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Abstract: A flexible and totally wearable textile antenna is proposed by embroidering the conductive
threads into garments. A purely polyester substrate has been utilized, which provides a tag that
can be easily integrated with the clothes. The proposed tag antenna is small with dimensions of
72 x 20 x 2.75 mm?® and offers an enhanced performance in terms of gain and stability when worn on
different body locations. Experimental results demonstrate an improved impedance matching owing
to the elasticity of the E-shaped inductive feeder. Close agreement has been achieved between the
simulated and measured results.

Keywords: WBAN; embroidery; electro-textile; ultra-high-frequency; RFID tags; antenna;
body-centric; wearable

1. Introduction

Wireless body area networks (WBANSs) have attracted much attention due to their wide range of
applications in healthcare systems and rapid rescue services [1]. Wearable antennas represent essential
elements for WBANSs and, hence, there is a noticeable need for convenient and mechanically pliable
wearable antennas that can be fabricated using textile materials [2]. This objective can be addressed by
considering the significant advancements that have been made in electro-textiles fabrication over the
last decade [3]. For instance, electro-textiles have been produced by embroidering conductive threads
into a cloth when adopting conventional techniques that are used for general textiles [4,5]. Furthermore,
electro-textiles have also been embroidered using computer-designed digital images [6]. However,
in body-centric sensing systems, body-worn antennas are affected by a high dielectric constant and the
resulting electrical conductivity and polarization properties, as well as by the absorptivity of human
body tissues [1,5]. Such effects may deteriorate the radiative power and matching, as well as altering
the antenna impedance with respect to that in free space [7]. Therefore, antenna-integrated clothing
without a degraded performance represents a major issue facing the wide implementation of wearable
antennas. Additionally, lightweight flexible textile materials that conform to the RF characteristics
need to be employed in order to avoid the structural non-flexibility of traditional metals such as copper.
Furthermore, durability represents another issue that needs careful consideration in the selection
of wearable antenna materials due to environmental effects such as dirt, humidity, vulnerability to
stretching, mechanical compression, and bending deformations.

On the other hand, passive ultra-high-frequency (UHF) radio frequency identification (RFID)-based
technology represents a promising choice as an energy-efficient wireless approach for future WBANSs [1].
The major challenges of using E-textile RFID in body-centric areas are the flexibility of a full embroidery
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designed tag, system performance, as well as reliability in personal area networks (PANs) and WBANSs.
The open literature conclusively demonstrates a possibility for improving the RFID antenna design in
order to achieve an enhanced performance when operating in a body-centric area and integrated with
a garment. In addition, the presence of a human body has only been considered in a few published
studies [1,4,5,8]. However, those RFID tag antennas are partially textile, since the non-textile EFDM or
polytetrafluorethylene (PTFE) substrates that have been employed produced tags that were difficult to
integrate with garments [9].

In this study, a novel and fully textile configuration is proposed, in which a purely polyester
substrate is incorporated. Furthermore, a smaller-sized slotted inductively coupled feed with opposing
E-shaped transmission lines has been proposed to improve the radiation characteristics when the tag
is attached to the human body at different locations. The antenna performance has been evaluated
experimentally and compared with those reported in earlier studies. Promising results in terms of
gain and matching stability have been attained when the antenna is worn on the chest, arm, and head.
This is in conjunction with a smaller size and easier garment integration. The tag antenna has been
designed using the CST Microwave Studio full-wave electromagnetic simulator [10].

2. Antenna Design and Parametric Study

Figure 1 illustrates the slotted tag antenna configuration using the dimensions given in Table 1.
The proposed antenna has been designed to operate at 915 MHz, and consists of two E-shaped feed
transmission lines as well as a planar ground plane. A 100% polyester substrate with a thickness of
3 mm has been placed between, and directly attached to, the ground plane and the top-side metal
surface. The substrate’s relative permittivity and loss tangent have been measured as 2.565 and
0.0025, respectively, by employing the free space method [11]. Additionally, an NXP UCODE G2iL
SL351203 RFID tag chip with a size of 0.49 mm has been connected directly to both sides of the
E-shaped center lines. The overall dimensions have been chosen as 74 x 20 X 3 mm?, and the operating
frequency has been determined following an optimization process in order to achieve a conjugate
impedance matching.
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Figure 1. Proposed slotted tag antenna. (a) Top view, (b) ground plane, and (c) side view.
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Table 1. Antenna dimensions.

