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In this research, we build, miniaturize, and optimize a smart metasurface antenna to meet the requirements of
the smallest cube satellite unit with almost negligible air drag altitude. One of the main objectives of this study is to
extend the AeroCube lifetime by adopting far orbits and obtaining significant HPBW angles in order to increase the
data reception period throughout the day while using a very efficient energy system. To accomplish all of this, a new
antenna shape was adopted, consisting of planar dipole antennas perpendicular to each other, to minimize size to the
greatest extent possible while maintaining good operating characteristics in accordance with all previous objectives,
without the need for any antenna deployment process after the satellite reaches orbit. Furthermore, a completely new
unit cell shape was adopted and optimized to create the metasurface layer, allowing for further enhancement of the
final X-band antenna characteristics and, as a result, the overall efficiency of the completed cube satellite. The
designed metasurfaced antenna was well manufactured and validated in the anechoic chamber and using vector
network analyzer, yielding satisfactory measured results in X-band for CubeSat communication. It is lightweight and
exhibit unidirectional radiation pattern with wide 3 dBi gain bandwidth (3 dBi GBW of about 1.0 GHz) and high gain
of about 10.0 dBi at 8.4 GHz. The overall results with occupied size and volume are satisfactory for unlimited lifetime
CubeSat missions at X-band using all CubeSat structures.
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1. INTRODUCTION and similar rockets successfully launch several cube
satellite missions to different orbits on a regular basis,
regardless of whether they are govern-mental or private
[2]. This tremendous technological boom has led to
amazing progress in the engineering of all the devices of
a specific cube satellite mission according to the
coordinates and objectives of the mission. For example,
there are several international commercial companies
that provide all the parts of a cube satellite and the rest
are assembled correctly in just a few days or a few weeks.
For example, GOMspace and Kongsberg NanoAvionics
companies supply ready-made designs for most devices
and pieces, which may be assembled to create any cubic
satellite configuration [3, 4].

In general, the smallest cubic satellite has mass of
about 1.33 kg and delivers a few watts to the majority of
its electronics, making designing and manufacturing
these devices rather than acquiring them a goldmine for
space technology researchers [5]. In this context, one of

In the second decade of the twentieth century, cube
satellite technology witnessed an amazing development
to the point that it became widespread in most countries
on all continents. Today, we are talking about thousands
of CubeSat missions operating in different orbits around
the Earth for several purposes. These include weather
monitoring, studying climate change such as monitoring
the melting of ice at the poles, studying river levels
during the year, regulating ship traffic in ports,
regulating air traffic at airports, acting as an
intermediary between integrated missions to increase the
rate of data flow to the Earth, etc., and commercial and
military purposes as well [1]. In addition, the availability
and multiplicity of means that can deliver these small
satellites to their orbits at a low cost has led to the
transition to talking about daily launch rates with very
important proportions. For example, Falcon, Vega, PSLV
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the most significant devices is the design and production
of cubic satellite antennas, which are responsible for
exchanging communications with base stations and
therefore achieving the goals of the lunar mission in
general [6]. It should be emphasized that many of the
successfully launched cubic satellite missions were
carried out in Low-Earth orbit, where air exerts a
considerable drag effect on composite satellite interfaces,
causing damage to the devices over time [7]. Thus, a low
drag coefficient indicates less aquatic mechanics and
aerodynamic resistance within the CubeSat box, ex-
tending the satellite's life. As a result, each satellite
mission's top objective is to reduce the influence of air
resistance on the satellite while it is in orbit. Add to this
the necessity to establish radio links between the
satellite in orbit and the ground operators so that data
and commands may be exchanged as long as feasible
during the day, regardless of weather conditions. Data is
delivered to ground operators for a few minutes each day.
Thus, the elements influencing the quality of connection
between the satellite and the Earth's operators are highly
sensitive to the overall performance of the consultancy
within the targeted precipitation of consumers [8]. The
total loss during any continuous operation includes any
retention of signal quality from the satellite to the ground
station [9, 11]. The distance of the bilateral radio
communication pattern is deter-mined by the satellite's
height angle and the angle be-tween its orbit point and
ground stations, which, along with current satellites' tiny
size, restricts the feasibility of a secondary deployment of
the antenna in orbit [10] [12, 13]. Bypassing the
secondary deployment of satellite antennas is one of the
mission's most essential technical objectives for aerospace
engineers [14]. By maintaining radio communication
between the satellite, which orbits the Earth multiple
times a day, and the ground stations, which are
stationary and have little ability to alter the
communication angle based on the satellite's point of
presence during its movement, the best service is
provided to operators on Earth and, consequently,
customers. These grandparents will live forever thanks to
the nearly complete lack of air resistance when circling
and the high-energy solar radiation that quickly charges
satellite batteries. To be more precise and comprehensive
in this context, this article focused on the utilization of
the smallest cubic satellites, which are typically utilized
in low Earth orbits for only a few years. In this regards,
this article aims to construct a lightweight and extremely
effective cross-patch antenna with metasurface (MTM /
MTS) for very advanced Earth orbits using the Smallest
configurations, 1U AeroCubes.

