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Abstract ─ This paper proposes a dual-band wearable 

monopole antenna adopting an electromagnetic band-

gap (EBG) structure, which operates at 2.45 and 5.8 GHz 

ISM bands and is suitable for wearable applications. 

Both the monopole antenna and the EBG structure are 

fabricated on an F4B semi-flexible substrate having a 

dielectric constant of 2.2. The EBG structure effectively 

isolates the human body from the radiation of the 

antenna and reduces the specific absorption rate (SAR) 

of it by more than 97.5%. This improves the antenna  

gain and the peak gain reaches 9.1 dBi at 5.8 GHz. The 

wearable performance of the antenna showed that it can 

sustain good performance even under realistic human 

body loading. Besides, the antenna has a small size, 

which makes it ideal for wearable applications. 

 
Index Terms─ Dual-band, EBG structure, low SAR 

value, wearable antenna. 

 

I. INTRODUCTION 
In the last decade, wireless body area networks 

(WBAN) received significant attention from the 

researchers, and several applications, such as elderly/ 

child health monitoring, battlefield search and rescue, 

and wearable watches, aroused [1-2]. As one of the 

communication bands of the WBAN system, publicly 

available 2.40-2.48 and 5.725-5.875 GHz scientific, 

industrial, and medical (ISM) bands are assigned.  

Wearable antennas for WBAN applications require 

placement on the human body, which necessitates body-

related factors, such as bending deformation and high 

loss to be taken into account during the design process 

[3]. Furthermore, to avoid the potential impact of 

radiation on human health, the SAR value of antennas 

has to be minimized [4]. The literature has several 

designs of wearable antennas, where planar inverted F 

antennas [5], monopole antennas [6-8], and microstrip 

antennas [9-10] have been proposed for wearable 

applications to achieve reasonable bending robustness. 

However, due to their nearly omnidirectional radiation 

characteristics, a large amount of electromagnetic energy 

radiation penetrates the human body. Currently, isolating 

the radiation of the antenna to the human body and 

reducing the SAR value are challenging issues [11]. A 

common method is to introduce an EBG structure [12-

19] into the wearable antenna design, thereby achieving 

the purpose of separating the antenna radiation from the 

human body, and greatly reducing the SAR value of the 

antenna. However, the use of EBG also brings other 

drawbacks, such as increment in the antenna size and 

narrower impedance bandwidth. 

This paper proposes a dual-band monopole wearable 

antenna with an EBG structure. The wearable antenna 

has small size and high gain characteristics compared     

to the configurations in Table 4 reporting wearable 

applications, which are applied to WBAN covering two 

ISM bands: 2.40-2.48 GHz and 5.725-5.875 GHz. 

Among them, the 2.45 GHz impedance bandwidth is 

3.70% (2.40-2.49 GHz), where the 5.8 GHz impedance 

bandwidth reaches 28.9% (4.85-6.49 GHz). The EBG 

structure can significantly reduce the SAR value of       

the monopole antenna by more than 97.5%. Besides,    

the monopole antenna combined with EBG can still 

maintain good performance during human loading. 

These characteristics make the antenna suitable for 

wearable applications. 
 

II. ANTENNA AND EBG DESIGN 

A. Antenna design 

This paper proposes a dual-band wearable monopole  
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antenna with an EBG structure. The design dielectric 

constant of 2.2 and a loss tangent of 0.007. It is fed by    

a coplanar waveguide (CPW). Figure 1 (a) shows the 

structure parameters of the antenna. The antenna was 

simulated using the electromagnetic simulation software 

HFSS 2019. The final design values of the proposed 

antenna are as follows: W = 26, W1 = 22.4, Ws = 10.85, 

L = 26, L1 = 13.7, L2 = 12.5, R = 5.5, Wf = 3.3, g = 0.5, 

Le = 22.57, Lm = 21.57, Ln = 13.07, d1 = d2 = 1.5, h = 7, 

Ls = 12, s = 2.25, ss = 0.5 (unit: mm).  

