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Abstract: In this paper, a compact, efficient and easy to fabricate wearable antenna integrated with Artificial Magnetic Conductor (AMC) is presented. Addition of slots and bevels/cuts in the rectangular monopole patch antenna yield a wide bandwidth along with band notches. The proposed antenna is backed with an AMC metasurface that changes the bidirectional radiation pattern to a unidirectional, thus, considerably reducing the Specific Absorption Ratio (SAR). The demonstrated antenna has a good coverage radiating away from the body and presents reduced radiation towards the body with a front-to-back ratio of 13 dB and maximum gain of 3.54 dB. The proposed design operates over a wide frequency band of 2.9 to 12 GHz (exceeding the designated 3.1−10.6 GHz Ultra-Wideband (UWB) band). The band notches were created using slots on the radiating patch in the sub-bands from 5.50 to 5.67 GHz and 7.16 to 7.74 GHz. The overall dimensions of the structure are 33 × 33 × 6.75 mm3. The antenna's radiation performance increased considerably with the addition of the AMC layer. The SAR values for the antenna are reduced by 85.3% when the AMC is used and are 0.083 W/kg which is well below the FCC SAR limits. The simple design, miniaturized profile, low SAR and wide operating bands with multiple band notches make the presented antenna an appealing choice for several UWB wearable body area network (WBAN) applications.
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1  Introduction

In February 2002, the Federal Communications Commission (FCC) has regularized the unlicensed wireless communication over the Ultra-wideband (UWB) range i.e., 3.1 to 10.6 GHz, with an Effective Isotropic Radiated Power (EIRP) level of −41.25 dBm/MHz [1]. This wide bandwidth can be used to transmit fast pulses as opposed to the widely used narrow band radio links where continuous waves are used. The UWB systems, providing the supported high data rate and the low power consumption, are suitable for medium range UWB wearable body area network (WBAN) networks [2], including military, medical and entertainment applications. Inevitably, the UWB systems have to overcome potential interference with applications that share the same spectrum, for example, the 3.3 to 3.7 GHz WLAN IEEE 802.11a, the 5.15 to 5.825 GHz HIPERLAN/2 band, 7.25 to 7.75 GHz X-band satellite downlink and ITU services at 8.025 to 8.4 GHz. Therefore, the UWB antennas can be designed to have stop band characteristics at some of these frequencies. In addition, the Wearable antennas have to comply with challenging requirements related to radiations next to human body, which may cause frequency detuning due to lossy nature and high dielectric property of human tissues. These problems can be overcome through effective design techniques including the use of a metamaterial multi-layer stacking [3]. The metamaterials are artificial engineered materials which are typically constructed in the form of an array of unique unit cells. The metamaterials are often integrated with wearable antennas to enhance the desired antenna parameters and to compensate the loading effect of human body. One of the subclasses of planar metamaterials is the frequency selective surfaces (FSSs) which can be designed as a ‘spatial filter’ for microwave frequencies. The FSS is typically formed by 2D periodic elements array which provide spatial filtering. The conducting parts of the array act as band stop filter whereas slots act as band pass filters. FSS could improve the performance of antenna in terms of gain and the directivity, it is thus preferred in wearable electronics as it could safeguard the human skin underneath. Frequency selective surface can use the ultra-wide stopband by way of reflectors for UWB antennas [4].

The FSSs can be further categorized into artificial magnetic conductor (AMC) or high impedance surface (HIS) [5]. AMCs’ are a subset of FSS which are periodic arrays, generally in a complimentary manner offering a wide range of applications and antenna enhancements. The AMCs mimic the behavior of perfect magnetic conductors (PMC) by producing in phase zero-degree reflections at resonant frequencies and are thus, quite useful for planar miniature antenna enhancements. The reflection phase of AMC's can be tuned to produce reconfigurable mechanism in antennas, such as frequency and beam steering by tunable AMC. The AMCs are designed as metallic patterns on a dielectric substrate to resonate at a particular band. The geometry of these metallic unit cells determine the specifications of the antenna, including the SAR level and the efficiency.

The wearable antennas are placed close to the body, therefore, their potential safety in terms of SAR should meet the limitations defined by the US (FCC) or Europe (CISPR). An efficient way to reduce the SAR level is by incorporating the AMC, which is a promising technique with low cost and easy implementation and can reduce the SAR level up to 64% [5], while maintaining or even increasing the gain and bandwidth. The AMC has an inherent feature of resonance; therefore, its bandwidth needs to be improved for wide band operations. The 3D structure multilayered AMC antennas have substantiated in reducing SAR and increasing the gain [6]. Similarly, in [7], a reflector backed multilayered AMC antenna has been proposed to change bidirectional radiation pattern to unidirectional. The said design has shown better results than planar metal surface antennas in terms of front to back ratio and the efficiency.

