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Abstract— One planar 18x18 cm? reflectarray prototype,
capable of generating adjacent pencil beams with orthogonal
circular polarizations (CP) in Ka-band (19.2-20.2GHz), has been
designed, manufactured and measured as a proof-of-concept to
demonstrate the possibility of beam separation in dual CP
applications. The prototype exhibits main beams pointing at
elevation angles of 16.7° and 21.3° for left-hand CP and right-
hand CP respectively. A 1.5dB gain variation and 66% of
efficiency is achieved in the frequency band 19.2-20.2GHz for a
design center frequency of 19.7 GHz. These results will be useful
for future work involving the design of multi-spot dual CP and
dual band planar reflectarrays.

Index Terms— Satellite communications, Dipole arrays,
circular polarization, dual-polarized antennas, reflectarrays.

I INTRODUCTION

VER the last few decades, multiple-beam antenna systems
Ofor satellite communications have been very demanded.

Multiple-beam antennas are currently being used for
direct-broadcast satellites, personal communication satellites,
military communication satellites, and high-speed Internet
applications. These antennas provide mostly contiguous
coverage over a specitied field of view on Earth by using
high-gain multiple spot beams for transmit and receive
coverage [1].

In order to avoid mutual interference between the spot
beams, a four-color frequency and polarization reuse scheme
is usually employed [1]-[2]. In this scheme two different
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frequency sub-bands and two orthogonal polarizations are
used in such a way that each spot in two adjacent colors could
differ in frequency, polarization or both [3]. Therefore, the
spots can transfer different information without mutual
interferences. Spots with the same color use the same
frequency and the same polarization, but they are spatially
isolated from each other, so no spot has a neighbor with the
same color.

In recent years, a significant effort has been carried out in
reducing the number of main apertures which generate the
multiple spot beam coverage. Several solutions involving
reflector antennas have been addressed [3]. Planar printed
reflectarray antennas [4]-[5] have proven to be a potential
alternative to shaped curved reflectors antennas thanks to
low-protile, low mass and reduced manufacturing time and
cost. Dual linear polarization printed planar reflectarrays have
been designed which make it possible to achieve any value of
phase—shift independently for each polarization, which can be
used to generate different beams in each polarization within
the same frequency band [6]-[8]. Also, printed planar
reflectarrays offer the capability to generate pencil beams with
the same beam direction which operate in two frequency
bands for single polarization in each frequency band [9]-[13].
In particular, in [9] and [10] different single-layer multi-
resonant elements are used to generate a focused beam for
left-hand circular polarization (LHCP) at 20GHz and a
focused beam for right-hand circular polarization (RHCP) at
30GHz. In [11] an element based on rectangular stacked
patches is used to design a dual band pencil beam reflectarray
operating at 6.5 GHz and 10.5 GHz with the same linear
polarization. In [12] a dual-band X/Ka reflectarray with single
linear polarization has been implemented by placing a Ka-
band reflectarray backed by an FSS on top of an X-band
reflectarray. This strategy has been extended in [13] for the
design of a circularly polarized tri-band reflectarray which
operates at 1.6 GHz, 20.0 GHz and 29.8 GHz with RHCP,
LHCP and RHCP respectively. However, despite the results of
[12] and [13] are satisfactory, the antennas proposed in these
two works require thick layers and three metallization levels,
which make them bulky and difficult to manufacture.

Recent works [14]-[15] have shown the capabilities of
planar reflectarrays made of sets of orthogonal dipoles to
generate independent beams in orthogonal linear polarizations
in two frequency bands (for K/Ka frequency bands in [14],
and Kuw/K bands in [15]). Unfortunately, the generation of



independent beams in dual circular polarization (CP) is not an
casy task. A reflectarray cell was proposed in [16] to provide
independent phasing in each CP. The cells were made of two
printed layers separated 20-mm and enclosed in metallic
cavities to avoid coupling. Whereas the upper layer is a CP
selective surface with vertical bias that reflects LHCP waves
and transmit RHCP waves with a 2-bit phase resolution, the
lower layer is a star-like dipole configuration that reflects
RHCP waves, also with a 2-bit phase resolution. A small size
reflectarray made of 97 cells arranged in a 11 by 11 grid was
used to demonstrate the generation ol independent beams in
dual-CP with 9.4% bandwidth at 8.37 GHz [17]. Although the
results were satisfactory, the geometry is bulky and the
manufacturing process is complicated because of the presence
of metallic cavities to isolate the cells, and because of the
existence of different layers and spacers. one of the layers
including vertical bias. Therefore, this configuration does not
seem to be very suitable for multi-beam antennas used in
space applications.

