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Abstract: In this work circularly polarized flat reflectarray antennas are designed to work at downlink
frequencies in Ku- and Ka-band. The design approach for circular polarization radiation combines both
the variable rotation technique (VRT) and the element size variation technique (ESVT). The reflectarray
element employed consists of a rotable split ring operating at 12 GHz (Ku-band) that surrounds
two orthogonal sets of parallel dipoles of variable size operating at 20 GHz (Ka-band). Rotations
of split rings and different sizes of dipoles are exploited as degrees of freedom by VRT and ESVT
for designing focused beams dual band dual circular polarized reflectarrays. The split ring can
be used to achieve single focused beams for circular polarization by VRT at 12 GHz, and the set
of orthogonal dipoles can be used to achieve two focused beams for dual circular polarization by
ESVT at 20 GHz. In this way, the reflectarray element has been used to design two flat dual band
circularly polarized reflectarrays that generate three pencil beams either in the same direction or in
different directions: one pencil beam with right-hand circular polarization (RHCP) at 12 GHz and two
pencil beams with both RHCP and left-hand circular polarization (LHCP) at 20 GHz. The designed
reflectarrays are carried out under local periodicity assumption by means of in-house electromagnetic
software that applies the Method of Moments in the Spectral Domain. Validations of the in-house
electromagnetic software show significant CPU time savings with respect to CPU time consumption
provided by commercial software of general purpose as CST electromagnetics software. Numerical
results of radiation patterns produced by the designed reflectarrays show efficiencies around 65%
and a bandwidth of 6% for a main beam cross-polarization discrimination of 25 dB. The numerical
results are satisfactorily validated by CST software and a tolerance errors study has been numerically
carried out with acceptable results.

Keywords: circular polarization; coupled dipoles; split-loops; reflectarrays; dual-band;
dual-polarized antennas
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1. Introduction

For satcom-on-the-move (SOTM) applications, there is an increasing interest in developing Ku-
and Ka-band antennas that share a single aperture. Conventional solutions use bulky parabolic
reflector antennas with very complex feeding systems [1–3]. Reflectarrays are an interesting alternative
to reflector antennas owing to their low profile, light weight, radiation performance versatility, ease
of manufacture, etc. [4]. Single aperture reflectarray antennas have been designed that are capable
to provide coverage in Ku- and Ka-band with polarization agility [5–7]. In particular, a two-layered
reflectarray antenna was presented in [7], which provides dual linear polarization in Ku- and Ka-band
for a satellite downlink. Two stacked reflectarrays separated by a double screen frequency selective
surface are used in [8] to implement an antenna that provides dual linear polarization at Ku-band
for transmit (TX) and receive (RX), and single circular polarization at Ka-band for TX and RX.
The impressive performance of this latter antenna is achieved at the expense of a complex multilayered
structure with four metallization levels [8].

In this work we focus on the design of a circular polarization reflectarray antenna operating at
Ku- and Ka-bands for a satellite downlink. By comparison with the antennas presented in [7,8] that
mainly operate in linear polarization, circular polarization is chosen since it is more robust to antenna
orientation changes. Two different techniques are combined to achieve the correct phasing in circular
polarization in each frequency band. The variable rotation technique (VRT), introduced by Huang and
Pogorzelski [9], is employed at Ku-band to achieve singular circular polarization. This technique has
been used in the past for the design of single band [10], and dual band circular polarization reflectarray
antennas at Ka-band [11,12]. In [13] a circularly polarized tri-band and three pencil beam reflectarray
is shown. This reflectarray operates at 1.6, 20.0 and 29.8 GHz with right-hand circular polarization
(RHCP), left-hand circular polarization (LHCP) and RHCP respectively. However, although the results
are satisfactory, the proposed antenna is bulky and difficult to manufacture. The element size variation
technique (ESVT) [14,15], is the phasing technique employed at Ka-band, and this technique makes it
possible to operate the antenna in dual circular polarization. A dual circular polarization reflectarray
based on the ESVT was designed in Section III.B of [16], and the VRT was subsequently used to separate
the beams of the orthogonal circular polarizations (see section III.C of [16]). However, the designed
antenna only works at single frequency band. The reflectarray element employed in our work consists
of a split ring surrounding two orthogonal sets of dipoles on a two-layered substrate. The split ring
is used to achieve single focused beam for circular polarization by VRT at 12 GHz as in [11], and
the set of orthogonal dipoles is used to achieve two focused beams for dual circular polarization by
ESVT at 20 GHz as in section III.B of [16]. The reflectarray element used in this paper was already
introduced in [17] as a potential element to achieve dual band dual circular polarization at Ka-band
for TX and RX. However, reflectarray antenna designs were not provided in [17]. In [18] this element
was used to show the feasibility of a reflectarray design for the separation of two unfocused beams
in dual-band for orthogonal circular polarizations by means of VRT using a single feeder. Although
successful experimental results were shown in [18] to validate the proof of the concept, VRT was only
used for the separation of two unfocused beams. Therefore, variation size and rotations capabilities
of the reflectarray element were not exploited as degrees of freedom to focus the reflected beams
by means of ESVT and VRT. The mean novelty of this work shows that both the rotations of split
rings and the different sizes of dipoles are exploited as degrees of freedom by VRT and ESVT for
designing focused beams dual band dual circular polarized reflectarrays for Ku- and Ka-band satellite
downlink applications. We provide two different antenna designs that show the feasibility of the
element in Ku- and Ka-band satellite downlink applications for circular polarization. Each designed
antenna provides single circular polarization radiation at 12 GHz by variable rotation capability of
the element, and dual circular polarization radiation at 20 GHz by variable size capability of the
element, either in the same beam direction at both frequencies or in different beam directions. Since
successful experimental validations was shown in [17,18] using the same reflectarray element for
different applications, numerical results will be only shown in this work. Promising results for Ku-
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and Ka-band satellite downlink applications for circular polarization are obtained. Such promising
results suggest that proposed architecture could be applied for 5G and beyond applications [19].

