study, and
if a more accurate response be obtained, the wearable antennas could be developed more
efficiently.
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