International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 23s, 2025
https://theaspd.com/index.php

Rectenna Arrays for Harvesting Rf Energy from Multiple
Sources

Shashikant V. Golande',Dr.Arun Kumar Yadav’, Dr.Sonali S. Patil’, Dr.Anjali J. Joshi*, Shankar D.
Deshmukh®, Akshay U. Padekar®

'Department of Electrical Engineering, Mahakaushal University, Jabalpur, MP
shashikantstriker@gmail.com

*Department of Electrical Engineering, Mahakaushal University, Jabalpur, MP.
dr.arunkumaryadavee@gmail.com

"Department of Mechatronics Engineering, MMIT,Pune Maharashtra. sonalipatilmtx@gmail.com
*Department of Mechanical Engineering, MMIT,Pune Maharashtra. anjali.joshi@mmit.edu.in
*Department of Mechatronics Engineering; MMIT,Pune Maharashtra. sdeshmukh0391@gmail.com
SDepartment of Mechatronics Engineering, MMIT ,Maharashtra. padekar.akshay@gmail.com

Abstract: Radio frequency (RF) energy harvesting has emerged as a promising solution for powering low-power
electronic devices and Internet of Things (IoT) applications. This paper presents a comprehensive analysis of optimized
rectenna array configurations for harvesting RF energy from multiple ambient sources. The study investigates various
antenna designs, rectifying circuit topologies, and array optimization techniques to maximize energy conversion
efficiency. Through systematic analysis of dualband and multi-band rectenna systems; this research demonstrates
significant improvements in power harvesting capabilities across different frequency bands. The proposed optimization
methodology achieves up to 85% conversion efficiency for multi-source RF energy harvesting applications, making it
suitable for sustainable wireless sensor networks and self-powered IoT devices.

Index Terms-RF energy harvesting, rectenna arrays, multi-band antennas, power conversion efficiency, loT
applications, wireless power transfer.

LINTRODUCTION

The exponential growth of wireless communication systems and Internet of Things (IoT) devices has
created an unprecedented demand for sustainable and autonomous power solutions. Radio frequency
(RF) energy harvesting has emerged as a viable technology to address the power requirements of low-
power electronic devices by capturing ambient electromagnetic energy from various wireless sources
(Golubev et al., 2021; Zeadally et al., 2020). The integration of receiving antennas with rectifying circuits,
known as rectennas, enables the conversion of RF electromagnetic waves into usable DC power for
electronic applications. Recent advances in RF energy harvesting systems have demonstrated significant
potential for powering wireless sensor networks, RFID tags, and wearable devices (Cansiz et al., 2019;
Tran

et al.,, 2017). The efficiency of these systems largely depends on the design optimization of both antenna
elements and rectifying circuits, as well as the strategic arrangement of rectenna arrays to maximize power
collection from multiple RF sources (Wagih et al., 2020; Sherazi etal.,2022).

The challenge of harvesting energy from multiple RF sources simultaneously requires sophisticated
antenna designs capable of operating across different frequency bands while maintaining high conversion
efficiency. Multi-band and ultra-wideband antenna configurations have shown promising results in
capturing energy from various wireless communication standards, including WiFi, cellular networks, and
broadcast signals (Ibrahim et al., 2022; Ullah et

al., 2022).This paper presents a comprehensive study on the optimization of rectenna arrays for multi-
source RF energy harvesting, focusing on antenna design methodologies, rectifying circuit optimization,
and array configuration strategies to maximize overall system performance.

II. LITERATURE REVIEW

2.1 RF Energy Harvesting Fundamentals

RF energy harvesting technology has evolved significantly over the past decade, with numerous research
efforts focused on improving the efficiency and applicability of rectenna systems. Lu etal. (2014) provided
a foundational survey of wireless networks with RF energy harvesting capabilities, establishing the
theoretical framework for modern harvesting systems. The comprehensive review by Shaikh and Zeadally
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(2016) highlighted the critical importance of energy harvesting in wireless sensor networks, identifying
key design challenges and potential solutions.

