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ABSTRACT  

Energy harvesting technology has emerged as a significant area of research in light of the increasing 

demand for wireless devices. This field has garnered substantial scholarly attention on a global scale, largely due 

to its crucial role in providing convenient and cost-effective energy solutions for applications that are otherwise 

difficult to access. The core principle of energy harvesting involves the capture of energy from a wide variety of 

sources, including solar radiation, ambient light, thermal gradients, wind currents, and kinetic movements. Such 

technology plays a vital role in supporting applications that require compliance with specific quality-of-service 

standards. This paper aims to outline a multi-source energy system that proficiently harnesses both radio frequency 

and solar energy for computational uses. The methodology for radio frequency capture relies on the implementation 

of a transparent antenna, which can be easily integrated atop solar cells; this arrangement allows light to pass 

through the antenna, thus reaching the photovoltaic cell located underneath. The proposed energy harvesting 

framework is positioned to provide a dependable and sustainable source of electrical power, which can be utilized 

across various applications, thereby improving the feasibility and efficiency of contemporary energy systems. 
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I. INTRODUCTION  

 

Energy harvesting is an emerging field that aims to harness and convert ambient energy sources 

into usable electrical power (Chen, 2018), This technology has gained significant attention in recent years 

due to the growing demand for sustainable and renewable energy solutions. One of the promising approaches 

in energy harvesting is the use of optical transparent antennas integrated with solar cells (Li, 2019). Solar 

cells have long been recognized as a reliable and efficient means of converting sunlight into electricity. 

However, their integration into various applications has often been limited by their bulky and opaque nature. 

This limitation has hindered their use in scenarios where transparency is required, such as windows, displays, 

and smart surfaces (Yang, 2020), To overcome this challenge, researchers have developed optical 

transparent antennas that can be seamlessly integrated with solar cells. These antennas are designed to 

transmit and receive electromagnetic waves in a specific frequency range while maintaining high 

transparency to visible light (Kim, 2017). By combining these antennas with solar cells, it becomes possible 

to harvest energy from sunlight without compromising transparency (Wu, 2019).The integration of optical 

transparent antennas with solar cells offers numerous advantages. Firstly, it allows for the creation of 

aesthetically pleasing and visually appealing energy (Zhang, 2020)harvesting systems that can be seamlessly 

incorporated into various surfaces without obstructing the view or compromising the overall design. 
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Secondly, these systems can potentially enable self-powered smart windows or displays that not only provide 

transparency but also generate electricity (Liu, 2018) Furthermore, the use of optical transparent antennas 

opens up new possibilities for energy harvesting beyond traditional solar panels (Wang J, 2019). These 

antennas can harvest energy from other ambient sources such as radio waves or Wi-Fi signals, thereby 

expanding the range of potential applications (Lin, 2017)In this paper, we will explore the concept of 

integrating optical transparent antennas with solar cells for energy harvesting purposes. We will discuss the 

design considerations, fabrication techniques, and performance evaluation of such systems. Additionally, 

we will highlight potential applications in areas such as architecture, automotive industry, wearable 

electronics, and Internet-of-Things (IoT) devices. Overall, this research aims to contribute to the 

advancement of energy harvesting technologies by exploring the potential of optical transparent antennas 

integrated with solar cells. By harnessing ambient energy sources in a transparent and efficient manner, these 

systems have the potential to revolutionize the way we generate and utilize electrical power in various 

everyday applications.  

 
II. RADIO FREQUENCY AND SOLAR- ENERGY HARVESTING  

 

RF energy harvesting is the conversion of RF signal energy into DC power. It is also known as power harvesting 

or energy scavenging for wireless devices. The ambient energy can come from various sources such as electronic 

devices, magnetic fields, radio waves from nearby electrical equipment, light, thermal energy, kinetic energy like 

vibration or motion (Khan, 2020). RF energy is widely available in everyday technologies like cell phones, radio 

towers, Wi-Fi routers, and laptops at different frequencies. Even a small amount of energy can be harvested through 

RF energy harvesting. This method is particularly useful for low-power applications like Wi-Fi routers that transmit 

50-100mw and can be harvested up to 1.5 miles (Ibrahim, 2022). On the other hand, solar energy harvesting 

involves capturing and utilizing the sun's energy to generate electricity or heat. This is done through the use of solar 

panels, which contain photovoltaic cells that convert sunlight into electrical energy Figure 1 shows a general 

architecture of proposed energy harvesting system (Benkalfate, 2022). 