This research paper aims to construct a small and
lightweight antenna configuration on 1U CubeSats by
pursuing three primary objectives. In the first, HFSS's
FEM approach and QNM package are used to design,
downsize, and optimize a planar crossed dipole antenna
that can occupy an area less than 8% of a 1U CubeSat
face. Other frees up more space will be used by other
components like solar arrays, radars, surveillance
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systems, and so on. In order to raise the appropriate orbit
radius and, consequently, the CubeSat lifetime itself, the
second objective is to use metasurface (MTM / MTS) to
improve antenna performance at the same operating
frequency while concurrently increasing the daily sent
data throughput. More precisely, we seek to reduce
interference with other components inside the 1U
CubeSat box and then optimizing antenna peak gains,
3dBi gain bandwidths, and beamwidth angles. The third
purpose is to evaluate the fabricated cross-patch antenna
alone and the whole MTM antenna prototypes by
measuring their features and comparing them to the
simulation results to see how well they performs for 1U
CubeSat missions. As a result, the goal of this
contribution is to optimize new cross-patch antenna and
tiny metasurface configurations in order to build high
performance small-sized antenna systems suitable for
use on 1U CubeSats with an area of less than 8%. This
will serve to both increase gain and reduce size at 8.4
GHz. Specifically, the authors combine cross-patches and
a novel unit cell layout to create a new MTM antenna
that can satisfy all of these criteria while also being low
cost, lightweight, and low volume. Additionally, the high
stiffness of the developed CubeSat architecture (i.e., Full
system), the fulfillment of requirements proposed by 1U
CubeSat deployed systems, and the ability to operate in
space at extremely high speeds all contribute to its utility
for advanced LEO AeroCube missions.

This study is arranged as follows: Section 2 de-scribes
the geometrical specifics of the proposed MTM antenna
design, fabrication, and measurement block. This section
illustrates and explains the geometrical characteristics
and measuring procedure of the suggested antenna
approaches. In Section 3, the recommended techniques
are discussed and analyzed in depth using parametric
analysis. It also demonstrates the efficacy and benefits of
the proposed MTM antenna for CubeSats in X-band.
Section 3 provides a comprehensive comparison of our
proposed antenna design to previous efforts on CubeSat
antennas that employ metasurface and other techniques
to X-band patch antennas. Finally, section 4 summarizes
our contributions to this study endeavor.

2. ANTENNA DESIGN, FABRICATION AND
MEASUREMENT BLOCK

This paper proposes to design an X-band (8.4 GHz)
cross-patch antenna developed and optimized using
ANSYS HFSS for optimal operation on a 1U CubeSat
[15] in order to combine the characteristics of the
smallest size and the highest performance, making it
suitable for all AeroCube standards. The cross-patch
elements are printed on the top face of the low cost
Rogers RT 5880 dielectric (& =2.1, tand=0.001 and
h=1.5mm) which considered as substrate material
because of its wide availability in the market and high
reliability characteristics for AeroCube applications [16]
[17]. Fig. 1 depicts the design evolution of proposed
cross-patch antenna system and shows that it is feed
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using a 50-Q CPW feed-line having dimensions of
5 x 3.5 mm2. All antenna dimensions are estimated
using the HFSS FEM method and optimized using a
special QNM approach. Its purpose is to construct a tiny
and lightweight MTM antenna suited for all CubeSat
de-signs, with a gain more than 10.0 dBi and a broad
— 10dB BW at X-band (8.4 GHz). The QNM approach is
used to compute the antenna dimensions at 8.4 GHz by
altering their initialization values over 1000 iterations
in order to achieve the desired return loss and peak gain
at 8.4 GHz while maintaining size and volume
appropriateness for all CubeSat designs, including the
1U form. To solve the challenges associated with using
dielectric substrates in the high frequency region, we
suggest an MTS structure, as seen in Fig 2(a). This
MTS architecture is made up of an array of square unit
cells optimized using the approach shown in Fig. 2(b).
The resultant structure was effectively employed to
create a small-sized MTS antenna, see Fig. 2(c). The
optimized design covers just 6.84 % of a 1U CubeSat's
top face (10 x 10 cm2) and appears to be exceptionally
rigid, lightweight, and compact, making it suitable for
usage with any CubeSat architecture.

The antenna fabrication procedure was then carried
out individually for both the cross-patch antenna and
the whole MTM antenna system to confirm the afore-
mentioned simulation results, as well as to evaluate the
physical performance and efficacy of suggested antenna
approaches. The vector network analyzer's 50Q port was
used to test the |Sii|, VSWR, gain parameters as a
function of frequency, and the 2D radiation pattern
characteristics for the constructed cross-patch antenna
prototype by itself and the prototype of the whole MTM
antenna. The fabrication and testing procedure are
shown in Figs. 3 and 4, where the antenna is connected
coaxially to vector network analyzer (VNA) port.

