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Abstract— The design and operation of a miniaturized
antenna array offering circularly polarized (CP) radiation for
CubeSats and other micro-satellites is presented. The proposed
antenna array combines folded-shorted patches (FSPs) and
meandering for antenna miniaturization. Both techniques
enable a decrease of the quarter-wavelength shorted patch
while maintaining a quarter-wavelength resonant length.
Realization of CP is achieved by an ultra-compact and planar
feed circuit consisting of a network of meander-shaped 90° and
180° hybrid couplers, providing quadrature feeding of the FSP
elements and for integration onto the backside of the antenna
ground plane whose physical dimension is only 9 cm x 9 cm.
Good CP performances are observed for the developed UHFband antenna for the CubeSat standard and with a size of only
0.135λ x 0.135λ considering the 450 MHz design frequency.

(a)

0.135 λ

0.135 λ

Index Terms — CubeSats, Folded-shorted patch (FSP)
antenna, sequentially rotated arrays, circular polarisation
(CP), meandering, satellite communications.

I. INTRODUCTION
Modern small satellites (MSSs) have been widely used
and manufactured for earth observation, space
telecommunications and geographical surveillance [1].
When compared to more conventional satellites, MSSs can
significantly reduce launching costs, mission development
time and make access to space more affordable [2]. One
option for antenna selection is a conventional patch antenna
or shorted patch. These are particularly attractive candidates
due to their low cost, simple fabrication, and low profile [3].
In addition, miniaturization is possible using high dielectric
constant materials; i.e. εr ≈ 10. However, implementation on
a CubeSat platform might not be possible given the size of
the required 10 cm x 10 cm antenna footprint [4]. In
addition, with antenna miniaturization, structures with
optimum bandwidth (BW) and radiation efficiency are
difficult to achieve.
In this work, compact and multilayer folded-shorted
patches (FSPs) are investigated for the intended CubeSat
antenna application. A 2 x 2 FSP antenna array offering
circular polarization (CP) is presented using top-layer
meandering of the folded-shorted patches as shown in Figs.
1 and 2. Element positioning and structure dimensions were
optimized for antenna operation at 450 MHz. In addition, by
the introduction of the meandering for the top layer of the
FSP, the size of the single-element can be reduced (0.0675λ
x 0.0675λ x 0.015λ) which can miniaturize the antenna
element while maintaining the operational frequency. Also,
the proposed antenna structure is compact in size and lowprofile whilst also being suitable for the CubeSat standard.
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Fig. 1. Schematic of the proposed 450 MHz antenna for CubeSats: (a) 2 x
2 FSP antenna array with a 0.135λ x 0.135λ ground plane, (b) feeding
system also with a total physical size of 0.135λ x 0.135λ.

In Section II of this paper, the configuration of the singleelement structure and the compact feeding system are
characterized. In particular, by modifying the length of the
top metallic layer, the length of the meandered line as well
as the position of the coaxial feed probe, antenna resonance
can be tuned to optimize gain as well as achieve good 50-Ω
impedance matching at the desired frequency of operation.
Details of the antenna simulation results are presented in
Section III while Section IV provides a brief conclusion.
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TABLE I.

COMPARISON TO OTHER SIMILAR FSP ANTENNAS AND ARRAYS FOUND IN THE LITERATURE
CONSIDERING OPTIMIZED (SIMULATED) PARAMETERS

[9]

Metallic

4

[10]

Metallic
Metallic &
Meandering

2

Number of
Elements
2x2 Array
SingleElement
2x2 Array

2

2x2 Array

[4]

This Work

Antenna
Number
Type
of layers
Metallic & PCB
4

Design Reflection Impedance
Frequency Coefficient Bandwidth
400 MHz < -10 dB
0.4%

Single-Element
Size
0.05λ  0.04λ  0.05λ

Ground Plane Realized
Size
Gain
2.6 dBic
0.2λ  0.2λ

415 MHz

-13 dB

2.9%

0.069λ  0.065λ  0.016λ

0.277λ  0.277λ

―

400 MHz

-34 dB

5%

0.25λ  0.25λ  0.05λ

0.67λ  0.67λ

6.6 dBic

450 MHz

<-20 dB

0.2%

0.0675λ x 0.0675λ x 0.015λ 0.135λ  0.135λ 1.5 dBic

II. DESIGN OVERVIEW & CONSIDERATIONS FOR THE
COMPACT FOLDED-SHORTED PATCH ARRAY
Miniaturization of the conventional half-wavelength
patch antenna is a topic of considerable interest within the
electromagnetics community. There are several techniques
for reducing the physical size of the conventional patch
antenna such as the use of high relative permittivity
substrates, shoring walls, meandering, capacitive loading
and slots [5]-[8]. Further size reduction can be achieved by
reducing the width and length of the shorting plane while
also folding of the ground plane. In [9], such a linearly
polarized multilayer FSP antenna was reported by
increasing the number of layers to adjust the resonant
frequency to 2.4 GHz, or lower frequencies realizing a
single-element size of 0.13λ x 0.14λ x 0.015λ. In [10], two
units of a 2 x 2 FSP array were also implemented on a small
satellite body with physical dimensions of 0.5  0.5  0.5 m3
while the operating frequency was 400MHz.

