micromachines

Article

Flexible and Small Textile Antenna for UWB Wireless Body

Area Network

Peng Chen *, Dan Wang

check for
updates

Citation: Chen, P.; Wang, D.; Gan, Z.
Flexible and Small Textile Antenna
for UWB Wireless Body Area
Network. Micromachines 2023, 14, 718.
https://doi.org/10.3390/
mil4040718

Academic Editor: Mark L. Adams

Received: 27 February 2023
Revised: 18 March 2023
Accepted: 21 March 2023
Published: 24 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Zongsheng Gan

School of Ocean Information Engineering, Jimei University, Xiamen 361000, China
* Correspondence: chenpeng@jmu.edu.cn

Abstract: In this paper, a miniaturized textile microstrip antenna is proposed for wireless body
area networks (WBAN). The ultra-wideband (UWB) antenna used a denim substrate to reduce the
surface wave losses. The monopole antenna consists of a modified circular radiation patch and an
asymmetric defected ground structure, which expands impedance bandwidth (BW) and improves
the radiation patterns of the antenna with a small size of 20 x 30 x 1.4 mm?3. An impedance BW of
110% (2.85-9.81 GHz) frequency boundaries was observed. Based on the measured results, a peak
gain of 3.28 dBi was analyzed at 6 GHz. The SAR values were calculated to observe the radiation
effects, and the SAR values obtained from the simulation at 4/6/8 GHz frequencies followed the
FCC guideline. Compared to typical wearable miniaturized antennas, the antenna size is reduced
by 62.5%. The proposed antenna has good performance and can be integrated on a peaked cap as a
wearable antenna for indoor positioning systems.
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1. Introduction

Wireless body area networks (WBAN) devices have received increasing attention
in recent years and this interest continues to grow [1]. Therefore, a wearable electronic
device that is comfortable, cost-effective, body-matched, compact, and highly flexible is
demanded [2—4]. A global positioning system (GPS) is the most widely used navigation
system [5,6]. However, GPS communication cannot provide services directly indoors.
An ultra-wideband (UWB) positioning system has the advantages of a high transmission
rate, simple structure, and low power, which has become one of the most widely used
indoor positioning technologies. For wearable positioning antennas, an omnidirectional
radiation pattern conformal antenna is necessary. With a wearable tag antenna, doctors
can be informed of the location of patients in real-time, managers can know the safety and
working status of staff in a mine in real-time, and prison guards can accurately monitor the
activity trajectory of inmates.

Wearable systems require portable and miniaturized antennas for receiving and trans-
mitting wireless signals [7-11]. Fabric antennas can be more easily incorporated into
clothing compared to normal antennas [12-16]. Therefore, textile antennas are advanta-
geous for wearable applications. Various textiles, such as felt, denim, polyester, and cotton,
have been used as antenna substrates with easy integration in clothing. Polyester and jeans
cotton was used as the substrate for the wearable antenna [17]. A wearable antenna with a
defective ground structure based on jeans material was proposed [18-20]. An all-textile
microstrip topology with ultra-wideband (UWB) characteristics, but without an omnidi-
rectional radiation pattern, is not suitable for indoor positioning systems. The antenna
used was Shieldit Super (for radiators and ground plane) and felt as the substrate [21]. A
flexible ultrawideband antenna based on polydimethylsiloxane (PDMS), but with a large
size of 80 mm x 67 mm, which is easily found in wearable applications [22]. An all-woven
material antenna using a flannel fabric that provides a bandwidth of 17 GHz is being
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studied [23]. A slotted circular textile antenna based on denim fabric with impedance BW
of about 46% and 41%, respectively, was proposed in [24]. Denim material has a wide range
of applications, durability, low thickness, high comfort, and low cost, so denim fabric is
suitable for textile wearable applications [25].

In this paper, an improved miniaturized UWB antenna was fabricated using denim
material by combining UWB electronics with textile technology. To ensure the electromag-
netic parameters of the adopted material, the dielectric constant of the denim was measured
using the transmission/reflection method in a coaxial line. The UWB tag antenna with
an omnidirectional radiation pattern is integrated into a denim cap and can be used for
indoor positioning. Since the peaked cap has a bending design, it is necessary to study
the effect of bending on the antenna performance. The antenna was tested in a bending
test and close to the human head. Tests have shown that the wearable antenna has stable
performance regarding radiation patterns and BW. In addition, since the peaked cap was
worn on the head, the head effect and the specific absorption rate (SAR) were investigated.
It is suitable for communication at the human head. The antenna is miniaturized, bendable,
inexpensive, and simple to make.

