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ABSTRACT 
This study shows a novel and compact configuration produced by combining an organic solar cell (OSC) with a plus-shaped antenna 

designed for effective operation in the Ku band. This integrated structure offers an attractive solution for modern satellite communication 

systems, covering a broad frequency range of 10.6 to 13.7 GHz and providing an efficient 3.1 GHz bandwidth high realized gain of 8.6 

dBi with 100% insolation. Building on earlier work that focused on individual performance characteristics, this work highlights its total 

performance benefits by combining Ku-wide bandwidth, high gain, and full-insolation operating into a single design. The OSC is 

comprised of aluminum, PH3D, ITO, and Glass materials to ensure an environmentally friendly design. This integration technique offers 

full solar cell insolation for optimal energy conversion and clearly improves important antenna features, such as a noticeable increase 

in realized gain by about 2.5 dB and a refined radiation pattern directly attributable to the solar cell. The final design, which offers both 

performance improvements and environmental concerns, therefore appears as a very practical and environmentally friendly candidate 

for potential deployments in Ku band satellite technologies. 
Keywords: Microstrip Patch Antenna, P3HT: PCBM, Organic Solar Cell, Satellite Communication.

1 Introduction   

There has been significant interest in integrating antennas with 

solar cells over the past two decades. Many engineering 

applications, including small satellites [1], remote self-powered 

sensors [2], and wireless monitoring [3] call for sharing the surface 

area by integrating solar cells and antennas. In isolated regions 

were setting up a grid electricity transmission is challenging, 

operating independent communication services for long-term use 

has become more feasible with a reliable and uninterrupted power 

supply. Photovoltaic (PV) technology can effectively provide 

such continuous electricity. The generation of electricity from 

solar energy might be efficiently achieved in PV devices through 

the utilization of solar cells designed with different architectures 

and active materials [4,5]. In addition to minimizing design costs, 

the power-supply related issues of self-powered applications can 

be essentially solved by involving solar cells in antenna designs. 

The microstrip antenna plays a vital role in such systems, 

providing key advantages including low profile, large broadband 

gain, and lightweight [6,7]. The first proposal of solar cell-

equipped with 2.2 GHz microstrip patch antenna was introduced 

in 1995 [8] for microsatellite applications.  To ensure high 

performance of the designed antenna, there should be a sufficient 

distance between the radiating edges of the microstrip patch and 

the integrated solar cells.  Combining patch antennas with 

photovoltaic cells can help in both saving space and minimizing 

design costs. 

A literature review revealed that numerous studies have been 

conducted to equip antennas with solar panels for both satellite 

and terrestrial applications [9-12]. In this context, several designs 

and architectures have been suggested to maximize the solar cells' 

exposure to sunlight, including transparent antenna conductors 
[13-16] and mesh patch antennas [17-20]. However, it is well known 

that these designs do not always achieve complete 100% solar 

exposure, and the incorporation of PV cells is restricted to 

inorganic solar cells, which are costly and require a high amount 

of energy during production [21,22]. In recent years, OSCs have 

attracted considerable interest because of their cost affectedness, 

lightweight design, flexibility, environmental friendliness, and 

suitability for ambient solution processing [23,24]. Transparent 

patch antennas, which offer optical transparency, can be 

integrated with solar panels on small satellites, helping to tackle 

the issue of constrained surface area.  
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For such integration, the antenna must balance high optical 

transparency to allow solar cells to generate power while 

maintaining sufficient electrical properties for effective radiation 
[16].From that perspective, the authors in [15] examined an 

optimization approach to enhance the radiation efficiency and 

optical transparency of the antenna. The configuration of an 

active integrated antenna is applied to meshed patch antennas to 

boost the power efficiency of the front-end communication 

subsystem [25,26].  The study in [27] presents an antenna designed 

with transparent super-wideband coplanar waveguide (CPW) 

technology, integrated with solar panels for the system of 

wireless communication requiring mobile power. The achieved 

antenna's transparency is 63.3%, which is sufficient for effective 

sunlight utilization. 

