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Abstract

:

This paper presents the design of three types of dual band (2.5 & 5.2 GHz) wearable microstrip patch antennas. The first one is based on a conventional ground plane, whereas the other two antennas are based on two different types of two-dimensional electromagnetic band gap (EBG) structures. The design of these two different dual-band EBG structures using wearable substrates incorporates several factors in order to improve the performance of the proposed conventional ground plane (dual band) wearable antenna. The second EBG with plus-shaped slots is about 22.7% more compact in size relative to the designed mushroom-like EBG. Subsequently, we have demonstrated that the mushroom-like EBG and the EBG with plus-shaped slots improve the bandwidth by 5.2 MHz and 7.9 MHz at lower resonance frequencies and by 33.6 MHz and 16.7 MHz at higher resonance frequencies, respectively. Furthermore, improvements in gain of 4.33% and 16.5% at a frequency of 2.5 GHz and improvements in gain of 30.43% and 4.57% at 5.2 GHz have been achieved by using the mushroom-like EBG and EBG with plus-shaped slots, respectively. The operation of the conventional ground plane antenna is investigated under different bending conditions, such as wrapped around different rounded body parts. The proposed conventional ground plane antenna is placed over a three-layered (flat body phantom (chest)) and four-layered (rounded body parts) tissue models, and a thorough SAR analysis has been performed. It is concluded that the proposed antenna reduces SAR effects (<2 W/kg) on the human body, thereby making it useful for numerous critical wearable applications.
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1. Introduction


Wearable systems provide an extension in the classical concept of wearable apparel, which is used for the protection of the body from environmental effects. These systems have introduced new services and need to be completely integrable into the wearable apparel without affecting its comfortability and wearability. A wearable antenna is the main component in a wearable system and serves as a crucial bridge between the external electronic devices and the on-body electronic circuitry [1]. These antenna-based systems are being utilized for security, rescue, sports, entertainment and many other applications [2]. Therefore, they are expected to exhibit resilience to the harsh environment and have a small size. Antenna miniaturization is often achieved by the reduction of the ground plane [3]. However, a reduced ground plane results in spurious currents flowing in the ground plane, which can affect the radiation characteristics of that antenna. Some other miniaturization techniques are also used for antenna size reduction, such as loading lumped components, creating slots [4] and bends, and using short circuits and spiral-shaped radiators [5], among many other techniques. However, patch antennas, because of their peculiar properties, are always favorable for wearable applications [6]. The radiation pattern of a patch antenna is perpendicular to the antenna plane, which is why, in terms of low specific absorption rate (SAR), patch antennas are the best candidates for these applications. Furthermore, the full ground plane, which is a component of a patch antenna, is beneficial in preventing the wearer’s body from unwanted radiation [7], and this further helps reduce the SAR value.



Whenever an antenna is installed on a wearer’s body, its side and back radiation lobes penetrate into the user’s body, thereby being absorbed. Absorption of these lobes or waves produce hot spots on the human body, and destruction of tissues may occur [8,9]. The specific absorption rate (SAR) defined in Equation (1) is the value formulated to calculate the absorption of electromagnetic waves by human tissue:


     SAR =   σ  E 2   ρ   ( W / kg )      



(1)




where E is the root-mean-square electric field induced in the tissue (V/m),  ρ  is the tissue density (  kg /  m 3   ) and  σ  is the tissue electrical conductivity (s/m), and its value dictates quantity of maximum exposure to the electromagnetic fields. Beginning in the year 1990, the SAR value of the interaction of an antenna with the human body received tremendous attention [10,11] because of the huge increase in wireless body area network (WBAN) applications. The SAR value should not exceed the recommended exposure thresholds, and it should remain within a predefined SARlimit. Therefore, different techniques [12,13] were used by researchers to bring the SAR value into the desired limit. The electromagnetic band-gap (EBG) acts as a shield and reduces the SAR value [14,15] by efficiently radiating the side and back radiation lobes in the forward direction to protect the human body. It has been shown in some publications [16] that a ferrite sheet also acts as a protective shield and provides stability in terms of resonant frequencies, irrespective of the antenna position on the body. It therefore can be used as an alternative to EBG for SAR reduction.



