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Implantable antennas for ISM band applications in a human phantom
Antenas implantables para aplicaciones en banda ISM en un fantasma humano
Johan Quizhpe, Esteban Parra, and Eric Ponce
Abstract—This study presents two antenna designs for implantable applications in the human head, operating within the 2.4 GHz ISM band. Both antennas are integrated into a flat device and evaluated through simulations using a human head phantom. The antenna designs include a structure optimized for 2.4 GHz operation. Each antenna was carefully designed to account for the altered electromagnetic behavior of biological tissue relative to free space. Simulations were conducted in Ansys Designer, using an FR4 substrate with the specified phantom layers to model the behavior of a multilayer antenna. To validate the simulation results, a six-layer head phantom was developed to mimic the dielectric and physical properties of human tissue, comprising skin, fat, muscle, skull, dura mater, and cerebrospinal fluid. Each layer was formulated with a specific mixture to reproduce its permittivity and conductivity accurately. After measurements were taken on the phantom, both antennas showed noticeable variations in absorption compared to free-space conditions. The E-shaped antenna exhibited differences of 6-10 dB, whereas the octagonal antenna varied by 2-10 dB. These results demonstrate the robustness of both designs under realistic conditions and support their viability for practical implantable applications.

[bookmark: PointTmp]Index Terms—microstrip antenna, phantom, radiation pattern, ISM, implantable antennas, absorption.

Resumen—Este estudio presenta dos diseños de antena para aplicaciones implantables en la cabeza humana que operan en la banda ISM de 2.4 GHz. Ambas antenas están integradas en un dispositivo plano y se evaluaron mediante simulaciones con un maniquí de cabeza humana. Los diseños de antena incluyen una estructura optimizada para operar a 2.4 GHz. Cada antena se diseñó cuidadosamente para considerar el comportamiento electromagnético alterado del tejido biológico en comparación con el del espacio libre. Las simulaciones se realizaron en Ansys Designer, utilizando un sustrato FR4 y las capas del maniquí especificadas para modelar el comportamiento de la antena multicapa. Para validar los resultados de la simulación, se desarrolló un maniquí de cabeza de seis capas que imita las propiedades dieléctricas y físicas del tejido humano y comprende la piel, la grasa, el músculo, el cráneo, la duramadre y el líquido cefalorraquídeo. Cada capa se formuló con una mezcla específica para reproducir con precisión su permitividad y su conductividad. Tras realizar mediciones en el maniquí, ambas antenas mostraron variaciones notables en la absorción respecto a las condiciones del espacio libre. La antena en forma de E presentó diferencias de 6 a 10 dB, mientras que la octogonal varió entre 2 y 10 dB. Estos resultados demuestran la robustez de ambos diseños en condiciones realistas y respaldan su viabilidad para aplicaciones implantables prácticas.