One of the key problems in integrating solar cells with antennas 

is ensuring compatibility, preventing the antenna from 

obstructing the solar cell's functionality while also maintaining 

the performance of the antenna despite the presence of the solar 

cell. It is believed that using OSCs with CPW-fed monopole 

antennas will be particularly beneficial in preventing potential 

mismatches that could occur when integrating solar cells with 

antennas. Such a combination could help in maintaining the solar 

cell's efficiency and the antenna's performance. This results from 

the fact that organic materials are less prone to attenuation from 

EM radiation than inorganic materials, making them more 

resilient in this regard. Additionally, the thickness of the active 

layer in most OSCs is within the nanometer range [28,29], making 

it much thinner than the microscale thickness of OSCs [30]. The 

active layer of the commonly used OSC comprises a mixture of 

poly(3-hexylthiophene-2,5-diyl) (P3HT) and methanofullerene 

(PCBM) [31]. This is because these materials exhibit outstanding 

features, including high optical absorption, strong thermal and 

electrical characteristics, and chemical stability, positioning them 

as optimal choices for large-scale OSCs production [32-35].  

Besides, various studies [36-39] have integrated the metamaterial 

(MTM)-based antennas with solar panels to realize self-powered 

services. From that point of view, the study in [36] presented an 

MTM-based antenna structure that improves gain by using a solar 

panel as its substrate. Moreover, the study in [37] proposed an 

effective design using the solar panel as a reflector for a Vivaldi 

antenna with a corrugated grating patch based on MTM. In [38], a 

plasmonic MTM antenna array was printed on a flexible solar 

panel for modern applications. Lastly, the authors in [39] suggested 

a new MTM-based antenna design in which the ground plane of 

the antenna was connected to the designed solar panel.   

This work presents a new configuration of an integrated OSC. 

The antenna is composed of a coplanar waveguide (CPW) feed 

structure with a plus-shaped radiating patch. An OSC is designed 

and placed at the back of the antenna. The OSC consists of four 

materials: aluminum, PH3D, ITO, and Glass. The OSC has 100% 

insolation and is not only compatible with the designed antenna 

but also improves antenna performance, such as gain and 

radiation pattern. The proposed antenna solar cell integration 

operated at the KU band applications, especially the required 

range of satellite communications.  

The rest of the paper is organized as follows. In Section 2, the 

methodology of the designed antenna is revealed. Section 3 

presents and comprehensively discusses the achieved results. 

Section 4 concludes the primary results of the paper.  

2 Methodology 

2.1 Design structure  

The suggested antenna solar cell integration is presented in Figure 

1. The antenna compromises of a plus-shaped radiated patch at 

the top layer, Figure 1(a), with a CPW structure at the bottom 

side, Figure 1(b). The substrate material is RD druid 5880 with 

2.2 relative permittivity, which is sandwiched between the 

radiating patch and the feeding structure. A conducting layer at 

the antenna’s top and bottom sides is made of copper material 

with 0.035 mm thickness and conductivity of 5.96 ×107 S/m. The 

antenna is integrated with an OSC on the back side of the antenna 

with a 25 mm gap thickness. The existing gap provides multi-

mode operation besides the CPW feed and guarantees broadband 

operation of the antenna over the KU band frequency range. The 

proposed solution was specifically selected to enable 100% OSC 

insolation, enhancing the antenna's performance. A 3x4 array of 

solar cells connected in series and parallel produces an average 

open circuit voltage of approximately 1.2 V and a short-circuit 

current density of around Jsc = 20 mA/cm2. The CST studio suite 

is used as a numerical solution for the design and simulation of 

the structure, and a genetic algorithm is applied to optimize the 

proposed design. Table 1 presents the optimal dimension of the 

designed structure.  

Figure 1: The suggested antenna design, (a) front view, (b) back view, 

(c) antenna integrated solar cell. 

Table 1: The optimal design specifications of the proposed Broadband 

antenna. 

Parameters Value (mm) 

W 54 

L 54 

W1 2 

L1 36 

(a) 

(c) 

(b) 
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W2 20 

L2 10 

U 6.1 

V 0.8 

G 2.1 

P 0.3 

2.2 Structure of the OSC  

In this integrated design, the organic solar cell (OSC) is 

positioned atop a glass substrate, which was selected for its cost-

effectiveness, mechanical stability, and appropriate dielectric 

characteristics at the working frequency.  To guarantee strong 

adherence for ensuing layers, the glass substrate utilized in this 

investigation is 5 mm thick. 

A thin 20 nm-thick indium tin oxide (ITO) electrode is the first 

functional layer to be placed onto the glass. By acting as the front 

electrode in the OSC, ITO—a popular transparent conductive 

oxide—allows incident light to reach the active layer. As shown 

in Table 2, its high bulk conductivity of 10⁶ S/m is essential for 

effective lateral charge transport and collection. At the interface 

with the P3HT: PCBM layer, the ITO's work function makes 

charge injection and extraction easier. For the best solar cell 

performance, the 20 nm thickness strikes a balance between 

obtaining enough conductivity and preserving enough 

transparency. Sputtering is frequently used to deposit ITO layers 

because it provides accurate control over thickness. 

