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Abstract: This paper presents a novel multibeam transmitting dual-reflectarray antenna able to
generate a complete multiple spot coverage from a geostationary satellite in Ka-band (20 GHz).
The bifocal design technique has been exploited for the first time to reduce by 50% the beam deviation
factor with respect to the equivalent monofocal antenna, allowing to produce adjacent beams separated
by only 0.56◦ in the antenna offset plane. In order to guarantee an acceptable spillover, the main
reflectarray has been oversized in the same plane where the beams are compressed, resulting in
an elliptical reflectarray of 3.5 m × 1.8 m. The interleaved beams required to provide the complete
multi-spot coverage are produced in the orthogonal polarization, using the same aperture and feeds.
The proposed antenna requires a smaller main aperture (about half of the area) and a lower number of
feeds than other configurations that use a single oversized reflector to generate a complete multi-spot
coverage, showing promising results for communication satellite applications in the Ka-band.

Keywords: bifocal antennas; dual-reflectarray antennas; Ka-band; multibeam antennas; multispot
coverage; satellite communications

1. Introduction

The development of high throughput satellites (HTS) in the Ka-band has originated an increased
interest in novel multiple beam antenna architectures [1–3]. Current HTS systems provide a cellular
coverage formed by a large number of closely-spaced spot beams, according to a multi-color reuse
scheme [1]. Reflector antennas in single feed per beam (SFPB) configuration provide high gain and
bandwidth, but they cannot produce all the beams satisfying the required conditions in terms of
spillover, limited side-lobe level and sufficient isolation. The inter-feed spacing imposed by the small
beam separation (a typical value is 0.56◦) is not compatible with the feed diameter required for the
efficient illumination of the reflector [2]. To circumvent this limitation, four reflectors operating in
transmission (Tx) and reception (Rx) in a SFPB scheme are usually adopted, so that the adjacent beams
are produced by different reflectors [2,3]. One of the main drawbacks of this multibeam antenna
configuration is associated to the volume required to accommodate four large reflectors (between 2 m
and 2.5 m in diameter) on the satellite.

Different solutions have been investigated to produce a complete multibeam coverage using a
single main aperture [4]. The use of a single reflector to produce all the beams in a SFPB scheme results
in a highly oversized reflector, around 4 m in diameter, with a large focal distance [5]. The area of the
oversized reflector is comparable to the total area of the standard four-reflector system, so it exhibits
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similar accommodation problems. Moreover, the oversized reflector has to be significantly shaped in
order to produce a larger beamwidth, which implies higher manufacturing costs [5]. Another type
of multibeam antenna is represented by the so-called multiple feed per beam (MFPB) architecture,
where the beams are generated by subarrays overlapped in the focal region. MFPB systems permit
reducing the number of antennas on board the satellite [6,7], but they present some drawbacks associated
to the complex and expensive beamforming networks that feed the antennas. In practice, this class
of antenna has been used, up to now, to generate a limited number of beams with slightly inferior
electrical performance as compared to SFPB systems [3,6]. Multibeam antennas based on direct radiating
arrays [8,9] and active lenses [10] have also been investigated, but they are typically highly complex and
costly. Another promising antenna architecture, which exhibits less mechanical complexity, is based on
the use of quasi-optical beamformers that feed a multibeam lens or reflector system [11–13].

Reflectarray antennas combine their capability to generate independent beams in different
polarizations [14,15] or frequencies [16,17] with the hardware simplicity of SFPB systems. In fact,
the generation of two beams per feed (associated to two polarizations [18] or two frequencies [19]) can
lead to a reduction in the number of apertures required to provide a complete multibeam coverage.
Recently, a novel bifocal design technique has been developed for dual-reflectarray antennas (DRAAs)
in offset configurations [20], which allows improving the multibeam performance of the antenna for
Ka-band satellite applications.

