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Abstract: Microstrip patch antennas (MPAs) are widely used in satellite communication
due to their low profile, compact size, and ease of fabrication. This paper presents a design
of an X-band microstrip patch antenna using an electromagnetic band gap (EBG) structure
for CubeSat applications. The X-band is preferred for CubeSat missions in high-speed
communication, long distance or deep space because it allows communication at higher
data rates, and the antenna is smaller than those used for lower frequency bands. In our
study, the EBG elements are analyzed, modified and optimized so that the antenna can
fit a 10 cm x 10 cm surface area of a standard 3U CubeSat structure while providing a
significant high gain and circular polarization (CP). A noticeable point of this research is
that the simplicity of the antenna and the EBG structure are being maintained by just using
a simple single-probe feed to achieve a total antenna efficiency exceeding 90%, and the
measured gain of around 11.7 dBi at the desired frequency of 8.483 GHz. Furthermore,
the measured axial ratio (AR) is around 1.4 dB at 8.483 GHz, which satisfied the lower-
than-3 dB requirement for CP antennas in general. The simulation, analysis and measured
results are discussed in detail.

Keywords: 3U cubesat; circular polarization; electromagnetic band gap

1. Introduction

The CubeSat is one of the most widely used platforms for satellite mission develop-
ment at the university level, and recently has become a growing sector in the space industry
that has a potential to supersede traditional, larger satellites in various applications [1].
CubeSats are well-suited for educational purposes, as well as for testing and demonstrating
cutting-edge technologies due to their simplicity, fast time development and significantly
lower cost in comparison to the conventional satellite missions. The CubeSats are generally
deployed and operate in Low Earth Orbit (LEO) using VHF/UHEF, or S-band frequencies
for communication. However, recent advancements have demonstrated the potential of
CubeSats for high-speed communication, long distance, or even deep space missions by
utilizing higher operational frequencies such as the X-band and above [2,3].

Antenna design for CubeSats is a challenging task because of the size and weight
limitations of this satellite platform. At VHF and UHF frequencies, wire antennas are
predominantly used in LEO CubeSat applications because of their simplicity of design and
deployment, their foldability, and the fact that they provide a omnidirectional antenna
pattern which is suitable for low-data-rate Telemetry, Tracking and Command (TT&C).
However, for higher frequencies such as the S-band, X-band or above, microstrip patch
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antennas (MPAs) become essential, especially in CubeSat missions that require a higher
data rate and more directive communication. At these frequency ranges, due to the shorter
wavelength, the size and compactness of the antennas are not as critical as they are in
lower frequencies, but the antenna gain becomes a key factor. There are various reported
works related to X-band MPAs for CubeSat: Benedikt Byrne et al. [4] designed a compact,
optimized circular polarization MPA array for payload Telemetry (TM); this antenna
operates at 8.025-8.4 GHz with a measured gain of more than 10 dBi and a measured axial
ratio (AR) of lower than 3 dB at 8.212 GHz. However, the design was quite complicated
with feeding network and antenna elements on the feed layer, as well as a separate parasitic
layer. A high-gain CP planar antenna with a superstrate integrated on top of the antenna
radiator was introduced in [5]; the gain is 17 dBic; nevertheless, the feeding network is
complicated with four different pins to provide differential signals for CP. Furthermore,
the total height of this antenna exceeded the threshold specified in the CubeSat Design
Specification (CDS) developed by California Polytechnic State University (Cal Poly) and
Stanford University [6]. Even when applying to small satellite standards other than CubeSat,
during the launch process, the satellite might experience a strong vibration that leads to a
shifting, or even a detaching, of the superstrate and the four supporting standoffs if not
mechanically reinforced. In the review article [7], three topologies of low-, medium-, and
high-gain X-band MPAs are presented. The medium-gain antenna (MGA) isa 2 x 1 patch
array, in which a dual-feed network is applied for each element to create CP. This MGA
reached a gain value of 9 dBi and fits well in a surface area of 2U (10 cm x 20 cm). It is
clear that in the above MPA designs, an array of elements or auxiliary components for the
antenna radiator must be implemented to achieve good gain. Moreover, a feed network
must also be used to create circular polarization, that can lead to additional insertion losses,
phase imbalance issues, and fabrication complexity.

