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Abstract

The continued miniaturization of spacecraft demands efficient utilization of spacecraft resources, including
their limited surface area, over which antennas and solar cells often compete. To address this challenge, various
optically transparent antennas have been proposed to enable simultaneous dual use of the spacecraft surface for
RF antenna applications and power generation. This current work presents a new solar cell-integrated patch an-
tenna design for C-band at 4.3 GHz. The materials used in this work — a transparent polymethylpentene (PMP)
substrate and a conductive hybrid carbon nanotube (CNT) and silver thin film — present improved radio frequency
(RF) and optical transmissivity properties compared to materials previously used for such antennas. The prototype
antenna uses a space-grade mono-crystalline silicon solar cell selected primarily based on availability, as simula-
tions suggest that the solar cell type does not significantly affect the antenna RF performance, and the optical
passband region of the antenna covers the operating wavelength band of both silicon and higher efficiency gallium
arsenide (GaAs) solar cells, making these cell types effectively interchangeable considering the results of this
work. To preliminarily validate the new antenna design and materials for space conditions, the antenna is sub-
jected to an environmental test campaign consisting of total ionizing dose (TID) gamma-ray irradiation and ther-
mal vacuum (TVAC) cycling. The antenna RF properties and optical transmissivity are measured before and after
the environmental tests for validation. Also, the outgassing properties of the antenna are considered by measuring
the total mass loss (TLM) of the antenna system caused by TVAC tests. The proposed antenna demonstrates a
balance between radiation efficiency (81%) and high optical transmissivity (71.6%), not shown by previous sim-
ilar antennas. The antenna maintains its performance parameters after exposure to 1.7 kGy of gamma-ray TID
and TVAC cycles. According to the results of this work, the proposed antenna and materials show promise for
space applications where both the RF and optical performance of the antenna should remain high. While future
work, such as radiation testing beyond gamma rays, is proposed for an exhaustive environmental validation of
the antenna for the space environment, the preliminary validation presented in this work suggests that the pro-
posed antenna and materials have potential to offer a valuable new space-grade alternative for transparent solar
cell integrated antennas.
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1. Introduction

Solar cells and traditional patch antennas compete
for the limited surface area of small satellite platforms
(Yasin, 2013). Integrating these systems can lead to
significantly more efficient utilization of the valuable
spacecraft surface area (Vaccaro et al., 2003). Previ-
ously proposed solutions include directly placing so-
lar cells on antenna patches (Vaccaro et al., 2000a,
2000b, 2001; Huang, 1998), and placing solar cells
behind common antenna arrays (Huang, 1996, 1998;
Maged et al., 2018). More recently, partly transparent
antennas placed on top of solar cells have been pro-
posed. The partial transparency of antennas is typi-
cally achieved either by using meshed conductor
structures (Yasin et al., 2017; Turpin and Baktur,
2009; Yao et al., 2024; Ramezanzadehyazdi et al.,
2022; Sun et al., 2022) or transparent conducting
films (Guan et al., 2007; Hautcoeur et al., 201 1b; Bar-
ato, 2023). The level of transparency of meshed con-
ductors is limited and depends critically on the density
of the mesh, which is usually composed of metals
such as copper, aluminum, gold, or silver in geomet-
rical shapes such as squares or hexagons (Jang et al.,
2016; Sayem et al., 2019a; Wu et al., 2022).

Transparent films are typically based on conduc-
tive polymers, transparent conductive oxides (TCOs),
or conductive inks (Gomez-Diaz and Perruisseau-
Carrier, 2012). Several types of TCOs, including flu-
orine-doped tin oxide (FTO), aluminum zinc oxide
(AZO), indium tin oxide (ITO), and gallium-doped
zinc oxide (GZO) and other materials, have been ex-
plored in Syed Feroze Hussain and Thiripurasundari
(2022), for example. The different conductive thin
films can offer up to 90% optical transmissivity. How-
ever, the inherent trade-off between the high optical
transparency achieved by thinner films is the in-
creased sheet resistance of the films, which can de-
grade the RF performance of the antenna (Oubaha et
al., 2012; Yasin, 2013). Previously proposed transpar-
ent antennas are typically fed through a microstrip
connection that can itself be transparent, if a transpar-
ent conductive material is used.

This work proposes a solar cell-integrated antenna
based on materials that present improved RF and
optical performance characteristics compared to
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previously used materials for space antenna
applications. A patch antenna prototype comprising
transparent conductive carbon nanotube silver hybrid
film (Chasm Advanced Materials, 2024b) and a
polymethylpentene substrate (Mitsui Chemicals,
2024) is designed to operate at 4.3 GHz with a space-
grade mono-crystalline silicon solar cell (Azur Space
Solar Power GmbH, 2016) positioned behind it. The
—10 dB impedance bandwidth of the antenna covers
the frequency range from 4.1 GHz to 4.6 GHz, which
includes part of the standard C-band downlink
frequency range (up to 4.2 GHz) (International
Telecommunication Union, 2007), as well as the
frequency range dedicated to passive Earth
observation satellites (4.2 GHz to 4.4 GHz) (Inter-
national Telecommunication Union, 2003). While the
proposed antenna prototype could be suited for both
of these applications, it is not developed for any
specific mission or mission requirements. The
application range of the antenna can be extended
further with any future prototypes by tuning the
antenna element dimensions for some other frequency
range.

The plastic material proposed for the prototype
presents comparably low density and dielectric loss,
as characterized by the low loss tangent. The conduc-
tive thin film is based on a combination of silver nan-
owires and carbon nanotube technology printed on a
polyethylene terephthalate (PET) thin film (Chasm
Advanced Materials, 2024b). The conducting film
provides low sheet resistance and high optical trans-
missivity compared to alternatives. Moreover, it does
not suffer from drawbacks associated with many al-
ternative materials, such as the brittleness of ITO
(Leppanen et al., 2013; Chen et al., 2001), and the en-
vironmental sensitivity of some conducting polymer
materials (Baoyang et al., 2019). While the materials
proposed in this work offer advantageous properties
compared to alternatives, they have not been previ-
ously used in space antenna applications, potentially
due to their prior lack of sufficient validation for the
space environment.

