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Today's satellite communications for broadband services, such as Internet access, are 

predominantly provided by geostationary satellites known as high throughput satellites (HTS). 

HTS systems split the service area into a large number of small cells by means of multiple beam 

antennas onboard the satellites. The multi-spot coverage generated from HTS follows a four-color 

reuse scheme, where the spot-beams are generated at two different frequencies and two 

orthogonal polarizations. As a result, two adjacent spots never coincide at the same frequency and 

polarization (same color), so the spots generated with the same color are spatially isolated from 

each other and the interferences between adjacent spots are reduced. The operation by a four-

color multi-spot coverage makes it possible to improve the spectrum utilization, maximizing the 

throughput of the users, while the offered bandwidth of the system remains unaltered. 

Current broadband satellite communications commonly operate in Ka-band, generating 

the four-color coverage simultaneously in transmission (Tx, 19.2-20.2 GHz) and reception (Rx, 

29-30 GHz). The coverages are typically formed by around fifty or a hundred of slightly 

overlapping spot beams, where the beamwidth is around 0.65º. The design of multi-beam antennas 

in Ka-band for HTS faces some challenges due to the large number of beams generated in different 

colors with a very small angular separation between adjacent spots (around 0.56º). The most 

extended antenna farm in HTS is formed by four single-offset reflector antennas in a one-feed-

per-beam configuration, operating simultaneously at Tx and Rx frequencies in Ka-band, where 

each reflector generates the beams in a single color. However, the use of four antennas onboard 

the satellite implies limitations in terms of accommodation and stowing of the satellite payload. 

In addition, accurate pointing systems have to be associated to each of the four antennas because 

a small movement in one of the reflectors or in one of the associated feeding clusters may cause 

the corresponding beams to move as compared to the other ones and reducing the antenna 

performance. 

The main motivation of this PhD thesis has been to develop new antenna solutions based 

on reflectarray antennas that make it possible to halve the number of antennas and feed chains 

required onboard the satellite to produce the four-color multispot coverage in Ka-band. In this 

way, two reflectarrays would produce the total coverage instead of four reflectors, resulting in a 

significant saving in weight, volume, and cost in the payload. To this end, two different strategies 

have been evaluated: first, a reflectarray has been proposed to generate a complete four-color 

coverage in a single band to exclusively operate in transmission or reception. The second strategy 

is based on the design of a reflectarray to generate one half of the required four-color beams 

simultaneously in the Tx and Rx bands. 
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In relation to the first strategy, a novel design method has been proposed to generate four 

spaced beams per feed in four different colors, by operating at two different frequencies and two 

orthogonal polarizations. The beam squint effect in offset fed reflectarrays has been exploited to 

overcome the main complexity of the proposed design, which is the independent operation at 

relatively close frequencies. As a first approach, the proposed design technique has been applied 

to the preliminary design and simulation of a 1.8 m reflectarray defined with ideal reflectarray 

cells. The simulations have demonstrated the capability of generating a four-color coverage 

formed by 108 spots in the transmit band with a single reflectarray illuminated by 27 dual-

polarized feeds. Thus, the four reflector antennas commonly used onboard the communications 

satellites in Ka-band could be replaced by one reflectarray operating in transmission and a second 

reflectarray operating in reception.  

A flat 43 cm reflectarray prototype has been designed, manufactured and tested for the 

first time to experimentally demonstrate the generation of four spaced beams per feed in four 

different colors. The analysis and design of the prototype has been carried out by a home-made 

simulation tool based on the Method of Moments in the Spectral Domain (SD-MoM) and the local 

periodicity approach. The measurements of the 43 cm reflectarray have been used to validate the 

accuracy of the developed analysis and design tools. Moreover, the results have proven that the 

beam squint effect can be used to naturally focus spaced beams generated by the same feed at 

different frequencies while the same phenomenon is partially compensated in each operating sub-

band, by optimizing the dimensions of the printed elements in the reflectarray. 

Concerning the second strategy, an original design method for parabolic reflectarrays has 

been developed to generate two spaced beams per feed in orthogonal circular polarizations (CP) 

at Tx and Rx frequencies in Ka-band. The proposed technique makes it possible to design a 

reflectarray to generate half the required four-color multi-spot coverage. Firstly, a new 

reflectarray cell has been defined to operate in dual-band and dual-CP by means of the Variable 

Rotation Technique (VRT). The operating principles of the VRT, typically formulated for normal 

incidence, have been extended for oblique incidence. Then, a new design method for parabolic 

reflectarray antennas has been developed based on the previous cells, including an in-band 

optimization routine to reduce the cross-polar radiation at off-center frequencies and a novel 

technique to equal the shaping of the beam focused by a parabolic surface at separate frequencies 

(Tx and Rx in Ka-band). 

The proposed design method has been firstly adapted to a flat reflectarray to 

experimentally demonstrate the generation of two spaced beams per feed in orthogonal CP 

simultaneously at Tx and Rx frequencies in Ka band. A 25-cm reflectarray based on the new dual-

band dual-CP cells has been designed, manufactured and tested. The prototype has been designed 

by an in-house design tool, following the technique developed for parabolic reflectarrays applied 

to a conventional flat structure, including the new in-band optimization. The measured radiation 
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patterns of the manufactured prototype have satisfactory validated the design techniques and 

analysis tools for flat reflectarrays. 

A 1.8-m parabolic reflectarray has been designed by using the developed techniques to 

generate one half of the required multi-spot coverage simultaneously at Tx and Rx frequencies in 

Ka-band for broadband satellite communications. The parabolic reflectarray, designed to generate 

two spaced beams in orthogonal CP per feed, has been illuminated by 27 dual-CP feeds to produce 

54 spot-beams in two different polarization colors. The conducted simulations have shown a 

correct beam distribution at both Tx and Rx frequencies in Ka-band, proving that two parabolic 

reflectarrays operating at slightly different frequencies can provide a complete coverage of 108 

spots within a four-color reuse scheme, which would make it possible to halve the number of 

feeds and antennas required for current multi-spot satellites in Ka-band, from four reflector 

antennas to two parabolic reflectarrays.  

Finally, a model of the real 1.8-m parabolic reflectarray antenna scaled in a factor 1/2 has 

been designed, manufactured and measured to experimentally demonstrate the generation of two 

spaced high-gain beams per feed in orthogonal CP simultaneously at Tx and Rx frequencies in 

Ka-band. The 0.9 m parabolic reflectarray was the final demonstrator of an ESA project, 

coordinated by the UPM group.  The results of this demonstrator have been completely 

satisfactory and have validated the different techniques developed in this thesis. These techniques 

include: 1) the optimization procedure to reduce the cross-polar radiation in a prescribed 

frequency band, overcoming one of the major limitations identified in previous works, and 2) the 

technique for phase correction at higher frequency, which has been used to equalise the 

beamwidth in Tx and Rx. 

The results presented in this thesis have demonstrated new reflectarray configurations to 

reduce the number of antennas in multi-spot satellites, considering "one feed per beam" 

architecture, which shows the potential of reflectarray antennas for satellite applications. 
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Las actuales comunicaciones por satélite orientadas a servicios de banda ancha, como el 

acceso a Internet, son proporcionadas principalmente mediante satélites geoestacionarios 

conocidos como satélites de alta capacidad, del inglés high throughput satellites (HTS). Estos 

satélites dividen el área de servicio en un gran número de pequeñas celdas mediante el uso de 

antenas multi-haz embarcadas en el satélite. La cobertura multi-haz generada desde los satélites 

de alta capacidad sigue un esquema de reutilización de cuatro colores, donde los haces son 

generados a dos frecuencias distintas y dos polarizaciones ortogonales. Como resultado, dos haces 

adyacentes nunca coinciden con la misma frecuencia y polarización (mismo color), por lo que los 

haces generados con el mismo color están espacialmente aislados y la interferencia entre haces 

adyacentes se reduce. La operación mediante una cobertura multi-haz de cuatro colores hace 

posible mejorar la utilización del espectro, maximizando la tasa de transmisión de los usuarios al 

mismo tiempo que el ancho de banda disponible del sistema se mantiene inalterado.  

Las comunicaciones de banda ancha por satélite comúnmente operan en la banda Ka, 

generando la cobertura de cuatro colores simultáneamente en transmisión (Tx, 19.2-20.2 GHz) y 

recepción (Rx, 29-30 GHz). Estas coberturas están formadas típicamente por alrededor de 

cincuenta o cien haces ligeramente superpuestos, cuyo ancho de haz es próximo a los 0.65°. El 

diseño de antenas multi-haz en banda Ka para los satélites de alta capacidad se enfrenta a algunos 

desafíos debido al gran número de haces generados en diferentes colores con una separación 

angular muy pequeña entre haces adyacentes (alrededor de 0.56°). El subsistema antena más 

extendido en estos satélites está formado por cuatro antenas reflectoras que generan un haz por 

alimentador, y operan simultáneamente en las frecuencias de transmisión y recepción de la banda 

Ka, de manera que cada reflector genera los haces en un solo color. Sin embargo, el uso de cuatro 

antenas a bordo del satélite supone una importante limitación dadas las restricciones en masa y 

volumen de la carga útil del satélite. 

La principal motivación de esta tesis ha sido desarrollar nuevas soluciones de antena 

basadas en antenas reflectarray que permitan reducir a la mitad el número de antenas y 

alimentadores requeridas a bordo del satélite para producir la cobertura multi-haz de cuatro 

colores en banda Ka. De esta manera, dos reflectarrays producirían la cobertura total en lugar de 

cuatro reflectores, lo que resultaría en un ahorro significativo en peso, volumen y coste del 

satélite.  Con este fin, se han seguido dos estrategias diferentes: en primer lugar, se ha propuesto 

un reflectarray para generar una cobertura completa de cuatro colores en una sola banda para 

operar exclusivamente en transmisión o recepción. La segunda estrategia se basa en el diseño de 

un reflectarray para generar la mitad de los cuatro colores requeridos, pero operando 

simultáneamente en las bandas de transmisión y recepción.  
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En relación con la primera estrategia, se ha propuesto un novedoso método de diseño para 

generar cuatro haces espaciados por alimentador en cuatro colores diferentes, operando a dos 

frecuencias diferentes y dos polarizaciones ortogonales. El efecto de desviación del haz con la 

frecuencia en reflectarrays con configuración descentrada, comúnmente conocido como beam 

squint, se ha utilizado para superar la principal complejidad del diseño propuesto, que es la 

operación independiente del reflectarray a frecuencias relativamente cercanas. Como primer 

estudio, la técnica propuesta ha sido analizada por medio del diseño preliminar y simulación de 

un reflectarray de 1.8 m definido con celdas reflectarray ideales. Las simulaciones han 

demostrado la capacidad de generar una cobertura de cuatro colores formada por 108 haces en la 

banda de transmisión usando un único reflectarray iluminado por 27 alimentadores. Por lo tanto, 

las cuatro antenas reflectoras comúnmente utilizadas a bordo de los satélites de comunicación en 

banda Ka podrían ser reemplazadas por un reflectarray que opera en la banda de transmisión y un 

segundo reflectarray que opera en recepción. 

Se ha diseñado, fabricado y medido, por primera vez, un reflectarray plano de 43 cm de 

diámetro para demostrar experimentalmente la generación de cuatro haces espaciados por 

alimentador en cuatro colores diferentes. El análisis y diseño del prototipo ha sido llevado a cabo 

por una herramienta de simulación propia basada en el Método de Momentos en el Dominio 

Espectral (SD-MoM) y la aproximación de periodicidad local. Las medidas del reflectarray se 

han utilizado para validar la precisión de las herramientas de análisis y diseño desarrolladas. 

Además, los resultados han demostrado que el efecto de desviación del haz con la frecuencia se 

puede utilizar para enfocar de manera natural los haces espaciados generados por el mismo 

alimentador a diferentes frecuencias, al mismo tiempo que el fenómeno es compensado 

parcialmente en cada sub-banda de funcionamiento mediante la optimizacion de las dimensiones 

de los elementos impresos del reflectarray.  

En cuanto a la segunda estrategia, se ha desarrollado un método de diseño original para 

reflectarrays parabólicos con el fin de generar dos haces espaciados por alimentador en 

polarizaciones circulares ortogonales simultáneamente en las frecuencias de transmisión y 

recepción de la banda Ka. La técnica de diseño permite diseñar un reflectarray para generar la 

mitad de la cobertura multi-haz de cuatro colores requerida. En primer lugar, se ha definido una 

nueva celda reflectarray para operar en doble banda y doble polarización circular mediante la 

Técnica de Rotación Variable (VRT). Los principios de funcionamiento del VRT, típicamente 

formulados para incidencia normal, se han ampliado para incidencia oblicua. A continuación, se 

ha desarrollado un nuevo método de diseño para antenas reflectarray parabólicas basado en la 

celda anterior, incluyendo una rutina de optimización en banda para reducir la radiación contra-

polar y una técnica novedosa para igualar el conformado del haz enfocado por una misma 

superficie parabólica en frecuencias distantes (transmisión y recepción de la banda Ka). 
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El método de diseño propuesto se ha adaptado en primer lugar a un reflectarray plano 

para demostrar experimentalmente la generación de dos haces espaciados por alimentador en 

polarizaciones circulares ortogonales simultáneamente en las frecuencias de transmisión y 

recepción de la banda Ka. Se ha diseñado, fabricado y medido un reflectarray de 25 cm basado 

en las nuevas celdas reflectarray con operación en doble banda y doble polarización.  El prototipo 

se ha diseñado mediante una herramienta de diseño propia, siguiendo la técnica desarrollada para 

reflectarrays parabólicos aplicada a una estructura plana. El diseño ha incluido la nueva rutina de 

optimización en banda. Los diagramas de radiación medidos en cámara anecoica han validado 

satisfactoriamente las técnicas de diseño y las herramientas de análisis para reflectarrays planos. 

Se ha diseñado un reflectarray parabólico de 1.8 m mediante las técnicas propuestas 

anteriormente, con el fin de generar la mitad de la cobertura multi-haz requerida para 

comunicaciones por satélite en banda Ka. El reflectarray parabólico, diseñado para generar dos 

haces espaciados 0.56º en polarizaciones circulares ortogonales por cada alimentador, ha sido 

iluminado por 27 alimentadores para producir 54 haces en dos colores diferentes. Las 

simulaciones realizadas han mostrado una correcta distribución de los haces en ambas bandas de 

frecuencia, lo que demuestra  que dos reflectarrays parabólicos operando a frecuencias 

ligeramente diferentes pueden proporcionar una cobertura completa de 108 haces en un esquema 

de reutilización de cuatro colores, lo que permitiría reducir a la mitad el número de alimentadores 

y antenas necesarias para los satélites actuales en banda Ka, pasando de los cuatro reflectores 

actuales a dos reflectarrays parabólicos. 

Por último, se ha diseñado, fabricado y medido un modelo de la antena reflectarray 

parabólica de 1.8 m escalada en un factor de 1/2 para demostrar experimentalmente la generación 

de dos haces espaciados de alta ganancia por alimentador, en polarizaciones circulares 

ortogonales simultáneamente en las frecuencias de transmisión y recepción de la banda Ka. El 

reflectarray parabólico de 0.9 m ha sido el demostrador final de un proyecto financiado por la 

Agencia Espacial Europea, coordinado por el Grupo de la UPM. Los resultados de dicho 

demostrador han sido altamente satisfactoriosy y han permitido validar las diferentes técnicas 

desarrolladas en esta tesis. Entre dichas técnicas cabe destacar: 1) el procedimiento de 

optimización para reducir la radiación contra-polar en una banda de frecuencias definida, 

superando una de las mayores limitaciones identificadas en trabajos anteriores, y 2) la técnica de 

correccion de fase en la banda superior, que permite igualar el ancho de los haces en transmisión 

y recepción (dicha técnica ha dado lugar a una solicitud de patente que ha superado 

favorablemente el examen previo).  

Los resultados obtenidos en esta tesis han demostrado nuevas configuraciones de antena 

multihaz para satelites que permiten reducir el numero de antenas empleando la configuración de 

“un alimentador por haz”, mostrando así el potencial de las antenas reflectarray para satelites de 

comunicaciones. 
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1.1 REFLECTARRAY ANTENNAS 

1.1.1 Definition and historic development of reflectarray antennas 

The IEEE Standard [1] defines a reflectarray as “an antenna consisting of a feed and an 

array of reflecting elements arranged on a surface and adjusted so that the reflected waves from 

the individual elements combine to produce a prescribed secondary radiation pattern”. Thus, 

reflectarray antennas can be seen as a combination of reflector and phased array antennas, giving 

rise to the so-called spatially fed antenna arrays. The arrangement of reflecting elements placed 

on the reflectarray surface is designed to introduce a phase adjustment in the incident field 

radiated by the feed to focus a particular reflected beam [2]. Fig. 1-1 shows the typical structure 

of a reflectarray antenna, based on a flat surface with printed elements illuminated by a feed-horn.  

  

 

 

Reflectarrays are considered a relatively new technology. While reflector antennas 

operating at non-optical frequencies have been used since 1888 (reflector configurations were 

previously used in telescopes) [3], the first primitive reflectarray was published in 1963, based on 

an arrangement of short-ended waveguide elements with different lengths illuminated by a feed 

horn [4]. In this case, the phase adjustment introduced in the incident field was controlled by the 

length of each waveguide element. Although current reflectarray antennas are based on the 

operating principle shown in [4], the use of waveguides resulted in bulky structures and the 

concept did not thrive during the next years.  
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In the late 1980s and early 1990s, the development and rise of the printed technology 

brought back the interest in reflectarray antennas. The arrangements of planar microstrip elements 

printed on the reflectarray surface made it possible to easily adjust the phases of the incident field 

while maintaining a reduced volume of the antenna structure [5], [6]. As will be shown in the 

following sections of this chapter, the characteristics of reflectarray antennas make them suitable 

for applications where high-gain antennas are required, but there is a limitation in volume and 

weight, such as satellite communications. However, the implementation of new technologies in 

the space sector is a long-term process and the advances of reflectarray antennas for satellite 

applications were fundamentally conducted in the academic field, as in [7], where inflatable 

reflectarrays were proposed to significantly reduce the mass, volume, and cost of future satellites.  

In 1999, the CubeSat standard [8] was created to facilitate the access to space for 

university and research centers by small-sized and low-cost satellites (nanosatellites). The 

emergence of this standard has made it possible the launch of two Cubesats equipped with 

reflectarray antennas and sponsored by the National Aeronautics and Space Administration 

(NASA) of the United States: the ISARA project in 2017 [9] and the MARCO mission in 2018 

[10]. Both projects have included the design and manufacturing of a deployable high-gain flat 

reflectarray to operate in Ka-band (ISARA) or X-band (MARCO). In 2022, the GOMX-5 mission, 

developed by GomSpace A/S together with the European Space Agency (ESA), expects to launch 

two nanosatellites with advanced payloads that include high-gain reflectarray antennas in X-band 

[11]. The ESA is also developing a CubeSat mission for deep space called M-Argo, based on a 

nanosatellite with a reflectarray antenna [11]. Thus, the CubeSat standard has brought reflectarray 

antennas closer to the space sector in research missions, which can be considered the previous 

step to their use in commercial satellite applications. 

1.1.2 Operating principles of reflectarray antennas 

As aforementioned, reflectarray antennas adjust the phase of the incident electromagnetic 

field radiated by a primary source by the reflecting elements arranged in a regular lattice on their 

surface to focus a specific reflected beam. Generally, reflectarray antennas refer to “microstrip” 

or “printed” reflectarrays, which consist of an arrangement of metallic elements printed on a 

dielectric sheet over a ground plane, similar to the configuration of microstrip lines and patches. 

The use of a primary feed removes the need for feeding networks, which improves the radiation 

efficiency compared with array antennas, offering efficiencies close to those of conventional 

reflector antennas [2].  

The phase control provided by the reflectarray elements makes it possible to generate 

focused or contoured beams with a flat antenna surface. Because of that, flat reflectarrays have 

been proposed to provide continental coverages for satellite communications [12]-[14], offering 

a significant advantage with respect to the expensive and complex shaped reflectors used in space. 
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Moreover, the reflectarray elements can introduce independent phase adjustments in orthogonal 

polarizations [15], [16], or at different operating frequencies [17], [18], which makes it possible 

for the reflectarrays to generate independent beams with a single feed operating at different 

frequencies or polarizations. As a result, reflectarrays combine high radiation efficiencies, a great 

potential for multibeam applications and an easy way to generate contoured beams, by means of 

a typically flat surface that occupies a lower volume than reflectors. Moreover, flat reflectarrays 

allow an easier integration in the structure of the satellite or the aircraft than curved antennas, 

making them particularly suitable for space applications. 

In relation to the reflectarray elements, there is a huge variety of printed elements that 

have been used to introduce the required phase delays in the incident field. Typically, the phase 

delay introduced by the reflectarray element is controlled by adjusting the physical dimensions of 

the element. Fig. 1-2 shows some of the most used reflectarray elements. In Fig. 1-2a, the 

elements are rectangular patches with identical dimensions attached to lines of variable length, 

where the phase delay introduced by each element is controlled by the length of its line [5]. Fig. 

1-2b shows variable size patches, where both dimensions of the patches can be adjusted to control 

the phase delay introduced by the element [19]-[21]. Finally, Fig. 1-2c and d show elements based 

on dipoles, which are commonly used in arrangements of parallel (Fig. 1-2c) or crossed (Fig. 

1-2d) dipoles [22], [23]. Typically, a dipole used as a reflectarray element presents a single 

variable dimension, which is its length, while its width is fixed (when both dimensions are 

adjusted to control the phase delay, the reflectarray element is commonly considered as a 

rectangular patch).  

 

 

   (a)                                (b)                                 (c)                               (d) 

 

Moreover, the reflectaray elements can include switching devices or tunable materials to 

provide reconfigurable operation to the reflectarray antenna [24]. The most common switches are 

PIN diodes, varactor diodes, or micro-electro-mechanic (MEM) switches [25]-[28]. In this way, 

elements based on identical patches attached to variable length lines can include PIN diodes or 

MEMs inserted in the lines to switch their effective length. Reflectarrays can also implement 
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reconfigurable capabilities by means of dielectric substrates with tunable properties, such as liquid 

crystal or graphene, which make it is possible the design of active reflectarrays in mm-wave and 

THz frequencies [29]-[31]. 

Despite the previous advantages, reflectarrays have traditionally been narrow-band 

antennas. Large reflectarray antennas can usually reach a relative bandwidth of 10%. The 

operational bandwidth of a reflectarray antenna is mainly influenced by two factors: the 

bandwidth of its elements and the variation of the spatial phase delay with frequency [32]. In the 

case of moderate size reflectarrays, the most restrictive factor is the bandwidth of the reflectarray 

elements, while for large reflectarrays and reflectarrays with a small relation between the focal 

length and the diameter (small f/D ratios), the most restrictive factor is the variation of the spatial 

phase delay with frequency.  

In the past years, a substantial effort has been done to increase the operational bandwidth 

of reflectarray antennas. The bandwidth of the reflectarray elements has been improved by 

techniques to achieve a larger range of phase variation for the cell reflection coefficient, 

generating broadband reflectarray elements, as shown in Fig. 1-3. Some broadband elements are 

based on single layer configurations, such as the coplanar parallel dipoles [33], the Phoenix cell 

[34] or the concentric cross loops [35]. For example, in [36] a 45-cm reflectarray operating by 

cells formed by coplanar parallel dipoles provides a relative bandwidth of 27% centered at 12.75 

GHz. Other broadband reflectarray elements are formed by several stacked layers of printed 

elements, such as variable size patches [13], [21], [37]. The use of multi-layer reflectarray cells 

based on dipoles instead of patches makes it possible to combine stacked layers of printed 

elements based on groups of coplanar parallel dipoles on each layer [36], which reduces the 

number of required layers, avoiding an excessive increase of the manufacturing costs and weight 

of the multi-layer reflectarray. Moreover, broadband reflectarray elements can be achieved by 

using small reflectarray cells with a period less than λ/2, known as sub-wavelength elements, as 

in [38], [39] where a single layer reflectarray with sub-wavelength elements based on rectangular 

patches provides a relative bandwidth larger than 20%. 

 

 

                         (a)                                                                         (b) 
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The operational band of reflectarray antennas has also been improved by techniques to 

compensate the variation of the spatial phase delay with frequency, such as the true-time delay 

compensation [40], [41]. A reflectarray with true-time delay compensation uses reflectarray 

elements able to introduce a large range of phase delays (several times 360º), which makes it 

possible to compensate the differential spatial phase delay. Other techniques are based on 

modifying the traditional flat surface of reflectarrays antennas by facetted configurations [42], 

[43], or curved reflectarrays [44]. The variation of the spatial phase delay has also been 

compensated by phase optimization procedures applied to the reflectarrays elements, as in [15] 

[37],  where the dimensions of the multi-resonant elements have been carefully optimized to 

compensate the spatial phase delay at different operating frequencies.  

As a result, reflectarray antennas offer a wide variety of possibilities. According to the 

reflectarray elements used, reflectarray antennas can provide passive or active operation, with 

independent operation in orthogonal polarizations or at different frequencies. The phase control 

provided by the reflectarray elements makes it possible to collimate, focus or shape the radiated 

beam without the need for a shaped surface. Throughout this thesis, different reflectarray antennas 

are proposed with independent operation in orthogonal polarizations or at different frequency 

bands, oriented to multibeam applications. Thus, the state of the art on reflectarray antennas with 

these characteristics will be shown in the next section. 

1.1.3 State of the art on reflectarray antennas 

 

Reflectarrays can be designed to operate simultaneously at two or more different 

frequency bands with independent characteristics. The reflectarray elements required to operate 

at different bands are mainly divided into two groups: single layer configurations combining 

groups of elements to operate at each frequency [45]-[49], and multi-layer configurations where 

the elements on each layer operate at a different frequency band [18],[50]-[55]. Fig. 1-4 shows an 

example of each strategy, Fig. 1-4a shows single layer cells with two different sets of three parallel 

dipoles, while a dual layer configuration based on stacked patches is depicted in Fig. 1-4b. 

Multiband reflectarrays with a single layer configuration can implement similar resonant 

elements to operate at each frequency, as in [47] with concentric split loops, or different resonant 

elements, as in [49], where the reflectarray cells are formed by an outer split loop combined with 

a Malta cross to operate at 20 GHz and 30 GHz. The combination in the same layer of different 

elements usually leads to an increase in the size of the cells, the dimensions of which must be 

limited to avoid grating lobes [2]. A single-layer reflectarray made up of an array of cells with 

three different resonant elements operating at 7 GHz, 8.5 GHz and 32 GHz has been proposed in 

[46]. Reflectarray antennas to operate at multiple close frequencies can also be designed by using 
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broadband reflectarray elements instead of independent resonant elements at each frequency. 

Because of the wide phase response of the broadband elements, the dimensions of the elements 

can be optimized to introduce the required phase delay at each operating frequency. In [48], a 

reflectarray has been proposed to provide an independent phase control at 12 GHz, 13 GHz, 14 

GHz, and 15.5 GHz. 

 

 

                         (a)                                                                         (b) 

 

Multiband reflectarrays with multi-layer configurations have also been widely studied. In 

[18], a dual layer reflectarray operates at 6.5 GHz and 10.6 GHz by two levels of rectangular 

patches. Other configurations combine different resonant elements, as in [52], where a dual layer 

reflectarray with cells formed by concentric rings and circular patches operates at 14 GHz and 35 

GHz. The multilayer configuration also makes it possible to add frequency selective surfaces 

(FSS) between the reflectarray layers, at the cost of increasing the antenna volume and weight. In 

[55], [53], a dual-band reflectarray antenna combines two reflectarrays to operate at Ka and X 

bands by using a FSS between both single-band reflectarrays.  

As a result, the single-layer multi-band reflectarrays offer a simple configuration with a 

limited antenna volume, while the multi-layer multi-band reflectarrays can provide an improved 

operation with respect to the single-layer reflectarrays due to the use of more complex cells, at 

the cost of increasing the manufacturing costs, weight and thickness of the antenna. 

 

In contrast to conventional reflectors, reflectarray antennas can be designed to provide a 

different phase distribution on their surface for each polarization by means of an appropriate 

design of the reflectarray cells. This property makes it possible the design of a reflectarray to 

fulfill independent requirements in each polarization, so a reflectarray antenna can operate for 

different missions with a single aperture [15], [16]. The independent operation between 
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orthogonal polarizations can be implemented for linear polarization (LP)  [15], [16], [36], [56], 

or circular polarization (CP) [57]-[63]. 

The design of the reflectarray cells to provide an independent phase-shift in each 

orthogonal LP can be reached in a simple way by means of reflectarray elements based on 

rectangular patches [15], [16] or orthogonal sets of parallel coupled dipoles [36], as depicted in 

Fig. 1-5. Both types of printed elements make it possible to control independently the phase-shift 

introduced in the vertical (V) and horizontal (H) polarizations by the adjustment of the 

corresponding dimension of the patches (LV and LH in Fig. 1-5a to control the phase-shift 

introduced in the V and H polarization, respectively) or the lengths of the dipoles in the 

appropriate orientation (L1V, L2V for V-polarization and L1H, L2H for H-polarization in Fig. 1-5b). 

For instance, in [15], a reflectarray made up of three layers of stacked rectangular patches has 

been designed to produce a contoured beam in H-polarization and a pencil beam in V-polarization 

to provide European and North American coverage, respectively. 

 

 

                                  (a)                                                               (b) 

 

The design of reflectarray antennas to produce independent beams in orthogonal CP 

implies greater difficulties at the reflectarray cell level than for the dual LP case. Different 

approaches have been proposed to design reflectarray cells with independent control in the Left 

Handed CP (LHCP) and the Right Handed CP (RHCP) [57]-[63]. 

One of the most widely used techniques to design reflectarray antennas with operation in 

CP is the Variable Rotation Technique (VRT) applied to the reflectarray elements [64]-[66]. This 

technique consists in rotating the reflectarray elements to introduce a phase-shift in RHCP 
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proportional to twice the rotation angle, and the same phase shift with opposite sign in LHCP. 

Hence, the VRT can be applied to introduce a phase distribution to collimate the beam in one CP, 

while the opposite phase distribution in the orthogonal CP minimizes the radiation (instead of 

focusing, it will disperse the radiation). In that case, the antenna would operate in a single CP, 

unless more layers were added to operate in the orthogonal CP [57], [58] or at different operating 

frequencies [61], [62].  

In [58], a reflectarray antenna demonstrated for the first time the generation of two 

different beams in orthogonal CP at the same operating frequency by means of reflectarray cells 

with independent dual-CP operation [57]. The reflectarray cells are made up of two layers 

separated by an air gap.  The first layer is a LHCP selective surface (LH-CPSS) that makes it 

possible to control the reflection of the incident LHCP wave, while it is transparent to the incident 

RHCP wave. The second layer is a standard reflectarray cell to operate in RHCP. Moreover, each 

reflectarray cell is embedded in a metallic cavity that ends above the first layer, producing an 

upper metallic grid to be covered by a dielectric matching layer (the metallic cavity provides 

mechanical support while prevents from mutual coupling). The schematic representation of the 

reflectarray cell described in [57], [58] can be seen in Fig. 1-6a.  

 

             

                                      (a)                                                           (b) 

 

In [59], a reflectarray cell with independent dual CP operation has been achieved by 

cascading a linear-to-circular polarizer and a conventional dual-LP cell (the two structures are 

separated by an air gap).  In the first layer, the incident CP waves are converted into orthogonal 

LP waves. Then, the second layer acts as a dual-LP reflectarray to control the phase adjustment 
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in each orthogonal LP. Finally, the reflected dual-LP wave is converted into CP (see Fig. 1-6b). 

A reflectarray antenna based on this operating principle is presented in [60]. Note that the two 

reflectarrays reported in [58] and [60] require multi-layer configurations that include air gaps, 

resulting in voluminous structures, and they operate on a single frequency band.  

A different application of the VRT has been provided in [63], where a dual-CP single-

layer parabolic reflectarray has been proposed to produce two spaced beams in orthogonal 

polarizations per feed by using VRT. In this case, the parabolic surface of the antenna focuses the 

field radiated by the feed, while the reflectarray elements are rotated to introduce two opposite 

phase distributions that deviate in opposite directions the radiated beams in each orthogonal CP. 

 

Single-fed reflectarray antennas can be designed to produce multiple beams per feed in 

the same frequency and polarization [67], [68]. In [67], the reflectarray surface is divided into 

four sub-arrays, where each section focuses a different beam, reducing the effective antenna 

aperture, with a subsequent reduction in the antenna efficiency. This problem was overcome in 

[68], since the complete phase distribution on the reflectarray surface is optimized to focus two 

spaced beams. However, in both cases, the power from the feed radiated in the same frequency 

and polarization is divided into the several radiated beams. To overcome this problem, the antenna 

configurations proposed in this thesis will consider a feed with a different input port associated 

to each beam, which will differ in frequency or polarization, thus the power in each combination 

of frequency and polarization will be radiated in the corresponding beam, with no loss of 

efficiency.  

In the same way as conventional reflectors, multifed reflectarrays can generate multiple 

beams by a single feed per beam (SFPB) architecture, which makes it possible to use the complete 

antenna aperture for every beam. The SFPB architecture is commonly used in multibeam satellite 

antennas in Ka-band due to its reliable and simple technology. In this case, the reflectarray is 

designed considering a single feed placed at the antenna focus (monofocal design). Then, a cluster 

of feeds is defined around the antenna focus to generate additional beams in different directions. 

As described in the previous sections, reflectarrays can also be designed to produce independent 

beams with a single feed by operating at different frequencies or in orthogonal polarizations [15], 

[63]. Thus, multi-fed reflectarrays operating by SFPB architecture can improve the antenna 

performance by generating different beams with each feed. 

Multi-fed reflectarrays designed by the monofocal technique produce beams with 

aberration effects in the extreme of the coverage, due to feed defocusing. These aberrations can 

be minimized by similar techniques to those implemented for reflector antennas [69] or by 

optimizing the required phase distributions on the reflectarray surface [70], [71]. In the case of 
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dual reflectarray configurations, the bifocal technique [72] can also be implemented to improve 

the multibeam performance [73]. 

1.2 BROADBAND SATELLITE COMMUNICATIONS IN KA BAND 

1.2.1 Operating principles of the broadband satellite communications in Ka 

band  

In the past years, communication satellites in Ka-band have made it possible to satisfy 

the growing demand for capacity. While the previous satellite communications for fixed and 

broadcast satellite services typically operate in Ku-band (12/14 GHz) by large contoured beams 

(continental beams), the new satellite communications operate in Ka-band (20/30 GHz) by 

multiple spot coverages to provide broadband services, such as broadband Internet access [74]-

[76]. Note that, for space radiocommunications, the nomenclature for Ka-band typically includes 

the K (20 GHz) and Ka (30 GHz) bands [77]. 

 

    

                                      (a)                                                                       (b) 

 

The multispot coverages provided by Ka-band communication satellites are produced 

following a reuse scheme, where the beams are generated at different frequencies or polarizations 

(different colors). Typically, a four-color reuse scheme is used, based on two different operating 

frequencies (F1 and F2) and two orthogonal polarizations (P1 and P2), as shown in Fig. 1-7. As 

a result, two adjacent spots never coincide at the same frequency and polarization (same color), 
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the spots generated with the same color are spatially isolated from each other and the interferences 

between adjacent spots are reduced. The reduction of the interferences makes it possible to 

improve the spectrum utilization, maximizing the throughput of the users, while the offered 

bandwidth of the system remains unaltered [75], [76]. These broadband communication satellites 

are commonly known as high throughput satellites (HTS). Current HTS in Ka-band are expected 

to provide around 100 Gb/s for broadband services, while the next generation of HTS will provide 

hundreds of Gb/s [78]. 

The four-color coverages are typically formed by around fifty or a hundred of slightly 

overlapping spot beams in a triangular lattice. The user frequencies available in satellite 

communications in Ka-band comprise from 19.2 GHz to 20.2 GHz for transmission (Tx) from the 

satellite and from 29 GHz to 30 GHz for reception (Rx). The four-color multispot coverage must 

be generated simultaneously in both Tx and Rx bands, by using two frequency subbands of 500 

MHz for each band and the two orthogonal circular polarizations (CP). Moreover, orthogonal CP 

beams are generated in Tx and Rx to reduce as much as possible the interferences between Tx 

and Rx beams. The diameter of the spots is around 0.65º with a typical angular separation between 

adjacent spots of 0.56º. As a result, HTS must provide high gain beams with a gain at the end of 

the coverage (EOC gain) of around 46 dBi. Other standard requirements in current HTS is a roll-

off factor (the difference between the maximum gain and the EOC gain) close to 4 dB, with a co-

polar over cross-polar ratio larger than 20 dB, and a single-entry carrier over interference ratio 

(C/I) larger than 20 dB [79]-[82].  

1.2.2 Multibeam antennas for satellite applications in Ka-band  

The most extended antenna farm in HTS is formed by four single-offset reflector 

antennas. Reflectors provide high gain beams by a reliable SFPB architecture operating 

simultaneously at Tx and Rx frequencies in Ka-band. However, a conventional reflector cannot 

generate adjacent beams with the required angular separation between them (0.56º), since the 

distance between contiguous feeds would be smaller than the feed size required to properly 

illuminate the antenna aperture, which would result in overlapping feeds to provide such a small 

angular separation between adjacent beams. Because of that, four reflectors are commonly used 

onboard HTS, so that each reflector generates the beams in a single color, which are spatially 

isolated between each other [75], [83]. The main drawback of this solution is the large number of 

antennas onboard the satellite, where the volume and weight of the payload is limited. The number 

of reflector antennas could be reduced (typically from four to three reflectors [75]) at the cost of 

a less optimal illumination taper on the reflector, which reduces the antenna efficiency. 

In the past years, the development of more efficient antenna farms has been widely 

studied to reduce the number of antennas onboard the satellite [84], [85]. Different multibeam 

antenna architectures have been proposed based on lenses, direct radiating arrays (DRA), or a 
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single oversized reflector [86]-[90]. However, the use of lenses introduces additional losses that 

reduce the radiation efficiency, the DRA are also penalized by the additional losses of their feed 

network, their high complexity and elevated manufacturing cost, and the oversized reflector (with 

a dimeter close to 4.5 m) does not provide an improved solution because of the severe space 

limitation in the satellite. Moreover, the antenna configurations based on multiple feed per beam 

(MFPB) systems require complex and expensive beamforming networks [86], [91]-[93] . Thus, 

in contrast to the previous antenna farms, the use of four reflectors still remains the best solution 

due to its simplicity and reliable architecture based on a SFPB configuration. 

In this thesis, the use of reflectarrays is proposed to reduce the number of antennas 

onboard HTS. As aforementioned, reflectarrays can generate independent beams in different 

colors with each feed, while providing radiation efficiencies close to those of reflectors. Thus, 

reflectarrays can provide closely-spaced spot beams in different colors with the same feed at the 

same time as the simple SFPB architecture is preserved.  

1.3 MOTIVATION AND GOALS OF THE THESIS 

Broadband satellite communications in Ka-band require the generation of multispot 

coverages from high throughput satellites (HTS). The antenna farm onboard the satellite that 

generates the cellular coverage typically involves four offset reflector antennas illuminated by 

bulky feed arrays and operating by a SFPB architecture. However, the relatively large number of 

components and aperture antennas onboard the satellite is not an optimal solution due to the 

limitation in mass and stowage in the satellites. 

The main goal of this thesis is to develop new antenna solutions based on reflectarray 

antennas that make it possible to halve the number of antennas and feed chains required onboard 

the satellite to produce the four color multispot coverages. The capability of reflectarrays to 

operate independently at different frequencies or polarizations must be combined to develop a 

reflectarray antenna able to generate half the required multispot coverage from a HTS. In this 

way, two reflectarrays would produce the total coverage instead of four reflectors, resulting in a 

significant saving in weight, volume, and cost in the payload.  

There are two main strategies to achieve the previous goal. The first strategy is based on 

designing a reflectarray antenna to generate a complete four-color multispot coverage only for 

one frequency band (Tx or Rx). In this solution, one reflectarray would generate the complete 

coverage in the Tx band, while a second reflectarray would generate the associated coverage at 

Rx frequencies. To this end, each reflectarray must generate four spaced beams per feed in four 

different colors (two orthogonal polarizations and two frequencies). However, the capability to 
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operate independently at two close frequency subbands (within the link dedicated to Tx or Rx in 

Ka-band) at the same time as providing independent responses in each orthogonal polarization 

must be carefully addressed. 

The second strategy consists in designing a reflectarray antenna to generate half the 

required four-color multispot coverage simultaneously at Tx and Rx frequencies in Ka-band. In 

contrast to the previous solution, now one reflectarray would generate all the beams associated to 

two colors simultaneously in Tx and Rx (one half of the required four-color coverage). In this 

case, the reflectarray is intended to generate two spaced beams per feed in orthogonal CP 

simultaneously at two separated frequency bands (20 GHz and 30 GHz). The issues to be 

addressed in this solution are related to the design of the dual-band dual-CP reflectarray cells, and 

the implementation of design and optimization techniques for the complete reflectarray antenna.  

The proposed solutions will be analyzed in a multi-fed scenario to check the compliance 

with the typical antenna requirements in HTS. Moreover, the impact of using flat or curved 

reflectarrays will be addressed in the proposed solutions to achieve the best antenna performance.  

Therefore, the main objectives of the thesis are listed below: 

 

A novel design method will be proposed to generate four spaced beams per feed in four 

different colors, by operating at two different frequencies and two orthogonal polarizations. The 

main complexity of the proposed technique is the independent operation at relatively close 

frequencies, which is simultaneously combined with an independent operation in orthogonal 

polarizations. The beam squint effect in offset reflectarray antennas will be used to deviate the 

beams produced at different operating frequencies by the same feed, which will make it possible 

to obtain the dual-frequency operation in a natural way. Then, the independent operation in each 

orthogonal polarization is achieved by an appropriate selection of the reflectarray elements. 

After defining the design method, preliminary simulations of a reflectarray to generate a 

complete four-color coverage for Tx in Ka-band will be conducted in order to evaluate the 

potential of the proposed method.   

A flat reflectarray prototype will be designed, manufactured and tested to experimentally 

validate the generation of four spaced beams per feed in four different colors. The analysis and 

design of the prototype will be carried out by a home-made simulation tool based on the Method 

of Moments in the Spectral Domain (SD-MoM) and the local periodicity approach. The 
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measurements of the reflectarray will be used to validate the accuracy of the developed analysis 

and design tools. 

