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Abstract—Easy technique to compute the required phase to 

tilt a pencil beam to the desired direction is proposed. This 

require phase is added to the reflected fields by the variable 

rotation technique (VRT) in reflectarrays printed on parabolic 

surfaces fed by a single dual circular polarized (CP) horn. The 

proposed reflectarray cell for VRT is made of a conductive cross 

printed on a grounded dielectric. To demonstrate the 

multibeam capacity a 1.8-meter offset parabolic reflectarray has 

been designed to generate six beams in circular polarization with 

three dual-CP feed-horns, with very promising results for multi 

spot beam satellite antennas in Ka-band.  

Index Terms—reflectarray, satellite antennas, multibeam 

antennas, moment method. 

I.  INTRODUCTION  

Multiple-beam antennas provide mostly contiguous 
coverage over a specified field of view on Earth by using 
high-gain multiple spot beams for transmit and receive 
coverage [1]-[2]. Today dual-polarization, dual-band 
reflectarrays for circular polarization have received a great 
interest for multi-beam satellite antennas because this 
technology could reduce the number of apertures in the 
satellite [3]-[4].  

Reflectarrays based on rotating elements have been 
demonstrated for generating a pencil beam in circular 
polarization with very low levels of cross-polarization [5] 
by variable rotation technique (VRT). 

In this work, we present analysis and design techniques 
of multi beam parabolic reflectarrays exploiting the 
discrimination in CP associated to the VRT, similar to the 
work presented in [6] but with some important differences. 
First, we explore the usage of rotating elements that by 
themselves provide the reflection properties required by the 
VRT. In particular, we have chosen as rotating element a 
cross with thin arms. Contrary to the single dipoles proposed 
in [6], these elements depend weakly on the thickness and 
other parameters of the reflectarray dielectric layers. The 
independent phase control on both field components, 
provides more flexibility in the design process, in order to 
correct phase errors, for example a small phase correction 
can be added on both polarizations to improve the beam 
shaping. Second, the reflectarray cells are analyzed using a 
Method of Moment (MoM) formulation in “space domain” 
for planar periodic multilayer structures [7], which provides 

a great flexibility for a fast and accurate design of unit cells 
with arbitrarily shaped elements. Third, in spite of presenting 
in this work a specific design on parabolic surface, the 
proposed scheme for designing multi-beam antennas using 
the VRT is shown on arbitrary shaped surface,. 

II. REQUIRED ADDITIONAL PHASE TO TILT A BEAM TO 

THE DESIRED DIRECTION 

Fig. 1 shows a two-dimensional view of a reflectarray / 
reflector antenna with the phase center of the feed at the 
source point. In this section an easy technique is shown to 
compute the required phase distribution to be added in 
reflected wave by the elements of the reflectarray in order to 
tilt the pencil beam to the desired direction. In this 
formulation ray optics theory is considered.  

Let us consider the impinging wave on the ith-element of 
the reflectarray with propagation vector given by 

kinc=k0[sin(θinc)cos(φinc) ɵ 'x +sin(θinc)sin(φinc) ɵ 'y -cos(θinc) 'zɵ ] 

where k0 is the vacuum wavenumber at the working 
frequency and θinc, φinc are the spherical angular coordinates 
of the impinging wave in the local reference system on the 
ith-element (see x’-z’ axis in Fig. 1). According with the 
law of reflection a reflected wave will be produced with the 

propagation vector kref = k0[sin(θinc)cos(φinc) ɵ 'x  

+sin(θinc)sin(φinc) ɵ 'y  +cos(θinc) 'zɵ ]. In this way, the phase of 

the reflected wave will be kref·r where r is the vector 
position of the ith-element of the reflectarray with respect to 
global reference system shown in Fig. 1 (see x-z axis in Fig. 
1). Now, let us consider a reflected wave with propagation 

vector given by kbeam,1=k0[sin(θbeam,1)cos(φbeam,1) ɵ 'x + 

sin(θbeam,1)sin(φbeam,1) ɵ 'y +cos(θbeam,1) 'zɵ ] where θbeam,1 and 

φbeam,1 are the spherical angular coordinates of the desired 
beam direction in the local reference system on the ith-
element (see again x’-z’ axis in Fig. 1). In order to obtain 
the desired reflected wave with the desired beam direction, 
the ith-element should introduce to the reflected wave the 
additional phase given by: 

beam,1 ref( )⋅ = − ⋅Δk r k k r     (1) 



