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Abstract. A compact implantable coplanar waveguide (CPW) fed slot antenna for biomedical application is presented in this paper. 

Biocompatible material Poly (methylmethacrylate) (PMMA) is coated on the proposed antenna to make it suitable for implantation. The 

performance parameters of the antenna are measured in terms of the reflection coefficient by immersing the fabricated antenna in a liquid 

phantom. The proposed antenna covers the complete ISM band (2.4 GHz – 2.5 GHz).  In addition, specific absorption rate (SAR) is also 

estimated which indicates the antenna meets the required safety regulations. 
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1. Introduction 

The demand for implantable and wearable antennas has 

increased for biomedical applications. These antennas can be 

placed inside or outside of the patient’s body. These antennas 

are used to transfer signal in and out of the body. The major 

challenge associated with the implantable antenna is to make 

it compatible with implanted devices by keeping the gain as 

high as possible. Various types of compact antennas have 

been presented for such systems including planar inverted F 

antennas [1]-[2], Helical antenna [3], microstrip patch 

antenna [4] and spiral antenna [5]. In addition to size and gain 

it is necessary to consider other constraints, such as 

biocompatibility [6-7] and effect of tissues in which antenna 

is to be implanted [5]. Electrical properties of biological 

tissues severely affect antenna impedance and efficiencies [8-

9].  

In this paper, a compact CPW fed implantable antenna 

operating in the ISM band (2.4GHz-2.5 GHz) for biomedical 

application is presented. To make the proposed antenna 

suitable for implantation, it is coated with Poly 

(methymethacrylate) (PMMA) biocompatible material. 

Further, the antenna is immersed into liquid phantom to 

measure the antenna performance. Simulations and 

measurements results demonstrate that the antenna covers the 

complete ISM band. Simulation study of SAR is carried out 

to evaluate the performance and safety issues related to 

implanted antennas compared with the FCC and ICNIRP   

guidelines [10-11]. 

2. Characterization of liquid phantom  

Since the implantable antennas are operated through 

muscle in vitro measurements therefore characterization of 

liquid phantom is required. The liquid phantom is prepared  

with mixture of deionized water, sugar, and salt in appropriate 

quantity. The  deionized water having high dielectric 

permittivity and low conductivity.  Precise quantity (as 

mentioned in Table 1) of sugar and salt is added to reduce 

permittivity and increase conductivity, respectively. The 

electrical properties of phantom is measured using Agilent’s 

85070E dielectric probe kit and an Agilent Technology 

N5230A network analyser as shown in Fig. 1. An open-ended 

coaxial cable was inserted into the liquid; the probe is 

connected to a network analyzer and the calibration, using 

short-open-water, was carried out at 22◦ C. Next the reflection 

coefficient values are processed to evaluate the electrical 

properties of the solution. 

To formulate an appropriate recipe for liquid muscle 

phantom for the ISM bands, the effects of sugar and salt on 

relative permittivity and conductivity was studied. Figure 2 

and Figure 3 show the changes in the relative permittivity and 

conductivity with respect to sugar concentration in a 100-mL 

mixture. As seen from figure 2, relative permittivity decreases 

significantly as sugar concentration increases in the mixture. 

However, there is only a slight increase in conductivity with 

the increase in sugar concentration.  

The lowering of the dielectric constant is due to the 

dissolved non-polar particles or ions in water. The non-polar 

particles or ions orient the water molecules around them, 

thereby reducing their ability to orient in applied field, so 

reducing the dielectric constant by local high-field effect [12]. 

We carried out a similar study to determine the effect of 

salt concentration on relative permittivity and conductivity.  

 

 

Fig. 1. Experimental setup for measurement of electrical properties 

of liquid phantom. 
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Fig. 2.  Relative permittivity as a function of frequency for various 

sugar concentrations 

  
Fig. 3. Conductivity as a function of frequency for various sugar 

concentrations. 

First, a reference 32% sugar solution is prepared and then 1–

3 g of salt is added. As seen in Figure 4 and Figure 5, relative 

permittivity decreases and conductivity increases, as 

expected, when more salt is added to the mixture. Since salt 

particles separate into ions (𝑁𝑎+and 𝑐𝑙− ) while dissolving, 

the solution becomes more conductive. Thus, a water 

solution, which has relative permittivity and conductivity 

equivalent to that of muscle tissues at given frequency, can be 

obtained by mixing proper ratio of sugar and salt in the water. 