Fig. 3. Single-element |S11| simulations showing the possible design
frequency variation by changing the dimension du; i.e. the height of the top
layer above the first layer (see Fig. 2) while all other parameters were
maintained.

ɛr
Fig. 4. Simulated surface current density at 450 MHz on top of the (a):
conventional patch and (b): the meandered top patch layer. The colors for
the arrows represent the current magnitude in A/m.

Fig. 2. Cross-sectional view of the proposed single-element, two-layer FSP
antenna where the dimensions are Lgap = 2.5 mm, du = 1.5 mm, L = 42.8
mm, W = 38 mm, t = 0.3 mm, d = 8.2 mm, ∆L = 1.3 mm, and Xf = 3.1 mm.
Here the top and first layers are defined at the height of d + du + t and d +
t, respectively.

A. Single-Element Design
The proposed FSP antenna element has been designed
using a shorting wall with also a meandered top layer. This
reduced the physical size of the top transmission line
enabling compactness for the entire array. Also, the
separation between the top and first layers was optimized
for the required resonant frequency by adjusting the
dimension du. This parameter has been varied in Fig. 3

where it is shown that the resonant frequency can be altered
for the required frequency between about 380MHz to 490
MHz for the single-element (which has the following major
dimensions: 0.0675λ x 0.0675λ x 0.015λ). To the best
knowledge of the authors, no similar antenna using
sequential rotation for CP and meandered elements for
additional compactness, has been reported in the literature
(see Table I) offering comparable gain, impedance matching
bandwidth, and, with reduced antenna size.
The simulated current density of the single-element FSP
is also compared to a conventional patch antenna in Fig. 4.
Both antennas are designed for operation at 450 MHz. It can
be observed that the meandering of the top layer realized a
significantly longer transmission line section, when
compared to non-meandered FSP, thus, a more compact
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Fig. 6. Simulated magnitude of the reflection coefficient (input port) and
the transmission coefficients for the feeding circuit (Fig. 5).

Fig. 5. Front view of the designed feeding circuit for the array to enable CP
radiation. The total dimensions of the circuit are 9 cm x 9 cm (the blue
elements labelled 1 to 3 are 50-Ω resistors).

antenna structure can be achieved when compared to the
normal patch antenna. In these comparisons, for the nonmeandered FSP (single-element) it has a physical size of
0.0735λ x 0.0735λ x 0.0163λ while the meandered FSP is
10% smaller. Also, the intense current densities between
each parallel meander section can be observed in Fig. 4,
which represents the open edge effects experienced by the
top microstrip transmission line.
B. Generation of Circular Polarization
By using linearly polarized (LP) FSP elements and a
sequentially rotated array, CP radiation can be realized [11].
In our design, each LP antenna element within the array is
also fed with equal amplitude and a sequential phase shift.
For example, in the most common configuration of such a 2
x 2 array, each antenna (anti-clockwise rotation) is required
to have a specific phase delay of 0°, 90°, 180° and 270°.
This phase delay arrangement would generate left-handed
circular polarization (LHCP). For right-handed circular
polarization (RHCP), similar phase shifts would be needed
but with an anti-clockwise increment [11]. Also, this
technique can also reduce cross-polarization levels and
improve the 3-dB axial ratio bandwidth of the antenna array.
Further details of the employed feeding circuit can be found
in Section C.
Considering array theory, the larger the number of
individual antenna elements used, the higher the antenna
gain and the narrower the beam. For our work, we desire a
compact antenna design with excellent radiation
performances, beyond the single-element, while also
maintaining a broad beam, and, by using a 2 x 2 antenna
array higher gain values are expected. However, this
antenna system configuration requires a feeding circuit
(multi-element coupler) for bonding to the underside of the
antenna ground plane whilst maintaining its low-profile and
compact features.

Fig. 7. Simulated phase difference in degrees between the input (Port 1)
and the output (Ports 2, 3, 4, and 5) for the feeding circuit (Fig. 5).