Palabras Claves—Antena de microbanda, espectro, patrón de radiación, ISM, antenas implantables, absorción.
Introduction
I
MPLANTABLE medical antennas have become fundamental tools in the modernization of healthcare services, particularly for personalized medicine and remote monitoring [1]. These antennas have enabled significant advances in early disease detection and continuous monitoring of disease progression, particularly in critical areas such as the human head [2]. In addition to facilitating precise and reliable interaction between biomedical devices and external systems, implantable antennas also improve patients’ quality of life by enabling faster diagnoses and more effective treatments. However, the design and implementation of these antennas present significant challenges [3]. One of the most common issues is their considerable size, which can cause anatomical interferences, discomfort, or medical complications when implanted in delicate tissues such as the skull [4].
In the design of implantable antennas, microstrip technology is a preferred solution due to its ability to reduce physical dimensions while maintaining high efficiency [5]. These antennas consist of a dielectric substrate separating two conductive layers: an upper radiating patch that emits the signal and a lower ground plane [6]. This configuration not only supports compact antenna sizes but also enables versatile shaping and tuning of the geometry to meet specific biomedical requirements, such as monitoring neurological, cardiac, or metabolic functions [7]. Moreover, microstrip antennas offer key advantages, including wide bandwidth, portability, low profile, and compactness, ensuring compatibility with biomedical devices and patient comfort [8]. Their adaptability enables effective operation in both external biomedical systems mounted on the skin surface and in internal applications, where they are implanted within biological tissues, making them crucial tools for continuous physiological monitoring and real-time medical data transmission [9].
The incorporation of slots into microstrip antenna designs has enabled significant performance improvements. These slots, designed in various geometric configurations, not only enhance the antenna bandwidth but also facilitate the tuning of specific frequencies within medical bands, such as the ISM bands [10]. These innovations are crucial for adapting antennas to the evolving demands of the biomedical sector and for ensuring their effectiveness across various clinical applications [11].
The development of implantable antennas for brain implants poses significant challenges, as they require ultra-compact designs that maintain high performance while ensuring patient safety [12]. During design and simulation, optimizing parameters such as bandwidth, radiation patterns, and power efficiency is critical, particularly for operation within medical ISM frequency bands [13]. Although recent advancements have led to promising miniaturized antenna designs, achieving effective size reduction without compromising functionality or biocompatibility remains a key research focus [14].
A complementary aspect in this context is wireless power transfer, which allows these devices to be powered without bulky batteries or additional invasive procedures [15]. Generally, wireless power transfer systems operate at low frequencies to minimize energy loss and avoid localized overheating in biological tissues [16]. However, these frequencies also present significant limitations, such as low gain, relatively large size, and limited bandwidth, which limit their applicability in miniaturized medical devices [17]. Therefore, exploring technological alternatives that overcome these limitations is crucial to ensuring the functionality and safety of modern implantable devices [18].
To address the limitations of wireless power transfer (WPT) systems in implantable medical devices, recent research has explored advanced techniques to enhance efficiency and miniaturization while ensuring safe operation within the 2.4 GHz ISM band. These efforts focus on developing compact WPT systems that deliver sufficient power to implantable antennas without compromising biocompatibility or causing thermal effects in biological tissues [19], [20].
Implantable antennas operating in the ISM band have become increasingly relevant as demand grows for continuous biomedical monitoring, neural interfaces, and therapeutic implants. However, the electromagnetic properties of biological tissues—characterized by high permittivity and conductivity—introduce detuning, reduced radiation efficiency, and elevated specific absorption rate (SAR), which must be addressed in antenna design [20]. Early studies demonstrated that the dielectric loading of tissues significantly shifts the resonant frequency of microstrip antennas, requiring miniaturization and impedance stabilization techniques [21].
Subsequent research has provided systematic classifications of implantable antenna technologies and highlighted the need for compact designs with robust performance under anatomical variability [22]. Later advances introduced optimization techniques for size reduction, including slot-based miniaturization, folded geometries, and integrated shorting elements. Compact dual-band implantable antennas using multilayer substrate configurations have been developed to provide stable performance in deep-tissue environments while maintaining low SAR levels [23].
Recent efforts have focused on improving radiation efficiency by modifying the ground plane or employing engineered electromagnetic structures. Approaches involving metasurface-inspired backing layers have demonstrated improvements in radiation while simultaneously reducing absorption losses in high-permittivity tissues [24]. Additionally, fractal slot geometries have been used to achieve multi-band performance in small-form-factor implantable antennas for medical telemetry applications [25]. These designs extend the radiating structure's current path, enabling miniaturization in frequency without increasing physical size.
In parallel, encapsulation and biocompatible superstrates have been shown to stabilize resonance and reduce detuning caused by variations in tissue composition. Superstrate-loaded implantable ISM-band antennas maintain stable impedance characteristics across different implantation depths, while also reducing local SAR hotspots [26]. Experimental studies confirm that these encapsulation approaches enhance mechanical durability and long-term implant reliability.
Despite the progress in miniaturization and SAR reduction, several research challenges remain. These include: (1) ensuring stable performance under patient-specific anatomical variability, (2) improving wireless link robustness for deep implants, and (3) standardizing phantom-based testing procedures. Ongoing research trends indicate a strong focus on multilayer anatomical phantoms, adaptive impedance-matching networks, and the integration of wireless power transfer links to enable long-term autonomous operation of implantable devices [27].
This study investigates the design and development of miniaturized 2.4 GHz antennas for implantable medical devices. The proposed designs integrate the transmitter and antenna into a compact system to enable reliable communication with external receivers. Two antenna configurations, a Type E antenna and an octagonal antenna, were developed, each optimized to meet essential implantation requirements, including biocompatibility, compact size, and efficient radiation performance within biological tissues.
Methodology
The system comprises two main stages: antenna design and comparison of the obtained measurements. For this study, a human head phantom was developed that included all necessary biological layers, yielding results comparable to those expected in a real implementation. Subsequently, two antennas operating in the 2.4 GHz ISM band with an 8% bandwidth were designed and implemented. Once fabricated, the antennas were measured in two different environments: first in free space and then using the phantom. The measurement setup used in this process is shown in Fig.1.
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Research diagram.
Phantom design
A phantom that replicates the electromagnetic and structural properties of biological tissues enables non-invasive evaluation of biological antennas. These models are used to analyze transmission efficiency and radiation absorption in our study.
The phantom will be designed as an experimental model to replicate the physical and dielectric characteristics of the human head. It comprises six layers that simulate the biological tissues of the human head, as shown in Fig. 2.
[image: ]
Phantom with layers.
The first layer corresponds to the skin and is composed of a mixture of borax, n-propanol, deionized water, gelatin, formaldehyde, vegetable oil, dyes, and liquid detergent. This mixture underwent gelation and emulsification to achieve the desired consistency and properties. The second layer represents fat and is composed of vegetable oil, gelatin, distilled water, liquid soap, glycerin, and yellow dye. This layer was prepared by forming an emulsion and adjusting its consistency to simulate adipose tissue.
The third layer represents the muscle and is produced using gelatin, distilled water, liquid soap, glycerin, sodium chloride, and red dye. This layer was designed to replicate the dielectric and physical properties of muscle tissue. The fourth layer corresponds to the skull and is made of plaster powder, distilled water, glycerin, and calcium chloride. This layer was molded and left to dry until the required hardness was achieved. The fifth layer represents the dura mater and is made with unflavored gelatin, glycerin, hot water, white dye, and sodium chloride. This layer was prepared by forming a base solution and adjusting its conductivity to simulate the dura mater.
Finally, the sixth layer corresponds to the cerebrospinal fluid (CSF), made from distilled water, glycerin, salt, and gelatin. This layer was designed to match real CSF closely, and its conductivity was adjusted to match its dielectric properties. Each of these layers was made with specific materials and following a detailed procedure to ensure that the phantom was as representative as possible of the human head in terms of physical and dielectric properties, as shown in Table I.
TABLE I
Properties of Biological Tissues at 2.4 GHz
	Tissue
	Thickness
	εr (F/m)
	σ (S/m)

