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Abstract—In this letter, a concept of a high-gain circularly po-
larized X-band antenna employing a partially reflecting surface
(PRS) has been presented. In the initial antenna analysis, the
influence of parasitic element size in the PRS structure on antenna
radiation pattern parameters has been investigated and the optimal
arrangement of the elements has been identified. The proposed
antenna provides a wide bandwidth of return loss above 10 dB of
20% (8–9.8 GHz) and circular polarization (CP) in a frequency
range 8.35–8.95 GHz. The final design is compact (62 × 62 × 22.2
mm) and lightweight (29.7 g), which makes it suitable for use not
only in CubeSat X-band communication systems but also in drones
and high-altitude pseudosatellite applications.

Index Terms—Antenna, circular polarization (CP), high-gain,
microstrip antenna, partially reflecting surface (PRS).

I. INTRODUCTION

LONG-RANGE communication between objects such as
unmanned aerial vehicles, high-altitude pseudosatellites,

or satellite platforms and ground stations can be a comple-
mentary way for the terrestrial infrastructure of wireless sen-
sor networks, especially when one is interested in monitoring
large areas, e.g., in smart farming applications [1]–[4]. Such
applications can provide huge surface coverage, especially when
satellites operate within larger formations or constellations.

Small satellites, e.g., based on the CubeSat standard, are
particularly useful in creating satellite constellations. The grow-
ing popularity of the CubeSat standard has been observed in
recent years due to the real need for commercial applications
for small, lightweight, and inexpensive satellites [5], [6]. Cube-
Sat standard is based on a structure with fixed dimensions of
100 mm × 100 mm × 100 mm, which constitutes a single 1U
module and a lightweight not exceeding 1.3 kg per module.
These modules can be combined; however, the structure of the
polypicosatellite orbital deployer, which is a container that car-
ries the satellite into space as a rocket load, imposes a limitation
on maximum CubeSat weight. As a result, apart from the need
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for high gain and wideband operation of antennas, small size, low
weight, and high efficiency have to be considered for practical
space applications [7], [8].

The main task of communication modules installed on small
satellites is the transmission of a high amount of data ob-
tained from remote sensing in research missions, high-resolution
surface imaging, or tracking [6]. Efficient and good quality
downlink communication can be provided by antennas with
circular polarization (CP) to prevent polarization mismatch due
to changes in the relative orientation of the transmitting antenna
toward receiving antenna. What is also particularly meaningful
in the context of satellite communication. CP makes the link
resistant to the impact of the Faraday effect. Relatively small
dimensions and wide bandwidth necessary for the transmission
of large amounts of data can be achieved for an antenna de-
signed for the X-band [9]–[12]. Microstrip antennas meet the
assumption in small satellites as to their low cost, weight, and
size; however, their disadvantage is low gain. In [9], a patch
antenna with printed parasitic dipoles for satellite applications
using an isoflux radiation pattern has been reported. The gain
of the antenna is about 6 dBi and the total dimension of the
antenna is 83 mm × 83 mm × 15 mm. The common method of
increasing gain is to create arrays but, as a consequence, losses in
the feeding network usually cause decreased efficiency of such
antennas [10], [12].

The gain of a single-patch antenna can be effectively improved
by placing an additional layer above the patch [13]–[18]. The
improvement of the antenna parameters can be realized by
applying a set of holes in the superstrate layer [14], [15] or
by placing an array of printed parasitic patches (PPs) with equal
sizes and constant interelement spacing [13], [16]. In [17], varied
elements, optimally selected in number and size of particular
passive elements, were used to optimize gain, sidelobe level
(SLL), and a beamwidth of a linearly polarized (LP) superstrate
antenna. As a result, a 5.9 GHz LP superstrate antenna having
only a 5 × 5 array of square patches provided a gain of 18.0 dB
and SLL of−18.4 dB. An interesting solution is a transformation
of polarization from LP excitation source to CP in a Fabry–Perot
cavity (FPC) antenna, utilizing a high-impedance surface which
allows for independent control of reflection and transmission
field components inside the cavity [18]. However, this approach
suffers from difficulties in obtaining axial ratio (AR) below 3 dB
and return loss above 10 dB simultaneously in the wide common
bandwidth.

In this letter, we have adapted the method of optimal selec-
tion of square elements for the superstrate layer introduced in
[17] for LP antennas to design and manufacture a left-handed
circularly polarized (LHCP) superstrate antenna for CubeSat
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Fig. 1. Geometry of the antenna with a superstrate layer (side view), in which
PPs are facing the active patch.

