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Abstract: In this article, an inkjet-printed circular-shaped monopole ultra-wideband (UWB) an-
tenna with an inside-cut feed structure was implemented on a flexible polyethylene terephthalate
(PET) substrate. The coplanar waveguide (CPW)-fed antenna was designed using ANSYS high-
frequency structural simulator (HFSS), which operates at 3.04-10.70 GHz and 15.18-18 GHz (upper
K, band) with a return loss < —10 dB and a VSWR < 2. The antenna, with the dimensions of
47 mm x 25 mm x 0.135 mm, exhibited omnidirectional radiation characteristics over the entire
impedance bandwidth, with an average peak gain of 3.94 dBi. The simulated antenna structure
was in good agreement with the experiment’s measured results under flat and bending conditions,
making it conducive for flexible and wearable Internet of things (IoT) applications.

Keywords: UWB antenna; IoT; inkjet printer; PET; bending analysis; circular-shaped antenna

1. Introduction

The integration of advanced technologies in the modern communication framework
has accelerated the widespread use of interconnected miniaturized devices in the Internet
of things (IoT) [1,2] platform. The IoT applications demand connectivity among devices
in a wide variety of applications requiring multiple communication devices [3-7]. For
improving system performance and reconfigurability, sometimes lumped equivalent circuit
models of an antenna are used in modern communication devices, which may require
complex simulation and mathematical analysis [8]. Ultra-wideband (UWB) technology-
based devices have the potential to accommodate the demanding needs of connectivity
considering the additional constraints of reduced IoT circuit elements, as well as the devices’
size, weight, and budget.

The UWB technology has gained significant attention over the last decade due to its
wide bandwidth, high-speed data rate characteristics, power efficiency, non-interfering
signals, efficient use of spectrum, secure communication system, and simple circuitry for
implementation [9]. For UWB applications, a frequency range of 3.1 to 10.6 GHz, with a
bandwidth of 7.5 GHz, has been allocated by the Federal Commission of Communication
(FCC), USA [10-12]. UWB antennas form an integral part of wireless body area networks
(WBAN) and IoT devices for their compactness and simplicity [13]. The UWB antennas
find niche applications where low-cost wireless sensors are used for continuous data
transmission and low-radiated power characteristics, predominantly in wearable or flexible
IoT devices [14-17].

Numerous UWB antenna designs on flexible substrates exist in the literature [1,3,18-23].
Mustagim et al. designed a rectangular UWB antenna on FR4 and a denim textile substrate,
operating in the 2.9 to 11 GHz band for wearable IoTs [1]. Saha et al. developed a CPW-fed
UWB antenna on a paper substrate, operating in 3.2-30 GHz with considerable gain for
IoT applications [3]. Wang et al. presented a flexible UWB antenna fabricated using a
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surface modification and an in situ self-metallization technique on a polyimide substrate,
which covered a 1.35 to 16.40 GHz band [18]. Fang et al. developed a graphene-assembled
film (GAF)-based compact and low-profile ultra-wide bandwidth (UWB) antenna covering
4.1-8.0 GHz wearable applications [19]. Natale and Giampaolo presented a reconfigurable
UWB antenna for WBAN on fabric materials [20]. Zhang et al. proposed and analyzed a
flexible UWB antenna, covering 3.06 to 13.58 GHz, both in flat and bent states [22]. A UWB
antenna operating from 3.1 GHz to 11.3 GHz was developed by El Gharbi et al., on a felt
textile substrate [23]. Table 1 provides a concise literature review of the different kinds of
UWSB antennas designed on rigid and flexible substrates in recent years.

Table 1. Literature summary of the performance of different CPW-fed antennas for wide frequency bands.

Reference ¢ Flexibility  Size (mm?) R(a)lfgeer?tci;rll-;gz) FBW % Pea(l:ugain Material
Rabiul et al. [24] 3.2 v 34 x 25 1.66-16.1 188.5 491 PET Paper
Lakrit et al. [25] 2.08 v 45 x 35 1.20-13.0 166.2 5.40 Teflon

Lietal. [26] 2.65 4 32 x 24 2.70-12.0 - 3.80 -

Chen et al. [27] 3.00 v 23 x 20.2 3.00-20.0 - 4.40 Tape
Khaleel et al. [28] 3.40 v 47 x 33 2.20-14.3 - 4.95 Kapton polyimide
Zhang et al. [22] 3.50 4 38 x 30.4 2.85-19.4 - 4.15 Kapton polyimide

