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 The tuning of LC impedance matching networks for Wireless Power Transfer 

(WPT) systems and the optimisation of Microstrip Patch Antennas (MPAs) 

are thoroughly examined in this work. A workable approach that achieves 

dependable convergence without requiring intricate mathematical modelling 

is put forth. This study examined the health hazards linked to rising mobile 

phone use and the positioning of mobile base stations in Nigeria's most 

populated regions. At the Abubakar Tafawa Balewa University (ATBU) 

Yelwa campus, measurements of power density, electric field strength, and 

magnetic field strength were made using TM-195 meter technology and 

OpenSignal software. Within 16.48 meters of the main coverage area, power 

density values were found to exceed the permitted limit of 0.001 W/m² by up 

to 4.81 times, posing serious health and safety risks to the local population. 

Additionally, it was shown that scavenging low-density RF signals from 0.5 

to 3 GHz is feasible. At a resonant frequency of 1.8 GHz, optimised rectenna 

designs achieved peak voltages of 1.2 V and peak currents of 120 μA. The 

measurement setup indicates that the rectifier achieves 69.4% efficiency at 

+10 dBm, 20% from +5 dBm to +13 dBm, with output voltages ranging from 

27.9 mV to 104.1 mV. Harvesting energy in the form of power to supply 

loads of the required rating allowed for a 99.88% power reduction, reducing 

7,583.55 µW from the TM-195's maximum of 5810 µW to a simulated 

306.38 µW. By lowering exposure to electromagnetic radiation, this 

optimisation improved energy efficiency and preserved operational efficacy 

while lowering possible health risks. 
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1. INTRODUCTION 

Due to continuous data transmissions and communication, GSM and WiFi technologies emit a lot of 

electromagnetic radiation throughout the ATBU Yalwa campus. These signals, which operate in the 

microwave spectrum, have the ability to pass through a variety of materials, including human tissue, which 

raises concerns about extended exposure in populated areas. Although there are regulatory limits, more 

research is necessary to fully understand the combined impact of several sources. Although there is still 

conflicting scientific evidence, studies on radiofrequency (RF) radiation point to possible connections to 

health problems like headaches, exhaustion, and an increased risk of cancer. Although many experts believe 

that normal exposure levels are safe, it is important to promote precautionary measures and increase 

awareness of potential risks. 

Using energy scavenging methods, like solar or kinetic energy harvesting, to power electronic 

devices is a practical way to lower radiation exposure. The electromagnetic footprint can be greatly reduced 

by incorporating solar panels into campus infrastructure and using clean energy to power equipment like 

WiFi routers. Specific Absorption Rate (SAR) [1], which quantifies the amount of radiofrequency energy that 

the body absorbs from cellular infrastructure, establishes the limits for electromagnetic radiation exposure 

[2][3][4]. As shown in Table 1, which illustrates the impact of radiation danger levels on human safety, GSM 
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operators must abide by these restrictions to protect public safety and ensure that vital communications 

equipment operates effectively.  

MTN, Airtel, Glo, and WiFi are the four main sources of wireless electromagnetic radiation (EMR) 

at ATBU. As of 2007, Nigeria had more than 50 million GSM users, according to the Nigerian 

Communications Commission (NCC) [5][6]. This study measures emissions from base stations (BS) on the 

ATBU Yelwa Campus in order to investigate the sources of wireless EMR. As the number of communication 

BS towers increases for improved coverage, more people are exposed to the electromagnetic waves emitted.  

 

Table 1. Standards for Base Transceiver Stations 

BTS Power Effect 

10 W/m2 Clear Hazards with reproducible effect 

1 W/m2 Unconfirmed report of effects 

0.57 W/m2 UK/Australia/ICNIRP Public exposure standards 

0.1 W/m2 
FCC/IEEE/ ICNIRP Public exposure standards 

(greater is too high) 

0.01 W/m2 Maximum Measure near a BTS 

0.001 W/m2 Typical Measure near a BTS (medium) 

 

The study highlights the necessity of lowering power density for public health and safety, especially 

in crowded places like the ATBU Yelwa Campus. Realistic ambient RF energy levels are often overlooked in 

favor of high input power levels in current rectifying antenna designs. The goal of this study is to improve 

energy harvesting while reducing electromagnetic exposure by suggesting different matching techniques for 

effective energy collection from ambient RF sources. This will ensure the safe deployment of sensors and 

protect public health. 

