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Abstract: In this article, a compact multiband antenna design and analysis is presented with a view
of ensuring efficient uplink /downlink communications at the same time from a single antenna for
CubeSat applications. This design shares the aperture of an S-band slot antenna to accommodate
a square patch antenna operating in the X-band. Shared aperture antennas, along with an air gap
and dielectric loading, provided good gain in both frequency bands. The S-band patch had an
S11 = —10 dB bandwidth of 30 MHz (2013-2043 MHz, 1.5%), and the X-band antenna demonstrated
a bandwidth of 210 MHz (8320-8530 MHz, 2.5%). The Axial Ratio (<3 dB) bandwidth of the slot
antenna in the S-band is 7 MHz (2013-2020 MHz, 0.35%), and it is 67 MHz (8433-8500 MHz, 0.8%) in
the case of patch antenna in the X-band. While the maximum gain in the S-band reached 7.7 dBic, in
the X-band, the peak gain was 12.8 dBic. This performance comparison study shows that the antenna
is advantageous in terms of high gain, maintains circular polarization over a wideband, and can
replace two antennas needed in CubeSats for uplink/downlink, which essentially saves space.

Keywords: CubeSat; shared aperture antenna; multiband; high gain; circular polarization

1. Introduction

At the beginning of space exploration, satellites were large and heavy and delivered a
multi-functional payload. These satellites used high power and needed a long development
time and a huge budget. Satellite development skills were inaccessible to students and
researchers in most cases. Also, there were many scientific questions that required attention
but could not justify the large cost of satellite development to resolve them. The technologi-
cal advances in low-power microelectronics, micro-electromechanical systems, and digital
signal processing paved the way for the development of small satellites with a low cost and
short development time yet with a lot of advanced functionality [1-3]. These small satellites
are lighter and cheaper compared to conventional satellites, which makes them suitable for
applications in academia and amateur projects. CubeSat, a special type of small satellite
made of one or multiple 10 x 10 x 10 cm? cubic structures, rapidly gained popularity
in different sectors due to its flexible design and capacity for custom development. A
CubeSat with a dimension of 10 cm on each side is called 1 U, which is the standard unit
of the CubeSat size. A CubeSat canbe 1 U, 2 U, 3 U and even increases up to 12 U and
16 U if required by the mission. CubeSat was first developed and standardized in 1999
by Jordi Puig-Suari and Bob Twiggs at Stanford University’s Space Systems Development
Laboratory (SSDL) [4]. The goal behind CubeSat’s development was to provide a platform
to help students and researchers develop skills related to the design, manufacture, and
testing of small satellites at a lower earth orbit for various science missions while reducing
the cost and development time. With time, CubeSats gained a lot of attention and found its
way into academia, industry, and government projects.

A CubeSat comprises different subsystems (e.g., electrical power, communication,
attitude determination and control, propulsion, etc.) with numerous components. Antennas
are integral and one of the most important passive components of a CubeSat communication
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subsystem. The antenna design for CubeSats originated from analyzing the link budget of
the communication system and identifying antenna requirements, such as gain, bandwidth,
polarization, etc. The operating frequency of the antenna depends on frequency licensing
and the availability of the ground station. The required bandwidth from the antenna
depends on modulation and the data rate of the communication system. Before designing
an antenna, requirements for gain, bandwidth, polarization, and other antenna performance
metrics must be identified. Designing an antenna for CubeSats is challenging due to space
limitations and mission requirements. Reliability is the most important aspect of a CubeSat
antenna as it cannot be changed once the CubeSat is launched. CubeSat antennas must
also survive mechanical vibration, radiation, out-gassing, atomic oxidation, and wide
temperature variations. Like other satellite communication systems, CubeSats prefer
circularly polarized antennas [5]. Linearly polarized antennas radiate along a single axis
and require the strict orientation matching of the transmitting and receiving antennas. On
the other hand, circularly polarized antennas do not require the orientation matching of
transmitting and receiving antennas. It also reduces the fading effect caused by the Faraday
rotation effect in the ionosphere [6]. Linearly polarized antennas also experience the same
Faraday rotation effect, as the polarization vector is rotated by charged particles in the
ionosphere. Consequently, keeping strict orientation matching between linearly polarized
receiving and transmitting antennas becomes difficult. The CP antennas are not prone to
this Faraday rotation effect, as the strict orientation of transmit and receive antennas is not
required. Antennas of different sizes, shapes, and performance have been used in CubeSats.
Commonly used CubeSat antennas are wire antennas (dipole/monopole/quad-pole) [7,8],
reflector antennas [9], reflect-array antennas [10], membrane antennas [11], microstrip patch
antennas [12], horn and waveguides [13], etc. These antennas have their advantages and
disadvantages based on performance, ease of integration, shape and size, mass, deployable
mechanisms, etc. Developers select antennas from these options and customize the design
to suit the purpose of the mission. Moreover, the widespread practice is to use dedicated
antennas on CubeSats to serve the following purposes:

e  Telemetry, tracking and command (TT&C) for uplink and downlink communications
with the ground station;
High speed downlink communication for large payload data when downloaded;
GNSS (GPS, Galileo, etc.);
Inter-satellite communication.

Normally, CubeSats are equipped with 3—4 antennas or even more if required by the
mission. The placement of these antennas is also challenging due to several issues. CubeSats
must fulfill mass and size requirements and pass the vibration test before launching. The
designed antennas must withstand shock and vibration during launch and deployment.
Most of the CubeSat’s antennas are placed on the outside surface of the structure. CubeSats
also have solar cells placed on the outside surface of their structure for power generation
from solar energy. If multiple antennas with a large form factor are placed on these
sides, CubeSats suffer from a lack of space for solar panels. Developers then struggle
to accommodate enough solar cells to maintain power positivity in the total period of
the satellite operation. A reduction in size is one of the major challenges faced by the
antenna designers of CubeSats. An advancement in commercial-off-the-shelf products,
rapid prototyping, and testing have made it possible to develop high-frequency radios with
a high data rate for application in small satellites with low power. As a result, CubeSats
are collecting more scientific payload data than ever before. However, CubeSats have a
very short ground pass duration while orbiting at lower earth orbits. This means that the
time for downlinking payload data using a line-of-sight communication channel to the
ground station is very short. For the fast and efficient downlink of the payload data from a
CubeSat, a transmitter system with large bandwidth and high data rate is required. Hence,
CubeSat’s payload data downlink system requires an antenna with a large bandwidth
and high gain [14,15]. Shared aperture antennas (SAA) have the potential to resolve the
current issues and future challenges of recent CubeSat antennas [16-19]. The concept of
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structure reuse can reduce the size of the antenna and combine multiple antennas in one
single structure. Moreover, multiple antennas can be fabricated into a single structure
and make a multiband antenna system. This could play a vital role for CubeSats as they
struggle to accommodate multiple antennas due to lack of space and volume. In addition
to this, planer antennas do not need any deployment. In 1991, when the STS-37 launch of
the Gamma Ray Observatory was happening, the high gain antenna did not deploy as per
the initial command [20]. The proposed high-gain antenna has an upper hand in reliability
in addition to saving more space.

In this article, a microstrip patch-based and shared aperture antenna is proposed for
multiband operation. A dual-band-shared aperture antenna operating in L1 and X bands
is presented in [21]. The antenna discussed in this paper has two microstrip patches that
operate at S-band and X-band frequencies. It has two printed elements that share the
same ground plane and dielectric aperture. The antenna system uses a single aperture yet
operates in two frequency bands and, thus, saves space on the CubeSat’s sides. The sense
of polarization of the proposed antenna is Right Hand Circularly Polarized (RHCP). The
performance of the patches is further improved by placing an additional dielectric layer
that acts as a partial reflective surface (PRS) [22]. The S-band patch can be used as a TT&C
antenna, while the X-band patch can be used to downlink the payload data collected by
a CubeSat. This paper is organized as follows: Section 2 presents the detailed antenna
geometry along with the design parameters. Simulated and measured results from the
fabricated antenna are presented in Section 3. The performance of the proposed antenna is
compared with other related work in Section 4. Section 5 has some concluding remarks.