Varkiani and Afsahi [29] 1.65 v 23.5 x 22 3.20-16.3 135.0 - Cotton layer
Wang and Arslan [30] 3.20 v 26 x 35.5 3.10-10.6 - - Polyester
Liu and Kao [31] 4.40 X 24 x 31 3.05-12.9 - 4.70 FR4
Das et al. [32] 3.20 X 75 %X 63 3.10-10.6 111.4 3.50 Rogers RO4232
Elmobarak et al. [33] 2.70 v 40 x 40.5 3.30-12.0 - 4.90 Composite laminate
Jalil et al. [34] 1.35 4 30 x 40 3.00-12.0 - - Fleece
Hakimi et al. [35] 3.24 v 45 x 30 3.15-30.0 164 4.80 PET
Nie et al. [36] 3.66 X 110 x 120 3.00-10.00 - 6.00 Rogers RO4350B
Shih'}lcs}?er‘nlgsé;‘]r‘d Kal 590 v 70 x 70 3.00-11.0 - 5.50 Rogers 3850
Kumar and Gupta [38]  3.48 v 25 x 45 3.00-11.0 - 4.75 RO4350b

With an aim to improve the UWB antenna’s performance characteristics, this article
explores an inkjet-printed circular-shaped UWB monopole antenna on PET for IoT ap-
plications. The flexible UWB antenna is designed to operate in the 3.04-10.70 GHz and
15.18-18 GHz (upper K, band). A prototype of the proposed UWB antenna was fabricated
to measure its reflection coefficient (S11), compared with the simulated ones in flat and
bent conditions. Other antenna parameters such as gain, radiation pattern, and radiation
efficiency were also simulated in the ANSYS and discussed in the article. The manuscript
contains the following sections: Sections 2 and 3 cover the parametric study results and
fabrication mechanism for the proposed UWB antenna. Section 4 compares the measured
511 with the simulated ones and includes the simulated 2D radiation patterns and other
antenna parameters along with the antennas’ bending effects under different radii. Lastly,
the conclusions are drawn in Section 5.

2. Antenna Design and Analysis

A commercially available PET substrate with a dielectric constant of 3.2, a loss tangent
of 0.022, and a thickness of 135 um was used for designing the proposed antenna.

The dimension of the antenna was 47 mm x25 mm x0.140 mm. The evolution of the
proposed antenna design is shown in Figure 1.
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Figure 1. The evolution of the proposed antenna design, with dimension variables (a) Initial stage,
(b) Final stage and (c) Dimensions variables of the proposed antenna.

The design process started with a conventional CPW-fed (50 Q) circular-shaped
monopole antenna, as shown in Figure 1a. The ground and feedline gap and parameters
related to the feedline gap (Fy), feedline width (W¢), and feedline cut structure (Cy, Cy) con-
trolled the S11 parameter of the antenna. The feedline was modified in the second and final
stage (Figure 1b) and was slightly cut from the side adjacent to the patch. Figure 1c shows
the dimension of the antenna with different variables. The ANSYS HFSS (Canonsburg, PA,
USA) -simulated final dimensions are given in Table 2. Less than —10 dB bandwidth from
3.04 GHz to 10.70 GHz and 15.18 GHz to 18 GHz was obtained from this design (Figure 2).

The implementation of the designed antenna is driven by investigating the parameters
that impact the frequency response. The parametric study was started by introducing a
side cut on the feedline structure and varying the cut length and depth. Figure 3 illus-
trates the reflection coefficient versus the frequency plot for different values of the cut
length from the feedline. A smaller bandwidth was observed for smaller cut lengths. For
11.44 mm, a cut length along the feedline gives the highest bandwidth with acceptable
impedance performance.
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Table 2. The proposed free-space antenna dimensions.

Parameters Dimensions (mm)

Lsyp 47

Wiup 25
G 19.84
Gw 8.94
L f 21.79
Wf 1.52
R 8.1
Cy 11.44
Cy 0.2
H ¢ 9.06
Fy 0.27

- «|nitial Stage
- Final Stage

4 6 8 10 12 14 16 18 20
Frequency (GHz)

Figure 2. The reflection coefficient plot of the antenna’s design stages.

511 (dB)

Frequency (GHz)

Figure 3. The reflection coefficient plot for different values of cut length of the feedline (depth,
Cy =0.2 mm).