In most cases, the antenna performance is degraded when it is in proximity to the wearer’s body or when it acquires a bend [17]. This degradation in performance is due to the permittivity and conductivity of human tissues. Besides the effects due to conductivity and permittivity of tissues, bending may produce a change in the effective electrical length of antenna or mismatch the impedance. Consequently, a shift in the resonance frequency or decrease/increase in the return loss may occur [18]. Therefore, an evaluation of the different parameters of a wearable antenna on a body and in different bending conditions is required to be explored. High impedance surfaces or EBG structures are used to minimize this degradation in performance [14]. EBG structures are artificial materials used as a ground plane for antennas. These structures enhance the overall performance of an antenna by providing in-phase reflection and surface wave suppression [19,20,21,22]. Another aspect of EBG can be found in array antennas. Mutual coupling is a severe problem in array antennas or multiple antenna systems [23,24]. This problem of mutual coupling between multiple antenna elements can be overcome by utilizing EBG [25,26]. Instead of EBG, the same objective can be achieved by using defected ground structures (DGS) [27]. However, in some cases, as in [28], the gain of the array antenna may be significantly reduced by using DGS. Therefore, EBG is a better choice compared to DGS.



In most of the work in literature, only flat antenna conditions are usually considered for the antenna performance [29] and SAR measurements [30,31]. However, due to the flexibility of wearable antennas, it is not possible for these antennas to maintain their flat conditions all the time on a wearer’s body. Moreover, the SAR value is a function of the bending radius of a specified body organ [32]; the smaller the bending radius, the worse the SAR value. Furthermore, crumpling and bending an antenna may reduce its performance, as reported in [33]. Therefore, in this paper, we provide a comprehensive SAR analysis as well as the impact of other antenna parameters on both flat and bending conditions. In addition, we consider antenna bending conditions based on various wearable antenna radii sizes specified on the basis of the corresponding human arms and legs on which they are wrapped.



In this work, a very compact size dual band wearable microstrip patch antenna operating at 2.5 and 5.196 GHz is designed. In order to improve the performance of antenna in terms of directivity, gain and bandwidth, two types of EBG ground planes were designed for the proposed conventional antenna. The antenna is low profile and conformable and is composed of a textile material called polyethylene foam, having a relative permittivity of 1.05. The proposed antenna is bent around human legs and arms of different radii, and its operation is studied under various bent conditions. For the on-body simulation, two types of body phantoms are modeled. The first one is a flat body phantom (used for the chest) consisting of three layers, whereas the second one is a cylindrical body phantom (used for the arms and legs) consisting of four different layers. The proposed antenna is placed on the flat body phantom as well as bent around arms (of different radii) and legs, and its SAR analysis is carried out. We use CST MWS software for all the simulations and analysis in this work.



The rest of the paper is organized into the following sections. Section 2 provides our design methodology using various approaches. In Section 3, we present the human phantom modeling approach and describe our simulation results based on off-body and on-body analyses. Furthermore, we thoroughly discuss the impact of various antenna positions. In Section 4, we conclude the paper and discuss some open questions.




2. Design Methodology


2.1. Conventional Approach


All the designs and simulations in this project were carried out in CST MWS software with a frequency range of 2 to 5.5 GHz. The geometrical model of the proposed dual band wearable patch antenna is shown in Figure 1. The 3 mm thicker substrate having a compact size of 68 mm × 73 mm was made of polyethylene foam with a relative permittivity of 1.05 [34]. The overall size of the radiating patch was 44.75 mm × 47 mm. A 50  Ω  microstrip feed line was used in the design of the proposed dual band textile antenna. The dimensions of the proposed dual band textile antenna were obtained by using the theory of transmission lines [35].



Table 1 presents the optimized values of the parameters mentioned in Figure 1.




