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Abstract— this paper presents an 8 x 8 patch array with in-
band full-duplex capabilities for Ka-band inter-CubeSat links
that can be fitted on the surface of a 1U CubeSat. In simulation,
the array can achieve 50 dB of self-interference cancellation and
a very low axial ratio (< 1 dB) from 25 to 27 GHz by exploiting
an approach of multilevel sequential rotation. The array also
exhibits a wide matching bandwidth from 24.5 to 27.5 GHz and
can achieve a gain higher than 20 dBi.

Keywords—circular polarization, CubeSats, in-band full-
duplex, Ka-band, patch array, self-interference cancellation,
simultaneous transmit and receive, STAR.

I. INTRODUCTION

The space surrounding the earth is being increasingly
occupied by CubeSat constellations in the Low Earth Orbit
(LEO). For instance, the global number of deployed CubeSats
is estimated to be more than 1500 and is expected to increase
in the upcoming years [1]. In the future, the rise in the number
of deployed CubeSats will start to constitute a major concern
for the performance of satellites’ front ends, especially for
antennas involved in inter-satellite links (ISL). In fact, the
available spectral resources, whether for telemetry or ISL, are
limited and shared among all members of a constellation,
which means that some frequencies must be reused by
multiple satellites in the swarm. This can lead to serious issues
of mutual coupling and interference between the different
satellites, not to mention the coupling from other satellites in
higher orbits, which affects the quality of the communications
and deteriorates the sensitivity of the satellite’s receiver. This
problem of inter-satellite interference can be avoided
altogether by equipping the CubeSat with multiple antennas
operating at different frequency bands. However, this solution
can be demanding and costly, and aggravates the complexity
of CubeSat antenna design process, especially considering the
size limitations imposed by the CubeSat chassis standard.

An alternative solution that can mitigate the spectral
resources scarcity problem is to use a single frequency (per
satellite) simultaneously for uplink and downlink (i.e., to
transmit and receive) instead of two separate frequencies. This
theoretically doubles the spectral resources in the targeted
frequency band, and it also doubles the throughput of the
communication channel, which is vital for high data-rate
communications. Nevertheless, using such approach is
hindered by the strong self-interference (SI) resulting from the
high power-coupling between the CubeSat transmitter and its
own receiver, as they share the same radio front-end, which
saturates the receiver and jams the signals received from other
satellites. But, on the other hand, recently, in-band full-duplex
(IBFD) technology emerged as a promising solution to this
problem, as it achieves simultaneous transmission and
reception (STAR) by implementing various self-interference

cancellation (SIC) techniques to suppress it to below the
receiver’s noise floor, such that it doesn’t affect the receiver’s
signal-to-noise ratio [2]. The required level of SIC will depend
on the strength of the signals arriving from other satellites,
which will be weakened by distance, yet a simple link budget
calculation reveals that the needed level of SIC is in the range
of 110-130 dB. To achieve this level of cancellation, multiple
cancellation circuitry must be implemented successively at
different stages of the satellite’s radio front-end, that is, at the
antenna, analog and digital levels. Achieving high levels of
cancellation at the antenna stage is of major importance to
prevent the residual SI from saturating the receiver and
degrading the resolution of the ADC.

IBFD can be considered as a nascent field of research that
is still under development. Though many works in this field
were published, yet only few publications exist on IBFD for
CubeSats [3], thus, this domain needs to be investigated more.
And any work in this domain needs to satisfy simultancously
the requirements of IBFD and CubeSat antenna standard. That
is, the designed system must achieve the targeted level of SIC
while providing a high gain and a good quality of circular
polarization, and at the same time it needs to fit on the
CubeSat’s surface. In the first stage of our work, we are
focused on achieving SIC at the antenna level only, and we
seek to achieve at least 50 dB of cancellation at that level. At
the same time, we aim to achieve at least 20 dBi of gain in the
antenna design with an axial ratio (AR) much lower than 3 dB,
while ensuring that the antenna can be fitted on the surface of
a 1U CubeSat.

There are numerous SIC techniques available in the
literature, the readers are encouraged to explore [4] for an
exhaustive review, however, among all those techniques
Near-Field Cancellation (NFC) [5] stands out as a superior
SIC technique at the antenna level. NFC can achieve the
required SIC level without affecting the far-field radiation of
the antenna, unlike other techniques which need to direct the
transmit and receive beams in different directions or to create
a null in one of them. Based on that, here we present an array
that combines the NFC technique, to obtain the targeted level
of SIC, with the design of a sequentially fed patch array [6]
that achieves a superior quality of circular polarization (AR <
1 dB) and a high gain (> 20 dB). The array occupies an area
of 62 x 62 mm?, which is smaller than the surface of a 1U
CubeSat. To the best of the author’s knowledge, this paper is
the first to demonstrate a fully developed IBFD antenna array
suitable for CubeSat applications.

The remaining of this paper will be organized as follows:
Section II will present the different parts of the array and will
briefly discuss the way it operates, while Section III will
demonstrate its performance, and finally Section IV will
conclude and point to future perspectives.
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Figure 1: an illustration of a full-duplex patch array based on the near-
field cancellation technique.