The purpose of the present paper is to introduce a novel CubeSat microstrip patch
antenna design that balances high gain, circular polarization, simplicity and robustness.
The method of integrating an electromagnetic band gap (EBG) into the MPA is considered.
The EBG structures belong to a specialized class of metamaterials that are composed of
artificial periodic cells, which are being designed to either stop or allow the propagation
of electromagnetic waves within a specific frequency range, thus effectively improving
the antenna performance. A variety of EBG research works for MPA gain enhancement
are recorded, for instance, using elliptical surrounding holes lattice EBG [8], combining
EBG together with defected ground [9] or fractalizing the EBG elements [10], implementing
an EBG superstrate with the aperture feed MPA [11], or inserting an EBG ring to act as a
secondary ground plane between the MPA radiator and the normal ground [12].

In our study, the mushroom-like EBG type is chosen. The EBG elements are positioned
to form only one ring outside a single-element MPA radiator. The optimization of the
EBG ring shape and the distance from the EBG elements to the central MPA radiator,
as well as the simplified design of both the EBG structure and the antenna single-probe
feed to apply to the CubeSat platform are the novelties of our research compared to the
aforementioned studies. Furthermore, the central MPA radiator can be simply modified by
adding square-shaped slots symmetrically along the diagonal directions [13] to produce
circular polarization without being affected by the outer EBG ring.

This paper consists of five parts. The first part is the above introduction, the second part
presents the principle of the EBG and explains its effect on the antenna gain enhancement.
The third part demonstrates the antenna design and simulation process, from the original
antenna to the antenna after adding the EBG and modifying the radiator to create circular
polarization. The simulations are carried out while taking the effect of the CubeSat platform
into account. The antenna parameter study is also presented in this section. The fourth part
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describes the antenna measurement and analyses of the measured results. The final part
includes the discussion and the details of our future work.

2. EBG for Microstrip Patch Antenna

The previous section provides a general definition of the electromagnetic band gap
(EBG), which originates from the photonic band gap (PBG) phenomenon observed in
optics [14], and the term ‘EBG’ was introduced in [15]. There are various types of EBGs but
they are generally classified into three main groups: (1) 1D transmission lines, (2) 2D planar
surfaces and (3) 3D volumetric structures [16]. Our study focuses on the 2D planar surfaces
EBG group, specifically the mushroom-like EBG structure, which was first introduced in
1999 by Dan Sievenpiper et al. [17]. This structure consists of a ground plane, a dielectric
substrate on which metallic plates are mounted, and metallic vias to connect these plates
through the substrate to the ground. The operation mechanism of the mushroom-like EBG
structure can be explained by referring to an equivalent parallel resonant LC circuit, as
described in Figure 1.

Metallic plates C’\J) L 1 c
T

Via Substrate

Ground plane

(a) (b)

Figure 1. (a) A demonstration of two adjacent elements of the mushroom-like EBG, a top view and

side view; (b) an illustration of the capacitive and inductive components, and the equivalent parallel
LC circuit of this EBG structure. The red arrow indicates the inductive path between the ground and
the EBG patches.

As can be seen from Figure la, two adjacent metallic plates have connecting vias
(denoted as black dots in the top view) to the ground plane. The gap between the plates
can be considered as a capacitive component, while the vias provide inductive paths to
the ground plane. In Figure 1b, when the EBG structure interacts with the electromagnetic
wave, a voltage applied along the top surface leads to an accumulation of charges at the
edges of the plates, thus forming a capacitance. As the charges travel back and forth
between the metallic plates and the ground plane through the inductive paths created
by the vias, an inductance is created [18]. The bandgap formation can be explained by
considering the resonance of the parallel LC circuit at a specific frequency, where a stopband
is created and prevents the surface waves from propagating. The values of L and C can
be varied by modifying the physical dimensions such as the size of the EBG elements,
the gap between them, the length of the ground connecting vias, as well as the dielectric
constant of the substrate. Therefore, the frequency band gap of the structure can be tuned.
In further detail, larger EBG element dimensions increase the capacitance, and smaller gaps
enhance the interactions of the capacitive components, leading to a decrease in the bandgap
frequency. Meanwhile, increasing the via lengths will cause a higher inductance which
reduces the bandgap frequency. Furthermore, when increasing the dielectric substrate
thickness, enhanced fringing fields improve the antenna radiation efficiency that leads to a
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higher gain. However, excessive thickness can cause stronger surface wave propagation,
which deteriorates the radiation performance.

