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Abstract: This paper demonstrates the performance of a potential design of a paper substrate-based
flexible antenna for intrabody telemedicine systems in the 2.4 GHz industrial, scientific, and medical
radio (ISM) bands. The antenna was fabricated using 0.54 mm thick flexible photo paper and
0.03 mm copper strips as radiating elements. Design and performance analyses of the antenna were
performed using Computer Simulation Technology (CST) Microwave Studio software. The antenna
performances were investigated based on the reflection coefficient in normal and bent conditions.
The total dimensions of the proposed antenna are 40 x 35 x 0.6 mm>. The antenna operates at
2.33-2.53 GHz in the normal condition. More than an 8% fractional bandwidth is expressed by
the antenna. Computational analysis was performed at different flexible curvatures by bending
the antenna. The minimum fractional bandwidth deviation is 5.04% and the maximum is 24.97%.
Moreover, it was mounted on a homogeneous phantom muscle and a four-layer human tissue
phantom. Up to a 70% radiation efficiency with a 2 dB gain was achieved by the antenna. Finally,
the performance of the antenna with a homogeneous phantom muscle was measured and found
reliable for wearable telemedicine applications.

Keywords: flexible antenna; paper antenna; telemedicine; wearable communication; small antenna;
paper substrate

1. Introduction

Wearable communication technologies can offer promising solutions in biomedical, consumer
electronics, military, and smart home applications. Zimmerman was the very first to discuss
body-centric wireless communication systems [1]. The operating frequency of his prototype device
was 330 KHz. Since then, body-centric communication systems’ operating frequencies have undergone
various changes. In addition to the ultrahigh frequency (UHF) bands that are used for intrabody
telemedicine applications, 2.4 GHz is used extensively as an industrial, scientific, and medical (ISM)
band [2,3]. Low-profile and lightweight antennas are usually preferred for such applications. However,
the height or thickness of the antenna can occasionally be an issue for on-body applications. Moreover,
thick antennas lack flexibility; even though they might have flexible features, they can become fragile.
To address this problem, flexible paper substrate-based antennas can be utilized since paper is light in
weight but has a suitable flexibility limit, depending on the thickness of the substrate. According to
the literature, paper-based [4], inkjet-printed antennas have been used for wearable applications [5,6].
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Although paper-based, inkjet-printed antennas are cost-effective and easy to manufacture,
the conductive ink deteriorates over time, open-circuit phenomena may arise, and the ink is sensitive to
heat. In addition, textile antennas can be somewhat flexible [7], but they can also be quite costly,
depending on the type of textile. In addition to these types of antennas, other antennas can be found in
the literature on wearable communication: for instance, an artificial magnetic conductor (AMC)-backed
wearable antenna was described in [8,9]. The antenna used two layers of AMC and Styrofoam between
the radiating element and the ground. These layers gave the antenna a total thickness of 9.5 mm,
which is quite high.

This paper proposes a new design concept of a paper-based antenna to overcome the
shortcomings of other paper-based antennas. The proposed design exploits the lightweight and
flexible properties of paper for its application in telemedicine and wearable smart electronic devices
for health monitoring. The proposed antenna operates at 2.33-2.53 GHz and resonates at 2.43 GHz.
Photo paper was used to construct the 0.54 mm thick substrate, which provides a balance between
flexibility and stability in the antenna. A slotted microstrip feed line was used to excite the antenna.
The total electrical dimensions of the antenna are 0.31A x 0.27A x 0.004A. First, the antenna was
simulated and measured in the normal straight condition. Then, the antenna was measured in the
bent condition. In both conditions, the performance is stable in the desired 2.4 GHz ISM band. Then,
to validate the flexibility performance of the antenna, computation analysis was performed while
bending the antenna into side-by-side and upside-down orientations at different curvature radii.
Moreover, a homogeneous phantom muscle and a four-layered human tissue model were mounted
with the antenna for computational performance analysis. Finally, the antenna was mounted on a
homogeneous phantom muscle, and the reflection coefficient and radiation patterns were studied.