2. Reflectarray Element

The reflectarray element used in this work is based on a two-layered substrate which hosts two
levels of metallization, as shown in Figure 1a,b.
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Figure 1. (a) Reflectarray element based on two orthogonal sets of parallel dipoles surrounded by
a non-rotated split ring. (b) Reflectarray element with rotated split ring and definition of rotation
angle αrot.

The element consists of a split ring that surrounds two orthogonal sets of parallel dipoles. The split
ring is printed on the upper side of the upper dielectric layer, and the sets of dipoles are printed on both
opposite sides of this dielectric layer. The split ring is aimed at the design of the antenna at 12 GHz,
and the parallel dipoles are used for the design at 20 GHz. A bottom dielectric layer is introduced as a
separator between the upper layer and the ground plane. The material used for the upper layer and
the separator is a commercial material with low RF losses, Rogers Duroid 5880, which means that the
multilayered substrate supporting the reflectarray element is composed of two dielectric layers with
thickness hi and complex permittivity εi = ε0εri(1 − jtanδi) −i = 1,2- (see Figure 1), where εr1 = εr2 = 2.2,
tanδ1 = tanδ2 = 0.0009, h1 = 1.524 mm, h2 = 0.787 mm and ε0 the vacuum permittivity. The relative
permittivity and loss tangent values are provided by [20] at 10 GHz. A period a = b = 8 mm (which
is roughly 0.533λ at 20 GHz) has been selected for the unit cell of the reflectarray to provide both
enough room for the dipoles and the split ring and, at the same time, to avoid the appearance of
grating lobes. The center of central dipoles on each side of the upper dielectric layer are located at the
center of each side of the dielectric layer of cell and the lateral dipoles are symmetrically separated
from the central dipole (see Figure 1a). In similar way, the center of the circular arcs are located at
the center of the cell and these arcs are symmetrical with respect to the mirror symmetry axis y’0
(see Figure 1b). The geometrical parameters of layout have been adjusted to provide a smooth and
linear behavior of the phase-shift for variations of both the arc lengths of the split ring at 12 GHz,
and the dipoles lengths at 20 GHz. The fixed final dimensions chosen are relation of lengths between
the dipoles ldip,11 = 0.6 ldip,21, ldip,12 = 0.73 ldip,22, the widths of dipoles and arcs wdip = warc = 0.2 mm,
separation between dipoles sdip = 1.8 mm, and radius of arcs rarc = 3.575 mm. The lengths ldip,21