In this paper, the authors present the design of a bifocal DRAA to generate a complete multiple
spot beam coverage with a single main aperture, for transmission from a geostationary (GEO) satellite
operating in the Ka-band. The bifocal technique has been applied for the first time to obtain a significant
reduction of the beam deviation factor in the offset plane (i.e., a reduction by 50%) with respect to
the equivalent monofocal antenna. The main reflectarray has been oversized in the same dimension
where the beams are going to be compressed in order to reduce the spillover, resulting in an elliptical
reflectarray of dimensions 3.5 m × 1.8 m. The interleaved beams required to provide the full coverage
will be generated in the orthogonal polarization by exploiting the dual-polarization capability of
the reflectarray elements. The proposed bifocal DRAA represents an improved solution with respect
to the 4 m oversized SFPB reflector [5], since it requires a smaller aperture size, employs a lower
number of feeds, and shows larger radiation efficiency. The replacement of the standard multi-reflector
architecture by the proposed bifocal DRAA could enable a significant reduction in cost, volume and
weight of the antenna farm for HTS systems operating in the Ka-band.

2. Multibeam Bifocal Dual-Reflectarray Antennas in Ka-Band

For many years, the bifocal technique has been applied to the design of dual-reflector systems to
obtain an improved multibeam and beam scanning performance [21–24]. Bifocal antennas provide
better results for the extreme beams in terms of gain and side-lobe levels, resulting in reduced scan loss
and lower interference levels than their monofocal counterparts [21,25]. Moreover, the bifocal algorithm
allows a certain degree of control in the angular separation between adjacent beams (through the
election of the beam directions associated to the focal points), which has traditionally been used to
increase the beam deviation factor with respect to the equivalent monofocal antenna for wide-angle
beam scanning applications [22–25].

Recently, the bifocal concept has been applied to DRAA systems formed by flat reflectarrays [20,26].
A general 3D bifocal method has been presented in [20] for the design of offset DRAA configurations,
with application to multibeam satellite antennas. The bifocal method has been validated by the
fabrication and testing of the first offset bifocal DRAA prototype [20], which consists of a 57 cm × 42 cm
main reflectarray (main RA) and a 39 cm × 35 cm sub-reflectarray (sub-RA) in an offset compact-range
configuration, see Figure 1a. The DRAA demonstrator has been designed with reflectarray cells that
enable independent phase control in each polarization, so the antenna is able to generate two adjacent
beams in orthogonal polarization per feed at the Tx frequencies in the Ka-band (19.2–20.2 GHz).
Figure 1b shows the simulated and measured radiation patterns in the offset plane for the 10 beams
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produced by 5 adjacent feeds (note that the beams alternate in polarization). A scaled version of this
prototype with a 1.8 m main RA can be designed to produce multiple beams in the Ka-band from a GEO
satellite [20], resulting in the feed and beam configurations shown in Figure 1c,d, respectively. The final
separation between adjacent beams (in orthogonal polarization) in the same plane “v = constant”
would be 0.56◦. However, the feed diameter imposes some restrictions in the beam spacing achieved in
the orthogonal plane, so the antenna would be able to produce only one half of the multibeam coverage,
and a second multibeam DRAA (designed with the same technique) should be used to produce the
other half of the coverage.
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Figure 1. (a) Manufactured bifocal dual-reflectarray antenna (DRAA) demonstrator, (b) simulated and
measured radiation patterns at 19.7 GHz of the 10 beams produced by 5 adjacent horns operating in
dual polarization, (c) feed cluster and (d) beam configuration associated to the bifocal DRAA proposed
in [20].

This paper presents a novel multibeam transmitting DRAA designed to generate a complete
multiple spot beam coverage with a single main aperture, see Figure 2. In contrast to the previous
bifocal antennas [21–26], which are designed to provide a larger beam spacing (or similar beam
spacing) than the equivalent monofocal antenna, the bifocal technique has been applied for the first
time here to achieve a significant reduction of the beam deviation factor (around 50% reduction).
This allows achieving 0.56◦ angular spacing in the offset plane between the beams produced in the same
polarization by adjacent feeds. The bifocal antenna does not provide any beam spacing reduction in
the orthogonal plane, so the interleaved beams required to complete the coverage will be generated in
the orthogonal polarization by exploiting the dual-polarization capability of the reflectarray elements.
Hence, each feed will produce two adjacent beams in orthogonal polarization, in a plane forming
around 60◦ with the “v = 0” plane, see Figure 2b,c. In order to avoid the high interference of a two-color
coverage scheme, the 1 GHz band allocated for Tx (19.5–20.5 GHz) can be divided into two sub-bands
of 500 MHz, with central frequencies of 19.75 GHz and 20.25 GHz, so that the adjacent feeds will



Electronics 2020, 9, 961 4 of 16

alternate in frequency. Thus, the adjacent beams in the same plane “v = constant” (generated in the
same polarization by different feeds) will alternate in frequency.