In [3] a parabolic reflectarray was designed Lo generate (wo
adjacent beams in dual-CP at 20 GHz. In this design, while the
parabolic surface was used to collimate the beam, the
introduction of the reflectarray with variable rotation angles of
the elements was used to separate the pointing directions of
the pencil beams for LHCP and RHCP. In this work we
demonstrate that it is possible to obtain separate beams in dual
CP by using a flat reflectarray to both collimate the beam and
discriminate in CP. This result will be useful for future work
aimed at designing multi-spot dual CP and dual band planar
reflectarrays.

As a proof-of-concept, in order to separate the LHCP and
RHCP beams generated by a planar reflectarray, in this work
we will use the element based on two orthogonal sets of three
parallel dipoles described in [8]. It has been already shown
that this element makes it possible an independent control of
the beams in dual linear polarization applications [8], while
requiring a simple manufacturing process. The elements will
be rotated to generate two different pencil beams in dual CP at
19.7GHz. Section II will show how the rotation angles of the
elements can be used (o separate the reflection phases in
LHCP and RHCP. In section III, a conventional adjustment of
the dipoles lengths will be carried out in a preliminary design
to radiate pencil beams in the same direction for dual circular
polarizations. Then, the variable rotation angles of the
elements of the reflectarray will introduce the required phase-
shift in circular polarization to split the beam directions by
discriminating in circular polarization. Finally, experimental
results and conclusions will be provided in sections IV and V
respectively.

II. REFLECTARRAY ELEMENT

The reflectarray proposed in this paper is made of
reflectarray elements based on two orthogonal sets of three
parallel dipoles [8] as shown in Fig. 1(a). When the dipoles are
parallel to the boundaries of the unit cell as in Fig. 1(a), one
set of dipoles is introduced to control the phase-shift in one
linear polarization, and the other set is introduced to control
the phase-shift in the orthogonal linear polarization.
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Fig. 1. (a) Reflectarray element based on two orthogonal sets of three
coplanar parallel dipoles without rotation. (b) Reflectarray element with

rotated dipoles and definition of rotation angle Qror.

Both set of dipoles are printed on the opposite sides of the
upper dielectric layer. A bottom dielectric layer is used as
separator with the ground plane, and a third bonding layer is
used between the upper layer and the separator. The material
used for the upper layer and the separator is a commercial low
loss material to reduce the RF losses, Diclad™ 880.
Honeycomb can also be used instead as a separator to reduce
the mass in space antennas. Thermoplastic bonding film 6250
is used as bonding layer. So, the multilayered substrate
supporting the reflectarray element is composed of three
diclectric layers with thickness A; and complex permittivity
ei=gpei(1-j-tand;) -i=1,2,3- (see Fig. 1(a)), where 4 =2.3, e =
2.32, &3 =217, tand; = 0.0023, tand> = 0.0013, tand: = 0.002,
hy = 1.524 mm, h2 = 0.076 mm, Az = 0.127 mm. A period of
a=b=7.2 mm (which is roughly 0.47k at 19.7 GHz) has been
selected to provide both enough room for the dipoles and
enough range of phase-shift at the design frequency and, at the
same time, to avoid the appearance of grating lobes. The rest
of the geometrical parameters have been adjusted to provide a
smooth and linear behavior of the phase-shift for variations of
the lengths of the dipoles, the final dimensions being /i1 =
0701, =07, w=0.5mm, s; = 52= 1.9 mm.

