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Abstract—A new reflectarray cell is proposed to simultaneously
provide opposite phase shifts between orthogonal circular polarizations at two frequencies (19.7 and 29.5 GHz) by applying a variable
rotation technique independently at each frequency. The reflectarray cell, which consists of two dielectric layers with two levels
of printed elements (dipoles and arcs), has been characterized for
both circular and linear polarizations at each frequency. Apart
from the implementation of the variable rotation technique at each
frequency, the reflectarray cell provides an additional phase adjustment at the higher frequency, which can be used to shape the beam.
This concept applied to multiple spot satellites in ÍTa-band will allow to produce two adjacent beams per feed in orthogonal circular
polarizations at transmission and reception frequency bands.
Index Terms—Dual-circular polarization (CP), ÍTa-band, multispot satellites, reflectarray, variable rotation technique (VRT).

I. INTRODUCTION

O

VER the past few years, reflectarrays have been proposed
to reduce the number of antennas required on board the
high-throughput satellites in Ka-band [1] by generating two different beams per feed, through the use of reflectarray cells able
to provide opposite phase shift in orthogonal polarizations on
a parabolic reflectaray [2] or operate at different frequencies
[3] using a flat reflectarray. In contrast to the currently used reflectors, reflectarrays can provide a different phase shift in each
polarization by an appropriate design of the reflectarray cells, allowing to generate different beams, either in each linear [4]-[6]
or circular [2], [7], [8] polarization.
While the design of reflectarray cells with independent phase
control in linear polarization (LP) is straightforward, by using
rectangular patches [4], [5], or orthogonal sets of dipoles for
each LP [6], the design of reflectarray cells with independent
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control in each orthogonal circular polarization (CP) is more
complex. Some reflectarray cells have been proposed to operate
in dual CP with independent phase control in each CP [7], [8].
Both reflectarrays reported in [7] and [8] require voluminous
multilayer configuration and operate on a single frequency band.
A parabolic reflectarray that generates two closely spaced
beams in orthogonal CP with a feed operating in dual CP was
proposed in [2]. The technique is grounded in a unique property
of reflectarrays based on the variable rotation technique (VRT)
[9]-[l 1], more explicitly, the phase shift of the reflected field in
right-handed CP (RHCP) is proportional to twice the rotation
angle and it is opposite for left-handed CP (LHCP). An experimental validation of the concept has been recently reported in
[12]. The drawback of this concept for discriminating in dual
CP is that there is no possibility for a further phase adjustment
since the VRT is used just to generate two symmetrical beams
in orthogonal CP. This limitation was overcome in [13], where
a flat reflectarray demonstrator generating two focused beams
in dual CP was reported. The reflectarray cell was made of two
orthogonal sets of three parallel dipoles, where the lengths are
adjusted to focus the beam while the beam splitting is achieved
by VRT.
The previous reported works for generation of separate beams
in LHCP and RHCP operate in a single frequency. However,
multibeam satellite antennas in Ka-band should operate in two
frequency bands, 20 GHz to transmit (Tx) and 30 GHz to receive (Rx). Different reflectarrays have been proposed to operate
at multiple frequencies [14]—[18]. A reflectarray to Tx and Rx
at both Ka- and X-bands has been demonstrated [14] by using
a separate reflectarray for each band and a frequency selective
surface. Other concepts are based on stacked reflectarray layers operating at different frequencies [15]. Several single-layer
reflectarrays that operate at Tx and Rx in Ka-band have been
proposed [16]—[18] using multiresonant elements. None of the
previous works allows to implement an independent phase control in each polarization, either because of the symmetry of the
printed elements [16] or because the VRT is used to focus the
beam in a single CP [17], [18].
In this letter, a reflectarray cell is proposed to provide opposite phase shifts in each orthogonal CP by VRT at two separate
frequencies. The cell has been designed and characterized at
Tx and Rx frequencies for multibeam satellite antennas in Kaband (19.7 GHz for Tx and 29.5 GHz for Rx). In addition to
the application of VRT independently in two frequencies, the
cell provides an additional phase adjustment in Rx, which can
be used to shape the beam or to compensate geometrical errors,
such as the different position of the phase center of the feed at Tx
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Fig. 1. Proposed reflectarray cell, (a) Top view with nonrotated elements,
(b) Three-dimensional view with rotated elements.
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and Rx. The proposed reflectarray cell can be used to design flat
reflectarrays with independent beam shaping at two frequencies
by applying VRT [9]—[11], and also to design parabolic reflectarrays that generate two adjacent beams per feed in orthogonal
CP in Tx and Rx.
II. DEFINITION OF REFLECTARRAY CELL