The experimental results will also provide an idea of the advantages and limitations of 

the design strategy, which will be considered in the development of the following reflectarray 

configurations. 

A novel design method for parabolic reflectarrays will be developed to generate two 

spaced beams per feed in orthogonal CP at Tx and Rx frequencies in Ka-band, which will make 

it possible the design of a reflectarray to generate half the required multispot coverage in HTS 

systems. To this end, a new reflectarray cell will be defined to operate in dual-CP simultaneously 

at Tx and Rx frequencies in Ka-band. The reflectarray cell should operate by the variable rotation 

technique (VRT) independently at the frequencies for Tx and Rx. The operating principles of the 

VRT, normally formulated for normal incidence, have to be extended for oblique incidence and 

for multi-frequency operation. The performance of the dual-frequency cell for VRT will be 

improved by using different strategies, which will be validated by simulations and by 

manufacturing and testing a small reflectarray. Then, a new design method for parabolic 

reflectarray antennas will be developed based on the previous cells, including the necessary 

modifications in the home-made simulation tools and an optimization procedure to reduce the 

cross-polar radiation in band. Moreover, specific techniques will be investigated to make equal 

spot sizes at Tx and Rx, which is a real issue in HTS. Note that with the same antenna, the spots 

are narrower at Rx, because the electrical size is larger (in terms of wavelengths) at a higher 

frequency.  The goal is to correct the beam shaping only at Rx without shaping the surface or 

using complex feed-chains, in order to simplify the design of the satellite antenna and to reduce 

the manufacturing costs of the antenna components.  

Finally, the design method and simulation tools will be used to design a parabolic 

reflectarray to generate half the required multispot coverage, considering the typical requirements 

in a HTS system. The designed parabolic reflectarray will be simulated considering a cluster of 

feeds, and the simulated results will be evaluated and compared to the antenna requirements 

specified previously. 

The design method for parabolic reflectarrays to generate two spaced beams per feed in 

orthogonal CP at Tx and Rx frequencies in Ka-band will be firstly validated in flat reflectarrays. 

The use of a flat surface will make it possible to determine possible miscalculations along the 
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design process of the reflectarray elements, without the uncertainties that could be caused by a 

parabolic surface, like roughness and surface imperfections, deficient adaptation of the dielectric 

sheets to the double-curved surface, or errors in the positioning of the printed elements on the 

parabolic surface. 

A flat reflectarray prototype of limited size will be designed, manufactured, and tested to 

experimentally validate the generation of two spaced beams per feed in orthogonal CP 

simultaneously at Tx and Rx frequencies in Ka band. The aforementioned dual-band dual-CP 

reflectarray cell will be used to design the flat reflectarray prototype. The measurements of the 

flat reflectarray will be compared with the simulated radiation patterns, and the performance of 

the prototype will be evaluated.  

Finally, a parabolic reflectarray prototype will be designed, manufactured, and tested to 

experimentally validate the generation of two spaced high-gain beams per feed in orthogonal CP 

simultaneously at Tx and Rx frequencies in Ka-band. The parabolic reflectarray will be used to 

validate the different techniques developed in this thesis, such as the optimization procedure to 

reduce the cross-polar radiation and the technique to equal the beamwidth in Tx and Rx. The 

measurements of the parabolic reflectarray will be compared with the simulations, and the 

performance of the prototype will be evaluated. 

1.4 THESIS ORGANIZATION 

This thesis is divided into nine chapters. Throughout this chapter, the basics on 

reflectarray antennas and multibeam satellite communications in Ka-band have been described, 

including the motivation and objectives of the thesis. The organization of the rest of chapters is 

shown below: 

- Chapter 2 proposes a novel design technique of reflectarrays to generate four spaced 

beams per feed in four different colors by operating in two orthogonal polarizations 

at two different frequencies within the Tx link in Ka band. The chapter concludes 

with preliminary simulations of a reflectarray antenna to generate a complete four-

color multibeam coverage for Tx in Ka-band by means of the proposed design 

technique. 

- Chapter 3 describes the design, manufacturing process and testing of a flat 43 cm 

reflectarray to experimentally validate the generation of four spaced beams per feed 
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presented in the previous chapter. The chapter concludes with the advantages and 

limitations of the proposed design technique, targeting the necessary tasks to design 

a reflectarray antenna able to generate half the required multibeam coverage in 

satellite communications in Ka band. 

- Chapter 4 presents a novel reflectarray cell to operate in orthogonal CP at Tx and Rx 

frequencies in Ka band by the Variable Rotation Technique (VRT). The operating 

principles behind the VRT are detailed, analyzing the impact of possible errors that 

may occur in practice when implementing this technique. The chapter finishes with 

the study of the operational bandwidth of the cell, including the development of an 

in-band optimization technique that exploits the degrees of freedom provided by the 

proposed reflectarray cell. 

- Chapter 5 describes the analysis and design of a complete parabolic reflectarray 

antenna that operates by the cells presented in Chapter 4, focusing on the 

corresponding considerations arising from the parabolic surface of the antenna. The 

design process of a parabolic reflectarray makes it possible to generate two spaced 

beams in orthogonal CP per feed simultaneously at Tx and Rx frequencies in Ka-

band. The process followed to obtain the final configuration of each reflectarray cell 

of the parabolic antenna is shown in detail. Finally, a novel technique to control the 

shape of the beams at Rx frequencies is presented and described in detail. 

- Chapter 6 shows the design, manufacturing and testing of a flat 25 cm reflectarray to 

experimentally validate the generation of two spaced beams per feed in orthogonal 

CP simultaneously at Tx and Rx frequencies in Ka-band by VRT. The reflectarray 

cell presented in Chapter 4 has been used to design the dual-CP reflectarray 

prototype, following the design process shown in Chapter 5 applied to a flat surface. 

- Chapter 7 describes the design of a 1.8 m parabolic reflectarray proposed to generate 

half the required four-color multi-spot coverage simultaneously at Tx and Rx 

frequencies in Ka-band. The parabolic reflectarray is formed by 62,654 cells, based 

on the cell configuration presented in Chapter 4, and it has been designed according 

to the design process shown in Chapter 5 and validated for flat surfaces in Chapter 6. 

The designed parabolic reflectarray has been analyzed under a multi-fed 

configuration based on a cluster of 27 dual-CP feeds, thus generating a multi-spot 

coverage of 54 beams in RHCP and LHCP simultaneously at Tx and Rx frequencies 

in Ka-band. 

- Chapter 8 describes the design, manufacturing and testing of a model of the real 1.8-

m parabolic reflectarray antenna scaled in a factor of 1/2, to experimentally validate 

the generation of two spaced high-gain beams in orthogonal CP simultaneously at Tx 
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and Rx frequencies in Ka-band by VRT. The design process of the parabolic 

reflectarray includes an in-band optimization in the Rx band as well as a phase 

correction technique to correct the beam shaping at Rx. The manufactured process of 

the dual-layer parabolic reflectarray is detailed, including specific mechanical 

considerations for space applications. The chapter concludes with the measurements 

of the manufactured parabolic reflectarray and their comparison with the 

measurements of a metallic parabolic reflector fabricated using the same 

manufacturing process. 

- Chapter 9 summarizes the main conclusions reached in the previous chapters, 

including the original contributions arising from this thesis. The chapter concludes 

with the future research lines, the list of publications originated by this thesis and the 

research projects in the framework of which this thesis has been developed. 
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In this chapter, a reflectarray antenna is proposed to generate a complete four-

color multispot coverage for the transmit link in Ka-band of broadband 

communication satellites. In this way, the number of antennas onboard the 

satellites to generate the required four-color coverage could be reduced to two 

reflectarray antennas, one for transmit and another for receive, instead of four 

reflectors. The chapter begins by defining a novel design method for 

reflectarrays to generate four spaced beams per feed in four different colors. 

Then, preliminary simulations of a 1.8 m reflectarray are shown to evaluate the 

potential of the proposed design technique.  
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2.1 DESIGN METHOD TO GENERATE FOUR SPACED BEAMS PER 

FEED 

The required four-color coverages for High Throughput Satellites (HTS) in Ka-band are 

commonly generated by four reflector antennas onboard the satellite. The use of four reflectors 

instead of three ensures an optimum illumination taper and provides a specific beam deviation 

factor (BDF) due to the antenna configuration [75]. Reflectarray antennas share the same 

considerations about the feed system and illumination efficiencies as reflector antennas. Thus, the 

reflectarrays proposed to operate on a HTS must be defined with a similar antenna configuration 

(f/D ratio) to that of the currently used reflectors, in order to maximize the radiation efficiency. 

As a result, the BDF of the reflectarrays will match the BDF of the parabolic reflectors commonly 

used.  

In this way, a single reflectarray able to generate four spaced beams per feed in four 

different colors can provide a complete four-color coverage with the same BDF than the existing 

reflectors. This concept is shown in Fig. 2-1 and Fig. 2-2. Fig. 2-1 shows an antenna configuration 

based on three contiguous feeds illuminating a reflector or reflectarray antenna. In Fig. 2-2, the 

spots distributions generated by the previous antenna configuration depicted in Fig. 2-1 are shown 

considering a conventional reflector (Fig. 2-2a) or the proposed reflectarray (Fig. 2-2b). The spots 

distributions are produced with the same BDF by three adjacent feeds (Feed 1, Feed 2, and Feed 

3) in a triangular lattice as shown in Fig. 2-1. The conventional reflector would produce one spot-

beam per feed (in this case, three beams in the same color), while the reflectarray should be 

designed to generate four spaced beams per feed in four different colors (twelve beams, 

alternating frequency and polarization). 
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                              (a)                                                             (b) 

 

In this chapter, a reflectarray antenna is proposed to generate four spaced beams per feed 

in four different colors for the Tx link in Ka-band. First, the design method to generate four 

independent beams per feed in four different colors is defined. The reflectarray must operate 

independently at two different frequencies within the Tx band in Ka-band and also in two 

orthogonal polarizations. The procedure to achieve the independent operation in frequency and 

polarization is shown separately in the next sections.  

2.1.1 Multi-frequency operation by the beam squint effect 

Reflectarrays can be designed to operate simultaneously at two different frequency bands 

with independent characteristics. When the two operating frequencies are sufficiently separated 

from each other, the reflectarray cells can include two different resonant elements, one for each 

frequency; however, this solution is not suitable when the antenna operates at close frequencies, 

due to the coupling between both elements. Then, multi-resonant elements must be used to 

provide simultaneously the required phase-shift at each operating frequency, as in [48], where a 

multi-frequency reflectarray is designed to provide an independent phase control at 12 GHz, 13 

GHz, 14 GHz, and 15.5 GHz. However, the symmetry of the elements in [48] makes it impossible 

to introduce independent phase-shifts in each orthogonal polarization. Moreover, the required 

phase-shifts at each frequency must be close enough to be provided by the reflectarray elements 

(the design becomes more complicated if the elements are expected to introduce two significantly 

different phase-shifts at close frequencies). 

The design method proposed in this chapter for operation at close frequencies is based on 

the exploitation of the beam squint effect [94]. This effect is well known in offset-fed reflectarrays 
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and consists of a deviation of the direction of maximum radiation when the operating frequency 

varies. Beam squint effect in reflectarrays is mainly caused by a change of the focal point position 

when the frequency changes due to the variation of the phase delays on the antenna surface [94]. 

Several techniques have been proposed to reduce this phenomenon, as in [95], where the beam 

squint is suppressed by using two opposite offset feeds to illuminate the reflectarray, similar to 

the procedure described in [96] but with the purpose of generating a single beam stable in 

frequency. The most extended method to reduce the beam squint is based on placing the feed in 

the specular direction of the radiated beams [97], as shown in Fig. 2-3. 

 

 

 

In the design method proposed here, a reflectarray is expected to generate two spaced 

beams at two close operating frequencies within the Tx band in Ka-band. Thus, the reflectarray 

cells will be based on multi-resonant elements, the dimensions of which will be carefully adjusted 

to provide the required phase-shifts at each frequency. However, the need to focus two spaced 

beams at two close frequencies results in large differences between the phase delays needed in 

the cells at each frequency, which can make it impossible to design the antenna. Because of that, 

in this method, the beam squint is not suppressed but controlled to properly deviate the direction 

of radiation at two frequencies, generating two spaced beams at two specified operating 

frequencies with a single feed [98]. In this way, the direction of radiation at both frequencies is 

reached in a natural way, and the differences between the required phase-shifts at each frequency 

are minimized. 

The procedure to control the beam squint effect is based on the differential spatial phase 

delay concept [32] according to which, a reflectarray cell placed at coordinates (𝑥𝑖, 𝑦𝑖) with 

respect to the center of the antenna surface must introduce the phase-delay 𝜙𝑅(𝑥𝑖, 𝑦𝑖) shown in 
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(2.1) in order to generate a plane wave-front in the direction (𝜃𝑏, 𝜑𝑏). Note that 𝑑𝑖 in (2.1) is the 

distance between the cell and the phase center of the feed, and 𝑘0 is the free-space wave number. 

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

The goal of the method is to generate two spaced beams per feed by the beam squint 

effect, hence, the single-fed reflectarray must generate two different plane wave-fronts at two 

close frequencies (𝑓1 and 𝑓2, related as 𝑓2 = 𝑓1 + ∆𝑓) in the direction (𝜃𝑏1, 𝜑𝑏1) at 𝑓1 and 

(𝜃𝑏2, 𝜑𝑏2) at 𝑓2, as depicted in Fig. 2-4 particularized for the xz-plane (𝜑𝑏1 = 𝜑𝑏2 = 0°). The 

generation of a plane wave-front implies that the sum of the phase delays associated to the distance 

𝑑𝑖 (distance between the reflectarray cell and the feed), the phase-shift introduced by the cell, 

𝜙𝑅(𝑥𝑖, 𝑦𝑖), and the distance between the cell and the plane wave-front (distance 𝑑𝑓𝑖
′ ) must result 

in the same total phase delay for all the cells. The sum of these three phase delays particularized 

to the xz-plane is shown in (2.2) matching the total phase term associated to the cells placed at the 

edges of the reflectarray (coordinates (𝑥𝑖 = ±𝐷/2, 𝑦𝑖 = 0)) for both frequencies (𝑓1(2)). Note 

that the distances 𝑑1(2), and 𝑑𝑓1(2)
′  are shown in Fig. 2-4, and also that it is considered that the 

phase-shift 𝜙𝑅 introduced by each cell does not vary with frequency from 𝑓1 to 𝑓2, since the 

frequencies are close to each other. 

 

 

 

𝑘0(𝑓1(2)) · 𝑑1 + 𝜙𝑅 (−
𝐷

2
, 0) + 𝑘0(𝑓1(2)) · 𝑑 𝑓1(2)

′ = 𝑘0(𝑓1(2)) · 𝑑2 + 𝜙𝑅 (
𝐷

2
, 0)  
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The position of the phase center of the feed is given by the distances 𝑑1(2). Thus, a relation 

between the directions of radiation and the feed position can be obtained when the phase terms 

shown in (2.2) at 𝑓2 and 𝑓1 are subtracted from each other. The equation resulting from subtracting 

(2.2) at 𝑓2 and 𝑓1 is shown in (2.3) considering ∆𝑘0 = 𝑘0(𝑓2) − 𝑘0(𝑓1). The equation (2.3) can also 

be expressed as shown in (2.4). 

 

(𝑘0(𝑓1) + ∆𝑘0) · (𝑑1 + 𝑑 𝑓2
′ ) − 𝑘0(𝑓1) · (𝑑1 + 𝑑 𝑓1

′ ) = ∆𝑘0 · 𝑑2  

 

𝑘0(𝑓1)

∆𝑘0
· (𝑑 𝑓2

′ − 𝑑 𝑓1
′ ) + 𝑑1 + 𝑑 𝑓2

′ = 𝑑2  

 

The distances 𝑑𝑓1(2)
′  can be related to the directions of radiation at both frequencies as 

𝑑𝑓1(2)
′ = 𝐷 · sin(𝜃𝑏1(2)). As a result, the relation between the directions of radiation and the feed 

position can be defined as shown in (2.5). 

 

 
𝑑2 = 𝑑1 + 𝐷 · 𝑠𝑖𝑛(𝜃𝑏2) +

𝑓1
∆𝑓

𝐷(𝑠𝑖𝑛(𝜃𝑏2) − 𝑠𝑖𝑛(𝜃𝑏1))  

 

From the required directions of radiation and the operating frequencies of the reflectarray, 

the expression shown in (2.5) can be used to compute the value of 𝑑2 (considering that 𝑑1 has 

been estimated previously to provide a particular f/D). Then, the distances 𝑑1 and 𝑑2 are used to 

obtain the position of the feed that provides the required beam squint effect. Note that the phase 

center of the feed must be placed at the intersection point between two circumferences centered 

at the extremes of the reflectarray with radius d1 and d2, as shown in Fig. 2-5. 

The beam squint effect could be used generate two beams per feed at two different 

frequencies with a single phase distribution on the reflectarray surface, as in [98], which avoids 

having to optimize the reflectarray elements to provide a different phase-shift for each operating 

frequency. However, the use of the same phase distribution on the reflectarray for the two 

frequencies, will produce small distortions in the beam shaping at both frequencies that can be 

reduced if the phase distribution is optimized on the reflectarray surface, to generate the required 

plane wave-fronts at 𝑓1 and 𝑓2, respectively. 
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2.1.2 Independent operation in orthogonal polarizations 

The generation of two spaced beams in orthogonal polarizations per feed at each 

operating frequency will be provided by an appropriate choice of the reflectarray elements. As 

shown in Chapter 1, some reflectarray cells can introduce an independent phase-shift in each 

orthogonal polarization, e.g., by orthogonal groups of dipoles in LP or by an appropriate rotation 

of the elements (VRT) in CP. 

In this design method, the use of beam squint to provide the multi-frequency operation 

reduces the difficulty of the design to provide independent phases at close frequencies, which 

makes it possible to simplify the reflectarray cells and their optimization. Thus, the multi-resonant 

elements used in the cells can be defined without symmetry, in contrast to those used in [48], in 

order to operate independently in orthogonal polarizations.  

Therefore, the reflectarray must be designed to generate two spaced beams at two 

frequencies in the xz-plane, as shown in the previous subsection, while the cells must introduce a 

phase term in one of the two polarizations (𝑝1, 𝑝2) to deviate the beams in that polarization in 60° 

with respect to the xz-plane. As a result, a reflectarray antenna illuminated by a dual-polarized 

feed would generate four spaced beams in four different colors in a triangular lattice, as depicted 

in Fig. 2-6 by the contours of the four beams in the normalized angular coordinates 𝑢 =

sin𝜃 cos𝜑 , 𝑣 = sin𝜃 sin𝜑.  

The phase term that must be added to the phase distribution to deviate the beams in 60° 

can be computed from the equation (2.1), which is also shown in (2.6) using the normalized 

angular coordinates associated to the direction of radiation (𝑢𝑏 , 𝑣𝑏). The objective is to introduce 

a phase increment in each cell, ∆𝜙𝑅, to deviate the beam in one polarization from the original 
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direction of radiation (𝑢𝑏1, 𝑣𝑏1) to the required direction (𝑢𝑏2, 𝑣𝑏2). Thus, this phase increment 

can be computed as the difference between the required phase delays 𝜙𝑅 to generate a plane wave-

front in the directions (𝑢𝑏2, 𝑣𝑏2) and (𝑢𝑏1, 𝑣𝑏1), as shown in (2.7). 

 

 

 

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

 

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

 

2.1.3 Conclusions of the design method  

The proposed design method takes advantage of the beam squint effect to minimize the 

differences between the required phase distributions to generate two high-gain beams at close 

frequencies, which simplifies their implementation on the reflectarray surface. Then, the phase 

distribution at each frequency is replicated for the orthogonal polarization and a specific phase 

adjustment is added to the phase of one of the polarizations to generate multiple spaced beams in 

both polarizations forming a triangular lattice.  

As a result, the reflectarray cells must provide four different phase distributions on the 

reflectarray surface, one for each combination of frequency and polarization (each color). In the 

next section, preliminary simulations of a reflectarray antenna will be shown to determine the 

strengths and weaknesses of the proposed method. 
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2.2 PRELIMINARY DESIGN AND SIMULATIONS OF A 1.8-M FLAT 

REFLECTARRAY  

A reflectarray antenna has been proposed to generate a complete four-color coverage 

from a geostationary (GEO) satellite for transmit frequencies in Ka-band, by applying the design 

technique described in the previous section. Preliminary simulations of the antenna will be 

analyzed to evaluate the results of the design technique in a first stage. The preliminary 

simulations consider ideal reflectarray cells that are not based on a specific element. Each cell is 

characterized by an ideal reflection matrix that introduces the required phase shift without errors 

in phase or losses in amplitude. Although the ideal conditions prevent an accurate estimation of 

the radiation efficiency and the cross-polar levels (the ideal cells do not introduce losses or cross-

polarization), the preliminary simulations of the multibeam antenna will allow to analyze the 

overall antenna performance, such as the resultant spot distribution or the general shaping of the 

simulated beams. 

The main antenna requirements for the proposed reflectarray have been defined from 

typical specifications in real satellite communications in Ka-band, which have been previously 

introduced in Chapter 1 (Section 1.2.1). The requirements are listed in Table 2-I. Note that the 

two frequency sub-bands defined in Table 2-I are centered at 18.45 and 19.95 GHz, and the co-

polar over cross-polar ratio has not been defined as a requirement, due to the use of ideal cells 

that prevent a precise evaluation of the cross-polarization. 

 

Parameter Requirement 

Number of spots > 100 

Spot lattice  Triangular 

Re-use scheme 4 colors (2 freqs. + 2 pols.) 

Spot diameter 0.65° 

Spot separation 0.56° 

EOC gain > 43.8 dBi 

Roll-off factor < 4.3 dB 

Single Entry C/I > 20 dB 

Tx frequencies 18.2−18.7 / 19.7−20.2 GHz  
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2.2.1 Definition of the reflectarray antenna  

The reflectarray has been defined with a diameter of 1.8 m to generate beams with the 

required maximum gain in satellite communication in Ka-band (around 50 dBi). The dimensions 

of the ideal cells are 7.5 mm along both x and y axes, close to half of the wavelength to avoid 

grating lobes, so the reflectarray surfaces is formed by 44,125 cells in a 239 x 235 lattice. The 

beams generated by the reflectarray are expected to have a spot diameter of around 0.65° in the 

EOC gain (around 4 dB below the maximum gain) and an angular separation of 0.56° between 

neighbor beams (from center to center). Thus, the position of the feeds must be computed to 

provide a natural beam squint of 0.56° between the two operating frequencies for Tx in Ka-band. 

The first downside of using the beam squint effect is that it is continuous in frequency, 

so using too close operating frequencies (e.g., 19.45 and 19.95 GHz, within the Tx band in Ka-

band, which comprises from 19.2 to 20.2 GHz) to deviate the beams produces a strong deviation 

of the beams within their frequency sub-bands (a deviation of 0.5° in 0.5 GHz produces a 

continuous deviation in frequency of 1°/GHz). Because of this, the proposed reflectarray antenna 

has been defined considering an extended range of frequencies for Tx in Ka-band, according to a 

recent trend for new generations of HTS that proposes to shift the gateway link to Q, V or W 

bands [84]. This trend makes it possible to enlarge the band allocated for the user link from 17 

GHz to 20.2 GHz. In this case, the extended band is used to define two relatively more separated 

operating frequencies, 18.45 and 19.95 GHz (now, a deviation of 0.5° in 1.5 GHz produces a 

continuous deviation of 0.33°/GHz). Each operating frequency can be fixed as the central 

frequency of a 500 MHz frequency sub-band, so the total band for Tx comprises 1 GHz, as in the 

initial Tx band, but now including a frequency gap between both sub-bands. Moreover, the use 

of a softer beam squint allows an optimization of the reflectarray elements to reduce the effects 

of the beam squint within each frequency sub-band in a further design with non-ideal reflectarray 

cells by techniques similar to those shown in [36], [99]. 

The feeds that illuminate the reflectarray have been modelled considering the realistic 

feed-chain in Ka-band reported in [76], which is a dual-CP feed-horn with a diameter of 54 mm 

to operate between 17.7 GHz and 20.2 GHz for Tx and from 27.5 GHz to 30.0 GHz for Rx (see 

Fig. 2-7a). The field radiated by the feeds has been modelled in the simulations by an ideal cosq(𝜃) 

distribution with q = 28. The reflectarray has been illuminated by a cluster of 27 feeds distributed 

as shown in Fig. 2-7b to generate a four-color coverage of 108 spots. From the 54 mm diameter 

of the feed-horns, a minimum distance of 55 mm between contiguous feeds has been defined for 

the cluster of feeds required to illuminate the reflectarray. The position of the central feed (feed 

C3 in Fig. 2-7b) has been computed by the method based on the beam squint effect, considering 

the directions of radiation (𝜃𝑏1 = 10°, 𝜑𝑏1 = 0°) at 18.45 GHz and (𝜃𝑏2 = 10.56°, 𝜑𝑏2 = 0°) at 

19.95 GHz, and also adjusting the f/D ratio to achieve an edge illumination of -12 dB on the 

reflectarray. As a result, the phase center of the central feed is placed at (xF = -85.01 cm, yF = 0 
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cm, zF = 254.96 cm) with respect to the antenna center. Then, the directions of radiation of the 

beams in the orthogonal polarization at both frequencies are defined to form the triangular lattice 

of spots: (𝜃𝑏3 = 10.28°, 𝜑𝑏3 = 2.8°) at 18.45 GHz and (𝜃𝑏4 = 10.84°, 𝜑𝑏4 = 2.65°) at 19.95 

GHz. The antenna configuration for the 1.8 m reflectarray illuminated by the cluster of 27 feeds 

is shown in Fig. 2-8. 

 

      

                                       (a)                                                                        (b) 
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The required four phase distributions on the reflectarray surface have been computed for 

the two frequencies (18.45 and 19.95 GHz) and two orthogonal polarizations (pol. 1 and pol. 2). 

Fig. 2-9 shows the resultant phase distributions. Note that the phase distributions show phase 

values truncated from -360° to 0°. The four distributions depicted in Fig. 2-9 show similar patterns 

of phases although they are not equal to each other (each distribution will focus a beam in a 

slightly different direction of radiation).  

 

 

                           (a)                                                                 (b) 

 

                           (c)                                                                 (d) 

 

The difference between the required phase delays distributions (without truncation from 

-360° to 0°) for different polarizations at the same frequency provides a phase pattern with a 

gradual phase variation in one direction, as shown in Fig. 2-10a for the difference between the 

required phase delays in pol. 1 and pol. 2 at 18.45 GHz. A similar phase term is obtained for the 

difference between the required phase delays in pol. 1 and pol. 2 at 19.95 GHz (not shown). Note 

that this gradual phase variation shown in Fig. 2-10a can be computed by the equation (2.7), since 

this phase term is the one that produces the deviation of the focused beam in a 60º lattice with 

respect to the xz-plane, as described in Section 2.1.2. On the other hand, the difference between 
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the required phase delays distributions at 18.45 and 19.95 GHz in pol.1. is shown in Fig. 2-10b 

(there are no appreciable differences for the phase term in the orthogonal polarization).  

 

 

                           (a)                                                                 (b) 

 

The use of an antenna configuration defined to obtain a controlled beam squint effect 

makes it possible that the difference between the required phase delays at 18.45 and 19.95 GHz 

in the same polarization reaches a maximum value of 250°, as shown in Fig. 2-10b. This relatively 

small value simplifies the design of the reflectarray elements to provide the required phase-shift 

at each frequency and also to include a multi-frequency optimization to achieve the objective 

phases at the central and extreme frequencies of both operating bands (18.2−18.7 GHz and 

19.7−20.2 GHz), following a procedure similar to that shown in [99] (described in more detail in 

Chapter 3, for the design of a small-scale reflectarray demosntrator). The same 1.8 m flat 

reflectarray with a conventional antenna configuration to suppress the beam squint (with the feed 

in the specular direction of the radiated beams) would provide a maximum phase difference 

between the required phase delays at 18.45 and 19.95 GHz of 500°, which would make it virtually 

impossible to design the reflectarray elements in that case. 

The required phase distributions have been used to define the ideal reflection matrixes of 

the cells, which are used to compute the reflected field on the reflectarray cells from the incident 

field radiated by the feed (modelled by the ideal cosq(𝜃) distribution). The preliminary simulations 

of the radiation patterns are shown below. 
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2.2.2 Simulated radiation patterns  

First, the 1.8 m reflectarray has been analyzed when only the central feed of the cluster 

of feeds shown in Fig. 2-7b is considered. Fig. 2-11 shows the simulated pattern contours at 46 

dBi of the four beams generated by the single-fed reflectarray. As expected, the reflectarray 

generates four beams per feed in four different colors forming a triangular lattice. The beams have 

a maximum gain close to 50 dBi, with an angular separation between beams of 0.56° and a 

diameter of the spots at 46 dBi close to 0.68°.  

 

 

 

Due to the symmetry of the antenna configuration with respect to the xz-plane, the 

simulations of the multi-fed reflectarray have considered the 16 feeds placed in lines C, D and E 

shown in Fig. 2-7b, because there are no significant differences between the beams generated by 

the feeds placed in lines B and D and in lines A and E. Fig. 2-12 shows the simulated 46 dBi 

pattern contours of the 64 beams produced by the reflectarray antenna illuminated by 16 beams. 

The beams are generated in a four-color reuse scheme based on two frequencies (F1, F2 in Fig. 

2-12) and two orthogonal polarizations (P1, P2), forming the required triangular lattice of spots 

with an angular separation between adjacent beams of 0.56°.  

The simulations have been evaluated through the cuts of the radiation patterns in the two 

main planes of the triangular grid: horizontal cuts (v = constant) and cuts in 60° with respect to 

the horizontal plane. Fig. 2-13 and Fig. 2-14 show the horizontal cut of the simulated radiation 

patterns in the plane v = 0 for the beams generated by the line C of feeds in one polarization at 

18.45 and 19.95 GHz, respectively. The cuts of the radiation patterns also include the specification 

masks to remark the coverage zone of the spots (a width of 0.65° at 46 dBi gain level) and the 
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maximum interference levels in the zone of the adjacent beams (at 26 dBi, which is 20 dB below 

the EOC gain). There are no significant differences for the beams generated in each orthogonal 

polarization (for that reason, only one polarization is shown). The beams generated at 19.95 GHz 

show a maximum gain around 0.5 dB larger than the beams at 18.45 GHz, due to the higher 

operating frequency for the same antenna aperture. 
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In the same way, Fig. 2-15 and Fig. 2-16 show two cuts of the radiation patterns in 60° 

with respect to the horizontal plane. In contrast to the horizontal cuts previously shown in Fig. 

2-13 and Fig. 2-14, the cuts in 60° include beams generated at the same frequency in both 

orthogonal polarizatios. The simulated beams shown in Fig. 2-15 and Fig. 2-16 are generated at 

18.45 and 19.95 GHz, respectively. Both cuts show the beams generated in pol. 1 (depicted in 

colored lines) but also include the beams in the orthogonal polarization which fall under the same 

cut (depicted in grey color). Note that in the previous horizontal cuts, the beams shown in Fig. 

2-13 and Fig. 2-14 at 18.45 and 19.95 GHz also fall under the same cut, so the interlaced beams 

shown in Fig. 2-13 and Fig. 2-14 produce a row of ten contiguous beams in two different colors. 

 



35 

 

 

 

 

The analysis of the beams has shown a maximum gain of the beams from 48.7 dBi to 

50.2 dBi, and a diameter of the spots at 46 dBi level from 0.6° to 0.69°. The simulated antenna 

efficiency is notably high (around 70%) because of the ideal cells considered that do not introduce 

losses in amplitude or phase errors. The minimum single-entry C/I between beams generated in 

the same color is close to 12 dB, and it is caused by the extreme beams of the coverage, which 

are the most broadened beams. The reduced C/I level is mainly attributed to the relatively small 

diameter of the reflectarray (1.8 m), since common reflectors used onboard HTS usually have 

diameters close to 2.3 m which results in narrower beams. Thus, the overall performance of the 

reflectarray is highly positive.  

Finally, the bandwidth of the reflectarray has also been analyzed. As aforementioned, the 

use of beam squint to deviate the beams 0.56° in 1.5 GHz has a continuous effect in band. The 46 

dBi pattern contours of the beams generated by the feeds C3 and E1 (see Fig. 2-7b) have been 

computed at the central and extreme frequencies of two 500 MHz frequency sub-bands centered 

at 18.45 and 19.95 GHz, and the results are shown in Fig. 2-17. This figure shows that the main 

limitation in band of the antenna is the beam squint effect used to generate the spaced beams at 

18.45 and 19.95 GHz. The beams show a deviation of ±0.09° within their bands without 

significant differences for the central beams (the beams produced by the feed C3) or the extreme 

beams of the coverage (the beams produced by the feed E1). Thus, the complete coverage is 

shifted when the frequency changes. 
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                                  (a)                                                        (b) 

 

2.2.3 Limitations of the design method  

The preliminary simulations of a 1.8 m flat reflectarray to generate four spaced beams 

per feed have shown promising results and the potential of reflectarray antennas to generate a 

complete four-color coverage for Tx in Ka-band from a single aperture. However, the design 

method has also shown two constraints: the layout of the required phase distributions on the 

reflectarray surface and the continuous presence of beam squint within the operatinal bands.  

The required phase distributions to be implemented on the reflectarray surface (see Fig. 

2-9) show a large number of cycles of 360° that causes fast variations in the phase distributions. 

This characteristic may deteriorate the antenna performance in practice and it is produced by the 

large and flat surface of the reflectarray, which requires a large phase correction to focus pencil 

beams. The phase distributions can be simplified by defining a reflectarray with a parabolic 

surface. In this case, the parabolic surface would focus the high-gain beams while the printed 

reflectarray elements would introduce a small phase correction in each frequency and polarization 

to produce four spaced beams per feed. There are two different approaches to design the parabolic 

reflectarray, described below.  

First, the proposed design method for flat reflectarrays developed in this chapter can be 

adapted to parabolic surfaces. Thus, the parabolic reflectarray would be designed to obtain a 

desired beam squint effect, which reduces the differences between the required phase-delay at 

both operating frequencies, simplifying the design of the reflectarray elements and the 

implementation of an in-band optimization. However, the use of the beam squint effect requires 

an offset position of the feed (the feed impinges on the antenna at an angle of incidence different 

from the angle of radiation). As a result, the parabolic surface of the reflectarray focuses a beam 
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considerably deviated from the desired directions, which will be redirected by the phase 

adjustments introduced by the reflectarray elements. The comparison between the phase 

distributions required in a flat or parabolic reflectarray designed with the technique based on beam 

squint is shown in Fig. 2-18. Fig. 2-18a shows one of the four phase distributions computed for 

the flat 1.8 m reflectarray proposed in this chapter (one of the four distributions previously shown 

in Fig. 2-9), and Fig. 2-18b shows one of the four phase distributions that would be required for 

a parabolic 1.8 m reflectarray designed with the same specifications (there are no appreciable 

differences between the four distributions). The phase distribution shown in Fig. 2-18b presents 

a phase variation in one direction since it only has to point the beam in the proper direction without 

focusing it. However, the required phase adjustment to properly point the beam by the parabolic 

surface is considerably large, which results in phase distributions that still present a large number 

of cycles of 360°. 

   

      

                                       (a)                                                                     (b) 

 

On the other hand, a parabolic reflectarray defined without beam squint requires a small 

phase adjustment to slightly deviate the beam focused by the parabolic surface in each 

polarization and frequency. In this way, the required four phase distributions on the parabolic 

surface show a smooth phase variation with a reduced number of cycles of 360°, as shown in Fig. 

2-19. However, a reflectarray without beam squint has the drawback mentioned at the beginning 

of the chapter: the reflectarray elements must provide significantly different phase-shifts at close 

operating frequencies, which extremely increases the design complexity of the elements. The 

proposal of a parabolic reflectarray would be appropriate for reflectarrays with independent 

operation at two separate frequencies (e.g., for Tx and Rx in Ka-band), where independent 

resonant elements can be used to operate at each frequency. 
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(a)                                                                    (b) 

   

(c)                                                                     (d) 

 

The second limitation is the continuous presence of beam squint in band (see Fig. 2-17). 

As aforementioned, in a further design with non-ideal reflectarray cells, the reflectarray elements 

should be optimized to minimize the beam squint within each frequency sub-band by techniques 

similar to those shown in [36], [99]. Thus, a design with real elements of a reflectarray antenna is 

necessary to evaluate the effect of the large number of 360° cycles in the antenna surface and also 

to try to minimize the beam squint within the sub-bands. 

2.3 CONCLUSIONS 

In this chapter, an original design method for reflectarray antennas has been proposed to 

generate four spaced beams per feed in four different colors, by the use of two orthogonal 

polarizations and two close operating frequencies. The design method makes it possible the 

generation of a complete four-color multispot coverage for Tx in Ka-band from a single 

reflectarray antenna, by exploiting the properties of reflectarray antennas to produce independent 

beamforming in two polarizations and two frequencies. 
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The independent operation at close frequencies has been driven by the beam squint effect, 

which points the radiated beams in their required directions in a natural way, minimizing the 

differences between the required phase-shifts to be introduced by the reflectarray cells at each 

frequency. Thus, the reflectarray elements can be adjusted to provide independent phase 

distributions at each frequency. Then, the use of appropriate cells with independent operation in 

orthogonal polarizations is required to implement four different phase distributions on the 

reflectarray surface (one for each color). These cells can be defined based on orthogonal sets of 

dipoles to operate in dual-LP or by variable rotated elements to operate in dual-CP. 

The proposed design method has been used to define a 1.8 m flat reflectarray. The 

preliminary simulations of the reflectarray have shown the potential of generating a complete 

four-color coverage for Tx in Ka-band with a single reflectarray. The reflectarray illuminated by 

16 feeds has produced a four-color coverage of 64 beams in a triangular lattice with a beam 

spacing of 0.56°. The use of the complete cluster of 27 feeds would produce a similar coverage 

with 108 spot beams. Thus, the four reflector antennas commonly used onboard the HTS to 

generate a four-color coverage in Tx and Rx could be replaced by a reflectarray operating in Tx 

and a second reflectarray operating in Rx. Moreover, the number of feeds would also be halved, 

since each feed generates four beams in Tx or Rx instead of a single beam in Tx and Rx, and the 

design of the feed-chains would be simplified to operate in a single band (Tx or Rx in Ka-band). 

Finally, a reflectarray antenna should be designed considering real reflectarray elements 

to better estimate the effect of the phase distributions required on the antenna and the beam squint 

within the operational band.  
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In this chapter, a flat 43 cm reflectarray prototype has been designed, 

manufactured and tested to experimentally validate for the first time the 

generation of four spaced beams per feed in two frequencies and two 

polarizations (four different colors) by the proposed design method developed in 

Chapter 2. The design of this prototype has included an in-band optimization to 

try to reduce the remaining beam squint effect within the operational frequency 

bands. The measurements of the 43-cm reflectarray have been analyzed and 

compared to the simulations.  The chapter concludes with the advantages and 

limitations of the proposed design technique according to the experimental 

results, as well as the future lines required to achieve the objective of designing 

a reflectarray that makes it possible to halve the number of antennas onboard 

satellite communications in Ka-band. 
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3.1 INTRODUCTION 

The design technique presented in Chapter 2 for reflectarray antennas to produce four 

beams per feed in four different colors (two frequencies and two polarizations) has been validated 

by the design, manufacturing and testing of a 43-cm reflectarray demonstrator that operates at Tx 

frequencies in Ka-band (18-20 GHz). Since it is a proof-of-concept demonstrator, the reflectarray 

has been designed to operate in dual-linear polarization, which simplifies the design of the 

reflectarray cells to achieve independent phase control in each polarization (the same technique 

can be applied to design a dual-circularly polarized reflectarray using appropriate reflectarray 

cells). A dual-polarized Ka-band horn has been used to illuminate the reflectarray antenna and 

produce four adjacent beams in four different colors.  

The simulated results of the 1.8-m flat reflectarray antenna presented in Chapter 2 showed 

that one of the limitations of the proposed technique was the beam squint with frequency. In this 

Chapter, the fact of working with real reflectarray elements allows to implement multi-frequency 

optimizations to try to reduce the beam squint within the operating bands. 

3.2 DEFINITION OF THE REFLECTARRAY PROTOTYPE 

3.2.1 Reflectarray cell 

The reflectarray cell used for the design of the demonstrator is made up of two stacked 

layers of printed elements (dipoles), in order to have enough degrees of freedom to control the 

phase shift introduced in each linear polarization (LP) and to enable the implementation of multi-

frequency optimization techniques. As shown in Fig. 3-1, the cell is formed by two orthogonally-

arranged groups of coupled parallel dipoles: the dipoles oriented in the direction of the x-axis will 

provide the phase shift for the polarization with the tangential component of the electric field in 

x direction (X-pol.), while the dipoles in the direction of the y-axis will adjust the phase for the 

orthogonal polarization (Y-pol.). The groups of dipoles for Y-pol. are shifted half a period in both 

x and y axes with respect to the dipoles for X-pol. Each group consists of three parallel dipoles on 

a dielectric layer and a fourth dipole stacked with the central one on the opposite side of the same 

substrate. For X-pol., the three coplanar dipoles are printed on the top surface and the fourth 

dipole on the bottom surface, while the arrangement of the dipoles for Y-pol. is the other way 

around. The lateral dipoles of each set are symmetrical with respect to the central one, which 

allows to maintain low levels of cross-polarization. 
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The reflectarray cell is similar to that used in [36] for the design of a dual-polarized 

reflectarray antenna that operates simultaneously in Tx and Rx in Ku-band. In the current design, 

the horizontal and vertical dimensions of the reflectarray cell (PX and PY) have been adjusted to 

enable operation at 18 and 20 GHz. The bandwidth around each design frequency has been fixed 

to 600 MHz (±300 MHz). The reflectarray cell has been analyzed by a home-made 

implementation of the Method of Moments in Spectral Domain (SD-MoM) considering a periodic 

array, to account for the mutual coupling with neighbor cells. The analysis takes into account the 

real angles of incidence on each reflectarray cell, without normal incidence approaches. The SD-

MoM code provides a very accurate and computational efficient full-wave analysis [100]. After 

a parametric study, the cell dimension along the x and y axes have been fixed to PX = 7.5 mm and 

PY = 8.5 mm, respectively. Note that both values are close to λ/2 at 20 GHz (the upper design 

frequency), in order to avoid the appearance of grating lobes.  