On the other hand, let us consider a desired reflected wave 

with propagation vector kbeam,2= k0[sin(θbeam,2)cos(φbeam,2) ɵ 'x  

+sin(θbeam,2)sin(φbeam,2) ɵ 'y  +cos(θbeam,2) 'zɵ ] shown in Fig. 1 

where θbeam,2 and φbeam,2 are the spherical angular coordinates 
of the desired beam direction in the local reference system 
on the ith-element (see again x’-z’ axis in Fig. 1). According 
with Fig. 1, this direction of the reflected wave is the 
specular direction with respect to the propagation vector kref. 
In order to obtain the desired reflected wave with this 
desired beam direction, ith-element should introduce to the 
reflected wave the additional phase given by: 

ref beam,1( )− ⋅ = − ⋅Δk r k k r       (2) 

We would like to point out that the additional phases 
given in (1) and (2) are of equal magnitude and opposite 
sign. These opposite additional phases can be added to the 
phase of the reflected wave using the same layout by VRT 
[6]. Note that the additional phases given in (1) and (2) can 
be computed by arbitrary surface (i.e. the vector position r 

does not suffer any constraint). In this work we have 
considered a particular case to apply the VTR. We consider 
an offset parabolic reflector with parabola vertex at the 
coordinate origin. The rest of geometrical parameters are the 
following: focus in the z-axis at 2.718 m of height, symmetry 
plane of the parabola at y=0, diameter of the disk of 1.812 m, 
clearance of 0.35 m (focal/diameter ratio is of 1.5 m). The 
primitive direction of the main beam is the z-axis. The 
desired directions are θbeam,1=+0.28º, φbeam,1=0º and θbeam,2 =   
-0.28º, φbeam,2=0º of the main beams. 

For this reflector, the maximum and minimum values of 
the additional phase given by (1) is obtained for the extreme 
values of coordinates x, that are 0.35 m and 2.162 m, 
respectively. The difference of the values that takes in the 
extreme values for θbeam,1=+0.28º is of 3.66 radians at 19.7 
GHz. If we consider the value of the additional phase given 
by (1) for the center of the disk, we note that the phase 
change only 1.83 radians from this center to any extreme 
point of the disk, that is only 105º. Using a rough rule that 
say that the phase delay introduced by the rotating element is 
proportional to twice the rotation angle [5]-[6],[8], we can 
state that regarding the angular rotation value at the center of 
the disk the unit element rotation angle is always in the range 
from -52.5º to +52.5º.  

III. DESIGN OF THE CELLS FOR THE VARIABLE ROTATION 

TECHNIQUE 

We consider a normally incident LHCP plane wave on a 
periodic array with the unit cell shown in Fig. 2. The unit cell 
consist of a cross embedded in the interface of the two 
dielectric layers shown in Fig. 2(b). The plane wave is 

propagating in the - 'zɵ  direction, with electric field expressed 
as: 

0
LHCP

'
inc 0 ( ' ') jk z

E E x j y e= −
��

ɵ ɵ  (3) 

where ɵ 'x  and ɵ 'y  are the unitary vector along the x’ and 

y’axis shown in Fig. 2(a). 

 
Fig 1. Scheme of reflectarray/reflector antenna. The reflectarray or reflector 
surface is indicated by the black solid line. This surface can be flat or 
curved. Propagation vectors of the impinging and reflected wave by law of 
reflection are shown. Propagation vectors of the desired reflected wave are 
also shown. These last vectors are specular vectors with respect to the 
direction of the propagation vector kref. 

 
The electric field of the reflected electromagnetic wave 

can be expressed as a sum of two circularly polarized waves 

that propagate in the 'zɵ  positive direction, according to [5] 
and [8]. 
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where Rx’x’ and Ry’y’ are the copolar reflection coefficients 
for the field components oriented in the directions of the 
crossed dipoles in directions of the x’ and y’ axes, 
respectively (see Fig. 2) and α is the angle of rotation of the 
crosses. In (4) is assumed that Rx’y’ and Ry’x’ are negligible. 

