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Abstract

This contribution describes the design and simulations of a multibeam 1.8 m parabolic reflec-
tarray antenna for geostationary high throughput satellites (HTS) in Ka-band. The parabolic
reflectarray generates two orthogonal circularly polarized beams per feed simultaneously at
19.7 and 29.5 GHz, by the variable rotation technique. The antenna is made of 62 654 reflec-
tarray cells, which include two types of printed elements independently rotated and adjusted.
The elements have been optimized one by one to ensure the required phase-shift at each fre-
quency. A novel design approach has made it possible to promptly obtain an initial layout of
every element with a very low computational cost. The simulated radiation patterns show that
the parabolic reflectarray, illuminated by 27 dual-circularly polarized feeds, can generate 54
spot-beams in two orthogonal polarizations, with a beam spacing of 0.56° between adjacent
beams. The design and simulation tools have been validated by a parabolic reflectarray scaled
in a factor of 0.5, which has been manufactured and tested. The proposed reflectarray would
allow to generate a complete multi-spot coverage from a geostationary HTS with only two
parabolic reflectarrays, instead of four reflector antennas, also reducing the number of feeds
by half, since every feed generates two beams.

Introduction

Satellite communications play a key role in 5 G and Beyond-5 G networks, providing connect-
ivity in rural or isolated areas, for mobility applications (aero/maritime scenarios), and as a
backhaul network of the terrestrial communications [1-3]. Currently, the broadband commu-
nications via satellite are mainly provided by geostationary satellites operating in Ka-band,
known as high throughput satellites (HTS) [3-5]. HTS systems split the service area into a
hundred of small cells, which makes it possible to implement frequency and polarization
reuse schemes that improve the efficiency of the available spectrum and reduce the interference
between adjacent service cells [5, 6]. Therefore, the antenna farm on board HTS must generate
a cellular coverage formed by more than 100 high-gain beams in a four-color reuse scheme,
simultaneously at transmit (Tx) and receive (Rx) frequencies in Ka-band. The four-color
scheme is reached by using two orthogonal circular polarizations (CP) and by splitting the
Tx and Rx links into two sub-bands. The most widely used antenna farm on board HTS is
based on four reflector antennas, with a single offset configuration and a one-feed-per-beam
architecture [7, 8]. Reflector antennas cannot generate adjacent beams with the required angu-
lar separation between them (around 0.5°), since the feed chains would be physically over-
lapped. Thus, four reflector antennas are commonly embarked on the satellite, where each
reflector generates all the beams in a single color of the reuse scheme (adjacent beams are
never generated in the same color).

The limitation of reflector antennas to provide so closely spaced beams can be overcome by
using reflectarray antennas. The independent operation at different frequencies [9-11] or
polarizations [12-14] provided by reflectarrays can be used to generate two slightly overlap-
ping beams per feed. A dual band reflectarray antenna with independent operation in orthog-
onal CPs would allow to reduce the number of antennas on board the HTS to generate the
four-color cellular coverage, from the four conventional reflectors to two reflectarrays [15,
16]. The dual band operation in the reflectarray can be defined to generate adjacent beams
at each sub-band for the Tx link (or the Rx link). However, the independent operation at
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close frequencies makes the antenna performance unstable in
band, requiring heavy optimizations of the printed elements on
the reflectarray surface [17].

In this paper, a parabolic reflectarray is proposed to generate
half the required cellular coverage in HTS simultaneously at Tx
and Rx frequencies in Ka-band. The reflectarray has been defined
with a diameter of 1.8 m to provide two orthogonal CP beams per
feed, with an angular separation of 0.56°. Moreover, the beams in
Rx are generated in the orthogonal CP than in Tx, as required in
satellite applications. The operating principle of the reflectarray is
described, as well as a novel design approach for large reflectarray
antennas that makes it possible to promptly obtain a layout of
every printed element on the antenna, with an extremely low
computational cost. This initial layout can be used as a starting
point for a further optimization of each reflectarray cell, reducing
the computation time. The 1.8 m reflectarray has been designed
and simulated considering a cluster of 27 dual band dual-CP feed-
horns to produce a cellular coverage of 54 spot beams in two dif-
ferent colors (two orthogonal CPs) simultaneously at 19.7 and
29.5GHz. A second reflectarray operating at slightly different
operating frequencies would generate the second half of the
final coverage, formed by 108 beams in a four-color reuse scheme
at Tx and Rx frequencies in Ka-band. Note that the number of
feed chains on board the satellite would be also reduced by half,
from 108 feeds to 54, since each feed generates two spaced
beams. The design and simulation tools have been experimentally
validated by the manufacturing and testing of a parabolic reflec-
tarray scaled by 0.5, with a diameter of 0.9 m [6].