C. Feed System Design
The proposed design of the feeding system is shown in
Fig. 5. It is a 5-port network where each port provides the
required 90° phase shift and with equal power splitting.
Also, the feeding system employed a high permittivity
material RT6010 LM (εr = 10.2, tanδ = 0.0023, thickness of
0.4 mm) while also using meandered microstrip sections to
reduce physical circuit dimensions. By following the
operation of this feeding system, port 1 can be considered
the input port into the 2 x 2 array, with port 2 providing a
90˚ phase delay, port 3 providing a 180˚ phase delay, port 4
providing a 270˚ phase delay, finally, port 5 provides a 360˚
or 0˚ phase delay. Therefore, the feeding system provides
sequentially rotated phase delays to the 2 x 2 FSP array for
RHCP radiation.
The highlighted and numbered circuits (1 and 3, see Fig.
5) are the meandered 90˚ hybrid couplers where their
physical dimensions have been reduced by more than 80%
from the standard hybrid coupler whilst considering the
same substrate and operating frequency. Also, the
highlighted numbered 2 circuit, is the meandered rat-race
coupler. The total physical dimensions for the feed system
are also 9 cm x 9 cm. Simulation results for this structure
suggest suitable performance; i.e. at the operating frequency
of 450 MHz, the required phase shifts are achieved with |S11|
<-14 dB. Also, the average for the output magnitudes is -7.1
dB, which defines an average insertion loss of about
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Fig. 8. |S11| simulation results for each antenna element showing the desired
antenna operational frequency of 450 MHz for UHF applications.

Fig. 10. Simulated RHCP realized gain pattern at 450 MHz for the compact
FSP array. Results are shown along with the X-pol. levels; i.e. LHCP.

Fig. 9. |S11| simulation result for the complete antenna system (array and
feeding circuit).

1.7 dB. This can be attributed to the value of tanδ for the
employed substrate RT6010 LM. Moreover, the phase
differences for each output ports are 90˚, 185˚, 265˚ and
360˚, respectively (see Figs. 6 and 7). Despite these practical
concerns, the functionality of the compact feeding circuit
has been demonstrated and relatively broadband
performances is obtained.
III. ANTENNA ARRAY DESIGN & RESULTS
The 2 x 2 FSP antenna array was also designed
considering copper for all the required metal segments with
a 0.3 mm thickness for the shorting wall as well as for the
first and top layers. In addition, a 50-Ω coaxial probe feed
was employed for all the individual elements at an
optimized position (see the caption of Fig. 2) for best
matching and realized gain at 450 MHz. Good simulated
matching was also observed, as shown in Fig. 8, for each
antenna element with |S11| < -15 dB at 450 MHz (see Fig.8).
In addition, a realized CP gain of 1.7 dBic was predicted by
the simulation models using CST considering the complete
array.
Given these simulated results, the 2 x 2 sequentially FSP
array was simulated with the feeding system circuit (see Fig.
1b). For example, the coaxial probe pin for antenna element

1 was connected to port 2 of the feeding system, the coaxial
probe for element 2 was connected to port 3 of the feeding
system, etc. This makes port 1 of the feeding circuit be the
input port for the entire antenna system. In addition, the
coaxial probe pins were matched to 50-Ω. It can also be
observed that |S11| for the entire antenna system is less than 30 dB at 450 MHz (see Fig. 9).
The maximum RHCP gain was recorded to be -1.5 dBic
at broadside (0˚) when the feeding circuit was included. In
addition, cross-polarization levels (LHCP) are low; i.e.
values are 20 dB below the main beam maximum defining
axial ratios which are less than 3 dB from about +/-70° (see
Figs. 10 and 11). These results are close to the previously
outlined simulations, for example, the estimated RHCP gain
without the feed system is about 1.5 dBic. However, as
previously mentioned, there are some unavoidable losses
due to the feeding circuit system as well as some extra
losses which can be related to some dielectric substrate loss
(tanδ) within the antenna structure as well as the transition
from microstrip to the individual probes for element
feeding.
Despite these practicalities, the functionality of the
extremely compact antenna array and its supporting feeding
circuit, which is also electrically small, has been realized
demonstrating that such an antenna structure (9 cm x 9 cm)
is possible for the CubeSat standard (10 cm x 10 cm x 10
cm). Also, to the best knowledge of the authors, no similar
antenna structure has been reported previously for UHF
operation and for integration on CubeSats. However, it
should be mentioned that a very similar antenna (2-layer, 2
x 2 FSP array with top-layer meandering realizing a total
structure size of 0.17λ x 0.17λ) was experimentally
demonstrated in [12] for operation on picosatellites. In
particular, for L-band communications between other
picosatellites and more conventional satellites. For these
compact picosatellite platforms (5 cm x 5 cm x 5 cm), the
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