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The wearable ultra-wideband antenna that is appropriate for body area networks is designed and implemented in this article.
Stepped circular radiation patches, microstrip feeders, and trapezoidal floors make up the majority of the antenna. Good bending
qualities have been attained by using liquid crystal polymer, a flexible material, as a dielectric substrate. An antenna measuring
30 mm x 35mm x 0.1 mm was designed with two C-shaped slots etched on it to achieve notch function in the 3.20-4.10 GHz and
5.19-5.98 GHz frequency bands. Its working frequency range was 1.96-11.61 GHz, and its specific absorption rate for the human
body was less than 2 W/kg. The test findings demonstrate that ultra-wideband body area network systems can be implemented

using the antenna impedance and radiation characteristics.

1. Introduction

Since 2002, when the Federal Communications Commission
(FCQC) allocated the 3.1-10.6 GHz band to the civil ultra-
wideband (UWB) technology, it has received a lot of at-
tention in the field of wireless communication because of its
advantages of low power consumption, high accuracy, and
low complexity [1, 2]. The performance of antennas will have
the most direct impact on the overall performance of
wireless communication. Ultra-wideband antennas have the
advantages of high transmission efficiency, high processing
gain, good concealment, high multipath resolution, low cost,
and low power consumption [3]. It is with these advantages
that ultra-wideband technology is widely used in high-
precision positioning, high-speed multimedia wireless
communication, radar, control, medicine, and other
fields [4].

The research direction of ultra-wideband antennas is
mainly focused on the traditional bandwidth as well as on
the antenna [5, 6] size, where microstrip antennas have
significant advantages over other forms of antennas [7]. In
the literature [8], a tapered slot UWB antenna was designed
to increase the bandwidth and reduce the area of the antenna

by etching a series of rectangular slot lines, and the band-
width was increased by 4.72 GHz compared to that without
the etched slot lines. The UWB antenna designed in the
literature [9] was fed by microstrip lines and operated from
2.8 to 12.5GHz, and the bandwidth was extended by in-
creasing the resonant point by etching the slot lines on the
ground plate.

In addition to this, another key issue of ultra-wideband
antennas is the interference of narrowband signals in the
ultra-wideband band [10]. To solve the interference of
narrowband signals, the trapping function is designed.
Currently, the main methods to achieve trapping are etching
geometric slits of different shapes [11], placing parasitic cells,
and adding resonant branches [12]. In the literature [13], an
ultra-wideband antenna with trapping characteristics was
proposed to achieve the trapping function in the
5.3-5.8 GHz and 7.85-8.55 GHz bands by adding two dif-
ferent sizes of open resonant ring SRRs next to the
microstrip feed line. However, when the antenna operates at
a low-frequency band, the placed parasitic units and the
added resonant branches are too long, which increases the
antenna size and is not conducive to antenna minijaturi-
zation. In the paper [14], a “swan-” shaped ultra-wideband


https://orcid.org/0000-0002-8017-7388
https://orcid.org/0009-0005-8578-9649
https://orcid.org/0009-0003-5116-7484
https://orcid.org/0009-0005-7519-7332
https://orcid.org/0009-0002-8358-5376
mailto:xuezhaoyang@stu.xupt.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/8872629

antenna is designed to avoid interference from WLAN
systems by etching a “U-” shaped gap in the microstrip feed
line. The ultra-wideband antenna proposed by the authors in
reference [15] has an operating bandwidth of 2.5-12 GHz,
and the trap function in the operating band is achieved by
etching slot lines on the radiating patch and loading the
electromagnetic band gap structure (EBG) on the side of the
microstrip feed line. A circular nested UWB antenna was
designed in the literature [16]. The introduction of the
electromagnetic band gap structure (EBG) at the center of
the front of the dielectric substrate makes the antenna
produce the trap feature at 4.0-5.2 GHz, and the antenna size
is 60 mm x 60 mm, which is large and can suppress the
interference in only one frequency band. The dielectric
substrate of these ultra-wideband antennas [17] is generally
made of rigid material, which is less flexible and cannot meet
the application of the wearable system and body area
network WBAN.