The most crucial phases of a CubeSat-earth station
link are depicted in Fig. 5 below. It demonstrates how
each transmission link's characteristics, the date rate of
a CubeSat-Earth station transmission, and ultimately
the mission's lifetime is determined by the transmitting
antenna's power and gain in parallel with the receiving
antenna's power and receive gain.

Furthermore, it is demonstrated that the entire
MTM antenna takes up a small area on the smallest
CubeSat standard (1U), while solar panels use nearly
all of the available space to generate energy, which is
extremely constrained on CubeSats. Additionally, it is
demonstrated how to calculate the limits of physical
area and volume that any CubeSat antenna can occupy
at the same time, along with the performance
requirements based on the desired wave length,
CubeSat configuration, frequency, and orbit radius, and
thus the CubeSat lifetime itself.
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Fig. 1 — Configuration, evolution and Dimensions of proposed
cross-patch antenna
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Fig. 2 — Configuration of developed metasurface antenna

system, (a): Unit cell configuration and proposed metasurface,
(b): 3D Layout of proposed MTM antenna
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(b): Fabricated cross-patch antenna testing in anechoic chamber

Fig. 3 — Prototype of the fabricated cross-patch antenna and its
measurement blocks

SMA

#Anechoic chamber

(b): Fabricated MTMA testing in anechoic chamber

Fig. 4 — Prototype of the fabricated metasurface antenna and
measurement blocks
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Fig. 5 — Protocol of proposed 1U CubeSat antenna - UHF/X-band
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Fig. 6 below illustrates how air density and,
consequently, its resistance on the satellite interface
affects the lifetime of the CubeSat mission. For
example, the pressure on the satellite's interface
increases sharply the closer we get to the Earth's
surface, to the point that the satellite's life span does
not exceed a few months to a year or two at most. This
is due to the fact that the air density is higher near the
Earth's surface than at altitudes exceeding
1000 kilometers. For example, Fig. 6 shows the big
difference between the life spans of satellite missions at
altitudes of 450, 500, and 600 kilometers, where the
largest life spans are at 600 kilometers, regardless of
the air drag values depending on the size of the satellite
and thus the area of its interface. In addition, it appears
that the life span of a cube satellite mission becomes
indefinite, i.e. it is not affected by the effects of air in
the event that it orbits the Earth from altitudes
exceeding a thousand kilometers. Accordingly, the
superiority of cube satellite missions over others is due
to the type of missions they perform and their
resistance to air effects by targeting high altitudes
exceeding a thousand kilometers or reducing the area of
the cube satellite's interface and thus overcoming the
effects of air drag.
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The aforementioned demonstrates that the process of
creating this X-band metasurface-based antenna that will
be utilized in 1U CubeSats offers numerous opportunities
for research and development in three distinct directions:
lowering the electrical energy required for the antenna's
design and development in order to supply it to the other
devices or lessening the strain on the satellite's electrical
energy production system. In order to accomplish the
first aim, the second goal is to minimize the size and area
while avoiding, as far as possible, a secondary
deployment procedure that is unique to the device. The
third purpose is to maximize the antenna's attributes in
order to increase the efficiency of completed missions and
target very high orbits, such as those with very extended
life spans, as previously noted.

3. RESULTS, DISCUSSION, AND SAMMARY OF
ACHIEVED RESULTS

As previously stated, this antenna approach is built
around the unique antenna parameters that effect a
CubeSat mission while still meeting consumer
requirements. The analysis of all simulated and
measured results will now be done in terms of a CubeSat
mission under development by engineers and consumers
inside the laboratory, taking into account the entire
CubeSat lifetime from design to the end of its lifetime in
orbit around Earth. To further demonstrate how effective
this antenna strategy is for CubeSat standards, the
design evolution, result improvement, and measurement
setup will be presented in a similar manner. Fig.7
depicts the E-field, H-field, and antenna gain at 8.4 GHz
for a cross-patch antenna constructed using two
elements. It demonstrates that this design radiates
unidirectionally and achieves a peak gain of 5.5 dBi at
8.4 GHz, making it suitable for usage on CubeSats for
inter-CubeSat and CubeSat swarm communication.