 

 
  (a)  (b) 

 
Fig. 1. Configuration of (a) monopole antenna and (b)  

EBG unit. 

 

 
   (a) (b) 

   
(c) 

 
Fig. 2. Equivalent circuit of EBG: (a) equivalent 

capacitance and inductance, (b) equivalent circuit diagram, 

and (c) simplified equivalent circuit diagram. 

 

 
(a)                                        (b) 

 

Fig. 3. Influence of the EBG structure parameters on the 

reflection phase: (a) Lo; (b) Li. 
 

 
(a) 

  
(b)                              (c) 

 

Fig. 4. Configuration of the antenna with the EBG 

structure: (a) cross-sectional view, (b) top view, and (c) 

prototype measured. 
 

B. EBG design 

The high-impedance EBG structure is obtained by 

periodically arranging the metal patches on a dielectric 

substrate, where the patches can be of various shapes.   

As the frequency changes, the impedance of the EBG 

surface shows a 0 → ∞ → 0 behavior, which is 180° → 
0° → -180° for the reflected phase. When the reflected 

phase θ  is ±180° , the EBG surface impedance gets 

closer to 0, which is equivalent to the surface of a perfect 

electrical conductor (PEC). The phase of the reflected 

electromagnetic field is opposite to the phase of the 

incident electromagnetic wave. When the reflected phase 

θ is 0°, the surface impedance goes to infinite, and the 

phase of the reflected electromagnetic field is in-phase 

with the phase of the incident electromagnetic wave.     

At this time, the EBG surface exhibits an in-phase 

reflection. The frequency range of the ±90°  near the 

zero reflection phase belongs to the in-phase reflection 

area, while the other frequency ranges belong to the out-

of-phase reflection area. Figure 1 (b) shows the geometry 

of the designed EBG unit. The frequency range of the 

reflected phase of the EBG unit −90° to +90°, can be 

operated at 2.45 and 5.8 GHz ISM bands by adjusting the 

structural parameters.  

Figures 2 (a) and (b) show the equivalent circuit 

diagram of the above-mentioned EBG structure to 

further explain its suppression effect on the surface 

waves. In these, Co, Ci, and C3 stand for the equivalent 

capacitances between the adjacent unit cells, the outer 

rectangular ring and the inner patch gap, and the top 

layer and the ground plane, respectively. Also, Lo and Li 

respectively represent the equivalent inductance of the 

upper metal patch and the inner rectangular ring patch, 

where L3 is the equivalent inductance of the ground plane  
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of the lower layer. Since the equivalent inductance of the 

upper surface of the EBG unit is much smaller than the 

equivalent capacitance, the series inductance-capacitance 

element can be equivalent to a single capacitance element. 

Furthermore, the capacitance C3 can be ignored, and 

hence the equivalent circuit can be further simplified as 

shown in Fig. 2 (c). The surface impedance of the EBG 

can be expressed as: 

𝑍 =
1

𝑗𝜔𝐶 +
1

𝑗𝜔𝐿3

=
𝑗𝜔𝐿3

1 − 𝜔2𝐿3𝐶
. 

Then, the zero reflection phase point (θ = 0°) of the EBG 

is: 

𝜔 = 2𝜋𝑓 =
1

√𝐿3𝐶
. 

Finally, the resonance frequency of the EBG is: 

𝑓 =
1

2𝜋√𝐿3𝐶
. 

 

 
  (a) 

    
                                                (b)  

 

Fig. 5. Simulated performance of the antenna with and 

without the EBG structure and measured performance of 

the antenna with the EBG structure: (a) S11; (b) gain. 

 

By incorporating (2) into (1), we can get: Z → ∞, 

i.e., the surface impedance of the EBG goes to infinite. 

The EBG structure has two zero-phase reflection points: 

i) CL = Co  + Ci at the low frequency of 2.45 GHz, and ii) 

CH = Co at the high frequency of 5.8 GHz. Hence,            

by designing the zero-phase point of the EBG near         

the resonant frequency of the antenna, the antenna 

performance can be improved. 

 

 
 

Fig. 6. The radiation pattern of the antenna in different 

frequency bands. 

