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1. Introduction

The world right now is in a twin problem
dilemma. Numerous countries are Energy Poor,
with millions without electricity or a primary
energy fuel. On the other hand, high-GDP
nations are over-exploiting global fossil fuel
reservoirs. This over-utilization leads to alarm-
ing COo emissions. Figure 1 appropriately
illustrates the division of the world between
energy-hungry and intense COs emitters.

The eminent global warming effect of rising
CO9 in the environment is well known. The
world has witnessed a rise in global surface
temperature to 1.17° C or 2.11° F as of 2023
compared to the long-term average from 1951
to 1980 [2]. There is an immediate need to
pivot the energy dependency over cleaner
renewable sources such as Solar, Wind, Hydro,
and Nuclear.

According to [3], Hydroelectricity was the pri-
mary renewable source with a 44% contribution
to the total renewable energy consumption
and 14.2% to the global electricity generation
in 2023. However, Solar Energy has shown
the highest growth rate of 32.2% in 2023, a
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Figure 1: A correlation between per capita COq
emissions and GDP per capita for different coun-
tries. Based on the World Bank data of 2017.
Reproduced with permission from [1].

consistent growth with 24.9% in 2022 and
22.3% in 2021. Several developed nations
are targetting the Net-Zero scenario by 2050
with Terrestrial Solar energy as the torch-bearer.

However, harvesting Terrestrial Solar energy
poses numerous issues technologically and geo-
graphically. A report by [4] discusses a few real-
life constraints regarding dependency on Terres-
trial Solar energy for the world’s energy demand.



It accounts for the constraints to energy extrac-
tion, including technological constraints, land
use constraints, physical availability constraints,
socio-economic scaling constraints, and efficacy
of generating systems to deliver energy to soci-
ety. The reported Energy Return on Investment
(EROI) suggests that Terrestrial Solar can yield
a maximum of 1099 ExaJoule or 305277.8 TWh
per year. This value is 1.77 times the global en-
ergy demand as of 2023 [3]. However, with a
growing population and technological advance-
ment, the energy demand is increasing at an av-
erage rate of 1.4% over the last decade. Consid-
ering a 2% annual growth observed in 2023, the
world’s energy demand tentatively will surpass
the Terrestrial Solar energy capacity by 2053.
Therefore, it becomes necessary to innovate and
integrate new methods of Solar harvesting with
the existing ones. Space-based Solar Power is
the solution to all these challenges.

2. Space-based Solar Power

Space-based Solar Power (SBSP), a concept
straight out of fiction, is a method of harvesting
Solar energy from space and transmitting it
to Earth via a microwave beam. Figure 2
bewitchingly illustrates the complete outline of
the SBSP project.

SBSP was first envisioned as a possible energy-
harvesting method between the 1970s and
1980s, with NASA conducting several feasibility
tests. The concept was technologically viable
but deemed costly. High launch costs of that
era resulted in an LCOE of $226.02/MWh
after adjusting the current inflation rate for a
2.5GW system. Since then, placing payloads
into orbit has gotten cheaper by a factor of at
least one hundred. As of 2024, with Virtus Solis
SBSP architecture, the LCOE can be less than
$25/MWh, comparable to well-established fossil
fuels.

SBSP requires two main components for its
realization: a Solar Power Satellite (SPS) to
collect Solar power and transmit the trans-
formed microwave power to Earth and a Ground
Receiving Station (GRS) to collect and convert
the incoming microwave beam into usable
electricity. GRS, as shown in point 4 of fig 2,
is an assembly of rectenna units spanned over
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Figure 2: Space-based Solar Power (SBSP).

©FESA.

several km? areas. The total area of rectenna
arrays will depend on the incoming microwave
power density to meet the required capacity. A
rectenna is the culmination of an antenna (to
convert RF to AC) and a rectifying circuit (to
convert AC to DC).

The current work focuses on developing a novel
transparent antenna design for the rectenna unit
that is both environmentally robust and compat-
ible with photovoltaic (PV) cell integration. The
environmental robustness establishes the superi-
ority of rectenna cells over conventional PV cells.
Moreover, this integration will tentatively lower
the Levelized Cost of Energy (LCOE) of SBSP.