 
Figure 1: general architecture of proposed energy harvesting system 

 

Recent developments in ultra-low power wireless communication and energy harvesting technologies have 

rendered the creation of self-sustaining devices a viable possibility (Assogba, 2020). The primary issue associated 

with these devices pertains to battery longevity and the necessity for replacement. The incorporation of energy 

harvesting techniques can substantially prolong battery life and, in certain circumstances, entirely eliminate the 

need for batteries. Ambient energy is accessible in various forms, such as minute vibrations, light, temperature 

gradients, and electromagnetic waves, among others. Figure 2 illustrates a solar panel integrated with a transparent 

antenna (M. J. Roo Ons, 2017).   
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Figure 2: Solar panel combined with Transparent Antenna  

 

The main part of energy harvesting is the antenna that is used to collect radio frequency, the next section is 

discussing overview about transparent antenna  

 

 

III. TRANSPARENT ANTENNA  
 

The optical transparent antenna for radio frequency energy harvesting is a remarkable technology that 

revolutionizes the way we harness and utilize radio frequency energy. This innovative device combines the benefits 

of optical transparency and efficient energy harvesting, making it a game-changer in various industries. One of the 

most notable features of this antenna is its optical transparency. Unlike traditional antennas, which are often bulky 

and obstructive, the optical transparent antenna seamlessly integrates into transparent surfaces such as windows or 

screens without compromising their visual aesthetics. This characteristic opens up endless possibilities for 

incorporating energy harvesting capabilities into everyday objects and infrastructure. The efficiency of radio 

frequency energy harvesting is another impressive aspect of this technology. The optical transparent antenna 

efficiently captures and converts radio frequency signals into usable electrical energy. Furthermore, the optical 

transparent antenna has a wide operating bandwidth, allowing it to capture signals across various frequencies, this 

antenna can adapt to different scenarios without compromising its performance. Additionally, the durability and 

longevity of the optical transparent antenna are worth mentioning. With further advancements and improvements, 

this technology has the potential to revolutionize our energy consumption and contribute to a more sustainable 

future. 

 

 

 

IV. ANTENNA GEOMETRY   
  

Usually, in order to maintain at least 80% optical transparency, the thickness of the sheet 𝑡 is kept within 30 nm. 

On the other hand, in order to have a resistivity no more than 30 times that of copper, the sheet resistance is 

maintained within 20 Ω.  This means the thickness of the conductive sheet is less than 1 microwave skin depth 

within microwave spectrum. Means, high loss, less efficient antenna. As given in next equation  

 

𝑇(𝑡) = 𝑒−𝑡/𝑚                         Eq (1) 

Where T(t): Optical transparency and m is related to the material properties such as electron density, plasma 

frequency. It is limited by the material development, for the Sheet resistance has the same unit as resistance, hence 

we use “square” to specify.   

𝑅 = 𝜌
𝑙

𝑊𝑡
(𝛺 )       Eq (2) 

𝑅 =
𝜌

𝑡

𝑙

𝑊
(𝛺 )       Eq (3) 

𝑅𝑠 =
𝜌

𝑡
 (𝛺 ◻  )           Eq (4) 
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For a fix sheet resistance, a narrow strip is highly resistive. Sheet resistance is determined by the material properties 

such as electron mobility that is governed by the state of material development.   

 
Figure 3: transparent antenna geometry 

 

Only when t is several times greater than δ, it is an effective conductor, i.e., reflector.  If t is smaller than δ, then it 

is a lossy layer. In another words, a not-effective conductor as shown in equation 2 

 

  δ =  √
𝑅𝑠𝑡

𝜋𝑓µ
               Eq (5) 

 

Transparency in the antenna depends on geometry as shown in figure 4, the transparent area is given by the equation 

number 6.  
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Figure 4: shape of transparent antenna array patched on solar cell 

 

𝑃𝑡𝑟𝑎𝑛 =
𝐴𝐴𝑛𝑡𝑒𝑛𝑛𝑎−𝐴𝑚𝑒𝑡𝑎𝑙

𝐴𝐴𝑛𝑡𝑒𝑛𝑛𝑎
=

𝐴𝑡𝑟𝑎𝑛𝑠

𝐴𝑎𝑛𝑡𝑒𝑛𝑛𝑎
      Eq (6) 

 

 

 

 
Figure 5: (a) Antenna Gain vs Transparency, (b) Probe Insert Diameter vs Transparency 

R= r
l

wt
(W), (1)

where r is the resistivity of theconductor. It can bewritten

as

R=
r

t
·
l

w
(W). (2)

Thesheet resistance is then defined as

Rs =
r

t
(W⇤). (3)

As seen, it has the same unit as resistance. Therefore, to

differentiate it, its unit is noted asWsquare. Oneshould be

careful not to mix thesheet resistance with resistivity.

l
w

t

Figure2. Thin Conductor Geometry

Since the thickness of the hybrid conductor is very thin in

order to maintain ahigh optical transparency, an important

measure is to compare theconductor thicknesswith themi-

crowaveskindepth d, which is computed from

d =
1

p
p fµs

, (4)

where f is the frequency and s is theconductivity (i.e.
1

r
).

