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A single-port dual-band antenna integrated with solar cells is reported for the 2.4/5-GHz
wireless local area network (WLAN) applications. Thirty solar cells are adopted and
integrated into the antenna structure for both energy harvesting and wireless
communication. The solar cells can act as a director for the lower band, and the main
radiation structure for the higher band. The slot and microstrip antennas are incorporated
into the compact structure and multiple resonant modes are utilized for dual-band
performance. The measurement results show that the lower band is from 2.27 to
2.5 GHz with an omnidirectional radiation pattern and the upper band is from 4.8 to
6.9 GHz with a directional radiation pattern. The proposed solar cell antenna can provide a
dual-band performance with the ability of DC power generation, which can be a potential
candidate for future green low-carbon communication.
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INTRODUCTION

The IEEE 802.11 wireless local area network (WLAN) standards have been used worldwide in these
bands of 2.4∼2.4835, 5.15∼5.35, and 5.725∼5.875 GHz. The higher band is also applied for 5GWiFi.
Many extensive explorations have been carried out including dipole, slot, and microstrip antennas
[1–4]. To cover these frequency bands, the dual-band andmultiband antennas are much desired with
favorable characteristics such as compact size, low cost, and easy integration with the RF circuit.
Many dual-band antennas have been investigated, such as monopole, dipole, slot, and PIFA antennas
with an omnidirectional radiation pattern [5–9].

To realize a resource-saving and environment-friendly society, it is preferable to combine solar
cells and antennas for green communication. Based on the published researches, the solar-cell
antenna can be categorized into at least three types. The first type is that the solar cells are treated as a
parasitic structure, which includes the slot antenna [10, 11], PIFA [12–14], substrate integrated
waveguide antenna [15], patch antenna [16, 17]. In the second type, the solar cells are treated as the
ground or reflector [18–21]. The disadvantage is that the radiator will cause certain optical blockages.
For the third type, the solar cells are adopted for the radiation structure directly [22–27]. It contains
the dipole [22], shorted patch [23, 24], microstrip [25, 26], slot [27, 28], and Vivaldi antennas [29].

Although there are many designs of antenna integrated with solar cells, few studies can cover the
2.4/5-GHzWLAN bands simultaneously. To realized a compact design, the solar cells are expected to
be both radiator/director and DC generator. However, the solar cells are with regular shapes of
squares and rectangles, which would impose certain difficulty on the dual-band and wideband
designs. For the dual-band design, the receiving band prefers an omnidirectional radiation pattern
that can receive signals from all directions while the transmitting band desires a directional radiation
pattern with a higher gain for long-distance transmission. So, some novel dual-band solar cell
antennas are expected for the WLAN.

Edited by:
Kai-Da Xu,

Xi’an Jiaotong University, China

Reviewed by:
Liuge Du,

Shandong University, China
Wang Kai Xu,

Harbin Institute of Technology,
Shenzhen, China

*Correspondence:
Yu Luo

yluo@tju.edu.cn

Specialty section:
This article was submitted to

Optics and Photonics,
a section of the journal

Frontiers in Physics

Received: 13 September 2021
Accepted: 23 September 2021

Published: 08 October 2021

Citation:
An W, Wang H and Luo Y (2021) Dual-
Band Antenna Integrated With Solar

Cells for WLAN Applications.
Front. Phys. 9:775214.

doi: 10.3389/fphy.2021.775214

Frontiers in Physics | www.frontiersin.org October 2021 | Volume 9 | Article 7752141

ORIGINAL RESEARCH
published: 08 October 2021

doi: 10.3389/fphy.2021.775214

http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2021.775214&domain=pdf&date_stamp=2021-10-08
https://www.frontiersin.org/articles/10.3389/fphy.2021.775214/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.775214/full
http://creativecommons.org/licenses/by/4.0/
mailto:yluo@tju.edu.cn
https://doi.org/10.3389/fphy.2021.775214
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2021.775214


A dual-band solar cell antenna is proposed for the WLAN
applications. Thirty solar cells are employed to form the radiation
structure for the upper band. The aperture coupling method is
adopted with a coupling slot on the ground, which works at
2.4 GHz for the lower band. Relative bandwidth of 9.6 and 35.9%
are obtained for the lower and higher bands, respectively. This
dual-band antenna can achieve a measured gain of 5.69 dBi at
2.4 GHz with an omnidirectional radiation pattern and an
average measured gain of 10.58 dBi for the upper band with a
directional radiation pattern. Its DC performance is also tested
through an optical experiment.

DUALBAND SOLAR CELL ANTENNA
STRUCTURE

The proposed dual-band antenna integrated with solar cells is
shown in Figure 1with a dimension of 83 × 68 × 3.4 mm3. Relong
and FR4 laminates are adopted for the top, bottom, and vertical
substrates. The Relong substrate has a thickness of 0.762 mmwith
a relative dielectric constant of 2.55, and a loss tangent of 0.0009
while the FR4 substrate has a thickness of 0.6 mm with a relative
dielectric constant of 4.4, and loss tangent of 0.02. An air gap of
2 mm separates the bottom and top substrates.