II. SYSTEM OVERVIEW

A. Full-Duplex Operation

In order to understand the principle of operation of the
NFC technique, let’s consider first the simple antenna array
configuration in Figure 1. There are four patch antennas that
are sequentially rotated around the center of the array forming
two pairs of diagonally opposite antennas. By consequence,
the two pairs of antennas will be orthogonally polarized, and
for each pair the feeding transmission lines of the opposite
antennas are oriented in opposite directions. After that, each
pair will be connected to an external balun and one pair will
be used to transmit while the other one will be used to receive.
Any signal coming from the transmitter will be divided
between the two Tx antennas into two parts of equal
amplitudes and opposite phases. And once the two opposite
signals get radiated by the Tx antennas they will interfere
destructively in the near-field region creating a null plane (the
shaded circle in Figure 1), especially along their perpendicular
bisector. Since the Rx antennas are lying in the near-field
region along the perpendicular bisector of the Tx antennas,
then they should by shadowed by the null plane and should be
totally isolated, in theory, from the Tx antennas.

In fact, the total isolation between Tx and Rx antennas is
only true under ideal conditions, that is, if the baluns can
actually divide the transmitted signal into two equal parts
which are exactly out-of-phase, and if the array symmetry is
totally achieved. Nevertheless, in practice there will always be
some amplitude and phase imbalances in the baluns, and, also,
the fabricated antennas might not have identical dimensions
and might not be exactly symmetric around the center of the
array. Therefore, the level of isolation, in practice, is expected
to be finite. So, in order to boost SIC, the second balun, at the
receiver side, can be used to compensate for the degraded
isolation. Moreover, the cross-polarization between Tx and
Rx antennas can also contribute up to 30 dB of SIC due to the
inherent isolation between the orthogonal polarizations.

It should be noted that the balun at the receiver side only
cancels self-interference and does not actually affect the
useful signals coming from other satellites. In addition to that,
the near-field null does not extend to the far-field region, and
it does not affect the far-field radiation pattern of the array.
And finally, although we have demonstrated the full-duplex

operation for a simple array, but the same principle can be
applied for bigger arrays using a larger number of antennas.

B. Array Configuration

Figure 2 shows the configuration of the final full-duplex
array. The array is formed of three metallic layers separated
by two dielectric layers (Figure 2(a)). The two dielectric layers
are both 0.254 mm thick RT5880 laminates with &= 2.2. The
radiating elements are installed on the top layer (yellow
colored), while the array feeding network is accommodated on
the bottom layer (orange colored), and the middle layer (gray
colored) acts as a ground plane. The radiating elements on the
top layer are connected to the feeding network on the bottom
layer using a group of vias (red colored). And although the
feeding network and the radiating elements can be
implemented on the same layer, however, here they were
separated to prevent any direct coupling between the radiating
elements and the feeding transmission lines. Otherwise, the
radiation of the array might be affected and the effectiveness
of self-interreference cancellation can be degraded.

The design of the array takes into consideration both the
specifications of the CubeSat standard and full-duplex
technology, which were stated in the introduction:

1) To obtain a gain higher than 20 dBi, a 64 (8 x 8) element
array is needed, taking into account that the gain of the
single element is about 6.7 dBi at 26 GHz. However, note
that only half this number of elements will be dedicated
for downlink (to transmit) and the other half will be used
for uplink (to receive). And for both links the gain
remains higher than 20 dBi.

2) The width of the single patch is 3.7 mm and the spacing
between the array elements (center-to-center distance)
was kept at a feasible minimum of 7.7 mm. Accordingly
the size of the whole array was found to be less than 62 x
62 mm?. This ensures that the proposed array can fit on
the surface of a 1U CubeSat.

3) The 8 x 8 array is divided into four 4 x 4 subarrays
(hereinafter will be called Level-1 or L1 subarrays) and
each L1 subarray is divided into four 2 x 2 subarrays
(hereinafter will be called Level-0 or L0 subarrays). The
LO subarrays are formed of four patch antennas with
truncated corners that are sequentially rotated around the
center of the subarray. Then the four patches are
connected to a sequential power divider that can provide
a quadrature phase shift between the consecutive
antennas. The rotation of the patches and the quadrature
phase shift can greatly boost the quality of the circular
polarization of the array. Thus, to enhance the axial ratio
even more, the same approach is applied for LO subarrays
inside each L1 subarray, and also for L1 subarrays.

4) The geometrical rotation at every level of the array not
only enhances the quality of circular polarization but is
also a mandatory condition to obtain a high rotational
symmetry in the system, which is needed for proper
operation of the near-field cancellation technique.

