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I. INTRODUCTION 

Antennas play a fundamental role in wireless communication 

systems. In recent years, different types of antennas have been 

developed to enhance the overall performance of communica-

tion systems. Advancements in modern wireless communication 

systems and their increasing applications require compact, 

broadband, and high-efficiency antennas [1, 2]. Moreover, the 

demand for multifunctional antennas is increasing due to the 

impact of the Internet of Things (IoT) and wireless sensor net-

work (WSN) applications [3]. In addition, multifunctional de-

vices have become very popular for the miniaturization of com-

munication systems [4, 5]. In this context, a solar cell–integrated 

antenna is a good option for an autonomous communication 

system. The integration of solar cells with antennas results in a 

self-sustained communication system that does not require an 

additional power supply, and these communication devices can 

be used in remote locations. 

Various approaches and techniques have been used to inte-

grate antennas and solar cells into a single dual-function device 

[6–13]. When integrating solar cells with antennas, the two 

devices must be compatible, and they must not affect each other. 

Solar cells have been integrated with slit [14], patch [15], sub-

strate integrated waveguide [16], crossed-dipole [17], reflectar-

ray [18], and inverted-F [19] antennas. Using solar cells as ra-

diators has recently received much attention from several re-

search groups [20–22]. Some researchers have presented a solar 

cell–integrated antenna in which the solar cell is also used as a 

ground plane for the antenna [23, 24]. This design approach 

helps decrease the antenna’s overall size. Transparent materials 
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In this paper, a wideband ultra-low-profile solar cell–integrated antenna with a high form factor is presented. A copper indium gallium 
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are used in the antenna design to increase the optical transparency 

of the solar cells [25] and are placed at the top of the solar cell to 

design a solar cell–integrated antenna. However, an optically 

transparent antenna has limited use due to its complex manu-

facturing process and high cost. Mesh-type antennas are also 

good candidates for solar cell–integrated antennas because they 

can be directly designed by placing them at the top of the solar 

cell [26]; however, this placement reduces the optical transparency 

for the solar cell.  

Another method was proposed by Ali et al. [27], in which a 

slit is etched from the solar cell, resulting in a low-profile solar 

cell built-in antenna. The slit used for the design occupies ap-

proximately 10% of the total solar cell–integrated antenna area, 

which reduces the effective area of solar cells, thus decreasing 

the solar cell conversion efficiency. To solve this problem, the 

ground radiation antenna method, in which a small slit is etched 

from a solar cell, has also been used. Although using a small slit 

increases the solar cell’s effective area, the design has only a 5% 

impedance bandwidth [28]. Moreover, the design complexity 

level increases due to the use of lumped elements in ground ra-

diation antennas. It was noticed in previous solar cell–integrated 

antennas that either the solar cell characteristics or the antenna 

characteristics were compromised when integrating both devices. 

In addition, researchers have noted that when the ratio of the 

solar cell area to the total antenna area is very low, it eventually 

decreases the form factor in solar cell–integrated antennas. 

Therefore, it is necessary to design a solar cell–integrated antenna 

that possesses high optical transparency, a high form factor, a 

low-profile structure, a simple design with a wide impedance 

bandwidth, and good radiation characteristics. 

In this paper, we propose an ultra-low-profile solar cell–

integrated antenna with a wide impedance bandwidth and a 

high form factor. An ultra-low-profile copper indium gallium 

selenide (CIGS)-based solar cell is used in the design. A very 

thin slit is cut from the solar cell. The advantage of using a narrow 

slit is that only a very small area is used for the antenna opera-

tion, which maximizes the area of the solar cell that can be utilized 

for power generation. Thus, the proposed solar cell–integrated 

antenna has a high form factor, and the proposed design has a 

wide impedance bandwidth of 42.45%, with good radiation 

characteristics in terms of the antenna features. 

