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 SUMMARY 

Broadband communication satellites in Ka-band employ multi-beam antenna systems that 

produce a high number of slightly overlapping spot beams to provide a cellular coverage. In 

order to minimize the interference level between adjacent spots, two different frequencies and 

polarizations (four colors) are used to generate the beams, both in transmission (19.2-20.2 

GHz) and reception (29-30 GHz) bands, so that two adjacent spots never present the same color 

(same frequency and polarization). Typically, four reflector antennas operating in transmission 

and reception are required to generate the four-color coverage with slightly overlapping spots, 

one reflector per color, since conventional reflectors cannot provide closely spaced beams. The 

four reflector antennas can be seen as a not very efficient solution, considering the severe space 

and weight constraints in satellite systems. As a consequence, different attempts have been 

made in order to reduce the number of antennas, using direct radiating arrays, active lenses or 

reflectarrays.  

In this Master thesis, a new design concept of a reflectarray antenna is proposed to produce 

four adjacent beams per feed through the simultaneous use of polarization and frequency 

discrimination. Beam squint effect in offset-fed reflectarray antennas has been used to generate 

two adjacent beams in different frequencies, so that, the feed position is computed to produce 

the beams in the required directions. The other two beams in orthogonal polarization are 

generated by implementing in the reflectarray a different phase-shift for each polarization.  

The proposed concept can be suitable for multiple spot-beam satellites in Ka-band, enabling 

a reduction in the number of antennas and feeds needed to provide the four-color multi-spot 

coverage. The coverage could be provided by two reflectarray antennas (one for transmission 

and one for reception) instead of four reflectors, so the number of apertures would be reduced 

by a factor of two, just like the number of feeds, since each feed will produce four beams. This 

change will lead to a substantial mass saving on the spacecraft.  

This Master thesis presents the design, manufacturing and measurements of a 43-cm 

reflectarray antenna prototype, which has demonstrated for first time that a reflectarray is 

capable of generating four adjacent beams in different polarizations and frequencies (4 colors) 

with a single dual-polarized feed. Moreover, this thesis includes the preliminary simulations 

for a real satellite antenna, proposed as a 1.8-m reflectarray, to produce a multi-spot coverage 

formed by 108 contiguous beams separated 0.56 degree using 27 feeds. Finally, the thesis 

concludes with an essay of parabolic reflectarray antennas for multi-beam applications in Ka-

band. 



 

 

  



 RESUMEN 

Los satélites para comunicaciones de banda ancha que operan en banda Ka emplean sistemas 

de antenas multi-haz que producen un elevado número de haces o spots, parcialmente 

imbricados, para generar una cobertura celular. Con el fin de reducir los niveles de 

interferencias entre spots adyacentes, los haces son generados a dos frecuencias y 

polarizaciones distintas (cuatro colores), tanto en transmisión (19.2-20.2 GHz) como en 

recepción (29-30 GHz), de manera que nunca coinciden dos haces adyacentes con el mismo 

color (misma frecuencia y polarización). Típicamente, se requieren cuatro antenas reflectoras 

operando simultáneamente en transmisión y recepción para generar la cobertura de cuatro 

colores con spots parcialmente imbricados, un reflector por cada color, ya que los reflectores 

convencionales no son capaces de proporcionar haces adyacentes suficientemente próximos. 

Las cuatro antenas reflectoras pueden ser vistas como una solución poco eficiente, teniendo en 

cuenta las limitaciones de espacio y peso que se dan en los satélites. Debido a ello, se han 

llevado a cabo distintos intentos por reducir el número de antenas requeridas para proporcionar 

la cobertura, proponiéndose el uso de antenas de tipo array, lentes activas o reflectarrays. 

En este Trabajo Fin de Máster se propone un nuevo método de diseño de una antena 

reflectarray para generar cuatro haces adyacentes por alimentador mediante el uso simultáneo 

de discriminación en frecuencia y en polarización. El efecto de desviación del haz con la 

frecuencia se ha utilizado para generar dos haces adyacentes en diferentes frecuencias, 

calculando la posición exacta del alimentador para generar los dos haces en las direcciones 

deseadas. Los otros dos haces en polarización ortogonal son generados gracias a la 

implementación en la superficie del reflectarray de una distribución de fase distinta para cada 

polarización.  

El concepto propuesto puede ser aplicado al diseño de antenas multi-haz en banda Ka 

embarcadas en satélites de comunicaciones, permitiendo una reducción del número de antenas 

y alimentadores necesarios para proporcionar cobertura multi-spot. La cobertura sería generada 

mediante dos antenas reflectarray (una para transmisión y otra para recepción) en lugar de 

cuatro reflectores, por lo que el número de antenas se reduciría a la mitad, al igual que el 

número de alimentadores, ya que cada alimentador produciría cuatro haces. Este cambio 

conllevaría a una importante reducción del peso embarcado en el satélite. 

Este trabajo presenta el proceso de diseño, fabricación y medida de una antena reflectarray 

de 43 cm de diámetro que ha permitido demostrar por primera vez que un reflectarray es capaz 

de generar cuatro haces adyacentes en diferentes frecuencias y polarizaciones (cuatro colores) 



con un único alimentador con polarización dual. Además, se incluyen simulaciones 

preliminares de una antena de tamaño real para satélite, definida como un reflectarray de 1.8 

m de diámetro, capaz de generar 108 haces contiguos separados 0.56 grados utilizando 27 

alimentadores. Finalmente, el trabajo concluye con un estudio sobre antenas multi-haz basadas 

en reflectarrays parabólicos para aplicaciones en banda Ka.   
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1. INTRODUCTION 

This chapter presents a general introduction to reflectarray antennas, including their most 

significant features and their operating principles of printed reflectarray antennas. The chapter 

contains a survey of the state of the art on the most significant aspects related to multi-beam 

operation through the polarization discrimination and multi-frequency behavior in reflectarray 

antennas, both concepts proposed to generate contiguous beams with a single antenna. Then, a 

review of multi-spot beam antennas for communication satellites that operate in Ka-band is 

included, as well as the main characteristics and drawbacks that may arise in the broadband 

satellite communications in this frequency band, as the need of employing four aperture 

antennas to provide the required coverage while the satellite system imposes severe space 

constraints.  

Finally, according to the state of the art on reflectarray technology and satellite 

communications in Ka-band, the motivation and goals of this project are presented, and the 

critical aspects and technical requirements are commented, including the main approaches 

proposed to overcome the most critical issues. 

1.1.  REFLECTARRAY ANTENNAS 

The reflectarray, also called spatially-fed antenna array, is made up of an arrangement of 

radiating elements printed on a flat or curved reflecting surface that provide a preadjusted 

phasing to form collimated or shaped beams when the antenna is illuminated by a feed. 

Typically, the radiating elements consists of a planar array of printed elements that introduce 

the precise phase shift by varying their dimensions. These elements are located on a dielectric 

sheet over a ground plane (see Figure 1-1) [1].  
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Figure 1-1 Typical geometry of a printed reflectarray antenna. 

The concept of the reflectarray antenna was introduced by D. Berry, R. Malech, and W. 

Kennedy in 1963 using an array of 4x26 short-ended waveguide elements illuminated by a feed 

horn antenna [2], as shown in Figure 1-2. By controlling the length of each waveguide, the 

phases of the reradiated signals could be appropriately adjusted to form a desired beam in the 

far-field distance. In addition to choose the length of the waveguide elements to produce a 

required phase front, it was proposed an active waveguide reflectarray by placing switching 

diodes in the guides at appropriate intervals, so that the distance from each waveguide aperture 

to the short circuit termination can be changed. 

      

                                   (a)                                                        (b) 

Figure 1-2 Experimental model of the waveguide array type reflectarray. (a) 3D schematic view, (b) implemented 

prototype based on a 4x26 waveguide array. 

As can be seen in Figure 1-2, the array of waveguides results in a bulky antenna, so the first 

spatially-fed antenna arrays were relegated to the background. The real interest in reflectarray 
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antennas came about in the late 1980s and early 1990s with the development of low-profile 

printed antennas that enable the replacement of the voluminous waveguides elements by 

printed microstrip patches.  

There are numerous reflectarray microstrip elements used to compensate the phase delays 

and reflect a planar phase front. A typical method to control the phase shift introduced by the 

printed elements consist on adjusting a specific dimension of the element. This design strategy 

can be appreciated in Figure 1-3, where some of the most well-known elements are shown, like 

those based on identical microstrip patches with variable length phase delay lines attached [3] 

or variable-size patches or dipoles [4], where the elements have different scattering impedances 

and, thus, different phases to compensate for the different phase delays. 

 

                                (a)                                 (b)                                  (c) 

Figure 1-3 Various reflectarray elements, (a) identical patches with variable-length phase delay lines, (b) variable -size 

patches, (c) variable-length cross- or parallel-dipoles. 

A reflectarray made of thousands of printed elements is a relatively complex antenna, and 

an accurate analysis technique is essential for precise predictions of the radiation features. 

Commercial software tools can be used for the analysis and design of printed reflectarrays [7], 

[8], such as HFSS or CST, which incorporate the possibility of implementing periodicity 

conditions. However, general-purpose codes are slow and impractical for the analysis and 

design of a reflectarray antenna. Spectral Domain Method of Moments (SD-MoM) [4], [5] is 

very appropriate and numerically efficient for a full-wave analysis of periodical structures, 

assuming planar arrays of patches or apertures in a single- or multi-layer configuration. In this 

case, the CPU time for the analysis is very low, and the analysis routine can be integrated into 

an optimization loop for a more accurate design of reflectarray antennas 

Among other issues, in this work a 43-cm reflectarray antenna formed by 2,242 elements 

has been designed and manufactured, and a home-made full-wave analysis routine based on 

the SD-MoM and Floquet modal expansions, under the assumption of local periodicity to 
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account for mutual couplings, has been used to analyze and design the reflectarray cells[6]. 

This analysis technique is able to compute the phase response and losses of different types of 

reflectarray elements, such as printed patches or dipoles in single- and multiple-layer 

configurations while it takes into account the real values of the angle of incidence, polarization, 

and field radiated by the feed. The approach of assuming local periodicity is accurate when the 

variation in patch dimensions is smooth from one cell to the next, because it takes into account 

all mutual coupling between patches. The local periodicity approach is not accurate only in the 

case of a small number of patches where the surrounding patches are of very different 

dimensions. Normally, these elements are a small percentage of the total number of elements 

and the overall radiation pattern of the reflectarray is only slightly affected. This home-made 

routine has been previously applied to analyze different reflectarray cells based on similar 

resonant elements, obtaining accurate results [6]. 

Reflectarray antennas combine certain features of conventional arrays and reflector 

antennas. These antennas use both a primary feed source and an independent phase-control at 

each element to provide a focused or shaped beam. Since they do not require feeding networks, 

an important reduction in ohmic losses is obtained when compared with phased-array antennas, 

which results in a high radiation efficiency, able to reach efficiency values similar to those 

achieved with conventional reflector antennas. The manufacturing complexity and cost 

compared with phased-array antennas are also reduced, since the printed reflectarray antennas 

are commonly manufactured on a planar substrate through the use of the well-known printed 

circuit technology and there is no need of feeding network. 

Reflectarrays also offer a wide-angle beam scanning and additional capabilities for multi-

frequency or multi-beam operation, as well as polarization transformation and independent 

beam-forming for each polarization. All these factors turn reflectarray antennas to an 

appropriated antenna for most of high-gain applications, able to provide antenna performances 

far more flexible than conventional reflectors. The low-profile nature of reflectarrays involves 

another important advantage compared with reflector antennas, in terms of manufacturing, 

volume, or deployable applications, as could be seen in detail in Section 1.2. Thanks to these 

features, some potential applications of reflectarrays in space have been recently researched, 

such as contoured beam antennas for Direct Broadcast Satellites (DBS) [9]-[12] and very large 

inflatable antennas [13]. 

As anticipated with the early reflectarray based on waveguide elements, reflectarrays have 

been also widely studied as active antennas. In recent years, numerous design techniques have 
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been suggested to achieve a reconfigurable reflectarray, from those based on lumped elements, 

like PIN diodes, or micro-electro-mechanic (MEM) switching devices, to techniques based on 

tunable materials, such as liquid crystal or graphene that are able to operate in sub-millimeter-

wave and THz frequencies [14]. 

On the other hand, there is one major shortcoming of the reflectarray, which is its narrow 

relative bandwidth, which generally cannot exceed much beyond 10 % for large antennas, as 

those used in space applications. The narrow bandwidth behavior is mainly a consequence of 

two factors [1]: the bandwidth of the reflectarray elements and the variation with frequency of 

the spatial phase delay, which can be explained through Figure 1-4, where the differential path 

length, ΔS, is the difference between the two paths S1 and S2 from the feed to the reflectarray 

elements. The differential path length ΔS can be many multiples of the wavelength at the center 

operating frequency, expressed as ΔS|fo = (N + δ)λ, where N is an integer and δ is a fractional 

number. The phase delay associated to ΔS is k0·ΔS (k0 is the free-space wave number at the 

operating frequency), which is called differential spatial phase delay. The phase shift 

introduced by each element compensates the phase delay k0· δ ·λ. As the frequency varies, the 

electrical path length changes as ΔS|fo+Δf = (N + δ)( λ + Δλ ). Since the compensating phase for 

each element is fixed for the center frequency, the phase change in each path when compared 

with S1, is k0·(N + δ)·Δλ, which can be a significant portion of a wavelength or 360°. In 

moderate size reflectarray antennas, the most restrictive factor is the element bandwidth, while 

in large size reflectarrays and small focal length to diameter ratios (F/D) the variation with 

frequency of the spatial phase delay is the critical factor. 

 

Figure 1-4 Differential spatial phase delay of reflectarray. 

The element bandwidth can be improved by techniques to get broadband reflectarray 

elements that provide more degrees of freedom to control the phase in the reflectarray cell. 
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Different types of reflectarray elements have been proposed to improve the reflectarray 

performance, and particularly the element bandwidth [15], [16]. The bandwidth limitation has 

been typically overcome by the use of multilayered substrates that host two or three 

metallization levels, as in [12] with stacked rectangular patches, at the cost of increasing the 

weight, price and manufacturing time, derived from the bonding of different array layers. In 

recent years, different broadband reflectarray elements made of multi-resonant elements 

printed on a single dielectric layer have been proposed to improve the bandwidth, while 

keeping a simple manufacturing process at the same time [17], [18]. These multi-resonant 

elements are usually based on the configuration of coplanar parallel dipoles, concentric squared 

or cross shaped rings, where the use of multiple resonances makes it possible to achieve a 

variation of phase shift in a range larger than 360º. Reflectarrays made of three coplanar parallel 

dipoles have shown similar performances to those made of three stacked patches in terms of 

bandwidth, losses and cross-polarization [19]. 

The differential spatial phase delay associated to the differential path length ΔS|fo = (N + 

δ)λ, can be reduced by reducing the integer number N. There are different methods to achieve 

this goal, a simple way consists on the design of an antenna system with a large F/D ratio, 

since, as can be seen in Figure 1-4, a large F/D ratio minimizes the difference between the paths 

S1 and S2. Another technique is based on the true-time delay compensation, which consist on 

the use of reflectarray elements that provide a wide range of phase variation in order to 

compensate the real phase delay in the whole range (several times 360°), as in [20]. The use of 

broadband reflectarray elements can be also used to compensate the variations in the 

differential spatial phase delay in a given frequency band, as demonstrated in [21] using a three-

layer printed reflectarray with rectangular patches of variable size. 

As can be noted, a constraining factor in the operating bandwidth of the reflectarray antennas 

arises from their low profile, producing the above mentioned variation with frequency of the 

spatial phase delay. For this reason, another method to increase the bandwidth is to substitute 

the planar reflectarray surface by a parabolic surface or a curved reflectarray with piecewise 

flat surfaces, as can be seen in Figure 1-5. This solution retains the reflectarray advantages over 

conventional reflectors like their capabilities for multi-beam operation, polarization 

transformation and independent beam-forming for each polarization, while the piecewise flat 

surfaces are more easily folded into a smaller stowed volume for space deployable antennas. 

For example, the deployment techniques for the 1-D configuration (Figure 1-5.a) are similar as 

those implemented in solar arrays. 
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(a)                                                                   (b) 

Figure 1-5 (a) Multi-facet 1-D configuiration approximating a parabolic surface. (b) Parabolic reflectarray configuration. 

The concepts of frequency discrimination and polarization discrimination, particularly 

important to design multi-beam antennas, are described below in detail. 

1.1.1. REFLECTARRAY ANTENNAS WITH POLARIZATION DISCRIMINATION 

As mentioned, reflectarray antennas can offer an independent phase control on each 

polarization, which can be used to produce a different beam in each polarization when the 

reflectarray is illuminated by a single dual-polarized feed. This capability makes it possible the 

design of reflectarray antennas with independent requirements in each polarization that can be 

used simultaneously for different missions [22], [23]. 

The independent phase control in each polarization is achieved by using appropriate 

reflectarray cells, as those based on rectangular patches or orthogonal set of dipoles [24], where 

the phase-shift introduced in each linear polarization (LP) is controlled independently by 

adjusting the corresponding dimension of the patches or the lengths of the dipoles in the 

corresponding orientation, as shown in Figure 1-6. The phase adjustment achieved by the 

variation of the resonant length of printed patches or dipoles is very easy to implement by using 

printed circuit technology. Not all reflectarray elements can offer an independent control on 

each polarization: the elements based on concentric rings or fractal patches [25] are not suitable 

to provide an independent phasing in each polarization, because the phase-shift of the rings is 

affected by the electric field in both polarizations. A possible solution is to make appropriate 

gaps in the rings to produce a polarization selective response [26], but in this case the ring 

operates in single polarization. 
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                                          (a)                                               (b) 

Figure 1-6 Reflectarray cells based on (a) orthogonal set of dipoles or (b) rectangular patches. 

In the present project, two closely separated beams will be required in each polarization. 

Reflectarrays that produce a different beam in each polarization have been reported in [22] and 

[23] by either three layers or one layer of rectangular patches to synthesize the desired radiation 

patterns. The use of rectangular patches lead to the aforementioned drawbacks: complexity of 

fabrication in the three layers case, and narrowband in the single layer case. As above 

mentioned, different broadband reflectarray elements made of multi-resonant elements can be 

printed on a single dielectric layer, such as the multi-resonant parallel edge coupled dipoles 

proposed in the patent [27]. In this type of reflectarray, the lateral coupling between different 

dipoles provides both a phase variation range and a bandwidth similar to that of stacked 

rectangular patches, but owing to its single layer configuration, the parallel dipoles reflectarray 

is simpler and cheaper to manufacture.  

So far, reflectarray antenna demonstrators based on multi-resonant single layer elements 

have not been reported to produce separate beams in each polarization owing to the difficulties 

encountered in achieving an independent control of the two linear polarizations in a wide 

frequency band. The parallel dipole reflectarray cell can be used for dual-polarization 

applications [24] if two orthogonal arrays of edge coupled parallel dipoles are printed at both 

sides of a dielectric layer, shifted in half-a-period as shown in Figure 1-6.a. 

To generate adjacent beams in dual-circular polarization, the variable rotation technique 

(VRT) of the elements can be used, as proposed in [28]. The concept consist on the 

implementation of reflectarray elements, say rectangular patches, with identical size but 

variable angular rotations (see Figure 1-7). By physically rotating the element, a phase shift is 

achieved similar to a circularly polarized phased array using rotatable elements. Operating in 
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circular polarization (CP) is considerably more difficult than in linear polarization (LP), thus 

another solution to generate adjacent beams in dual-CP consists on discriminating in LP and 

then transforming to dual-CP in the same reflectarray surface. 

 

Figure 1-7 Circularly polarized microstrip reflectarray with elements having variable rotation angles. 

1.1.2. MULTI-FREQUENCY REFLECTARRAY ANTENNAS  

Reflectarray antennas operating at multiple frequencies have been widely studied, making 

a distinction between the multi-frequency behaviors according to the distance between the 

operating frequency bands. There are two cases: when the frequency bands are far away one 

from each other [29], such as frequencies in Ku and Ka bands [30], [31], or Tx and Rx 

frequencies in Ka-band (20/30 GHz) [32]-[37]; and when they are relatively close, such as Tx 

and Rx frequencies in Ku-band (12/15 GHz) [12], [38], [39]. The first case is of interest to 

design antennas to operate in Tx and Rx, while the last one can be used for generating two 

spot-beams in two frequencies within the same frequency band. The main techniques to achieve 

a multi-frequency response are detailed below, starting with the case when the frequency bands 

are far away one from each other. 

DUAL BAND REFLECTARRAY WITH TWO WIDELY SEPARATED FREQUENCIES 

Although reflectarray antennas present a narrow bandwidth behavior, especially when they 

are compare with conventional reflectors, some procedures have been previously described to 

increment the operating bandwidth. However, the incremented bandwidth fails to cover two 

widely separated frequencies. On the other hand, a parabolic reflector antenna, due to its curved 
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surface, can provide an unlimited operating frequency. For a reflectarray, although it is limited 

in bandwidth, there are specific techniques to provide coverage of two widely separated 

frequencies. These dual-band techniques can be divided into two groups, according to need of 

implementing a single or multi-layer substrate. 

In order to cover two frequency bands with only a single layer substrate, the appropriate 

element must be used, based on structures with small widths, such as circular or square loops 

or dipoles. This technique presents the advantage of implementing in a single layer substrate 

all the dual-band elements, which achieves a relatively simple antenna structure with lower 

weight. Depending on the polarization types, different reflectarray elements can be used. 