2.2. Metamaterial Based Approach


Metamaterials are artificially-designed materials that are used as a ground plane to enhance the performance of an antenna. These materials offer suppression of surface waves at intended frequency bands, thereby offering improvements in efficiency, gain, directivity and other parameters of an antenna. The design of two different unit cells of the two different EBG structures to be employed as a ground plane for the designed dual band wearable antenna is outlined in the section below.



2.2.1. Dual Band EBG Unit Cells


This section summarizes the design and analysis of two different unit cells of the two different EBG structures for the desired frequency bands (2.5 GHz and 5.196 GHz). Polyethylene with a thickness of 3 mm was utilized as a substrate material in the design of these two EBG structures. For the unit cell, the resonant frequency depends on the effective capacitance (C) and inductance (L) of the unit cell, i.e.,


      f r  =  1  2 π   L C         



(2)






     C =   w  ϵ o   ( 1 +  ϵ r  )   π   cosh  − 1    a g      



(3)






     L =  μ o  h     



(4)




where   μ 0   and   ϵ 0   are the free space permeability and permittivity, respectively. Figure 2 presents the design of the two dual band EBG unit cells. The first one is the conventional mushroom-like EBG unit cell. It is a square shape with overall dimensions of 32.5 mm × 32.5 mm. The radius of the via is 1.5 mm. The second unit cell is different from the conventional mushroom-like EBG unit cell. A plus-shaped slot is created in the unit cell. The creation of slots increases the capacitance and thus makes the proposed unit cell more compact in size as compared to the conventional mushroom-like EBG unit cell [36]. The second EBG unit cell with a plus-shaped slot has a total size of 26.5 mm × 26.5 mm. The second EBG unit cell is about 18.46% more compact in size as compared to the conventional mushroom-like EBG unit cell. The width and length of the plus-shaped slot in the second EBG unit cell are 3 mm and 13 mm, respectively.



The in-phase reflection of the proposed dual-band EBG unit cells are shown in Figure 3. It is observed that in the case of each EBG unit cell, the in-phase response is shown on the desired resonances (2.5 GHz and 5.2 GHz).



Table 2 presents the values of the parameters of the unit cells given in Figure 2.



Table 2 shows that the EBG unit cell with the plus-shaped slot is more compact than the mushroom-like EBG unit cell.




2.2.2. Electromagnetic Band-Gap Array


Surface wave suppression is one of the most important properties of EBG structures. Suppression of surface waves improves the gain, directivity and other parameters of the antenna, while it minimizes side and back lobes [37]. The scattering parameters of the two EBG surfaces are achieved by the use of two port transmission line techniques, as depicted in Figure 4. Out of the two ports, the one to the left side is supposed as the source of excitation, and the other to the right side is supposed as a matched load. The mushroom-like EBG array has a total size of 176.5 mm × 176.5 mm, while the second EBG array with plus-shaped slots is 136 mm × 136 mm.



The reflection and transmission coefficients of the two EBG structures are depicted in Figure 5. It shows that in the case of each EBG, the S21 is lower than −15 dB at both frequencies (2.5 GHz and 5.196 GHz). Therefore, both EBG structures have the ability to suppress surface waves in the desired frequency bands (2.5 GHz and 5.196 GHz). However, the second EBG structure with plus-shaped slots is about 22.94% more compact than the conventional mushroom-like EBG array.





2.3. EBG-Based Antenna


The proposed dual band textile antenna was placed over two different 5 × 5 EBG ground planes as shown in Figure 6. In the case of the mushroom-like EBG’s ground plane, the overall dimension of the antenna was 176.5 mm × 176.5 mm, whereas, in the case of the EBG ground plane with plus-shaped slots was 136 mm × 136 mm.



This means that the antenna with second ground plane is about 22.94% more compact in size than the mushroom-like EBG-based antenna.




2.4. Human Phantom Modeling


For the on-body analysis of the proposed dual band wearable antenna, two body parts were modeled in CST MWS. The first one was a flat homogeneous phantom (chest) with three layers used to model muscle, fat and skin. Similarly, the second one was a heterogeneous cylindrical phantom with four layers to model bone, muscle, fat and skin. The flat body phantom had overall dimensions of 160 mm × 180 mm ×53 mm, as shown in Figure 7. The thickness of the muscle layer was 50 mm, while the thickness of the fat layer was 2 mm and the skin was 1 mm.



