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ABSTRACT 

This paper proposed a design of a flexible compact microstrip patch antenna with enhanced bandwidth and 

capable of suppressing higher-order resonances. The design employed the use of two quarter-wavelength 

(λ/4) resonators coupled in close proximity to radiating patch. The wideband was achieved by parametric 

study of the distance between the radiating patch and the pair of λ/4 resonators thereby combining the 

resonances from the rectangular patch and λ/4 resonators. The proposed capacitive feed and shorting pin 

between the resonators effectively eliminate the spurious radiations caused by harmonic resonant modes of 

the patch radiator. By having these, an inherent problem of narrow bandwidth and multiple resonances for 

microstrip patch antennas will be tackled. The proposed design is made of polydimethylsiloxane (PDMS) 

flexible substrate with a dielectric constant of 2.7, loss tangent of 0.02, and thickness of 2.5mm which is a 

conformal and robust candidate to wearable applications. Zelt, a nylon-based material, with a surface 

resistivity of 0.01 ohm/sq and thickness of 0.063mm was used as the radiating patch. The designed antenna 

was studied and analyzed using CST Microwave Studio. Different parameters such as Return Loss, Gain, 

and Efficiency were studied and compared with an inset-fed microstrip patch antenna designed with the 

same materials and operating at the same 2.45GHz ISM band. The antenna bandwidth was enhanced by 

about 2.3 times that of the inset-fed with a fractional bandwidth of 9.4% and the higher-order resonances 

were effectively eliminated. The overall size of the proposed design is 44.7 x 34 x 2.5 mm3. As the antenna 

is expected to be worn in close proximity to human tissue, the Specific Absorption Rate (SAR) was 

investigated on a three-layered body model of Skin, Fat, and Muscle with SAR values of 0.203W/kg for 

1gram and 0.0721W/kg for 10grams. The proposed antenna can be used in many wearable communication 

devices operating at 2.45GHz ISM band. 

Key words: Enhanced bandwidth, Patch antenna, Quarter-wave resonators, Flexible substrate, SAR.  

1. INTRODUCTION

Body-centric wireless communication became an 

interesting area of research in the present era. 

Wearable antennas designed to operate in 2.4GHz 

ISM (Industrial, Scientific, and Medical) band were 

found useable in wearable electronic devices for 

healthcare monitoring systems, military 

communications, implantable medical tools, etc. For 

body-wearable applications, efficient and reliable 

communications, such antennas ought to be 

miniaturized, lightweight, easy to fabricate, and less 

power consumption [1, 2]. These make Microstrip 

Patch Antennas (MPAs) the most appropriate 

candidate. However, to meet such requirements, 

MPAs suffer from inherent disadvantages of low 

gain and efficiency, narrow bandwidth, and multiple 

resonances. [3, 4] 

Many types of research have been carried out to 

improve the bandwidth of patch antennas such as 

using proximity coupling feed techniques [5], and 

stacked patch designs [6, 7]. These approaches add 
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difficulty and cost of fabrication. To overcome 

these, a single-layer capacitive-fed technique is 

recommended in many research, most of which 

utilize a dual-resonance idea. With this concept, 

bandwidth is expected to increase whenever another 

resonance is introduced near the resonance of a 

patch [8, 9]. Concerning the resonances elimination, 

several research was also carried out. In [10], it is 

recommended to interface a filter to the radiating 

patch, yet this is to the detriment of larger antenna 

size and fabrication complexity. Some researchers 

recommended attaching periodic structures such as 

photonic bandgap (PBG) and defected ground 

structures (DGS) to suppress the higher mode 

resonances [11-13]. This paper adopts the strategy 

utilized in [14] by placing a couple of λ/4 resonators 

near the radiating patch to accomplish wideband 

radiation and eliminating the higher-order 

resonances on a single and thin substrate. 

Due to the irregular shape of the human body, 

conformable substrates are recently used instead of 

rigid ones in microstrip patch antennas design and 

fabrication. Flexible antennas made from flexible 

polymers such as Polydimethylsiloxane (PDMS) 

have some advantages over other flexible materials. 

In general, polymers are low permittivity materials 

with low losses, which makes them a suitable 

candidate for high-frequency applications. Besides, 

they are stable in different environments where low 

water absorption, high flexibility, and stretchability 

are needed. PDMS introduced in [16, 17] is a good 

candidate for wearable antenna designs due to its 

low cost, high flexibility, and easy realization. On 

the other hand, the radiating planes for wearable 

antenna should have high conductivity, be flexible, 

and less resistivity among others. Performance 

characteristics of different conducting materials 

such as Zelt, Shieldit, and Flectron were studied [18, 

19] with zelt having the best performance. Zelt is 

made from copper and tin as a nylon-based 

conducting material with a low surface resistivity 

(<0.01 ohm/sq.) and high conductivity of 106 S/m 

[15]. The rest of the paper discusses the geometry of 

the proposed antenna in section 2, the design 

procedure in section 3, the result and discussions in 

section 4, then the conclusion in section 5.  