  

(a) 

       
       (b)                                                            (c) 

Figure 1-8 Dual-band elements using (a) square loops with variable-length phase delay lines, (b) variable-sized crossed 

dipoles or (c) variable-sized crossed dipoles and patches for CP or dual-linear application. 
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For circular or dual-linear polarization, multiple small square loops enclosed by a large 

square loop is a possible solution, using the variable-length delay line technique to achieve 

phase compensation, as well as the use of use variable-size crossed dipoles that can be combine 

with variable-size patches, as can be seen in Figure 1-8. For linear polarization, linearly 

polarized dipoles of different lengths can be used similar to that used for the crossed dipoles in 

Figure 1-8.b. This technique enables the implementation of two independent phase 

distributions on the reflectarray surface where one frequency band can be nearly twice the other 

frequency. Even more small loops can be enclosed in a large loop to achieve triple or quadruple 

frequency ratios. However, note that all elements in the reflectarray must have proper spacing 

between adjacent elements in order to avoid the grating lobe type of radiation, and in this case, 

the high-frequency elements must be carefully treated to fulfill the appropriate spacing between 

themselves and also between them and the common ground plane, otherwise the antenna 

performance can be degraded.  

On the other hand, two distant frequency bands can be covered with a two-layer substrate 

configuration. As above mentioned, when two frequencies are widely separated, the physical 

separation between the elements and their common ground plane may become a problematic 

issue. To overcome this problem, the single layer configuration can be replaced by two layers 

of substrate, one for each arrangement of reflectarray elements according to their frequency 

band. In this case, there are two implementation procedures: placing the layer of high frequency 

elements above the low frequency elements, or placing the layer of low frequency elements 

above the high frequency elements. 

Since the two frequencies are widely separated, the low frequency elements are significantly 

larger than the high frequency elements in physical size, and as a result, a single low frequency 

element can be used as a ground plane for several high frequency elements. A reflectarray was 

proposed in [40] for dual frequency operation in 5 GHz and 20 GHz, where the variable-length 

phase-delay line technique was used with a unit cell consisting of 2×2 high frequency patches 

placed above a single low frequency patch, as illustrated in Figure 1-9. To achieve an 

appropriate ground plane below the high frequency elements, the lower element must be 

prudently designed, ensuring a minimum size that can work as ground plane for the upper 

elements. For this reason, is recommended to use fixed-size patches with variable-length phase-

delay line technique for the low frequency elements.  
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Figure 1-9 Configuration of a dual-band dual-layer reflectarray. 

The other technique, where large low frequency elements are above the small high 

frequency elements, present more problems, since it can be implemented only if low frequency 

elements are electrically nearly transparent to the high frequency waves. To achieve this goal, 

the low frequency element has to use a structure with small widths, such as the crossed dipole 

or annular ring loop, since a solid structure, such as a rectangular patch, would block off the 

high frequency waves. Furthermore, the low frequency elements have to avoid higher mode 

resonances that occur at the integer multiple of the high frequency elements, which means that 

the upper layer must act as a transparent frequency selective surface (FSS) to the high 

frequency layer situated below. A possible implementation is presented in [41], where the 

reflectarray cell combines crossed dipoles in the upper layer at X-band with variable-size 

patches in the lower layer at Ka-band, as shown in Figure 1-10. 

 

Figure 1-10 Reflectarray unit cell of an X-band crossed dipole above 4×4 Ka-band patches. 
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A multi-band reflectarray that transmits and receives at both Ka- and X-bands has been also 

demonstrated in [36], by using a separate reflectarray for each band and a frequency selective 

surface. However, the resulting antenna is formed by many layers and is very thick, not being 

suitable for space antennas. In addition, the elements used are symmetric and not suitable for 

independent phase control. 

DUAL BAND REFLECTARRAY WITH TWO CLOSELY SEPARATED FREQUENCIES 

When two frequencies are fairly close to each other, the variable-size technique 

implemented in the previous subsection cannot be used, since the similar physical size of the 

elements will produce interference between them. Depending on the polarization type, different 

reflectarray elements must be used. In the case of circular polarization, two concentric circular 

loop elements can be used on the same substrate layer, as illustrated in Figure 1-11. The phase 

compensations are achieved by using the variable angular rotation technique, previously 

commented. 

 

Figure 1-11  Dual-band elements using variable-angular rotated circular loops for CP applications. 

In case of using with linear polarizations, the solution is simpler. One way is based on the 

use of linear dipoles, which occupy very little space when compared with crossed dipoles, 

patches, or loops, and can be implemented combining variable lengths to work at different 

frequencies, forming arrangements with dipoles close to each other. The dipoles should not be 

spaced too close to each other, to avoid mutual coupling effects and be able to adjust 

independently each frequency arrangement. Similar to this procedure, a reflectarray based on 

two stacked patches with variable size was designed in [29], where each stacked patch is 

adjusted to control the phase-shift at a different frequency (6.5 and 10.6 GHz). In this case, the 

bandwidth performance is limited, since each stacked patch works at a determined frequency 

and there are no mutual coupling effects (required to get broadband elements). The bandwidth 
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can be improved by adding stacked patches for each frequency band, at the cost of increasing 

the number of layers.  

Another way to achieve a multi-frequency behavior at close frequency bands is based on the 

use of broadband elements. In this case, the large phase response of the reflectarray elements 

is used to implement different phase distributions at each operating frequency. A dual-polarized 

reflectarray that provides independent phase control at four closely spaced frequencies (12, 13, 

14 and 15.5GHz) has been demonstrated in [39] using multi-resonant cells. This concept is 

interesting but the elements do not permit an independent phase control in each polarization, 

because of the symmetry of the printed elements in the cell. Generally, single-layer multi-

frequency reflectarrays present low profile and reduced manufacturing costs, but with the 

drawbacks of a limited operating bandwidth or the incapability of discriminating in 

polarization. In the present project, the reflectarray cell used in the manufactured reflectarray 

is based on four parallel dipoles for each orthogonal polarization printed on two layers, as those 

proposed in [42][24], where a multi-resonant element is optimized to provide two different 

phase distributions in Tx (11.3 - 12.6 GHz) and Rx (13.75 - 14.25 GHz) in Ku-band. 

1.2.  ANTENNAS FOR SATELLITE APPLICATIONS IN KA-BAND 

Broadband communications satellite in Ka-band, also known as High Throughput Satellites 

(HTS), employ multi-beam antenna systems that produce a high number of slightly overlapping 

spot beams to provide a cellular coverage [43]. In order to minimize the interference level 

between adjacent spots, two different frequencies and polarizations are used to generate the 

beams, both in transmission (Tx, 19.2-20.2 GHz) and reception (Rx, 29-30 GHz) bands, so that 

two adjacent spots never coincide at the same frequency and polarization. A more detailed 

description of the required coverage is shown below with other technical requirements of the 

broadband satellite communications in Ka-band. 

To provide this coverage, sophisticated multi-beam antenna systems are required. The 

existing HTS-satellites typically use four reflector antennas to generate the whole coverage, 

operating simultaneously at Tx- and Rx-bands (20/30 GHz). Traditional reflector antennas 

offer high-gain pencil beams through a mature technology based on the single-feed-per-beam 

(SFB) configuration. Their drawback is that conventional reflectors cannot provide closely 

spaced beams (around 0.56º separation), since the feed size that would provide the required 
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beam spacing is smaller than the feed size that ensures an optimum illumination of the aperture, 

thus, either electrically smaller feeds or a larger F/D ratio have to be used, and both solutions 

lead to higher spillover losses [44]. Hence, four reflector antennas are usually required to 

generate a four-color coverage (using two frequencies and two polarizations), one reflector per 

color. 

Different attempts have been made in order to reduce the number of antennas [45]. Some of 

them include lenses, but the antenna efficiency is reduced because of the losses and the 

architectures based on direct radiating arrays [46]-[48] are penalized by high complexity and 

cost. The main problem is that no room is available to accommodate the feeds required to 

produce the closely spaced beams, and a potential solution consist on increasing drastically the 

dimensions of the main reflector. The oversized reflector proposed in [49] is four times larger 

than a conventional reflector (around 4.5 m in diameter) and has to be properly shaped to 

provide the required spot-width. This is not a desirable solution because of the severe space 

constraint in the satellite. Recent works have proposed the use of reflectarray antennas to 

reduce the number of antennas by generating two different colors with each feed, either in two 

polarizations [17], or two frequencies [50]. 

As mentioned, printed reflectarray antennas show several advantages when compared to 

conventional reflector antennas for space applications. Contoured beams can be easily 

generated by using a flat reflectarray made of printed patches properly optimized ([9]-[12]). 

The mechanical design is simplified because it is reduced to a single flat sandwich, and the 

manufacturing time and cost are reduced due to the elimination of the custom molds required 

for conventional shaped reflectors, being fabricated with a simple and low-cost chemical 

etching process, especially when produced in large quantities. Reflectarray antennas could even 

provide in-flight reconfigurability of the coverage [51], if electronically controllable phase-

shifters are included at element or sub-array level. Moreover, when a large aperture (e.g., 10 - 

m size) spacecraft antenna requires a deployment mechanism, the flat structure of the 

reflectarray allows a much simpler and reliable folding mechanism compared with that required 

for the doubly curved surface of a parabolic reflector. The flat surface of the reflectarray also 

lends itself for flush mounting onto an existing flat structure without adding significant amount 

of mass and volume to the overall system structure.  

The present work intends to design a reflectarray antenna suitable for this Ka-band 

application. Thus, according to the state of the art on reflectarray technology and satellite 

communications, the most critical aspects of specific technical requirements for broadband 
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satellite communications in Ka-band are commented below. After presenting these 

requirements, the goals of the project will be presented together with the main approaches 

proposed to overcome the most critical issues. 

1.2.1. NUMBER OF BEAMS AND FREQUENCY-POLARIZATION REUSE 

SCHEME 

The existing HTS-satellites produce around 80 slightly overlapping spot beams to provide 

a typical pan-European coverage in Ka-band. The scheme of reusing polarization and 

frequencies, with two frequencies and two polarizations in a triangular spot lattice is shown 

Figure 1-12. The triangular spot lattice shown in Figure 1-12.a results from generating the spots 

in the same frequency and different polarization forming and angle of 60º with respect to the 

horizontal axis, while the spots in the same polarization and different frequency are generated 

in the direction of the horizontal axis. This four color reuse scheme allows that adjacent spots 

do not present the same color (same frequency and polarization), and thus the spots with the 

same color are spatially isolated from each other, reducing the interferences and enabling a 

significant improvement of the spectrum utilization and thus the system capacity. The multi-

spot coverage in Ka-band over Ku-band services also reduces the cost and size of the Earth 

terminals.  

     

(a)                                                                           (b) 

Figure 1-12 (a) Multiple beams using a frequency-polarization reuse scheme and (b) example of a four colour scenario 

for a pan-European multi-spot coverage. 
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1.2.1. SPOT DIAMETER, EOC GAIN AND ROLL-OFF 

In the existing multi-spot coverages in Ka-band, the angular spacing between adjacent spots 

is typically 0.56º with 0.65º spot diameter, which results in the slightly overlapping spot lattice 

shown in Figure 1-12.b. These values are significantly small, ensuring a high value of gain at 

the end of the coverage (EOC gain), in the order of 46 dBi with a roll-off around 3 dB [52]. 

The narrow antenna beamwidth causes that slight errors in pointing produce a significant 

reduction of the EOC gain. Hence, the 46 dBi EOC gain has been chosen considering that a 

pointing error of the satellite of 0.1º will reduce the gain at EOC up to 43.8 dBi, an tolerable 

value in real applications. However, some current RF pointing systems can provide pointing 

errors lower than +/-0.05°. 

The requirement of 0.65º in the EOC gain (around 4dB-beamwidth) results in an antenna 

diameter (D) larger than 1.6 meters at Tx frequency (20 GHz), and a directivity (DA) close to 

50 dBi, according to the following approximate equations used with reflector antennas,  where 

Aap is the area of the aperture. 

𝐵𝑊−3𝑑𝐵(°) = 70 ·
𝜆

𝐷
                                                        (1) 

𝐷𝐴 = 4𝜋 ·
𝐴𝑎𝑝

𝜆2                                                               (2) 

It must be taken into account that these values are for a single beam, and when the antenna 

will be optimized for multiple beams, its gain can be reduced (in less than 1 dB). 

1.2.2. FREQUENCY BANDS 

The required frequency band is a 5% in Tx, from 19.2 GHz to 20.2 GHz, and a 3.3% in Rx, 

from 29 GHz to 30 GHz. This antenna bandwidth in each band is relatively small, but the 

antenna is very large (for the initial estimation of 1.6-m at 20 GHz, the antenna is larger than 

100 wavelengths). The large antenna dimensions will drastically reduce the antenna bandwidth 

because of the differential space delay, as above mentioned. Assuming that different 

reflectarray antennas are used for Tx and Rx, the broadband techniques previously developed, 

such as the optimization in the frequency band or the reflectarray on a curved surface, should 

be applied to ensure the requirements in the specified frequency band. 
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1.2.3. CARRIER TO INTERFERENCE 

The required carrier interference (C/I) for a single entry is intended to be at least 20 dB. 

According to the initial estimation of the antenna dimensions, Figure 1-13 shows the simulated 

radiation pattern of a 1.6-m reflectarray with an illumination taper of -12 dB. The level of C/I 

in the worst case would be produced by first side-lobe, which is 20dBi (-29.2 dB with respect 

to the maximum). This value represents a C/I better than 25 dB at the EOC, fulfilling the 

required 20 dB. The main drawback will appear when the antenna generates multiple beams, 

some of them produced by feeds placed out of the reflectarray focal point.    

 

Figure 1-13 Elevation cut of the radiation patterns for a 1.6-m reflectarray antenna with -12 dB taper illumination.   

1.3.  MOTIVATION AND GOALS 

As mentioned, in conventional reflector architectures, more than 80 beams are generated by 

four reflector antennas to provide a typical multi-spot coverage in Ka-band. This project 

proposes a design method to achieve that all the required beams can be produced using two 

apertures, one for Tx and other for Rx. Although the configuration is based on one-feed-per-

beam, each feed will generate four adjacent beams in two closely spaced frequency bands and 

two polarizations (four colors), by the simultaneous discrimination in frequency and 

polarization. In this case, 20 dual-polarized feeds would be required to produce the 80 beams 
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in the two frequencies and two polarizations. Note that the number of feeds will be the same 

as in any individual antenna of the reference system, and therefore there will be no problem in 

the physical placement of the feeds.  

Despite Ka-band services usually operate in dual-CP, one main advantage of reflectarray 

antennas is that they can provide independent beam forming in each linear polarization in a 

simple way when using rectangular patches or printed dipoles, because the phasing in each 

polarization is controlled independently by each dimension of the printed element. Thus, the 

spot beams will be generated in orthogonal linear polarizations, using a reflectarray cell made 

of several parallel dipoles for each polarization, as in [42], because this cell has already been 

satisfactorily demonstrated. Although the beams are generated in orthogonal lineal 

polarizations, the proposed technique can be used to generate the adjacent beams in dual-CP 

through the previously mentioned variable rotation technique of the elements. Moreover, the 

frequency bands have been enlarged considering the tendency towards changing the gateway 

band to Q/V band [53], what enables the use of frequencies between 17 and 20 GHz for the 

user link. This change confers a greater antenna performance and it will be justified in detail in 

the next chapters. 

After describing carefully the design method, a 43-cm reflectarray antenna formed by 2,242 

elements will be designed, manufactured and tested according to the proposed design 

procedure, as a proof of concept. The results will demonstrate for first time that four adjacent 

beams, in different frequency and polarization, can be achieved with a single dual-polarized 

feed.  

Once validated the design technique, a trade-off for a multi-beam real size antenna will be 

presented, showing simulated results. The antenna will be illuminated by 27 dual-polarized 

feeds, generating a coverage of 108 spot beams in a four color scheme similar to the one shown 

in Figure 1-12. Finally, the design of parabolic reflectarray antennas will be also considered 

for space applications. 

The proposed concept, applied to satellites of multi-spot coverage, will allow a reduction in 

the number of feeds (each feed produces four beams) and antennas required when using 

conventional reflectors. The four reflector antennas operating in Tx and Rx could be reduced 

to two reflectarray antennas, one for Tx and other for Rx. 
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2. DESIGN METHOD TO PRODUCE         

FOUR ADJACENT BEAMS PER FEED 

In this chapter, a design method for reflectarray antennas in single reflector configuration 

with simultaneous discrimination in frequency and polarization is proposed to generate four 

independent beams at two orthogonal polarizations and two frequencies (four colors). The 

beam squint effect in printed offset-fed reflectarray antennas will be used to produce the multi-

frequency behavior, while the discrimination in polarization will be achieved through the use 

of appropriate reflectarray cells that provide an independent phase-shift in each orthogonal 

polarization.  

The chapter presents separately the techniques employed to achieve each multi-operation 

behavior (in frequency and polarization), including some design examples that illustrate the 

proposed methods. Then, a first essay of a 1.8-m reflectarray antenna able to generate with a 

single dual-polarized feed the four required beams at two orthogonal polarizations and two 

frequencies is presented, taken into account the spot requirements of the existing multi-spot 

coverages in Ka-band, such as the angular spacing between adjacent spots (0.56º) and the spot 

diameter (0.65º). 

2.1.  DISCRIMINATION IN FREQUENCY BY USING BEAM 

SQUINT EFFECT 

The beam squint effect is a well-known phenomenon in offset-fed reflectarrays. This point 

is divided into three subsections: first, the beam squint effect is described, emphasizing the 

techniques proposed to minimize this unwanted phenomenon. Then, the method to obtain a 
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multi-frequency behavior in a reflectarray antenna by using the beam squint will be described. 

Finally, some simulations of reflectarray antennas will be shown to validate the design method 

presented in the previous subsection. 

2.1.1. BEAM SQUINT EFFECT IN REFLECTARRAY ANTENNAS 

The effect of beam squint in offset-fed reflectarray antennas implies that the direction of 

maximum radiation changes with frequency. This phenomenon has been previously studied in 

[54], showing that it is mainly caused by a shifting in the location of the focal point with 

frequency (caused by non-constant phase delays over the surface of the reflectarray) rather than 

other factors, such as the properties of the reflectarray element or the lattice size used. This fact 

was demonstrated in [54] (computationally and experimentally) by showing that if the feed is 

physically moved to the shifted focal point at some off-center frequency, the pointing direction 

of the main beam at this frequency is restored. Figure 2-1 illustrates qualitatively the shift of 

the focal point along a focal line normal to the reflectarray surface (plane z = 0) at three different 

frequencies (27, 30 and 33 GHz), together with the physical movement of the feed that is 

required to coincide its phase center with the focal point. 

 

Figure 2-1 Schematic representation of the focal point shift with frequency. 
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Some methods have been already proposed to reduce or suppress the beam squint effect 

[55], [56]. In [55], a simple criterion for minimizing this phenomenon is presented, based on 

choosing the correct offset feed position. The feed position must fulfill the condition θo = θi, 

where θo is the direction of maximum radiation of the reflectarray and θi is the angle from the 

phase center of the feed to the center of the reflectarray surface (see Figure 2-2. a). In other 

words, the feed must be placed in the specular direction of the radiated beam. This strategy is 

widely used in the design of reflectarray antennas, since it achieves to minimize the beam squint 

effect in a simple way. Figure 2-2.b shows the results provided in [55] for a reflectarray antenna 

designed at 12 GHz to produce a collimated beam in the direction θo = 40º. It can be seen how 

the direction of maximum radiation of the reflectarray varies with frequency considering four 

different feed positions, where the condition "θo = θi" corresponds to a feed offset distance 

close to 0.44 cm, and this value prevents any appreciable squint of the main beam. 

 

 

 

(a) 

 

(b) 

Figure 2-2 (a) Schematic view in the xz-plane of a reflectarray for minimizing the beam squint. (b) Position of main 

beam versus frequency from [55]. 

In order to suppress the beam squint effect, a design method is proposed in [56] based on 

the use of two offset feeds simultaneously illuminating the reflectarray antenna to produce a 

single beam. The two feeds must be located at opposite ends of the reflectarray in the offset 

plane, or symmetry plane of the antenna (see Figure 2-3). In this way, the two feeds required 

to illuminate the reflectarray and generate a single main beam are placed following the 

procedure for multi-feed single-beam reflectarrays described in [57], but in this case for the 
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purpose of removing beam squint through the use of the dual-feed configuration shown in 

Figure 2-3. 

 

Figure 2-3 Offset-fed reflectarray configuration to suppress the beam squint effect. Figure from [56]. 

2.1.2. DESIGN METHOD TO DISCRIMINATE IN FREQUENCY USING BEAM 

SQUINT  

As shown in the previous section, the techniques proposed to date are all about suppressing 

or compensating the unwanted phenomenon of beam squint. The goal of the proposed design 

procedure is not to suppress the beam squint effect, but to take advantage of it. The beam squint 

will be exploited to generate two adjacent beams in the appropriate directions at two different 

operating frequencies by computing the feed position as indicated in [50] (where the operating 

frequencies are relatively close: 19.5 and 20 GHz). A detailed description of this design 

procedure is presented below. 

Based on the differential spatial phase delay concept, the phase shift that must be introduced 

by each reflectarray cell to generate a plane wave-front associated to the direction (θb, φb) can 

be obtained as: 

𝜙𝑅(𝑥𝑖, 𝑦𝑖) = 𝑘0(𝑑𝑖 − (𝑥𝑖𝑐𝑜𝑠𝜑𝑏 + 𝑦𝑖𝑠𝑖𝑛𝜑𝑏)𝑠𝑖𝑛𝜃𝑏)                                   (3) 

where di is the distance from the phase center of the feed to the cell i of the reflectarray, placed 

at coordinates (xi, yi) with respect to the geometrical center of the reflectarray, and k0 is the 

free-space wave number at the design frequency. 
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According to (3), a reflectarray antenna can be designed to radiate a pencil beam in the 

direction (θb1, φb1) at frequency f1, producing a determined plane wave-front. In a geometrical 

optics model, every ray radiated from the phase center of the feed reaches the wave-front with 

identical phase delay. This phase delay is produced by three factors: the distance between the 

phase center of the feed and the cell i of the reflectarray, the phase-shift introduced by the 

reflectarray cell, ϕRi, and the distance between the cell i and the plane wave-front, which 

depends on the specified beam direction. In this case, the formulation has been particularized 

to the xz-plane (φb1 = 0º). Equation (4) presents the equality of the phase delays produced by 

the path length associated to the elements placed in the extremes of the reflectarray's symmetry 

plane at f1 (see Figure 2-4).  

