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Abstract: In this paper performance of three different designs of a 60 GHz high gain antenna for body-centric communication has been evaluated. The basic structure of the antenna is a slotted patch consisting of a rectangular ring radiator with passive radiators inside. The variation of the design was done by changing the shape of these passive radiators. For free space performance, two types of excitations were used—waveguide port and a coaxial probe. The coaxial probe significantly improved both the bandwidth and radiation efficiency. The center frequency of all the designs was close to 60 GHz with a bandwidth of more than 5 GHz. These designs achieved a maximum gain of 8.47 dB, 10 dB, and 9.73 dB while the radiation efficiency was around 94%. For body-centric applications, these antennas were simulated at two different distances from a human torso phantom using a coaxial probe. The torso phantom was modeled by taking three layers of the human body—skin, fat, and muscle. Millimeter waves have low penetration depth in the human body as a result antenna performance is less affected. A negligible shift of return loss curves was observed. Radiation efficiencies dropped at the closest distance to the phantom and at the furthest distance, the efficiencies increased to free space values. On the three layers human body phantom, all three different antenna designs show directive radiation patterns towards off the body. All three designs exhibited similar results in terms of center frequency and efficiency but varied slightly by either having better bandwidth or maximum gain.
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1  Introduction

Millimeter-Wave (mm-wave) spectrum ranges from 30 to 300 GHz having a wavelength range of 10 mm to 1 mm. The 60 GHz band from 57 to 66 GHz is unlicensed and relatively less congested around the world. In 2001, the Federal Communications Commission (FCC) allocated 57–64 GHz for unlicensed use and so gathered lots of interest of many researchers [1]. Due to very short wavelength and high bandwidth, communication at 60 GHz band is suitable for high data rate (Gbps) short-range applications like file transfer between multiple devices, high definition video streaming, and many more. Millimeter waves have high atmospheric absorption and high propagation attenuation and are also vulnerable to blockage by everyday obstacles like a brick wall, human bodies, etc. As a result, 60 GHz communication will work best in confined obstacle-free areas like medical wards, libraries, conference rooms, etc. [1,2].

Antennas designed for mm-wave are very small in size and are very directional [1]. These antennas can be used for body-centric devices like medical sensors which may consist of a heart-rate monitor, blood pressure, Electrocardiogram (ECG), and many more [3]. Body-centric wireless communications (BCWC) is an emerging technology which has great potential for applications in healthcare for patient monitoring. The concept of BCWC includes Wireless Body Area Networks (WBANs), Wireless Personal Area Networks (WPANs) and Wireless Body Sensor Networks (WBSNs). Body Area Network (BAN) is a small scale network around a human body. Wireless body area networks (WBANs) are communication networks of sensor nodes placed on, inside, or around the human body. There are many sensors uniformly distributed around the body to monitor the patient’s health, and each sensor gathers data and sends it to the Master Node (MN). The MN then directs the data to the monitor node, which either analyses it, or forwards it over the internet to, the hospital or doctors. Wireless body sensor network (WBSN) technologies are one of the most powerful technologies which consist of a group of low-power and lightweight devices with a transceiver which are used to monitor the vital signs of the human body [4–8]. BAN contains three modes of communication: off- body, on-body and in-body. When an off-body device communicates with a device placed on-body, it is known as off-body communication. Communication between sensors within close proximity of the body is on-body communication and communication between an implant with an outside sensor network is called in-body communication [9].

Antennas are the important component for wearable devices in body-centric wireless communications and they play a vital role in optimizing the radio system performance. Human body is an unfriendly environment for on-body communications. The performance of antennas for BCWC can be degraded by the presence of the lossy human body tissues. Due to the capacitive property of the human body, antenna radiation efficiency, input impedance, radiation pattern, and the resonant frequency are greatly affected [9,10]. So while designing an antenna for BAN, it is very important to study the antenna’s performance for body-centric scenarios using an appropriate approximation of the human body for power efficient and reliable on-body communications [9]. A human body can be modeled by three layers consisting of skin, fat, and muscle. At 60 GHz penetration depth of the mm-wave is very low. The skin has a loss tangent of 1.37 with an average penetration depth of 0.48 mm, fat has a loss tangent of 0.27 with an average penetration of depth of 3.37 mm and lastly, the muscle has an average penetration depth of 0.41 mm with a loss tangent of 0.0012 [11].

