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Abstract 

Recent advances in implantable medical devices demand seamless, 

efficient, and miniaturized solutions for organ-specific wireless 

communication and power transfer. The integration of antenna 

systems into bioelectronics offers a transformative path to realizing 

robust biotelemetry and energy harvesting capabilities. Traditional 

antenna designs are hindered by biological loading effects, size 

constraints, and inconsistent power transfer across varying tissue types. 

This work presents a novel Integrated Antenna System (IAS) tailored 

for miniaturized organ-specific bioelectronics, designed to operate 

efficiently within heterogeneous tissue environments. The proposed 

system combines metamaterial-inspired miniaturization with substrate-

integrated antennas, optimized through electromagnetic simulations to 

support dual functionality: robust biotelemetry and wireless power 

transfer (WPT). A multi-band design approach is employed to ensure 

compatibility with Medical Implant Communication Service (MICS) 

and Industrial, Scientific, and Medical (ISM) bands, crucial for real-

time data transfer and sustained operation. Extensive simulations 

using CST Microwave Studio and HFSS validate the electromagnetic 

behavior within heterogeneous anatomical models (brain, heart, and 

liver tissues). Results indicate enhanced power transfer efficiency (> 

65%) and stable radiation performance with minimal tissue heating 

(SAR < 1.6 W/kg). In-vitro and in-vivo prototypes show consistent 

impedance matching and link reliability, with telemetry range 

exceeding 10 cm and power transfer above 5 mW, sufficient for organ-

specific bioelectronic function. 
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1. INTRODUCTION 

The wireless communication and power delivery into 

implantable medical devices has emerged as a critical enabler for 

modern personalized healthcare. With advancements in 

microelectronics, flexible substrates, and low-power circuits, it is 

now possible to develop bioelectronics that can be embedded 

within or mounted on specific organs to continuously monitor, 

stimulate, or regulate physiological functions [1]–[3]. Such 

systems are increasingly used in applications ranging from 

cardiac rhythm management to neurostimulation and targeted 

drug delivery. However, a key bottleneck remains: the reliable 

and efficient transmission of both power and data through 

heterogeneous biological tissues. 

Designing efficient antenna systems for miniaturized, 

implantable devices introduces several formidable challenges. 

First, conventional antennas suffer significant detuning and loss 

due to tissue absorption and high permittivity environments, 

which degrade impedance matching and radiation efficiency [4]. 

Second, biological environments are dynamic, non-uniform, and 

multilayered, leading to inconsistent propagation conditions and 

poor link reliability [5]. These factors limit the effectiveness of 

existing antenna systems and hinder long-term, organ-specific 

deployment. 

Moreover, most current solutions either focus solely on data 

telemetry or on wireless power transfer, rarely integrating both 

functions efficiently into a miniaturized platform [6]. This siloed 

approach leads to increased system complexity, reduced energy 

efficiency, and larger device footprints—ultimately restricting 

clinical translation and widespread adoption [7]. Therefore, there 

is an urgent need for antenna systems that are highly integrated, 

organ-specific, and capable of dual-mode operation in complex 

biological environments. 

Objectives of this work include: 

• To design a miniaturized, conformal antenna system that 

enables robust wireless power transfer (WPT) and 

biotelemetry within organ-specific implantable devices. 

• To optimize the system for operation across multiple 

biomedical frequency bands (MICS and ISM) while 

ensuring safety and compatibility with biological tissue. 

The novelty of this study lies in the development of a dual-

band integrated antenna system embedded into flexible, 

biocompatible substrates and co-designed for specific anatomical 

locations (e.g., brain, heart, liver). The design leverages 

metamaterial-inspired geometries and substrate-integrated 

waveguide (SIW) structures to achieve high efficiency in a 

compact form factor. 

Key contributions of this research are: 

• A Unified Design Framework for co-optimizing antenna 

geometry, frequency tuning, and biological compatibility 

using full-wave electromagnetic simulations and organ-

specific phantoms. 

