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ABSTRACT A wearable dual-port button antenna that excites pattern-diversity dual-polarized waves is
proposed for on-/off-body applications. Its simple structure comprises of two radiators and a common ground
plane designed into two substrates. The crossed-dipole radiator is made by two symmetric bowtie dipoles
printed on a circular-shaped semi-rigid substrate, which covers an ultra-wideband (UWB) application with
circular polarization and directional radiation patterns, high gain, and high efficiency suitable for off-body
communication. The annular-ring radiator and common ground plane are made by a conductive textile on
the square-shaped flexible-felt substrate. The annular-ring radiator is shorted to the ground plane using four
vias, which generates triple TMmodes covering the 2.45/5.85 GHz wireless body area networks (WBAN)
with omni-directional radiation patterns and a 3.8 GHz C-band with a directional radiation pattern suitable
for on-/off-body communications. The fabricated antenna is verified by measurement in both free space
and phantom body environment. Measurements agreed well with simulations. Simulated specific absorption
rates (SARs) under US and EU standards are below the safe level, making the proposed antenna suitable for
on-/off-body communications.

14 INDEX TERMS Button antenna, circular polarization, dual-mode, dual-polarized, wearable antenna.

I. INTRODUCTION15

Wireless body-area networks (WBANs) have drawn signif-16

icant attention in the internet of things (IoTs), especially17

in biomedical systems for healthcare, physical training, and18

patient recovery progress. In such applications, the biological19

conditions, including body temperature, heart-rate, and blood20

pressure, are collected in real time by various devices. The21

acquired data are transferred to an external hub or station.22

The wearable devices allow doctors or physical trainers to23

monitor patients and provide spontaneous action as needed.24

This is known as off-body channel communication, which25

requires an antenna with acceptable gain and directional26

radiation pattern. Various types of wearable antennas are27

proposed for off-body communications [1], [2], [3], [4], [5],28
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[6], [7], [8], [9], [10], [11], [12], [13]. However, all these 29

antennas have linear polarization (LP), which may lead to 30

polarization mismatch caused by the constant movement of 31

the human body. To tackle this issue, circularly polarized 32

antennas that have been used as wearable antennas can be 33

adopted to mitigate polarization mismatch [14], [15], [16], 34

[17], [18], [19], [20], [21]. The other communication estab- 35

lishes the internal links between the wearable devices on the 36

body, called on-body channel communication, that requires 37

an antenna with omni-directional radiation pattern to sup- 38

press the radiation in unwanted directions. Various kinds of 39

on-body communication antennas have been presented [22], 40

[23], [24], [25], [26], [27], [28]. Both on-body and off-body 41

communications require the antenna with compact size, high 42

efficiency, low specific absorption rate (SAR), and comfort- 43

ability to wearers. When nodes on the body communicate 44

each other, acquired biomedical data can be transferred to the 45
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external hub. At least, one node can establish radiation pattern46