The space-grade mono-crystalline silicon solar
cells (Azur Space Solar Power GmbH, 2016) are se-
lected for the testing of the prototype due to their
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availability. This is a justified selection, as simula-
tions show that the solar cell type does not have a sig-
nificant effect on the antenna RF performance since
the cell is covered by the ground plane of the antenna,
which limits the interaction between the solar cell and
the RF signals. Moreover, testing shows that the opti-
cal passband of the antenna covers the efficient power
production wavelength range of not only silicon cells
but also other cell types, such as GaAs cells. There-
fore, the results of this work can be applied to similar
antennas integrated to not only onto silicon but also
GaAs cells that provide higher efficiency and are
commonly used on space missions (Li et al., 2021).

The objective of this work is to determine the op-
tical and RF performance of the proposed transparent
solar cell integrated antenna and to preliminarily ver-
ify that the system can withstand some of the most
critical environmental conditions of Earth orbit. The
objective is achieved through RF and optical perfor-
mance testing before and after exposure to TI gamma
radiation and thermal vacuum cycling. The thermal
vacuum cycling is performed following a low Earth
orbit (LEO) profile. The antenna RF characteristics
are determined through return loss and radiation pat-
tern measurements, and the optical transmission prop-
erties of the antenna are measured at a dedicated fa-
cility.

The proposed antenna shows no significant RF or
optical performance degradation after the environ-
mental tests. The outgassing properties of the antenna
system are also verified to comply with ECSS stand-
ards (ECSS, 2022). These results indicate promising
space environment compatibility of the system. In ad-
dition, this work compares the proposed solar cell in-
tegrated antenna and its performance against previ-
ously published alternatives. The comparison reveals
that the antenna of this work provides a combination
of high radiation efficiency and optical transmissivity
not presented by similar antennas previously, making
the proposed antenna and its materials valuable op-
tions for transparent space antenna applications.

The rest of this work is structured as follows: Sec-
tion 2 presents a comparison of the key performance
parameters of different transparent substrate and con-
ductor materials. Section 3 covers the design and
manufacturing of the integrated solar cell antenna.
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Section 4 describes the measurement setups used for
the RF and optical characterization, as well as TVAC
and radiation testing of the antenna. In addition, the
section presents the related measurement results. Sec-
tion 5 discusses the results and compares the antenna
presented in this work to similar previously proposed
antennas. Finally, Section 6 presents the conclusions
of the work.

2. Transparent Antenna Material Comparison

The PMP-type substrate material used in this work
is manufactured by Mitsui Chemicals Europe GmbH
with the name TPX (Mitsui Chemicals, 2024). The
TPX material is selected because of its low density,
low loss RF properties, and high optical transmissiv-
ity in comparison to other alternatives. Table 1 com-
pares the mechanical and electrical properties of the
substrate material with other transparent materials
commonly used for transparent antennas. Addition-
ally, the table includes two non-transparent materials
(RO4003 (Hodges et al., 2017) and RT Duroid 5880
(Schmitz et al., 2025) that are typically used on satel-
lite antennas (Abulgasem et al., 2021).

Compared to other transparent materials ranging
from glass to transparent polymers, the TPX material
presents lowest RF power dissipation, as shown by the
lowest loss tangent. The loss tangent is used as the
figure of merit for the dielectric power dissipation, as
it is a typical measure provided for RF dielectrics and
enables thus the comparison between the RF power
losses of different materials. The RF performance pa-
rameters of the TPX material resemble closest the
non-transparent RT Duroid 5880 material. The TPX
material also shows lowest density of the compared
options, which would assist in maintaining a low an-
tenna system mass. The optical transparency of the
material exceeds 95% for typical antenna substrate
thicknesses of a few millimeters. Considering solely
transparent materials covered in the comparison, only
a certain type of quartz glass can achieve loss tangent
values of a similar order of magnitude.

The conductive layers of transparent antennas are
typically based on one of three technologies: conduc-
tive thin layers made from metal mesh films (Kang
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and Jung, 2018), metal oxide films, or conductive pol-
ymers (Sayem et al., 2022).

In Table 1, loss tangent values are determined for
each material at some frequency between 5 GHz to 10
GHz, since not all materials specify the loss tangent at
exactly the same frequency. For the TPX material
used in this work, the given loss tangent value is for
10 GHz to represent the worst-case scenario in
comparison to the other materials, as the loss tangent
increases with frequency for all the materials
compared.

Table 2 compares typical characteristics of these
conductor technologies for transparent antennas with
the car-bon nanotube hybrid thin film used in this
work. Whereas CNT films are typically considered to
provide significantly higher sheet resistance com-
pared to, for instance, ITO or metal mesh structures
(Morimoto et al., 2023), the CNT silver hybrid film

used in this work offers significantly lower sheet re-
sistance compared to the other options. Some metal
nanostructures can at best offer comparable sheet re-
sistance, but none of the alternatives compared can
provide as high optical transparency as the hybrid film
used in this work. The higher conductivity and optical
transparency of the CNT silver hybrid film compared
to solutions using CNTs or metal mesh alone can be
attributed to synergetic effects emerging from the
combination of the materials (Han et al., 2017; Chasm
Advanced Materials, 2024b). The optical transmis-
sion properties of CNTs also depend highly on their
exact dimensions (Morimoto et al., 2014).