The bottom dielectric layer (layer A) was implemented by a DiClad 880B substrate with 

a thickness of 1.524 mm, permittivity εrA = 2.3 and loss tangent tanδA = 0.005. The upper dielectric 

layer (layer B) was CuClad 233LX with a thickness of 0.787 mm, permittivity εrB = 2.33 and loss 

tangent tanδB = 0.0013. Note that measured values of εrA and tanδA for DiClad 880B have been 

used instead of the nominal values at 10 GHz provided by the manufacturer (εrA, nom = 2.17). 

Concerning the dipole dimensions (see Fig. 3-1), the relative lengths of the dipoles 

referred to lB2 (the length of the central dipole for X-pol. on layer B) have been fixed as follows: 

lA1 = 0.68·lB2, lA2 = 1.09·lB2, lA3 = lB2, lB1 = 073·lB2, lB3 = 1.09·lB2. The width of the dipoles is w = 

0.4 mm, and the separation between parallel edge-coupled dipoles is SA = 2.3 mm for layer A and 



44 

 

SB = 2 mm for layer B (both values measured from center to center). The values of these geometric 

parameters were obtained by means of a parametric study to ensure a linear phase response and 

enough phase variation range at both 18 and 20 GHz.  

 

 

(a) 

 

(b) 

 

(a) 

 

(b) 
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The amplitude and phase of the co-polar reflection coefficients associated to each LP 

have been computed at the central and extreme frequencies of the two operating bands, and the 

results have been depicted in Fig. 3-2 (for the 17.7-18.3 GHz band) and Fig. 3-3 (for the 19.7-

20.3 GHz band). In both cases, normal incidence (θi = 0º, φi = 0º) of a plane wave has been 

assumed on the reflectarray cell in a periodic environment. The figures show the amplitude/phase 

of the reflection coefficients as a function of the length of the central dipole for each polarization 

(lB2 for X-pol. and lA2 for Y-pol.), but note that all dipoles are varied at the same time, keeping the 

abovementioned relations between their lengths. As can be seen, the phase shows a linear 

variation in both frequency bands, with a phase range of around 800º. The dielectric losses are 

lower than 0.6 dB.  

The effect of the incidence angle on the phase response of the reflectarray cell has been 

evaluated, considering the extreme angles of incidence associated to the antenna configuration 

that will be presented in next section (0 < θ < 35º, -45º < φ < 45º). The results are depicted in Fig. 

3-4 and show that a robust performance is achieved for X and Y polarizations in both frequency 

bands. The maximum phase variation for X-pol. is close to 20º, while it is around 40º for Y-pol. 

 

(a) 

 

(b) 

 

The phase of the co-polar refection coefficient in X-pol. at 18 and 20 GHz has been 

depicted in Fig. 3-5 as a function of the central dipole lengths (lA2 and lB2), considering oblique 
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incidence (θi = 20º, φi = 20º) associated to the central region of the reflectarray antenna that will 

be designed in the next section. As can be seen, the phase shift introduced in X-pol. can be 

adjusted at both frequencies by the lengths of the dipoles in the direction of the x-axis. Very 

similar results are obtained for Y-pol., where the phase shift can be controlled by the lengths of 

the dipoles in the direction of the y-axis. 

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

incident field in X- and Y-pol. at 18 GHz is shown in Fig. 3-6, where each polarization can be 

independently controlled by the dipole length associated to each case: lB2 for X-pol. and lA2 for Y-

pol. As can be seen in Fig. 3-6, the two orthogonal groups of dipoles in both layers are practically 

uncoupled. 

 

 

(a) 

 

(b) 

 

    

(a)                                                        (b) 

θ φ )
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3.2.2 Antenna geometry 

The four-beam-per-feed antenna demonstrator consists of a circular reflectarray formed 

by 2,242 cells arranged in a 57 x 50 rectangular grid (42.75 cm x 42.5 cm). The simulation results 

presented in the previous chapter showed that a 1.8-m reflectarray antenna can produce multiple 

beams with a maximum gain around 50 dBi and a 3-dB beamwidth close to 0.65º. The 43-cm 

reflectarray demonstrator will generate beams with a smaller maximum gain (around 37 dBi) and 

larger 3-dB beamwidths (2.6º). For that reason, the angular separation Δθ between contiguous 

beams at different frequencies must be larger than the one considered in the previous chapter (Δθ 

= 2.55º, instead of Δθ = 0.5º). The separation between the operating frequencies has also been 

increased with respect to the previous chapter (18 and 20 GHz, instead of 18.45 and 19.95 GHz). 

The relation between the angular separation of the beams (Δθ) and the distance between the 

operating frequencies (Δf) will determine the beam squint with frequency. In the demonstrator, 

Δθ = 2.55º and Δf = 2 GHz will lead to a beam squint of around 0.13º/100MHz within each 

operating band, while in the previous chapter, with Δθ = 0.56º and Δf = 1.5 GHz, a smaller 

deviation (around 0.04º/100MHz) was obtained.  

As detailed in Chapter 2, the most extended method to reduce the beam squint is based 

on placing the feed in the specular direction of the radiated beams [97] (see Fig. 2-3). The 

developed design method based on the beam squint effect produces that, as the required beam 

squint effect increases (higher Δθ for a similar or lower Δf), a more off-centered position of the 

feed is needed (computed from the distances 𝑑1 and 𝑑2 as shown in (2.5) and Fig. 2-5). In this 

case, the relatively small value of ∆f combined with a large value of Δθ will result in a feed with 

a highly offset position, leading to excessively large angles of incidence on the reflectarray cells. 

To avoid this situation, the position of the feed has been fixed in the xz-plane on the same side 

where the beams are radiated (like in a retro-directive antenna), as it is shown in Fig. 3-7. For this 

purpose, the design method developed in Chapter 2 characterized by (2.5) is used by selecting a 

beam squint effect that reduces the angle of radiation when the frequency increases, in contratst 

to the designs shown in Chapter 2. The advantage of this antenna configuration is that the angles 

of incidence on the reflectarray cells are smaller (θi < 35º), which allows a better performance of 

the cells and simplifies the design of the demonstrator.  

The feed is a 60-mm diameter horn manufactured by Anteral [101]. The phase center of 

the horn has been placed at the coordinates (xF, yF, zF) = (281.6, 0, 631.1) mm with respect to the 

reflectarray center, which have been obtained by applying (2.5).  The directivity of the horn varies 

between 20.5 and 21.5 dBi within the 17.6-20.3 GHz band, while the levels of the cross-polar 

components are lower than -15 dB with respect to the co-polar. The electromagnetic field radiated 

by the horn has been modeled by a conventional cosq(θ) function with q = 31 at 18 GHz, and q = 

45 at 20 GHz (based on the information provided by the manufacturer). The subtended angle on 
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the 43-cm reflectarray demonstrator is 32º, which results in edge illumination levels close to -12 

dB at 18 GHz and -18 dB at 20 GHz.  

 

 

 

     

(a)                                                                       (b) 

     

(c)                                                                          (d) 
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The 43-cm reflectarray has been designed to generate four beams with a single feed in 

the directions (𝜃𝑏1 = 3°, 𝜑𝑏1 = 0°) at 18 GHz in X-pol., (𝜃𝑏2 = 0.45°, 𝜑𝑏2 = 0°) at 20 GHz in 

X-pol., and (𝜃𝑏3 = 2.9°, 𝜑𝑏1 = 52°), (𝜃𝑏4 = 2.55°, 𝜑𝑏4 = 108°) in Y-pol. at 18 and 20 GHz, 

respectively. Note that the beam angles are reduced when the frequency increases (θb2(4) < θb1(3)), 

unlike the 1.8-m reflectarray designed in the previous chapter. It has been checked that the feed 

position does not produce blockage. The angular separation between the adjacent beams has been 

fixed to 2.55º (a value comparable to that of the 3dB-beamwidth). The phase shift distributions 

that must be introduced by the reflectarray cells in X- and Y- polarizations at 18 and 20 GHz are 

depicted in Fig. 3-8. These phases have been computed following the procedure presented in 

Chapter 2.  

The difference between the required phase-delay distributions at 20 and 18 GHz for each 

pair of beams in the same polarization is shown in Fig. 3-10 and provides a maximum value close 

to 90º. A reflectarray of the same diameter and focal distance, with the feed placed in the specular 

direction of the beams (without beam squint), would present a maximum difference between 

phase delays of around 450º. Therefore, the maximum difference between phase delays is five 

times smaller in the current design (exploiting beam squint to produce the beams at different 

frequencies) than in the case when the feed is placed in the specular direction of the beams, which 

will make it easier the optimization of the reflectarray elements.Note that the difference between 

the required phase delays distributions in X-pol. and Y-pol. at each frequency provides a gradual 

phase term similar to that shown in Fig. 2-10a, since it can be computed by the equation (2.7) to 

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

 

  

(a)                                                                       (b) 
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3.2.3 Design process 

Initially, the lengths of the printed dipoles have been adjusted cell by cell in order to 

provide the phase shift required in each polarization at the lower operating frequency (18 GHz). 

The adjustment routine of the dipoles employs an in-house electromagnetic code based on the 

Method of Moments in the Spectral Domain (SD-MoM), which is used to compute the reflection 

coefficients of the cell under the local periodicity approach. The SD-MoM code takes into account 

the incidence angles on each reflectarray cell. The lengths of the X-oriented and Y-oriented 

dipoles are independently adjusted to provide the phase shift required in each LP at 18 GHz (the 

two groups of dipoles are practically uncoupled, as shown in Fig. 3-6). The resulting length 

distributions for lA2 and lB2 (lengths of the central dipoles for each polarization) are depicted inFig. 

3-10. The phase errors with respect to the objective phases at 18 and 20 GHz are shown in Fig. 

3-11. As expected, the errors at 18 GHz are very low (the maximum errors are around ±1º), while 

at 20 GHz the difference between the achieved and the objective phases is larger than 150º in 

some reflectarray cells. 

 

        

(a)                                                                                (b) 

 

As next step, a multi-frequency optimization has been applied to the reflectarray elements 

in order to achieve the objective phases at the central and extreme frequencies of both operating 

bands (17.7-18.3 GHz and 19.7-20.3 GHz), following a similar procedure to that shown in [99]. 

The lengths of the dipoles computed in the previous step have been used as starting point for the 

optimization. Fig. 3-12 shows the required phase difference between the central and the extreme 

frequencies of each band in X-pol. The phase difference distributions for Y-pol. are similar to 

those shown in Fig. 3-12 for X-pol. The length distributions obtained for lA2 and lB2 after applying 

the multi-frequency optimization are depicted in Fig. 3-13. 
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(a)                                                                (b) 

          

(c)                                                                       (d) 

           

(a)                                                              (b) 

             

(c)                                                              (d) 
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(a)                                                                  (b) 

The phase errors obtained at 18 and 20 GHz after the multi-frequency optimization of the 

printed dipoles are shown in Fig. 3-14 for both LPs. The optimization reduces the errors at 20 

GHz in all reflectarray cells, at the cost of a small increase in the phase errors at 18 GHz. The 

resulting phase errors at 18 and 20 GHz are smaller than 20º in most of the reflectarray cells. The 

design method that exploits the beam squint with frequency allows to achieve a minimum 

difference between the phase distributions at the two operating frequencies, which contributes to 

reduce the maximum errors with respect to other antenna configurations. 

          

(a)                                                                       (b) 

          

(c)                                                                         (d) 
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3.3 SIMULATED RESULTS 

The simulated radiation patterns of the four beams produced by the designed 43-cm 

reflectarray demonstrator have been obtained at 18 and 20 GHz by means of the abovementioned 

SD-MoM code. Fig. 3-15 shows the comparison of the contour patterns at 32 dBi gain level 

(which corresponds to around -4 dB with respect to the maximum gain) between the ideal 

reflectarray antenna (assuming ideal reflectarray cells that introduce the phase distributions 

shown in Fig. 3-8 with no phase errors and zero dielectric losses) and the designed reflectarray 

with the printed dipoles. The maximum gain of the beams produced by the designed reflectarray 

in X- and Y-pol. at 18 GHz is equal to 36.2 dBi and 35.9 dBi, respectively (around 37 dBi gain is 

obtained for the reflectarray with ideal cells), while at 20 GHz the maximum gain of the beams is 

37.2 dBi in X-pol. and 36.9 dBi in Y-pol. (around 37.7 dBi is achieved for the ideal case). The 

gain reduction with respect to the ideal reflectarray is around 1 dB at both 18 and 20 GHz, with 

about 0.3 dB higher losses for Y-pol. due to the larger phase errors produced at Y- pol., as shown 

in Fig. 3-14. This gain reduction between the ideal and designed cases is a consequence of the 

dielectric losses and phase errors occurred in the design of the printed dipoles. The gain difference 

between the beams produced at 18 and 20 GHz is caused by the different electrical size of the 

reflectarray at each frequency, since it is larger at 20 GHz than at 18 GHz. 

 

  

 

The simulated results show that the designed reflectarray is able to generate four adjacent 

beams in four different colors using a single feed. Each pair of beams in the same 'v = constant' 

plane are generated in the same polarization and different frequencies, while the beams in planes 

forming 60º with the v-axis are produced in the same frequency and different polarizations. 
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According to Fig. 3-15, the beams in X-pol. are generated in the v = 0 plane, while the beams in 

Y-pol. are in the v = 0.04 plane. 

To evaluate the in-band performance of the designed reflectarray, the simulated contour 

patterns at -4 dB of the four beams at the central and extreme frequencies of each operating band 

(17.7-18.3 GHz and 19.7-20.3 GHz) have been simulated and are shown in Fig. 3-16. As can be 

seen, the beam directions change with frequency within each sub-band. Note that the beam 

deviation required between the two design frequencies (18 and 20 GHz) results in a natural beam 

squint within each sub-band, and this beam squint cannot be totally corrected by the multi-

frequency optimization. Therefore, the beam squint with frequency is one of the main limitations 

of the proposed design method to generate four beams in four different colors per feed, since it 

will constraint the usable bandwidth of the reflectarray antenna. This effect can be mitigated in a 

real-size satellite antenna (with narrower beams and a smaller separation between adjacent 

beams), but it is more appreciable in the designed 43-cm demonstrator due to its reduced size, 

which leads to wider beams with larger separation, resulting in a larger deviation in the beam 

directions between the two operating frequencies.  

 

 

 

The beam squint has been quantified using the cuts of the simulated radiation patterns in 

'v = constant' planes. These cuts are show in Fig. 3-17 for the beams in both X- and Y-pol. at the 

central and extreme frequencies of each sub-band. The angular separation between adjacent 

beams in the same polarization and different frequencies is around 2.55º, as specified during the 

design of the demonstrator. Note that this beam squint will produce a deviation of ±0.4º for a 

frequency variation of ±0.3GHz. However, the beam deviation has been partially corrected 

troughut the in-band optimization process, resulting in a deviation close to ±0.3º for a 600 MHz 

bandwidth centered at 18 GHz, and around ±0.2º for a 600 MHz bandwidth centered at 20 GHz 
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(same performance for both linear polarizations). The maximum gain of the beams produced in 

X-pol. is comprised between 35.34 and 36.56 dBi at the lower frequency band, while at higher 

frequencies the gain is between 37 and 37.19 dBi. Similar values are obtained for the gain of the 

beams produced in the orthogonal polarization.  The larger gain variation in the lower band (about 

1.2 dB) with respect to the upper band (0.2 dB) indicates that phase errors committed at off-center 

frequencies are more significant in the lower band. 

 

 

(a)                                                                                    (b) 

 

3.4 MANUFACTURING PROCESS OF THE REFLECTARRAY 

As described in Section 3.2.1, the two dielectric substrates used for the stack-up 

configuration of the 43-cm reflectarray prototype are: 0.787-mm thick CuClad 233LX for the 

upper layer and 1.524-mm thick DiClad 880B for the bottom layer. The two levels of printed 

dipoles have been produced by applying a conventional chemical photo-etching process on both 

sides of a CuClad 233LX substrate cladded with 17-μm copper. Then, the two substrates have 

been bonded by two layers of thermoplastic bonding film (38-µm thick CuClad 6250 film). The 

lower copper coating of the DiClad 880B substrate has been conserved, in order to perform as a 

ground plane for the reflectarray antenna. The lateral view of the stack-up configuration for the 

dual-layer reflectarray demonstrator is shown in Fig. 3-18. 
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The reflectarray surface has a circular shape and is composed of 2,242 cells arranged in 

a 57 x 50 grid. The mask of the upper reflectarray layer, generated in AutoCAD, is shown in Fig. 

3-19. Some of the groups of dipoles for controlling Y-polarization located on the reflectarray 

edges have been eliminated to keep the symmetry of the antenna configuration with respect to the 

xz-plane (the plane where the feed is located). The reflectarray dimensions along its main axes 

are 42.75 cm x 42.5 cm, but the panel has a slightly larger diameter (45.3 cm). The reason is that 

the reflectarray has been fixed to the supporting plate (made of aluminum) using plastic screws 

that are in the outer frame of the panel, as shown in Fig. 3-19. The effect of the plastic screws in 

the radiation patterns will be negligible, due to the low illumination levels on the edges (around -

13 dB with respect to the center of the panel). 
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The photo-sensitive sheets for the upper and lower layers of metallization that were used 

in the fabrication of the demonstrator by conventional chemical photo-etching are shown in Fig. 

3-20. The errors in the dimensions of the printed dipoles were checked after the fabrication, 

showing an average value of -15 μm plus a random error of ±5 μm. This error was considered in 

the simulations of the reflectarray demonstrator, but it had a negligible effect in the results 

achieved at the two operating bands (17.7-18.3 GHz and 19.7-20.3 GHz). 

 

(a) 

         

(b) 
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The reflectarray panel and the horn were fixed to an aluminum structure built at the 

facilities of the Applied Electromagnetics Group (Grupo de Electromagnetismo Aplicado, GEA) 

at Universidad Politécnica de Madrid (UPM). Fig. 3-21 shows the manufactured reflectarray 

demonstrator (including the feed and supporting structure) at the GEA-UPM facilities. 

 

 

3.5 MEASUREMENTS OF THE MANUFACTURED REFLECTARRAY 

The fabricated reflectarray antenna demonstrator has been tested at the anechoic chamber 

of the Escuela Técnica Superior de Ingenieros de Telecomunicación (ETSIT), at UPM, in a 

spherical near-field measurement system (see Fig. 3-22). The radiated field has been measured 

for both linear polarizations (X and Y) in the following angular range: -50° < θ < 50°, -90° < φ < 

90°. 

Fig. 3-23 and Fig. 3-24 show the measured radiation patterns in (u, v) coordinates of the 

beams generated at 18 and 20 GHz, respectively. Both figures include the co- and cross-polar 

components of the radiation patterns associated to each polarization. In the case of the co-polar 

patterns, there are some regions with high levels of secondary lobes (between 15 and 19 dBi, 

which means around 15 dB below the maximum). These regions are located near the plane ‘v = 

0’ for the beams in X-pol. and near the plane ‘v = 0.04’ for the beams in Y-pol. (the two planes 

that contain the directions of the radiated beams). The high secondary lobes correspond to the 
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specular reflection of the beam radiated by the feed-horn. This phenomenon can also be 

appreciated in the cross-polar patterns, where the cross-polar radiation from the feed is reflected 

by the reflectarray surface in the specular direction. 

 

      

                 (a)                                                                            (b) 

      

(c)                                                                     (d) 
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(a)                                                                            (b)  

    

  (c)                                                                             (d) 

 

The cuts of the measured radiation patterns in ‘v = constant’ planes at the central and 

extreme frequencies of the two operating bands are shown in Fig. 3-25a for the beams in X-pol. 

(plane ‘v = 0’) and in Fig. 3-25b for the beams in Y-pol. (plane ‘v = 0.04’). As can be seen, there 

is a shifting of ±0.3º in the beam directions within each band. Despite this fact, the shape of the 

radiation patterns is very similar for all the frequencies that are in the same band. The maximum 

gains of the measured beams are as follows: 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 produced in Y- pol. at 18 

and 20 GHz, respectively. The lower gain in Y-pol. with respect to X-pol. (1.7 dB at 18 GHz and 

0.9 dB at 20 GHz) can be justified because the phase-errors are larger at Y- pol., as can be seen 

in Fig. 3-14, and also because the elements for Y-pol. have been eliminated on the border, as 

previously mentioned, to keep the symmetry of the printed dipoles.  The secondary lobes located 

at around θ = -24º are produced by the specular reflection of the field radiated by the horn. The 

radiation efficiency has been estimated from the maximum directivity of the reflectarray antenna 

at each frequency, considering a circular aperture of 42.5-cm diameter. The values achieved for 
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the radiation efficiency vary between 30% and 46%. Note that the undesired specular radiation is 

responsible for the relatively low efficiency values. 

   
(a) 

  
(b) 

 

Fig. 3-26 shows the measured contour patterns at -4 dB level with respect to the maximum 

gain for the four beams produced by the reflectarray prototype at the central and extreme 
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frequencies of each band. Compared to the simulated contours shown in Fig. 3-16, the measured 

contours are slightly distorted, but they demonstrate that the fabricated reflectarray is able to 

generate four adjacent beams in the prescribed directions for each frequency and polarization with 

a single feed. 

 

 

The comparison between the measured and simulated cuts of the radiation patterns in ‘v 

= constant’ planes has been represented in Fig. 3-27 and Fig. 3-28. The measured main lobes of 

the co-polar patterns and the maximum levels of the cross-polar components (26 dB below the 

co-polar maximum) agree well with the initial simulations of the reflectarray. However, there is 

a gain reduction of about 2-3 dB with respect to the simulated beams, the maximum gain of which 

was around 36 dBi at 18 GHz and 37 dBi gain at 20 GHz. Moreover, the levels of the secondary 

lobes associated to the specular reflection from the feed are higher in the measured patterns than 

in the initial simulations. 

 

 
                                   (a)                                                                        (b) 
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(a)                                                                                       (b) 

 

The discrepancies between the measured and simulated radiation patterns have been 

investigated. The maximum gain reduction and the higher side-lobe levels in the specular 

direction of the feed have been attributed to phase errors caused by the inaccurate characterization 

of the dielectric substrates and (to a lesser extent) to issues related to the manufacturing and testing 

procedures of the demonstrator. Note that the nominal values of DiClad 880B (substrate used in 

layer A) provided by the manufacturer are εrA = 2.17 and tanδA = 0.0009 at 10 GHz, but the 

substrate was measured by means of the insertion of pieces of different size inside a waveguide 

[102] and it was found that the measured permittivity and loss tangent at 20 GHz are significantly 

larger than the nominal ones (εrA = 2.3 and tanδA = 0.005). Since this test was carried out prior to 

the design of the reflectarray, the measured values of εrA and tanδA for DiClad 880B were used in 

the design and simulation of the demonstrator. On the other hand, the CuClad 233LX substrate 

(used in layer B) was not previously characterized, so the nominal values of permittivity and loss 

tangent at 10 GHz (εrB =2.33 and tanδB = 0.0013) were used.  

To achieve a more accurate characterization of the dielectric substrates, two samples with 

reflectarray cells have been measured in a waveguide simulator (WGS, see Fig. 3-29). The WGS 

is a well-known procedure to measure the performance of elements in a periodic environment, 

due to the boundary conditions of the waveguide walls where the samples are inserted [103]. The 

use of a rectangular waveguide makes it possible to measure the phase and amplitude of the 

reflection coefficients of reflectarray cells in a periodic environment in a single linear polarization 

(with the electric field in the direction of the TE10 mode of the waveguide). Thus, the samples 

have been inserted in a small section of a WR-51 waveguide. On the lower side of the samples, 

there is no copper coating, since a short-circuit placed at the end of the small section of waveguide 

acts as a ground plane. Fig. 3-29 shows the small section of WR-51 and the two samples outside 

the waveguide.  
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The horizontal and vertical dimensions of the samples are 12.95 mm x 6.48 mm, in order 

to match the dimensions of the WR-51 waveguide. As can be seen in Fig. 3-29, each sample 

consists of two periods of the reflectarray cell, with the dipoles oriented in the same direction as 

the electric field inside the waveguide. Since the WGS is only valid for one polarization, two 

different cells have been manufactured. The first cell contains one dipole on the lower layer with 

a length of 5.2 mm and three parallel dipoles on the top layer, where the length of the central 

dipole is 5.2 mm and the length of the lateral dipoles is scaled by 0.8. In the second cell, the 

arrangement of the dipoles is the other way around, including one dipole in the upper layer of 5.2 

mm and three dipoles in the lower layer (the length of the central dipole is 5.2 mm and the length 

of the lateral dipoles is scaled by 0.68), as shown in Fig. 3-29 and Fig. 3-30. All the dipoles have 

been defined with a width of 0.4 mm. These samples were fabricated together with the 

reflectarray, as can be seen in the photo-sensitive sheets shown in Fig. 3-20 (the masks of the 

samples are placed near the corners of the sheet). 

 

                   
                                          (a)                                                           (b)  
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Fig. 3-31 shows the comparison between simulated and measured values of the module 

and phase of the reflection coefficient as a function of frequency (note that the simulations 

consider the variation in the incidence angle with frequency). There are some appreciable 

discrepancies in the amplitude of the reflection coefficient between measurements and initial 

simulations (which use the nominal values for the upper substrate), while a reasonably good 

agreement is achieved in the phase response. After adjusting the values of εrB and tanδB in the 

upper layer, a better agreement is achieved with the measured results (see Fig. 3-31). The 

corrected values are εrB = 2.26 and tanδB = 0.0054, which means that the nominal permittivity of 

CuClad 233LX has been reduced by 3% and the nominal loss tangent has been quadrupled. 

 

 

 

The radiation patterns of the reflectarray demonstrator have been simulated considering 

the corrected values of εrB and tanδB, obtained from the measurements in the WGS. The 

comparison between the measured and simulated cuts of the radiation patterns in ‘v = constant’ 

planes is shown in Fig. 3-32 and Fig. 3-33, where two simulated patters have been included: the 

initial simulations, considering the nominal values of εrB and tanδB (used in the design), and the 

corrected simulations, with the corrected values of εrB and tanδB. As can be observed, the 

agreement between the measured results and corrected simulations is better than in the case of the 
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initial simulations. There are still some discrepancies that can be attributed to the specular 

reflection of the field radiated by the horn (which is partially taken into account in the 

simulations), the simplistic electromagnetic modelling of the feed (a conventional cosq 

distribution) and the uncertainty errors in the measurements of the antenna gain (±0.3 dB). Note 

that the cosq model of the feed considers the same radiation pattern in all the planes and the same 

phase center position for both polarizations and operating frequencies; however, the position of 

the phase center changes with frequency and the main beam is elliptical with small differences 

for each linear polarization (the feed-horn has been designed to radiate a circular beam in CP, but 

the beam is not circular in linear polarization). 

 

                                     (a)                                                                              (b) 

 

 

                                    (a)                                                                                    (b) 
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Fig. 3-34 shows the simulated and measured -4 dB contours of the four beams at 18 GHz 

and 20 GHz. The levels of the measured contours are between 28.8 and 31.7 dBi, while the 

simulated contours vary from 30.8 to 32.7 dBi. The simulations consider the corrected values of 

εrB and tanδB and show a good agreement with the measurements, despite the slight distortion in 

the contours of the measured beams.  

These results demonstrate for the first time that the proposed reflectarray demonstrator is 

able to generate four adjacent beams in two frequencies and two polarizations, providing a four-

color coverage using a single feed.  

 

 

 

3.6 CONCLUSIONS 

In this chapter, a reflectarray antenna has been defined, manufactured and measured to 

experimentally validate for the first time the generation of four independent beams in four 

different colors with a single-fed reflectarray. The measurements demonstrate the generation of 

four spaced beams per feed, with a cross-polar level 30 dB below the maximum of the co-polar 

component, as expected. The overall measured performance of the antenna is in good agreement 

with the simulations.  

The measurements have shown higher SLL than the simulations, which have caused a 

reduction of the maximum gain of the beams. The dielectric substrates have been characterized 

by means of a WGS and the corrected simulations of the antenna considering the rectified 
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dielectric properties have improved the agreement between measurements and simulations. The 

remaining differences between measured and simulate results are attributed to three factors: first, 

the specular reflection of the beam radiated by the feed, which had been partially considered in 

simulations, second, the simple cosq(θ) distribution used to model the field radiated by the feed 

and finally, the uncertainty in measured gain provided by the anechoic chamber measuring system 

(±0.3 dB). 

The results have also shown that the beam squint has been partially corrected troughut 

the in-band optimization process, resulting in a deviation close to ±0.3º for a 600 MHz bandwidth 

centered at 18 GHz, and around ±0.2º for a 600 MHz bandwidth centered at 20 GHz, instead of 

the ±0.4º predicted by beam squint formula. However, the beam deviation effect still persists in 

each sub-band. Due to the relatively small diameter of the reflectarray prototype (43 cm), the 

required beam squint to generate the spaced beams at 18 and 20 GHz is considerably pronounced 

(it is required a deviation of 2.55º instead of the 0.56° considered in the previous chapter for a 1.8 

m reflectarray), which has increased the difficulty to suppress the beam squint within each sub-

band. It is expected that in a real antenna, with a further effort in the in-band optimization, the 

beam debiation in a 1 GHz bandwidth can be reduced to the values of satellite pointing accuracy 

(typicaly 0.1º).  

To conclude, the measurements are highly satisfactory and prove the proposed concept 

of generating four spaced beams in different colors. For a real satellite antenna, which requires a 

lower beam squint effect, the remaining beam squint within the frequency sub-bands could be 

reduced below typical pointing accuarcies in satellite communications in Ka-band. Thus, two 

reflectarray antennas designed to generate four spaced beams per feed would be able to generate 

a complete four-color coverage in Ka-band. The four reflectors commonly used onboard the 

communication satellites, which operate simultaneously in Tx and Rx, could be replaced by one 

reflectarray operating in Tx and a second reflectarray operating in Rx.  

The following chapters will address a new solution for reducing the number of antennas 

onboard communication satellites in Ka-band through the use of reflectarrays. Instead of 

proposing a single reflectarray to generate a complete four-color coverage in a single band (Tx or 

Rx), the new strategy will be focused on a reflectarray to generate one half of the required four-

color coverage (the beams produced in two different colors) simultaneously in Tx and Rx. In this 

way, the reflectarray will be designed to generate two beams per feed in orthogonal polarizations 

simultaneously at separate operating frequencies (20/30 GHz) instead of at close frequencies 

(within the same Tx or Rx band). The operation at separate frequency bands reduces the 

complexity of the design and removes the need to use the beam squint effect. As shown in 

Chapters 2 and 3, the proposed reflectarrays designed with the beam squint method have required 

large phase corrections that result in phase distributions on the reflectarray surface with abrupt 

phase variations. Thus, a new dual-band reflectarray will be defined with a parabolic surface to 
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reduce the required phase correction introduced by the printed elements to properly focus the 

radiated beams. In the next chapters, new reflectarray cells and design methods will be proposed 

to operate in dual-CP at Tx and Rx frequencies in Ka-band. 
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In this chapter, a brief introduction of reflectarray cells to operate in dual 

circular polarization is shown, paying special attention to those solutions based 

on the Variable Rotation Technique applied to the reflectarray elements. Then, 

the operating principles behind the Variable Rotation Technique are detailed, 

analyzing the impact of possible errors that may occur in practice when 

implementing this technique. The chapter finishes with the definition and 

characterization of a novel reflectarray cell to operate in dual-circular 

polarization simultaneously at two frequency bands. Based on the information 

gathered from the operating principles of the Variable Rotation Technique, the 

operational bandwidth of the reflectarray cells has been improved, including the 

application of an in-band optimization implemented through the degrees of 

freedom provided by the proposed reflectarray cell. 
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4.1 CIRCULARLY POLARIZED REFLECTARRAY CELLS: STATE OF 

THE ART 

In contrast to the conventional reflectors, reflectarrays can be designed to provide a 

different phase distribution on their surface for each polarization by means of an appropriate 

design of the reflectarray cells. The independent operation between orthogonal polarizations can 

be implemented for LP [15], [16], [36], [56], or CP [57]-[63]. 

The design of reflectarray antennas to produce independent beams in orthogonal CP 

implies greater difficulties at the reflectarray cell level than for the dual LP operation case. 

Different approaches to design reflectarray cells with independent control in the Left Handed CP 

(LHCP) and the Right Handed CP (RHCP) have been shown in Chapter 1 (Section 1.1.3.2) [57]-

[60]. One of the most widely used techniques to design CP reflectarrays is the Variable Rotation 

Technique (VRT) [64]-[66], based on the rotation of the reflectarray elements to introduce a 

phase-shift in RHCP proportional to twice the rotation angle, and the same phase shift with 

opposite sign in LHCP.  

In [63], a single band dual-CP parabolic reflectarray has been proposed to produce two 

spaced beams in orthogonal polarizations per feed by using the VRT to deviate in opposite 

directions the CP beams focused by the parabolic surface of the antenna. This concept has been 

experimentally validated in [104], where a flat reflectarray deviates in opposite directions the 

beam radiated by a dual-CP feed by means of the VRT and with no possibility of a further phase 

correction. Then, in [105] a flat reflectarray demonstrated for the first time the capability of 

operating by VRT to deviate the beams in orthogonal CP at the same time that the reflectarray 

elements also introduce a phase adjustment to shape the beams without the need for a parabolic 

surface. The reflectarray cell consists of two orthogonal sets of three parallel dipoles, where the 

dipoles are rotated to split the beams, while the lengths of the rotated dipoles are adjusted to focus 

the beams. However, the previously reported reflectarrays that split the beams in orthogonal CP 

operate in a single frequency band, while broadband satellite communications in Ka-band operate 

in two frequency bands (20 GHz to Tx and 30 GHz to Rx). 

In this chapter, a new reflectarray cell is presented to provide opposite phase-shifts in 

each orthogonal CP by applying the VRT simultaneously at the Tx and Rx frequencies in Ka-

band. The proposed cell can be used to design a parabolic reflectarray to generate two spaced 

beams per feed in orthogonal CP, as in [63], but with simultaneous operation in Tx and Rx. 

Moreover, in addition to apply the VRT independently in two frequency bands, the reflectarray 

cell can introduce an additional phase adjustment in the Rx band, which can be used to correct 

the beam shaping or to compensate the shift of the phase center of the feed between the Tx and 

Rx frequencies. In parallel to the work carried out here, other authors developed different 
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reflectarray cells to achieve the operation in dual-CP at two different frequency bands. The design 

technique proposed in [60] to operate in dual-CP by means of a LP-to-CP polarizer and a dual-

LP reflectarray has been extended in [106] to design a dual-CP reflectarray with dual band 

operation. The parabolic reflectarray to operate by VRT in [63] has also been updated to include 

dual band operation in [107] by means of a reflectarray cell with a similar architecture to the one 

proposed in this chapter, although the cell in [107] presents some limitations due to the lower 

number of degrees of freedom provided by the reflectarray elements, as will be shown in later 

chapters. 

4.2 OPERATING PRINCIPLE 

4.2.1 VRT assuming normal incidence 

The Variable Rotation Technique (VRT), as its name suggests, is based on the rotation 

of the reflectarray elements to introduce a certain phase-shift in the incident CP-wave. In order to 

analyze the reflectarray cell, two coordinate systems have been considered, which are defined by 

the unit vectors (𝑥, �̂�) and (𝑥′, �̂�′). The vectors (𝑥, �̂�) are oriented according to the X and Y axes 

of an absolute coordinate system; these vectors are fixed despite the printed elements may be 

rotated, assuming a periodic structure. The vectors (𝑥′, �̂�′) correspond to the previous system 

rotated together with the elements and, in practice, they will be different for each cell (see Fig. 

4-1). 

    

α

 

The analysis of each reflectarray cell is based on the characterization of the reflection 

matrix of the cell in a perdiodic enviroment, formed by the co-polar and cross-polar reflection 

coefficients associated to the linear components of the tangential field. The reflected field on each 
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cell is obtained by multiplying the incident field and the reflection matrix of the cell, as shown in 

(4.1) referred to the two linear components parallel to the axes x and y (absolute coordinate 

system). The relation between the reflection matrices referred to the absolute coordinate system 

and the components parallel to the rotated axes x’ and y’ (rotated system) is shown in (4.2).  

 

 
(
𝐸𝑥

𝑟𝑒𝑓

𝐸𝑦
𝑟𝑒𝑓) = (

𝑅𝑋𝑋 𝑅𝑋𝑌

𝑅𝑌𝑋 𝑅𝑌𝑌
)(

𝐸𝑥
𝑖𝑛𝑐

𝐸𝑦
𝑖𝑛𝑐)  

 

(
𝑅′

𝑋𝑋 𝑅′
𝑋𝑌

𝑅′
𝑌𝑋 𝑅′

𝑌𝑌
) = (

cos(𝛼𝑟𝑜𝑡) sin(𝛼𝑟𝑜𝑡)
− sin(𝛼𝑟𝑜𝑡) cos(𝛼𝑟𝑜𝑡)

) (
𝑅𝑋𝑋 𝑅𝑋𝑌

𝑅𝑌𝑋 𝑅𝑌𝑌
) (

cos(𝛼𝑟𝑜𝑡) − sin(𝛼𝑟𝑜𝑡)
sin(𝛼𝑟𝑜𝑡) cos(𝛼𝑟𝑜𝑡)

)  

 

Assuming a normally incident CP plane wave impinging on a periodic array of printed 

elements (the waves propagate in the z negative direction), the electric incident fields 

(𝐸𝑖𝑛𝑐
𝑅𝐻𝐶𝑃/𝐿𝐻𝐶𝑃

) can be written as:  

 

 
�⃗� 𝑖𝑛𝑐

𝑅𝐻𝐶𝑃 = 𝐸0(𝑥′ + 𝑗�̂�′)𝑒𝑗𝐾𝑧  

  
 

 
�⃗� 𝑖𝑛𝑐

𝐿𝐻𝐶𝑃 = 𝐸0(𝑥
′ − 𝑗�̂�′)𝑒𝑗𝐾𝑧  

 

In addition to the assumption of normal incidence, the formulation of the VRT in previous 

works [64]-[66], [63] always considers that the cross-polar coefficients associated to the linear 

components parallel to the rotated axes x’ and y’ are zero (𝑅′𝑋𝑌 = 𝑅′𝑌𝑋 = 0). In practice, levels 

below -20 dB provide accurate results. Then, the reflected electric field for a RHCP or LHCP 

incident wave (𝐸𝑟𝑒𝑓
𝑅𝐻𝐶𝑃/𝐿𝐻𝐶𝑃

) can be expressed as the sum of two CP waves that propagate in the 

z positive direction [65], [66]: 

 

�⃗� 𝑟𝑒𝑓
𝑅𝐻𝐶𝑃 =

1

2
𝑒𝑗2𝛼𝑟𝑜𝑡𝐸0(𝑅

′
𝑋𝑋 − 𝑅′

𝑌𝑌)(�̂�′ − 𝑗�̂�′)𝑒−𝑗𝐾𝑧 +
1

2
𝐸0(𝑅

′
𝑋𝑋 + 𝑅′

𝑌𝑌)(�̂�′ + 𝑗�̂�′)𝑒−𝑗𝐾𝑧  
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�⃗� 𝑟𝑒𝑓
𝐿𝐻𝐶𝑃 =

1

2
𝑒−𝑗2𝛼𝑟𝑜𝑡𝐸0(𝑅

′
𝑋𝑋 − 𝑅′

𝑌𝑌)(�̂�
′ + 𝑗�̂�′)𝑒−𝑗𝐾𝑧 +

1

2
𝐸0(𝑅

′
𝑋𝑋 + 𝑅′

𝑌𝑌)(�̂�
′ − 𝑗�̂�′)𝑒−𝑗𝐾𝑧  

  

The first component of the reflected fields shown in (4.5) and (4.6) is the CP wave with 

the same direction of rotation as the incident field (co-polar component). Note that the expresions 

for RHCP and LHCP are different than in the incident field (4.3), (4.4) because the field is now 

propagating in the +z direction. The phase of the co-polar component is shifted by 2 · 𝛼𝑟𝑜𝑡 for 

RHCP and  −2 · 𝛼𝑟𝑜𝑡 for LHCP, where αrot is the rotation angle of the reflectarray elements (see 

Fig. 4-1). On the other hand, the second component of the reflected fields shown in (4.5) and 

(4.6)(4.6) is the CP wave orthogonal to the incident wave; the cross-polar component. This second 

component can be suppressed when the following condition is fulfilled (Fox's principle) [108]: 

 

 
𝑅′

𝑌𝑌 = −𝑅′
𝑋𝑋  

 

In other words, both co-polar reflection coefficients 𝑅′
𝑋𝑋 and 𝑅′

𝑌𝑌 must present the same 

amplitude (|𝑅𝑋𝑋
′ | = |𝑅𝑌𝑌

′ |) and a differential phase-shift of 180° (∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180°). When 

this condition is fulfilled, the reflected field is: 

 

�⃗� 𝑟𝑒𝑓
𝑅𝐻𝐶𝑃 =

1

2
𝑒𝑗2𝛼𝑟𝑜𝑡𝐸0(𝑅

′
𝑋𝑋 − 𝑅′

𝑌𝑌)(𝑥′ − 𝑗�̂�′)𝑒−𝑗𝐾𝑧 = 𝑒𝑗2𝛼𝑟𝑜𝑡𝐸0𝑅
′
𝑋𝑋(�̂�′ − 𝑗�̂�′)𝑒−𝑗𝐾𝑧  

 
 

�⃗� 𝑟𝑒𝑓
𝐿𝐻𝐶𝑃 = 𝑒−𝑗2𝛼𝑟𝑜𝑡𝐸0𝑅

′
𝑋𝑋(𝑥′ + 𝑗�̂�′)𝑒−𝑗𝐾𝑧  

 

Note that, when the condition (4.7) is fulfilled, the phase of the reflected field [see (4.8) 

and (4.9)] depends on two terms: first, the phase associated to the rotation angle of the element, 

𝜙𝐶𝑃 = 2 · 𝛼𝑟𝑜𝑡 (with opposite sign for each CP), and second, the phase of the co-polar reflection 

coefficient 𝑅′
𝑋𝑋, 𝜙0 = ∠𝑅𝑋𝑋

′ , which provides an additional degree of freedom to control the 

phase of the reflected field. 
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4.2.2 Cross-polar suppression in VRT  

When the condition shown in (4.7) is not satisfied, the relation between the reflection 

coefficients 𝑅′
𝑋𝑋 and 𝑅′

𝑌𝑌 can be expressed as: 

 

 R′YY = −R′XX · 𝜌𝑒𝑗∆𝜙 
 

 

where ∆𝜙 is the error in the phase shift with respect to 180° (ideally, ∆𝜙 = 0°) and 𝜌 is 

the ratio between the amplitudes of both coefficients (ideally, 𝜌 = 1). Assuming the relation 

shown in (4.10), the reflected fields presented in (4.5) and(4.6) (4.6) can be expressed as: 

 

�⃗� 𝑟𝑒𝑓
𝑅𝐻𝐶𝑃 =

1

2
𝑒𝑗2𝛼𝑟𝑜𝑡𝐸0𝑅

′
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1

2
𝐸0𝑅

′
𝑋𝑋(1 − 𝜌𝑒𝑗∆𝜙)(�̂�′ + 𝑗�̂�′)𝑒−𝑗𝐾𝑧  

 
 

�⃗� 𝑟𝑒𝑓
𝐿𝐻𝐶𝑃 =

1

2
𝑒−𝑗2𝛼𝑟𝑜𝑡𝐸0𝑅

′
𝑋𝑋(1 + 𝜌𝑒𝑗∆𝜙)(�̂�′ + 𝑗�̂�′)𝑒−𝑗𝐾𝑧 +

1
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𝐸0𝑅

′
𝑋𝑋(1 − 𝜌𝑒𝑗∆𝜙)(�̂�′ − 𝑗�̂�′)𝑒−𝑗𝐾𝑧  

 

Under this condition, the cross-polar component associated to the second term of (4.11) 

and (4.12) is not suppressed. In practice, the difference between the amplitudes of 𝑅′
𝑋𝑋 and 𝑅′

𝑌𝑌 

is very small, typically reaching values below 0.2 dB, which results in 0.98 ≤ 𝜌 ≤ 1.02. In order 

to appreciate the impact of ∆𝜙 and 𝜌, Fig. 4-2 shows the amplitude of the terms associated to the 

co-polar (
1

2
 (1 + 𝜌𝑒𝑗∆𝜙)) and cross-polar (

1

2
 (1 − 𝜌𝑒𝑗∆𝜙)) components in (4.11) and (4.12) as a 

function of the phase error ∆𝜙 and considering three different values of the amplitude error 𝜌.  