In order to provide an additional phase-shift in CP, in this
paper the dipoles of Fig. 1(a) will be rotated as shown in Fig.
1(b). A home-made electromagnetic code that applies the
Method of Moments in the Spectral Domain (MoM-SD) is
used for the analysis of the reflectarray cell with rotated
dipoles of Fig. 1(b) in a periodic environment. Basis functions
accounting for edge singularities are used in the
approximation of the current density of the dipoles [18]. The
Fourier Transforms of these basis functions on the rotated



dipoles are computed as described in [19]. The reflectarray
cell is characterized by means of the reflection matrix R,
which includes the co-polar and cross-polar reflection
coefficients for the two linear polarizations which are parallel
to the axes xp and yo shown in Fig. 1(b). The R malrix relating
the cartesian complex components of the reflected and
incident tangential electric field on the reflectarray cell in a
periodic environment can be written as shown below:
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The complex z-component of the reflected electric field is

compuled by the known plane wave relation as shown below:
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where kg is the propagation constant in vacuum, and & and ¢
are the spherical angular coordinates of the incident direction
of the plane wave impinging on the periodic cell.

In the same way, a matrix R’ can be defined relating the
cartesian complex components of the reflected and incident
tangential electric with respect to the axes x’y and y’y of Fig.
1(b). Bearing in mind that the axes x’ and y’ are the result of
rotating the axes xp and yp an angle % around the z axis, R’
can be obtained in terms of R as shown below:

[Fl‘ '« R 'ny _[ cos(ay )

R R -sin(g,) cos(a,)

sin(m]_[ﬂ,x H,y)_[cosm) fsin(a,d)] A3).

R, R, )\sin(e,) cos(e,)

The right and left CP complex components of the reflected
and incident electric  fields  -Egucp=Eg+j-Es and
Erncr=Eg—j-E4 can be obtained in terms of the complex
components in spherical coordinates Eg and Ey. And Eg and Ey
can be obtained in terms of the cartesian components Ex, E,,
and E, by means of the transformations shown in [20]. So, we
can define a matrix R® which relates the complex CP
components of the reflected and incident tangential electric
field on the reflectarray cell in a periodic environment as
shown below:
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The reflection coefficients Ry and Ryy have been computed
at different frequencies as a function of the dipole lengths
when [, = I; = L in the case where the dipoles are not rotated
(&0=0°). Fig. 2 shows the results for the magnitude and phase
of Rxx under oblique incidence (¢; = 19° ¢ = (°). Similar
curves have been obtained for Ryy. The results show low level
of losses (lower than 0.2dB) and very linear and smooth
behavior of the phase curves with phase range larger than
400°, If a reflectarray antenna is to be designed, the phase
curves for Ry and Ry, can be used to adjust the dipole
dimensions in each reflectarray cell that introduce the required
phase-shift for the generation of a pencil beam in dual linear
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polarization when the reflectarray is fed by a linearly polarized
feeder [4], [8].
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Fig. 2. Magnitude and phase of the cell reflection coefficient Ry, with respect
to the length of dipoles at different frequencies under oblique incidence (6; =
19°, ¢; = 0°) when ¢,,~0°.

In Ref [21], Huang and Pogorzelski qualitatively
demonstrated that the phases of the coefficients Rguce zuce and
Riucpiace defined in (4) have a linear dependence on the
rotation angle @ defined in Fig. 1(b). This linear dependence
can be wrilten as

ZRavice prce =Wo + 200, £Ricpiree =Wo 200, O).

rot?

where o is the phase of Rrucpruce and Ripcp,Luce when the
reflectarray element isn’t rotated. The demonstration of (5)
given in [21] was not rigorous, and was only provided for a
wave normally incident on the periodic structure containing
the reflectarray element. Based on this demonstration, a planar
reflectarray made of identical patches having variable rotation
angles was designed in [21] to generate a circularly polarized
pencil beam, and the concept worked pretty well. The concept
of element rotation for CP generation was revisited in [3],
where a parabolic reflectarray made of dipoles was designed
to generate two independent beams with orthogonal CPs. In
this latter case, the element rotation concept was used to
separate the (wo circularly polarized beams. In principle, the
rotations of the elements were carried out in accordance with
(5). However, the authors of [3] comment that the lengths of
the dipoles had to be adjusted after angle rotation in each
reflectarray cell in order (o compensate for the effect of the
different incidence angles.