Parameters Dimensions (mm)
Antenna side length (L) 74
Antenna side width (W) 20
Internal side width (Wa) 15.5
Slotted width (slw) 4.25
Slotted length (sll) 25
Transmission line length (tlI) 12.25
Transmission line width (tlw) 2
Feed point (d) 0.49
The cut between outer line (Ca) 2
The cut line (Cb) 1
The outer line width (h1) 1
The distance between the cut and side edge (h2) 4

The distance between the cut (h3) 2.5

The slot dimensions can be modified so as to achieve improved efficiency [12,13]. The antenna
efficiency is affected by the patch transmission line. The fitting of the numerically computed input
impedance to circuital expression was conducted as described in [14]. The degree of impedance
matching between the chip and the antenna is given by the power transmission coefficient (PTC) t
as follows.

= 2RR )
\Za + ZoP

7 is the power that can be delivered to the chip when Z, = Z7, R, and R, denote the real impedance
of the IC chip and proposed tag antenna, respectively, and Z. and Z, denote the complex impedance of
the IC chip and antenna, respectively. Equation (1) indicates that appropriate conjugate impedance
matching can provide the maximum transmission power for the antenna.

The width of the slotted tag has been denoted as slw, while the distance between the opposite
E-shaped feeds has been defined as sll. Conjugate matching can be achieved by varying the transmission
line width, tlw, which affects the symmetrical E-shaped inductive feeders. The results are presented in
Figure 2, where noticeable variations exist in the input impedance when the position and shape factor
(which were chosen to synthesize the required complex input impedance for microchip matching here),
and the cut and the slot parameters (like tlw and slw) of the matching slot are varied, which caused
modifications by acting on the parameters. The antenna has an inductive resonance, which means the
configuration provides conjugate matching to the capacitive impedance of the microchip. Therefore,
tlw has been chosen as 2 mm. The impact of slot width (slw) variation has also been investigated,
where it has been observed that the resistance and reactance are linearly and inversely proportional
to tlw and slw, respectively. As a result, the antenna impedance increases, with a lower resonance
frequency for a narrower slot, that is, when the slot moves closer to the folding. Therefore, the tag
design may concentrate on optimizing the tlw (1, 1.5, and 2 mm) and slw (4, 4.25, 4.5, and 4.75 mm)
parameters while the other dimensions are fixed, as shown in Figures 2 and 3. Figure 3 portrays the
minimization of return losses for an appropriate slw size and, similarly, when sll has been adjusted
as illustrated in Figure 4. The parameters slw, sll, and tlw yield considerable effects on the current
distribution since the magnitude of the top metal surface’s current has been maximized by employing
the optimized parameters. As can be observed from Figure 5, the maximum current intensity occurs
along the major edges. As a result, the system efficiency can be substantially improved due to the
enhancement of radiation surrounding the edges of the antenna. In general, it is highly important to
adjust the slotted dimensions for an optimum performance [15]. Similarly, the antenna performance and
efficiency are affected by the E-shaped transmission lines and, hence, can be improved by modifying
the slot dimensions [12,16]. As noted earlier, the high dielectric constant of the human body tissues
reduces the radiated power and changes the impedance [5]. The tissue dielectric parameters have
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been calculated based on the 4-Cole-Cole model [17]. In the simulations, a statistical catalog of the
human body has been used by considering three locations—head, chest, and arm—where the tag
antenna has been placed [8]. In order to minimize losses, low electrical surface resistance needs to be
ensured for fabrics, thus improving the antenna performance [18]. It is well known that silver-plated
threads exhibit higher conductivity, which minimizes conductive losses in transmission lines, antennas,
electro-textile resonators, and other microwave devices [19]. In this study, Syscom Advanced Materials
with silver-plated nylon fibers (Agsis™, 1305 Kinnear Rd, Columbus, Oh, 43212, United State) have
been employed, where the fiber material was polyamide 6 and the outer metallization layer was
silver [18]. The used conductive thread has the following properties: conductivity of 29 x 10° s/m, DC
resistance of 26 + 6 ()/m, weight of 0.007 + 0.00075 g/ft, maximum operating temperature of 95 °C, and
a melting point of 215 °C. As mentioned previously, with recent advancements, electro-textiles have
been embroidered using computer designated technical images [7]. The conductive tag parts have been
embroidered on the nonconductive polyester substrate. The embroidery process involved 3419 and 4320
stitches for the ground plane and top metal surface, respectively. The aesthetic shapes and tag design
of the back-side antennas are digitized and programmed for the Tajima Embroidery machine [20,21].
The antenna substrate has been attached to the electro-textile using a vacuum pack that has compressed
the substrate height to 2.75 mm. The compression process minimizes the air gaps between layers,
which improves the characterization accuracy of the electro-textile. In addition, a flexible glue has
been employed, and the plastic packaging can be removed when the tag is integrated to the garment.
It should be noted that the variation in the substrate thickness shifts the resonance frequency to
970 MHz. However, since the RFID operates closer to the human body, then the high-permittivity of
human tissues can shift the resonance back to the desired range. The RFID microchip, with a Pi “"Power
Input” (min) of —18 dBm, has been attached to the antenna using a silver-based conductive adhesive
with an electrical resistivity of less than 1 x 107 Q. The embroidered textile permanently results in an
anisotropic pattern in which the conductivity is strongly dependent on the direction of the current
flow, geometry, and stitching density of the pattern, which gives high performance [4,22].
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Figure 2. Simulated input impedance for various transmission line widths.
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Figure 3. Simulated return losses (S11) for various slot widths (slw).
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Figure 4. Simulated return loss (S11) for various slot lengths (sll).
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Figure 5. Current distributions of the proposed radio frequency identification (RFID) tag antenna.
(a) Top surface and (b) ground plane.