II. CONFIGURATION OF THE SOLAR CELL BUILT-IN  

ANTENNA 

The proposed antenna configuration is depicted in Fig. 1. A 

3D view of the solar cell–integrated antenna, top view of the 

solar cell–integrated antenna, top view of the bottom contact of 

the solar cell with the slit, bottom view of the solar cell–integrated 

antenna, and side view are shown in Fig. 1(a)–1(e), respectively. 

An ultra-low-profile CIGS-based solar cell is integrated with 

the antenna. The solar cell’s dimensions are W × L × h1, and 

the cell itself consists of three layers. The top layer is composed 

of metallic grids and busbars. The width of each grid is 0.001 

mm, and there is a distance of 1.5 mm between the grids. Bus-

bars were designed to collect power. Each busbar is 1.5 mm 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 1. Detailed geometry of the solar cell–integrated antenna: (a) 

3D view, (b) top view, (c) top view of the bottom contact of 

the solar cell with the slit, (d) top view of the bottom side, 

and (e) side view.
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wide, and they are 20 mm apart. Under the metallic grids and 

busbars is the second layer of the solar cell, which is made of 

copper, indium, gallium, and selenide. The total thickness of 

the second layer is only 0.004 mm. The third layer is the bottom 

metallic contact. Stainless steel is used, and it is 0.059 mm. The 

ANSYS High-Frequency Structure Simulator (HFSS), an elec-

tromagnetic wave simulator based on the finite element method, 

was used to conduct numerical simulations that analyzed the 

performance of the proposed solar cell with the built-in antenna 

design. A single layer of a 0.059 mm thick dielectric with a die-

lectric constant of 12.9 and a loss tangent of 0.0064 was used to 

model the CIGS solar cell in the EM simulator. 

An open-ended slit was cut from the solar cell to design an 

integrated balun structure. This slit was cut from all the layers of 

the solar cell because of the solar cell’s conductivity. It is well-

known that the conductivity of the solar cell is due to the p-n 

junction formed by doping, so that cutting all the layers results 

in a low-profile solar cell–integrated antenna. However, the 

existence of the slit also reduces the effective area of the solar 

cell because some of its parts cannot be used to generate power. 

Because of this limitation, a very narrow slit of only 0.5 mm × 

18 mm was used to achieve a high form factor. A coaxial-to-

microstrip-line transition type of feeding structure was used to 

excite the antenna through the slit. The solar cell’s bottom me-

tallic contact is also used as the ground plane for the antenna. A 

small metallic patch is used alongside the microstrip feedline, 

which is connected to the bottom metallic contact of the solar 

cell using via holes. Another substrate is used under the solar 

cell to design a microstrip feedline and a small metallic patch. 

The second substrate is 0.508 mm, while the dielectric constant 

and the loss tangent are 3.38 and 0.0027, respectively. 

An RF decoupler circuit was added to the proposed design so 

that the solar cells and the antenna function independently of 

each other. For the RF decoupler circuit, two metallic traces 

were designed under the second substrate. Two inductors were 

used as an RF choke, and they were inserted inside the metallic 

traces. The dimensions of each inductor are 1 mm × 1 mm, and 

both have an inductance of 56 nH. During the simulation, the 

inductors were modeled as lumped elements. The inductance 

value varied from 30 nH to 70 nH, and it was discovered that 

varying the inductance value had a negligible effect on the an-

tenna performance. Busbars were used to collect power from the 

solar cell. The busbar is connected with the metallic trace using 

a connecting wire, while the second patch is connected to the 

bottom contact of the solar cell using a via hole. The final design 

parameters of the solar cell–integrated antenna are W = 50 mm, 

L = 20 mm, h1 = 0.063 mm, h2 = 0.508 mm, l = 18 mm, w = 

0.5 mm, fw = 1.2 mm, fl = 33 mm, bw = 1.5 mm, gw = 0.1 mm, 

Lstub = 8 mm, and gs = 1.5 mm. 

