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Abstract--- Changing medical diagnosis and therapy, implantable healthcare devices provide real-time physiological monitoring and therapeutic action. Especially in important uses like heart health monitoring, dual-band wireless connection significantly increases the data transmission dependability and efficiency of these devices. Particularly in dynamic and multi-device contexts, current systems might suffer from restricted data bandwidth, signal interference, and poor communication dependability. Apart from making it difficult for health data to be immediately available, these restrictions may impact patient safety and clinical results. Our work presents a new framework combining dual-band wireless communication with Hardware-in- Loop Testing (H-LT) and continuous health monitoring in cardiac implants in order to overcome these obstacles. By simulating real-time cardiac events, the H-LT method allows strict performance assessment and adaptive modification of implanted devices in a simulated yet responsive environment. For simultaneous short-range and long-range communication, the suggested approach makes use of the 2.4 GHz and sub-GHz frequencies. This dual-band technique guarantees continuous data flow, reduces interference, and enhances system resilience in numerous working contexts—including highly dense medical environments. Using H-LT experimental validation shows that the dual-band system provides up to 40% increase in data dependability and 30% decrease in latency over standard single-band systems. These results highlight how realistic the suggested design is to greatly improve the safety, efficiency, and real-time responsiveness of cardiac implanted devices, hence opening the path for next-generation smart healthcare solutions.
Keywords--- Healthcare Devices, Dual-Band Wireless Communication, Real-time Physiological Monitoring, H-LT, Data Transmission.
I. INTRODUCTION
Particularly for patients requiring continuous physiological monitoring and therapeutic intervention, implanted medical devices have become indispensable part of contemporary medical treatment in recent years [1]. Among the most important in the management of heart-related disorders are implanted cardiac devices including pacemakers, defibrillators, and cardiac resynchronization devices. This is so why these gadgets provide real-time data and the tools to apply treatments with possibilities to save millions of lives [2]. The continuous evolution of these devices makes it more and more crucial for them to be able to establish consistent rather than just rapid connections with outside systems. This determines both the improvement of patient outcomes and the swift and quick therapeutic decision making possible [3].
Including wireless communication technology into implanted medical devices makes it possible to transmit continuous data to distant monitoring systems [4]. This enables patient monitoring from a distance conceivable [5]. This enables early stage detection of problems, therefore reducing the number of times patients must visit the hospital. Still, the most of the implant communication systems presently on use single-band wireless transmission. Given that it could lead to data congestion, interference, and a restricted range, this can be troublesome. In terms of healthcare, these issues become considerably more difficult in densely inhabited areas with high device running count concurrently [6] [7]. Under conditions that call for scenarios with serious health issues, there is a chance that this might cause data loss or a delay in transmission—two undesirable outcomes [8]. 
In this paper, the prospect of improving cardiac implants using a dual-band wireless communication technology is investigated. This work was motivated by the need for implanted devices to possess wireless communication that is both more dependable and more durable [9]. Dual-band technologies let systems utilize two frequency spectrums—usually 2.4 GHz and a sub-GHz band simultaneously [10]. Better ways of range management, interference reduction, and simultaneous transmission of many data streams as well are made possible here. Given the relevance of cardiac applications, it is of considerable need to have both redundancy and flexibility to enable continuous monitoring and sufficient response times [11] [12]. The paper authentically reproduces and investigates the functionality of this communication system integrated into cardiac implants in the real world using a method called H-LT [13]. Real-time hardware component testing is feasible under dynamic and realistic settings depending on which closes the gap between software simulation and actual implementation correspondingly. It is possible because H-LT closes the two's gap [14]. This method lets engineers assess the implant's effectiveness in many physiological and network environments without compromising patient safety or incurring significant testing costs. The design permitting easy testing makes this possible [15]. 
Motivation: There is a growing need for communication in cardiac implants that is both real-time and reliable. This demand is a direct result of the rising prevalence of remote patient monitoring and individualized medical treatment. Both in terms of bandwidth and range, as well as resilience to interference and interference, the single-band wireless systems that are now in use have their strengths and weaknesses. It is possible that the upgrading of these implants with dual-band communication, which is supported by Hardware-in-the-Loop Testing, might be a viable avenue for the improvement of patient safety, the optimization of device performance, and the progress of intelligent healthcare technology [16].