Fig. 3 (a) shows the difference between the phases of R’y
and R’yy when the dipoles of Fig. 1(b) are rotated as a function
of the rotation angle @, The lengths of the dipoles of each
orthogonal set have been adjusted to provide 180° of
difference of phase (In = 5.8 mm; [ = 498 mm) when the
dipoles aren’t rotated. Note that this phase difference in the
absence of rotation was explicitly enforced in Eqns. (3) and
(5) of [21] before the elements were rotated for the generation
of CP. The results of Fig. 3 (a) show that the phase difference



departs from 180° when the dipoles rotate, reaching a
maximum departure of 35° with respect to the 180° value.
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Fig.3. (a) Difference of phase between R’y and R’yy as a function of the
rotation angle. (b) Phase of Rruceruce and Rigceucr as a function of the
rotation angle. Both analysis are made with »; = 5.8 mm and 5, =4.98 mm
under oblique incidence (0; = 19° ¢; = 0°).

Flg 3 (b) shows the thSCS of RRH(;]J_R[[(_‘p and Ru[{;p_]_]l(_‘p das a
function of the rotation angle o These results show a
roughly linear behavior of the phase curves for small rotations.
However, the behavior of the phases of Rgrucprucp and
Rypcprucp departs from linearity as |G | increases, which is
due to the fact that the difference between the phases of R’y
and R'yy departs from 180° in Fig. 3 (a) up to a maximum
value of 35°. Although a linear behavior would be desirable
for the design of a circularly polarized reflectarray based on
element rotation [21], the results of Fig. 3(b) indicate that Eqn.
(5) is just a very coarse approximation. The shape of the
curves shown in Fig. 3(b) change as the angles of incidence
and the dimensions of the dipoles change, which is something
to be taken into account in a reflecterray design where the
angles of incidence and the dimensions of the dipoles change
from cell to cell. One interesting thing about Fig. 3(b) is that
despite the non-linearity of the curves, a rotation angle Qo of
the reflectarray element will introduce opposite sign shifts of
roughly the same magnitude in the phases of the coefficients
Rrucpruce and Riucpincp with respect to the non-rotated case.
In the next section this idea will be exploited in a planar
reflectarray design to generate two independent pencil beams

with orthogonal circular polarization. First, an adjustment of
the dipoles lengths will be carried out in a preliminary design
to generate radiated pencil beams in the same direction for
dual linear polarizations. This means that in case the feeder is
circularly polarized, the designed reflectarray will generate
pencil beams with the same beam direction for dual circular
polarization. Once this pre-design is [inished, we will compute
the values of the phases of Rrucpruce and Rypcp.incp that are
required to separate the directions of the dual circular
polarization beams by means of conventional reflectarray
theory [4]. Then, the required values of ¢ for each element
will be obtained in terms of the necessary shifts for the phases
of Rrucpruce and Ryncpuce. In this latter step, we will not use
the approximation (5) because it is not accurate enough.
Instead, real phase shift curves of the type shown in Fig. 3(b)
will be used for each reflectarray element.

ITII. REFLECTARRAY DESIGN TO GENERATE TWO INDEPENDENT
RADIATED BEAMS IN DUAL CIRCULAR POLARIZATION

In this section, we present the design of a planar reflectarray
capable to radiate two collimated beams at dual CPs at a
center frequency of 19.7 GHz. The reflectarray consists of
25x25 elements, and it is based on the element with two
orthogonal sets of rotated dipoles (see Fig. 1(b)) described in
Section II.