The advantages of the mushroom-like type over other EBG types are the good band
gap performance, compact design, and the ease of fabrication and integration on printed
circuit boards (PCBs), making it a good candidate for planar and microstrip patch antenna
applications. The mushroom-like EBG can be applied to single-element MPAs [9,10,19-23],
as well as MPAs in an array configuration [24-27]. Figure 2 shows two examples of the
deployment of mushroom-like EBG structures for these two cases. The enhancement of
antenna gain and radiation efficiency due to surface wave suppression can be explained
for these two cases as follows: For the single-element MPA, the surface waves travel along
the substrate and radiate from the edges of the antenna, contributing to the unwanted
edge radiation that degrades the antenna efficiency. By filling up the non-metal space
from the center radiator to the edges of the MPA by EBG elements, stopband ‘rings’ are
created and prevent the surface wave from going beyond the patch area. Consequently, the
edge diffraction that leads to unwanted edge radiation will be minimized. This conclusion
is further reinforced by the demonstrated cases of a PBG, the structure from which the
EBG is derived [28-30]. For the MPA array, the mechanism is the same as that of the
single-element MPA: When separating the antenna elements using mushroom-type EBGs,
stopband ‘trenches’ are created and the mutual coupling caused by surface wave between
them will be decreased. Therefore, the antenna gain and performance will be boosted in
both cases.
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Figure 2. Examples of the deployment of a mushroom-like EBG structure: (a) the single-element MPA
and (b) the MPA array.

G

3. Antenna Design and Parameters Study
3.1. Design and Simulation of the EBG MPAs

As suggested in [23], the band-gap performance is improved as the number of EBG
rings increases. However, when applying the mushroom-like EBG ring structure to the
CubeSat platform, we will face the challenge of surface area limitation. It will be difficult
to design two or more EBG rings with reasonable spacing around the MPA for the EBG
structure to be effective. Therefore, practically for CubeSat MPA designs in the X-band and
below, the number of EBG rings should only be one when applying to the 10 cm x 10 cm
surface area. However, not all of that area can be used for antenna mounting, because
the four outer corners of the surface are the protruding terminals of the four main rails,
where the satellite’s deployment switches can be mounted for CubeSats to use the Poly
Picosatellite Orbital Deployer (P-POD) launcher tube [31,32]. Furthermore, according to
the CDS of Cal Poly, the total height of the antenna structure must not exceed 6.5 mm
in the direction normal to the surface from the plane of the rails [6]. This constraint
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ensures compatibility with the P-POD deployment system and prevents interference with
adjacent payloads during the launch. However, this is a stringent condition that limits
many attractive high-gain antenna designs, such as multiple EBG layers, metamaterial
superstrates, or the Frequency Selective Surface (FSS), being applied to CubeSat. Our
single-layer EBG antenna design offers a viable solution that can compromise between
these CubeSat requirements and the antenna performance.