Increasing the cut length further fails to give an acceptable reflection coefficient. Next,
keeping the cut length fixed at 11.44 mm, the depth of the cut was changed between
0.1 mm and 0.5 mm. The plot of the reflection coefficient for different depths (Cy) of the
side cut are shown in Figure 4. Increasing the depth of the feedline cut from 0.1 mm to
0.2 mm improved the impedance-matching bandwidth; however, further increases in Cy
deteriorated the condition. Thus, 0.2 mm was used as the optimized value for the cut depth
from two sides of the feedline.
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Figure 4. The reflection coefficient plot (S11) for different feedline cut depths (Cy) (cut length, Cy= 11.44 mm).

From the parametric studies, it appeared that the tuning of the side cut length Cy, depth
of the side cut Cy, and the width of the feedline strip, Wy, generated a wider bandwidth.
Such an observation can be justified from the current distribution plot (Figure 5) of the
antenna at the three resonant frequency points of 4.6 GHz, 5.75 GHz, and 10.5 GHz. The
maximum current density appeared to be concentrated at the feedline and feeding neck
antenna, indicating that the tuning of the parameters Cy, Cy, and Wf generates a wider
impedance bandwidth.

Jsurf
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Figure 5. The current distribution plot of the proposed antenna at different resonant frequencies
(a) 4.6 GHz, (b) 5.75 GHz and (c) 10.5 GHz.
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3. Fabrication of the Antenna

The designed free-space antenna was printed using a Fujifilm Dimatix 2831 Inkjet
printer (DMP, Fujifilm, Santa Clara, CA, USA), which offers an accurate printing, using
1 pL and 10 pL volume cartridges. For the fabrication of the antenna, a 10 pL cartridge was
used, which has 16 nozzles of diameter 21 um, and was driven by the piezoelectric element
of the Dimatix printer. A commercially available silver (Ag) nanoparticle ink, JS102A
with a 40 wt% Ag content, viscosity of 8 to 12 cp, and surface tension of 19-30 dyne/cm
was used for the experiment. The ink was purchased from Novacentrix, Austin, TX,
USA. Optimized printing parameters were adopted from an earlier study [39] to print the
antenna. The printed antenna samples were sintered on a hotplate at 120° temperature to
create a compact silver layer and generate conductivity. An Agilent PNA-LN5230C vector
network analyzer (VNA) was used for the validation of the fabricated antenna samples.
Figure 6 shows the inkjet-printed antenna on the PET substrate.

Figure 6. Inkjet-printed UWB antenna.

4. Results and Discussion

The reflection coefficient (S11) from the simulation and the antenna measurement is
shown in Figure 7. It is evident that the design had four resonance frequencies: 4.36, 6.42,
9.76, and 16.52 GHz. The operating bandwidths around these frequencies overlapped,
leading to a -10 dB bandwidth from 3.04 to 10.70 GHz (FBW 111.66%) and 15.2 to 18 GHz,
which covered the partial/upper K, band. This result seems quite interesting, as the same



Micromachines 2021, 12, 453

7 of 13

UWB antenna may also be used for the upper K, band application. However, in this
research, we mainly emphasize the UWB part. The measurement was in good agreement
with the simulation, with a minor shift in resonant frequencies. The frequency shifts are
ascribed to the minor imperfections in fabrication, SMA connector losses, the effectiveness
of the silver-epoxy, and the measuring environment. However, the achieved bandwidth
covers the target UWB frequency band application.

Measured
= ==Simulated

0 5 10 15 20
Frequency (GHz)

Figure 7. The simulated and measured return loss (dB) of the proposed antenna.

The peak radiation efficiency in the operating bandwidth was found to be 98%, at
4.56 GHz, and the average radiation efficiency was 95.7%, over the entire bandwidth
(Figure 8). The radiation efficiency appears to decline with an increase in the frequency.
The reason for such an observation is that the patch’s geometry becomes larger at the
corresponding wavelength, which is consistent with the earlier literature [3,40]. Figure 9
indicates the simulated peak gain variations as a function of frequency. As observed,
the antenna had an average peak gain of 3.89 dB. Noticeably, the gain plot indicated an
increasing trend with an increasing frequency. The highest peak gain for the UWB region
was seen at the highest frequency of 10.6 GHz, which was 4.25 dB, and for the K;, band,
which was 5.7 dB, at 18 GHz. The gain increased with the increasing frequency, due to
the antenna’s large electrical size at that frequency, compared with its size at other lower
operating frequencies (Figure 9). The gain of the antenna was also measured by placing
two identical antennas, kept in the same line of sight and separated with a far-field distance,
%, where D is the maximum dimension of the antenna, and A is the wavelength of the
highest frequency. Then, the well-known Friis power transmission equation was used to
calculate the gain in the far-field region:

PP e o2 A\
o = Isaf = 66 (17 &

where the ratio of the received power to input power, %, equals the transmission coefficient

|S21 |2, which was taken from the network analyzer. Here, as we used two identical antennas;
hence, G and G, are equal. The distance, R, was kept greater than the far-field distance.
The measured gain had a good agreement with the simulated response. The scatterings and
reflections from the surrounding environment caused the difference between the simulated
and the measured gains (Figure 9).
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Figure 8. The simulated radiation efficiency plot as a function of frequency.
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Figure 9. The simulated and measured peak gain plot as a function of frequency.

In addition to investigating the return loss and radiation efficiency, the antenna
radiation pattern was also examined. The proposed antenna’s simulated radiation pattern
(Figures 10 and 11) matches with the earlier reported work [41], which confirms the design’s
validity. Generally, IoT applications require an omnidirectional radiation pattern [42]. From
the simulation of co-polarized, cross-polarized field plots and the 3D gain plot, it was
observed that the antenna presents omnidirectional characteristics. Besides, the x-z plane’s
cross-polarization value was 12 to 45 dB lower than the co-polarized values, whereas the
cross-polarization on the y-z plane was 5 to 30 dB lower than the co-polarized values for
the whole application band. Due to the lack of instrumentation, the experimental radiation
pattern could not be measured. Figure 10 shows the radiation pattern for 4.36 and 6.42 GHz.
Figure 11 shows the radiation pattern for 9.68 and 16.52 GHz.

The antenna’s performance attributes mainly to the resonant frequency and the return
loss, which need to be investigated under bent conditions in order to assess real-time
IoT application suitability. Figure 12 shows the effect of bending at different bending
radii, R, on the antenna’s simulated return loss. Based on the simulation, a slight shift in
frequencies was observed in the operating region for the bent antenna, compared with the
flat configuration. Such an observation is attributed to the fact that bending increases the
antenna’s resonant length, which results in shifting the resonance toward lower frequencies.
From Figure 12, it is worth mentioning that, with the increase in the bending radius, the
resonant frequency in the 15-17 GHz changed non-uniformly. This can be due to the
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multiple effects of bending on the S1; parameter. In [43], the authors showed a non-
linear relationship between the frequency and the bending radius, both analytically and
with experimental validation. As mentioned, bending can change the transmission line’s
effective dimension; it can also change the gap between the feedline and the ground, which,
in turn, changes the antenna’s impedance matching [44]. As the bending deformed the
antenna’s ground (both sides) slightly, it could also cause the resonant frequency shift, since
the vicinity of the ground affected the current density of the antenna, which controlled the
511 parameter [45]. Therefore, multiple phenomena can happen during bending, which
make it difficult to predict the actual behavior trend of the antenna’s S1; parameter. Thus,
non-linear shifts arise, even though the bending radius changes linearly. The antenna’s
bending characteristics were investigated by placing it around a cylindrical object of 8 cm
radius with permittivity, e, = 2.7.
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0

d (GainTotal)

Max: 2.5

Min: -46.7

-150

150
-180

-180
(a)—— Co-pol —— Cross-Pol (b)) — Co-pol Cross-Pol (c) 3D gain plot (4.36 GHz)
(4.36 GHz) (4.36 GHz)
¢ =0°

-60

dB(GairiTidaly
_i eta (deg)

N
-90 90 N 120
10 dB(GainTotal)
-120 120
Min: -43.6
150 150 i
s 180
(d)}——Co-pol Cross-Pol (e) — Co-pol Cross-Pol (f) 3D gain plot (6.42 GHz)
(6.42 GHz) (6.42 GHz)

Figure 10. The simulated co- and cross-polarization and 3D gain plot: (a) The x-z plane; (b) The y-z plane; (c) The 3D gain
plot, at 4.36 GHz; (d) The x-z plane; (e) The y-z plane; and (f) The 3D gain plot, at 6.42 GHz.
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Figure 11. The simulated co- and cross-polarization and 3D gain plot: (a) The x-z plane; (b) The y-z plane; (c) The 3D gain
plot at 9.68 GHz; (d) The x-z plane; (e) The y-z plane; and (f) The 3D gain plot at 16.52 GHz.
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Figure 12. The simulated bending impact on the antenna’s return loss.
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Figure 13 shows the comparison of the simulated and the measured bending impact on
the return loss for the bending radius of 8 mm. A frequency shift was observed during the
testing, indicating a degradation in impedance matching in higher operating frequencies.
This is attributed to the higher permittivity of the used cylindrical structure, compared with
the simulation (¢, = 1). An increase of ¢, decreases the resistive part of input impedance,
and the reactance part becomes capacitive [46,47]. Nonetheless, the antenna maintains
the desired application bandwidth for the UWB region, ensuring ample flexibility and
mechanical sturdiness, and meeting practical IoT application requirements.