X-band communication. The proposed antenna has reduced
cross-polarization radiation and a smaller overall dimension
compared to the previous CP superstrate antenna designs [13],
[19]. The result of this work is a compact lightweight antenna
that was fabricated and measured. The antenna exhibits gain
over 14 dBic and AR less than 3 dB bandwidth of about 6%.

II. ANTENNA CONCEPT AND DESIGN

The way the proposed antenna radiates is based on the op-
erating principle of FPC [14]. In the presented structure, the
cavity is formed between the ground plane and the array of
passive metal elements printed on the dielectric layer, which
acts as a partially reflecting surface (PRS), as is shown in Fig. 1.
The wave exited from the active element reflects at PRS, which
can cause constructive interference and result in the focusing
of the beam radiated from the active patch. For the maximum
gain improvement, the distance between PRS and the ground
plane should be about half the free-space wavelength [14]. The
design procedure of the antenna relies solely on the full-wave
electromagnetic simulations in Altair FEKO and, thus, does not
involve any separate considerations for the leaky-wave modes
in FPC antennas.

A. Feeding Element Design

In the proposed concept, a CP single-feed hexagonal-shaped
patch with a slot is used as a source element inside the cavity.
The patch is printed on RO3003 substrate with a thickness of
1.52 mm, permittivity of 3.0, and loss tangent of 0.001. The patch
is fed from a 50Ω line through a coaxial probe with the feed point
shifted by Px and Py from the center of the patch in the x- and
y-axis, respectively. All dimensions of the patch are shown in
Fig. 2. This type of radiating patch was chosen after designing
several types of CP patch antennas that were tuned after the
superstrate layer is added. In the study on proposed antenna
design, we focused on the antennas where CP is provided by
various means such as perturbations in the form of a slot or stub in
a circular or hexagonal patch and diagonal corners truncation in a
rectangular patch. Due to the same feeding method and similar
dimensions, each of the investigated patches, when employed
as a primary radiating element in the antenna with a superstrate
layer, gives similar bandwidth and gain. Besides these two key
factors, another desirable property is the even distribution of
the fields reaching the superstrate layer. With this respect, the
small size of the element and the symmetry of the patch are also
important. A brief summary of the basic characteristics of the
investigated radiating patches is given in Table I.

Fig. 2. Geometry of the designed microstrip patch antenna used as a feeding
element with LHCP (L= 5.34 mm, SL = 6.5 mm, SW = 0.54 mm, Px = 1.9 mm,
Py = 2.05 mm).

TABLE I
OVERVIEW OF THE INVESTIGATED FEEDING ELEMENTS

B. Superstrate Design

The superstrate layer for the proposed antenna is designed in
such a way as to achieve the highest gain and wide AR parameter
less than 3 dB bandwidth. For this purpose, RO3003 substrate
with a thickness of 1.52 mm is placed at a distance H above the
ground plane. In order to increase the reflection coefficient of this
structure, an array of metal PPs is arranged on the bottom side of
the layer [17]. Because the uniform size of superstrate elements
proposed in [13] causes high cross-polarization radiation [19],
we have used the square shape of passive elements that are
distributed in a 5 × 5 rectangular grid symmetrical with respect
to the x- and y-axis, which was proposed as optimal for an LP su-
perstrate antenna [17]. The geometry of the proposed superstrate
layer is presented in Fig. 3 where the letters indicate elements
having the same size. The proposed design process relies on
the observation that parasitic elements placed further from the
radiating patch are smaller than the element located centrally
[17]. Due to the fact that the central element in the array has
the largest influence on the antenna parameters, to compensate
for the phase variation, the elements’ size optimization has been
carried out starting from the central element (labeled A in Fig. 3).
The next optimization step involved four elements (labeled B)
added to the superstrate layer and their size and placement
with respect to the central element has been optimized. This
procedure was carried out until the last set of elements (labeled
F) was reached. In each step, optimization involved the following
antenna parameters: gain, AR, cross-polarization level, SLL, and
beamwidth. Since AR value is particularly vulnerable to any
modifications in the antenna, it was necessary to slightly adjust
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Fig. 3. Geometry of the proposed superstrate layer with dimensions (in mil-
limeters). In the white boxes, sizes of square patches are presented, while in the
yellow boxes distances between them on the dielectric layer are shown.