• Validation through Multi-Tier Testing, including 

CST/HFSS-based simulations, in-vitro gel phantom 

measurements, and in-vivo rat model deployment, 

demonstrating real-time wireless telemetry (10+ cm range) 

and >65% power transfer efficiency with safe SAR levels. 

2. RELATED WORKS 

A growing body of research has explored antennas for 

biomedical applications, especially in the context of implantable 

systems. A classic study by [8] offered a comprehensive 

classification of implantable antennas, highlighting their radiation 

performance across different tissue types. Their survey 

underscored the need for miniaturization without compromising 

gain and efficiency. Similarly, [9] introduced a loop-type antenna 

for ingestible sensors, emphasizing the effects of gastrointestinal 

propagation losses and SAR constraints. While these studies 

focused primarily on single-frequency designs, they laid the 
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groundwork for safety-focused antenna integration in biological 

environments. 

In [10], proposed a wireless implantable system using a near-

field inductive link. Though efficient for short distances, its 

limited operational range and high dependence on alignment 

restricted its utility in mobile or semi-ambulatory patients. To 

improve distance and robustness, [11] developed a dual-mode 

antenna for simultaneous wireless power and communication. 

However, their planar design struggled with conformality when 

deployed in soft, curvilinear organs. 

A promising shift toward metamaterial and SIW-based 

antennas was seen in [12], who implemented a high-Q antenna 

using an artificial magnetic conductor (AMC) to enhance gain in 

lossy tissue environments. While successful in boosting 

efficiency, their system was not tested for deep-organ implants or 

dual-band applications. Finally, [13] demonstrated a fully flexible 

antenna on parylene substrate optimized for MICS operation. 

Despite its flexibility, the system lacked integrated power-

harvesting capability, relying instead on external battery support. 

These studies show the challenges in achieving dual-mode, 

miniaturized, and organ-specific antenna performance. They also 

reveal a significant research gap in co-design strategies that 

jointly address wireless telemetry and energy harvesting for 

deeply embedded bioelectronic devices. 

3. PROPOSED METHOD 

The proposed Integrated Antenna System (IAS) is designed 

through the following steps: 

1. Organ-specific modeling: Anatomical 3D models (brain, 

heart, liver) are constructed from MRI datasets. 

2. Antenna miniaturization: A metamaterial-inspired slot-

loaded antenna is embedded on a flexible biocompatible 

substrate (polyimide). 

3. Simulation/Optimization: The design is simulated using 

CST and HFSS with embedded tissue phantoms to 

optimize for return loss, gain, SAR, and efficiency. 

4. Dual-mode operation: The antenna is tuned for MICS 

(402–405 MHz) and ISM (2.4 GHz) bands for 

simultaneous telemetry and power transfer. 

5. Fabrication & Testing: Prototypes are fabricated using 

photolithography, integrated with RF-to-DC rectifiers, and 

tested in vitro (saline tanks) and in vivo (rat models). 

3.1 ORGAN-SPECIFIC MODELING 

The first stage of the antenna co-design framework involves 

generating anatomically accurate models of target organs such as 

the brain, heart, and liver. High-resolution MRI/CT scans are 

segmented using software like 3D Slicer and Sim4Life to 

differentiate tissue layers such as muscle, fat, skin, and organ 

parenchyma. These layers significantly impact electromagnetic 

(EM) wave propagation due to their varied dielectric properties. 

Each tissue layer is assigned frequency-dependent dielectric 

properties: relative permittivity (εᵣ) and conductivity (σ) as shown 

in Table 1. 

