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Compact Leaky-Wave SIW Antenna with Broadside
Radiation and Dual-Band Operation for CubeSats

Maksim V. Kuznetcov, Graduate Student Member, IEEE, Symon K. Podilchak, Member, IEEE,
Miguel Poveda-Garcı́a, Pascual Hilario, Cristian A. Alistarh, Graduate Student Member, IEEE, George Goussetis,

Member, IEEE, José Luis Gómez-Tornero, Member, IEEE

Abstract—This letter presents a substrate-integrated waveg-
uide (SIW) antenna for CubeSat applications. The compact
structure utilizes middle-point feeding and shorting walls to
achieve broadside radiation in the far-field at two distinct
frequencies. In particular, this dual-frequency behavior is related
to the transition from a dominant leaky-wave (LW) on the
aperture at lower frequencies to more hybrid radiation (at higher
frequencies) due to LW fields and structure resonance due to
truncation. This response is generated by the shorting vias at
the lateral ends of the SIW antenna. Given these conditions, the
developed leaky-wave antenna (LWA) prototype is well matched
(|S11| ≤ -10 dB) from 23.2 to 23.5 GHz and 24.8 to 25.2
GHz with realized gains of 8 dBi and 6 dBi, respectively.
Maximum efficiency (including the connector) is around 87%.
Such dual-frequency operation could enable up-link and down-
link operation in the K-band. Overall dimensions of the antenna
are 2λ0 x 2.6λ0 (at the lower frequency). Possible placement on
CubeSats can be underneath solar panels, thus increasing the
available surface area for solar power harvesting. Also, to the
best knowledge of the authors, no similar dual-frequency SIW-
LWA has been previously reported.

I. INTRODUCTION

W ith the rapid development and cost reduction of space
launching programs such as Starlink, CubeSat systems

have became a relatively low-cost and popular instrument
for space researches and Near-Earth communication systems.
However, with the decrease in the size of the platform and
the frequency congestion in space, the requirement for new
implementations and integration of antenna systems for data
transmission between earth and satellite is once again a topic
of interest. Changing the design of the CubeSat for the specific
antenna systems could increase the cost of the launch and can
provide additional challenges in platform operation. On the
other hand, when considering integration, such changes are
necessary for stable communication and efficient operation of
the devices on board the satellite.
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Recent antenna designs for CubeSat platform integration
have been reflector-type antennas [1], [2]. An example of such
an antenna with a CubeSat system was demonstrated in [3].
This antenna primarily consisted of a metallic feeding system
and was deployed using a mesh-grid type reflector. The authors
investigated different feeding systems to operate at X-band,
Ka-band, and X-/Ka-band frequencies while using the same 1-
meter size mesh reflector. The antenna demonstrated circular
polarization with gains of 36.1 dBic and 48.7 dBic, for X-band
and Ka-bands, respectively. The reported antenna efficiency
was higher than 62%. The application of such a particular
deployable (and perhaps complex) system was for deep-space
exploration which is why high gains were required.

Another development for CubeSats are inflatable antennas
[4], [5]. Those antennas are based on the material defor-
mation of the surface of the reflector. Such as in [6], the
inflatable Kapton type antenna was demonstrated. By heating
and deforming Kapton into the parabolic structure and using a
feeding system such as a horn antenna, a reflector antenna was
made possible. The authors investigated antenna performance
considering cylindrical and conical shape deformations of the
reflector showing a maximum gain of 15 dBi. In comparison
to the mesh-grid type array, the antenna provided a reduced
mass, but challenges arose due to the non-ideal parabolic shape
of the reflector deformation. As a result, a beam deformation
and higher cross-polarization values were observed.

Some other exotic antenna designs were presented in [7]
where a linearly-polarized V-band metallic Bull-eye antenna
was proposed for communications between a swarm of Cube-
Sats. The antenna consisted of a waveguide feed with multiple
grooved rings for radiation and was integrated into the CubeSat
chassis body. The reported realized gain was 19.1 dBi at 60
GHz with a directive beam pattern. Additionally, beam-shifting
modifications were proposed to steer the beam direction for de-
sign flexibility and stable communications between platforms.

