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Abstract — In this contribution, the design of
wideband reflectarray antennas with dual linear
polarization (LP) to dual circular polarization (CP)
conversion is evaluated within complete operational
frequency bands for space communications. The
resulting antennas are proposed as standardized
antenna solutions for small satellites based on the
CubeSat standard, where the reflectarrays would
operate in CP at the frequencies imposed by the LP
radiating primary source, typically with a narrow
band, while ensuring an axial ratio (AR) lower than
3 dB. Two reflectarrays have been designed: one to
operate in X band, from 8 to 12 GHz, and the other
to operate in Ka band, from 28 to 40 GHz. The
manufacturing of broadband LP-to-CP reflectarrays
could be carried out in a production line, reducing
the costs and complexity of ad-hoc reflectarrays,
while also simplifying the design of the LP feeds.

I. INTRODUCTION

The increasing number of space missions based on small
satellites, especially CubeSats [1], has driven the
development of novel high-gain antennas to be deployed
on the small satellites. The use of high-gain antennas
plays a key role in transmitting and receiving signals
over longer distances and increasing the link capacity to
send a larger volume of data in a short period of time.
Additionally, in satellite communications, the operation
in circular polarization (CP) is preferred over linear
polarization (LP) for its enhanced reliability, as it
minimizes signal fading caused by changes in the
satellite orientation and the Faraday effect as signals
pass through the Earth atmosphere.

The CubeSat platform implies two additional antenna
requirements: the antenna should occupy the least
amount of space possible, given the constrained storage
volume of CubeSats, and it should also be cost-effective,
aligning with the principle of offering low-cost satellite
missions. The small stowage volume of CubeSats makes
it difficult to embark traditional high-gain antennas,
such as reflectors antennas, whose doubly curved

surface is difficult to fold.

Reflectarray antennas offer a promising high-gain
antenna solution for small satellites [2]-[6], since their
flat surface can be easily divided into multiple flat
panels that can be folded around the spacecraft before
the launching, and then deployed through the same
technology standardized for solar panels. The use of
deployable multi-panel reflectarrays for CubeSat
missions has been recently demonstrated in the ISARA
and MarCO missions [2], [3], and are also expected to
be used in the GOMX-5 and M-ARGO missions [5], [6].
As an additional advantage for small satellite scenarios,
reflectarray antennas can be designed to convert the
incident LP field radiated by a primary source into a
reflected CP field, thus simplifying the design and
architecture of the primary source on board the satellite
[7], [8]. However, reflectarray antennas have two major
concerns on their deployment for industry: their natural
narrowband performance, which may be further reduced
when providing an additional LP-to-CP polarization
conversion, and the necessity of a customized
optimization and manufacturing of the antenna for the
specific frequency band of each application, which
increases the antenna manufacturing costs and
development times.

In this contribution, the design of wideband reflectarray
antennas with dual-LP to dual-CP conversion is
evaluated with the aim of providing an axial ratio below
3 dB within a complete operational frequency band for
space. For this purpose, two polarizer reflectarrays are
designed: one to operate in X band, from 8§ to 12 GHz,
with a maximum gain over 24 dB, and the other to
operate in Ka band, from 28 to 40 GHz, with a maximum
gain over 30 dBi. The proposed antennas could work as
standardized antenna solutions for small satellites based
on the CubeSat standard, where the reflectarray would
operate in CP at the frequencies imposed by the LP
radiating primary source, typically with a narrow band,
while ensuring a satisfactory polarization purity. The
designed reflectarrays can be fabricated by dividing the
antenna surface into several panels, making it easy to
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fold around the CubeSat [2]. As a result, the production
of broadband multi-faceted reflectarrays could be
efficiently carried out in a production line, reducing the
costs and complexity associated with ad-hoc
reflectarrays, while also simplifying the design of the LP
feeds.