3. Transparent Antenna

The net capital and operation costs of large-scale
solar farms are heavily driven by their footprints.
For example, the largest solar farm in existence
- Bhadla Solar Park, located in Rajasthan India,
with a capacity of 2.245 GW, spanned over 56
km? area. Therefore, it is necessary to optimize
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the power per square meter generated to reduce
the final Levalized Cost of Energy (LCOE). On a
contrary, an advanced Space-based Solar Power
(SBSP) architecture (sans integration), can de-
liver a 8 GW power to the grid with only a re-
quirement of 14.9 km? area. Integration between
the rectenna farm, constituting one-half of the
SBSP project, to the existing solar farms at a
much lower cost without expanding the already
occupied land will substantially elevate the gen-
erated power per square meter. Such integra-
tion will undoubtedly reduce the final Levalized
Cost of Energy (LCOE). However, successful in-
tegration hinges on developing an efficient trans-
parent antenna compatible with the Vitus Solis
rectenna circuit units.

3.1. Methodology

The current work consists of numerical mod-
elling performed in Ansys HFSS to analyze
patch antennae for single-element and large
periodic array (infinite array) configurations.

The proposed antenna design features two
enclosed hollow glass boxes merged into a single
structure with graphene antenna elements
(antenna and ground plane) fabricated onto
the inner surfaces of the bottom glass box.
The bottom glass box has a gap of thickness
0.1575 cm filled with air/vacuum that serves
as the antenna substrate. Similarly, the top
glass box has an air/vacuum gap of thickness
of 1.04 cm. The glass thickness is kept at
0.05 cm to minimize dielectric power losses
in the glass material. These thin glasses are
commercially available and commonly used in
everyday applications such as, but not limited
to, tempered glass for smartphones. For the
current discussion, a predefined glags material
with a relative permittivity of 5.5 is chosen
from the HFSS library. The antenna structure
is shown in fig 3.

Due to the finite width, a microstrip experiences
a fringing effect from its edges. Fringing makes
the microstrip line look wider electrically com-
pared to its physical dimensions. Since some
of the waves travel in the substrate and some
in the air, an effective dielectric constant €.y
is introduced to account for fringing and wave
propagation in the line. This e.fy for a system
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of a dielectric substrate and radiating medium
air can be calculated by [5]:
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where €, is the relative permittivity of the
substrate, h is the substrate thickness, and W
is the width of the radiating patch.

(a) Dimetric View.

(b) Top View.

(c) Side View (partial).

Figure 3: Ansys HFSS model of graphene an-
tenna with air substrate enclosed within grass
box.

However, the proposed design involves glass
sheets above and below the antenna, creating



a multi-level superstrate structure. This ne-
cessitates calculating the effective permittivity
differently (referred to [6, 7] for direction)
during antenna parameters estimation, later
fine-tuned, to achieve optimal performance
at 10 GHz, as shown in fig 3b. This concept
aligns with the findings in [7] that proposed the
enhanced performance by incorporating single
and multiple superstrates with high dielectric,
which is observed in the currently proposed
design and further discussions.

For the infinite array configuration, the system
parameters are set in a following way including
certain approximation for an optimum trade-off
between the performance and computational ex-
pense.

e The topmost face of the air box is kept more
than 1.5 cm (half a wavelength) away from
the radiating patch, and the bottom-most
one is 0.75 cm (quarter of a wavelength)
away from the ground element. However,
there is no gap between the air box surfaces
and the antenna laterally to create a peri-
odic lattice structure.

e The periodicity is introduced using
Primary-Secondary boundary conditions
on the opposite surfaces combined with a
Floquet port on the topmost surface of the
air box. The airbox takes the dimensions
of 3.3 cm x 4.1 cm x 2.5075 cm, with
radiating boundary conditions applied to
the remaining sides.

e A fine mesh with a maximum element size
of 0.5 cm is used for accurate results.

e The antenna is subjected to a 50 2 port
with a model solution type, which is re-
quired to utilize the Floquet port.