A. Experimental characterization of the corrugated feed-
horn

In order to feed the designed reflectarray, we use a circularly
polarized corrugated feed horn operating in the frequency
band 19.2-20.2GHz. The phase centre of the horn is located at
the coordinates (xr, yi, zp=(-0.056, 0.0, 0.170) (m) referred to
a coordinate system with origin at the center of the reflectarray
(see Fig. 6). The corrugations in the feed horn are introduced
to minimize cross-pol levels and to reduce sidelobes for lower
spillover loss. The corrugated feed-horn is connected to an
orthomode transducer (OMT) to operate in the desired single
circular polarization. The radiation pattern of the corrugated
feed horn has been measured in an anechoic chamber at
Universidad Politecnica de Madrid.

Fig. 4(a) shows the corrugated feed-horn mounted in the
anechoic chamber. Fig. 4(b) shows the measured copolar and
cross-polar radiation patterns for RHCP in the azimuth plane
at the extreme and central frequencies of the 19.2-20.2 GHz
band. Similar measured results have been obtained for LHCP.
In Fig. 4(b) we compare the measured the radiation patterns
and simulated radiation patterns at 19.7GHz. The simulations
have been carried out by means of CST software. Very good
agreement between measurements and simulations is observed
for the copolar component of the radiation pattern. However,
the crosspolar level of measurements is substantially higher
than that of the simulations. These discrepancies are
associated to the OMT connected to the feed horn. This OMT
introduces a cross-polarization level that is present in the
measurement process, but it has not been considered in the
simulations. Moreover, since the center frequency of the OMT
is close to 20.2 GHz, the larger the departure from this
frequency, the larger the cross-polarization, which can be



observed in Fig. 4 (b). It is expected that the large level of
cross-polarization introduced by the OMT in the corrugated
horn will have a deleterious effect on the cross-polarization of
the reflectarray antenna fed by this horn.
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Fig. 4. (a) Corrugated feed horn in the anechoic chamber. (b) Measured and
simulated co- and cross-polar radiation patterns of the corrugated feed horn in
the azimuth plane. The results are for RHCP.

Fig. 5 shows the relative illumination level obtained with
simulations on the reflectarray aperture at 19.7GHz when the
corrugated feed horn is operating at RHCP. A similar
illumination pattern is obtained for LHCP. The results show a
level of illumination at the edges of the reflectarray around -
7.5dB with respect to the maximum level of illumination
existing at the center of the reflectarray. This level of
illumination provides an acceptable level for spillover loss.
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Fig. 5. Simulation results for the relative illumination level obtained on the
reflectarray aperture at 19.7GHz when the aperture is fed by the corrugated
horn operating at RHCP.

B. Reflectarray design to generate the same pencil beam
Jor both RHCP and LHCP

The planar reflectarray consists ol 25x25 elements arranged
in a square grid. Since the dimensions of the cells used in
Section II are 7.2 mm x 7.2 mm, the total dimensions of the
reflectarray are 18 cm x 18 cm. In a preliminary step, we have
designed a dual linear polarization reflectarray with elements
of the type shown in Fig. 1(a) without rotated dipoles at a
center frequency of 19.7 GHz by following the design
procedure described in [8]. This reflectarray is intended to
produce a focused beam in the direction given by @heam=0"

and Ghean=19° for both linear X and Y-polarization parallel to
the axis Xra-Yra of Fig. 6.

Fig. 6. Reflectarray antenna without rotated dipoles. Coordinate system with
origin at the reflectarray center and beam direction.

Fig. 7(a) and (b) show the required phase shift on the
clements of the reflectarray to generate a pencil beam in the
desired direction at 19.7GHz for X and Y-polarization
respectively [4]. The phase-shifts enforced in each element for
one linear polarization have been deliberately shifted 180°
from those enforced in the orthogonal polarization since this
phase difference between the two linear polarizations is a
necessary requirement for the phase adjustment in CP by
means of element rotation as shown in Eqns. (3) and (5) of
[21].

The reflectarray has been designed at a single frequency
19.7 GHz by keeping the relative lengths of dipoles defined in
section 1I, and by adjusting the lengths of each set of parallel
dipoles to match the phase distribution required in each linear
polarization. The lengths of the dipoles are found by a zero
finding routine that iteratively calls the MoM-SD analysis
tool. In this design process, local periodicity is assumed and
the angle of incidence in each element of the reflectarray is
explicitly considered.

