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Wearable high performance meander ring dipole antenna for electronic-textile applications



A novel wearable dipole antenna at 325 MHz resonance frequency is presented in this paper. A felt fabric with permittivity 1.2 and thickness 0.7 mm is used as a substrate. The proposed design is validated by comparison of 3D electromagnetic simulations and measurements. The obtained results correspond to S11 < −18 dB and a gain 1.5 dB at resonance frequency, with 49% efficiency and a 20 MHz bandwidth. Moreover, the effect of bending of the e-textiles under realistic scenarios is also studied. The measured results show that by changing the radius of bending from 32.5 to 3 cm, the resonance frequency is shifted up 10 MHz with a sensitivity of 0.285 MHz/cm.
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  Introduction

The electronic textiles (e-textiles) (Vervust, Buyle,  Bossuyt, & Vanfleteren, 2012; Linz, Simon, & Walter, 2012) are usually light weight, inexpensive, durable, zero maintenance and flexible (ability to bend, crumple). Low-loss fabrics are considered as a suitable material for wearable applications. A wearable antenna is the type of antenna that can be worn on-body as a part of clothing. They usually reduce the weight and profile of standard antennas and can be used in different applications like military, satellite communications, radars (Dierck, Rogier, & Declercq, 2013; Lilja et al., 2013; Ur-Rehman, Abbasi, Kamran, & Yang, 2013; Serra, Nepa, & Manara, 2011), navigation GPS, telemedicine, smartwatches, sport, future mobile phones (Alexiou & Haardt, 2004; Salonen & Hurme, 2003). In the last decade the fast-growing fields in the wearable antennas have gathered worldwide research interest due to their applications in wireless systems for body area networks (WBAN) (Klemm & Troester, 2006; Khaleel, Al-Rizzo, Rucker, & Elwi, 2010; Hertleer, Rogier, Vallozzi, & Van Langenhove, 2009). Recently, the application of new conductive textile materials has led to the development of metamaterials (MTMs) in various fields. Specifically, e-textile transmission lines (Moradi, B., Fernández-García, & Gil, 2018), MTM wearable antenna based on double ring resonators (DRRs) (Moradi, Martinez, Fernández‐García, & Gil, 2018) and e-textiles band pass filters (Moradi, Fernández-García, & Gil,  2019) have been reported. The conductive textiles are typically made from polymer metal coated yarns. It is complex to manufacture a homogeneous conducting prototype by embroidering with conductive yarns since they are prone to damage by bending and stretching. This fact has to be considered in the electrical performance of wearable antennas (Salonen & Rahmat-Samii, 2006; Kellomaki, Heikkinen, & Kivikoski, 2006). Embroidery is the most advanced integration technique of conductive electrical pathways into textile substrates. Embroidery machines allow repeatability, mass production of garments and customized designs in terms of thread distribution with a resolution in the order of <1 mm (Tsolis, Whittow, Alexandridis, & Vardaxoglou, 2014).
In this work, we proposed an embroidered textile dipole antenna operating at the 310–330 MHz band suitable for UHF antenna applications. The wearable prototype antenna was optimized to obtain a realized gain of 1.81 dB at its operating frequency, 325 MHz.
The design approach is based on a dipole antenna. The dipole arms were meandered and wrapped around the ring faces. That provided a well-balanced antenna in terms of parameter performance and electrical size. The antenna was implemented on a felt substrate and can be attached or integrated into clothing. The degree of flexibility and one single metallic layer design allows improving user’s comfort. Simulation of the proposed antenna design was performed by using the commercial full 3D electromagnetic CST Microwave Studio 2018 software (CST Company, Darmstadt, Germany). Experimental measurement was done by using the vector network analyzer (Keysight, Santa Rosa, CA, USA).

Dipole ring antenna design and experimental

A straight standard dipole antenna must be long enough (around λ/2) to achieve the theoretical antenna gain about 2.15 dB predicted for a half-wavelength dipole (Ketterl, Ramirez, & Weller, 2015). 
Meander dipole antenna designs are widely used to miniaturize the overall length of straight dipole antennas (Balanis, 2016; Nakano, Tagami, Yoshizawa, & Yamauchi, 1984). The meandered antenna arms can be effectively long enough to yield a similar antenna gain as that of the straight dipole antenna. Therefore, the concept of meander ring line dipole antenna was chosen (George, Nagarjun, Thiripurasundari, Poonkuzhali, & Alex, 2013; Marrocco, Fonte, & Bardati, 2002). The arms of dipole antenna introduced in this work are considered as meander rings to get benefit from the miniaturization feature. The proposed meander ring dipole antenna (MRDA) was designed to be matched with 50 Ω and resonates at 325 MHz. The matching loop feeding technique was designed to improve impedance matching of the antenna. The geometry of the proposed wearable antenna is shown in Figure 1(a).
The proposed MRDA has several key parameters such as length of antenna L=83 mm, meander ring outer radius RO=45.5 mm, meander ring inner radius RI=36.9 mm, conductor line width w=3.9 mm, conductor spacing s=4.3 mm, rings gap g=4.6 mm, and the separation distance between the feed element and matching loop d=7.7 mm and L1=35.3 mm, L2=25.4 mm, Lm=58.5 mm, wm=1.7 mm as is shown in Figure 1(a).
The resonance method based on a split post dielectric resonator (SPDR) measurement was carried out to determine the substrate dielectric constant and loss tangent of felt substrate. The felt fabric was characterized with h = 0.7 mm thickness, dielectric constant ɛr = 1.2, and loss tangent tan δ = 0.0013. The fabric structure was a non-woven structure with a 100% polyester (PES) composition. The fabric was selected due to its durability, resistance and low intrinsic losses. These types of textile substrates are resistant to tearing and humidity and they offer some key advantages, including durability, chemical moisture resistance, and heat stability. The weight is 211 g/m2 (PCE-BS 300 balance) and the structure corresponds to a double-sided needle punching. For antenna fabrication, the embroidery machine Singer Futura XL550 has been used. The selected conductive yarn corresponds to a commercial Shieldex 117/17 dtex 2-ply and it is composed by 99% pure silver-plated nylon yarn 140/17 dtex with a linear resistance <30 Ω/cm. 