3.2. Environmental Testing

Large solar farms experience power loss of more
than 50% within four months of operation
(without any rainy days) if kept uncleaned.
Therefore, they require a large amount of water
for cleaning, around 20 gal/MWh. On the
contrary, microwave rectenna poses a significant
advantage over photovoltaics (PVs) in terms
of environmental robustness since the dust
and debris do not strongly interact with the
microwave frequencies at which SBSP operates.
However, water is one of the greater nemesis of

microwave frequencies. Water behaves aggres-
sively within this frequency range, which is how
the microwave oven works. Water has a high
dielectric constant, real and imaginary, at 10
GHz, which suggests a significant perturbation
in the effective dielectric of the antenna and
power losses. Therefore, it is essential to test the
antenna performance against these phenomena.
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(a) Sand layer of thickness (b) 20 water droplets of
1 mm. diameter 6 mm and wet-

ting angle 90°.

Figure 4: Numerical model of sand layer and wa-
ter droplets on top of newly proposed Graphene
antenna with air gap.

To simulate dust buildup, the sand layer is virtu-
ally stacked on the proposed antenna structure
with increasing thickness from 0.1 mm to 1 mm.
Similarly, for rain, twenty water spheres with
different radii and segments are stochastically
placed over the top glass surface. This proposed
setup will closely mimic different droplet sizes
and wetting angles for a thorough analysis. For
the current study, the droplet sizes (diameters)
are varied from 1 mm to 6 mm, with wetting
angles swept from 30 to 120 degrees.

3.3. Results

The proposed antenna was simulated for both
unit cell and infinite array configuration. How-
ever, since the antenna needs to be constructed
into large arrays, it is essential to focus more
on the results obtained from infinite array
configuration.

The proposed antenna works at a 96.457% effi-
ciency with a peak gain of 10.16 dB at 10 GHz
in the direction normal to the antenna plane.
Referring to the gain pattern as shown in fig 6,
it is evident that the occurrence of an additional
side lobe is due to a mutual coupling between
the elements. The large array configuration
also displays an efficient impedance matching of
the antenna with the 50 €2 port. The resultant



return loss and VSWR values at 10 GHz are
-20.41 dB and 1.21, respectively (refer to fig 5).

Return Loss vs Frequency for 10 GHz
Graphene antenna with air gap
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Figure 5: Return loss and VSWR of Graphene-
based transparent infinite array with air gap.

After analysing the sand deposition, it was
observed that the maximum power loss incurred
is 6.23% at 1 mm of thickness, equivalent to
over 100 years of uninterrupted sand and debris
deposition. This lack of need for cleaning the
rectenna farms makes it superior to conven-
tional Solar farms.

Water causes tremendous issues in microwave
devices, especially at our current frequency of
interest, 10 GHz. However, the new proposed
design showcases a maximum power loss of a
mere 4.94 % with the 20 droplets of 6 mm and
90° wetting angle. The remarkable robustness
(as shown in fig 7) of the antenna performance
against the sand and rain is because of the air
gap on top of the radiating Graphene patch. The

3D gain for 10 GHz Graphene
antenna array with air gap
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Figure 6: 3D gain and 2D gain of Graphene-
based transparent infinite array with air gap.

gap of 1.04 cm allowed undesired depositions to
steer out of the Near-field of the antenna and,
therefore, not perturb its performance.

4. Conclusions

The current work proposed a transparent
Graphene-based antenna compatible with Vir-
tus Solis’ proprietary rectifying circuit. The an-
tenna operates at the 10 GHz frequency. The
transparency of the antenna unit allows for in-
tegration with the PV cell without deteriorating
either of the devices’ performances. The final de-
sign of the proposed antenna includes graphene-
based radiating patches enclosed within a glass
box. The assembly of 0.5 mm thick glass sheets
as a box allows for an air substrate of a height
of 0.1575 cm. The design also includes an air
gap of 1.04 ¢m on top of the antenna to prevent
contaminations from perturbing the antenna’s
near-field.
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Figure 7: The net power loss incurred in the
operation of transparent Graphene antenna due
to the sand deposition and water droplets on top
of it.

The proposed antenna underwent testing to
evaluate its resilience against sand deposition
and water droplets of different sizes and wet-
ting angles. Appropriate numerical models were
designed within the Ansys HFSS to replicate re-
alistic environmental conditions. The antenna
displayed remarkable robustness with just 6%
power loss for the sand layer equivalent to a
century-long continuous deposition. Similarly,
20 water droplets of different sizes and wetting
angles on top of the antenna could only produce
a maximum of 4.9% power loss. These results in-
dicate the remarkable robustness of the antenna
towards environmental factors and is suitable for

GRS.
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