As expected, the overall performance of the components in Fig. 4-2 shows how the term 

associated to the cross-polar component (solid lines in Fig. 4-2) is cancelled for ∆𝜙 = 0° and 

maximized for ∆𝜙 = ±180°, just the opposite of the co-polar term (dashed lines in Fig. 4-2). Fig. 

4-2 also shows that the differences between the different values of 𝜌 are extremely low. Actually, 

the values given to 𝜌 correspond to larger errors than those achieved in practice (where 𝜌 is 

typically larger than 0.98), in order to better appreciate the possible effect caused by this 

parameter.  The information provided in Fig. 4-2  can also be used to compute the cross-polar 

over co-polar ratio obtained in (4.11) and (4.12) as a function of the phase error ∆𝜙. The resultant 
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relation is shown in Fig. 4-3a for the complete range of phase deviations (−180° ≤ ∆𝜙 ≤ 180°) 

and in Fig. 4-3b for a detailed view where |∆𝜙| ≤ 35°. Note that a typical requirement in satellite 

communications consists of a cross-polar over co-polar ratio lower than -20 dB. 

 

∆𝜙
𝜌

 

 

(a) 

   

(b) 

∆𝜙
−35° ≤ ∆𝜙 ≤ 35°
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Due to the opposite behavior between the co-polar and the cross-polar terms, the cross-

polar over co-polar ratio shown in Fig. 4-3a tends to infinity for ∆𝜙 = ±180°, when the co-polar 

component is suppressed, and to minus infinity for ∆𝜙 = 0°, when the cross-polar component is 

suppressed. In practice, the reflectarray elements are designed to provide a difference between 

the phases of the co-polar reflection coefficients 𝑅′
𝑋𝑋 and 𝑅′

𝑌𝑌 of 180°, so the deviations in phase 

should be limited to around |∆𝜙| ≤ 35°, as shown in Fig. 4-3b. This figure clearly shows that the 

impact of 𝜌 barely affects beyond |∆𝜙| ≥ 5°, since the phase error is predominant, while in the 

case of |∆𝜙| ≤ 5° the cross-polar over co-polar ratio is lower than -25 dB for 𝜌 ≥ 0.95. 

Therefore, the impact of the amplitude error 𝜌 can be neglected, assuming 𝜌 = 1 . On the other 

hand, the error in phase ∆𝜙 is the primary responsible for the cancellation of the cross-polar 

component. Fig. 4-3b shows that the cross-polar over co-polar ratio is larger than -20 dB for phase 

deviations larger than 10° (|∆𝜙| ≥ 10°). 

4.2.3 General formulation of VRT in oblique incidence 

The formulation of the VRT in previous works [64]-[66] always assumes normal 

incidence, reflection coefficients of the two linear components in the locally rotated coordinate 

system that are equal in amplitude and opposite in phase (𝑅′
𝑌𝑌 = −𝑅′

𝑋𝑋) and cross-polar 

coefficients equal to zero (𝑅′𝑋𝑌 = 𝑅′𝑌𝑋 = 0). A more general formulation has been developed to 

determine the requirements of the reflection coefficients for each polarization in the locally 

rotated coordinate system under oblique incidence.  
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The first objective is to derive the ideal reflection matrix for a reflectarray surface to 

provide a different phase-shift in each CP by VRT when a dual-CP field is incident. As 

aforementioned, when the co-polar reflection coefficients 𝑅′
𝑋𝑋 and 𝑅′

𝑌𝑌 present the same 

amplitude and a phase-shift of 180°, the phase of the reflected field [see (4.8) and (4.9)] depends 

on two phase terms related to the rotation angle of the element, 𝜙𝐶𝑃 = 2 · 𝛼𝑟𝑜𝑡 (with opposite 

sign for each CP), and the phase of the co-polar reflection coefficient 𝑅′
𝑋𝑋, 𝜙0 = ∠𝑅𝑋𝑋

′  (identical 

for both CP). Therefore, the ideal reflection matrix to generate discrimination in CP can be written 

as:  

 

 
(
𝐸𝑟𝑒𝑓

𝑅𝐻𝐶𝑃

𝐸𝑟𝑒𝑓
𝐿𝐻𝐶𝑃) = (𝑒

𝑗𝜙𝐶𝑃 0
0 𝑒−𝑗𝜙𝐶𝑃

)(
𝐸𝑖𝑛𝑐

𝑅𝐻𝐶𝑃

𝐸𝑖𝑛𝑐
𝐿𝐻𝐶𝑃)𝑒𝑗𝜙0 

 

 

Now, the incident field in CP (𝐸𝑖𝑛𝑐
𝑅𝐻𝐶𝑃/𝐿𝐻𝐶𝑃

) impinges at an oblique angle of incidence 

and is defined as: 

 

 

�⃗� 𝑖𝑛𝑐
𝑅𝐻𝐶𝑃 =

𝐸0

√2
(𝜃𝑖 − 𝑗�̂�𝑖);   �⃗� 𝑖𝑛𝑐

𝐿𝐻𝐶𝑃 =
𝐸0

√2
(𝜃𝑖 + 𝑗�̂�𝑖)  

 

where the wave is propagating in the direction �̂�𝑖 (see Fig. 4-4). The reflected fields in 

CP is propagated in the direction  �̂�𝑟, expressed by: 

 

 

�⃗� 𝑟𝑒𝑓
𝑅𝐻𝐶𝑃 =

𝐸0

√2
(𝜃𝑟 − 𝑗�̂�𝑟);   �⃗� 𝑟𝑒𝑓

𝐿𝐻𝐶𝑃 =
𝐸0

√2
(𝜃𝑟 + 𝑗�̂�𝑟)  

 

Several coordinate transformations have been applied to the equation (4.13). First, from 

the CP components to spherical coordinates. Substituting (4.14) and (4.15) into (4.13) results in 

the following relationship: 
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(
𝐸𝑟𝜃

𝐸𝑟𝜑
) = (

cos𝜙𝐶𝑃 sin𝜙𝐶𝑃

sin𝜙𝐶𝑃 −cos𝜙𝐶𝑃
) (

𝐸𝑖𝜃

𝐸𝑖𝜑
) 𝑒𝑗𝜙0 

 

 

Then, the components of the incident and reflected fields are transformed from spherical 

to Cartesian coordinates (oriented according to the absolute non-rotated coordinate system, (𝑥, �̂�) 

in Fig. 4-1), multiplying by the appropriate matrices for change of coordinate system in 3D 

assuming that the field components in the �̂�𝑖 (or �̂�𝑟) direction are zero, as shown in (4.17). The 

matrices 𝑴𝑖
𝐶−𝑆𝑝ℎ

 and 𝑴𝑟
𝐶−𝑆𝑝ℎ

 for change of coordinate system are defined in (4.18) and (4.19), 

respectively. 

  

(

𝐸𝑖,𝑛

𝐸𝑖,𝜃

𝐸𝑖,𝜑

) = [𝑴𝑖
𝐶−𝑆𝑝ℎ 

] ⋅ (

𝐸𝑖,𝑥

𝐸𝑖,𝑦

𝐸𝑖,𝑧

) ;      (

𝐸𝑟,𝑛

𝐸𝑟,𝜃

𝐸𝑟,𝜑

) = [𝑴𝑟
𝐶−𝑆𝑝ℎ

] ⋅ (

𝐸𝑟,𝑥

𝐸𝑟,𝑦

𝐸𝑟,𝑧

)  

  

[𝑴𝑖
𝐶−𝑆𝑝ℎ 

] = (

�̂�𝑖 ⋅ 𝑥   �̂�𝑖 ⋅ �̂�   �̂�𝑖 ⋅ �̂�

𝜃𝑖 ⋅ 𝑥   𝜃𝑖 ⋅ �̂�   𝜃𝑖 ⋅ �̂�
�̂�𝑖 ⋅ 𝑥   �̂�𝑖 ⋅ �̂�   �̂�𝑖 ⋅ �̂�

) = (−

sin𝜃 ⋅ cos𝜑 sin 𝜃 ⋅ sin𝜑 −cos 𝜃
cos 𝜃 ⋅ cos𝜑 −cos𝜃 ⋅ sin𝜑 − sin𝜃

−sin𝜑 cos𝜑 0
)  

  

[𝑴𝑟
𝐶−𝑆𝑝ℎ

] = (

�̂�𝑟 ⋅ 𝑥   �̂�𝑟 ⋅ �̂�   �̂�𝑟 ⋅ �̂�

𝜃𝑟 ⋅ 𝑥   𝜃𝑟 ⋅ �̂�   𝜃𝑟 ⋅ �̂�
�̂�𝑟 ⋅ 𝑥   �̂�𝑟 ⋅ �̂�   �̂�𝑟 ⋅ �̂�

) = (
sin𝜃 ⋅ cos𝜑 sin𝜃 ⋅ sin𝜑 cos 𝜃
cos 𝜃 ⋅ cos𝜑 cos 𝜃 ⋅ sin𝜑 −sin 𝜃

−sin𝜑 cos𝜑 0
)  

 

Then, the ideal reflection matrix 𝑹𝑋𝑌𝑍 that relates the reflected and incident field 

components in the Cartesian coordinate system [see (4.20)] is defined as shown in (4.21).  
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(

𝐸𝑟,𝑥

𝐸𝑟,𝑦

𝐸𝑟,𝑧

) = [𝑹𝑋𝑌𝑍] ⋅ (

𝐸𝑖,𝑥

𝐸𝑖,𝑦

𝐸𝑖,𝑧

)  

  

[𝑹𝑋𝑌𝑍] = [𝑴𝑟
𝐶−𝑆𝑝ℎ

]
𝑻
⋅ (

1 0 0
0 𝑐𝑜𝑠 𝜙𝐶𝑃 𝑠𝑖𝑛 𝜙𝐶𝑃

0 𝑠𝑖𝑛𝜙𝐶𝑃 −𝑐𝑜𝑠 𝜙𝐶𝑃

) ⋅ [𝑴𝑖
𝐶−𝑆𝑝ℎ

] ⋅ 𝑒𝑗𝜙0   

 

The z component of the field on the reflectarray surface is discarded, since it does not 

contribute to the radiation pattern, and thus the tangential reflected and incident fields are related 

by the 2D matrix: 

 

(
𝐸𝑟,𝑥

𝐸𝑟,𝑦
) = [𝑹𝑋𝑌] ⋅ (

𝐸𝑖,𝑥

𝐸𝑖,𝑦
) 

 

 

This matrix, which includes the term 𝑒𝑗𝜙0, will be used to compute the tangential 

components of the reflected field on each reflectarray cell, and from them, the radiation patterns 

of the reflectarray antennas. Finally, the components are transformed from the reference system 

to the locally rotated coordinates [(𝑥′, �̂�′) in Fig. 4-1], which depends on the rotation angle of the 

reflecting elements in each cell (αrot). The equation for the coordinate transformation is: 

 

(
𝐸𝑖(𝑟),𝑥′

𝐸𝑖(𝑟),𝑦′
) = (

𝑐𝑜𝑠 𝛼𝑟𝑜𝑡 𝑠𝑖𝑛 𝛼𝑟𝑜𝑡

−𝑠𝑖𝑛 𝛼𝑟𝑜𝑡 𝑐𝑜𝑠 𝛼𝑟𝑜𝑡
) ⋅ (

𝐸𝑖(𝑟),𝑥

𝐸𝑖(𝑟),𝑦
) = [𝑴𝑅𝑂𝑇] ⋅ (

𝐸𝑖(𝑟),𝑥

𝐸𝑖(𝑟),𝑦
) 

 

 

Then, the ideal reflection matrix relating the reflected and incident field components in 

the locally rotated coordinate system is given by: 

 

(
𝐸𝑟,𝑥′

𝐸𝑟,𝑦′
) = [𝑴𝑅𝑂𝑇]

𝑇 ⋅ [𝑹𝑋𝑌] · [𝑴𝑅𝑂𝑇] · (
𝐸𝑖,𝑥′

𝐸𝑖,𝑦′
) = [𝑹′𝑋𝑌] · (

𝐸𝑖,𝑥′

𝐸𝑖,𝑦′
) 
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This matrix will be used to enforce the conditions of phase-shift in each reflectarray cell 

when optimizing the antenna.  Ideally (assuming normal incidence), this matrix should be:  

 

[𝑹′𝑋𝑌] = (
𝑅′

𝑋𝑋 𝑅′
𝑋𝑌

𝑅′
𝑌𝑋 𝑅′

𝑌𝑌
) = (

𝑅′
𝑋𝑋 0

0 −𝑅′
𝑋𝑋

)  

 

The general formulation of VRT under oblique incidence has been tested by considering 

a 1.8 m parabolic reflectarray that splits the orthogonal CP beams focused by the parabolic 

surface. The required phase distributions on the reflectarray surface to only deviate in opposite 

directions the beams in orthogonal CP’s are shown in Fig. 4-5. The phase distributions have been 

computed to deviate ±0.28° in the xz-plane the focused beams at 19.7 GHz (the process about 

computing the required phase distributions on a parabolic surface is detailed in Chapter 5). The 

phase distributions present a progressive phase term with opposite direction for each CP to deviate 

in opposite directions the orthogonal CP beams. 

 

 

                                   (a)                                                                            (b) 

 

The ideal reflection matrix in CP of each reflectarray cell can be defined from the required 

phase distributions in CP. In this case, the phase of the co-polar reflection coefficients in CP 

depends on the phase term 𝜙𝐶𝑃 (with opposite sign for each CP), while the phase term defined as 

𝜙0 in (4.13) remains constant for all the cells. Then, the aforementioned transformations have 

been applied to convert from the CP components to spherical coordinates and from there to 

Cartesian coordinates oriented according to the non-rotated coordinate system. Fig. 4-6 shows the 

amplitudes and phases of the coefficients of the reflection matrix 𝑹𝑋𝑌 [see (4.22)]. 
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Finally, the rotation of the elements 𝛼𝑟𝑜𝑡 to obtain the locally rotated coordinate system 

in each cell is computed from the phase term 𝜙𝐶𝑃 defined for the reflection matrixes in CP, 

considering that 𝜙𝐶𝑃 = 2 · 𝛼𝑟𝑜𝑡. The reflection matrix 𝑹′𝑋𝑌 referred to the rotated system has 

been computed as shown in (4.24) for each cell. The amplitudes and phases of the reflection 

coefficients of 𝑹′𝑋𝑌 are shown in Fig. 4-7. Note that these values of amplitude and phase, obtained 

by appling the successive transformation shown in previous equations, are practically coincident 

with the assumption normally used for normal incidence.   
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The computed coefficients demonstrate that for applying the VRT, the conditions to be 

fulfilled are: 𝑅′
𝑌𝑌 = −𝑅′

𝑋𝑋 and 𝑅′
𝑋𝑌 = 𝑅′

𝑌𝑋 = 0, as in the formulation under normal incidence. 

Remember that, although the cross-polarization coefficients should be zero, in practice, levels 

below -20 dB provide accurate results. 

4.3 DEFINITION OF THE REFLECTARRAY CELL 

A new reflectarray cell is proposed here to provide opposite phase-shifts in each 

orthogonal CP by means of VRT with independent operation at Tx and Rx in Ka-band (19.7 GHz 

and 29.5 GHz, respectively). Thus, the cell makes it possible to design a parabolic reflectarray to 

generate two spaced beams per feed in orthogonal CP simultaneously at Tx and Rx frequencies. 

The reflectarray cell consists of two stacked dielectric layers and two levels of metallization, as 

can be seen in Fig. 4-8. In order to operate at two different frequency bands, the cell combines 

two different resonant elements: two orthogonal groups of three parallel dipoles to operate at Rx 

(29.5 GHz), and two outer symmetrical arcs to operate at Tx (19.7 GHz).  

 

 

                                                  (a)                                                  (b)  
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The two types of reflectarray elements can be independently rotated to introduce a 

different phase shift in each frequency band. Particularly, the rotation angle of the elements allows 

to control the phase term 𝜙𝐶𝑃 = ±2 · 𝛼𝑟𝑜𝑡 (with opposite sign for each CP) that is introduced in 

each frequency band. Each group of elements must be designed at a different operating frequency 

(19.7 GHz for the arcs and 29.5 GHz for the dipoles) to provide a differential phase-shift of 180° 

between the co-polar reflection coefficients associated to the linear components of the incident 

field oriented according to the rotated coordinate system (∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180°). 

Remember that this phase condition comes from (4.7) and that, in practice, the amplitude 

errors related to the reflection coefficients can be neglected (ideally |𝑅𝑋𝑋
′ | = |𝑅𝑌𝑌

′ | and |𝑅𝑋𝑌
′ | =

|𝑅𝑌𝑋
′ | = 0), since they have a smaller impact on the VRT performance than the phase errors with 

respect to the required 180° phase difference. Note also that two rotated coordinate systems must 

be defined: one associated to the rotation angle of the arcs (𝑥𝐴𝑟𝑐
′ , �̂�𝐴𝑟𝑐

′ ) for operation in Tx, and 

the other associated to the rotation angle of the dipoles (𝑥𝐷𝑖𝑝
′ , �̂�𝐷𝑖𝑝

′ ) for operation in Rx, as shown 

in Fig. 4-8.  

Moreover, the reflectarray cell makes it possible to introduce an additional phase 

adjustment in the Rx band, which can be used to correct the beam shaping at Rx frequencies. This 

additional phase control is achieved due to the greater degree of freedom provided by the sets of 

dipoles used in Rx, which allow to control the second phase term, 𝜙0 , which is common to both 

CP’s [see (4.8) and (4.9)] at the Rx frequencies. 

Concerning the geometrical parameters of the reflectarray cell, the horizontal and vertical 

dimensions (PX and PY in Fig. 4-8) have been set to 6.5 mm, in order to prevent the appearance of 

grating lobes at the higher frequency for a maximum angle of 34° (incidence on the reflectarray 

elements or direction of the radiated beam) and to allow enough room for the elements.  

The two symmetrical arcs to operate at Tx have been defined with a width of 0.2 mm and 

an inner radius of 2.65 mm to let room for the inner dipoles and to minimize the coupling between 

arcs and dipoles. The arcs offer a single design variable, which is their length given by the angle 

of the arcs Ω (see Fig. 4-8). Thus, the length of the arcs is adjusted to provide the differential 

phase-shift of 180° between both co-polar reflection coefficients 𝑅′
𝑋𝑋 and 𝑅′

𝑌𝑌 according the 

rotated coordinate system of the arcs.  

The dipoles have been defined with a width of 0.4 mm and a separation between adjacent 

coupled dipoles of 1.2 mm from center to center. The lateral dipoles of each arrangement are 

symmetrical with respect to the central one, in order to keep low levels of cross-polarization. 

Initially, the lengths of the lateral dipoles of each arrangement are scaled by a factor of 0.77 with 

respect to the length of the central dipole, so the two orthogonal sets of dipoles provide two 

independent design variables: the lengths of the central dipoles in each arrangement (lA1 and lB1 

in Fig. 4-8). In this way, the phase of the co-polar reflection coefficients 𝑅′
𝑋𝑋 and 𝑅′

𝑌𝑌 (according 
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the rotated coordinate system of the dipoles) can be independently controlled by each orthogonal 

set of dipoles at Rx frequencies, which makes it possible to control not only the differential phase-

shift of 180° but also the absolute values of ∠𝑅𝑋𝑋
′  and of ∠𝑅𝑌𝑌

′  within a phase variation range 

larger than 360°. In other words, the orthogonal sets of dipoles can introduce opposite phase-

shifts in each orthogonal CP at Rx by means of the rotation of the dipoles (𝜙𝐶𝑃 = 2 · 𝛼𝑟𝑜𝑡), at the 

same time that they introduce an identical phase correction in both CP’s by means of the phase of 

the co-polar reflection coefficient 𝑅𝑋𝑋
′   (𝜙0 = ∠𝑅𝑋𝑋

′ ). The scale factor of the lateral dipoles and 

the separation between coupled parallel dipoles have been selected looking for a linear behavior 

of the phase response (∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′ ) and a margin of phases larger than 360° at Rx. Later in 

this chapter, the length of the lateral dipoles of each set (lA2 and lB2 in Fig. 4-8) will be also 

considered as a design variable, making it possible to increase the phase control in order to 

introduce in-band optimizations at Rx. 

The previous geometrical parameters have been defined considering two commercial 

substrates (Diclad 880B) for both dielectric layers, characterized by a dielectric constant (εr) of 

2.17, a loss tangent (tanδ) of 0.0009. The lower substrate layer (layer A in Fig. 4-8) has a thickness 

of 1.524 mm, while the upper dielectric (layer B) has a thickness of 0.127 mm. Note that the 

orthogonal sets of dipoles should be printed on both sides of the upper dielectric, which has been 

selected relatively thin in an attempt to minimize possible differences in the behavior in phase 

and amplitude between the upper and lower printed dipoles.  

4.4 PERFORMANCE AND PARAMETRIC STUDY OF THE 

REFLECTARRAY CELL 

The reflectarray cell has been analyzed by means of a home-made full-wave 

electromagnetic code developed at the Applied Electromagnetics Group (GEA) of Universidad 

Politécnica de Madrid (UPM), in collaboration with the Faculty of Physics of Universidad de 

Sevilla. The code is based on the Method of Moments in the Spectral Domain (SD-MoM) 

assuming a periodic array structure. Thus, this tool analyzes each reflectarray cell by means of 

multilayered Green’s functions assuming an infinite periodic array model. The analysis takes into 

account the real angles of incidence on each reflectarray cell, without normal incidence 

approaches. As a result, each reflectarray cell analyzed is characterized by its reflection matrix, 

which relates the tangential components of the incident and the reflected fields, as shown in the 

formulation of the VRT. The SD-MoM code makes it possible an accurate and numerically 

efficient full-wave analysis that has previously been implemented to analyze other reflectarray 

cells based on coupled dipoles [100] or split rings (arcs) [109]. In this early chapter, the conducted 

simulations have been validated by comparing the results with the commercial software CST 
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Studio Suite® [110], although in later chapters, the SD-MoM routine will be validated through 

the manufacturing and testing of flat and curved reflectarray antennas. 

In this section, the reflectarray cell has been evaluated under different operating 

conditions. There are two main parameters that characterize the phase response of the reflectarray 

elements: the geometrical variable to adjust the phase of the co-polar reflection coefficients 𝑅′
𝑋𝑋 

and 𝑅′
𝑌𝑌, which is the length of both arcs and dipoles, and the rotation angle of the elements. 

First, the reflectarray elements have been analyzed when their lengths vary for a fixed rotation 

angle, in order to evaluate their capability to ensure that the reflection coefficients for the two 

linear components of the field associated to the rotated coordinate system differ in 180º, as 

required for VRT. Then, the response of the elements has been studied when they are rotated. 

4.4.1 Adjustment of the element dimensions  

The reflectarray cell has been studied under oblique incidence (𝜃𝑖, 𝜑𝑖) = (13°, 0°). These 

angles have been selected since they represent a typical incidence for the central cells of a 

conventional reflectarray antenna. The manufactured and tested prototypes shown in later 

chapters also share similar angles of incidence in the center of the antenna surface.  

The cell has been analyzed at 19.7 GHz when the length of the arcs is increased. 

Remember that the length of the arcs is given by the angle of the arcs, Ω in in Fig. 4-8. In order 

to consider the possible impact of the dipoles in the response of the arcs at Tx frequencies, the 

lengths of the central dipoles on both upper and lower layers, lA1 and lB1 in Fig. 4-8, respectively, 

have been defined as lA1 = 2.8 mm and lB1 = 2.34 mm. Note that the length of the lateral dipoles 

of each set is scaled by a factor of 0.77 with respect to the length of the central dipole. In this 

case, both arcs and dipoles are not rotated (𝛼𝐴𝑟𝑐 = 𝛼𝐷𝑖𝑝 = 0°), so the reflection coefficients for 

the linear components of the field associated to the rotated coordinate system match the reflection 

coefficients according to the absolute coordinate system (𝑅𝑋𝑋
′ = 𝑅𝑋𝑋, 𝑅𝑌𝑌

′ = 𝑅𝑌𝑌). 

Fig. 4-9 shows the simulated co-polar reflection coefficients for the linear components of 

the field at 19.7 GHz, considering that the arc angle varies from 95° to 115°. The simulations 

have been obtained by means of the homemade SD-MoM routine and the commercial software 

CST, achieving a very good agreement between both simulated results that validates the accuracy 

of the SD-MoM code. The phase response shown in Fig. 4-9b presents a smooth variation for 

∠𝑅𝑌𝑌
′ , while ∠𝑅𝑋𝑋

′  remains almost constant. The 180° phase difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  

is reached for an arc angle Ω = 107°, which corresponds to an arc length of 5.14 mm. As 

aforementioned, the length of the arcs can be adjusted to provide the required 180° phase 

difference, but there is no possibility of controlling the absolute values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  where 

this phase difference is reached. In relation to the amplitude of the co-polar reflection coefficients 

𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′ , the simulated level of losses is below 0.1 dB and the difference in amplitude 
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between |𝑅𝑋𝑋
′ | and |𝑅𝑌𝑌

′ | is practically zero. Note that both the amplitude and phase plots shown 

in Fig. 4-9 include two yellow circular markers to indicate the point where the condition of 180° 

phase difference between  ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  is fulfilled (Ω = 107°). The simulated cross-polar 

reflection coefficients 𝑅𝑋𝑌
′  and 𝑅𝑌𝑋

′  are not shown in the figures since their amplitudes are below 

-80 dB for both CST and SD-MoM simulations (because the incidence is one symmetry plane). 

 

 

(a) 

 

(b) 

 

Note that, for the range of arc angles evaluated in Fig. 4-9, the arcs perform like a vertical 

dipole (oriented according to �̂�𝐴𝑟𝑐
′ , as defined in Fig. 4-8), thus controlling the phase of the vertical 

component of the field, ∠𝑅𝑌𝑌
′ . In Fig. 4-10, the amplitude and phase of the co-polar reflection 

coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  have been simulated in a larger range of arc angles, from Ω = 30° to Ω 

= 178°. In this case, the phase response of the arcs can be divided into three zones. When the arc 

angle is smaller than 60°, the electrical size of the elements is too small to resonate, so the arcs 

have no impact on the reflection coefficients at 19.7 GHz. When the angle of the arcs is larger 
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than 60° and smaller than 140°, the arcs mainly act as a dipole oriented according to �̂�𝐴𝑟𝑐
′ . Finally, 

when the length of the arcs is increased above Ω = 140°, the dominant component of the arcs that 

remains increasing is the horizontal one, oriented according to 𝑥𝐴𝑟𝑐
′ .  

 

 

(a) 

 

(b) 

 

Fig. 4-11 shows the simulated co-polar reflection coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  considering 

three different angles of rotation of the arcs, 𝛼𝐴𝑟𝑐, while the dipoles remain unrotated (𝛼𝐷𝑖𝑝 = 0). 

The simulated level of losses is lower than 0.05 dB in all cases, while the phase response shows 

small variations in the phase of 𝑅𝑌𝑌
′ , produced by a different coupling between the dipoles and 

the rotated arcs. As a conclusion, the response of the arcs is quite robust, so the phase condition 

∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180° can be fulfilled for different rotation angles 𝛼𝐴𝑟𝑐 within a limited range of 

values of Ω.  Although the arcs do not provide control in the absolute values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  

which fulfill the required 180° phase difference condition, in practice, these absolute values will 

remain close to each other in all the reflectarray cells, due to the stable behavior of the arcs at Tx 
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frequencies. Therefore, the impact of the phases introduced by ∠𝑅𝑋𝑋
′  in the reflected CP field 

when applying VRT at Tx is small, as will be shown in later chapters. 

 

 

                                             (a)                                                                                    (b) 

 

The reflectarray cell has also been evaluated at 29.5 GHz when the length of the dipoles 

is increased. As in the previous simulations, the angles of incidence (𝜃𝑖, 𝜑𝑖) = (13°, 0°) have been 

considered. The arcs have been defined with an arc angle Ω = 107°, to fulfil ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ =

1800 at 19.7 GHz (obtained from Fig. 4-9). Both arcs and dipoles are not rotated, so 𝛼𝐴𝑟𝑐 =

𝛼𝐷𝑖𝑝 = 0°. In this case, the length of the upper dipoles, controlled by the length of the central 

upper dipole, lB1 in Fig. 4-8, has been increased from lB1 = 1 mm to lB1 = 3.5 mm, while the length 

of the lower dipoles, given by the length of the central lower dipole, lA1, has been adjusted to fulfil 

the 180° phase difference at 29.5 GHz, reaching values from lA1 = 2.5 mm to lA1 = 3.5 mm. Note 

that the lengths of the lateral dipoles remain scaled by a factor of 0.77 with respect to the length 

of the central dipole in each set. 

Fig. 4-12 shows the simulated co-polar reflection coefficients associated to the linear 

components of the field at 29.5 GHz, obtained by the SD-MoM code and by CST. It can be seen 

that a great matching is achieved between the results of the two simulation tools, in both phase 

and amplitude.  The amplitude of the co-polar reflection coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  (see Fig. 4-12a) 

shows a simulated level of losses below 0.2 dB, with a maximum difference between |𝑅𝑋𝑋
′ | and 

|𝑅𝑌𝑌
′ | lower than 0.1 dB. In relation to the phase response shown in Fig. 4-12b, the dipoles provide 

a smooth variation in ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′ , where the condition  ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180° is achieved 

within a range of phase values larger than 400°. This demonstrates the capability of the dipoles 

to fulfill the condition  ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180° (which allows to suppress the cross-polar radiation 
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when applying the VRT), at the same time as they provide control in the phase of 𝑅𝑋𝑋
′  at Rx 

(which allows to introduce the required phase-shift in both CP of the reflected field, as shown in 

section 4.2). The simulated cross-polar reflection coefficients 𝑅𝑋𝑌
′  and 𝑅𝑌𝑋

′  are not shown in the 

figures since their amplitudes are below -60 dB for both CST and SD-MoM simulations. 

 

 

(a) 

 

(b) 

 

One of the advantages of using orthogonal sets of dipoles is the independent control of 

the phase in each of the linear components of the field. Fig. 4-13 shows the simulated co-polar 

reflection coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  at 29.5 GHz when the length of both upper and lower dipoles 

is increased from lA(B)1 = 1.5 mm to lA(B)1 = 5 mm. The simulation considers non-rotated elements, 

and the arcs are defined by an arc angle Ω = 107°. Fig. 4-13 also includes solid black lines to 

indicate the regions where the condition ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180° is accomplished. The amplitude 

of the reflection coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  (see Fig. 4-13a and Fig. 4-13b, respectively) shows a 
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maximum level of losses close to 0.2 dB, while the amplitude of the cross-polar reflection 

coefficients 𝑅𝑋𝑌
′  and 𝑅𝑌𝑋

′  (not shown) is below -60 dB. As expected, the phase of the reflection 

coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  shown in Fig. 4-13c, and Fig. 4-13d, respectively, shows that the 

orthogonal sets of dipoles are practically uncoupled, so each arrangement of dipoles can control 

the phase of one of the reflection coefficients: the length of the upper dipoles, oriented along �̂�𝐷𝑖𝑝
′  

(see Fig. 4-8), control the phase of 𝑅𝑌𝑌
′ , while the phase of 𝑅𝑋𝑋

′  can be mostly controlled by the 

length of the lower dipoles, oriented along 𝑥𝐷𝑖𝑝
′ .  

 

 

                                     (a)                                                                (b) 

 

                                      (c)                                                                (d) 

𝑅𝑋𝑋
′ 𝑅𝑌𝑌

′

|𝑅𝑋𝑋
′ |  |𝑅𝑌𝑌

′ |  ∠𝑅𝑋𝑋
′ ∠𝑅𝑌𝑌

′

 

In contrast to the stable performance at Tx frequencies, the behavior of the cell in Rx is 

not so robust. Fig. 4-14 shows the simulated co-polar reflection coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  

considering that the orthogonal sets of dipoles are rotated a particular angle 𝛼𝐷𝑖𝑝, while the arcs 

remain unrotated. As in Fig. 4-12, the length of the upper dipoles has been gradually increased 

while the length of the lower dipoles is adjusted to fulfil the 180° phase difference. Although the 

phase of 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  has been properly adjusted to provide the required phase difference, the 
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amplitude of the reflection coefficients shows zones with losses larger than 1 dB where the cross-

polar level is larger than -10 dB.  Therefore, the design of the dipoles must be conducted carefully 

to avoid those configurations with large levels of losses. In practice, the length of the dipoles is 

intended to be less than 3.5 mm, to avoid coupling with the arcs and provide low losses. 

 

                                   (a)                                                                                (b) 

 

4.4.2 Analysis and design of dual-CP cell for rotation of arcs and dipoles   

In the previous section, the reflectarray cell has been analyzed at both Tx and Rx 

frequencies to evaluate the fulfillment of the 180° phase difference condition by a proper 

adjustment of the lengths of the elements (arcs for Tx and dipoles for Rx). The characterization 

of the cells has been performed for variable-sized elements with a fixed angle of rotation. Now, 

the behavior of the cell is evaluated when the rotation angle of the elements varies. Note that a 

counterclockwise rotation is always considered to define the positive (lefthanded rotation) and 

negative (righthanded rotation) values of the rotation angles 𝛼𝐴𝑟𝑐 and 𝛼𝐷𝑖𝑝.  

The reflectarray cell has been defined with similar conditions to those previously 

evaluated: the incidence angles are (𝜃𝑖, 𝜑𝑖) = (13°, 0°), the angle of the arcs Ω is set to 107° and 

the length of the dipoles is given by lA1 = 2.8 mm and lB1 = 2.34 mm, which provides the required 

180° phase difference between the coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  at both 19.7 GHz and 29.5 GHz 

when the reflectarray elements are not rotated. Then, the co-polar reflection coefficients for the 

orthogonal CP components of the field 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 have been computed at 19.7 GHz when 

the arcs are rotated and the dipoles remain unrotated. In the same way, the co-polar reflection 

coefficients 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 have been simulated at 29.5 GHz when the dipoles are rotated and 

the arcs keep unrotated. Note that the dimensions of the elements are fixed while they rotate.  
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The results obtained for the phases of 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 as a function of the rotation angle 

of the elements (arcs for Tx and dipoles for Rx) are shown in Fig. 4-15, including simulations 

performed by the SD-MoM code and by CST. Again, a very good agreement is achieved between 

the simulation results obtained by both tools, which validates the accuracy of the SD-MoM 

analysis tool. Remember that, when the condition 𝑅𝑌𝑌
′ = −𝑅𝑋𝑋

′  is fulfilled, the phase of the CP 

reflected field depends on two terms: the phase associated to the rotation angle of the elements, 

𝜙𝐶𝑃 = 2 · 𝛼𝑟𝑜𝑡 (with opposite sign for each CP), and the phase of the co-polar reflection 

coefficient 𝑅′
𝑋𝑋 (which is common to both CP). The phases of the coefficients 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 

shown in Fig. 4-15 have been referenced to the phase of 𝑅𝑋𝑋
′  when the elements are not rotated, 

so that ∠𝑅𝑅𝐻𝐶𝑃 = ∠𝑅𝐿𝐻𝐶𝑃 = 0° when 𝛼𝐴𝑟𝑐 = 𝛼𝐷𝑖𝑝 = 0° (the cross-point in Fig. 4-15). Fig. 4-15 

also includes a theoretical phase variation defined by ±2 · 𝛼𝑟𝑜𝑡 plotted in black dotted lines, 

which can be used to compare with the simulated results. The difference between the ±2 · 𝛼𝑟𝑜𝑡 

variation and the phases of 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 when the arcs are rotated at 19.7 GHz (see Fig. 

4-15a) is relatively low, with a maximum deviation lower than 15°, while the same difference at 

29.5 GHz, when the dipoles are rotated (see Fig. 4-15b), presents larger deviations, with a 

maximum shift around 45°. The differences between the theoretical variation (±2 · 𝛼𝑟𝑜𝑡) and the 

phase of the coefficients 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 are mainly caused by two factors: first, with greater 

impact, the elements have been adjusted to provide ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180° when 𝛼𝐴𝑟𝑐 = 𝛼𝐷𝑖𝑝 =

0°, so when the elements are rotated the phase difference is not re-adjusted and the condition of 

the VRT can be lost. With smaller impact, the second factor is the variation of ∠𝑅𝑋𝑋
′  while the 

elements are rotated, since the phases of 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 have been normalized to the phase of 

𝑅𝑋𝑋
′  when 𝛼𝐴𝑟𝑐 = 𝛼𝐷𝑖𝑝 = 0°.   

 

 

                                    (a)                                                                         (b) 
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Then, the effect of rotating the reflectarray elements has been evaluated again, but in this 

case, as the elements are rotated (arcs at 19.7 GHz or dipoles at 29.5 GHz), their dimensions are 

adjusted to provide ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180°. The simulated results are shown in Fig. 4-16, where 

the phase of the co-polar reflection coefficients 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 when the dimensions of the 

elements are adjusted as they rotate (“Opt. dim.” in Fig. 4-16) is compared to the initial 

simulations shown in Fig. 4-15 when the dimensions of the rotated elements were fixed (“Fixed 

dim.” in Fig. 4-16). Now, the difference between the theoretical ±2 · 𝛼𝑟𝑜𝑡 phase variation and the 

phase of the coefficients 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 for the optimized elements is smaller than in the 

previous case with fixed size elements: at 19.7 GHz, the maximum difference is lower than 3°, 

which is mainly attributed to the variation of ∠𝑅𝑋𝑋
′  while the arcs are rotated. This small deviation 

at 19.7 GHz proves that the arcs can be rotated to operate by VRT while the phase introduced by  

𝑅𝑋𝑋
′  remains almost constant, producing negligible phase distortions in the reflected CP field. The 

simulated level of losses associated to the amplitudes of 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 at 19.7 GHz is below 

0.2 dB. At 29.5 GHz, the deviation with respect to the ±2 · 𝛼𝑟𝑜𝑡 phase variation is smaller than 

5° for most of the rotation angles, with a maximum shift of 13° when 𝛼𝐷𝑖𝑝 is around ±50°.  

The remaining differences between the phase of 𝑅𝑅𝐻𝐶𝑃/𝐿𝐻𝐶𝑃 and ±2 · 𝛼𝑟𝑜𝑡 at 29.5 GHz 

are produced by the insufficient performance of the reflectarray elements for some specific 

rotation angles: despite that the 180° phase condition is fulfilled, the cell presents large losses in 

the amplitude of 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  (larger than 1 dB) and cross-polar components larger than -20 dB. 

This phenomenon is produced because a small part of the incident power of the linear componets 

is converted into the orthogonal linear polarization. This remarks the importance of analyzing not 

only the CP reflection coefficients, but also the linear reflection coefficients when designing an 

antenna by VRT. The amplitude of 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 at 29.5 GHz is larger than -0.5 dB when the 

dipoles are adjusted for each rotation angle. 

 

                                        (a)                                                                       (b) 
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The previous simulations have considered the rotation of one type of the elements (arcs 

at Tx or dipoles at Rx) while the other group of elements remained unrotated. Now, the phase of 

the co-polar reflection coefficients 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 has been computed when both arcs and 

dipoles are independently rotated, considering fixed dimensions for the reflectarray elements (Ω 

= 107°, lA1 = 2.8 mm and lB1 = 2.34 mm). Fig. 4-17 shows the simulated ∠𝑅𝑅𝐻𝐶𝑃 and ∠𝑅𝐿𝐻𝐶𝑃 at 

19.7 GHz, where it can be seen that the rotation angle of the dipoles hardly influences the phase 

of the reflected CP field. This behavior implies an independent operation at Tx frequencies with 

respect to the dipoles designed to operate at Rx. Thus, the incident field at 19.7 GHz can be 

controlled by means of the rotation of the arcs. The level of losses of 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 at 19.7 

GHz is below 0.3 dB. The phase of 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 has also been computed at 29.5 GHz when 

both arcs and dipoles are rotated, as shown in Fig. 4-18. At this frequency, the phase of the 

reflection coefficients is moderately influenced by the rotation of the arcs. Consequently, the real 

angles of rotation of both arcs and dipoles must be considered when the dimensions of the 

elements are adjusted. The amplitude of the coefficients 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 at 29.5 GHz present 

losses up to 2 dB. 