Low-profile antennas using standard printed circuit board
(PCB) fabrication techniques are also of interest for CubeSat
integration due to the possibility of low-cost assembly, com-
patibility with other planar circuit systems, and also, because
they typically need not require any mechanical deployment
[8] - [10]. One such antenna presented in [11] used aper-
ture coupled patches for solar cell integration. The antenna
provided circular polarization by using radiating and non-
radiating patches with a coupler feeding system. The presented
antenna operated from about 2.2 GHz to 2.3 GHz with a
maximum gain of 6 dBic. The antenna demonstrated an effi-



2

ciency of 81% and showed that there is no significant impact
on the operation of the solar cell. Another antenna system
integration was proposed in [12]. In that work [12], a compact
linearly-polarized patch antenna operating at 437 MHz was
used to communicate between satellites and the Earth station.
This work demonstrated successful communication between 5
satellites in the real-test environment (space).

Most of these newly proposed CubeSat antennas for near-
Earth applications require a compact and low-cost design that
can be easily integrated on the satellite platform. Follow-
ing these motivations, we propose a compact dual-frequency
leaky-wave antenna (LWA) with broadside radiation for K-
band applications. Using PCB design techniques, a grounded
dielectric slab (GDS) section, and substrate integrated waveg-
uide (SIW) technology [13], the proposed antenna (see Figs. 1
and 2) can reach high efficiencies while maintaining a compact
size. Also, the dual-frequency nature of the LWA makes it
useful for up-link and down-link satellite communications. It
should also be mentioned that some other dual-band LWAs
have also been proposed in the literature such as in [14]–[16],
however in this letter, the compactness and low-profile of our
design can make it suitable for CubeSats.

When considering more conventional planar antenna design
techniques in the microwave and the millimeter-wave range,
resonant based elements, such as patches and arrays, can
suffer from feeding challenges and unwanted surface wave
effects reducing radiation efficiencies [17]. Additionally, el-
ement coupling in arrays and interference from the satellite
structure itself can generate undesired beam patterns as well
as increased cross-polarization and side-lobe levels in the
far-field. An alternative could be the proposed LWA design
with single-point feeding, as such effects might not be as
problematic when employing SIW technology, in particular,
due to the possible radiation efficiencies and the compact
nature of the leaky aperture (which is due to top and bottom
metallic patterning and via positioning). These features are
also compatible with solar panel placement on top of the SIW-
LWA structure itself whilst not covering the compact aperture
positioned at the edge of the GDS (see Figs. 1 and 2).

II. GENERAL DESIGN CONSIDERATIONS

When considering classic LWA design, to achieve broadside
radiation, periodic structures might be required [17], [18].
However, challenges arise to suppress the open-stopband effect
which could reduce antenna efficiency [19], [20]. To avoid
this, it is possible to design compact LWAs based on the
beam splitting condition, which can produce a single beam
at broadside due to the combination of a bi-directional leaky-
wave (LW) field distribution for radiation on the truncated
traveling-wave aperture [18], [21], [22].

Our newly proposed two-sided and truncated design, in this
letter, is based on the uni-directional travelling-wave structure
previously presented by some of the authors in [23]. For these
SIW-LWA structures, the LW phase and attenuation constants,
β and α, are controlled by the two parameters W0 and P1

within the unit-cell (see Fig. 2 and Table I), which can be tuned
in order to work at the splitting condition (β ≈ α) for radiation

Fig. 1. An example of the proposed LWA integrated on CubeSat and
positioned underneath the solar cells, defined by Wgap. This simple inte-
gration is made possible due to the top and bottom metallic layering by SIW
technology. Also, the typical gaps between solar cells (within a solar cell
array), can be appropriately spaced for the proposed LW aperture. In this
possible implementation, the feed-line (see Fig. 2) could be a replaced by a
vertical probe positioned at the center of the SIW.

at broadside and at the desired frequency. Dispersion curves
and some preliminary results were presented in [24]. While
in this work, structure resonance (by SIW shorting) is further
examined for the truncated LWA as well as its dual-frequency
response. Full dimensions for the fabricated prototype can be
observed in Table I while antenna results are also compared
to other planar LWAs found in the literature also proposed for
CubeSats (see Table II in the supplementary material).