	Skin
	1 mm
	41.4
	0.9

	Fat
	2 mm
	5.5
	0.05

	Muscle
	3 mm
	55.0
	0.9

	Skull
	4 mm
	19.6
	0.3

	Dura mater
	1 mm
	44.4
	0.96

	CSF
	3mm
	68.6
	2.4



Table I presents the properties of various biological tissues. In general, the values of relative permittivity (εr) and conductivity (σ) show that biological tissues significantly impact the propagation of electromagnetic waves. Skin and muscle exhibit relatively high permittivity and conductivity, indicating strong interaction with electromagnetic waves and potential signal loss. In contrast, fat has low values in both properties, suggesting a minimal impact on wave propagation. [28].
Cerebrospinal fluid (CSF) shows the highest values of permittivity and conductivity, indicating a significant effect on wave propagation, especially in brain applications. These results aid in optimizing implantable antenna designs by predicting signal propagation through various tissues, allowing for adjustments to reduce signal loss and enhance efficiency [28].
Designed antennas
The designed antennas are based on microstrip technology and consist of three distinct layers. The top layer, or patch, is made of copper, 0.017 mm thick, and serves as the radiating element. The intermediate layer is a 1.6 mm-thick FR4 dielectric substrate that provides mechanical support and influences the antenna's electromagnetic properties. The bottom layer serves as the ground plane and is also made of copper with a thickness of 0.017 mm, ensuring proper signal reflection and adequate impedance matching, as shown in Fig. 3.
[image: ]
Structure of a microstrip antenna.
In designing our antennas, the 2.4 GHz ISM band was prioritized, and the phantom's six layers were analyzed to obtain accurate results. This analysis ensured compatibility with medical applications and enabled the selection of an antenna size suitable for our study. Furthermore, we focused on achieving S11 reflection parameters below -10 dB, thus ensuring minimal signal reflection in our antennas. Finally, our goal was to obtain a bandwidth that met our application's requirements.
Antenna analysis was performed using two dielectric materials: FR4 and Rogers 5880. The FR4 material was used in both the simulation and the physical implementation of the antennas. In contrast, Rogers 5880 was used only in the simulation to enable a comparative analysis of the two materials and to evaluate their electromagnetic performance. The choice to use FR4 was made because it is a low-cost, readily available dielectric and one of the most commonly used materials in microstrip antenna design, making it a practical and efficient option for the experimental stage. However, fabrication on the Rogers 5880 substrate was not pursued due to its high cost and limited availability, which limited its practical implementation at this stage of the study.