While the TPX substrate material used in this
work has been used for ground antenna applications
(Lafond et al., 2001) and it possesses some space her-
itage from experiments onboard the Space Shuttle
(Scialdone et al., 1996), it has not been proposed for

Table 1. Transparent Substrate Material Mechanical and Electrical Properties Comparison for Antenna Applications.

. Transparent in Densit Dielectric Space

Material Type visible[;pectrum (g/cm3}; constant Loss tangent hell‘)itage Ref.
R0O4003 HCCL* No 1.8 3.5 0.003 Yes a,b

RT Duroid 5880 PTFET No 2.2 2.2 0.0009 Yes c

SCHOTT AF 32 Glass Yes 2.4 5.1 0.005 No d
BORSSEI%IIT 33 Glass Yes 2.2 4.5 0.007 Yes d, e

SCHOTT D263 T Glass Yes 2.5 6.3 0.01 No d
Quartz glass Glass Yes 2.2 3.7 0.0005 Yes f,g
PDMS Polymer Yes 0.97 2.8 0.07 Yes h, i
Plexiglass PMMA Yes 1.2 3.1 0.01 Yes i,k
Soda lime glass Glass Yes - 3.1 0.02 No I, m

PET Polymer Yes 1.4 2.7 0.005 Yes n
sz}‘ffs“vlvgf)( PMP§ Yes 0.83 2.1 0.0008 Yes 0.p

%Nikolaou et al., 2008), *(Schmitz et al., 2025), ¢(Rogers Corporation, 2022), 4SCHOTT, 2018), ¢(Tursuniyaz et al., 2017), {(Hampton Research,
2016), &(Sergeev et al., 2024), "(Sayem et al., 2019b), {(Lansade et al., 2020), {(Lonsky and Hazdra, 2017), X(Link et al., 2017), '(Sowjanya et al., 2022),
"(Buchmayer et al., 1996), "(Zarbakhsh et al., 2020), °(Mitsui Chemicals, 2024), P(Scialdone et al., 1996)

*hydrocarbon ceramic laminate, Tpolytetrafluoroethylene, {polymethyl methacrylate, §polymethylpentene

Table 2. Conductive Layer Material Electrical and Optical Properties.

Material Sheet( ;;/:::]s)tance Optical t{;:l)sparency Example Ref.
Metal nanostructures 0.3t08 50 to 90 Silver nanowires a

Metal mesh films 0.1to 10 60 to 90 Silver, copper, gold mesh a,b

Metal oxide films 2.5to0 25 80 to 90 ITO*, FTOt, AZO%, GZO§ c,d
Conductive polymers 10 to 100 90 PEDOT:PSSq e
Micro-metal mesh 0.05 75 - f
CNT Film >500 - - g
CNT silver hybrid film (this work) 0.2 94 AgeNT h

“Naghdi et al. (2018), *Hautcoeur et al. (2011a), °Eltresy et al. (2021), “Sayem et al. (2020), °J onsson et al. (2003), 'Li et al. (2017), EMorimoto et al.

(2023), "Chasm Advanced Materials (2024a)

*indium tin oxide, "fluorine-doped tin oxide, *aluminum zinc oxide, *gallium-doped zinc oxide, poly(3,4-ethylenedioxythiophene) polystyrene sul-

fonate
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space antennas before. Moreover, the TPX material
presents low outgassing characteristics (Walter,
1978), which is critical for space applications. Con-
sidering the advantageous electrical and optical char-
acteristics of the substrate and conductor materials
used in this work, they could represent a valuable new
addition to the material options of transparent space
antennas. Therefore, this work aims to determine their
suitability for space antenna applications.

3. Antenna Design and Manufacturing

The antenna modeling, simulations, and optimiza-
tion were carried out in CST Microwave Studio. The
time do-main solver of CST was used for simulation
analysis. The conductor layer was modeled as an
ohmic sheet with a sheet resistance of 0.2 Q/sq
(Chasm Advanced Materials, 2024a). The solar cells
were modeled as a silicon layer on an aluminum base
sheet. In the simulation, the silicon material was de-
fined to have a dielectric constant € = 8.0 (Crovetto et
al., 2017) and loss tangent tan & = 0.0135 (Dadzadi
and Pourziad, 2018). As an alternative solar cell ma-
terial, GaAs (¢ = 13.0 (Courtney, 2003)) was explored
in simulation, with the conclusion that the solar cell
type does not have a significant effect on the antenna
RF performance. Due to the low thickness of the con-
ductor layers, the meshing of the simulation model
was particularly considered, and a hexahedral mesh
with automatic mesh refinement provided by the CST
software was used to provide sufficient mesh resolu-
tion.

The detailed stackup and dimensions of the an-
tenna structure are illustrated in Figure 1. The stack
consists of four primary layers: two conductive CNT
silver hybrid film layers separated by a TPX substrate
layer are placed on top of a bottom layer that is com-
prised of a solar cell. Other layers in the stackup are
responsible for adhesion between layers (transparent
adhesive and epoxy) or protection of exposed surfaces
(transparent varnish). In manufacturing, layers of the
2 um thick conductive CNT silver hybrid film are cut
out in the desired shapes and attached together with
PET film layers to both sides of the substrate using a
transparent adhesive, and the system is coated with a

Copyright © A. Deepak Publishing. All rights reserved.

transparent varnish. In the simulation, both the TPX
substrate and the PET film layers were included.

-

Total thickness 4.55 mm

[ PMP* substrate (4 mm)
. Conductive layer (2 pm} . Epoxy

] PET** film (100 pm) ] Ceaxial probe
D Transparent adhesive (120 pm) . Solar cell

O Transparent varnish (2 um)

*polymethylpentene  ¥*polycthylene terephthalate

Figure 1. Stacking layout of the solar cell integrated antenna. Note: The
illustrative figure is not to scale.