The efficiency of RF energy harvesting systems is fundamentally limited by several factors, including
antenna design, impedance matching, and rectifying circuit performance. Ku et al.(2015) identified these
challenges and proposed advanced techniques for improving overall system efficiency. Recent studies have
demonstrated that careful optimization of these components can achieve conversion efficiencies
exceeding 80% under optimal conditions (Divakaran & Krishna, 2019).

2.2 Antenna Design for Energy Harvesting

Antenna design plays a crucial role in determining the overall performance of RF energy harvesting
systems. Shrestha et al. (2013) conducted a comparative study of various antenna designs, demonstrating
the superior performance of patch antennas and dipole arrays for energy harvesting applications. The
integration of fractal geometries in antenna design has

shown particular promise for achieving compact, wideband operation with high efficiency (Chuma etal.,
2018).Recent developments in flexible and wearable antenna technologies have expanded the application
domain of RF energy harvesting systems. Bashri and Ramli (2021) developed flexible millimeter-wave
microstrip patch antenna arrays specifically designed for wearable RF energy harvesting applications.
Similarly, Zhu et al. (2021) demonstrated stretchable wideband dipole antennas and rectennas that
maintain high performance under mechanical deformation.

2.3 Multi-band and Wideband Designs

The need to harvest energy from multiple RF sources has driven the development of multi-band and ultra-
wide-band antenna designs. Agrawal et al. (2022) presented patch-loaded slot antennas with super
wideband characteristics and dual-band notch functionality, demonstrating the feasibility of selective
frequency operation. Lopez et al. (2022) introduced dynamic RF combining techniques for multi-antenna
ambient energy harvesting, showing significant improvements in power collection efficiency.Kamoda et
al. (2015) developed loop antennas over artificial magnetic conductor surfaces for dual-band RF energy
harvesting, achieving efficient operation at both 2.4 GHz and 5.8 GHz bands. This approach has been
further refined by subsequent researchers to accommodate additional frequency bands and improve
overall system performance.

2.4 Rectifying Circuit Optimization

The rectifying circuit is a critical component that determines the overall efficiency of RF energy harvesting
systems. Xu et al. (2022) presented a comprehensive analysis and design methodology for RF energy
harvesting rectifier circuits optimized for ultralow power applications. Their work demonstrated the
importance of careful component selection and circuit topology optimization for achieving maximum
power conversion efficiency. Advanced rectifying circuit designs have incorporated sophisticated
matching networks and multi-stage rectification to improve performance across varying input power
levels. Song et al.(2017) introduced broadband rectennas with eliminated matching networks, achieving
high-efficiency wireless power transfer and energy harvesting across wide frequency ranges.

III. METHODOLOGY

3.1 Rectenna Array Design Approach

The optimization of rectenna arrays for multi-source RF energy harvesting requires a systematic approach
that considers antenna element design, array configuration, and rectifying circuit integration. The
methodology adopted in this study encompasses three primary phases individual antenna element
optimization, array configuration analysis, and system-level performance evaluation. The design process
begins with the characterization of available RF sources in the target environment, including frequency
bands, power levels, and polarization characteristics. This information guides the selection of appropriate
antenna topologies and the determination of optimal operating parameters for maximum energy
collection efficiency.

3.2 Multi-band Antenna Design

Multi-band antenna design for RF energy harvesting applications requires careful consideration of
frequency band allocation, impedance matching, and radiation pattern optimization. The proposed
approach utilizes a combination of patch antennas, slot radiators, and fractal geometries to achieve
broadband operation with high efficiency across multiple frequency bands. The antenna design
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methodology incorporates electromagnetic simulation tools to optimize key parameters including return
loss, radiation efficiency, and gain characteristics. Parametric studies are conducted to determine optimal
dimensions and configurations for different frequency bands of interest.

3.3 Array Configuration Optimization

The optimization of rectenna array configurations involves the determination of optimal element spacing,
phase relationships, and power combining strategies. The methodology considers both series and parallel
connection topologies, evaluating their impact on overall system performance under varying input
conditions. Genetic algorithm-based optimization techniques are employed to determine optimal array
configurations that maximize power collection efficiency while minimizing system complexity and cost.
The optimization process considers practical constraints including manufacturing tolerances, component
variations, and environmental factors.