Figure 3 illustrates the primary structure of a 1U CubeSat with protruding rails and
the available surface area (colored in blue) on which the antenna can be mounted on the
+Z side. This figure also shows the unavailable areas in which the rails are located (colored
in red). The metallic and non-metallic parts of the antenna are indicated in yellow and
white, respectively. Our proposed X-band EBG MPAs for circular polarization (CP) are
designed as shown in Figure 4. The antenna includes an outer ring of 16 mushroom-like
EBG elements, which surround the main patch radiator at the center; these components
are located on the top layer of the antenna and are all made of copper. Each EBG element
has a connecting via at the center that connects them through the dielectric substrate to
a normal copper ground layer. The dielectric substrate is Rogers RT5880 which has the
thickness h = 1.6 mm and the permittivity ¢ = 2.2. The gaps between the EBG elements and
the presence of these connecting vias form the L and C components of the mushroom EBG
structure, as explained above. When the EBG elements are arranged periodically in a ring
around the center patch radiator, a composite surface with a frequency-selective bandgap
behavior is created. Furthermore, the EBG ring modifies the local effective permittivity and
permeability in the areas where it is present, resulting in the suppression of the surface
wave propagation. Therefore, the metamaterial characteristics of the antenna structure
have been created.

| 100 )

‘ The locations of rails |

100

(b)

Figure 3. (a) The 1U CubeSat primary structure; (b) the available zone for antenna mounting.

Each EBG element has the dimensions of 10 mm x 10 mm, which is the same as that
of the center patch radiator, and the spacing between two adjacent EBG elements is 2 mm.
The four outer corners of the antenna are cut off to allow it to be mounted on the CubeSat
surface without touching the rails, and each cut-out square is 15 mm X 15 mm in size.
Though the EBG ring is the main factor in increasing the antenna gain, these truncated
corners also contribute to this increment, as will be discussed later. The input impedance of
the antennas is 50 Ohms, and the center square patch is fed by a single-probe feed using an
SMA connector from the antenna ground plane.
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Figure 4. The design of X-band EBG MPAs for circular polarization: (a) overview and (b) zoom-in of
the center patch radiator. The grey circle is the contacting part of the SMA probe feed.

In Figure 4b, two square-shaped slots are etched along the right diagonal line of the
center patch to create Right Hand Circular Polarization (RHCP), which is similar to one of
the structures introduced in [13]. By embedding these slots like this, the antenna’s current
distribution is perturbed, leading to the excitation of two orthogonal resonant modes with
the same amplitude but with a 90-degree phase difference, which is necessary to produce
circular polarization. The placement and dimensions ratio of the square slots, as well as the
location of the probe feed are optimized to reach good circularly polarized radiation.

The minimum antenna design requirements are tabulated in Table 1. These require-
ments are for maintaining a data rate of 10 Msps when using a QPSK modulated signal for
our CubeSat’s X-band transmitter module.

Table 1. The minimum antenna design requirements.

Name Value
Gain 10 dBi
Gain Bandwidth 13 MHz
S11 Bandwidth 13 MHz
AR Bandwidth 13 MHz

The antennas are simulated and optimized using CST Studio Suite 2019 software. The
Time-domain solver is used for full-wave electromagnetic simulations. The antenna design
procedure is summarized as follows:

1.  Design and simulate the original CP MPA in the available surface area with only the
center radiator, at the target frequency of 8.483 GHz;

2. Design and simulate the MPA with the mushroom-like EBG structure added;

3. Optimize the related parameters to satisfy the requirements of gain and CP.

The parameters of the CP EBG MPA are listed in Table 2. The units are millimeters.

The important antenna parameters such as the input reflection coefficient (S11), antenna
gain (Sp1), and the antenna far-field radiation pattern are simulated. In addition, simulation
of the axial ratio (AR) at the operating frequency of 8.483 GHz and the 3 dB axial ratio
bandwidth (ARBW) over frequencies will be carried out to evaluate the circular polarization
quality of the antenna. Figure 5 shows the simulated Sq; values of the original MPA and
the CP EBG MPA. At 8.483 GHz, the Sq7 values of the original MPA and the CP EBG MPA
are —21.9 dB and —18.2 dB, respectively. However, it is evident in Figure 5 that the circular
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polarization antenna has the better —10 dB operation bandwidth, which is around 0.7 GHz
in comparison to the —10 dB bandwidth value of 0.47 GHz of the original antenna.

Table 2. The antenna parameters.

