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Abstract This paper presents a new bifocal design procedure 
for dual reflectarray antennas in offset configurations. The 
technique starts by considering an axially symmetric geometry 
with the reflectarrays placed in parallel planes, which allows the 
rotation of a 2D bifocal design around the symmetry axis. To 
reach a more compact configuration and obtain smoother phase 
distributions, the reflectarrays are tilted and their phases 
adjusted by means of a ray-tracing routine. The technique has 
been validated by numerical simulations through the comparison 
with a previous center-fed dual reflectarray prototype. Finally, 
the simulations of an offset dual reflectarray antenna with tilted 
reflectarrays are presented, providing 0.56º beam spacing at 20 
GHz for multi-spot satellite applications in Ka-band.  
 

Index Terms Bifocal technique, dual reflectarray antennas, 
multiple beam antennas, communication satellites.  

I. INTRODUCTION 
HE BIFOCAL technique has been used to obtain an 
improved multiple beam and beam scanning performance 

of dual reflector systems with respect to conventional single-
focus antennas [1]-[7]. The simplest approach for the design 
of bifocal dual reflectors exploits the use of axially symmetric 
geometries, which allow the rotation of a 2D bifocal design 
around the antenna symmetry axis [1]. Centered and offset 
configurations can be obtained by this procedure [2]-[4].  

A dual reflectarray antenna (DRAA) provides control of the 
phase in two reflective surfaces, which can be used to improve 
the antenna performance with respect to single reflectarrays 
[8]-[11]. The bifocal technique has been applied to center-fed 
DRAAs, keeping a similar approach based on rotationally 
symmetric geometries [12]-[13]. A small-size centered DRAA 
(named the folded reflectarray antenna) was proposed in [12] 
for providing an enhanced field of view in automotive radars. 
The limitation of the folded configuration is that the antenna 
can only operate in single linear-polarization, since blockage 
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from the sub-reflectarray is avoided by a gridded sub-reflector 
and a 90º twist of polarization on the main reflectarray.  

The use of an offset DRAA configuration would allow to 
minimize sub-reflector blockage at the same time as enabling 
dual polarization operation of the bifocal antenna. This feature 
can be attractive for multi-beam antennas for current multi-
spot satellite applications in Ka-band, based on frequency and 
polarization reuse [14]-[17]. However, the lack of symmetry 
of the offset DRAA configurations, where there is a relative 
tilt between the two reflectarrays, increases the complexity of 
the 3D design process. The problem of the bifocal technique 
applied to offset DRAAs was first addressed in [18], where 

nique [5] was used to shape the surfaces of an 
offset dual reflector configuration, and then, the phases on the 
equivalent reflectarrays that should emulate the reflectors were 
obtained from the distances between the reflectarray plane and 
the corresponding reflector. This approach implies several 
approximations and the results were not satisfactory.  

In this paper, the authors propose a new bifocal design 
procedure applied directly to dual reflectarrays in offset 
configurations. The technique starts by considering an axially 
symmetric geometry with the reflectarrays placed in parallel 
planes. An offset DRAA configuration is formed after rotating 
a 2D bifocal design around the symmetry axis. Finally, both 
reflectarrays are tilted to obtain smoother phase distributions 
by means of a ray-tracing routine applied in the offset plane.   

II. BIFOCAL DESIGN METHOD FOR DUAL REFLECTARRAY 

ANTENNAS IN OFFSET CONFIGURATIONS 

The geometric parameters that define an axially symmetric 
DRAA configuration with parallel reflectarrays (shown in Fig. 
1) are: distance between foci (d), distance between the foci 
and the sub-reflectarray (L1), distance between the two 
reflectarrays (L2), and beam directions associated to the foci 

b1 b2). The focal points (F1 and F2) are symmetric with 
respect to z-axis, b1 b2, which 

b1 = - b2 (being b1 > 0º in the case shown in Fig. 1). 
The first step of the proposed bifocal method consists on an 

iterative 2D ray-tracing routine applied in the xz-plane. The 
value of the phase derivative with respect to x ( x) will be 
determined for a discrete set of points on the vertical axis of 
each reflectarray in the xz-plane [19]. The first iteration of the 
ray-tracing routine starts with a transmitted ray from F1 that 
impinges on the sub-reflectarray at point S1 = (0, 0, L2) located 
on the symmetry axis of the DRAA system, so that its phase 
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derivative is x(S1) = 0. The angle of the reflected ray ( ref) 
can be obtained inc) and the phase 
derivative at S1 by the following expression [12]:  