In [12], Al-Alem and A. Kishk designed a very low profile via-less planar Microstrip monopole antenna based on a very thin layer of a substrate. The main antenna structure is placed in between two copper reflectors and is fed by a 50 Ω Microstrip line. The antenna achieved a boresight gain of 11 dB and a bandwidth of 7 GHz (57–64 GHz). Chen et al. designed three 60 GHz antennas based on a PCB substrate to keep the fabrication cost low [13]. In this paper, the authors first proposed an antipodal slot based antenna on a very thin layer PCB substrate. For the frequency range of 57–67 GHz, the antenna achieved a very high gain of 15.6–17.2 dBi. In the same paper, the authors also presented a fan-like antenna consisting of blade-like arms on opposite sides of the PCB substrate to form two antipodal tapered radiators. Over a frequency of 57–64 GHz, this design achieved a gain of 1.6–6.4 dBi. Finally, the authors proposed a substrate integrated waveguide cavity-backed wide slot array antenna which resulted in 10–12 dBi gain over an operating bandwidth of 11.6% [13]. To achieve high gain, Vettikalladi et al. proposed two antenna designs based on dielectric superstrate having a relative permittivity of 7.5 [14]. In this paper, the authors first designed an aperture coupled patch antenna where the superstrate layer is added above 0.5 [image: images] height from the ground. The antenna is fed with a 50 Ω microstrip line and achieved a simulated result of 14.9 dBi from 58.7 to 62.7 GHz with an efficiency of 76%. In the same paper, the authors proposed a Microstrip fed stacked superstrate which contains a parasitic patch placed above 0.35 mm from the main patch. This design also has a high gain of 13.6 dBi with 84% efficiency [14]. Li and Luk proposed a magneto-electric dipole antenna in their paper. The antenna consists of two planar dipoles and a shorted patch which gained a wide bandwidth of about 50% with a stable gain of 8 dBi [15]. Al-Alem and Kishk designed an antenna which utilizes open-end Microstrip line fringing fields in another of their papers. The antenna has a realized gain of 11.5 dBi and a bandwidth of 2.2 GHz [16]. To achieve a very high gain a spherical dielectric lens has been implemented in [17]. The spherical dielectric lens of the proposed Microstrip antenna is fed by a slot-fed circular patch. A cavity is created around a thick substrate to hold the lens in place. Dielectric lenses increase gain by focusing radiation energy and this design achieved a very high normalized gain of 21.7 dB.

There are quite a few 60 GHz antennas that have been designed for on-body wearable devices. One such design was presented in [18] where the antenna is designed for wearable smart glasses. The basic structure contains a patch antenna array with feed lines, parasitic elements, and a ground. For the wearable scenario, the antenna was simulated on a head phantom. The antenna showed wide radiation coverage for both simulated and fabricated designs with a return loss bandwidth of around 1 GHz. In [19] Puskely et al. designed a disc-like circular antenna from a substrate integrated waveguide horn antenna. For on-body simulation, a skin phantom of 2 mm thickness was created. The reflection coefficient observed for both free space and on-body was almost identical with a bandwidth of 8%. The antenna produced an omnidirectional radiation pattern in both free space and on-body setup. In free space maximum gain achieved by the antenna is 4.8 dBi while for on-body the gain varied from 1.1 to 8.8 dBi depending on the placement of the antenna from the phantom. Antenna arrays with three different feeding techniques have been presented in [20]. Depending on feeding techniques in free space and on phantom the antenna gain varied from 9.4 dBi to 10 dBi. In [21] a very low profile slotted patch antenna has achieved a gain of 10.6 dBi in free space, while in body phantom the gain was 12.1 dBi. In [22] 60-GHz textile antenna array for body-centric communications is presented. Millimeter-wave liquid crystal polymer based conformal antenna array for 5G applications has been demonstrated in [23]. In [24] planar millimeter-wave antenna on low-cost flexible PET substrate for 5G applications is presented.