The 100 nm-thick P3HT: PCBM organic active layer forms the 

OSC's core. This combination of [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM) and Poly(3-hexylthiophene) (P3HT) is a 

well-known photoactive material system in OSCs because of its 

effective charge separation at the donor-acceptor heterojunction 

and wide spectrum absorption. [Excitons, or electron-hole pairs, 

are produced in the P3HT when photons are absorbed]. They then 

diffuse to the P3HT/PCBM interface, where their ionization 

potentials and electron affinities differ, effectively separating 

them. The electromagnetic interaction between this active layer 

and the antenna construction is greatly influenced by its electrical 

characteristics, which include a relative permittivity of 3.920 and 

a bulk conductivity of 0.300 S/m (Table 2). A trade-off between 

increasing light absorption in the active layer and guaranteeing 

effective exciton diffusion to the charge separation interface led 

to the selection of the 100 nm thickness. 

Lastly, the P3HT: PCBM layer is covered with an aluminum 

electrode that is 200 nm thick. Because of its high electrical 

conductivity (10⁶ S/m, Table 2), appropriate work function for 

effective electron collection from the P3HT: PCBM layer, good 

adhesion to the organic active layer that ensures effective charge 

transfer, and relative affordability and ease of deposition, 

aluminum was chosen as the back electrode. Electrons that have 

passed through the active layer can be collected more easily 

thanks to this layer. Good electrical contact throughout the active 

area and low series resistance are guaranteed by the 200 nm 

thickness. Usually, heat evaporation is used to deposit aluminum 

electrodes. 

This multilayer OSC structure is placed into the backside of the 

plus-shaped antenna design, as shown in Figure 2. In addition to 

harvesting solar energy, this integration has a major impact on the 

antenna's electromagnetic performance, as will be covered in 

Section 3. 

Table 2: The OSC electrical and magnetic parameters that are used in 

the recommended antenna design. 

Parameters P3HT: PCBM ITO 

Relative permittivity 3.920 3.6150 

Relative permeability 1.010 1.0001 

Bulk conductivity (S/m) 0.300 106 

Figure 2: Illustration of the proposed OSC layers. 

Using solution-based methods like spin-coating or roll-to-roll 

printing, organic solar cells (OSCs) can be produced at 

temperatures below 150 °C. This significantly decreases energy 

consumption compared to crystalline silicon or CIGS/III–V 

technologies, which require processing temperatures exceeding 

500 °C [40,41] In addition to reducing production costs and carbon 

emissions, this low-temperature fabrication enables the 

deposition of OSCs on flexible substrates, such as PET or PEN, 

for applications that require flexibility and lightweight properties 
[42]. OSCs are quit environmentally friendly as they don't contain 

harmful heavy metals like Cd or Pb and process solutions under 

ambient conditions, which lowers environmental and 

occupational risks [43]. Additionally, life-cycle analyses show that 

OSCs have a significantly shorter energy payback time (EPBT)—

between roughly 0.14 and 1.1 years—and a lower cumulative 

energy demand (CED) than crystalline silicon modules, which 

have an EPBT of 1.5 to 2.5 years [44]. Furthermore, their 

materials—which include organic semiconductors, glass, and 

aluminum—offer great recyclability, reducing waste and 

promoting circular sustainability [44]. All things considered, OSCs 

offer a versatile, low-energy, and environmentally friendly 
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photovoltaic platform that supports international initiatives for 

sustainable solar energy solutions [40,44]. 

3 Results and Discussions 

3.1 The impact of the OSC on the performance of the designed 

antenna 

At the first stage, the advised antenna was designed, simulated, 

and optimized separately. In the second stage, the influence of the 

OSC on the designed antenna performance was investigated. For 

this purpose, the reflection coefficient and realized gain of the 

antenna with and without a solar cell are presented in Figures 3 

and 4, respectively. It can be seen that the proposed antenna 

operated over the frequency range of (10.6- 13.7) GHz, with 3.1 

GHz over the KU band and three resonance frequencies of 11.2 

GHz, 12.2 GHz, and 13.82 GHz. The incorporation of the solar 

cell leads to a minor decrease in return loss magnitude and a slight 

frequency shift; nevertheless, the suggested system continues to 

operate within the same frequency band and remains entirely 

appropriate for its intended purpose. Following the frequency 

designated by the International Telecommunication Union (ITU), 

this is regarded as an interesting frequency for satellite 

applications. 