diversity for both on-/off-body communications. Combining47

on- and off-body communicationmodes has recently received48

attention from wearable antenna designers to realize multi-49

mode WBAN communication. The current research efforts50

on multi-mode WBAN communication can be classified51

according to the number of frequency bands, the number of52

modes, or the number of excitation ports. 1) In the single-port53

dual-band dual-mode antenna [29], [30], [31], [32], [33], the54

on-body and off-body modes are operating in two differ-55

ent frequencies, which requires two different transceivers56

working with the single-port antenna and thus increases57

the complexity of the system. 2) The second multi-mode58

antenna uses the on-body and off-body modes at a single-59

band with a single-port [34], [35], [36], [37]. In such anten-60

nas, the radiation pattern diversity can be switched between61

on- and off-body mode using pin diodes. Although this kind62

of antenna can reduce the complexity of the system, it still has63

some drawbacks. First, the reconfigurability requires a large64

number of pin diodes, resulting in a complicated biasing cir-65

cuit and a high fabrication cost. Second, the operating band-66

width is limited by a narrow band. Therefore, 3) the third type67

of the multi-mode antenna uses two ports with pattern diver-68

sity at the single frequency band [38], [39], [40]. One port69

generates an on-body mode, and the other port excites an off-70

body mode. This type of antenna can reduce the complexity71

of the system, increase the bandwidth, and reduce the fabrica-72

tion cost. However, its off-body antenna communicates with73

LP, which can cause polarization mismatch. To tackle this74

issue, an interesting approach is a tri-port single-band triple-75

mode antenna [41]. This antenna realizes a vertical- (V-)76

polarized omni-directional radiation pattern for the on-body77

mode at one port, and horizontal- (H-) and V-polarized direc-78

tional radiation patterns for the off-body mode at the two79

other ports. Nevertheless, the antenna structure is somewhat80

bulky and complicated with a triple port. In addition, the81

antenna operates in a single band, which limits the number of82

applications.83

Recently, a button antenna, with its advantages, has been84

widely used in wearable antenna design [6], [16], [23], [29],85

[32], [33], [42], [43], [44]. The advantages of the button86

antenna over the planar antenna are as follows. 1) It can be87

easily mounted on clothes. 2) It allows a high-profile antenna88

because the main radiator and reflector of the button antenna89

are separately designed in two different substrates. 3) The90

main radiator is normally designed on a rigid substrate, which91

allows for the antenna with high performance. The circular92

polarization (CP) approach is also presented to solve polar-93

ization mismatch in button antenna design [16], [23], [32].94

However, its axial ratio bandwidth (ARBW) is somewhat95

narrow. Furthermore, the reported button antennas are limited96

in either the number of application bands or polarizations.97

In most of the button-antenna structure, the ground plane or98

reflector is designed on one side of the substrate and the orther99

side is left unused. However, we design another radiator on100

the empty side, which works together with the main radiator101

FIGURE 1. Geometry of the proposed button-antenna in: (a) perspective
view, (b) side view, (c) top view of the thin semi-rigid substrate, and
(d) top view of the textile substrate.

on the button substrate producing multiple-band and dual- 102

polarization. 103

In this paper, we focus on the design of a simple-structure, 104

radiation-pattern-diversity, multi-band, and dual-polarization 105

button antenna for on-/off-body communications as presented 106

in Section II. The button antenna consists of two radia- 107

tors. The first radiator is made by a crossed-bowtie dipole 108

printed on a rigid substrate generating an ultra-wideband, 109

directional-radiation pattern, and a circularly-polarized wave. 110

The crossed-dipole radiator is fed by one port. Meanwhile, 111

an annular-ring shaped radiator and a common ground plane 112

are printed on a felt substrate generating a triple band, 113

on-/off-body radiation pattern, and linear polarization. The 114

annular-ring radiator is fed by the other port. In Section III, 115

the proposed antenna performance is tested under a deforma- 116

tion structure, such as bending and tilting conditions, showing 117

its suitability for wearable applications. In Section IV, the 118

antenna performance is measured in both free space and a 119

phantom environment showing very good agreement between 120

the simulations and measurements. Finally, the SARs for 121

US and European standards are analyzed for values below 122
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the safety regulation for wearers. Section V concludes our123

research.124

FIGURE 2. Simulated |S11| and AR of the crossed-bowtie dipole antenna
when Port1 is excited.

FIGURE 3. Simulated broadside gain and radiation efficiency of the
crossed-bowtie dipole antenna when Port1 is excited.

In summary, the proposed wearable button antenna can125

address several drawbacks of previous designs: 1) use of a126

multi-band to adapt to various wireless applications, 2) use127

of a dual-mode to operate for both on-/off-body communi-128

cations, 3) use of a CP bandwidth to mitigate polarization129

mismatch with high-gain and high-efficiency for off-body130

communication, and 4) a simple antenna design that is cost131

effective. In the authors knowledge, this is the first dual-port132

wearable button antenna that generatesmulti-band dual-mode133

dual-polarization for on-/off-body communications.134

II. ANTENNA DESIGN AND MECHANISM135

A. ANTENNA GEOMETRY136

The geometry of the proposed wearable pattern-diversity137

multi-band dual-polarization button antenna for versatile on-138

/off-body communications from the perspective view, side139

view, and top-view is shown in Fig. 1. The proposed antenna140

FIGURE 4. Simulated current distribution on the crossed-dipole radiator
at 5.85 GHz.