The first term of the sum in (4) is the reflected circularly 
polarized (CP) wave with the same direction of rotation as 
the incident field (LHCP), since the reflected wave 

propagates the 'zɵ  direction and the incident waves 

propagates the - 'zɵ  direction. The phase of this wave is 
proportional to the rotation angle α of the cross. The second 
component is the reflected circularly polarized wave 
opposite to that of the incident wave.  According to (4), the 
phase of the reflected LHCP wave is proportional to -2α 
when the following condition Rx’x’ =-Ry’y’ is fulfilled. Under 
this condition, the reflected field is: 

' ' 0
LHCP

( 2 ) '
ref ' ' 0 ( ' ')x xj R jk z

x xE e R E x j y e
α− +∠ −= +

��
ɵ ɵ  (5) 

Note that when the angle of rotation is 0, the phase of the 
reflected CP is the same as the phase of Rx’x’ reflection 
coefficient. In similar way, when the orthogonal CP is 
incident, the reflected field will suffer a phase-shift with 
opposite sign, proportional to +2α, as stated in [6]. On the 
other hand, the phase of Rx’x’ provides an additional degree 
of freedom to change the phase of the reflected CP. 

When the phase-shift between both coefficients is not 
exactly 180º, else 180º+Δϕ where an Δϕ is an error in the 
phase, the second term of (4) will produce a cross-polar 
component in the reflected field. 
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Note that this cross-polar component is only produced by 
the error in the phase Δϕ. 

             
(a)                                                    (b) 

Fig. 2. (a) Unit cell defined by a cross embedded between two dielectric 
layers and located in plane parallel to the reflectarray ground plane. The 
period is 7.6 mm. The components x’ and y’ of the incident field are 
parallel to the larger and shorter cross arm of the figure. (b) Dielectric 
layers for unit cell. The permittivity of dielectric are εr=1.12 with a loss 
tangent of tanδr=0.002 for the Rohacell and εr=2.3 and tanδr=0.002 for the 
Arlon. 
 

The unit cell shown in Fig. 2 have been designed for 
obtaining very good performances for the co-polar and 
cross-polar components of multi-beam parabolic 
reflectarrays using the VRT. This design has been carried 
out with the periodic structure module of the newFASANT 
suite [7]. We have considered the working frequency, 19.7 
GHz. We consider the incident wave is forming an angle of 
13.03º with the normal vector to the cross surface. Since the 
lengths L1 and L2 provide roughly independent control on 
the phase of Rx’x’ and Ry’y’, these lengths are adjusted to 
comply the condition Rx’x’ =-Ry’y’. There are lots of pair of 
lengths (L1, L2) which provide 180º of phase difference. The 
selected lengths are L2=4.9 mm and L1=6.025 mm. A 
parametric study rotating the cross is performed considering 
the arms lengths obtained in the previous adjustment. 

 

 
                                       (a)                                                   (b)              
Fig. 3. Results obtained at 19.7 GHz of the cell with fixed values of L2=4.9 
mm and L1=6.025 mm when the cross is rotated clockwise. (a) Phase of the 
copolar reflected electric field for circular polarization. (b) Amplitude of 
the crosspolar reflected electric field for RHCP incident wave. 

 
Fig. 3(a) shows the phases of co-polar components of the 

CP reflected electric field as a function of the rotation angle. 
The phase for RHCP increases with the rotation angle with 
an opposite sense than the phase for LHCP. The amplitude 
of the cross-polar reflected electric field for RHCP incident 
wave is shown in Fig. 3(b). Similar results are obtained for 
LHCP. 

In this figure we notice that the amplitude of the cross-
polar component is only negligible when the rotating angle 
is about 0, 90 or -90 degrees. However, for 45 or -45 
degrees is far to be negligible. This behavior can be 

explained considering the views of the periodic lattice for 
two values of the rotational angle, 0 and 45 degree. We can 
compare the reflected waves of lineal polarized incident 
wave whose components are parallel to the cross arms for 
the 0 and 45 values of the rotating angle. If we compare for 
this case the geometry visualized in Figs. 4(a) and 4(b) it is 
obvious that we have two different periodic structures and 
therefore it can happen that the geometry of Fig. 4(c) does 
not give a 180 degree phase shift between the linear co-
polar reflection components although the geometry was 
adjusted to give that shift when the rotating angle is of 0 
degree, i.e. the cross was optimized for a 0 degree rotation 
angle but not for the 45 rotation degree. 

 

 
                       (a)                              (b)                              (c) 
Figure 4. Aspect of the periodic lattice: (a) cross element on its original 
position with its arms parallels to the vertical and horizontal lines of the 
paper; (b) cross element rotated 45 degrees; (c) cross element rotated 45 
degrees shown when the paper is also rotated 45 degrees. 