III. OPERATIONAL MECHANISM 

Detailed studies have been conducted to analyze the operational 

mechanism of the proposed wideband solar cell–integrated an-

tenna. The two resonances are generated using an integrated 

balun structure, which consists of a narrow slit and a microstrip 

feedline. The input impedances in terms of the real and imagi-

nary parts are shown in Fig. 2. It can be seen from the figure 

that when the length of the slit increases, the input impedance 

decreases. Changing the slit length does not have an effect on 

the gain characteristics, as shown in Fig. 3. 

 
(a) 

 
(b) 

Fig. 2. Impedance of the proposed ground slit antenna with varying 

slit lengths: (a) the real part and (b) the imaginary part. 

 

 
Fig. 3. Gain of the proposed ground slit antenna with varying slit 

lengths.
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The radiation mechanism of the proposed structure is similar 

to that of a conventional loop antenna. A conventional loop 

antenna can be described as a two-element dipole array. The x-

axis arms work as a dipole element, while the y-axis arms work 

as a phase-delay line. To verify this, a conventional loop antenna 

was studied, and the radiation characteristics were compared 

with the proposed design. The structure of the conventional 

loop antenna and the proposed ground slit antenna is shown in 

Fig. 4. The radiation mechanism of the conventional loop an-

tenna and the proposed antenna is compared in Fig. 5. It is 

shown in the figure that the proposed design works as a two-

element dipole array. The radiation patterns of the conventional 

loop antenna and the proposed ground slit antenna are similar, 

as shown in Fig. 6. 
The surface current distribution of the proposed design was 

also examined to analyze the radiation mechanism. The surface 

current distribution at 1.98 GHz and 2.52 GHz is shown in Fig. 

7. The current intensity is visible at two dipole elements that 

result in radiation. 

 

 

(a) (b) 

Fig. 7. Surface current distribution of the proposed antenna: (a) 1.9 GHz, 

and (b) 2.5 GHz. 

IV. SIMULATION RESULTS AND DISCUSSION 

The HFSS was used for all simulations, as well as optimiza-

tion. The length and width of the slit were optimized so that the 

smallest possible area was used. The key parameters of the pro-

posed solar cell–integrated antenna were chosen according to 

parametric analysis and understanding of the operational mecha-

nism. During parametric analysis, one parameter was varied, 

while all other parameters were unchanged. In Fig. 8, the effect 

of varying the slit’s length is shown. The slit length is critical for 

controlling the resonance frequency, and the resonance frequency 

shifted toward the lower frequency band as the slit length in-

creased from 17 mm to 19 mm. The optimal value used for the 

slit length was 18 mm. The effect of varying the slit width on 

the reflection coefficient is presented in Fig. 9. As can be seen in 

this figure, the slit width varies from 0.1 mm to 0.5 mm. De-

creasing the slit width from 0.5 mm to 0.1 mm worsened the 

    
(a)                         (b) 

Fig. 4. Structure of (a) the conventional loop antenna and (b) the 

proposed ground slit antenna. 

 

 

Dipole1

Dipole 2

Phase delay line

y

xz  
(a)                        (b) 

Fig. 5. Radiation mechanism of (a) the conventional loop antenna 

and (b) the proposed ground slit antenna. 

 

  
(a)                        (b) 

Fig. 6. Radiation patterns of (a) the conventional loop antenna and 

(b) the proposed ground slit antenna. 

 
Fig. 8. Reflection coefficients with varying slit lengths. 

 

 
Fig. 9. Reflection coefficients with varying slit widths.
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impedance matching, and it was noted that the resonance fre-

quency remained unchanged when the slit width varied. Then, 

the effect of the microstrip feedline’s length and width was in-

vestigated. The effect of the length of the feedline fl on the re-

flection coefficient is shown in Fig. 10. For the analysis, the 

feedline’s length varied from 32 mm to 34 mm. It is apparent 

from the figure that increasing the value of fl improves the im-

pedance matching, but the impedance bandwidth decreases. The 

optimum value for fl is 33 mm, which achieves a broader band-

width with good impedance matching. When the effect of fl  

was examined, it was noticed that the feeding position Pfeed and 

the distance from the end of the feedline to the feeding position 

where the feedline sees the aperture Lstub are also very important. 