 

Table.1. Dielectric Properties of Tissues at 2.4 GHz 

Tissue  

Type 

Relative  

Permittivity (εᵣ) 

Conductivity  

(σ) [S/m] 

Skin 38.0 1.46 

Fat 5.3 0.11 

Muscle 52.7 1.73 

Brain 48.9 1.68 

Liver 45.6 1.78 

The Table.1 properties are integrated into full-wave EM 

simulation platforms (e.g., CST, HFSS) to replicate realistic 

electromagnetic loading environments. 

The propagation characteristics in tissues are governed by the 

complex permittivity: 
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where, 

εr is relative permittivity 

σ is tissue conductivity 

ω=2πf is the angular frequency 

ε0 is vacuum permittivity 

To evaluate the path loss (PL) through biological layers, the 

following modified Friis transmission equation is used: 
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where, 

f is frequency 

d is distance 

α is the tissue attenuation constant 

The Table.2 shows organ-specific attenuation constants used 

for further tuning. 

Table.2. Estimated Tissue Attenuation Constants (α) at 2.4 GHz 

Organ Attenuation Constant (α) [Np/m] 

Brain 14.1 

Heart 16.8 

Liver 17.3 

3.2 ANTENNA MINIATURIZATION 

Given the wavelength shrinkage in high-εᵣ environments, 

antennas need to be compact yet efficient. A slot-loaded planar 

monopole with a complementary split ring resonator (CSRR) is 

used to achieve size reduction without compromising bandwidth. 

The effective wavelength in tissue (λeff) is: 
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where, εeff is effective permittivity seen by the antenna. 

The Table.3 summarizes the calculated λeff for each organ 

based on εᵣ. 



ISSN: 2395-1680 (ONLINE)                                   ICTACT JOURNAL ON MICROELECTRONICS, JULY 2025, VOLUME: 11, ISSUE: 02 

2067 

Table.3. Effective Wavelength in Tissues at 2.4 GHz 

Organ εᵣ (avg) λeff (mm) 

Brain 48.9 21.5 

Heart 52.1 20.8 

Liver 45.6 22.1 

To match the compact antenna to these tissues, a multi-

resonant slot pattern is etched into the ground plane. A stub-tuned 

feedline is also introduced to enhance impedance matching at both 

MICS (402–405 MHz) and ISM (2.4 GHz) bands. 

The antenna footprint was iteratively reduced using 

metamaterial-inspired loading and substrate-integrated wave-

guide (SIW) design principles. The Table.4 illustrates the physical 

antenna dimensions achieved through miniaturization. 

Table.4. Miniaturized Antenna Dimensions  

for Each Organ Model 

Organ 
Antenna  

Size (mm) 
Substrate Used 

Matching  

Band (GHz) 

Brain 12 × 7 × 0.2 Polyimide (εᵣ = 3.5) 0.403 & 2.42 

Heart 13 × 8 × 0.2 PDMS (εᵣ = 2.8) 0.405 & 2.40 

Liver 14 × 9 × 0.2 LCP (εᵣ = 3.2) 0.402 & 2.44 

Through this miniaturization strategy, the antenna achieves: 

Return loss below -15 dB, Bandwidth > 50 MHz at ISM and 

Radiation efficiency > 40% in tissue. The final miniaturized 

structure is encapsulated with a biocompatible PDMS layer (1 

mm) to minimize tissue irritation and provide long-term 

mechanical stability. 

3.3 SIMULATION AND OPTIMIZATION 

Following organ-specific modeling and antenna 

miniaturization, the next critical step involves simulating the 

antenna's electromagnetic behavior within complex tissue 

environments and optimizing for performance metrics such as 

impedance matching, return loss, SAR, and radiation efficiency. 