𝑘0 · (𝑑1 + 𝑑 𝑓1
′ ) + 𝜙𝑅(−

𝐷

2
, 0) = 𝑘0 · 𝑑2 + 𝜙𝑅(

𝐷

2
, 0)                                               (4) 

    

Figure 2-4 Schematic representation of a reflectarray generating a single beam at frequency f1. 

Now, the beam direction is intended to be modified when the reflectarray is illuminated by 

the same feed at a different frequency, f2, which is relatively close to f1 (f2 = f1 + ∆f). The 

original spatial phase delays will change due to the variation in frequency, while in a first step 

no variation is considered in the phase-shift introduced by the reflectarray elements, producing 

a new plane wave-front associated to the direction (θb2, φb2), as can be seen in Figure 2-5. Note 

that the formulation has been particularized to the xz-plane (φb1(2) = 0º), thus the angular 

separation between the two beams is Δθ = θb2 - θb1. Equation (4) can be adapted for frequency 

f2 resulting in (5). 
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(𝑘0 + ∆𝑘0) · (𝑑1 + 𝑑 𝑓2
′ ) + 𝜙𝑅(−

𝐷

2
, 0) = (𝑘0 + ∆𝑘0) · 𝑑2 + 𝜙𝑅(

𝐷

2
, 0)                             (5) 

 

Figure 2-5 Schematic representation of a reflectarray generating two beam at two frequencies. 

Hence, the directions of radiation at both frequencies can be related with the distances 

between the reflectarray elements and the feed (d1 and d2) by subtracting the phase delays 

associated to the path length at each frequency, given by (4) and (5), and taking into account 

that 𝑑 𝑓1(2)
′ = 𝐷 · 𝑠𝑖𝑛(𝜃𝑏1(2)). This relation is expressed in (6). 

  𝑑2 = 𝑑1 + 𝐷 · 𝑠𝑖𝑛(𝜃𝑏2) +
𝑓1

∆𝑓
𝐷[𝑠𝑖𝑛(𝜃𝑏2) − 𝑠𝑖𝑛(𝜃𝑏1)]                             (6) 

This expression can be used to compute the feed position from the values of d1 and d2, so 

that the reflectarray is able to generate two beams in the directions θb1 and θb2 at two frequencies 

f1 and f2 with a unique feed and phase distribution on the reflectarray surface [50]. For example, 

the value of d1 can be estimated from the f/D ratio that provides the required subtended angle 

from the feed, and then, the value of is d2 obtained by applying (6). The feed phase center will 

be located at the intersection point of two circumferences with radius d1 and d2 centered at the 

extremes of the reflectarray antenna in the xz-plane, as shown in Figure 2-6. 
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Figure 2-6 Reflectarray configuration where the feed position is computed from the distances d1 and d2. 

Note that the relation between the angular separation of the beams and the difference 

between the operating frequencies will fix the required beam squint effect, which can be 

quantified by the ratio Δθ/Δf. For a given Δf, the distance between the computed feed position 

and its optimum location (in the specular direction of the radiated beam) will be directly 

proportional to the angular separation of the radiated beams (Δθ), since a larger beam squint 

will be required. This fact is illustrated qualitatively in Figure 2-7. On the other hand, for a 

given Δθ, the distance between the computed feed position and its optimum location will be 

inversely proportional to the frequency shift (Δf). 

 

Figure 2-7 Feed position according to the required beam squint considering fixed operating frequencies. 
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2.1.3. GENERATION OF TWO ADJACENT BEAMS AT TWO DIFFERENT 

FREQUENCIES USING BEAM SQUINT 

According to (6), the feed position can be computed in order to achieve a desired beam 

squint that points the beams in the required directions, considering two previously fixed 

operating frequencies. Thus, a single phase distribution can be implemented on the reflectarray 

surface to produce the two beams at two different frequencies. The optimal way of computing 

the required phase distribution consist on applying (3) with the following parameters: direction 

of radiation 𝜃𝑏 =
𝜃𝑏1+𝜃𝑏2

2
, 𝜑𝑏 =

𝜑𝑏1+𝜑𝑏2

2
, and frequency 𝑓 =

𝑓1+𝑓2

2
.  

The use of a single phase distribution forces to consider close operating frequencies in order 

to avoid beams significantly distorted, but this strategy has the drawback of producing a 

continuous variation of the beam direction with frequency (note that the beam squint effect has 

a linear behavior), which reduces the potential bandwidth of the reflectarray antenna. As above 

mentioned, for a fixed angular separation Δθ between the generated beams, the closer the 

operating frequencies are, the more significant the beam squint will be, since the ratio Δθ/Δf 

will present a higher value. 

In this work, the use of more separated operating frequencies is proposed to obtain a larger 

bandwidth. This can have application in the next generation of HTS systems, which is expected 

to change the gateway band to Q, V or W band [53], enabling the use of frequencies between 

17 and 20 GHz in Ka-band for the users’ link. The design with of relatively distant operating 

frequencies restrains the possibility of using the same phase distribution for both frequencies, 

due to the beam distortion. Therefore, the reflectarray elements must be optimized to provide 

a slightly different phase distribution at each frequency using the technique described in [42], 

[58]. This optimization procedure will also minimize the deviation of the beams within each 

frequency band, which naturally occurs in beam squint.  

Two 1.8-m reflectarray antennas have been designed assuming ideal reflectarray cells to test 

the previous statements and validate (6). Each reflectarray produces two beams with 0.5º 

separation (θb1 = 10º, θb2 = 10.5º). The position of the phase center of the feeds is computed 

using (6) and considering different operating frequencies for each antenna: 19.2 and 19.7 GHz 

(∆f = 0.5 GHz) for the first one, and 18.45 and 19.95 GHz (∆f = 1.5 GHz) for the second one. 

In the first case, the phase center of the feed must be placed at coordinates (xF1, yF1, zF1) = (-

153.9, 0, 246.7) cm with respect to the reflectarray center, while in the second case the phase 

center must be located at (xF2, yF2, zF2) = (-80.8, 0, 254.9) cm. Both reflectarrays have been 
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designed by two different methods: first, using a single phase distribution for both operating 

frequencies, and then, using a different phase distribution for each operating frequency. The 

simulated radiation patterns of the two reflectarrays are shown in Figure 2-8.a for the 

reflectarray designed with close operating frequencies and in Figure 2-8.b for the reflectarray 

designed with separated frequencies. The radiation patterns obtained for the designs with a 

unique phase distribution are in dotted lines, while the patterns corresponding to the designs 

with different phase distributions for each frequency are in solid lines. 

 

                                 (a)                                                               (b) 

Figure 2-8 Simulated radiation pattern in the xz-plane for a single-fed reflectarray that generates two beams at 

frequencies: (a) 19.2 and 19.7 GHz and (b) 18.45 and 19.95 GHz. 

The simulations presented in Figure 2-8 show that both reflectarrays achieve to point the 

beams in the desired directions at each frequency, thus validating (6). It can be seen that the 

antenna with close operating frequencies (Figure 2-8.a) achieves a good response when it is 

designed with a single phase distribution, while the antenna with more separated operating 

frequencies (Figure 2-8.b) produce beams significantly distorted with a unique phase 

distribution, since computing the required phase distribution at 𝑓 =
𝑓1+𝑓2

2
 produces a larger 

error. On the other hand, using a small separation between operating frequencies (0.5 GHz to 

deviate the beam 0.5º in Figure 2-8.a) will produce strong variations of the beam pointing 

directions with the frequency, in the order of 0.1º/100MHz, a prohibitive value for multi-spot 

satellite applications. The use of larger separations between operating frequencies (1.5 GHz to 

squint the beam 0.5º in Figure 2-8.b) will produce smaller variations of the beam pointing 

directions with the frequency (around 0.03º/100MHz) that could be reduced by the 
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optimization procedure used to implement the two different phase distributions on the 

reflectarray surface. Also, the implementation of two different phase distributions minimizes 

the phase errors at each operating frequency and provides a better shaping of the beams. Thus, 

implementing two different phase distributions and using relatively separated design 

frequencies leads to the best results. 

Since two different phase distributions must be implemented on the reflectarray surface, one 

per operating frequency, it may be thought that the use of dual-band reflectarray elements could 

be enough to compensate the phase requirement at the two frequencies, with independence of 

the beam squint. However, when the feed position is computed as proposed in (6), the 

directions of radiation are reached in a natural way, achieving a minimum difference between 

the required phase distributions. If the difference between phase distributions at the two 

frequencies was larger, the optimization of the reflectarray elements to implement different 

phase distributions at relatively close frequencies could not converge, making the design more 

difficult, or even impossible. Beam squint solves the problem of implementing different phases 

at two frequencies close to each other.  

In order to validate this statement, the reflectarray antennas whose simulations are shown in 

Figure 2-8 have been redesigned implementing one phase distribution per frequency, but 

placing the feed in the average specular direction of the two radiated beams (using similar 

values of f/D and subtended angle). This feed position is widely used in reflectarray antennas, 

as could be seen in the first subsection, because of its capability to minimize the beam squint 

effect. In this case, the simulated radiation patterns are identical to those shown in Figure 2-8 

when the reflectarray had two different phase distributions (solid lines). However, exploiting 

the beam squint effect to generate the beams at close operating frequencies provides a 

maximum difference between the phase distribution at f2 and f1 which is almost five times 

smaller than in the case when the feed is placed in the specular direction of the beams (as can 

be seen in Figure 2-9), while in the case of using relatively separated frequencies, the maximum 

difference between the phase distributions is two times smaller than in the case when the feed 

is placed in the specular direction of the beams (as shown  in Figure 2-10). 
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Figure 2-9 Difference between phase distributions at 19.7 and 19.2 GHz when the feed is placed (a) using the proposed 

procedure based on beam squint, or (b) in the specular direction of the radiated beams. 

 

Figure 2-10 Difference between phase distributions at 18.45 and 19.95 GHz when the feed is placed (a) using the 

proposed procedure based on beam squint, or (b) in the specular direction of the radiated beams. 

2.2.  POLARIZATION DISCRIMINATION IN REFLECTARRAY 

ANTENNAS  

The discrimination of the orthogonal polarizations will be performed through the use of 

appropriate reflectarray cells based on sets of stacked parallel dipoles for each orthogonal linear 

polarization, as will be shown in Chapter 3. These cells allow independent control of the phase 

in each linear polarization, enabling the implementation of two different phase-shift 

distributions on the reflectarray, one for each polarization. To generate the beams in dual-
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circular polarization, the variable rotation technique of the elements can be applied, as shown 

in [28]. 

  

Figure 2-11 Beam layout of a “4-color” frequency (f1; f2) and polarization (H-Pol.; V-Pol.) scheme, where the beams at 

the same frequency are generated in a 60º lattice with respect to the 'v = 0' plane. 

Dual polarized feed-horns are assumed to illuminate the antenna, so that each feed produces 

two adjacent beams in orthogonal polarizations in a 60º lattice with respect to the xz-plane (the 

'v = 0' plane) for each design frequency, as can be seen in Figure 2-11.  

A simple way of obtaining the phase-shift distribution for the second orthogonal polarization 

is by adding a progressive phase term to the original phase distribution (see Figure 2-12). The 

required phase increment Δϕ at each reflectarray cell (whose geometrical center is placed at 

coordinates xi, yi) can be calculated using (7), which provides the phase distribution of the 

reflected field on the reflectarray surface to generate a collimated beam in the direction (θb, 

φb). The expression (7) can be transformed to work with the (ub = sinθb·cosφb, vb = sinθb·sinφb) 

normalized angular coordinates associated to the beam direction (θb, φb), resulting in (8). 

𝜙𝑅(𝑥𝑖, 𝑦𝑖) = −𝑘0(𝑐𝑜𝑠𝜑𝑏𝑥𝑖 + 𝑠𝑖𝑛𝜑𝑏𝑦𝑖)𝑠𝑖𝑛𝜃𝑏                                     (7) 

𝜙𝑅(𝑥𝑖, 𝑦𝑖) = −𝑘0(𝑢𝑏𝑥𝑖 + 𝑣𝑏𝑦𝑖)                                                  (8) 

Hence, the difference in the required phase between two beams whose maximums are 

located at coordinates (ub1, vb1) and (ub2, vb2) is expressed in (9).  

∆𝜙(𝑥𝑖 , 𝑦𝑖) = −𝑘0[(𝑢𝑏2 − 𝑢𝑏1)𝑥𝑖 + (𝑣𝑏2 − 𝑣𝑏1)𝑦𝑖]                                 (9) 

The increment of phase that must be added to the original phase distribution to generate the 

adjacent beam in the orthogonal polarization can be calculated by using (9), and considering 
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the (u, v) coordinates associated to the directions of the beams produced by the feed in the two 

polarizations. A hypothetical case is presented in Figure 2-12, where the required phase 

distribution for X-polarization (X-Pol.) is shown in Figure 2-12.a and the progressive 

increment of phase that must be added in Y-polarization (Y-Pol.) to generate the adjacent beam 

in a 60º lattice with respect to the xz-plane is shown in Figure 2-12.b. 

               

                                   (a)                                                                              (b) 

Figure 2-12 (a) Possible phase distribution to generate a shaped pencil beam and (b) the required phase increment to 

produce a beam in a 60º lattice with respect to the xz-plane. 

The progressive variation of the required increment of phase is due to the need of pointing 

but not focusing the beam, since the original phase distribution does focus the beam. Thus, this 

increment of phase simulates the effect of rotating the reflectarray antenna to point the beam 

in the correct direction.  

2.3.  DESIGN METHOD TO PRODUCE FOUR ADJACENT BEAMS 

PER FEED 

As a consequence of combining the discrimination in polarization with the design method 

to reach the multi-frequency behavior by using the beam squint effect, four different phase-

shift distributions will be implemented on the reflectarray surface, one for each frequency and 

polarization combination (same color).  

For example, a reflectarray antenna has been designed and simulated according to the 

procedure shown in this chapter. Firstly, the operating frequencies are defined as 18.45 and 

19.95 GHz (∆f = 1.5 GHz), two relatively separated frequencies. The direction of maximum 

radiation of the beams produced in one polarization (X-pol.) are selected considering the 
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required angular spacing between adjacent spots in current multi-spot coverages in Ka-band, 

which is 0.56º, so that the resultant beam directions are: θb1 = 7º, and θb2 = 7.56º at 18.45 and 

19.95 GHz respectively, with φb1 = φb2 = 0º. Concerning the 0.65º spot diameter required for 

current multi-spot applications, a diameter of 1.8-m is selected for the reflectarray, in order to 

ensure a maximum gain close to 50 dBi.  

Once the previous parameters are defined, the feed position is computed according to the 

required beam squint effect, as shown in (6), obtaining that the phase center of the feed must 

be placed at coordinates (xF, yF, zF) = (-70.83, 0, 259.35) cm with respect to the reflectarray 

center. This feed position does not produce blockage and the resultant antenna configuration 

can be seen in Figure 2-13. The phase distributions for X-Pol. at both design frequencies are 

obtained by means of (3), while the phase distributions for the orthogonal polarization are 

computed as shown in the previous subsection, since the beams in Y-Pol. are generated in a 

60º lattice with respect to the xz-plane (see Figure 2-11). The four phase distributions that must 

be implemented simultaneously on the reflectarray surface are shown in Figure 2-14. These 

distributions will produce four beams in the directions shown in Table 2-1. 

 

Figure 2-13 Antenna configuration. 

Table 2-1. Directions of the radiated beams 

Frequency 
Direction of radiation (θ,φ) 

X-Pol. Y-Pol. 

18.45 GHz 7.0º, 0.0º 7.3º, 4.2º 

19.95 GHz 7.56º, 0.0º 7.9º, 3.8º 
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(a) 

 

(b) 

Figure 2-14 Required phase-shift on the reflectarray for X- and Y-polarization at (a) 18.45GHz and (b) 19.95 GHz. 

The difference between the phase distributions at 19.45 and 18.45 GHz for both 

polarizations can be seen in Figure 2-15, showing a maximum range of phase close to 250º. 

The difference between the phase distributions for X-Pol. and Y-Pol. Is given in Figure 2-16, 

presenting the progressive variation required to deviate the beam 0.56º in the prescribed 

direction, which forms 60º with respect to the xz-plane. In this case, the beams generated in Y-

Pol. are slightly deviated with respect to the beams in X-Pol., and thus, Figure 2-16 shows a 

small range of phases close to 30º. 
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                                      (a)                                                                      (b) 

Figure 2-15 Difference between phase distributions at 19.95 and 18.45 GHz for (a) X-Pol. and (b) Y-Pol. 

 

                                         (a)                                                                 (b) 

Figure 2-16 Difference between phase distributions for X- and Y-Pol. at (a) 18.45 and (b) 19.95 GHz. 

As could be seen in the method proposed to generate frequency discrimination by the beam 

squint effect, equation (6) presents a degree of freedom to compute the feed position, since 

although the antenna diameter, the operating frequencies and the directions of radiations are 

fixed, the distance between the reflectarray and the feed (d1) has not been previously defined. 

This variable is selected to achieve an optimum illumination taper around -12 dB, considering 

that the field radiated by the feed is modeled using a cosq(θ) distribution with q = 28 for both 

frequencies. The resultant illumination level on the reflectarray edges is presented in Figure 

2-17. 
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Figure 2-17 Amplitude of the incident field on the reflectarray surface. 

Finally, the radiation patterns of the antenna are computed considering the ideal phase 

distributions shown in Figure 2-14. The beams generated at 18.45 GHz present a maximum 

gain of 49.5 dBi, while the beams produced at 19.95 GHz show a maximum gain of 50.1 dBi. 

Note that the higher gain value at 19.95 GHz is due to the larger electrical size of the antenna. 

The simulated contour patterns at 46 dBi for the four beams generated in X- and Y-polarization 

at 18.45 and 19.95 GHz are represented in Figure 2-18, showing the expected beam layout of 

four colors similar to that shown in Figure 2-11. 

 

                                             (a)                                                                     (b) 

Figure 2-18 (a) Simulated contour patterns of the four beams at 46 dBi and (b) gain levels of the four beams. 

With this design method, it is expected that an antenna based on a single offset reflectarray 

main aperture shall be able to generate all the beams either in Tx or Rx required in a traditional 

coverage with overlapping spots for broadband satellite communications in Ka-band. This 
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method present the advantages of achieving a simple antenna configuration with the possibility 

of generating 80 beams (in Tx or Rx) with a single aperture illuminated by 20 feeds. Note that, 

in contrast to traditional reflector antennas, every feed generates four adjacent beams, saving 

room for the other feeds and reducing the total number of feeds required. Moreover, the full 

multi-spot coverage for Tx and Rx in Ka-band will be provided by using two reflectarray 

antennas instead of four reflectors, which means that the number of apertures required for the 

coverage would be reduced by a factor of 2. 

In the next chapter, a single-fed reflectarray demonstrator that generates four adjacent beams 

in different colors is designed, manufactured and measured to validate this method. 
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3. DESIGN OF A FOUR-BEAM     

ANTENNA DEMONSTRATOR 

A reflectarray antenna has been designed, manufactured, and measured with the objective 

of demonstrating the possibility of generating four adjacent beams, in four different colors, 

with a single reflectarray antenna using one dual-polarized feed.  

This chapter is divided into six sections: firstly, the reflectarray cell used for the 

demonstrator is described and characterized. The election of an appropriate reflectarray cell is 

decisive to achieve the final design of the antenna. The reflectarray cell is based on two 

orthogonal sets of parallel dipoles, where each set is used to adjust the phase in each 

polarization at two different frequencies. The second section defines the antenna configuration, 

according to the design procedure shown in the previous chapter. The diameter of the 

reflectarray is 43-cm to facilitate its manufacturing and decrease costs. After computing the 

required four phase distributions, the reflectarray will be simulated considering the previously 

characterized reflectarray elements. In the third section, the manufacturing process of the 

demonstrator is described. Finally, in the last three sections, the measurements of the antenna 

are shown and compared with the simulated results, presenting the conclusions reached in this 

chapter. 

3.1.  DEFINITION AND CHARACTERIZATION OF THE 

REFLECTARRAY CELL  

The reflectarray cell used for the demonstrator is composed of multi resonant elements 

arranged on a two layer configuration, in order to add more degrees of freedom to control the 
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phase in the reflectarray cell and enable optimization techniques. The cell comprises two 

orthogonal sets of coupled parallel dipoles for controlling each linear polarization, with a 

shifting of half a period in both X and Y axes between the two set of dipoles, in order to allow 

enough room between neighbor cells (see Figure 3-1). Each set is composed of three coplanar 

parallel dipoles printed on a dielectric layer and a fourth parallel dipole stacked with the central 

one and printed on the opposite side of the same dielectric sheet. In the case of X-polarization, 

the three horizontal parallel dipoles are printed on the top surface and the fourth dipole on the 

bottom surface, while the placement of the dipoles for Y-polarization is the other way round. 

The lateral dipoles of each arrangement are symmetrical with respect to the central one, in order 

to keep low levels of cross-polarization. 