Name Value Description
Lp 10 Patch length
Wp 10 Patch width
Lg 91.3 Ground length
Wg 91.3 Ground width
Lebg 10 Length of an EBG element
Webg 10 Width of an EBG element
gebg 2 Gap between two adjacent EBGs
IsI1 4 Length of the upper square
wsll 4 Width of the upper square
1s12 3 Length of the lower square
wsl2 3 Width of the lower square
lel 0.5 Distance from the upper square to the upper edge
wel 0.5 Distance from the upper square to the right edge
le2 1 Distance from the lower square to the lower edge
we2 1 Distance from the lower square to the left edge
lcor 15 Truncated corner length
wcor 15 Truncated corner width
h 1.6 Substrate thickness
hc 0.035 Conductive part thickness
S-Parameters [Magntude n dB]
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Frequency / GHz

Figure 5. The simulated Sq7 values of the original and the CP EBG MPAs.

The gains over frequencies of these antennas are presented In Figure 6. From this
figure, we can see that the gains at 8.483 GHz of the original and the CP EBG MPAs are, in
turn, 8.27 dBi and 11.72 dBi. This means that a gain increment of around 3.5 dB is achieved
after adding the mushroom-like EBG ring to the original antenna structure.
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Gain vs. Frequency for Different Antennas
T T T T

Gain (dBi)

8.27 dBi

——Original Antenna
| —~—EBG CP Antenna
| 1 1
8 8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8 8.9 9
Frequency (GHz)

Figure 6. The simulated gains over frequencies of the original and the CP EBG MPAs.

Figure 7 depicts the normalized far-field antenna radiation patterns of the original
and the EBG antennas in polar coordinates. The real values of the main lobe magnitude
were mentioned under the drawings. As observable in Figure 7a,b, the shape of the CP
EBG antenna radiation pattern is more directive than that of the original MPA, with the
3 dB half-power beamwidth (HPBW) value of 28.9°. The surface current distribution over
time of the antenna before and after adding the EBG is demonstrated in Figure 8. It is
apparent from this figure that at the phase of wt = 90°, the near-field level at the lower edge
of the original MPA is 1 A/m while that value at the same position of the CP EBG MPA is
0.2 A/m, which corresponds to the dB-scale values of 0 dB and —14 dB. The formula to
convert the values from A/m to the dB scale is as follows:

Esp = 20log,,(E) @

Theta / Dearee vs. dB Theta / Degree vs. dBi
0

180 180
Main lobe magnitude = 8.27 dBi Main lobe magnitude = 11.72 dBi
Angular width (3dB) = 58.7 deg. Angular width (3dB) = 28.9 deg.
(a) (b)

Figure 7. The simulated far-field radiation patterns of (a) the original MPA and (b) the CP EBG MPA.
The red lines are the main pattern curves and the blue lines mark the 3dB angular widths.
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Figure 8. The surface current distribution at wt = 90° of (a) the original MPA and (b) the CP EBG MPA.

This means that there is a surface wave suppression at the antenna edges and the
unwanted edge radiation is significantly reduced by approximately 14 dB. As a result, more
energy is directed into the main radiation beam, therefore improving the antenna gain.

The axial ratio over frequencies of the CP EBG MPA are presented in Figure 9. As
depicted in this figure, the AR at 8.483 GHz is around 1.6 dB, which is below the 3 dB
threshold value for a CP antenna. The 3 dB ARBW is around 190 MHz, from 8.34 to
8.53 GHz.

R ; R e

25 .;. ................... ; i .. ...................

H (8.483, 1.6132) :
B e L
H @ (8.5304, 3.0533 )

8 8.2 8.4 8.6 8.8 9
Frequency / GHz

Figure 9. The simulated 3 dB axial ratio bandwidth of the CP EBG MPA.