 

2. FUNDAMENTAL CONCEPTS 

The study in [7] investigated a tightly coupled inductive wireless power transfer (WPT) system with 

five transmitters and one receiver intended for high-power applications. Their system achieved up to 2.5 kW 

under a 100 Ω load and continuously produced a 500 V output at about 85% DC-DC efficiency. However, 

the study's lack of analysis for more general load conditions limits its applicability in variable environments, 

even though the results confirm efficiency between 100 and 200 Ω.  

Work at [8] introduced a new log-spiral rectenna for infrared energy harvesting that uses a Metal-

Insulator-Insulator-Metal (MIIM) structure. Due to optimized impedance matching and material selection, 

their asymmetric Au-AlO₃-CuO-Cu configuration achieved superior conversion efficiency compared to 

conventional MIM structures. However, issues with scalability and fabrication complexity highlight the need 

for further research on practical implementation. Despite achieving superior conversion efficiency, the log-

spiral rectenna's design faces limitations in fabrication complexity, necessitating additional study to evaluate 

its practical application. 

In [9], the non-ionizing radiation exposure caused by GSM in central Craiova, Romania, was 

examined. According to measurements conducted around GSM antennas operating in the 900–1800 MHz 

range, exposure levels frequently surpassed advised safety thresholds, especially in close proximity to base 

stations. Overall, these studies demonstrate the importance of balancing scalability, safety, and performance 

in wireless and electromagnetic energy technologies. Some of the pertinent equations and their meanings are 

listed below: 

2.1. Power Density of Electromagnetic Radiation 

The power density (S) of electromagnetic radiation is a measure of the power per unit area carried 

by the RF waves, as in Equation 1. 

 

𝑆 =
𝑃𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡

4𝜋𝑟2                                                                                                                                                       (1) 

 

              Ptransmit is the transmitted power from the GSM or WiFi source, r is the distance from the radiation 

source. 

This equation shows that the power density decreases with the square of the distance from the 

source, highlighting the importance of proximity in energy scavenging systems. 



ISSN: 2583-6250         Prisma Publications 

 

Int. J. of DI & IC, Vol. 4, No. 4, December 2025: 41-51  43 

2.2. Received power by an Antenna 

The power received (Preceived) by an energy scavenging antenna depends on its effective aperture 

(Ae) and the power density (S) as in Equation 2. 

 

𝑃𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 = 𝑆 ∙ 𝐴𝑒                                                                                                                                              (2) 

        

The effective aperture of an antenna, as in Equation 3, is related to its gain (G) and the wavelength 

(λ) of the RF signal. 

 

𝐴𝑒 =
𝐺𝜆2

4𝜋
                                                                                                                                                            (3) 

 

Combining these equations, the received power can be expressed as in Equation 4. 

 

𝑃𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 =
𝑃𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡∙𝐺∙𝜆2

(4𝜋𝑟)2                                                                                                                                     (4) 

        

This equation demonstrates how the received power depends on the antenna's gain, the wavelength 

of the signal, and the distance from the source. 

2.3. Rectenna Efficiency 

Energy scavenging systems often use rectennas (rectifying antennas) to convert RF energy into 

direct current (DC). The efficiency (η) of a rectenna is as in Equation 5. 

 

𝜂 =
𝑃𝐷𝐶

𝑃𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑
                                                                                                                                                       (5) 

 

PDC is the DC power output, and Preceived is the RF power received by the antenna. The overall 

efficiency of the system depends on the rectifier's ability to convert RF energy into usable DC power, which 

is typically influenced by factors such as impedance matching and diode characteristics. 

2.4. Energy Harvesting Potential 

The total energy (E) that can be harvested over a time period (t) is as in Equation 6. 

