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Abstract: A flexible antenna of compact size with a dual band elliptical-shape implantable is de-

signed for biomedical purposes. The suggested antenna has an elliptical shape to be more comfort-

able for being implanted in human tissue. The implantable antenna is printed on RO3010 substrate 

with 2 mm as a thickness and 10.2 as a dielectric constant. It consists of an active planar C-shaped 

element and a parasitic planar inverted C-shaped element. The proposed antenna is designed with 

a major axis radius of 12 mm and a minor axis radius of 8 mm . It operates in dual bands: The 

Industrial Scientific and Medical band (ISM) [2.4 GHz–3.5 GHz] and Medical Implant Communica-

tions Service band (MICS) [394 MHz–407.61 MHz]. A short-circuited pin is used to minimize the 

antenna’s overall size and for further size reduction a capacitive load is used between the radiator 

and the ground plane. For biocompatibility, a thin-thickness layer of Alumina is used as a super-

strate. The suggested antenna is tested in a multi-layer tissue model and the Specific Absorption 

Rate (SAR) value is computed. The proposed antenna was fabricated, and the reflection coefficient 

is measured and compared with simulated results. 

Keywords: active element; parasitic element; elliptical antenna; capacitive load; multi-layer model; 

and biocompatibility 

 

1. Introduction 

Implantable antennas are very important in the biomedical and engineering fields. 

Implantable antennas are employed in many biomedical applications such as temperature 

monitoring, cancer detection, tumor detection, orthopedic monitoring, glucose monitor-

ing, digestive monitoring, capsule endoscopy, etc. [1–6]. In [7–9], compact dual and triple 

frequency bands rectangular-shape implantable antennas were proposed. The compact 

size was achieved using short-circuited pins, while dual and triple frequency bands were 

obtained by inserting slots in the radiating patch and in the ground plane. In [9], Defected 

Ground Structure (DGS) was used for multiple bands antenna. Generally, implantable 

antennas suffer from low gain and narrow bandwidth. In [10–16], several techniques were 

used to improve the gain and bandwidth. In [10], a metamaterial consisting of two split 

ring resonators was used to reduce the proposed antenna size (29 × 28 mm2) and enhance 

the gain. The suggested antenna was printed on FR4 substrate and operates at ISM band. 

A wide frequency bandwidth antenna [1.35–3.5 GHz] was achieved in [11] with met-

amaterial split ring resonators and ring slots. For biocompatibility with human body tis-

sue, a silicon substrate with relative permittivity 11.7 was used, while the radiator was 

made of gold. The gain of the proposed antenna in [12] was enhanced by 3 dB using a 

metamaterial array with high epsilon values. The implantable antenna in [12] was printed 

on (10 × 10 mm2) Kapton polyimide substrate, Rogers 6010 superstrate and operates at 

ISM band. In [14], a patch antenna was loaded by a superstrate made of Taconic Cer-10 
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material for a wide bandwidth and high gain. A frequency selective surface in [15] was 

placed as a reflector below a 13 × 13 mm2 dual-ring slot antenna to enhance the antenna 

gain from −10.1 dB to −6.3 dB. For biocompatibility issues, the proposed antenna is printed 

on a polyimide substrate with dielectric constant 2.91 and loss tangent 0.005.  

To achieve biocompatibility with human body tissues, several materials such as Tef-

lon, Alumina, and polyimide are used as a superstrate to cover the antenna [17–20]. In this 

work, the main objective is to design a flexible antenna of compact size and with a dual 

band. To avoid sharp edges in the design and to make the suggested antenna easier to 

insert into the human body, an elliptical-shape antenna is designed and printed on ellip-

tical RO3010 substrate. The compact size of the antenna is obtained using a short-circuited 

pin and for additional size reduction, a capacitive load is inserted between the ground 

plane and the radiator element. For the dual band antenna, a planar C-shaped is used as 

an active element to operate at the MICS band and a planar inverted C-shaped is used as 

a parasitic element to work at the ISM band. To ensure biocompatibility, Alumina as a 

thin layer is employed as a superstrate. The antenna is modeled and simulated in multi-

layer tissue model to analyze the effect of mismatch in various tissue environments. The 

SAR value is also computed to ensure safety. The paper is structured as follows: the char-

acteristics and design of the suggested antenna in a multi-layer human tissue model are 

given in Section 2. Analysis and discussion of the simulation and measured results are 

given in Section 3. Finally, summaries of the work are presented in Section 4. 