In the second case, three heterogeneous cylindrical models of body parts were designed, and the proposed dual band antenna was bent over them, as shown in Figure 8. The first one was a leg having a total radius of 70 mm. The second one was a healthy arm having a 60 mm radius, and the third one, which models the worst condition among all, was a child’s arm having a 40 mm radius.



The average typical electromagnetic properties for the human tissues (bone, muscle, fat and skin) at 2.5 GHz and 5.2 GHz are taken from [38] and are given in Table 3.





3. Results


3.1. Off-Body Analysis


3.1.1. Conventional Antenna


The proposed dual-band wearable antenna operating at 2.5 GHz and 5.2 GHz was designed in CST MWS software with a frequency range of 2 to 5.5 GHz, as shown in Figure 1. Figure 9 shows the return loss of the designed dual band antenna. The resonance frequencies were 2.5 and 5.2 GHz with an input impedance bandwidth of 23.8 and 60.4 MHz, respectively. The proposed antenna had a return loss of −24.975 and −28.234 at 2.5 and 5.5 GHz, respectively.



Figure 10 shows that the proposed antenna is very precisely matched at both resonance frequencies with a voltage standing wave ratio (VSWR < 1.119).



The directivity and gain patterns of the designed conventional dual band antenna at 2.5 and 5.2 GHz are shown in Figure 11 and Figure 12, respectively. The maximum directivities at 2.5 and 5.2 GHz are 8.39 and 9.01 dB, respectively. The 3dB angular widths at 2.5 and 5.2 GHz are 83.4 and 76.9 degrees, respectively. The maximum gains at 2.5 and 5.2 GHz are 8.08 and 8.74 dBi, respectively. A small amount of disturbance is observed in the patterns at the higher resonance frequency. The second reason for this disturbance is the compact size of the proposed antenna. The miniaturization of an antenna is always a matter of compromise between antenna radiation characteristics and its size. Therefore, various slots have been created in the designed dual band antenna to bring it to a very compact size of 68 × 73 mm   2  .



The distribution of surface currents in the conventional wearable antenna at 2.5 and 5.2 GHz is shown in Figure 13, which clearly shows the resonant lengths.




3.1.2. Metamaterial-Based Antenna


To improve the performance of the designed conventional dual band antenna, two different types of EBG ground planes have been designed in CST software, as shown in Figure 3. Subsequently, these EBG surfaces have been employed as a ground plane for the proposed dual band wearable antenna, as shown in Figure 6, and an analysis on the basis of a performance comparison is presented below.



Figure 14 shows the comparison of the return loss of the conventional dual band wearable antenna with that of the two EBG-based ground plane antennas.



With the help of the mushroom-like EBG ground plane, a 5.2 and 33.6 MHz improvement in bandwidth has been achieved for the lower and upper frequency bands, respectively. By using the EBG with plus-shaped slots as the ground plane for the proposed antenna, a 7.9 and 16.7 MHz improvement has been achieved in the bandwidth for the 2.5 and 5.2 GHz bands, respectively. A small amount of reduction in return loss has been observed for both EBG ground planes. Moreover, for the lower frequency band, a certain amount of shift to the left side for the mushroom-like EBG ground plane and to the right side for the EBG with plus-shaped slots has been observed. This shift in the resonance frequencies has also been observed in [36,39] when the antenna is employed on a metamaterial-based ground plane.