11 (dB)
N
o

=== Simulated with Bending
-35 — -Measured with Bending
—Simulated without bending

0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

Figure 13. The measured bending impact on the antenna’s return loss for the bending radius of
8 mm.

5. Conclusions

In this article, a flexible UWB antenna on a PET substrate was designed and imple-
mented. The designed antenna was derived from a CPW feedline by loading a circular
radiator and cutting a slot on the feedline, in order to enhance the bandwidth. The antenna
was designed not only for the flexible application of IoT devices, but also for the free space
at ultrawide frequency bands and partial X-bands. The designed antenna exhibited an
improved radiation efficiency and FWB, compared with the other flexible UWB antennas
reported in the literature. The free space UWB antenna was fabricated and validated
through simulation and measurement results. The antenna had an omnidirectional ra-
diation pattern, with a peak gain of 4.25 dB at 10.6 GHz, in the ultra-wideband, and a
peak gain of 5.7 dB at 18.5 GHz, in the partial K, band. Due to limited infrastructure, we
were not able to perform the radiation pattern measurement. Nonetheless, the antenna’s
bending test indicated an electrical and mechanical integrity maintenance, making it an
attractive candidate for IoT devices.

Author Contributions: Conceptualization, S.G.K.; Data curation, B.A.Y. and A.R.H.; Formal analysis,
S.G.K. and A.R.H.; Investigation, S.G.K.; Methodology, S.G.K. and B.A.Y.; Project administration,
TXK. and PK.S.; Resources, PK.S.; Software, S.G.K.; Supervision, TK. and PK.S.; Validation, B.A.Y.;
Visualization, A.R.H.; Writing—original draft, .G K., B.A.Y. and A R H.; Writing—review & editing,
T.K. and PK.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.



Micromachines 2021, 12, 453 12 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mustagim, M.; Khawaja, B.A.; Chattha, H.T.; Shafique, K.; Zafar, M.].; Jamil, M. Ultra-Wideband Antenna for Wearable Internet
of Things Devices and Wireless Body Area Network Applications. Int. ]J. Numer. Model. Electron. Netw. Devices Fields
2019, 32. [CrossRef]

Kirtania, S.G.; Riheen, M.A.; Kim, S.U.; Sekhar, K.; Wisniewska, A.; Sekhar, PK. Inkjet Printing on a New Flexible Ceramic
Substrate for Internet of Things (IoT) Applications. Micromachines 2020, 11, 841. [CrossRef]

Saha, T.K.; Knaus, T.N.; Khosla, A.; Sekhar, PK. A CPW-Fed Flexible UWB Antenna for IoT Applications. Microsyst. Technol.
2018. [CrossRef]

Hasan, M.M.; Faruque, M.R.I; Islam, M.T. Thin-Layer Dielectric and Left-Handed Metamaterial Stacked Compact Triband
Antenna for 2 GHz to 4 GHz Wireless Networks. J. Electron. Mater. 2019, 48, 3979-3990. [CrossRef]

Hasan, M.M.; Rahman, M.; Faruque, M.R.L; Islam, M.T. Bandwidth Enhanced Metamaterial Embedded Inverse L-Slotted Antenna
for WiFi/WLAN/WiMAX Wireless Communication. Mater. Res. Express 2019, 6, 085805. [CrossRef]

Hasan, M.M.; Faruque, M.R.I; Islam, M.T. Dual Band Metamaterial Antenna For LTE/Bluetooth/WiMAX System. Sci. Rep. 2018,
8, 1240. [CrossRef]

Hasan, M.M.; Rahman, M.; Faruque, M.R.I; Islam, M.T.; Khandaker, M.U. Electrically Compact SRR-Loaded Metamaterial
Inspired Quad Band Antenna for Bluetooth/WiFi/WLAN/WiMAX System. Electronics 2019, 8, 790. [CrossRef]

Mahfuz Tamim, A.; Mehedi Hasan, M.; Rashed Igbal Faruque, M.; Tariqul Islam, M.; Nebhen, J. Polarization-Independent
Symmetrical Digital Metasurface Absorber. Results Phys. 2021, 103985. [CrossRef]

Hirt, W. Ultra-Wideband Radio Technology: Overview and Future Research. Comput. Commun. 2003, 26, 46-52. [CrossRef]
Ramos, A.; Lazaro, A.; Girbau, D.; Villarino, R. Introduction to RFID and Chipless RFID. In RFID and Wireless Sensors Using
Ultra-Wideband Technology; Elsevier: Amsterdam, The Netherlands, 2016; pp. 1-18. ISBN 978-1-78548-098-0.