 (1) 

The ray will impinge on the main reflectarray at point M1 and 
will be reflected at b1. The value of x(M1) can be 
obtained by applying (1) again, since both the incidence and 
reflection angles are known. Then, a received ray in the 

b2 that impinges on M1 will provide a new point on 
the sub-reflectarray, S2, and the value of its phase derivative, 

x(S2), by enforcing the ray to reach focus F2, following the 
same procedure as before. The next iteration of the ray tracing 
will start with a transmitted ray from F1 that impinges on S2. 
After N iterations, two sets of points are created in the xz-
plane (Si and Mi), one for each reflectarray. A polynomial 
i x samples provides the phase derivative 
curves required on each reflectarray, which are integrated to 
obtain the bifocal phases in the xz- S(x M(x). 

In order to improve the accuracy in the interpolation of the 
x samples, the number of points that define each reflectarray 

can be doubled by a second execution of the ray-tracing 
routine starting at M1

x(M1) = 0. A r b2 that 
impinges on M1 s a new point on the sub-reflectarray, 
S1 x(S1 (1) on both 
reflectarrays and enforcing the ray to reach focus F2. Then, a 
transmitted ray from F1 that impinges on S1 can be used to 
continue with the previously described ray-tracing procedure. 

 

 
Fig. 1 Geometry of the dual reflectarray antenna (DRAA) and performance of 

the first iteration of the ray-tracing routine in the xz-plane. 

The bifocal phase functions obtained in the xz-plane are 
rotated around the z-axis, so that a planar phase distribution is 
achieved for each reflectarray. These phases enable the design 
of both centered and offset DRAA configurations, simply by 
choosing specific portions of the planes z = 0 and z = L2. In the 
case of offset configurations, the design with the reflectarrays 
placed in parallel planes results in fast variations in the phase-
shift distributions of both reflectarrays (as will be shown in 
Section IV). To achieve a smoother phase variation, both the 
sub- and the main reflectarrays are tilted about their geometric 

centers by S M, respectively, as shown in Fig. 2. 
The foci are rotated along with the sub-reflectarray to maintain 
the same angles of incidence. The beam directions with 
respect to z-axis are the same than in the initial configuration, 

b1 b2, but the relative directions with respect to the 
normal vector to the main reflectarray surface ( M M 

b1 M b2. S M that provide the 
smoothest variation in the phase distributions can be estimated 
from the bifocal phase curves in the xz-plane ( S M) as: 

 (2) 

 (3) 

where DS and DM are the diameters of each reflectarray, and 
max S) and max M) are the maximum variations of the 
unwrapped bifocal phases along each reflectarray in the xz-
plane with respect to the central element. The 0.5 multiplying 

M is due to the decision to keep the 
original beam directions in the absolute reference system, 
which compensates for half of the required inclination for the 
main reflectarray. 

A phase adjustment technique has been implemented in 
order to compensate the effect of tilting the reflectarrays, 
preserving the bifocal characteristic of the phase distributions 
obtained by rotation. The technique is based on a 2D ray-
tracing procedure applied in the xz-plane, which provides two 
sets of points along the vertical axes of both reflectarrays, 
together with the required phase adjustment that enforces the 
same beam directions as in the original configuration. The 
procedure starts with a transmitted ray from F1 that impinges 
first on the sub-reflectarray at point S1, and then on the main 
reflectarray at point M1, as shown in Fig. 2(a). After tilting 
both reflectarrays, the ray has to be enforced to reach the same 
point M1 on the main reflectarray (note that S1 will remain the 
same, as the foci are rotated along with the sub-reflectarray), 

M b1 with 
respect to M b1). Hence, there will be a variation 
in the path length from S1 to the scanned aperture plane with 
respect to the initial configuration with parallel reflectarrays. 