Based on that, this design is enhanced by employing
five components to create the source antenna, which
provides two effective bands at the X-band, as seen in
Fig. 8 showing the results of measured and simulated
reflection coefficients. The measurement results indicate
that the lowest measurements of |Sii| are —26.5 and
—-30.dB at 838 and 8.81 GHz, respectively.
Furthermore, as both findings exhibit measured
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impedance bandwidths of 160 and 780 MHz and
simulated impedance bandwidths of 170 and 410 MHz for
X-band CubeSat communication, the measured and
simulated results are in good agreement. Thus, both
simulation and measurement demonstrate the dual-band
nature of the improved cross-patch antenna design,
allowing earth stations and other transmitting
spacecrafts to connect with the designed CubeSat
antenna using two effective bands independently. It
enhances the sent data rate because the CubeSat has just
a few minutes per day to connect with Earth as normal.
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Fig. 7— E- and H-fields and Antenna Gain at 8.4 GHz of two
elemnets based cross-patch antenna, (a) 2D radiation pattern of
the two crossed-patch antenna design at 8.4 GHz, (b) 2D gain
plot of the two crossed-patch antenna design at 8.4 GHz
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To be more beneficial, because the bilateral trans-
mission between a CubeSat and Earth stations takes just a
few minutes each day, it is preferable to maximize the
acquired performance in accordance with the geometrical,
mechanical, and electrical requirements of every CubeSat
mission. In this sense, this antenna approach creates an
optimal metasurface of 5 x 7 unit cells with the current
distribution shown in Fig. 9(a). It exhibits practically
uniform current distribution as a result of the extremely
powerful optimization applied to the novel form of
metasurface unit cell with reflection phase investigated
and illustrated in Fig. 9(b). The suggested metasurface
exhibits a broadband response, with the zero-degree
reflection phase at 8.4 GHz and a reflection phase
bandwidth (= 10°) ranging from 8.0 GHz to 8.8 GHz. The
effectiveness of these results and the optimal choice of unit
cell to build the generated metasurface are demonstrated
by simulated results and measured findings of bandwidth
enhancement [18], as shown in Fig. 10.

When compared to the cross-patch antenna alone, the
optimized metasurface antenna's measured and computed
reflection coefficient findings, displayed in Fig. 10,
demonstrate high agreement and bandwidth improvement.
The calculated |S11| parameter is almost —20 dB at
8.4 GHz, yet the measurement indicates an extremely low
reflection coefficient of —31.3 dB at the same frequency.
Furthermore, the computed and measured impedance
bandwidths are much improved. The first simulated —
10 dB BW is extended from 170 MHz (cross-patch antenna
alone) to 210 MHz (metasurface antenna), while the
second impedance bandwidth is increased from 410 MHz
(cross-patch antenna alone) to 690 MHz (metasurface
antenna). Additionally, the experiment reveals an infinite
impedance bandwidth spanning from 8.21 GHz to 9.5 GHz.
On the other hand, the measurements of the |[S11]
coefficient match well with the calculated values around
an operating frequency of 8.4 GHz. These achievements
are well proven by the findings of VSWR coefficient and
antenna gain, which are shown in Fig. 11. The
metasurfaced antenna provides two VSWR bandwidths,
8.36 to 8.568 GHz and 8.75 to 9.49 GHz, respectively.

Added to that, when compared to the cross-patch
antenna alone, the generated metasurface provides
significant VSWR increase, see Fig. 11(a). Fig. 11(b) shows
that the optimized metasurface increases antenna gain by
over 16% (more than 1.5dBi) at the same operating
frequency while occupying the same area on the CubeSat
box. Power consumption remains low as the entire antenna
system is excited using a 50 Q SMA connector. At the same
operating frequency, the cross-patch design alone yields
peak gain of around 8 dBi, whereas the metasurfaced
antenna provides peak gain of about 10.0 dBi. As a result,
both designs are optimal for usage on compact CubeSat
configurations with advanced LEO AeroCube missions.
Moreover, the simulated and actual 2D radiation patterns
correlate well, as seen in Fig. 12.
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Both simulated and measured radiation patterns have
large beamwidth angles and are appropriate for CubeSat
communication due to the majority of electro-magnetic
energy is emitted beyond the CubeSat shell. Furthermore,
the experimental measurement of the antenna gain
parameter shown in Fig. 13 demonstrates that the
manufactured metasurface antenna provides gain greater
than 8.0 dBi throughout a wide 3 dBi gain bandwidth
extending from 8.0 to 8.9 GHz. These two points are one of
the most significant achievements of this antenna design
since they enable deep link communication between the
proposed CubeSat configuration and earth stations or other
spacecraft circling the planet Earth. The broad beamwidth
angle conserves transmission for various CubeSat elevation
angles, and the high gains ensure that data and orders are
properly received. Tables 1 and 2 numerically describe all of
these achievements, as well as the metasurfaced antenna's
geometrical and mechanical attributes.
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Fig. 13 — Measured and Simulated Gain of constructed MTM
antenna

Table 1 — Physical and electrical characteristics of the fabricated
cross-patch and metasurfaced antennas at X-band (8.4 GHz)

Characteristics Cross-Patch Metasurface
antenna Antenna

Dielectric constant | 2.1 2.1

(Rogers 5880)

Dielectric thickness | 1.5 mm 1.5 mm

(Rogers 5880)

Physical size

32.4 x 48.9 mm?