and ldip,22 of central dipoles printed on each side of the upper dielectric layer will be the geometrical
design parameters for reflectarray design process at 20 GHz. The rotation angle αrot of the mirror
symmetry axis of the split-ring (see Figure 1b) and the subtended angle ψarc by extremes of the arcs of
the split rings (see Figure 1a) will be the geometrical design parameters for reflectarray design process
at 12 GHz.
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An in-house electromagnetic software that applies the Method of Moments in the Spectral Domain
(MoM-SD) is used for the analysis of the reflectarray cell with rotated split ring and two orthogonal sets
of parallel dipoles of Figure 1b in a periodic environment [21,22] (i.e., periodic boundary conditions are
considered) illuminated with linearly or circular polarized plane wave (i.e., TEz, TMz polarization or
combination). The incidence direction of the plane wave is given by the spherical angular coordinates
θi and φi. According with [21,22], in the method of moment in spectral domain approach [23],
the multilayer medium is modelled by means of bidimensional spectral multilayer dyadic Green
functions [24] which takes into account permittivity, losses tangent and thickness of each dielectric layer
of the multilayer medium and the ground plane as perfect electric conductors of negligible thickness.
The layout is also modelled as perfect electric conductors of negligible thickness. Entire domain
basis functions accounting for edge singularities are used in the approximation of the surface current
density on split ring and dipoles as shown in [21,22] respectively. According with the results shown
in [21,22], a house code based on MoM-SD with proposed edge singularities entire domain basis
functions which lead CPU time consumptions of electromagnetics analysis of the element which are
roughly 30-times faster than those obtained using CST frequency domain solver. Since a reflectarray
has thousands of elements, the analysis tool of reflectarray element should be called tens of thousands
of times in a reflectarray design. In this way, the house-code is more suitable than CST software for
reflectarray designs.

The MoM-SD makes it possible to characterize the reflectarray cell of Figure 1b by means of
a reflection matrix R0 relating the complex x0 and y0 components (the x0 and y0 axes of Figure 1b
are parallel to the dipoles) of the reflected electric field and the incident electric field for a plane
wave impinging on the cell in a direction given by the angular spherical coordinates θi and φi. The
components of R0 are defined in Equation [16]: Ere f

x

Ere f
y

 = (
R0,xx R0,xy

R0,yx R0,yy

)
·

(
Einc

x
Einc

y

)
(1)

The components of the matrix R0 are complex numbers. The phase of the complex numbers of
diagonal components of matrix R0 are key in reflectarray designs. In the same way, a matrix R0’ can be
defined relating the complex x’0 and y’0 components of the reflected and incident field, where the axes
x’0 and y’0 of Figure 1b are obtained by rotating the axes x0 and y0 an angle αrot around the z axis (αrot

is the rotation angle of the split ring between Figure 1a,b). R0’ can be obtained in terms of R0 as shown
below [16]: R′0,xx R′0,xy

R′0,yx R′0,yy

 = (
cos(αrot) sin(αrot)

− sin(αrot) cos(αrot)

)
·

(
R0,xx R0,xy

R0,yx R0,yy

)(
cos(αrot) − sin(αrot)

sin(αrot) cos(αrot)

)
(2)

Since the components of matrix R0 are complex numbers, the components of matrix R0’ are also
complex numbers. A third matrix Rc can be defined which relates the LHCP and RHCP complex
components of the reflected and incident field for the impinging wave as shown below [16]: Ere f

RHCP
Ere f

LHCP

 = (
RRHCP,RHCP RRHCP,LHCP
RLHCP,RHCP RLHCP,LHCP

)
·

(
Einc

RHCP
Einc

LHCP

)
(3)

It turns out that Rc can be also easily obtained in terms of R0 by means of the transformations
shown in [25]. Since the components of matrix R0 are complex numbers, the components of matrix Rc

are also complex number.
Huang and Pogorzelski demonstrated that the phases of the coefficients RRHCP,RHCP and RLHCP,LHCP

defined in (3) have a linear dependence on the rotation angle αrot defined in Figure 1b provided
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R’0,xx = −R’0,yy (i.e., the gap between the phases of the complex numbers R’0,xx and R’0,yy is 180◦).
This linear dependence can be written as:

∠RRHCP,RHCP = ∠R′0,xx + 2αrot; ∠RLHCP,LHCP = ∠R′0,xx − 2αrot (4)