Using thematerial information in Table 1 and (4), themi-

crowaveskindepth of thecoating iscalculated to be4.7 µm

at 2.9 GHz, which means the thickness of the conductive

coating is about 0.004 times as thin compared to the mi-

crowaveskindepth. This leads to ahigh losson theconduc-

tor and accordingly reduced antenna efficiency. From ge-

ometry andmaterial information inTable1and (1), (3), the

loss resistance of the monopole is calculated to be around

20W, which is significant because a perfect quarter wave-

length monopole antenna on an infinite ground hasa radia-

tion resistance of 37W.

The calculation of the loss resistance in 1 assumes a uni-

form distribution of current across the area wt. The ac-

tual current on the dipole concentrates on the edges of the

conductor, hence the loss resistance is higher than 20 W.

On the other hand, due to the reduced conductivity of the

silver-CNT hybrid, compared to a perfect electric conduc-

tor, the radiation resistance is going to smaller than 37W.

Through simulation study, theimpedanceof thesilver-CNT

monopole antenna is around 100 W, causing a low return

loss of 6 dB when excited with a 50Wcoax cable (Figure

1). Accordingly, the efficiency of the antenna is estimated

to be

e= (1− G2) ·
Rradiation

Rradiation+ RLoss
< 27%, (5)

where the radiation resistance is taken as37W(i.e. perfect

case). When the reduced radiation resistance isconsidered,

as well as loss factors such contact with the connector are

considered, theantennamay have less than 30% efficiency,

even if an impedance matching circuit is placed between

theantenna and the feed.

3 Simulation and Measured Results

The antenna in Figure 1 was simulated using HFSS. The

antenna operates at around 2.9 GHz. As the thickness of

the conductive coating is unrealistically thin for HFSS to

yield a reasonably fast and converging result, the conduc-

tivity of the coating is reduced while keeping the thickness

of the conductor as 1 microwave skindepth. This is evi-

dent from (1) that the resistance can bescaled using either

conductivity or the thickness. A monopole antenna made

of copper tape with the same dimension as the transparent

antenna understudy was simulated and fabricated as a ref-

erence. Thethickness of thecopper tape is0.11mm, which

is significantly thicker than themicrowave skindepth. The

simulated radiation pattern of the silver nanowire antenna

and the reference isplotted in Figure 3.

Three identical antennas with geometry shown in Figure

1 with dimensions listed in Table 1 were fabricated from

silver-CNT hybrid transparent conductor. The gain of the

transparent antenna wasmeasured to be about -6.5 dB less

than the copper reference antenna. The measurement was

carried out for three samples, and repetitive tests yielded

the same - 6.5 dB gain reduction, which is consistent with

thesimulation (Figure 3).

Figure 3. Radiation Patterns of the Transparent Antenna

and theReferenceCopper Antenna

It is intuitive to alter the antenna geometry in order to im-

prove the gain and efficiency. From (1), it is seen that

widening the antenna results in less loss resistance. While

it is known that widening a monopole antenna may affect

its other properties, it was found that doubling the width

while keeping therest of theparameter thesameresulted in

improved gain, asplotted in Figure 4.
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Figure 6: (a) Antenna Gain vs Mesh Line Width, (b) Probe Insert Diameter vs Line Width 

 

As shown in Figure 5.a, For a fixed line width, higher transparency results in lower gain and vice versa. On the 

other hand, for a fixed transparency and varying the line width, the thinner the line the higher the antenna gain will 

be. From the previous observations it is noticeable that the transparency is inversely proportional to antenna gain, 

while with fixed transparency in Figure 6.a, the thinner the line the higher the gain thus the relation between the 

antenna gain and line width is also inversely proportional. According to this, the antenna design can be customized 

to obtain a specific gain and specific transparency 

 

 

TABLE 1. Comparison of integrated solar antenna energy harvesting system designs 

 

Ref. No. 
Frequency 

band (GHz) 

Solar cell area 

(mm2) 

Antenna area 

(mm2) 

Type of 

antenna 

Harvested RF 

power 

Harvested 

solar power 

(S. Gnanamurugan, 2017) 2.38-2.5 150x150 150x150 Microstrip 
0.34mW 

@ 2.45GHz 

1.68mW  

@ 360 lux 

(Y. Ahmed, 2020) 2.3-2.45 N.A. N.A. Microstrip 
0.02mW  

@ 2.45GHz 

0.75mW  

@ 100 lux 

(S. Ahmed, 2018) 
1.8-2, 2.1-

2.4 
80x150 180x150 Microstrip 

0.08mW  

@ 2.29GHz 
N.A. 