The directivity and gain patterns without and with EBG ground planes at 2.5 and 5.2 GHz are shown in Figure 15 and Figure 16. An increase of approximately 1.8% and 28.7% in directivity for the lower and upper frequency bands, respectively, has been achieved by the help of the mushroom-like EBG ground plane. By using the EBG with plus-shaped slots, a 15.13% improvement in directivity for the lower frequency band and a 3.55% improvement in that for the higher frequency band have been observed. Similarly, the mushroom-like EBG and EBG with plus-shaped slots show 4.33% and 16.70% improvements in gain for the lower frequency band, respectively, and 30.43% and 4.57% increases in gain for the upper frequency band, respectively. Furthermore, a reduction in side and back lobes is clearly observed in the case of both EBG ground planes. Apart from the directivity and gain, the radiation and total efficiency increase sufficiently for both the resonance bands in the case of both EBG ground planes.



Table 4 summarizes the performance comparison of the conventional dual band antenna without and with EBG ground planes.




3.1.3. Conventional Antenna in Different Free Space Bending Conditions


The primary utilization of wearable antennas is their usage in on-body health or sports equipment or in security gadgets. All these applications are wearable in nature, and hence, it is impossible to maintain a regular flat antenna condition all the time when these gadgets are worn on the wearer’s body. Consequently, the antenna bending phenomenon occurs during its regular operation, which can adversely affect the performance of the corresponding system of gadget installed with the antenna. For this reason, a thorough analysis of a wearable antenna in various bending conditions can result in improved designs and better results in future wearable systems. Therefore, we used the conventional dual band wearable antenna as given in Figure 1 and bent it around different body parts as shown in Figure 8. In this work, we analyzed our proposed conventional antenna by evaluating its various bending conditions on the basis of its return loss and radiation characteristics. We describe our analysis of various results of the antenna system below.



Figure 17 illustrates the effects on the return loss of the conventional dual band wearable antenna due to bending around a leg with a radius of 70 mm, a healthy arm with a radius of 60 mm, and the worst case, which is a child’s arm with a radius of 40 mm. It is worth noticing that irrespective of the bending radii, the return loss result of the antenna is stable when bent on these body parts. The return loss is improved by about 15.16 dB at 2.5 GHz for bending around the radius of a child’s arm (40 mm). Similarly it is improved by about 5.68 dB at 5.2 GHz for bending around a leg of radius 70 mm. It is clear from Figure 17 that the bending radii have no prominent effects on the return loss of the proposed dual band wearable antenna.



Figure 18 and Figure 19 portray the effects on the directivity and gain patterns, respectively, at the desired resonance frequencies when the proposed conventional dual band patch antenna is bent around body parts of different radii. It is worth mentioning that a very small amount of reduction in directivity and gain for the lower frequency band is observed as the bending radius decreases. However, there is no prominent effect of the bending on the radiation characteristics of the conventional patch antenna, and its overall performance remains stable in terms of return loss and radiation patterns.





3.2. On-Body Analysis


In this section, the proposed dual band conventional antenna is placed over human body and an analysis is conducted on the basis of the return loss, radiation patterns and specific absorption rate (SAR) values.



3.2.1. Return Loss


Figure 20 presents the return loss comparison of the proposed conventional antenna without a body, with the flat body phantom, and bent around rounded body parts (leg and arms). Both resonance frequencies increase as the antenna is placed over the body parts. This is due to the permittivity and conductivity of human tissues. Moreover, the shift in the resonance frequencies towards the right side increases as the bending radius decreases. This is due to the fact that the effective resonant length of the antenna depends on the bending radii. The smaller the bending radii, the greater the reduction in the effective length of the antenna, and therefore, shifting of the resonant frequency towards higher frequencies is observed [40]. However, in general, it can be observed that the proposed antenna is tuned all the time, irrespective of the different environmental conditions.




3.2.2. Directivity and Gain Patterns


The directivity and gain patterns of the designed conventional antenna, without a body and when mounted on different body parts, are shown in Figure 21 and Figure 22, respectively. These figures demonstrate that among all conditions, antenna to be placed over a flat body phantom is the most suitable choice in terms of side and back lobes. For rounded body parts, the side and back lobes decrease dramatically as the bending radius increases, and the radiation patterns approach that of the flat body condition. Table 5 presents a comparison on the basis of maximum gain and directivity between the conventional antenna without a body and the antenna with a child’s arm with a radius of 40 mm (worst case). A small amount of reduction at the lower resonance frequencies has been observed in both the maximum gain and directivity when the designed antenna is worn on a child arm (worst case).