Operating principle

The proposed reflectarray operates by the variable rotation tech-
nique (VRT) applied to the elements printed on the antenna sur-
face, which is illuminated by electromagnetic waves in dual-CP
[11]. According to the VRT, a reflectarray element rotated a,,,
in a periodic environment introduces a phase shift in the reflected
CP field equal to 2-a,,, with opposite sign for each orthogonal
CP. Figure 1 shows a reflectarray cell with a rotated patch, includ-
ing the regular and rotated coordinate systems, associated to the
vectors (%, 7) and (%, 7, respectively.

The VRT can be used to split in opposite directions the
orthogonal CP beams reflected by a reflectarray antenna, when
it is illuminated by a dual-CP feed horn, as in [18]. In [12], a
parabolic reflectarray was proposed to split in opposite directions
the orthogonal CP beams by VRT, using the parabolic surface of
the reflectarray to focus high-gain beams. In this work, a 1.8 m
parabolic reflectarray has been designed based on the same oper-
ating principle, but with an independent application of the VRT
at 19.7 and 29.5 GHz, thus providing two spaced orthogonal CP
beams per feed at Tx and Rx frequencies in Ka-band. Figure 2
shows a schematic representation of the reflectarray antenna,
whose parabolic configuration is given by a projected diameter,
D, equal to 1.81 m, a clearance, C, of 0.35 m, and a focal distance,
f, of 2.72 m. The antenna configuration has been defined to satisfy
the requirements in gain and beamwidth typically specified in
HTS [17].

The VRT also requires a careful adjustment of the dimensions
of the rotated elements to minimize the cross-polar component in
the reflected field. In order to cancel the cross-polar component
in CP, the elements must be adjusted to provide a difference of
180° between the phases of the co-polar reflection coefficients
referred to the linear components of the incident field in the
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Fig. 1. Reflectarray cell based on a rectangular patch with a rotation angle o, =30°.
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Fig. 2. Parabolic reflectarray antenna with the boresight and scanned directions of
radiation.

rotated coordinate system of each cell, defined as Ry, and Ry
in (1), where the linear components of the tangential incident
and reflected fields associated to the rotated coordinate system
on each cell are E'\"] and E' xr’ef . For instance, the phases of Ry
and Ryy in the cell shown in Fig. 1 would be independently con-
trolled by the dimensions [ and I, of the patch, which should be
sized to provide the required 180° phase difference.

E/xref _ (R;(X R/Xy> (E,)ém> W
E/yref Ryx Ryy E/ymc

The independent implementation of the VRT at two different
frequencies requires a reflectarray cell with two types of printed
elements, one for each frequency band. The elements will be inde-
pendently rotated, so the cell should be designed to provide the
180° phase difference between the phases of Ry, and R}y simul-
taneously at both operating frequencies (19.7 and 29.5 GHz).
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Fig. 3. Proposed reflectarray cell. (a) Top view, (b) lateral view.

Reflectarray cell

The reflectarray cell has a dual-layer configuration that includes
two types of printed elements: two symmetrical circular arcs
and two orthogonal sets of three parallel dipoles, as shown in
Fig. 3. The choice of these elements is based on the fact that
they can be independently rotated without colliding with each
other. The arcs are used to control the phase-shift at 19.7 GHz,
while the stacked sets of dipoles ensure the required phases at
29.5GHz. The size of the cell is 6.5mm x 6.5 mm, which is
0.64 A at 29.5 GHz. The width of the arcs is 0.2 mm, with an
inner radius of 2.65 mm. The dipoles have been defined with a
width of 0.4 mm, a separation of 1.2 mm between adjacent dipoles
from center to center, and with a fixed scale factor of 0.67 between
the lengths of the central and lateral dipoles of each set of three
parallel dipoles (I4,=0.67:141, Ig, =0.67-I5; in Fig. 3). In order
to provide the 180° phase difference between the phases of Ry,
and Ryy at 19.7 GHz, the length of the rotated arcs (given by
in Fig. 3) must be adjusted, cell by cell. In the same way, the
lengths of the upper and lower dipoles can be independently
adjusted to control the phases of Ry, and Ry, at 29.5 GHz.
Note that the degrees of freedom provided by the dipoles could
be used to split the orthogonal CP beams while focusing high-
gain beams from a flat reflectarray antenna, as in [19].