2. Antenna Design Characteristics 

The elliptical-shape antenna was realized on a RO3010 substrate with a dielectric 

constant of 10.2 and a thickness of 2 mm ,while the radiator was made of copper. A thin 

layer of Alumina with a dielectric constant of 9.4 and a thickness of 0.35 mm was used to 

separate the conducting elements from the human body tissues. The antenna consists of 

two sections: planar C-shaped as an active element, and planar inverted C-shaped as a 

parasitic element. The major and minor axes of the ellipse are 12 mm and 8 mm, respec-

tively. The idea behind the elliptical shape of the design is to make the implantable an-

tenna flexible and smoother for the patient by avoiding sharp edges of the conventional 

rectangular-shape implantable antennas. A short-circuited pin between the active radiator 

and the ground plane is used for a compact antenna size. A further size reduction was 

obtained by inserting a capacitive load of 6 pF between the parasitic radiator and the 

ground plane. The geometry of the suggested antenna is presented in Figure 1. A CST 

simulator was used for the antenna design and simulation. A three-layer tissue model of 

size 70 × 60 × 14 mm3 was used. The tissue model consisted of skin, fat, and muscle layers 

with electrical properties (dielectric constant, ��, conductivity, σ, loss tangent) for human 

body tissue layers at MICS and ISM bands according to [21]. The antenna was implanted 

within the muscle layer at 7 mm from the skin-free space interface, see Figure 2.  
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Figure 1. Structure of the suggested antenna, top and side view. 

 

Figure 2.  Average thicknesses of the three-layered tissue model. 

3. Results and Discussion 

The suggested antenna operates at dual bands: the MICS band [394 MHz–407.61 

MHz], and the ISM band [2.4 GHz–3.5 GHz]. The reflection coefficient for the MICS and 

ISM bands of the suggested antenna when implanted within the muscle layer is given in 

Figure 3.  

 

Figure 3. Simulation reflection coefficient of the suggested antenna. 

The antenna operates at 402.5 MHz with a reflection coefficient of −18.79 dB and a 

frequency band of 13.61 MHz for the MICS band (at −10 dB) and operates at 2.467 GHz 

with −50.71 dB as a reflection coefficient and a wide frequency band of 1.1 GHz for the 

2212ISM band (at −10 dB). The 2D far fields of the suggested antenna are presented in 

Figure 4. H-plane at 
90 shows an omnidirectional pattern, see Figure 4a. E-plane at 

phi = 0° also shows an omnidirectional pattern, see Figure 4b. The simulated gain at 402.5 

MHz and at 2.467 GHz is found as −30.04 dB and −1.3 dB, respectively. 

The simulated SAR values (for 1 watt input power) at 402.5 MHz were found to be 

225.17 W/Kg for 1 g of tissue and 46.72 W/Kg for 10 g of tissue. At 2.467 GHz, the SAR 

values were found to be 130.54 W/Kg for 1 g of tissue and 41.84 W/Kg for 10 g of tissue. 

For the obtained SAR values to be within the limitations defined by IEEE standards (the 

optimal SAR value is less than 1.6 W/Kg for the C95.1-1999 system and less than 2 W/kg 

for C95.1-2005), the input power at 402.5 MHz should not exceed 7.09 mW and 42.7 mW 

for 1 g and 10 g of tissue, respectively. 
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(a) (b) 

Figure 4. Simulation 2D far fields of the suggested antenna: (a) H-plane, and (b) E-plane. At 402 

MHz (dash line), and at 2.467 GHz (solid line). 

At 2.467 GHz, the input power should not exceed 12.25 mW and 47.7 mW for 1 g and 

10 g of tissue respectively, see Table 1.  

Simulated SAR values for 10 g of tissue at 402.5 MHz and 2.467 GHz are illustrated 

in Figure 5a,b, respectively. 