3.3. Specific Absorption Rate (SAR) Analysis of Conventional Dual Band Antenna


Whenever an antenna is installed on a human body, a part of the electromagnetic waves (EMW) radiated by that antenna is absorbed into the human body in the form of side and back lobes. The specific absorption rate (SAR) is the term used for the evaluation of the absorption of these EM waves by the wearer’s body. The SAR value must be in the RF exposure limit to ensure the wearer’s safety. However, for the frequency range of 400 MHz to 6 GHz, the ICNIRP and IEEE Std C95.1TM-2019 specifies the restriction in term of specific energy absorption (SA) of any 10-g cubic mass, where SA is restricted to 7.2   [ 0.05 + 0.95   (  t 360  )   0.5   ]   kJ kg    − 1    for the head and torso and 14.4   [ 0.025 + 0.975   (  t 360  )   0.5   ]   kJ kg    − 1    for limb exposure, where t is the exposure interval in seconds. Note that for this specification, exposure from any pulse, group of pulses, or subgroup of pulses in a train, as well as from the total (sum) of exposures (including non-pulsed EMF), delivered in t seconds, must not exceed the limit (in order to ensure that the temperature thresholds are not exceeded) [41,42].



Table 5 illustrates that when the conventional antenna is worn on a child’s arm (worst case), a small amount of reduction in maximum gain and directivity occurrs for the lower frequency band. This means that some amount of power is consumed in the child’s arm to increase the SAR level at the lower frequency band as compared to the upper frequency band. However, as shown in Figure 23, it is still in the SAR limit (<2 W/kg) because of the small amount of absorption of energy (demonstrated by the small reduction in gain and directivity at the lower resonance frequency (Table 5, 4th column). There is an increase in the maximum gain and directivity at the upper frequency band when the conventional antenna is worn on a child’s arm. Thus, as shown in Figure 24, the SAR value at the higher frequency band is much lower than that at the lower frequency band.



The SAR values at both the resonance frequencies for the conventional antenna placed on a flat body phantom are given in Figure 22. These values are 0.332 W/kg and 0.234 W/kg averaged over 10 g of tissue for the lower and upper resonance bands, respectively. In case of the conventional antenna wrapped around the rounded body parts, the worst condition (child arm) among all bending conditions gives an SAR value of 1.89 W/kg and 0.462 W/kg taken over 10 g of tissue at 2.5 GHz and 5.2 GHz, respectively, as shown in Figure 23.



The SAR analysis of the conventional dual band antenna shows that in all conditions, i.e., an antenna placed over a flat body phantom and an antenna wrapped around rounded body parts (when simulating a lower band of 2.5 GHz, a maximum allowable power of 5.7 mW and 53.8 mW was used for 1 g and 10 g, respectively; similarly, for the higher band of 5.2 GHz, a maximum allowable power of 10 mW and 90 mW was used for 1 g and 10 g, respectively), the obtained SAR value is within the RF exposure limit (<2 W/kg (European standard)) at both resonance frequencies. Hence, there is no need for EBG for the purpose of SAR. There are several reasons for the achieved lower SAR values. First, the proposed dual-band antenna has a full finite ground plane, which works as a reflector to protect the human body from radiation. Secondly, the radiation pattern of the patch antenna is perpendicular to the antenna plane. This is the reason that patch antenna is the best candidate among all types of antennas for wearable applications. Furthermore, as shown in Figure 20 and Figure 21, when the designed antenna is mounted on the body, it radiates the minimum amount of side and back lobes towards the body. Based on these results, we consider that the proposed antenna can serve as an extremely useful component of many wearable applications, which cannot compromise on safety precautions due to their utilization in health critical systems.