In previous applications of the bifocal technique with similar beam spacing to that of the monofocal
case, no significant impact in the antenna gain and efficiency was observed, which allowed keeping the
same aperture size as in the equivalent monofocal antenna [20–22,25]. However, the application of the
bifocal method for a high degree of beam spacing reduction, as proposed in this paper, leads to a larger
spillover on the main RA and to a reduced radiation efficiency. To overcome this problem, the main RA
has been oversized in the same dimension where the beam spacing is going to be reduced, resulting in
an elliptical main RA of dimensions 3.55 m × 1.81 m.
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Figure 2. (a) Proposed bifocal DRAA configuration with an elliptical main reflectarray (RA) to produce
multiple adjacent beams in dual polarization, (b) feed cluster and (c) beam configuration associated to
the proposed antenna to produce a complete multibeam coverage in the Ka-band.

3. Design of the Bifocal DRAA Configuration

The proposed DRAA system has been designed by adopting a Cassegrain configuration, as can be
seen in Figure 3. The main geometrical parameters of the DRAA are given in Table 1. The antenna
consists of an elliptical flat main-RA of size 3.55 m × 1.81 m, and a circular flat sub-RA of 79 cm
diameter, with a relative tilting of 10◦ between them. An array of five adjacent feed-horns placed in the
xz-plane (the antenna symmetry plane) was initially considered for the antenna illumination (feeds F1

to F5 in Figure 3), which corresponds to the central row of feeds in Figure 2b. A realistic model of a
Ka-band feed-horn [3] has been used: the horns have a diameter of 54 mm and provide around −12 dB
illumination on the sub-RA edges at 20 GHz for a subtended angle of 36◦.

The proposed DRAA geometry has been derived from a Cassegrain dual-reflector configuration,
where both reflectors have been replaced by flat reflectarrays. The equivalent parabolic reflector for the
elliptical flat main-RA presents the following parameters: dimensions (projected) 3.36 m × 1.81 m,
focal distance F = 4.72 m, and clearance C = 1.57 m. The focal location for the equivalent parabolic
reflector coincides with the position of the virtual focus related to the central feed (F3) of the proposed
antenna. The phase center of F3 has been placed at the real focus of the Cassegrain system, and then,
the adjacent feeds (F1, F2, F4 and F5) have been situated with a separation of 55 mm between their
phase centers (allowing 1 mm margin to properly accommodate the horns). The sub-RA dimensions
and tilting angle have been finely adjusted after carrying out a trade-off with the bifocal algorithm,



Electronics 2020, 9, 961 5 of 16

in order to ensure an appropriate illumination on the main RA when the bifocal technique is applied to
reduce the beam deviation factor and obtain closer beams (separated by 0.56◦), at the same time as
avoiding the blockage from the sub-RA and the feed-horns. Note that the Cassegrain system allows
working with a smaller sub-RA size than in the case of the compact-range system used in [20,27]. A cell
period of 10 mm has been considered for both reflectarrays to avoid working with an excessive number
of reflectarray elements; however, in a realistic design the period should be lower (e.g., around λ/2 at
20 GHz) to avoid grating lobes and to provide larger bandwidth.
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Table 1. Geometric parameters of the DRAA configuration.

Parameter Value

Size Main-RA 3.55 m × 1.81 m
Size Sub-RA 0.79 m × 0.79 m

Angle of tilting Sub-RA 10◦

Geometrical center Main-RA [0, 0, 0] mm
Geometrical center Sub-RA [−1288, 0, 3003] mm

Phase center of feed F1 [−2043, 0, 2222] mm
Phase center of feed F3 [−1937, 0, 2204] mm
Phase center of feed F5 [−1830, 0, 2185] mm