is comprised of two substrates: a semi-flexible RT/Duroid 141

5880 substrate and a flexible felt substrate. A 142

crossed-bowtie dipole is designed on both sides of a circu- 143

lar RT/Duroid 5880 substrate with a dielectric constant of 2.2, 144

a loss tangent of 0.001, a thickness of 0.508 mm, and a radius 145

of 11mm. The dipole arm is formed by a tapered-shape with a 146

flare angle of α and a length of r2. Two bowtie-shaped arms 147

are connected by a vacant-quarter ring and fed by a semi- 148

rigid 50-� coaxial cable, called Port1. The vacant-quarter 149

ring introduces a 90◦ phase delay between each arm of the 150

crossed-dipole producing orthogonal E-field for every quarter 151

period of time, thereby generating circularly polarized (CP) 152

radiation. The crossed-bowtie dipole covers UWB applica- 153

tions with high-gain, high-efficiency, wide-bandwidth, cir- 154

cular polarization, and a directional radiation pattern, which 155

are suitable for off-body communication. A felt substrate is 156

placed beneath the semi-rigid substrate. The distance from the 157

semi-flexible substrate to the felt substrate ismaintained at hs. 158

The felt substrate has a dielectric constant of 1.4, a loss tan- 159

gent of 0.044, a width of ws, and a thickness of h. The annular 160

ring-shaped radiator and a square-shaped ground plane are 161

made of a ShielditTM super conductive textile with a conduc- 162

tivity of 118,000 S/m, which are adhered to the frontside and 163

backside of the felt substrate, respectively. The square-shaped 164

ground plane acts as a common ground plane for the crossed- 165

bowtie dipole and annular-ring radiators. The annular-ring 166

radiator has an inner and outer radius of r3 and r4, respec- 167

tively. The annular- ring radiator is shorted to the ground 168

plane using four shorting-vias with the distance to the center 169

of r5, as shown in Fig. 1 (d). The annular-ring radiator is fed 170
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FIGURE 5. Simulated current distribution on the crossed-dipole radiator
at 7.6 GHz.

FIGURE 6. Simulated |S22| annular-ring antenna with a various number
of shorting-vias when exciting Port2.

by another coaxial cable located at distance rf, called Port2,171

as shown in Fig. 1 (b) and Fig. 1 (d). The annular-ring radia-172

tor yields linearly polarized waves with an omni-directional173

radiation pattern at two bands and a directional radiation174

pattern at the other band. Therefore, it has radiation pattern175

diversity for both on-body and off-body communications.176

The SAR is significantly minimized while the user’s com-177

fort is maintained because of the common flexible ground178

plane.179

The button antenna was characterized using the ANSYS180

high-frequency structure simulator. The optimized geometri-181

cal parameters are: r1 = 2.1, w1 = 0.2, w2 = 2, r2 = 11,182

r3 = 5, r4 = 20.7, r5 = 5, rf = 6.5, ws = 50, hs = 12, h =183

3, and α = 65 degrees (unit: mm).184

FIGURE 7. Simulated peak-gain and radiation efficiency of the
annular-ring antenna when Port2 is excited.