II. ANTENNA CONFIGURATION

CubeSat standard defines the fundamental element of
the spacecraft as a cube of 10 cm x 10 cm x 10 cm,
known as 1U. These cubes can be easily stacked and
integrated into larger payloads. As shown in Fig. 1, the
most extended spacecrafts consist of one (1U), two (2U)
three (3U), six (6U) or twelve (12U) elemental cubes.
The standardization of the spacecraft architecture made
it possible to streamline the manufacturing process,
helping to ensure compatibility of components and
design specifications while poceine
stgnifieanthysignificantly reducing the associated costs
and development times.

wo ¢

wo ¢

Fig. 1. Basic architecture of 1U, 2U, 3U, 6U and
12U CubeSats.

The design of high-gain reflectarray antennas as
standard antenna solutions for CubeSat applications
must take into consideration the available volume in the
spacecraft to accommodate the reflectarray and its
primary source of radiation, which is considered as a
planar small printed LP array. Due to the narrow beam
produced by the high-gain antennas, the CubeSat should

also incorporate a high-precision altitude control
subsystem for a proper antenna pointing. Given these
requirements, CubeSats smaller than 3U have not been
considered when defining the antenna architecture. It is
worth noting that MarCe-MarCO and ISARA missions
[2], [3] employed 12U and 3U CubeSats to embark high-
gain reflectarrays, and GOMX-5 and M-ARGO
missions [5], [6] also consider 12U CubeSats.

Fig. 2 illustrates the proposed antenna architecture for
both the stowed configuration around the spacecraft and
its deployment once in orbit. Since the panels must be
deployed forming a flat surface, dividing the reflectarray
antenna into several panels can be seen as a mechanical
consideration, independent of the electrical design of the
reflectarray antenna. Also, note that the stowed
reflectarray could be folded above the feed, due to the
low profile of both antennas. As a result, the reflectarray
antenna can be defined with an approximate dimension
of 30 cm x 30 cm for the 3U CubeSat, consisting of three
panels of 10 cm x 30 cm, or 20 cm X 20-30 cm for the
single-panel reflectarray proposed for 6U/12U
CubeSats. The decision to use a multi-panel
configuration for the reflectarray can also be adopted for
6U/12U CubeSats if a larger antenna aperture is
required. In both configurations, the feed must be
positioned at a distance equal to or less than the length
of the spacecraft (see spacecraft dimensions in Fig. 1),
keeping the simplicity of the deployment mechanism for
both the reflectarray and the feed.

i{?ectarray

_ STOWED DEPLOYED

Fig. 2. Schematic representation of the antenna
configuration on 3U and 6/12U CubeSat platforms.

Two reflectarray antennas (RA) have been proposed
according to these scenarios. A reflectarray antenna to
operate in X-band (X-RA) and a reflectarray to operate
in Ka-band (Ka-RA). The X-RA is a 280.5 mm x 280.5
mm (8 % 8k at 8.5 GHz), formed by 17 x 17
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reflectarray cells with a period of 16.5 mm (0.48) at 8.5
GHz). The phase centre of the feed is positioned at
coordinates (x = -115.6, y = 0.0, z = 247.8) mm with
respect to the centre of the reflectarray, giving a focal
length to diameter ratio (f/D) of 1. The Ka-RA is a 202.4
mm X 202.4 mm (21X x 212 at 31 GHz), formed by 44
x 44 cells of 4.6 mm (0.48% at 31 GHz). The Ka-RA is
illuminated by a feed placed at (x = -78, y = 0.0, z =
180.1) mm with respect to the antenna centre, resulting
in a f/D of 0.8. The use of a f/D larger than 1 would
improve the antenna bandwidth by minimizing the
differential spatial phase delay [9], but it also requires
high-gain feeds to properly illuminate the reflectarray
with a taper close to -10 dB at the edges, which increases
the size of the primary sources. The X-RA radiates in
the direction 6, = 19°, ¢, = 0°, while the Ka-RA radiates
in 6, = 23°, ¢, = 0°. Table 1 summarizes the main
characteristics of the proposed antenna configurations.