Virtual focus related to F3 [−1854, 0, 4847] mm

A reference monofocal design of the proposed DRAA system has been carried out at 20 GHz,
considering that the antenna focus is placed at the phase center of the central feed (F3), whose associated
beam will radiate in the direction θb3 = 19◦, ϕb3 = 0◦ with respect to the normal vector to the main-RA
surface. The monofocal phase distribution required on the sub-RA has been computed from the phase
delay associated to the difference between two paths: the path between the phase center of F3 and
the sub-RA plane, and the path between the virtual focus related to F3 and the sub-RA plane. Then,
the monofocal phase distribution on the main RA has been obtained from the progressive phase
distribution that generates the required focused beam, considering that the feed was placed at the
virtual focus. The resultant monofocal phase distributions for both reflectarrays are depicted in Figure 4.
The monofocal DRAA will provide around 1.1◦ of beam spacing (as will be shown later). Since the
feed-horns are placed adjacent to each other, a smaller beam spacing would require overlapping feeds.
Note also that a conventional monofocal DRAA would employ a circular main RA of 1.8 m diameter
instead of an elliptical one. As stated before, the reason for oversizing the main RA is related to the
application of the bifocal technique to reduce the beam spacing in the xz-plane by a large factor.
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The bifocal technique has been applied to the proposed DRAA configuration in order to obtain
0.56◦ separation between adjacent beams in the xz-plane, which involves a large reduction of the beam
deviation factor (by a factor close to 2) with respect to the equivalent monofocal DRAA. The two focal
points of the bifocal antenna have been selected to match the phase centers of the feeds F1 and F5

depicted in Figure 3. The beam directions associated to each focus have been chosen as θb1 = 20.12◦,
ϕb1 = 0◦ and θb5 = 17.88◦, ϕb5 = 0◦, in order to avoid blockage from the sub-RA and to provide 0.56◦

separation between beams produced by adjacent feed-horns.
The computation of the bifocal phase distributions required on both reflectarrays has been

performed by means of an iterative ray-tracing algorithm, which alternates transmitted rays from F1

(the first focus of the DRAA) with received rays that are directed to F5 (the second focus). A detailed
description of the ray-tracing algorithm can be found in [20]. The rays coming from F1 are reflected,
first, by the sub-RA, and then, by the main RA, leaving the structure with an angle (θb1, ϕb1). On the
other hand, the received rays coming at an angle (θb5, ϕb5) are reflected, first, by the main RA, and then,
by the sub-RA, being finally directed to F5. When the rays impinge on the surface of the sub-RA or
the main RA, the following equations are applied, which relate the angles of incidence (θinc, ϕinc) and
reflection (θref, ϕref) of the rays with the partial derivatives of the bifocal phase distribution (Φbi f ocal)
with respect to the longitudinal and transversal length variables:

∂Φbi f ocal(x, y)

∂x
=

2π
λ
·

(
sinθinc cosϕinc − sinθre f cosϕre f

)
(1)

∂Φbi f ocal(x, y)

∂y
=

2π
λ
·

(
sinθinc sinϕinc − sinθre f sinϕre f

)
(2)

The phases from the previous monofocal DRAA design have been used to obtain the initial
conditions for the phase derivatives along the cross-section of both reflectarrays (parallel to the
y-axis), as explained in [20]. This will allow keeping the monofocal characteristic of the DRAA in the
azimuth plane, which will be combined with a bifocal design in the xz-plane to provide closer beams
(separated by 0.56◦). After several iterations of the ray-tracing procedure, a set of phase derivative
samples is obtained on the surface of both reflectarrays. The phase derivative samples are interpolated
by polynomials, and then integrated to obtain the bifocal phase distributions that must be implemented
on both reflectarrays. The resultant phase distributions obtained by this technique can be seen in
Figure 5. Note that the main RA presents a larger number of 360◦ cycles along its vertical axis than in
the monofocal design, while the sub-RA phases have changed from a convex to a concave characteristic
(both effects are produced by the large degree of reduction in the beam spacing).
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maximum. On the other hand, the scan loss in the monofocal antenna is 2.5 dB (the gain varies from 
48.5 dBi to 46 dBi) and the extreme beams are quite broadened. Note that the gain of the bifocal beams 
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Figure 5. Bifocal phase distributions (in degrees) on (a) the sub-RA and (b) the main-RA.

The bifocal DRAA has been simulated using an in-house analysis software, assuming ideal
reflectarray cells in both surfaces that provide the required phase-shift. The electromagnetic field
radiated by the horns has been modeled using a cosq(θ) function with q = 28, which provides −12 dB
illumination on the sub-reflectarray edges for a 36◦ subtended angle. The accuracy of the analysis and
design software has been validated in previous works with satisfactory results [20,27], including the
design, fabrication and testing of several DRAA prototypes in the Ku and Ka bands. The comparison
of the radiation patterns in the xz-plane at 20 GHz with the beams generated by the bifocal DRAA
(in solid colored lines) and those produced by the equivalent reference monofocal DRAA (in dashed
lines) is shown in Figure 6.
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Figure 6. Simulated radiation patterns at 20 GHz in the xz-plane of the beams generated by the bifocal
DRAA (solid colored lines) and the beams produced by the equivalent monofocal DRAA (dashed lines),
indicating the maximum side-lobe levels (SLL, in black dotted lines) that produce the interference
among reuse beams (see Section 5).