B. SIMULATED RESULTS AND WORKING MECHANISM 185

1) CROSSED-DIPOLE RADIATOR 186

Figure 2 plots the simulated |S11| and axial ratio (AR) char- 187

acteristics of the crossed-bowtie dipole radiator when Port1 188

is excited. The dipole arm, r2, is approximately λ0/4 at center 189

frequency of 6.8 GHz. The radiator yields an impedance 190

bandwidth (IBW) of 75.5% (4.12–9.12GHz), nearly covering 191

the entire UWB application. The crossed-bowtie dipole radia- 192

tor exhibits a very wide 3-dB axial-ratio bandwidth (ARBW) 193

of 41.39% (5.71–8.69 GHz). The peak gain and radiation 194

efficiency within the IBW are plotted in Fig. 3. Themaximum 195

peak gain of 8 dBic is achieved at approximately 8 GHz, and 196

the radiation efficiency is greater than 92% over the entire 197

IBW. 198

In order to explain the circular polarization mechanism 199

of the crossed-bowtie dipole radiator, the simulated current 200

distributions on the crossed-bowtie dipole radiator at 5.85 and 201

7.6 GHzwithin a time period of t = 0, t = T /4, t = 2T /4, and 202

t = 3T /4 are shown in Figs. 4 and 5, respectively, where T is 203

the period of time and Js is the vector summation of the major 204

current distribution. The CP radiation at 5.85 and 7.6 GHz 205

are generated by induced currents on the crossed-dipole arm. 206

At t = 0, dominant currents flow in horizontal and vertical 207

arms at 5.85 and 7.6 GHz, respectively. As we increase the 208

period of time by T/4, Js at different time instances is rotated 209

90◦ in counter-clockwise direction and equal in magnitude, 210

thereby generating right-hand circular polarization (RHCP) 211

in the +z direction. 212

2) ANNULAR-RING RADIATOR 213

The annular-ring resonator is fed by Port2. To understand the 214

working mechanism, simulated |S22| with a different number 215

of shorting-vias (N = 0, 4, 8, 12) is investigated, as shown in 216

Fig. 6. 217

For N = 0, the resonant frequency for the lowest mode 218

TM01 mode is zero. Only the TM02, TM11, and TM21 modes 219

at high frequency are excited. The mode identification based 220
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FIGURE 8. Normalized surface current distributions on the annular-ring
antenna at (a) 2.45 GHz, (b) 3.6 GHz, and (c) 5.85 GHz.

FIGURE 9. Normalized 3-D radiation pattern of the annular-ring antenna
at (a) 2.45 GHz, 3.6 GHz, and (c) 5.85 GHz.

on fringing fields at the inner and outer peripheries is pre-221

sented in [45]. The resonant frequencies of TM11 and TM21222

are 3.3 and 5.8 GHz, respectively. The TM02 mode is not223

observed because of its poor impedance matching.224

For N > 0, when the annular-ring is loaded with shorting-225

vias, an additional mode of TM01 at a lower frequency range226

is excited. By increasing the number of shorting-vias to227

N= 4, the TM01 mode is excited at a resonant frequency228

of 2.45 GHz, and the TM02 mode appears at a frequency229

of approximately 3.0 GHz. Poor impedance matching is230

still observed at the TM02 mode. By increasing the num-231

ber of shorting-vias (N = 8, 12), the resonant frequency of232

TM01 increases while the resonant frequency of the TM02233

mode slightly increases. Increasing N decreases the area234

of the annular-ring. Therefore, it decreases the capacitance235

of the annular-ring, which increases the resonant frequen-236

cies of TM01 and TM02. By optimization of the number237

of shorting-vias and via radius, r5, the annular-ring antenna238

excites the TM01, TM11, and TM21 modes at approximately239

2.45, 3.8, and 5.85 GHz, respectively. The simulated IBWs240

are 6.45% (2.40–2.56 GHz), 9.35% (3.57–3.92 GHz), and241

6.6% (5.61–6.0 GHz), which cover 2.45/5.85 GHz WBAN242

and 3.8 GHz C-band applications. The overlap operating243

frequency between the annular-ring and the crossed-bowtie244

dipole radiators is 6.6% (5.61–6.0 GHz), which enables on-245

body/off-body WBAN communication at 5.8 GHz.246

The simulated peak-gain and radiation efficiency within247

the operating bandwidth are shown in Fig. 7. The peak-gains248

TABLE 1. Proposed antenna performance summary.

FIGURE 10. Simulated (a) |S11| and (b) AR of the crossed-bowtie dipole
radiator in flat and tilting conditions.