 

Figure 3-1 Two-layer reflectarray cell with independent phase control in each polarization 

based on the combination of three coplanar parallel dipoles and stacked dipoles 

A similar reflectarray cell has been used for the design of a 40-cm reflectarray demonstrator 

that operates both in Tx (11.3 - 12.6 GHz) and Rx (13.75 - 14.25 GHz) in Ku-band [42]. In this 

case, the geometrical parameters of the element have been adjusted to operate simultaneously 

at 18 and 20 GHz, considering 600 MHz bandwidth around each design frequency. A different 

period is set for the cell dimensions along x- axis (PX = 7.5 mm) and y- axis (PY = 8.5 mm) of 

the reflectarray, both values close to λ/2 at the design frequencies. These values have been 

adjusted to minimize cross-polarization components, allow enough room for the maximum 

dipole lengths, and avoid the appearance of grating lobes at the higher operation frequency 

(20.3 GHz) for incidence angles up to 47.8º. Concerning the dipole dimensions (see Figure 

3-1), their width is w = 0.4 mm, the separations between laterally coupled dipoles in each layer 
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are SA = 2.3 mm and SB = 2 mm (from center to center), and the relative lengths of the dipoles 

are shown in Table 3-1 referred to lB2, which corresponds to the length of the central dipole for 

X-polarization on the top layer. These parameters were selected after a careful parametric study 

of the cell, seeking for a linear behavior of the phase response and a sufficiently large margin 

of phases at both design frequencies (18 GHz and 20 GHz). The substrate layers are specified 

in Table 3-2.  In the layer A, the measured value of the dielectric constant for a 1.524-mm 

thickness (εr = 2.3) has been used instead of the nominal value (εr = 2.17 at 10 GHz), provided 

by the manufacturer. 

Table 3-1. Dipoles relative length refer to lB2. 

Paramet

er 

Relative length 

(mm) 

lA1 0.68·lB2 

lA2 1.09·lB2
 

lA3 lB2 

lB1 0.73· lAB2 

lB3 1.09·lB2 

 

Table 3-2. Properties of the substrate Layers. 

Layers Material εr tan δ Thickness (mm) 

A DiClad 880B 2.3 0.005 1.524 

  (measured values)  

B CuClad 233 LX 2.33 0.0013 0.787 

  (nominal values)  

In order to characterize the proposed reflectarray cell, the reflection coefficients related to 

each linear polarization have been computed at different frequencies in both upper and lower 

bands. Figure 3-2 and Figure 3-3 show the results for the module and phase of the reflection 

coefficient for both linear polarizations as the lengths of the dipoles are increased, considering 
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normal incidence (θi = 0º, φi = 0º). The graphics only indicate the lengths of the central dipole, 

lB2 for X-Pol. and lA2 for Y-Pol., since the rest of dipoles lengths refer to it. As can be seen, the 

phase response show a smooth variation with a phase range close to 800º in both frequency 

bands while the modules present losses lower than 0.6 dB .  

 

(a) 

 

(b) 

Figure 3-2 Module and phase of the cell reflection coefficient vs dipole lengths at normal incidence in the lower 

frequency band: (a) for X-polarization and (b) for Y- polarization. 

 

(a) 

 

(b) 

Figure 3-3 Module and phase of the cell reflection coefficient vs dipole lengths at normal incidence in the upper 

frequency band: (a) for X-polarization and (b) for Y- polarization. 
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Moreover, the element phase response has been also studied under different angles of 

incidence, considering the extreme angles of incidence for the antenna configuration described 

in next section (0 < θ < 35º, -45º < φ < 45º). The results shown in Figure 3-4 present a stable 

behavior for X- and Y- polarizations in both frequency bands. The maximum phase variation 

for X-polarization is around 20º, while the differences in the phase for Y-polarization can be 

equal to 40º in the worst case. 

 

(a) 

 

(b) 

Figure 3-4 Variation of the phase response under different angles of incidence: (a) for X-polarization, (b) for Y-

polarization. 

Finally, Figure 3-5 and Figure 3-6 show the amplitude and phase response of the reflectarray 

cell for co- and cross-polar components of the incident field in X-polarization as a function of 

the central dipole lengths, under oblique incidence (θi = 20º, φi = 20º) and at both design 

frequencies (similar results are obtained for Y-polarization, although they are not shown here). 

The phase introduced in X-polarization can be completely controlled at both frequencies by the 
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dipoles in the direction of x-axis, and the same applies for the phase in Y-polarization with 

respect to the dipoles in the direction of y-axis. 

As can be seen in the figures, there is a prohibited band-gap for certain dipole lengths, where 

the energy is transferred from co-polar to cross-polar components. This band-gap will be 

avoided in the design of the demonstrator by properly adjusting the permitted length margin of 

the dipoles for each polarization (lA2 and lB2 will be always lower than 6.5 mm). 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3-5 Magnitude and phase response vs. dipole lengths for X-Pol. at 18 GHz: (a) co-polar component, (b) cross-

polar, and phase of the (c) co- and (d) cross-polar component. 
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                               (a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3-6 Magnitude and phase response vs. dipole lengths for X-Pol. at 20 GHz: (a) co-polar component, (b) cross-

polar, and phase of the (c) co- and (d) cross-polar component. 

Finally, the phase response of the reflectarray cell for co-polar components of the incident 

field in X- and Y-polarization at 18 GHz is shown in Figure 3-7, where each polarization can 

be independently controlled by the dipole length associated to each case: lB2 for X-polarization 

and lA2 for Y-polarization. As can be seen in Figure 3-7, the horizontal and vertical dipoles in 

both layers are practically uncoupled. 
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(a)                                                                  (b) 

Figure 3-7 Phase response vs. dipole lengths for co-polar components of the incident field in (a) X- and (b) Y-

polarization at 18 GHz under oblique incidence (θi = 20º, φi = 20º). 

Once the reflectarray cell has been defined and characterized, the design process of the 

antenna demonstrator is described. 

3.2.  DESIGN OF A FOUR-BEAM ANTENNA DEMONSTRATOR 

The small-scale demonstrator consist on a circular reflectarray formed by 2,242 elements 

arranged in a 57 x 50 grid (42.75 cm x 42.5 cm), with the abovementioned periods (PX = 7.5 

mm and PY = 8.5 mm). The diameter of the reflectarray is 43-cm to facilitate its manufacturing 

and decrease costs. In the previous chapter, simulated results were presented for a 1.8-m 

reflectarray antenna, which was able to provide beams with a maximum gain around 50 dBi 

and a 3-dB beamwidth close to 0.65º. The 43-cm reflectarray will produce beams with a lower 

maximum gain (around 37 dBi) and wider 3-dB beamwidths (2.6º), thus the angular separation 

Δθ between adjacent beams at different frequencies must be larger: in the previous simulations 

Δθ = 0.5º was considered, while in the demonstrator Δθ = 2.55º). The operating frequencies 

have not been scaled (they are still in Ka-band), but they have been chosen with a larger 

separation than in the previous chapter (18 and 20 GHz, instead of 18.45 and 19.95 GHz). Note 

that the relation between the angular separation of the beams and the difference between the 

operating frequencies will fix the required beam squint: in the previous chapter, with Δθ = 0.5º 

and Δf = 1.5 GHz, the variation of the beam direction with the frequency is around 

0.03º/100MHz, while in the proposed demonstrator (Δθ = 2.55º and Δf = 2 GHz) it will be 

around 0.13º/100MHz, which will produce stronger deviations within each frequency sub-

band.  
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According to (6), when the increment of frequency ∆f is small, but the beam separation Δθ 

is not so small, the resulting difference of distances from the feed to the extremes of the 

reflectarray (d1 and d2) can be large, requiring a position of the feed far away from z-axis that 

would produce larger angles of incidence on the reflectarray elements. To avoid this fact, the 

feed has been located in the xz-plane on the same side were the beams are radiated (x > 0), so 

that d2 < d1 and θb2 < θb1, like a retro-directive antenna, and its phase center position has been 

computed by applying (6). In this case, the angles of incidence are smaller (0 < θi < 35º, -45º < 

φi < 45º), providing a better performance of the reflectarray cells and simplifying the design of 

the demonstrator. Despite placing the feed in the same side were the beams are radiated, it has 

been checked that the feed does not produce blockage. 

The antenna is illuminated by a 60-mm feed-horn, whose main characteristics are described 

in Annex A. The phase center of the feed is placed at coordinates (xF, yF, zF) = (281.6, 0, 631.1) 

mm with respect to the reflectarray center (see Figure 3-8). The field radiated by the horn has 

been modeled using a cosq(θ) distribution with a different value of the q-factor for each 

frequency (q = 31 at 18 GHz, and q = 45 at 20 GHz), according to the information provided by 

the manufacturer (Anteral [59]). Under these conditions, the illumination levels on the 

reflectarray edges are -12 dB at 18 GHz, and -18 dB at 20 GHz. 

As mentioned above, the feed position has been computed using (6), although in this case 

the beam squint reduces the radiation angles of the beams when the frequency increases (so 

that θb2 < θb1). The antenna has been designed to produce four focused beams in the directions 

given in Table 3-3. The separation between adjacent beams has been set to 2.55º, a value close 

to the 3dB-beamwidth. The required phase-shift distributions to be implemented on the 

reflectarray for X- and Y- polarizations at 18 and 20 GHz, calculated according to the procedure 

described in Chapter 2, are shown in Figure 3-9. 

Table 3-3. Directions of the radiated beams 

Frequency 
Direction of radiation (θ,φ) 

X-Pol. Y-Pol. 

18.0 GHz 3.0º, 0.0º 2.9º, 52º 

20.0 GHz 0.45º, 0.0º 2.55º, 108º 
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Figure 3-8 Schematic representation of the reflectarray demonstrator. 

 

     

(a)                                                                       (b) 

     

(c)                                                                          (d) 

Figure 3-9 Required phases to be implemented on the reflectarray at 18 GHz for (a) X-polarization and (b) Y-

polarization, and at 20 GHz for (c) X-polarization and (d) Y-polarization 
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The difference between the required phase-delay at 20 GHz and 18 GHz for both 

polarizations has been computed and shown in Figure 3-10. The delay differences show smooth 

changes in phase and a range of phase values close to 100º. As in the previous chapter, the 

required phase distributions for a similar reflectarray (same diameter and similar values of f/D 

and subtended angle) with the feed placed in the specular direction of the radiated beams have 

been computed, obtaining a maximum difference between the phase distributions at 20 and 18 

GHz close to 450º. In this case, exploiting the beam squint effect to generate the beams at 

different frequencies provides a maximum difference between the phase distributions five 

times smaller than in the case when the feed is placed in the specular direction of the beams. 

This fact will simplify the optimization of the reflectarray elements. 

 

                            (a) 

 

                         (b) 

Figure 3-10 Difference between the required phase-delay at 20 GHz and 18 GHz for (a) X- and (b) Y-polarizations. 

Once the four different phase distributions are computed, the dipole lengths are adjusted, 

element by element, to match the required phases at the lower frequency (18 GHz) by 

iteratively calling the home-made analysis routine based on the Method of Moments in the 

Spectral Domain (SD-MoM) and the local periodicity approach. The design code accounts for 

the real angle of incidence on each reflectarray cell to calculate the amplitude and phase of the 

reflection coefficient. The horizontal and vertical dipoles in both layers are separately adjusted 

to match the required phases for each polarization, as they are practically uncoupled (see Figure 

3-7). The lengths calculated for the central dipoles that control each linear polarization are 

shown in Figure 3-11. Then, Figure 3-12 shows the errors in the achieved phases at 18 GHz 

and 20 GHz for X-and Y-polarization for the previously calculated dipole lengths. As can be 

seen, the error at 18 GHz is lower than ±1º, while there are some elements where the difference 
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between the achieved and the required phases at 20 GHz is higher than 160º (which was to be 

expected, since the design has been performed only at the lower frequency). 

        

(a)                                                                                (b) 

Figure 3-11 Lengths obtained after performing the initial design of the phases at 18 GHz: (a) central dipole in bottom 

layer (Y-polarization), (b) central dipole in top layer (X-polarization). 

        

(a)                                                                (b) 

          

(c)                                                                       (d) 

Figure 3-12 Phase errors after performing the initial design at the lower frequency: at 18 GHz for (a) X-polarization and 

(b) Y-polarization, and at 20 GHz for (c) X-polarization and (d) Y-polarization. 
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The simulated radiation patterns in 'v = constant' planes for the reflectarray demonstrator 

after the initial design at 18 GHz are shown in Figure 3-13. A gain of 36.73 dBi is obtained at 

18 GHz in X-polarization, while 36.58 dBi gain is achieved at 18 GHz in Y-polarization. The 

patterns at 20 GHz present around 5 dB lower gain. 

  

                                      (a)                                                                 (b) 

Figure 3-13 Simulated radiation patterns in 'v = constant' planes for the reflectarray demonstrator after performing the 

design at 18 GHz: (a) in v=0 plane for X-polarization, and (b) in v = 0.0383 plane for Y-polarization. 

The second step of the design process consists on the optimization of the dipole lengths, 

element by element, to match simultaneously the phase distribution for each polarization at the 

central and extreme frequencies in both lower (17.7-18.3 GHz) and upper (19.7-20.3 GHz) 

operating bands, similarly as in [58]. The required phase difference between the central and the 

extreme frequencies of each sub-band in X-polarization is shown in Figure 3-14. Note that 

similar phase difference distributions are required for Y-polarization, although they are not 

shown here. 
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(a)                                                              (b) 

             

(c)                                                              (d) 

Figure 3-14 Required phase difference between central and extreme frequencies of each band for X-polarization: (a) at 

17.7 GHz and (b) at 18.3 GHz, with respect to 18 GHz; and (c) at 19.7 GHz and (d) at 20.3 GHz, with respect to 20 GHz 

After the multi-frequency optimization, the lengths calculated for the central dipoles are 

shown in Figure 3-15. 

         

(a)                                                                                (b) 

Figure 3-15 Lengths obtained after performing the multi-frequency optimization: (a) central dipole in bottom layer (Y-

polarization), (b) central dipole in top layer (X-polarization). 
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As a result of the optimization, the errors in the phases obtained at 20 GHz are reduced, at 

the cost of increasing moderately the errors at 18 GHz (see Figure 3-12 and Figure 3-16). 

          

(a)                                                                       (b) 

          

(c)                                                                         (d) 

Figure 3-16 Phase errors after performing the multi-frequency optimization: at 18 GHz for (a) X-polarization and (b) Y-

polarization, and at 20 GHz for (c) X-polarization and (d) Y-polarization. 

As can be seen in the previous figure, there are always remaining phase errors after the 

optimization, because of the difficulty in implementing different phase distributions at 

relatively close frequencies (18 and 20 GHz). For this reason, it is important the use of the 

beam squint to generate the beams in different frequencies, because the method points the 

beams in their required directions in a natural way, achieving a minimum difference between 

phase distributions at different frequencies. In this case, the final phase errors at 18 and 20 GHz 

are lower than 20º in most of the reflectarray cells for both polarizations. 

The simulated contour patterns at 32 dBi (around -4 dB respect to the maximum gain) for 

the four beams generated in X- and Y-polarization at 18 and 20 GHz have been computed 
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considering the ideal phase distributions shown in Figure 3-9 and the distribution obtained with 

the dipole dimensions shown in Figure 3-15. The comparison between both results is presented 

in Figure 3-17. 

  

Figure 3-17 Comparison of contours at 33.2 dBi for simulations with ideal phases and dipoles. 

The achieved maximum gain at 18 GHz is 36.2 dBi for X-polarization and 35.9 dBi for Y-

polarization (37.1 dBi and 37 dBi were obtained with ideal phases), while at 20 GHz a gain of 

37.2 dBi and 36.9 dBi is attained for X- and Y- polarizations, respectively (37.7 dBi and 37.6 

dBi were obtained with ideal phases). Note that the beams generated at a higher frequency have 

a slight increment in gain due to the larger electrical dimensions of the antenna. Therefore, 

there is a gain reduction of around 1 dB with respect to the design with ideal phases, as a 

consequence of phase errors occurred in the design of the dipoles and dielectric losses. Despite 

this fact, the results at both design frequencies are quite reasonable and the reflectarray 

demonstrator is able to provide the four-color coverage using a single feed. The two beams in 

the horizontal direction are generated in different frequencies, while in the other direction, 

forming 60º with the previous one, the beams are generated in different polarization. Thus, as 

can be seen in the simulated contour patterns, each polarization corresponds to a constant v 

plane (v = 0 for beams in X-Pol. and v = 0.04 for Y-Pol.). 

The simulated contour patterns at -4 dB respect to the maximum gain for the four beams 

generated in X- and Y-Pol. at the central and extreme frequencies of each band (17.7-18.3 GHz 

and 19.7-20.3 GHz) are presented in Figure 3-18, considering the optimized dipoles. As can be 

seen, there is a deviation in the beam directions within each frequency sub-band, which will be 

quantified later using the cuts of the radiation pattern in the 'v = constant' plane. 
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Figure 3-18 Simulated contour patterns of the four beams at -4 dB respect to the maximum.  

The narrow bandwidth (constrained by beam squint) is the main limitation of the proposed 

design to generate the four beams at 18 and 20 GHz in X- and Y-polarization, as the beam 

deviation required between the two design frequencies produces a natural squint of the beam 

within each operating band, which cannot be completely suppressed by optimization. As 

mentioned above, due to the reduced size of the demonstrator, this antenna configuration 

requires a larger beam squint than in the case of a real-size satellite antenna. To illustrate this 

problem, Figure 3-19 and Figure 3-20 show the simulated radiation patterns in 'v = constant' 

planes for X- and Y-polarization at both central and extreme frequencies of each band. 

 

(a)                                                                                    (b) 

Figure 3-19 Simulated radiation patterns for the reflectarray demonstrator after the optimization at 18 and 20 GHz: (a) in 

v=0 plane for X-polarization, (b) in v = 0.04 plane for Y-polarization. 
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Figure 3-20 Enlarged view of the radiation patterns in 'v = 0' plane for the beams in X-polarization 

As can be seen in the radiation patterns in 'v = constant' planes shown Figure 3-19 and Figure 

3-20, the separation between the beams in the same polarization and different frequencies is 

close to 2.55º, as expected. However, there is a shifting in the beam directions for both 

polarizations of ±0.3º within a 600 MHz band centered at 18 GHz, and a shifting of ±0.2º within 

the same bandwidth centered at 20 GHz.  

The maximum gain for the beams generated in X-polarization varies between 35.34 and 

36.56 dBi at the lower frequency band (variation margin of 1.22 dB), while at higher 

frequencies the gain is between 37 and 37.19 dBi (0.19 dB margin). Note that the gain variation 

for the beams in Y-polarization is very similar to the previous values for X-polarization. 

Therefore, the antenna performance is better at the higher band (19.7-20.3 GHz), while the 

worst results happen at the lowest operating frequency, 17.7 GHz. 

3.3.  MANUFACTURING OF THE REFLECTARRAY ANTENNA 

As described in Section 3.1 (“Definition and Characterization of the Reflectarray Cell”), the 

reflectarray prototype has a dual-layer configuration with two different dielectric substrates: 

the upper layer is implemented by a 0.787-mm CuClad 233 LX sheet, and the lower one by a 

1.524-mm DiClad 880B substrate. A conventional chemical photo-etching process has been 
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used to produce the two levels of dipoles, which are printed on both faces of the 0.787-mm 

CuClad 233 LX substrate cladded with 17-μm copper. The two dielectric sheets have been 

bonded by using two layers of thermoplastic bonding film (38-µm CuClad 6250). The upper 

copper coating of the 1.524-mm DiClad 880B substrate has been completely removed, while 

the lower one is kept to act as a ground plane for the reflectarray antenna. The sandwich 

configuration of the two-layer reflectarray demonstrator is shown in Figure 3-21. 

 

Figure 3-21 Layer configuration of the reflectarray demonstrator. 

During the conventional chemical photo-etching process to produce the two levels of 

dipoles, an acid is used to dissolve the unprotected zones of a copper sheet in order to create a 

pattern with the expected shape. Prior to the process, a photo-sensitive sheet is prepared. This 

photo-tool is a transparent film on which the negative and accurate image of the copper pattern 

is applied. The image of the pattern is transferred by insolation through the photo-sensitive film 

as a mask. The photo-sensitive sheets used in the manufacturing process corresponding to the 

layer A and B of metallization are shown in Figure 3-22. 

A check of the printed dipoles’ dimensions before the measurement of the prototype showed 

an averaged error of -15 μm in all the dimensions of the dipoles (for both lower and upper 

dipoles), plus a random error of ±5 μm. This error was included in the computation of the 

simulated radiation patterns, showing a negligible effect in the results at the operating 

frequencies (17.7-20.3 GHz). 
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(a) 

         

(b) 

Figure 3-22 Photo-sensitive sheet corresponding to the (a) upper and (b) lower layer of metallization. 
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In order to appropriately sustain the reflectarray and the feed-horn, an aluminum structure 

has been built at the facilities of the Universidad Politécnica de Madrid (UPM). Figure 3-23 

presents the planes made in AutoCAD [60] of the main components of the supporting structure 

as well as its final configuration. 

 

Figure 3-23 Planes made in AutoCAD for the supporting structure of the reflectarray demonstrator. 

The demonstrator consists on a circular reflectarray formed by 2242 elements arranged in a 

57 x 50 grid for X-polarization and a 56 x 49 grid for Y-polarization. The reason for this grid 

configuration is that some of the phasing cells for Y-polarization placed on the reflectarray 

edges have been removed to maintain the antenna symmetric with respect to the xz-plane (the 

plane that contains the feed-horn). The dimensions of the printed reflectarray are 42.75 cm x 

42.5 cm, although the panel has a diameter of 45.3 cm, allowing an outer frame without dipoles 

to place the screws that will fix the reflectarray to an aluminum supporting plate. Since the 

edges of the reflectarray will be less illuminated than the center (around -13 dB level), the 

screws will produce a negligible effect in the antenna radiation patterns. Figure 3-24 shows the 

mask of the top layer of the reflectarray made in AutoCAD, along with the location of the 

screws in the reflectarray edges. 
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Figure 3-24 Detail of top mask of the 43-cm reflectarray with 4 dipoles for each polarization in 2 levels of metallization. 

Figure 3-25 shows the manufactured reflectarray demonstrator in the aluminum structure 

defined in Figure 3-23. 