Alam, M.].; Faruque, M.R.I,; Hasan, M.M.; Islam, M.T. Split Quadrilateral Miniaturised Multiband Microstrip Patch Antenna
Design for Modern Communication System. IET Microw. Antennas Propag. 2017, 11, 1317-1323. [CrossRef]

Anveshkumar, N.; Gandhi, A.S. Lumped Equivalent Models of Narrowband Antennas and Isolation Enhancement in a Three
Antennas System. Radioengineering 2018, 27, 646—-653. [CrossRef]

Davoli, L.; Belli, L.; Cilfone, A.; Ferrari, G. From Micro to Macro IoT: Challenges and Solutions in the Integration of IEEE
802.15.4/802.11 and Sub-GHz Technologies. IEEE Internet Things ]. 2018, 5, 784-793. [CrossRef]

Gao, G.-P; Hu, B.; Wang, S.-F,; Yang, C. Wearable Circular Ring Slot Antenna with EBG Structure for Wireless Body Area Network.
IEEE Antennas Wirel. Propag. Lett. 2018, 17, 434—437. [CrossRef]

Kang, C.-H.; Wu, S.-].; Tarng, ].-H. A Novel Folded UWB Antenna for Wireless Body Area Network. IEEE Trans. Antennas Propag.
2012, 60, 1139-1142. [CrossRef]

Islam, M.; Islam, M.; Samsuzzaman, M.; Faruque, M.; Misran, N. A Negative Index Metamaterial-Inspired UWB Antenna
with an Integration of Complementary SRR and CLS Unit Cells for Microwave Imaging Sensor Applications. Sensors 2015, 15,
11601-11627. [CrossRef] [PubMed]

Dumoulin, A.; John, M.; Ammann, M.].; McEvoy, P. Optimized Monopole and Dipole Antennas for UWB Asset Tag Location
Systems. IEEE Trans. Antennas Propag. 2012, 60, 2896-2904. [CrossRef]

Wang, Z.; Qin, L.; Chen, Q.; Yang, W.; Qu, H. Flexible UWB Antenna Fabricated on Polyimide Substrate by Surface Modification
and in Situ Self-Metallization Technique. Microelectron. Eng. 2019, 206, 12-16. [CrossRef]

Fang, R.; Song, R.; Zhao, X.; Wang, Z.; Qian, W.; He, D. Compact and Low-Profile UWB Antenna Based on Graphene-Assembled
Films for Wearable Applications. Sensors 2020, 20, 2552. [CrossRef]

Di Natale, A.; Di Giampaolo, E. A Reconfigurable all-Textile Wearable UWB Antenna. Prog. Electromagn. Res. C 2020, 103,
31-43. [CrossRef]

Veeraselvam, A.; Mohammed, G.N.A.; Savarimuthu, K.; Marimuthu, M.; Balasubramanian, B. Polarization Diversity Enabled Flex-
ible Directional UWB Monopole Antenna for WBAN Communications. Int. J. RF Microw. Comput. Aided Eng. 2020, 30. [CrossRef]
Zhang, Y,; Li, S.; Yang, Z.; Qu, X.; Zong, W. A Coplanar Waveguide-fed Flexible Antenna for Ultra-wideband Applications. Int. ].
RF Microw. Comput. Aided Eng. 2020, 30. [CrossRef]

El Gharbi, M.; Martinez-Estrada, M.; Fernandez-Garcia, R.; Ahyoud, S.; Gil, I. A Novel Ultra-Wide Band Wearable Antenna under
Different Bending Conditions for Electronic-Textile Applications. J. Text. Inst. 2020, 1-7. [CrossRef]

Hasan, M.R.; Riheen, M. A.; Sekhar, P.; Karacolak, T. Compact CPW-fed Circular Patch Flexible Antenna for Super-wideband
Applications. IET Microw. Antennas Propag. 2020, 14, 1069-1073. [CrossRef]

