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Abstract—This contribution studies the use of bifocal dual 

reflectarray antennas to provide multi-spot coverage from a 
geostationary satellite operating in Ka-band. A general 3D 
bifocal technique has been applied to design a multi-beam dual 

reflectarray antenna in an offset compact-range configuration, 
considering three different degrees of beam spacing 
compression (high, low and no compression) with respect to the 

equivalent monofocal antenna. The results of the design (bifocal 
phase distributions, radiation patterns, etc.) have been 
compared for the three cases under study. The use of suitable 

reflectarray cells will allow to produce independent beams in 
each polarization (two beams per feed), so that the bifocal 
antenna will provide adjacent beams in orthogonal 

polarizations with 0.56º angular spacing. 

Index Terms—dual reflectarray antennas, multi-beam 

antennas, bifocal technique, geostationary satellites, Ka-band. 

I.  INTRODUCTION 

Conventional multi-beam antenna configurations based on 

single-feed-per-beam (SFB) reflector technology employ 

typically four apertures to provide multi-spot coverage from 

geostationary satellites operating in Ka-band [1]. The spots 

are produced in a four color basis, where each color represents 

a combination of frequency and polarization [2]. Due to the 

small distance between adjacent spots (0.56º is a typical 

value), all the spots in the same color are generated by a 

different reflector, in order to avoid feed overlap.  

Recent works have proposed the use of reflectarray 

antennas for multi-spot satellite applications in Ka-band [3]-

[4]. Reflectarrays are able to provide independent beams in 

different polarizations [3] or frequencies [4] with the same 

feed, using less complex cell structures (with a lower number 

of layers) and showing higher radiation efficiency than their 

counterpart transmitarrays [5]. The application of the classic 

bifocal technique [6], [7] to dual reflectarray configurations 

has been recently proposed to improve the performance of 

multi-beam satellite antennas in Ka-band [8], [9].  

In this contribution, the authors present a generalized 

version of the bifocal method presented in [8], and then, the 

technique is used to design a multi-beam dual reflectarray 

antenna for operation at transmit frequencies in Ka-band (20 

GHz). The results of the design have been compared with 

those provided by the equivalent single-focus antenna with the 

same configuration, considering three different degrees of 

beam spacing compression when applying the bifocal 

technique: high, low and no beam spacing compression. 

II. GENERAL BIFOCAL DESIGN TECHNIQUE FOR DUAL 

REFLECTARRAY CONFIGURATIONS 

A bifocal dual reflectarray antenna must be designed 

simultaneously for two focal points, F1 and F2, which will 

produce two beams in the directions (θb1, φb1) and (θb2, φb2), 

see Fig. 1. The bifocal method presented in [8] is based on a 

2D ray-tracing algorithm applied in a rotationally-symmetric 

antenna configuration. This method can be suitable for the 

design of centered and offset dual reflectarray configurations 

with parallel reflectarrays, and also for Cassegrain or 

Gregorian configurations which require a small adjustment in 

the tilting of both reflectarrays [8], [9]. On the other hand, this 

method is not recommended for highly offset geometries [10], 

due to the geometrical constraints imposed by the use of an 

axially-symmetric configuration. For this reason, the bifocal 

method has been generalized so that it can be applied to any 

dual reflectarray antenna geometry. 

A. General tridimensional bifocal design technique 

The bifocal 2D ray-tracing procedure described in [8] has 

been extended to 3D, so that a starting point on the sub-

reflectarray placed out of the symmetry plane (the xz-plane) 

can be used to obtain a set of samples on the surface of each 

reflectarray, following an iterative procedure similar to that 

shown in [8], [9]. For this purpose, the relation between the 

phase derivatives on the surface of each reflectarray and the 

angles of the incident (θi, φi) and reflected (θo, φo) rays has to 

be extended as explained in [11]: 

𝜕Φ(𝑥, 𝑦)

𝜕𝑥
=
2𝜋

𝜆
(sin 𝜃𝑖 cos 𝜑𝑖 − sin 𝜃𝑜 cos𝜑𝑜) (1) 

𝜕Φ(𝑥, 𝑦)

𝜕𝑦
=
2𝜋

𝜆
(sin 𝜃𝑖 sin𝜑𝑖 − sin 𝜃𝑜 sin𝜑𝑜) (2) 

The execution of the 3D ray-tracing procedure, starting 

from N different points (S1n, with 1 ≤ n ≤ N) placed along the 

cross-section of the sub-reflectarray parallel to the y-axis, will 

provide a set of samples on the surface of each reflectarray 

through the alternation of transmitted and received rays and 



the application of equations (1) and (2) [9]. The values of the 

partial phase derivatives associated to those samples can be 

interpolated by polynomial functions and then integrated to 

obtain the required bifocal phase distributions for each 

reflectarray, in a similar way as it is performed in the case of 

the 2D bifocal algorithm [8], [9]. Note that the partial phase 

derivatives at the starting points on the sub-reflectarray, S1n, 

must be known before starting the 3D ray-tracing process. 