2. Proposed Antenna Geometry

The proposed shared aperture antenna comprises three square-shaped dielectric layers
and two square-shaped microstrip printed elements for the S-band and X-band operation.
The S-band antenna is designed for use with the uplink/downlink communication system
for telemetry, tracking, and command (TT&C) data reception and transmission. The sole
objective of the X-band antenna is to downlink large mission data gathered by the CubeSat
to the ground station within a short ground pass. To serve the same purposes, CubeSats
are normally equipped with two separate conventional antennas. This proposed antenna is
compact in size, and due to its planer ground shape, it can be easily integrated with the
CubeSat structure.

Figure 1 shows the structure of the proposed antenna. The dielectric layer-1 of the
antenna is h mm thick Rogers RT/duroid 5880. The square-shaped copper ground plane of
the antenna has a length of g mm and thickness of 35 pm and is placed at the bottom of the
dielectric layer-1. The X-band patch is placed on the upper surface of the dielectric layer-1.
The X-band square patch antenna has a length of L3 mm with a negative perturbation of qc
mm. The dielectric layer-2 is stacked on top of the dielectric layer-1. This layer also has am
h mm-thick Rogers RT/duroid 5880 material. Any copper cladding from the bottom of the
dielectric layer-2 is removed. On top of the dielectric layer-2, a slotted square-ring patch
with a crossed strip at the center is etched, which operates as the S-band antenna [23]. It
has a length of L; mm and negative corner perturbation of p. mm, as shown in Figure 2.
Four equal-sized square-shaped slots or perforations are present inside the S-band square
ring antenna. An X-band patch antenna can be placed in the middle of any of these four
slots, making sure that the S-band ring patch does not block the radiation of the X-band
patch antenna. A patch antenna operating in the X-band is placed in the bottom-left slot, as
shown in Figure 2. Two separate 50() coaxial probes are used to feed the S-band and X-band
patch antennas. The dielectric layer-3 is made of hy, mm-thick Rogers RT/duroid 6010. It is
placed on top of the second dielectric layer using nonconductive bolts. An air gap of h,
mm separates the dielectric layers 2 and 3. Dielectric layer-3 works as a partial reflective
surface (PRS) for the X-band patch antenna. Placing the PRS at an approximate 0.5A (A is
the wavelength at the resonance frequency of the X-band patch antenna) distance away
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from the X-band antenna means that a Fabry—Perot Resonator Cavity Antenna (FPRA) [24]
is formed. FPRAs can exhibit high gain compared to normal patch antennas.
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Figure 1. Proposed S- and X-band shared aperture antenna (a) Antenna structure in isometric view;
(b) Side view of the antenna.
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Figure 2. Geometry of the proposed S- and X-band patches.

The center of the antenna is placed at the origin of the coordinate system, as shown in
Figure 2. The feed location of the S-band patch and the X-band patch is given with respect
to the origin. The antenna has a total volume of 60 x 60 x 20 mm?3. Table 1 describes the
parameters of Figures 1 and 2 and their optimized values for the proposed antenna.

Table 1. The design parameters of the S- and X-band-shared aperture antenna.

Antenna Parts Parameters Symbol Value (mm)
Dielectric Layer-1 height h 0.787 mm
Dielectric Layer-2 height h 0.787 mm

Antenna Main Aiir gap distance h, 16.2 mm

Structure Dielectric Layer-3 height hy 2.5 mm
All dielectric layers and ground g 60 mm

Plane length
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Table 1. Cont.

Antenna Parts Parameters Symbol Value (mm)
Square Ring antenna length Ly 41.7 mm
Square Ring antenna slot length L, 13.8 mm
Square Ring patch corner

S-band Patch q 5P

and et perturbation length be 2.2mm

Distance between slots d 7.05 mm
Square Ring antenna feed location (Xs, Ys) (5.7, 0) mm
X-band square patch length Ls 10.8 mm
X-band square patch corner

X-band Patch perturbation length e L mm
X-band patch feed location Xp, Yp) (12.3, —10.4) mm

3. Results

The proposed antenna was modeled and optimized using the finite element method-
based full-wave electromagnetic solver Ansys HFSS 2022. Based on the simulation results
from HFSS, a prototype of the antenna was built. The measured results from the antenna
prototype are compared below with the simulated results.