One type of solar cell with the size of 11.2 mm × 11.5 mm is
chosen for the dual-function design. Its multi-layer structure is
depicted in Figure 2, which is similar to that in [22]. As the size of
a single solar cell is relatively small compared with the wavelength
of its working frequency, six solar cells are in a serial connection
with every two adjacent solar cells overlapped along the long edge.

FIGURE 1 | The proposed dual-band solar cell antenna.

FIGURE 2 | The multi-layer structure and connection of the adopted
solar cell.

FIGURE 3 | The structure of the solar cell antenna: (A) Top view, (B)
Vertical structure, (C) Bottom view.

TABLE 1 | Antenna parameters (mm).

Para. W W1 W2 W3 W4 W5 W6

Value 68 54.8 6.2 1 6 11.5 4.5

Para. W7 W8 W9 W10 W11 L L1
Value 38.5 1 21 13.5 3.6 83 62.25

Para. L2 L3 L4 L5 L6 L7 L8
Value 3.7 2.2 36 1.95 19.6 1.5 4

Para F F1 F2 F3 F4 F5 C
Value 0.3 0.15 0.3 6.5 6.5 0.5 5.5

Para. C1 C2 C3 C4 H T —

Value 1 2 3 3.5 2.6 0.6 —
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The antenna structure is in Figure 3 with detailed parameters in
Table 1. It has the same polarization for two bands in the
X-direction.

In Figure 3A, five rectangular patches made of solar cells are
placed on the FR4 substrate. Each solar cell strip has a length of L1
and a width ofW5. The anode and cathode of five solar cell strips
are connected to the copper structures with the sizes of L2, L3,W1,
W2, andW4. In Figure 3C, the ground plane is printed on the top
of the Relong substrate while the feeding strip and the DC path
are printed on the bottom. The aperture coupling method is
adopted for the excitation with a coupling slot at the center of the
ground plane. Electromagnetic coupling is also an effective way to
prevent the DC energy from the RF port. To block the RF current
to the DC port, microstrip bandstop filters are added at the DC
path [30].

The DC transmission line includes the top copper
structures, DC path with filters on the bottom substrate,
and vertical strips printed on the vertical substrate to
connect the bottom DC path and top metallic structure, as
shown in Figures 1, 3B. The vertical substrate is also used to
support the top structure.

ANTENNA ANALYSIS

To clarify the working mechanism of the dual-band antenna,
Z-parameters are depicted in Figure 4 and its working modes are
investigated. It is observed from Figure 4 that there are one
resonant frequency point at the lower band and three resonant
frequency points at the higher band. The current and E-field
distributions are plotted for the lower and upper bands to analyze
these resonant modes.

For the lower band, to analyze the influence of the top
structure on the antenna performance, the S-parameter and
gain with and without top structure are plotted in Figure 5. It
is observed that the top structure has certain effects on the
antenna performance at the lower band. The -10-dB
bandwidth can be barely maintained at 2.4 GHz without top
structure. After loading top structure, the impedance matching
has been improved and the gain in the normal direction is 0.93 dB
higher than that without top structure. The radiation patterns
with and without top structure are plotted in Figure 6 at 2.4 GHz.
It is noticed that the front-to-back ratio is about 0.5 dB higher
after loading the top structure. So, it can be concluded that the
resonant mode at 2.4 GHz is independent of the top structure.
Furthermore, the effective current distribution of the ground
plane is also plotted in Figure 7 and the antenna is with the slot
mode at 2.4 GHz.

For the higher band, the instantaneous E-field distribution is
plotted in Figures 8A,B,C. Based on the E-field distribution, it is

FIGURE 4 | The Z-parameter of the dual-band solar cell antenna.

FIGURE 5 | The influence of top metal and solar cells on the antenna
performance of the lower band.

FIGURE 6 | The influence of top metal and solar cells on the radiation
patterns at 2.4 GHz: (A) E-plane, (B) H-plane.

FIGURE 7 | Effective current distribution at 2.4 GHz.

Frontiers in Physics | www.frontiersin.org October 2021 | Volume 9 | Article 7752143

An et al. Antenna Integrated With Solar Cells

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


clear that TM10 modes are excited at 5.2 and 5.7 GHz, and the
antiphase TM20 mode is stimulated at 6.5 GHz. The slot structure
on the ground acts as the excitation for the microstrip antenna at
the upper band. To sum up, the proposed antenna has different
resonant modes for dual-band performance. It is with the slot
mode at the lower band and the cavity mode (TM10 and antiphase
TM20) at the higher band.

EXPERIMENTAL VERIFICATION

To verify the proposed dual-band design integrated with solar
cells, a prototype is fabricated and thirty solar cells are assembled
on the top structure, as shown in Figure 9. The S-parameter is
measured by the Rohde and Schwarz ZVA24 network analyzer
and the radiation performance is tested in an anechoic chamber.
The software High-Frequency Structure Simulator (HFSS) is
adopted for the numerical simulation.