A. Operating Principle
The VRT consists on designing the reflectarray cells to introduce a 180° phase difference between the two orthogonal linear
components of the reflected field when the reflectarray is illuminated by a CP incident field. Under this condition, the rotation
of the printed elements in the reflectarray cell by an angle arot
(see Fig. 1, where arot = «Arc for the Tx elements, and arot
= «Dip for the Rx elements) results in a phase shift of 2-aYOt
for RHCP and -2-arot for LHCP [10], [2]. This result, originally obtained assuming normal incidence [11], is evaluated
here under oblique incidence. Assuming an incident field in CP
RHrP/T PTCP

(Ei
) impinging at an oblique angle of incidence on
each reflectarray cell, the ideal reflection matrix of the cell to
provide a different phase shift in each CP by VRT will be
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where ^ C P is the progressive phase required in RHCP, and ^o
is a phase adjustment that can be added by the reflectarray cell
to properly shape the beam or to correct phase errors on the reflectarray surface. Several coordinate transformations have been
applied to (1): first, from the CP components to spherical coordinates; second, from spherical coordinates to Cartesian coordinates of the cell [x and y, in Fig. 1(b)]; and finally, the local
coordinate system is rotated by an angle arot = <^cp/2 [xfArc,
/Arc» f° r a r c s a n d -^Dip» / D Í P » for dipoles, in Fig. 1(b)]. After these transformations, we obtain the ideal reflection matrix,
which relates the reflected and incident field components in the
locally rotated coordinate system as
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When computing the coefficients of [R;] for applying VRT,
it has been checked that the conditions to be fulfilled are:
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phase difference between R xxandRyy, the cross-polarization
coefficients should be zero. In practice, levels below —20 dB
provide accurate results for (1).

Fig. 2. Phases of the LP reflection coefficients versus (a) the arc length at
19.7 GHz and (b) the upper central dipole length at 29.5 GHz.

B. Definition of the Reflectarray Cell
The proposed cell combines different types of printed elements: two orthogonal sets of three coupled parallel dipoles
printed on the opposite sides of a thin dielectric sheet, and two
symmetrical arcs printed on the top surface, as shown in Fig. 1.
The inner radius and the width of the arcs have been fixed to
R = 2.65 mm and w^vc = 0.2 mm, respectively. The length of
the symmetrical circular arcs is adjusted through its angle Q
[see Fig. 1(a)] to fulfill the 180° phase difference between the
orthogonal linear components {R'yy = —R,xx) at 19.7 GHz [see
Fig. 2(a)]. The dipole width is WDÍP = 0.4 mm, and the separation
between laterally coupled dipoles is s = 1.2 mm from center
to center. The lengths of the two orthogonal sets of dipoles are
used to independently control each linear component of the field
at 29.5 GHz (Rx), providing a phase range larger than 360° [19],
while enforcing the condition of 180° phase shift between the
two linear components [see Fig. 2(b)]. Thus, the crossed dipoles
are able to introduce a phase adjustment to properly shape the
beams at Rx in addition to the phase shift introduced in each CP
by VRT. The lengths of lateral dipoles of each group are scaled
by a factor of 0.77 with respect to the lengths of the central
dipoles [IA and IB in Fig. 1(a)] to ensure linear phase response
and a phase range larger than 400° [see Fig. 2(b)].
The cell has a period of 6.5 mm x 6.5 mm to avoid the appearance of grating lobes at 29.5 GHz for a maximum angle of
incidence of 34° and to allow enough room for the elements.
The dielectric layers are two Diciad 880B substrates (dielectric
constant (sr) = 2.17, loss tangent tan£ = 0.0009) with a thickness of 1.524 mm for the lower layer (A) and 0.127 mm for the
top layer (B). Layer B has been chosen very thin to ensure a similar behavior for the two sets of orthogonal dipoles printed on
both sides of the upper dielectric. The er is selected to achieve
a low influence of the dipoles in the phase control at 19.7 GHz
and to reduce the sensitivity of the condition R'xx = —R'yy with
frequency.