range from 1 to 6.6 dBi, while low radiation efficiencies from 249

47% to 63% are achieved because of the lossy felt substrate. 250

The low peak-gain at 2.45 GHz is additionally caused by its 251

omni-directional radiation pattern, which is described below 252

in detail. 253

To investigate the operating mechanism of each mode, 254

the simulated surface current distributions and 3-D radiation 255

patterns of the TM01, TM11, and TM21 modes are shown 256

in Figs. 8 and 9, respectively. The current distributions of 257

the via-loaded TM01 mode at 2.45 GHz are concentrated 258

inside the cavity, r5, near the inner rim as shown in Fig. 8 (a), 259

and yield an omni-directional radiation pattern as shown in 260

Fig. 9 (a). The strong current distributions of TM11 at 3.6 GHz 261

occur at both the inner rim, r3, and outer rims, r4, of the 262

annular-ring, as shown in Fig. 8 (b), which radiates the direc- 263

tional radiation pattern in Fig. 9 (b). In Fig. 8 (c), the TM21 264

current distribution at 5.85 GHz is strong at the outer rim, 265

r4, of the annular-ring radiator. The current is distributed in 266

four parts (P1, P2, P3, and P4), which are symmetric over the 267

diagonal. As a result, the 3-D radiation pattern is divided into 268

two main beams and null in the broadside direction, as shown 269

in Fig. 9 (c). 270

The proposed button antenna performances, including 271

the resonant frequency, polarization state, and on-/off-body 272

communication type are summarized in Table 1. Port1 273

excites the ultra-wideband CP mode with off-body 274

communication. Port2 excites three LP modes with 275

on-/off-body communications. 276

3) DESIGN PROCEDURE 277

Based on the abovementioned analysis, the design proce- 278

dure can be divided into three main sections: design of the 279

annular-ring radiator (Step1 and Step2), crossed-dipole radi- 280

ator (Step3), and fine tuning of the entire structure (Step4 and 281

Step5). 282
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FIGURE 11. Bending effect of the annular-ring radiator in the x-direction.

FIGURE 12. Simulated and measured |S11| of the crossed-bowtie dipole
radiator in free space.

FIGURE 13. Simulated and measured AR of the crossed-bowtie dipole
radiator in free space.

Step 1: Design the annular-ring radiator without the283

shorting-vias and choose the initial value for outer radius, r4,284

to achieve a TM21 mode at approximately 5.8 GHz.285

Step 2: Add the shorting-vias to the annular-ring and opti-286

mize the number of shorting-vias, N, and via radius, r5,287

to achieve a TM01 at approximately 2.5 GHz. Optimize the288

FIGURE 14. Simulated and measured broadside gain and radiation
efficiency of the crossed-bowtie dipole radiator in free space.

FIGURE 15. Simulated and measured radiation patterns of the
crossed-bowtie dipole radiator in free space at (a) 5.85 GHz and
(b) 7.6 GHz.

outer radius, r4, again to achieve TM11 at approximately 289

3.5 GHz. 290

Step 3: Design the crossed-dipole radiator with the dipole 291

arm, r2, with a quarter-wavelength (λ0/4), where λ0 is the 292

wavelength referring to the frequency of 6.8 GHz, the center 293

frequency of UWB applications. Optimize the flare-angle α 294

and width of the quarter-ring, w1, to achieve optimum IBW. 295

Step 4: Optimize the quarter-ring radius, r1, providing a 296

phase difference of 90◦ among the crossed-bowtie dipole 297

arms to achieve the maximum ARBW. Optimize the height 298

of the crossed-bowtie dipole antenna, hs, to achieve the 299

maximum broadside gain and reduce the radiation pattern 300
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FIGURE 16. Simulated and measured S22 of the annular-ring radiator in
free space.

FIGURE 17. Simulated and measured peak gain and radiation efficiency
of the annular-ring radiator in free space.

distortion of the annular-ring radiator caused by the semi-301

rigid substrate.302

Step 5: Final tune all parameters for an optimized design.303

III. DEFORMATION STUDIES304

We investigate the antenna performance in a deformation sit-305

uation, such as bending and tilting effects on the annular-ring306

and crossed-bowtie dipole radiators. Because of the symmet-307

ric geometry, only bending in the x-direction is considered for308

the annular-ring radiator. Additionally, only tilting in the front309

and tilting in the left are considered for the crossed-bowtie310

dipole radiator.311

To investigate the tilting effect, the crossed-bowtie dipole312

radiator is tilted at an angle of 5◦, as shown in Fig. 10. As a313

result, there is no effect on the |S11| parameter, as shown in314

Fig. 10 (a). However, there is a slight effect on the ARBW,315

as shown in Fig. 10 (b). The AR mode at high frequencies316

seems to be slightly diminished when the antenna is tilted in317

the front. Simulated |S22| results of the annular-ring radiator318

bending along the cylinder with radii of 30, 40, and 50 mm319

compared with the flat condition are shown in Fig. 11. The320

FIGURE 18. Simulated and measured radiation patterns of the
annular-ring radiator in free space at (a) 2.45 GHz, (b) 3.8 GHz, and
(c) 5.85 GHz.

