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 Abstract 

    Radio frequency (RF) devices such as antennas play a crucial role in implantable and 

ingestible medical devices (IMDs) by enabling wireless communication, energy harvesting, 

and localization links between transmitter (Tx) and receiver (Rx). Implantable and ingestible 

medical devices (IMDs) have transformed modern healthcare by enabling real-time monitoring 

and improving treatment outcomes. Radio frequency (RF) sensor antennas are key components 

in these devices and are widely used in biomedical applications for early diagnosis, treatment, 

and continuous health monitoring. RF-enabled IMDs monitor vital parameters such as 

temperature, blood pressure, glucose levels, oxygen saturation, pH, and blood composition. 

These antennas also support devices like pacemakers and defibrillators in managing cardiac 

conditions. In addition to human healthcare, they are applied in animal health monitoring and 

veterinary diagnostics. Implanted antennas detect physiological changes and wirelessly 

transmit data to external processing units, allowing real-time access for medical experts. This 

integration of RF sensing in IMDs enhances the ability to detect diseases early and deliver 

timely interventions, making them essential tools in both clinical and remote healthcare 

settings. This article presents two RF sensor antennas—FR-4 integrated (Ant-1) and 

miniaturized helical (Ant-2)—designed for implantable and ingestible medical devices, 

particularly in veterinary applications, operating in the 400–500 MHz range. Ant-1 is fabricated 

on an FR-4 substrate (51×28×1.6 mm³, ℇr = 4.4, tanδ = 0.002), resonating at 434 MHz with a 

bandwidth of 32.13 MHz and a total gain of approximately –36.92 dB without the phantom 

model and with the phantom in an acceptable range. Ant-2 is a miniaturized normal-mode 

helical antenna made of 0.9 mm diameter copper wire, also resonating at 434 MHz and both 

antennas integrate a surface acoustic wave (SAW) sensor to enhance wireless sensing. SAW 
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sensors utilize acoustic waves on piezoelectric surfaces to detect parameters like temperature, 

pressure, strain, and displacement, enabling real-time, wireless physiological monitoring in 

biomedical applications. 

Keywords: Radio Frequency (RF), Transmitter (Tx), Receiver (Rx), Implantable and 

Ingestible Medical Devices (IMDs), FR-4 (Flame Retardant Grade-4), Surface Acoustic Wave 

(SAW). 

 Introduction 

Antennas play a key role in transmitting information through wireless communication 

by establishing links between implantable and ingestible devices, diagnostic imaging sensors, 

biosensing devices, and biotelemetry equipment. Designing biomedical RF devices requires 

numerous trials, including miniaturization and integration into compact devices, ensuring 

biocompatibility with the human body and animals, conforming to biological structures, 

accounting for signal attenuation and propagation in the body, optimizing power efficiency, 

mitigating electromagnetic interference (EMI), and ensuring compliance with regulatory 

standards. Solving these challenges necessitates expertise in the biomedical antenna field and 

experimental verifications. Today, health and a healthy lifestyle have become primary concerns 

for human beings since the COVID pandemic. Therefore, healthcare monitoring systems 

desperately need to adopt the use of RF-enabled smart biocompatible devices and telemetric 

systems to monitor, diagnose, and provide treatment to patients [1]. The basic parameters of 

conventional antennas depend on geometry, size, material, and performance parameters such 

as gain, bandwidth, efficiency, and impedance. These radio antennas have a widespread range 

of applications that include modern mobile communication (3G, 4G, 5G, 6G technologies), 

wireless local area networks (WLAN), IoT (Internet of Things), Bluetooth, radio frequency 

identification (RFID), advanced power management systems (APMS), defense, and healthcare 

industries [2-4]. In healthcare industries, wireless medical devices (WMD) are placed inside or 

outside the human body to realize numerous sensing and stimulating functionalities for 

diagnosis. A critical literature review analysis is conducted focusing on three types of in-body 

medical devices: (1) devices that are implanted inside or outside the human body, known as 

implantable devices; (2) devices that are ingested like regular pills, known as ingestible 

devices; and (3) devices that are injected into the human body via needles, known as injectable 
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devices, such as pacemakers, artificial joints, capsule endoscopy, and smart pills for drug 

delivery systems, etc. [5]-[8]. The same procedures are also applied for animal disease 

diagnosis and treatments [9]-[13]. 