Moreover, under this condition, the cross-polar coefficients RRHCP,LHCP and RLHCP,RHCP are
negligible. Equation (4) shows the dependence with respect to the rotation angle αrot of phase-shift
produced by the reflectarray cell in the phase of the circularly polarized electric field of the reflected
wave. According with Equation (4) this dependence is linear with respect to the rotation angle αrot.
Moreover, if the rotation angle αrot is varied from −90◦ to +90◦, the phase-shift range is a cycle of
360 deg. So, any required phase shifts for the elements of a circularly polarized reflectarray antenna
can be adjusted by simply rotating the elements of the antenna an adequate amount [9]. This is called
the VRT. In this way, the subtended angle of ψarc will be adjust to preserve the condition R’0,xx = −R’0,yy
while that the rotation angle αrot will be adjust to match the phase shifts ∠RRHCP,RHCP to the required
phase shift for right-hand circular polarization in each reflectarray element at 12 GHz. On the other
hand, the condition R0,xx =−R0,yy is preserved at 20 GHz by adjustment of the lengths ldip,21 and ldip,22 of
central dipoles of each orthogonal set without rotations. Under this condition, Equation (4) is satisfied
but with αrot = 0 since the dipoles are not rotated (i.e., equation ∠RRHCP,RHCP = ∠RRHCP,RHCP = ∠R0,xx

is satisfied for the dipoles at 20 GHz). So, as the length of dipole with direction parallel to x0 axis,
ldip,21 is varied, the value of ∠R0,xx is changed. According with [26,27], 360 deg of phase shift range of
∠R0,xx can be achieved by variation of lengths of three parallel dipoles using an appropriated relation
between lengths of lateral dipoles and the length of central dipole (in our case we have fixed the
relations ldip,11 = 0.6 ldip,21, ldip,12 = 0.73 ldip,22). In this way, the lengths of dipoles lengths ldip,21 and
ldip,22 will be adjusted for both, to preserve the condition R0,xx = −R0,yy and to match the phase shifts
∠R0,xx to the required phase shift in each reflectarray element at 20 GHz.

Figure 2b shows how ψarc must be modified as αrot is varied to keep R’0,xx = −R’0,yy. And Figure 2c
shows how the phases of RRHCP,RHCP and RLHCP,LHCP linearly vary with αrot in accordance with
Equation (4) when the conditions of Figure 2b are fulfilled. Our MoM-SD results of Figure 2c have
been compared with the results provided by the commercial software CST [28], and good agreement
has been found between both sets of results. We would like to point out that the average CPU time
consumption produced by in-house code is 0.77 s for each analysis of the phase curves shown in
Figure 2c while that, the average CPU time consumption produced by CST frequency domain solver
under unit cell boundary conditions and Floquet port is roughly 540 s for each analysis using adaptive
mesh option. These CPU time consumptions are obtained in a laptop computer with processor Intel
Core i7-6700HQ at 2.6 GHz with 32 GB of RAM memory.
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R’0,xx = −R’0,yy as a function of the rotation angle αrot. (c) Simulated phase of the reflection coefficients 
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Figure 2. (a) 3D CST model picture. (b) Numerical adjusted values of ψarc which preserve the condition
R’0,xx = −R’0,yy as a function of the rotation angle αrot. (c) Simulated phase of the reflection coefficients
RRHCP,RHCP and RLHCP,LHCP provided by the pairs (ψarc, αrot) shown in (a) as a function of the rotation
angle αrot. The numerical results are shown at 12 GHz under incidence angles θi = 19◦, φi = 0◦ and
fixed lengths of dipoles ldip,21 = ldip,22 = 5 mm.

The results of Figure 2b,c have been obtained for fixed lengths of the longest dipoles in Figure 1a,b,
ldip,21 = ldip,22 = 5 mm. However, these lengths have to be varied in order to make the element work for
a circularly polarized reflectarray at 20 GHz, which will unavoidably affect the element performance
at 12 GHz. Figure 3a shows to which extent the condition R’0,xx = −R’0,yy is lost when ldip,21 = ldip,22
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departs from 5 mm, and Figure 3b shows how this departure affects the magnitude of the non-diagonal
cross-polar coefficients of the matrix Rc in (3). Please note that the larger the departure of the phase
difference from −180◦ in Figure 3a, the larger the cross-polarization in Figure 3b, which reaches a
maximum of −14 dB when ldip,21 = ldip,22 = 6 mm and αrot = 0◦.

Electronics 2020, 9, x FOR PEER REVIEW 7 of 15 

 

The results of Figure 2b,c have been obtained for fixed lengths of the longest dipoles in Figure 
1a,b, ldip,21 = ldip,22 = 5 mm. However, these lengths have to be varied in order to make the element work 
for a circularly polarized reflectarray at 20 GHz, which will unavoidably affect the element 
performance at 12 GHz. Figure 3a shows to which extent the condition R’0,xx = −R’0,yy is lost when ldip,21 
= ldip,22 departs from 5 mm, and Figure 3b shows how this departure affects the magnitude of the non-
diagonal cross-polar coefficients of the matrix Rc in (3). Please note that the larger the departure of 
the phase difference from −180° in Figure 3a, the larger the cross-polarization in Figure 3b, which 
reaches a maximum of −14 dB when ldip,21 = ldip,22 = 6 mm and αrot = 0°. 