TABLE II
SPECIFICATION OF THE ANTENNA WITH DIFFERENT PRS CONFIGURATIONS

the dimensions of the radiating patch and the air gap between
the radiating patch and the superstrate layer in the final design.
Although the proposed procedure is sufficiently effective for
small structures to be fit in CubeSats, it may slow down for
larger PRS sizes.

III. NUMERICAL RESULTS

In all simulations, the parameters of the proposed antenna
with a varied size of the PPs placed within the superstrate layer
were compared with the results obtained for a reference design
having PPs of the same size arranged in a 5 × 5 array with a
patch size equal to 10, 9, 8, 7, and 6 mm, and equal spacing
between PPs set to 3 mm in all cases.

The simulation results, which were obtained using Altair
FEKO, are summarized in detail in Table II and are presented
in Figs. 4 and 5. It can easily be noticed that all the considered
PRS configurations have similar S11 bandwidth, which is wider
than 15% in every case, efficiency, and high gain above 12 dBic.
However, the biggest advantage of using the varied size of the
PPs placed within the superstrate lies in high AR 3 dB bandwidth
and cross-polarization radiation levels below −25 dB in a wide
frequency range, which can also be seen in Fig. 5.

Fig. 4. Simulated AR of the antenna with different PRS configurations (see
the test for explanations).

Fig. 5. Simulated LHCP and RHCP radiations of the antenna with different
PRS configurations (see the test for explanations).

Fig. 6. Fabricated X-band antenna with the proposed superstrate layer.

IV. MEASUREMENTS

The optimized design of the proposed PRS antenna was
fabricated and its prototype is presented in Fig. 6. To ensure
the separation between the feeding element and the superstrate
layer, four 3-D-printed plastic spacers were used to provide the
exact distance. The antenna measurements were conducted in
our 11.9 m × 5.6 m × 6.0 m anechoic chamber and are shown
in Figs. 7–10.

As it can be seen in Fig. 7, the proposed antenna is well
matched in the entire bandwidth. Similarly, AR results presented
in Fig. 8 match those from numerical simulations, and in the
frequency range of AR below 3 dB, the reflection coefficient
is maintained below −20 dB. Radiation patterns of the pro-
posed antenna visible in Fig. 9 show good agreement with
numerical simulations and illustrate the beam narrowing effect
when the proposed superstrate layer is applied. By placing the
additional reflecting layer, the antenna beamwidth changes from
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Fig. 7. Measured reflection coefficient of the proposed antenna compared to
the initial antenna without additional layer.

Fig. 8. Measured AR of the proposed antenna.

Fig. 9. Measured radiation patterns of the antenna with different PRS config-
urations at 8.6 GHz. (a) Ф = 0° plane. (b) Ф = 90° plane.

Fig. 10. Measured co- and cross-polarization level of the proposed antenna.

TABLE III
COMPARISON OF CHARACTERISTICS OF THE PROPOSED ANTENNA WITH

AVAILABLE FABRICATED AND MEASURED SOLUTIONS

∗Only simulated results are available; ∗∗bandwidth of S11 < −10 dB only.

105° to 30°. In consequence, the proposed antenna can provide
LHCP in the entire bandwidth with acceptable cross-polarization
levels, as shown in Fig. 10. A summarizing performance com-
parison between the proposed antenna and the other fabricated
and measured compact antennas reported in the literature is
presented in Table III. The comparison shows that the proposed
antenna for X-band communication outperforms other designs if
the collection of all the parameters important for CubeSat appli-
cations, including S11 bandwidth, SLL, gain, cross-polarization
level, and size, is considered.

V. CONCLUSION

In this letter, the design and realization of a compact high-gain
and wide AR bandwidth superstrate CP antenna for X-band
aerospace communication has been proposed. The antenna has a
simple mechanical structure, which consists of an active feeding
element and a superstrate layer containing passive patches, com-
pact overall size of 62 mm × 62 mm × 22.2 mm (1.78λ× 1.78λ

× 0.64λ), and low weight of 29.7 g, that makes it applicable to
CubeSat missions. By optimizing the size of the passive elements
within the superstrate layer, an appropriate phase distribution
can be reached that, in turn, increases gain, widens AR 3 dB
bandwidth, and improves cross-polarization suppression in the
wide frequency bandwidth. As a result, the proposed antenna can
also be used in systems in which the two orthogonal antennas
are used to increase the bandwidth or for frequency reuse within
the same satellite.
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