In this article, radio frequency sensor antennas are presented and compared with two 

dissimilar antennas named Ant-1 (Microstrip Patch Antenna) and Ant-2 (Normal Mode Helical 

Antenna). Ant-1 has a planner structure, whereas Ant-2 has a non-planar structure; both 

antennas have different radiating properties. These antennas are designed for the study of 

implantable and ingestible biomedical devices (IMDs) used in the diagnosis and treatment of 

animals and humans. Ant-1 and Ant-2 are loaded with surface acoustic wave sensors to work 

in a standalone and passive environment [14]-[16]. The proposed RF sensor-enabled antennas 

operate without an internal power source, meaning they function in a passive, power-free 

condition. They require RF energy of a specific frequency to activate. The antennas are 

triggered when signals of the desired frequency are received. In this study, a 434 MHz ISM 

band signal is used to analyse the performance of Ant-1 and Ant-2. Furthermore, the analysed 

data and results are presented in the respective sections. The specific absorption rate (SAR) 

analysis of the antenna configuration has also been considered and reviewed [17]-[18]. This 

article is structured as follows: The Introduction outlines the key concepts of the manuscript; 

the Antenna Design section describes the antenna structure; and the Results section discusses 

various aspects of the antenna's performance, followed by the Conclusion. Additionally, SAR 

analysis is conducted using a single-layer muscle phantom model. Specific Absorption Rate 

(SAR) is a measure of the rate at which energy is absorbed by the human body when exposed 

to an electromagnetic (EM) field. It is expressed in units of watts per kilogram (W/kg) and 

quantifies the amount of RF (radio frequency) energy deposited in biological tissues. SAR is 

especially important for evaluating the safety of wireless devices like mobile phones, wearable 

electronics, and implantable biomedical antennas, since excessive EM absorption can cause 

tissue heating or other biological effects [19]-[20]. Standard Regulatory SAR Limits are given 

in Table 1. These values are averaged over the given mass of tissue (1g or 10g), typically 

measured over 6 minutes of exposure. 
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Table 1. SAR Standards 

Regulating Body Averaging Mass SAR Limit 

IEEE / FCC (USA) 1 gram 1.6 W/kg 

ICNIRP (Europe/Global) 10 grams 2.0 W/kg 

 Antenna Design 

The proposed article presents two different RF sensor antennas, named Ant-1 and Ant-

2, designed for ISM band applications, as shown in Figure 1. Ant-1 is implemented on an FR-

4 substrate with dimensions of 51×28×1.6 mm³, a dielectric constant of 4.4, and a loss tangent 

(tanδ) of 0.002. FR-4 is selected due to its wide availability and low cost. In the proposed 

design, traces are made of copper material.  

Copper is widely used in biomedical antenna prototyping due to its high electrical 

conductivity (about 5.76×10⁷ S/m), which helps maintain high radiation efficiency and 

minimize conductor losses a critical factor in electrically small antennas. Although copper is 

not inherently biocompatible, in our study it is intended for simulation and proof-of-concept 

purposes. In practical implantable systems, copper traces would be encapsulated in 

biocompatible layers (e.g., parylene-C, PDMS, or medical-grade silicone), which prevents 

direct tissue contact [21-22]. The detailed parametric design of Ant-1 is illustrated in Figure 2. 

Ant-2 is a helical-type antenna designed to operate at 434 MHz. It is fabricated using 

copper wire with a diameter of 0.9 mm and a pitch of 1.5 mm. The proposed antennas are 

analyzed under both open environment conditions and within a closed phantom model using 

HFSS antenna simulation software, as described in the respective section. The geometrical 

structure of Ant-2 is shown in Figure 3. Ant-2 operates in the normal mode and is therefore 

categorized as a normal mode helical antenna (NMHA).  

This type of antenna functions when the helix circumference is much smaller than the 

wavelength (C ≪ λ) and the antenna length is a fraction of the wavelength (L ≪ λ). In this 

mode, it behaves like a short dipole and radiates linearly polarized waves broadside to the helix 

axis. Ant-2 is mounted on a 10×10 mm² FR-4 substrate with a thickness of 1.6 mm, as shown 

in Figure 3.  
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(a)                                                      (b) 

 
(c)                                                       (d) 

Figure 1. Proposed Antenna for Bio-Medical Applications: (a) Ant-1 Top and Bottom View, 

(b) Ant-1 Three-Dimensional View, (c) Ant-2 Helical Antenna, and (d) Ant-2 Side View. 