3.2. Parameters Study

This section discusses the influence on the antenna gain enhancement of the design
parameters such as the shape and number of the EBG structures, as well as the size of the
mushroom-like EBG elements. Each parameter will be varied separately while the other
parameters remain unchanged to emphasize its effect on the antenna gain. Firstly, the
effect of the EBG shape is considered. Figure 10 demonstrates the EBG ring configurations
that we have designed simulated, and the distance from the center radiator to its nearest
EBG elements is the same in all the configurations, which are labeled from Case (a) to
Case (h). Figure 10a shows the original structure (Case (a)), which is a full two-layer EBG
ring with the total number of 48 mushroom-like EBG elements. Apparently, this structure
is not applicable to the 3U satellite model without modification, as explained in Section 3.1.
As can be seen from Figure 10b-h, we gradually removed the outer-layer EBG elements,
relocated some elements, and altered the structure of the inner-layer EBG elements until
we found the optimal configuration. The effect of this structure alteration is shown in the
increase in the antenna gains as depicted in Figure 11. In this figure, at 8.483 GHz, we can
see that the gain of Case (a) is around 7.6 dBi, which is even lower than before adding the
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EBG, but in Case (c), after removing 25 EBG elements of the outer layer, the gain is boosted
to 9.4 dBi. In Case (f), we only keep two EBG elements of the outer ring and in Case (g), the
outside EBG ring is totally removed, and the gain values continue to rise to approximately
10.9 dBi. However, the peaked gains in these cases are still not located at 8.483 GHz. Finally,
in Case (h), the truncation at the four outer corners of the antenna resulted in a further
gain increase of around 0.8 dB to reach the highest value of 11.72 dBi exactly at the target
frequency 8.483 GHz. This can be explained as follows: By truncating the four corners,
the surface wave, as well as the diffraction and scattering waves on these areas will be
removed. Moreover, this leads to a shift in the bandgap center frequency, nudging it to
align with the antenna target frequency. Consequently, more power is radiated into free
space, leading to an improvement in the antenna gain. Therefore, cutting the four edge
corners is not only structurally necessary to fit the antenna on the CubeSat surface, but also
provides good electromagnetic effects in terms of gain enhancement and frequency tuning.
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Figure 10. The experimental EBG MPAs from Case (a), with the initial EBG, to Case (h), with the final
EBG design.

Secondly, the effect on the gain enhancement when changing the dimensions of the
EBG is studied. In this case, we use the Case (h) EBG configuration in Figure 10h. Only the
dimensions of the EBG elements are varied while all other parameters remain unchanged.
The length and width values are equal to ensure that each EBG element is always square
with the ground via located in the center of the element. It is important in maintaining the
rotational symmetry of the mushroom EBG elements, as well as the antenna structure, to
guarantee polarization-independent reflection phase characteristics that are required for
our CubeSat antenna application. Figure 12 illustrates the gain values when changing the
EBG dimensions from 9 mm to 11 mm with a step size of 0.5 mm. As shown in this figure,
the highest gain of 11.72 dBi at 8.483 GHz (denoted as the solid red line) is reached when
the dimensions of the EBG elements are 10 mm, which is the same value as the size of the
square center patch radiator. Deviations from this optimal size shift the bandgap away
from the target operation frequency and reduce its effectiveness, leading to a decline in the
antenna gain.
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Simulated Gain vs Frequency for EBG Antenna Cases
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Figure 11. The gains over frequencies of the experimental EBG MPAs from Case (a) to Case (h).
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Figure 12. The gains over frequencies of the EBG MPA when varying the dimensions of the EBG elements.

4. Antenna Measurement Results

The prototype of the CP EBG MPA was manufactured to validate the simulation
results. The return loss S;; was measured using a Vector Network Analyzer (VNA).
Figure 13 presents the fabricated MPA and our 3U CubeSat mockup model. As can be
seen in Figure 13a, we had to use a total of 16 soldering nodes to fix the connecting vias
to the EBG elements and the ground. In terms of structural robustness, this detail can be
considered as a drawback of this fabricated antenna sample. However, we can improve
this in the next fabricated samples by using plating technology to drill and firmly hold the
vias between the top and the ground layers without the need for soldering.
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(b)

Figure 13. (a) The fabricated CP EBG MPA; (b) the structure of the 3U CubeSat model; (c) the antenna
after being integrated into the CubeSat model.