As mentioned before, the UWB systems are purposely designed to eliminate certain frequency bands. For this purpose, several techniques are put forth such as use of matching network with frequency selective properties, design of antenna with inherent low pass filter properties and use of multilayered resonant structures. The use of matching network for frequency selective characteristics increases the complexity, cost and size of the antenna, which are undesirable for UWB systems. To keep the system compact, the antennas with inherent notch filters or multilayered structures are used, which can be realized by incorporating the slots or radiating patch [8]. Other methods include using different geometric shapes for radiating structures such as L-shaped [9], inverted C-shaped [10], spiral parasitic elements [11] and bouquet like shape [12].

In this paper, a compact monopole patch antenna integrated with AMC layer is presented the antenna exhibits high gain, covering UWB with band notches to avoid interference and the low SAR level. The square and triangular bevels/cuts and slots are introduced in antenna's radiating patch to achieve the entire UWB range with necessary band notches. The antenna is layered with AMC at the bottom to change the omni-directional radiation pattern into unidirectional, thus reducing SAR level along with detuning effects and increase gain. The outline of the paper is structured in five sections. Section 2 presents the proposed structure i.e., a combination of UWB antenna and AMC. Section 3 discusses the design methodology that includes mathematical modelling and design steps of both layers. The results and discussions are presented in Section 4 followed by conclusion in Section 5.

2  Design Model

A microstrip fed monopole antenna with an AMC reflector, operating in the UWB range, is presented here. The addition of two slots cause the notches as demonstrated in [13,14]. The matching of the UWB monopole is improved by beveling the corners of the radiating patch from the side of the ground plane edge. Finally, a UWB unit cell is designed, that would behave as FSS when the patterns are periodically repeated, generating a 4 × 4 AMC metasurface. The proposed UWB antenna is presented in Fig. 1 and the unit cell and its array are shown in Fig. 2. The optimized design dimensions are summarized in Tab. 1.

3  Design Methodology

3.1 UWB Antenna Design

The proposed rectangular microstrip monopole antenna consists of radiating patch, feed line, the metallic ground and the substrate, as shown in Fig. 1. The half-cut ground differentiates monopole antenna from other patch antennas.

The mathematical model of this patch is derived using transmission line model presented in [15]. The equations for width and length can be written as follows:

W=v02fr2εr+1(1)

L=v02frεreff−2ΔL(2)

where, fr is operating frequency, εr is the dielectric of the substrate, v0 is the speed of light, εreff is the effective dielectric constant and ΔL is the extension in length of the substrate. εreff and ΔL are calculated as follows:

Ereff=Er+12+Er−12[1+10hW]−1/2(3)

ΔL=0.412h(Ereff+0.3)(Wh+0.264)(Ereff−0.258)(Wh+0.8)(4)

[image: images]

Figure 1: (a) Proposed UWB antenna with slots (b) close up view of the slots
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Figure 2: (a) Proposed UWB unit cell (b) 4 × 4 array of unit cells forming AMC
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Using the FR4 substrate with εr≅4.4,fr=6.5GHz and v0= 3 × 108 and h = 1.6 mm, W = 57.01 mm, L = 44.39 mm, {\cal E}reff= 4.1705 and ΔL = 5.628 mm.

The design evolution steps of UWB antenna model and their respective frequency responses as presented in Fig. 3. The initial antenna parameters are obtained using the mathematical Eqs. (1)–(4) and a simple monopole patch antenna is designed. It can be seen from the frequency response of the antenna shown in Fig. 3a that it resonates between 8.25 to 10.28 GHz and does not cover the UWB range i.e., 3.1 to 10.6 GHz. To enhance the bandwidth, the rectangular and triangular bevels/cuts were made in the top and bottom of the patch (see Fig. 3b), similar to [16], which generated a resonating frequency response over 3.865 to 11.04 GHz. In addition, the band notches are achieved through slots as shown in Fig. 3c. The band notches are achieved at 5.50 to 5.67 GHz (i.e., IEEE 802.11 WLAN) and 7.16 to 7.74 GHz (i.e., X-band Downlink).
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Figure 3: UWB antennas frequency response (a) design A (b) design B (c) design C