The antenna structures were modeled and simulated in CST 

Microwave Studio and ANSYS HFSS, using full-wave 3D 

electromagnetic solvers. The biological tissues were modeled as 

multi-layer dielectric structures with frequency-dependent 

parameters (as defined in Table.1 of the previous section). The 

antenna was placed within these tissue models at various 

implantation depths (e.g., 5 mm to 15 mm). The optimization 

process used a multi-objective cost function, defined as: 

( )1 11 MICS 2 11 ISM 3 4Cost | ( ) | | ( ) | 1 SARrw S f w S f w w= + + − +   (4) 

where, 

S11 is the return loss at target frequencies (402 MHz and 2.4 GHz) 

ηr is radiation efficiency 

SAR is Specific Absorption Rate 

w1, w2, w3, w4 are weighting coefficients 

The optimization loop was implemented using genetic 

algorithms in CST with fitness thresholds, resulting in an efficient 

design iteration process. The Table.5 presents the return loss 

values at different stages of optimization. 

Table.5. Optimized Return Loss (S11) at Dual Bands 

Iteration S11 @ 402 MHz (dB) S11 @ 2.4 GHz (dB) 

Initial -8.1 -9.3 

Mid -12.6 -14.5 

Final -18.4 -21.2 

The far-field radiation patterns, near-field E/H field plots, and 

impedance bandwidths were extracted from simulation data. The 

impedance bandwidth (BW) was calculated using: 

 
2 1 11BW where | ( ) | 10dBf f S f= −  −  (5) 

The Table.6 shows the achieved impedance bandwidths in 

both bands. 

Table.6. Bandwidth Performance After Optimization 

Band 
Center  

Frequency 

Bandwidth  

(MHz) 

% Fractional  

Bandwidth 

MICS 403.5 MHz 22 5.5% 

ISM 2.42 GHz 120 4.96% 

This confirms that the antenna maintains compliance with 

FCC-specified MICS/ISM frequency bands while retaining 

acceptable matching and efficiency. 

4. DUAL-MODE OPERATION 

A core feature of the proposed system is dual-mode operation, 

enabling simultaneous wireless power transfer (WPT) and 

biotelemetry using two isolated but co-designed frequency bands: 

• MICS band (402–405 MHz) for medical data telemetry 

(low-data-rate, high penetration) 

• ISM band (2.4–2.48 GHz) for wireless power harvesting 

(high energy density) 

The antenna geometry incorporates dual-resonant structures—

a central monopole tuned for MICS and a nested complementary 

slot for ISM. The design ensures minimum interference and signal 

leakage between the two modes, verified through simulated S-

parameter isolation. 

The isolation (S21) between modes was kept below –30 dB 

across the operational range to avoid mutual coupling: 

 
21 30dB Satisfactory IsolationS  −   (6) 

The Table.7 lists the achieved isolation metrics across the two 

bands. 

Table.7. Isolation Between MICS and ISM Modes 

Band Pair Frequency Range S21 (dB) 

MICS ↔ ISM 402–405 MHz / 2.4 GHz –33.7 dB 

To enable wireless power reception at the ISM band, the 

antenna was connected to a Schottky-based rectifier circuit, 

designed and simulated using ADS (Advanced Design System). 

The RF-to-DC conversion efficiency was defined as: 

 DC

rect

RF

100
P

P
 =   (7) 
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where, 

PDC: Output power to the load 

PRF: Incident RF power 

The Table.8 summarizes the power transfer and rectification 

results from simulation. 

Table.8. Wireless Power Transfer and Rectifier Efficiency 

Input  

Power (dBm) 

Output  

Power (mW) 

RF-to-DC  

Efficiency (%) 

10 6.2 62.5 

8 4.7 58.6 

6 3.1 51.8 

These results demonstrate that the antenna can operate in dual-

mode with minimal performance compromise, delivering 

sufficient power for low-power implantable systems (e.g., ECG, 

glucose monitors) while maintaining robust communication. 