2. Material and Antenna Design
2.1. Measurement of Dielectric Characteristics of Denim Textile Substrates

The proposed antenna used denim fabric, as it is flexible, lightweight, and easy to
integrate into clothing. The dielectric properties of denim should be known. Thus, the
dielectric constant and loss tangent must be measured on the substrate.

In this paper, the coaxial circular method was used to test the electromagnetic proper-
ties of denim fabrics. The electromagnetic performance test system of the cowboy substrate
is shown in Figure 1a; a schematic diagram of the coaxial circular ring method test device,
which consists mainly of a microwave vector network analyzer, test fixture, and control
computer. Figure 1b is the Device Under Test (DUT). The wax and cowboy powder are
mixed and compressed to make a DUT. The DUT is a coaxial ring with an inner diameter
of 3 mm and an outer diameter of 7 mm, which can be accurately filled in the test fixture
for measurement.
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Figure 1. Denim performance test equipment and DUT (a) equipment for coaxial ring method test
(b) DUT.

Using the Nicolson-Ross—Weir (NRW) method, & and y; can be obtained simultane-
ously from the S parameters of a transmission line filled with materials under test. The
measured reflection and transmission coefficients of the filled with material samples are
used to calculate the permittivity (e, = ¢ — je”) and permeability (ur = p’ — ju") of the
samples. The NRW method is used in this experiment [26,27]. As shown in Figure 1a, a
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DUT of thickness d is filled between the inner and outer conductors of a circular coaxial
line with characteristic impedance zy. When a plane wave propagates in free space arriving
on the surface of a medium of infinite thickness with electromagnetic parameters &, and yr,
the reflection coefficient is defined as:

V4 V4 £ £

— 40 A

Ttz Iil M
v 70

Electromagnetic waves are reflected and transmitted multiple times at both ends of the
medium. Using the sweep mode of Keysight N5222B Vector Network Analyzer (VNA), it is
possible to measure in this case the multiple reflections (I';, I'p, ... , I'n) and transmissions
(Ty, Ty, T3, . .. , Ty) of electromagnetic waves. The relationship between the S-parameters
of the two ports and the reflection and transmission coefficients I' and T can be obtained
from the fundamental theory of electromagnetic fields as follows:

Ve _ (1-THF
-V, 1-I2T12’

Si1(w) ()

Virs (1 - FZ)T
So1(w) = V., = 1_T1°12’ 3)

The transmission coefficient is written as:
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According to Nicolson algorithm, if
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As shown in Figure 2, the relative permittivity and permeability of the material as a
function of frequency are given. The denim used in the proposed antenna has a relative
permittivity of 2.2 and a loss tangent of 0.04. When using the transmission/reflection
method of measurement to calculate the dielectric constant, the thickness and the roughness
of the DUT and the position of the sample in the measurement fixture can affect the
measurement results, resulting in ripples in the measured dielectric constant curve.
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Figure 2. Measured permittivity and permeability.

2.2. Antenna Design

The textile antenna uses a denim fabric substrate with a thickness of 1 mm. The
denim fabric is characterized by easy integration into human clothing. Copper could not be
printed on denim fabric due to a process defect. The copper is covered on the FPC flexible
board. FPC has a loss tangent of 0.0028 and a dielectric constant of 3.1 with a thickness of
1 mm.

The antenna is based on denim fabric and consists of a modified circular radiating
patch, rectangular microstrip line, and FPC flex board at the top, and FPC flex board and a
defected ground at the bottom, as shown in Figure 3. The antenna uses a 50 ) coaxial feed.
The specific parameters of the antenna are shown in Table 1.

=

nh

(b)

Figure 3. (a) Exploded view and (b) dimension parameters of the proposed antenna.
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Table 1. Design parameters of the wearable antenna.

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)
w 20 Wy 2 I3 9
wy 0.5 ) 30 Iy 5.5
wy 35 1 1 8 l 5 10
ws 8.25 I 3.8 r 8.1

The proposed antenna generates two resonant frequency points so that a wide BW
can be acquired. To study the effects of the patch size on the BW, HFSS 19.0 was used for
simulation calculations with different values of the parameters I; and /3. The results of
studying these parameters are shown in Figure 4. With increasing [, the impedance BW
increases. An impedance BW of the antenna exceeding the range of UWB (3.1-10.6 GHz)
will interfere with the received signal of the antenna. To make the impedance BW just cover
the frequency range of UWB, the value of I3 is chosen as 9 mm. The resonant frequency
shifts to a higher frequency as the increase of 13 and the in-band matching will deteriorate.
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——/,=7mm 5 — [;=8mm =
——1,=7.5mm —/;=9mm
5 ——[,=8mm 0r ——[,=10mm 4
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| _ st
) [as)
% -10 =
= = <10}
= )
-15 - -15
20
20 4 .
-25 .
T T T L 1 1 1
2 4 8 10 12 2 4 6 8 10 12

Frequency[GHZz]

Frequency|GHz]
(a) (b)
Figure 4. S11 for various sizes of (a) /1 and (b) /3.