 

                                        (a)                                                                (b) 

 

                                                (a)                                                                      (b) 
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4.5 IMPROVEMENT OF THE CELL BANDWIDTH 

The previous reported implementations of reflectarray antennas that split the beams in 

orthogonal CP by means of VRT [104], [105] present high levels of cross-polar radiation, with a 

cross-polar over co-polar ratio in the main lobe close to -10 dB. The lack of cross-polar 

cancelation when using VRT is mainly produced due to phase errors in the condition ∠𝑅𝑋𝑋
′ −

∠𝑅𝑌𝑌
′ = 180°, as shown in Section 4.2.2 (“Cross-polar suppression in VRT”). These phase errors 

have been attributed mainly to the narrow band performance of the reflectarray elements to 

provide the 180° phase condition, which would produce that small variations in frequency will 

cause large phase deviations with respect to the required 180° phase difference. If this phase 

condition is promptly lost when the frequencies varies, a reflectarray antenna operating by VRT 

would minimize the cross-polar radiation only at the design frequency of each frequency band. In 

practice, the manufacturing tolerances can cause phase deviations from the required 180° phase 

difference also at the design frequencies. 

In this section, the operational bandwidth of the reflectarray cell to operate by VRT has 

been evaluated. The difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  has been analyzed within 500 MHz 

frequency bands centered at the design frequencies, 19.7 GHz and 29.5 GHz. Note that the 500 

MHz bands are commonly used in satellite communications in Ka-band, since the 1 GHz band 

dedicated to the user link is divided into two 500 MHz sub-bands. 

 

  

                                             (a)                                                                                    (b) 
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Fig. 4-19 shows the in-band performance of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at Tx and Rx for a 

reflectarray cell with non-rotated elements previously adjusted to provide the required 180° phase 

difference at 19.7 GHz and 29.5 GHz. The reflectarray cell at Tx frequencies (see Fig. 4-19a) 

presents a stable performance, since the difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  shows a phase 

deviation (∆𝜙) in band lower than 10° with respect to the 180° phase difference. As stated in 

Section 4.2.2, phase deviations smaller than 10° with respect to the 180° phase difference provides 

an acceptable cross-polar over co-polar ratio lower than -20 dB. However, the phase response at 

Rx frequencies shows a maximum phase deviation around 25°. As a result, the operational 

bandwidth of the cell is mainly limited due to a higher phase sensitivity of the dipoles at Rx. 

To increase the operational band of the reflectarray cell, the thickness of the dielectric 

substrates has been analyzed in relation to the phase conditions imposed by VRT. Fig. 4-20 shows 

the simulated co-polar reflection coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′   at 19.7 GHz when the length of the 

arcs is increased for three different thicknesses of the cell (sum of the thicknesses of two identical 

dielectric sheets). The best performance concerning the operational bandwidth is reached for the 

phase difference curve with the lowest possible slope in the point where ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180°. 

For the cases shown in Fig. 4-20, the best performance is achieved for a total thickness of 1.524 

mm. 

 

 

 

The operational bandwidth of the reflectarray cell has also been studied at the Rx band 

for different thicknesses of the cell. In order to obtain a general characterization of the dipoles 

response, the difference between the phase of 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  at 29.5 GHz has been computed when 

the lengths of both upper and lower dipoles are independently increased from lA(B)1 = 2.5 mm to 

lA(B)1 = 3.5 mm. In Fig. 4-21, three different thicknesses of the cell have been considered (0.762 

mm, 1.524 mm and 2.286 mm), assuming two identical dielectric substrates.  The regions where 
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∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180° at 29.25 GHz, 29.5 GHz and 29.75 GHz have been pointed out in Fig. 

4-21 in gray, white and black color, respectively. Therefore, the best behavior is when the three 

regions are superimposed on each other, as in Fig. 4-21b for a thickness of 1.524 mm based on 

two substrates of 0.762 mm. Note that this solution also matches the best behavior for the Tx 

band, as shown in Fig. 4-20. 

  

 

                      (a)                                              (b)                                             (c) 

 

The original configuration of the cell was based on a lower substrate of 1.524 mm and an 

upper dielectric sheet of 0.127 mm. This initial configuration was defined trying to minimize 

possible differences between the losses of the upper and lower dipoles; however, it has been found 

that the main limitation when applying the VRT is the stability of the phase response of the 

elements. As a result, the final configuration of the reflectarray cell includes two 0.762 mm sheets 

of Diclad 880B instead of the original structure.  

Moreover, as aforementioned, the orthogonal arrangement of three parallel dipoles 

provides an additional variable of design to operate at Rx, which is the length of the lateral dipoles 

of each group (initially scaled by a factor 0.77 with respect to the length of the central dipoles). 

Now, this additional variable has been used to implement an optimization routine to ensure the 

180° phase difference between 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  at Rx. 

The optimization has been implemented by means of a Davidon-Fletcher-Powell routine, 

a well-known technique for function minimization based on a quasi-Newton method [111]. The 

optimization routine has been programmed to minimize an error function ∆𝜓, which is the 

quadratic sum of four different phase errors: 𝜉𝑋, 𝜉𝑌, 𝜉𝑖𝑛𝑓 and 𝜉sup. First, the phase errors 𝜉𝑋 and 

𝜉𝑌 indicate the phase deviation between the simulated values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  (𝜙𝑋 and 𝜙𝑌, 
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respectively) with respect to the objective phase values for both reflection coefficients (𝛷𝑋0 and 

𝛷𝑌0, respectively) at the central frequency of the Rx band. Remember that the difference between 

the objective phases must be 180° (𝛷𝑋0 − 𝛷𝑌0 = 180°). The phase errors 𝜉𝑖𝑛𝑓 and 𝜉sup represent 

the phase shift between the difference of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  with respect to the required 180° at the 

extreme frequencies of the band. The formulation of the previous phase errors can be seen in 

(4.26) and (4.27). Finally, the error function ∆𝜓 includes three weighting coefficients (𝑊𝑓0, 𝑊𝑖𝑛𝑓, 

and 𝑊𝑠𝑢𝑝) to prioritize the optimization at one of the central or extreme frequencies of the band, 

as shown in (4.28). 

 

 𝜉𝑋(𝑌)  = |𝛷𝑋0 (𝑌0)  −  𝜙𝑋(𝑌)|29.5 𝐺𝐻𝑧
  

 

 𝜉𝑖𝑛𝑓(sup)  = |180° − (𝜙𝑋 − 𝜙𝑌)|29.25 (29.75) 𝐺𝐻𝑧  

 

 ∆𝜓 = 𝑊𝑓0 · (𝜉𝑋
2 + 𝜉𝑌

2) + 𝑊𝑖𝑛𝑓 · 𝜉𝑖𝑛𝑓
2 + 𝑊𝑠𝑢𝑝 · 𝜉𝑠𝑢𝑝

2   

 

Note that the optimization routine does not enforce an objective phase value for the co-

polar coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  at the extreme frequencies, but it tries to ensure the 180° phase 

difference between both coefficients.  

Once the optimization procedure has been implemented, the reflectarray cell has been 

analysed when the operating frequency varies within the Rx band. In order to get a more generic 

impression of the cell performance, the reflectarray cell has been simulated with three different 

angles of rotation for the arcs (𝛼𝐴𝑟𝑐) and the dipoles (𝛼𝐷𝑖𝑝). Thus, the conducted simulations are 

referred to the rotation angles of the elements as (𝛼𝐴𝑟𝑐, 𝛼𝐷𝑖𝑝). Fig. 4-22 shows the difference 

between the phase of 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  at the Rx band for the three configurations of the cell. The 

reflectarray cell has been designed to provide the 180° phase difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  

according to the initial design at a single frequency (defined as “Design at f0”) and also by means 

of the optimization routine (“In-band Opt. at Rx”). As can be seen in Fig. 4-22, the phase response 

for the design at a single frequency shows a quite good performance, with a maximum deviation 

close to 10° with respect to the required 180° phase difference. This behaviour is achieved due to 

the proper configuration of the substrate layers previously mentioned.  However, the optimization 

procedure achieves to ensure a phase deviation lower than 3° along the 500 MHz band, which is 
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an excellent result. The amplitude of the reflection coefficients for both optimized and non-

optimized cells remains stable, with losses lower than 0.3 dB. 

 

 

 

As a conclusion, the limitation in band produced by phase deviations with respect to the 

phase conditions imposed by VRT has been overcome by means of the implementation of an in-

band optimization and an appropriate selection of the thickness of the two dielectric substrates. 

In later chapters, the comparison between an in-band optimized or non-optimized design will be 

shown for different reflectarray prototypes. 

4.6 CONCLUSIONS 

This chapter has started by showing the state of the art of the reflectarray cells to operate 

in dual-CP. This introduction has shown several cell configurations to achieve an independent 

control in each orthogonal CP, as well as their evolution to provide a dual-band operation. Some 

solutions include polarizing layers or polarization selective layers to split the process into different 

steps at the cost of increasing the number of layers, even requiring an air gap between layers. 

Regarding the implementation of reflectarrays for space applications, the volume of the antenna 

should be as small as possible, so the most convenient solution is based on the VRT technique. 

VRT makes it possible a direct operation in dual-CP without the need for air gaps between layers 

or a high number of layers. 
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The operating principles behind the VRT applied to reflectarray cells have been detailed. 

The theory of VRT, which is reported in the literature under the assumntion of normal incidence, 

has been formulated for the general case of oblique incidence. It has been checked that that the 

conditions stablished for normal incidence also apply for a general angle of incidence. The 

condition to produce a phase-shift proportional to the angle of rotation and to cancel the cross-

polar component in the CP field reflected by the cell is that the co-polar reflection coefficients 

associated to the linear components of the field in the rotated coordinate system (𝑅′
𝑋𝑋 and 𝑅′

𝑌𝑌) 

present the same amplitude (|𝑅𝑋𝑋
′ | = |𝑅𝑌𝑌

′ |) and a differential phase-shift of 180° (∠𝑅𝑋𝑋
′ −

∠𝑅𝑌𝑌
′ = 180°). However, this cancellation may be lost due to inaccuracies that may occur in 

practice. Thus, the impact of possible errors in amplitude and phase with respect to the design 

conditions of the VRT has been analyzed. As a result, errors in the phase condition have a stronger 

negative impact than those in amplitude, which leads to focus on the phase behavior of the cell in 

order to improve its performance. 

Then, a novel reflectarray cell has been defined to operate by VRT independently at two 

different frequency bands. The cell has been proposed to make it possible the design of parabolic 

reflectarrays to generate two spaced beams per feed in orthogonal CP simultaneously at Tx and 

Rx frequencies in Ka-band. In this way, while the parabolic surface of the reflectarray focuses the 

reflected field, the reflectarray cells deviate in opposite directions the beams in orthogonal 

polarizations by VRT. Moreover, the reflectarray cells make it possible to introduce phase 

corrections to improve the beam shaping at the upper frequency band, due to an additional phase 

control provided by the variation of the dipole lengths, which is implemented together with the 

VRT. 

Finally, the operational bandwidth of the reflectarray cells has been improved based on 

the information gathered from the operating principles of the VRT. An in-band optimization 

routine has also been developed, which can be implemented in the reflectarray cells due to the 

degrees of freedom provided by the reflectarray elements used to operate in the upper frequency 

band.  
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Once the proposed reflectarray cell has been defined and characterized, in this 

chapter, the analysis of a complete parabolic reflectarray antenna is described, 

including the corresponding considerations arising from the parabolic surface 

of the antenna. Then, the design process of a parabolic reflectarray to generate 

two spaced beams in orthogonal circular polarizations per feed at transmit and 

receive frequencies in Ka-band is presented. The objective of this process is to 

obtain the final configuration of each reflectarray cell of the parabolic antenna, 

which includes adjusting the angle of rotation and the dimensions of its printed 

elements. Finally, a novel technique to control the shape of the beams at receive 

frequencies is shown in detail. 
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5.1 ANALYSIS OF PARABOLIC REFLECTARRAY ANTENNAS 

The analysis of the parabolic reflectarray antenna has been performed by means of a 

home-made electromagnetic routine that requires a realistic model of the reflectarray surface 

reflection. This realistic model of the surface reflection is achieved by obtaining the reflection 

matrix of each reflectarray cell of the antenna. Thus, before describing the general routine to 

analyze the complete antenna, it is necessary to define the process to obtain the reflection matrix 

of each reflectarray cell, taking into account that the cells are located on a parabolic surface. 

As defined in the previous chapter, the reflectarray cells have been analyzed by means of 

a home-made electromagnetic code based on the Method of Moments in the Spectral Domain 

(SD-MoM) assuming a periodic array structure, which provides an accurate characterization of 

the reflection matrix of the cells. The SD-MoM code consists in a numerically efficient full-wave 

analysis of periodical structures in a single or multi-layer configuration. This electromagnetic 

software makes it possible to consider the real angles of incidence on each reflectarray cell, 

without normal incidence approaches. Moreover, the mutual coupling between cells is considered 

by the assumption of a local periodic array model, which provide accurate results in an efficient 

way. However, there are some issues to be considered due to the parabolic surface of the proposed 

reflectarray. 

5.1.1 Curvature of the antenna surface  

The proposed parabolic reflectarray antenna is intended to be on board a GEO satellite. 

The traditional parabolic reflectors used in such space applications usually present a relatively 

large ratio between the focal distance of the paraboloid and the diameter of the antenna (f/D) of 

around 1.5. The relatively large f/D leads to a low curvature of the antenna surface, as can be seen 

in Fig. 5-1, which shows four different parabolic antenna configurations in blue color, considering 

the focus of every configuration in the origin of the coordinate system. The coordinate system is 

defined according to the usual convention for reflector systems, where the direction of radiation 

from the reflector (horizontal direction) matches the direction of the z-axis. An offset parabolic 

reflector can be defined by its projected diameter (D), the focal length of the paraboloid (f) and 

the clearance distance (C) between the z-axis and the lower edge of the projected aperture. In Fig. 

5-1, the four parabolic configurations have a projected diameter of 1.812 meters with different 

f/D ratios, in order to compare the curvature of the antenna configuration for each case. As can be 

seen, the curvature of the parabolic configuration defined by an f/D of 1.5 is relatively small. In 

this case, for an offset parabolic reflector defined by D = 1.812 m, f/D = 1.5, and C = 0.35 m, the 

maximum distance between the parabolic surface and the aperture plane of the paraboloid (the 

height of the arc, known as sagitta in geometry) is 37 mm, which evidences the low curvature of 

the reflector compared to the projected diameter of 1.812 m. 
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Thus, the relatively large f/D of the proposed parabolic reflectarray makes it possible to 

consider a locally flat surface when analyzing each cell of the parabolic antenna. In this way, each 

reflectarray cell is considered to be on a flat surface tangent to the parabolic surface, taking as 

reference the center of the reflectarray cell. Thus, the normal vector �̂� of the paraboloid at the 

center of each reflectarray cell is used as the normal vector of the flat surface considered to 

analyze each cell, as shown in Fig. 5-2. Note that the analysis routine based on the SD-MoM takes 

into account the real angles of incidence on the parabolic surface for each reflectarray cell, and it 

also considers a planar periodic array model to account for the mutual couplings between cells. 
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5.1.2 Local coordinate system on the parabolic surface 

When describing the VRT in the previous chapter, two different types of local coordinate 

systems were defined to analyze each reflectarray cell based on arcs and dipoles: a fixed 

coordinate system, which is independent of the rotation of the elements, and a system rotated 

together with the elements. Since the arcs and dipoles rotate independently from each other, every 

cell has two rotated coordinate systems, one associated to the arcs and another associated to the 

dipoles. The local non-rotated coordinate system at each cell of the parabolic surface (𝑥𝑐 , �̂�𝑐 , �̂�𝑐) 

is defined from the normal vector �̂� of the paraboloid at the center of the cell and the absolute 

coordinate system (𝑥, �̂�, �̂�) associated to the antenna system (see Fig. 5-1) as follows: 

 

 
𝑥𝑐 =

−�̂� × �̂�

‖�̂� × �̂�‖
  ,         �̂�𝑐 = �̂� × 𝑥𝑐   ,           �̂�𝑐 = �̂� 

 

 

 

5.1.3 Arrangement of cells on the parabolic surface  

Another issue related to the parabolic reflectarray antenna is the arrangement of the 

reflectarray cells in a parabolic surface. Flat reflectarrays consider a regular grid of cells, where 

all the cells present the same period along both the x and y-axis of the cell (PX and PY, 

respectively). However, implementing a grid of cells with the same horizontal and vertical periods 

in a curved surface results in an irregular grid of cells, since every column or row of cells would 

form a curved line due to the double-curved surface. As a result, the regular lattice of rows and 
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columns would be lost, which makes it more difficult to simulate the performance of the cell, due 

to the irregular environment. 

Therefore, the curved surface of the reflectarray antenna leads to implement different 

dimensions of the cells’ periods along the antenna surface. To compute the final grid of cells on 

the parabolic surface, first, a regular lattice of cells is defined in the aperture plane of the 

paraboloid enclosed by the rim of the dish. Fig. 5-4 shows the process of defining a regular lattice 

of cells in a flat surface placed in the aperture plane of the reflector. 

 

  

 

Once the regular grid is defined in the aperture plane of the antenna, the grid is projected 

over the parabolic surface to obtain the final distribution of cells in the parabolic surface with 

slightly variable sizes. This projection makes it possible to place the reflectarray cells in a regular 

lattice of rows and columns over the curved surface, which means that every column or row of 

cells would not form a curved line but a straight line.  

There is not only one way to project the regular grid on the aperture plane over the 

parabolic surface. Fig. 5-5 shows the two main projections that have been considered to obtain 

the final lattice of cells in the parabolic reflectarray. The first projection (Fig. 5-5a) consists in 

projecting the regular grid along the direction given by the normal vector to the aperture plane of 

the paraboloid, and the second projection (Fig. 5-5b) is based on projecting the grid along the z-

axis of the coordinate system of the parabolic configuration (the horizontal direction). The normal 

projection provides a final lattice of cells in the parabolic surface with the lowest variation in the 

size of the cells with respect to the initial regular grid, while the horizontal projection was initially 
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considered because of its greater simplicity, at the cost of increasing the range of variation in the 

dimensions of the cells. 

 

 

                                      (a)                                                                (b) 

 

To better illustrate the differences between the two projections, a parabolic antenna 

defined by D = 0.906 m, f/D = 1.5, and C = 0.175 m has been considered (this configuration 

comes from the parabolic system with f/D = 1.5 shown in  Fig. 5-1 scaled by half). The regular 

grid of cells on the aperture plane of the paraboloid has been obtained by considering the initial 

periods of the cells along the x and y-axes as PX = 6.3 mm and PY = 6.5 mm, respectively. Note 

that the initial dimension of PX is smaller than PY, since the incidence angles on the reflectarray 

will be larger along the x-axis than along the y-axis. Fig. 5-6 shows the resultant dimensions of 

the cells over the parabolic surface when the horizontal projection is performed, while Fig. 5-7 

shows the resultant dimensions of the cells after applying the normal projection. As expected, the 

difference between both projections lies in the dimensions of the cells along the x-axis of the cells, 

defined as PX, since both projections are normal with respect to the y-axis. The dimensions of PX 

on the parabolic surface resulting from the horizontal projection show a range of values from 6.15 

mm to 6.6 mm, thus varying up to 0.3 mm with respect to the initial dimension defined in the 

aperture plane (PX = 6.3 mm). On the other hand, the normal projection results in a range of values 

of PX from 6.3 mm to 6.38 mm, much lower than in the previous case. The dimensions along the 

y-axis vary from 6.5 mm to 6.58 mm in both cases, so it can be concluded that the normal 

projection produces a variation of the cell dimensions on the parabolic surface lower than 0.1 mm 

with respect to the initial dimensions of the regular grid (PX = 6.3 mm, PY = 6.5 mm), where the 

lowest deviations with respect to the initial dimensions are produced in the center of the antenna. 
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For this reason, the normal projection is considered the best option to obtain the final lattice of 

cells in the parabolic surface. Once the distribution of cells on the parabolic surface is defined, 

the analysis routine based on the SD-MoM will be used to evaluate the performace of each 

reflectarray cell assuming a flat periodic array considering the projected dimensions of PX and PY 

placed on the tangential plane for each cell. 

 

 

                                     (a)                                                                             (b) 

 

 

                                     (a)                                                                             (b) 
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As shown in Fig. 5-7, the normal projection of the regular grid, combined with the low 

curvature of the parabolic antenna, leads to small differences in the projected size of the cells. 

Thus, it could be thought that considering the different size of each cell increases the burden of 

the computation of the reflection coefficients of the reflectarray cells, and it would be preferable 

to consider the same dimensions for all the cells in the parabolic surface. However, as 

aforementioned, the SD-MoM electromagnetic code analyzes each cell considering a periodic 

structure, so there is no increase of the computational cost when considering the different sizes of 

the cells.  

Another possibility to simplify the analysis of the parabolic antenna is to consider the 

same periods for all the cells (PX = 6.3 mm, PY = 6.5 mm). This would result in small phase errors 

produced by this approach, as will be shown later for the design of a 0.9 m parabolic reflectarray 

(see Chapter 8). Note that the parabolic reflectarray is proposed for space applications where the 

requirements of gain and cross-polar levels are very demanding, so the analysis approach should 

be as precise as possible. Moreover, as aforementioned, there is no increase of the computation 

burden between considering a regular or irregular grid of cells due to the periodic structure 

assumption when analyzing each cell. 

5.1.4 Electromagnetic analysis of the parabolic reflectarray 

From the previous considerations, the realistic model of the surface reflection for the 

parabolic reflectarray has been achieved by obtaining the reflection matrix of each reflectarray 

cell on the antenna surface. The home-made electromagnetic code based on the SD-MoM 

provides a numerically efficient full-wave analysis of the cells, considering the real angles of 

incidence on each reflectarray cell, without normal incidence approaches. The low curvature of 

the antenna allows to consider the parabolic surface as locally flat when analyzing each cell, so 

each cell is analyzed considering an infinite planar periodic array model to account for the mutual 

couplings between cells, where the periodic array is defined at each cell by the proyected 

dimensions and tangential plane at the center of the cell.  

The electromagnetic analysis of the complete reflectarray antenna has been performed by 

means of a combination of the Physical Optics (PO) technique [112] with the previously defined 

realistic model of the reflectarray surface reflection, characterized by the reflection matrix of the 

cells. The PO simulations have been performed using in-house software tools based on [113], 

[114], which has been developed in collaboration with the University of Vigo. This software 

considers both electric and magnetic surface currents on the reflectarray cells placed on the 

parabolic surface. For the preliminary simulations, previous to the specific design of the 

reflectarray layer, the influence of the reflectarray elements can be considered by multiplying the 

PO currents by the phase shift predicted for the reflectarray surface at the center of each 

reflectarray cell. 
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Once the reflectarray layer is completely designed and analyzed, a more realistic model 

is used. The electric field reflected at each reflectarray cell “m” is described in the local coordinate 

system as: 

 

 
(
𝐸𝑥(𝑚)
𝐸𝑦(𝑚)

) = (
𝑅𝑥𝑥(𝑚) 𝑅𝑥𝑦(𝑚)

𝑅𝑦𝑥(𝑚) 𝑅𝑦𝑦(𝑚)
)(

𝐸𝑥
𝑖𝑛𝑐(𝑚)

𝐸𝑦
𝑖𝑛𝑐(𝑚)

) 

 

where 𝐸𝑥 and 𝐸𝑦 are the tangential components of the reflected electric field, 𝐸𝑥
𝑖𝑛𝑐 and 𝐸𝑦

𝑖𝑛𝑐 are 

the tangential components of the incident electric field, and 𝑅𝑥𝑥, 𝑅𝑥𝑦, 𝑅𝑦𝑥, and 𝑅𝑦𝑦 are the 

coefficients  of the generalized scattering matrix of each cell on the parabolic surface, computed 

by SD-MoM. Then, the equivalent magnetic currents on the reflectarray cell “m” with local 

coordinates {𝑥𝑚, �̂�𝑚, �̂�𝑚} can be directly calculated as [113]: 

 

 
�⃗⃗� 𝑚 = 𝐸𝑦(𝑚)𝑥𝑚 − 𝐸𝑥(𝑚)�̂�𝑚 

 

To obtain the equivalent electric current, the associated magnetic field is first considered: 

 

𝐻𝑥(𝑚) =
−𝐸𝑥sin

2𝜃𝑚 sinΦm cosΦm + 𝐸𝑦(sin
2𝜃𝑚cos2Φm − 1)

𝜂 cos 𝜃𝑚
 

 
 

𝐻𝑦(𝑚) =
𝐸𝑥(1 − sin2𝜃𝑚sin2 Φm)+𝐸𝑦sin

2𝜃𝑚cosΦm sinΦm

𝜂 cos𝜃𝑚
 

 

where 𝜃𝑚 and Φm are the spherical angles of the outwards beam in the spherical local system for 

each cell “m”, written as shown in (5.6). Fig. 5-8a shows a reflectarray cell including the spherical 

angles 𝜃𝑚 and Φm together with the vectors of the incident and reflected beams (�̅�𝑖, �̅�𝑟) and the 

local coordinate system of the cell. The view in the xz-plane of a parabolic reflectarray antenna is 

depicted in Fig. 5-8b, where the vector �̂�𝑟 is particularized for two reflectarray cells (m=i, m=j). 
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�̂�𝑟(𝑚) = 𝑥𝑚sin 𝜃𝑚 cosΦm + �̂�𝑚sin 𝜃𝑚 sinΦm + �̂�𝑚 cos 𝜃𝑚 

 

             

                                 (a)                                                                 (b) 

 

Then, the equivalent electric currents on the reflectarray cell “m” are calculated as:  

 

 
𝐽 𝑚 = −𝐻𝑦𝑥𝑚 + 𝐻𝑥�̂�𝑚 

 

From the equivalent magnetic and electric surface currents, the electric and magnetic far 

fields are predicted by the adequate Green’s functions [113], [114] to calculate the antenna 

pattern. Spillover is also taken into account as described in [113], as well as the possible 

subreflector blockage in the case of applying to a dual-reflector configuration. 
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5.2 DESIGN PROCESS OF PARABOLIC REFLECTARRAYS TO 

GENERATE TWO SPACED BEAMS PER FEED IN 

ORTHOGONAL CP FOR TX AND RX IN KA-BAND 

Now, the design process of a parabolic reflectarray based on the reflectarray cells defined 

in Chapter 4 is described. The parabolic reflectarray is proposed to generate two spaced beams in 

orthogonal CP per feed simultaneously at Tx and Rx frequencies in Ka-band. As aforementioned, 

the parabolic surface of the reflectarray is intended to focus the reflected field, while the printed 

elements on the antenna surface will introduce the required phase adjustment to deviate in 

opposite directions the beams in orthogonal CP, by means of the VRT. This deviation of the 

beams is required to achieve a lattice of adjacent slightly overlapping spot beams in two 

orthogonal polarizations which form half the required multi-spot coverage (two colors) when the 

reflectarray is illuminated by a cluster of feeds. Fig. 5-9 shows the lattice of spot beams in two 

orthogonal polarization (spots in blue and red color) in the normalized angular coordinates u =

𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜑 , v = 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜑 that would be generated by a parabolic reflectarray illuminated by a 

cluster of 27 feeds (black solid lines). 

 

 

 

Then, a second parabolic reflectarray with slightly different operating frequencies will 

generate a similar lattice of spot beams in two orthogonal polarizations that will complement the 

coverage generated by the first antenna, giving rise to a complete four-color multispot coverage 

for broadband satellite communications in Ka-band, as shown in Fig. 5-10. Thus, this is the final 

target of the design procedure for the parabolic reflectarray. 
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The VRT makes it possible to control the phase-shift introduced in the incident CP field 

by means of two terms: the phase associated to the rotation angle of the element, 𝜙𝐶𝑃 = 2 · 𝛼𝑟𝑜𝑡 

(with opposite sign for each CP), and the phase of the co-polar reflection coefficient 𝑅′
𝑋𝑋, 𝜙0 =

∠𝑅𝑋𝑋
′  (as explained in (4.8) and (4.9)).  

As shown in Chapter 4, the proposed reflectarray cell to operate by VRT at two frequency 

bands consists of two orthogonal stacked sets of three parallel dipoles to operate at the higher 

frequency band, and two outer symmetrical circular arcs to operate at the lower band. The arcs 

cannot control the phase term associated to ∠𝑅𝑋𝑋
′ , because their single design variable (the length 

of the arcs) is used to adjust the phase difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  to 180°. On the other 

hand, the degrees of freedom provided by the dipoles to operate at Rx make it possible to control 

the term ∠𝑅𝑋𝑋
′ , and as a result, the design at Rx can introduce an additional phase adjustment in 

CP to correct the beam shaping of the beams. Despite this fact, the design process presented in 

this section considers a reflectarray antenna that will not introduce any corrections in the beam 

shaping. Then, the next section (Section 5.3) will detail the process to include this phase 

adjustment at Rx frequencies. 

5.2.1 Computation of the Required Phase Distributions  

 

The first step when designing a reflectarray antenna is to define the phase distributions 

required on the reflectarray surface that must be provided by the printed elements. Since no phase 

corrections to shape the beams are considered in this design process, the phase adjustment 
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introduced by the elements of the parabolic reflectarray will only deviate in opposite directions 

the beams in orthogonal CP, simultaneously at Tx and Rx frequencies in Ka-band. Two 

perpendicular planes have been considered to deviate in opposite directions the radiated beams, 

which match the two main planes of the antenna system: the xz-plane and the yz-plane, as shown 

in Fig. 5-11. Note that the final multi-spot coverage projected on the Earth can be controlled by 

rotating the antenna boresight in the satellite.  

 

 

(a) 

               

 (b) 
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The phase distributions at each frequency (Tx and Rx) and polarization (RHCP and 

LHCP) have been computed by Geometrical Optics (GO) and then checked using PO, to ensure 

that they generate the beams in the correct directions. The GO method achieves a rigorous 

description of the phase distributions that are required across the parabolic surface. The 

computation of the phase distribution is first determined in terms of the “path length shift”, ∆𝐿,  

which is required to equalize the virtual path length of all the scanned rays. Then, the required 

phase shift, ∆𝜙, is obtained by multiplying by the wavenumber: 

 

 

∆𝜙 = −𝑘 ∆𝐿 = −
2𝜋

𝜆
Δ𝐿 

 

Fig. 5-12 represents an example of ray tracing with reflection in a parabolic reflectarray. 

The rays for the case of a boresight beam along the paraboloid axis (z-axis) with no phase 

adjustment at the surface are represented with blue lines. It is possible to define a phase 

distribution across the parabolic surface to achieve emerging rays along an arbitrary scanned 

direction �̂� (represented with green lines), which in practice would be contained within the xz- or 

yz-plane of the antenna system. The unit vectors 𝑥, �̂� for the absolute reference system are 

represented in blue color, while those of the feed system (𝑥𝑓 , �̂�𝑓) are represented in black color. 

Due to the orientation of the coordinate systems, there is an inversion in the y-axis: �̂�𝑓 = −�̂�. 
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In the figure, 𝐹 represents the focal point of the parabola, 𝑃0 is the central point of the 

reflector which is used for reference, 𝐴0 is the aperture point corresponding to 𝑃0  for a boresight 

operation. When the antenna scans to a direction described by �̂�, the ray passing by an arbitrary 

point at the reflector 𝑃 crosses the scanned aperture at a point 𝐴𝑆. The corresponding point at the 

scanned aperture for the central point 𝑃0 is denoted as 𝐴0𝑆. In order to correct the phase 

distribution of a reflectarray superimposed to the parabola so as to enforce the antenna to scan to 

�̂�, the path length shift ∆𝐿 at the point  𝑃 must be constant and compliant with 

 

 
|𝐹𝑃̅̅ ̅̅ | + |𝑃𝐴𝑠

̅̅ ̅̅ ̅| + ∆𝐿 = |𝐹𝑃0
̅̅ ̅̅ ̅| + |𝑃0𝐴0𝑠

̅̅ ̅̅ ̅̅ ̅̅ | 

 

The distances from reflector points to the scanned aperture can be expressed as: 

 

 
|𝑃𝐴𝑠
̅̅ ̅̅ ̅| = 𝑃𝐴0

̅̅ ̅̅ ̅ · �̂�                 |𝑃0𝐴0𝑠
̅̅ ̅̅ ̅̅ ̅̅ | = 𝑃0𝐴0

̅̅ ̅̅ ̅̅ · �̂� 

 

Thus, the path length shift can be then expressed as: 

 

 
∆𝐿 = (|𝐹𝑃0

̅̅ ̅̅ ̅| − |𝐹𝑃̅̅ ̅̅ |) + 𝑃0𝑃̅̅ ̅̅ ̅ · �̂� 

 

The required phase shift will be obtained from the path length shift, as aforementioned. 

In this way, the four required phase distributions can be computed to deviate the beams at each 

frequency and polarization. For a parabolic reflectarray defined by D = 0.906 m, f/D = 1.5, and C 

= 0.175 m, the four required phase distributions have been computed by GO to deviate the beams 

in orthogonal CP ±0.59° along the xz-plane (see Fig. 5-11a), simultaneously at 19.7 GHz and 29.5 

GHz. The four resultant phase distributions are shown in Fig. 5-13. All phase distributions show 

a gradual phase variation along the antenna surface. At each operating frequency, the phase 

distributions show opposite phase variations for the orthogonal CP, which makes it possible to 

obtain them by applying the VRT to the reflectarray elements. The gradual phase variation 

required to deviate 0.59° the beam focused by the parabolic surface shows a range of phase values 

of around ±100° at 19.7 GHz and ±150° at 29.5 GHz. Also, note that the phase distributions have 

been defined to generate orthogonal beams at 19.7 GHz and 29.5 GHz, since the phase 

distributions show opposite phase variations for the same CP at each operating frequency. The 
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generation of orthogonal beams at Tx and Rx frequencies in Ka-band is a requirement for real 

antenna systems for broadband satellite communications in Ka band. 

 

 

                                    (a)                                                                     (b) 

 

                                    (c)                                                                       (d) 

 

In the same way, the generation of the two spaced beams at Tx and Rx can be performed 

within the yz-plane, as shown in Fig. 5-11b. In this case, the four required phase distributions 

obtained by GO can be seen in Fig. 5-14. As in the previous case, the phase distributions show 

opposite phase variations between the orthogonal CP at the same operating frequency, and also, 

opposite phase variations for the same CP at each operating frequency. The phase distributions 

also have the same range of phase values (around ±100° at 19.7 GHz and ±150° at 29.5 GHz) 

than in the previous design example, since the same parabolic configuration is being considered 

to deviate the beams ±0.59°. However, while the previous phase distributions (to deviate the 
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beams within the xz-plane) showed a gradual phase variation along the x-axis of the reflectarray 

antenna system, now the phase distributions show a variation along the y-axis. 

 

 

                                    (a)                                                                      (b) 

 

                                    (c)                                                                       (d) 

 

In Fig. 5-13 and Fig. 5-14, the phase distributions show a gradual phase variation along 

the antenna surface, because the phase correction on the reflectarray only deviates the beams 

focused by the parabolic surface. Note that these gradual phase variations simulate the effect of a 

slight rotation of the parabolic dish. In Fig. 5-13, the phase distributions show a gradual variation 

along the x-axis that replicates the effect of a small rotation of the reflectarray along the y-axis, 

as shown in Fig. 5-15a. On the other hand, the phase distributions in Fig. 5-14 show a gradual 

variation along the y-axis that simulates a slight rotation of the reflectarray along the x-axis, as 

shown in Fig. 5-15b. However, the rotation in a conventional reflector will deviate the two CPs 
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in the same direction, and it will not be possible to deviate the orthogonal polarizations RHCP 

and LHCP in opposite directions, as it is achieved with the proposed reflectarray configuration. 

 

                                            (a)                                                                       (b) 

 

5.2.2 Validation of the Required Phase Distributions  

In order to analyze the accuracy of the phase distributions obtained by GO, the parabolic 

reflectarray can be simulated by multiplying the regular PO currents by a phase shift term related 

to the required path length shift computed at the center of each PO cell. As a result, the simulated 

radiation patterns of the parabolic reflectarray should show the required directions of maximum 

radiation specified when computing the phase distributions. Thus, the previously defined 

electromagnetic analysis method for parabolic reflectarrays based on PO is used, where each cell 

has been defined by ideal reflection coefficients based on the phase distributions obtained by GO 

to get the model of the reflectarray surface reflection. In this way, the surface reflection does not 

consider either losses or phase errors that appear in practice due to the ohmic losses of the 

materials, as well as imperfections in the design and manufacturing of the reflectarray elements.  

 

The 0.9 m parabolic reflectarray that deviates the beams ±0.59° within the yz-plane has 

been considered to illustrate the ideal simulations and to validate the computed phase 

distributions. Due to the ideal conditions, the phase-shifts introduced by the reflectarray cells in 

CP match perfectly the phase distributions computed by GO (see Fig. 5-14). Note that in practice, 

these phase-shifts, 𝜙𝐶𝑃, will be obtained by the adjusting the rotation angle 𝛼𝑟𝑜𝑡 of the designed 

reflectarray elements, related by 𝜙𝐶𝑃 = ±2 · 𝛼𝑟𝑜𝑡. The reflection coefficients in the locally 

rotated coordinate system of each cell are also directly assigned to satisfy the design conditions: 
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the amplitude of the co-polar reflections coefficients is set to 0 dB, while the amplitude of the 

cross-polar components is fixed to -30 dB, and the phase of the co-polar reflection coefficients is 

set as ∠𝑅𝑋𝑋
′ = −180° and ∠𝑅𝑌𝑌

′ = 0° to be compliant with the VRT. In practice, the phase of the 

co-polar reflection coefficients in the rotated coordinate system of each cell are controlled by the 

adjustment of the dimensions of the reflectarray elements. The ideal distributions of the amplitude 

and phase of the reflection coefficients in the rotated coordinate system of each cell are shown in 

Fig. 5-16 and Fig. 5-17. There are no differences between the reflection coefficients in the locally 

rotated coordinate system of each cell at Tx and Rx frequencies. 
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Then, the reflection coefficients in the absolute coordinate system can be computed from 

the reflection coefficients in the locally rotated coordinate system as detailed in Chapter 4 by 

means of rotating matrixes. Since the rotation of the reflectarray elements depends on the required 

phase distributions (shown in Fig. 5-14), and the phase distributions are different for Tx and Rx, 

the reflection coefficients in the absolute system are different at Tx and Rx. The amplitude and 

phase of the resultant reflection coefficients in the absolute system are shown in Fig. 5-18, and 

Fig. 5-19 at 19.7 GHz and in Fig. 5-20, and Fig. 5-21 at 29.5 GHz.  
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Then, these ideal reflection coefficients in the absolute coordinate system, which have 

been computed from the phase distributions obtained by GO, are used to model the reflectarray 

surface reflection during the electromagnetic analysis of parabolic reflectarrays based on PO. The 

simulated performance of the parabolic reflectarray will allow to check if the phase distributions 

obtained by GO meet the objective of splitting the beams as expected. 

 

Note that the analysis of the parabolic reflectarray also needs a model of the field radiated 

by the feed, such as a cos𝑞(𝜃) distribution. In this case, the field radiated by the feed has been 

modeled using a spherical wave expansion (SWE) distribution associated to a manufactured feed-

horn developed by Anteral [101] to operate at Tx (from 17.6 to 20.3 GHz) and Rx (from 27.3 to 

30.1 GHz) frequencies in Ka-band. The SWE distribution consists of a modal expansion in a 

spherical system that provides a more accurate characterization of the electric and magnetic fields 

radiated by the feed than a standard cos𝑞(𝜃) distribution. The phase center of the feed at Rx 

frequencies is shifted with respect to Tx, which produces a reduction in gain of around 0.5 dB at 

Rx (this effect is included in the SWE distribution). The simulated field radiated by the feed 

produces an edge illumination level in the reflectarray aperture of around -12 dB at 19.7 GHz and 

-18 dB at 29.5 GHz, which results in an aperture efficiency of the reflectarray close to the 70% 

and 50% at 19.7 GHz and 29.5 GHz, respectively.  
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As a result of the electromagnetic analysis based on PO, the radiation patterns of the 0.9 

m parabolic reflectarray have been computed from the previous ideal reflection coefficients of 

the cells. Fig. 5-22 shows the simulated radiation patterns in (u, v) coordinates at 19.7 GHz in 

both CP. The maximum gain of the co-polar components at 19.7 GHz is 43.7 dBi, which 

evidences a radiation efficiency of 67%, as expected, while the maximum cross-polar level is 16 

dBi, making it possible a co-polar over cross-polar ratio larger than 20 dB in the main lobe. The 

direction of maximum radiation of the simulated beams in the normalized angular coordinates u, 

v matches the specified beam pointing in both CP (u = 0, v = sin(±0.59°) = ±0.0103). Also 

note that the radiation patterns show beams perfectly focused with a regular distribution of the 

lobes due to the lack of amplitude and phase errors that may distort the radiation pattern. 

 

 

(a)                                                          (b) 

 

(c)                                                            (d) 

 

The simulated radiation patterns at 29.5 GHz are shown in Fig. 5-23. As in the case of 

19.7 GHz, the ideal conditions imposed in the analysis results in radiation patterns with sharply 
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focused beams. The higher operation frequency leads to a larger electrical size of the antenna than 

at 19.7 GHz, producing a larger maximum level of the co-polar components of 45.2 dBi. The 

resulting radiation efficiency is about 43%, which matches the combination of the estimated 

aperture efficiency (50%) and the reduction in gain of 0.5 dB due to the shift of the phase center 

of the feed (89%). The maximum cross-polar level is 14.3 dBi, slightly lower than the one 

obtained at 19.7 GHz, thus providing a positive co-polar over cross-polar ratio larger than 20 dB 

in the main lobe. The simulated radiation patterns also show a proper beam direction in both CPs.  

As specified when computing the phase distributions by GO, orthogonal beams are 

generated at Tx and Rx: the beam deviated -0.59° along the y-axis is generated in LHCP at 19.7 

GHz and in RHCP at 29.5 GHz, while the beam deviated 0.59° along the y-axis is generated in 

RHCP at 19.7 GHz and in LHCP at 29.5 GHz. As aforementioned, the generation of orthogonal 

beams in Tx and Rx is a conventional requirement when generating a multi-spot coverage in Ka-

band for broadband satellite communications.  