The feedline was moved across the slit to analyze the effect of 

Pfeed, as shown in Fig. 11. Increasing the Pfeed has a significant 

effect on the real and imaginary parts of the impedance, as 

shown in Fig. 12. When Pfeed is zero, the real and imaginary parts 

of the impedance are very high, but increasing the Pfeed  decreases 

the impedance. The optimum value chosen for Pfeed is 10 mm, 

where the real part of the impedance is close to 50 Ω. To exam-

ine the effect of Lstub, Lstub was changed from 4 mm to 12 mm. 

The optimum value chosen for Lstub was 8 mm. The real part of 

the impedance decreased significantly when Lstub was changed to 

4 mm and 12 mm, as shown in Fig. 13. However, the imaginary 

part of the impedance decreased when Lstub was increased, as 

shown in the figure. The effect of varying Lstub on the gain char-

acteristics is presented in Fig. 14. It is obvious from the figure 

that varying Lstub has almost no effect on the gain within the 

impedance bandwidth. 
The width of the feedline fw also has a significant effect on 

the reflection coefficient of the proposed solar cell–integrated 

antenna, as shown in Fig. 15. The effect of fw on the reflection 

coefficient was analyzed using 0.8 mm, 1.0 mm, and 1.2 mm. 

When fw decreases, the impedance bandwidth increases, but the 

impedance matching over the impedance bandwidth is degraded. 

 
Fig. 10. Reflection coefficients with varying feedline lengths. 

 

 
Fig. 11. Varying Pfeed across the slit. 

 

 
(a) (b) 

Fig. 12. Impedance of the proposed ground slit antenna with varying 

Pfeed: (a) the real part and (b) the imaginary part. 

 
(a) (b) 

Fig. 13. Impedance of the proposed ground slit antenna with vary-

ing Lstub: (a) the real part and (b) the imaginary part. 

 

 
Fig. 14. Gain characteristics when Lstub is changed. 

 

 
Fig. 15. Reflection coefficients with varying feedline widths.
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The optimum value selected for fw is 1.2 mm. 

Additionally, the number and width of the gridlines were varied 

to examine the effect of the solar cell on the antenna’s perfor-

mance. The number of gridlines on the solar cell and their width 

had a negligible effect on the antenna’s performance, as shown 

in Figs. 16 and 17. The performance of the solar cell in terms of 

the I–V and power curve characteristics was also analyzed with 

and without cutting a slit in the solar cell. It was noticed that 

cutting a slit in the solar cell had a negligible effect on the solar 

cell performance, as shown in Figs. 18 and 19. The proposed 

design shows a wide fractional impedance bandwidth of 42.45%, 

which ranges from 1.80 GHz to 2.77 GHz, while the gain varies 

from 2.38 dBi to 2.70 dBi in the impedance bandwidth range. 

A comparison of the proposed solar cell–integrated antenna 

with existing solar cell antennas is shown in Table 1. It is evident 

from the table that the proposed design has a broader imped-

ance bandwidth while maintaining a low-profile structure and 

achieving a high form factor. 

V. EXPERIMENTAL RESULTS 

A prototype was constructed to validate the results of the de-

signed wideband solar cell–integrated antenna, and it is depicted 

in Fig. 20. It can be seen in the figure that the inner conductor 

 
Fig. 16. Reflection coefficients with varying gridline widths. 

 

 
Fig. 17. Reflection coefficients with different gridline numbers.

 
Fig. 18. I-V curve characteristics of solar cell with and without slit. 

 

 
Fig. 19. Power curve characteristics of the solar cell with and without 

a slit. 