The separation between adjacent beams in the xz-plane is 0.56◦ for the bifocal DRAA, while it
is around 1◦–1.1◦ for the monofocal DRAA. The gain of the bifocal beams varies from 50.44 dBi to
49.85 dBi, the scan loss is 0.59 dB, and the side-lobe levels are lower than −21 dB with respect to the
maximum. On the other hand, the scan loss in the monofocal antenna is 2.5 dB (the gain varies from
48.5 dBi to 46 dBi) and the extreme beams are quite broadened. Note that the gain of the bifocal beams
is a couple of dB higher than the gain of the monofocal beams, since the use of an oversized main RA
produces narrower beams. According to these results, the bifocal DRAA is able to produce much closer
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beams in the xz-plane than the reference monofocal antenna (beam spacing is reduced by a factor close
to 2) with lower scan loss.

The radiation patterns of the bifocal DRAA in the azimuth plane (orthogonal to the xz-plane) are
determined by the performance of the equivalent monofocal antenna, whose phase distributions have
been used as initial conditions for the bifocal synthesis. Hence, the beam spacing provided by the
bifocal DRAA in the azimuth plane is similar to that of the monofocal DRAA. This can be checked in
Figure 7, which shows the comparison of the radiation patterns at 20 GHz in the azimuth plane for the
bifocal DRAA (in solid lines) and the monofocal DRAA (in dashed lines), considering two additional
beams produced by two horns placed adjacent to F3 (F3L and F3R). The separation between adjacent
beams is around 1.1◦ for both antennas, which is almost twice the angular spacing achieved in the
xz-plane by the bifocal antenna. Thus, the bifocal antenna preserves the monofocal characteristic of the
reference DRAA design in the azimuth plane.
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The amplitude distributions of the incident field on the main-RA produced by the feeds F1, F3 and
F5 (the two foci of the bifocal antenna and the central feed) are shown in Figure 8. Note that the
elliptical illuminations obtained on the main-RA are a consequence of applying the bifocal technique
for a high degree of beam spacing reduction in the xz-plane, which spreads the illumination along
the vertical axis of the main-RA, while the illumination along its horizontal axis is determined by the
monofocal design (adjusted for a 1.8-m width of the main-RA). The elliptical shape of the main-RA
allows obtaining a proper illumination and ensures an acceptable spillover.

The designed bifocal DRAA has been used to produce multiple spots considering the cluster of
horns shown in Figure 9a. This cluster includes the five initial feeds, from F1 to F5, and ten additional
feeds placed adjacent to the previous ones. The pattern contours of 40 dBi and 47.5 dBi (which is
around −3 dB below the maximum gain) for the beams generated by bifocal DRAA at 20 GHz are
shown in Figure 9b. The bifocal antenna is able to produce adjacent beams with 0.56◦ separation in
planes “v = constant”. Due to the use of an elliptical main RA, the antenna generates elliptical spots
with a different beamwidth in each of the principal planes (e.g., the beamwidth at 46 dBi gain level
for the central beam is 0.39◦ × 0.67◦). The interleaved beams required for providing the complete
multi-spot coverage will be generated in the orthogonal polarization.
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4. Design for Dual Polarization

The designed bifocal antenna will be illuminated by a cluster of dual-polarized horns. Each horn
will generate two adjacent beams in orthogonal polarization in a plane forming around 60◦ with
respect to the plane “v = 0”, in order to produce a complete cellular coverage. The discrimination of
the orthogonal polarizations will be performed on the main RA, using reflectarray cells that enable
independent phase control in each polarization. Two different phase distributions will be implemented
on the main RA (one for each polarization), while the sub-RA will present the same phase distribution
for both polarizations (the one shown in Figure 5a).