2. Design and Methodology

The design and computational analysis of the antenna were performed using Computer
Simulation Technology (CST) Microwave Studio software. The primary design process of the antenna
started with a basic microstrip-fed antenna, and modification of the radiating patch led to the proposed
design. Three designs were simulated to obtain the final design, as depicted in Figure 1. In the proposed
design, the length of the microstrip feed is 15 mm and the length and width of the substrate paper
material are 40 mm and 35 mm, respectively, providing the antenna with a low profile. Further,
0.54 mm thick photo paper was used as the substrate, and 0.03 mm thick copper strips were used
as radiating elements. A partial grounding technique was utilized to obtain a satisfactory operating
bandwidth. The corresponding reflection coefficients of the computed paper-based antennas are shown
in Figure 2, and the final design of the proposed antenna is illustrated in Figure 3.

(b)

Figure 1. (a) Design 1; (b) Design 2; (c) proposed design.
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Figure 2. Reflection coefficients of the antenna.
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The length of the upper copper strip has a great impact on the resonant frequency. A parametric
study was conducted to determine the optimum length of the upper radiating element. The results
are shown in Figure 4. Increasing the length of ‘a’ results in a lower-frequency resonance. Since the
length of ‘a” has a great impact on the resonant frequency, varying the length from 20 to 36 mm shifted
the resonant frequency from 2.2 to 2.42 GHz, approximately. The other parameters were obtained
through a parametric study, and the optimized design parameters are listed in Table 1.
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Figure 4. Variation in the reflection coefficient by changing the length of ‘a’.
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Table 1. Design parameters of the proposed antenna.

40f13

Parameters Value (mm) Parameters Value (mm)
L 40 W 35
a 20 b 16
c 25 d 15
e 12 f 5

The prototype was fabricated with commercially available photo paper and a metallic copper
strip. The reflection coefficient of the proposed antenna was measured using a performance network
analyzer (N5227A) that was calibrated using the Electronic Calibration Module (N4694-60001). Figure 5
represents the fabricated prototype and reflection coefficient measurement of the proposed antenna.
The antenna far-field characteristics were investigated using a Satimo near-field measurement system.

Moreover, a homogeneous phantom muscle was also made to verify the simulated reflection
coefficient of the proposed antenna with the phantom muscle, as shown in Figure 6. The homogeneous
phantom muscle was fabricated using the methodology described in [10]. The dielectric constant of
the fabricated muscle phantom was measured in the Centre for Communication Engineering Studies
Lab, Universiti Teknologi MARA (UiTM), Malaysia. The dielectric characteristics of the phantom
can be seen in Figure 6b,c.
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Figure 6. (a) Sample material; (b) sample material during measurement; (c) dielectric property of the
muscle phantom; (d) antenna mounted with the muscle phantom.
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3. Results and Discussion

The simulated and measured reflection coefficients of the proposed antenna were analyzed,
and the results are illustrated in Figure 7. There is a slight frequency shift in the measured results,
which might be due to fabrication and measurement tolerances. In the simulated result, the resonance
frequency is 2.43 GHz, and, in the measured result, the resonant frequency is found to be 2.47,
which seems to be in good harmony with the computational result.
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Figure 7. Simulated and measured reflection coefficients of the proposed antenna.

The reflection coefficient performance of the proposed antenna in the normal and bent conditions
was also investigated. It turns out that the antenna shows a stable performance in the bent condition,
which authenticates its flexible operation, depicted in Figure 8. There is a slight deviation in the
resonant frequency in the bent condition. Bending the antenna yields a resonant frequency that is
lower than that in the normal condition by approximately 20 MHz.
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Figure 8. Reflection coefficients during normal and bent conditions.

The antenna’s far-field properties were investigated using a Satimo near-field measurement
system. In Figure 9, the normalized radiation patterns are depicted for Phi 0 and Phi 90 degrees.
One can observe that the antenna shows bidirectional radiation patterns for both planes.
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Figure 9. Normalized radiation patterns of the proposed antenna at (a) Phi 0; (b) Phi 90.

4. Bending Deformation Study

The performance of the antenna in the side-by-side bending condition at different bending radii
was also investigated. Figure 10 depicts the perspective view of the antenna at different bending radii,
and Figure 11 shows the reflection coefficients at the corresponding values of the radii. It is evident
that the reflection coefficient at the desired band can be found at all the radii when the prototype is
bent in a side-by-side orientation. During the side-by-side bending condition, 10, 15, 20, 25, 30,
and 35 mm curvature radii exhibit operating bands at 2.27-2.44, 2.26-2.45, 2.27-2.46, 2.28-2.46,
2.27-2.42, and 2.32-2.55 GHz. The maximum bandwidth of 230 MHz is found when the radius

is 35 mm.