Figure 3: Simulated S11 results of the microstrip antenna with and 

without the integrated OSC. 

Figure 4: Realized gain of the designed microstrip antenna in the 

presence and absence of the OSC. 

The integration of the solar cell with the designed antenna 

provides the advantage of a gain increment of about 2.5 dB center 

frequency of 12 GHz, which is very important for the satellite 

application at the range of 11.7 -12.33 GHz. The obtained 

realized gain of the integrated antenna solar cell fluctuates with a 

maximum gain of 8.6 dB at 12.1 GHz. The enhancement in 

antenna gain with solar-cell integration mostly results from 

increased impedance matching, constructive field coupling, and 

improved directivity attributable to the electromagnetic and 

dielectric characteristics of the solar cell. 

3.2 Effect of the Gap thickness between antenna and solar cell 

thickness on S-parameters and realized gain  

Here, the influence of the gap thickness between the proposed 

antenna and the OSC on the reflection coefficient and realized 

gain was investigated. For this purpose, the gap thickness was 

changed from 5 mm to 30 mm, and the obtained results are 

presented in Figures 5 and 6. It can be noted that the gap variation 

does not have much impact on the operating frequency range, as 

the antenna relatively works at the same frequency range as the 

internet. However, when the gap is not enough, increased reactive 

coupling occurs, resulting in impedance mismatching and 

increasing reflection losses. Conversely, when the gap is very 

wide, the advantageous electromagnetic contact between the 

antenna and the solar cell diminishes, hence impairing overall 

performance. A separation of 25 mm achieves the greatest 

equilibrium between coupling and field interaction, yielding the 

most profound return loss, enhanced impedance matching, and 

maximum radiation efficiency. 

Figure 5: The impact of gap thickness on the reflection coefficient of 

the designed antenna solar cell structure. 

As illustrated in Figure 6, the thickness of the gap between the 

solar cell and the antenna significantly influences the antenna's 

gain performance. The realized gain of the antenna increased with 

the gap increment and gap thickness increment, except for the 30 

mm value. Therefore, the gap thickness of the proposed design 

was kept at 25 mm for the best gain increment of the structure, 

which roughly aligns with a quarter-wavelength separation at the 

operational frequency, resulting in constructive interference, less 

loss, and improved realized gain.  

Figure 6: The influence of gap thickness on the realized gain of the 

designed antenna solar cell structure.  
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3.3. The impact of patch size variation on S-Parameters and 

gain 

As presented in Figure 1 (a), the radiating patch of the proposed 

antenna consists of vertical and horizontal conducting strip lines 

making a plus shape. The size of these conducting strips 

influences the performance of the antenna significantly. For this 

purpose, the width of the vertical strip (W1) and length of the 

horizontal strip (L2) have been changing; the corresponding 

reflection coefficient and realized gain results are shown in 

Figures 7-10. It can be seen from Figure 7 that the realized gain 

increases with vertical strip width increment. However, the 

skinny and thick vertical strip width increases the mismatch of 

the antenna. Changing the length of the radiating strip in the plus-

shaped patch antenna significantly affects both the resonance 

frequency and the radiation gain. Extending the strip length 

reduces the resonance frequency and initially enhances radiation 

owing to a wider effective aperture. Nevertheless, beyond an 

ideal threshold (about L2 = 14 mm), the antenna encounters a 

mismatch and diminished efficiency. Therefore, meticulous 

adjustment of the strip length is crucial to attain the optimal 

equilibrium among bandwidth, impedance matching, and gain 

performance. 

Figure 7: The impact of horizontal strip length (L2) variation on the 

simulated reflection coefficient response. 

Figure 8: The illustration of how the variation of horizontal strip length 

(L2) influences the realized gain. 

Figures 9 and 10 show that changing the vertical strip width (W1) 

greatly affects the S11 and realized gain response. Altering the 

vertical strip width (W1) significantly impacts the impedance 

matching and radiation gain of the plus-shaped antenna. Initially, 

increasing the width enhances matching and gain due to an 

expanded radiating area and improved current flow. However, 

beyond an ideal threshold (W1 = 6 mm), excessive capacitive 

coupling and current distortion impair performance. Therefore, a 

moderate width of approximately 6 mm provides the optimal 

balance of bandwidth, impedance matching, and gain efficiency, 

guaranteeing stable performance across the Ku-band. 