Although the thermomechanical design of the antenna goes
beyond the scope of the work, the dielectric substrates of the
reflectarray have been chosen taking into account that the
antenna is proposed for space applications. The lower substrate
has been defined as 1 mm Quartz-fiber QzII/EX-1516 (g,=3.2,
tand = 0.004), which is a prepreg fabric with quartz fibers and
low loss resin, characterized by its mechanical strength and
dimensional stability. For the upper substrate, a thin substrate
of 50 um Rogers R/Flex 3000 (g,=2.9, tand = 0.0025) has been
considered, which is similar to the Kapton polyimide used in
aerospace applications. The proposed 1.8 m parabolic reflectarray
is made up of 62 654 reflectarray cells.

The electromagnetic analysis of the reflectarray cell has been
performed by an in-house software tool based on the Method
of Moments in the Spectral Domain (MoM-SD) considering a
periodic environment [20]. This tool makes it possible an efficient
analysis of the cell under any angle of incidence. The phase shift
introduced by the reflectarray cell has been analyzed when both
arcs and dipoles are independently rotated. Figures 4 and 5
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show the phase introduced in RHCP and LHCP at 19.7 and
29.5 GHz respectively, when the arcs and dipoles are independ-
ently rotated. The arcs have been defined with a length of 4.2
mm (£ =88°), and dipoles with I4; =2.3 mm and Iz; =2.2 mm.
As can be seen, the phases at 19.7 GHz are barely affected by
the dipoles, which proves the independent operation of the arcs
at 19.7 GHz.

Design process

The 1.8 m reflectarray is expected to deviate +0.28° the orthogonal
CP beams focused by the parabolic surface of the reflectarray
antenna. The objective phase distributions on the antenna surface
at 19.7 GHz to split £0.28° the orthogonal CP beams in the
xz-plane are shown in Fig. 6. Note that opposite phases are
required in RHCP and LHCP to deviate in opposite directions
the orthogonal CP beams, thus these distributions can be fully
implemented by the VRT applied to the arcs. The phase distribu-
tions at 29.5 GHz to also deviate + 0.28° the orthogonal CP beams
are shown in Fig. 7, which would be provided by the rotation of
the dipoles. The phase distributions have been defined in order to
generate orthogonal CP beams at 19.7 and 29.5 GHz, so the
phases in RHCP depicted in Figs 6 (a) and 7(a) show an opposite
phase variation (as the phases in LHCP in Figs 6(b) and 7(b)).

The rotation angle of every element on the reflectarray antenna
can be computed dividing by two the required phase-shifts in
RHCP, at 19.7 GHz for the rotation angles of the arcs (o,
and at 29.5GHz for the rotation angles of the dipoles (ap;).
The distribution of rotation angles for the arcs and dipoles on
the reflectarray surface is shown in Fig. 8. Note that the arcs
and dipoles are rotated in opposite senses to generate orthogonal
CP beams at 19.7 and 29.5 GHz.

Then, the lengths of the rotated arcs and dipoles must be
adjusted cell by cell to provide a difference of 180° between the
phases of R’xx and R’yy at 19.7 and 29.5 GHz, considering the
real angles of incidence on each cell. Figures 4 and 5 have
shown that the impact of the dipoles at 19.7 GHz is smaller
than the effect of the arcs at 29.5 GHz, so the sizing process of
the elements starts by adjusting the lengths of the rotated
arcs at 19.7 GHz, and then the lengths of the rotated dipoles at
29.5 GHz, taking into account the designed lengths of the arcs.
The sizing process is based on a dimensional sweep prior to an
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Fig. 4. Phase (°) in (a) RHCP and (b) LHCP introduced at 19.7 GHz when the arcs and dipoles are independently rotated.
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Fig. 5. Phase (°) in (a) RHCP and (b) LHCP introduced at 29.5 GHz when the arcs and
dipoles are independently rotated.

optimization routine, which provides a fast convergence only
when the solution is close enough. A block diagram with the
design process applied to each reflectarray cell is shown in Fig. 9.