 

 

(a)                                                                        (b) 

 

(c)                                                                        (d) 
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Fig. 5-24 shows the pattern contours at 20 dBi and 40 dBi gain levels of the simulated 

beams generated by the parabolic reflectarray illuminated by a single feed simultaneously at 19.7 

GHz and 29.5 GHz. The 40 dBi level has been selected to match the Edge-Of-Coverage (EOC) 

gain that produces slightly overlapped spots. The second level (20 dBi) shows the region in which 

the interference ratio is lower than 20 dB below the EOC gain. Fig. 5-24 clearly shows the 

generation of orthogonal beams at 19.7 GHz and 29.5 GHz, as well as the slightly narrower 

beamwidth reached at 29.5 GHz, as a consequence of the larger gain of the antenna at Rx. The 

figure also includes two black points that indicate the theoretical coordinates of maximum 

radiation of the beams (u = 0, v = sin(±0.59°) = ±0.0103), matching the centers of the pattern 

contours at both frequencies and polarizations. 

 

 

 

The last analysis about the simulated performance of the parabolic reflectarray consist in 

comparing the radiation patterns of the reflectarray with a reference case. Typically, the reference 

case is defined as a conventional metallic reflector with the same dimensions as the parabolic 

reflectarray, whose surface would be characterized by cells with a reflection matrix with cross-

polar reflection coefficients equal to zero and co-polar coefficients equal to -1. Conventional 

reflectors operating in CP change the sense of rotation of the incident field, due to the inversion 

of the direction of propagation (a reflector illuminated by a feed in LHCP radiates a focused beam 

in RHCP). However, a reflectarray operating in CP by VRT introduces a phase shift of 180° 

between the co-polar reflection coefficients for the linear components of the field (𝑅′
𝑋𝑋 and 

𝑅′
𝑌𝑌), which reverses the sense of rotation of the incident field. Thus, a reflectarray designed to 

focus a beam by VRT generates a LHCP beam when it is illuminated by a feed in LHCP. Because 

of this, the simulated performance of the parabolic reflectarray has been compared with the 
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performance of a conventional parabolic reflector with the capability to maintain the CP of the 

feed. This reference reflector can also be seen as an ideal parabolic reflectarray designed by VRT 

with non-rotated elements (the phase term associated to the rotation angle of the elements, 

𝜙𝐶𝑃 = 2 · 𝛼𝑟𝑜𝑡 with opposite sign for each CP, is canceled) and with a constant phase distribution 

of the phase of the co-polar reflection coefficient 𝑅′
𝑋𝑋 on the antenna surface (the second phase 

term provided by the VRT, 𝜙0 = ∠𝑅𝑋𝑋
′ , is also canceled), so the parabolic surface of the 

reflectarray would only focus a high-gain beam with the same CP as the incident field. The PO 

electromagnetic code used to analyze the parabolic reflectarray can be also applied to simulate 

the performance of the proposed reference reflector, by imposing the same reflection matrix in all 

the cells, [𝑹𝑟𝑒𝑓], which is similar to the ideal matrix of a conventional reflector with the addition 

of the 180° phase shift between the co-polar coefficients and is shown below,  

 

[𝑹𝑟𝑒𝑓] = (
𝑅𝑋𝑋

′ 𝑅𝑋𝑌
′

𝑅𝑌𝑋
′ 𝑅𝑌𝑌

′ ) = (𝑒
𝑗𝜙0 0
0 𝑒𝑗(𝜙0−𝜋)

) = (
1 0
0 −1

)𝑒𝑗𝜙0 = (
1 0
0 −1

) 

 

This matrix will be applied in all the cells, instead of the coefficients shown in Fig. 5-18, 

Fig. 5-19, Fig. 5-20, and Fig. 5-21. Note that the cross-polar coefficients are zero and the co-polar 

coefficients are equal to one, thus not introducing losses (the losses introduced by metallic 

materials at 20/30 GHz can be neglected). 
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The cuts in the azimuth plane of the simulated radiation patterns associated to both 

parabolic reflectarray and reflector antennas are shown in Fig. 5-25 and Fig. 5-26 at 19.7 GHz 

and 29.5 GHz, respectively. The radiation patterns include masks to check the aforementioned 

EOC gain level of 40 dBi for a beamwidth of 1.3° centered in the theoretical directions of radiation 

of the reflectarray, and the level 20 dB below the EOC gain centered in the coverage areas of the 

adjacent beams (left and right) in the same color (±2·0.59° with respect to the theoretical 

directions of radiation).  

At each frequency, the simulated radiation patterns present the same maximum gain for 

the beams generated by both reflectarray and reflector antennas, as well as similar cross-polar 

levels and side lobe levels. Note that the scanning losses associated to the ±0.59° deviation of the 

beams produced by the reflectarray are negligible, and the reflectarray analysis based on ideal 

reflection coefficients does not consider either dielectric losses or phase errors. Therefore, Fig. 

5-25 and Fig. 5-26 show the great potential of a parabolic reflectarray antenna to produce two 

spaced beams in orthogonal CP with a single feed while generating orthogonal beams at Tx and 

Rx frequencies. 

Also note that the differences between the beam shaping at Tx and Rx frequencies due to 

the larger electrical size of the antenna at the upper operating frequency (higher maximum gain 

and narrower beamwidth at the same gain level) can be corrected by introducing additional phase 

adjustments at Rx, as will be shown later in this chapter. 

To conclude, the simulated results of the parabolic reflectarray antenna considering the 

ideal reflection coefficients validates the GO method used to compute the phase distributions. It 
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has been checked that the agreement between the required and simulated beam directions is 

excellent. Thus, once the objective phase distributions on the parabolic reflectarray surface have 

been validated, the design process of the parabolic reflectarray can be conducted.  

5.2.3 Design Procedure of the Reflectarray Elements to Operate by VRT in 

Dual Band  

Previously, the antenna structure has been defined based on the characteristics of the 

parabolic reflectors commonly used in satellite applications, and the phase distributions on the 

reflectarray have been computed to split the beams in orthogonal CP simultaneously at Tx and 

Rx frequencies in Ka-band. Now, the reflectarray elements, defined in Chapter 4, must be 

designed to introduce the required phase-shift in each CP at both Tx and Rx frequencies.  

The proposed reflectarray cell consists of two different resonant elements to be 

independently rotated, making it possible the operation by VRT simultaneously at both Tx and 

Rx frequencies in Ka-band. The reflectarray elements to operate at the higher band are two 

orthogonal stacked sets of three parallel dipoles, while the elements to operate at the lower band 

are two outer circular arcs. Note that the VRT applied to the reflectarray elements states that an 

element rotated an angle  𝛼𝑟𝑜𝑡 introduces a phase-shift in the incident CP field of 2 · 𝛼𝑟𝑜𝑡 for 

RHCP and  −2 · 𝛼𝑟𝑜𝑡 for LHCP. Since the phase distributions computed at each frequency show 

opposite phase values for each orthogonal CP (see Fig. 5-14), these phase distributions can be 

implemented by the rotation of the reflectarray elements. 

Therefore, the distribution of rotation angles of the reflectarray elements can be obtained 

by dividing by two the objective phases required for RHCP: the rotation angle of the arcs comes 

from the phase distribution required in RHCP at 19.7 GHz divided by two, while the rotation 

angle of the dipoles is obtained from the phase distribution required in RHCP at 29.5 GHz also 

divided by two. In this way, the rotation angle of every element on the reflectarray is directly 

computed and it will be fixed for the next steps of the design process. In the case of the 0.9 m 

parabolic reflectarray, whose objective phase distributions are shown in Fig. 5-14, the required 

rotation angles of the arcs and dipoles on the antenna surface are shown in Fig. 5-27. 
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(a)                                                                          (b) 

 

Since the phase distributions were defined to generate orthogonal beams at Tx and Rx 

frequencies, the gradual phase variation shown in the phase distributions of the same CP at 19.7 

GHz and 29.5 GHz (see Fig. 5-14) presents opposite directions. As a result, the rotation angles of 

the elements also present opposite senses of rotation along the y-axis for arcs and dipoles, as 

shown in Fig. 5-27. Note also that the range of values of the rotation angles is larger at Rx than 

at Tx, because of the larger range of phase values in the required phase distributions at Rx to split 

the beams the same angular deviation at Tx and Rx. In Fig. 5-27, the range of values of the rotation 

angles is limited to about ±55° at 19.7 GHz and to around ±80° at 29.5 GHz. 

The next step consists in adjusting the dimensions of the rotated reflectarray elements to 

meet the design conditions imposed by the VRT. This adjustment has been made cell by cell by 

means of an analysis routine based on the home-made SD-MoM electromagnetic code. The SD-

MoM code provides a full-wave analysis that considers the real angles of incidence on each 

reflectarray cell and the mutual couplings between cells by the assumption of a local periodic 

array model in a highly efficient way. Thus, the analysis routine is very appropriate to be 

integrated into an optimization loop for the accurate design of reflectarrays made up of thousands 

of printed elements, while commercial software tools based on general-purpose codes usually 

result slow and impractical for the analysis and, particularly, the design of reflectarray antennas.  

As aforementioned, the co-polar reflection coefficients in the rotated coordinate system 

(𝑅′
𝑋𝑋 and 𝑅′

𝑌𝑌) of every reflectarray cell must present a differential phase-shift of 180° (∠𝑅𝑋𝑋
′ −

∠𝑅𝑌𝑌
′ = 180°) in addition to the amplitude conditions (zero cross-polar coefficients and equal 

amplitude of the co-polar coefficients) to suppress the cross-polar component of the reflected CP 

field. The VRT also makes it possible to control the phase-shift introduced in the reflected CP 

field by means of two terms: the phase associated to the rotation angle of the element, 
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𝜙𝐶𝑃 = 2 · 𝛼𝑟𝑜𝑡 (with opposite sign for each CP), and the phase of the co-polar reflection 

coefficient 𝑅′
𝑋𝑋, 𝜙0 = ∠𝑅𝑋𝑋

′ , which provides an additional degree of freedom to control the 

phase of the reflected field. The additional phase control provided by the phase of the co-polar 

reflection coefficient 𝑅′
𝑋𝑋 can be used to modify the beam shaping at Rx, and this process will 

be explained in detail in the next section. In this section, we optimize the cells to ensure that every 

reflectarray cell provides the differential phase-shift of 180° between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′ , presenting 

the same value of ∠𝑅𝑋𝑋
′  at Rx frequencies (a constant phase term added to the reflected CP field 

in all the cells has no effect in the radiation patterns of the antenna).  

The process of adjusting the dimensions of the elements cell by cell can be divided in 

several steps, due to the need to operate at two frequency bands: 

1. The angle of rotation for arcs and dipoles are fixed for all the cells in the parabolic 

reflectarray, by dividing by two the required phase distributions in RHCP for Tx and Rx 

frequencies, respectively.    

2. It is required to define the initial dimensions of the rotated arcs and dipoles. In a first step, 

the initial dimenions can be obtained from the cell optimized assuming no rotation and 

placement at the center of the reflectarray.   

3. Then, the length of the rotated arcs is adjusted to provide the differential phase-shift of 

180° between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 19.7 GHz. At this point, the SD-MoM analysis also 

considers the effect of the rotated dipoles at 19.7 GHz when adjusting the arcs.  

4. Then, the length of the rotated dipoles is adjusted to provide the phase difference of 180° 

between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 29.5 GHz, considering the effect of the designed arcs at this 

frequency.  

5. The last step consists in analyzing the cell performance at 19.7 GHz to quantify possible 

phase deviations caused by the previously adjusted dipoles.  

Note that the greater the difference between the initial and the designed lengths of the 

dipoles, the greater the phase deviation suffered in the phase difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  

at 19.7 GHz. For this reason, the starting dimensions for the dipoles should be as close to the 

designed dipoles as possible. Note also that this process to adjust the dimensions of the elements 

at both frequencies can be executed iteratively to reduce the phase deviations with respect to the 

design objectives. In this way, the adjusted dimensions of the arcs and dipoles after the first 

iteration can be set as the starting dimensions for a second adjustment of the dimensions. In 

practice, a second iteration of the adjustment process is sufficient to meet the design goals. 

More in detail, the process of adjusting the dimensions of the arcs at 19.7 GHz and the 

dipoles at 29.5 GHz consists of several stages. First, the cell is analyzed at the corresponding 

operating frequency. When adjusting the arcs, the design variable is the length of the arcs, which 
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makes it possible to control only the phase difference between ∠𝑅𝑋𝑋
′   and ∠𝑅𝑌𝑌

′  at 19.7 GHz. 

Thus, the initial analysis checks the phase difference provided by the starting geometrical 

configuration of the cell at 19.7 GHz. If the phase difference is close enough to the desired 

solution (e.g., ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180° ± 2°), the arcs do not need to be adjusted and the initial 

dimensions are preserved. Otherwise, if the error in the phase condition is below a certain 

threshold (e.g., ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180° ± 20°), an optimization routine is carried out based on the 

Newton-Raphson method for one dimension (since there is only one design variable). The 

Newton-Raphson method does not guarantee the convergence, so it is used only when the solution 

is close enough, providing fast results.  If the initial analysis of the cell at 19.7 GHz provides a 

phase error with respect to the design objective larger than the previous threshold, then the length 

of the arcs is varied in small steps within a length margin previously defined. In each iteration, 

the analysis routine based on SD-MoM computes the phase error and checks if the optimization 

by the Newton-Raphson method can be carried out.  

In a similar way, the dipoles are adjusted at 29.5 GHz. As detailed in Chapter 4, the two 

orthogonal sets of three parallel dipoles make it possible to control independently the phases of 

𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  at 29.5 GHz. Each set of dipoles has been defined so that the length of the lateral 

dipoles depends on the length of the central dipole (scaled by a fixed factor). Thus, there are two 

design variables (the lengths of the central dipoles), which will be used to control not the phase 

difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  but their absolute values (e.g., ∠𝑅𝑋𝑋
′ = 0°, ∠𝑅𝑌𝑌

′ = −180°). 

As with the adjustment of the arcs at 19.7 GHz, the design of the dipoles starts with the analysis 

of the cell at 29.5 GHz. Then, depending on the deviation with respect to the design objectives, 

the lengths of the dipoles can be maintained, the Newton-Raphson method can be called, or the 

lengths of the dipoles can be increased step by step. Now, both the Newton-Raphson method and 

the sweep of the lengths of the dipoles are performed in two dimensions due to the two design 

variables. As stated in Chapter 4, the lengths of the lateral dipoles can also be defined as an 

additional design variable to enforce the design conditions at the extreme frequencies of the Rx 

band. In this case, the optimization routine described in Chapter 4 would be used. 

To evaluate the results of the design process, once the entire reflectarray antenna has been 

designed, the phases of the co-polar reflection coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  of each cell have been 

computed by SD-MoM, as well as the amplitude of the co- and cross-polar coefficients (|𝑅𝑋𝑌
′ | 

and |𝑅𝑋𝑌
′ | should be lower than -20 dB, and |𝑅𝑋𝑋

′ | and |𝑅𝑌𝑌
′ | should be close to 0 dB). Then, the 

computed reflection coefficients have been introduced in the PO electromagnetic routine to obtain 

the simulated radiation patterns of the parabolic reflectarray antenna. The design process is 

considered successful if the radiation patterns meet the requirements set for the antenna system. 

The last step, once the design is verified, will be the generation of the CAD files with the final 

layout of the reflectarray cells for the photo-etching process. 
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A block diagram with an overall view of the design process for a parabolic reflectarray 

made up of N reflectarray cells to operate at two bands (f1 and f2) is shown in Fig. 5-28. 
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As aforementioned, the process of adjusting the dimensions of the reflectarray elements 

can require an iterative procedure to minimize the impact of the last adjustment at one operating 

frequency in the other frequency (in most cases a second iteration of the adjustment process is 

enough to minimize this impact). Note that the definition of thresholds in the adjustment process 

makes it possible to have a large number of elements that do not need to be redesigned in later 

iterations. However, the selection of the initial dimensions of the elements is of major importance 

in the design process, with a significant impact on the computational time, not only by reducing 

the required iterations but also in terms of the type of adjustment required for each element (non-

adjustment, optimization by the Newton-Raphson method, or variations in small steps of the 

dimensions, previous to the optimization). For the same iteration, the difference between directly 

calling the Newton-Raphson method or previously performing the dimensional sweep may 

increase the computational time by a magnitude depending on the number of steps required before 

calling the Newton-Raphson method.  

In practice, it has been checked that fixing the same initial dimensions in all the cells does 

not provide an appropriate starting point of the design for most cells. Therefore, a method has 

been developed to promptly obtain customized initial dimensions for the reflectarray elements in 

each cell of the antenna, which makes it possible to start from initial dimensions of the elements 

that are close to those that will be finally designed, reducing significatively the computational 

time.  

The method is based on a first initial design of the reflectarray cells placed in the central 

column and in the central row of the reflectarray antenna, and on a later interpolation to obtain 

the dimensions of the elements in the remaining cells of the reflectarray. The design of the cells 

placed in the central lines of the antenna can be carried out using the same initial dimensions in 

all the cells. Note that, in the case of the 0.9 m parabolic reflectarray considered in this chapter, 

the parabolic surface consists of 15748 reflectarray cells, where the central lines have 146 cells 

along the x-axis and 139 cells along the y-axis, making a total of 284 cells, 55 times fewer cells 

than for the entire antenna. Therefore, the design of the central lines of cells will be much faster 

than that of the complete antenna, and the proper selection of a good starting point is not as 

decisive as when designing the complete antenna.  

Once the dimensions of the reflectarray elements placed in the central lines have been 

optimized, a weighted replication process is performed to obtain the dimensions of the other 

elements in the antenna (note that the rotation angles of the elements were previously fixed from 

the required phase distributions). To illustrate the weighted replication process, the lines of cells 

along the y-axis are named as columns, and the lines along the x-axis are named as rows. The 

weighted process first replicates the dimensions of the adjusted elements in one of the main lines 

(e.g., the central column) along the orthogonal lines of the antenna surface. At this point, all the 

reflectarray elements placed in the same row would present the same dimensions. Then, the 
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dimensions of each element are adjusted according to the difference between the designed 

dimensions of the element placed in the replicated central line and the designed dimensions of the 

element placed in the orthogonal central line of cells (the central row). For instance, 𝑑𝑖𝑚(𝑥, 𝑦) 

represents the dimensions of the elements in the reflectarray cell placed in the row number 𝑥 and 

in the column number 𝑦. If the central row is named as 𝑥𝑐𝑒𝑛𝑡𝑟𝑎𝑙, and the central column as 

𝑦𝑐𝑒𝑛𝑡𝑟𝑎𝑙, the dimensions of the elements in every cell can be computed as 𝑑𝑖𝑚(𝑥, 𝑦) =

𝑑𝑖𝑚(𝑥𝑐𝑒𝑛𝑡𝑟𝑎𝑙, 𝑦) + ∆𝑑𝑖𝑚, where ∆𝑑𝑖𝑚 = 𝑑𝑖𝑚(𝑥, 𝑦𝑐𝑒𝑛𝑡𝑟𝑎𝑙) − 𝑑𝑖𝑚(𝑥𝑐𝑒𝑛𝑡𝑟𝑎𝑙 , 𝑦𝑐𝑒𝑛𝑡𝑟𝑎𝑙). In this 

way, the dimensions of the elements for the cells located in the same row will not be necessarily 

equal one from each other, presenting slight variations between neighbor cells. Fig. 5-29 

illustrates the weighted replication process of the reflectarray cells based on the initial design of 

the two central lines of cells. As aforementioned, this process only affects to the dimensions of 

the printed elements (arcs and dipoles) since the rotation angles of the elements are given by the 

required phase distributions in RHCP at each frequency and remain unchanged. Note also that for 

a parabolic reflectarray that splits the orthogonal CP beams within the yz-plane, this replication 

process takes into account the main variations of the dimensions of the arcs and dipoles produced 

along the y-axis, where the elements are rotated in opposite senses, and along the x-axis, where 

the angles of incidence present a larger influence. Fig. 5-30a shows the lengths of the central 

lower dipoles for the cells placed in the central lines of a 0.9 m parabolic reflectarray. The 

replicated distribution of lengths for the remaining elements is shown in Fig. 5-30b. The same 

replication process is also applied to the lengths of the upper dipoles and the lengths of the circular 

arcs to obtain the dimensions of the 15748 cells on the antenna surface from the 284 designed 

cells in the central lines of the 0.9 m reflectarray.  
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                                   (a)                                                                      (b) 

 

The weighted replication process makes it possible to obtain a suitable starting point for 

the design of all the cells, very close to the final designed results and with a small computational 

burden, reducing drastically the computational costs for the complete reflectarray antenna. 

Practical results will be shown in later chapters for the proposed reflectarray prototypes.  

Finally, note that the design process shown in this chapter has not considered phase 

corrections at Rx to correct the beams shaping at the higher frequency: the computed phase 

distributions in CP only split the beams in orthogonal CP, while the function of focusing the 

beams is entirely carried out by the parabolic surface of the antenna. The implementation of phase 

corrections at Rx is addressed in the following section. 

5.3 IMPLEMENTATION OF PHASE CORRECTIONS AT RX 

FREQUENCIES WHEN OPERATING BY VRT 

The previous methodology shown in this chapter to operate by VRT at Tx and Rx 

frequencies in Ka-band makes it possible to introduce a phase-shift in the incident CP field with 

opposite sign for each orthogonal CP by means of the rotation of the elements, as well as to 

provide a differential phase-shift of 180° between the phase of the co-polar reflection coefficients 

in the rotated coordinate system of each reflectarray cell (𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′ ). The 180° phase 

difference suppresses the cross-polar component of the CP reflected field, while the opposite 

phase-shift is used to deviate in opposite directions the beams shaped by the parabolic surface of 

the antenna.  
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The VRT also provides an additional phase control to adjust the incident CP field, which 

is the value of ∠𝑅𝑋𝑋
′ . However, the previous design method does not consider this additional 

control at neither frequency band: the operation at Tx by the reflectarray elements based on 

circular arcs cannot control the value of ∠𝑅𝑋𝑋
′  but the difference between ∠𝑅𝑋𝑋

′  and ∠𝑅𝑌𝑌
′ , and 

the dipoles to operate at Rx were designed to introduce the same value of ∠𝑅𝑋𝑋
′  for all the cells, 

thus providing a constant phase distribution of ∠𝑅𝑋𝑋
′  with no effect on the behavior of the antenna. 

In practice, the stable performance of the proposed cell at Tx frequencies makes it possible to 

adjust the 180° phase difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  while providing a small range of values 

of ∠𝑅𝑋𝑋
′  that does not cause distortions in the beam shaping at Tx (the phase of ∠𝑅𝑋𝑋

′  nearly 

introduces a constant phase distribution at Tx). 

In contrast to the phase-shift introduced by means of the rotation of the elements, the 

phase term associated to ∠𝑅𝑋𝑋
′  is the same for both CP, which makes it ideal for adjusting the 

shaping of the beams that will later be deviated by the rotation of the elements. For instance, in 

[105] a flat reflectarray operates by VRT at a single frequency band (from 19.2 GHz to 20.2 GHz) 

by means of a reflectarray cell based on two stacked orthogonal sets of three parallel dipoles (the 

same elements used in the proposed cell described in Chapter 4 to operate at Rx frequencies in 

Ka-band). The flat reflectarray operating by VRT makes it possible to deviate the beams in 

orthogonal CP at the same time that introduces phase corrections to shape the beams without the 

need for a parabolic surface, due to the independent control of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  provided by the 

dipoles. Thus, the phase of the co-polar reflection coefficients associated to both CP in each cell 

can be defined as the sum of two different phase terms: one associated to the rotation angle of the 

element, with opposite sign for each CP, and the phase of the co-polar reflection coefficient 𝑅′
𝑋𝑋, 

common to boths CPs, 𝜙0 = ∠𝑅𝑋𝑋
′ , as shown below:  

 

 
∠𝑅𝑅𝐻𝐶𝑃,𝑅𝐻𝐶𝑃 = 𝜙0 + 2 · 𝛼𝑟𝑜𝑡 ,     ∠𝑅𝐿𝐻𝐶𝑃,𝐿𝐻𝐶𝑃 = 𝜙0 − 2 · 𝛼𝑟𝑜𝑡 

 

For the proposed parabolic configuration, the additional phase adjustment at Rx 

frequencies can be used to correct the shaping of the beams focused by the parabolic surface. The 

total control of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at Rx makes it possible to introduce any type of correction related 

to the beam forming at Rx frequencies. For example, in the ideal simulations of the 0.9 m 

parabolic reflectarray shown in this chapter, the 60-mm feed-horn characterized by the SWE 

distribution presents a shift of the phase center position with the frequency. Fig. 5-31 shows the 

profile of the feed-horn, together with the position of the phase center in both Tx and Rx bands. 

The shifting of the phase center produces a reduction in gain of around 0.5 dB at Rx when the 

feed is placed so that the phase center at Tx matches the focus of the parabolic system (note that 

in satellite applications where the shaping of the beams at Tx and Rx should be as similar as 
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possible, this shift of the feed phase center is often intended). The additional phase adjustment at 

Rx could be used to correct the shift of the phase center at Rx if required, retrieving the 

aforementioned lost gain.  

 

 

 

However, the requirements for satellite applications in Ka-band aim to reduce the 

directivity of the antenna at Rx, in order to match the beam shaping at Tx and Rx frequencies. 

The ideal simulations included in this chapter have shown that the correction provided by the feed 

is not enough to match the beam shaping at Tx and Rx. Thus, the reflectarray antenna must 

introduce a phase correction at Rx to broaden the beams, reducing their directivity. Note that the 

potential of the parabolic reflectarray to correct the shift of the phase center of the feed at Tx and 

Rx, or to reduce the directivity of the beams at Rx, leads to an important simplification of the 

feed-horn required in these satellite applications, since the position of the phase center of the feed 

becomes irrelevant.  

A novel technique to broaden the beams at Rx has been implemented, based on the 

addition of a random noise in the phase distributions at Rx.  

5.3.1 Phase correction by introducing random noise on an external ring  

The proposed technique to slightly broaden the beams at Rx frequencies consists in 

adding a random noise in the CP phase distributions at Rx, while preserving the phase 

distributions at Tx. The general ideal is to reduce the effective aperture of the parabolic antenna 

only at Rx frequencies. 
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The noise in phase is introduced by choosing randomly some reflectarray cells that will 

add a phase-shift of 180° with respect to the initially defined values of ∠𝑅𝑋𝑋
′ . Note that the values 

of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  are directly related one to each other by their phase difference of 180° 

(required to suppress the reflected cross-polar component), thus the introduction of this noise in 

the phase affects to both coefficients, which are shifted 180°. In the previous design process 

without additional phase corrections at Rx, the influence of ∠𝑅𝑋𝑋
′  in the CP phase distributions at 

Rx was cancelled by setting a constant phase value of ∠𝑅𝑋𝑋
′  in all the reflectarray cells of the 

antenna (∠𝑅𝑋𝑋
′ = 0°, and ∠𝑅𝑌𝑌

′ = −180°). Now, the cells selected to introduce the phase noise 

present a shift of 180° in the phases of both 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  at Rx, alternating their original values 

(∠𝑅𝑋𝑋
′ = −180°, and ∠𝑅𝑌𝑌

′ = 0°). 

The phase shift of 180° introduced by reflectarray cells randomly distributed on the 

antenna surface produces random variations in the sign of the reflected CP field, which would 

cancel the reflected CP field due to a process of destructive interference. Thus, the introduction 

of phase noise at the higher frequency band produces the same effect that a reduction of the 

effective aperture of the antenna at that band, which makes it possible to reduce the directivity of 

the antenna and to broaden the beamwidth at Rx, matching the beam shaping at Tx and Rx. 

Moreover, the proposed phase correction based on the introduction of phase noise provides a 

larger flexibility to shape the beam than a simple reduction of the antenna aperture, related to the 

way in which the cells with phase noise are defined. 

An algorithm has been developed to generate the random distribution of cells that will 

introduce the phase noise, which depends on two main variables. First, the cells with phase noise 

can be randomly selected from those placed in an outer ring of the parabolic surface of the 

antenna, as shown in Fig. 5-32. The width of the outer ring of cells can be adjusted from 0 (i.e., 

no noise introduced) to D/2 (i.e., including the complete antenna surface). Once the region of cells 

where the noise will be introduced has been defined, it is possible to adjust the variation in the 

density of the cells with phase noise. For instance, the complete arrangement of cells on the 

antenna surface can be considered to introduce phase noise, where the cells with noise are 

introduced with an increasing density from the center to the edges of the antenna, or only an outer 

ring of cells can be considered to introduce phase noise, where the cells with noise are introduced 

with a constant density within the outer ring.  

The algorithm to randomly distribute the cells with phase noise along the antenna is 

characterize by (5.14), where 𝑑 is the distance between the center of a reflectarray cell and the 

edge of the antenna, 𝐶 is the width of the outer ring where the cells can be selected to introduce 

the noise in phase, 𝑟 is a tuning coefficient defined by a real and positive value, the exponent 𝛼 

is used to modify the variation in the density of cells with phase noise and can be defined by a 

real positive or negative value, and 𝑟𝑎𝑛𝑑(0,1) is a random number between 0 and 1. 
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𝑟 (1 −

𝑑

𝐶
)
𝛼

𝑟𝑎𝑛𝑑(0,1) > 0.5 

    

Note that when 𝛼 = 1, the density of cells with noise linearly increases from the inner to 

the edge of the antenna, if 𝛼 = 0, the density of cells with noise is uniform along the region 

defined to introduce noise, for 𝛼 > 1, the density of cells with noise increases more rapidly 

towards the antenna edge, and for 𝛼 < 0, the density of cells with noise decreases from the inner 

part of the ring to the edge of the antenna. Also, note that the complete lattice of cells is considered 

to introduce the phase noise if 𝐶 is equal to the distance between the center and the edge of the 

antenna.  

For instance, three different phase distributions of ∠𝑅𝑋𝑋
′  at 29.5 GHz have been defined 

for a 1.8 m parabolic reflectarray, shown in Fig. 5-33: first, with a constant behavior, then, the 

distribution includes a random quadratic phase noise which is increasing from the center to the 

edge of the antenna, and finally, a distribution with an outer corona of random noise uniformly 

distributed. The elements of the considered 1.8 m reflectarray are not rotated, thus the reflectarray 

will collimate a dual-CP beam without splitting the beams in orthogonal CP’s, radiating as a 
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conventional reflector except for the beam shaping control introduced in the phase distributions 

of ∠𝑅𝑋𝑋
′   shown in Fig. 5-33. 

 

    

                       (a)                                              (b)                                              (c) 

∠𝑅𝑋𝑋
′

 

As previously shown, the simulated performance of the 1.8 m parabolic reflectarray at 

29.5 GHz can be computed from the objective phase distributions on its surface. The simulated 

radiation patterns obtained from the three previous phase distributions are shown in Fig. 5-34. 

The radiation pattern associated to the constant distribution matches the radiation pattern of a 

conventional reflector, since the reflectarray elements only introduce a constant phase-shift along 

the antenna surface with no effect on the radiation patterns. The reflectarray has been simulated 

at 29.5 GHz with an edge illumination level close to -20 dB, which results in a relatively low 

sidelobe level (the feed-chain would produce an edge illumination level close to -12 dB at Tx 

frequencies). In the case of introducing a random quadratic noise from the center to the edge of 

the reflectarray, the simulated beam is broadened and the first sidelobes are reduced, but the 

beamwidth at the EOC gain is not accomplished. It has been found that the broadening of the 

beam is more efficient when the random phase noise is added only at an outer corona, although 

the sidelobes are increased in this case due to the uniform distribution of noise shown in Fig. 

5-33c. 
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                                          (a)                                                                      (b)                                            

 

(c) 

∠𝑅𝑋𝑋
′

 

After a parametric study of the proposed distributions, the best option to properly shape 

the beams consists in a combination of the previous distributions shown in Fig. 5-33b and c: the 

error is introduced only in the external ring, but it is randomly increasing from the inner to the 

outer part of the external ring, as shown in Fig. 5-35. Now, the beamwidth at the EOC gain is 

slightly increased while the SLL remains larger than 25 dB below the maximum gain of the beam. 
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(a)                                                                                   (b) 

∠𝑅𝑋𝑋
′

 

The proposed technique based on the introduction of randomly distributed noise in the 

required phase distributions makes it possible to control the beam shaping at Rx frequencies in a 

simple way and with large flexibility. The reflectarray elements based on orthogonal sets of 

dipoles to operate at Rx can be rotated and adjusted to provide the phase difference of 180° 

between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the same time as they provide the required values of ∠𝑅𝑋𝑋
′  to 

introduce the phase corrections that will properly shape the beams at Rx. Note that the proposed 

technique to correct the beam shaping at Rx does not require a range of phase values of 360° for 

the phase corrections, but only two phase values in the rotated system of the dipoles (e.g., ∠𝑅𝑋𝑋
′ =

0°, and ∠𝑅𝑋𝑋
′ = −180°). 

The design process of a parabolic reflectarray antenna with dual-band operation by VRT 

is newly detailed below to include the new considerations arising from the random phase noise 

introduced to correct the beam shaping at the higher operating frequency. 

As in the case without phase corrections, the first step consists in the definition of the 

antenna structure and the computation of the required phase distribution in CP to deviate in 

opposite directions the beams in orthogonal CP, according to the previously defined requirements 

of the antenna system. At this point, the rotation angles of the arcs (𝛼𝑟𝑜𝑡 𝑎𝑟𝑐) and the dipoles 

(𝛼𝑟𝑜𝑡 𝑑𝑖𝑝) can be obtained from the previously computed phase distributions in RHCP at both Tx 

and Rx frequencies (∅𝑅𝐻𝐶𝑃 𝑇𝑥, ∅𝑅𝐻𝐶𝑃 𝑅𝑥) in the same way as in the design without phase 

corrections at Rx: 
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𝛼𝑟𝑜𝑡 𝑎𝑟𝑐 =
∅𝑅𝐻𝐶𝑃 𝑇𝑥

2
,     𝛼𝑟𝑜𝑡 𝑑𝑖𝑝 =

∅𝑅𝐻𝐶𝑃 𝑅𝑥

2
 

 

Note that if the randomly distributed phase noise is previously added to the CP phase 

distributions at Rx, the rotation angle of the dipoles cannot be computed as shown in (5.15), but 

first the common phase term 𝜙0 of the distributions in both CP must be isolated. This common 

phase term is associated to ∠𝑅𝑋𝑋
′ , where the noise is introduced. Thus, the common phase term 

at Rx and the resultant rotation angles of the dipoles can be computed from the CP phase 

distribution as in (5.16). Note that the introduction of random phase noise does not affect to the 

rotation angles of the elements. 

  

 

𝜙0  =
∅𝑅𝐻𝐶𝑃 𝑅𝑥 + ∅𝐿𝐻𝐶𝑃 𝑅𝑥

2
,     𝛼𝑟𝑜𝑡 𝑑𝑖𝑝 =

∅𝑅𝐻𝐶𝑃 𝑅𝑥 − 𝜙0

2
 

 

Therefore, the initial design method described in the previous section and summarized in 

the block diagram shown in Fig. 5-28 can be updated to include the phase noise at Rx from the 

starting point. The initial phase distributions at Rx would include the phase noise, and the rotation 

angles of the dipoles would be obtained as shown in (5.16). Then, the complete design of the 

antenna would be carried out cell by cell as defined in the previous section, with the difference 

that the objective phases of the co-polar reflection coefficients in the rotated system of the dipoles 

at Rx are no longer constant for all the cells (e.g., ∠𝑅𝑋𝑋
′ = 0°, ∠𝑅𝑌𝑌

′ = −180°), but they are given 

by the common phase term 𝜙0 previously computed (𝜙0 = ∠𝑅𝑋𝑋
′ ), which means that the objective 

values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  are switched in those cells with phase noise (e.g., ∠𝑅𝑋𝑋
′ = 0° and 

∠𝑅𝑌𝑌
′ = −180° for the cells without noise, and ∠𝑅𝑋𝑋

′ = −180° and ∠𝑅𝑌𝑌
′ = 0° for the cells with 

noise). 

However, including the phase noise at Rx from the starting point of the design is not 

recommended, since it requires to set the outer ring of noise from the information provided by the 

ideal simulations computed from the objective phase distributions. In practice, the design of the 

reflectarray elements will introduce phase errors and ohmic losses, not considered in the initial 

ideal simulations. The phase errors would affect to the beam shaping and, together with the ohmic 

losses, will produce a reduction of the beam directivity, which usually has a greater impact on the 

upper frequency. Therefore, setting an outer ring of random noise based on the ideal phase 

distributions to equal the beam shaping at Tx and Rx may result in a too pronounced reduction in 

gain at Rx frequencies. 
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As a result, it is recommended to start with a conventional design, without additional 

phase corrections at Rx, as the one shown in the previous section. Then, the outer ring with 

random noise can be set considering the simulated radiation patterns of the designed antenna 

without phase corrections. The phase distributions with noise are validated by a quick simulation 

of the radiation patterns, computed from the new phase distributions. Once the required outer ring 

of random noise is defined, the reflectarray elements will be adjusted cell by cell to provide the 

required values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′ . Note that the design process to adjust the dimensions of the 

elements has been already described in the previous section, and it includes the evaluation of the 

phase errors based on several thresholds to determine if a further optimization is required and 

which optimization method should be used. As a result, since the reflectarray antenna was 

previously designed without the additional phase corrections at Rx, only the reflectarray cells 

modified to introduce phase noise will be considered now in the adjustment process, which can 

be about 10% of the total cells. This is another advantage of the proposed technique to correct the 

beam shaping when designing large reflectarray antennas: only a small part of the reflectarray 

cells is modified to control the beam shaping at Rx, which makes it possible to introduce the 

additional phase adjustment with a relatively low computational cost. As in the conventional 

design without additional phase corrections, the adjustment process of the elements can be iterated 

by considering the adjusted dimensions of the elements as the starting dimensions in a new 

iteration, to reduce the phase deviations with respect to the objective values of required values of 

∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′ .  

A block diagram with an overall view of the complete design process for a parabolic 

reflectarray made up of N reflectarray cells to operate by VRT at two bands (f1 and f2) including 

the proposed technique to correct the beam shaping at the higher frequency (f2) is shown in Fig. 

5-36. 
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5.4 CONCLUSIONS 

In this chapter, the in-house software tools used to analyze parabolic reflectarray antennas 

have been described, together with the considerations arising from the parabolic surface of the 

antenna. The electromagnetic code to analyze the antenna combines the PO technique with a 

realistic model of the reflectarray surface reflection. The PO simulations consider both electric 

and magnetic surface currents in the reflectarray cells, in which the whole reflectarray surface is 

discretized. The realistic model of the reflectarray surface reflection is achieved by means of a 

home-made electromagnetic code based on the SD-MoM to analyze each reflectarray cell, 

assuming a locally periodic array. The SD-MoM code makes it possible a numerically efficient 

full-wave analysis of the reflectarray cells considering the real angles of incidence on each cell 

and assuming a locally flat and periodic array associated to each cell, due to the low curvature of 

the antenna. 

Then, the design process of parabolic reflectarrays to generate two spaced beams in 

orthogonal CP per feed simultaneously at Tx and Rx frequencies in Ka-band by means of the 

VRT has been defined. First, the design process has not considered additional phase adjustments 

at Rx to improve the beam shaping. The required phase distributions in RHCP and LHCP at both 

bands have been computed by GO and validated by the previous PO simulations. The ideal 

simulations of the parabolic reflectarray show a great potential when comparing the simulated 

results with those of a conventional reflector, because it maintaines the same antenna gain and 

generates the beams in RHCP and LHCP in the prescribed directions. Then, the design process of 

the reflectarray cells has been detailed. It has been checked that the phase of the cells changes 

with the angle of rotation of the printed elements and with the position on the reflectarray surface. 

Therefore, the adjustment of the reflectarray elements should be carried out cell by cell, by means 

of a home-made routine based on the aforementioned SD-MoM code, without any interpolation 

or look-up table. However, it must be noted that a reflectarray antenna for a GEO satellite will 

have more than 20,000 cells and the optimization of the dimensions of the printed elements from 

scratch will be computationally prohibitive. To overcome this limitation, a weighted replication 

process has been proposed and validated to promptly obtain an appropriate starting point for the 

design of each reflectarray cell, thus reducing the computational cost when designing large 

reflectarray antennas. 

Finally, a novel technique based on the introduction of randomly distributed noise in the 

required phase distributions of the reflectarray makes it possible to control the beam shaping at 

Rx frequencies in a simple way and with large flexibility. The random noise in phase is introduced 

to simulate a reduction of the effective aperture of the antenna at Rx, at the same time as providing 

a large control of the beam shaping depending on how the noise is introduced along the antenna 

surface. The preferred option for setting the additional phase adjustment consists in introducing 
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the random noise only in an external ring, where the noise is randomly increasing from the inner 

to the outer part of the ring. Moreover, the phase correction at Rx by the introduction of random 

noise affects to a small part of the reflectarray cells of the antenna, so only a small number of 

elements have to be redesigned, which makes it possible to introduce the additional phase 

adjustment with a very low computational cost. 
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In this chapter, a flat reflectarray has been designed, manufactured, and tested 

to experimentally validate the generation of two spaced beams per feed in 

orthogonal circular polarizations simultaneously at transmit and receive 

frequencies in Ka-band by the variable rotation technique (VRT). The 

reflectarray cell presented in Chapter 4 has been used to design the dual-

circularly polarized reflectarray prototype, following the design process shown 

in Chapter 5 applied to a flat surface. The manufactured reflectarray has a flat 

rectangular surface of 25 cm x 25 cm, made up of 1443 reflectarray cells operating 

by VRT to deviate ±5° the beams radiated by a dual-circularly polarized feed-

horn at transmit and receive frequencies in the Ka-band.   
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6.1 DEFINITION OF THE REFLECTARRAY PROTOTYPE 

A flat reflectarray has been proposed to deviate in opposite directions the beams in 

orthogonal CP radiated by a dual-CP feed-horn at Tx and Rx frequencies in the Ka-band, by 

applying the technique of VRT independently en each frequency band. The use of a flat surface 

in this first experimental validation of the dual-band VRT makes it possible to determine possible 

miscalculations along the design process of the reflectarray elements, without the uncertainties 

that could be caused by a parabolic surface (uncertainties like roughness and surface 

imperfections, deficient adaptation of the dielectric sheets to the double-curved surface, errors in 

the positioning of the printed elements on the parabolic surface, etc.). The definition of the 

geometrical parameters of the reflectarray cells, as well as the antenna configuration and the 

requirements to be accomplished by VRT, are shown below. 

6.1.1 Definition of the Reflectarray Cell 

The reflectarray cell presented in Chapter 4 has been used in the flat reflectarray 

demonstrator to enable the operation at Tx and Rx frequencies in Ka-band. The cell consists of 

two different resonant elements to operate at each frequency band: two outer symmetrical circular 

arcs to operate at Tx frequencies and two orthogonal sets of three parallel dipoles to operate at 

the Rx band.  