Even though the lengths of dipoles have been adjusted to
generate a pencil beam in the same direction for both X and
Y-polarizations parallel to the periodic cell, the reflectarray
will also generate a pencil beam in the same direction for both
RHCP and LHCP when it is fed by the circularly polarized
corrugated horn described in subsection I11LA.
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Fig. 7. Required phase-shift on the elements of the reflectarray to generate a
pencil beam at 19.7GHz in the direction given by @heam=0° and Gpean=19° (a)
for X-polarization and (b) for Y-polarization.
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Fig. 8. Main cuts of the radiation patterns generated at 19.7GHz by the
reflectarray designed for dual linear polarization in the case where the
reflectarray is illuminated by the corrugated circularly polarized feed horn.
(a) Elevation cut. (b) Azimuth cut.

Fig. 8 shows the elevation and azimuth cuts of the
computed radiation patterns in both CPs at 19.7GHz when the
reflectarray is fed by the corrugated horn. These radiation

patterns are computed in terms of the electric and magnetic
currents existing on the surface of each reflectarray element
(technique II in [22]), and these currents are obtained by
means of the home-made MoM-SD numerical tool under the
local periodicity assumption [8]. The antenna gain is
computed in terms of the power radiated by the corrugated
horn, and the radiation patterns are computed with reference to
the isotropic antenna (in dBi) [4]. The numerical results
obtained for the radiation patterns indicate a gain of 29.55
dBi (i.e. an efficiency of 66%) at 19.7 GHz, a 3dB-beamwidth
of 4.6° and very low cross polarization (35 dB and 40 dB
below the maximum of the co-polar beam in the elevation and
azimuth plane respectively).

C. Application of variable rotation technique to separate
the pencil beams of RHCP and LHCP

According to Eqn. (3.1) of [4], the pencil beam radiated by
the reflectarray of Subsection III.B will slightly modify its
pointing direction from Gheam 10 Gheant AE peam fOr heam=0°
(ABpeam<< is assumed) if the phase of the reflected electric
field on the reflectarray aperture is shifted in each element of
the reflectarray by the following amount:

A@, = —k,sin(AB,,,, ) cos(B,,,,)X; (6).
where ky is free space propagation constant, and x; is the x-
coordinate of the ith-element of the reflectarray in the
coordinate system shown in Fig. 6.

Fig. 9(a) and (b) show the phase shifts of Rruceruce and
Rincence that would be required on the elements of the
reflectarray designed in Subsection III.B in order to obtain
modifications in the main beam directions of A&e.,=2.3" for
LHCP and A6Gheam=-2.3° for RHCP at 19.7 GHz respectively.
The required phase shifts are obtained from (6). Since the
original design of the reflectarray provides a 3dB-beamwidth
of 4.6° the angular displacements A6hen=2.3° and AGean=-
2.3° will produce separate beams that intersect at the point of 3
dB gain drop.

Eqn. (6) and Fig. 9(a) and (b) clearly indicate that if the
values of AGheam for LHCP and RHCP are of equal magnitude
and opposite sign, the phase shifts in each reflectarray element
for LHCP and RHCP also have to be of the same magnitude
and opposite sign, i. e., the phase shifts in the ith-element of
the reflectarray have to fulfill the following condition

A@ zucr = AP, 1 uce (7).

If we now have a look at Fig. 3(b), we see that condition
(7) is roughly fulfilled when the element of Fig. 1(a) is rotated
an angle 04, as shown in Fig. 1(b). Therefore, we can take
advantage of the dipoles rotations in each of the elements of
the reflectarray of Subsection IIL.B to fulfill condition (7).