These derivatives can be obtained by differentiation of the 

phase distributions from the equivalent monofocal design 

(computed as described in [10]), where the antenna focus 

would be placed in the intermediate point between F1 and F2. 

 

Fig. 1. Example of the first iteration of the 3D ray-tracing algorithm 

starting at the point S11 for a generic dual reflectarray system. 

B. Validation in an axially-symmetric configuration 

The general bifocal method has been applied to the dual 

reflectarray geometry shown in [8], which is an example of an 

axially-symmetric configuration where the reflectarrays are 

parallel to the xy-plane and the positions of the foci and beam 

directions are symmetrical with respect to the z-axis (see Fig. 

2). The main reflectarray (main RA) diameter is DM = 1.8 m, 

and the position of its geometrical center in the coordinate 

system of Fig. 2 is CM = (1.7, 0, 0) m. The sub-reflectarray 

(sub-RA) diameter is DS = 60 cm, and its center is located at 

CS = (0.5, 0, 1.5) m. The focal locations are F1 = (-0.1, 0, 0.5) 

m and F2 = (0.1, 0, 0.5) m, and the associated beam directions 

are (θb1 = 1.5º, φb1 = 0º) and (θb2 = -1.5º, φb2 = 0º). In [8], the 

bifocal phase curves obtained in the xz-plane for each 

reflectarray were rotated around the z-axis to obtain the 2D 

bifocal phase distributions. Then, the design of the offset 

configuration with parallel reflectarrays was done by selecting 

specific portions of the rotated phase distributions.  

The general bifocal technique (3D ray-tracing) has been 

validated by comparing the phases obtained for this geometry 

with those calculated by rotation around the z-axis. In this 

particular case, the points resulting from the execution of the 

ray-tracing routine in the xz-plane have been used to 

determine, by means of 90º rotation, the value of the partial 

derivatives along the cross-section of the sub-RA plane given 

by (x = 0 m, z = 1.5 m). The normalized values (multiplied by 

-λ/2π) obtained for the phase derivatives are shown in Fig. 3. 

The 3D ray-tracing procedure has been performed, and then, 

the bifocal phases have been computed by integration of the 

interpolated phase derivative samples. The difference between 

the phases obtained by the general bifocal method and those 

obtained by rotation of the bifocal phases in the xz-plane can 

be seen in Fig. 4. The difference is lower than 1.2º for the main 

RA elements, while in the sub-RA is 2º in the worst case. The 

difference between the two methods is almost negligible and 

can be attributed to the accuracy of the mathematical 

procedures involved in the synthesis of the phases. The 

comparison of the simulated radiation patterns (assuming 

ideal reflectarray cells) at 20 GHz in the xz-plane for the two 

beams generated by the foci is shown in Fig. 5. The difference 

in the phases obtained by the two bifocal methods has virtually 

no effect on the radiation patterns, which present a very good 

agreement. These results prove the validity of the general 

bifocal technique in an axially-symmetric geometry. 

 
Fig. 2. Geometry of the axially-symmetric dual reflectarray system. 

 
Fig. 3. Normalized phase derivatives along the Sub-RA cross-section (x = 

0 m, z = 1.5 m), used as initial conditions for the 3D ray-tracing algorithm.  

    
(a)                                             (b) 

Fig. 4. Difference (in degrees) between the phases obtained by the general 

bifocal method and by the 2D algorithm with rotation of phase curves: (a) 
on the sub-RA and (b) on the main RA. 



 
Fig. 5. Comparison of simulated radiation patterns in the xz-plane for the 

3D bifocal algorithm and the 2D algorithm with rotation of phase curves. 