 

𝐸 = 𝑃𝐷𝐶 ∙ 𝑡                                                                                                 (6) 

 

This equation highlights the importance of optimizing the received power and rectenna efficiency to 

maximize the energy harvested over time. Around the ATBU Yalwa Campus, energy scavenging systems 

efficiently absorb electromagnetic radiation from WiFi and GSM networks, lowering ambient radiation levels 

while producing sustainable energy. To maximize power transfer between a transmission mast and an 

experimental RECTENNA, an AI-based pattern-searching algorithm was employed, focusing on energy 

scavenging to reduce electromagnetic radiation. This algorithm examined factors such as frequency, 

impedance, and antenna orientation to determine the optimal configuration for energy capture. The flexibility 

of the AI allowed for dynamic adjustments that improved energy harvesting efficiency, reducing dependency 

on conventional power sources. Through iterative configuration exploration, the RECTENNA setup was 

adapted to environmental conditions, resulting in a significant increase in power transfer efficiency. This 

reduction in radiation exposure is particularly beneficial in densely populated areas, such as college 

campuses. The study emphasizes the advantages of both energy optimization and public health protection, 

highlighting the synergy between artificial intelligence and sustainable energy technologies. 

The methodical process for evaluating RF radiation levels and maximizing the MPA was described 

in detail in the methodology section. The components were individually designed to form a non-uniform 

linear array, as shown in Figure 1, which depicts the flowchart following the design of the conventional 

MPA, ultimately forming the MPA array for high gain and efficiency. Figure 2 illustrates the final design 

outcome. 

When using optimization techniques to find peaks or perform multivariable searches, variables are 

adjusted until no further improvement is achievable. Assuming that a function can be roughly represented by 

a positive definite quadratic form near a minimum, techniques like Steepest Descent, Gradient Descent, and 

Conjugate Gradients are frequently employed [10]. Methods such as Hooke and Jeeves and the Nelder-Mead 

Pattern Search are used for nonlinear multivariable problems, particularly when there are strong interactions 

between variables or when obtaining derivatives is challenging [11]. The Hooke and Jeeves method is 
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renowned for its ease of use and effectiveness in solving unconstrained nonlinear minimization problems 

[12]. Lumped elements and point-based searching in HFSS and MATLAB are used for training in a proposed 

optimal bandwidth enhancement technique. By utilizing detection circuitry and optimization algorithms to 

control lumped elements and enhance bandwidth performance, it minimizes bandwidth by optimizing the 

return loss magnitude and phase [13][14][15][16]. 

 

 
Figure 1. Flowchart of 2 x1 Array Antenna Elements 

 

 

 
 

Figure 2. 2 x 1 Non-identical Linear Array MPA 

 

 

3. THE NON-IDENTICAL LINEAR PATCH ARRAY 

The non-identical elements are fed through a microstrip line feeding technique having the same 

width 𝑊𝑓  = 3𝑚𝑚, and for good impedance matching, an inset feed is placed. The HFSS is used to obtain 

optimal spacing between the elements, 𝑑 = 0.65𝜆, for better efficiency and a lower Side Lobe Level (SLL) 

[17], as shown in Figure 2. 

3.1. Approach to Optimal Antenna Impedance Matching Network 

In RF and microwave engineering, the "Iterative Adjustment" approach is crucial for impedance 

matching with lumped elements and the Smith Chart [18]. To minimize signal reflections and achieve the 

intended impedance transformation, this technique optimizes the original matching network design, which 

utilizes capacitors and inductors. The process is iterative and makes adjustments based on the difference 

between the measured reflection coefficient and the target value to achieve optimal performance [19][20]. 

The antenna's impedance, influenced by frequency and operational changes, requires a dynamically 

adaptable impedance matching network [21]. Selecting the best-matching network parameters is crucial; low-

pass π-type and T-type LC networks are preferred for their ability to handle diverse load impedances and 

provide harmonic rejection, as shown in Figure 3. 
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The algorithm for the pattern-based search in the impedance matching network, as outlined in 

Algorithm 1, begins by measuring the initial parameters, specifically ∣S11∣. If ∣S11∣ is less than or equal to -

10 dB, it proceeds to Step ii. Otherwise, the algorithm applies ∣S11∣ to the database for pattern searching. The 

output layer computer then provides the required components Cp and Ls. Adjustments are executed based on 

Figure 3, where Cp and Ls are fine-tuned to optimize ∣S11∣ and bandwidth. Finally, bandwidth tuning is 

performed to achieve the desired parameters before concluding the algorithm. The optimal design 

significantly outperformed classical designs, enhancing bandwidth across multiple frequencies, thereby 

validating the AI-based pattern matching approach for improved energy harvesting metrics, as shown in 

Figure 4. 