3. Measurements and Results

As mentioned earlier, a purely polyester substrate has been employed. A differential probe has
been used to measure the input impedance of the balanced antenna as well as the return losses [19,23].
Measurements have been conducted in a normal environment and differential probes have been
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connected to the vector network analyzer and RFID tag antenna from each end and attached to a
human arm. The measured results indicate that the chosen positions in Figure 6, direct attachment, and
garment thickness of 1 mm, have no impact on the tag antenna performance. The input impedance of a
tag antenna located around a human body is illustrated in Figure 7, with reasonable agreement between
measured and simulated impedances that are close to the designed chip impedance of 23—j224 ()
at 915 MHz. However, some discrepancies can be observed between the two datasets that may be
attributed to the soldering on the measuring probe, mismatch between the feeding lines and the
SMA “SubMiniature version A” connectors, defects during the fabrication process of the embroidery
machine, as well as the presence of uneliminated air gaps between the antenna layers. The main
performance enhancements depend on the small slot cuts in the top radiation part that add inductance
to the patch elements. The chip impedance lumped-element values were viewed with 23—j224 () CST
Microwave Studio software.

SMA Connectors

| Open-Ended Center Connectors

le)

Figure 6. (a) Differential probe. (b) Open-ended side of semi-rigid cables. (c¢) Measurement setup for
tag antenna.
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Figure 7. Input impedance of an antenna on a human body.

The return losses have been monitored at three locations on the human body—chest, arm, and
head—as illustrated in Figure 8, where it can be observed that a stable and excellent performance has been
accomplished with good agreement between experimental and simulated results. It has been assumed
that there is no variation in the real part of the chip impedance over the considered frequency [24].
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Figure 9 illustrates the simulated gain when the antenna is attached at various body locations, where it can
be noted that the gain increases notably when the antenna is attached to the chest. This can be understood
by noting that the human body acts as a reflector that blocks backward radiation while increases the
forward gain and directivity. Therefore, an improved antenna performance can be achieved if the antenna
is attached to a larger body area, such as the chest. The simulated gain ranges from —0.325 dBi on the
chest to —2 dBi on the head and arm. The maximum gain and impedance matching show a minute
responsiveness to the location on the body because of the availability of the ground plane.
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Figure 8. Return losses at three different locations on human body.
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Figure 9. Simulated gain when the proposed antenna is fixed at various body locations compared to
earlier studies.