0.58 40 x 0.79 Ao

Operating 8.4 GHz 8.40GHz
frequency

Return Loss ~ 26.5 ~31.0

VSWR Close to one Close to one
Beamwidth angle X Very wide
Radiation Pattern Unidirectional Unidirectional
Back lobes Minimum minimum
Gain 8.3 dBi ~10.0 dBi
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Table 2 — Suitability and Geometrical / mechanical Analysis
according to all CubeSat standards: 0.5 U, 1U, 2U, 3U and 6U

Characteristics MTM antenna
Surface / 0.5U CubeSat’s top face | 57 %

(10 x 5 cm2)

Volume / 0.5U CubeSat’s volume 8.65 %o

Surface / 1U CubeSat’s top face | 28.8 %

(10 x 10 cm?)

Volume / 1U CubeSat’s volume 4.392 %o

Surface / 2U CubeSat’s top face | 14.4 %

(10 x 20 cm?)

Volume / 2U CubeSat’s volume 2.16 %o
Surface / 3U CubeSat’s top face | 9.6 %

(10 x 30 cm?)

Volume / 3U CubeSat’s volume 1.44 %o
Surface / 6U CubeSat’s top face | 4.8 %

(20 x 30 cm2)

Volume / 6U CubeSat’s volume 0.72 %o

Power consumption Very low
Radiation Directional antenna
Beamwidth Angle Very wide
Interferences with CubeSat | Minimum
subsystems

Power dissipation Negligible

Gain ~10.0 dBi

Cost Very low (<100 $)
Mass Lightweight
Suitability for All CubeSat | Very suitable
Configurations

This means that the developed 1U configuration can
be used for hundreds of years after the satellite launch
due to the absence of atmospheric drag at high altitudes,
small sectorial area, low mass and high antenna gain of
proposed 1U CubeSat configuration. In addition to that,
the other CubeSat configuration can be targeted as high
altitude satellite missions wusing the constructed
metasurface antenna system since their masses and
sectorial areas are close to each other. From another
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hand, the achieved wide band, wide HPBW and wide
3 dBi gain bandwidth make the whole configuration
suitable to communicate simultaneously with several
earth stations located in different places.

4. DETAILED COMPARISONS WITH LITERA-
TURE WORKS

As it is mentioned before, the X-band is extensively
studied because of its potential to design high-performing
medium- and small-sized planar antennas. In Tables 3 and
4, the constructed metasurface antenna system is
compared with 18 similar X-band antenna designs that
can be used for CubeSats in terms of geometrical
parameters or electrical properties. Not that the suitability
for a CubeSat mission is studied in terms of geometrical,
mechanical and electrical characteristics of each antenna
design. An antenna system can be used for a CubeSat
configuration if it satisfies all geometrical, mechanical and
electrical requirements of the CubeSat mission. Hence, the
goal of this comparison is to balance the trade-off between
improving the antenna performances for direct-to-Earth
communications and maintaining geometrical suitability
for all CubeSat configurations, including 0.5U and 1U
structures. This results in a metasurface unit cell that is
smaller than 1 cm by 1cm in compact area, making the
whole metasurface-based antenna adaptable to any
CubeSat layout. Tables 3 and 4 show that both the cross-
patch antenna and the developed metasurface antenna are
compared to 16 X-band AMC, metamaterial, and
metasurface-based antennas with physical sizes suitable
for 1U CubeSats, with the majority geometrically and
mechanically suitable for 0.5U structures. They are
mechanically and geometrically perfect for use on
CubeSats since they are lightweight, require no
deployment equipment, and consume very little power.
These X-band metasurface antenna designs are thoroughly
examined in terms of physical dimensions, operating
frequency, materials, polarization, forms of realized
radiation patterns, and the amount of created interference.

Table 3 — Geometrical comparison with various metasurface and AMC-Based Antenna Designs for CubeSats at X-band