Based on these design principles, the proposed antenna
consists of a bi-directional SIW aperture (see Fig. 2) for LW
excitation, hybridized with structure resonance by via wall
shorting, defining a truncated structure which can achieve
broadside radiation at two distinct frequencies. Structure res-
onance can be observed in the simulated electric field ani-
mations (see the supplementary material) as well as the |S11|
plot in Fig. 3 where two distinct minimums in the reflection
coefficient are shown. Also, the mid-point feeding generates
a 1-D complex LW wavenumber k for propagation along the
±x-directions (as illustrated in Fig. 2, for the first operating
frequency and where the E-field is identified in the substrate).
This defines a leaky TE-field distribution for the partially open
SIW [23]. In general, when LWs are dominant on such an
aperture (see Fig. 2(b) in [23]), the E-field is contained within
the y-z plane for this type of SIW-LWA.

III. SIMULATIONS, MEASUREMENTS, & DISCUSSIONS

The proposed LWA was designed using the commercial
full-wave simulator CST microwave studio. The manufactured
prototype can be seen in Fig. 2. The 90◦ bend on the feeding
50 Ω microstrip line was introduced to reduce the influence
of the connector (end launch 292-04Z-6 from Southwest
microwave) on the radiation pattern, which was shown to
be slightly degraded when introduced within the full-wave
simulator. Also, the tapered transition from the microstrip line
to the SIW was optimized to reduce reflections by following
[25]. Additionally, the two closely spaced vias that define
Dshadow (see Fig. 2) were introduced for matching purposes.

The S-parameters measurements were completed using a
Keysight PNA N5225A. The antenna is well matched; i.e. with
|S11| ≤ -10 dB for the frequency ranges of 23 to 23.6 GHz
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Fig. 2. Fabricated LWA using Rogers RT5880 with a relative dielectric
constant of εr = 2.33 and thickness h = 0.25 mm with tan δ = 0.0009.
The antenna dimensions can be found in Table I.

TABLE I
ANTENNA DIMENSIONS (ALL VALUES IN MILLIMETERS, SEE FIG. 2)

Wmicrostrip Wtaper Ltaper P0 W0 W1

0.79 1.5 3.3 1.2 2.72 0.6
P1 Dshadow LA Lfree Wfree Wgap

4.66 1.2 20 10.9 12 1

and 24.8 to 25.3 GHz describing the dual-frequency response
(see Fig. 3), with about a 500 MHz of impedance bandwidth
for both cases, respectively. At the first frequency (23.3 GHz)
radiation is achieved by a dominant LW field on the truncated
aperture which is defined by a relatively high normalized LW
attenuation constant; i.e. α

/
k0 = 0.27 (by considering design

of the unit-cell and by following [24]), so that the majority of
power is radiated; i.e. 90%, adhering to classic LWA design
principles [20], as the wave propagates in the SIW from the
middle towards the lateral shorting via walls. Now since the
structure is truncated, a standing wave effect can be observed
in the electric fields (see animations in the supplementary
information) due to the remaining LWs (10%) which are not
radiated. This achieves resonant behavior for the structure as
well as the |S11| minimum.

Considering the second frequency (25 GHz), the normalized
leakage rate is reduced (α

/
k0 = 0.03) such that some of the un-

radiated power is further reflected at the lateral shorting walls
and travels back towards the feed point. This defines antenna
radiation along the truncated aperture to be related to backward
and forwarding traveling LW fields for in-phase radiation.
An |S11| minimum can also be observed at this second
operating frequency; i.e. 25 GHz defining structure resonance.
Similar behavior can be observed in [22] where composite
right-/left-handed (CRLH) LWAs based on transmission lines
experienced multi-band resonance over frequency. For our
proposed structure, as in [22], this is also confirmed by the
slightly lower efficiency in the second band when compared
to the first (see Fig. 4). For example, for the total antenna
efficiency it can be seen in Fig. 4 that values reach almost
87% for the first operating frequency and 76% for the second.