As previously shown, the arcs and dipoles are independently rotated depending on the 

required phase distributions in the reflectarray at Tx and Rx frequencies. In order to suppress the 

reflected cross-polar component when operating by VRT, the phases of the co-polar reflection 

coefficients in the locally rotated system of the arcs at Tx and the dipoles at Rx must be designed 

to provide a phase difference of 180°. To this end, the lengths of the arcs and dipoles will be 

adjusted at Tx and Rx frequencies, respectively.  

The geometrical parameters of the reflectarray cell that remain unaltered for all the cells 

are defined below. The reflectarray cells have a period of 6.3 mm along the x-axis and 6.5 mm 

along the y-axis, due to the larger incidence angles along the x-axis than along the y-axis that will 

be obtain on the reflectarray aperture. The two symmetrical arcs to operate at Tx have been 

defined with a width of 0.2 mm and an inner radius of 2.65 mm, which provides enough room for 

the inner dipoles and minimizes the coupling between arcs and dipoles. The dipoles have a width 

of 0.4 mm and a separation between adjacent coupled dipoles of 1.2 mm (from center to center). 

Finally, the upper and lower dielectric substates are two Diclad 880B sheets bonded by a 

thermoplastic film. Each Diclad 880B sheet is characterized by a dielectric constant εr = 2.17, a 

loss tangent tanδ = 0.0009, and a thickness of 0.762 mm, while the thermoplastic film consists of 

two layers of 38 μm CuClad 6250, characterized by εr = 2.32, and tanδ = 0.0013. Note also that 
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the orthogonal stacked sets of dipoles are defined to be printed on both sides of the upper Diclad 

880B sheet. The final configuration of the reflectarray cells is shown in Fig. 6-1, where the fixed 

geometrical parameters are defined and the design variables are named as follows: Ω for the length 

of the arcs, lA1 and lA2 for the lengths of the central and lateral dipoles on the lower layer, and lB1 

and lB2 for the lengths of the central and lateral dipoles on the upper layer. 

 

 

(a)                                                                          (b) 

 

Note that the geometrical parameters are very similar to those of the cell analyzed in 

Chapter 4, Section 4.5, considering also the dielectric configuration that provides the smallest 

phase variation with respect to the phase difference of 180° between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  along the 

operating frequency in both bands. 

6.1.2 Definition of the Antenna Configuration 

A flat reflectarray demonstrator of 25 cm x 25 cm has been proposed to experimentally 

validate the generation of two space beams in orthogonal CP simultaneously at Tx and Rx 

frequencies in Ka-band. The reflectarray surface is made up of 1443 reflectarray cells arranged in 

a 39 x 37 lattice, considering the aforementioned periods along the x- and y-axes of the antenna 

(6.3 mm and 6.5 mm, respectively). The central frequencies for the Tx and Rx bands have been 

set to 19.7 GHz and 29.5 GHz, respectively, and each frequency band comprises 1 GHz of 

bandwidth (from 19.2 GHz to 20.2 GHz for Tx, and from 29.0 GHz to 30.0 GHz for Rx).  

As aforementioned, the flat surface reduces the uncertainties that can occur when 

manufacturing a parabolic reflectarray. The reflectarray dimensions can be expressed as 16.5 

times the wavelength at 19.7 GHz or 24.5 time the wavelength at 29.5 GHz, which makes it 
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possible an antenna prototype made up of more than a thousand of reflectarray cells individually 

designed by considering the real angles of incidence on each cell. Therefore, this medium-size 

reflectarray prototype is highly suitable to experimentally validate the proposed concept for dual-

band operation in dual-CP, as well as to test the design process of the reflectarray elements and 

the accuracy of the home-made analysis routines described in the previous chapters. Moreover, it 

allows for a simple manufacturing process with a relatively low economic budget.  

The reflectarray prototype is illuminated by a feed chain consisting of a dual-band feed-

horn connected to a commercial two-port diplexer for Tx and Rx that includes a polarizer. The 

feed-horn is the same considered in the simulations of Chapter 5: a spline-horn developed by 

Anteral [101] with a circular diameter of 60 mm. The operational band of the feed-horn goes from 

17.6 GHz to 20.3 GHz for Tx in Ka-band and from 27.3 GHz to 30.1 GHz for Rx. The directivity 

is around 21.5 dBi at 19.7 GHz and around 23.5 dBi at 29.5 GHz, with a 3dB-beamwidth close 

to 15° at 19.7 GHz and 12.5° at 29.5 GHz, and an aperture efficiency close to the 85% at 19.7 

GHz and 62% at 29.5 GHz. The feed-horn provides a maximum cross-polar level of around -25 

dB below the co-polar maximum at both Tx and Rx bands. The polarizer connected to the feed-

horn is a commercial model from General Dynamics [115] (model 0183-1416) for terminal 

stations in the ground segment. The operational band of the polarizer goes from 19.4 GHz to 21.2 

GHz for Tx and from 29.2 GHz to 31 GHz for Rx. The polarizer is characterized by nominal 

insertions losses lower than 0.45 dB at Tx and 0.35 dB at Rx, and it provides a nominal axial ratio 

lower than 2.3 dB at Tx and 1.5 dB in Rx, which is associated to a maximum cross-polar level of 

around -17.6 dB below the co-polar maximum at Tx and -21.3 dB at Rx. As described in Chapter 

5, the field radiated by the horn has been modeled in the simulation tools using a spherical wave 

expansion (SWE) distribution provided by Anteral, while the effect of the polarizer has not been 

included in the simulations. 

The position of the feed has been defined considering two aspects: the direction of the 

specular radiation provided by the feed, and the subtended angle by the reflectarray from the feed. 

The angle of incidence from the feed on the antenna center has been set to provide a specular 

radiation in the direction 𝜃0 = 11°, 𝜑0 = 0°, which is a relatively small value, in order to 

maximize the aperture efficiency and to avoid large angles of incidence on the reflectarray 

surface, at the same time as ensuring that the feed does not produce blockage of the radiate beam 

in the specular direction. The position of the feed has also been computed to provide a subtended 

angle by the reflectarray of 18°, which provides an edge illumination level of -12 dB at 19.7 GHz 

and -16 dB at 29.5 GHz, according to the SWE distribution that models the radiation of the feed-

horn. As a result, the center of the feed-horn aperture has been placed at coordinates (xF, yF, zF) = 

(-91.0, 0.0, 435.4) mm with respect to the reflectarray center. The resultant antenna configuration 

is shown in Fig. 6-2. 
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                                                  (a)                                                           (b) 

 

The angles of incidence (𝜃, 𝜑) on each reflectarray cell from the feed have been computed 

and are shown in Fig. 6-3. Note that every reflectarray cell will be adjusted and analyzed 

considering its real angles of incidence, as shown in Fig. 6-3. 

 

 

(a)                                                                               (b) 

θ φ

 

Once defined the antenna structure, the requirements related to the VRT are described 

below. 
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6.1.3 Required Phase Adjustment in CP by VRT 

As shown in the previous chapters, the orthogonal sets of dipoles to operate at Rx by VRT 

provide an independent control of the phases of the co-polar reflections coefficients in the locally 

rotated system of the dipoles, ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′ , which makes it possible to achieve the required 

difference of 180° between both coefficients within a range of phase values for ∠𝑅𝑋𝑋
′  larger than 

360°. As a result, the dipoles can introduce an additional phase correction at Rx, at the same time 

as splitting the beams in orthogonal CP radiated by the dual-CP feed. Since the reflectarray 

demonstrator proposed in this chapter has a flat surface that will not focus the beams radiated by 

the feed, the additional phase correction could be used to introduce the required phase distribution 

to shape high-gain beams at Rx, as in [105].  

For instance, a flat reflectarray without any kind of phase adjustment acts as a flat 

reflector that reflects the beam radiated by a dual-CP feed in the specular direction (𝜃0, 𝜑0), 

expressed as (u0, v0) in the normalized angular coordinates. If the reflectarray elements are 

rotated to deviate ±𝜗° the beams in orthogonal CP in opposite directions within the yz-plane, the 

reflected beam will be split into two spaced beams in orthogonal CP in the directions (u0, v0 ±

sin(𝜗)). The reflectarray could shape two spaced high-gain beams if the rotated elements provide 

the required phase distribution for ∠𝑅𝑋𝑋
′  in addition to the 180° phase difference between ∠𝑅𝑋𝑋

′  

and ∠𝑅𝑌𝑌
′  that suppresses the reflected cross-polar component. In this case, the required phase 

shift for ∠𝑅𝑋𝑋
′  that must be introduced in each cell can be computed by the conventional method 

based on the differential spatial phase delay to generate a plane wave-front associated to the 

direction (𝜃0, 𝜑0), as shown in (6.1): 

 

∠𝑅𝑋𝑋
′ (𝑥𝑖, 𝑦𝑖) = −𝑘0(𝑑𝑖 − (𝑥𝑖 cos𝜑0 − 𝑦𝑖 sin𝜑0) sin 𝜃0) = −𝑘0(𝑑𝑖 − (𝑥𝑖u0 − 𝑦𝑖v0)) 

 

where 𝑑𝑖 is the distance between the phase center of the feed and the reflectarray cell 𝑖 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. Moreover, the computed phase distribution for ∠𝑅𝑋𝑋
′  

can include an outer ring of random phase noise to broaden the shaped beams, as detailed in the 

previous chapter. 

However, with the same aim of reducing the uncertainties in the experimental validation 

of the dual-band reflectarray operating in dual-CP by VRT, the flat reflectarray prototype has 

been defined to only deviate the beams radiated by the feed in opposite direction for each CP. 

Thus, the reflectarray elements to operate by VRT at Rx (dipoles) will control the CP field by 

means of their rotation angle, which means that the co-polar reflection coefficients in the locally 
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rotated system are intended to introduce a constant phase distribution without any effect in the 

radiation patterns of the antenna. At Tx frequencies, the symmetrical circular arcs will only 

provide control of the phase difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  in the locally rotated system of 

the arcs, but in practice the range of values of ∠𝑅𝑋𝑋
′  is small enough to not disturb the radiation 

patterns of the antenna at Tx. 

Therefore, the required phase distributions on the reflectarray surface will show a gradual 

phase variation in opposite directions for each orthogonal CP at each frequency band, which will 

be provided by the rotation angle of the two groups of printed elements, as shown in the previous 

chapter for a parabolic reflectarray. The reflectarray is also intended to generate orthogonal beams 

at Tx and Rx frequencies, thus the beam at Tx is deviate 𝜗° in RHCP and −𝜗° in LHCP, while 

the beam at Rx is deviate −𝜗° in RHCP and 𝜗° in LHCP. The value of the angular separation ±𝜗° 

has been fixed according to the 3-dB beamwidth at Tx, since the objective is to generate slightly 

overlapping beams at around -3 dB with respect to the maximum gain of the beams. If the 25-cm 

reflectarray had shaped high-gain beams, it would have produced beams with a maximum gain 

around 33 dBi and a 3dB-beamwidth close to 4°, thus requiring a deviation of about ±1.9°. 

However, the reflectarray only splits the beam radiated by the feed-horn, which has a 3dB-

beamwidth close to 15° at Tx frequencies. As a result, an angular deviation of ±5° has been 

defined to generate spaced beams in orthogonal CP. The resultant angular separation between the 

beams generated by the reflectarray (10°) is relatively large compared to that of a high-gain 

antenna, which requires a demanding phase adjustment in the reflectarray surface, as will be 

shown in the next section. 

 

           

                                                       (a)                                                       (b) 
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The generation of the two spaced beams in orthogonal CP has been defined along the y-

direction of the antenna, as shown in Fig. 6-4. The position of the feed was computed to produce 

a specular radiation in the direction 𝜃0 = 11°, 𝜑0 = 0°, which does not produce blockage from 

the feed. If the specular direction of radiation is expressed as (u0, v0) in the normalized angular 

coordinates, the reflectarray must generate two beams in orthogonal CP in the directions 

(u𝑝1,𝑝2 = u0, v𝑝1,𝑝2 = v0 ± sin(5°)), associated to the spherical coordinates 𝜃𝑝1,𝑝2 =

12.1° , 𝜑𝑝1,𝑝2 = ±24.5°. The final antenna configuration is shown in Fig. 6-4 including the 

radiated beams in orthogonal CP, p1 and p2. Note that the antenna has been defined to generate 

orthogonal beams at Tx and Rx, thus p1 in Fig. 6-4 would be associated to LHCP at 19.7 GHz and 

RHCP at 29.5 GHz, while p2 would be associated to RHCP at 19.7 GHz and LHCP at 29.5 GHz. 

6.2 DESIGN PROCESS AND SIMULATED RESULTS 

As mentioned in the previous chapter, the first step when designing a reflectarray antenna 

is to define the phase distributions required on the reflectarray surface. The proposed flat 

reflectarray only deviates in opposite directions the beams in orthogonal CP radiated by the feed, 

simultaneously at Tx and Rx frequencies in Ka-band, without any additional phase corrections. 

Thus, the required phase distributions at each frequency will consist in a progressive phase 

variation with opposite sense for each orthogonal CP.  

The required phase increment in CP at each reflectarray cell has been computed as the 

difference between the phase adjustments required to collimate a high-gain beam in the direction 

of specular radiation, (u0, v0), and in the specified direction of radiation for that CP, (u𝑝1,𝑝2 =

u0, v𝑝1,𝑝2 = v0 ± sin(5°)). The equation shown in (6.1) can be used to compute the two phase 

adjustments to collimate a high-gain beam in each of the previous directions, then, the final phase 

increment at each cell for one of the two orthogonal CP (𝑝1) can be computed as shown in (6.2). 

Note that, since the beams are generated forming an angle of 11º with the yz-plane, the normalized 

angular coordinate u associated to the directions of the specular and radiated beams has the same 

value (u0 = u𝑝1 = u𝑝2). Thus, the required phase distribution along the antenna surface 

computed from (6.2) only presents variation along the y-axis of the antenna, composing a 

progressive phase term, as expected. At each operating frequency, the phase increment at each 

cell in the orthogonal CP (∆𝜙𝑝2) can be computed by (6.2) or directly as ∆𝜙𝑝2 = −∆𝜙𝑝1, since 

the phase adjustments required in each CP are opposite to each other to deviate the beams in each 

CP in opposite directions. 
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∆𝜙𝑝1(𝑥𝑖 , 𝑦𝑖) = −𝑘0 ((u𝑝1 − u0)𝑥𝑖 − (v𝑝1 − v0)𝑦𝑖) = −𝑘0(v0 − v𝑝1)𝑦𝑖 

 

As a result, the required phase distributions to be implemented on the reflectarray surface 

are shown in Fig. 6-5 at 19.7 GHz and in Fig. 6-6 at 29.5 GHz. Note that the phase distributions 

shown in Chapter 5 for a 0.9 m parabolic reflectarray (see Fig. 5-14) also had a gradual phase 

variation along the y-axis of the antenna, although the range of phase values in the distributions 

was of around ±100° at 19.7 GHz and ±150° at 29.5 GHz to deviate the beams ±0.59° at both 

frequencies. Now, the large angular deviation required for the beams (±5°) leads to wider ranges 

of phase values, close to ±240° at 19.7 GHz and ±360° at 29.5 GHz.   

 

 

(a)                                                         (b) 

 

 

(a)                                                         (b) 

 

The rotation angles of the reflectarray elements in each cell are obtained from the phase 

distributions in RHCP divided by a factor of 2. Thus, the resulting distributions of rotation angles 

for the arcs and dipoles are shown in Fig. 6-7. The wide range of phase values of the distributions 
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shown in Fig. 6-5 and Fig. 6-6 results in a range of rotation angles for the arcs and dipoles of 

±120° and ±180°, respectively. Note that the reflectarray is made up of 1443 reflectarray cells 

arranged in a 39 x 37 rectangular lattice, and the rotation angle of the elements varies along the 

y-axis of the antenna. Thus, the difference in the rotation angles between two adjacent cells along 

the y-axis is of 6.5° for the arcs and 9.7° for the dipoles, in opposite senses of rotation. As a 

consequence, the configuration of the reflectarray cells along the antenna surface will show a 

heterogeneous arrangement with relatively large differences between neighbor cells, which 

increases the difficulty of the design.  

 

 

(a)                                                          (b) 

 

The next step is the adjustment of the lengths of the rotated arcs and dipoles to provide 

the 180° phase difference between the phases of the co-polar reflection coefficients of the cell in 

the rotated system of the elements, ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′ , simultaneously at both frequency bands. 

Firstly, the design does not include an in-band optimization at Rx (see Chapter 4, Section 4.5), so 

the lengths of the dipoles are adjusted to provide ∠𝑅𝑋𝑋
′ = 0° and ∠𝑅𝑌𝑌

′ = −180° at 29.5 GHz, 

considering that the lengths of the lateral dipoles in each set are scaled by 0.77 with respect to the 

length of the central dipole. As stated in Chapter 5, the adjustment of the lengths of the reflectarray 

elements is carried out by a home-made analysis routine based on SD-MoM and the local 

periodicity approach. 

The different stages of the design process to achieve the final geometry of the reflectarray 

cells are shown below (from Section 6.2.1 to 6.2.4). For each stage, the reflection coefficients of 

the cells will be analyzed, and the simulated radiation patterns of the reflectarray will be also 

evaluated. The simulated radiation patterns have been computed from the reflected field on each 

reflectarray cell, obtained by the incident field on the cells produced by the feed and the realistic 

model of the surface reflection provided by the SD-MoM analysis of the cells. 
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As aforementioned, the feed-chain of the real prototype consists of a dual-CP feed-horn 

coupled to a polarizer. In the simulations, the CP field radiated by the feed-horn has been modeled 

using a SWE distribution, while the effect of the polarizer has not been considered. The incident 

dual-CP field on the reflectarray surface obtained from the SWE distribution has been 

decomposed into two orthogonal linear components. The amplitude of the linear components of 

the RHCP incident field at 19.7 GHz and 29.5 GHz are shown in Fig. 6-8 and Fig. 6-9. The 

amplitudes of the incident field show an edge illumination level of -12 dB at 19.7 GHz and -16 

dB at 29.5 GHz in the main planes of the antenna (along the x- and y-axes). 

 

         

(a)                                                        (b) 

 

      

(a)                                                     (b) 

 

The objective phase distributions on the reflectarray surface (shown in Fig. 6-5 and Fig. 

6-6) and the incident field on the cells computed by the SWE distribution have been used to 
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compute the ideal radition patterns of the antenna, which show the best possible antenna 

performance. The ideal radition patterns do not include losses of the substrates or phase errors in 

the reflectarray elements. Fig. 6-10 shows the cut in the azimuth plane of the ideal radiation 

pattern at 19.7 and 29.5 GHz. The simulated results show the required deviation of ±5° between 

orthogonal CP beams and the generation of orthogonal CP at Tx and Rx. Since the reflectarray 

does not focus high-gain beams, the simulated beams are similar to that of the feed, except for the 

diffraction effect at the edges of the reflectarray and the spill-over losses, which increase the side 

lobe level (SLL). The beams have a maximum gain of 21.2 and 23.7 dBi and a 3dB-beamwidth 

close to 17° and 12° at 19.7 and 29.5 GHz, respectively, while the nominal directivity of the feed 

is around 21.5 and 23.5 dBi with a 3dB-beamwidth close to 15° and 12.5° at 19.7 and 29.5 GHz, 

respectively. The maximum cross-polar level is below -7 dBi at both frequencies. 

 

  

 

6.2.1 Design of the central lines of cells 

The central column and row of reflectarray cells have been firstly adjusted to promptly 

obtain appropriate starting dimensions for all the cells in the reflectarray surface by means of the 

weighted replication process described in Chapter 5. The lengths of the symmetrical circular arcs, 

given by the angle of the arc, as well as the lengths of the central upper and lower dipoles of each 

designed cell are shown in Fig. 6-11.  
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                     (a)                                                  (b)                                                   (c) 

 

The amplitude and phase of the reflection coefficients in the rotated coordinate system of 

the elements are shown from Fig. 6-12 to Fig. 6-14 for the designed cells. Note that the design 

process only considers the difference between the phase of the co-polar reflection coefficients 

∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′ , while the amplitude of the co-polar coefficients, |𝑅𝑋𝑋
′ | and |𝑅𝑌𝑌

′ |, should be 

close to 0 dB and the amplitude of the cross-polar coefficients, |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ |, smaller than -20 

dB.  

The values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 19.7 GHz, as well as their phase difference, are shown 

in Fig. 6-12. The arcs can be used to control the difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′ , but not their 

absolute values. However, the geometrical parameters of the reflectarray cells were defined to 

achieve a stable phase response of the arcs at Tx, as can be seen in Fig. 6-12. A phase constant 

has been added to the values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  shown in Fig. 6-12a and b to center the ∠𝑅𝑋𝑋
′  

distribution around -180° and the ∠𝑅𝑌𝑌
′  distribution around 0°. Both coefficients show a range of 

phase values lower than 15°, which can be considered small enough not to significantly influence 

the radiation pattern of the reflectarray at Tx.  

The resultant phase difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 19.7 GHz shown in Fig. 6-12c 

has an average value of -180° with a deviation lower than ±10°, caused by the later adjustment of 

the dipoles at 29.5 GHz after designing the arcs at 19.7 GHz. Fig. 6-13 shows the amplitudes of 

the co-polar coefficients |𝑅𝑋𝑋
′ | and |𝑅𝑌𝑌

′ | at 19.7 GHz, which are lower than 0.1 dB for all the 

cells, while the amplitudes of the cross-polar  coefficients |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ | at 19.7 GHz are shown 

in Fig. 6-14. The values of |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ | are smaller than -20 dB, with values lower than -40 

dB in the central line of cells along the x-axis, where both arcs and dipoles remain unrotated and 

aligned with the axes of the antenna.  
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                    (a)                                                  (b)                                                (c) 

∠𝑅𝑋𝑋
′ ∠𝑅𝑌𝑌

′  ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′

 

 

                                       (a)                                                              (b) 

|𝑅𝑋𝑋
′ | |𝑅𝑌𝑌

′ |

 

 

                                       (a)                                                            (b) 

|𝑅𝑋𝑌
′ | |𝑅𝑌𝑋

′ |
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At Rx, the dipoles have been adjusted to provide ∠𝑅𝑋𝑋
′ = −180° and ∠𝑅𝑌𝑌

′ = 0° at 29.5 

GHz. Fig. 6-15 shows the resultant values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 29.5 GHz after the design of the 

central lines of reflectarray cells. As can be seen, the designed dipoles provide a value of ∠𝑅𝑋𝑋
′  

at 29.5 GHz of −180° with a phase deviation lower than ±2°, while the value of ∠𝑅𝑌𝑌
′  is perfectly 

set to 0° for all the cells, with a phase deviation lower than ±0.2°. As a result, the difference 

between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 29.5 GHz, shown in Fig. 6-15c, shows an average value of -180° with 

a deviation lower than ±2°. The amplitudes of the co-polar coefficients |𝑅𝑋𝑋
′ | and |𝑅𝑌𝑌

′ | at 29.5 

GHz are shown in Fig. 6-16, with values lower than -0.3 dB. The amplitudes of the cross-polar 

coefficients |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ | at 29.5 GHz present a maximum value close to -20 dB, as can be 

seen in Fig. 6-17. The reflectarray cells in the central line along the x-axis (with non-rotated arcs 

and dipoles) have values of |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ | at 29.5 GHz lower than -40 dB. On the other hand, 

when the arcs and dipoles are rotated in the central line along the y-axis, the amplitude of the 

cross-polar coefficients increases up to around -20 dB, with faster variations in amplitude than at 

19.7 GHz, due to the faster rotation of the dipoles along the antenna axis. 

 

 

                        (a)                                                 (b)                                             (c) 

∠𝑅𝑋𝑋
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′

 

 

(a)                                                            (b) 

|𝑅𝑋𝑋
′ | |𝑅𝑌𝑌

′ |
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(a)                                                          (b) 

|𝑅𝑋𝑌
′ | |𝑅𝑌𝑋

′ |

 

6.2.2 Analysis of the replicated configuration  

The adjusted dimensions of the elements placed in the central lines of cells shown in Fig. 

6-11 (a total of 75 reflectarray cells) have been used to extrapolate the dimensions of all the cells 

on the reflectarray surface (1443 reflectarray cells) by means of the weighted replication process 

described in Chapter 5. The resultant lengths of the rotated arcs, given by the angle of the arc, are 

shown in Fig. 6-18a, while the lengths of the central upper and lower dipoles are shown in Fig. 

6-18b and c. Note that the lengths of the lateral dipoles in each set of three parallel dipoles are 

scaled by 0.77 with respect to the length of the central dipole. The angle of the arcs varies from 

100° to 106°, which corresponds to a length between 4.8 mm and 5.1 mm. The length of the 

central dipoles in the lower layer varies from 2.8 mm to 3.6 mm, and the length of the central 

dipoles in the upper layer is comprised between 3.0 mm and 3.3 mm. 

 

 

                      (a)                                                (b)                                              (c) 
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The resultant reflectarray obtained from the replicated configuration of the reflectarray 

cells, whose cell dimensions are shown in Fig. 6-18, has been analyzed to check the degree of 

proximity to the final requirements of the design process. The values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  and the 

difference between both phases at 19.7 GHz are shown in Fig. 6-19. The absolute values of ∠𝑅𝑋𝑋
′  

and ∠𝑅𝑌𝑌
′  show a range of phase values of around 20°, and the phase difference between ∠𝑅𝑋𝑋

′  

and ∠𝑅𝑌𝑌
′  shown in Fig. 6-19c is close to -180°, with a maximum deviation of 14° that produces 

a phase difference of -166°, but only in a few cells near the edge. The amplitude of the co-polar 

and cross-polar reflection coefficients are shown in Fig. 6-20 and Fig. 6-21, respectively. The 

amplitude of the co-polar coefficients remains lower than 0.1 dB, while the amplitude of the cross-

polar coefficient 𝑅𝑋𝑌
′ , shown in Fig. 6-21a, has a maximum value of -15 dB (|𝑅𝑌𝑋

′ | remains 

smaller than -20 dB). 

 

 

                    (a)                                                  (b)                                               (c) 

∠𝑅𝑋𝑋
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(a)                                                        (b) 

|𝑅𝑋𝑋
′ | |𝑅𝑌𝑌

′ |
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(a)                                                         (b) 

|𝑅𝑋𝑌
′ | |𝑅𝑌𝑋

′ |

 

The analysis of the complete reflectarray formed by the replicated cells at 29.5 GHz has 

shown larger deviations in phase and amplitude with respect to the objective values than at 19.7 

GHz. The higher operating frequency causes a more sensitive behavior to small deviations in the 

dimensions of the dipoles. Fig. 6-22 shows the values of ∠𝑅𝑋𝑋
′ , ∠𝑅𝑌𝑌

′  and their difference at 29.5 

GHz. The phases show an overall behavior close to the design requirements (∠𝑅𝑋𝑋
′ = −180° and 

∠𝑅𝑌𝑌
′ = 0°), although the right side of the antenna has large deviations in phase of more than 20°. 

The amplitudes of the co-polar and cross-polar reflection coefficients at 29.5 GHz are shown in 

Fig. 6-23 and Fig. 6-24. The amplitudes of these coefficients show a general appropriate behavior 

(|𝑅𝑋𝑋
′ | and |𝑅𝑌𝑌

′ | larger than -0.5 dB, and |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ | below -20 dB), except on the right side 

of the antenna. 

 

 

 

                    (a)                                                  (b)                                                (c) 
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(a)                                                       (b) 

|𝑅𝑋𝑋
′ | |𝑅𝑌𝑌

′ |

 

 

(a)                                                                         (b) 

|𝑅𝑋𝑌
′ | |𝑅𝑌𝑋

′ |

 

The reflectarray with the replicated configuration of cells has been analyzed. In Fig. 6-25 

and Fig. 6-26, the simulated radiation patterns of the reflectarray at 19.7 and 29.5 GHz have been 

compared with those obtained from the ideal analysis of the objective phase distributions (shown 

in Fig. 6-10). The cuts of the radiation patterns of the reflectarray with replicated cells show a 

great agreement with the ideal performance of the antenna at both Tx and Rx frequencies. The 

maximum gain of the beams for the ideal and replicated cells presents a small difference around 

0.1 dB. This difference is so small thanks to the very low losses of the substartes (tanδ = 0.0009) 

and the fact of not focusing a high-gain beam.  

The right performance of the reflectarray with replicated cells can also be proved by the 

low cross-polar levels, close to those of the ideal analysis. The analysis of the reflection 

coefficients of the replicated cells showed a better performance at 19.7 GHz (see Fig. 6-19, Fig. 

6-20 and Fig. 6-21) than at 29.5 GHz (see Fig. 6-22, Fig. 6-23 and Fig. 6-24). However, a very 
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good agreement can be observed between simulated beams of the replicated and designed 

reflectarrays for the co-polar and cross-polar patterns at both frequencies. The larger errors in the 

reflection coefficients of the replicated cells at 29.5 GHz (shown in Fig. 6-22c) prevent the proper 

cancellation of the cross-polar component. As a result, Fig. 6-26 shows an increase in the cross-

polar level around 3 dB for the replicated configuration with respect to the ideal simulations at 

29.5 GHz.  
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Despite the small increase in the cross-polar radiation at 29.5 GHz with respect to the 

ideal radiation patterns, the low levels of the cross-polar components in Fig. 6-25 and Fig. 6-26 

(below -5 dBi) confirm the appropriate configuration of the reflectarray cells, obtained from the 

replication process. Therefore, the replicated configuration of the reflectarray cells along the 

antenna surface can be considered a very appropriate starting point for the refinement process of 

the reflectarray cells. 

6.2.3 Design without in-band optimization  

From the dimensions shown in Fig. 6-18, the reflectarray elements have been readjusted 

cell by cell by means of the previously described routine based on a home-made SD-MoM code, 

which assumes local periodicity  and considers the real angles of incidence on each reflectarray 

cell (the same routine previously used to adjust the dimensions of the elements placed in the two 

main lines of the antenna). The adjusted dimensions of the elements are shown in Fig. 6-27. The 

maximum difference between the replicated and the readjusted arc sizes (shown in Fig. 6-18a and 

Fig. 6-27a) is lower than 3°, while the lengths of the designed dipoles have varied less than 0.1 

mm with respect to the replicated dipoles, except on the right side of the antenna, where the 

difference between the initial and final lengths reaches up to 0.4 mm. The main variations in the 

dimensions of the elements are shown along the y-axis of the antenna, which indicates that the 

rotation angle of the elements (which increases in the direction of the y-axis) has a larger impact 

on the general behavior of the cells than other parameters, such as the angles of incidence, whose 

impact is only perceptible on the right edge of the antenna surface, where the angle of incidence 

𝜃𝑖 is close to 30° (specially for the upper dipoles, see Fig. 6-27c).  

 

 

                       (a)                                               (b)                                                   (c) 
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The analysis of the designed reflectarray cells at 19.7 GHz shows a small variation of 

∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  with respect to the phases provided by the replicated configuration of cells. As 

shown in Fig. 6-28 a and b, both coefficients have a range of phase values of around 20°, whose 

impact on the antenna performance will be analyzed by computing the radiation patterns of the 

antenna in the next section. However, the refined arcs provide a phase difference between ∠𝑅𝑋𝑋
′  

and ∠𝑅𝑌𝑌
′  of -180°, fulfilling the objective of the design routine at Tx. The small adjustment in 

the length of the arcs has corrected the phase deviations introduced by the replicated 

configuration. As in the replicated configuration, |𝑅𝑋𝑋
′ | and |𝑅𝑌𝑌

′ | at 19.7 GHz show values larger 

than -0.1 dB, as shown in Fig. 6-29, while |𝑅𝑋𝑌
′ | presents a maximum level around -15 dB and 

|𝑅𝑌𝑋
′ | remains smaller than -20 dB (see Fig. 6-30). 

 

 

                     (a)                                              (b)                                                (c) 
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(a)                                                            (b) 

|𝑅𝑋𝑌
′ | |𝑅𝑌𝑋

′ |

 

In contrast to the limited control provided by the arcs at Tx, the orthogonal sets of dipoles 

make it possible to independently adjust the values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 29.5 GHz. As a result, 

all the designed cells at 29.5 GHz provide a value of ∠𝑅𝑋𝑋
′  of almost exactly -180°, and a value 

of ∠𝑅𝑌𝑌
′  equal to 0°, with a deviation lower than ±1°, as shown in Fig. 6-31. Therefore, the design 

routine at 29.5 GHz has achieved all the design goals, and the deviations in phase that occurred 

in the replicated configuration (deviations larger than 20°) have been completely removed.  

Furthermore, the adjustments in the length of the dipoles have also improved slightly the 

amplitudes of the reflection coefficients. The amplitudes of the co-polar coefficients, shown in 

Fig. 6-32, and the cross-polar coefficients, shown in Fig. 6-33, have an overall good performance 

(|𝑅𝑋𝑋
′ | and |𝑅𝑌𝑌

′ | larger than -0.5 dB and |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ | smaller than -20 dB), although there is 

still a small area on the right side of the antenna with larger losses in the co-polar components 

and higher cross-polar levels. As aforementioned, the worse behavior of the cells at that zone is 

attributed to the higher angles of incidences on the cells; however, the relatively low illumination 

provided by the feed on the reflectarray edges at 29.5 GHz (around -16 dB) will minimize their 

impact in the radiation patterns of the antenna. This allows us to consider these results as a suitable 

design of the reflectarray.  

 

                       (a)                                                (b)                                             (c) 
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(a)                                                         (b) 

|𝑅𝑋𝑋
′ | |𝑅𝑌𝑌

′ |

 

 

(a)                                                         (b) 

|𝑅𝑋𝑌
′ | |𝑅𝑌𝑋

′ |

 

The reflectarray cells have been designed and analyzed at 19.7 GHz and 29.5 GHz. Now, 

the designed reflectarray is analyzed at the extreme frequencies of each band (19.2 GHz and 20.2 

GHz for Tx, 29.25 GHz and 29.75 GHz for Rx) to test the deviations with respect to the required 

180° phase difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at both bands. Note that the difference between 

∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 19.7 GHz shown in Fig. 6-28c has an average value μ|19.7 GHz  =  −180°, 

considering the 1443 cells, with a deviation around the average value smaller than to ±1°. The 

difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the extreme frequencies of the Tx band is shown in Fig. 

6-34. As can be seen, the mean value of the phase difference has been shifted around ±5° at the 

extreme frequencies: the average value at 19.2 GHz, μ|19.2 GHz, is -186°, while the mean value at 

20.2 GHz, μ|20.2 GHz, is -174.6°. In both cases, the deviations in phase around the mean value are 

around ±4°. The absolute values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the extreme frequencies also show a shift 

of their mean values, although they maintain a range of phases values of around 20°, similar to 

the one provided at 19.7 GHz. 
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(a)                                                           (b) 

 

At the Rx band, the difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the central frequency (shown 

in Fig. 6-31c) has an average value μ|29.5 GHz  =  −180°, with a deviation in phase lower than to 

±1°. The analysis at the extreme frequencies of the band is shown in Fig. 6-35, where the average 

value of the phase difference at 29.0 GHz is μ|29.0 GHz = −172.4° , while at 30 GHz the value 

of  μ|30.0 GHz is -191.3°. At both extremes of the Rx band, there are deviations in phase of up to 

30° with respect to the mean value. The absolute values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the extreme 

frequencies also show deviations in phase, with a range of phase values of around 20°, in contrast 

to the adjusted performance at 29.5 GHz, where the cells provide a value of ∠𝑅𝑋𝑋
′  of -180° and 

of ∠𝑅𝑌𝑌
′  equal to 0°, with deviations lower than ±1°.  

 

      

(a)                                                        (b) 

 

The radiation patterns of the reflectarray designed at 19.7 GHz and 29.5 GHz without in-

band optimizations have been computed and compared to the simulated radiation patterns of the 

reflectarray with ideal and replicated cells. The comparison between the simulated radiation 

patterns of the ideal, replicated and designed reflectarrays is shown in Fig. 6-36 and Fig. 6-37 at 
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19.7 and 29.5 GHz, respectively. The simulated results for the designed reflectarray and the 

reflectarray with replicated cells show a great agreement with ideantical co-polar components. 

The increase of cross-polar radiation for the replicated configuration at 29.5 GHz has been 

corrected in the designed reflectarray. The cross-polar level of the designed reflectarray is similar 

to that of the ideal radiation pattern at 19.7 and 29.5 GHz.  

 

 

 

  

 

The simulated cuts of the radiation patterns of the designed reflectarray at the extreme 

and central frequencies of each band are shown in Fig. 6-38 and Fig. 6-39, where it can be seen 

that the ±5° deviation of the beams is maintained within the 1 GHz frequency bands. The 

simulated beams have a maximum gain of 21.3 dBi and 23.5 dBi at 19.7 GHz and 29.5 GHz, 

respectively, with a 3dB-beamwidth close to 17° at 19.7 GHz and 11.7° at 29.5 GHz. The 
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minimum cross-polar discrimination (XPD) level within the 3dB-beamwidth of the beams in the 

azimuth plane is 24.8 dB at 19.7 GHz and 29.1 dB at 29.5 GHz, which are close to the cross-polar 

level produced by the feed (around -25 dB below the co-polar maximum at both Tx and Rx 

frequencies). The higher cross-polar levels produced at the extreme frequencies is caused by the 

deviations in phase produced in the difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the extreme 

frequencies (μ|19.2 GHz = −186° and μ|20.2 GHz = −174.6° with deviations of ±4°, and 

μ|29.0 GHz = −172.4° and μ|20.2 GHz = −191.3° with deviations of up to 30°). As a result, the 

XPD at the Tx band is better than 18 dB, while at Rx the XPD is reduced to 15 dB. 
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6.2.4 Design with in-band optimization  

The previous design procedure of the reflectarray cells has been carried out without taking 

advantage of the additional degree of freedom provided by the lengths of the lateral dipoles in 

each set (remember that the lengths of the lateral dipoles were scaled by 0.77 with respect to the 

length of the central dipole). Now, the design of the reflectarray antenna has been improved by 

applying the in-band optimization technique of the dipoles at Rx. The dimensions of the 

previously designed elements have been used as starting point in the new optimization process. 

The adjusted dimensions of the rotated reflectarray elements (arcs and dipoles) after the 

in-band optimization at Rx are shown in Fig. 6-40, Fig. 6-41, and Fig. 6-42. The lengths of the 

arcs shown in Fig. 6-40 are similar to those of the previous design (depicted in Fig. 6-27a), with 

values of the angle of the arcs between 100° to 106°. The adjustment process of the arcs is the 

same one used in the previous design, although the different dimensions of the optimized dipoles 

lead to slight variations in the length of the arcs. The lengths of the central lower and upper dipoles 

(shown in Fig. 6-41a, and Fig. 6-42a) maintain a similar configuration to that of the design 

without in-band optimization (shown in Fig. 6-27b and c), with slightly larger values of the 

lengths for the lower central dipoles. The main differences with respect to the dimensions 

computed in the previous design are the lengths of the lateral dipoles (see Fig. 6-41b, and Fig. 

6-42b), which are considered as a new optimization variable in the adjustment process of the 

elements.  

 

 

Ω
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(a)                                                      (b) 

 

 

(a)                                                             (b) 

 

The analysis of the optimized antenna at 19.7 GHz shows a similar behavior to the 

previous design. Fig. 6-43 shows the values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  and their difference. The phases 

of the co-polar reflection coefficients still show a range of phase values of about 20°, although 

the phase difference shows slightly larger deviations in phase with respect to the required -180°, 

caused by the larger impact of the dipoles at Tx frequencies due to their larger dimensions. The 

amplitudes of the reflection coefficients at 19.7 GHz are shown in Fig. 6-44 and Fig. 6-45, with 

similar distributions of amplitude to those of the initial design (shown in Fig. 6-29, and Fig. 6-30). 
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′ |

 

 

(a)                                                      (b) 

|𝑅𝑋𝑌
′ | |𝑅𝑌𝑋

′ |

 

The results of the analysis at 29.5 GHz are shown in Fig. 6-46, Fig. 6-47, and Fig. 6-48. 

The amplitudes of the reflection coefficients at 29.5 GHz hardly show differences from the 

previous analysis of the antenna without in-band optimizations. However, the phases shown in 
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Fig. 6-46 have larger errors than those of the previous design: ∠𝑅𝑋𝑋
′ ,  ∠𝑅𝑌𝑌

′  and their difference 

show deviations of around ±10° with respect to the objective values. These deviations are 

produced due to the increased number of objectives in the optimization process at Rx, and the 

difficulty of achieving all of them. In the initial design, the objectives at Rx were to provide ∠𝑅𝑋𝑋
′  

= -180°  and ∠𝑅𝑌𝑌
′  = 0° at 29.5 GHz, and now, the design goals are to reach ∠𝑅𝑋𝑋

′  = -180°  and 

∠𝑅𝑌𝑌
′  = 0° at 29.5 GHz, and ∠𝑅𝑋𝑋

′ − ∠𝑅𝑌𝑌
′  = -180° at the extreme frequencies, 29.0 GHz and 

30.0 GHz. 
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(a)                                                           (b) 

|𝑅𝑋𝑌
′ | |𝑅𝑌𝑋

′ |

 

As in the previous design, the reflectarray has been analyzed at the extreme frequencies 

of both Tx and Rx bands. At the Tx band, the difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 19.7 GHz 

shown in Fig. 6-43c has an average value μ|19.7 GHz  =  −181.2° with a deviation in phase around 

the average value smaller than ±6°. Fig. 6-49 shows the phase difference at the extreme 

frequencies of the Tx band. The mean value of the phase difference at 19.2 GHz is μ|19.2 GHz  =

 −187° with ±6° of maximum deviation, while the mean value at 20.2 GHz is μ|20.2 GHz  =

 −175.8° with a deviation of ±8° with respect to the average value. Therefore, the overall behavior 

of the cells at the Tx band is quite similar to that of the design without optimization at Rx: the 

difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the design frequency (19.7 GHz) is close to the required 

−180°, while at the extreme frequencies, the mean value of the phase difference is shifted less 

than 10°. In contrast to the previous design without in-band optimizations at Rx, now the larger 

lengths of the dipoles produce slightly larger deviations in phase (up to ±8°) with respect to the 

objective phase values at Tx. 