 

Figure 3-25 Picture of the reflectarray demonstrator. 
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3.4.  MEASUREMENT OF THE REFLECTARRAY 

DEMONSTRATOR 

Once the reflectarray antenna is manufactured, the demonstrator has been tested in a 

spherical near-field antenna range at the anechoic chamber of the UPM (see Figure 3-26). The 

radiated field has been measured for both X and Y polarizations in the angular range -50° < θ 

< 50°, -90° < φ < 90°. 

 

Figure 3-26 Picture of the reflectarray demonstrator in the anechoic chamber. 

The measured co- and cross-polar radiation patterns in u-v coordinates for X- and Y-

polarization at the central design frequencies, 18 GHz and 20 GHz, are shown in Figure 3-27 

and Figure 3-28, respectively. The highest side lobes in the co-polar patterns are located in the 

plane ‘v = 0’ for the beams in X-polarization and in the plane ‘v = 0.04’ for the beams in Y-

polarization (the same plane as the main beam), presenting levels between 15 dBi and 19 dBi 

(15 dB below the maximum). These side lobes correspond to the beam radiated by the feed and 

reflected on the reflectarray surface in the specular direction (the cross-polar radiation from the 

feed in the specular direction can be also observed in the cross-polar patterns of the antenna).  
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                                (a)                                                                            (b) 

      

(c)                                                                             (d) 

Figure 3-27 Measured radiation patterns in u-v coordinates at 18 GHz: for X-polarization in (a) co-polar and (b) cross-

polar components, and for Y-polarization in (c) co-polar and (d) cross-polar components. 
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(a)                                                                            (b)  

    

  (c)                                                                             (d) 

Figure 3-28 Measured radiation patterns in u-v coordinates at 20 GHz: for X-polarization in (a) co-polar and (b) cross-

polar components, and for Y-polarization in (c) co-polar and (d) cross-polar components. 

The measured radiation patterns in ‘v = constant’ planes at the central and extreme 

frequencies of each band are shown in Figure 3-29 for the beams in X- and Y-polarization (‘v 

= 0’ and ‘v = 0.04’ planes, respectively). The patterns are very similar for all the frequencies 

in the same band, showing a small deviation in the beam direction of around ±0.3º. The side 

lobes produced by the specular reflection of the radiation pattern of the horn (θ = -24º) can be 

clearly appreciated in these cuts. The maximum gain of the measured beams at the central 

frequencies presents the following values: 34.5 and 35.7 dBi for the beams generated in X-Pol. 

at 18 and 20 GHz, respectively, and 32.8 and 34.8 dBi for the beams generated in Y-Pol. at 18 

and 20 GHz, respectively. The radiation efficiency of the antenna, estimated from the 

maximum directivity at each frequency and considering a circular aperture of 42.5-cm 
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diameter, varies between 30-46%. The relatively low efficiency values are produced by the 

non-desired specular radiation. 

   
(a) 

  
(b) 

Figure 3-29 Measured radiation patterns at the central and extreme frequencies of each band: (a) for the beams in X-

polarization in the plane ‘v = 0’, and (b) for the beams in Y-polarization in the plane ‘v = 0.04’. 
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The measured contour patterns at -4 dB respect to the maximum gain for the four beams 

generated in X- and Y-polarization at the lower, central and upper frequency of each band 

(dotted, solid and dashed lines, respectively) are shown in Figure 3-30. The contours of the 

measured beams are slightly distorted, but the results show that the reflectarray demonstrator 

is able to produce four adjacent beams as expected in the simulations shown in Figure 3-18. In 

the next section, the measurements are shown superposed with the simulations, in order to 

check the agreement between both results. 

 

Figure 3-30 Pattern contour of the four measured beams at -4 dB respect to the maximum. 

3.5.  COMPARISON OF MEASUREMENTS AND SIMULATIONS 

The comparison between the measured and simulated radiation patterns in ‘v = constant’ 

planes is presented in Figure 3-31 and Figure 3-32. The measured main beams are in good 

agreement with the initial simulations and the levels of cross-polarization are about 26 dB 

below the maximum of co-polar, close to the simulated predictions (28 dB). As can be noted, 

there is a reduction in gain of around 2-3 dB with respect to the simulations of the reflectarray 

demonstrator designed with dipoles, which provided around 36 dBi gain at 18 GHz for both 

polarizations, and 37 dBi gain at 20 GHz. Also, it can be observed that the side lobes 

corresponding to the specular direction of the feed present a higher level in the measurements 

than in the simulations. 
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                                   (a)                                                                        (b) 
Figure 3-31 Comparison of measured and simulated radiation patterns at 18 GHz: (a) for X-polarization in the plane v=0, 

and (b) for Y-polarization in the plane v=0.04. 

 
(a)                                                                                       (b) 

Figure 3-32 Comparison of measured and simulated radiation patterns at 20 GHz: (a) for X-polarization in the plane v=0, 

and (b) for Y-polarization in the plane v=0.04. 

Since the discrepancies in gain and side lobes between the measured and simulated patterns 

are significant, the reasons for the disagreement have been investigated The appearance of 

specular radiation, and the consequent increase in the side lobes and reduction in gain, have 

been mainly attributed to phase errors produced by an inaccurate characterization of the 

dielectric materials (dielectric constant and loss tangent) at the operating frequencies, as well 

as to some problems related to the manufacturing and measurement processes. For example, 

the nominal values of the lower substrate (DiClad 880B used in layer A) provided by the 

manufacturer are εrA = 2.17, tanδA = 0.0009 at 10 GHz, but this material was measured by 

inserting pieces of different size inside a waveguide [61] and the results at 20 GHz are much 

higher (εrA = 2.3, tanδA = 0.005). This measurement was made before the design of the 

demonstrator, so the measured values of εrA and tanδA were used in the design and also in the 
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simulations. However, the material used in the layer B (on top) was not previously 

characterized and the nominal values (εrB =2.33, tanδB = 0.0013) provided by the manufacturer 

at 10 GHz were used in the design and simulations. 

To check the phase-shift and dissipative losses of the reflectarray cell, two samples have 

been manufactured and measured in a waveguide simulator (WGS, see Figure 3-33). The 

waveguide simulator is a well-known technique used to measure the performance of array 

elements in a periodic environment [62].   

 
Figure 3-33 Waveguide simulator with the two sample cells. 

The samples consist of two periods of the reflectarray cell placed in a WR51 waveguide 

(dimensions 12.95 mm x 6.48 mm). Since the WGS is only valid for one polarization, different 

cells have been manufactured for each polarization. For X-polarization, the cell contains one 

dipole in layer A (bottom) and three dipoles on layer B (top), while for Y-polarization is the 

other way around, see Figure 3-33 and Figure 3-34. Note that the manufacturing of these 

rectangular samples was considered in the manufacturing process of the demonstrator and the 

photo-sensitive sheet shown in Figure 3-22 includes the mask of the samples, placed in the 

corners of the sheet. 

                   
                                          (a)                                                           (b)  

Figure 3-34 (a) Lower and (b) upper layer of both samples manufactured to test the performance of the reflectarray cells. 
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The simulated and measured values of module and phase of the reflection coefficient vs. 

frequency (accounting for the variation in the angle of incidence with frequency) are shown in 

Figure 3-35. The discrepancies between measurements and initial simulations (using the 

nominal values for layer B) are relatively low for the phase, but significant for the amplitude 

(losses). The values of tanδ and εr in the upper dielectric layer (B) have been adjusted to achieve 

a better agreement with the measurements (see Figure 3-35). The corrected values for the 

dielectric B are εrB = 2.26 and tanδB = 0.0054, thus the initial εrB has been reduced by 3% and 

the initial tanδB has been quadrupled. 

 

 

Figure 3-35 Comparison of measured and simulated module and phase of the cell reflection coefficient vs frequency in 

X-polarization ((a) and (c), respectively) and in Y-polarization ((b) and (d), respectively). 

The radiation patterns have been computed considering the new values of εrB and tanδB, 

achieving a reduction of the error between measurements and simulations. The comparison 

between the measured and simulated radiation patterns in ‘v = constant’ planes is shown in 

Figure 3-36 and Figure 3-37, including two simulated radiation patters: the initial simulation 

considering the values of εrB and tanδB used for the design, and the corrected simulation. The 

remaining discrepancies can be attributed to the specular reflection of the radiation pattern of 
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the feed-horn (partially accounted in the simulations), a simplistic cosq model of the feed-horn 

and uncertainty errors in the antenna gain (±0.3 dB). Although the q factor to model the horn 

has been chosen to match the main lobe of the horn antenna, the cosq model assumes the same 

pattern in all the planes and the same position of the phase center for both polarizations and 

frequencies. However, the phase center varies with frequency and the main beam is elliptical 

and slightly different for each linear polarization (the horn has been designed to produce a 

circular beam when excited in circular polarization, but the beam is not circular in linear 

polarization). 

 
                                     (a)                                                                              (b) 

Figure 3-36 Comparison of measured and simulated radiation patterns at 18 GHz: (a) for X-polarization in the plane v=0, 

and (b) for Y-polarization in the plane v=0.04. 

 
                                    (a)                                                                                    (b) 

Figure 3-37 Comparison of measured and simulated radiation patterns at 20 GHz: (a) for X-polarization in the plane ‘v = 

0’, and (b) for Y-polarization in the plane ‘v = 0.04’. 
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The superposition of the simulated (dashed lines) and measured (solid lines) -4 dB contours 

of the four beams at the two central frequencies (18 GHz and 20 GHz) is shown in Figure 3-38. 

The simulated contours (for the corrected values of εrB and tanδB) shows a good agreement 

with the measurements. Despite that the contours of the measured beams are slightly distorted, 

the results show for first time that the reflectarray demonstrator is able to produce four 

adjacent beams in two frequencies and two polarizations, providing a four-color coverage 

using a single feed. The levels of measured contours are between 28.8 dBi and 31.7 dBi, while 

the simulated contours are between 30.8 and 32.7 dBi.  

 

Figure 3-38 Comparison of the simulated and measured -4 dB pattern contours at 18 GHz and 20 GHz. 

3.6.  CONCLUSION 

In summary, a 43-cm reflectarray has been designed, manufactured and tested to 

demonstrate for first time that a reflectarray is capable of generating four adjacent beams in 

different polarization and frequency with a single feed. The concept has been experimentally 

validated with satisfactory results. The four beams are produced in the prescribed directions 

and the levels of cross-polarization are about 30 dB below the maximum of co-polar, as 

predicted by the simulations. The measured main beams are in good agreement with the 

simulations for the four colors.  

The measured radiation patterns shown higher levels of side lobes and a small reduction in 

the gain, when compared with the initial simulations. After characterizing the dielectric 

properties of the lower substrate (tanδB and εrB) through a waveguide simulator, the agreement 

between measurements and simulations have improved. The remaining discrepancies can be 
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attributed to the specular reflection of the radiation pattern of the feed-horn (partially accounted 

in the simulations), a simplistic cosq(θ) model of the feed-horn and uncertainty errors in the 

antenna gain (±0.3 dB). 

The results are very promising, because they demonstrate the generation of four adjacent 

beams with a single feed. However, the simulated and measured results have shown that the 

beam squint effect remains within each sub-band, so the beam is slightly tilted within the 

frequency band assigned to each color, limiting the bandwidth. As above mentioned, note that 

the beam squint effect required for the reflectarray demonstrator was larger than the required 

for a typical satellite antenna, which made more difficult its elimination within each frequency 

sub-band. 
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4. PRELIMINARY SIMULATIONS FOR           

A 1.8-M SATELLITE ANTENNA 

In view of the capability of generating four beams, in four different colors, with a single 

reflectarray using one dual-polarized feed, a preliminary design of a real satellite antenna has 

been studied. In this case, it is expected that a circular 1.8-m reflectarray shall be able to 

generate all the beams required in a 4-color multi-spot coverage in Tx at Ka-band for broadband 

satellite communication. To achieve this goal, the antenna will be illuminated by 27 feeds, 

generating a total of 108 slightly overlapping spots beams. 

This chapter begins with the definition of the antenna geometry, consisting of a single 

reflectarray illuminated by a cluster of 27 feeds, and continues with the study of the antenna 

performance, analyzing the simulated pattern contours of the radiated beams that form the 

multi-spot coverage and different cuts of the radiation patterns in the principal planes. 

4.1.  DEFINITION OF THE 1.8-M REFLECTARRAY SATELLITE 

ANTENNA  

A circular reflectarray, consisting of 44,125 elements arranged in a 239 x 235 grid with 

period PX = PY = 7.5 mm (179.25 cm x 176.25 cm dimensions), has been designed according 

to the design procedure shown in Chapter 2 and validated in Chapter 3. The antenna is initially 

illuminated by a single feed, whose phase center is placed at coordinates xF = -85.01 cm, yF = 

0 cm, zF = 254.96 cm with respect to the reflectarray center. The feed position has been obtained 

according with Eq. (6) in Chapter 2. The electromagnetic field radiated by the feed is modeled 

using a cosq(θ) distribution with q = 28 for both frequencies (18.45 and 19.95 GHz), which 
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provides -12 dB edge illumination on the reflectarray. The dimensions and radiating properties 

of the horn correspond to a realistic model of a Ka-band feed shown in Figure 4-1, which has been 

fully characterized by Airbus [63]. The four different phase distributions required on the 

reflectarray for each polarization and frequency are computed considering the beam directions 

shown in Table 4-1.  

 

Figure 4-1 Model of feed horn. 

Table 4-1. Directions of the radiated beams 

Frequency 
Direction of radiation (θ, φ) 

X-Pol. Y-Pol. 

18.45 GHz 
10.0º, 

0.0º 
10.28º, 2.8º 

19.95 GHz 
10.56º, 

0.0º 
10.84º, 2.65º 

In these preliminary simulations, ideal reflectarray cells providing the required phase-shift 

for each case are assumed. The required phase distributions are shown in Figure 4-2. Note that 

this reflectarray antenna is similar to the one shown in Chapter 2 (Figure 2-8.b), where the use 

of the beam squint effect to produce the beams allowed to reduce the difference between the 

phase distributions at two different frequencies by a factor of two, as shown in Figure 2-10.  
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Figure 4-2 Required phase-shift on the reflectarray at 18.45 GHz for (a) X- and (b) Y-Pol. and at 19.95 GHz for (c) X- 

and (d) Y-Pol. 

Once the four phase distributions have been computed for the initial feed, 26 additional feed 

positions have been calculated in order to form the feed cluster shown in Figure 4-3.a. The f/D 

ratio is 1.5 to avoid feeds too close to each other: the feed diameter is 54 mm, and distance 

between the phase centers of adjacent feeds is 56 mm. Since each feed radiates four beams, the 

antenna will produce a total of 108 beams with 0.56º separation, employing 27 feeds that 

radiate at 18.45 GHz and 19.95 GHz in X and Y polarizations. Figure 4-3.b shows the expected 

coverage of 108 spot-beams produced by the 27 feeds, each set of 4 beams produced by the 

same feed are grouped by a rhomboid with the corresponding feed numbering. Note that each 

set of 4 beams is physically in the opposite direction of the feed deviation respect to focus, for 

example, the feeds with positive x coordinate are associated with spots in the negative u 

coordinate. 
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 (a) 

    

(b) 

Figure 4-3 (a) Feed array with the feeds numbering and (b) the whole coverage produced by the set of feeds. 

Figure 4-4 shows the antenna configuration with the cluster of 27 feeds, including two rays 

that represent the angles θ of the maximum and minimum directions of radiation to check that 

the feed does not produce blockage (θmin = 7.76º, θmax = 12.8º). 

 

Figure 4-4 Antenna configuration. 

In this simulated design up to 27 feeds are used, providing slightly different angles of 

incidence on the same reflectarray cell. In a real case, each reflectarray element introduces a 

phase shift that varies according to the angle of incidence, thus the phase distribution on the 
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reflectarray surface may not be exactly the same for all the feeds. Although it is a preliminary 

design assuming ideal phase distributions, the potential impact of this fact in a practical design 

of a reflectarray with similar elements to those shown in Chapter 3 (orthogonal sets of parallel 

dipoles) has been considered, concluding that it is insignificant. As could be seen in Figure 3-4, 

the reflectarray element used in the design of the demonstrator has been studied under different 

angles of incidence, considering the extreme angles of incidence for the antenna configuration: 

0 < θ < 35°, -45° < φ < 45° (note that the SD-MoM technique used for the analysis of the 

reflectarray elements accounts for the real angle of incidence on each reflectarray cell). The 

results showed a stable behavior in both frequency bands, with a maximum phase variation 

around 30° in the worst case. In this case, the 1.8-m reflectarray antenna is illuminated by a 

cluster of 27 feeds with an f/D ratio equal to 1.5 and a separation (center to center) between 

adjacent feeds of 56 mm. The maximum distance between the central feed (used to compute 

the required phase distribution on the reflectarray) and the farthest feed is 13.7 cm, while the 

distance (center to center) between the central feed and the reflectarray is 269 cm. The 

difference in the angles of incidence on each reflectarray cell between the central and the 

furthest feed is lower than 3°, thus the potential impact according to the results shown in Figure 

3-4 can be considered negligible. 

Since each feed radiates four beams, the antenna will produce a total of 108 beams with 

0.56º separation, employing 27 feeds that radiate at 18.45 and 19.95 GHz in X and Y 

polarizations. 

4.2.  SIMULATED PERFOMANCE OF THE 1.8-M 

REFLECTARRAY SATELLITE ANTENNA 

4.2.1. EVALUATION OF PATTERN CONTOURS PERFORMANCE 

The simulated four contiguous beams generated by the initial feed, placed in the center of 

the feed array (feed C3 in Figure 4-3.a), present a maximum gain around 50 dBi and a level of 

side lobes lower than -26.4 dB with respect to the maximum. The beamwidths at 46 dBi are 

comprised between 0.678º and 0.685º. The 46 dBi contours of the four adjacent beams are 

shown in Figure 4-5.a. Thanks to the design method that uses relatively separated frequencies, 

the deviation of the beams within their sub-bands is around 0.03º/100MHz, which will facilitate 

the full exploitation of the available bandwidth. 
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Exploiting the symmetry of the cluster of feeds (rows A and B with respect to rows E and 

D, see Figure 4-3.a), the four beams generated by each feed in the rows C, D and E have been 

simulated and their 46 dBi contours are shown in Figure 4-5.b, according to the previously 

described frequency and polarization reuse scheme. In this figure, the contours of the beams 

generated by the central feed, which were shown in Figure 4-5.a, are highlighted with thicker 

lines to facilitate their location. The resultant multi-spot coverage provided by the reflectarray 

antenna can be seen in Figure 4-6. 

 

(a) 
 

            (b) 

Figure 4-5 (a) Four beams generated by a single reflectarray using one dual-polarized feed in four different colors, 

contours for 46dBi. (b) Contours for 46 dBi of 64 beams generated by the 16 feeds placed in the rows C, D and E. 

 

Figure 4-6 Gain levels of the multi-spot coverage provided by the antenna illuminated by the rows of feeds C, D and E.  

The 64 beams generated by the 16 upper and central feeds shown in Figure 4-5.b have been 

studied in terms of maximum gain, beamwidth at 46 dBi in the elevation and azimuth planes, 
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and the (u, v) coordinates of the maximum direction of radiation. The next table shows for each 

feed its numbering, its position in (x, y, z) coordinates with respect to the reflectarray center, 

and the parameters of gain, beamwidth and direction of radiation of the beams generated in 

both polarizations and both frequencies (f1 = 18.45 GHz, f2 = 19.95 GHz). 

Table 4-2. Position of the 16 feeds and values of the associated 64 beams. 

Feed 
(x, y, z) 

coordinates (m) 
Pol. 