In order to evaluate the radiation performance of the pro-

Fig. 3. Simulated and measured |S11| of the proposed SIW-LWA in free-
space and with the solar panel on top (simulated), see Fig 1.

Fig. 4. Measured and simulated realized gain including simulated antenna
efficiency. Maximum realized gain can be observed at 23.4 GHz with a value
of 8 dBi. The total efficiency including connector losses is also reported where
it can be observed that the peak efficiency is 87% at 23.3 GHz.

totype, the NSI-5912 near-field scanner was employed and
measurements were completed in the anechoic chamber at
Heriot-Watt University. A measured maximum realized gain
of 8.0 dBi was observed at 23.4 GHz and 7.2 dBi at about 25
GHz (see Fig. 4). The normalized beam patterns in the φ =
90◦ plane are presented in Fig. 5 and results are in agreement
with the simulations. Basically, a directive fan-beam can be
observed at 23.1 GHz and beam splitting starts to occur at
about 25 GHz (see Fig 5), in that the beam starts to split into
two distinct peaks. This suggests frequency beam-scanning
like a typical LWA. Measurement results for the φ = 0◦ case
are also in agreement with simulations but are not reported due
to brevity. Regardless, good broadside radiation is observed but
with slightly higher sidelobes at the second frequency. This is
related to the bi-directional LW fields on the aperture which
do not generate a distinct and single beam maximum (unlike
the lower frequency case).

It should also be noted that during antenna simulations,
efforts were made to reduce the sidelobes for the higher fre-
quency and maintain a more distinct broadside beam pattern.
However, this was not possible without having two beam
maximums (at about 25 GHz) being diverted away from
broadside (i.e. complete splitting) while also not perturbing
the lower frequency pattern.

IV. ANTENNA INTEGRATION ON A CUBESAT PLATFORM

When designing antenna systems it is important to adapt
the antenna placement for a particular application. Due to the
element size, the antenna can be placed on the side of the
CubeSat or underneath a solar cell as illustrated in Fig. 1.
However, this single-element can not offer high flexibility in
the polarization and the beam pattern. Therefore, we have
considered two elements for beam steering and if circular
polarization (CP) is of interest, a four-element antenna with
quadrature phase excitation. For these cases, the antenna was
simulated on the CubeSat with dimensions of 10 cm x 10 cm
x 10 cm where the SIW-LWA was placed at the cube center.

In Fig. 6(a) only one element was placed on the center
of the CubeSat. In this case, as described above, the SIW-
LWA (single-element) offers linear polarization. It should be
noted that the maximum realized gain increased to 9.7 dBi
(mainly due to the larger effective aperture). There are also
slightly higher cross-polarization levels around -60◦ which are
related to the microstrip-type feeding employed in the fabri-
cated design. However, if the feeding system is re-designed
considering coaxial or probe-type, cross-polarization values
can be improved when satellite placement is of interest.
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Fig. 5. Simulated and measured (solid line) beam patterns at 23.1 GHz a)
and at 24.8 GHz b) in the x-z plane and in the free-space and under solar
panel as defined in Fig. 2. Results demonstrate a broadside beam with cross-
polarizations well below 15 dB.

Four elements for CP were also studied. By applying rela-
tive phase shifts of 0◦, +90◦, +180◦ and +270◦ to the elements
and defining the 2×2 array arrangement, left-handed circular
polarization (LHCP) can be made possible (see Fig. 6(b) and
inset). Similar configurations are widely used in CP antenna
arrays [26], [27]. Also, a supporting planar circuit feeding
system can be integrated onto the CubeSat platform to achieve
the noted element phasing. Simulations showed that the system
can offer CP which can be useful if reduced polarization losses
are important for communications, between the CubeSat and
Earth, for example. The maximum simulated realized gain
was 9.5 dBic at broadside with cross-polarization levels 40
dB below this maximum. Consequently, axial ratios are well
below 3 dB at antenna boresight in both planes (see Fig. 6(b)).
However, away from broadside the sidelobe and cross-lobe
levels increased since the cross-elements were placed more
than 2λ apart defining the generation of grating lobes. Should
alternative radiation characteristics be required for the CP case,
a varied antenna arrangement would be needed.