 
Figure 3. T-type LC-Network Circuit 

 

 

Figure 4. Case of Compared Optimal Matched, Classical Design, and Bandwidth Enhanced Response of the 

2-Elements Array 

 

Algorithm 1: Pattern-Based Search for Impedance Matching Network 

Procedure: Pattern Search ∣S11∣, α 

Start 

Measure ∣S11∣ and α 

If ∣S11∣ ≤ −10 dB and α is not wider 

Go to step ii 

Else  

Apply ∣S11∣ data to the layer: pattern search ∣S11∣, α 

Output layer computer and obtain (Cp, Ls)=fk(x) k=1.2,… 

Tune the bandwidth of the network circuit to obtain Cp, Ls 

End Procedure 

3.2. Fabrication of an Antenna 

  

Figure 5. Patch Antenna and the Rectifier Top view after Fabrication 
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The fabricated antenna and rectifier on an FR4 PCB are shown in Figure 5. Initially, the 

electromagnetic structure was printed onto transparency film after being transferred from Microwave Office 

Software to Advanced Design System (ADS). After that, the circuit pattern was exposed to UV light for two 

minutes on a board coated with photoresist. It took ten minutes to develop the exposed resist using a 

developer solution. Ferric chloride was then used to etch away the unwanted copper, which took 30 to 50 

minutes. 

 

4. MEASURED ELECTROMAGNETIC RADIATION OF ATBU YALWA CAMPUS AS A CASE 

STUDY 

First, the received power was measured using a TM-195 meter. The average received power in dBm 

at various frequencies is shown in Table 2. Three frequency bands—GSM-900/3G, GSM-1800/4G, and 

2.45/WiFi—are where the majority of the power is concentrated. Throughout the entire band, the input power 

level ranges between -37 and -32 dBm. Based on RF signal results from WiFi and GSM, the ATBU Yalwa 

campus recorded an average voltage measurement of 150 mV. 

Antenna technical information, such as transmitted power and gain, as well as the position of the 

exposed individual, is used to calculate the power density of radiation from a base station antenna. A non-

uniform energy distribution results from the concentration of radiation in the primary transmission direction 

caused by the directional characteristics of antennas. For distances between 16.48 m and 860.25 m, Table 3 

displays the electric and magnetic fields along with power densities, which represent different transmitting 

powers and antenna gains. Notably, power density values at 16.48 m reach 0.00481 μW/m² to 0.00198 

μW/m², exceeding permitted limits by 4.81 to 1.98 times and posing serious health and safety risks. Figure 6 

presents a graph showing power density (PD) values in decibels (dB) against distance. The minimum PD 

fluctuates between 0 dB and 20 dB, with notable dips observed around 300 meters and 600 meters. 
Furthermore, Figure 7 illustrates the measurement test setup for the rectifier circuit integrated with the 

manufactured MPA line matching network. 

 

Table 2. Measured values of EFS, MFS, and PD for GSM/WiFi 

Location (m) EFS (mV/m) MFS (uA/m) PD (µW/m²) 

DICT Gate (596.15) 176.65 - 201.56 381.32 - 430.56 874.11 - 1264.98 

DICT Director (404.91) 51.44 - 63.45 137.88 - 215.34 22 - 24 

Masts C. Mosq. (16.48) 1386.12 - 1962.41 3340 - 5900 2980 - 5810 

Eng’g Block B/C (521.29) 57.11 - 135.33 260.43 - 387.12 23.12 - 51.91 

KLST (662.30) 86.12 - 104.23 87.23 - 225.11 7.01 - 18.54 

NEED Hall (860.25) 391.12 - 460.02 650.45 - 761.32 79.23 - 390.27 

Eng’g Block D (694.48) 92.34 - 116.90 201.66 - 341.11 16.98 - 20.67 

NLT Hall (598.79) 49.03 - 70.43 148.34 - 212.20 4.60 - 12.21 

 

 

Figure 6. PD Plot of Maximum and Minimum Values in dB 

 

The simulation results in Table 3 indicated that the energy harvested from various locations using an 

MPA varied considerably, with power levels ranging from 41.28 µW to 306.38 µW, influenced by the 
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measurement method and location. The highest power was recorded at Masts C. Mosq. (16.48 m) Under 

ODM, while the lowest was noted at NEEDS Hall (860.25 m) under CDM, demonstrating that proximity to 

RF sources significantly affected energy availability. Although the harvested energy would not be sufficient 

for high-power applications, it could be effectively used for low-power electronic devices. 