4. Conclusions


In this paper, the design of a compact dual-band microstrip patch antenna operating at 2.5 and 5.2 GHz has been presented and analyzed for various critical parameters. With the help of two different EBG ground planes, improvement in the overall performance (in terms of directivity, gain, efficiency and other parameters) of the proposed dual band conventional ground plane antenna has been achieved. A comparison on the basis of the performance of the conventional antenna with two different EBG inspired antennas has been made, as given in Table 4. It is observed that EBG-inspired antennas achieve better performance compared to the antenna with a conventional ground plane. In addition, we tested the proposed dual band conventional ground plane antenna in various bending conditions. Based on our results, we conclude that the designed antenna remains tuned all the time, irrespective of the bending radii. Furthermore, we studied the proposed antenna design with respect to its contact with various human body parts (such as flat and rounded body parts) and performed a detailed SAR analysis. The corresponding results reveal that at both the given resonance frequencies, the SAR value of the conventional antenna is well within the standard SAR limit (2 W/kg) prescribed by the European standards in both conditions when the antenna is placed over the flat body phantom (chest) or wrapped around the rounded body parts. Overall, we conclude that the proposed antenna design can be useful for a variety of applications including personal communications gadgets, equipment for combat and rescue operations, and health devices without compromising on the health of the wearer. An interesting future study is to ascertain the accuracy of the performance parameters by developing a wearable healthcare product to analyze the antenna performance practically.
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Figure 1. Geometrical model of the proposed dual band microstrip patch antenna. 
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Figure 2. EBG unit cells. (a) Mushroom-like EBG unit cell. (b) Unit cell with plus-shaped slots. 
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Figure 3. In-phase reflection of EBG unit cells. (a) Mushroom-like unit cell. (b) Unit cell with plus-shaped slots. 
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Figure 4. A 5×5 array of (a) the mushroom EBG and (b) the EBG with plus-shaped slots with suspended strips. 
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Figure 5. Reflection and transmission coefficients of 5 × 5 EBG array. (a) Mushroom-like EBG unit; (b) EBG with plus-shaped slots. 






Figure 5. Reflection and transmission coefficients of 5 × 5 EBG array. (a) Mushroom-like EBG unit; (b) EBG with plus-shaped slots.



[image: Applsci 12 09218 g005]







[image: Applsci 12 09218 g006 550] 





Figure 6. Antenna over EBG ground planes. (a) Mushroom-like EBG; (b) EBG with plus-shaped slots. 
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Figure 7. Overall flat body phantom used for modeling the typical human chest. 
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Figure 8. Antenna wrapped around four-layered body parts. (a) Leg of radius 70 mm; (b) arm of radius 60 mm; (c) arm of radius 40 mm. 
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Figure 9. Reflection coefficient of conventional dual band antenna. 
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Figure 10. VSWR of conventional dual band antenna. 
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Figure 11. Directivity patterns of conventional dual band antenna at (a) 2.5 GHz (b) 5.2 GHz. 
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Figure 12. Gain patterns of conventional dual band antenna at (a) 2.5 GHz and (b) 5.2 GHz. 
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Figure 13. Distribution of surface currents of the conventional dual band antenna at (a) 2.5 GHz and (b) 5.2 GHz. 
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Figure 14. Return loss without EBG and with EBG ground planes. 
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Figure 15. Directivity patterns with and without EBG ground planes at (a) 2.5 GHz and (b) 5.2 GHz. 
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Figure 16. Gain patterns without and with EBG ground planes at (a) 2.5 GHz and (b) 5.2 GHz. 
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Figure 17. Off-body reflection coefficient of the conventional dual band antenna. 
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Figure 18. Off-body directivity patterns of the conventional dual band antenna at (a) 2.5 GHz and (b) 5.2 GHz. 
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Figure 19. Off-body gain patterns of the conventional dual band antenna at (a) 2.5 GHz and (b) 5.2 GHz. 
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Figure 20. On-body return loss of conventional dual band antenna. 
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Figure 21. On-body directivity patterns at (a) 2.5 GHz and (b) 5.2 GHz. 
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Figure 22. On-body gain patterns at (a) 2.5 GHz and (b) 5.2 GHz. 
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Figure 23. Conventional antenna SAR value on a flat body phantom at (a) 2.5 GHz and (b) 5.2 GHz. 
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Figure 24. Conventional antenna’s SAR value on a child’s arm (worst case) of radius 40 mm at (a) 2.5 GHz and (b) 5.2 GHz. 
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Table 1. List of simulation parameters along with their optimized values.
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	Parameter
	Description
	Value