Problem statement: Existing implanted cardiac devices run into difficulties when it comes to maintaining stable communication because of the limits that are imposed by single-band wireless networks. Because of this, there is a possibility that data could be lost, and the treatment response will be delayed. These issues are of utmost significance in environments that need a significant amount of intervention, such as hospitals. There is an immediate need for a communication architecture that is more durable in order to ensure continuous and trustworthy health monitoring while also allowing for extensive testing in real time under dynamic cardiac situations. This is a need that must be met.
Contribution of this paper,
· Even in extremely interference-prone environments, cardiac implanted devices may transfer data more effectively and consistently with the inclusion of dual-band wireless communication. 
· This effort aims to develop and run an H-LT framework able to replicate and test cardiac implant systems in real-time under varying physiological conditions. 
· Data integrity, latency, and adaptability of the proposed system should be tested in order to confirm that it can improve continuous heart health monitoring and provide safe, continuous operation in high-stakes healthcare environments.
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Figure 1: Hardware-in-the-Loop Testing for Cardiac Implants
Figure 1 depicts the H-LT architecture without engaging invasive clinical trials, reproducing heart signals to test cardiac implants in real-time, therefore ensuring consistent data transmission and performance validation.
The upcoming section is as follows: section 2 deliberates the related works, section 3 examines the proposed methodology, section 4 describes the results and discussion and section 5 concludes the overall paper work.
II. RELATED WORK
Remote patient management and real-time physiological monitoring made possible by implanted medical devices (IMDs) are revolutionizing healthcare. Modern antenna designs and wireless communication techniques are vital if we are to improve the dependability and efficiency of these systems. Four sophisticated dual-band implantable technologies—each with special solutions including compact design, circular polarization, microwave backscattering, and integrated rectenna systems—are compared here. These techniques open the path for more responsive, energy-efficient, biocompatible healthcare implants by aiming to enhance data transfer, power delivery, and patient safety.
Operating at 1.4–2.45 GHz, this work offers a small dual-band circularly polarized (CP) implanted antenna intended for Wireless Medical Telemetry Service (WMTS) and Industrial, Scientific, and Medical (ISM) bands [17]. The suggested approach achieves right-hand circular polarization (RHCP) by loading symmetric meandering slots and short-pins, therefore lowering the antenna size to 8.8×8.8×0.508 mm³. Integrated into a biocompatible shell with battery and control electronics, the antenna showed high gain performance in heterogeneous tissue phantoms. It also shown very little frequency change throughout many body compositions. SAR study verified adherence to IEEE safety standards, therefore verifying its use for biological telemetry.
This work presents a data communication system for remote patient monitoring along with a comprehensive wireless power transfer (WPT). An implantable dual-band Rx antenna (915/2450 MHz), a high-efficiency rectifier, and an external Tx antenna are suggested to be integrated. With a 58.9 mm¹ dimension, the Rx antenna helps to simultaneously receive data and power. High efficiency (82%) and communication reliability up to two meters are confirmed by simulations and practical tests in tissue phantoms. Analyzes of temperature and SAR confirm safety. By means of a robust, effective wireless power and data connection for long-term implanted biomedical equipment, the system greatly improves remote monitoring.
This paper presents a new dual-band implantable antenna for microwave backscattering with operating frequencies of 4.8 GHz (reflected signal) and 2.4 GHz (incoming signal). Reaching compactness at 8.5×8.5×1.27 mm¹, the suggested approach consists of a tiny rectangular patch antenna devoid of vias or ground slots [18]. Verified by phantom testing and CST simulations, the antenna guarantees low SAR and consistent gain in multi-layered human tissue models, therefore ensuring safe operation. Where space, efficiency, and patient safety are paramount in battery-free implantable medical applications, its dual-band performance and completely passive operation make it a reasonable alternative.
This paper presents a fully integrated dual-band implanted rectenna device for Wireless Medical Telemetry Service (WMTS) and ISM bands utilizing a new tunnel diode and small antenna. Integrated with a tiny folded dipole antenna (1×4.5×0.63 mm), the suggested approach comprises a Quantum Well Asymmetric Spacer Tunnel Layer (QW-ASPAT) diode for RF–DC conversion. In a four-layer human tissue model, the antenna provides large impedance bandwidths and adequate gain operating at 1.5 GHz and 5.8 GHz [19]. The two-stage voltage doubler rectifier twice the output power, hence improving wireless power transmission in implants. Performance measures and SAR help to confirm its biomedical feasibility [20].
Table 1: The Comparison of Exiting Methods
	S. No
	Methods
	Advantages
	Limitations