IV. RESULTS AND DISCUSSION

4.1 Single Element Performance Analysis

Antenna Type  [Frequency Band |Peak Efficiency (%) [Bandwidth (MHz) [Gain (dBi) [Size (mm?2)
(GHz)

Patch 2.4 78.5 150 6.2 40%x40
Antenna

Dipole Array 0.9, 1.8 32.3 200, 180 4.8, 5.1 60%25
Fractal Slot 2.4,58 75.9 180, 220 5.9, 6.4 35%35
'Wideband Patch |1.8-5.8 71.2 4000 5.5 50%50
Loop 2.4,5.8 79.8 160, 200 6.1, 6.8 45%45
lAntenna

Table1:Single Element Rectenna Performance Comparison

The performance analysis of individual rectenna elements reveals significant variations in efficiency across
different frequency bands and input power levels. Table 1 summarizes thekey performance metrics for
various antenna configurations evaluated in this study.

The results demonstrate that dual-band dipole arrays achieve the highest peak efficiency of 82.3%, while
wideband patch antennas provide the broadest frequency coverage at the expenseof peak efficiency. The
fractal slot configuration offers a good compromise between efficiency and compactness, making it
suitable for space-constrained applications.

4.2. Array Configuration Performance

The evaluation of different array configurations reveals significant performance improvements when
compared to single element rectennas. Table 2 presents the performance comparison of various array
configurations for multi-source RF energy harvesting.

Array Configuration |[Number ofiCombined Efficiency[Power Enhancement [Operating Bands
Elements (%)
2x2 Patch Array 4 34.7 3.2 2.4 GHz
Linear Dipole |8 36.1 6.8% 0.9, 1.8 GHz
Array
Hybrid Multiband |6 581.9 4.9% 0.9, 1.8, 24,
5.8 GHz
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Circular Array 3 33.4 6.2 2.4,5.8 GHz
Optimized Sparse 12 35.3 0.1x 09, 18, 24,
5.8 GHz

Table2: Rectenna Array Configuration Performance

The optimized sparse array configuration demonstrates the best overall performance with 85.3%
combined efficiency and 9.1 x powerenhancementcomparedtosingleelementsystems.This configurations
effectively harvests energy from multiple frequency bands simultaneously while maintaining high
conversion efficiency.

Rectenna Array Performance Comparison
for Multi-source RF Energy Harvesting
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4.3. Multi-source Energy Harvesting Analysis

The analysisofmulti-sourceenergyharvestingcapabilitiesrevealstheeffectivenessofoptimized rectenna arrays
in collecting power from various ambient RF sources. The following a performance comparison chart for
different array configurations: array configurations:

4.4. Frequency Band Analysis

The frequency band analysis reveals the distribution of harvested power across different RF sources
commonly available in urban environments. The following generates a frequency response analysis:

Harvested Power Distribution Across Fregquency Bands
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V.IMPLEMENTATION CONSIDERATIONS

5.1. Practical Design Constraints

The implementation of optimized rectenna arrays for practical applications requires consideration of
various design constraints including manufacturing tolerances, component variations, and environmental
factors. The following factors significantly impact system performance:
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5.2. Manufacturing Tolerances

Dimensional variations in antenna elements and circuit components can degrade system performance.
Statistical analysis indicates that +5% tolerance in critical dimensions results in approximately 2-3%
reduction in overall efficiency.

5.3. Component Variations

Variations in diode characteristics and capacitor values affect rectifying circuit performance. Component
selection and matching techniques are essential for maintaining consistent performance across multiple
array elements.

5.4. Environmental Factors

Temperature variations, humidity, and mechanical stress can impact both antenna and circuit
performance. Robust design practices must account for these environmental effects to ensure reliable
operation.

5.6. Integration with IoT Systems

The integration of optimized rectenna arrays with IoT devices requires careful consideration of power
management and energy storage systems. The harvested power must be efficiently stored and regulated to
provide a stable power supply for electronic loads .Energy storage solutions including super capacitors
and rechargeable batteries are commonly employed to address the in term it tent nature of RF energy
harvesting. Power management circuits must efficiently convert and regulate the harvested energy to
match the requirements of target applications.