While the harvested energy might work well for low-power electronic devices, it would not be 

adequate for high-power applications. One possible use would be operating wireless sensor nodes in 

structural health monitoring or smart agriculture, where low-energy radio frequency signals could be captured 

to power self-sufficient sensing systems. 

 

Table 3. Measured values of power for CDM, ODM, and OBE simulated GSM/WiFi 

Location (m) CDM Power (µW) ODM Power (µW) OBE Power (µW) 

DICT Gate (596.15) 53.19 221.28 139.69 

DICT Director (404.91) 71.57 234.04 187.98 

Masts C. Mosq. (16.48) 172.34 306.38 257.45 

Eng’g Block B/C (521.29) 64.36 248.17 176.14 

KLST (662.30) 74.04 216.38 129.36 

NEED Hall (860.25) 41.28 208.94 64.36 

Eng’g Block D (694.48) 55.32 212.77 129.36 

NLT Hall (598.79) 59.79 221.28 129.36 

 

 
Figure 7. Schematic Diagram of the Proposed Rectifier with MPA Network 

4.1. Obtained Results Based on Experimental Setup 

Positioned 16.48 meters away from the GSM masts, the proposed antenna and rectifier circuit form 

a rectenna. The antenna captures the input AC signal, which has a frequency range of 0.9 to 2.45 GHz, and 

converts it to DC voltage, producing output voltages that range from 27.9 mV to 104.1 mV. With an output 

voltage that varies from 27.9 mV to 104.1 mV for input powers between -15 dBm and +15 dBm, the rectifier 

achieves a maximum RF-to-DC conversion efficiency of 69.4% at +10 dBm input power, as shown in Figure 

8. According to Table 4, harvested power ranges from 0.166 µW to 2.305 µW, depending on environmental 

conditions and the distance from radiation sources. This suggests that it is suitable for ultra-low-power 

applications such as sensor networks and Internet of Things devices. 

 

 

Figure 8. Prototype Measurement Setup 
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Table 4. Measured values of voltage and power for GSM/WiFi ODM fabrication 

Location (m) Voltage Range (mV) Min Power (µW) Max Power (µW) 

DICT Gate (596.15) 28.2 - 101.5 0.169 2.191 

DICT Director (404.91) 28.8 - 88.2 0.176 1.655 

Masts C. Mosq. (16.48) 30.9 - 104.1 0.203 2.305 

Eng’g Block B/C (521.29) 28.0 - 55.7 0.167 0.661 

KLST (662.30) 28.1 - 45.5 0.168 0.440 

NEED Hall (860.25) 27.9 - 39.9 0.166 0.339 

Eng’g Block D (694.48) 29.9 - 55.9 0.190 0.665 

NLT Hall (598.79) 28.8 - 60.4 0.176 0.776 

 
4.2. Compared Results to Measure the Absorption Level of Electromagnetic Radiation 

With a drop of 7,583.55 µW between the experimental maximum power and the TM-195 maximum 

power, a 99.88% overall reduction is observed. This notable decrease in power density suggests that 

environmental exposure to electromagnetic radiation has decreased. Due to variations in sensitivity or 

external factors, the experimental setup detects significantly lower power emissions than the TM-195. With a 

power loss of 0.012% per set, approximately 3,675 experimental sets would be required to achieve a 35% 

overall power decrease.  

The percentage difference, as in Table 5, is calculated using the formula: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
𝑇𝑀−195 𝑀𝑎𝑥 𝑃𝑜𝑤𝑒𝑟−𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑀𝑎𝑥 𝑃𝑜𝑤𝑒𝑟

𝑇𝑀−195 𝑀𝑎𝑥 𝑃𝑜𝑤𝑒𝑟
 ∗  100. An overall percentage reduction 

across all locations is 99.88% (calculated from the average of all locations), with a drop of 7,583.55 µW 

between the experimental maximum power and the TM-195 maximum power. This considerable drop in 

power, as shown in Figure 9, indicates a significant decrease in power density as well. A nearly total decline 

in power suggests that exposure to electromagnetic radiation in the surrounding environment has been 

reduced due to power absorption by the rectenna to the load. Since power density is closely correlated with 

power output across a given region, this decrease indicates that the experimental setup measures noticeably 

lower power emissions compared to the TM-195. 