From the literature review, it is evident that an mm-wave antenna has to be high gain, a low cost, and an uncomplicated structure. For the on-body scenario, the antenna should show a good radiation pattern without much degradation of antenna performance. For body-centric communications different authors have presented different design approaches for mm wave antennas. However, there is still not any breakthrough for the suitable antenna design for reliable mm wave body-centric communications. In this paper, low profile and novel 60 GHz high gain antenna design for body-centric wireless communications is proposed. The main objective of this paper is to compare and analyze the performance of a 60 GHz antenna with three different designs. The performance parameters of these three different antenna designs are analyzed both in free space and on the three layers human body model. In this paper three different designs of a 60 GHz antenna have been chosen to investigate and compare the performance parameters of the antenna in terms of center frequency, bandwidth, efficiency, gain and radiation pattern.

This paper is divided into five sections—Introduction, design, free space simulation, on-body simulation, and conclusion. In section 1 the concepts of mm-wave and body-centric communication have been introduced. We also discussed some available 60 GHz antennas for both free space and on-body application. Section 2 is a description of all three design forms of the proposed antenna. Section 3 contains free space performance evaluation of all three designs for both waveguide port excitation and coaxial probe feed. Section 4 is dedicated to on-body simulated results at two different positions from a torso phantom using only the coaxial probe. In the last section, a conclusion is drawn in terms of the radiation pattern, return loss, and efficiency.

2  Antenna Design

Designing and simulation of the antenna are done using Computer Simulation Technology (CST). The basic structure of the three antenna designs consists of a ground plane, an air gap sandwiched in between two very thin layers of Flexible Printed Circuit Board (FPCB) substrate. FPCB is a flexible material with a dielectric constant of 2.7 and a loss tangent of 0.005 at 60 GHz [5,16]. The main radiator consists of a rectangular ring of 1 mm width inside which three more passive radiators are placed evenly at 0.15 mm apart. The ground at the bottom part of the antenna will help direct the radiation in upward direction. The ground and the radiators are of thickness 0.035 mm. The overall dimension of the antenna is 14 mm × 10.5 mm × 1.22 mm. The wavelength of the antenna at 60 GHz is 5 mm. The electrical sizes of the proposed antenna are 2.8 λ for width and 2.1 λ for length, respectively. This size has been considered for the antenna overall ground plane size. By varying the shape of the passive radiators while keeping the size of the ring the same, we have created three designs and named them as Design 1, Design 2, and Design 3. A Microstrip feed line of width 1.5 mm with a feed gap of 1 mm is created.

Design 1 consists of three rectangular passive blocks. Each block is of size 2.8 mm × 4.6 mm (Fig. 1a). In Design 2 and Design 3 the blocks are cut to form letter-shaped radiators. The shape of these passive radiators in Design 2 is “n S U” while in Design 3 it is “N S U” [Fig. 1b, 1c].

[image: images]

Figure 1: Top view of (a) Design 1 (b) Design 2 (c) Design 3

To form the letters “n”& “U” in Design 2 a rectangular portion of 1.8 mm × 4.1 mm was cut off from the left and the right passive blocks of Design 1. To form the “N” two identical triangles of sides 4.1 mm, 4.02 mm and 3.6 mm are cut from the left block of design 1. The letter “S” is formed by cutting two identical rectangles of 1.5 mm × 2.3 mm from the center block of design 1. Figs. 2a–2c show the top (left) and bottom (right) view of Design 1 with coaxial feed, Design 1 with waveguide excitation and coaxial feed, respectively.