III. DESIGN OF A MULTI-BEAM DUAL REFLECTARRAY 

ANTENNA IN KA-BAND 

A dual reflectarray antenna in an offset compact-range 

configuration (see Fig. 6) has been designed using the general 

bifocal method to produce multiple beams at 19.7 GHz 

(transmission frequency from the satellite in Ka-band). The 

dimensions of the main reflectarray (main RA) are 1.8 m x 1.6 

m with a cell period of 7.5 mm, while the sub-reflectarray 

(sub-RA) size is 1.3 m x 1.23 m with 10 mm cell period. The 

tilting angle between the two reflectarrays is 47.5º. The feed 

diameter is 54 mm, which is a realistic value for a Ka-band 

feed-horn, and its radiation pattern has been simulated using a 

cosq(θ) model with q = 28 [1]. The monofocal phase 

distributions obtained for the central feed in Fig. 6 in order to 

radiate at (θb = 28º, φb = 0º) are presented in Fig. 7. The beam 

spacing provided by the monofocal dual reflectarray antenna 

in the xz-plane is 1.24º (as will be shown later in subsection 

III.B, see Fig. 9). 

     
Fig. 6. Offset compact-range geometry of the dual reflectarray system 

under study. 

   

(a)                                             (b) 

Fig. 7. Monofocal phase distributions (in degrees) computed for the central 

feed: (a) on the sub-RA and (b) on the main RA. 

 

The foci of the bifocal antenna are located at the phase 

centers of the second and sixth feed-horns. The phases of the 

monofocal design have been used to obtain the initial 

conditions of the phase derivatives for the 3D ray-tracing. 

Since the bifocal technique allows a certain degree of control 

on the beam spacing (by fixing the beam directions θb1 and 

θb2), the design has been performed considering three different 

degrees of beam spacing compression with respect to the 

equivalent single-focus antenna: no beam compression (1.24º 

beam spacing), low compression (from 1.24º to 1.12º) and 

high compression (from 1.24º to 0.56º). 

A. Comparison of bifocal phase distributions 

The phase distributions resulting from the application of 

the general bifocal technique are shown in Fig. 8 for the three 

cases under study. As can be seen, the number of 360º cycles 

in the bifocal phases of both reflectarrays becomes larger 

when the beam spacing compression ratio is increased, 

especially in the case of the bifocal antenna designed for 0.56º 

beam spacing. On the other hand, the bifocal phase 

distributions for the design with no beam compression present 

the lowest number of phase cycles and are very similar to the 

phases from the monofocal design. 

   
(a)                                             (b) 

   
(c)                                             (d) 

   
(e)                                             (f) 

Fig. 8. Phase distributions (in degrees) required for the bifocal antenna 

designed for 1.24º beam spacing (a) on the sub-RA and (b) on the main 
RA; for the bifocal antenna designed for 1.12º beam spacing (c) on the 

sub-RA and (d) on the main RA; and for the bifocal antenna designed for 

0.56º beam spacing (e) on the sub-RA and (f) on the main RA. 



B. Comparison of radiation patterns 

The comparison of simulated radiation patterns (assuming 

ideal reflectarray cells in both reflective surfaces) in the xz-

plane for the beams generated at 19.7 GHz by the bifocal dual 

reflectarray antenna (in solid colored lines) and those 

produced by the equivalent monofocal antenna (in dashed 

lines) is presented in Fig. 9 for the three bifocal designs.  

   
(a) 

 
(b) 

 
(c) 

Fig. 9. Simulated radiation patterns at 19.7 GHz in the xz-plane for the 

beams produced by the bifocal antenna (in solid colored lines) and the 
equivalent monofocal antenna (in dashed lines): (a) bifocal design for 

1.24º beam spacing, (b) bifocal design for 1.12º beam spacing, and (c) 

bifocal design for 0.56º beam spacing. 

As can be seen, the bifocal antenna with no beam 

compression improves the performance of the extreme beams 

with respect to the equivalent monofocal antenna. The side-

lobe levels (SLL) are up to 5 dB lower, which reduces the 

interference produced with the adjacent beams. The gain is 

close to 48 dBi for all the beams, and the 3-dB beamwidth is 

around 0.66º. Concerning the design with low beam spacing 

compression, the bifocal antenna provides better results for 

the extreme beams (around 0.45 dB larger gain and 3 dB lower 

SLL), while reducing at the same time the beam spacing in the 

xz-plane from 1.24º to 1.12º. Finally, the beams of the bifocal 

antenna with high beam spacing compression present around 

3-4 dB lower gain and 6-7 dB higher SLL than the monofocal 

beams. Despite achieving the required beam spacing avoiding 

the problem of overlapping feeds (compression by a factor of 

1.24º/0.56º = 2.21), the antenna presents a reduced radiation 

efficiency, as can be noticed in the reduced gain of the bifocal 

beams. 