Figure 10. Proposed antenna in a bending condition (side-by-side).
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Figure 11. Reflection coefficients of the proposed antenna for different bending (side-by-side) radii.
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Then, the performance of the antenna was studied during the upside-down condition at different
radii, as depicted in Figure 12. The resulting reflection coefficients are depicted in Figure 13. In this case,
like in the side-by-side bending condition, the reflection coefficients remain consistent during the
upside-down bending condition. Most of the resonant frequencies remain in good harmony at different
radii. At a curvature radius of 10 mm, the reflection coefficient is —17.20 dB at 2.38 GHz, which is
in the desired 2.30-2.48 GHz ISM band. When the radius is 35 mm, the operating band is found at
2.30-2.53 GHz. The minimum bandwidth of 180 MHz is found at a 10 mm curvature radius, and the
maximum bandwidth of 230 MHz is found at a 35 mm curvature radius.

Figure 12. Proposed antenna in a bending condition (upside-down).
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Figure 13. Reflection coefficients of the proposed antenna for different bending (upside-down) radii.

From Figures 11 and 13, it can be seen that the antenna reflection coefficient remains adequately
consistent with various bending radii, and the reflection coefficient can still be found within the
desired band. However, a slight change in frequency can be observed for different bending radii.
A change in resonant length occurs due to variation in the diameter of bending radii, which impacts
the operating frequency [11]. Table 2 represents all the data related to the antenna’s bending
performance. The minimum operating band is found to be 170 MHz with a fractional bandwidth of
7.08%. The maximum operating bandwidth is 230 MHz with a fractional bandwidth of 9.58%.
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Table 2. Bending performance data.

Bending Condition Curvature Radius Bandwidth Fractional Bandwidth  Deviation
Normal None @ é?gggézHZ) 8.33% -

10 Q. z;zg.ﬁlgm) 7.08% 15.00%
15 . ZE?g.i/gész) 7.91% 5.04%

Side-by-side 20 @ z;?g.i/éHGZHZ) 7.91% 5.04%
25 (2.2;32.14\1?22Hz) 7.50% 9.96%
30 @ Zéég.i/ggHz) 6.25% 24.97%
35 (2.32233.1;/;%1{@ 9.58% —15.00%
10 (2.3})?2.14\1/5[31_3Hz) 7.50% 9.96%
15 @ 2291_3‘1;%}&;21_12) 8.75% —5.04%

Upside-down 20 (Zzé%gg/ilézHZ) 9.17% —10.08%
25 (2.3%)%2.1;?_3Hz) 9.17% —10.08%
30 (2'253(2)‘1;%1_12) 9.17% —10.08%
35 230 Mz 9.58% —15.00%

(2.30-2.53 GHz)

5. Antenna Performance with Phantom

A homogeneous phantom muscle was mounted with the antenna to investigate the antenna’s
performance. The simulation setup is shown in Figure 14. The cylindrical phantom shown in Figure 14a
was created in CST Microwave Studio using the muscle material available in the material library.
This phantom muscle has a dielectric constant of 52. Then, the performance of the antenna attached to
a human tissue model with four layers was investigated. The model consists of skin, fat, muscle,
and bone, as shown in Figure 14b. The dielectric constants of the modeled skin, fat, muscle, and bone
are approximately 37, 5.3, 52, and 11.4, respectively. The thicknesses of the skin, fat, muscle, and bone
layers are 3, 7, 15, and 30 mm, respectively. Even though a partial ground plane is used in the antenna,
the reflection coefficient remains in good agreement with the reflection coefficient of the antenna in
free space.

The reflection coefficient performance of the antenna with the homogeneous phantom muscle
and four-layered human tissue is illustrated in Figure 15. To analyze the directivity of the proposed
antenna while mounted on the human tissue, Figure 16 represents the 3D directivity of the antenna.
The main direction of propagation is outward from the antenna, which is good for using with the
human body.
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Figure 14. (a) Proposed antenna with homogeneous muscle phantom; (b) cross-view of the four-layered
human tissue phantom; (c) antenna with human tissue.
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Figure 15. Reflection coefficients of the antenna with homogeneous muscle phantom and four-layer
human tissue.
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Figure 16. (a) Directivity and (b) front-to-back ratio of the proposed antenna with human tissue.