[image: images]

Figure 2: (a) Top and bottom view of Design 1, (b) Design 1 with waveguide excitation and (c) Design with coaxial feed

3  Free Space Simulation

A waveguide port and a coaxial probe were used as a source of excitation to find the optimum feed. A waveguide port of size 9.09 mm × 5.36 mm is placed as a source of excitation. The coaxial probe was placed over the feedline replacing the waveguide port as a source of excitation. The coaxial probe has an inner conductor of size 0.448 mm to match a 50 Ω line. The optimum position for placing the probe is 10.635 mm from the origin for Design 2 and 3. For Design 1 the optimum position is 10.56 mm from the origin.

3.1 Result Using Waveguide Port

Fig. 3 shows the return loss curve for all three designs with waveguide port excitation. For Design 1, the return loss at −10 dB ranges from 56.78 GHz to 61.76 GHz, which gives a bandwidth of 4.96 GHz. The center frequency is 59.58 GHz at a return loss of −14.56 dB. Design 2 at −10 dB return loss, frequency ranges from 57.21 GHz to 61.62 GHz, which is a bandwidth of 4.41 GHz. The center frequency is 59.48 GHz at a return loss of −28.29 dB. Design 3 has a center frequency of 59.50 GHz at a return loss of −32.66 dB. At −10 dB the bandwidth is 4.26 GHz, ranging from 57.37 GHz to 61.63 GHz. Tab. 1 shows the free space performance summary of waveguide port antennas for 3 different designs.
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Figure 3: The return loss curves for all three designs with waveguide port excitation

Table 1: Free space performance summary of waveguide port antennas for 3 different designs

[image: images]

At their respective center frequencies Design 2 and 3 achieved similar linear radiation and total efficiency while Design 1 achieved better efficiency. Radiation efficiency for Design 1 is 83.59% while the total efficiency is 80.12%. Design 2 and 3 have achieved a radiation efficiency of 76.65%, 77.01%, and a total efficiency of 68.77%, 68.55% respectively.

Voltage Standing Wave Ratio (VSWR) for Design 1, 2, and 3 is 1.46, 1.08, and 1.05 respectively at their center frequencies. This shows that Design 2 and 3 are very well matched when compared to Design 1. Electromagnetic coupling causes current to flow along the passive radiators. The maximum surface current at 60 GHz is around 202 A/m, 213 A/m, and 215 A/m for Design 1, 2, and 3, respectively.

Design 1 achieved a maximum gain of 8.47 dB at 60 GHz. Figs. 4a and 4b show the radiation patterns in XZ, and YZ planes of the waveguide port antennas at 60 GHz for three different designs. The radiation pattern of the YZ plane has a main lobe of magnitude 7.94 dB at direction of 15 degrees. XZ plane has a main lobe magnitude of 3.96 dB at 326 degrees. At 60 GHz Design 2 has a maximum gain of 10 dB. The magnitude of the main lobe in YZ and XZ planes is 4.55 dB at 343 degrees and 9.78 dB at 321 degrees, respectively. For the same frequency, the magnitude of the main lobe of Design 3 in the YZ plane is 4.96 dB at 15 degrees while in the XZ plane the main lobe magnitude is 9.52 dB at 320 degrees. Design 3 achieved a maximum gain of 9.73 dB. From these values, it can be concluded that these antenna designs are very directional and they only radiate in certain directions.

[image: images]

Figure 4: Radiation patterns of waveguide port antennas at 60 GHz in (a) XZ, and (b) YZ plane

3.2 Results Using Coaxial Probe

The return loss curve indicates that the center frequencies of the three designs with coaxial feed have shifted to the right when compared to the waveguide port. An increase in bandwidth is also observed in all three designs. At −10 dB return loss of Design 1, frequency ranges from 57.38 GHz to 63.20 GHz with a center frequency of 60.02 GHz at −20.16 dB. Design 2 has a center frequency of 60.14 GHz at −22.72 dB. At −10 dB return loss, frequency ranges from 57.95 GHz to 63 GHz. For the same return loss of −10 dB, Design 3 has a bandwidth of 5.05 GHz (from 58.04 GHz to 63.09 GHz), with a center frequency of 60.08 GHz at −24.24 dB.