 

(a) 

 

(b) 

Figure 3. (a) Simulated difference between the phases of R’0,xx and R’0,yy provided by the pairs (ψarc, 
αrot) shown in Figure 2a for different values of ldip,21 = ldip,22. (b) Simulated magnitude of the cross-polar 
coefficient RLHCP,RHCP (provided by the pairs (ψarc, αrot) shown in Figure 2a) as a function of the rotation 
angle αrot. The numerical results are shown at 12 GHz under incidence angles θi = 19°, ϕi = 0°. 

If we use the element of Figure 1a,b for the design of a circularly polarized antenna by ESVT at 
20 GHz, the lengths of the dipoles ldip,21 and ldip,22 have to be adjusted to preserve the condition R0,xx = 
−R0,yy, which is necessary to keep the sense of circular polarization after reflection on the reflectarray 
antenna. Figure 4a shows a color-map of the subtraction ∠ , − ∠ ,  as a function of the dipole 
lengths ldip,21 and ldip,22. These results have been obtained for fixed values of ψarc as αrot (we have chosen 
ψarc = 118.9° and αrot = 0° in accordance with Figure 2a). Black solid lines in Figure 4a indicate the locus 
of pairs of dipole lengths that lead to the condition R0,xx = −R0,yy. Figure 4b shows the phases of R0,xx 
and R0,yy obtained while using the pairs of dipole lengths defined by the black solid lines of Figure 4a. 
These phase curves show a smooth behavior within a phase range of 388° (larger than a cycle of 360°) 
where condition R0,xx = −R0,yy is satisfied. The phase curves of RRHCP,RHCP and RLHCP,LHCP for circular 
polarization applications are also shown, which coincide with those of R0,xx since αrot = 0° (see Equation 
(4) and Figure 1b). Since the phase curves for RRHCP,RHCP and RLHCP,LHCP coincide, this can be used to 
design a circular polarization reflectarray by means of ESVT that works for both RHCP and LHCP 
conditions as will be shown in the next Section. The phases curves obtained in Figure 4b with our 
MoM-SD software have been compared with CST, and good agreement has been found. The average 
CPU time consumptions for analysis are similar to those obtained in the analysis shown in Figure 2. 
The CPU time consumptions are obtained in a laptop computer with processor Intel Core i7-6700HQ 
at 2.6 GHz with 32 GB of RAM memory. 

  

Figure 3. (a) Simulated difference between the phases of R’0,xx and R’0,yy provided by the pairs
(ψarc, αrot) shown in Figure 2a for different values of ldip,21 = ldip,22. (b) Simulated magnitude of the
cross-polar coefficient RLHCP,RHCP (provided by the pairs (ψarc, αrot) shown in Figure 2a) as a function
of the rotation angle αrot. The numerical results are shown at 12 GHz under incidence angles θi = 19◦,
φi = 0◦.