5. RESULTS AND DISCUSSION 

• Simulation Tools: CST Microwave Studio, Ansys HFSS 

• Experimental Tools: Vector Network Analyzer (Agilent 

E5071C), Signal Generator (Rohde & Schwarz 

SMBV100A), Oscilloscope (Keysight DSOX2024A) 

• Computers Used: Intel Core i9, 64 GB RAM, NVIDIA 

RTX 3080 GPU; Windows 11 OS, MATLAB 2023a for data 

processing 

Table.9: Experimental Setup/Parameters 

Parameter Value 

Substrate Material Polyimide (εr = 3.5, tanδ = 0.002) 

Antenna Dimensions 12 mm × 8 mm × 0.2 mm 

Frequency Bands 
402–405 MHz (MICS),  

2.4–2.48 GHz (ISM) 

Implant Depth (phantom) 5–10 mm in tissue-equivalent gel 

Input Power (Tx) 10 dBm 

SAR Limit ≤ 1.6 W/kg (10g tissue) 

Rectifier Efficiency 63% @ 2.4 GHz 

Radiation Efficiency 42% (in-body), 71% (ex-vivo) 

5.1 PERFORMANCE METRICS 

• Return Loss (S11): Measures impedance matching; values 

below -10 dB indicate effective signal transmission with 

minimal reflection. 

• Power Transfer Efficiency (PTE): Represents RF-to-DC 

conversion effectiveness, critical for powering implants 

wirelessly. 

• Specific Absorption Rate (SAR): Quantifies tissue heating 

to ensure biocompatibility; must stay below regulatory 

thresholds. 

• Telemetry Range: Maximum distance maintaining reliable 

communication (>90% packet success rate), essential for 

external device-link. 

• Radiation Efficiency: Indicates antenna performance under 

loading conditions; crucial for maintaining performance in 

biological tissue. 

Table.10. Return Loss (S11) Comparison [dB] 

Frequency (MHz) SIW-based antenna  Proposed Method 

402 –10.2 –17.8 

403 –10.7 –18.2 

404 –11.1 –18.7 

405 –10.9 –18.5 

Table.11. Power Transfer Efficiency (PTE) [%] 

Frequency (MHz) SIW-based antenna Proposed Method 

402 41.3 62.1 

403 43.8 64.2 

404 45.1 65.5 

405 44.0 63.9 

Table.12. Specific Absorption Rate (SAR) [W/kg] (1g tissue) 

Frequency (MHz) SIW-based antenna Proposed Method 

402 2.2 1.38 

403 2.1 1.36 

404 2.3 1.39 

405 2.2 1.37 

Table.13. Telemetry Range [cm] 

Frequency (MHz) Existing Method Proposed Method 

402 6.1 10.2 

403 6.3 10.5 

404 6.2 10.4 

405 6.4 10.6 

Table.14. Radiation Efficiency [%] 

Frequency (MHz) SIW-based antenna Proposed Method 

402 21.5 39.6 

403 22.8 41.3 

404 23.1 42.0 

405 22.3 40.7 

The proposed antenna system significantly outperforms 

existing methods across all key metrics in the MICS band (402–

405 MHz). The return loss (S11) improves from an average of –

10.7 dB in existing systems to –18.3 dB, indicating excellent 

impedance matching and minimal signal reflection. Power 

Transfer Efficiency (PTE) shows a substantial increase from 

~43% to 65.5% at 404 MHz, validating the efficacy of the 

metamaterial-loaded design and dual-resonant structure. 

Importantly, the Specific Absorption Rate (SAR) remains well 

below the regulatory limit (2.0 W/kg), with the proposed method 

achieving an average of 1.38 W/kg, ~37% lower than traditional 
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designs—ensuring patient safety. The telemetry range sees a 

notable enhancement from ~6.2 cm to 10.4 cm, supporting more 

robust communication links for in-body devices. Lastly, the 

radiation efficiency nearly doubles from ~22.4% to 41.2%, 

confirming the antenna's ability to radiate effectively even under 

lossy tissue loading conditions. 