There were noticeable variations in the reflection coefficient between the measured and simulated
results with the homogeneous phantom muscle, as shown in Figure 17. It is clear, however, that
the bandwidths are in good agreement. One reason for the slight mismatch might be the difference
in the dielectric properties of the computational and realistic phantoms. Some other factors could
increase the losses of the coupling medium, and the measurement tolerance could impact the results.
The radiation patterns of the antenna with the muscle are shown in Figure 18b. The radiation patterns
with the phantom muscle remain stable to a satisfactory degree. The overall performance of the
antenna seems to be in good harmony when in free space and with the phantom muscle.
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Figure 17. Reflection coefficients of the proposed antenna with the muscle phantom.
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Figure 18. (a) Radiation pattern measurement of the proposed paper-based antenna with phantom
muscle; (b) radiation patterns of the antenna mounted on a muscle phantom at Phi 0 and at Phi 90.

Figure 19 presents the total efficiency and gain of the proposed paper-based flexible antenna.
It achieves up to an 83% efficiency in free space and up to a 70% efficiency when mounted on the
phantom at 2.45 GHz; it also obtains more than a 2 dB gain in the operating band.

100 6

Antenna efficiency (%)
Gain (dB)

— — Antenna efficiency in free space — - — Antenna gain in free space

Antenna efficiency with muscle phantom Antenna gain with muscle phantom
] 4
2.0 22 24 26 28 30 2.0 22 24 26 28 30
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 19. (a) Efficiency and (b) gain of the proposed antenna.

Achieving a good performance from a compact antenna is a challenge when the application
is wearable communication. From Table 3, it can be seen that the proposed antenna is sufficiently
compact with a minimum thickness of only 0.6 mm, which makes the antenna a perfect candidate for
wearable telemedicine applications.
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Table 3. Comparison of different wearable antenna.

Ir;:fl?lc: Xilt):n(;favl\\l/i:::}‘)ilai Operating Band Size Thickness
[4] Paper 1.4-1.65 GHz 90 x 74.8 mm? n/a
[12] FR4 2.40-2.48 GHz 38 x 38 mm? 3 mm
[13] Resin-coated paper 0.8-1.1 GHz 60 x 60 mm? 5.14 mm
[14] Jeans 24-2.5GHz 120 x 120 mm? 3.5 mm

Proposed Photo paper 2.33-2.53 40 x 35 mm? 0.6 mm

6. Conclusions

This paper illustrates a new design and performance analysis of a paper substrate-based flexible
antenna. The prototype was fabricated for wearable telemedicine applications in the 2.4 GHz band.
This paper presents the reflection coefficients for both normal and flexible conditions. The antenna is
only 0.6 mm thick and can serve as a wearable system with a satisfactory flexibility range. In addition,
the performance of the antenna with human tissue was investigated. The results for the reflection
coefficient and radiation patterns are found to be satisfactory for wearable telemedicine applications.

Author Contributions: M.A.U. made significant contributions to this study regarding conception, design, analysis
and writing the manuscript. T.A. revised the manuscript provided intellectual suggestions. EB.A. prepared and
measured material for homogeneous phantom muscle and prepared Figure 6¢. M.T.I. supervised the work and
participated in revising the article critically for important intellectual contents.

Funding: This work is supported by Universiti Kebangsaan Malaysia research grant.