Gain (dBi) 
Beamwidth at 46dBi (º) (u, v) direction 

f1 f2 f1 f2 

f1 f2 Elev. Azim. Elev. Azim. u v u v 

E5 
(-0.744, -0.097, 
2.585) 

X 49,2 49,8 0,67 0,65 0,67 0,65 0,13488 0,03491 0,14431 0,03522 

Y 49,2 49,8 0,67 0,65 0,68 0,65 0,13964 0,04390 0,14920 0,04354 

E4 
(-0.7971, -0.097, 
2.567) 

X 49,4 50 0,67 0,67 0,67 0,67 0,15445 0,03491 0,16387 0,03522 

Y 49,4 50 0,67 0,67 0,67 0,67 0,15868 0,04390 0,16828 0,04354 

E3 
(-0.8501, -0.097, 
2.55) 

X 49,4 50 0,66 0,68 0,67 0,68 0,17349 0,03491 0,18295 0,03522 

Y 49,4 50 0,66 0,68 0,67 0,68 0,17825 0,04390 0,18784 0,04354 

E2 
(-0.9031, -0.097, 
2.532) 

X 49,2 49,8 0,66 0,66 0,66 0,66 0,19254 0,03491 0,20203 0,03522 

Y 49,2 49,8 0,66 0,66 0,66 0,66 0,19730 0,04390 0,20692 0,04354 

E1 
(-0.9561, -0.097, 
2.514 

X 48,8 49,4 0,65 0,62 0,66 0,62 0,21158 0,03491 0,22111 0,03522 

Y 48,8 49,4 0,65 0,62 0,66 0,62 0,21634 0,04390 0,22600 0,04354 

D6 
(-0.7176, -0.048, 
2.594) 

X 49,2 49,7 0,67 0,64 0,69 0,64 0,12536 0,01746 0,13501 0,01761 

Y 49,2 49,7 0,67 0,64 0,69 0,64 0,12959 0,02645 0,13941 0,02642 

D5 
(-0.771, -0.048, 
2.576) 

X 49,4 50 0,68 0,67 0,68 0,67 0,14493 0,01746 0,15409 0,01761 

Y 49,4 50 0,68 0,67 0,68 0,67 0,14916 0,02645 0,15898 0,02642 

D4 
(-0.824, -0.048, 
2.559) 

X 49,5 50,2 0,68 0,68 0,68 0,68 0,16397 0,01746 0,17366 0,01761 

Y 49,5 50,2 0,68 0,68 0,68 0,68 0,16873 0,02645 0,17806 0,02642 

D3 
(-0.877, -0.048, 
2.541) 

X 49,5 50,1 0,67 0,68 0,67 0,68 0,18301 0,01746 0,19273 0,01761 

Y 49,5 50,1 0,67 0,68 0,67 0,68 0,18777 0,02645 0,19763 0,02642 

D2 
(-0.93, -0.048, 
2.523) 

X 49,2 49,8 0,67 0,65 0,67 0,65 0,20259 0,01746 0,21181 0,01761 

Y 49,2 49,8 0,67 0,65 0,67 0,65 0,20682 0,02645 0,21670 0,02642 

D1 
(-0.983, -0.048, 
2.506) 

X 48,7 49,2 0,65 0,6 0,67 0,6 0,22163 0,01746 0,23089 0,01761 

Y 48,7 49,2 0,65 0,6 0,67 0,6 0,22586 0,02645 0,23529 0,02642 

C5 (-0.744, 0, 2.585) 
X 49,3 49,9 0,68 0,66 0,69 0,66 0,13488 0 0,14480 0 

Y 49,3 49,9 0,68 0,66 0,69 0,66 0,13964 0,00899 0,14920 0,00881 

C4 (-0.797, 0, 2.567) 
X 49,5 50,2 0,68 0,68 0,68 0,68 0,15445 0 0,16387 0 

Y 49,5 50,2 0,68 0,68 0,68 0,68 0,15921 0,00899 0,16876 0,00881 

C3 (-0.85, 0, 2.550) 
X 49,6 50,2 0,68 0,69 0,68 0,69 0,17349 0 0,18344 0 

Y 49,6 50,2 0,68 0,69 0,68 0,69 0,17825 0,00899 0,18784 0,00881 

C2 (-0.903, 0, 2.532) 
X 49,4 50,1 0,67 0,67 0,68 0,67 0,19306 0 0,20252 0 

Y 49,4 50,1 0,67 0,67 0,68 0,67 0,19730 0,00899 0,20692 0,00881 

C1 (-0.956, 0, 2.514) 
X 49,1 49,6 0,66 0,63 0,68 0,63 0,21211 0 0,22160 0 

Y 49,1 49,6 0,67 0,63 0,68 0,63 0,21634 0,00899 0,22600 0,00881 
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To sum up, some values have been obtained from this table: minimum, maximum, average 

and mode of the gain and beamwidth, which are represented in Figure 4-7. The maximum gain 

of the 64 beams generated by the 16 feeds varies between 48.7 and 50.2 dBi, and has an average 

value of 49.6 dBi. The average beamwidth at 46 dBi is 0.664º. Due to the symmetry of the 

cluster of feeds, the 27 feeds are expected to generate 108 beams with similar values of gain 

and beamwidth, providing a good coverage with frequency and polarization reuse in a four 

color scheme. 

 

(a) 

 

(b) 

Figure 4-7 Main values of (a) maximum gain and (b) beamwidth at 46 dBi of the 64 beams generated by the 16 feeds. 

The previous contour patterns (Figure 4-5) have shown that the adjacent beams in the 

horizontal direction, ‘v = constant’ planes, are generated in different frequencies, while the 

adjacent beams in planes forming 60º with the previous direction are generated in different 

polarizations. In order to study the interference values and the secondary lobe levels of the 

radiated beams, the cuts of the simulated radiation patterns have been represented in both 

planes. 

4.2.2. EVALUATION OF RADIATION PATTERN PERFORMANCE IN THE TWO 

PRINCIPAL PLANES OF THE TRIANGULAR GRID 

CUTS OF THE RADIATION PATTERNS ASSOCIATED TO THE HORIZONTAL DIRECTION V-CONSTANT 

The first representations are associated to the horizontal direction. In terms of (u, v) 

coordinates, the radiation patterns show cuts in ‘v = constant’, where each constant v plane 
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corresponds to a different polarization. The beams represented are those generated by the 

central and extreme rows of feeds (rows E and C), and the corresponding cuts can be seen in 

Figure 4-8. Note each cut contains two different spot colors, which will be represented 

separately in order to appreciate the interference levels. In this case, the two spot colors by cut 

are differenced by its operating frequency. 

 

Figure 4-8 Contours for 46 dBi of the 64 beams generated by the 16 feeds together with the representation of the cuts in 

v constant for the beams generated in the rows of feeds E and C. 

The simulated radiation patterns of the beams generated by the central row of feeds (row C) 

in the plane ‘v = 0’ for X-polarization and in the plane ‘v = 0.009’ for Y-polarization are 

represented in Figure 4-9. The beams are referred according to the number of the feed that 

generates the beam, following the numbering scheme shown in Figure 4-3.a. The maximum 

gain of the beams varies between 50.2 and 49.1 dBi. The beams generated at 19.95 GHz have 

approximately 0.5 dB higher gain due to the larger electrical dimensions of the antenna at that 

frequency. The figures contain also the masks for the -4dB beamwidth required coverage (46 

dBi) and the maximum side-lobe levels for adjacent beams in the same color that will be used 

to calculate the single entry C/I. In this case, the single entry C/I varies between 22.9 dB and 

11.6 dB. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4-9 Simulated radiation patterns in ‘v=0’ and X-Polarization at (a) 18.45 GHz and (b) 19.95 GHz and the simulated 

radiation patterns in ‘v=0.009’ in Y-Polarization at (c) 18.45 GHz and (d) 19.95 GHz for the beams generated by the row C 

of feeds. 

On the other hand, the simulated radiation patterns of the beams generated by the extreme 

row of feeds (row E in Figure 4-3.a) in the planes ‘v=0.035’ for X-polarization and ‘v=0.044’ 

for Y-polarization are represented in Figure 4-10. The results obtained in this case are similar 

to the previous ones. The single entry C/I varies from 11.9 to 24.9 dB and the maximum gains 

present a slight degradation of 0.25 dB with respect to the previous case, varying between 50 

and 48.8 dBi. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4-10 Simulated radiation patterns in ‘v=0.035’ and X-Polarization at (a) 18.45 GHz and (b) 19.95 GHz and the 

simulated radiation patterns in ‘v=0.044’ in Y-Polarization at (c) 18.45 GHz and (d) 19.95 GHz for the beams generated by 

the row E of feeds. 

It can be seen that the worst cases of C/I are associated to the interferences produced by the 

extreme beams, which are the most broadened beams. 

CUTS OF THE RADIATION PATTERNS ASSOCIATED TO THE DIRECTION FORMING 60º WITH THE 

HORIZONTAL ONE 

The beams represented in this case are those associated to two cuts that form 60º with the 

horizontal direction, which can be seen in Figure 4-11. The cuts should show the expected best 

and worst cases, since they have been selected to contain one of the spots generated by the 

central feed (Cut 1 in Figure 4-11.) and the furthest spot produced (Cut 2 in Figure 4-11.), both 

spots have highlighted contours with thicker lines to facilitate their location in the figure. Note 

each cut contains two different spot colors, similarly to the cuts shown in previous section, but 

in this case the two colors are associated to orthogonal polarizations. 
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Figure 4-11 Contours for 46 dBi of the 64 beams generated by the 16 feeds together with the representation 

of two cuts in 60º. 

In terms of (u, v) coordinates, the cuts are situated in straight lines defined as:  

  𝑣 = 𝑣0 + (𝑢 − 𝑢0) · tan (60˚)                                                     (10) 

Where (u0, v0) is the reference point selected as the (u, v) coordinates of the maximum 

direction of radiation of one of the beams contained in the cut of the radiation pattern.  

For example, Figure 4-12 shows the pattern contours for gain levels between 43 and 50 dBi 

of the spots associated to Cut1 in in Figure 4-11. Together with the pattern contours shown in 

Figure 4-12, a straight white line is represented symbolizing the cut defined trough the previous 

relation between u and v coordinates, with (u0, v0)  as the coordinates of the maximum direction 

of radiation of the central beam, whose value can be seen in Table 4-2. The fact that taking as 

reference the (u, v) coordinates of the direction of maximum radiation of a beam implies that 

its own radiation pattern in the described cut will be accurately represented. However, the rest 

of spots in the plane are not considered in the equation of the plane shown in (10), so their 

results will depend on the accuracy with which they are located forming 60º with respect to the 

horizontal direction (v constant). The small errors produced in the rest of the spots due to 

inaccuracies in the spots locations can be seen in Figure 4-12, where the white line that 

represents the plane of cut allows to estimate the error committed in the spots by testing the 

gain level where it intersects. The worst case has a maximum error lower than 0.23 dB in 

maximum gain levels. This error is calculated by the comparison between the real maximum 

gain of the spot shown in Table 4-2 and the value obtained in the 60º cut of the radiation 
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patterns, which is produced by a small deviation of the beam. This errors can be corrected in a 

detailed design of the antenna by a small adjustment of the feed positions, in order to accurately 

repoint the beams at the end of the coverage.   

 

                                   (a)                                                                      (b) 

Figure 4-12 Pattern contours for gain levels between 43 and 50 dBi of the spots associated to Cut 1, a plane forming 60º 

with respect to the horizontal direction. The spots are represented at 18.45 GHz in (a) X-Polarization and (b) Y-Polarization. 

The simulated radiation pattern associated to ‘Cut 1’ in both polarizations at 18.45 GHz is 

represented in Figure 4-13. The beams are referred according to the feed that generates the 

beam, following the numbering scheme shown in Figure 4-3.a. The maximum gain of the 

beams varies between 49.6 and 49.2 dBi showing an error in terms of maximum gain lower 

than 0.07 dB. The single entry C/I varies between 24.1 and 17.9 dB. 

 

(a) 

 

(b) 

Figure 4-13 Simulated radiation patterns in (a) X-Pol. and (b) Y-Pol. at 18.45 GHz for the beams associated to Cut 1. 
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The simulated radiation pattern associated to ‘Cut 2’ at 19.95 GHz is represented in Figure 

4-14. The maximum gain of the beams varies between 50.1 and 49.3 dBi. The single entry C/I 

varies between 25.8 and 16.7 dB. 

 

(a) 

 

(b) 

Figure 4-14 Simulated radiation patterns in (a) X-Pol. and (b) Y-Pol. at 19.95 GHz for the beams associated to Cut 2. 

The results obtained in this section show a slightly better performance in terms of gain and 

single entry C/I for the beams produced at 19.95 GHz, due to the higher operating frequency 

(the electrical dimensions of the antenna are larger at that frequency). As in the previous 

section, the worst cases of C/I appear for the interferences produced by the extreme beams, 

which are the ones generated by the row E of the feed cluster. A better beam shaping in a more 

detailed design of the reflectarray will reduce the side-lobe levels, improving the C/I. This can 

be achieved by means of phase optimization techniques, or applying a bifocal design technique 

in a dual-reflector configuration for computing the phase distributions that ensures the beam 

focusing at the end of the coverage for each frequency and polarization. 

EVALUATION OF BANDWIDTH 

Since ideal reflectarray cells providing the required phase-shift have been assumed in the 

design of the reflectarray antenna, the beam squint effect presents a linear variation with 

frequency. To generate the beams with a deviation of 0.56º, if we consider 500 MHz bandwidth 

in each sub-band centered at the operating frequencies (18.45 GHz and 19.95 GHz), the beam 

deviation within each sub-band will be lower than ±0.09º.   

The pattern contours of the four beams generated by the central feed C3 and by the extreme 

feed E1 (see feeds numbering in Figure 4-3.a) can be seen in Figure 4-15.a and Figure 4-15.b, 

respectively, at the central and extreme frequencies, where the first sub-band comprises 
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between 18.2 GHz and 18.7 GHz, centered in 18.45 GHz, and the second sub-band goes from 

19.7 GHz to 20.2 GHz, centered in 19.95 GHz.  

 

Figure 4-15 Simulated pattern contour at 46 dBi of the four beams generated by (a) the central feed C3 and (b) the 

extreme feed E1 at the central and extreme frequencies for each sub-band. 

The antenna has been designed in a monofocal way; the required four phase distributions 

have been computing considering the central feed of the cluster of feeds (feed C3). Thus, the 

antenna performance is optimum in terms of gain and beam shaping for the beams generated 

by the central feed. The previous cuts of the radiation patterns have shown that the beams 

generated by feeds distant to the cluster center are more broadened, presenting a higher side-

lobe level and a reduction of the maximum gain. However, Figure 4-15 shows that the beam 

squint effect does not produce a larger deviation according to the feed that generates the beams, 

retaining the beam deviation within each sub-band lower than ±0.09º. 

4.3.  CONCLUSION 

In this section, it has been shown that a single 1.8-m reflectarray antenna could be able to 

generate 108 overlapping beams following the typical scheme based in four different color 

used in multi-spot coverage for broadband satellite communication at Ka-band. As defined in 

the previous chapters, the frequency range assigned to Tx in Ka-band has been increased 

considering that the next generation of HTS systems is expected to change the gateway link to 
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Q, V or W band [53], enabling the use of frequencies between 17 and 20 GHz in Ka-band for 

the users’ link. 

The impact of using a cluster of feeds (in different positions) over a phase distribution 

implemented by real elements was not considered in this chapter, since an ideal phase 

distribution (identical for all the feeds) was assumed.  However, the effect of phase variation 

with the angle of incidence from each feed has been studied and it has been concluded that it 

is insignificant. Furthermore, the experimental results presented in the previous chapter for the 

42-cm demonstrator have validated the design procedure used in this chapter, including the 

optimization of real reflectarray cells made of parallel dipoles. 

As a drawback, the available bandwidth is limited by the beam squint within each sub-band 

and cannot be accurately estimated with ideal reflectarray cells. The phase of the reflection 

coefficient for each cell should present slight variations with frequency, these variations are 

not taken into account in this study with ideal cells, and thus, a design with real elements should 

be conducted, where the antenna should be optimized to compensate for the phase delay using 

the technique described in [10], or [22], in the same way as already done in the small-size 

demonstrator in Chapter 3.  

Another problem arises from the large size of the reflectarray antenna, which makes its 

implementation more difficult and leads to phase distributions with very fast variations that 

may affect negatively the antenna performance and reduce even further the operational 

bandwidth. As a solution, a first essay of a parabolic reflectarray antenna is presented below. 
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5. PRELIMINARY STUDY OF A 1.8-M 

PARABOLIC REFLECTARRAY  

In the previous chapter, it has been shown that a single 1.8-m reflectarray antenna could be 

able to generate 108 overlapping beams following a 4-color re-use scheme, obtaining 

promising results. One significant advantage of printed reflectarray antennas is their low 

profile, particularly in the case of spacecraft antennas that require a large aperture. A flat 

reflectarray is suitable for mounting it onto an existing flat structure and allows easier folding 

and deployment mechanisms than conventional parabolic reflectors with a curved surface. 

However, the required phase distributions for the 1.8-m reflectarray shown in the previous 

chapter (see Figure 4-2) present fast variations that will affect negatively to the antenna 

performance. These abrupt variations in the phase distributions are due to the large size of the 

reflectarray antenna and its flat surface.  

 

Figure 5-1 (a) Required phase delay and (b) its associated phase distribution implemented by the reflectarray cells. 
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As shown in Chapter 1, the reflectarray elements must compensate the differential path 

length, ΔS, to reflect a planar phase front (see Figure 1-4). This differential path length can be 

expressed as ΔS = (N + δ)·λ, where N is an integer and δ is a fractional number. The differential 

spatial phase delay associated to ΔS is k0·ΔS. However, the reflectarray elements do not 

introduce the required phase delay k0·(N + δ)·λ, but a phase shift k0·δ·λ, resulting phase 

distributions with values limited between 0º and -360º (360º cycles). Considering the 1.8-m 

reflectarray shown in Chapter 4, Figure 5-1 shows the required phase delay on the antenna 

surface at 18.45 GHz for X-Pol. and its associated phase distribution implemented by the 

reflectarray elements (which is the same that was presented in Figure 4-2.a). 

As can be seen in Figure 5-1.a, the large size of the aperture leads to a required phase delay 

with a range of phases close to 6000º. Typical reflectarray phase distributions show concentric 

360º cycles, as those shown in the previous chapters or in Figure 5-1.b. As the phase circles 

move away from the center of the concentric phase circles, the 360º cycles occur faster, since 

there is a faster variation in the required phase delay. In order to illustrate the previous concepts, 

Figure 5-1.b presents two highlighted sections (section A and section B) that have been selected 

to analyze in detail their characteristics. 

Figure 5-2 compares the two sections identified in Figure 5-1.b: section A, composed of 

40x40 reflectarray cells, and section B, made up of 30x30 cells. Section A is located relatively 

close to the center of the concentric phase circles and includes two complete 360º cycles, with 

a period between 13 and 17 cells per cycle. On the other hand, section B is further away from 

the center of the concentric circles and includes five complete 360º cycles, with smaller periods 

that comprise between 5 and 7 cells per cycle. 

                

                                 (a)                                                                (b) 

Figure 5-2 Comparison between the phase distribution asociated to two sections of the 1.8-m reflectarray shown in 

Figure 5-1. 
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As mentioned, the abrupt changes shown in Figure 5-2 will have negative effects in the final 

antenna performance. A parabolic surface could mitigate these phase variations, reducing, or 

eliminating, the number of 360º cycles and obtaining a smoother phase distribution. This 

section proposes the use of a parabolic reflectarray antenna to produce four adjacent beams per 

feed with polarization and frequency discrimination, focusing on the resultant phase 

distributions on the reflectarray surface. The traditional flat surface of reflectarray antennas is 

changed to a parabolic one for the purpose of improving the phase distribution on the 

reflectarray surface.  

To this end, two design methods are evaluated. The difference between both procedures lies 

in the way to obtain the multi-frequency behavior: one method uses the beam squint effect 

together with the implementation of two phase distributions, as proposed in Chapter 2, while 

the second method is just based on the optimization of the reflectarray elements to obtain a 

different phase distribution at each design frequency, without making use of the beam squint 

effect. Preliminary simulations are included to illustrate the proposed methods and verify if the 

phase distributions on the reflectarray surface have been improved. 

5.1.  PARABOLIC REFLECTARRAY WITH BEAM SQUINT 

In order to design a parabolic reflectarray with a particular beam squint, an initial flat 

reflectarray is defined as described in Chapter 2, computing the position of the feed that 

achieves the required deviation of the beam between operating frequencies. Once the geometry 

of the initial flat antenna has been obtained, the antenna system is placed on the chordal plane 

of a parabola, delimiting the parabolic aperture as can be seen in Figure 5-3. The final parabolic 

reflectarray will be illuminated by the same feed considered in the flat system. Figure 5-3 shows 

a geometrical representation in the xz-plane for a general case of a flat reflectarray antenna and 

the equivalent parabolic reflectarray with the same endpoints. The parabolic aperture is defined 

by a focal length, a diameter and a clearance (F, D and C in Figure 5-3, respectively). There 

are two reference coordinates system used: the absolute coordinates system (x, y, z) to define 

the final configuration, and the coordinates system of the associated flat reflectarray (xr, yr, zr). 

Note also that in this procedure, the direction of maximum radiation of the reflectarray does 

not necessarily match the natural direction of radiation of the parabola (z-axis in the absolute 

reference coordinates system), neither the feed position matches the focal point of the parabola.  
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Figure 5-3 Lateral view of a flat reflectarray and its associated parabolic reflectarray. 

Once the geometry of the parabolic antenna is known, the required phase distribution that 

must be implemented on the parabolic reflectarray surface is computed by subtracting the 

unwrapped phase delay obtained in the aperture plane of the parabolic surface from the 

unwrapped phase delay defined for the initial flat reflectarray. After computing the required 

phase delay, the values are comprised between 0º and -360º to obtain the final phase 

distribution that must be implemented by the reflectarray elements on the parabolic surface.  

Despite the degree of freedom in defining the parabola, the problem can be reduced to two 

scenarios, according to the distance between the focal point of the parabola and the feed (which 

is fixed by the initial flat configuration). The next subsection presents both scenarios, one with 

a small distance between the feed position and the focal point of the parabola and another with 

a larger distance, in order to evaluate the resultant phase distributions. The first scenario also 

covers the case when the feed location matches the focal point of the parabola. In both cases, 

the parameters that define the flat antenna system have been fixed according to those shown in 

the previous chapter (the feed is the central one of the cluster, C3) and will remain unchanged. 
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5.1.1. EVALUATION OF THE PHASE DISTRIBUTIONS 

The two above mentioned cases can be seen in Figure 5-4. The so-called Case A (Figure 

5-4.a) presents a configuration with the focal point relatively close to the feed, with a distance 

between feed and focal point of 0.28 meters, while Case B (Figure 5-4.b) shows a configuration 

with a focal point more separated, with a distance between feed and focal point of 0.97 meters. 

The first scenario is defined by a focal length of 2.6 m and a clearance of 0.2 m, while the 

second case has a focal length of 3.5 m with a clearance of 0.35 m. Note that the diameter of 

the parabolic antenna is imposed by the flat reflectarray and takes values close to 1.7 m. 

 

                                (a)                                                                  (b) 

Figure 5-4 Two possible scenarios to obtain an equivalent parabolic reflectarray antenna from a fixed system of flat 

reflectarray: (a) one with small distance between the feed position and the focal point and (b) another with a larger distance. 

In case of not using the beam squint effect, when the feed location matches the focal point 

of the parabola, both flat and parabolic antenna systems are focused, providing a pencil beam 

whose direction of maximum radiation matches the natural direction of radiation of the 

parabola, along the z-axis in the absolute reference coordinates system. 

On the other hand, the use of the beam squint effect produces a shift of the focal point of the 

flat antenna, as shown in Chapter 2. Therefore, when the feed matches the focal point of the 

parabola, the direction of maximum radiation of the reflectarray does not match the natural 

direction of radiation of the parabolic surface. In other words, placing the focal point of the 

parabola close to or matching the feed position produces that the geometry of the final parabolic 

antenna focuses a pencil beam along the z-axis, as a conventional reflector, but a phase delay 

on the reflectarray surface is required to point the beam in the correct direction. Moreover, if 



  94 

 

the focal point of the parabola is relatively far from the feed, the resultant parabolic surface 

will not be able to focus a beam, so the required phase distribution on the reflectarray surface 

must focus the beam, in addition to pointing it.  