Lakrit, S.; Das, S.; Ghosh, S.; Madhav, B.T.P. Compact UWB Flexible Elliptical CPW-fed Antenna with Triple Notch Bands for
Wireless Communications. Int. |. RF Microw. Comput. Aided Eng. 2020, 30, €22201. [CrossRef]

Li, Y,; Li, W,; Ye, Q. A CPW-Fed Circular Wide-Slot UWB Antenna with Wide Tunable and Flexible Reconfigurable Dual Notch
Bands. Sci. World ]. 2013, 2013, 1-10. [CrossRef]

Chen, S.J.; Kaufmann, T.; Shepherd, R.; Chivers, B.; Weng, B.; Vassallo, A.; Minett, A.; Fumeaux, C. A Compact, Highly Efficient
and Flexible Polymer Ultra-Wideband Antenna. IEEE Antennas Wirel. Propag. Lett. 2015, 14, 1207-1210. [CrossRef]

Khaleel, H.R.; Al-Rizzo, HM.; Rucker, D.G.; Mohan, S. A Compact Polyimide-Based UWB Antenna for Flexible Electronics. IEEE
Antennas Wirel. Propag. Lett. 2012, 11, 564-567. [CrossRef]


http://doi.org/10.1002/jnm.2590
http://doi.org/10.3390/mi11090841
http://doi.org/10.1007/s00542-018-4260-0
http://doi.org/10.1007/s11664-019-07155-0
http://doi.org/10.1088/2053-1591/ab261a
http://doi.org/10.1038/s41598-018-19705-3
http://doi.org/10.3390/electronics8070790
http://doi.org/10.1016/j.rinp.2021.103985
http://doi.org/10.1016/S1403-3664(02)00119-6
http://doi.org/10.1049/iet-map.2016.0938
http://doi.org/10.13164/re.2018.0646
http://doi.org/10.1109/JIOT.2017.2747900
http://doi.org/10.1109/LAWP.2018.2794061
http://doi.org/10.1109/TAP.2011.2173101
http://doi.org/10.3390/s150511601
http://www.ncbi.nlm.nih.gov/pubmed/26007721
http://doi.org/10.1109/TAP.2012.2194686
http://doi.org/10.1016/j.mee.2018.12.006
http://doi.org/10.3390/s20092552
http://doi.org/10.2528/PIERC20031202
http://doi.org/10.1002/mmce.22311
http://doi.org/10.1002/mmce.22258
http://doi.org/10.1080/00405000.2020.1762326
http://doi.org/10.1049/iet-map.2020.0155
http://doi.org/10.1002/mmce.22201
http://doi.org/10.1155/2013/402914
http://doi.org/10.1109/LAWP.2015.2398424
http://doi.org/10.1109/LAWP.2012.2199956

Micromachines 2021, 12, 453 13 of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

Hosseini Varkiani, S.M.; Afsahi, M. Compact and Ultra-Wideband CPW-Fed Square Slot Antenna for Wearable Applications.
AEU Int. |. Electron. Commun. 2019, 106, 108-115. [CrossRef]

Wang, F.; Arslan, T. A Wearable Ultra-Wideband Monopole Antenna with Flexible Artificial Magnetic Conductor. In Proceedings
of the 2016 Loughborough Antennas & Propagation Conference (LAPC) IEEE Loughborough, Leicestershire, UK, 14-15 November
2016; pp- 1-5.

Liu, W.-C.; Kao, P.-C. CPW-Fed Triangular Monopole Antenna for Ultra-Wideband Operation. Microw. Opt. Technol. Lett. 2005, 47,
580-582. [CrossRef]

Das, S.; Islam, H.; Bose, T.; Gupta, N. Ultra Wideband CPW-Fed Circularly Polarized Microstrip Antenna for Wearable Applica-
tions. Wirel. Pers. Commun. 2019, 108, 87-106. [CrossRef]

Elmobarak, H.A.; Rahim, S.K.A.; Castel, X.; Himdi, M. Flexible Conductive Fabric/E-glass Fibre Composite Ultra-Wideband
Antenna for Future Wireless Networks. IET Microw. Antennas Propag. 2019, 13, 455-459. [CrossRef]

Jalil, M.E.; Rahim, M.K.A.; Samsuri, N.A.; Dewan, R.; Kamardin, K. Flexible Ultra-Wideband Antenna Incorporated with
Metamaterial Structures: Multiple Notches for Chipless RFID Application. Appl. Phys. A 2017, 123, 48. [CrossRef]