Figure 9: The illustration of how the variation of vertical strip width 

(W1) influences the reflection coefficient response. 

 

Figure 10: The illustration of how the variation of vertical strip width 

(W1) influences the realized gain. 

3.4 Radiation pattern  

Figure 11 illustrates the directional radiation pattern of the 

proposed antenna integrated with the solar cell. At 12 GHz center 

frequency, a highly directional radiation pattern with a narrow 

half-power beamwidth is obtained at the E-plane. It is worth 

mentioning that the existence of the solar cell and gap thickness 

variation has a great impact on improving the radiation pattern. 

The higher thickness improves the radiation shape and, on the 

other hand, reduces realized gain. Therefore, the distance can be 

modified according to the requirement.  

Figure 11: Simulation results of the radiation patterns for the antenna–

solar cell configuration at 12 GHz. 

According to the comparison presented in Table 3, the suggested 

antenna design exhibits a notable bandwidth advantage, reaching 

E-

plane  

H-

plane  
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3.1 GHz throughout the Ku band (10.6 - 13.7 GHz). This 

increased bandwidth provides more flexibility than many of the 

referenced designs, which have smaller operational ranges, and is 

essential for addressing the rising data transmission rates and 

channel allocations required by modern satellite communication 

systems. The real innovation is in the synergistic integration of 

the organic solar cell (OSC), even though the competitive gain of 

8.6 dB satisfies the gain numbers of references. 

The OSC's strategic positioning and design allow for 100% solar 

cell insolation, which distinguishes this work from most of the 

antennas under comparison. As demonstrated by the previously 

discussed improved gain and radiation characteristics, this full 

insolation not only suggests significant energy harvesting 

potential, enabling self-powered operation or additional power 

for related electronics, but it also enhances the antenna's 

electromagnetic performance. In contrast to traditional antenna 

designs, which frequently overlook energy harvesting or use 

distinct, possibly less effective solar cell configurations, our 

integrated approach provides a small and multipurpose solution. 

This significant and competitive bandwidth, along with the 

unique benefit of integrated energy harvesting via a fully 

insolated organic solar cell, makes the suggested antenna-solar 

cell integration an exceptionally desirable and innovative choice 

for future Ku band satellite applications that deal with 

communication efficiency and power autonomy. 

Table 3: Evaluation of the proposed antenna in relation to the previously 

published studies. 

Ref. 
Bandwidt

h (GHz) 

Gian 

(dB) 
Application 

Insolation

% 

[45] 0.33 
10.8

5 

5G 

communicatio

n 

28.07 

[46] 0.1 2.79 Wi-Fi 99 

[11] 1.16 8.8 CubeSat 79 

[47] 
0.175 

0.4 

5.7 

6.93 

IoT over 

Satellite 
Not 100 

[48] 10 5.9 Satellite 100 

[49] 4.1 6.05 Satellite 87 

[50] 5.07 4.5 
Energy 

Harvesting 
100 

Curren

t work 
3.1 8.6 Satellite 100 

4 Conclusions 

This study presents the design and optimization of an integrated 

organic solar cell (OSC) antenna system for Ku-band satellite 

communication applications under conditions of complete 

insolation. The proposed configuration integrates a plus-shaped 

radiating patch antenna with a multilayer organic solar cell, 

facilitating concurrent energy harvesting and high-performance 

wireless functionality without mutual degradation. Thorough 

parametric analyses were performed to examine the influence of 

critical design variables—such as the solar cell integration gap, 

patch dimensions, and strip geometry—on the antenna's 

impedance and radiation properties. The proposed antenna solar 

cell integration operated over a frequency range of 10.6–13.7 

GHz to be used for satellite Ku band applications. The OSC is 

comprised of four materials, including aluminum, PH3D, ITO, 

and Glass materials to guarantee an environmentally sustainable 

design. Full OSC insolation is attained, improving antenna 

performance through this integration. The design specifically 

demonstrates 3.1 GHz, which is within an ITU downlink, the 

substantially improved gain of 8.1dB, and a significantly 

enhanced radiation pattern with the existence of the OSC. 

Directional radiation properties characterize the antenna, 

confirming its capability for directional telecommunication 

applications, such as satellite. 

Table of Symbols  

Symbol  Definition 

Jsc  Short-current density mA/cm2 

S11 reflection coefficient (dB) 

W, L, W1, L1, W2, L2, U, V, 

G, P 

Parameters of Broadband 

antenna (mm) 
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