 

Table 5. Percentage Difference Between TM-195 Max Power (µW) and Experimental Max Power (µW) 

Location Percentage Difference (%) 

DICT Gate 99.83% 

DICT Director 93.10% 

Masts C. Mosq. 99.96% 

Eng’g Block B/C 98.73% 

KLST 97.63% 

NEED Hall 99.91% 

Eng’g Block D 96.78% 

NLT Hall 93.64% 

 

The difference between the power measured using the TM-195 instrument and the simulated power 

values for CDM, ODM, and OBE is displayed in Table 6. The simulated power exceeded the TM-195 

measurement, as indicated by negative values. Significant differences are highlighted by the power drop 

observed between the simulated values (CDM, ODM, and OBE) and the TM-195 Maximum Power. The 

highest simulation value (ODM) reaches only 306.38 µW at a distance of 16.48 m, whereas the TM-195 

records 5,810 µW. This suggests that real-world measurements are an order of magnitude higher than 

simulations. This difference indicates that environmental factors, such as interference and signal reflection, 

significantly affect the observed power. The reduction in power density implies lower exposure levels, 

potentially reducing health hazards for nearby residents and aligning with RF exposure safety standards. 
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Figure 9. Comparison of Maximum Power using TM-195 and Experimental Setup 

 

Table 6. Difference between the measured power using TM-195 and the simulated power values CDM, 

ODM, and OBE 

Location 

TM-195 

Max Power 

(µW) 

CDM 

Power 

(µW) 

Difference (TM-

195 - CDM) 

(µW) 

ODM 

Power 

(µW) 

Difference (TM-

195 - ODM) 

(µW) 

OBE 

Power 

(µW) 

Difference (TM-

195 - OBE) 

(µW) 

DICT 

Gate 
1264.98 53.19 1211.79 221.28 1043.70 139.69 1125.29 

DICT 

Director 
24 71.57 -47.57 234.04 -210.04 187.98 -163.98 

Masts C. 

Mosq. 
5810 172.34 5637.66 306.38 5503.62 257.45 5552.55 

Eng’g 

Block B/C 
51.91 64.36 -12.45 248.17 -196.26 176.14 -124.23 

KLST 18.54 74.04 -55.50 216.38 -197.84 129.36 -110.82 

NEED 

Hall 
390.27 41.28 348.99 208.94 181.33 64.36 325.91 

Eng’g 

Block D 
20.67 55.32 -34.65 212.77 -192.10 129.36 -108.69 

NLT Hall 12.21 59.79 -47.58 221.28 -209.07 129.36 -117.15 

 

 

  

Figure 10. Comparison of the Measure of Radiation Level for both GMS and WiFi in ATBU Yelwa Campus 
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The findings shown in Figure 10 show that WiFi levels were lowered from 6 to 8 µW/cm² to 3 to 4 

µW/cm², while GSM radiation was lowered from roughly 8 to 10 µW/cm² to 4 to 6 µW/cm². All readings 

remained below safety limits. For both technologies, a constant radiation reduction of about 50% was noted. 

About 32% of the daily capacity was contributed by harvested energy, which stayed between 10 and 18 mW. 

Overall, complete safety compliance was upheld at every location while efficient mitigation and consistent 

energy harvesting were accomplished. 

 

5. CONCLUSION 

The energy harvesting system exhibits significant performance improvements, achieving bandwidths 

of 80 MHz at 0.92 GHz, 790 MHz at 1.8 GHz, and 50 MHz at 2.45 GHz, 1.25% to 51% increases over 

classical designs. It successfully demonstrates the feasibility of scavenging low-density RF signals between 

0.5 and 3 GHz. However, the substantial power drop of 7,583.55 µW compared to TM-195's maximum 

power, indicating a 99.88% reduction, raises concerns about practical implementation. Enhancements in 

rectenna efficiency and power output at lower levels are essential for real-world applications. While the 

system significantly reduces electromagnetic radiation exposure 5810 µW at 16.48 m for TM-195 versus 

306.38 µW for simulations, ensuring its effectiveness in minimizing health risks remains crucial. Addressing 

these limitations and focusing on improvements will enhance the viability of this innovative energy 

harvesting solution. 
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