References Total antenna size Operating Freq. [GHz] Materials
[19] 5X26X0.5mm? 6.9 - 8.8 Jeans textile, Copper
[20] 40x30%0.8mm? 9.70 metallic ring; Rogers 4003C
[21] 25.2x23.7x10mm?3 8.30 RT/duroid 5880 (0.5 mm-thick), Copper
[22] 55x55%17.67 mm? 10.00 FR-4; copper film
[23] 30x22x1.6mm?3 10.10 FR4 (0.6 mm-thick), Copper
[24] 12X12x3.58mm?3 8.95-10.68 Rogers RT5880; Rogers RO4030; Copper
[25] 140x140mm?2 8.82,9, 9.25, 9.43, and 10.1 FR4; copper
[26] 28x28mm? 10.44; 10.77; 10.94 FR4; Teflon; Copper
[27] ~T74X74mm? 9.5-10.2 (LP) and Rogers 5880; Plastic pole
C10.2-10.8 (CP)
[28] ~24%24x2.004 mm? 10.0 F4B; Rogers 4350B
[29] 50x50 mm? 7.80; 8.10 Kapton layer; FR4
[30] ~31.2x31.2x4.5mm?3 7.47-11.65 Rogers 4350B; Rogers RT5880 ; Copper
[31] 62x62X 22.2mm? 8.28 -8.88 R0O3003, Copper
[32] ~81.75%81.75%14.3mm? 10.90; 22.50 Copper; PCMs; vanadium dioxide Graphene
[33] 60x60%X7.92mm?* 7.14 - 8.45 and 7.10 - 8.70 Rogers 5880, Copper
[34] 29%x29%2 mm? 8.40 Rogers RO 4003, copper
Cross-patch antenna 32.4x48.9%1.5 8.40 Rogers 5880; copper
Metasurfaced antenna 32.4x48.9%3 8.40 Rogers 5880; copper
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Table 4 — Electrical comparison with various metasurface and AMC-Based Antenna Designs for CubeSats at X-band
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References Operating Freq. | Gain Bandwidths [GHz] Polarization Radiation Interferences
[GHz] [dBi] Pattern
[19] 6.9-8.8 6.17 6.9-8.8 Circular semi- Medium
omnidirectional
[20] 9.70 8.43 ~1.60 Linear Unidirectional Low
[21] 8.30 1.70 ~8.0-10.0 Linear bidirectional Minimum.
[22] 10.00 9.45 9.42 - 10.62 linear unidirectional Reduced
[23] 10.10 7.20 8.50 - 11.30 circular unidirectional Low
[24] 8.95-10.68 5.85 IBW: 8.95-10.68 Circular Unidirectional Minimum
ARBW: 10.62-11.87
[25] 882, 9, 9.25 | Not 8.5-10.5 Linear Unidirectional negligible
9.43, and 10.1 assigned
[26] 10.44; 10.77; | 7.57 10.14 - 10.94 Linear Unidirectional Medium
10.94
[27] LP: 9.5-10.2 10.00 8.0-12.0 Circular unidirectional Low
CP:10.2-10.8
[28] 10.0 8.60 8.41-11.67 RHCP Unidirectional Very low
[29] 7.80; 8.10 8.60 7.25 - 8.40 circular Bidirectional High
[30] 7.47-11.65 H: 6.58 - | 43.72%: Port H Linear Quasi- Low
7.68 38.65%: Port V omnidirectional
V: 5.85 -
7.28
[31] 8.28-8.88 7.0 -10dB BW : 8.0-9.5 LHCP Unidirectional Low
3dB ARBW: ~8.3-8.8
[32] 10.90 8.40 3dB ARBW: 10-12.54 LHCP Unidirectional Low
RHCP
[33] 7.14 - 8.45 7.6+1.50 | 66.7% (3.1-6.20) circular Unidirectional Low
7.10 - 8.70 7.4+1.80 | 20.3% (7.1-8.70)
[34] 8.40 5.80 8.28-8.59 Linear Unidirectional Low
Cross-patch antenna 8.40 8.30 IBW: 0.16; 0.78 Linear Unidirectional Low
Metasurfaced antenna | 8.40 ~10.0 3dBi GBW > 1.0 Linear Unidirectional Low
IBW >1.31
Table 5 — Comparison with some similar works which use Patch antennas at X-band
Reference Fo Volume [mm3] Dielectric Feeding System RL Radiation Gain in | Power
[GHz] Material [dB] | Pattern dBi Losses
[35] 10.94 28x28x8.4 FR4 508 strip line ~ 25 | Multi-Lobes 8.17 High
[36] 9.6 27.56x42.56%1.57 FR4 50Q strip line ~ 40 | Multi-Lobes ~4.0 High
[37] 9.7 50%x30x1.6 FR4 50Q strip line ~ 25 | Multi-Lobes 2.09 High
[38] 8.2 40x40x3.2 FR4 50Q strip line ~ 28 | Bidirectional 7.023 High
[39] 8.94 50%30x1.6 FR4 50Q strip line ~ 30 | Bidirectional ~b5.5 High
[40] 10 46.7X46.7X3.2 FR4 4 Apertures ~ 30 | Bidirectional 2.5 dBic Very High
[41] 10 13.39%9.16%4.4 Rogers 50Q CPW line 26 Bidirectional 6.72 High
R0O3003
[42] 8.95 34x36x1.6 FR4 50Q strip line 15 Bidirectional 2.63 Very High
[43] 11 32x32x1.6 FR4 50Q strip line ~15 | Bidirectional 2.2 High
[44] 9 25%26%1.6 FR4 50Q strip line ~ 25 | Bidirectional 6.2 High
[45] 8.15 37%x35x3.4 Laminate Aperture ~ 22 | Bidirectional 5.33 High
[46] 8.19 80%36x1.575 RT-Duroid | 50Q SIW line ~ 25 | unidirectional 9.6 Medium
5880
[47] 9 20%20%2.5 FR4 508 coaxial probe | low unidirectional Not high
assigned
[48] 10.5 22.5%22.5X2 Mg-Nd-Cd | 50Q coaxial probe | ~ 30 | unidirectional 0.46 Low
ferrite
Cross-patch 8.40 32.4x48.9%1.5 Rogers 50Q strip line 26.5 | unidirectional 8.3 Minimum
antenna 5880
Metasurfaced 8.40 32.4x48.9x3 Rogers 50Q strip line 31.31 | unidirectional ~10.0 Minimum
antenna 5880
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The operating frequencies of all studied designs are in the
X-band, and the majority of investigated designs radiate
unidirectionally, resulting in negligible interference with
other CubeSat components. As a result, any increased value
in antenna gain, beamwidth angle, and impedance
bandwidth, or size reduction is beneficial for CubeSat
applications. All of this is related to the CubeSat box's
restricted physical dimensions, limited power for exciting
numerous electronic equipment, limited daily
communication length with the CubeSat, and the short
lifespan of most deployed AeroCube projects. This implies
that the lack of any human CubeSat interaction after the
CubeSat is launched into orbit makes any upgrade of the
overall mission parameters incredibly efficient for consumers
and engineers who are operating earth stations on Earth.
Hence, both of the cross-patch antenna with and without
metasurface have the smallest dimensions, operate over a
broader impedance bandwidth, have the maximum antenna
gain, and have a wider 3 dBi gain bandwidth when compared
to the metasurfaced antenna designs de-tailed in [25]. In
comparison to the metasurfaced antenna design provided in
[29], it is bidirectional, resulting in substantial interferences
with other components within the CubeSat body due to
increased temperature and hence resistance to electrical
circuits. This design, therefore, cannot be utilized for
CubeSat applications without a metallic reflector beneath its
back face or the use of a deployment device to launch this
antenna sys-tem after the CubeSat launch to make the
antenna attached axially to the CubeSat's corner. As a result,
this antenna design is not a suitable fit for CubeSats since it
increases the chance of mission failure whether used in its
current form or in conjunction with a deployment mechanism
to launch the antenna after the CubeSat is in its target orbit.
Compared to all other metasurface antenna approaches
presented in Tables 3 and 4, our configured cross-patch
antenna alone and the optimized metasurface antenna
design allow for greater gain, the smallest space, the usage of
very little electric energy, and a very low-cost CubeSat
antenna system. As a consequence, the created antenna
approaches yield the best performances that satisfy all
CubeSat requirements. Furthermore, the results shown in
Table 5 compare the generated antenna designs to certain
patch antenna systems produced by the scientific community
for X-band applications.