 

(a) 

 

(b) 

Figure 5. Simulated SAR values for 10 g of tissue at (a) 402.5 MHz and (b) 2.467 GHz. 
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Table 1. Simulated SAR values for 1 watt input power and the calculated maximum input power 

for the 1 g and 10 g models. 

Simulated SAR Values 

SAR (1 g Model) SAR (10 g Model) 

MICS ISM MICS ISM 

189.42 W/kg 124.246 W/kg 42.0014 W/kg 41.7769 W/kg 

SAR limits  
1.6 W/Kg 

C95.1-1999  

2 W/Kg 

C95.1-2005 

Calculated maximum in-

put power 
8.43 mW 12.85 mW 47.5 mW 47.8 mW 

The proposed antenna in Figure 1 was fabricated on RO3010 substrate as shown in 

Figure 6. A capacitive load of 10.709 pF was used instead of 6 pF (this capacitance value 

is available in our lab). The measured and simulated reflection coefficients are in good 

agreement, as presented in Figure 7. 

 

Figure 6. The fabricated prototype of the proposed antenna. 

 

Figure 7. Simulation (solid line) and measured (dash line) reflection coefficient of the proposed an-

tenna. 

To study the effect of mismatch in various tissue conditions, the proposed antenna 

was placed inside the skin layer. To solve the mismatch due to different layer environ-

ments, the feed point position was optimized, and the width of the planar C-shaped active 

element and planar inverted C-shaped parasitic element was now 2 mm instead of 2.5 mm 

compared to the case of the suggested antenna placed within the muscle layer. In addition, 

the superstrate thickness was 0.15 mm and the skin thickness was optimized to be 6.47 

mm. The capacitive load was now 10 pF. A reflection coefficient of −21.84 dB and −32.56 
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dB were the results at the MICS and ISM bands, respectively (see Figure 8a,b, respec-

tively). 

 

(a) 

 

(b) 

Figure 8. Simulation reflection coefficient of the proposed antenna (placed inside the skin layer) at 

(a) 402.5 MHz, and (b) 2.467 GHz. 

The simulated SAR values (for 1 watt input power) at 402.5 MHz were found to be 

523.67 W/Kg for 1 g of tissue and 112.71 W/Kg for 10 g of tissue. At 2.467 GHz, the SAR 

values were 183.242 W/Kg for 1 g of tissue and 75.12 W/Kg for 10 g of tissue. For the ob-

tained SAR values to be within the limitations defined by IEEE standards, the input power 

at 402.5 MHz should not exceed 3.05 mW and 17.7 mW for 1 g and 10 g of tissue, respec-

tively. At 2.467 GHz, the input power should not exceed 8.72 mW and 26.5 mW for 1 g 

and 10 g of tissue, respectively. Simulated SAR values for 10 g of tissue at 402.5 MHz and 

2.467 GHz are illustrated in Figures 9a,b, respectively.  

The suggested antenna was implanted within the fat layer. To solve the mismatch 

due to different layer environments, the locations of the feed point and short-circuited pin 

were optimized. The major and minor axes of the ellipse were increased to 15 mm and 11 

mm, respectively. The width of the planar C-shaped active element and planar inverted 

C-shaped parasitic element was now 2.5 mm, the same as the case of the suggested an-

tenna implanted within the muscle layer. In addition, the superstrate thickness was 0.2 

mm, and the skin thickness was optimized to be 4 mm. The capacitive load was 8 pF. A 

reflection coefficient of −23.15 dB and −22.38 dB were the results at the MICS and ISM 

bands, respectively (see Figure 10a,b, respectively). 
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(a) 

 

(b) 

Figure 9. SAR values for 10 g of tissue at (a) 402.5 MHz and (b) 2.467 GHz. (The proposed antenna 

placed inside the skin layer.) 