(E. M. Ali, 2017) 0.95-2.45 98x144 19.6x28.8 Microstrip 
0.5µW 

@2.45GHz 

27.4mW  

@ 1450 lux 

(T. Sanislav, 2018) 2.2-12.1 17x33.5 38.86 Microstrip 
6µW  

@ 2.51GHz 
N.A. 

(F. Z. Khoutar, 2018) 2.28-2.55 22.8x24 45x45 Microstrip 
35µW  

@ 2.45GHz 

0.07mW  

@ 334 lux 

 

 

V. EFFECT OF SOLAR CELLS ON ANTENNA 

Solar cells have a significant effect on antennas due to their ability to convert sunlight into electricity. 

When solar cells are placed near an antenna, they can cause interference and affect the performance of the antenna. 

This interference can result in a decrease in signal strength, increased noise, and reduced overall efficiency of the 

antenna system. The presence of solar cells can also lead to changes in the radiation pattern and polarization of the 

antenna, affecting its ability to transmit and receive signals effectively. Therefore, careful consideration must be 

given to the placement and orientation of solar cells in relation to antennas to minimize any adverse effects on their 

performance.  
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Figure 7: structure of solar panel with optically transparent antenna  

 

  
Figure 8: Gain Reduction vs Conductivity of Solar Cell 

 

As shown in Figure 8, the nature of semiconductors in solar cells affects the antenna gain due to semiconductors 

does not behaving as dielectric due to their ability to conduct current in certain conditions thus being a lossy 

material, it shows the relation between conductivity and gain reduction in a bare solar cell without DC conductor 

lines, as it is noticeable from the figure, the maximum gain reduction occurs at 104 𝑆/𝑚 which is the conductivity 

of active solar cell. 

On the other hand, the solar cells with a DC conductor lines (Ag) adds a gap between the solar cell semiconductor 

material and the antenna patch which helps in reducing the gain loss introduced by the semiconductor material as 

shown in figure  

 

 

VI. EFFECT OF ANTENNA ON SOLAR CELL 

  Due to the antenna geometry being above the solar cells, and due to the nature of the conductor used to 

design the antenna geometry, the light reaching to the solar cell will be attenuated and/or blocked by the antenna 

geometry and the material protecting the solar cell itself such as the glass sheet above the solar cell. To study the 

effect of the antenna, the measurements of solar cell power using bare solar cells with bare cell and with glass 

protective cover as well as with glass cover with antenna geometry must be considered. Figure 9 shows that the 

solar cell output using bare cell outputs the most power and when adding the glass cover, the output power drops 

significantly. However, when comparing the output power of the cell with glass cover verses the glass cover with 

antenna geometry, it is noticeable that a small power loss compared to the loss between bare solar cell and solar 
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cell with glass cover, this leads to the conclusion that the most of power loss is due to the glass cover not the 

antenna geometry. 

 
Figure 9: (a)voltage vs current (b) voltage vs power   

 

 

Table 2. shows efficiency comparison between the bare, glass covered cell, glass with patch antenna (PA), and 

glass with meshed patch antenna (MPA). 

 

Name Bare Cell Bare Cell + Glass Cover 
Bare Cell + Glass Cover + 

Patch Antenna (5 GHz) 

Efficiency (%) 21 18 16 

Name 

Bare Cell + Glass Cover 

+ Meshed Patch 

Antenna (5 GHz) 

Bare Cell + Glass Cover + 

Patch Antenna (10 GHz) 

Bare Cell + Glass Cover + 

Meshed Patch Antenna 

(10 GHz) 

Efficiency (%) 17.4 17.4 17.55 

 

As shown in the table, efficiency of solar cells decreases by 3% compared to solar cell with glass cover, however, 

the decrease of solar cell with glass cover and the patch antenna is 2% more or less. Also, with the meshed patch 

antenna, the difference is around 0.6% which is a very small loss in efficiency considering the glass cover. 

 

 

 

VII. CONCLUSION  

 

In conclusion, the use of a transparent antenna with a solar panel for energy harvesting offers several advantages 

and opportunities. Firstly, the transparency of the antenna allows for efficient sunlight penetration to reach the solar 

panel, maximizing the energy conversion process. This ensures that a significant amount of solar energy is 

harvested, leading to higher energy production. Additionally, the integration of an antenna with a solar panel 

eliminates the need for separate structures or installations, reducing costs and simplifying the overall system design. 

This streamlined approach not only saves resources but also enhances aesthetics by maintaining transparency and 

`minimizing visual obstructions. Furthermore, the combination of an antenna and a solar panel enables dual 

functionality. While the solar panel harnesses sunlight for electricity generation, the antenna can simultaneously 

receive and transmit wireless signals. This versatility opens up possibilities for applications such as wireless 

communication systems or Internet of Things (IoT) devices that require both power supply and connectivity 
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