3.1. Simulated Results

Figure 3 shows the simulated performance of the S-band patch for the proposed
shared aperture antenna. The S < —10 dB bandwidth of the S-band patch is 30 MHz (from
2013 MHz to 2043 MHz, 1.5%). The Axial Ratio (AR) of the proposed antenna is measured
in the boresight (+z axis in Figure 1) direction. The simulated AR < 3 dB bandwidth starts
from 2013 MHz to 2020 MHz (7 MHz, 0.35%), as shown in Figure 3b. It has a minimum
AR value of 1.9 dB at 2016 MHz. Figure 3c,d show the polar plots of the RHCP and LHCP
radiation patterns for the patch in the ¢ = 0° and ¢ = 90° planes, respectively. It is clear
in the plot that the RHCP is more dominant, and the maximum RHCP gain is 7.7 dBic at
2016 MHz. From the radiation patterns of the S-band antenna, it is evident that the antenna
has a peak RHCP gain at the boresight. Due to the partial reflective surface, the antenna
has a slightly higher gain compared to conventional S-band patch antennas.

Figure 4 depicts the simulated results of the X-band patch of the proposed antenna.
The S11 < —10 dB bandwidth of the proposed X-band FPRA starts from 8320 MHz and ends
at 8530 MHz (210 MHz, 2.5%). It has an AR < 3 dB bandwidth that ranges from 8433 MHz
to 8500 MHz (67 MHz, 0.8%), as shown in Figure 4b, measured in the boresight (+z axis
in Figure 1) direction. A simulated maximum RHCP gain of 12.8 dBic was achieved from
the single X-band patch antenna. This increased gain from a single radiating patch is close
to the gain achieved for a 4-element antenna array [25]. The minimum AR = 0.9 dB of the
X-band patch occurred at 8460 MHz. Figure 4c,d show the RHCP and LHCP gain patterns
of the proposed antenna in the ¢ = 0° and ¢ = 90° planes, respectively. These patterns
occurred at the frequency 8460 MHz, where the Axial Ratio is the lowest (0.9 dB). The
RHCP beam of the X-band patch antenna was more direct due to the PRS being placed at
an approximate 0.5A« (A« being the free-space wavelength at X-band frequency) distance
away from the X-band patch. From the simulated results, it can be concluded that the
proposed dual-band shared aperture antenna is an excellent option to replace two antenna
systems of a CubeSat and to cover two bands. The S-band patch has a narrow bandwidth,
but it is sufficient to perform as the uplink/downlink antenna for TT&C due to the fact that
the data speed required to send/receive commands to the CubeSat is not that high. The
X-band patch shows a high RHCP gain, which is desirable for establishing a fast downlink
connection. The 67 MHz Axial Ratio bandwidth of the proposed antenna can establish
Megabits per second (Mbps) and a speed communication link with a ground station.
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Figure 3. Performance of the S-band patch of the proposed antenna, (a) Return loss (b) Axial Ratio
and peak RHCP gain vs. frequency (¢) RHCP gain and LHCP gain patterns at 2016 MHz in the ¢ = 0°
plane (d) RHCP gain and LHCP gain patterns at 2016 MHz, in the ¢ = 90° plane.

3.2. Antenna Prototype Fabrication and Measurement

A prototype of the proposed antennas was developed in the Applied Electromagnetics
Research Lab at the University of South Alabama, and reflection coefficients were measured
using an Anritsu 37369A Vector Network Analyzer (VNA). Figure 5 shows the fabricated
prototype of the proposed antenna. Figure 5a,b show the S-band and X-band microstrip
patches etched on two separate dielectric substrates. These two dielectric layers were
placed on top of each other, and four nonconductive screws and bolts were used to ensure
that there were no air gaps between them. Nonconductive spacers ensured that a uniform
distance between the patch and the partially reflective surface was maintained.
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Figure 4. X-band patch antenna simulated results, (a) return loss (b) AR and peak RHCP gain vs.
frequency (c) RHCP, LHCP gain patterns at 8460 MHz in the ¢ = 0° plane (d) RHCP, LHCP gain
patterns at 8460 MHz in the ¢ = 90° plane.