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

References

1. Cook, B.S.; Shamim, A. Inkjet printing of novel wideband and high gain antennas on low-cost paper substrate.
IEEE Trans. Antennas Propag. 2012, 6, 4148-4156. [CrossRef]

2. Kim,S;Ren, YJ.; Lee, H.; Rida, A.; Nikolaou, S.; Tentzeris, M.M. Monopole antenna with inkjet-printed EBG
array on paper substrate for wearable applications. IEEE Antennas Wirel. Propag. Lett. 2012, 11, 663—-666.
[CrossRef]

3. Rida, A.; Yang, L.; Vyas, R.; Tentzeris, M.M. Conductive inkjet-printed antennas on flexible low-cost
paper-based substrates for RFID and WSN applications. IEEE Antennas Propag. Mag. 2009, 51, 13-23.
[CrossRef]

4. Mansour, A.M.; Shehata, N.; Hamza, B.M.; Rizk, M.R.M. Efficient Design of Flexible and Low Cost
Paper-Based Inkjet-Printed Antenna. Int. ]. Antennas Propag. 2015, 2015, 845042. [CrossRef]

5. Chauraya, A.; Whittow, W.G.; Vardaxoglou, ].C.; Li, Y.; Torah, R.; Yang, K.; Beeby, S.; Tudor, J. Inkjet printed
dipole antennas on textiles for wearable communications. IET Microw. Antennas Propag. 2013, 7, 760-767.
[CrossRef]

6.  Cook, B.S.; Shamim, A. Utilizing wideband AMC structures for high-gain inkjet-printed antennas on lossy
paper substrate. IEEE Antennas Wirel. Propag. Lett. 2013, 12, 76-79. [CrossRef]

7. Zhang, L.; Wang, Z.; Volakis, ].L. Textile antennas and sensors for body-worn applications. IEEE Antennas
Wirel. Propag. Lett. 2012, 11, 1690-1693. [CrossRef]

8.  Hu, X,; Yan, S.; Vandenbosch, G.A.E. Wearable Button Antenna for Dual-Band WLAN Applications with
Combined on and off-Body Radiation Patterns. IEEE Trans. Antennas Propag. 2017, 65, 1384-1387.

9. Agarwal, K; Guo, Y.X;; Salam, B. Wearable AMC Backed Near-Endfire Antenna for On-Body
Communications on Latex Substrate. IEEE Trans. Compon. Packag. Manuf. Technol. 2016, 6, 346-358.
[CrossRef]

10. Chou, C.-K;; Chen, G.-W.; Guy, A.W,; Luk, K.H. Formulas for preparing phantom muscle tissue at various
radiofrequencies. Bioelectromagnetics 1984, 5, 435-441. [CrossRef] [PubMed]


http://dx.doi.org/10.1109/TAP.2012.2207079
http://dx.doi.org/10.1109/LAWP.2012.2203291
http://dx.doi.org/10.1109/MAP.2009.5251188
http://dx.doi.org/10.1155/2015/845042
http://dx.doi.org/10.1049/iet-map.2013.0076
http://dx.doi.org/10.1109/LAWP.2013.2240251
http://dx.doi.org/10.1109/LAWP.2013.2239956
http://dx.doi.org/10.1109/TCPMT.2016.2521487
http://dx.doi.org/10.1002/bem.2250050408
http://www.ncbi.nlm.nih.gov/pubmed/6517962

Sensors 2018, 18, 4214 13 of 13

11. Salonen, P.; Rahmat-Samii, Y. Textile antennas: Effects of antenna bending on input matching and impedance
bandwidth. In Proceedings of the 2006 First European Conference on Antennas and Propagation, Nice,
France, 6-10 November 2006; pp. 1-5.

12.  Chen, Y,; Ku, T. A Low-Profile Wearable Antenna Using a Miniature High Impedance Surface for Smartwatch
Applications. IEEE Antennas Wirel. Propag. Lett. 2015, 15, 1144-1147. [CrossRef]

13.  Genovesi, S.; Costa, E; Fanciulli, F; Monorchio, A. Wearable Inkjet-Printed Wideband Antenna by using
Miniaturized AMC for Sub-GHz Applications. IEEE Antennas Wirel. Propag. Lett. 2016, 15, 1927-1930.
[CrossRef]

14. Purohit, S.; Raval, F. Wearable-Textile Patch Antenna using Jeans as Substrate at 2.45 GHz. Int. ]. Eng.
Res. Technol. 2014, 3, 2456-2460.

@ © 2018 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 (http:/ /creativecommons.org/licenses /by /4.0/).



http://dx.doi.org/10.1109/LAWP.2015.2496366
http://dx.doi.org/10.1109/LAWP.2015.2513962
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Design and Methodology 
	Results and Discussion 
	Bending Deformation Study 
	Antenna Performance with Phantom 
	Conclusions 
	References