Figure 5 shows the simulated radiation patterns of the miniature antenna in free space
at frequencies of 4 GHz, 6 GHz, and 8 GHz. While the antenna has the advantage of
miniaturization, it loses its directionality, radiating similar power in all directions. Thus, in
the xoz-plane, stable omnidirectional radiation patterns are obtained. The omnidirectional
radiation pattern is suitable for indoor positioning.

Figure 6 depicts the surface current distribution of the radiating patch at the top and
bottom of the antenna with three different points of frequencies. In Figure 6a, maximum
currents are localized mainly in the ground and microstrip line to produce resonant modes
at 3.5 GHz. In Figure 6b, the maximum current distribution along the ground and patch
shows that both the ground and patch play a role in the resonant mode at 8.2 GHz.
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Figure 5. Simulated radiation pattern of textile antenna at 4 GHz, 6 GHz, and 8 GHz in the
(a) xoz-plane and (b) yoz-plane.
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Figure 6. The current distribution of the UWB antenna with a phase of 0° at (a) 3.5 G and (b) 8.2 G.

3. Results and Discussion

The measurements were performed using Keysight’s 3672D VNA. Figure 7a shows
the antenna prototype. The proposed antenna is used for wearing, the HFSS self-contained
model of the human brain structure is used to study the effect of the human head on
the antenna performance (reflection coefficient, gain, and radiation characteristics). The
antenna is integrated into the brim of the denim hat as shown in Figure 7b. Figure 7c shows
the measurement status of the antenna in the anechoic chamber. The antenna was placed at
a distance of 20 mm from the human brain mode in Figure 7d.
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(c) (d)

Figure 7. (a) Wearable antenna; (b) Antenna integrated into a peaked cap; (c) radiation pattern
measured in free space; (d) human head model.

3.1. Measurement and Simulation Results

Measured and simulated radiation patterns of the miniature antenna at 6 GHz in the
xoz-plane and yoz-plane of free space are shown in Figure 8. The measured radiation
patterns show a slight deviation in the yoz-plane, but the deviation is acceptable. The
radiation pattern measurement of the proposed antenna is in good agreement with the
simulation. The maximum gain values measured were 3.28 dB and 1.77 dB.

Figure 9a shows the simulated and measured reflection coefficients of the antenna
in free space and at a distance of 20 mm from the human head. From the results, the BW
percentage is 113% (2.97-10.66 GHz) for the simulated results and 110% (2.85-9.81 GHz)
for the measured results. The simulated return loss and BW are slightly higher than
the measured results. The results for free space and the human head are similar. The
measured reflection loss of the antenna placed at 20 mm/15 mm/10 mm/5 mm/2 mm
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from the human head is compared in Figure 9b. The non-uniformity of textile materials,
low accuracy in the fabrication of radiation patches, and the influence of humidity and
temperature on denim are the main reasons for the discrepancy between simulated and
measured results. However, the simulated and measured results are still in good agreement.

0 0
5 : —5 ’
330 | > .30 Simulated 330, | E10 Simulated
— = Measured == =Measured
300 60 300 60
\
270 ) 270 | 190
| |
\
240 120 240 120
210 T~ 150 |
180 180
(a) (b)
Figure 8. Simulated and measured radiation pattern in the (a) xoz-plane and (b) yoz-plane at 6 GHz.
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Figure 9. Simulates and measures the return losses of the proposed antenna in free space and close to
the human head.

Figure 10 shows the simulated radiation patterns in the xozplane and yoz—-plane
close to the human head. Compared to the simulated results, the radiation pattern of the
antenna in the yoz plane is slightly influenced by the human head and shows a slight
deviation. The insignificant changes in the radiation pattern of the antenna placed close to
the human head indicate that a small amount of energy is radiated into the tissue when
this antenna is placed close to a human head.
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Figure 10. Comparison of simulated radiation patterns in free space and close to the human head at
6 GHz.