In the next study, two elements were placed with the LW
apertures separated by about λ/2 and then where excited
considering 0◦ and 180◦ phase shifts. This array arrangement
and feed configuration defines a broadside beam, as in Fig.
7 (red curve), with a maximum gain of 9.6 dBi. The beam
steering response can also be observed for this case. This
array and differential-feeding reduced the cross-polarization
level; i.e. maximum values of -30 dB where observed when
compared to the main beam maximum. This steered beam ex-
ample (±50◦) could be useful when non-broadside beams are
required for communications to other CubeSats, satellites, and
in general, when beam steering is needed. Regardless of these
findings, using these possible designs the best configuration
on the CubeSat platform can be selected which depends on
the radiation requirements and space available.

Solar cells can also be placed on the top metal of the SIW
structures (see Fig. 1), whilst not covering the LW aperture
enabling simple CubeSat integration. To study this scenario
further, simulations were also completed when a single SIW-
LWA element was placed on the CubeSat and had solar panels
on top and around the structure. As reported in [28] [29], [30]
typical solar panels consist of a layer of silicon and glass,
however, the permittivity, thickness, and conductivity of the
silicon can vary significantly. Therefore careful positioning of
the solar panels and LWA, with respect to the CubeSat, is
required which should be supported by full-wave simulations.

For this study, we used silicon with εr = 12 and thickness

Fig. 6. Simulated antenna configurations on the CubeSat platform with
dimensions 10 cm x 10 cm x 10 cm: a) in this case the antenna was simulated
as a single element which offered linear polarization. For b) four elements
for LHCP; beam pattern (left vertical axis) and axial ratios (ARs), right axis.

Fig. 7. Simulated two-element pattern considering phase shifts for control of
the fan beam pattern in the x-z plane as defined in the inset. In this case, the
differential-like feeding offers active matching values below -15 dB.

h = 0.2 mm with a variation of conductivity from 0 to 200
S/m, and, glass with εr = 4 having a thickness h = 0.2 mm.
As expected, when the solar panels are placed near or on top
of the LWA, antenna performance is not significantly affected.
However, when positioning on top, it is suggested to have an
air gap using a foam type substrate (i.e. εr = 1) with a distance
which is less than λ/4. Otherwise, the top solar panel starts
to act like an unwanted reflector. Considering this, as in Fig.
1, the distance was simulated for various cases and results are
reported for when Wgap = 1 mm. This placement had a minor
mismatch for the proposed LWA which was optimized for free-
space conditions. Regardless, as shown in Fig. 3 reflection
coefficient values are still below -10 dB at the two operating
frequencies. Also, the beam patterns are very similar when
considering the free-space scenario (see Fig. 5). Simulations
not reported for brevity showed that when the solar cells are
positioned more than 1.5 mm, the beam pattern and matching
can be disrupted further. Given these findings, if the solar
panel integration on top of the antenna is required, the LWA
should be co-designed, simulated, and optimized considering
the parameters of the selected solar panel whilst avoiding any
λ/4 reflections between the solar panel and the LW aperture.

V. CONCLUSION
A compact SIW-LWA for dual-frequency operation on

CubeSats was proposed in this letter. The antenna is well
matched from 23.05 to 23.6 GHz and 24.8 to 25.3 GHz
with a maximum realized gain of 8 dBi and a peak radiation
efficiency of 87%. These features might be useful for up-
link and down-link communications in the K-band. Solar cell
integration was also considered and other structures were re-
ported using two elements for beam steering or four-elements
for CP. Applications include other small satellite commercial
missions, earth and planetary observation as well as data
links between low earth orbiting satellites. Comparisons to
other antennas can be found in Table II (see supplementary
information), where it can be observed that no other SIW
structures have been investigated for CubeSats whilst offering
dual-frequency operation.
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