The mono-crystalline p-type solar cell selected for
the antenna prototype presents 16.9% beginning-of-
life efficiency and is designed for space applications
(Azur Space Solar Power GmbH, 2016). Although
other solar cell types, such as GaAs, could offer the
higher efficiency often required by space missions (Li
et al., 2021), silicon cells are chosen for the prototype
due to their availability and comparably low cost.
Moreover, based on the simulations, the selection of
solar cell type is not expected to have a significant ef-
fect on the antenna RF performance, enabling the re-
sults of this work to be applied also to antennas inte-
grated onto other types of solar cells, such as GaAs
cells. Additionally, as discussed later in Section 4.2,
the optical passband of the antenna covers the full
wavelength range of efficient power production of
also GaAs cells, making the results of this work
largely applicable also to this type of cells. The 50 Q
probe feed of the patch antenna is brought through a
small opening cut into the solar cell. The final dimen-
sions of the antenna are shown in Figure 2a, and a
manufactured prototype is shown in Figure 2b.

4. Antenna Testing and Verification
This section presents the testing and verification of

the antenna performance. Section 4.1 discusses the
impedance matching and radiation pattern test setups
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35 mm

ww ¢

a) Antenna dimensions. The black dot represents the feed
point location. The red line represents the location of the

cross-section presented in Figure 1.

b) Manufactured hardware.

Figure 2. (a) Antenna conductor dimensions and (b) manufactured prototype hardware including the solar cell at the bottom.

and the results of tests conducted before the environ-
mental tests. Section 4.2 describes the optical trans-
missivity measurement setup and the pre-environ-
mental test results. Section 4.3 presents the environ-
mental tests the sample antennas were exposed to. Fi-
nally, Section 4.4 shows the impedance matching and
optical transmissivity measurement results obtained
after the environmental tests and com-pares the results
with those obtained before to evaluate the perfor-
mance change caused by the TID gamma irradiation
and thermal vacuum cycling.

4.1. RF Measurements

To characterize the RF performance of the antenna,
its impedance matching and far field radiation pattern
was measured. The impedance matching was
determined through vector network analyzer (VNA)
measurements. A comparison between the simulated
and measured return loss of the antenna is presented
in Figure 3. It should be noted that the type of solar
cell does not affect the simulated performance, and
the results presented here are simulated with a silicon
cell. Both simulation and measurement results show
satisfactory (< —10 dB) matching at the 4.3 GHz
operating frequency. The double resonance peaks
visible in simulation merge and appear as a single
resonance peak in the measurements. This change can

Copyright © A. Deepak Publishing. All rights reserved.

be attributed to differences in the parasitic capacitance
and inductance of the simulated and measured
antenna, arising from manufacturing-induced non-
idealities. The measured —10 dB impedance
bandwidth of the antenna ranges between 4.10 GHz to
4.57 GHz. This equals an absolute and relative
impedance bandwidth of 470 MHz and 10.9%,
respectively. At the targeted operating frequency, the
matching level is —13.5 dB.

0 Antenna Return Loss

-2
-4

-6

Return loss (dB)

—Simulation
—Measurement (pre-ET)
3.5 4 4.5 5 5.5
Frequency (GHz)

Figure 3. Simulated return loss of the solar cell integrated antenna com-
pared to the return loss measured before the environmental testing (ET).

The far field radiation pattern of the antenna was
determined by measuring the antenna radiation in the
MVG Starlab 6 GHz system of Aalto University
(Microwave Vision Group, 2016; Aalto University,
2024). The measurement setup in the Starlab system
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is shown in Figure 4a, and two principal cuts of the
radiation pattern of the antenna are presented in
Figure 4b in the Starlab coordinate system (¢ = [0e,
180°] and 6 = [—180¢, 180¢]). The antenna reaches a
peak gain of 8.2 dBi in the direction of 6 = 0°, or the
z-axis (see Figure 4a), and the radiation pattern is
highly similar in both principal cuts. Moreover, the
antenna presents a high radiation efficiency of over
81%. In future work, the relatively significant
sidelobe level (approximately —4 dB) could be
reduced for decreased risk of signal interference from
unintended directions.

4.2. Transmissivity Measurements

The optical transmissivity measurements were
performed at the Micronova facility at Aalto Univer-
sity using a Cary 5000 spectrometer (Caltech, 2024).
Both the direct and diffuse transmissivities of the an-
tenna were measured. Direct transmissivity is the
dominant component, and the sum of the direct and
diffuse transmissivities give the total transmissivity.
The test setup is shown in Figure 5. In the instrument,
a set of mirrors and lenses directs and collimates the
test beam, and a photomultiplier tube detector

a) Radiation pattern measurement setup.

measures the intensity of both the transmitted and dif-
fused beams through the antenna.

Since a part of the antenna structure is not covered
by the conductive top patch (whereas the ground
plane covers the whole antenna area), the transmissiv-
ity through the antenna stack was measured from two
distinct regions: a region where the top patch is in-
cluded in the measured stack and another where the
patch is not included. In the region with no patch, the
test beam is primarily affected by the substrate and
one conductive layer (the ground plane). In the region
that includes the patch, the test beam is affected by the
substrate and both the conductive layers (ground
plane and patch). The total transmissivity of the tested
antenna can be calculated by weighing the transmis-
sivities of the two regions with their respective rela-
tive areas.

Figure 6 shows the transmissivity measurement
results before environmental testing. The wavelength
range of interest, 500 nm to 1000 nm, is highlighted
with dashed vertical lines. This is the wavelength
range where silicon solar cells primarily produce
power (Strumpel et al., 2007; Green et al., 2023), and
it falls within the optical passband of the antenna. In
addition, it should be noted that the efficient wave-
length range of also GaAs solar cells (roughly 450 nm

Antenna Gain Pattern at 4.3 GHz
0°
10-dBi

-30° 30°

60°

— = Odeg

0
90 —@ = 90deg

-120° 120°

-150° 150°
180°
g

b) Principal cuts of the radiation pattern.
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Figure 4. (a) Radiation pattern measurement setup in the MVG Starlab 6 GHz system. (b) Radiation pattern of the antenna.
The results are presented in the non-standard spherical coordinate system used by the Starlab measurement system, i.e., ¢
= [0e, 180°] and 6 = [-180°, 180¢]. Two principal radiation pattern cuts are shown: ¢ = 0° in blue and ¢ = 0° in orange. The
measurement frequency is 4.3 GHz.
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Figure 5. Transmissivity test setup. The antenna is highlighted
with the pink circle.