 
To avoid the issues found in the previous parametric 

study, we adjust three optimized pairs for the cross arms 
lengths to fulfill the condition Rx’x’ =-Ry’y’. The first pair of 
lengths has L1=6.0 and L2=4.9 mm for the larger and short 
arms of the cross, respectively. This pair of lengths has been 
obtained optimizing the response of the cross when its arms 
are parallel to the cell unit side (0.0 degree of rotation 
angle). The second and third pair of lengths have been 
obtained optimizing the response of the cross when it is 
rotated 22.5 and 45.0 degrees and are given in mm by  
L1=6.14, L2=4.91 mm and L1=6.24, L2=4.92 mm, 
respectively. We can notice that the design for rotation 
angles of 22.5 and 45.0 degrees is also an optimum solution 
for rotation angles of -22.5 and -45.0 degrees. Note that two 
pairs of them provide 180º of difference of phase for 
rotation angle 45º (i.e. for significant change of the periodic 
lattice). Therefore we have for the (-52.5, 52.5) range of the 
rotation angle samples each 22.5 for the lengths of the cross 
arms that are optimized for the VRT. These samples define 
six angular intervals in the (-52.5, 52.5) rotation range. Now 
assume that for any rotation angle in a given angular 
interval the pairs of lengths are obtained by lineal 
interpolation. 

Fig. 5(a) shows the phase error Δϕ for the components in 
linear polarization at 19.7 GHz.  These errors are very small. 
In the worst case, 7º of phase error in the linear components 
will produce a level or cross-polarization of -24dB, 
according to (6) considering E0=1.  

Despite this level of phase errors, in Fig. 5(b) the phase of 
co-polar reflected electric field for circular polarization 
shows very linear behavior with respect of rotation angle 
and the slope is roughly +2 for RHCP and -2 for LHCP, as 
expected from (5). The amplitude of the cross-polar 



reflected electric field for RHCP incident wave is shown in 
Fig. 5(c).  Similar results are obtained for the cross-polar 
reflected electric field for LHCP incident wave. We see that 
the level cross-polar is roughly 30 dB. 

 

 
                         (a)                                                          (b) 

 
               (c) 

Fig. 5. Results obtained at 19.7 GHz of the optimized cell when the cross 
is rotated clockwise. (a)  Phase error Δϕ for the components in linear 
polarization. (b) Phase of the copolar reflected electric field for circular 
polarization. (c) Amplitude of the crosspolar reflected electric field for 
RHCP incident wave. 

  

IV. OPTIMIZED DESIGN OF A MULTIBEAM PARABOLIC 

REFLECTARRAY 

Using as grounded surface the parabolic reflector 
described in section 2 a reflectarray is designed using the 
reflectarray element designed in the previous section. The 
design has been implemented by using the VRT to achieve 
the desired directions of the main beams given by 
θbeam,1=+0.28º, φbeam,1=0º and θbeam,2=-0.28º, φbeam,2=0º, in 
order to generate adjacent beams in orthogonal CP.  

 
                                  (a)                                                        (b) 
Fig. 6. Elevation cuts of the (a) co-polar and (b) cross-polar radiation 
patterns for three positions of the feeder and for two perfect circular 
polarization in each position. The directions of the beams are for α ±0.28°, 

±0.83° and ±1.36°. 
 

To demonstrate the multi-beam capacity of the designed 
reflectarray, we have simulated the antenna considering three 
feeds: one in the focus and the other two ones with their x-
coordinate shifted ±55 mm. We have considered the two 
circular polarizations for each feed position. The radiation 
pattern of the feed horn is modeled as cos24(θ) for circular 
polarization. With these positions and polarizations of each 

feed, we obtain the six main spot beams shown in Fig. 6(a), 
while the cross-polar radiation patterns are shown in Fig. 
6(b).  

We can notice the six tilted main beams maintain their 
nice shape and gain and that the cross-polar radiation is 35 
dB below the maximum of radiation, in compliance with the 
typical requirements in satellite antennas for multiple spot 
beams in Ka-band. 

V. CONCLUSIONS 

A design technique has been proposed to generate two 
closely spaced beams in orthogonal circular polarization  
using the variable rotation technique (VRT) in reflectarrays 
printed on parabolic surfaces fed by a single dual circular 
polarized horn. 

A proposed reflectarray cell for VRT made of conductive 
cross printed on grounded dielectric have been designed 
with very linear phase curves and low cross-polar level. To 
demonstrate multi-beam capacity the parabolic reflectarray 
have been illuminated with three feeds and six main spots 
have been obtained with angular separation less than 0.55º 
and crosspolar level below 35dB with respect to the 
maximum of radiation. 
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