The phases required on the main RA for the orthogonal polarization can be obtained by adding a
progressive phase term to the bifocal phases in Figure 5b. The phase increment at each reflectarray cell
can be computed starting from the following expression, which provides the phase distribution of the
reflected field on the main RA surface to generate a collimated beam in the direction (θb, ϕb):

Φ (xi, yi) = −k0 sin θb (xi cos ϕb + yi sin ϕb), (3)
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where xi and yi are the coordinates of the i-element with respect to the main-RA center, and k0 is the
propagation constant in a vacuum. Equation (1) can be adapted to work with the (ub, vb) coordinates
associated to the direction of maximum radiation:

Φ (xi, yi) = −k0 (xi · ub + yi · vb). (4)

Then, the difference in the required phase shift between two beams whose maximums are located
at coordinates (ub1, vb1) and (ub2, vb2) will be:

∆Φ (xi, yi) = −k0 [xi · (ub2 − ub1) + yi · (vb2 − vb1)]. (5)

The increment of phase that must be added to the bifocal phases on the main RA to generate the
adjacent beams in the orthogonal polarization has been computed cell by cell, using Equation (5) and
considering the (u, v) coordinates associated to the maximums of the beams produced by the central
feed. According to Figure 9b, the maximum of the central beam is located at (ub1 = 0.326, vb1 = 0), so
the position of the adjacent beam in the orthogonal polarization must be (ub2 = 0.332, vb2 = 0.01) in
order to produce a triangular spot lattice. The resulting progressive phase distribution to be added
to the bifocal phases for the original polarization is depicted in Figure 10a. The pattern contours of
40 dBi and 47.5 dBi for the beams generated at 20 GHz by the bifocal DRAA in the two polarizations
are presented in Figure 10b, where illumination from the same cluster of horns (now operating in dual
polarization) shown in Figure 9a is considered.
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initial polarization and (b) pattern contours of 40 dBi and 47.5 dBi for the beams produced at 20 GHz
by the bifocal DRAA, using solid lines for polarization 1 and dashed lines for polarization 2.

The proposed design method is valid for operation in dual linear polarization (LP) or dual circular
polarization (CP). In the first case, the reflectarray cells on both the sub-RA and the main RA can
be composed of orthogonally-arranged sets of three parallel dipoles, as those shown in Figure 11a.
This reflectarray cell allows introducing a different phase shift in each LP (with the incident electric
field oriented in the direction of the dipoles) by properly adjusting the lengths of the corresponding
group of dipoles. The dipoles are printed on a Diclad 880B dielectric substrate that is backed by a
metallic ground plane. The thickness of the substrate is 1.524 mm, the permittivity is εr = 2.3 and the
loss tangent is tanδ = 0.001. The cell dimensions have been set to PX = PY = 7.5 mm (λ/2 at 20 GHz)
in order to avoid grating lobes. The width of the dipoles is 0.5 mm, and the separation between the
centers of adjacent parallel dipoles is 1 mm.
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The surface reflection at the reflectarray cell has been modeled using a matrix formulation that
relates the Cartesian components of the incident and reflected tangential electric field. The reflectarray
cell is characterized by the reflection matrix (R), formed by the co-polar and cross-polar reflection
coefficients associated to both polarizations: Ere f

X
Ere f

Y

 = (
RXX RXY
RYX RYY

)
·

(
Einc

X
Einc

Y

)
(6)

where the co-polar reflection coefficients for the X and Y polarizations are represented by RXX and RYY,
respectively, and the cross-polar coefficients are RXY and RYX, respectively. The values of the co- and
cross-polar coefficients have been obtained by means of an in-house electromagnetic code that applies
the Method of Moments in the spectral domain (SD-MoM). The SD-MoM analysis code assumes that
the reflectarray cell is placed in a periodic environment (which is a common approach for the analysis
and design of reflectarray antennas [14–20]) and takes into account the real incidence angles on the cell.
More details about the in-house SD-MoM code and its validation can be found in [28].

The dual-polarization capability of the reflectarray cell can be explained as follows. The lengths of
the dipoles oriented in the direction of the x-axis will control the phase shift introduced in X-polarization
(the phase of the RXX coefficient), while the lengths of the dipoles oriented in the direction of the
y-axis will adjust the phase shift introduced in Y-polarization (the phase of RYY). The lengths of the
x-oriented and y-oriented dipoles will be separately adjusted to provide the required phase shift in
each LP, considering that the lengths of the lateral dipoles are scaled by a factor of 0.78 with respect to
the lengths of the central dipoles (lA1 = 0.78lA2 and lB1 = 0.78lB2). The use of orthogonal sets of dipoles
results in a very low coupling between the X and Y polarizations [28]. The independent phase control
in each polarization provided by the reflectarray cell allows the proposed antenna to generate two
independent beams in orthogonal polarization with the same feed.