E-type patch antenna: The E-type patch antenna is a compact and high-performance solution, specially designed to operate at 2.4 GHz in the ISM band. Its flat structure enables easy integration into devices with limited space, while its directional radiation pattern and efficiency make it suitable for applications requiring high spatial resolution and stability. The antenna simulated with FR4 material has dimensions of 20 × 23 mm, as shown in Fig.4, while the antenna simulated with ROGERS 5880 material has dimensions of 18.65 × 22 mm, as shown in Fig.5
[image: ]
Type E Parch Antenna Simulation in FR4.
[image: ]
Type E Parch Antenna Simulation in ROGERS 5880.
This type of antenna is well-suited to environments where design and size are key considerations, while maintaining efficient performance at 2.4 GHz. The simulated antennas were matched to a 50-ohm impedance to ensure optimal design and achieve low S11 values. In addition, the antenna will be simulated both without the phantom layers and with the six corresponding layers.
The radiation pattern, illustrated in Fig. 6, corresponds to an E-type antenna designed to operate at 2.4 GHz. This pattern is characteristic of a directional distribution, with robust main lobes centered at 0° and 180°, indicating the regions of maximum irradiance. The antenna is suitable for wireless communication systems that require focused energy in specific planes. The superposition of curves allows for a direct comparison of the antenna’s performance on two common dielectric substrates: FR4 (solid blue lines) and Rogers 5880 (dashed red lines).
[image: ]
Radiation Pattern of the Type E Antenna at 2.4 GHz.
Octagonal antenna: The octagonal antenna is a high-performance solution that combines a compact design with excellent radiation capability in the 2.4 GHz ISM band. Furthermore, its symmetric design ensures stable, reliable performance, making it suitable for environments that require a high-performance, low-profile antenna. The antenna simulated on FR4 material has dimensions of 34 x 19.28 mm, as shown in Fig. 7, while the antenna simulated on ROGERS 5880 material has dimensions of 26 x 37.6 mm, as shown in Fig. 8.
The octagonal antennas simulated using FR4 and ROGERS 5880 materials are suitable for environments where compactness is essential, while maintaining efficient performance at 2.4 GHz. The antennas were matched to 50 ohms to ensure optimal signal transfer, and simulations were performed to evaluate the S11 reflection coefficient, both with and without the phantom layers, enabling a comprehensive assessment of their performance under realistic conditions.
The radiation pattern of the octagonal antenna at 2.4 GHz shows symmetric coverage with main lobes along the cardinal axes. While both substrates, FR4 and Rogers 5880, exhibit similar co-polarization gain, the FR4 design (solid line) shows slightly more irregular lobes than the better-defined lobes of the Rogers version (dashed line). The main advantage of FR4 is its superior cross-polarization suppression, resulting in a signal with higher purity Fig. 9.
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Type Octagonal Antenna Simulation in FR4.
[image: ]
Type Octagonal Antenna Simulation in ROGERS 5880.
[image: ]
Radiation Pattern of the Octagonal Antenna at 2.4 GHz.
Results
After completing the simulations and defining the antenna technical details, the antennas were fabricated from FR4. In addition, the phantom was constructed with six distinct layers (skin, fat, muscle, bone, marrow, and cerebrospinal fluid) to ensure that the results were as accurate and representative as possible. Subsequently, the antenna characteristics were measured using a Vector Network Analyzer (VNA), enabling the results presented below.
Phantom Implementation
After fabrication of the phantom, the physical model was evaluated to verify the correct formation of its layers and the overall structure. The phantom was fabricated according to the detailed procedure described in the methodology, ensuring that each layer accurately represented the corresponding biological tissue in terms of thickness, consistency, and dielectric properties.
Fig, 10 shows the phantom fabricated using 3D printing. The structure presents the required shape and dimensions for the study, providing a reliable design for subsequent antenna performance tests.
[image: ]
3D-printed phantom.
Fig. 11 presents the phantom with its six layers (skin, fat, muscle, skull, dura mater, and CSF), which are placed within a cavity specifically designed into the phantom body to facilitate mobility during the study and enable easy insertion and removal of the materials. Each layer was carefully prepared to replicate the physical and dielectric characteristics of the corresponding tissue, providing a realistic model for electromagnetic studies. The visualization and modular design of the layers confirm that the phantom can accurately simulate signal propagation and evaluate the performance of implantable antennas.
[image: ]
Phantom with six layers representing biological tissues.