 

(a) 

 

(b) 

Figure 10. Simulation reflection coefficient of the suggested antenna (placed inside the fat layer) at 

(a) 402.5 MHz, and (b) 2.45 GHz. 
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The computed SAR values (for 1 watt input power) at 402.5 MHz were 316.87 W/kg 

for 1 g of tissue and 81.94 W/Kg for 10 g of tissue. At 2.45 GHz, the SAR values were 81.23 

W/kg for 1 g of tissue and 35.7 W/kg for 10 g of tissue. For the obtained SAR values to be 

within the limitations defined by IEEE standards, the input power at 402.5 MHz should 

not exceed 5.04 mW and 23.4 mW for 1 g and 10 g of tissue, respectively. 

At 2.45 GHz, the input power should not exceed 19.67 mW and 56 mW for 1 g and 10 

g of tissue, respectively. Simulated SAR values for 10 g of tissue at 402.5 MHz and 2.45 

GHz are illustrated in Figure 11a,b, respectively. 

 

(a) 

 

(b) 

Figure 11. Simulated SAR values for 10 g of tissue at (a) 402.5 MHz and (b) 2.45 GHz. (The proposed 

antenna placed inside the fat layer.) 

The reflection coefficient of the proposed antenna for both cases, implanted in the 

skin layer and implanted in the fat layer, is presented in Figure 12. The implanted antenna 

in the skin layer was matched over a wider frequency bandwidth at MICS, while a wider 

frequency bandwidth was obtained in the fat layer at ISM. Gain enhancement was ob-

tained in the fat layer for both MICS and ISM bands compared to the skin layer. A com-

parison between the obtained results of the suggested antenna being inserted in the skin, 

fat, and muscle layers is presented in Table 2. Enhanced gain values were obtained as the 

proposed antenna was inserted in the fat layer compared to the skin layer, but on the other 

hand, a larger antenna size was then obtained. At the MICS band, the widest bandwidth 

was obtained when the suggested antenna was inserted in the skin layer, while the widest 

bandwidth at ISM band was obtained as the antenna was inserted in the muscle layer. The 

highest SAR values were obtained when the suggested antenna was inserted in the skin 

layer. A comparison of the main parameters between this work and previous works is 

presented in Table 3.  
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(a) 

 

(b) 

Figure 12. Simulation reflection coefficient of the suggested antenna placed inside the skin layer 

(solid line) and the fat layer (dash line) at (a) MICS band, and (b) ISM band. 

Table 2. Reflection coefficient, frequency band, and gain of the proposed antenna placed in different 

tissue environments. 

Three Layer Tis-

sue Model 

Reflection Coefficient 

(dB)  
Bandwidth (MHz) Gain (dB) 

MICS ISM MICS ISM MICS ISM 

Skin Layer −21.84 dB −32.56 dB 67.77 109.2 −36.24 dB −7.74 dB 

Fat Layer −23.15 dB −22.38 dB 22.51 591.7 −29.57 dB −3.83 dB 

Muscle Layer −18.79 dB −50.71 dB 13.61 1100 −30.04 dB  −1.3 dB 

Table 3. A comparison of the main parameters between this work and previous works. 

Ref. Substrate Frequency Bands Antenna Size (mm2) Gain (dB) 

[6] RO3010 MICS (32 × 24) −18 

[7] RO3010 MICS, ISM (27 × 19) −30.14, 2.45 

[10] FR4 ISM (29 × 28) 4.86 

[12] Kapton polyimide ISM (10 × 10) −9 

[15] polyimide ISM (13 × 13) −6.3 

This work RO3010 MICS, ISM (12 × 8) −30.04, −1.3 

4. Conclusions 

In this study, a compact size flexible and dual band elliptical-shaped implantable an-

tenna with a smooth geometry was modeled and analyzed. The suggested antenna works 

at the MICS band with a reflection coefficient of −18.78 dB at 402.5 MHz, and at the ISM 
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band with a reflection coefficient of −50.71 dB at 2.467 GHz. A wide bandwidth of 1100 

MHz was obtained at the ISM band. The suggested antenna simulated gain values of 

−30.04 dB and −1.3 dB at 402.5 MHz and 2.467 GHz, respectively. The SAR value was con-

ducted, and the input power was optimized to meet the IEEE standard limitations. The 

efficiency of the proposed antenna was analyzed and compared in the skin, fat, and mus-

cle layers. A compact size dual band and flexible geometry make the suggested antenna a 

good candidate for biomedical purposes. 
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