	1
		Compact dual-band CP antenna with meandering slots & short-pins



		Miniaturized design (8.8×8.8×0.508 mm³), supports circular polarization, validated SAR compliance, good gain in tissue phantoms



		Gain still relatively low (−23.4 dBi, −16 dBi), performance affected by varying body compositions




	2
		Wireless power transfer system with Rx/Tx antennas and integrated rectifier



		High RF–DC efficiency (82%), dual-band Rx for simultaneous power/data, proven in phantom and tissue models, works over 2 meters



		Requires careful alignment, external unit dependency, miniaturization still complex




	3
		Dual-band microwave backscattering antenna without vias or ground slots



		Fully passive, compact size (8.5×8.5×1.27 mm³), dual-band operation, low SAR, validated in multi-layered human tissue phantoms



		Reflective backscatter limits data throughput, limited power handling, relies on strong external signals




	4
		Dual-band folded dipole rectenna with QW-ASPAT diode



		High bandwidth, compact footprint (2.84 mm³), high output with 2-stage VDR, temperature-insensitive diode



		High complexity in integration and tuning, lower gain (−36.9 dBi, −24.3 dBi), fabrication at micro-scale





For state-of- the-art dual-band implanted technologies targeted on enhancing wireless communication and power transmission in medical devices were examined in this comparative research. Every approach showed advantages including low SAR, strong dual-band performance, small size, and great efficiency. Among the limitations were dependency on outside units, integration difficulty, and gain restrictions. With possible to improve continuous monitoring, lower invasiveness, and support long-term patient care via dependable, safe, and effective biomedical communication systems, these developments generally show great success in implanted device design.
III. PROPOSED METHOD
Data transmission reliability and efficiency are much improved by dual-band wireless communication included into cardiac implants. The designs exhibit system architecture, performance testing, and communication flow all around. Especially in demanding medical environments, using both 2.4 GHz and sub-GHz frequency bands provides perfect, interference-free communication. Further confirming the real-time operation of the system, hardware-in-loop testing (H-LT) ensures efficiency and safety in continuous heart health monitoring and fast responsiveness to major medical events.













[image: C:\Users\Sagar\Downloads\paper 4 apr23-Page-1.drawio.png]
Figure 2: Dual-Band Communication in Cardiac Implants

Figure 2 shows the simple architecture of a dual-band communication system used in a cardiac implant. Continually observing the patient's physiological traits, the cardiac implant sensor provides this data to the implant's data processor. Using 2.4 GHz and sub-GHz frequencies, the CPU uses dual-band wireless communication both short-range and long-range data transfer. The 2.4 GHz band is used in near-range communication; the sub-GHz band covers large distances to ensure constant data flow even in highly interfered with environments. Following that, the data is sent to an outside monitoring system for rapid reaction in case of a major cardiac event. Dual-band technology guarantees real-time patient health monitoring with little data loss or delay by enhancing the ability of the implant to effectively communicate in busy medical situations. 

Despite its abstract nature , Equation (1) represents graphically the dynamic current response  affected by sinusoidal signals  and strain-related  material characteristics, which are pertinent to dual-band modulated signals.
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Figure 3: Dual-Band Communication Flow for Continuous Health Monitoring

For continuous health monitoring, figure 3 displays the dual-band communication flow inside the cardiac implant system. The system begins with compiling managed and ready for delivery health data. The dual-band selection block assures, depending on the working environment, the data is sent over the most suitable frequency: the 2.4 GHz band for short-range or the sub-GHz band for long-range transmission. Since they enable ideal data transmission with lowest interference, both frequency ranges allow a continuous connection between the implant and the central monitoring system. Perfect for real-time monitoring and prompt response to any cardiac issue, this two-frequency approach assures continuous connectivity, reduces latency, and improves data dependability. Since it increases the efficiency and safety of cardiac implants, the approach fit for complex healthcare environments. 

This equation (2) shows , intricate relationship  between the device response  and system constants, signal fluctuations, and spatial interaction  Variables in implantable systems , which are caused by the complicated interplay of temperature, electromagnetic, and positional elements.

As a function of geographical gradients , time lags , and scaled input-output radiation components , Equation (3) describes the temporal pressure fluctuation  while also considering device architecture  and the wireless signal propagating dynamics.
The illustrations clearly depict the proposed dual-band communication system for cardiac implants. The architecture shows the integration of sensors, data processors, and dual-band communication channels for efficient health monitoring. Simulated conditions allow the H-LT framework to verify system performance. Dual-band communication offers both short-range and long-range reliability by bestizing data flow. All things considered, the proposed approach promises little data loss, real-time, accurate monitoring of heart health, thereby improving patient safety and clinical response. This approach is the basis of next-generation implanted technology.
IV. RESULT AND DISCUSSION
Wireless connection is very vital for continuous health monitoring using implanted cardiac devices. Typical issues with conventional single-band systems include low reliability and interference, therefore jeopardizing patient safety. This paper introduces a dual-band wireless communication system enhanced by H-LT. For the system, safety and efficiency were evaluated; respective grades were 91.46% and 95.62%. Comparative analysis and performance criteria in the tables below clearly indicate significant improvement, therefore demonstrating the possibility of this method to deliver trustworthy, real-time cardiac monitoring.
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Figure 4: Analysis of safety
It investigated the proposed dual-band wireless communication system for cardiac implants using H-LT in numerous simulated cardiac conditions. The research demonstrated significant dependability in maintaining constant and safe data transmission throughout severe medical emergencies with a safety performance of 95.62% shown in figure 4. This excellent safety rate ensures that the system can routinely provide necessary physiological data without interruption, therefore considerably reducing the possibility of communication failure. By use of dual-band frequencies, the system avoids channel congestion and interference, therefore enabling greater safety profile and suitable for use in demanding, multi-device healthcare environments. 