These results validate the fabrication process and confirm that the phantom is suitable for experimental studies, including antenna testing, reflection parameter measurements, and wave-propagation analysis through biological tissues.
E-type patch antenna 
The E-type antenna was manufactured using FR4 material with a thickness of 1.6 mm. The E-type patch retains the exact dimensions as in the simulation. However, during implementation, the corresponding far-field was calculated, yielding total antenna dimensions of 31 x 28 mm and a far-field value of 8 mm (see Fig. 12).
[image: ]
E-type antenna implemented in FR4 material.
Once the antenna was fabricated, measurements were performed using a Vector Network Analyzer (VNA) to evaluate the S11 reflection parameter and the operating frequency, enabling comparison with the simulated values. In Fig. 13, the comparison between the simulated antenna without the phantom layers and the one with six layers is shown. In the first case, the S11 parameter reached -37.92 dB with a bandwidth of 4.08%, whereas when including the phantom layers, the S11 value was -39.35 dB with a bandwidth of 11.30% and a central frequency shifted to 2.34 GHz. These results demonstrate excellent impedance matching and an improved frequency response when considering the study environment.
In Fig. 14, a comparison of the antenna measured experimentally with the VNA (FR4 substrate) and the simulated antennas without layers (FR4 and Rogers) is presented. The measured FR4 antenna exhibited a reflection coefficient of -31.5 dB at 2.37 GHz, with an approximate bandwidth of 2.11%, indicating a frequency shift of approximately 30 MHz relative to the simulated FR4 value. The simulation using the Rogers substrate is also included for reference, showing a response very similar to that of FR4. This result confirms excellent agreement between simulation and measurement for the FR4 antenna, with the slight deviation attributable to manufacturing tolerances and real measurement conditions. Since the simulated responses of FR4 and Rogers were nearly equivalent and FR4 is more accessible and cost-effective, FR4 was selected as the substrate for fabrication.
[image: ]
Comparison between simulation without layers and simulation with phantom layers.
[image: ]
Measured vs simulated reflection coefficient.
Octagonal antenna
The octagonal antenna was fabricated using FR4 material with a thickness of 1.6 mm. The E-type patch retains the exact dimensions as in the simulation. However, after implementation, the corresponding far-field was calculated, yielding total antenna dimensions of 54 x 44 mm and a far-field value of 19 mm, as shown in Fig. 15.
[image: ]
Octagonal antenna implemented in FR4.
Once the antennas were fabricated, the simulated antenna without the phantom layers was evaluated, yielding an S11 parameter of -37.91 dB, a bandwidth of 18.33%, and a central frequency of 2.4 GHz. Subsequently, when including the six phantom layers, the S11 parameter was -30.23 dB with a bandwidth of 20.35%, and a shift in the central frequency to 2.31 GHz was observed, showing a slight adjustment in the frequency response due to the presence of the simulated tissues, indicating excellent impedance matching in both cases and acceptable bandwidth values, as shown in Fig. 16.
[image: ]
Comparison between simulation without layers and simulation with phantom layers.
Finally, to validate the simulation results, the fabricated antenna (FR4) was measured using a Vector Network Analyzer (VNA) and compared with the simulations. The measured FR4 antenna exhibited a reflection coefficient of -21.46 dB at 2.57 GHz, with an approximate bandwidth of 11.9%, indicating a 140 MHz frequency shift relative to the simulated value. The figure also includes a simulation for a Rogers substrate (unfabricated). This behavior confirms the influence of absolute fabrication and material properties on the antenna’s performance, as the simulated responses for Rogers and FR4 are very similar, and FR4 is more readily available. FR4 was chosen for fabrication and measurement, as shown in Fig. 17.
[image: ]
Measured vs simulated reflection coefficient.
Measurement 
Experimental measurements of the antennas were carried out both in free space and in the presence of a phantom to evaluate their performance under realistic operating conditions. To ensure measurement accuracy and minimize external interference, the experiments were conducted in an anechoic chamber, providing a controlled, reflection-free environment. The analysis focused on comparing received power, calculating average absorption, and determining which antenna performed better for each case, using the two systems shown in Fig. 18 and Fig. 19.
[image: ]
Measurements without phantom.
[image: ]
Measurements with phantom.
The inclusion of the phantom enabled us to evaluate absorption across the different layers of the human head when studying implantable antennas. These measurements are essential because biological tissues affect the propagation of electromagnetic waves, causing signal losses and changes in the antenna’s impedance. Using the phantom, it is possible to replicate real operating conditions within the human body under controlled conditions, thereby assessing how each layer of skin, fat, muscle, skull, dura mater, and cerebrospinal fluid affects the antenna’s performance. In our study, a 20 cm separation was maintained between the transmitter and receiver, as shown in Fig. 20, to ensure consistent conditions for comparing absorption and antenna efficiency in a realistic simulated environment.