With the development of miniaturization and con-
venience of electronic communication devices and
wearable terminal devices, many antennas using flexible
materials as dielectric substrates have emerged. In the
literature [18], a flexible ultra-wideband antenna is pro-
posed, which is fabricated by miniaturized full inkjet
printing and has an operating bandwidth of 3.43-10.1 GHz
and no trap function. In reference [19], a wearable antenna
is designed for wireless body area networks with an op-
erating bandwidth of 4.55-13 GHz, using a flexible textile
substrate with a thickness of 4.68 mm and no trap band. In
the literature [20], an ultra-wideband antenna for a body
area network is designed with a three-petal flower-shaped
patch printed on a substrate of jeans fabric with an an-
tenna size of 60 mmx60mm x2.16 mm and with no
trapping functions.

In this paper, a flexible band trap ultra-wideband an-
tenna based on LCP (liquid crystal polymer) is designed. A
novel polymer material called liquid crystal polymer (LCP)
has good bending properties, which can be used to create
antennas that are appropriate for wearable technology and
body area networks. In this work, we designed an ultra-
wideband antenna with a liquid crystal polymer dielectric
substrate. The antenna size is 30 mm x 35 mm x 0.1 mm, and
its operating band range is 1.96-11.61 GHz. It is fed by
a coplanar waveguide, which makes it easy to integrate into
the circuit. The antenna is made up of a modified radiation
patch, a 50 Q microstrip feed line, and a trapezoidal ground
plate. Etching slits on the radiation patch can suppress
3.20-4.4 GHz. It is able to suppress the interference in the
bands of 3.20-4.10 GHz and 5.19-5.98 GHz. The effect of
flexible bending of the antenna on the S-parameters is also
analyzed, and the effect on the human-specific absorption
rate is experimented.

2. Antenna Design and Analysis

2.1. Antenna Structure Design. Figure 1(a) illustrates the
antenna structure which was designed in this paper. The
processed antenna is physically depicted in Figure 1(b). The
size of the antenna is (L x W) 35 mm x 30 mm. Liquid crystal
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polymer is used as the dielectric substrate, the relative di-
electric constant is 2.9, the loss angle tangent is 0.002, and
the thickness of the dielectric substrate is 0.1 mm.

A modified rectangular plus semicircular patch, a 50 Q
microstrip feed line, and a trapezoidal grounding plate make
up the antenna unit. By cutting the corners of the floor and
rounding the corners of the patch, the antenna’s bandwidth
can be expanded. The antenna is fed by a coplanar wave-
guide. The dual trap characteristics of the WLAN band and
WiMAX band are obtained by etching two C-shaped slits in
the radiating patch to prevent interference from narrowband
signals. The length of the etched C-shaped slit is determined
by the following equation, where f, . is the trap center
frequency, ¢, is the effective permittivity, ¢, is the relative
permittivity, c is the speed of light in free space, and L is the
slit length.

Cc
L=———,
2fl10tch\/‘€—e
e = g +1
e 9 (1)

L

l’lOtCh =
fnotch \/2(81* + 1)

Table 1 gives the optimized antenna parameters,
according to the data processed and produced by the an-
tenna physically as shown in Figure 1.

2.2. Antenna Design Process. 'The antenna’s design process is
shown in Figure 2. Two rectangular grounding surfaces,
called Ant-a, and a rectangle radiating patch make up the
antenna in Figure 2(a). Then, in Figure 2(b), the top of the
rectangular radiation patch is improved to be semicircular,
and the rounded corners are cut on both sides of the patch,
named Ant-b. In Figure 2(c), the bottom of the radiation
patch is improved by cutting the rounded corners, named
Ant-c. In Figure 2(d), the rectangular ground plane is im-
proved to a trapezoidal ground plane, named Ant-d. The
comparison of the four antennas’ return loss simulation
results is displayed in Figure 3.

The design process of the antenna is shown in Figure 2,
and the results of the S-parameters in the design process
are shown in Figure 3. From the loss curve in the figure, it
can be seen that the antenna in step 1 is obtained by
estimating the patch size through the equivalent cylin-
drical method, and the antenna bandwidth is
2.13-4.55 GHz at this time, which is insufficient for ultra-
wideband communication. Steps 2 and 3 improve the
resonant frequency and further expand the bandwidth of
the antenna by improving the top of the patch with
a semicircular shape and cutting the bottom with rounded
corners. Finally, step 4 improves the resonant frequency
and S;; parameters of the antenna by changing the
rectangular floor to a trapezoidal floor, and after the
abovementioned steps, the bandwidth of the antenna is
2.17-11.74 GHz with the basic performance of the ultra-
wideband antenna.



International Journal of Antennas and Propagation

w

W,

()

(b)

FIGURE 1: (a) Antenna structure schematic. (b) Antenna physical diagram.