bending effect is slightly observed on the |S22| parameter; 321

however, the resonant frequencies remain unchanged. 322

The deformation investigation demonstrates that the pro- 323

posed antenna can work well without severe changes in bend- 324

ing or tilting conditions. 325

IV. MEASUREMENT RESULTS 326

To validate the simulated results and confirm the suitability 327

for on-/off-body communications, the proposed antenna is 328

fabricated and measured in an anechoic chamber. The fab- 329

ricated button antenna is shown in the inset in Fig. 12. 330

A. FREE SPACE PERFORMANCE 331

1) CROSSED-DIPOLE RADIATOR 332

The S-parameters and far-field performances of the crossed- 333

bowtie dipole radiator are measured at Port1. During the 334

measurement, when one port is being measured, the other 335

port is terminated to a load of 50 �. The measured |S11| 336

in Fig. 12 shows a wide IBW of 75.3% (4.14–9.14 GHz), 337

which nearly covers the entire UWB application band. The 338

measured result of the ARBW in Fig. 13 shows 41.71% 339

(5.75–8.78 GHz). The measured broadside gain and radiation 340
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FIGURE 19. Simulated and measured |S12| in free space.

TABLE 2. Human tissue.

FIGURE 20. Three-layered human tissue.

efficiency are shown in Fig. 14. The measured broadside gain341

is greater than 6 dBic with a peak of 8 dBic at approximately342

5.5 GHz. The measured radiation efficiency is greater than343

90%. The measured radiation patterns of the crossed-bowtie344

dipole radiator in two principle planes x-z and y-z at 5.85 and345

7.6 GHz are plotted in Fig. 15. The crossed-bowtie dipole346

radiator radiates directional radiation pattern characteristics347

with right-hand circular polarization in the +z direction,348

which is suitable for off-body communication applications.349

Furthermore, the measured front-to-back ratios (FBRs) at350

5.85 and 7.6 GHz in the +z direction are greater than 15 dB,351

which indicates that little energy is radiated into the backward352

radiation. The simulated and measured results are in good353

agreement.354

2) ANNULAR-RING RADIATOR355

The performance of the annular-ring radiator is measured356

at Port2. The measured IBW of |S22| is shown in Fig. 16.357

The measured IBW is achieved of 5.62% (2.42–2.56 GHz),358

13% (3.6–4.1 GHz), and 5.86% (5.63–5.97 GHz), which359

covers the 2.45/5.85 GHz WBAN band and 3.8 GHz C-band360

applications. Themeasured broadside-gain and radiation effi-361

ciency within the operating bandwidth are shown in Fig. 17.362

The measured maximum peak-gains within three bands are363

achieved of 1.05, 6.6, and 4.9 dB, respectively. The measured364

FIGURE 21. Simulated and measured |S11| of the crossed-bowtie dipole
radiator on the human phantom.

FIGURE 22. Simulated and measured AR of the crossed-bowtie dipole
radiator on the human phantom.

FIGURE 23. Simulated and measured broadside gain and radiation
efficiency of the crossed-bowtie dipole radiator on the human phantom.

radiation efficiencies are 44%, 56%, and 64%, which are 365

relatively low because of the lossy felt substrate used for 366

the annular ring radiator. The measured radiation patterns 367

in the two principle x-z and x-y planes of the annular-ring 368
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FIGURE 24. Simulated and measured radiation patterns of the
crossed-bowtie dipole radiator on the human phantom at (a) 5.85 GHz
and (b) 7.6 GHz.