3.2 Design of the FSS

To make the antenna suitable for wearable applications, an FSS with an array of conductive unit cells can be used as bottom layer. The FSS would resonate at a particular frequency band but will remain transparent to other, thus, creating a partially reflecting surface. The FSS, when integrated with a PEC ground plane, reflects the transmitted waves outside the resonance band. Using this configuration, the grounded FSS can improve the gain and provide an almost constant gain across the frequency of interest. The initial parameters, taken from [17], to design the square unit cell are: W=0.12λ0,g=0.02λ0,h=0.04λ0W=0.12λ0,g=0.02λ0,h=0.04λ0. For the case of UWB, the f0= 6.5 GHz, is the mid frequency which generates εr = 4.4 (here, λ0 is the wavelength at f0). The in-phase band varying between −90° and 90° is controlled by the width ‘W’ of the unit cell. The requirement for UWB unit cell substrate was a wider Q factor. Therefore, the FR4 substrate was chosen with a dielectric constant of 4.4 at 6.5 GHz, loss tangent of 0.045 and a thickness of h = 1.54 mm, so to obtain a wide in-phase band. After parametric analysis, the optimized values i.e., W = 7 mm, g= 0.5 mm and h = 1.54 mm are obtained to achieve the desired frequency band. The unit cell's initial and evolved model are shown in Figs. 2a and b, respectively.

3.3 Utilization of Square Loop and Circular Ring in FSS

The square loop and circular ring can be utilized to achieve UWB behavior in FSS. The square loop resonates when the length of all the four sides becomes equal to quarter wavelength, while the ring resonates when its diameter is D=λπ. The integration of both will lead to a wide band response, where the square loop controls lower cut-off frequency, while the circular ring controls the higher resonance frequency. This makes the metasurface act like an FSS. The passband between the two cut-off frequencies is dictated by the distance between square loop and circular ring as shown in Fig. 2a where the distance or gap is donated by “g”. The height of substrate is directly proportional to dielectric constant, so by choosing a substrate with higher dielectric constant, the unit cell can be made compact. Therefore, the FR4 was chosen as substrate for AMC.

After careful consideration and rigorous parametric sweeps, the dimensions of unit cell came out to be Rout = 3.15 mm, Rin = 2.6 mm, Lout = 7 mm, Lin = 5.9 mm, g = 0.59 mm and substrate thickness of 1.524 mm. These dimensions can be correlated with Fig. 2b.

To observe the frequency and phase behavior of the unit cell, the floquet ports feature of Ansys HFSS was used. The frequency response of both initial and evolved unit cell design are shown in Figs. 4a and 4b, it can be seen that initial model is just a high pass filter while the evolved model acts as a band pass filter. The phase response of unit cell is shown in Fig. 5, where the highlighted region shows in phase band from 90° to −90° at 4.9 and 9.2 GHz respectively. In this bandwidth the AMC would act as a magnetic conductor plane for vertical incident waves.
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Figure 4: UWB unit cell frequency response (a) for simple rectangular patch (b) for patch with circular ring and rectangular loop
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Figure 5: UWB AMC unit cell phase response

Following observations are made during design evolution of unit cell:

•   The circular ring has a smaller dimension but larger cut-off frequency than square loop, therefore it can be integrated within the loop.

•   The lower cut-off frequency is controlled by outer length of square loop and the gap between unit cells.

•   The higher cut-off frequency of the band is controlled by internal length of square.

•   The external radius of the circular ring dictates the lower cut-off frequency while the inner radius controls the upper frequency.

The unit cell in Fig. 2a was used to make a 4 × 4 array of metasurface backed by a ground plane with overall dimensions of 33 mm × 33 mm × 1.54 mm. The AMC metasurface, shown in Fig. 2b, is layered below the antenna.

3.4 Equivalent Circuit Model of Unit Cell

The UWB unit cell behaves like a resonant band pass filter in this configuration; hence its equivalent circuit model derived from [18] can be shown in Fig. 6, where capacitance (C1), inductance (L1) and Resistance (R1) can be written as:

C1=ε0εrLW2h(5)

L1=1ω2C1(6)

R1=QrωC1(7)

Qr=v0Er4frh(8)

where, h is the height of substrate. For FR4 substrate with εr≅4.4, fr=6.5 GHz and v0= 3 × 108 and h = 1.6 mm and dimensions of unit cell L = W = 7.59 mm. The calculated values from above set of equations come out as: C1= 92.3 nF, L1= 6.67 fF, Qr = 15.1, R1= 6.68 Ω.