It features several tuning parameters such as wire length, wire diameter, pitch, pitch 

angle, and helix diameter, which are used to enhance performance. However, it also faces 

certain limitations, including low gain, narrow bandwidth, low efficiency, and polarization 

constraints. 

 



Self-Powered RF Sensor Antenna for Implantable and Ingestible Medical Devices 

IRO Journal on Sustainable Wireless Systems, June 2025, Volume 7, Issue 2            145 

 

 

 

Figure 2. Geometrical Details of Ant-1 for Bio-Medical Applications (All the Dimensions 

are in mm): (WG=28, LG=51, H=1.6, F0=3, F1=45.5, F2=25, F3=24, F4=11.5, F5=3.5, F6=21.5, 

F7=16.5, F8=16, F9=24.5, F10=36.5, F11=9.5, F12=24.5, F13=6.5, F14=8.5, F15=4.5, F16=20, 

F17=17, PW=20, PG=11, M1=7.5, M2=4, w1=2.5, w2=4, T=1.5, T1=2, T2=1, L1=8, L2=2.5, 

L3=3.5, L4= 14.5, L5=13.5, L6= 7.5, L7= 4, Width of Minimum Trace is 0.5). 

 

Figure 3. Parametric of Ant-1 for Bio-Medical Applications in millimetre (mm): 

(L_ant2=10, W_ant2=10, P_ant2=4.5, H_ant2=1.6, L1_ant2=10, L2_ant2=7, S_ant2=2.5, 

H_post=5, P=1.5, D=9, D_helix=10, L_helix=35) 

 Results and Analysis 

The analysed results of antenna (Ant-1) are shown in Figure 4. Figure 4 presents the 

reflection coefficient (in dB), voltage standing wave ratio (VSWR in magnitude), surface 

current distribution over the radiating patch and ground (in amperes per meter), and the 3D 
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radiation pattern of Ant-1, respectively. These results are analysed without using a muscle 

phantom model. Figure 6 illustrates the investigation results of Ant-1 with the muscle phantom 

model. 

       

                                                  (a)                                                  (b) 

     

               (c)             (d) 

Figure 4. Simulation Results of Proposed Ant-1 for Bio-Medical Applications: (a) Ant-

1 Reflection Co-efficient in dB, (b) Ant-1 VSWR in Magnitude, (c) Ant-1 Surface Current 

Distribution Over Radiating Patch and Ground in Amp per Meter, and (d) Radiation Pattern of 

Ant-1. 

The analysed results for Ant-2 are presented in Figure 5. Ant-2 features a helical 

structure constructed from copper, which functions as the radiating element. Figure 5 displays 

the reflection coefficient (in dB), voltage standing wave ratio (in dB), current distribution (in 

vector form, A/m), and gain (in dB) for Ant-2. These results were acquired without utilizing a 

muscle phantom model, as the high permittivity of body tissues significantly impacts antenna 

performance. Additionally, since both animal and human phantom models exhibit similar lossy 

characteristics, the corresponding analysis is illustrated in Figure 6 alongside Ant-1. Table 1 

offers a comparative overview of Ant-1 and Ant-2. 
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Table 2. Comparison of Ant-1 and Ant-2 

 Antenna Type Microstrip Patch Antenna 

(Ant-1) 

Helical Antenna 

(Ant-2) 

Simulation Volume (mm3) 28×51×1.6 π×(0.45)2×30 

S11(Reflection coefficient) 

≤-6 dB 

-16dB 

434 MHz 

-6.1dB 

434MHz 

 

 

(a)                                                             (b) 

                 

(c)                                                                (d) 

Figure 5. Simulation Results of Proposed Ant-2 for Bio-Medical Applications: (a) Ant-

2 Reflection Co-efficient in dB, (b) Ant-2 VSWR in dB, (c) Ant-2 Surface Current Distribution 

Over Radiating Helix in Amp per Meter, and (d) Gain of Ant-2 in dB. 