If we use the element of Figure 1a,b for the design of a circularly polarized antenna by ESVT
at 20 GHz, the lengths of the dipoles ldip,21 and ldip,22 have to be adjusted to preserve the condition
R0,xx = −R0,yy, which is necessary to keep the sense of circular polarization after reflection on the
reflectarray antenna. Figure 4a shows a color-map of the subtraction ∠R0,xx − ∠R0,yy as a function of the
dipole lengths ldip,21 and ldip,22. These results have been obtained for fixed values of ψarc as αrot (we
have chosen ψarc = 118.9◦ and αrot = 0◦ in accordance with Figure 2a). Black solid lines in Figure 4a
indicate the locus of pairs of dipole lengths that lead to the condition R0,xx = −R0,yy. Figure 4b shows
the phases of R0,xx and R0,yy obtained while using the pairs of dipole lengths defined by the black solid
lines of Figure 4a. These phase curves show a smooth behavior within a phase range of 388◦ (larger
than a cycle of 360◦) where condition R0,xx = −R0,yy is satisfied. The phase curves of RRHCP,RHCP and
RLHCP,LHCP for circular polarization applications are also shown, which coincide with those of R0,xx
since αrot = 0◦ (see Equation (4) and Figure 1b). Since the phase curves for RRHCP,RHCP and RLHCP,LHCP
coincide, this can be used to design a circular polarization reflectarray by means of ESVT that works
for both RHCP and LHCP conditions as will be shown in the next Section. The phases curves obtained
in Figure 4b with our MoM-SD software have been compared with CST, and good agreement has been
found. The average CPU time consumptions for analysis are similar to those obtained in the analysis
shown in Figure 2. The CPU time consumptions are obtained in a laptop computer with processor
Intel Core i7-6700HQ at 2.6 GHz with 32 GB of RAM memory.
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Figure 4. (a) Color-map showing the simulated difference between the phases of R0,xx and R0,yy as a
function of the dipole lengths ldip,21 and ldip,22. Black solid lines indicate the pairs of dipole lengths
leading to the condition R0,xx = −R0,yy. (b) Simulated phases of R0,xx and R0,yy provided by the pairs of
dipole lengths defined by the black solid lines of (a). The phases of RRHCP,RHCP and RLHCP,LHCP are also
shown. These results are obtained at 20 GHz under incidence angles θi = 19◦, φi = 0◦ when ψarc = 119◦

and αrot = 0◦.

As in the case shown in Figure 3, the conditions for circular polarization design at 20 GHz shown
in Figure 4 may change when ψarc and αrot are modified to adjust the phase shift of the element for
circular polarization applications by VRT at 12 GHz. Figure 5a shows the difference between the
phases of the R0,xx and R0,yy when the values of ψarc and αrot used in Figure 4 are varied. Additionally,
Figure 5b shows how this affects the cross-polar coefficient RLHCP,RHCP. Please note that the increase in
the magnitude of RLHCP,RHCP is much larger in Figure 5b than in Figure 3b. In fact, |RLHCP,RHCP| reaches
−5 dB in Figure 5b when ψarc = 109.8◦, αrot = 45◦ and ldip,21 = 5.9 mm, which is due to the fact that
the difference between the phases of R0,xx and R0,yy departs 78◦ from −180◦ in Figure 5a (a maximum
departure of 23◦ is observed in Figure 3a). This means that the cross-polarization performance of a
dual-band circular polarization reflectarray antenna based on the element of Figure 1 will be better if
we first adjust the dimensions of the split ring by VRT at 12 GHz and then fix the dipoles lengths by
ESVT at 20 GHz, instead of first fixing the dipoles lengths at 20 GHz, and then adjusting the split rings
at 12 GHz.
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Figure 5. (a) Simulated difference between the phases of R0,xx and R0,yy for different values of ψarc and
αrot (b) Simulated magnitude of the cross-polar coefficients RLHCP,RHCP for different values of ψarc and
αrot. The results are obtained for the pairs of lengths of dipoles ldip,21 and ldip,22 indicated by the black
solid lines of Figure 4a at 20 GHz under incidence angles θi = 19◦, φi = 0◦.
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3. Reflectarray Design and Results

A circular flat reflectarray which consists of 489 elements arranged in a 25 × 25 square grid with
cell size of 8 × 8 mm has been designed (the diameter of the antenna is 20 cm). The elements are of the
type shown in Figure 1b. The reflectarray is intended to radiate a RHCP focused beam in the direction
φbeam = 0◦ and θbeam = 19◦ (see Figure 6) at 12 GHz, and two RHCP and LHCP focused beams in the
same direction at 20 GHz. It is illuminated by a feed horn whose radiated pattern is modeled as cosq(θ)
model for circular polarization [29]. In particular, the models are cos10(θ) at 12GHz and cos13(θ) at
20 GHz (see [7] for details). The feed illuminates the edges of the reflectarray with a taper of −12 dB
at both frequencies, 12 and 20 GHz. Its face center is located at the coordinates (xf, yf, zf) = (−0.0639,
0.0, 0.185) (m) with respect to the coordinate system with origin at the center of the reflectarray that is
shown in Figure 6.
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Figure 6. Reflectarray antenna picture. Coordinate system with origin at the reflectarray center and
beam direction.