 

2. GEOMETRY OF THE PROPOSED ANTENNA  

The proposed design of a microstrip patch antenna 

capable of enhancing bandwidth and eliminating 

higher modes resonances is depicted in figure 1. The 

proposed design is made up of a rectangular patch 

and a pair of λ/4 resonators attached to the microstrip 

line. The pair λ/4 resonators share a shorting via a 

radius “r”. The λ/4 resonators are placed at distance 

“d” from the radiating patch. This helps in obtaining 

dual-band resonances; one from the radiating patch 

and the other from the λ/4 resonators. These two 

resonances can be adjusted to come close to each 

other by adjusting the distance 𝑑, thus achieving a 

wide band. Furthermore, the adopted feeding 

technique can effectively suppress the higher mode 

resonances of the patch. This is because the energy 

can only be transmitted to the patch in discrete 

frequencies where both the patch and λ/4 resonators 

are resonating [20] and all the even-order resonant 

modes could not be excited in the λ/4 resonators 

because of the shorting via connecting the resonators 

to the ground plane [14]. The PDMS substrate is 

back by a full ground plane of zelt material.   

 
Figure 1: Geometry of the proposed patch antenna  
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3. DESIGN METHODOLOGY  

The antenna is designed for a resonant frequency 

(fr) of 2.45GHz ISM band application. PDMS is 

used as a substrate with a dielectric constant (εr) of 

2.7, loss-tangent of 0.02, and thickness (h) of 

2.5mm. Zelt with ohmic resistance of 0.01 ohm/sq 

and thickness of 0.063mm was used for conducting 

components. The dimensions of the patch (Wp x Lp) 

and λ/4 resonators (Wr x Lr) were respectively 

obtained using the design equations in [21] and [22] 

for the center frequency of 2.45GHz. CST 

Microwave Studio is used to carry out the design and 

simulations.  

Wp =  
co

2fr
√

2

 1+εr
    .  .  .  (1) 

Lp =  
co

2fr √εep
− 2∆L .  .  .   (2)   

Lr =  
co

fr √εer
  .  .  .    (3) 

Where Wp is patch width, Lp is patch length, ∆L is 

the change in patch’s length due to the fringing 

effect given by equation (4):  

∆L =  0.412h
( εep + 0.3 )( 

Wp

h
 + 0.264 )

( εep − o.258 )( 
Wp

h
 + 0.8 )

  . . .  (4)  

εep and εer are the effective permittivity for the patch 

and λ/4 resonators respectively, which can be 

calculated by using equation (5) 

εej =
εr+1

2
+  

εr− 1

2
[ 1 + 

12h

Wj
]−1/2 j=p,r . . . (5)  

A parametric study is performed on the distance “d” 

and via radius “r” to obtain the best acceptable 

bandwidth by combining the two resonances from 

the patch and λ/4 resonators. The parametric results 

are illustrated in Figures 2 and 3 for the effect of the 

distance 𝑑 and via radius r respectively. It can be 

observed from figure 2 that by placing the λ/4 

resonators at distance d = 1.6mm from the patch, two 

resonances emerged. Adjusting the distance d, the 

two resonances try to merge and form a wideband. 

At a certain point of the distance d (here, at 

d=3.3mm), a single resonance emerged. Moreover, 

it can be observed that the via radius r has little 

influence on the results obtained in figure 3. Table 1 

listed the dimensions of an inset-fed design in figure 

4 and that of the proposed design of figure 1. 

Table 1: Reference and Proposed Antenna Dimensions 

Parameters 
Inset fed  

(mm) 

Proposed 

(mm) 

Patch Length (Lp) 36.2 34 

Patch Width (Wp) 44.7 44.7 

Feedline Width (Wf) 6.53 6.53 

λ/4 Length (Lr) -- 20 

λ/4 Width (Wr) -- 0.6 

Distance (d) -- 2.6 

Via radius -- 0.5 

Inset feed (yo) 10.8 -- 

Feedline spacing (gf) 0.7 -- 

 

 
Figure 2: Effect of distance "d" on the 
Reflection Coefficient  

 
Figure 3: Effect of Via radius "r" on the 
Reflection Coefficient 
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4. SIMULATION RESULTS AND DISCUSSIONS

For comparison purposes, a reference inset-fed MPA 

operating at the same 2.45GHz ISM band is 

designed with the dimensions as stated in table 1 

using the same PDMS substrate and Zelt. All the 

results were obtained from CST microwave 

simulations.  