[image: images]

Figure 6: Equivalent circuit model for UWB unit cell

4  Results and Discussion

The fabricated design is shown in Fig. 7b while the stacking of layers is shown in Fig. 7a. The antenna and AMC layers could either be erected through pillars, however, that would add to weight, which is undesirable for a compact antenna. Therefore, a foam material was used to sandwich the layers. For UWB range, the ROHACELL HF71 foam was sought suitable; owing to its support for wide band planar radiating surfaces [19]. The antenna, foam and AMC layer would be encapsulated in a fabric shaped like a button for the purpose of aesthetics as shown in Figs. 7a and 7b. Since the tissues on human chest are curvilinear in nature, therefore, care was taken to place the structure in such a way that the encapsulated button does not touch the human skin. The fabricated sandwiched structure is shown in Fig. 7b.

4.1 Frequency Response

To get an accurate visualization of antenna's performance, it is measured using Agilent Technologies VNA model no. E6362B. Fig. 8 presents the simulated and measured reflection coefficient results, which appear in good uniformity. The band notch behavior can be observed from 4.9 to 5.7 GHz and 7.1 to 7.7 GHz. The minute differences between simulated and measured results may be related to slight gap between of antenna, foam and AMC layer, finite size of fabricated FSS and tolerances of materials used.

[image: images]

Figure 7: (a) Layering of antenna, foam and AMC (b) physical representation of structure (c) proposed design with dimensions (d) testing of design in anechoic chamber

4.2 Radiation Pattern

The radiation patterns of antenna with and without AMC are shown in Fig. 9, the gain of antenna with AMC is 3.24 dB while it is 1.2767 dB without AMC. A significant improvement is seen in the radiation pattern; as it changes from bidirectional to unidirectional front to back ratio, which improves from −0.74 to 9.16 dB. The overall efficiency in terms of gain is 60.6% and the improvement in Front to Back ratio is 100.8%. The main takeaway in layering the AMC is significant reduction of back lobe which is crucial for wearable applications. The simulated and measured radiation patterns are shown in Fig. 10. The structure was placed in an anechoic chamber as device under test (DUT) with horn antenna as transmitter as shown in Fig. 7d. The gain patterns are analyzed at 5.08, 5.73, 6.77 and 7.63 GHz. The radiation patterns are nearly unidirectional at the desired frequency bands, except 7.63 GHz Fig. 10d where the notch occurs. This confirms the validity of the design. The minor dissimilarities can be attributed to fabrication tolerances. The peak gain of 3.24 dB is achieved at 6.77 GHz Fig. 10c. Whereas the gains at 5.08 and 5.73 GHz are 2.373 dB (Fig. 10a) and −0.6299 dB (Fig. 10b) respectively, on account of rising graph at 5.08 GHz and band notch at 5.73 GHz (see Fig. 8).
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Figure 8: Reflection coefficient response
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Figure 9: Radiation pattern and gain comparison of antenna with AMC and without AMC
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Figure 10: 2D gain plot of antenna with AMC at (a) 5.08 GHz (b) 5.73 GHz (c) 6.77 GHz (d) 7.63 GHz

4.3 SAR Analysis

The SAR is defined as the RF energy absorbed by the body from a radiating source. It can be numerically related to input power through the expression:

SAR=σ|E|2ρ(9)


where, σ is the conductivity of the tissue in S/m, E is the electric field in V/m, and is ρ the mass density of the tissue under consideration in kg/m.

The unit of SAR is W/kg, usually measured by averaging over a small volume of 1 or 10 g of tissue.

To reduce the SAR effects and avoid bending issues, intelligent textile design approaches are used in literature where antennas were placed inside buttons, broaches etc. [20]. The use of AMC in the button antenna can help achieve better bandwidth as well as rigidity to avoid bending effects.

The SAR analysis requires a human body model for EM simulations. With continual improvement in medical imaging and computer graphics, more accurate numerical human body models are proposed [21]. In this work the human body voxel model “Gustav” was used to conduct SAR simulations in CST Microwave Studio. As shown in Fig. 11a, the structure is placed on the chest of the model and SAR values are calculated. During SAR analysis, the device was simulated at its highest certified power level at the mid frequency of UWB band, i.e., 6.5 GHz. For the designed structure, the maximum simulated SAR over the body is 0.083 W/kg, as shown in Fig. 11b, which is well below the SAR limit imposed by FCC i.e., 1.6 W/kg averaged over 1 g under consideration of tissue [22].