The maximum reading distance, rmax, of the proposed antenna can be calculated as Equation (2) [25].

A [EIRPG,

= 2
Vinax In Pn ’ )

where A/4rt = 0.26 m, EIRP denotes the effective isotropically radiated power of 3.45 W, Py, is the
threshold power of —17.6 dBm, and G, is the tag antenna gain. The ability of the tag to communicate
with the reader determines the actual reader-body distance which, in turn, defines the tag’s reading
region. The reading range has been measured using GAO UHF Gen2 RFID [26] reader at eleven
frequency points over the UHF band. Figure 10 shows good agreement of the measured and calculated
reading distances of the tag antenna when compared to published data, thus validating the presented
tag antenna design. In addition, it can be observed that the calculated and measured read ranges are
in close agreement, which further validates the proposed configuration. The reading distance also
depends on the location, since shadows may arise from the shape of each body segment and the process
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of their absorption. In order to further investigate this issue, tags have been attached at two locations
on a T-shirt at the arm and chest, and on a cap for the head in Figure 11. Basically, it is difficult to
attach an electro-textile tag accurately at identical locations, especially if the tags are bent on the body
surface, such as on the chest, where the uncertainty of the model would be more significant. However,
the simulation and measurement confirmed the reliability of the proposed design with respect to the
reading performance. Additionally, the used antenna components are unique, since they are totally
flexible and fully textile.
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Figure 10. Measured and calculated read range when the tag antenna is fixed at various body locations
compared to earlier studies.

Figure 11. Cont.
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Reader’s Antenna

()

Figure 11. Reading distance of antenna when located on (a) chest, (b) arm, and (c) head as measured in
the +z direction.

4. Conclusions

A novel fully textile UHF RFID tag antenna has been developed that can be easily integrated with
clothes. This is an electrically small antenna with the dimensions of 72 x 20 x 2.75 mm?®. Experimental
work demonstrated an excellent performance, with a higher gain of —0.325 dB and a reading distance
of 3.8 m when the antenna is worn. The designed antenna has a low fabrication cost using a purely
polyester substrate and embroidery fabrication process. In addition, commercial materials that are
available in the market have been employed. The conductive and dielectric materials have been studied
and tested in order to demonstrate the improved performance compared to published configurations
as demonstrated in Table 2 and Figure 9. The presented design is suitable for body-centric systems,
biomedical as well as other wearable antenna applications.

Table 2. Comparison of various body centric antenna properties.

Reference Dimensions (Aeff3) Substrate  Patch & GP  Reading Distance (m)
[1] 0.22 x 0.12 x 0.015 Flexible Textile 34
[4] 0.5x 0.3 x0.01 Flexible Textile 3.9
[8] 0.37 X 0.25 x 0.016 Flexible Copper 2.1
[27] 0.51 x 0.07 x 0.0005 Flexible Copper 25
Proposed Tag 0.28 x 0.08 x 0.011 Textile Textile 3.8

On the other hand, reductions in gain and reading distance have been observed when the antenna
is displaced from the chest, which could be due to the difference in biological tissues that dissipate
energy and exhibit high dielectric constants, as well as the larger reflecting chest size. This restricts
the radiation efficiency and changes the antenna impedance compared to the free-space counterpart.
The presented work can be extended to consider the impact of human body curvature on the antenna
performance. Another improvement aspect is to study the effects of human body movement dynamics
on the antenna radiation characteristics.