C Cell Performance and Validation
A homemade analysis routine based on the Method of Moments in the Spectral Domain (SD-MoM), assuming a periodic
structure, has been used for the analysis of the cell. This technique has been applied in previous works to analyze other cells
based on similar resonant elements, obtaining accurate results
[20], [21]. The simulations obtained by the SD-MoM have been
validated by the comparison of the results with the commercial
software CST Studio Suite [23].
First, the reflection coefficients associated to the orthogonal
LP and CPfieldcomponents have been computed at two frequencies, considering an angle of incidence of 6i = 13°, </>¿ = 0°.
Fig. 2(a) shows the phase of the copolar reflection coefficients
for both linear components (R'xx anc* ^YY) a t 19.7 GHz as
the length of the symmetrical arcs is increased. The lengths
of the central dipoles on the lower and upper layer are fixed
to I A = 2.8 mm and IB = 2.34 mm, respectively. Note that the
lengths of the lateral dipoles on each layer are referred to the
lengths of the central ones and the elements have not been rotated yet. The phase curves present a smooth variation, and they
are in good agreement with the simulations obtained by CST.
The 180° phase difference between the two linear components
that ensures the condition R!xx = —R'yy is achieved at Q = 107°
(an arc length of 5.14 mm). Simulated losses are below 0.1 dB.
The phase of the reflection coefficients for both linear components at 29.5 GHz is presented in Fig. 2(b) as the lengths of
the dipoles are increased. The graphic only indicates the length
of the central dipole on the upper layer, IB, since the length
of the central dipole on the lower layer is adjusted between
I A = 2.5 mm and 5 mm to provide the required 180° phase difference to ensure R'xx = —R'yy The length of the arcs was fixed
to 5.14 mm (Q = 107°), assuming nonrotated elements. The
phases present a smooth variation within a range larger than 400°
where the 180° phase difference is fulfilled, which enables to adjust the lengths of the dipoles on one layer to provide the phase
shift required for the phase correction at 29.5 GHz, whereas the
orthogonal dipoles on the other layer are adjusted to fulfill the
180° phase difference. Simulated losses are below 0.5 dB.
The phase of the copolar reflection coefficients for the orthogonal CP components has been computed at both Tx and
Rx frequencies (19.7 and 29.5 GHz) when the appropriate elements are rotated counterclockwise (arcs for Tx, dipoles for
Rx), while the other elements remain unrotated (dipoles for
Tx, arcs for Rx); see Fig. 3. The results are shown as a function of the rotation angle: a Arc for Tx and QDÍ P for Rx. The
phases have been referenced to the phase of Rfxx, s o m a t
the value of the RHCP and LHCP phases at the cross point,
c^rot = 0°, is equal to 0°. First, the appropriate elements [the arcs
in Fig. 3(a), the dipoles in Fig. 3(b)] have been rotated without
adjusting their dimensions ("Fixed dim.," plotted in solid lines in
Fig. 3). Note that the reflectarray elements had been previously
designed to provide the 180° phase difference with nonrotated
elements (arot = 0 ° ) : The arc length corresponds to Q = 107°,
and the dipole lengths are I A = 2.8 mm and IB = 2.35 mm. The
phases obtained by SD-MoM are virtually identical to those obtained by CST (marked with crosses in Fig. 3), validating the
analysis tool for both frequency bands. Ideally, the CP phases
should be proportional to twice the rotation angle of the elements (±2'0¿rot, plotted in dotted lines in Fig. 3), but there are
some errors, which are up to 40° at 29.5 GHz [see Fig. 3(b)].
To reduce the phase errors, the rotated elements are adjusted
for each rotation angle to fulfil the 180° phase difference, and
the results ("Opt. dim.," in dashed lines in Fig. 3) show a better
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Fig. 3. Phases of the CP reflection coefficients (a) at 19.7 GHz versus arc
rotation angle and (b) at 29.5 GHz versus dipole rotation angle before and after
adjusting the dimensions of the elements for each rotation angle.
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Setup for measuring samples in waveguide simulator.

concordance with the ideal response (the largest difference is
13°, which appears at 29.5 GHz for ±60° rotation). Since the
phase difference between the LP components at 29.5 GHz has
been enforced to 180°, the phase error in CP is produced by an
increase of the cross-polar linear components (RfXY a n d R'YX)The simulated level of losses in CP (not shown here) is below
0.2 dB at 19.7 GHz. At 29.5 GHz, the losses are worse than 1 dB
for «Dip > 50° when the rotated dipoles are kept fixed, and they
have been reduced to < 0.5 dB after the adjustment for each
rotation angle. The reduction in \R'XX | and \R!Yy I a t 29.5 GHz
for large rotation angles is due to an increase of the cross-polar
components, which leads to higher phase errors, since the condition RfXY
,
0 is not accurately accomplished.
Rf,YX
D. Measurements of Cells in Waveguide Simulator
Several samples formed by two reflectarray cells have been
manufactured and measured using the well-known waveguide
simulator technique WGS (see Fig. 4) to test the performance
of the reflectarray cell in a periodic environment [22]. Since
the analysis tool based on SD-MoM has been already validated
by comparison with simulations from CST, the results obtained
here are used to accurately characterize the electrical properties
of the materials, which may show some variations with respect
to the nominal values provided by the manufacturer at 10 GHz.
The dielectric employed for the WGS samples is IsoClad 917
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Fig. 5. Reflection coefficient in module and phase of the reflectarray cells
placed in a WR51 waveguide.