In Figure 13b, the mockup model consists of the aluminum frame structure and
mounting surfaces that closely replicate the mechanical interface of a 3U CubeSat. The
dimensions of the model are 30 cm x 10 cm x 10 cm, and this structure can be considered
as three 1U cubes stacked on top of each other. The CP EBG MPA prototype was mounted
on one of the end surfaces of the mockup and tested in an anechoic chamber to evaluate
its radiation characteristics under realistic boundary conditions. This test can provide an
accurate evaluation of the antenna gain, polarization, and far-field radiation pattern while
accounting for the potential influence of the satellite structure. The anechoic chamber
test setup is illustrated in Figure 14, in which we use a pair of two X-band, left-hand
and right-hand circular polarization (LHCP and RHCP) helical antennas to receive the
electromagnetic wave radiated from our antenna under test (AUT). The received signals
are processed by our software to plot the far-field radiation patterns and to evaluate the
quality of the CP wave.

Yo o

The reference The AUT
antenna

Figure 14. The anechoic chamber setup for the antenna radiation pattern measurement.

The process of qualifying the circular polarization of an antenna using two helical
antennas is as follows: Firstly, we use the RHCP helical antenna to receive the radiated
electromagnetic wave of our AUT (which is also RHCP) at 8.483 GHz, and record the
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spatial received power values (in dB) over the azimuthal plane. Then, we repeat this step
but replace the RHCP helical antenna with the LHCP one to record the spatial received
power values in this case. Secondly, we determine the cross polarization discrimination
(XPD) values (in dB) using the following formula:

XPD = Received Power (RHCP) — Received Power (LHCP) 2)

After that, we calculate the spatial axial ratio (AR) values over the azimuthal plane at
the target frequency of 8.483 GHz using the following formula:

10XPD/20 +1
©)

AR = log (10XPD/20 1

To determine the 3 dB axial ratio bandwidth (3 dB ARBW), we repeated the above
steps in a frequency span that surrounds our target frequency.

Figure 15 displays the measured Sq; values of the CP EBG MPA. As observable in this
figure, the measured return loss values at 8.483 GHz are approximately —15.4 dB, which is
slightly higher than the simulated results. The reasons for this decrease are probably due to
the discrepancies in the antenna manufacturing process. However, the measured —10 dB
operational bandwidth is around 900 MHz, which is wider than the simulated result. The
measured far-field radiation patterns in the YZ and XZ planes are shown in Figure 16. It
is evident in these figures that the shapes of the measured patterns have good agreement
with the simulation results. Furthermore, the measured gain is about 11.5 dBi along the
radiation direction at 8.483 GHz, which is only 0.2 dB lower than the simulation.

S, (dB)

| |- -Simulation (-18.18 dB @ 8.483 GHz) Seal?
—Measurement (-15.36 dB @ 8.483 GHz)

.20 1 1 |
6

Il
6.5 7 7.5 8 8.5 9 9.5 10 10.5 1"

Frequency (GHz)

Figure 15. The measured Sy of the CP EBG MPA.

The measured spatial axial ratios at 8.483 GHz in the YZ and XZ planes are presented
in Figures 17 and 18. As can be seen in these figures, the AR remains below the 3 dB
threshold over an angular regions of 60° in the YZ plane and 30° in the XZ plane around the
boresight, and the YZ plane value is slightly better than the XZ plane value, for example,
1.4 dB in compared with 1.6 dB at 8.483 GHz. This performance can be attributed to the high
rotational symmetry of the EBG-based structure, which ensures polarization stability across
orthogonal planes and mitigates the depolarization effects. The results highlighted the
effectiveness of our proposed design in maintaining the CP quality, especially in dynamic
orientation scenarios of the satellite platform when operating in orbit. The measured 3 dB
ARBW over frequencies is shown in Figure 19. In this figure, the measured 3 dB ARBW is
around 250 MHz (from 8.37 GHz to 8.62 GHz), which is better than the simulated result.
These measured results confirmed the CP characteristics of the antenna.
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Figure 16. The measured radiation patterns of the CP EBG MPA in (a) the YZ plane and in the

(b) XZ plane.
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Figure 18. The measured spatial AR at 8.483 GHz in the XZ plane.
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Figure 19. The measured 3 dB ARBW over frequencies.