Author Contributions: Conceptualization, B.A. and A.I; Methodology, B.A.; Software, A.I; Validation, B.A., A.IL
and A.S.; Formal Analysis, B.A.; Investigation, B.A.; Resources, A.L; Data Curation, B.A.; Writing—Original Draft
Preparation, B.A.; Writing—Review & Editing, B.A., SK., AL, A.S. and S.K.; Visualization, B.A.; Supervision, A.L
and A.S.; Project Administration, A.I.; Funding Acquisition, A.IL

Funding: This research was funded by Ministry of Education Malaysia for Fundamental Research Grant Scheme
(Project number: FRGS/1/2014/TK06/UPM/02/5).

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



Sensors 2019, 19, 2470 10 of 11

References

1. Virkki, J.; Wei, Z.; Liu, A.; Ukkonen, L. Wearable Passive E-Textile UHF RFID Tag based on a Slotted Patch
Antenna with Sewn Ground and Microchip Interconnections. Int. . Antennas Propag. 2017, 2017, 27-29.

2. Yan, S, Poffelie, L.A.Y.; Soh, PJ.; Zheng, X.; Vandenbosch, G.A.E. On-body performance of wearable UWB
textile antenna with full ground plane. In Proceedings of the 2016 10th European Conference on Antennas
and Propagation (EuCAP), Davos, Switzerland, 10-15 April 2016; pp. 28-31.

3. Stanley-Marbell, P.; Marculescu, D.; Marculescu, R.; Khosla, PK. Modeling, analysis, and self-management
of electronic textiles. IEEE Trans. Comput. 2003, 52, 996-1010. [CrossRef]

4. Koski, K.; Member, S.; Syddanheimo, L.; Fellow, L. Fundamental Characteristics of Electro-Textiles in Wearable
UHF RFID Patch Antennas for Body-Centric Sensing Systems. IEEE Trans. Antennas Propag. 2014, 62,
6454-6462. [CrossRef]

5. Ginestet, G.; Brechet, N.; Torres, J.; Moradi, E.; Ukkonen, L.; Bjorninen, T.; Virkki, J. Embroidered Antenna-
Microchip Interconnections and Contour Antennas in Passive UHF RFID Textile Tags. IEEE Antennas Wirel.
Propag. Lett. 2016, 16, 1205-1208. [CrossRef]

6.  Tsolis, A.; Whittow, W.; Alexandridis, A.; Vardaxoglou, ]. Embroidery and Related Manufacturing Techniques
for Wearable Antennas: Challenges and Opportunities. Electronics 2014, 3, 314-338. [CrossRef]

7. Kellomaki, T. Effects of the Human Body on Single-Layer Wearable Antennas; Tampere University of Technology:
Tampere, Finland, 2012; ISBN 9789521527784.

8. Koski, K. Characterization and Design Methodologies for Wearable Passive UHF RFID Tag Antennas for Wireless
Body-Centric Systems; Tampere University of Technology: Tampere, Finland, 2015; ISBN 9789521534348.

9. Corchia, L.; Monti, G.; De Benedetto, E.; Tarricone, L. Wearable Antennas for Remote Health Care Monitoring
Systems. Int. J. Antennas Propag. 2017, 2017, 3012341. [CrossRef]

10. CST - Computer Simulation Technology. Available online: https://www.cst.com (accessed on 1 September
2015).

11. Lesnikowski, J. Dielectric Permittivity Measurement Methods of Textile Substrate of Textile Transmission
Lines. Electr. Rev. 2012, 88, 148-151.

12.  Kraus, J. Antennas, 2nd ed.; McGraw Hill: New York, NY, USA, 1988; p. 892.

13.  Sorrentino, R.; Bianchi, G. Microwave and RF Engineering; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2010;
ISBN 9780470758625.

14. Park, J.H.; Seol, J.A.; Oh, Y.H. Design and implementation of an effective mobile healthcare system using
mobile and RFID technology. In Proceedings of the 7th International Workshop on Enterprise networking
and Computing in Healthcare Industry, Busan, Korea, 23-25 June 2005; pp. 263-266.

15. Patron, D.; Mongan, W.; Kurzweg, T.P.; Fontecchio, A.; Dion, G.; Anday, E.K.; Dandekar, K.R. On the Use
of Knitted Antennas and Inductively Coupled RFID Tags for Wearable Applications. IEEE Trans. Biomed.
Circuits Syst. 2016, 10, 1047-1057. [CrossRef] [PubMed]

16. Daniel, J.P. Transmission line analysis of nonlinear slot coupled microstrip antenna. Electron. Lett. 1992, 28,
15-17.