The reflectarray design is carried out in two stages. In the first stage we make use of Equation (4) to
obtain the desired phase shift in each element according to Equation (3.3) of [4] at 12 GHz. The rotation
angle αrot and the arc angle ψarc are adjusted so that R’0,xx = −R’0,yy and (4) are fulfilled while ldip,21

= ldip,22 = 5 mm. Once the split ring parameters αrot and ψarc have been fixed for each reflectarray
element, in the second stage the required phase shifts are determined at 20 GHz by means of Equation
(3.3) of [4]. For each pair values of αrot and ψarc, curves similar to those of Figure 4 are generated in
each element, and the dipoles lengths ldip,21 and ldip,22 are adjusted so that condition R0,xx = −R0,yy
is fulfilled. As commented in Section 2, the procedure based on first adjusting the split rings at
12 GHz, and subsequently adjusting the dipole lengths at 20 GHz, leads to lower cross-polarization
values. Figure 7a,b show the layouts printed on bottom and upper sides of the upper dielectric
layer respectively.
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The designed reflectarray has been analyzed with both our MoM-SD code and CST under the local
periodicity assumption (LPA) [4]. The radiation patterns have been computed in terms of the electric
and magnetic currents on the reflectarray surface as shown in [30]. The numerical results obtained
for cuts of the radiation patterns with elevation plane (y = 0 plane in coordinate system defined in
Figure 6) and azimuth plane (constant plane which includes the direction of maximum of radiation
and the YRA-axis defined in Figure 6) are shown in Figure 8a,b. Good agreement is found between our
MoM-SD results and those provided by CST for the copolar components of the radiated field.

The overall performance of the antenna is summarized in Table 1, where cross-polar discrimination
(XPD) is defined as the difference in dB between the copolar level and the cross-polar level at the
pointing direction of the main beam. Note the cross-polar levels at 20 GHz are much smaller than those
at 12 GHz. This is logical since the design at 12 GHz (first stage) did not use the exact final values of
the dipole’s lengths, but the design at 20 GHz (second stage) used the exact final values of both the
arc lengths/rotations and the dipole lengths. Figure 9a,b show the maximum gain for co-polar and
cross-polar radiated components versus frequency in each frequency band. We can check that the gain
remains stable (variations less than 1 dB) within the frequency bands where XPD >25 dB. In fact, the
main bandwidth limitation of the antenna stems from the cross-polarization, not from the gain.
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Figure 8. Main cuts of the simulated radiation patterns at 12 GHz for right-hand circular polarization
(RHCP) and 20 GHz for both RHCP and left-hand circular polarization (LHCP). MoM-SD and CST
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Table 1. Overall numerical performance of the designed circular polarization reflectarray that generates
RHCP at 12 GHz, and RHCP and LHCP at 20 GHz.

Frequency Band and
Polarization Maximum Gain Bandwidth for XPD >

25 dB
Antenna
Efficiency

Maximum Side Lobe
Level

Cross-Polar Level at
Central Frequency

RHCP at 12 GHz 26.5 dBi 6.1% 70% 23.8 dB −11.2 dBi
RHCP at 20 GHz 30.3 dBi 6% 62% 23.3 dB −26.3 dBi
LHCP at 20 GHz 30.34 dBi 6% 62% 24.0 dB −26.3 dBi
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The procedure used to design a reflectarray that radiates three circular polarization focused beams
(one RCHP beam at 12 GHz, and two RHCP and LHCP beams at 20 GHz) in the same direction is
extended to design a second reflectarray that radiates one RCHP beam at 12 GHz in one direction, and
two RHCP and LHCP beams at 20 GHz in a different direction. In this latter case, we have used a circular
reflectarray consisting of 716 elements arranged in a 30 × 30 square grid with a cell size of 8 × 8 mm,
which is illuminated by two circular polarized feed-horns. One feed horn works at 12 GHz for RHCP
with its phase-center located at (xf, yf, zf) = (−0.0113, 0.0, 0.223) (m), while the other feed horn works
at 20 GHz for RHCP and LHCP with its phase-center located at (xf, yf, zf) = (−0.0616, 0.0, 0.247) (m).
A similar configuration is used in [7]. Again, the radiation patterns of the feed horns are modeled as
cos10(θ) at 12 GHz and cos13(θ) at 20 GHz [7]. In this case, the required phase shifts are computed in
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each element to produce a focused beam in the direction (φbeam = 0◦, θbeam = 27◦) for RHCP at 12 GHz
and two focused beams in the direction (φbeam = 0◦, θbeam = 14◦) for RHCP and LHCP at 20 GHz.