From the experimentally generated graph it can be seen that 

solution obtained with 32% and 2% of sugar and salt 

respectively, gives electrical property similar to muscles. 

Table 1 depicts the weight ratio of the sugar-salt-water 

solution for the tissue-equivalent phantom. The measured 

quantity of permittivity and conductivity values of the human 

muscle tissue and the liquid muscle phantom at different 

frequencies are shown in Table 2. It is observed that solution 

prepared with 32% and 2% of sugar and salt respectively, 

gives electrical property like muscles.  

  

 
 

Fig. 4. Permittivity as a function of frequency for various salt 

concentrations 

  
Fig. 5. Conductivity as a function of frequency for various salt 

concentrations 

Table 1: Content for liquid muscle phantom at ISM band 

Ingredient Percentage contribution (%) 

Deionized water 66.00 

sugar 32.00 

Salt 2.00 

Table 2:  Electrical properties of  human  muscle tissue  

Frequency 

(GHz) 

Human  Muscle 

Tissue [13]-[15] 

Liquid Phantom 

(measured) 

𝜺𝒓 σ (S/m) 𝜺𝒓 σ (S/m) 

2.0 53.29 1.45 55.37 2.2 

2.25 52.98 1.61 53.94 2.51 

2.45 52.73 1.74 52.79 2.79 

2.65 52.46 1.87 51.32 3.01 

3.0 52.05 2.14 49.02 3.45 

3. Formation and characterization of biocompatible 

material 

To make the antenna suitable for implantation, low-cost 

biocompatible material poly(methylmethacrylate) or 

(PMMA) is used. PMMA, is a non-biodegradable polymer 

which possesses a good degree of compatibility with human 

tissues [15]. It has therefore found applications specifically in 

perm- anent structures, such as bone tissue regeneration and 

bone structural enhancement. It manifests low toxicity and is 

used as scaffolding to deliver mechanical stability following 

its implantation.         

Pyrax  rapid prepare  kit was used to prepare PMMA. 

Electrical properties of the PMMA was obtained from the 

resonant cavity method. A typical measurement system 

consists of a network analyzer, and 85071E Split post 

dielectric resonators (SPDR). The electrical property of the 

PMMA is obtained from the resonant cavity method [16]. The 

permittivity and loss tangent of the material can then be 

determined from the change in resonant frequency and Q-

factor using Eq (1) and (2). 

𝜀𝑟
′ = 1 +

𝑉𝑐 (𝑓𝑐−𝑓𝑠 )

2 𝑉𝑠𝑓𝑠
                                          (1) 

𝜀𝑟
" =

𝑉𝑐

4𝑉𝑠
(

1

𝑄𝑠
−

1

𝑄𝑐
)                                           (2) 

where,  

𝑓𝑐= Resonant frequency of empty cavity 

𝑓𝑠= Resonant frequency of filled cavity 

𝑄𝑐=Q of empty cavity 

𝑄𝑠= Q of filled cavity 
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𝑉𝑠=Volume of empty cavity 

𝑉𝑐= Volume of sample 

The measurement setup is shown in the Figure 6. The 

cylinder shape solid sample is placed along the centre of the 

cavity. Using the above mentioned method, the calculated 

value of permittivity and loss tangent of the PMMA is found 

to be εr=2.23 and tan δ = 0.035 respectively. 

4. Antenna characterization  and measurements 

4.1. Antenna characterization in liquid phantom  

Figure 7 shows the proposed slot antenna configuration and 

its prototypes. The antenna is designed using full wave EM  

solver IE3D on alumina substrate (εr = 9.6,  tanδ=3.0× 10−5). 

Rigorous simulation study is carried out to optimize the 

antenna shape parameters in vitro after making it 

biocompatible. Figure 8 shows the effect of the thickness of 

the PMMA when antenna is immersed into liquid phantom. It 

is observed that 0.5 mm-thick PMMA (εr = 2.23, tanδ =
0.035) superstrate covers the entire ISM band. It is noted that 

0.5 mm is the fundamental practical lower limit. Due to 

brevity, the reflection coefficient characteristics of the 

proposed antenna for various shape parameters are not shown 

here. The optimized dimensions of the slot antenna are given 

in Table 3.  