17.  Body Tissue Dielectric Parameters. Available online: https://www.fcc.gov/general/body-tissue-dielectric-
parameters (accessed on 10 April 2016).

18. Agsis—Syscom Advanced Materials. Available online: http://www.metalcladfibers.com/agsis (accessed on
20 July 2016).

19. Zhu, H;; Ko, Y.C.A;; Ye, T.T. Impedance measurement for balanced UHF RFID tag antennas. In Proceedings
of the 2010 IEEE Radio and Wireless Symposium (RWS), New Orleans, LA, USA, 10-14 January 2010;
pp. 128-131.

20. Tajima Group Official Site - Multi-head Embroidery Machine. Available online: http://www.tajima.com
(accessed on 10 March 2017).

21. Monti, G.; Corchia, L.; Tarricone, L. Fabrication techniques for wearable antennas. In Proceedings of the 2013
European Microwave Conference, Nuremberg, Germany, 6-10 October 2013; pp. 435-438.

22.  Kiourti, A.; Volakis, J.L. Colorful Textile Antennas Integrated into Embroidered Logos. . Sens. Actuator Netw.

2015, 4, 371-377. [CrossRef]


http://dx.doi.org/10.1109/TC.2003.1223635
http://dx.doi.org/10.1109/TAP.2014.2364071
http://dx.doi.org/10.1109/LAWP.2016.2628086
http://dx.doi.org/10.3390/electronics3020314
http://dx.doi.org/10.1155/2017/3012341
https://www.cst.com
http://dx.doi.org/10.1109/TBCAS.2016.2518871
http://www.ncbi.nlm.nih.gov/pubmed/27411227
https://www.fcc.gov/general/body-tissue-dielectric-parameters
https://www.fcc.gov/general/body-tissue-dielectric-parameters
http://www.metalcladfibers.com/agsis
http://www.tajima.com
http://dx.doi.org/10.3390/jsan4040371

Sensors 2019, 19, 2470 11 of 11

23.

24.

25.

26.

27.

Rao, K.VS,; Nikitin, P.V.; Lam, S.F. Impedance matching concepts in RFID transponder design. In Proceedings
of the Fourth IEEE Workshop on Automatic Identification Advanced Technologies, Buffalo, NY, USA,
17-18 October 2005; pp. 39-42.

Nikitin, P.V.; Rao, K.V.S,; Lam, S.F,; Pillai, V.; Martinez, R.; Heinrich, H. Power reflection coefficient analysis
for complex impedances in RFID tag design. IEEE Trans. Microw. Theory Tech. 2005, 53, 2721-2725. [CrossRef]
Jalal, A.S.A.; Ismail, A.; Alhawari, A.R.H.; Rasid, M.F.A.; Noordin, N.K.; Mahdi, M.A. Miniaturized Metal
Mount Minkowski Frac- Tal Rfid Tag Antenna with Complementary Split Ring Resonator. Prog. Electromagn.
Res. C 2013, 39, 25-36. [CrossRef]

GAO Tek All-in-One Long Range UHF Gen2 Reader/Writer. Available online: https://gaotek.com/product/
one-long-range-uhf-gen2-readerwriter/ (accessed on 15 May 2017).

Occhiuzzi, C.; Cippitelli, S.; Marrocco, G. Modeling, Design and Experimentation of Wearable RFID Sensor
Tag. IEEE Trans. Antennas Propag. 2010, 58, 2490-2498. [CrossRef]

@ © 2019 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/TMTT.2005.854191
http://dx.doi.org/10.2528/PIERC13011308
https://gaotek.com/product/one-long-range-uhf-gen2-readerwriter/
https://gaotek.com/product/one-long-range-uhf-gen2-readerwriter/
http://dx.doi.org/10.1109/TAP.2010.2050435
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Antenna Design and Parametric Study 
	Measurements and Results 
	Conclusions 
	References