TABLE 1: Antenna size parameters (unit: mm).

Parameter Value
L 35
w 30
w L 2
L 12
L, 3.9
L, 7
Lg 9.2
g 0.13
r 1
R, 12
R, 47
R, 9
S, 0.8
S, 0.2
S 0.8
h 0.1

2.3. Impedance Characteristics Analysis of the Antenna. Inthe
design of the ultra-wideband antenna, the height of the
ground plate Lg and the gap between the ground plate and the
feed line g are two important parameters to simulate and
analyze the impact on the impedance characteristics of the
antenna, and the simulation curve is shown in Figure 4. From
Figure 4(a), we can see that Lg takes the value of the change,
and the antenna performance at high frequency has a certain
impact and almost no impact on the low frequency part. As
the value of Lg increases, the bandwidth at high frequency
gradually decreases, so we take Lg as 9.2 mm. Figure 4(b)
shows that, with the gap between the ground plate and the
feed line g value becoming smaller, S;; parameters in the
ultra-broadband band to —10dB, so take g as 0.13 mm.

2.4. Analysis of the Trap Characteristics of the Antenna.
Figure 1(a) depicts the antenna structure. The trap function
is introduced by etching slits on the radiating patch. Figure 5
shows the simulation curve. The frequency of the blocking
band can be influenced by the width of the slot line and the
radius of the two etched C-shaped slits.

The effect on the trapping characteristics is simulated
and analyzed by using the radius R; of the relatively large C-
shaped slit and the width S, of the relatively small C-shaped
slit. As seen in Figure 5(a), the trap center frequency shifts to
the low frequency with an increase in the radius R, of the C-
shaped slit. The relatively wide C-shaped slit causes the
antenna to trap in the WiMAX band, while the compara-
tively small C-shaped slit causes the antenna to trap in the
WLAN band. As the width of the C-shaped slit S, grows in
Figure 5(b), the WLAN trap band center frequency changes
to higher frequencies.

3. Results and Discussion

This section discusses the various performances of the an-
tenna based on Ansoft HFSS 19 and Keysight N5234A PNA-
L vector network analyzer.

3.1. S-Parameters. Figure 6(a) displays the results of the
simulation for both the proposed antenna and the measured
S;;- Two blocking bands are generated at 3.20-4.10 GHz and
5.19-5.98 GHz, whereas the antenna’s simulated operational
bandwidth at 1.96-11.61 GHz. Although there is a slight shift
in the operating frequency of the low-frequency part and the
trap center frequency due to the measurement environment,
physical welding, and RF connection line loss, the measured
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FIGURE 2: Antenna design flow. (a) Ant-a. (b) Ant-b. (c) Ant-c. (d) Ant-d.
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operating bandwidth still satisfies the requirements of the
ultra-wide band. Overall, the measured results are essentially
consistent with the simulated results.

Figure 6(b) gives the antenna simulation and the mea-
sured antenna gain; by the test environment, the measured
antenna gain at low frequency is slightly lower than the
simulated gain, but at high frequency, it is better than the
simulated gain; the gain can reach 7.78 dB, and in the trap
band, the gain has a significant reduction, indicating that the
antenna cannot work properly in the trap band and can
shield the interference of the two trap bands.

3.2. Current Distribution. In order to analyze the trap
characteristics of the antenna, two trap frequencies of
3.6 GHz and 5.4 GHz are selected, and the current distri-
bution on the antenna’s surface is then simulated and ex-
amined, as illustrated in Figure 7. When the antenna
operates at 3.6 GHz, the feed line and the relatively large C-
shaped slit receive the majority of the antenna surface
current. Since the current flowing in both directions from
either side of the slit is opposite at this point, the generated
fields cancel each other out and are unable to radiate out
effectively, which results in the trap characteristics. When
the antenna works at 5.4 GHz, the surface current is mainly
concentrated at the relatively small C-shaped slit and the
feed line.

3.3. Radiation Patterns. Figure 8 shows the anechoic
chamber environment at the time of the antenna’s actual
radiation direction diagram. Figures 9(a)-9(d) show the
simulated radiation patterns of the antenna at 3 GHz, 5 GHz,
7 GHz, and 9 GHz, respectively. As can be seen from this
figure, the H surface of the antenna is approximately cir-
cular, the radiation pattern of the antenna is approximately

omnidirectional and does not change much within the
operating bandwidth, and the E surface of the antenna is “8”
shaped. Work in the high-frequency band will produce more
electromagnetic waves, and the direction of maximum ra-
diation will change. Overall, the radiation properties of the
antenna in the working band range are good. The measured
direction of the antenna is shown in Figures 10(a)-10(d).
The test environment is to blame for the modest distortion of
the observed radiation direction map. The omnidirectional
antenna’s radiation properties are affected by the bracket
that was installed behind it during testing, making it im-
possible to measure the radiation direction map of the
antenna correctly in an anechoic chamber.