 
Figure 4: An Inset-Fed Microstrip Patch Antenna (Reference 

Antenna) 

 

Reflection Coefficient (S11)  

The reflection coefficient (S11) of both the reference 

and proposed antenna operating at the same 

2.45GHz ISM band are depicted in figure 5 below. 

The reference antenna has a fractional bandwidth of 

4% from 2.402GHz to 4.500GHz (98MHz) while 

that of the proposed design has an enhanced 

bandwidth of 9.8% from 2.345GHz to 2.585GHz 

(240MHz). This shows a significant increase of 

bandwidth in the proposed design of about 2.45 

times that of the reference design.  

 
Figure 5: Reflection Coefficients Plot 

 

Multiple Resonances Elimination  

In addition to bandwidth enhancement as shown in 

figure 5, the proposed design can effectively 

eliminate the undesired high frequencies resonances 

which can be seen when extending the simulation 

frequency ranges. Figure 6 shows the frequency 

responses for both the reference and proposed design 

when simulated within the frequency ranges 0 to 

8GHz. For the reference design, higher frequency 

resonances exist after the desired TM01 mode. 

However, in the proposed design, the higher modes 

were eliminated leaving behind the desired one with 

enhanced bandwidth. 

 
Figure 6: Resonances Comparison of the Two 
Antennas 
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Radiation Patterns  

The radiation patterns of the proposed design are 

depicted in figure 7 below in both H-plan (φ=0o) and 

E-plan (φ=90o). The proposed design has a 

Directivity of 7.27dB, Gain of 3.04dBi, 3-dB Beam 

Width of 85.9o in E-plan, and Radiation efficiency 

of 37.8% at 2.45GHz ISM band. 

Specific Absorption Rate (SAR) 

Wearable antennas are usually placed near the 

human body as such some amount of available 

power is reflected and absorbed by the body tissues. 

This absorption results in a higher estimation of 

SAR values. SAR explains how much the human 

body absorbed the reflected power, express as SAR 

= σ E2 / ρ (W/Kg). Where: σ represents conductivity 

of the human tissue (S/m), E represents the root 

mean square amplitude of an incident electric field 

(V/m) and ρ is the density of human tissue (Kg/m3) 

[23]. The maximum allowable SAR level 

standardized for wearable antennas analysis is 1.6 

W/Kg for 1 gram and 2 W/kg for 10 grams of body 

tissue [24, 25]. A three-layered human body 

phantom consisting of muscle, fat, and skin as 

depicted in figure 8 was designed using CST 

microwave studio for analysis purposes. The 

proposed antenna is placed 5mm from the body 

phantom to create an on-body simulation 

environment.  

 

 
 

(a) H-Plan (φ=0o) (b) E-Plan (φ=90o) 

Figure 7: Radiation Pattern (a) H-Plan, (b) E-Plane  

 

 

 

 

    
   

(a) (b) 
Figure 8: Three-Layered body tissues; (a) side view, (b) 3D view with the proposed antenna on top. 
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The relative permittivity (ɛr) and conductivity (σ) of 

the three layers at 2.45 GHz are stated in table 2 [2]. 

The thickness of the three layers, muscle, fat, and 

skin are 23mm, 8mm, and 2mm respectively [15]. 

Table 2: Relative Permittivity and Conductivity of Human 

Tissues. 

Human 

Tissue 

Relative 

permittivity (ɛr) 

Conductivity σ 

(S/m) 

Skin 38 1.46 

Fat 5.28 0.105 

Muscle 52.7 1.74 

 

The SAR values depicted in figure 9 were obtained 

using the IEEE C95.3 averaging method over 1gram 

and 10 grams of tissue volume with a reference 

power level of 500mW.  

 

 

 

 

 

  

(a) (b) 

Figure 9: SAR distributions on flat phantom: (a) 1gram, (b) 10grams.

 

5. CONCLUSION 

This paper proposed a wearable microstrip patch 

antenna at 2.45GHz ISM band with an enhanced 

bandwidth and high order resonances elimination. 

Instead of the inset fed method, a pair of λ/4 

resonators at the edge of the microstrip line is used 

and both the feeding methods were analyzed for 

comparison. The antenna’s bandwidth is enhanced 

to about 2.3 times that of the inset-fed method and 

the higher-order resonances were effectively 

eliminated. For flexibility purposes, PDMS and Zelt 

have been used in the design. The proposed antenna 

was designed and simulated using CST Microwave 

software. The antenna has a simulated gain of 

3.04dB and fractional bandwidth of 9.4%. The 

antenna was also analyzed near a flat human body 

phantom. SAR values for both 1gram and 10grams 

standards are both below the threshold limits 

(0.203W/kg for 1gram and 0.0721W/kg for 

10grams). Hence, it is safe against antenna 

radiations for wearable applications. The proposed 

antenna can be used in many wearable electronic 

devices operating at the 2.45GHz ISM band.  
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