 

The outer and inner rectangles of the EBG unit 

determine the reflected phase resonance of the low and 

high frequencies, respectively. Here, adjusting the inner 

and outer rectangular parameters Ln and Lm can change 

the equivalent capacitances Ci  and Co. In this way, the 

resonance frequency of the EBG structure can be 

adjusted to work at 2.45 and 5.8 GHz. The effects of Lm 

and Ln on the reflection phase of the EBG structure are 

analyzed, and the results are shown in Fig. 3 (a) and    

Fig. 3 (b), respectively. The results indicated that Lm can 

control the resonance frequency of the low and high-

frequency bands, and the EBG unit can be obtained to 

operate the isotropic reflection phase at 2.45 GHz by 

adjusting Lm. When Ln changes, only a large change 

occurs at high frequencies, where the 2.45 GHz band      

is almost unchanged, indicating that they have little 

influence on each other. Hence, by adjusting Ln, the EBG 

unit can obtain an isotropic reflection phase working at 

5.8 GHz, thereby realizing the 2.45 and 5.8 GHz dual-

band. The size of the final EBG structure is optimized to 

be 23 × 23 × 1.5 mm. Finally, the −90°  to +90° 

reflection phase bandwidth of the EBG structure is 2.41-

2.49 GHz and 5.66-6.07 GHz.  

 

C. Antenna and EBG combination 

Within the -90° to +90° reflection phase bandwidth 

of the EBG structure range, the reflected wave from the 

EBG will constructively interfere with the radiating 

wave in the free space. However, the practical array size 

needs to be determined since it is impossible to realize 

the simulated infinite array. Small size is generally 

desirable, however the resonating frequency of the 

microstrip antenna and EBG reflector changes, and the 

antenna does not operate adequately when the EBG array 

is too small. This is because the parasitic capacitance 

(2) 

(3) 

(1) 
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between the antenna and the EBG array affects the 

performance of the whole structure [21]. Therefore, 

when determining the period of the EBG array, it is 

necessary to adjust the structural parameters of the EBG, 

the antenna, and the height between them to obtain the 

desired resonance point and achieve good impedance 

matching. 
 

Table 1: Human tissue dielectric characteristics at 2.4 

GHz [24] 

Layer Thickness   Conductivity σ (S/m) 

Skin 2 37.95 1.49 

Fat 8 5.27 0.11 

Muscle 23 52.67 1.77 

 

Table 2: Human tissue dielectric characteristics at 5.8 

GHz [24] 

Layer Thickness   Conductivity σ (S/m) 

Skin 2 35.14 3.717 

Fat 8 4.955 0.29313 

Muscle 23 48.49 4.9615 

 

Figure 4 (a) illustrates the cross-sectional view of 

the antenna with the EBG structure, after the height 

adjustment, where the impedance matching is best when 

the antenna is placed 7 mm above the EBG. Figure 4 (b) 

shows the effect diagram after combination, where a 3×3 

EBG array is selected considering the size of the EBG 

structure and the performance of the antenna with the 

EBG. When measuring the S11 and the radiation pattern, 

the gap between the antenna and the EBG is filled with 

foam to reduce losses and prevent any electrical contact, 

where Fig. 4 (c) depicts the measured prototype. 

Throughout the measures, the height of the foam and    

the position of the antenna were carefully measured to 

reduce the error. Subsequently, the S11 gathered by 

simulations and measurements are compared, and the 

results are given in Fig. 5 (a). It is observed that the 

antenna equipped with EBG has a bandwidth of 2.40-

2.49 GHz in the low-frequency band, and 4.95-6.49 GHz 

in the high-frequency band, which can completely cover 

the 2.40-2.48 GHz and 5.725-5.875 GHz ISM bands. 

Figure 5 (b) compares the gain of the antenna with and 

without the EBG structure, which reveals that the EBG 

significantly increases the gain to a peak level of  9.1 dBi 

at 5.8 GHz. Finally, we observed that the simulations and 

the measurements are no big difference in antenna gain. 