For full-duplex operation, one pair of the diagonally
opposite L1 subarrays will be used as Tx while the other pair
will be used as Rx. Then each pair will be connected to an
external balun as demonstrated in the Figure 1. However, there
is a possibility to integrate the balun directly with the feeding
network in the bottom layer as shown in Figure 2(e). The
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Figure 2: (a) the stack of layers constituting the array, (b) Level-0 subarray with four patches and sequential power divider, and (c) the feeding network
for each four Level-0 subarrays inside each Level-1 subarray, (d) an 8 x 8 full-duplex patch array based on the configuration of Figure 1, (e) another
patch array with an integrated balun. [Substrate-1, Substrate-2, and the Ground Plane are omitted from figures (d) and (e) for clarity].

balun in this case is implemented by using a simple T-junction
power divider having an extra length of half-wavelength (at
26 GHz) in one of its outputs.

III. ARRAY PERFORMANCE

Three different array configurations were simulated in
CST Microwave Studio: (i) the array configuration of Figure
2(d) connected to two ideal baluns with no phase or amplitude
imbalances between their output ports. (ii) the same
configuration but connected to commercially available baluns
from Marki microwaves [7], such realized baluns tend to have
some phase and amplitude imbalances (+4° and +0.7 dB
respectively). And (iii) the configuration in Figure 2(e) with
the integrated balun. The aim of comparing these three
configurations is to get an idea about what is the ideal
performance of this array and what quality of performance
could we expect later in measurements. The results of the
simulations are depicted in Figure 3.

Starting with the system matching in Figure 3(a) it can be
noticed that all the three configurations can achieve a
relatively wideband matching. Though not all can cover the
frequency range from 24 to 28 GHz, yet all of them are
matched from 25.25 and 27.5 GHz, which is a standard
frequency band for inter-satellite links (standard SFCG 15-
2R4). In addition to that, Figure 3(b) depicts the levels of SIC
obtained by each configuration. In the ideal case, the level of
cancellation is in general higher than 120 dB, while in the
other cases it remains higher than 40 dB (with an average

value of 50 dB). The difference in cancellation between the
ideal case and the other configurations is expected, mainly,
because in the non-ideal configurations there are some phase
and amplitude imbalances between their output signals, and
those imbalances can have a significant impact on the level of
obtained cancellation.

Also Figure 3(c) demonstrates the gain and axial ratio of
the array. It should be noted here that for all array
configurations the gain and axial ratio values are almost
identical, so only a single plot of each is shown here for clarity.
The array can achieve a gain higher than 15 dBi from 25 to 27
GHz, however, it can achieve a gain higher than 20 dBi
between 25.75 and 26.5 GHz. Keep in mind that this gain
corresponds only to one link (uplink or downlink) which uses
only half the number of patches. Moreover, the axial ratio
remains lower than 1 dB in the frequency band from 25 to 27
GHz, and this wideband low axial ratio is one of the most
prevailing features of the sequentially rotated array. Finally,
Figure 3(d) depicts the radiation pattern cuts of the array in
two planes: ¢ = 45° and ¢ = 135°. Note here that due to the
diagonal alignment of the opposite subarrays, the radiation
pattern will be tilted by 45° from the x-axis. The radiation
pattern in the ¢ = 135° plane is directive with extremely low
side lobes, while in the ¢ = 45° plane the main beam is even
more directive but with two significant grating lobes along its
sides. In fact, the grating lobes develop in the radiation pattern
whenever the separation distance between the centers of the
radiating subarrays is larger than a half-wavelength (at 26
GHz), which is the case in the proposed array configuration.
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Figure 3: Simulated array (a) matching, (b) self-interference cancellation, (c) gain and axial ratio, and (d) a sample radiation pattern cut at 26 GHz.

The grating lobes cannot be totally eliminated unless the
separation distance is reduced to a half-wavelength, which
might not be feasible due to geometrical limitations.

IV. CONCLUSION

In summary, this paper presented an 8 x § patch array with
in-band full-duplex capabilities for Ka-band inter-CubeSat
links. The proposed array utilizes the near-field cancellation
technique to achieve a level of self-interference cancellation
higher than 40 dB (and 50 dB on average). And it exploits a
multilevel sequential rotation approach to achieve a superior
quality of circular polarization with an axial ratio < 1 dB from
25 to 27 GHz. The array is also characterized by a wide
matching bandwidth from 24.5 to 27.5 GHz and can achieve
a gain higher than 20 dBi in the frequency range from 25.5 to
26.5 GHz. Moreover, the total area of the array is 62 x 62 mm?
making it possible to integrate on a 1U CubeSat surface.

There might be a way to exploit the full potential of the
array by widening the gain bandwidth to fit the matching and
axial ratio bandwidths. In fact, only half the array elements are
used either for Tx or Rx and not all are radiating at the same
time, which reduces the gain of each link by 3 dB.
Nevertheless, there are some full-duplex works [8] that have
proposed a way to use each single patch to transmit and
receive simultaneously, without degrading the effectiveness
of the near-field cancellation technique. This means that all
array elements could be used simultaneously by both links and
consequently increase their gain by 3 dB with probably a
slight impact on the full-duplex performance. Moreover, this
approach could contribute to the reduction of the grating lobes

in the radiation pattern of the array, as it reduces the separation
distance between the L1 subarrays, and this distance is mainly
controlled by the spacing between the array elements, which
is in turn restricted by the geometrical shape and size of the
sequential power divider feeding the patches.
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