77
/727
77
/77
%7,

Fig. 3. Antenna configuration for the X-RA.

Table 1. Proposed antenna configurations.

Prototype X-RA Ka-RA
Polarization Dual-CP Dual-CP
Frequency band 8-12 GHz 28-40 GHz
(40%) (35%)
Antenna size 8ho x 8hpat| 21Ap x 21 at
8.5 GHz 31 GHz
(280.5 mm) (202.4 mm)
f/D 1 0.8
Beam direction (19°, 0% (23°, 0%

(O, @)

Cell period 0.48% at 8.5 0.48X at 31
GHz (16.5 mm)| GHz (4.6 mm)
Cell lattice 17 x 17 44 x 44

III. REFLECTARRAY UNIT-CELL

The proposed reflectarray antennas have a dual-layer
configuration with two levels of metallization. The unit-
cell consists of two stacked orthogonal groups of three
parallel dipoles, which are rotated 45° with respect to the
antenna axes, as shown in Fig. 3 for the X-RA. Fig. 4
illustrates the proposed unit-cell including the main
geometrical parameters. The unit-cells have been
defined with the same period of 0.48A at the design
frequency of each antenna (8.5 GHz for the X-RA and
31 GHz for the Ka-RA). For their future experimental
validation, both antennas have been designed
considering DiClad 880 substrates (¢, = 2.28, tan_d =
0.0025). The Ka-RA uses two identical sheets of 0.762
mm DiClad 880, while the X-RA employs a lower sheet
of 3.175 mm DiClad 880 and a thinner upper sheet of
1.524 mm DiClad 880. The period of the cells (px, pv),
the separation between adjacent dipoles (s) and the
dipoles width (w) are shown in Table II for both
prototypes. The geometrical parameters of the cells are
practically scaled from one prototype to another, except
for small differences produced by the different dielectric
configurations. The lengths of the upper and lower
dipoles (1a2, 1a1, Ig2, 11) will be adjusted cell by cell
during the design process of the antenna.

| 1 m/, )

Px

Py
Fig. 4. Antenna configuration for the X-RA.

Table 2. Cell configurations.

Prototype X-RA Ka-RA

px (=py) 16.5 mm 4.6 mm
S 6 mm 1.4 mm
w 1.4 mm 0.4 mm
Lower dielectric 3.175 mm 0.762 mm
height (125 mils) (30 mils)
Upper dielectric 1.524 mm 0.762 mm|
height (60 mils) (30 mils)

The unit-cell has been defined to convert the dual-LP
incident field into a dual-CP reflected field, while
focusing a high gain beam. The lengths of the upper and
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lower dipoles are independently adjusted to control the
phase-shift introduced in the orthogonal linear
components of the reflected field oriented according to
x” and y’ (see Fig. 3 and 4). Thus, the reflectarray cell
can be analysed by its reflection matrix in the (x’, y’)
coordinate system, as shown in (1). The 45° rotation of
the dipoles is necessary to provide the conversion from
dual LP to dual CP [7], [8]. The polarization conversion
is provided when there is a 90° phase difference between
the phases of R'yy and R'yy (4R xx — £ZR yy = 90°).

EWN _ oo (Bx = (Rix Riv) (Ex
(T)ZRXY<')=(I l)() (l)
Ex Ey, Ryx Ryy/ \Ey,

The reflectarray cells have been analysed using a
proprietary software based on the method of moments in
the spectral domain (SD-MoM) [7], which assumes
local periodicity to analyse the cell under any angle of
incidence by calculating its reflection matrix R'xy. This
home-made analysis routine has been previously
validated by commercial software tools and
experimental demonstrators. The phase performance of
the cells has been simulated when the upper and lower
dipoles are independently increased, considering that the
lengths of the lateral dipoles in each set of three parallel
dipoles remain scaled by a fixed factor with regards to
the length of the central dipoles. For the X-RA cell, the
lengths of the lateral dipoles are defined as 1a; = 0.45-1a2,
and lg; = 0.55-1p,, while the lengths of the lateral dipoles
in the Ka-RA cell are defined as 151 = 0.59-142, and 1, =
0.5-1g> (see Fig. 4). The cells have been analysed under
an incidence angle 0; = 20°, ¢; = 0°, which matches the
incidence angle at the antenna centre in both prototypes.