The results for the elevation cuts of the radiation patterns are shown in Figure 10. The reflectarray
exhibits maximum gains of 27.62 and 32.29 dBi at 12 and 20 GHz respectively (with antenna efficiencies
of 64% at 12 GHz and 67% at 20 GHz). The cross-polar levels are roughly −10 dBi at 12 GHz and
−26.1 dBi at 20 GHz.
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Figure 10. Simulated radiation patterns in elevation plane at 12 GHz for RHCP and 20 GHz for
both RHCP and LHCP provided by designed reflectarray that radiates three circular polarization
focused beams.

We have analyzed this last design reflectarray by taking into account tolerance errors of 5%
variation of permittivity (i.e., εr1 = εr2 = 2.31) and +/−0.05 mm variations of the lengths of dipoles and
arcs. These tolerance errors are higher than typical for dielectric layers material [20] and tolerance
errors of mechanical PCB milling [31] in order to include the worst-case manufacturing scenario.
These variations of length have been randomly added in each element of reflectarray. In Figure 11,
a comparison of the resultant radiation patterns taking into account the tolerance errors and radiation
patterns obtained in the elevation plane of Figure 10 is shown:
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Figure 11. Comparison between the simulated radiation patterns in the elevation plane shown in
Figure 10 and the simulated radiation patterns that take into account the tolerance errors of permittivity
and length variations of the dipoles and arcs. (a) At 12 GHz for RHCP. (b) At 20 GHz for both RHCP
and LHCP.

According with the results shown in Figure 11a, the tolerance errors produce insignificant variation
of the copolar radiation pattern at 12 GHz but a significant increment of cross-polar level is produced
(from −10 dBi to −0.9 dBi of cross-polar gain). However, in Figure 11b the side lobe levels of copolar
radiation patterns change at 20 GHz from 23.5 dB to 18 dB for RHCP and insignificant variation is
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produced for LHCP. The most significant variation is produced for cross-polar radiation patterns at
20GHz in both circular polarization when the cross-polar levels reach 5.7 dBi of cross-polar gain due to
tolerance errors. In order to avoid these significant variations of cross-polar level we recommend that the
permittivity of dielectric layers was measured previous design reflectarray design and manufacturing
the designed reflectarray with high accuracy machines, such as protolaser machines [31]. Furthermore,
in [17,18] measurements using similar reflectarray elements are provided (from 15 at 22 GHz in [17]
and from 19.2 at 29.75 GHz in [18]) with acceptable results.

4. Conclusions

A two-layered reflectarray element is proposed consisting of a split ring surrounding two
orthogonal sets of three parallel dipoles. This element makes it possible to design dual-band circular
polarization reflectarrays radiating one circular polarization beam at Ku-band by means of VRT and
two orthogonal circular polarization beams at Ka-band by ESVT for a satellite downlink. Rotations
of split rings and different sizes of dipoles have been exploited as degrees of freedom by VRT and
ESVT for designing focused beams dual band dual circular polarized reflectarrays. Until this work,
these capabilities of the reflectarray element have been never exploited to focus the reflected beams in
both circular polarizations for dual band applications. The split rings have been used to achieve single
focused beam for circular polarization by VRT at 12 GHz, and the set of orthogonal dipoles have been
used to achieve two focused beams for dual circular polarization by ESVT at 20 GHz.

The designed reflectarrays have been carried out under local periodicity assumption by means of
in-house electromagnetic software that applies the Method of Moments in the Spectral Domain.
Validations of the in-house electromagnetic software show significant CPU time savings with
respect to CPU time consumption provided by commercial software of general purpose as CST
electromagnetics software.

Parametric studies have shown when the dimensions of the split ring are adjusted by VRT at
12 GHz and then fix the dipoles lengths by ESVT at 20 GHz, the resultant cross-polar levels are lower
than when first fixing the dipoles lengths at 20 GHz, and then adjusting the split rings at 12 GHz.
In this way, the design procedure is based on two stages: First VRT is applied based on rotations of the
split ring with arc lengths adjustment. Second, the design procedure at Ka-band uses the ESVT, and is
based on adjustment of the dipole’s lengths for fixed values of the arc lengths/rotations obtained in the
previous stage. Two different reflectarrays have been designed radiating RHCP at 12 GHz, and both
RHCP and LHCP at 20 GHz, one of them with the same pointing direction at the two frequencies, and
the other one with two different pointing directions. The simulated radiation patterns produced by
reflectarrays show an efficiency around 65%, and a bandwidth of 6% for a main beam cross-polarization
discrimination of 25 dB. The numerical results have been satisfactorily validated by CST software and
tolerance errors study has been numerically carried out with acceptable results.
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