Figure 6 compares the simulated radiation patterns 

of the antenna with and without the EBG structure. 

Besides, the measured radiation patterns with the EBG 

structure is also compared. As shown, the radiation 

without the EBG is omnidirectional, i.e., a large number 

of electromagnetic signals will penetrate the human body.  

The addition of the EBG structure, however, enables the 

antenna to increase its front-to-back ratio (FBR) by 18.2 

dB at 2.45 GHz and by 19.8 dB at 5.8 GHz. This makes 

the antenna unidirectional, significantly reducing the 

number of electromagnetic signals entering the human 

body. This phenomenon is highly desired in the design 

of wearable antennas. Figure 6 also shows that the 

simulated and measured radiation patterns are not quite 

different.  

 

III. WEARABLE PERFORMANCE 

ANALYSIS 
Due to the highly lossy characteristics of human 

tissue, the antenna performance is adversely affected 

when placed on the human body. As shown in Fig. 7, the 

antenna is placed on the arms, chest, and legs, and its 

reflection coefficient is measured by using a vector 

network analyzer. The results gathered are compared 

with the free space measurements. Figure 8 reveals that 

placing the antenna on the human body can achieve a 

good impedance matching, which allows 2.40-2.48 and 

5.725-5.875 GHz ISM bands to be covered completely 

without effect on the antenna usage. 

 

 
                  (a)                    (b)                     (c) 

 

Fig. 7. The antenna with the EBG structure placed at 

different parts of a real human body: (a) arm; (b) chest; 

(c) leg. 

 

 
 

Fig. 8. Measured S11 of the antenna with the EBG on a 

real human body. 

r

r
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Table 3: SAR values of the antenna

 
 

Fig. 9. Antennas simulate radiation efficiency on free 

space and human models. 

 

  
   (a)                                        (b) 

  
(c)                                        (d) 
 

Fig. 10. Simulated SAR values for antennas without 

EBG. (a) 2.4 GHz, 1 g standard; (b) 2.4 GHz, 10 g 

standard; (c) 5.8 GHz, 1 g standard; (d) 5.8 GHz, 10 g 

standard. 
 

In addition to the S11 analysis, the effect of the 

human tissue on radiation efficiency is also studied. 

Figure 9 shows the radiation efficiency of the antenna 

that is simulated for the free space and the human tissue 

model. The results reveal that the antenna achieves an 

efficiency of 64.6% at 2.45 GHz and 85.6% at 5.8 GHz 

without the human tissue model. When the human tissue 

model is added, the efficiency reduces to 53.2% at 2.45 

GHz and 81.6% at 5.8 GHz.  

 

  
 (a)                                         (b) 

  
 (c)                                        (d) 

 

Fig. 11. Simulated SAR values for antennas with EBG. 

(a) 2.4 GHz, 1 g standard; (b) 2.4 GHz, 10 g standard; 

(c) 5.8 GHz, 1 g standard; (d) 5.8 GHz, 10 g standard. 

 

The SAR value is crucial in understanding the effect 

of antenna radiation on the human body. There are      

two international SAR standards: one is the American 

standard, the other is the European standard. For the 

formed, enforced by the Federal Communications 

Commission (FCC), the threshold is 1.6 W / kg averaged 

over 1 g of tissue. For the latter, enforced by the 

International Electrotechnical Commission (IEC), the 

threshold is 2 W / kg averaged over 10 g of tissue [22-

23]. Thus, the antennas for wearable applications must 

be carefully designed as complying with this regulation. 