FIGURE 25. Simulated and measured |S22| of the annular-ring radiator on
the human phantom.

radiator at 2.45, 3.8, and 5.85 GHz are shown in Fig. 18.369

The directional radiation pattern is observed at 3.8 GHz370

with a high FBR of 14 dB. Low cross polarization dis-371

crimination is observed in the +z direction because of the372

symmetrical current distribution on the annular-ring radiator373

around the diagonal, as shown in Fig. 8 (b). Monopole-like374

radiation patterns are observed at 2.45 and 5.85 GHz with375

the main beam at 90◦ and 45◦, respectively. An omnidi-376

rectional pattern is observed at 2.45 GHz in Fig. 18 (a).377

A null-beam for each quarter angle is observed in the hor-378

izontal plane at 5.85 GHz in Fig. 18 (c). The current distri-379

bution is divided into four parts, which is symmetry over380

the diagonal as shown in Fig. 8 (c). The mutual coupling381

between two ports, |S12|, in the frequency range of 2-10382

GHz is shown in Fig. 19. As a result, the mutual coupling383

FIGURE 26. Simulated and measured peak gain and radiation efficiency
of the annular-ring radiator on the human phantom.

FIGURE 27. Simulated and measured radiation patterns of the
annular-ring radiator on the human phantom at (a) 2.45, (b) 3.8, and
(c) 5.85 GHz.

of |S12| is below −20 dB from 4 to 10 GHz. High mutual 384

coupling is observed from 3 to 4 GHz. This is because the 385

annular-ring radiator has directional radiation pattern at this 386

frequency range, as shown in Figs. 9 and 18. The mutual cou- 387

pling can be reduced by increasing crossed-dipole radiator’s 388

height, hs. 389
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FIGURE 28. Simulated and measured |S12| in the phantom body.

B. ON-BODY PERFORMANCE390

In this section, the antenna performances in the pres-391

ence of a phantom-body and human body-like environ-392

ment are performed. The antenna is placed 5 mm from the393

160 × 160 × 27 mm3 three-layered human body-like envi-394

ronment, as shown in Fig. 20. The thickness of the skin, fat,395

andmuscle are 2, 5, and 20mm, respectively. The relative per-396

mittivity, conductivity, and mass density [1] at 5.85 GHz are397

listed in Table 2. The S-parameters and radiation pattern mea-398

surements are performed in the phantom body environment.399

1) CROSSED-DIPOLE RADIATOR400

The proposed button antenna is mounted on the phantom401

body. Where the crossed-bowtie dipole radiator is exposed402

in the front of the cloth, the annular-ring radiator is hidden403

below the cloth, as shown in the inset in Fig. 21. As a result,404

the measured |S11| in the phantom environment is 72.8%405

(4.32–9.22 GHz) compared to simulated result of 69.4%406

(4.43-9.14 GHz). The small difference between the simulated407

and measured |S11| might be caused by the effect of cloth on408

the phantom body during the measurement. The fabricated409

antenna is mounted on the phantom head for measurement410

in an anechoic chamber showing a wide ARBW of 42.7%411

(5.75–8.87 GHz), as shown in Fig. 22. The measured broad-412

side gain and radiation efficiency are shown in Fig. 23. The413

measured broadside gain is greater than 5 dBic with a peak414

of 8.4 dBic at a frequency of approximately 8 GHz. The415

measured radiation efficiency within the IBW is greater than416

86%, as shown in Fig. 22. The RHCP radiation pattern in417

the two principle x-z and y-z planes at 5.85 and 7.6 GHz are418

shown in Fig. 24. Themeasured FBRs at 5.85 and 7.6GHz are419

greater than 27 dB, which is greater than the results measured420

in free space.421

2) ANNULAR-RING RADIATOR422

Fig. 25 shows the measured results of |S22| on the phantom423

body environment. The simulated and measured results are424

in good agreement. The measured |S22| exhibits IBWs of425

5.56% (2.41–2.55 GHz), 8.25% (3.72–4.04 GHz), and 5.37%426

(5.8–6.12 GHz). The measured peak gain and radiation427

efficiency are shown in Fig. 26. The measured peak-gains428

achieved at 2.45, 3.8, and 5.85 GHz are 1, 6.6, and 5.05 dBi,429

TABLE 3. Summary of simulated SAR.