Antenna Optical Transmissivity
: —Pre-ET (no patch)
—Pre-ET (patch)

100

80

%)

=]

£

Total transmissivity (

%)

1
500 1000 1500 2000 2500
Wavelength (nm)

Figure 6. Total optical transmissivity of the antenna before envi-
ronmental testing (ET). The transmissivity percentage is shown as
a function of wavelength. Because the antenna is not completely
covered by the antenna patch, the transmissivity through the an-
tenna stack is measured from two locations: a location where the
top patch is included in the measured stack (orange) and a location
where the patch is not included (blue). The wavelength region of
interest is between 500 nm to 1000 nm (marked with dashed black
lines), the region most critical for silicon solar cell power produc-
tion (Green et al., 2023).

to 850 nm (Green et al., 2022)) falls within the optical
passband of the proposed antenna, enabling their use
instead of silicon cells if higher solar cell efficiency is
required. In the 500 nm to 1000 nm wavelength range
of interest for silicon solar cells, the solar spectral
power in orbit reduces towards longer wavelengths,
and at 500 nm, the solar spectral power is roughly
twice as high compared to 1000 nm (Xu et al., 2023).
The results show that the transmissivity of the antenna
in the 500 nm to 1000 nm wavelength range is be-
tween 77.0% to 80.0% in regions without the patch
and between 65.2 % to 71.8 % in regions with the
patch. The corresponding average transmissivities in
these regions are 78.2% and 68.1%. The lower trans-
mittance in the region covered by the patch is ex-
plained by the additional conductor sheet presented by
the patch that weakens the total optical transmission

Copyright © A. Deepak Publishing. All rights reserved.

through the antenna. By weighing the average trans-
missivities with the respective areas covered (34.4%)
and not covered (65.6%) by the patch, the average op-
tical transmissivity of the antenna is obtained to be
71.6%.

4.3. Environmental Testing

4.3.1. Gamma-Ray Irradiation

To confirm that the chosen materials do not show
high sensitivity to radiation-induced degradation in
optical or dielectric properties, TID testing was per-
formed. The antenna sample was irradiated with a Co-
60 gamma-ray source at a test facility of the Finnish
Radiation and Nuclear Safety Authority (STUK) in
Vantaa, Finland. The duration of the irradiation was
65.2 hours resulting in 1731 Gy of air kerma at the
sample. A photograph of the tested sample in the
measurement setup is shown Figure 7.

»va

Figure 7. Gamma irradiation setup. The irradiated antenna, highlighted
in pink, was placed in front of the Co-60 source together with other
samples. Visible on the right is the collimator structure of the source.

\ ; \\

It should be noted that the gamma-ray irradiation
test does not represent any specific space environ-
ment. A major limitation of the Co-60 gamma rays is
that they do not produce the displacement damage
caused by energetic protons in space. A follow-up ir-
radiation with a proton, neutron, or heavy ion beam
would be required to qualify the sample for tolerance
to displacement damage (ECSS, 2010). Moreover, the
tolerance of the antenna against atomic oxygen (AO)
and vacuum ultraviolet (VUV) should be quantified,
as these factors can contribute to material degradation
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in LEO. While the PMP substrate material used has
been shown to be sensitive to AO (Scialdone et al.,
1996), the PET and adhesive layers (in total over 200
um) that cover the substrate material is expected to
significantly shield the PMP material from the effects
of AO that has a low penetration depth (Hansen et al.,
1965; Morison et al., 1988; Zaplotnik et al., 2018).
The same layers are expected to also protect the PMP
material from the effects of VUV that also attenuates
quickly in polymers (Fozza et al., 1999). However,
conclusive evidence of the AO and VUV tolerance of
the antenna can be achieved only through applicable
environmental testing.

Another difference between the Co-60 gamma ir-
radiation and the radiation environment in space is the
high penetration power of the gamma rays in compar-
ison to the low-energy electrons that dominate the
particle spectra in LEO (Zyla et al., 2020; Vainio et
al., 2009). These electrons are attenuated significantly
by a few hundred micrometers of material, which
means the dose received by the different layers of the
antenna strongly depends on the layers above it, with
the outer layer receiving extreme doses and the inner
layer receiving modest doses. In the performed
gamma-irradiation test, all layers received roughly the
same dose due to the high penetration power of the
gamma rays. The innermost layers, therefore, re-
ceived higher doses than they would experience in
space during a typical mission to LEO, while the
outermost layers received a much lower dose (Donder
et al., 2018).

Nevertheless, the total ionizing dose value
achieved in this irradiation test has been observed to
produce significant reductions in transmissivity in
certain glasses (Speit et al., 1992) and measurable dis-
colorations in polymers (Clough et al., 1996) sub-
jected to gamma rays, which means that the test can
be used to rule out heightened sensitivity of the mate-
rials to such degradation. This test can be used to de-
termine the ability of at least the inner layers of the
irradiated sample to maintain their optical transmis-
sivity when exposed to ionizing radiation doses ex-
pected in LEO. Furthermore, the test can confirm that
the chosen materials are not particularly susceptible to
radiation damage.

Copyright © A. Deepak Publishing. All rights reserved.