Implementing this cell-by-cell design process for large anten-
nas may require an excessive amount of time (the proposed
antenna has 62 654 reflectarray cells). Note also that the compu-
tational time can be increased due to the independent sizing of
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Fig. 6. Required phase distribution (°) at 19.7 GHz. (a) RHCP, (b) LHCP.

the arcs and then the dipoles, which may require an iterative pro-
cess to reduce the effect of the last adjustment of the dipoles on
the Tx performance. However, the high degree of accuracy
required in antennas for space applications penalizes the use of
design methods with more basic approximations, like those
based on lookup tables. The computational time can be strongly
reduced by selecting starting dimensions for the lengths of all
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Fig. 7. Required phase distribution (°) at 29.5 GHz. (a) RHCP, (b) LHCP.

the elements close to those that will be finally reached after the
design process, which requires a customized starting point for
every cell. An appropriate starting point removes the need to
implement the dimensional sweep prior to the optimization rou-
tine for the adjustment process of every element. The difference
between starting with a dimensional sweep or directly with the
optimization routine may reduce the computational time by a
magnitude depending on the number of steps in the dimensional
sweep. The need to implement iterative steps for the adjustment
of arcs and dipoles can also be removed by an appropriate initial
sizing of the elements, since the arcs would be adjusted consider-
ing initially sized dipoles with dimensions close to those of the
finally designed dipoles.

A novel method has been developed to obtain this initial lay-
out, based on the initial adjustment of the elements placed in the
central lines of the antenna. Thus, from the 62 654 reflectarray
cells arranged in a grid of 286 x 279 cells, only 286 +279-1=
564 cells must be designed (considering a conventional non-
optimal starting sizing of the elements), 111 times fewer cells
than for the complete reflectarray antenna. Then, a weighted rep-
lication process is used to obtain the dimensions of all the rotated
elements on the antenna surface. This process firstly replicates the
sizing of the elements designed in one of the central lines of the
antenna, and then introduces a correction given by the difference
between the dimensions of the designed elements in the orthog-
onal central line of the antenna. For instance, the length I, for
a cell placed in coordinates (x;, y;) with respect to the center of
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the antenna (considering a flat grid of cells) would be obtained
as shown in (2), from the designed lengths I4; in the cells placed
in the central lines of the antenna. This replication process has
made it possible to maintain the accurate cell-by-cell design pro-
cess, considering the real angles of incidence in the 62 654 reflec-
tarray cells.

a1 (i, yi) = 141 (0, ;) + (a1 (%3, 0) — 141(0, 0)) (2)

Simulated results

The designed parabolic reflectarray has been analyzed by an
in-house software that combines physical optics [21] with the
aforementioned MoM-SD code to characterize the surface reflec-
tion on the reflectarray antenna. The simulations have considered
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that the parabolic reflectarray is illuminated by 27 dual-CP feeds
to generate 54 spot-beams in two orthogonal CPs (two different
colors). Figure 10 shows the group of feeds and the spot distribu-
tion associated to the feed array. Note that a second parabolic
reflectarray operating at slightly different frequencies would pro-
duce a similar coverage of 54 spots, and the overlapped coverage
of both reflectarrays would produce 108 spots in a four-color
reuse scheme. The feed-horn reported in [22] has been taken as
a reference to define the characteristics of the feeds: the aperture
diameter of the horns is 54 mm, so the distance between adjacent
feeds has been set to 55 mm, and the radiation of the feeds has
been modelled by a cos?(6) distribution with g =24 at 19.7 GHz
and g=42 at 29.5 GHz. Note that the simulation tool for the
reflectarray antenna is suitable to include the incident field on
the reflectarray antenna computed by a more realistic model of
the feed (as spherical-mode expansion), or even from feed mea-
surements; however, at this point, the cos?(6) function is consid-
ered a sufficiently suitable approach.

Since the antenna configuration is symmetric with respect to
the xz-plane, the simulations have considered only the feeds num-
bered from 1 to 16 in Fig. 10(a). Therefore, the 32 spot-beams
generated by the selected 16 feeds have been computed at 19.7
and 29.5 GHz. Figure 11 shows the contour patterns at 46 and
45 dBi for the beams at 19.7 and 29.5 GHz, respectively. The con-
tours show an angular diameter of 0.65° and a separation between
adjacent beams of 0.56° from center to center. Moreover, it can be
seen that the beams are generated in orthogonal CPs at 19.7 and
29.5 GHz, due to the opposite sense of rotation of the arcs and
dipoles (see Fig. 8).