Fig. 7. Phase of the cell reflection coefficients versus rotation angle of the
elements for (a) RHCP and (b) LHCP at 19.7 GHz, and (c) RHCP and (d) LHCP
at 29.5 GHz.

Fig. 6. Phases of the cell reflection coefficients versus dipole lengths for
(a) X- and (b) F-pol. at 29.5 GHz.

with nominal values: er = 2.17, tan£ = 0.0013 and thickness of
1.524 mm. The waveguide allows to analyze the cell response
associated to vertical polarization, so there is no necessity to
add horizontal dipoles, and hence, only one layer of substrate is
used. The samples are placed in WR51 and WR34 waveguides
(dimensions 12.95 mm x 6.48 mm and 8.64 mm x 4.32 mm,
respectively) to analyze the response within the frequency band
of each waveguide (15-22 GHz and 22-33 GHz, respectively).
The lengths of the printed arcs and dipoles for the WR51 samples are Ü = 110.4° and lB = 4.2 mm. The samples in WR34
waveguide only include three dipoles (IB = 3.1mm) and are
used to characterize the material at higher frequencies.
The measured curves of amplitude and phase of the reflection
coefficient for two manufactured samples in K band are shown
in Fig. 5 with the simulations, considering the variation of the angle of incidence with frequency into the waveguide. Note that the
measurements of the two samples are virtually identical, demonstrating a good repeatability. The dielectric properties of the substrate have been slightly adjusted to match simulations and measurements since simulations were already validated with CST.
The following values are obtained: er = 2.32, tan£ = 0.0052 for
the frequencies associated to the WR51, and er = 2.3, tan£ =
0.0058 within the frequency band of the WR34. Since the values
obtained at both frequency bands are very similar, the following
values have been used to repeat the simulations in Fig. 5 ("Corr.
Sim."): er = 2.3, tan£ = 0.005. Although the loss tangent has
been multiplied by a factor of 5, the measured losses are still
lower than 0.5 dB in practically the whole frequency band, except at resonance, where the losses may increase up to 2 dB. Note
that in a real reflectarray just a few cells will be on resonance,
and the average losses are expected to be less than 0.5 dB.
III. PARAMETRIC STUDY OF REFLECTARRAY CELL

Once the SD-MoM analysis software has been validated and
the dielectric material accurately characterized, a parametric
study of the reflectarray cell has been carried out in order to
test the performance of the cell. Fig. 6 shows the phase of the
copolar LP reflection coefficients (Rxx and RYY) a t 29.5 GHz

with respect to the lengths of the central dipoles on both layers,
considering nonrotated elements and arcs defined by Q = 107°.
This figure shows that the orthogonal dipoles on each layer are
practically uncoupled, so each LP can be independently controlled by the length of the appropriate dipoles: The dipoles on
layer A are oriented in the direction of x-axis, so the phase in
X-pol. can be mostly controlled by these dipoles [see Fig. 6(a)].
Similarly, the phase in 7-pol. can be adjusted by varying the
dipole lengths in layer B, oriented in the direction of y-axis [see
Fig. 6(b)]. The figures include the lines where the phase difference between both polarizations is 180°. Note that both polarizations present a phase range larger than 400°, as intended.
Simulated losses are below 0.5 dB.
Fig. 7 shows the phase response of the cell in both CP components at 19.7 and 29.5 GHz, when arcs and dipoles are independently rotated, considering fixed dimensions for the printed
elements (Q = 107°, I A = 2.8 mm, and IB = 2.34 mm). As can
be seen in Fig. 7(a) and (b), the phase response at 19.7 GHz can
be controlled by the arc rotation angle, achieving an independent operation of the Tx resonant elements with respect to the
Rx elements. This independence between the rotation of arcs
and dipoles slightly decreases if longer dipoles are considered.
At 29.5 GHz, the phase is influenced by a^ro which indicates
the importance of considering the real rotation angles of the arcs
in the process of adjusting the crossed dipoles.
IV. CONCLUSION

A new reflectarray cell has been proposed to provide opposite phase shifts between orthogonal CP at 19.7 and 29.5 GHz.
The reflectarray cell allows to implement the VRT with a dualfrequency operation, through independent rotation of arcs and
dipoles. The proposed reflectarray cells are presently being used
to design a 1.8 m parabolic reflectarray to generate two 0.65°
wide beams deviated 0.28° in RHCP and -0.28° in LHCP at Tx
and Rx, when illuminated by a dual CP feed. The preliminary
results show a minimum a edge-of-coverage gain around 45 dBi
and sidelobes that produce a carrier-to-interference ratio close
to 20 dB at 19.7 and 29.5 GHz. According to the preliminary
results, the proposed reflectarray cells could allow a reduction in
the number of feeds and antennas required in multispot satellites,
compared with conventional reflectors.
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