Figure 6 illustrates the simulated analysis of Ant-1 inside the muscle phantom model 

and outside the phantom model. This mimicking single-layer muscle was designed using 

dimensions PW = 30 mm, PL = 56 mm, and PH = 24 mm, with permittivity 52.7, relative 

permeability 1, conductivity 1.73 siemens per meter, and mass density 1050 kg/m³ at a 

frequency of 2.45 GHz [19]. Figure 6(a) shows that the entire antenna is covered with a PVC 



Abhishek Kumar Saroj1, Ravi Mali, Praveen Singh Rathore, Ajitesh, Manoj Kumar Meshram 

ISSN: 2582-3167  148 

 

 

protective cover filled with air, placed inside the muscle phantom model. Figure 6(b) presents 

the antenna model, which is investigated directly with the muscle phantom model separated by 

a contact gap. The contact gap (CG) refers to the distance between the radiating part of the 

antenna (Ant-1) and the muscle phantom. The studied SAR analysis is shown in Figures 7 and 

8. The simulated SAR value is calculated at various distances measured with respect to the 

antenna, as shown in Figure 7. Inside the muscle phantom, the SAR value is also studied at a 

depth of 12 mm, as shown in Figure 8. The parametric analysis of the muscle phantom model's 

distance with respect to the antenna, in terms of reflection coefficient behavior, is demonstrated 

in Figure 9. The SAR value is denoted in W/kg, and the transmitted power is set to 1 W for the 

analysis of the phantom model. It is necessary for the transmitted power to be set such that it 

must follow defined standard limits for biomedical applications, as mentioned in Table 1. The 

red dotted line in Figure 9 illustrates that the reflection coefficient (dB) falls within the ISM 

band when the antenna (Ant-1) is placed inside a 12 mm muscle phantom. Due to the lossy 

nature of muscle, the resonating frequency of the antenna (Ant-1) is observed and shown in the 

reflection coefficient curve in Figure 9. 

(a)              (b) 

Figure 6. Proposed Antenna Ant-1 with Mimicking Muscles Phantom Model: (a) 

Antenna Inside the Phantom Model with Protective Cover, and (b) Antenna Outside the 

Phantom Model without Protective Cover and Variable Contact Gap (CG). 
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Figure 7. Proposed Antenna Ant-1 with a Mimicking Muscles Phantom Model with 

Respect to Different Contact Gap (CG) as shown in figure caption. 

Figure 8. Ant-1 with a Mimicking Muscles Phantom Model and Ant-1 Inside the 

Muscle Phantom Model for Bio-Medical Applications. 
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Figure 9. Parametric Analysis of Mimicking Muscles Phantom Model w.r.t Ant-1 

Distance. 

Figure 10 shows the fabricated prototype antenna (Ant-1) with the actual sensor RFM 

RO2021 for 433 MHz biomedical applications. Figure 10(a) shows the top side of the 

fabricated antenna, and Figure 10(b) shows the bottom side of the fabricated antenna (Ant-1) 

with the mounted sensor. 

    

             (a)                     (b)                            (c)                                            (d) 

Figure 10. Fabricated Prototype Antenna (Ant-1) for Bio-Medical Application: (a) 

Top Side-Radiating Patch, (b) Bottom Side-Ground Plane with Sensor, (c) Antenna 

Measurement Setup, and (d) VNA Measurement. 
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 Conclusion 

In this paper, we investigate two distinct types of antennas: Ant-1 (microstrip patch 

antenna) and Ant-2 (helical antenna), utilizing high-frequency structured simulation (HFSS) 

software for biomedical applications, specifically for animal implantable and ingestible 

applications. Both antennas were analyzed using a similar sensor. Antenna performance was 

assessed based on reflection coefficient, voltage standing wave ratio (VSWR), current 

distribution, and radiation pattern, both with and without a phantom model. Ant-1 demonstrated 

superior performance compared to Ant-2, as detailed in Table 2 of the results and analysis 

section. The analyzed results indicate that Ant-1 operates within an acceptable range, both with 

and without a muscle phantom model, in the 433 MHz ISM band. Measurements taken with a 

vector network analyzer (model no. MS2038C) revealed a slight shift in the resonant frequency 

to 447.38 MHz. This study underscores the necessity of precise optimization steps for 

biomedical applications and concludes that this prototype is suitable for animal implantable 

and ingestible biomedical applications. 
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