 

 

Fig. 6.  (a) Cylinder shape PMMA sample (b) Split  post dielectric 

resonators (SPDR), and (c)Measurement setup used for measuring 

the PMMA electrical properties. 

 
(a) 

 
(b) 

 

     
 
                                             (c)                              (d) 

Fig. 7. (a) Schematic top view, (b) Cross section view, (c) Prototype 

without PMMA, and   (d) Prototype with PMMA coating  

 
Fig. 8.  Varaiation of reflection coefficient due to different insulation 

thickness of PMMA . 

 
Table 3. Dimensions of the slot antenna 

Parameter Value 

(mm) 

Parameter Value 

(mm) 

Parameter Value 

(mm) 

L 15.0 S’ 2.5 W’ 1.0 

W 20.0 S” 11.25 W” 0.875 

S 1.5 L” 9.8 g 0.75 

G 6.0 S”’ 4.3 Wg’ 0.635 

t 10.5 h 1.75   

L’ 11.25 H 5.0   

4.2. Antenna simulation and measurements in Vitro 

 In order to verify the performance of the proposed antenna, 

simulation and measurement study is carried out in vitro. For 

simulation study in vitro, one layer muscle tissue is 

considered as shown in Figure 9. The measurement set-up 
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with liquid phantom representing the dielectric characteristics 

of human muscle tissue at 2.45 GHz is shown in Figure 10.  

Figure 11 shows the measured and simulated reflection 

coefficient of the antenna in muscle tissue liquid phantom 

with biocompatible superstrate layer. Measured bandwidth is 

480 MHz (2.26–2.74GHz) and the fractional bandwidth at the 

centre frequency (2.45 GHz) approximately 19.28% is 

obtained. The measured and simulated results are found in 

good agreement. 

5. Radiation characteristics  

The IE3D simulation software is used to calculate the 

radiation patterns and gain of the antenna inside the liquid 

phantom. The computed radiation patterns in the ϕ-plane and 

the θ-plane are shown in Figure 12. The patterns are computed 

at 2.45 GHz, at a reference distance of 1 m, and using an input 

power of 1 W. 

 

 

 
 

Fig.9. Antenna placed in one layers muscle tissue.                                      

 

 

Fig. 10.  Measurement setup with human muscle tissue liquid for 

implantable antennas. 

 

Fig. 11. Simulated and measured results in muscle tissue liquid 

phantom with biocompatible superstrate layer. 

Figure 13 shows the simulated antenna gain in vitro. The 

gain values are lies between -25.92 dBi to -27.12 dBi. These 

values are comparable to results presented in literature [9].  

Since the antenna is embedded inside the human body which 

is lossy in nature hence gain is very low. 

Figure 14  shows the simulated SAR distribution over 1-g 

of average tissues for the proposed antenna implanted into the 

muscle. It is considered that the antenna delivered 1 W of 

power inside the muscle tissue, the maximum SAR value (148 

W/kg) is obtained. To satisfy SAR regulation (1.6 W/kg) of 

ANSI [10]-[11]; the delivered power must be decreased to the 

suitable level (10.8mW). 

 

  

                   (a)                                                     (b) 

Fig. 12. Far-field patterns at 2.45 GHz in the (a) ϕ -plane, xy- plane 

and (b) ϴ- plane, yz- plane.                                

  
Fig. 13. Simulated gain pattern in vitro. 

 
Fig. 14. Simulated SAR distribution over 1-g of tissue (delivered 

power = 1 W). 
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6. conclusion 

In this paper, simulation and experimental study of 

implantable compact biocompatible slot antenna was carried 

out in vitro. The simulation and measurement study of a 

biocompatible slot antenna immersed into the liquid phantom 

was performed. Measurements and simulations of the 

reflection coefficient in the 2.45 GHz ISM band demonstrated 

a very   large bandwidth which covers the entire ISM band. A 

good agreement was found between simulation and   

measurement results. The PMMA layer not only make 

antenna biocompatible but also helps in improving gain. The 

proposed antenna also satisfies SAR regulation for the power 

up to 10.8 mW.  The simulated results shows that the designed 

antenna can be used for biomedical applications. 
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