1,1 be the computed path length variation associated to 
the ray that impinges first on S1 and then on M1. The phase 
adjustments S1 M1) that must be added to the 
phases introduced by the reflectarray cells must fulfill: 

 (4) 

It is required to set an initial value for the phase adjustment 
associated with S1 S1 0. The other constant, 

M1), can be obtained by applying (4). Similarly, a received 
b2 that impinges first on the main 

reflectarray at M1 and then on the sub-reflectarray at S2 (as 
shown in Fig. 2(b)) is used to obtain the value of the phase 
adjustment associated with S2. In this case, the path length 
variation will be 2,1, so S2 2,1 - M1). 
The same process can be repeated starting with a transmitted 
ray from F1 that impinges on S2 and then on M2. After several 
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ite Si Mi) are interpolated 
by polynomials to obtain the required phase adjustment on 
each reflectarray in the xz-plane. These phases will be added 
to the planar phase distributions obtained by rotation, so that 
the same phase adjustment will be applied to all the 
reflectarray cells in the same row (same x coordinate). The 
tilted DRAA with the adjusted phase distributions will exhibit 
the same bifocal characteristic of the original design in the xz-
plane (as will be shown in Section IV), while presenting good 
results for the patterns in the orthogonal plane due to the effect 
of previous rotation of the phase curves around the z-axis. 
 

 
(a)         

                                   
(b) 

Fig. 2 Performance of the ray-tracing procedure used to compensate the tilt of 
both reflectarrays: (a) transmitted ray from F1 and (b) received ray at F2. 

III. VALIDATION FOR A MULTI-BEAM DRAA IN FOLDED 

SYMMETRICAL CONFIGURATION 
The proposed bifocal technique has been applied to design a 

center-fed DRAA for automotive radars at 76.5 GHz with the 
same configuration as the folded reflectarray prototype 
reported in [12] by other authors. The initial parameters of the 
DRAA system are: d = 1.6 cm, L1 = L2 b1 = 9º and 

b2 = -9º. The bifocal phase curves required for each 
reflectarray in the xz-plane, as well as the position of the 
samples obtained after the ray tracing, are shown in Fig. 3. 

These phase curves have been rotated around the z-axis, and 
then, a centered configuration has been formed, resulting in
two reflectarrays with diameters of 90 mm (derived from the 
ray tracing). A cell period of has been 
considered. The DRAA has been simulated using the same 
analysis technique validated in previous works [8]-[9], and 
assuming ideal reflectarray cells that provide the required 
phase-shift at 76.5 GHz. In a practical implementation, the 
phase distributions will be realized using suitable reflectarray 
cells [20]-[21]. The selection of the reflectarray cells can be 
done so that a large bandwidth and reduced losses are obtained 
for the DRAA. For example, a 20% bandwidth in Ku-band 
(12-15 GHz) was achieved in [9] for a DRAA demonstrator 
designed with two layers of stacked rectangular patches. 
Bandwidth will be reduced for a large DRAA (as the case of 
section IV), but a 10% bandwidth is achievable. 

The superposition of the simulated radiation patterns at 76.5 
GHz for the designed DRAA and the measurements of the 
prototype presented in [12] is shown in Fig. 4, considering 
illumination from seven 3-mm diameter feed-horns with 4 mm 
separation (center to center), simulated by a cosq

with q = 3. A good agreement can be observed between both 
bifocal antennas, which validates the proposed implementation 
of the technique. The aperture efficiency of the designed 
DRAA at 76.5 GHz is around 67%. Moreover, an equivalent 
single-focus antenna with the same aperture size and F/D ratio 
has been designed, and the simulated radiation patterns for the 
central and the extreme beams have been included in Fig. 4. 
The scan loss in the monofocal antenna is 2.52 dB for ±13.5º 
beam angle, while in the bifocal antenna it is only 0.54 dB. 
The bifocal folded reflectarray can be suitable for those 
applications that require large scanning angles, though the 
need to eliminate blockage from the sub-reflectarray prevents 
the antenna from achieving dual-polarization capability [12]. 
The use of a centered DRAA configuration is imposed by the 
performance of the bifocal technique, which results in similar 
sizes for both reflectarrays, as can be inferred from the sample 
distributions obtained after the ray tracing, given in Fig. 3.  