The simulated radiation patterns have also been analyzed in
the main planes of the triangular spot distribution. Figure 12
shows the elevation cut of the radiation patterns at 19.7 GHz in
RHCP for the beams generated by feeds #1 to #5, while the cut
of the radiation patterns at 19.7 GHz in LHCP for the beams gen-
erated by feeds #12 to #16 is shown in Fig. 13. The figures include
masks to show the zone of coverage of every beam, with a gain
level of 46 dBi and a beamwidth of 0.65°, and the zone of the adja-
cent beams with a gain level of 26 dBi. The simulated radiation
patterns do not show differences between the beams in RHCP
and LHCP. The maximum gain of the beams at 19.7 GHz is
around 50 dBi, providing a radiation efficiency close to 70%
(the cos?(0) distribution of the feeds at 19.7 GHz provides an
edge illumination on the reflectarray of —12 dB). The radiation
patterns at 19.7 GHz also show a side-lobe level slightly lower
than 20dB below the end-of-coverage (EOC) level of 46 dBi,
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Fig. 12. Simulated radiation patterns in RHCP at 19.7 GHz in the plane v=0 (gener-
ated by feeds 1-5).

and a cross-polar discrimination below the level of 26 dBi of the
masks.

Figures 14 and 15 show the same cuts depicted in Figs 12 and
13 for the radiation patterns at 29.5 GHz. Due to the larger elec-
trical size of the reflectarray at 29.5 than at 19.7 GHz, the max-
imum gain of the beams at 29.5GHz is close to 53dBi,
associated to a radiation efficiency of around 65%. The radiation
patterns at 29.5 GHz also show larger levels of SLL than at 19.7
GHz, as a result of the lower edge illumination provided by the
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erated by feeds 12-16).
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Fig. 16. Manufactured parabolic reflectarray scaled in a factor of 0.5.
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Fig. 18. Cut of the measured radiation patterns for the beams generated by one feed.

feeds at 29.5 GHz (around —20 dB), and cross-polar levels 20 dB
below the EOC gain.

Experimental validation

The design and simulation software tools described in this paper
have been experimentally validated by a parabolic reflectarray
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scaled in a factor of 0.5, which has been manufactured and tested.
The 0.9m parabolic reflectarray has been designed to deviate
+0.59° the orthogonal CP beams by using the VRT, simultan-
eously at Tx and Rx frequencies in Ka-band. The manufactured
antenna, which is shown in Fig. 16, has 15 748 reflectarray cells.

The measurements have proven that the parabolic reflectarray,
illuminated by three dual-CP feeds, generates six beams in two
orthogonal CPs, with also orthogonal CP beams at Tx and Rx fre-
quencies. Figure 17 shows the measured contour patterns of the
six beams at 40.6 dBi, and Figure 18 shows the measured radiation
patterns of the parabolic reflectarray when it is illuminated by a
single dual-CP feed. The measurements of the prototype have
been reported in [6].

The comparison between the measured and simulated radi-
ation patterns is depicted in Fig. 19 for the beam generated at
19.7 and 29.5 GHz in RHCP by one of the feeds. The comparison
shows an excellent agreement between measurements and simula-
tions at both frequencies, particularly for the co-polar compo-
nents. The successful operation of the fabricated prototype
allows to validate the simulations shown in the previous sections,
supporting the proposal that two parabolic reflectarray antennas
could generate a complete four-color coverage from HTS, which
would reduce by half the number of antennas and feed-chains
required on board the satellite.

Conclusion

A parabolic reflectarray that generates two spaced beams per feed
has been proposed to generate half the required multi-spot cover-
age for HTS in Ka-band. The reflectarray operates by the VRT
applied independently at 19.7 and 29.5 GHz, by rotating on
each reflectarray cell two arcs and two sets of three parallel
dipoles, respectively. The 1.8 m parabolic reflectarray has been
designed cell by cell thanks to a replication process that generates
an initial layout for the 62 654 cells from the design of only 564
cells. The simulated results show that the reflectarray antenna
can generate 54 beams from 27 dual-CP feeds, simultaneously
at 19.7 and 29.5 GHz. Two parabolic reflectarrays operating at
slightly different frequencies could generate a complete four-color
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Fig. 19. Cut of the measured and simulated radiation patterns for the beam generated in RHCP by one feed at (a) 19.7 GHz and (b) 29.5 GHz.

coverage from HTS, halving the number of antennas, from four
reflectors to two reflectarrays, and the number of feed-chains
required on board the satellite.
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