The required phase delay on the parabolic reflectarray surface has been computed for both 

scenarios, verifying the previous statements. The phase distribution considered for the flat 

reflectarray system is the same that was shown in Chapter 4, considering X-Pol. at 18.45 GHz. 

As a result, in Case A, the need of pointing but not focusing the beam is translated into a 

required phase delay with a gradual variation in one direction, as can be seen in Figure 5-5.a. 

This progressive increment of phase is similar to that required to deviate a beam in a 60º lattice 

with respect to the xz-plane, shown in Chapter 2, Figure 2-12.b. The gradual variation of the 

phase delay simulates the effect of rotating the parabolic reflectarray antenna to point the beam 

in the correct direction. Note that the required phase delay presents a large range of phases, 

close to 5000º, which results in a phase distribution with numerous 360º cycles, as can be seen 

in Figure 5-5.b. 

      

                                  (a)                                                                    (b) 

Figure 5-5 (a) Required phase delay and (b) its phase shift associated for a parabolic reflectarray with a small distance 

between the feed position and the focal point of the parabola. 

The phase distributions computed for Case B are shown in Figure 5-6. The main difference 

with the previous scenario lies in the gradual variation of the required phase delay, shown in 

Figure 5-6.a. Now, the phase delay varies with concentric circles, produced by the need of 

focusing the beam. Note that the range of values is similar to the obtained in the previous case, 

close to 5000º. 
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                              (a)                                                                    (b) 

Figure 5-6 (a) Required phase delay and (b) phase shift at 18.45 GHz for X-Pol. in the case of  a large distance between 

the feed position and the focal point . 

In view of the obtained phase distributions, the first scenario presents a slightly better 

response. Therefore, the results obtained for Case A are described in more detail below.  

         

(a)                                                                        (b) 

 

(c) 

 

(d) 

Figure 5-7 Required phase delay on the parabolic reflectarray at 18.45GHz for (a) X- and (b) Y-Pol. and their associated 

phase shift (c) and (d), respectively. 
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The required phase delays and phase shift distributions on the parabolic reflectarray surface 

have been computed for both polarizations at 18.45 GHz, considering the reflectarray antenna 

shown in Chapter 4 as the initial flat reflectarray (see Figure 5-7). It can be seen that the phases 

for Y-polarization shown a gradual variation in a slightly different direction than the phases for 

X-polarization, to generate the beams in a 60º lattice with respect to the xz-plane.  As 

commented, the large range of values for the phase delay produces a great number of 360º 

cycles in the required phase distributions. These 360º cycles present periods that comprise 

between 16 and 21 cells per cycle, while the flat configuration reached smaller periods that 

comprised between 5 and 7 cells per cycle, as shown in Figure 5-2. 

In order to study the relation between the phase delays computed for each color 

(combination of frequency and polarization), the difference between them is shown in terms of 

frequency and polarization. The difference between the required phase delay in X-polarization 

and Y-polarization for both frequencies (18.45 and 19.95 GHz) shows the characteristic 

increment of phase with a range of phases close to 300º. 

 

(a) 

 

(b) 

Figure 5-8 Difference between required phase-delay in X-Pol. and Y-Pol. at (a) 18.45 GHz and (b) 19.95 GHz for a 

reflectarray that generates two adjacent beams in the xz-plane and other two beams in a 60º lattice. 

The difference between the required phase delay at 19.95 GHz and 18.45 GHz is shown in 

Figure 5-9 for both polarizations. Note that the phase difference shows a small range of phases, 

close to 15º in X-polarization and 30º in Y-polarization, with a smooth variation. This small 

difference between phase delays at different frequencies supposes a positive aspect for a 

practical design and it is the result of using the method based on beam squint to reach the 

frequency discrimination.  
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                                    (a)                                                                     (b) 

Figure 5-9 Difference between required phase-delay at 19.95 GHz and 18.45 GHz for (a) X- and (b) Y-polarization. 

5.1.2. CONCLUSIONS OF THE METHOD 

This method initially uses a fixed system of flat reflectarray whose feed has been computed 

with the technique based on the beam squint effect. Then, the antenna system is placed on the 

chordal plane of a parabola, delimiting the parabolic aperture as shown in Figure 5-3.  

The final parabolic antenna uses the same feed position than the initial flat system, which 

deviates the beam direction in a natural way with frequency. This strategy produces that the 

difference between the required phase delays at different frequencies has a small range of phase 

values (close to 30º), which is a positive aspect in the design process.  

On the other hand, due to the nature of the beams squint effect, when the parabolic surface 

achieves to focus a pencil beam, the direction of radiation of the parabola does not match the 

desired maximum direction of the reflectarray antenna, in other words, the natural geometry of 

the parabolic reflector does not point the beam in the correct direction. Because of this, the 

required phase delay must simulate the effect of rotating widely the antenna, producing a large 

range of phase values in the phase delays and numerous 360º cycles in the final phase 

distributions.  

In comparison with the initial flat configuration, the 360º cycles occur in a single direction 

with a larger number of cells per cycle than in the original flat antenna, as can be seen in Figure 

5-10. Therefore, the drawback of the large number of 360º steps in a flat reflectarray of large 

dimensions, is only slightly reduced.  
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(a)                                                               (b) 

Figure 5-10 (a) Original phase distribution of the flat reflectarray in X-polarization at 18.45 GHz and (b) its associated 

phase distribution on the parabolic reflectarray surface. 

In summary, this method does not achieve the goal of reducing the complexity of the phase 

distributions, there is a large number of 360º cycles that implies severe limitations in a practical 

design. 

5.2.  PARABOLIC REFLECTARRAY WITHOUT BEAM SQUINT 

In contrast to the previous procedure, this method defines an initial parabolic surface and 

then a flat reflectarray is placed in its chordal plane with the feed in the focal point, thus, the 

flat reflectarray system is not previously fixed (see Figure 5-11). Note that defining the 

associated flat antenna is necessary to compute the required phase delay on the parabolic 

surface, since it is computed by subtracting the phase delay obtained in the aperture plane of 

the parabolic surface from the phase delay defined for the flat reflectarray. 

By definition, a parabolic reflector with the feed in the focal point will radiate in the 

direction of z-axis in the absolute reference coordinates system. In this section, the aim is to 

achieve that the direction of z-axis matches the desired direction of radiation in the coordinates 

system of the associated flat reflectarray, θb. Given this requirement, the feed will remain 

placed in the specular direction of the radiated beam (θi = θb), suppressing the beam squint 

effect as shown in Chapter 2, Figure 2-2.a. Therefore, the multi-frequency behavior can only 

be achieved by the optimization of the reflectarray elements to provide different phase 

distributions according to the operating frequency. 
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Figure 5-11 Lateral view of a parabolic reflectarray and its associated flat reflectarray. 

The previous flat reflectarray produced two beam at θb1 = 10º, and θb2 = 10.56º, in X-Pol. 

at 18.45 and 19.95 GHz, respectively. Thus, the parabolic surface has been chosen to radiate at 

θ = 10.28º in the flat reflectarray coordinates system. The parabola is defined by a focal length 

of 2.7 m, a clearance of 88 mm as can be seen in Figure 5-11. The diameter of the antenna in 

the aperture plane, projected over a plane ‘z = constant’, is 1.76 m. As a verification, the phase 

delay that must be implemented in the parabolic reflectarray to radiate at θ = 10.28º has been 

computing, obtaining a constant value for both frequencies (see Figure 5-12). This means that 

the reflectarray does not need to introduce a phase shift but acts as a reflector antenna. 

                 
                                    (a)                                                                   (b) 

Figure 5-12 Required phase delay of the parabolic reflectarray to radiate in 10.28º at (a) 18.45 GHz and (b) 19.95 GHz 

In this procedure, firstly we define the paraboloid and then we compute the appropriate flat 

reflectarray. Finally, the phase distributions of the flat reflectarray are computed to obtain the 

final distribution on the parabolic surface. The required phase delays that must be finally 

implemented in the parabolic reflectarray and the relation between themselves are described in 

the next subsection. 
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5.2.1. EVALUATION OF THE PHASE DISTRIBUTIONS 

According to the previously described antenna geometry (with a paraboloid chosen to 

radiate at θ = 10.28º in the flat reflectarray coordinates system), the four required phase 

distributions on the parabolic surface have been computed considering the directions of 

maximum radiation shown in Table 5-1. These directions of the radiated beams coincide with 

those used in Chapter 4, although the geometry of the flat antenna has changed, since there is 

no beam squint. 

Table 5-1. Directions of the radiated beams 

Frequency 
Direction of radiation (θ, φ) 

X-Pol. Y-Pol. 

18.45 GHz 10.56º, 0.0º 10.84º, 2.65º 

19.95 GHz 10.0º, 0.0º 10.28º, 2.8º 
 

 
Figure 5-13 Schematic representation of the reflectarray 

generating two contiguous beams at two frequencies. 

Since the flat reflectarray system has been modified with respect to the one previously used, 

Figure 5-14 shows the required phase distribution on the flat reflectarray surface at 18.45 GHz 

in X-polarization. Similar phase distributions are obtained for Y-Pol. and at 19.95 GHz for both 

X- and Y-polarizations. As can be seen, the phase distribution still presents concentric circles 

of phases and numerous 360º cycles. 

 

Figure 5-14 Required phase distribution on the flat reflectarray surface at 18.45 GHz in X-Pol. 
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As a result of this design strategy, the parabolic surface will focus a pencil beam, in a similar 

way than in the previous design procedure, when the feed and the focal point of the paraboloid 

had nearby positions. However, the required deviation of the beam to reach its desired direction 

of radiation is much smaller than in the previous case. According to the coordinates system of 

the flat antenna, the parabolic surface focuses a beam at 10.28º, while the required phase delay 

must only deviate the beam ±0.28º (in case of the beams generated in X-Pol.), as shown in 

Figure 5-13. The required phase delays on the parabolic reflectarray to generate the beams in 

X-Pol. are shown in Figure 5-15, and the required phase delays to generate the beams in Y-Pol. 

are shown in Figure 5-16. 

         

                                 (a)                                                                  (b) 

Figure 5-15 Required phase delay of the parabolic reflectarray in X-Pol. at (a) 18.45 GHz and (b) 19.95 GHz. 

     

                                  (a)                                                                     (b) 

Figure 5-16 Required phase delay of the parabolic reflectarray in Y-Pol. at (a) 18.45 GHz and (b) 19.95 GHz. 

As can be seen, all the phase delays present progressive increments of phase in a single 

direction. This is the result of focusing and pointing the beams with the parabolic surface and 



  102 

 

using the phase delays to produce a slight deviation of the beams. Note that, for the phase delay 

distributions shown in Figure 5-15 for X-Pol., the phase delays present opposite phase 

variations, since the beam directions must be shifted +0.28º and -0.28º at 18.45 and 19.95 GHz, 

respectively. These phase delays simulate the effect of rotating the antenna in opposite 

directions. 

Note also that the phase delays show small ranges of phase values, lower than 500º, so that 

their associated phase shift distributions only have up to two 360º cycles with smooth changes 

of phase. The difference between phase delays in different polarizations presents the 

characteristic progressive increment of phase required to deviate a beam in a 60º lattice, while 

the difference between the required phase delay at 19.95 GHz and 18.45 GHz for both 

polarizations is shown in Figure 5-17. 

        

                            (a)                                                                        (b) 

Figure 5-17 Difference between required phase-delay at 19.95 GHz and 18.45 GHz for (a) X- and (b) Y-polarization. 

The phase differences present smooth variations with a range of values of phase close to 

360º. Note that in the previous method, the difference between phases at different frequencies 

achieved a phase margin lower than 30º (see Figure 5-9), due to the use of beam squint. 

As a conclusion, this method has succeeded in obtaining the required phase delay on the 

parabolic surface with a small range of phase, lower than 500º, while in the previous procedure 

the phase variation range was close to 5000º (as shown in Figure 5-7). However, the required 

phase delays in X-Pol. at 18.45 GHz and 19.95 GHz show variations of phase in opposite 

directions, since the antennas must deviate the beams from the natural direction of radiation in 
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opposite directions (see Figure 5-15). A design with real elements will be very difficult, since 

the phase shift introduced by the reflectarray cells cannot provide an increasing phase shift at 

one frequency and simultaneously a decreasing phase shift at a close frequency.  

A simple solution for this problem consists in defining the beams generated at different 

frequencies below the natural direction of the parabolic reflector, as shown in Figure 5-18. In 

this way, the simulated rotation in the parabolic antenna provided by the phase distributions 

will be in the same direction for both frequencies.  

To this effect, the direction of radiation of the beams in the antenna coordinates system has 

been updated, as shown in Table 5-2, while the parabolic surface still radiates in 10.28º, 

resulting in the antenna configuration presented in Figure 5-18. 

Table 5-2. Directions of the radiated beams 

Frequency 
Direction of radiation (θ, φ) 

X-Pol. Y-Pol. 

18.45 GHz 10.0º, 0.0º 10.28º, 2.8º 

19.95 GHz 9.44º, 0.0º 9.73, 2.99º 
 

 

Figure 5-18 Schematic representation of the reflectarray 

generating two contiguous beams at two frequencies. 

The final required phase delay can be seen in Figure 5-19. In this case, the required phase 

delays in X-polarization at both frequencies vary in the same direction, although the range of 

phase values is larger at 19.95 GHz. In fact, note that the range of values of the phase delays 

for both polarizations is lower than 360º at 18.45 GHz and close to 600º at 19.95 GHz, since 

the required deviation of the beam from the natural direction provided by the parabolic surface 

is larger (see Figure 5-18). 
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(a) 

 

(b) 

Figure 5-19 Required phase delay of the parabolic reflectarray for (a) X- and (b) Y-Pol. at 18.45 and 19.95 GHz. 

The final phase distributions obtained from the previous phase delays can be seen in Figure 

5-20. Contrary to the flat system and the first strategy to obtain a parabolic reflectarray with 

beam squint, where the phase shift distributions present numerous 360º cycles, this method 

provides phase distributions with smooth variations and a maximum of two 360º cycles. 
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(a) 

 

(b) 

Figure 5-20 Required phase shift of the parabolic reflectarray for (a) X- and (b) Y-Pol. at 18.45 and 19.95 GHz. 

The difference between the required phase delay at 19.95 GHz and 18.45 GHz for both 

polarizations is shown in Figure 5-21, showing smooth variations with a range of values of 

phase close to 400º. The design of this antenna with real elements is very challenging, since 

the cells should provide a different phase-shift in closely spaced frequencies, although previous 

works have been reported dealing with this problem [12], [39].  
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Figure 5-21 Difference between required phase-delay at 19.95 GHz and 18.45 GHz for X-polarization and Y-

polarization. 

It may be thought that, for this antenna configuration, the two operating frequencies could 

be chosen within the original band of Tx in Ka-band, comprised between 19.2 to 20.2 GHz, 

since the beam squint effect is not used in this design. In that case, the required phase delays 

and the relation between them would be virtually identical than the previously shown in this 

subsection at 18.45 and 19.95 GHz. However, the use of close operating frequencies results in 

a greater difficulty in a practical design, since the optimization process must achieve two 

widely different phase distributions at two close frequencies.  

5.2.2. CONCLUSIONS OF THE METHOD 

This second method firstly defines the geometry of the parabolic reflector and places the 

feed in the focal point position, so that the natural geometry of the parabolic surface generates 

a beam in a determined direction. In this way, if the final beam directions are close to the 

previous one, a small phase adjustment is required at each frequency to deviate the beams, 

simulating the effect of rotating slightly the antenna. This results in phase distributions with 

smooth variation and a maximum of two cycles of 360º.  Figure 5-22 shows the required phase 

distributions for one color (18.45 GHz and X-polarization), for a flat reflectarray and the 

associated parabolic reflectarray, using the technique described in this section. However, the 

drawback is that a different phase distribution should be implemented at frequency relatively 

close to the first one. 
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Required phase shift (X-Pol, 18.45GHz) 

 

(a) 

Required phase shift (X-Pol, 18.45GHz) 

 

(b) 

Figure 5-22 Original phase distribution of the flat reflectarray in X-polarization and 18.45 GHz (a) and its associated 

phase distribution on the parabolic reflectarray surface (b) using the method based on the parabolic geometry 

In this method, the difference between required phase delays at the two frequencies presents 

relatively large values, close to 400º. Implementing two such different phases at two close 

frequencies can be difficult to achieve with real elements, as those shown in Chapter 3.  

In order to evaluate this case, the elements used for the 43-cm demonstrator have been 

studied at 18.45 GHz and 19.95 GHz considering three different angles of incidence in (θ, φ): 

(0º, 0º), (30º, 0º), and (30º, 30º). The phase curves of the cell reflection coefficients are 

represented for each polarization in Figure 5-23, where it can be seen that the variation with 

the angle of incidence is very small.  

 

                                     (a)                                                                             (b) 

Figure 5-23 Phase curves at 18.45 GHz and 19.95 GHz for (a) X- and (b) Y-polarization. 

Figure 5-24 shows the difference between the phase curves at 18.45 GHz and 19.95 GHz. 

Since the maximum difference achieved is around 200º, the implementation of the required 

phase distributions is not straight forward with the previously designed reflectarray cell. 
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Figure 5-24 Difference in phase shift at 18.45 GHz and 19.95 GHz for (a) X- and (b) Y-polarization. 

The reduced difference between phases at 18.45 and 19.95 GHz shown in Figure 5-24 

implies higher difficulty to design a reflectarray antenna that meets the requirements in both 

frequencies. Although there are previous reported works dealing with the problem of designing 

reflectarrays operating at close frequencies, [12], [39], more complex reflectarray cells have to 

be investigated. For example, a larger number of dipoles per layer can be used to provide more 

degrees of freedom to control the phase in the reflectarray cell and improve the antenna 

performance in both frequencies and polarizations. In addition to that, the technique will 

require intensive optimizations, in a similar manner as shown in the detailed design of the small 

size demonstrator or in other previous works, such as [12].  

5.3.  CONCLUSION 

In this chapter, a first essay of parabolic reflectarray antennas is presented with the purpose 

of overcoming the limitations imposed in flat reflectarray configurations. Two different 

methods to define a parabolic reflectarray with simultaneous frequency and polarization 

discrimination have been presented and evaluated in terms of their required phase distributions.  

The first method makes use of the beam squint effect to produce the beams at different 

frequencies, in a similar way to the flat antennas previously defined. This design strategy 

provides a good relation between the required phase distributions at the design frequencies. 

The small difference between the required phase delay at 18.45 and 19.95 GHz, around 30º, 

makes easier the implementation of four different phase distributions on the reflectarray surface 
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in a practical design. Nevertheless, the goal of reducing the number of 360º cycles in the 

resultant phase distributions is not achieved. For this reason, it is not considered as a useful 

solution for large antennas. For small size antennas, there is not a clear advantage with respect 

to the flat reflectarray, see chapter 3. 

In the second method, the conducted simulations demonstrate that a parabolic reflectarray 

of 1.8-m diameter can drastically reduce the number of 360º cycles in the required phase 

distributions, compared to its associated flat reflectarray. The results show phase distributions 

with smooth variations for the four expected colors and a maximum of two 360º cycles. 

Moreover, using a parabolic surface minimizes the limitations in the operational bandwidth 

suffered in flat antennas. On the other hand, the high value obtained in the difference between 

the required phase distributions at the two operating frequencies obliges to use more complex 

reflectarray cells. A possible solution for the reflectarray cells consist on the use of more 

complex reflectarray cells, with a large number of resonant elements per layer. 
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6. CONCLUSION AND FUTURE LINES 

Broadband communication satellites in Ka-band employ multi-beam antenna systems that 

produce a high number of slightly overlapping spot beams to provide a 4-color coverage. The 

existing satellites typically use multi-fed reflector antennas to generate the whole coverage, 

operating simultaneously at Tx and Rx bands (20 and 30 GHz) in a single-feed-per-beam 

configuration. Conventional reflectors cannot provide closely spaced beams, thus four reflector 

antennas are usually required to generate the 4-color coverage, one reflector per color. From a 

mechanical point of view, the implementation of four large antennas on board the satellite 

constitutes a non-desirable solution, considering the severe space and weight constraints in 

satellite systems. 

This project proposes the use of reflectarray antennas to reduce the number of antennas and 

feeds needed to provide the 4-color multi-spot coverage in Ka-band. The main conclusions 

resulting from this research study are presented below, together with the future lines arising 

from the provided results. 

6.1.  CONCLUSION 

A new design method has been proposed and validated for reflectarray antennas to produce 

four adjacent beams in two closely spaced frequency bands and two polarizations (four colors) 

per feed, by the simultaneous discrimination in frequency and polarization. This method will 

allow to reduce the number of antennas on board the satellite from 4 reflectors to 2 

reflectarrays, one operating at Tx and one at Rx. 
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The design strategy proposes the use of beam squint effect in reflectarray antennas to 

generate two adjacent beams at two different frequencies with a single feed. Although beam 

squint is a well-known natural phenomenon in reflectarray antennas with offset configuration, 

the techniques proposed to date in relation to this effect were focused on suppressing or 

compensating this phenomenon. The goal of the proposed procedure is not to eliminate the 

beam squint, but to take advantage of it. The feed position is computed in order to achieve a 

desired beam squint that points the beams in their required directions, according to their 

operating frequency. In this manner, the directions of radiation are reached in a natural way 

and the difference between the required phase distributions at the two operating frequencies is 

minimum. Then, an optimization process of the reflectarray elements can be carried out in order 

to implement different phase distributions at two relatively close frequencies. The range of 

frequencies used for transmission from the satellite in Ka-band has been enlarged (17.7 – 20.3 

GHz) considering the tendency towards changing the gateway link to Q/V band, in order to 

allow a larger separation between the operating frequencies than in the case of using the 

conventional 19.2 – 20.2 GHz band. The other two beams are generated in the orthogonal 

polarization by implementing in the reflectarray a different phase distribution for each linear 

polarization at both design frequencies. The discrimination in polarization has been achieved 

by the use of appropriate reflectarray cells that are able to introduce independent phase shifts 

in each linear polarization (as future lines, the implementation of discrimination in dual-CP 

will be suggested). As a consequence of combining the discrimination in polarization and 

frequency, four different phase shift distributions will be implemented on the reflectarray 

surface, one for each frequency and polarization combination. 