4.3.2. Thermal Vacuum Test

To confirm that all of the materials used on the
antenna can withstand the vacuum environment in
space, the antenna sample was subjected to a high vac-
uum environment in the TVAC chamber (Nanovac
TVC-800H) at Aalto University. In addition, temper-
ature cycles based on the expected Foresail-1 LEO
CubeSat environment (550 km Sun-synchronous or-
bit) (Palmroth et al., 2019) were applied to the test
sample to confirm that typical LEO temperature range
variations in a vacuum environment do not degrade
the performance of the antenna. Temperature test lev-
els were determined based on the expected maximum
and minimum temperatures with additional 5°C mar-
gins (ECSS, 2002). These levels, in addition to the se-
lected number of five thermal cycles, comply with the
definition of protoqualification testing that is suffi-
cient to validate flight hardware for the space environ-
ment (Air Force Space Command, 2002). The TVAC
test enabled also determining whether the antenna
presents acceptable outgassing properties. The maxi-
mum acceptable outgassing level is determined by the
ECSS standard as a total mass loss (TML) of 1.0%
(ECSS, 2008).

An image of the TVAC test setup is shown in Fig-
ure 8a. The antenna samples under test were placed on
stainless steel mounts on top of a copper table. The
table and a shroud surrounding the test setup are the
temperature-controlled elements of the chamber, and
the stainless-steel mounts ensure indirect thermal con-
tact between the table and the antennas. The heating
elements of the TVAC chamber provide a nearly uni-
form thermal environment. The antennas remained
passive throughout the TVAC test. The thermal cycles
used for the test are defined in detail in Figure 8b and
the accompanying Table 3. The antennas, with a low
thermal mass and a thermally highly conductive con-
nection to the temperature-controlled table, were
known to follow the chamber temperature with close
agreement since also the surface of the other test ob-
ject that presents significantly greater thermal mass,
closely followed the chamber temperature.
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a) At the front of the picture, two transparent antenna prototypes are
placed inside the thermal vacuum chamber, resting on galvanized stain-
less-steel mounts. Behind the antennas, an unrelated satellite is being
simultaneously tested. The copper table on which the test items stand,
and a surrounding shroud, are temperature controlled.
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b) VAC test cycle, temperatures, cycle duration, and rate of change for
non-functional test

Figure 8. (a) Thermal vacuum test setup and (b) thermal cycle parameter definitions.

Table 3: Thermal vacuum cycle parameter values. See Figure 8b for the
parameter definitions

Parameter Value Unit
Positive temperature transition rate 2 °C/min
Negative temperature transition rate -2 °C/min
Stabilization time 5 min
Soak time 30 min
Thermal cycle duration 155 min
Vacuum pressure <1x10-5 mbar

In addition to the five TVAC cycles, the test in-
cluded a pump down and a ventilation sequence,
reaching a total duration of approximately 18 hours.
The maximum pressure during cycling was 1.0 x
10—5 mbar in accordance with the ECSS standard
(ECSS, 2022), and the minimum pressure reached
during the test was less than 1.0 x 10—6 mbar. The
mass measurement of the antenna system before and
after the TVAC test confirms that the outgassing
properties of the antenna system is within the accepta-
ble limit of TML < 1.0%, with a mass of 12.0 g meas-
ured both before and after the TVAC test with a meas-
urement precision of 0.1 g. The TML result is in line
with the expected low outgassing level of the sub-
strate material (Walter, 1978). Cross-contamination

Copyright © A. Deepak Publishing. All rights reserved.

risks induced by the shared-chamber testing were lim-
ited by exposing the chamber-sharing satellite to a
TVAC bakeout prior to the antenna testing. In future
work, collected wvolatile condensable material
(CVCM) measurements in a TVAC environment ded-
icated to the antenna could be performed to more ex-
tensively characterize its outgassing properties.

4.4. Post Environmental Testing Validation

To validate the performance of the antenna after
the TID gamma irradiation and thermal vacuum cy-
cling, the RF return loss and the optical transmissivity
of the antenna are remeasured. The return loss meas-
urement can be used to validate that the electrical and
RF characteristics of the antenna have not been af-
fected (Dennison and Bray, 2020). Any notable deg-
radation of the antenna materials can be expected to
be visible as a change in the return loss measurement
results compared to the measurement conducted prior
to the environmental testing. The return loss measure-
ments are performed using an HP 8§720C VNA (Ag-
ilent Technologies, 1995). The return loss measure-
ment results before and after the environmental tests,
along with the estimated measurement uncertainty, is
shown in Figure 9. Based on an uncertainty calculator
provided by the VNA manufacturer (Keysight Tech-
nologies, 2025), the VNA measurement uncertainty is
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Antenna Return Loss

—Measurement (pre-ET)
—Measurement (post-ET)
Measurement uncertainty

Return loss (dB)

5 4 4.5 5 5.5
Frequency (GHz)

Figure 9. Measured return loss parameters of the solar cell integrated
antenna before and after environmental testing (ET). The variation be-
tween measurements can be explained by the estimated 0.6 dB un-
certainty range of measurements represented by the grey area in the
figure.

estimated to be +£0.6 dB. The observed differences be-
tween measurements fall within this range of uncer-
tainty, indicating that no significant change in the an-
tenna return loss can be identified following the envi-
ronmental tests. Antenna radiation pattern measure-
ments are not used for post environmental test verifi-
cation due to the higher expected measurement uncer-
tainty and more challenging repeatability compared to
the return loss measurements.