Use of the coaxial probe increased both radiation efficiency and total efficiency significantly for all the designs. Radiation efficiency increased to 94.48%, 94.25% and 94.70% while total efficiency increased to 93.50%, 93.19% and 94.03% for Design 1, 2 and 3 respectively (see Fig. 5). VSWR for Design 1 decreased to 1.22 but for Design 2 and 3 VSWR increased to 1.16 and 1.13 at their respective center frequencies. Surface current at 60 GHz increased to a maximum value of 305, 311, and 315 A/m for the three designs; see Figs. 6a–6c.

[image: images]

Figure 5: Radiation and total efficiency of coaxial feed Design 1, 2 & 3 in free space
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Figure 6: Coaxial feed surface current distribution at 60 GHz of (a) Design 1 (b) Design 2 (c) Design 3

In the YZ plane the magnitude of the main lobe is 8.58 dB at 19 degrees, 6.83 dB at 20°, and 7.12 dB at 20° for Design 1, 2, and 3 respectively. In the XZ plane the magnitude of the main lobe is 3.05 dB at 301°, 4.18 dB at 307°, and 4.19 dB at 330°. The maximum gain achieved by these designs with the coaxial probe is 8.64, 9.28, and 9.36 dB (Fig. 9).

3.3 On-body Simulation Results of Coaxial Feed Antennas

For on-body performance evaluation, a torso phantom is created. This phantom mimics the first three layers of a human body, which is skin, fat, and muscle (Fig. 7). The dielectric properties of the three layers are 7.98, 3.13, and 12.86. The loss tangent of skin, fat, and muscle is 1.37, 0.27, and 0.0012; see Tab. 2. For simulation purposes the dimension of skin is taken of size 55 mm × 30 mm × 1.3 mm. Fat is taken 55 mm × 30 mm × 3.7 mm and muscle is 55 mm × 30 mm × 3 mm. Therefore the total dimension of the phantom is 55 mm × 30 mm × 8 mm. The three antennas are kept at two different distances, 0 mm and 6 mm, from the phantom.

[image: images]

Figure 7: Antenna placed on top of the torso phantom

Table 2: Dielectric properties and loss tangents of skin, fat and muscle

[image: images]

Figs. 8a–8c show the free space and on-body return loss curves of three different antenna designs with coaxial feed. At 0 mm from the phantom, the center frequency of Design 1 is 60.04 GHz with a −10 dB bandwidth of 5.78 GHz. Design 2 has a center frequency of 60.06 GHz with a bandwidth of 5.05 GHz. Design 3 has a bandwidth of 5.05 GHz with a center frequency of 60.02 GHz. At a distance of 6 mm from the phantom, Design 1 has a center frequency of 59.98 GHz with a bandwidth of 5.85 GHz. Design 2 and 3 has a center frequency of 60.04 GHz and 59.98 GHz. Bandwidth at −10 dB is 5.12 and 5.11 GHz, respectively.
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Figure 8: (a) Design 1 free space and on-body return loss (b) Design 2 free space and on-body return loss (c) Design 3 free space and on-body return loss

Tab. 3 shows comparison of performance parameters in free space and on-body with coaxial feed of three different designs. Due to the dielectric losses of the phantom, a drop in radiation and total efficiency is observed for all three designs at 0 mm distance. Radiation efficiency dropped to 91.96%, 92.03%, and 91.89%. Total efficiency decreased to 91.03%, 91.48%, and 91.54% for the three designs respectively. At a distance of 6 mm, the radiation efficiency increased to 94.54%, 94.47%, and 94.32%. The total efficiency increased to 93.62%, 93.96%, and 93.39%.