3.4. Flexible Properties. With a relative permittivity of 2.9
and a loss angle tangent of 0.002, liquid crystal polymer
(LCP) material is used as the dielectric substrate in this
paper’s ultra-wideband antenna design. LCP is a flexible
material that exhibits good flexibility, allowing the antenna
to be bent and conformal to the carrier surface with good
molding performance. In addition, LCP offers a broad re-
search prospect in the field of wearable antennas.

Figure 11(a) depicts the antenna’s bending simulation
design. The antenna is bent horizontally, and the influence
on the antenna’s S, characteristics under various bending
radii is simulated. R; represents the bending radius. Then, as
indicated in Figure 11(b), R i is chosen as the bending radius,
and the impact of bending in a vertical direction on the
antenna’s S;; characteristics is examined and simulated. The
simulated S,; parameters for the antenna bending in both
the horizontal and vertical directions are shown in Figures
12(a) and 12(b), respectively. When the antenna is bent
along the horizontal and vertical directions, the operating
bandwidth at high frequency becomes smaller compared
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FiGUure 7: Current distribution at the trap frequency of the antenna. (a) 3.6 GHz. (b) 5.4 GHz.

F1GURE 8: Anechoic chamber measurement environment.
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Ficure 9: Simulated radiation patterns of the antenna at different frequencies. (a) 3 GHz. (b) 5GHz. (¢) 7 GHz. (d) 9 GHz.

with the simulation results when it is flat, but the effect on
the operating bandwidth at low frequency is almost in-
significant, which can still meet the demand of ultra-
wideband communication systems. The antenna is then
coformed with cylinders of varying radii; these radii are the
bending radii R; and R;. The §,; parameters of the antenna
under various bending radii are then measured, and the
measured results of the antenna bending are displayed in
Figures 12(a) and 12(b). The center frequencies of the two
trap bands will be somewhat impacted by the increase in the
bending radius; the WiMAX band trap center frequency
remains almost unchanged, while the WLAN band trap
center frequency shifts to a lower frequency in comparison
to its flat state. However, the bandwidth of the trap band
remains essentially unchanged, and the overall trend can still
meet the requirements.

3.5. The Effect of the Human Body on the Antenna. In order to
verify the wearability of the antenna, the designed antenna is
placed on the human chest position, arms, and legs to

measure the return loss S;, so as to verify the impact of the
human body on the antenna performance, and the place-
ment position is shown in Figure 13. The antenna is placed
on the clothing and the human body conformal will have
a slight bend; the measurement results are given, the low-
frequency part of the operating band and the center fre-
quency of the trapped wave and the horizontal placement of
the measurement results change slightly, but basically can
meet the design requirements.

3.6. Human-Specific Absorption Rate Simulation. The human
simulation model, as illustrated in Figure 14, is established in
accordance with the literature [21] to verify the scenario of the
flexible antenna applied to the body domain network. The
analysis of the SAR value of the human body-specific ab-
sorption rate is used to measure the effect of the radiated energy
on the human tissue during the operation of the flexible an-
tenna. The dimensions of the human body model are
45 x 50 x 40 mm”. It is composed of four layers: a skin layer that
is 2mm thick, with a conductivity of =149 (S/m) and
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FIGURE 11: Schematic diagram of the antenna under different directions of bending. (a) Bending along the horizontal direction. (b) Bending
along the vertical direction.
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a dielectric constant of ¢, = 37.59; a fat layer that is 5 mm thick,
with a dielectric constant of ¢, =5.27 and a conductivity of
0=0.11 (S/m); a 20 mm thick model, representing the muscle
model, and a 13 mm thick model, representing the bone model,
with a dielectric constant of ¢, =18.49 and a conductivity of
0=0.82 (S/m). The SAR values are calculated as follows:

EZ
SAR = 2% )
P

where E is the root mean square value of the electric field
strength, p is the density of human tissue, and o is the
electrical conductivity. Table 2 displays the highest SAR

values that were obtained from the simulation at various
operating frequencies when the input power was set to 0.2 W
and the distance between the antenna and the human tissue
model was h; =5 mm. The human body simulation model is
established for SAR value simulation [22]. The highest SAR
value of 10 g of human tissue is less than 2 W/kg, which is
lower than the EU standard for all simulated maximum SAR
values. Assuming a distance of h; =5 mm between the an-
tenna and the human tissue model, Figure 15 displays the
SAR distribution on the 10g model at various operating
frequencies. The comprehensive comparison between this
work and some other wideband antennae is conducted in
Table 3.
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Antenna
2 mm
5 mm
Skin
Fat 20 mm
Muscle 13 mm
Bone
FiGURE 14: Human tissue model.
TaBLE 2: Maximum SAR values at different frequencies.

Frequency (GHz) 10 g tissue (W/kg)
3.5 1.39

6 1.05

9.5 1.11

TaBLE 3: Comparison of several types of antennas.
. 3 Trapped Bandwidth Max gain Max SAR -
References Size (mm~) wave (GHz) Substrate Feed (dB) (W/kg) Flexibility
(23] 32.5%20.5x 1.6 0 2.8-12 FR4 Mlcﬁgzmp 6.5 Not mentioned ~ No
[24] 72x72%x1.2 1 3-12 FR4 Mlcﬁﬁztr P 6.8 Not mentioned ~ No
Taconic Microstrip Not .
[25] 22x13x0.8 1 2.9-23.5 TLY-5 line mentioned Not mentioned No
26] 2x15%1.6 0 3.4-12.9 FR4 Microstrip Not Not mentioned  No
line mentioned
[27] 30x23%0.5 0 2.45/5.8 PI Mlcﬁgzmp 6.89 0.39 Yes
[28] 50 x 40.6 x 0.075 0 2.02-2.92 PI CPW N.Ot Not mentioned Yes
mentioned

[29] 30x30.5x1 0 4.0-13.6 PDMS Mlcﬁgzmp 591 1.99 Yes
This article  30x35x0.1 2 1.96-11.61 LCP CPW 7.78 1.39 Yes

SAR Field

[w/ks

g
1. 3944E+000

SAR Field
[w/kg]

1. 0523E+000
9. 8349E-001
9. 1463E-001
8. 4577E-001
7. 7692E-001
7. 0806E-001
6. 3920E-001
5. 7034E-001
5. 0148E-001
4.3262E-001
3.6377E-001
2. 9491E-001
2.2605E-001
1. 5719E-001
8. 8333E-002
1. 9475E-002

1. 3052E+000
1. 2159E+000
1.1267E+000 |
1.0375E+000 &
9.4826E-001 [

8. 5903E-001
7. 6980E-001
6. 8058E-001
5. 9135E-001
5. 0212E-001
4. 1289E-001
3.2367E-001
2. 3444E-001
1. 4521E-001
5. 5983E-002

FiGgure 15: Continued.
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1. 1061E+000

. 1. 0371E+000

' 9.6801E-001

| 8.9894E-001

8. 2988E-001

7. 6081E-001

6.9174E-001

6. 2268E-001
5.5361E-001
4. 8454E-001
| 4.1547E-001

3.4641E-001
2.7734E-001
2. 0827E-001
1. 3921E-001
7.0138E-002

11

F1GURe 15: SAR distribution of 10 g of tissue simulated on the human tissue model at different operating frequencies. (a) 3.5 GHz. (b) 6 GHz.

(¢) 9.5 GHz.

4. Conclusion

In this paper, a flexible liquid crystal polymer-based
trapped ultra-wideband antenna is designed, con-
structed, and its dimensions, number of traps, opera-
tional bandwidth, dielectric substrate type, feeding
mechanism, and bending properties are compared with
those of contemporary literature. By using liquid crystal
polymer flexible material as the dielectric substrate, the
coplanar waveguide for feeding, and etched C-shaped
slits on the radiating patch to fulfill the trap function; this
research designs a wearable ultra-wideband flexible
antenna for usage in body domain networks. Experi-
ments were conducted on the effects of flexible bending
and human-specific absorption rate of the antenna. The
antenna operates in the frequency band range of
1.96-11.61 GHz and suppresses interference in the
WiMAX band and WLAN band. The results demonstrate
the good radiation characteristics, good gain, good
bending characteristics in the working band, and good
radiation performance to the human body of the antenna
designed in this paper. It can be used for applications in
the body area network and ultra-wideband communi-
cation systems.
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