For a correct design of the reflectarray antenna, a common requirement is that the phase of the
co-polar reflection coefficients (RXX and RYY) must present a smooth variation in a range of at least
360◦, in order to be able to implement the phase distributions shown in Figure 5. The phase of the RXX
and RYY coefficients and the amplitude of the cross-polar coefficients (RXY and RYX) at 20 GHz under
oblique incidence θi = 30◦, ϕi = 30◦ (which are about the maximum incidence angles in the main RA)
have been depicted in Figure 11b vs. the length of the central dipole in each polarization (note that
the lengths of the lateral dipoles are also varied, according to the relation lA1/B1 = 0.78lA2/B2). As can
be seen, the reflectarray cell provides a satisfactory performance, with around 400◦ phase range in
both polarizations and cross-polar amplitudes below −23 dB for most of the dipole lengths (with a
maximum of −18 dB). These results are even better for smaller incidence angles, which will allow
obtaining low levels of cross-polar radiation, as can be checked in other reflectarray antennas designed
with similar cells based on orthogonal dipoles [20,28]. To achieve simultaneous operation at Tx and Rx
frequencies (20/30 GHz), a more complex version of the cell with two layers of stacked dipoles can be
used [29]. In that case, the upper dipoles will control the phase response at the higher frequencies,
while the lower dipoles will perform the same task at the lower frequencies.

The design of the DRAA to produce the beams in dual-CP presents higher complexity than in the
dual-LP case. A possible solution would be to place a linear-to-circular transmission polarizer in front
of the main-RA (designed with the previous dual-LP cells based on orthogonal dipoles), as proposed
in [30]. In this configuration, the incident field in dual-CP will be converted into dual-LP, and then
each LP will be reflected by the main-RA with a different phase shift and converted again into CP.
Another alternative would be to use dual-CP feeds and apply the variable rotation technique (VRT) to
the reflectarray elements for generating adjacent beams in dual-CP [18] together with variable-size
dipoles to provide the required phase-shift, as demonstrated in [31].
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5. Generation of a Complete Multiple Beam Coverage in Ka-Band

The designed bifocal DRAA operating in dual polarization is able to generate a complete
multibeam coverage with a single main aperture for transmission in the Ka-band from a GEO satellite.
Figure 12 shows the contour patterns and gain levels at 20 GHz associated to the multibeam coverage.
These patterns have been obtained using the commercial software SATSOFT [32], developed by TICRA.
The input parameters of the software have been configured so that the designed multibeam antenna
is placed on board of a GEO satellite (at a distance of 36,000 km from the Earth’s surface) and it is
properly pointed to illuminate part of the European and North African regions. Then, the radiation
patterns of the beams generated by the proposed antenna have been projected over the Earth’s
surface using the advanced functionalities of SATSOFT. As can be seen in Figure 12, the resulting
multibeam coverage is formed by slightly-overlapping elliptical spots arranged in a triangular lattice.
The separation between the maximums of adjacent spots is around 0.56◦, which is a typical value in
current multi-spot applications in Ka-band [3]. The generation of closely-spaced beams is achieved
through the application of the bifocal technique to reduce the beam deviation factor in the xz-plane by
50%, and the discrimination of the orthogonal polarizations at the reflectarray element level.

The proposed bifocal DRAA presents several advantages with respect to the oversized SFPB
reflector designed for the same application [5]. The bifocal antenna requires a significantly smaller
main aperture (an elliptical reflectarray of 3.5 m × 1.8 m instead of a circular reflector with 4 m
diameter) and a lower number of feed-horns (reduced by 50% with respect to conventional SFPB
reflector systems [3,5], thanks to the dual-polarization capability of reflectarrays). Moreover, the use of
flat reflectarray panels, which can be fabricated by conventional photo-etching and processes used in
multi-layer printed circuits, allows for more efficient packaging and deployment mechanisms on the
satellite. Note that the largest dimension of the main RA matches the maximum aperture size that
fits on the spacecraft launcher, which is around 3.5 m [33]. Beyond that size, either mesh unfurlable
reflectors or deployable panel reflectors must be employed [33,34].