Hakimi, S.; Rahim, S.K.A.; Abedian, M.; Noghabaei, S.M.; Khalily, M. CPW-Fed Transparent Antenna for Extended Ultrawideband
Applications. IEEE Antennas Wirel. Propag. Lett. 2014, 13, 1251-1254. [CrossRef]

Nie, L.Y;; Lin, X.Q.; Yang, Z.Q.; Zhang, J.; Wang, B. Structure-Shared Planar UWB MIMO Antenna with High Isolation for Mobile
Platform. IEEE Trans. Antennas Propag. 2019, 67, 2735-2738. [CrossRef]

Hsu, H.S.; Chang, K. Ultra-Thin CPW-Fed Rectangular Slot Antenna for UWB Applications. In Proceedings of the 2006 IEEE
Antennas and Propagation Society International Symposium, Albuquerque, NM, USA, 9-14 July 2006; pp. 2587-2590.

Kumar, V.; Gupta, B. On-Body Measurements of SS-UWB Patch Antenna for WBAN Applications. AEU Int. ]. Electron. Commun.
2016, 70, 668—675. [CrossRef]

Riheen, M.A; Saha, T.K.; Sekhar, PX. Inkjet Printing on PET Substrate. ]. Electrochem. Soc. 2019, 166, B3036-B3039. [CrossRef]
Singhal, S.; Singh, A K. CPW-fed Hexagonal Sierpinski Super Wideband Fractal Antenna. IET Microw. Antennas Propag. 2016, 10,
1701-1707. [CrossRef]

Jianxin, L.; Chiau, C.C.; Xiaodong, C.; Parini, C.G. Study of a Printed Circular Disc Monopole Antenna for UWB Systems. IEEE
Trans. Antennas Propag. 2005, 53, 3500-3504. [CrossRef]

De Cos Gémez, M.E.; Fernandez Alvarez, H.; Puerto Valcarce, B.; Garcia Gonzalez, C.; Olenick, J.; Las-Heras Andrés, F.
Zirconia-Based Ultra-Thin Compact Flexible CPW-Fed Slot Antenna for IoT. Sensors 2019, 19, 3134. [CrossRef]

Dahele, ].S.; Mitchell, R.J.; Luk, KM.; Lee, K.F. Effect of Curvature on Characteristics of Rectangular Patch Antenna. Electron. Lett.
1987, 23, 748. [CrossRef]

Rizwan, M.; Syddnheimo, L.; Ukkonen, L. Impact of Bending on the Performance of Circularly Polarized Wearable Antenna. In
Proceedings of the Progress in Electromagnetics Research Symposium, Prague, Check Republic, 6-11 July 2015; pp. 732-737.
Ooi, P.C.; Selvan, K.T. THE Effect of Ground Plane on the Performance of a Square Loop CPW-FED Printed Antenna. Prog.
Electromagn. Res. Lett. 2010, 19, 103-111. [CrossRef]

Katehi, P.; Alexopoulos, N. On the Effect of Substrate Thickness and Permittivity on Printed Circuit Dipole Properties. IEEE Trans.
Antennas Propag. 1983, 31, 34-39. [CrossRef]

Kirtania, S.G.; Elger, A.W.; Hasan, M.R.; Wisniewska, A.; Sekhar, K.; Karacolak, T.; Sekhar, PK. Flexible Antennas: A Review.
Micromachines 2020, 11, 847. [CrossRef] [PubMed]


http://doi.org/10.1016/j.aeue.2019.04.024
http://doi.org/10.1002/mop.21235
http://doi.org/10.1007/s11277-019-06389-9
http://doi.org/10.1049/iet-map.2018.5195
http://doi.org/10.1007/s00339-016-0694-3
http://doi.org/10.1109/LAWP.2014.2333091
http://doi.org/10.1109/TAP.2018.2889596
http://doi.org/10.1016/j.aeue.2016.02.003
http://doi.org/10.1149/2.0091909jes
http://doi.org/10.1049/iet-map.2016.0154
http://doi.org/10.1109/TAP.2005.858598
http://doi.org/10.3390/s19143134
http://doi.org/10.1049/el:19870530
http://doi.org/10.2528/PIERL10102907
http://doi.org/10.1109/TAP.1983.1143003
http://doi.org/10.3390/mi11090847
http://www.ncbi.nlm.nih.gov/pubmed/32933077

	Introduction 
	Antenna Design and Analysis 
	Fabrication of the Antenna 
	Results and Discussion 
	Conclusions 
	References