In order to separate the main beams of LHCP and RHCP in
the reflectarray designed in Subsection 1I1.B, the angle of
rotation . has been adjusted in each element by means of
curves such as those of Fig. 3(b) in order to match the required
phase-shifts imposed by Fig. 9(a) and (b). The required



distribution of angles of rotation is plotted in Fig. 10(a). Note
that even though the phase shifts shown in Fig. 9(a) and (b) do
not vary within the same column -i. e., among the elements
with the same value of x;- in accordance with Eqn. (6), the
required values of G, plotted in Fig. 10(a) do vary within the
same column. And this is because the required values of Qo
for a certain phase shift depend on the angles of incidence and
on the dimensions of the dipoles, which vary from one
element of the reflectarray to another. Therefore, a figure such
as Fig. 3(b) has been generated for each reflectarray element
considering its particular angles of incidence and its particular
dipoles dimensions. Fig. 10(b) shows the distribution of
rotation angles that is obtained when Eqn. (5) is assumed to be
valid. Please note that in this latter case the values of oy do
not vary within the same column since a linear relation is
assumed between the phases of Riuceruce and Rruceruce and
Oy However, the values of oo plotted in Fig. 10(a), which
are virtually exact, clearly show that Eqn. (5) is a coarse
approximation. One alternative way to fulfill condition (7)
while keeping the distribution of rotation angles of Fig. 10(b)
is to adjust the dipole lengths after rotation in each element,
which is the approach followed in [3].
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Fig. 9. Shift in the phases of Riycpiice and Repepruce for the reflectarray
designed in Subsection IILB that are required for (a) a modification
A60n=2.3" in the main beam direction of LHCP at 19.7 GHz and (b) a
modification A6y, =-2.3° in the main beam direction of RHCP at 19.7 GHz.

The reflectarray with separate main beam directions in
RHCP and LHCP that has been designed in accordance with
the distribution of rotation angles shown in Fig. 10(a) has been

manufactured, and their radiation patterns have been
measured. The experimental results will be shown in the next
section.
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Fig. 10.Rotation angle o, required for cach element of the reflectarray
designed in Subsection IILB in order to fit the phase shifts shown in Figs. 9(a)
and 9(b) for the phases of Rpucpwucr and Ripcpince respectively. (a)
Distribution of rotation angles based on Fig. 3(b) for cach reflectarray element

considering the exact incidence angles. (b) Distribution of rotation angles
based on Eqn. (5).

IV. EXPERIMENTAL RESULTS

The reflectarray with the distribution of rotation angles
shown in Fig. 10(a) has been manufactured and its radiation
patterns have been measured in a compact range system (see
Fig. 11) at Universidad Politecnica de Madrid. The
measurements have been carried out at the extreme and center
frequencies of the band 19.2-20.2 GHz.

Fig. 11.Reflectarray prototype.

Fig. 12 shows the elevation cut of the simulated and
measured radiation patterns provided by the reflectarray
prototype at 19.7GHz.
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Fig. 12. Measured and simulated elevation cuts for the radiation patterns of
the reflectarray designed with separate beams for RHCP and LHCP. The
results are presented for a frequency of 19.7 GHz.  Simulated cross-
polarization results are presented for the two different layer configurations of
Fig. 13.

Very good agreement between measured and simulated
copolar radiation patterns are observed in Fig. 12. In fact, the
direction of the main beams for both LHCP and RHCP are
shifted +/-2.3° with respect to the direction of the main beams
shown in Fig. 8(a), which is the final goal of the design
procedure described in Subsection III.C. Fig. 12 clearly
demonstrates the beam directions of dual CPs can be separated
with a planar reflectarray. Furthermore, a second planar
reflectarray was designed and measured in which the
distribution of rotation angles of Fig. 10(b) was used and the
dimensions of the dipoles were subsequently adjusted to fulfill
condition (7), which is the approach followed in [3] for the
design of a reflectarray with separate CP beams on a curved
surface. In spite of being planar, this second reflectarray also
demonstrated the capability of beam separation for LHCP and
RHCP in accordance with the design specifications.