Table 1. Performance comparison of the proposed design with existing solar cell antennas

Study Size ( 3
oλ ) BW (%) Gain (dBi) OT (%) Rad. type FF (%)

Liu et al. [8] 1.10 × 1.10 × 0.076 4 4.1 100 O 25

Zhao et al. [12] 1.6 × 1.2 × 0.024 15.5 8.5 100 U 51

An et al. [13] 1.10 × 1.32 × 0.22 52.1 9.8 100 U 12.5

O'Conchubhair et al. [19] 1.27 × 1.27 × 0.056 3.35 3.5 94.7 U 97.3

Ali et al. [27] 0.26 × 0.27 × 0.0054 31.4 2.8 100 O 90

Ali et al. [28] 0.408 × 0.204 × 0.0046 5.7 2.7 100 O 99.1

Proposed 0.38 × 0.15 × 0.0043 42.4 2.8 100 O 99.1

BW = impedance bandwidth, OT = optical transparency, FF = form factor, O = omni-directional, U = unidirectional. 
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of SMA was connected to the microstrip feedline, while the 

outer conductor was connected to the small metallic patch to 

the ground plane using holes.  

The reflection coefficient was measured using a Rohde and 

Schwarz ZVA67 network analyzer, while the radiation charac-

teristics were measured using a full-wave anechoic chamber and 

an Agilent E8362B network analyzer. The full-wave anechoic 

chamber was 15.2 m (W) × 7.9 m (L) × 7.9 m (H). A stand-

ard wideband horn antenna was used for transmission, while the 

proposed solar cell–integrated antenna was used for reception. A 

comparison of the simulated and measured reflection coeffi-

cients of the proposed antenna is shown in Fig. 21. It can be 

seen from the figure that the measured reflection coefficient is 

in good agreement with the simulated results, and the imped-

ance bandwidth of the measured results is nearly the same as in 

the simulations. The maximum measured gain was 2.84 dBi in 

the band of operation, and it is compared with the simulated 

gain in Fig. 22. Minor discrepancies between the simulated and 

measured gains were caused by fabrication and measurement 

errors. The simulated and measured normalized radiation pat-

terns of the proposed solar cell–integrated antenna at 2.45 GHz 

are illustrated in Fig. 23. The proposed solar cell–integrated 

antenna has slightly directional radiation characteristics, as the 

current is stronger on the x-axis direction than on the y-axis. 

Therefore, the antenna radiates in the direction of the stronger 

field. The comparison of the simulated and measured radiation 

patterns in Fig. 11 shows the similarity between the results. In 

addition, the experimental setup used to measure the radiation 

patterns of the proposed design is shown in Fig. 24. 

 

 
(a) (b) 

Fig. 20. Fabricated prototype of the proposed antenna: (a) top view 

and (b) bottom view. 

 

 
Fig. 21. Comparison of the measured and simulated reflection co-

efficients. 

 

Fig. 22. Comparison of the measured and simulated gain. 

 

 
(a) 

 
(b) 

Fig. 23. Normalized radiation patterns of the proposed solar cell 

antenna at 2.45 GHz: (a) the H-plane and (b) the E-plane. 
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Fig. 24. Radiation pattern measurement setup. 

VI. CONCLUSION 

In this paper, we proposed a wideband ultra-low-profile solar 

cell–integrated antenna with a high form factor. A CIGS-based 

solar cell was also utilized as an antenna by cutting a slit into it. 

To increase the form factor, a very narrow slit of only 0.5 mm 

× 18 mm was used. The slit was fed by a coaxial-to-microstrip-

line transition that was printed under the second substrate. An 

RF decoupler was also designed for use under the second sub-

strate, so that the solar cells and the antenna work independently. 

The proposed solar cell–integrated antenna has a wide imped-

ance bandwidth of 42.45% with a very compact size of 50 mm 

× 20 mm × 0.571 mm (0.382λo × 0.152λo × 0.0043λo at 2.28 

GHz) and a high form factor of 99.1%. Furthermore, the gain 

varied from 1.79 dBi to 2.84 dBi in the impedance bandwidth 

range. To validate the concept, a prototype was fabricated and 

measured, and the results were in close agreement with the simu-

lated results. 
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