A summary of the CP EBG antennas is tabulated in Table 3, and a comparison of
our work and other X-band and near-X-band microstrip patch antennas, including other
authors’ research and commercial antennas, is listed in Table 4.

Table 3. The summary of our proposed EBG antennas.

Antenna Parameters Specifications Units
Operation frequency 8.483 GHz
—10 dB Impedance bandwidth 900 MHz
Polarization RHCP -
Measured Gains 11.72 dBi
Measured AR at 8.483 GHz 1.4 dB
Measured 3 dB ARBW 250 MHz
Antenna efficiency 95 Yo
Dielectric substrate Rogers RT5880 -
RF input 50 Q
Feed type Single probe (SMA)

Table 4. Comparison of our work with other X-band and near-X-band MPAs.

Center Freq. Antenna Size Max. Gain N
Ref. No. (GHz) (mm) (dBi) Polarization Remarks
- Complicated design.
[4] 8.2 72.6 x 72.6 x 11 115 CP - Feed network needed.

- The height exceeded the 6.5 mm threshold
specified in Cal Poly’s CDS.

- Need 4 feed points to create differential
pairs of excited signals for CP.

[5] 8.25 100 x 100 17 (dBic) cp - The height is not mentioned. However, it
exceeded 6.5 mm and cannot be applied to
CubeSats that follow Cal Poly’s CDS.

- Too big for 1U CubeSat surface.
120 x 80 9 cp - Feed network needed.
- The height is not mentioned.

7.19 (RX)
7] 8.45 (TX)
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Table 4. Cont.

Ref. No.

Center Freq.

(GHz)

Antenna Size Max. Gain

(mm) (dBi) Polarization Remarks

- Only simulation result of the directivity, not
the realized gain.
60 x 45 11.78 LP - The height is not mentioned. However, the
(directivity) 2 EBG superstrates makes the structure too
high to apply to CubeSats that follow Cal

Poly’s CDS.

9.9

- Complicated design with mushroom-like
EBG as the middle layer.

- The airgap between layers can significantly
affect the antenna performance.

60 x 60 x 3.2 9.77 LpP

10.67

- The gain is not so high.
50 x 35 7.7 LP - No measured results. Only simulation.
- The height is not mentioned.

Our work

8.48

- Simple design.
91.3 x91.3 x 1.6 11.72 CP - No feed network needed.
- Highly compatible with CubeSat platforms.

5. Conclusions

A high-gain, circularly polarized X-band microstrip patch antenna designed for Cube-
Sat applications is presented in this paper. The gain enhancement is achieved by applying
a 16-element ring of electromagnetic band-gap structures surrounding the center radiator.
The right-hand circular polarization is formed by etching two square slots symmetrically
along the right diagonal line of the center radiator. The antenna is simulated and tested
together with 3U CubeSat Platforms to evaluate the potential interference of the satellite
platform with the antenna performance. The measured input reflection coefficient, far-field
antenna pattern, axial ratio and 3 dB axial ratio bandwidth agreed well with the simulation
results. The antenna gain is around 11.72 dBi and the spatial axial ratio is about 1.4 dB at
the target frequency of 8.483 GHz, and the 3 dB ARBW is approximately 250 MHz. All
these measured results satisfied our minimum antenna design requirements. With this
EBG MPA design, we can boost the antenna gain more than two times (3.5 dB) without
improving the total height of the antenna structure, and use only one layer of an EBG, thus
maintaining the advantage of the low profile of the microstrip patch antenna. Furthermore,
the measurements showed that the effect of the satellite structure model to the antenna
radiation efficiency is negligible. The low profile and simple design of this antenna make it
suitable for current CubeSat platforms. Our future work will focus on increasing the gain
more by further studying different EBG and metamaterial topologies, while keeping the
simplicity and robustness of the antenna structure.
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