3.2. Structural Deformation

The structural deformation of the antenna must be studied to ensure the stability
of the antenna. In addition, when an antenna is placed close to the head as a wearable
device, bending tests should also be performed to determine whether the results of the
reflection coefficient are disturbed. Figure 11 shows the two bending models for antenna
measurements with a curvature of 2 x 1072 m~1.

(a) (b)
Figure 11. Structural deformation (a) X-bend (b) Y-bend.

Figure 12 describes the changes in return loss due to structural deformation in the X
and Y directions. From Figure 12, it can be concluded that the resonance point obtained
from the antenna measurement has a slight shift towards lower frequency compared with
the simulation. The measured reflection coefficient characteristics become better at 8 GHz
compared with the simulation. In addition, the return loss of the antenna is still below
—10 dB at 2.88 GHZ to 9.7 GHz after bending along the x and y bends.
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Figure 12. The simulation and measurement of return loss after structural deformation.

Figure 13 shows the simulated and measured radiation patterns of the antenna bent
along the x and y bends at 6 GHz. We can conclude that the antenna still has stable radiation
characteristics in the bending case. The antenna is suitable to be integrated into a hat for

wearable applications.

— Simulated(X-bend)
Simulated(Y-bend)
it — — Measured(X-bend)
0= — = Measured(Y-bend)

60

90

(a)

Figure 13.

(a) xoz-plane and (b) yoz-plane.

3.3. Analysis of Specific Absorption

— Simlulated(X-bend)
~—— Simlulated(Y-bend)
— = Measured(X-bend)
— = Measured(Y-bend)

300 60

90

(b)

Simulated and measured radiation patterns after structural deformation in the

Rate

The specific absorption rate (SAR) is defined as the electromagnetic power absorbed or
consumed by a unit mass of the biological body. The SAR limit set by the FCC is 1.6 W/kg
for 1 g of tissue. For the antenna, this value should not exceed this value for the considered
user safety. Figure 14 illustrates the 3D SAR distribution of the proposed antenna at the
resonant frequencies of 4 GHz, 6 GHz, and 8 GHz at the head position with an input power
of 0.1 W. The highest level of local SAR we observed occurred at 8 GHz. From Figure 14, it
can be seen that at 8 GHz, the wearable antenna produces a maximum SAR of 1.29 W/kg
due to its omnidirectional radiation characteristics. By placing the textile antenna close to
the human head model for simulation, the SAR value is found to be within a safer range.
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Figure 14. SAR analysis (a) 4 GHz (b) 6 GHz (c) 8 GHz.

Table 2 illustrates a comparison of the previously reported antenna and the proposed
antenna. The antenna size is reduced by 62.5% compared to miniaturized antennas [24],
which are also used for wearable applications. After comparison, it is concluded that the
wearable antenna obtains a wider BW with a smaller size (it is worth noting that the size of
the antenna has a significant effect on its BW: both gain and efficiency increase when the
antenna has a larger size [25]).

Table 2. Comparison with existing literature.

S.No References Substrate Size (mm) BW (GHz) SAR (W/kg)
1 [21] Felt 88 x 97 3-10 -
2 [22] PDMS 67 x 80 3.7-10.3 -
3 [24] Jeans 40 x 40 831021—1523305 -
4 [25] Jeans 50 x 60 7-28 1.29 W/kg at 7 GHz
5 [28] Rogers 70 x 70 3-6 -
6 [29] FR4 30 x 30 4-8 -
7 [30] FR4 44 x 44 2.25-4 -
8 Proposed Jeans 20 x 30 2.85-9.81 1.3 W/kg at 8 GHz

4. Conclusions

An ultra-wideband textile antenna for WBAN was designed. The electromagnetic
parameters of denim fabrics were measured using the NRW method. The proposed antenna
matches the impedance obtained in simulation over the entire UWB frequency range by
improving the circular radiating patch with gaps and defected ground structure. However,
the impedance BW of 110% (2.85-9.81 GHz) frequency bands is observed. Compared to
typical wearable miniaturized antennas, the antenna size is reduced by 62.5%. The antenna
was designed to be integrated into a peaked cap for indoor positioning. Therefore, the
performance of this antenna bent and placed close to the human head was investigated.
The measured performance of the antenna in bending and placed in front of the human
head is consistent with the simulation. For the proposed antenna structure, it was found
that the SAR level obtained from the model placed close to the human head was less than
1.8 W/kg, meeting the FCC guidelines. The antenna is a usable wearable antenna with
small size, easy integration, and bendability. The antenna also has the advantage of low
cost and simple manufacturing process.
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