 

 
(a) 

(b) 
Fig. 3 Comparison of the phase curves and sample points obtained for two 
bifocal designs for (a) the sub-reflectarray and (b) the main reflectarray.
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Fig. 4 Simulated radiation patterns of the designed DRAA (solid lines), 
measurements of the prototype from [12] (dash-dot lines) and simulated 

radiation patterns of the equivalent monofocal antenna (dotted lines). 

In some applications, as in the case of multi-beam satellite 
antennas that provide a multi-spot coverage in Ka-band [14]-
[17] the bifocal technique can be used to obtain a reduced 
separation between adjacent beams. This requirement 
normally leads to offset DRAA configurations with a convex 
phase curve on the sub-reflectarray and a concave one on the 
main reflectarray, as can be observed in Fig. 3 (dashed lines) 
when the beam directions in the previous bifocal design 
(associated to feeds 2 and 6) are changed to b1/2 = ±5º (for 
2.5º beam spacing). Note that the samples obtained after the 
ray tracing are very close on the sub-reflectarray and present a 
larger spacing on the main reflectarray, which yields a smaller 
sub-reflector for the same main reflectarray size. These results 
are suitable to avoid blockage in offset configurations. 

IV. DESIGN OF A MULTI-BEAM DUAL REFLECTARRAY 

ANTENNA IN KA-BAND 
The bifocal technique has been used to design a multi-beam 

DRAA to provide 0.56º of beam spacing at 20 GHz for 
broadband satellite communications in Ka-band, considering 
54-mm diameter feeds for the illumination [14]. The initial 
parameters of the DRAA system are: d = 27.5 cm, L1 = 1.3 m, 
L2 = 2.42 m b1 b2 = -1.4º. An offset configuration 
has been formed by a 60-cm sub-reflectarray and a 180-cm 
main reflectarray, whose geometrical centers are located at CS 
= (0.4, 2.42, 0) m and CM = (1.7, 0, 0) m. The phase 
distributions obtained with the reflectarrays in parallel planes 
(given in Fig. 5(a) and 5(b)) present a large number of phase 
cycles, especially in the case of the main reflectarray. The tilt 
angles applied to each reflectarray to obtain a smoother phase 
variation are S = 8º and M = 13.5º. Figures 5(c) and 5(d) 
show the phase distributions obtained for the tilted DRAA 
(given in Fig. 6) after applying the required phase adjustment. 
The simulated radiation patterns (assuming ideal reflectarray 
cells) of the DRAA before and after tilting the reflectarrays 
are very similar, as shown in Fig. 7. The effective aperture of 
the antenna is reduced due to the main reflectarray tilt, which 
causes a small loss in gain (-1.3 dB). The aperture efficiency 
of the DRAA is around 40%, although this value can be 
improved if the bifocal technique is applied to obtain a larger 
beam spacing, e. g., the design of a multi-beam DRAA for 

1.12º beam spacing achieves around 60-65% efficiency at 20 
GHz, as shown in [22].

  

     
(a)                                                  (b) 

     
(c)                                                  (d) 

Fig. 5 Required bifocal phase distributions (deg.) at 20 GHz before tilting (a) 
on the sub-reflectarray and (b) the main reflectarray, and after tilting (c) on the 

sub-reflectarray and (d) the main reflectarray. 

 
Fig. 6 Geometry of the tilted dual reflectarray antenna. 

 
Fig. 7 Simulated radiation patterns at 20 GHz for the multi-beam DRAA 

before (dashed lines) and after (solid lines) tilting the reflectarrays. 

V. CONCLUSION 
A novel bifocal procedure has been proposed for the design 

of dual reflectarray antennas in offset configurations, starting 
from a symmetric geometry with parallel reflectarrays. The 
technique has been validated by comparison with a folded 
DRAA prototype. Then, a multi-beam DRAA in Ka-band with 
0.56º beam spacing has been designed. The radiation patterns 
for the DRAA with tilted reflectarrays are in good agreement 
with those obtained for the axially symmetric configuration.
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