Figure 6 compares the return loss from measurement and simulation results. From the
return loss graphs, it appears that the fabricated antenna prototype produced similar results.
The measured S;; < —10 dB bandwidth in the S-band was 16 MHz, which was 30 MHz in
the simulation. This difference was due to the slightly higher reflection coefficient of the
fabricated antenna compared to the simulated one. In the case of the X-band patch, the
measured return loss bandwidth was 270 MHz, whereas the simulation showed a 210 MHz
bandwidth. The differences in the simulation and measurement results could be attributed
to some fabrication errors, including the misalignment of various layers of this antenna and
maybe the presence of some air gaps between layers. The fabricated prototype exhibited
good isolation between ports of the S-band and X-band patches (below —20 dB in the
S-band and —15 dB in the X-band).
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(b) (©) (d)

Figure 5. Fabricated prototype of the proposed antenna, (a) S-band patch (b) X-band patch
(c) Proposed antenna (Isometric view) (d) Ground plane and SMA probes (viewing from bottom).
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Figure 6. Comparison of measured and simulated return loss of the proposed antenna and measured
isolation between two ports: (a) S-band patch; (b) X-band patch.
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4. Discussion

The proposed antenna shows a way to design a shared aperture antenna by etching
microstrip patches in different layers of dielectric materials and, thus, reuse the aperture
for the size reduction in the antenna. The lower and higher operating bands of the pro-
posed shared aperture antenna had a frequency ratio of four. Having a high frequency
ratio means that the antenna can be used for two separate communication systems that
require two antennas. As CubeSats have a very small form factor and different design
restrictions, the proposed antenna can be an excellent option for CubeSat missions that
have difficulties accommodating multiple antennas. Table 2 compares the performance
of the proposed antenna with recent published works on shared aperture antennas for
CubeSat application [26-28].

Table 2. Performance comparison of the proposed antenna with other related work.

Antenna

Ref. Freq. Bands AR BW (%) Gain (dBic) 3 Polarization
Volume (mm?®)
[26] S-/X-band NA 8/11.5 140 x 140 x 9.4 Linear
[27] S-/X-band 1/14 6.55/12.5 82 x 82 x4 RHCP
[28] S-/X-band NA 7.2/12.4 100 x 100 x 1.6 Linear
Prfvlz)‘;lied S-/X-band 0.35/0.8 7.7/12.8 60 X 60 X 20 RHCP

From the Table, it is evident that the proposed antenna achieved similar or better
performances while keeping the antenna size compact. Both S/X-band antennas in [25,26]
had an array of patch antennas for high gain in the X-band, which required a feed network.
The dual-band antenna in [28] consisted of a 1 x 3 linear array antenna for the X-band
operation, which had 6 ports in total for dual-polarization. Our proposed antenna has only
two ports and provides a high gain due to the dielectric loading. Moreover, the proposed
antenna uses coaxial probe feeding, which is desirable for CubeSat developers due to the
low complexity of cable placement from the radio to the antenna in a concise space.

5. Conclusions

This paper showcases a patch antenna operating in the X-band frequency range with
12.8 dbic gain, positioned between two substrates, with another S bands slotted on a
crossed-strip microstrip patch located above, generating a gain of 7.7 dBic. A notable
reduction in the size was observed, replacing two antennas next to one antenna system,
which could be handy in a CubeSat limited in space. This antenna can be used for S-band
uplink/downlink and X-band high-speed data downlink in CubeSats. As more CubeSat
projects are looking at high-frequency operations for deep space communication with
increased data download requirements, this antenna can be used in CubeSats for use with
NASA'’s Near-Earth Network (NEN) and Deep Space Network (DSN) for high-speed data
transmission in the X-band, and TT&C operation in the S-band.
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