Geometrically, antenna configurations proposed in [35-
37] satisfy all geometrical and mechanical criteria of all
CubeSat configurations while their radiation pattern are
multi-lobes and hence their major weakness that limits
their effectiveness for space uses is the very high
interferences with other circuits inside the satellite box.
From another hands, they give gains below 10 dBi and so
the metasurface antenna developed in this study measures
the superior gain with advantages of lowest volume and
low cost at X-band. Contributions detailed in [38-45]
describe antenna systems meet all geometrical and
mechanical criteria for all CubeSat standards while their
very high back lobe radiations limit their suitability for
operation on CubeSats. They present very high losses and
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allow to very high interferences that increase the failure
rate. Despite its unidirectional radiation pattern, small
dimensions and good stiffness, the antenna design
developed by authors of [47] is unsuitable for integration
with CubeSats due to its very low return loss and low gain
at X-band. Likewise, it presents huge losses of electrical
energy that is very constrained on CubeSats. The approach
presented in [48] leads to obtain very low gain at X-band
(0.46 dBi) that can be used only for some nearfield
applications under certain circumstances. Thus, it doesn't
gratify the appropriateness criteria of CubeSat missions.
Compared with antenna systems developed in [46], our
configured metasurface antenna allows obtaining the
superior gains, holding the lowest volume, using up very
low electric energy and is very low cost CubeSat antenna
system. As a result, our metasurface antenna system leads
to obtain the highest performances that meet all CubeSat
criteria among all cited antenna approaches.

5. CONCLUSIONS AND PERSPECTIVES

This research project develops a tiny size cross-patch
antenna design with and without a metasurface based on
experimental measurements for smallest unlimited lifetime
CubeSats. Both the metasurfaced antenna and the cross-
patch antenna by itself are lightweight, low power
consumption, and have mechanical and geometrical
characteristics that make them very suitable with all
CubeSat designs, including 0.5U and 1U forms. Simulations
and experimental measurements that show high agreement
prove that both the cross-patch antenna and the
metasurfaced antenna radiate unidirectionally and function
over large impedance bandwidths in the X band.
Furthermore, despite its small size, the metasurface
antenna measures a peak gain of around 10.0 dBi,
demonstrating a gain improvement of roughly 2.0 dBi and
3 dBi gain band-widths greater than 1.0 GHz, whereas the
cross-patch antenna alone produces a peak gain of more
than 8.0dBi. In addition to that, both antenna
configurations exhibit broad HPBW at 8.4 GHz and
substantial return losses (RLs), indicating excellent
performance for advanced low-earth orbit CubeSat missions.