It is also observed that using the AMC, the SAR values are significantly reduced. The Fig. 11 shows antenna's impression on human body model and SAR calculations with and without AMC metasurface. As seen in Fig. 11a the SAR value without AMC comes out as 0.566W/kg averaged over 1 g of tissue and in Fig. 11b the SAR value with AMC is 0.083 W/kg over 1 g. The percentage difference between SAR of antenna with layered AMC and without AMC is 85.33%.
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Figure 11: SAR analysis of UWB structure (a) without AMC and (b) with AMC on human body model “Gustav” in CST

5  Comparison with State of the Art

In recent years, various antennas have been presented for UWB applications. A comparison of the state-of-the-art literature is given in Tab. 2. It can be observed that either the antenna doesn't cover the complete range of UWB band, has a large size, omni-directional pattern or a lesser gain. For example, in [23,24], the presented structures are quite compact, however, neither offering band rejection nor provide SAR compliance. Similarly, another compact design [25] produces very less gain (i.e., −0.78 dB) while adding an unwanted band rejection at 8 GHz. The designs in [11,26] provide satisfactory gain with band notches(s), however, they fail to fulfill SAR requirements. The design proposed in [13] fulfills the criteria for evaluation of UWB wearable antennas, however, the antenna fails to cover entire UWB range. The band notches are too narrow to avoid interference properly and the study does not state gain explicitly. The work reported in [27,28] fulfill the SAR requirement, however, don't produce band notches. In short, previous designs either compromised on SAR, comfort level, gain or bandwidth. Therefore, this study's emphasis is on the design of a compact antenna over the entire UWB conforming to the SAR limitations.
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6  Conclusion

In this paper, an AMC backed body worn UWB antenna, having multiple band notches, as a central node of WBAN system targeting low SAR was designed, simulated and fabricated. The antenna is fairly compact having a total size of 33 × 33 × 6.75 mm3. To minimize the detuning effects from the human body, the module is backed with AMC that additionally provides shielding to the body, minimizing SAR, maintaining good impedance matching and maximizing antenna effectiveness. The choice of an AMC over PEC provides benefit in terms of substrate thickness which is 3 times less for AMC as compared to the PEC. The antenna's efficiency and SAR value improved by 75.38% and 85.33%, respectively when the AMC metasurface is placed below it. The measured radiation pattern showed that the fabricated antenna has a good coverage away from the body and minimal radiation towards the body with a 3 dB beamwidth of 88 degrees. The simple design, miniaturized profile, low SAR and wide operating bands with multiple band notches outperforms other state of the art UWB patch antennas. The study fulfills the requirements of efficiency, compactness, unidirectional pattern and FCC SAR regulations. As the future of wearables is advancing towards sophisticated mm-wave bands and 5G-centric applications, a distinct model for wave propagation, system architecture and fabrication processes is required. The current manufacturing and fabrication methods can also be improved for wearable antennas to avoid deterioration in performance during production. The antenna can be translated into a flexible substrate and more precise fabrication techniques can be used such as conductive graphene, laser cutting, inkjet printing transition metallic niobium diselenide (NbSe2) and MXene ink.
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Table 1: Optimized dimensions of the proposed antenna and the AMC

S. No Parameter Dimension S. No Parameter Dimension S. No Parameter Dimension

(mm) (mm) (mm)
1 W, 28 11 W. 7 21 Rou 3.15
2 L, 29 12 L. 3.8 22 R, 2.6
3 L, 25 13 L, 0.3 23 Lo 7
4 L; 11.5 14 Wi 2.5 24 L., 5.9
5 L, 8.4 15 Wi 0.8 25 G 0.59
6 L, 1.5 16 W,, 7 26 Substrate 1.524

thickness

7 W; 3 17 L, 1.8 27 Wl 33
8 W, 10 18 L, 0.3 28 Lo 33
9 T 6 19 Wa, 2.5

10 L, 25 20 W, 0.8
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Table 2: Comparison of state of the art on UWB antennas

Ref. Bandwidth  Size Gain Band SAR Front to
rejection back ratio
[26] 2.45-12GHz 3188 x26 2dB 3.27-3.57, NA NA
mm? 5.01-5.45,
5.55-6.05,
7.05-7.45
and
7.83-8.19
GHz
[23] 35-7GHz 32 x27mm*® 0.5dB none NA >10dB
[24] 3.1-5.1 GHz 18 x 18 mm* 2.5dB none NA
[13] 3.5-7.5GHz 25.6 x25.6 NA 2,35,745 0.05W/Kg NA
mm? GHz
[25] 3.1-12GHz 9.45x 18.5 —0.78dB 8 GHz, NA NA
mm? unwanted
band
rejection
[11] 2.9-13.7 187 x 17.6 4.4dB 5.1-5.9 GHz NA NA
GHz mm?
[27] 4.5t013 100 x 100 6 dB none 0.067 W/kg NA
GHz mm?
[28] Varies with 40 x 70 mm?> 7.59 dB none 0.75W/kg NA
bending
This work 29-12GHz 33 x33 x 3.24 dB 5.50-5.67 0.083 W/kg 9.159 dB
6.75 mm’® and
7.16-7.74

GHz
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