The simulation and measurement results of the S-parameter
and gain are plotted in Figure 9. The simulated −10-dB
bandwidth is from 2.37 to 2.51 GHz at the lower band and
from 5.1 to 6.7 GHz at the higher band. The measured −10-dB
bandwidth is from 2.27 to 2.5 GHz at the lower band and from 4.8
to 6.9 GHz at the higher band. The target bands of 2.4, 5.2, and
5.8 GHz have been entirely covered.

For the lower band, the measured gain is 5.25 dBi at 2.4 GHz,
while the simulated gain is 4.45 dBi. For the higher band, the
measured gains at 5.2 and 5.8 GHz are 12.2 and 12 dBi,
respectively. The simulated gains at 5.2 and 5.8 GHz are 11
and 12.67 dBi, respectively. An average measured gain of 10.58
dBi is realized at the higher band. The radiation patterns are
plotted in Figure 10. It is observed that an omnidirectional
radiation pattern is achieved at 2.4 GHz in Figure 10A with
the measured cross-polarization levels of less than −15 dB.
Unidirectional radiation patterns are obtained at 5.2 and
5.8 GHz, as shown in Figures 10B,C. The measured cross-
polarization levels are less than −21 dB with the measured
back-lobe level better than −10 dB.

It is observed that certain differences exist between the
simulation and measurement results, which is mainly due to
the assembly error. In the fabrication procedure, the solar cells are
overlapped and soldered together, the anode and cathode of each
solar strip are soldered to the metallic structure. All these
processes are conducted manually and the actual size is larger
than the design, so the measured performance is shifted to the
lower band slightly.

FIGURE 8 | Instantaneous E-field distribution at higher band: (A)
2.4 GHz, (B) 5.2 GHz, (C) 5.7 GHz, (D) 6.5 GHz.

FIGURE 9 | The measured and simulated S-parameters and gains of the
prototype.
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The proposed antenna integrated with solar cells is compared with
some published solar cell antennas in Table 2. The solar cells are
treated as a parasitic structure in [10, 12]. A slot antenna was reported
in [10] with a measured gain of 6.62 dBi at 5.8 GHz. A low-profile
multiband PIFA integrated with solar cells was presented in [12].
Measured gains of 4.7 and 5.5 dBi have been realized at 2.4 and
5.8 GHz, respectively. Using the solar cells as a radiation structure, a
single-band low-profile antenna was investigated at 2.4 GHz with

measured gain of 8.55 dBi at 2.4 GHz [26]. A slot antenna integrated
with solar cells was discussed in [27]. Dualband performance is
obtained at 2.4 and 5.2 GHz with the measured gains of 3.5 and
3.1 dBi. To enhance the bandwidth, a novel dual-band solar cell
antenna is designed in this work. The aforementioned frequency
bands of 2.4, 5.2 and 5.8 GHz have been fully covered with enhanced
gains at both bands.

OPTICAL EXPERIMENT

To test its ability of DC power generation, an optical experiment
is conducted and the experimental setup is depicted in Figure 11.
A light source with a light intensity of 1000W/m2 is adopted to
illuminate the solar cells, which can be treated as a voltage source
with certain inner resistance. A variable resistor acts as the load,
which is connected to the anode and cathode of the DC port of the
solar cell antenna. Voltmeter and ammeter are employed to
measure the voltage and current of the resistance load so that
the output power can be calculated.

The results of the optical experiment are also plotted in
Figure 11. The value of the variable resistor increases from
zero, it is observed that the load voltage starts to rise and the
current starts to decrease due to the increased resistance. The
output power also begins to increase, it reaches the maximum
point when the resistor is 299.5 Ω, then starts to decrease when
the resistor continues to increase. The output power can peak
when the load resistance is equal to the inner source resistance

FIGURE 10 | Measured and simulated radiation patterns: (A) 2.4 GHz,
(B) 5.2 GHz, (C) 5.8 GHz.

TABLE 2 | Comparison of the proposed antenna with existing designs.

Ref 2.4 GHz 5.2 GHz 5.8 GHz Solar cell
as radiator

Gain (dBi) Antenna type

[10] No N. A Yes No 6.62 Slot
[12] Yes No Yes No 4.7/5.5 PIFA
[26] Yes No No Yes 8.55 Microstrip
[27] Yes Yes No Yes 3.5/3.1 Slot
This work Yes Yes Yes Yes 5.69/11.5/12.6 Slot and Microstrip

FIGURE 11 | The setup and measured results of the optical experiment.
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based on the circuit theory. So, the resistance of the equivalent
source is obtained when the light intensity is 1000W/m2.

CONCLUSION

A dual-band antenna integrated with solar cells is designed for
the WLAN. The one-wavelength slot mode is excited for the
lower band while the cavity modes of TM10 and antiphase TM20

are stimulated for the higher band. Relative bandwidths of 9.6
and 35.9% have been achieved for the lower and higher bands,
respectively. The lower band has an omnidirectional radiation
pattern, which is proper for receiving while the higher band has
a unidirectional radiation pattern, which is suitable for
transmitting. Furthermore, this solar cell antenna with the
ability of DC power generation makes it preferable for the
outdoor anonymous platform and green communication.

With these favorable characteristics, this dual-band antenna
integrated with solar cells should find extensive applications in
the future.
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