As a starting point for future research, we may
construct a multilayer Fabry-Perot antenna using the
same metasurface or new arrays of unit cells to boost the
antenna gain to over 20 dBi, making it suitable for 1U
CubeSats at the same CubeSat frequency. This would
further reduce the amount of antenna gain required for
the deployed earth station to maintain connections with
the CubeSat in its orbit while traveling around the planet
at high speeds multiple times each day.
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IIpoexTyBaHHS, BUTOTORJIEHHA Ta BUMiPIOBaHHA X-CMYTOBOI aHTE€HH TUIY «cross-patch» 3
MeTaloBepXHelo aJ1a nepcrunekTuBHux miciit CubeSat ua opGirax LEO
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2 Kagpedpa ennekmporiku ma 36 23Ky, Texuiunuli kamnyc koneoxcy Jlaaanyp Kxanca, Iocananoxap, [lenosxcab, Inois
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Y npadomy mocimimsxeHHI OyJI0 PO3poOJIeHO, MIHIATIOPM30BAHO Ta OITHMI30BAHO PO3YMHY AHTEHY 3
MeTaIoBepXHelo, KA BIAMOBigae BHMoraMm HaMmeHmmx omwuuilh CubeSat 3 MiHIMAJIBPHHM aepoIUHAMIYHUM
omopoM Ha 3agaHii Brcori. OHIE 3 OCHOBHUX ITIJIEH € IPOJOBIKEHHS Yacy eKcrryaTarii cynyTaukis AeroCube,
BUKOPHCTOBYIOUH BHIII 0pOiTH Ta 3abesmeuyioun 3HavHl Kyt HPBW (tmmmpmna mpomeHs Ha miBIOTYRHOCTI), 1100
30LIBIIIATH TIePiof MPUHOMY JAHUX IIPOTATOM A00M mpu edeKTHUBHOMY eHeprocroskuBauHi. JJ1a mocsirHeHHs
1IHOT0 OYJIO 3ACTOCOBAHO HOBY (DOPMY AHTEHUW — ILIAHAPHI JUIOJIBHI eJIEMEeHTH, PO3TAIIOBAH] IIePIEHUKY JISIPHO
OJIMH JI0 OJIHOTO, IIT0 J03BOJIsSe MAKCHMAJIbHO 3MEHIIUTH PO3Mipy 0e3 IoripireHHs pobounx xapakTepuctuk. [Ipu
I[bOMY KOHCTPYKI[sSI He IOTpebye KOOHUX pPO3TOPTAJIBPHUX MeXaHI3MIB IICIs BHUXOLY CYIIyTHHKA Ha OpOITY.
Taxosx OyJi0 BIIpOBaI?KEHO TA ONTHMI30BAHO HOBY (hOPMY eJIeMeHTapHOI KOMIPKH METAIIOBEPXHI, III0 1aJI0 3MOTY
JIOJTATKOBO TIOKPAIIATH XAPaKTEePUCTUKUA KIHIIEBOI aHTEHW B X-CMy3l Ta, BIIIOBLIHO, e(EKTHBHICTH YCHOTO
CubeSat. Buroroiena aHTeHa 3 MeTamoBepxHeW OyJia YCIIIIHO IIPOTECTOBAHA B 0e3eXOBiMi Kamepl Ta 3a
JIOTIOMOTOI0 BEKTOPHOTO aHa/i3aTopa Mepeskl, IIPOJeMOHCTPYBABIIH 3aJ0BLIbHI pe3yjabTaTd B X-cMy3l s
romyHikamiiaux cucrem CubeSat: jrerka KOHCTPYKINsA, CIIpAMOBAaHA JiarpaMa BAIIPOMIHIOBAHHS, IIMPOKA CMYyTa
mpomyckaHHA pu macuienHi 3 Ab (6immsero 1,0 I'T), Bucoxe miacwiaenua =~ 10,0 nbi mpu 8,4 I'Tu. 3aranbhi
pesyabTaTu om0 rabapuris 1 ob'emy e omnTumasbHuME 11t CubeSat wmiciit 3 TpUBaJIMM TEePMIHOM CJIysKOH B
X-cmysi misa Oyab-axux KoHdirypairiit CubeSat (1U i 6isbie).

Kmiouosi cnosa: 1U CubeSat, BumipioBauusa auren, Cross-patch amrena, Tpusasmicrs micii CubeSat, MTM
(meTamarepianm), [likoBe migcuIeHHs.
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