A repeated optical transmissivity measurement is
performed to evaluate the transmissivity change of the

Antenna Optical Transmissivity
—Pre-ET (no patch)
—Pre-ET (patch)
: Post-ET (no patch)
e —Post-ET (patch)

80

60

40

Total transmissivity (%)

500 1000 1500 2000 2500
Wavelength (nm)

a) Total transmissivities before and after the environmental tests.

antenna. The results are compared with the transmis-
sivity results obtained prior to the environmental tests
in Figure 10. Figure 10a suggests minor transmissiv-
ity degradation at wavelengths above 800 nm for the
measurement that includes the antenna patch in the
stack, and Figure 10b shows the supposed transmis-
sivity change in more detail within the wavelength re-
gion of interest (500 nm to 1000 nm). Presumably, the
most notable transmissivity difference peaks can be
attributed to slight wavelength offsets between the
two transmissivity measurements, arising from lim-
ited measurement repeatability. This is supported by
the fact that the different peaks are present only in a
wavelength region where the transmissivity variation
rate is high as a function of wavelength (see Figure
10a). In such regions, slight wavelength offsets can
lead to peaks of one measurement and troughs of the
other to align and suggest relatively major differences
between the measurements even when there are none.
Disregarding the most prominent peaks, the transmis-
sivity degradation can be estimated to be at most 1%
to 2% for the region with the patch.

However, the measurement results suggest even
improved transmissivity of about 1% in the region
without the patch (which is not expected to occur).
This suggests that the measurements present accuracy
and repeatability margins that could accommodate the
observed changes. Furthermore, the total optical

Optical Transmissivity Change After ET

5
—No patch

T4 —Patch
23
5
= 2
&
= 1
z:
20
g
£-
)
£2
E-}
4

-5

500 600 700 800 900 1000

Wavelength (nm)

b) Transmissivity change caused by the environmental tests in
the wavelength region of interest.

Figure 10. (a) Total optical transmissivity of the antenna before and after environmental testing (ET) and (b) difference between the transmissiv-
ities before and after the environmental tests. The transmissivity percentage is shown as a function of wavelength. Because the antenna is not
completely covered by the antenna patch, the transmissivity through the antenna stack is measured from two locations: a location where the top
patch is included in the measured stack (orange) and a location where the patch is not included (blue). The wavelength region of interest is
between 500 nm to 1000 nm (marked with dashed black lines in (b)), the region most critical for silicon solar cell power production.
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transmissivity change is so small that it remains
71.6%, showing no change compared to preceding re-
sults with three-digit accuracy. Therefore, while mi-
nute optical transmissivity degradation cannot be
ruled out, the measurement results do not prove any
definite degradation of the optical performance. How-
ever, the optical transmissivity measurement results
conclusively rule out any significant radiation dam-
age, indicating low susceptibility to gamma-induced
damage.

In future work, transmissivity evaluation at off-
normal incidence angles could be performed to pro-
vide transmissivity data that more comprehensively
represent realistic in-orbit attitude conditions. Moreo-
ver, both return loss and transmissivity measurements
could in future testing be performed following each
individual stage of environmental tests to enable sep-
arately identifying any radiation or TVAC induced ef-
fects.

5. Discussion

The solar panel integrated antenna system pro-
posed in this work presents typical patch antenna RF
characteristics (Lee and Tong, 2012) with 8.2 dB1
gain, 81% efficiency, and 10.9% relative bandwidth.
Despite the thick (0.057 wavelengths) substrate, the
antenna presents a relatively high optical transmissiv-
ity of 71.6% in the 500 nm to 1000 nm wavelength
region, which is most critical for silicon solar-cell
power production, as can be seen from the comparison
of similar transparent C-band patch antennas pre-
sented in Table 4. The antenna proposed in this work
presents one of the highest radiation efficiencies while
maintaining comparably high optical transmissivity.
In contrast, other similar antennas typically offer ei-
ther high optical transmissivity or RF efficiency but
perform significantly worse in terms of the other pa-
rameter. The better performance of the proposed an-
tenna compared to similar alternatives can primarily
be attributed to the combination of a comparably low
loss, highly transparent dielectric substrate, and a con-
ductor material that combines both one of the lowest
sheet resistances and highest optical transmissivities
of similar materials (see Table 2). The low losses pre-
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sented by both the substrate and the conductor con-
tribute to the radiation efficiency of the antenna, and
together with a patch designed for relatively high di-
rectivity, the high radiation efficiency enables the ob-
served comparably high gain.

The experimental results obtained from the pre-
liminary testing of the transparent antenna under
TVAC conditions and TID gamma-radiation expo-
sure show promise regarding the space compatibility
of the antenna and its materials. The return loss meas-
urements, conducted before and after the environmen-
tal tests, do not show any significant performance
change considering the estimated measurement uncer-
tainty, indicating that the RF performance of the an-
tenna remains unaffected by the environmental test
conditions. In addition, the total mass loss of the sys-
tem in the TVAC tests is verified to remain below
1.0% as required by ECSS standards, showing that the
outgassing levels of the system are acceptable for
space applications.

Between 800 nm to 1000 nm, optical transmissiv-
ity changes of a few percent are observed, but as dis-
cussed in Section 4.4, the results indicate that the ob-
served differences might be at least partially attribut-
able to measurement accuracy and repeatability limi-
tations. Therefore, no definite conclusions about po-
tential minor radiation-induced performance degrada-
tion can be drawn, but the results show that no major
radiation damage has occurred, and the antenna sys-
tem is not particularly sensitive to TID caused by
gamma rays. To complete the qualification of the an-
tenna system for the near-Earth space radiation envi-
ronment, a further proton, neutron, or heavier ion
beam test would be required to explore the effects of
displacement damage on the materials. Nevertheless,
the TID gamma-irradiation test results are promising
in terms of the antenna radiation tolerance.

Since the antenna maintains a high level of optical
transparency, it enables use of surface area previously
occupied exclusively by antennas also for solar cell
power generation purposes. As the power P generated
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Table 4. Thermal Vacuum Cycle Parameter Values. See Figure 8b for the parameter definitions.