Fig. 12 shows the maximum level of cross-polarization is
about 15 dB below the maximum gain in the main beams both
in the measured and simulated results, which indicates a large
cross-polarization level. This is attributed to an error during
the fabrication of the prototype. Whereas the design of the
mask (including the choice of the rotation angle and the dipole
lengths for each element) was carried out assuming the dipoles
were printed at both sides of the upper dielectric layer as
shown in Fig. 13(a) (and in Fig. 1), in the manufactured
prototype the upper dipoles were printed on the upper layer
and the lower dipoles were printed on the separator, which is
the configuration shown in Fig. 13(b). This manufacturing
error introduces small phase errors that practically do not
affect the copolar component of radiation, but it has a
significant effect on the cross-polar component as shown in
Fig. 12. In fact, this figure indicates the simulated levels of
cross-polarization for the correct configuration of Fig. 13(a)
are substantially lower than those obtained for the incorrect
configuration of Fig. 13(b). These two sets of cross-
polarization results were obtained with the dipole dimensions
and rotation angles that resulted from the design the antenna
under the assumption that the substrate was that of the
configuration of Fig. 13(a). The good agreement between the
cross-polarization measurements and the cross-polarization
simulations obtained with the incorrect configuration of Fig.

13(b) indicates that the high level of cross-polarization of the
manufactured breadboard is mainly due to the incorrect
position of the dipoles in the fabricated antenna with respect to
that assumed in the original design. We would like to add that
owing to the cross-polar levels introduced by the OMT which
are not included in the design, levels of cross-polarizations
around 20 dB below the maximum gain should be expected in
the measurements, even though errors had not been made in
the design of the prototype.

(b)
Fig. 13.Side view of the designed reflectarray. The metallizations are shown
in black color, the upper layer and the separator are shown in yellow color,
and the thermoplastic bonding film, in red color. (a) Correct configurations of
dipoles and layers. (b) Incorrect configuration of dipoles and layers.
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Fig. 14.Elevation cuts of the measured radiation patterns for the manufactured
prototype at 19.2 and 20.2 GHz.
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Fig. 15. Variation of measured gain as a function of frequency.

Fig. 14 shows the measured radiation patterns of the
prototype in the elevation plane at the extreme frequencies of
the band 19.2-20.2GHz. A gain drop around 1.5dB is observed
at 19.2GHz. It has been found that this gain drop can be
reduced if the reflectarray is redesigned at a frequency slightly
lower than 19.7 GHz (e.g., at a frequency of 19.5 GHz). The



high levels of the measured cross-polar radiation patterns in
Fig. 14 are again attributed to the errors in the design process
described in the previous paragraph. Fig. 15 shows the
measured values of gain as a function of the frequency for the
RCHP and LHCP main beams. The gain is measured at the
fixed angular directions Gean-A6Gean=16.7° tor RHCP and
OveamT A Opeamn= 21.3° for LHCP. The prototype exhibits 7.6%
bandwidth for 1.5dB gain variation, which covers the desired
frequency band of operation 19.2-20.2GHz.

The next table summarizes the performance of the
manufactured prototype in the whole frequency band.

Table I: Summary of performance of the manufactured prototype

BGoeors at Gain at Bandwidth Antenna Maximum Cross-polar
19.7GHz 19.7GHz 1.5dB gain Efficiency side lobe discrimination
(CP) variation at 19.7GHz level at 19.7GHz
16.7° 29.39dB 7.6% 63% 12.36dB 13.27dB

(RHCP)
21.3° 29.52dB 7.6% 66% 11.98dB 13.12dB
(LHCP)

V. CONCLUSION

A procedure has been presented to separate the beams of
orthogonal CPs in a reflectarray antenna by means of variable
rotations of the reflectarray elements. A planar 18 cm x 18 cm
prototype, capable of generating adjacent pencil beams for
orthogonal CPs in Ka-band (19.2-20.2GHz) has been
designed, manufactured and measured as a proof-of-concept to
demonstrate the possibility of separating the CP beams. Good
agreement between measured and simulated copolar radiation
patterns has been observed. The copolar radiation patterns
exhibit main beams pointing at 16.7° for RHCP and 21.3° for
LHCP, with 1.5dB gain variation and 66% of efficiency in the
whole frequency band 19.2-20.2GHz. Large cross-polarization
levels have been detected in the measured results (15 dB
below the gain maxima), which are attributed to an error in the
location of the bonding layer during the fabrication of the
measured prototype.
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