Table 3: Comparison of performance parameters in free space and on-body of the three antenna deigns with coaxial feed

[image: images]

Figs. 9a–9c and 10a–10c show the free space and on-body Three-Dimensional (3D) radiation patterns of the three different antenna designs with coaxial feed at 60 GHz. Results show that the antennas in free space show nearly directive 3D radiation patterns with siligt distortion at different angles. When the antennas are placed directly on the phantom (0 mm) the 3D radiation patterns look more directive at certian angles. Figs. 11a–11f show the radiation patterns of XZ and YZ planes for both free space and on-body for three different designs with coaxial feed at 60 GHz. At 0 mm distance, the 60 GHz radiation pattern of Design 1 in the YZ plane has a main lobe magnitude of 8.73 dB while the XZ plane has a main lobe of 2.8 dB. At 6 mm, these values are 8.01 dB for the YZ plane and 4.46 dB for the XZ plane. YZ plane of Design 2 has a main lobe magnitude of 7.12 dB at 0 mm and 6.05 dB at 6 mm. XZ plane has a main lobe magnitude of 4.81 dB and 5.26 dB at 0 mm and 6 mm respectively. YZ plane of Design 3 at 0 mm and 6 mm has a main lobe magnitude of 7.38 dB and 6.31 dB. The magnitude of the main lobe of this design’s XZ plane is 4.96 dB and 5.11 dB. Maximum gain at 0 mm is 9.4 dB, 9.77 dB and 10 dB. At 6 mm maximum gain is 8.85 dB, 10.2 dB, and 10.3 dB for the three designs.
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Figure 9: Free space 3D radiation patterns of the three different antenna designs at 60 GHz (a) Design 1 (Left), (b) Design 2 (Center), Design 3 (c) (Right)
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Figure 10: 3D radiation patterns of the three different antenna designs at 60 GHz when placed 0 mm away from the phantom (a) Design 1 (Left), (b) Design 2 (Center), Design 3 (c) (Right) on-body
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Figure 11: Free space and on body (0 mm and 6 mm away from phantom) XZ & YZ planes radiation patterns of the antennas for three different designs with coaxial feed at 60 GHz. (a) Design 1 XZ Plane (b) Design 2 XZ Plane (c) Design 3 XZ Plane (d) Design 1 YZ Plane (e) Design 2 YZ Plane (f) Design 3 YZ Plane

The antenna design and results presented in the paper is simulation based. As mentioned earlier the antenna was designed and simulated using Computer Simulation Technology which is user friendly and the results obtained using this software is reliable. Due to lack of scope the antenna simulation results were not verified with the measurements. However it is observed that the simulation antenna results of CST software are comparable with the measurement results as reported many articles [15–29].

4  Conclusions

The main purpose of this paper is to design a 60 GHz patch antenna with three different designs to find the best design in terms of center frequency, bandwidth, efficiency, gain and radiation pattern. Performance parameters in free space and on the three layers human body model of a 60 GHz patch antenna for three different designs have been compared and analyzed. Free space performance shows that using a coaxial probe increases the bandwidth significantly and shifts the return loss curves to the right. Even though the coaxial feed introduced more gratings to the radiation pattern but it made the antennas more efficient. The 3D radiation pattern of all three designs shows that radiation is directed towards the upper region of the antenna.

If one has to choose a design for its bandwidth capacity and a more uniform radiation pattern then Design 1 is a clear choice, although the maximum gain is slightly lower than the other designs. For the on-body application, the return loss curve showed insignificant change for all the designs. Gain increased when the antennas were kept closer to the phantom. Design 2 and Design 3 have shown a similar radiation pattern with Design 1 having the maximum gain. The results are consistent with other research works.

Low interference, short-range, and high bandwidth of mm-waves makes developing devices for the medical and military fields very promising. All three antennas show very good on-body performance. Antennas presented in this work will be perfectly suitable for body-centric wireless communications.
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