The aperture efficiency of the proposed multibeam antenna is around 40%, estimated as the
ratio between the simulated gain and the maximum directivity associated to the size of the elliptical
aperture (3.55 m × 1.81 m). Note that the generation of a complete multiple spot coverage with a single
main aperture prevents the antenna from reaching a high radiation efficiency, because of the use of
an oversized aperture. The proposed antenna presents larger aperture efficiency than the oversized
SFPB reflector in [5], which shows less than 20% efficiency for a 4-m diameter aperture. Moreover,
the efficiency of the proposed DRAA is similar to that of other DRAAs reported in the literature [20,27,35].
Note that the use of the elliptical main RA allows significant reduction of the spillover, which increases
the radiation efficiency of the proposed antenna. In the case of using a circular main RA of 1.8 m
diameter (instead of the elliptical one), it has been checked that the maximum gain of the beams would
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be around 44 dBi, which corresponds to an aperture efficiency below 20%. The antenna would still
provide the same beam spacing, because of the bifocal design process, but the large spillover in the
main RA would result in low radiation efficiency. On the other hand, the elliptical shape of the main RA
matches quite well with the illuminations that are obtained from the feeds, as was shown in Figure 8.
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It is important to note that typical spot beams adopted in a multibeam coverage are circular.
However, elliptical spot beams can be considered as well if there is a significant advantage. In the
solution proposed in this paper, the advantage is related to the possibility to oversize only one linear
dimension of the reflector (instead of oversizing both dimensions, as in [5]), which reduces the overall
aperture of the antenna with improvements in terms of accommodation. Due to the elliptical shape of
the beams, the adjacent beam overlap in planes “v = constant” occurs for a gain level around 40.2 dBi,
while it is around 45 dBi in the diagonal planes forming 60◦ with the plane “v = 0” (note that the
maximum gain of the spots varies between 49.2 dBi and 50.5 dBi). A similar multi-spot coverage
based on elliptical spots arranged in a rectangular lattice has been proposed in [7] for a MFPB reflector
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system, but the antenna has the drawback of its greater hardware complexity, due to the use of a MFPB
architecture. The performance of the proposed multibeam DRAA could be improved by means of
phase optimization techniques, in order to broaden the beams only in one plane, so that the adjacent
beam overlap would occur at a higher gain level. For example, phase-only synthesis based on the
intersection approach technique [36,37] could be applied to broaden the beams in the elevation plane,
without disturbing the bifocal phases that provide the required beam spacing reduction.

The co-polar isolation for the resultant multi-spot coverage has been estimated as the minimum
C/I ratio within a 40 dBi gain beamwidth, where the interference is produced by the radiation of the
neighbor beams produced in the same combination of frequency and polarization. Some examples
of the interference produced among reuse beams are included in Figures 6 and 7. Note that the
adjacent feed-horns will alternate in frequency, so the adjacent beams in the same plane “v = constant”
(generated in the same polarization by different horns) will alternate in frequency. According to the
previous C/I criterion, it has been checked that the co-polar isolation for the multi-spot coverage
varies between 17.6 dB and 21.2 dB, which are typical values for practical HTS systems in Ka-band [5].
The design of the bifocal DRAA has been performed at the central frequency of 20 GHz, and it covers
the complete frequency range for Tx (19.5–20.5 GHz, a 5% relative bandwidth). Similar and even
larger values of bandwidth have been reported in previous works that use reflectarray cells based on
orthogonal dipoles [20,28].

6. Conclusions

A novel multibeam antenna concept based on a bifocal dual-reflectarray configuration with an
elliptical main reflectarray (3.55 m × 1.81 m) has been proposed to generate complete multibeam
coverage for transmission from a GEO satellite operating in the Ka-band. The bifocal technique has
been applied for the first time to achieve a 50% reduction of the beam deviation factor with respect to
the equivalent monofocal antenna. The proposed multibeam antenna requires a smaller main aperture
(about half of the area) and shows larger radiation efficiency than other oversized antennas that have
been proposed for the same application. An analogous design process can be performed to produce
the beams at Rx, if appropriate reflectarray cells that will enable independent phasing at Tx and Rx
frequencies are used. The proposed multibeam antenna will allow an important reduction in the
volume and weight of the antenna system on board the satellite.
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