The embroidered prototype of antenna is depicted in Fig. 1(b). Due to the mechanical restrictions of the embroidery machine, the pattern was stitched with two types of threads. The sulky yarn is used as top thread and the conductive threads were used as bobbin threads. The default value of higher thread tension was lowered to maintain geometrical accuracy. The proposed design was embroidered with a satin pattern with 60% stitch density. The stitch spacing corresponds to the distance between two needle penetrations on the same side of a column. The density determines the gap between stitches. For narrow columns, stitches are tight, thus requiring fewer stitches to cover the fabric. In areas with very narrow columns, less dense stitches are required because too many needle penetrations can damage the textile sample.
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(a)	(b)

Figure 1.(a) Geometrical sketch of the proposed e-textile MRDA. b) Photograph of the prototype of the fabricated wearable MRDA.


Figure 2 illustrates a good agreement between measured and simulated reflection coefficient (S11) values of the wearable antenna. The simulation takes into account the metal losses of the yarn conductor, based on a silver coating with a 6.3012·107 S/m electric conductivity. The minimum measured S11 value is -18 dB at 325 MHz. The -10 dB fractional bandwidth (FBW) is 6.2% (310 MHz -330 MHz) and the significant return losses guarantee a good 50-ohm matching impedance.




Figure 2.  S-parameter (return loss) of the EM simulated and measured embroidered antenna.


The antenna radiation patterns were measured in an anechoic chamber. The antenna measured gain is 1.5 dB with 49% efficiency whereas, simulated gain is 1.81 dB with 53% efficiency. The measured and simulated data demonstrate that the ring antenna presents a good performance in terms of its gain and efficiency. The experimental normalized radiation patterns compared against simulations are depicted in Figure 3 and it can be observed that the radiation correspond to an omnidirectional radiation pattern.
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(a) (b)

Figure 3. Simulated and measured normalized radiation patterns of the e-textile MRDA at 325 MHz, (a) XZ-plane (φ=90º). (b) YZ-plane (θ=0º).

To investigate the radiation behavior of the MRDA, the current distributions at 325 MHz on the prototype are depicted in Figures 4 (a) and (b). Figures 4(c) and 4(d) illustrate the simulated radiation pattern of directivity and realized gain at 325 MHz respectively.
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Figure 4. (a) Electric field distributions and (b) magnetic field distribution for e-textile MRDA @ 325 MHz. (c) Simulated 3D view of the directivity radiation pattern at 325 MHz. (d) Simulated 3D view of the gain radiation pattern at 325 MHz.

The proposed MRDA consists of two parallel short-circuited transmission lines of length L/2, which both magnetic coupling and electric coupling reinforcing each other with the effect of enhancing the power transfer capability of the wearable antenna system. Therefore, the proposed MRDA topology allows a significant improvement in terms of gain, directivity, return loss and bandwidth, with regard to conventional wearable dipole structures. In addition, there are some advantages of the proposed design in comparison with a standard dipole.  The proposed antenna offers reduction in dimensions and weight in comparison with the standard designs. 

[bookmark: _GoBack]The proposed antenna weights around 1.75 g (Figure 5) whereas some commercial models weight more than 150 g (Systems, 2019). The proposed antenna working at 325 MHz frequency requires a length of around 342 mm which is lower than the standard 462 mm of long dipole antenna.
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Figure 5. Weight of proposed MRDA around 1.75 g.


Effects of bending

It is hard to keep the substrate made out of textile materials in a flat configuration while adjusting to human body morphology and movements. Therefore, it is necessary to investigate the prototype performance characteristics under bending conditions especially when it is located on the chest or arms. Various cylindrical shapes with radius from 32.5 to 3 cm were used in this experimental study as shown in Figure 6. In fact, three main cases were studied: cylinders shape with diameters D = 6 cm (arm diameter), D = 12 cm (leg diameter), and D=65 cm (chest size). S11 parameters of the e-textile MRDA under various bending radiuses were studied.  It was noticed that due to bending from 32.5 to 3 cm, the simulated resonance frequency shifted up 7 MHz. In the experimental case, the shift of frequency was up to 10 MHz. The maximum frequency shifts from the simulated one is 3%. That causes a moderate impact on the RF properties of the antenna. 


The experiments described in this paper indicate that accurate fabrication method and material characterization improves the antenna performance by making it robust against the effect of bending when it is worn.
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Figure 6. Effect of bending with different curved radius.




Conclusions

An embroidered meander ring dipole antenna for wearable applications is presented in this paper. The proposed design corresponds with a fully-embroidered conductive thread on a felt fabric substrate. The comparison of full 3D electromagnetic simulations and measurements were studied, showing a significant degree of agreement between simulation gain (around 1.81 dB) and measurement gain (around 1.5 dB). A deformation analysis indicated that the antenna can be used under bending situations while maintaining a consistent performance. The validated results confirm that the proposed embroidered dipole antenna is a useful design in order to achieve compact low- profile light wearable antennas for body area network applications.
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