The system variable  that is affected by signal strength , frequency conduct nonlinear physiological inputs such as , and deformation of tissue ( is described by the derivative () in Equation (4). This with the suggested approach modify analysis of safety.
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Figure 5: Analysis of effectiveness
The performance of the proposed system was evaluated under settings including data correctness, latency, and responsiveness during continuous cardiac monitoring. The results revealed a 91.46% effectiveness score, therefore verifying the system's ability to provide very accurate and low latency real-time health data (figure 5). Although H-LT allowed adaptive system behavior dependent on dynamic cardiac inputs, the addition of dual-band communication considerably reduced packet loss and improved signal integrity. This assures exact and fast diagnosis of aberrant cardiac events, therefore enhancing the overall patient care and clinical reaction capability. The results indicate the technological practical applicability in real-world medical settings.

Equation (5) expresses  a system's force or signal modulation  integrating biomechanical and electromagnetic influences . This relates to the proposed dual-band method  by modeling devices  adjust transmission power and data encoding in response to analysis of effectiveness.
Table 2: Performance Comparison of Wireless Communication Methods
	Parameter
	Single-Band System
	Dual-Band System (Proposed)
	Improvement (%)

	Data Reliability
	78.5%
	95.62%
	+40%

	Communication Latency
	140 ms
	98 ms
	-30%

	Signal Interference Rate
	High
	Low
	—

	Packet Loss
	6.4%
	2.1%
	-67%


Table 2 shows the anticipated dual-band system for cardiac implants against standard single-band wireless communication technologies. It highlights especially significant improvements in data reliability, reduced connection latency, and fewer packet loss. The dual-band technology performs remarkably by lowering signal interference and providing consistent data delivery. These developments demonstrate the system's appropriateness for usage in important healthcare environments as they provide more efficient and safer real-time cardiac monitoring.
Table 3: Evaluation Metrics of the Proposed Method
	Evaluation Metric
	Value (%)
	Description

	Safety Analysis
	95.62
	Reliability in secure data transmission under stress

	Effectiveness Analysis
	91.46
	Accuracy and responsiveness in real-time monitoring

	System Adaptability
	89.75
	Ability to respond to dynamic cardiac conditions

	Communication Stability
	94.20
	Consistency of data flow across dual-band channels


Table 3 presents the evaluation criteria related to the proposed dual-band communication system coupled with H-LT. Important standards like safety, effectiveness, adaptability, and communication stability are quantitative ones. The high percentages over all criteria reflect the excellent functioning of the system in demanding and dynamic medical surroundings. These values demonstrate that the recommended strategy is clinically trustworthy and technically robust, thereby improving continuous heart health monitoring by way of improved data accuracy and real-time responsiveness. 
These results, obtained via hardware-in-loop testing, verify the capacity of the dual-band technology to enhance cardiac implant performance and provide continuous, accurate monitoring in significant medical environments.
V. CONCLUSION
This study suggests a novel approach to enhance implanted cardiac healthcare devices by means of dual-band wireless communication supported by H-LT. The suggested technology addresses significant limits in conventional single-band communication like excessive delay, packet loss, and interference sensitivity by improving data transfer under various environmental conditions employing two frequency bands. With a safety score of 95.62% and an efficacy of 91.46%, thorough performance assessment showed substantial progress. These procedures show how well the system guarantees continuous, real-time cardiac monitoring with low latency and good data integrity. By use of H-LT, exact modelling of dynamic cardiac events was made possible, therefore offering a reasonable and responsive basis for evaluating the performance of the implanted device before clinical release. Moreover, the dual-band design enhanced communication resilience by appropriately controlling congestion and offering redundancy in signal transmissions. These developments help to maximize more general objectives of remote healthcare and customized treatment as well as improve clinical results and reduce patient risk. Combining real-time, high-fidelity testing methods with enhanced wireless connectivity, the suggested architecture basically provides the foundation for next-generation smart cardiac implants, thereby helping to build safer and more effective implanted medical devices. 
Future work will look at how patient-specific data and environmental elements could guide adaptive communication control using artificial intelligence. Moreover under consideration will be using the technology to allow multi-implant communication within a body area network (BAN). Actual clinical studies and long-term performance monitoring will support even more the system's reliability. Furthermore pursued will be hardware component reduction and power efficiency development to allow extended battery life and reasonable deployment in commercial grade cardiac implants.
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