The simulated phase response of the X-RA cell at 8.5
GHz is depicted in Fig. 5, including the phases of R xx
(Fig. 5(a)), R'yy (Fig. 5(b)), and its difference ZR yy —
2R’yy (Fig. 5(c)) when the upper and lower dipoles
lengths vary from 8 mm to 19.5 mm. The phases of Ry
and R’yy have a phase range larger than 360° and show
an independent operation (the lengths of the lower
dipoles, given by las, control the phase of R"yy, and the
lengths of the upper dipoles, given by ls,, control
£R’yy). Moreover, Fig. 5(c) includes a solid black line
indicating the combinations of dipole lengths that
provide a 90° phase difference between ZR'yy and
2R’yy, necessary for the LP to CP polarization
conversion. It is important to note that the black line
spans a phase shift region larger than 360° in both ZR "y
and ZR’yy, thus ensuring the capability of converting
the dual-LP incident field intro a dual-CP reflected field
while simultaneously introducing a phase distribution to
focus a high-gain beam. The same phase response can
be seen in Fig. 6 for the Ka-RA cell at 31 GHz.

IV. ANTENNA DESIGN

The phase-shift distributions for ZR yy and £ZR’yy on

the reflectarray surface have been computed to focus a
high-high-gain beam in the direction (8, = 23°, @y, = 0°)
at 8.5 GHz for the X-RA prototype, and (6, = 19°, @, =
0°) at 31 GHz in the Ka-RA. The reflectarray theory [10]
defines the required phase-shift distribution to focus a
high-high-gain beam by (2), where ¢_; is the required
phase-shift introduced by the cell i, placed at coordinates
xi, yi with respect to the reflectarray centre, d; is the
distance between the centre of the cell i and the phase
centre of the feed, and (0y, ¢y) is the direction of
radiation. The term A¢ is a phase constant that makes it
possible to introduce the required 90° phase difference
between the phase-shift distributions of £ZR’yy and
2R’yy to convert the polarization while also focusing a
high-gain beam. Fig. 7 shows the required phase
distributions of ZR yxx for both prototypes, the phases of
£R’yy can be obtained by adding a 90° phase constant to
the distributions shown in Fig. 7.
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Fig. 5. Phase (°) introduced by the X-RA cell at 8.5
GHz versus the dipoles lengths. (a) ZR xx, (b)
ZR’yy', and (¢) £R yxx — £4R'yy.
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Fig. 6. Phase (°) introduced by the Ka-RA cell at 31
GHz versus the dipoles lengths. (a) ZR yx, (b)
ZR'yy',and (c) £R yx — 4R’yy.

The design process has been carried out by an
optimization routine based on the previous SD-MoM
analysis tool, which adjusts the lengths of the dipoles,
cell by cell, taking into account the different angles of
incidence in each cell along the antenna surface. To
overcome the limited bandwidth of reflectarray
antennas, which is even reduced when providing an
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additional LP-to-CP polarization conversion, an
optimization process has been implemented thanks to
the degrees of freedom provided by the proposed cell.
The cell offers two design variables to control the phases
of each linear component of the reflected field (1a» and
1a1 to control R yy, and 1g> and Ig; to control R’yy). The
optimization process has been implemented to minimize
the phase errors with respect to the objective phases at
the design frequency (fy = 8.5 GHz for the X-RA and fj
= 31 GHz for the Ka-RA) computed by (2), while also
minimizing the phase deviation with regards to the
required 90° phase difference between ZR’yxy and
2R’yy at two extreme frequencies (fuin, fmax). Note that
Jfo is defined relatively close to the minimum frequency
of the band with the aim of maximizing the antenna
efficiency at low frequencies. In this way, as the
operating frequency increases, the antenna efficiency
decreases but the larger electrical size of the reflectarray
keeps the maximum gain of the antenna stable within the
band.