(mm)
	Parameter
	Description
	Value

(mm)





	ls
	Substrate or ground

plane length
	68
	g
	Gap at sides of the feed line
	5



	ws
	Substrate or ground

plane width
	73
	st
	Depth of the gap with the feed line
	3.5



	lp
	Patch length
	44.75
	c
	Right side cut length
	10



	wp
	Patch width
	47
	w1
	Width of the upper

or centered or bottom strip
	5



	h
	Substrate thickness
	3
	w2
	Width of the right

or left side strip
	3.5



	mt
	Patch or ground

plane thickness
	0.03
	w3
	Width of the p shaped cut
	9



	lf
	Microstrip feed line length
	15.125
	w4
	Width of the I shaped cut
	12



	wf
	Microstrip feed line width
	5
	l1
	Length of the I shaped cut
	26
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Table 2. Summary of the EBG unit cells dimensions.
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	Type
	lu (mm)
	g1 (mm)
	g2 (mm)
	h (mm)
	r (mm)
	l (mm)
	w (mm)
	Periodicity





	Mushroom-like

EBG unit cell
	32.5
	2
	1.5
	3
	1.5
	
	
	32.5



	Plus-shaped slot

EBG unit cell
	26.5
	0.5
	1.1
	3
	
	13
	3
	26.5
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Table 3. Average EM properties of human tissues at 2.5 GHz and 5.2 GHz.
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	Tissue
	Conductivity (2.5 GHz), S/m
	   ϵ r   /2.5 GHz
	Conductivity (5.2 GHz), S/m
	   ϵ r   /5.2 GHz





	Bone
	0.38459
	11.41
	1.0101
	9.946



	Muscle
	1.705
	52.79
	4.2669
	49.278



	Fat
	0.10235
	5.28
	0.2547
	5.0104



	Skin
	1.4407
	38.06
	3.2185
	35.61
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Table 4. Performance comparison of proposed dual band antennas with and without EBG ground planes.
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Parameter

	
Conventional

Dual Band

Antenna

	
Mushroom-like

EBG-Based

Antenna

	
EBG with Plus-

Shaped Slots-

Based Antenna






	
Frequency (GHz)

	
2.5

	
5.196

	
2.452

	
5.192

	
2.528

	
5.208




	
Bandwidth (MHz)

	
23.8

	
60.4

	
29

	
94

	
31.7

	
77.1




	
Return loss (dB)

	
−24.975

	
−28.234

	
−19.82

	
−24.41

	
−24.06

	
−19.25




	
Directivity (dB)

	
8.39

	
9.01

	
8.55

	
11.6

	
9.66

	
9.33




	
Gain (dBi)

	
8.08

	
8.74

	
8.43

	
11.4

	
9.43

	
9.14




	
Radiation Efficiency (%age)

	
93.06

	
93.94

	
97.43

	
96.17

	
94.89

	
95.71




	
Total efficiency (%age)

	
92.76

	
93.80

	
96.41

	
95.82

	
94.52

	
94.58




	
Angular width (Deg)

	
83.4

	
76.9

	
80.2

	
99.4

	
62.8

	
70.2
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Table 5. Maximum gain and directivity comparison between conventional antenna without a body and with a child’s arm.
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Parameter

	
Conventional Antenna

without Body

	
Conventional Antenna

Bent Around

Arm of Radius 40 mm






	
Frequency (GHz)

	
f1 = 2.5

	
f2 = 5.196

	
f1 = 2.508

	
f2 = 5.224




	
Gain (dBi)

	
8.08

	
8.74

	
6.68

	
9.01




	
Directivity (dB)

	
8.39

	
9.01

	
7.7

	
9.29
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