respectively. The measured radiation-efficiencies achieved at 430

2.45, 3.8, and 5.85GHz are 42%, 51%, and 61%, respectively. 431

The measured radiation patterns in the two principle x-z and 432

x-y planes at 2.45, 3.8, and 5.85 GHz are shown in Fig. 27. 433

Radiation pattern shapes similar to those observed in free 434

space were observed. As a result, the radiation pattern is 435

observed at 3.8 GHz with a measured FBR of 22.5 dB. 436

The monopole-like radiation pattern is observed at 2.45 and 437

5.85 GHz with the main beam at 90◦ and 45◦, respectively. 438

An omnidirectional radiation pattern is observed at 2.45 GHz 439

and a radiation pattern with four nulls is observed at 5.85 GHz 440

in the x-y horizontal plane. The measured mutual coupling 441

between two ports, |S12|, in the phantom body environment 442

is shown in Fig. 28. It can be seen that the measured |S12| are 443

below -20 dB within the operating bandwidth of the crossed- 444

dipole and annular-ring radiator. 445

In summary, antenna performance measurements are 446

performed both in free space and in a phantom body envi- 447

ronment. The results in the phantom body show slight degra- 448

dation in terms of impedance bandwidth, peak gain, and 449

radiation efficiency compared with the results in free space. 450

This decrease is caused by the proximity effect and ground 451

plane bent over the phantom body during the measurement. 452

The measured FBR in the phantom body is greater than in 453

free space because the phantom body works as a reflector 454

reflecting electromagnetic waves in backward radiation. 455

C. SAR ANALYSIS 456

The SAR values are simulated for both the crossed-dipole and 457

the annular-ring radiator based onUS and European standards 458

with the excitation of Port1 and Port2, respectively. The US 459

standard sets a limit of 1.6 W/kg for 1 g average mass and 460

the European standard sets a limit of 2 W/kg for 10 g average 461

mass. The chosen input power is 500 mW. 462

The simulated SARs when exciting Port1 for the 463

US standard at frequencies of 5.85 and 7.6 GHz are 464

0.19 and 0.15 W/kg, respectively. Meanwhile, simulating 465

SARs with the European standard are 0.06 and 0.05 W/kg, 466

which is significantly less than its standard values. When 467

exciting Port2, the simulated SARs for the US standard 468

at 2.45, 3.8, and 5.85 GHz are 1.5, 0.83, and 0.36 W/kg, 469

respectively. With the European standard, the simulated SAR 470

values are 0.74, 0.32, and 0.13 W/kg. 471
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TABLE 4. Comparison with other antennas in the literature.

The summary of simulated SAR for Port1 and Port2 is472

listed in Table 3. The simulated SAR value at 2.45 GHz is473

greater than other frequencies, primarily because of its omni-474

directional radiation pattern with the main beam around 90◦475

as shown in Fig. 9. The SAR of Port1 is significantly smaller476

than Port2 because the annular-ring radiator is placed close477

to human body. In addition, it has omni-directional radiation478

patterns, which radiates toward human body.479

The comparison of the proposed button antenna and other480

wearable antennas is summarized in Table 4. It is noted481

that the button antenna in [44] shows the best performance482

in terms of efficiency and gain. In general, the proposed483

antenna has superior performance in terms of the number484

of bands, wide bandwidth with adequate radiation efficiency,485

gain, antenna size, SAR, polarization diversity, and radiation486

pattern diversity. The proposed antenna can adapt to versatile487

wireless applications of on-/off-body communications.488

V. CONCLUSION489

In this study, we present a dual-port button antenna for490

on-/off-body communications. The proposed antenna con-491

sists of two radiators; the crossed-bowtie dipole radiator is492

designed on a semi-rigid substrate, and the annular-ring radi-493

ator is designed on a felt substrate. The proposed antenna494

is versatile in terms of application band, communication495

mode, and polarization state. The proposed antenna had sta-496

ble performance under bending and tilting conditions. The497

fabricated antenna is validated by measurement in both free498

space and in a phantom body environment exhibiting good499

agreement between simulation and measurement results. In500

addition, SARs for both US and European standards are501

evaluated showing values below the standard value. The502

proposed antenna is a potential candidate for multiple wire-503

less applications.504
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