$r-i = ko(dj — (xjcos@yp, + yisingy)sinby,) + 4¢ (2)
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Fig. 7. Required phases of ZR yxx (°) (a) at 8.5 GHz
for the X-RA, and (b) at 31 GHz for the Ka-RA.

V. SIMULATED RESULTS

The simulated radiation patterns of the designed
reflectarrays have been computed from the tangential
components of the reflected field on the reflectarray
surface, computed as shown in (1). Two horns
(Narda640-15 for the X-RA and Narda665-20 for the
Ka-RA) have been considered to illuminate the
reflectarrays, making it possible to evaluate the radiation
patterns in the complete X and Ka band. The feed-horns
have been modelled in CST to compute the incident field
on the reflectarray surface.

The elevation cut of the simulated radiation patterns for
the X-RA at 8.5 GHz and for the Ka-RA at 31 GHz are
shown in Fig. 8 and Fig. 9. The X-RA and the Ka-RA
show a maximum gain of 25.5 and 33 dBi, respectively,
which corresponds to a radiation efficiency of 43% in
both antennas. Also, the cross-polar discrimination

(XPD) is larger than 20 dB in both reflectarrays,
providing an axial ratio (AR) lower than 3dB.
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Fig. 8. Elevation plane of the X-RA simulated
radiation patterns at 8.5 GHz.
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Fig. 9. Elevation plane of the Ka-RA simulated
radiation patterns at 31 GHz.

The simulated radiation patterns of the X-RA have been
computed from 7 to 14 GHz. The curves of maximum
gain and AR provided by the X-RA are depicted in Fig.
10. The simulated results show that the reflectarray
antenna can operate from 8 to 12 GHz ensuring a
maximum gain comprised between 24.3 to 25.5 dBi. The
3dB-bandwidth in gain is reached from 7.5 to 13.5 GHz,
where the AR is lower than 3 dB. Thus, the linear-to-
circular polarizer X-RA offers a 57% relative bandwidth
(RBW) instead of the 10% RBW typically provided by
non-optimized polarizer reflectarrays [7]. The simulated
gain and AR for the Ka-RA are shown in Fig. 11 from
27 to 42 GHz. The Ka-RA has a maximum gain over 30
dBi from 28 to 40 GHz, varying from 30.1 to 33.7 dBi,
while providing an AR lower than 3 dB. The Ka-RA
provides a slightly smaller RBW than the X-RA (a 35%
RBW), which makes it possible to enhance the
polarization purity within the complete band: the AR is
lower than 1.5 dB from 28.75 to 41.25 GHz.
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Fig. 11. Maximum gain and AR of the Ka-RA.
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These antennas could work as standardized antenna
solutions operating in a narrow band imposed by the LP
feed within the X-band or Ka-band. Note that the
maximum gain of the antennas may vary slightly
depending on the taper provided by the feed at the
reflectarray edges.

VI. CONCLUSIONS

In this contribution, the design of wideband reflectarray
antennas with dual-LP to dual-CP conversion has been
evaluated as standardized antenna solutions for
CubeSats. Two reflectarrays have been designed, one to
operate from 8 to 12 GHz, and the other to operate from
28 to 40 GHz, providing an axial ratio lower than 3 dB
in both cases. The proposed reflectarrays could be
manufactured in a production line to operate at narrow
frequency bands imposed by the feed-chain according to
the specifications of each mission. The polarization
conversion makes it possible to operate in CP by using
a LP feed, which also simplifies the design of the feed-
chain. This concept can be extended to other frequency
bands of interest.
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