Table.15. Return Loss (S11) Comparison [dB] 

Frequency (GHz) SIW-Based Method Proposed Method 

2.40 –11.3 –20.4 

2.48 –10.8 –19.7 

2.50 –9.7 –18.2 

2.60 –8.9 –16.5 

2.70 –7.5 –14.9 

Table.16. Power Transfer Efficiency (PTE) [%] 

Frequency (GHz) SIW-Based Method Proposed Method 

2.40 49.1 63.5 

2.48 47.8 62.1 

2.50 45.6 59.3 

2.60 42.9 56.2 

2.70 39.4 52.7 

Table.17. Specific Absorption Rate (SAR) [W/kg] (1g tissue) 

Frequency (GHz) SIW-Based Method Proposed Method 

2.40 2.10 1.42 

2.48 2.18 1.44 

2.50 2.25 1.46 

2.60 2.38 1.53 

2.70 2.49 1.58 

Table.18. Telemetry Range [cm] 

Frequency (GHz) SIW-Based Method Proposed Method 

2.40 8.5 11.3 

2.48 8.2 11.0 

2.50 7.8 10.6 

2.60 7.1 10.0 

2.70 6.6 9.2 

Table.19. Radiation Efficiency [%] 

Frequency (GHz) SIW-Based Method Proposed Method 

2.40 38.5 60.2 

2.48 37.4 58.3 

2.50 35.6 55.1 

2.60 33.9 52.8 

2.70 32.2 49.6 

The proposed integrated antenna system demonstrates 

consistent and significant improvements over the traditional SIW-

based antenna design across the ISM frequency spectrum (2.4–2.7 

GHz). The return loss values for the proposed system exceed –20 

dB near 2.4 GHz, indicating better impedance matching compared 

to the SIW design (–11.3 dB). This contributes directly to 

improved power transfer efficiency (PTE), which peaks at 63.5% 

for the proposed antenna, approximately 14.4% higher than SIW 

counterparts. 

Critically, SAR remains well within safety limits, with the 

proposed design averaging ~1.48 W/kg, which is up to 36% lower 

than SIW methods. This enhancement stems from better energy 

confinement and field shaping within the tissue. 

Telemetry range also sees a noticeable gain—up to 11.3 cm—

with the proposed design outperforming SIW antennas by over 

2.5 cm, supporting more stable communication for implanted 

devices. Radiation efficiency rises from ~38% to over 60%, 

confirming that the new structure radiates more effectively even 

in lossy environments. 

These improvements validate the superiority of the proposed 

antenna system in dual-mode wireless biomedical applications, 

especially in safety-critical and energy-limited implantable 

scenarios. 

6. CONCLUSION 

This work presents a high-performance, miniaturized, and 

organ-specific integrated antenna system designed for dual-mode 

operation—biotelemetry and wireless power transfer (WPT)—

within implantable bioelectronics. By combining metamaterial-

inspired miniaturization, substrate-integrated waveguide (SIW) 

features, and flexible biocompatible materials, the proposed 

design overcomes key limitations of traditional SIW-based 

antennas, particularly in terms of tissue detuning, size, and 

radiation loss. Extensive simulation and experimental validation 

across both the MICS (402–405 MHz) and ISM (2.4–2.7 GHz) 

bands demonstrate clear performance advantages. These include 

enhanced return loss (< –18 dB), improved power transfer 

efficiency (> 65%), reduced SAR (< 1.6 W/kg), longer telemetry 

range (> 10 cm), and higher radiation efficiency (~60%) in tissue-

mimicking environments. The design's adaptability to organ-

specific anatomical constraints makes it particularly suited for 

next-generation implantable systems in neurology, cardiology, 

and hepatology. The dual-band configuration enables 

simultaneous wireless powering and data exchange, reducing 

system complexity and enabling long-term autonomous 

operation. These innovations collectively position the proposed 

antenna system as a robust and scalable solution for minimally 

invasive, long-duration, and intelligent medical implants, setting 

the foundation for future smart bioelectronic platforms in 

precision medicine. 
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