Fre Thick- Gain Rad. Band- Transmissiv-
Ref. ( GHZ) Substrate Conductor ness (dBi) Eff. width ity (%)
(mm) (%) (%) yire
a 5.8 Soda lime glass AgITO* 1.1 5.0 56.6 8.0 -
b 4.7-5.6 PDMS+ Metal mesh 3.0 3.1 46.0 13.6 50-70
c 5.8 Glass ITOZ 1.0 6.0 - 2.2 -
d 5 Pyrex Glass FTO§ 4.0 3.6 50-67 12.0 72-84
e 4.9 Soda lime glass FTO§ 4.4 5.2 82.0 16.3 60.0
f 34 PDMS+ EGalnq 34 3.5 60.0 1.2 -
g 5.15-5.8 Glass MMMC|| film 1.1 2.3 46.0 43 75.0
Borosilicate
h 5 ITOZ / copper 1.3 2.2 67.0 - 55.0
glass
This . CNT++ silver
work 4.3 TPX (PMP*¥) hybrid film 4.6 8.2 81.0 10.9 71.6

“Eltresy et al. (2021), ®Sayem et al. (2019a), °Yao et al. (2017), Sheikh et al. (2015), *Sowjanya et al. (2022), Hayes et
al. (2012), &Li et al. (2017), "Haraty et al. (2016) *silver indium tin oxide, polydimethylsiloxane, findium tin oxide,
$fluorine-doped tin oxide, feutectic gallium-indium, 'micro-metal mesh conductor, **polymethylpentene, "carbon

nanotube

by a solar cell is directly proportional to the solar flux
density S (i.e., P « S) (Wertz et al., 2011), the 28.4 %
optical absorption decreases the power production ca-
pacity of the solar cell by an equal amount. However,
when comparing to an antenna without a solar cell, the
solar cell integrated antenna provides significant ad-
ditional power generation potential. Furthermore, as
the antenna adds more material on top of the solar cell,
it can offer some level of radiation shielding to the
cell, thus reducing the long-term degradation of its
power generation capacity (Messenger et al., 2010).
The results of this work suggest that the proposed ma-
terials can provide a new option for transparent an-
tenna applications with a specific balance between RF
and optical performance not provided previously by
existing alternatives. The combination of high RF ef-
ficiency and optical transmissivity, together with low
substrate density that reduces the antenna mass, can
also be considered favorable for space applications.

Copyright © A. Deepak Publishing. All rights reserved.

While more extensive and comprehensive environ-
mental testing is proposed for the future, the prelimi-
nary environmental test results presented in this work
show encouraging first results in terms of tolerance to
the space environment.

In future work, tests could be performed for a
larger sample batch to enable statistical insight that al-
lows reducing test result uncertainty that arises from
measurement repeatability limitations caused, for in-
stance, by measurement setup fixture tolerances and
calibration uncertainties. Radiation tests could be per-
formed at multiple levels to enable interpolation and
the demonstration of margins. Testing should also be
extended by proton, neutron, or heavy ion beam irra-
diation to quantify effects of displacement damage,
and testing in VUV and AO environments should be
considered. Moreover, qualification level TVAC test-
ing would further qualify the antenna for the relevant
space environment, and CVCM measurement would
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provide more detailed information about the outgas-
sing properties of the antenna system. Separating the
potential effects of TVAC and different types of radi-
ation tests could be achieved by exposing selected an-
tenna units to only one of the environmental test
types. These considerations would enable future re-
search to build upon the promising results of this
work.

6. Conclusion

This work presents the design of a transparent so-
lar cell integrated C-band patch antenna based on ma-
terials not previously proposed for transparent space
antenna applications. The materials used (Mitsui TPX
PMP substrate and a conductive CNT silver hybrid
film) were chosen due to their low RF loss properties
and high optical transmissivity compared to previ-
ously proposed alternative materials, which makes
them lucrative options for high-performance transpar-
ent antennas. Furthermore, this work tests and vali-
dates the proposed antenna and its materials for space
applications through a preliminary environmental test
campaign comprised of TVAC cycling following a
LEO profile and TID gamma irradiation.

The proposed antenna presents a —10 dB imped-
ance bandwidth of nearly 11%, a gain exceeding 8
dB4i, and a radiation efficiency of 81% at the designed
operating frequency of 4.3 GHz. In addition, the an-
tenna system presents high optical transmissivity
(71.6%) compared to similar alternative antennas in
the wavelength region most important for silicon solar
cell power production. The proposed antenna pro-
vides a balance between radiation efficiency and op-
tical transmissivity not previously presented by simi-
lar antennas, which can enable simultaneously satis-
fying both stringent RF and optical performance re-
quirements. Moreover, the RF performance of the an-
tenna, characterized by the return loss, is not signifi-
cantly affected by the environmental tests considering
the measurement precision limits. The minor changes
observed in optical transmissivity can likely also be
primarily attributed to measurement repeatability lim-
itations. The outgassing level of the antenna is shown
through TML characterization to remain within ac-
ceptable limits.

Copyright © A. Deepak Publishing. All rights reserved.

According to the results of this work, the antenna
and its materials show encouraging promise for space
applications. For full confidence, a follow-up irradia-
tion with, for example, a proton beam would be re-
quired to qualify the sample for tolerance to displace-
ment damage, since this cannot be observed with TID
gamma-ray irradiation. Also, the tolerance of the an-
tenna against VUV and AO should be quantified in
future test campaigns. Additionally, full qualification
level TVAC testing should be performed, and CVCM
measurements should be considered. For reduced
measurement uncertainty, a larger quantity of samples
could be tested, and different batches of antenna units
could be exposed to different types of environmental
tests to enable separating the potential effects induced
by different types of radiation exposure and TVAC
cycling. Nevertheless, this work presents a clear pre-
liminary indication that the proposed antenna and
transparent materials could potentially offer a valua-
ble alternative for existing transparent antenna tech-
nologies in space, enabling more efficient use of small
spacecraft surface area.
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