To evaluate the SAR value of the antenna, a three-layer 

human tissue with a size of 90 × 90 × 33 mm was modeled 

in the CST Microwave Studio. In specific, skin, muscle, 

and fat tissues with a thickness of 2 mm, 8 mm, and 23 

mm are used [24]. The dielectric characteristics of the 

With/Without 

EBG 

1g/10g 

 

Frequency

（GHz） 

Limit SAR 

（W/Kg） 

Max SAR

（W/Kg） 

Input 

Power 

Without EBG 

1g 
2.4 1.6 4.96 100mW 

5.8 1.6 10.9 100mW 

10g 
2.4 2.0 2.6 100mW 

5.8 2.0 3.19 100mW 

With EBG 

1g 
2.4 1.6 0.123 100mW 

5.8 1.6 0.212 100mW 

10g 
2.4 2.0 0.0452 100mW 

5.8 2.0 0.0563 100mW 
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human tissue model at the frequencies of 2.4 GHz and 

5.8 GHz are shown in Table 1 and Table 2, respectively. 

The antenna with and without the EBG structure was 

placed 2 mm above the human tissue for SAR analysis.  

 

Table 4: Compare with paper on wearable antennas based on EBG or AMC 

Ref. Dimensions (mm2) Bandwith (GHz) Peak Gain (dBi) Size Comparison 

[14] 200 × 200 2.45 (9.85%) 2.42 840.2% 

[17] 147 × 147 
2.45 (37.00%) 3.58 

453.9% 
5.8 (5.04%) 6.08 

[16] 130.8 × 130.8 
1.55 (1.84%) 5.1 

359.3% 
2.45 (0.736%) 5.03 

[18] 124 × 124 2.45 (2.04%) 6.0 322.9% 

[15] 100 × 100 
3.65 (6.5%) 8.0 

210.0% 
5.4 (6.5%) 8.0 

[12] 81 × 81 2.45 (14.7%) 7.3 137.8% 

[19] 60 × 60 2.45 (18.4%) 6.5 75.6% 

Work 69 × 69 
2.45 (3.7%) 7.0 

100% 
5.8 (28%)  9.1 

Figure 10 shows the SAR values of the antenna 

without the EBG structure. Under the 1 g standard, the 

SAR value of the antenna is 4.96 W / kg at 2.4 GHz and 

10.9 W / kg at 5.8 GHz. For the 10 g standard, the values 

change to 2.6 W / kg at 2.4 GHz and 3.19 W / kg at 5.8 

GHz. It should be noted that these values violate both 

American and European standards. Figure 11 shows the 

SAR values of the antenna with the EBG structure. 

Under the 1g standard, the SAR value reduces to 0.123 

W / kg at 2.4 GHz and 0.212 W / kg at 5.8 GHz, which 

are respectively 97.5% and 98.1% lower than that of     

the antenna without the EBG structure. Under the 10g 

standard, the SAR value reduces to 0.0452 W / kg at 2.4 

GHz and 0.0563 W / kg at 5.8 GHz, which are respectively 

98.3% and 98.2% lower than that of the antenna without 

the EBG structure. As expected, these results validated 

that the EBG can reduce the SAR value of the monopole 

antenna. This is because the EBG changes the monopole 

antenna’s radiation from omnidirectional to unidirectional, 

surpassing the surface electromagnetic waves to pass 

through the substrate, not the human body. Table 3, 

listing the SAR values studied in this paper, reveals that 

the antenna adopting the EBG has a very low SAR value, 

which complies with both American and European 

standards. 

 

VI. CONCLUSION 
In this paper, a dual-band wearable monopole 

antenna with a EBG structure was proposed. The antenna 

has small size and high gain characteristics compared to 

the Table 4 measure configurations reported for wearable 

applications. The proposed antenna has a working 

bandwidth of 2.40-2.49 GHz (3.70%) at 2.45 GHz a gain 

of 7.0 dBi. The bandwidth at 5.8 GHz rarely reaches to 

4.85-6.50 GHz (28.9%), where the gain is approximately 

9.1 dBi at 5.8 GHz. The EBG structure not only isolates 

the antenna from the human body but also improves      

the radiation gain compared to the monopole antennas 

without the EBG structure. More specifically, it increases 

the monopole antenna front-to-back ratio (FBR) by 18.2 

dB (at 2.45 GHz) and 19.8 dB (at 5.8 GHz) and drops the 

SAR value more than 97.5%. Furthermore, it is shown 

that realistic human body loading have a small effect on 

antenna performance. Therefore, it is validated that the 

proposed antenna has a strong potential for wearable 

applications. 
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