A 43-cm reflectarray antenna demonstrator, formed by 2,242 elements arranged in a 57 x 

50 grid, has been designed, manufactured and tested, in order to validate the proposed design 

procedure. The reflectarray cell used for the demonstrator was based on orthogonal sets of 

coupled parallel dipoles arranged on a two-layer configuration, which allow an independent 

adjustment of the phase shift in each linear polarization.  The cell provides a large range of 

phase variation (more than 600º) for both linear polarizations at each design frequency, which 

enables the execution of optimization techniques. The results of the prototype have 

demonstrated for first time that a reflectarray is capable of generating four adjacent 

beams in different polarizations and frequencies (4 colors) with a single dual-polarized 

feed. The measured main beams are in good agreement with the simulations for the four colors, 

the beams point at the prescribed directions and the levels of cross-polarization are also well 

predicted by the simulations. On the other hand, the measured radiation patterns show higher 
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levels of side lobes and lower gain when compared with the initial simulations. The reflectarray 

cell has been experimentally characterized through a waveguide simulator, and this test has 

revealed that the electrical properties of the upper substrate (εr, tanδ) were poorly characterized 

in the initial design stage, being responsible for the discrepancies between simulations and 

measurements. 

The capacity of generating four independent adjacent beams in different colors with a single 

feed is a very promising development, thus once the design technique has been validated by 

the 43-cm reflectarray demonstrator, a preliminary design of a multi-beam real size antenna 

has been carried out. A 1.8-m reflectarray consisting of 44,125 elements has been designed 

considering ideal reflectarray cells that introduce the required phase shift at each frequency and 

polarization, so that four phase distributions are implemented on the reflectarray surface (one 

for each color). The conducted simulations have shown that, when the reflectarray antenna is 

illuminated by 27 dual-polarized feeds, a coverage of 108 spot beams is generated in a 4-color 

re-use scheme, suitable for broadband satellite communications at Ka-band. Although the 108 

beams present suitable values of maximum gain and spot diameter, the beams generated by the 

extreme feeds are more broadened and produce worse levels of C/I. A better beam shaping 

could be achieved in a more detailed design of the reflectarray by using optimization techniques 

to provide a fine adjustment of all the dimensions of the real reflectarray cells. 

Therefore, with this design method, a single offset reflectarray is able to generate all the 

beams required in Tx in a traditional coverage with overlapping spots for broadband satellite 

communications in Ka-band. The full multi-spot coverage for Tx and Rx in Ka-band could be 

provided by using two reflectarray antennas instead of four reflectors, which means that the 

number of apertures required for the coverage would be reduced by a factor of 2, just like the 

number of feeds, since each feed produces four beams. This change will lead to a substantial 

mass saving on the spacecraft. 

As a drawback, two main constraining factors have been reported for the 1.8-m reflectarray 

antenna. First, the available bandwidth is limited by the beam squint effect, required to deviate 

the beam between the two operating frequencies. As shown in the demonstrator, the residual 

beam squint within each sub-band is highly difficult to eliminate and intensive optimization 

processes are required. The second drawback arises from the large size of the reflectarray 

antenna and its flat profile, which lead to phase distributions with very fast variations that affect 

negatively the antenna performance.  



  114 

 

Finally, a parabolic reflectarray has been suggested to mitigate the abrupt phase distributions 

on the reflectarray surface. A first essay of parabolic reflectarray antennas for multi-beam 

applications in Ka-band has been developed. According to the survey, parabolic reflectarrays 

need a significantly smaller phase adjustment to generate the beams: the required phase 

distributions show a smooth phase variation, where the number of 360º cycles have been 

significantly reduced. The discrimination in dual-LP can be still achieved by the use of 

appropriate reflectarray cells like those based on sets of parallel dipoles, while to provide multi-

frequency operation at two close frequencies, more complex elements are required. The 

implementation of two different phase distributions at each operating frequency has become 

more difficult due to the fact that beam squint effect is not used in the design process. The 

proposed concept for parabolic reflectarrays should be further investigated in the future, as well 

as their application to the design of multi-beam antennas in current communication satellites 

in Ka-band. 

6.2.  FUTURE LINES 

The 43-cm reflectarray has shown very promising results, demonstrating for first time that 

a reflectarray can generate four adjacent beams in different polarization and frequency with a 

single feed. Reflectarray antennas can provide independent beam forming in each linear 

polarization in a simple way when using appropriate reflectarray elements, so the reflectarray 

demonstrator was designed to operate in dual-LP. However, Ka-band services usually operate 

in dual-CP. The next step could be to achieve operation in dual-CP by means of the variable 

rotation technique of the reflectarray elements [28]. According to this technique, for a 

reflectarray element rotated an angle αrot, the phase of the reflected wave will be shifted by 

2·αrot for the right-handed CP (RHCP) and by -2·αrot for the left-handed CP (LHCP). Therefore, 

the reflectarray elements can be rotated to produce a progressive phase variation on the 

reflectarray surface, which is opposite in RHCP and LHCP, in order to deviate the beams in 

orthogonal CP in opposite directions.  

In relation to the development of parabolic reflectarrays, the design of suitable reflectarray 

cells is necessary to enable the implementation of different phase distributions at each operating 

frequency. As mentioned, the number of resonant elements has to be increased while the 

number of stacked layers remains as small as possible, in order to avoid bulky antennas with a 

complex and expensive implementation. Once the reflectarray cell is defined and characterized, 
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the resultant parabolic reflectarray will be able to provide all the beams required in Tx or Rx 

in a traditional multi-spot coverage for broadband satellite communications in Ka-band without 

the previous limitations that were produced by the beam squint effect or the abrupt variations 

in the phase distributions. In this scenario, the implementation of polarization discrimination 

in dual-CP by the variable rotation technique must be also considered. 

Finally, another solution could lie in the definition of the multi-frequency operation. As 

described in Chapter 1, different procedures can be followed to reach a dual-band reflectarray, 

according to the distance between the two frequency bands. When the bands are relatively close 

to each other, as in this project (18/20 GHz), an optimization process of the reflectarray 

elements is required to achieve a different phase distribution at each operating frequency. On 

the other hand, when the two frequency bands are far enough, as in the Tx and Rx links in Ka-

band (20/30 GHz), the reflectarray cell can present a two-layer configuration where each layer 

contains the reflectarray elements that control the phase at one of the frequencies. In that case, 

no optimization procedures are needed to provide a different phase distribution at each 

operating frequency, since the dimensions of the reflectarray elements can be adjusted 

separately for each layer, and the requirements of the reflectarray cell are less restrictive. 

Therefore, if the reflectarray cells are adjusted to allow operation at 20 and 30 GHz instead of 

at 18 and 20 GHz, the reflectarray antenna can be designed to produce two adjacent beams per 

feed with polarization discrimination simultaneously at Tx and Rx frequencies in Ka-band. In 

this way, a satellite antenna based on a single offset reflectarray shall be able to generate half 

of the beams in Tx and Rx, and a second Tx and Rx antenna would be necessary to produce 

the second half of beams. With the same cluster of 27 feeds defined in Chapter 4, the two 

antennas would generate the multi-spot coverages shown in Figure 6-1.a and Figure 6-1.b. The 

whole coverage area, composed of 108 beams arranged in a four color lattice, will be obtained 

by the proper interlaced of the two previous coverages, as can be seen in Figure 6-1.c. This 

concept, as well as the one proposed in this project, will allow a reduction in the number of 

antennas and feeds needed to provide multi-spot coverage for satellites in Ka-band. The four 

reflector antennas operating in Tx and Rx could be reduced to two reflectarray antennas 

operating simultaneously in Tx and Rx.  
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                      (a)                                           (b)                                               (c) 

Figure 6-1 Beam configuration in a two Rx&Rx antennas scenario. Beam configuration for the (a) first and (b) second 

antenna, (c) joint beam configuration. 

6.3.  PUBLICATIONS RELATED TO THIS MASTER THESIS 

The design technique for reflectarray antennas based on the beam squint effect to achieve a 

multi-frequency behavior, the design method to produce four adjacent beams per feed, the 

results reached with the reflectarray demonstrator and the study of parabolic reflectarray 

antennas have been given rise to several publications in national and international conferences 

and one paper submitted to an international journal: 

 D. Martinez-de-Rioja, E. Martinez-de-Rioja, J.A. Encinar, “Multibeam 

Reflectarray for Transmit Satellites in Ka-Band by Using Beam Squint”, IEEE 

International Symposium on Antennas and Propagation (APSURSI), Fajardo, 

Puerto Rico. July 2016.  

 D. Martinez-de-Rioja, E. Martinez-de-Rioja, J.A. Encinar, “Estudio de 

reflectarray multihaz para aplicaciones de satélite en banda Ka utilizando 

discriminación en frecuencia”, XXXI Simposium Nacional de la Unión Científica 

Internacional de Radio (URSI), Madrid, Spain. September 2016.  

 D. Martinez-de-Rioja, J.A. Encinar, “Design of reflectarrays to generate four 

adjacent beams per feed for multi-spot satellite antennas”, XXXII Simposium 

Nacional de la Unión Científica Internacional de Radio (URSI), Cartagena, Spain. 

September 2017. Nominated to Young Researcher Award 2017, obtaining an 

accesit. 
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 Daniel Martinez-de-Rioja, Eduardo Martinez-de-Rioja, Jose A. Encinar,  Rafael 

Florencio and Giovanni Toso, “Reflectarray to Generate Four Adjacent Beams 

per Feed for Multi-Spot Satellite Antennas”, IEEE Transactions on Antennas and 

Propagation, resubmitted after a major revision. 

 Antonio Pino, Yolanda Rodriguez-Vaqueiro, Borja Gonzalez-Valdes, Marcos 

Arias Acuña, Daniel Martinez-de-Rioja, José A. Encinar, “A Multibeam 

Parabolic Reflectarray for Onboard Tx and Rx Satellite Antennas at the Ka 

band”, IEEE International Symposium on Antennas and Propagation, Boston, 

Massachusetts. July 2018. 

 

6.4.  RESEARCH PROJECTS RELATED TO THIS MASTER 

THESIS  

The work presented in this Master thesis has been supported by the following competitive 

research projects:  

 “Multiple Beam Antennas based on Reflectarrays and Transmitarrays”, Supporting 

agency: European Space Agency (ESA-ESTEC, Contract No. 

4000117113/16/NL/AF), Years: Sept. 2016 - Dec. 2018, Participants: Universidad 

Politécnica de Madrid (UPM), Universidad de Vigo. Head: José A. Encinar (UPM).  

 “Multiple-Antenna Advanced Subsystems for Ground and Satellite Wideband 

Communications”, Supporting agency: Spanish Ministry of Economy and 

Competitiveness (Proyectos I+D+I Retos), Years: 2017 to 2020. Head: José A 

Encinar (UPM).  
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 ANNEX A                                                                             

FEED-HORN USED FOR THE DEMONSTRATOR 

In the design of the small-scale reflectarray demonstrator, the feed-horn used to illuminate 

the reflectarray antenna corresponds to the horn model “TGW-2 feedhorn 3” from Anteral [59] 

(see Figure A - 1). The horn has a diameter of 60mm and operates at frequency bands: 17.6-

20.3 GHz and 27.3-30.1 GHz. Figure A - 2 shows the feed profile together with the phase 

center position according to the operating frequency. This variation of the phase center position 

with frequency has been considered as a potential error that slightly deteriorates the antenna 

performance, as mentioned in Section 3.5. 

 

Figure A - 1 Picture of the feed-horn used 

 

Figure A - 2 Profile of the feed. 
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Figure A - 3 shows the radiation patterns of the feed at 17.6, 18.9 and 20.3 GHz, where the 

dashed lines indicate the required subtended angle to get an edge illumination level of -12 dB 

on the reflectarray. The corresponding directivities for each frequency are 20.4, 20.9 and 21.6 

dBi, with values of aperture efficiency close to 0.89. From these radiation patterns, a subtended 

angle of 33º has been estimated to get an edge illumination level of -12 dB at 18 GHz, while at 

20 GHz there is a subtended angle of 28.5º to get the same illumination. In the design of the 

small-scale reflectarray demonstrator, a subtended angle of 32º has been considered, for this 

reason, the illumination levels resulting on the reflectarray edges demonstrator are -12 dB at 

18 GHz and -18 dB at 20 GHz. The field radiated by the feed was modeled by a cosq(θ) 

distribution, with q = 31 at 18 GHz and q = 45 at 20 GHz. 

 

(a) 

 

(b) 

 

(c) 

Figure A - 3 Radiation patterns of the feed at (a) 17.6 GHz, (b) 18.9 GHz and (c) 20.3 GHz. 

From the radiation patterns of the feed, it can be observed that the high side lobes obtained 

in the measurements of the reflectarray demonstrator (see Figure 3-31) present a gain level 

close to 20 dBi, with a beamwidth similar to the shown in Figure A - 3, which confirms the 

affirmation of that those side lobes correspond to the beam radiated by the feed and reflected 

on the reflectarray surface in the specular direction. 
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 ANNEX B                                                                

IMPACT ANALYSIS RELATED TO THE PROJECT 

INTRODUCTION  

This Master thesis is related to the field of satellite communication systems, in particular, to 

the design of multiple beam antennas for broadband communications from geostationary 

satellites that operate in Ka-band. In recent years, the so-called High-Throughput Satellites 

have been consolidated as an important solution to provide the increase of capacity demanded 

by the users and offer new broadband services. Current communication satellites are able to 

provide around 100 Gb/s for broadband high-speed access in Ka-band, and the next high-

throughput satellite generation is expected to achieve several hundreds of Gb/s [64]. 

As shown in Chapter 1, these satellites employ antenna systems that produce a cellular 

coverage formed by a high number of spot beams with a 4-color frequency and polarization 

reuse scheme. The 4-color reuse scheme implies that adjacent spots are generated in a different 

color (frequency and polarization combination), so that the spots with the same color are 

spatially isolated from each other, reducing the interferences and enabling a significant 

improvement of the spectrum utilization and the system capacity. Therefore, the provision of 

multi-spot coverage enables a significant growth of the system capacity and higher data rates 

for the users than those achieved by large contoured beams, as those used in most broadcast 

Ku-band satellite applications. Moreover, the multi-spot coverage in Ka-band also reduces the 

cost and size of the Earth terminals over Ku-band services. 

To provide this multi-spot coverage in Ka-band, four reflector antennas are typically used, 

which can be seen as a not very efficient solution from a mechanical point of view, considering 

the severe space and weight constraints in satellite systems. As a consequence, different 

solutions have been investigated in order to reduce the number of antennas on board the 

satellite. Some of the alternative configurations are based on the use of lenses, direct radiating 

arrays or an oversized reflector, but they are normally penalized by a reduction of the antenna 



  122 

 

efficiency, higher complexity, higher cost, and in the case of the oversized reflector, the 

excessive room required to accommodate the antenna.  

Therefore, it can be concluded that there is a real need for the antenna solution developed 

in this Master thesis. Indeed, this work is framed under two competitive research projects: one 

supported by the European Space Agency (ESA) and the other by the Spanish Ministry of 

Economy and Competitiveness (Programa Estatal de Investigación, Desarrollo e Innovación 

Orientada a los Retos de la Sociedad), whose objectives are also to reduce the number of 

antennas required on board the satellite to provide a multi-spot coverage by exploiting the 

versatility of reflectarray antennas. 

SIGNIFICANT IMPACTS  

This Master thesis proposes for first time the use of reflectarray antennas with simultaneous 

frequency and polarization discrimination, so that the full multi-spot coverage for Tx and Rx 

in Ka-band could be provided by using two reflectarray antennas instead of four reflectors. 

This means that the number of apertures required for the coverage will be reduced by a factor 

of two, just like the number of feeds, since each feed will produce four beams and each 

reflectarray antenna will be illuminated by a different cluster of feeds.  

The reduction in the number of feeds and antennas required on board the satellite will lead 

to important savings in cost, weight and volume of the antenna system on the satellite. Note 

that the weight has a significant economic impact in this type of applications, where placing a 

kilogram into a geostationary orbit has an estimated cost around one million Euros. 

Furthermore, as shown in Chapter 1, the low profile of the reflectarray antennas and the 

capability of controlling the phase distribution on their surface lead to a simpler mechanical 

design where the manufacturing time and cost are reduced due to the elimination of the custom 

molds required for conventional shaped reflectors. The flat surface of the reflectarray also lends 

itself for flush mounting onto an existing flat structure without adding significant amount of 

mass and volume to the overall system structure. Moreover, the manufacturing processes are 

based on conventional low-cost processes used for PCB, as could be seen in Chapter 3. Note 

that the manufacturing of real satellite reflectarray antennas requires certified materials for use 

in space, such as the honeycomb, kevlar or kapton [22], characterized by their lightness and 

the resistance of their thermal and mechanical properties. 
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CONCLUSIONS 

The antenna concepts proposed in this project are expected to present a real interest for the 

industry because of their features, innovation and potential to real applications. In the area of 

space communications in Ka-band, the proposed antennas can be beneficial for reducing the 

cost, manufacturing time, volume and mass of satellite antennas, and also in the mass 

production of terminal antennas for satellite links, which are beneficial aspects for both satellite 

operators and manufacturing companies. 
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 ANNEX C                                                            

ECONOMIC BUDGET 

In this section, the budget associated to the design and manufacturing of the 43-cm 

reflectarray demonstrator is presented. The total project cost has been calculated based on the 

following concepts: 

 Cost of using computer equipment. 

 Costs related to the manufacturing process. 

 Consumable cost. 

 Personal costs. 

 General costs, industrial profit, and VAT. 

In order to obtain the final budget, the assessment of the costs is presented through three 

successive levels: the material execution budget, the contract budget, and the total budget. The 

estimated project duration is nine months, and the project development team is made up of one 

Telecommunication Engineer.  

Material execution budget 

The material execution budget (MEB) is made from the cost of the computer equipment 

used to conduct the designs and simulations, the manufacturing and labor costs, and the 

consumables costs. 

A. - Cost of using computer equipment 

The next table includes the amortization costs of the computer equipment used for the design 

of the antenna, as well as the software licenses that are required. 
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Equipment Price (€) Amortization Use Total (€) 

PC Intel Core i7 1050.28 3 years 9 months 262.57 

HP 641A printer 371.91 3 years 1 month 10.33 

Fortran Compiler license 699 1 year 8 months 466 

Visual Studio license 458.15 1 year 8 months 305.43 

   Sum: 1,044.33 € 

 

B. - Manufacturing costs 

In relation to the manufacturing costs of the 43-cm reflectarray antenna, the conventional 

chemical photo-etching process required to generate the printed elements on a flat surface has 

a cost close to 5000 €/m2, considering a single layer configuration. In this case, the reflectarray 

element has a dual-layer configuration, so the prize is duplicated. Furthermore, the purchase 

cost of the dielectric materials and the pieces required for the assembling of the prototype are 

also considered. As shown in Chapter 3, the two substrates used are 0.787-mm CuClad 233 LX 

and 1.524-mm DiClad 880B, which have been bonded by two layers of thermoplastic bonding 

film (38-μm CuClad 6250). 

Manufacturing elements Total (€) 

Photo-etching process 1452 

0.787-mm CuClad 233 LX           898.25 

1.524-mm DiClad 880B                834.41 

38-μm CuClad 6250     980.52 

Feed-horn 950 

Assembling 120 

 Sum: 5,235.18 € 
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C. - Personal Costs 

In this point, the daily basis salaries, social obligations and bonuses (15% of basic salary) 

are detailed. These three factors make up the effective salary paid per day. 

Personal Base salary Social charges Bonuses Effective salary 

Telecommunication 

Engineer 
61.36 € 17.18 € 9.2 € 87.74 € 

 

Then, the final salary is computed considering the nine months of work (225 days). 

Personal Gross / day salary Journeys Total (€) 

Telecommunication 

Engineer 
87.74 € 225 days 19,741.5 € 

 

D. – Consumable costs 

In addition to the above mentioned cost of using computer equipment, the consumable costs 

associated to this project have been also taken into account. The consumable costs considered 

are those associated to office supplies, in this case, the two consumable goods are the printing 

of papers and the binding of the final documentation. 

Concept Total (€) 

Print Project (printer costs, paper, etc.) 120.20 

Binding 60.58 

 Sum: 180.78 € 
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Therefore, the material execution budget (MEB) that arises from the previous costs is shown 

in the following table: 

Concept Total (€) 

Computer equipment 1,044.33 

Manufacturing process 5,235.18 

Personal 19,741.5 

Consumable 180.78 

Sum: 26,201.79 € 

 

Contract budget 

The contract budget (CB) includes overhead and the industrial profit, considered as a 

particular percentage of the MEB. These percentages are not regulated, but typically the 

overheads vary between the 13 and 17 percent of the MEB, while the industrial benefit can be 

estimated as 6 percent of the MEB. 

Concept Percentage  Total (€) 

MEB  26,201.79 

Overheads (16%) 16% MEB 4,192.39 

Industrial benefit (6%) 06% MEB 1,572.1 

   Sum:   31,966.18 € 
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Total budget 

The final budget is computed by including the value added tax, VAT, which is the 21 percent 

of the CB. 

Concept Percentage Total (€) 

CB  31,966.18 € 

VAT 21% CB 6,712.9 

 Sum: 38,679.08 € 

 

 

The total budget of the project amounts to: 38,679.08 € 
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