VILAPPLICATIONS AND CASE STUDIES

6.1.Wireless Sensor Networks

Optimized rectenna arrays have demonstrated significant potential for powering wireless sensor networks
in various applications including environmental monitoring, structural health assessment, and industrial
automation. The selfsustaining nature of RF energy harvesting eliminates the need for battery
replacement, reducing maintenance requirements and operational cost.Case studies have shown that
optimized rectenna arrays can provide sufficient power for low-power sensor nodes operating in urban
environments with abundant RF sources. The average harvested power of 15-25 pW is adequat for sensor
nodes with duty-cycled operation and efficient power management.

6.2. Wearable Electronics

The application of flexible rectenna arrays in wearable electronics presents unique opportunities for self-
powered health monitoring devices and fitness trackers. The compact size and conformable nature of
optimized rectenna designs make them suitable for integration into clothing and accessories. Research
has demonstrated that body-worn rectenna arrays can harvest sufficient energy to power pulse monitors,
temperature sensors, and activity trackers during normal daily activities in RF-rich environments.

6.3. RFID and Smart Cards

Enhanced RFID systems incorporating optimized rectenna arrays can achieve extended read ranges and
improved performance in challenging environments. The increased power harvesting capability enables
more sophisticated processing and longer-range communication.
Smartcardapplicationsbenefitfromtheenhancedpoweravailability, enabling advanced security features and
multimedia capabilities without compromising the card form factor.

VILFUTURE DIRECTIONS AND CHALLENGES
7.1.Emerging Technologies

The future of RF energy harvesting will likely incorporate several emerging technologies including met
materials, reconfigurable antennas, and advanced semiconductor devices. Met material-based designs
offer the potential for ultra-compact, high-efficiency energy harvesting systems with unprecedented
bandwidth capabilities.Reconfigurable antenna technologies enable adaptive frequency tuning and
pattern optimization based on the RF environment, potentially improving harvesting efficiency in
dynamic conditions. The development of advanced rectifying devices including zero-bias Schottky diodes
and tunneling diodes promises improved sensitivity and efficiency for low-power applications.
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7.2. Integration Challenges

The integration ofRFenergyharvestingsystemswithmodernelectronicdevicespresentsseveral —technical
challenges including electromagnetic compatibility, size constraints, and cost considerations. Future
research must address these challenges to enable widespread adoption of energy harvesting
technologies.System-level optimization approaches that consider the entire energy harvesting and
utilization chain are essential for achieving optimal performance in practical applications. This includes
optimization of energy storage systems, power management circuits, and load characteristics.

7.3. Standardization and Regulation

The development of industry standards for RF energy harvesting systems is crucial for ensuring
interoperability and facilitating commercialization. Regulatory considerations regarding spectrum usage
and electromagnetic compatibility must be addressed to enable widespread deployment of energy
harvesting systems. International cooperation and standardization efforts will play a key role in
establishing guidelines for RF energy harvesting system design, testing, and deployment across different
regions and applications.

VIIL.CONCLUSION

This comprehensive study has demonstrated the significant potential of optimized rectenna arrays for
harvesting RF energy from multiple ambient sources. The systematic optimization of antenna design,
array configuration, and rectifying circuits has resulted in substantial improvements in power conversion
efficiency and overall system performance.

Key findings from this research include:

1. High Conversion Efficiency: Optimized rectenna arrays achieve conversion efficiencies exceeding
85% with proper design optimization and component selection.

2. Multi-band Operation: Hybrid array configurations effectively harvest energy from multiple frequency
bands simultaneously, providing 9.1 x power enhancements compared to single element systems.

3. Practical Viability: The developed optimization techniques produce practical solutions suitable for
various applications including wireless sensor networks, wearable electronics, and IoT devices.

4. Scalability: The optimization methodology scales effectively to larger array configurations, enabling
higher power harvesting capabilities for demanding applications.

The research contributes to the advancement of sustainable wireless technologies by providing
comprehensive design guidelines and optimization techniques for multi-source RF energy harvesting
systems. Future work should focus on integration with advanced materials, machine learning
optimization, and system-level performance enhancement.

The findings of this study provide a solid foundation for the development of next-generation energy
harvesting systems capable of supporting the growing demands of wireless and loT applications while
contributing to sustainable technology development
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