[image: ]
Phantom in anechoic chamber.
The following graphs present the measurement results used to analyze each antenna's absorption behavior, with the average computed from multiple measurements taken at different times. The tests were conducted on both types of research antennas, the E-type and octagonal, under the same conditions: 2.4 GHz and 10 dBm transmission power.
Fig. 21 shows the power measurements taken in the anechoic chamber at a distance of 20 cm, both in free space without the phantom and with the phantom, allowing us to determine, according to Fig. 22, the absorption that varies between the two values, with an average of 8.45 dB, which should be considered during the analysis.
[image: ]
Measuring the antenna type E with a phantom and free space.
[image: ]
Absorption of the antenna type E with phantom and Free Space.
Likewise, with the octagonal antenna, we carried out the exact power measurements under the same conditions as the E-type antenna in the anechoic chamber at a distance of 20 cm at different time intervals, allowing us to collect the data as shown in Fig. 23. From the power data, we obtained the absorption that varies between the two values with an average of 6.44 dB, as shown in Fig. 24.
The graphs provided a clearer understanding of each antenna's performance, showing how each design interacts with the environment. It was observed that the octagonal antenna exhibits greater absorption variations, whereas the E-type antenna exhibits more stable behavior. However, when comparing average absorption values, the octagonal antenna, at 6.5 dB, outperforms the E-type antenna, at 8.45 dB.
[image: ]
Measure the octagonal antenna with the phantom and without the phantom.
[image: ]
Absorption of the octagonal antenna with the phantom and without the phantom.
Conclusions
The design and fabrication of antennas operating in the 2.4 GHz ISM band were successfully achieved by developing two distinct structures: An E-type antenna and an octagonal antenna. Experimental measurements conducted on FR4 material, evaluated both in free space and with a six-layer head phantom, demonstrated the feasibility of miniaturized antenna designs for biomedical applications. The antennas were tested using a Vector Network Analyzer (VNA) to verify their reflection coefficients, which showed good impedance matching and minimal signal reflection, particularly for the E-type antenna.
The E-type antenna exhibited a reflection coefficient of 31.5 dB at 2.37 GHz, with a 30 MHz offset from the simulated value. In comparison, the octagonal antenna achieved a reflection coefficient of -31.6 dB at 2.54 GHz, showing a larger deviation of 140 MHz. These differences between simulation and measurement are attributed to factors such as manufacturing tolerances, variations in the FR4 substrate, and the effects of the experimental environment. Despite these shifts, both antennas maintained an operational bandwidth that adequately meets the ISM band requirements, ensuring reliable communication performance.
Analysis of the antenna's behavior in the presence of the head phantom revealed that biological tissues significantly affect performance, primarily due to variations in absorption and gain. The octagonal antenna exhibited more pronounced fluctuations, with absorption variations ranging from 2 to 10 dB and an average absorption of 6.44 dB. In contrast, the E-type antenna exhibited more linear and stable behavior, with absorption variations of 6-10 dB and an average absorption of 8.45 dB. These absorption averages make the octagonal antenna a more suitable candidate for applications requiring minimal absorption to ensure proper antenna operation.
The fabrication of the head phantom was instrumental in validating antenna performance under realistic conditions. By accurately replicating the dielectric properties of human tissues across six distinct layers (skin, fat, muscle, skull, dura mater, and cerebrospinal fluid), the phantom allowed precise evaluation of signal attenuation, impedance matching, and overall radiation behavior. The observed interaction between the antennas and the phantom layers underscores the importance of accounting for the biological environment in the design and optimization of implantable wireless devices.
In summary, the octagonal antenna is preferred for its superior impedance matching, minimal frequency deviation, and greater stability in the biological environment. On the other hand, the E-type antenna shows higher susceptibility to performance variations when exposed to biological tissues. These results provide a solid foundation for future research, with a clear recommendation to explore alternative substrates, such as Rogers 5880, to maintain optimal radiation characteristics and to advance the development of more efficient and reliable implantable antennas.
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