The three bifocal antennas are able to provide the required 

degree of beam spacing reduction in the xz-plane; however, 

the radiation patterns in the orthogonal plane (azimuth) are 

determined by the performance of the equivalent monofocal 

antenna, whose phase distributions have been used to compute 

the initial condition for the phase derivatives along the cross-

section in the 3D bifocal design process. This fact can be 

checked in Fig. 11(a), which shows the superposition of cuts 

in the azimuth plane at 19.7 GHz for the beam produced by 

the central feed in the monofocal antenna and in the three 

bifocal antennas. Moreover, Figs. 11(b) and 11(c) show the 

beam spacing achieved in the azimuth plane for the bifocal 

antennas designed for 1.12º and 0.56º spacing in the xz-plane, 

respectively. The beam spacing provided by the bifocal 

antennas in the azimuth plane (around 1.2º) is almost the same 

than the one provided by the monofocal antenna in the xz-

plane (1.24º). 

 

 
(a) 

   

(b)                                             (c) 

Fig. 10. Simulated radiation patterns in the azimuth plane at 19.7 GHz: (a) 

superposition of cuts for the central beam, and adjacent beams in azimuth 

for the bifocal antenna with low (b) and high (c) beam compression in the 

xz-plane. 



C. Illumination produced on the main reflectarray 

The amplitude distributions of the incident electric field on 

the main RA produced by the feeds placed at the foci of the 

bifocal antenna have been computed for the three bifocal 

designs. In the case of the bifocal antenna with no beam 

compression (see Figs. 11(a) and 11 (b)), the module of the 

incident field is close to -12 dB on the edges of the main RA, 

and the estimated radiation efficiency is around 53%, 

considering the expected gain from an elliptical aperture of 1.8 

x 1.6 m. The results for the bifocal antenna with low beam 

spacing compression are very similar, and they have not been 

included here. On the other hand, Figs. 11(c) and 11(d) show 

the illuminations obtained for the bifocal antenna with high 

beam spacing compression. In this case, the high illumination 

levels in the upper part of the main RA produce higher 

spillover, and thus, a reduction in the radiation efficiency of 

the bifocal antenna (around 25% aperture efficiency). These 

results are caused by the application of the bifocal technique 

for a high degree of beam spacing compression, which spreads 

the illumination along the vertical axis of the main RA (the 

direction in which the beam spacing is reduced).  

    
(a)                                             (b) 

     
(c)                                             (d) 

Fig. 11. Amplitude (in dB) of the incident field on the main RA: for the 

bifocal antenna with no beam compression considering illumination from 
(a) focus 1 and (b) focus 2, and for the bifocal antenna with high beam 

compression, considering illumination from (c) focus 1 and (d) focus 2. 

Among the three cases studied, the bifocal antenna with 

low beam spacing compression is probably the most 

promising for multi-beam antennas in Ka-band, as it combines 

the smaller beam spacing (1.12º) with better results for 

extreme beams of the coverage. If suitable reflectarray cells 

enabling independent control of each polarization are used 

[12], a second bifocal design process can be performed in the 

orthogonal polarization. The beam directions in this second 

bifocal design will be shifted 0.56º with respect to the beam 

directions in the original design, so that 0.56º angular 

separation will be achieved in the xz-plane between adjacent 

beams in orthogonal polarizations (a typical value in Ka-band 

applications). The bifocal antenna operating in dual 

polarization will produce two colors of the multi-spot 

coverage (two beams per feed) with a smaller aperture size 

than the equivalent monofocal antenna which provides the 

same beam spacing. 

IV. CONCLUSIONS 

A general bifocal technique has been applied to design a 

multi-beam dual reflectarray antenna in Ka-band. Three 

bifocal designs have been performed, considering different 

degrees of beam spacing reduction. The results show that the 

bifocal antenna is able to provide a smaller beam spacing than 

the equivalent monofocal antenna, at the same time as 

improving the results for the extreme beams of the coverage 

when the beam spacing reduction factor is not very large. 
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