 

     

(a)                                                       (b) 
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The difference between the phases of the co-polar reflection coefficients at the extreme 

frequencies of the Rx band are shown in Fig. 6-50. Now, the optimized cells provide a mean value 

of the difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  of μ|29.0 GHz  =  −177° and μ|30.0 GHz  =  −183.4° at 

29 GHz and 30 GHz, respectively. Both values are closer to the required -180° than those achieved 

in the design without optimizations (μ|29.0 GHz = −172.4°, μ|30.0 GHz = −191.3°).  

Both the optimized and non-optimized designs show regions of cells where the difference 

between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the extreme frequencies is deviated around 30° with respect to the 

required value. In these zones, the optimization routine does not reach the phase targets and the 

cells have a similar performance to those of the non-optimized design. On the other hand, there 

are other regions of the reflectarray where the optimization provides a satisfactory performance 

and the phase difference is almost exactly -180°. This behavior is mainly produced due to the fast 

variations in the relative rotation angle between the arcs and the dipoles. The optimization of the 

dipoles in those cells where the relative rotation angle between arcs and dipoles is close to 0° 

converges faster than in those cells with relative rotation angles of around 45°. Despite this fact, 

it can be checked that the optimized dipoles provide a better overall behavior in the Rx band than 

those of the non-optimized design. 

 

      

                                     (a)                                                             (b) 

 

The radiation patterns of the improved design with the in-band optimization at Rx have 

been computed at the central and extreme frequencies of each band. The cuts in the azimuth plane 

of the simulated radiation patterns are shown in Fig. 6-51 and Fig. 6-52. The radiation patterns at 

Tx do not show noticeable differences with respect to the results obtained for the previous design 

(shown in Fig. 6-38). The beams show the required angular deviation, with an XPD larger than 

18 dB in the Tx band. As aforementioned, the optimization of the dipoles hardly affects to the 
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operation at Tx. However, the radiation patterns at Rx show an improved XPD of 19 dB and 24 

dB at 29.25 GHz and 29.75 GHz, respectively, while at the central frequency the XPD is larger 

than 25 dB. Note that the simulated results for the reflectarray designed without in-band 

optimizations provided an XPD around 15 dB at the extreme frequencies of the Rx band (shown 

in Fig. 6-39). 
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The computed values of XPD at the central and extreme frequencies of each frequency 

band for both optimized and non-optimized designs have been summarized in Table 6-I, together 

with the information of the phase difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  (mean value and maximum 

deviations with respect to 180°) provided by both designs. 

 

Band Figure of merit Design at f0 Optimized at Rx 

Tx 

Mean value 

μ|19.2 GHz = -186° 

μ|19.7 GHz = -180° 

μ|20.2 GHz = -174.6° 

μ|19.2 GHz = -187° 

μ|19.7 GHz = -181.2° 

μ|20.2 GHz = -175.8° 

Maximum deviation ±4° ±8° 

Cross-polar ratio 

XPD|19.2 GHz > 18 dB 

XPD|19.7 GHz > 28 dB 

XPD|20.2 GHz > 20 dB 

XPD|19.2 GHz > 18 dB 

XPD|19.7 GHz > 28 dB 

XPD|20.2 GHz > 20 dB 

Rx 

Mean value 

μ|29.25 GHz = -172.4° 

μ|29.5 GHz = -180° 

μ|29.75 GHz = -191.3° 

μ|29.25 GHz = -177° 

μ|29.5 GHz = -180° 

μ|29.75 GHz = -183.4° 

Maximum deviation ±30° ±30° 

Cross-polar ratio 

XPD|29.25 GHz > 15 dB  

XPD|29.5 GHz > 28 dB  

XPD|29.75 GHz > 15 dB 

XPD|29.25 GHz > 19 dB  

XPD|29.5 GHz > 26 dB  

XPD|29.75 GHz > 24 dB 

 

It can be concluded that the in-band optimization implemented in the second design 

improves the antenna performance, demonstrating the effectiveness of the implemented in-band 

optimization to reduce the cross-polarization in the Rx band. Therefore, the optimized design has 

been selected to be manufactured and tested. 

6.3 MANUFACTURING OF THE 25-CM REFLECTARRAY 

PROTOTYPE 

The reflectarray prototype has a rectangular flat surface of 25 cm x 25 cm with a dual-

layer configuration. The dielectric substates used in the prototype are two Diclad 880B sheets (εr 

= 2.17, tanδ = 0.0009) with a thickness of 0.762 mm for each sheet. Both Diclad sheets are bonded 

by a thermoplastic film consisting of two sheets of 38 μm CuClad 6250 (εr = 2.32, tanδ = 0.0013). 
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A conventional chemical photo-etching process has been used to produce the layout of 

the reflectarray elements on both faces of the upper Diclad sheet cladded with 17 μm copper: the 

arcs are printed on the upper side of the sheet, while the orthogonal stacked sets of three parallel 

dipoles are printed on both sides of the substrate. The upper copper coating of the lower dielectric 

sheet has been completely removed, while the lower one is kept to act as a ground plane for the 

prototype. The sandwich configuration of the two-layer reflectarray is shown in Fig. 6-53. 

 

 

 

From the final dimensions of the designed reflectarray elements shown in Fig. 6-40, Fig. 

6-41, and Fig. 6-42, a CAD file with the final layout of the cells has been developed for the photo-

etching process. The resultant patterns of printed elements for both upper and lower layers are 

shown in Fig. 6-54 and Fig. 6-55. In Fig. 6-54, the contours of the lower layer of metallization 

are shown in blue color, while in Fig. 6-55, the contours of the upper layer of metallization are 

shown in red color. Both layouts include black lines that represent the cuts required in the 

substrate sheet. There are also five green circles in both masks, the four larger circles are the holes 

required to fix the substrates to the supporting structure of the reflectarray by means of plastic 

screws (four reflectarray cells have been removed to make room for the screws). The small green 

circle in the central part of the upper edge points the zone where the feed-horn would be placed, 

in order to easily orient the masks. In the upper layer of metallization shown in Fig. 6-55, some 

groups of dipoles have been included in the outer corners of the prototype to check the dimensions 

of the printed elements, and also, some rectangular samples consisting of two reflectarray cells 

have been defined to test the phase-shift and dissipative losses of the reflectarray cells in a 

waveguide simulator, if required. Note also that the layout of the lower metallization, formed only 

by dipoles (Fig. 6-54), clearly shows the variations in the rotation angles of the dipoles, with non-

rotated dipoles along the central column of cells, and a range of rotation angles of up to ±180° in 
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the extreme rows. The layout of the elements in the upper layer (Fig. 6-55) shows the variations 

in the rotation angles of both dipoles and arcs, with opposite sense of rotation for each group of 

elements, and a range of rotation angles for the arcs (±120°) lower than that of the dipoles. 
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The reflectarray prototype and the feed-chain have been sustained by an aluminum 

structure built at the facilities of the group GEA-UPM. Fig. 6-56 shows a drawing of the xz-plane 

of the antenna structure made in AutoCAD. 
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The manufactured reflectarray prototype in the aluminum structure is shown in Fig. 6-57. 

A check of the dimensions of the printed elements showed an average error of -35 μm in the 

dimensions of the elements, plus a random error of ±10 μm. This error has been included in the 

simulations of the prototype to compare the measured and simulated radiation patterns. 
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6.4 MEASUREMENTS OF THE MANUFACTURED REFLECTARRAY  

The manufactured reflectarray prototype has been tested in a compact range antenna test 

system at the anechoic chamber of the ETSIT-UPM. Fig. 6-58 shows the manufactured 

reflectarray in the anechoic chamber, where the aluminum supporting structure has been covered 

by absorbent material to reduce unwanted reflections. 

   

 

 

As aforementioned, the reflectarray is illuminated by a feed-chain consisting of a feed-

horn connected to a commercial two-port diplexer that includes a polarizer. The feed-chain has 

also been measured in the anechoic chamber of the ETSIT-UPM to characterize the effect of the 

polarizer, which was not considered in the simulations of the reflectarray. Fig. 6-59 shows the 

feed-chain in the anechoic chamber (the diplexer-polarizer is covered by absorbent material). 
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The measured cuts of the radiation pattern of the feed-chain in the φ-planes 0°, 45°and 

90° are shown in Fig. 6-60 at both 19.7 GHz and 29.0 GHz. In the measurements, the polarizer 

has been configured for LHCP in Tx and RHCP in Rx. The measured 3dB-beamwidth of the 

beams is close to 15° at 19.7 GHz and 12.5° at 29.0 GHz, which matches the nominal values of 

the feed-horn. The maximum gain of the beams is around 20.6 dBi and 21.9 dBi at Tx and Rx, 

respectively. Note that the nominal directivity of the feed-horn is around 21.5 dBi at Tx and 23.5 

dBi at Rx, and the nominal insertions losses of the polarizer are lower than 0.45 dB at Tx and 0.35 

dB at Rx. The cuts of the measured radiation pattern of the feed also show an XPD of around 23 

dB and 21 dB at 19.7 GHz and 29 GHz, respectively.  

 

 

 

Then, the manufactured reflectarray prototype has been measured in a compact range 

measurement system to obtain the cuts of the radiation patterns in the azimuth plane (where the 

two spaced beams are generated) at different frequencies in Ka-band.  

In the Tx band, the reflectarray has been measured at 19.2 GHz, 19.45 GHz, 19.7 GHz, 

19.95 GHz, and 20.2 GHz. The measured cuts of the radiation patterns at these frequencies are 

shown in Fig. 6-61. The measured beams at Tx frequencies show the required angular deviation 

between orthogonal beams of ±5°, with a similar beam shaping in band. The maximum gain of 

the beams varies between 20.1 dBi at 19.2 GHz and 21 dBi at 20.2 GHz, reaching gain levels very 

similar to those of the feed-chain (around 20.6 dBi at 19.7 GHz). The minimum value of the 

maximum gain of the beams (20.1 dBi) is produced by the additional losses introduced by the 

polarizer at 19.2 GHz, since it is out of its operating band for Tx (from 19.4 GHz to 21.2 GHz). 

Note that the ripple of the main lobes is produced by diffraction effects at the reflectarray edges, 
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which are illuminated at -12 dB. The cross-polar component also shows a stable performance in 

band, with a maximum level below 5 dBi.  

  

 

                            (a)                                                 (b)                                                 (c)       

 

      (d)                                                    (e) 

 

The comparison between measured cuts of the radiation patterns at the central and 

extreme frequencies of the Tx band is shown in Fig. 6-62. As previously shown, the beams show 

the required angular deviation, and the XPD remains larger than 15 dB (an axial ratio around 3 

dB). The minimum XPD is achieved at 19.2 GHz, where the polarizer used in the feed-chain is 

out of its operating band for Tx. Note that the XPD of the measured protype is limited by the 

polarizer, which provides a nominal axial ratio of 2.3 dB at Tx, corresponding to an XPD of 

around 17.6 dB for the feed.  
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At Rx, the reflectarray has been measured at 28.5 GHz, 28.75 GHz, 29.0 GHz, 29.25 

GHz, 29.5 GHz, 29.75 GHz, and 30.0 GHz. The measurements have included a larger frequency 

band than the initially defined band for Rx (from 29.0 GHz to 30.0 GHz) due to the appearance 

in the measurements of a shift in the operational bandwidth of the prototype. The measured cuts 

of the radiation patterns at the measured frequencies in Rx are shown in Fig. 6-63. The 

measurements show that the frequency shift has lowered the central frequency of the Rx band to 

29.0 GHz, where there is the minimum level of cross-polar radiation. Note that the best 

performance of the prototype is achieved within a 500 MHz frequency band centered at 29.0 GHz, 

despite being out of the operational band of the polarizer at Rx (from 29.2 GHz to 31.0 GHz). 

The measured beams show a reduction of the XPD when the frequency is above 29.5 GHz, with 

cross-polar levels larger than 10 dBi. The shift of the operational band of the antenna has increased 

the phase errors in the reflection coefficients of the cells, which has two main effects on the 

radiation patterns. First, the phase errors occurred in the difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  

(ideally -180°) produce an increase of the cross-polar radiation, as shown in the measurements, 

particularly above 29.5 GHz. As shown in previous sections, the cross-polar suppression using 

VRT is quite sensitive to phase errors in the difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  (a deviation of 

10° in the mean value of the phase difference at Rx can produce an XPD of 15 dB). The second 

effect is that the phase errors occurred in the absolute values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  (ideally constant 

along the surface) cause distortions to the shaping of the beams, which can be clearly appreciated 

at 29.75 GHz and 30 GHz. 
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      (a)                                               (b)                                                       (c) 

 

    (d)                                                                (e) 

 

    (f)                                                                (g) 

 

The shift of 0.5 GHz in the operating frequencies of the reflectarray prototype at Rx has 

been attributed to an imprecise characterization of the electrical properties of the dielectric 

substrates at Rx frequencies. Note that the reflectarray was designed considering the nominal 

values of the dielectrics at 10 GHz (εr = 2.17, tanδ = 0.0009). A more accurate characterization of 

the dielectric substrates has been carried out by measuring two of the identical rectangular 

samples that were manufactured together with the reflectarray (each sample consisting of two 
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reflectarray cells based on three parallel dipoles) in a waveguide simulator (WGS). Note that the 

manufacturing of these samples was considered in the manufacturing process and they are 

included in the layout of the upper metallization in Fig. 6-55. 

The WGS is a well-known procedure to measure the performance of elements in a 

periodic environment, due to the boundary conditions of the waveguide walls where the samples 

are inserted [103]. The use of a rectangular waveguide makes it possible to measure the phase and 

amplitude of the reflection coefficients of reflectarray cells in a periodic environment for single 

linear polarization (with the electric field in the direction of the TE10 mode of the waveguide). 

Thus, the samples have been inserted in a small section of a WR-34 waveguide. On the lower side 

of the samples, there is no copper coating, since a short-circuit placed at the end of the small 

section of WR-34 acts a ground plane. Fig. 6-64 shows the small section of WR-34 with the 

sample inserted, the short-circuit used as ground plane, and the sample outside the waveguide, 

with an enlarged view of the reflectarray sample.  

 

 

 

The measurements of the reflection coefficient of the cell in amplitude and phase along 

the frequency band of the WR-34 (from 22 GHz to 33 GHz) are shown in Fig. 6-65, together with 

the simulations carried out by the SD-MoM analysis code. The simulations have considered first 

the nominal values of the Diclad 880B (“Init. Sim” in Fig. 6-65), and then, the corrected values 

that match the simulated and measured performance of the cell (“Corr. Sim” in Fig. 6-65). As a 

result of this test, the electrical properties of the Diclad 880B at Rx frequencies have been 

estimated as εr = 2.3 and tanδ = 0.0058. Note that the deviation of the εr occurs also at Tx 

frequencies, but the stable performance in band of the arcs at Tx minimizes the effects in the 

radiation patterns. 
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The measured operational band of the prototype at Rx has been defined from 28.75 GHz 

to 29.25 GHz. The comparison between measured cuts of the radiation patterns at 28.75 GHz, 

29.0 GHz, and 29.25 GHz is shown in Fig. 6-66. As in the Tx band, the beams show the required 

angular deviation of ±5°, with a stable beam shaping within the 500 MHz frequency band. The 

maximum gain of the beams varies from 21.8 to 22.6 dBi within the Rx frequency band (close to 

the measured gain of the feed-horn in Rx), and the XPD remains close to 15 dB, as in Tx. Note 

that the measurements at Rx also prove the generation of orthogonal CP beams at Tx and Rx 

frequencies, which experimentally demonstrates the independent control of the VRT provided by 

the reflectarray cells in each frequency band. 
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Finally, the simulated performance of the reflectarray prototype has been computed 

considering the characterized electrical properties of the dielectrics instead of the nominal values. 

The comparison between measured and simulated radiation patterns at the central and extreme 

frequencies of the Tx band is shown in Fig. 6-67. The corrected simulations show a good 

agreement with the measurements. The maximum gain of the simulated beams is around 1 dB 

higher than in the measurements, since the simulations do not include the losses of the feed-chain. 

The difference between the measured and simulated maximum gain of the beam is larger at 19.2 

GHz, due to the additional losses introduced by the polarizer out of its operating band for Tx 

(from 19.4 GHz to 21.2 GHz) The measured beams have a slightly larger ripple in the main lobe 

caused by the diffraction produced in the reflectarray edges. The effect of the polarizer is not 

considered in the simulations, which produces slight discrepancies between the simulated and 

measured cross-polar levels.  

The comparison between the measurements and the corrected simulations at Rx 

frequencies is shown in Fig. 6-68. As in the Tx band, the measured beams show a good agreement 

with the simulations. Note that the polarizer also operates outside its nominal band (from 29.2 

GHz to 31 GHz). The simulations provide accurate results for the co-polar components with small 

differences in the maximum gain level of the beams due to the losses of the feed-chain, which are 

not considered in the simulations. The measured cross-polar components are also influenced by 

the polarizer, producing some differences with respect to the simulations.  
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(a) 

 

(b) 

 

(c) 
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(a) 

 

(b) 

 

(c) 
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In conclusion, the measured radiation patterns meet the design goals proposed for the 

prototype. The orthogonal CP beams are properly deviated in both bands, the beams in Tx are 

generated with the orthogonal CP at Rx frequencies, and the cross-polar levels remain stable 

within the measured operating bands of the prototype, despite the imprecise characterization of 

the substrates and the effect of the polarizer on the measurements. Note that, even with the 

previous inaccuracies, the XPD provided by the prototype at both bands slightly improves the 

XPD provided by the previous implementations of single-band reflectarrays that split the beams 

in orthogonal CP by VRT at 20 GHz [104], [105]. Moreover, the good agreement between 

measurements and simulations experimentally validates the SD-MoM analysis routine embedded 

in the design tool, which had been validated previously at the cell level in Chapter 4.  

6.5 CONCLUSION  

In this chapter, a flat reflectarray of 25 cm x 25 cm has been designed, manufactured, and 

tested to experimentally validate the generation of two spaced beams in orthogonal CP per feed 

simultaneously at Tx and Rx frequencies in Ka-band by VRT. The reflectarray prototype has also 

proved the generation of orthogonal CP beams at Tx and Rx frequencies in Ka-band by means of 

the independent application of the VRT at each frequency band, as well as the implementation of 

an in-band optimization to improve the performance of the antenna in the upper frequency band.  

The reflectarray prototype uses the reflectarray cell defined in Chapter 4, whose reflection 

coefficients are obtained by a home-made SD-MoM code which assumes a local periodic array 

model and takes into account the real angles of incidence on each reflectarray cell. The prototype 

has been designed by an in-house design tool, following the procedure described in Chapter 5 

applied to a conventional flat structure. The dimensions of the printed elements in the 1443 

reflectarray cells of the prototype have firstly been obtained by a weighted replication process, 

which employs the dimensions of 75 designed cells placed in the central lines of the antenna as a 

proper starting point for the design of the complete reflectarray. The reflectarray prototype has 

been designed with and without including the in-band optimization technique in the Rx band, 

defined in Chapter 4 at the cell level and in Chapter 5 at the antenna level. The comparison 

between the simulated performance of both designs has been evaluated in terms of the reflection 

coefficients of the cells and by the simulated radiation patterns. The optimized design has shown 

an improved performance and has been chosen for the manufactured prototype.  

The measurements of the manufactured reflectarray have experimentally validated the 

previous procedures and software tools, described in chapters 4 and 5. The measured beams show 

the required angular deviation of ±5° introduced by VRT at both bands, and the cross-polar 

radiation shows a similar maximum level in the defined frequency bands, despite the imprecise 
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characterization of the substrates and the effect of a commercial polarizer in the feed-chain not 

considered in the simulations. Although the inexact characterization of the substrates has shifted 

the measured operating band at Rx and has increased the phase errors at both bands, the dual-

band prototype improves the XPD provided by previous implementations of single-band 

reflectarrays with the same operating principle based on the VRT. 

The results of the manufactured prototype are highly satisfactory, which encourages to 

implement the developed design technique on a parabolic surface.  
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After a first experimental validation of the generation of two spaced beams per 

feed in orthogonal circular polarizations (CP) by the variable rotation technique 

(VRT) with dual-band operation, in this chapter, a parabolic reflectarray is 

designed for the requirements of an on-board antenna in a geostationary 

satellite to provide a multi-spot coverage in Ka-band. The parabolic reflectarray 

is intended to generate half the required four-color multi-spot coverage at 19.7 

and 29.5 GHz. From the reflectarray cell presented in Chapter 4 and the design 

and analysis tools described in Chapter 5, a 1.8 m parabolic reflectarray formed 

by 62654 cells has been designed to deviate ±0.28° the beams focused by the 

parabolic surface by VRT. The designed reflectarray has been analyzed under a 

multi-fed configuration based on a cluster of 27 dual-CP feeds, thus generating 

a multi-spot coverage of 54 beams in Ringth-handed and Left-handed CP 

simultaneously at 19.7 and 29.5 GHz. The simulated multi-beam performance 

has been evaluated according to the requirements commonly specified in real 

satellite applications.  
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7.1 DEFINITION OF THE REFLECTARRAY ANTENNA 

7.1.1 Objectives of the Design 

A parabolic reflectarray has been proposed to generate half the required multi-spot 

coverage for a High Throughput Satellite (HTS) in Ka-band. As validated in the previous chapter, 

the reflectarray is intended to generate two spaced beams in orthogonal CP per feed 

simultaneously at Tx and Rx frequencies in the Ka-band by means of the variable rotation 

echneque (VRT). The parabolic surface of the reflectarray will focus the beams in a natural way, 

avoiding the problem of the large number of 360° cycles in the required phase distributions typical 

of large-size flat reflectarray antennas. The phase distributions implemented by VRT to split the 

beams in orthogonal CP will present a smooth variation on the parabolic surface.  Moreover, a 

single offset parabolic reflectarray is a simple antenna configuration, similar to the parabolic 

reflectors commonly used in space applications. 

According to the proposed technology, a parabolic reflectarray fed by a cluster of 27 

horns would generate a two-color multi-spot coverage of 54 beams, while a second parabolic 

reflectarray would produce the second half of the beams in a similar way, operating in slightly 

different operating frequencies for Tx and Rx. Thus, two parabolic reflectarrays would produce 

the whole coverage composed of 108 beams distributed in four colors. Fig. 7-1 shows the clusters 

of feeds for the two parabolic reflectarrays and their associated beam distributions.  
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The main requirements imposed to the operation of the parabolic reflectarray have been 

defined from the antenna specifications commonly required in real HTS systems operating in Ka-

band. Table 7-I shows the typical requirements of the complete antenna farm (system 

requirements) together with the requirements associated to the proposed parabolic reflectarray. 

To make it possible the generation of one half of the required multi-spot coverage in a HTS, the 

reflectarray must provide a cellular coverage formed by around fifty spots, generated in two 

different colors simultaneously at the Tx and Rx links, where the two-color re-use scheme is 

reached by the generation of beams in orthogonal polarizations (2 pols.). The system requirements 

associated to the radiation patterns of the antennas on board the satellite (spot diameter, gain, 

cross-polar levels, etc.) remain unchanged for the proposed reflectarray. Finally, the 1 GHz 

frequency bands allocated for Tx and Rx in the satellite would be divided into two sub-bands of 

500 MHz, to generate the final four-color reuse scheme (2 freqs. + 2 pols.). The parabolic 

reflectarray should operate in two 500 MHz frequency bands (one for Tx and one for Rx); 

however, the electrical design of the parabolic reflectarray shown in this chapter considers only 

the central frequency of each band to analyze the multibeam performance of the proposed antenna 

solution, without including in-band optimizations. Then, if the parabolic reflectarray provides 

suitable results, the in-band optimization described in previous chapters and experimentally 

validated in Chapter 6 would be included in the design process of the final demonstrator (shown 

in the next chapter). 

 

Parameter System Parabolic Reflectarray 

Number of spots > 100 > 50 

Spot lattice  Triangular Triangular 

Re-use scheme 4 colors (2 freqs. + 2 pols.) 2 colors (2 pols.) 

Spot diameter 0.65° 0.65° 

Spot separation 0.56° 0.56° 

EOC gain > 43.8 dBi > 43.8 dBi 

Roll-off factor < 4.3 dB < 4.3 dB 

Single Entry C/I > 20 dB > 20 dB 

Co-polar / cross-polar  > 20 dB > 20 dB 

Tx frequencies 19.2 GHz – 20.2 GHz 19.7 GHz 

Rx frequencies 29.0 GHz – 30.0 GHz 29.5 GHz 
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7.1.2 Antenna Configuration 

The feeds to illuminate the parabolic reflectarray have been modelled considering the 

realistic feed-chain in Ka-band reported in [76], which is a dual-CP feed-horn with a diameter of 

54 mm to operate between 17.7 GHz and 20.2 GHz for Tx and from 27.5 GHz to 30.0 GHz for 

Rx. The field radiated by the feed has been modelled in the simulations by an ideal cosq(𝜃) 

distribution with q = 24 at Tx frequencies and q = 42 at Rx. Thus, the subtended angle by the 

parabolic reflectarray from the feed must be of 36° to get an edge illumination level of -12 dB at 

Tx, while for the same subtended angle at Rx, the illumination level is around -20 dB. From the 

54 mm diameter of the feed-horn, a minimum distance of 55 mm between contiguous feeds has 

been defined for the cluster of feeds required to illuminate the reflectarray. 

The geometrical parameters of the parabolic configuration have been defined considering 

the requirements shown in Table 7-I related to the radiation patterns of the antenna and the 

considerations arising from the feed. A diameter of around 1.8 m is required to provide a 

maximum gain at Tx close to 50 dBi, with an EOC gain of about 46 dBi that results in a roll-off 

factor around 4 dB. Then, the other parameters (focal length and clearance) have been defined 

taking into account the required spot distribution of the resultant multi-spot coverage and the 

minimum distance of 55 mm between adjacent feed-chains. The spot separation between adjacent 

beams in orthogonal CP (different color) is 0.56°. Hence, the separation between two beams of 

the same color produced by adjacent feeds is 1.12°. This value has been the limiting factor for the 

selection of a parabolic configuration with an adequate beam deviation factor to provide 1.12° 

beam separation with a transversal deviation of 55 mm in the offset plane. Moreover, the half-

subtended angle of the antenna system from the focus of the paraboloid must be 18° to get an 

edge illumination level of -12 dB at Tx. As a result, Table 7-II shows the parameters that define 

the single offset parabolic configuration, depicted in Fig. 7-2.  

 

Parameter Value 

Aperture diameter (D) 1.812 m 

Focal length (f) 2.718 m 

Offset height (h0) 1.256 m 

Clearance (C) 0.350 m 

Half subtended angle 18° 
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As detailed in the requirements shown in Table 7-I, the separation between adjacent 

beams is 0.56°, so the parabolic reflectarray must be designed to introduce an angular deviation 

of ±0.28° between the beams produced by the same feed in orthogonal CP. Unlike the flat 

reflectarray presented in the previous chapter, which was defined to deviate the beams in the y-

direction, now, the parabolic reflectarray has been designed to split the beams within the xz-plane. 

As shown in Chapter 5, the main difference between both strategies lies in the direction of rotation 

of the reflectarray elements: along the y-axis to split the beams within the y-direction, or along 

the x-axis to split the beams within the xz-plane.  

Fig. 7-3 represents an example of ray tracing with reflection in a parabolic reflectarray. 

The rays for the case of a boresight beam along the paraboloid z-axis, with no phase adjustment 

at the surface, are represented with blue lines, while the green lines represent the scanned ray 

tracing when the parabolic RA is designed with an adequate phase adjustment to deviate the 

beams within the xz-plane. The unit vectors 𝑥, �̂� for the absolute reference system are represented 

in blue color, while those of the feed system (𝑥𝑓, �̂�𝑓) are represented in black. Note that there is 

an inversion in the y-axis: �̂�𝑓 = −�̂�.  

The two beams corresponding to the central feed-horn (C3 in Fig. 7-4) can be determined 

by deviating ±0.28° the antenna boresight axis (z-axis) within the xz-plane. Then, the location of 

the rest of the horns must be estimated to produce the whole set of 54 beams as depicted in Fig. 
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7-4, where each set of two beams produced by the same feed are grouped by a blue circle. Note 

that the topology of the feeds in Fig. 7-4 is represented in the relative coordinate system of the 

feed (𝑥𝑓, �̂�𝑓) for which the �̂�𝑓 coordinate is inverted respect to the absolute system. Each beam is 

physically in the opposite direction of the horn deviation with respect to the focus. As a 

consequence, the map of feeds is horizontally inverted with respect to the beam configuration, 

while the coincidence of sign between v and 𝑦𝑓 is due to the opposite directions of the 𝑧-axis of 

the antenna and the 𝑧𝑓-axis of the feed. 
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The exact position of the feed-horns has been determined in two steps. First, a GO 

estimation of the feed location is performed by ray tracing: given the values of the normalized 

angular coordinates (u, v) of the reference direction for each group of two beams (the intermediate 

direction, which would match the direction of radiation if the VRT was not applied to deviate the 

beams). A ray tracing procedure is performed in Rx mode by considering incoming rays from 

such direction into the reflector surface with no phase adjustments. The reflected rays intersect 

the feed plane at a set of points, and the center of this set of points is considered as a GO estimation 

of the horn location for such u-v direction. This procedure is applied to the 16 feeds depicted in 

Fig. 7-4, numbered from 1 to 16, and then, by symmetry, applied to the rest of feeds (6’ to 16’). 

Then, with the estimated location of all the feed-horns, a PO analysis is performed to check the 

obtained directions of the scanned beams. From the PO patterns, a polynomial expansion is used 

to represent the mapping function between beam location and horn displacement in the focal 

plane. This technique has been used for the final tuning of the feed positions. 

Table 7-III shows the required angular coordinates for all the beams (without considering 

phase corrections at the paraboloid surface), the estimated location of the feed-horns in the plane 

of the feeds by GO, and the corrected feed locations by PO. Only the feed-horns numbered from 

1 to 16 are included in the table, because the rest of them (1’ to 12’) are found by symmetry. 

 

Feed Required beam directions Estimated feed location  Corrected feed location  

 ubeam vbeam xf (m) yf (m) xf (m) yf (m) 

1 -0.0390929 0 0.1150183 0 0.1138320 0 

2 -0.0195464 0 0.0574875 0 0.0568078 0 

3 0 0 0 0 0 0 

4 0.0195464 0 -0.0575139 0 -0.0565913 0 

5 0.0390929 0 -0.1151241 0 -0.1129661 0 

6 -0.0488661 0.0169277 0.1438382 0.0498411 0.1425931 0.0492153 

7 -0.0293197 0.0169277 0.0862509 0.0498061 0.0854289 0.0492157 

8 -0.0097732 0.0169277 0.0287417 0.0497912 0.0284811 0.0492089 

9 0.0097732 0.0169277 -0.0287590 0.0497965 -0.0282502 0.0491950 

10 0.0293197 0.0169277 -0.0863210 0.0498219 -0.0847649 0.0491741 

11 0.0488661 0.0169277 -0.1440144 0.0498675 -0.1410634 0.0491460 

12 -0.0390929 0.0338554 0.1150667 0.0996875 0.1142891 0.0982335 

13 -0.0195464 0.0338554 0.0575010 0.0996376 0.0572013 0.0982353 

14 0 0.0338554 -0.0000214 0.0996280 0.0003300 0.0982301 

15 0.0195464 0.0338554 -0.0575702 0.0996587 -0.0563249 0.0982178 

16 0.0390929 0.0338554 -0.1152154 0.0997297 -0.1127632 0.0981984 
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Once the parabolic configuration has been defined, as well as the cluster of 27 feeds-

horns, the configuration of the reflectarray cell is briefly described.  

7.1.3 Definition of the Reflectarray Cell 

The reflectarray cell proposed for the parabolic reflectarray is the same cell that was 

presented in Chapter 4 and used in the prototype shown in Chapter 6. The cell consists of two 

outer symmetrical circular arcs to operate at Tx frequencies in Ka-Band and two orthogonal sets 

of three parallel dipoles to operate at the Rx frequencies also in Ka-band.  

Different dielectric substrates qualified, or recommended, for space have been considered 

for the dielectric configuration of the reflectarray. Note that the objective of this chapter focuses 

on the electrical design of the 1.8-m parabolic reflectarray (in the next chapter, a brief section is 

included about mechanical considerations related to the manufacture and use of parabolic 

reflectarrays in space applications). The three main solutions considered for the sandwich 

configuration of the reflectarray are based on the use of Kapton and Honeycomb, 

polytetrafluoroethylene (PTFE) materials, and prepreg quartz fibers. 

 

 

(a) 

 

(b) 

 

In the solution based on the use of Kapton and Honeycomb, a sheet of 50-µm Pyralux AP 

from Dupon has been proposed as the upper dielectric substrate of the reflectarray. As in the 
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manufactured flat reflectarray shown in Chapter 4, the reflectarray elements would be printed on 

both sides of the upper substrate (the arcs and one set of dipoles printed on one side of the 50-µm 

Pyralux AP, and the other set of dipoles on the opposite side). Then, the upper film would be 

bonded to 2-mm Nomex honeycomb using a low-loss resin, such as Cyanate Ester. The proposed 

sandwich configuration and the 2-mm Nomex honeycomb are shown in Fig. 7-5. 

With a view to manufacturing a prototype of the parabolic reflectarray (detailed in the 

next chapter), the previous substrates have been replaced by alternative materials with similar 

properties, but more accessible than those aforementioned. The upper flexible substrate can be 

selected between the DSFLEX 600, the Rogers R/Flex 3000 or Kapton. The Rogers R/Flex 3000 

(εr = 2.9, and tanδ = 0.0025) with a thickness of 50 µm has been finally chosen because of the 

lower losses of the substrate. Then, a 2-mm foam with similar electrical properties to honeycomb 

can be used as the core. For this purpose, the preferred option is the Divinycell HT81 (εr=1.09, 

tanδ = 0.0005), whose properties are similar to those of the honeycomb, but avoiding the problem 

of the anisotropy.  

A parametric study of the reflectarray cell based on this sandwich configuration has been 

carried out. The cell has been defined with a period of 6.5 mm along both the x- and y-axes. 

According to the parametric study, the following dimensions were selected. For the two 

symmetrical arcs, the width is 0.2 mm and the inner radius 2.65 mm. The width of dipoles is 0.4 

mm, the separation between adjacent coupled dipoles is 1.4 mm (from center to center), and the 

relative lengths of the lateral dipoles of each set is scaled by a factor of 0.65 with respect to the 

lengths of the central dipoles. The parametric study has concluded that the cell is not suitable to 

obtain the required performance at Tx and Rx frequencies in Ka-band. The low permittivity of 

the Divinycell results in a smaller margin of phases at Rx frequencies, which can make difficult 

the design of the reflectarray cells, because the phase difference of 180° required by the VRT 

between the co-polar reflection coefficients in the rotated system of the cell can be unattainable 

for particular cases of the rotation angles of the elements and the angles of incidence. Moreover, 

the adjusted dipoles present relatively large lengths (around 4.5 mm), which affects the behavior 

of the arcs at Tx (the lengths of the arcs and the dipoles should not be similar, to avoid significant 

coupling), and the size of the cell cannot be increased in order not to worsen the performance at 

Rx.  

Then, the sandwich configurations based on PTFE materials have been analyzed. PTFE 

substrates provide high density materials capable of offering high dimensional stability and 

resisting high temperatures. Some of the PTFE materials considered are the Nelco 9000 and 

Rogers 5880. The Nelco 9000 PTFE laminate is a woven glass reinforced PTFE used for 

microwave antennas because of the low losses. The electrical properties above 10 GHz are: εr 

from 2.08 to 2.33 and tanδ between 0.0006 and 0.0011. A similar alternative is Rogers RT/duroid 

5880, a high frequency laminate PTFE composite reinforced with glass microfibers. The 
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randomly oriented microfibers improve the uniformity of the dielectric constant and allow the 

material to be partially bended, as it is required to be adapted to the parabolic surface. The 

electrical properties of the RT/duroid 5880 at 10 GHz are: εr = 2.20 and tanδ = 0.0004 - 0.0009, 

with a thickness of 1.57 mm or 0.8 mm. Although some PTFE materials provide suitable electrical 

and mechanical properties, and they have been used in CubeSat missions, ensuring the thermos-

mechanical requirements for a real mission in a geostationary satellite can be challenging.  

Finally, the third material, which has been finally selected for the sandwich configuration, 

is based on a prepreg fabric with quartz fibers and low loss resin. This material provides a high 

dimensional stability and mechanical strength, so it has commonly been used in radoms for 

aerospace applications. A parabolic reflectarray with prepreg fabric with quartz fibers is directly 

compatible with the manufacturing processes used in Carbon Fiber Reinforced Polymer (CFRP) 

reflectors because the fabrics are plied on a previously manufactured mold. The material 

considered in the simulations of the 1.8-m parabolic reflectarray is the Quartz-fiber Qzll/EX-1516 

material (εr = 3.2. tanδ = 0.004). The proposed sandwich configuration would be similar to the 

first solution based on the use of Kapton and Honeycomb but replacing the Honeycomb by the 

prepreg fabric with quarts fibers. The use of a substrate with a larger dielectric constant provides 

a wider phase margin and makes it possible to minimize the dimensions of the reflectarray 

elements, which results in more degrees of freedom to control the phase shift and greater 

independence between the elements for Tx and Rx. The proposed sandwich configuration is 

shown in Fig. 7-6. 

 

 

 

As a result, the proposed configuration for the reflectarray cell consists of a lower 

substrate of quartz fiber (Qzll/EX-1516, εr = 3.2. tanδ = 0.004) with a thickness of 1 mm, and an 

upper thin substrate of Rogers R/Flex 3000 (εr = 2.9, and tanδ = 0.0025), with a thickness of 50 

µm, where the elements are printed on both sides. The cell has been defined with a period of 6.5 

mm along both x- and y-axes, although the final lattice of cells on the parabolic surface will show 

small variations in the dimensions of the cells, as detailed in Chapter 5. The arcs have been defined 

with a width of 0.2 mm and an inner radius of 2.65 mm, while the dipoles have been set with a 

width of 0.4 mm, a separation between adjacent coupled dipoles of 1.2 mm (from center to center), 
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and the relative lengths of the lateral dipoles of each set have been scaled by a factor of 0.67 with 

respect to the lengths of the central dipoles. Fig. 7-7 shows the proposed cell configuration. 

 

    

(a)                                                                          (b) 

 

The phase of the co-polar reflection coefficients 𝑅𝑅𝐻𝐶𝑃 and 𝑅𝐿𝐻𝐶𝑃 of the cell in a 

perdiodic enviroment has been computed when both arcs and dipoles are independently rotated, 

considering fixed dimensions for the reflectarray elements. The arcs and dipoles have been 

defined with Ω = 88°, lA1 = 2.3 mm and lB1 = 2.2 mm (see Fig. 7-7), which is a configuration 

similar to that of the designed cells that will be shown in the next section. Fig. 7-8 shows the 

simulated ∠𝑅𝑅𝐻𝐶𝑃 and ∠𝑅𝐿𝐻𝐶𝑃 at 19.7 GHz. Fig. 7-8 proves that the rotation of the dipoles hardly 

influences the phase of the reflected CP field at 19.7 GHz, which implies an independent operation 

at Tx frequencies with respect to the dipoles designed to operate at Rx. The phase of 𝑅𝑅𝐻𝐶𝑃 and 

𝑅𝐿𝐻𝐶𝑃 at 29.5 GHz when both arcs and dipoles are rotated is shown in Fig. 7-9. At this frequency, 

the phase of the reflection coefficients is moderately influenced by the rotation of the arcs. Note 

that in the design process, the arcs are firstly adjusted and then the dipoles, considering the 

dimensions and rotation of the arcs. 
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                                       (a)                                                                  (b) 

 

 

                                         (a)                                                              (b) 

 

The final distribution of cells in the parabolic surface with slightly variable sizes has been 

obtained by projecting a regular lattice defined in the aperture plane of the antenna, as shown in 

Chapter 5. As result, the 1.8-m parabolic reflectarray consists of 62,654 reflectarray cells arranged 

in a grid of 286 x 279 cells. 
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7.2 DESIGN PROCESS OF THE 1.8-M SINGLE OFFSET PARABOLIC 

REFLECTARRAY 

In contrast to the previous flat reflectarray used to experimentally validate the dual-band 

operation of the VRT and the capability of introducing an in-band optimization at Rx, the 

proposed parabolic reflectarray has been designed with the aim of analyzing the multi-beam 

performance of the antenna and the degree of compliance with the requirements set out for the 

antenna farms in HTS. Thus, the design of the antenna has been carried out at 19.7 GHz and 29.5 

GHz without including the in-band optimization at Rx, and the multi-beam performance has been 

evaluated at the two design frequencies. Moreover, the design of the parabolic reflectarray has 

not included phase corrections at Rx, in order to check the differences between the radiation 

patterns at Tx and Rx provided by a parabolic reflectarray with a capacity of focusing the beams 

similar to that of a conventional parabolic reflector (without shaped surface). In the next chapter, 

a parabolic reflectarray will be designed including in-band optimizations and phase corrections 

to improve the beam shaping at Rx. 

7.2.1 Phase Distributions and Rotation Angles of the Elements 

The parabolic reflectarray has been designed following the procedure shown in Chapter 

5. Thus, the multi-fed reflectarray has been designed through a mono-focal technique, considering 

only the central horn of the feed cluster, which is placed at the focal point of the paraboloid 

system. Once defined the geometrical parameters of the parabolic configuration and the required 

beam deviation of ±0.28° along the xz-plane, the required phase distributions at each frequency 

and polarization have been computed by GO. The four phase distributions to be implemented on 

the parabolic surface are shown in Fig. 7-10 at 19.7 GHz and in Fig. 7-11 at 29.5 GHz. The phase 

distributions show the characteristic gradual phase variation along the x-axis of the antenna to 

deviate the beams within the xz-plane. Note that, in this realistic model of parabolic reflectarray 

for space applications, the range of values of the phase distributions to deviate ±0.28° the CP 

beams is close to ±100° at 19.7 GHz and to ±150° at 29.5 GHz, which are significantly smaller 

values than those required for the flat prototype to deviate ±5° the beams (the range of phase 

values for the flat prototype was close to ±240° at 19.7 GHz and to ±360° at 29.5 GHz). 
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(a)                                                                     (b) 

 

    

(a)                                                                     (b) 

 

The rotation angles of the reflectarray elements have directly been obtained from the 

previous required phase distributions, dividing by two the required phase-shifts in RHCP at 19.7 

GHz and 29.5 GHz. The resulting distributions of rotation angles for the arcs and dipoles are 

shown in Fig. 7-12. The relatively small ranges of phase values of the distributions shown in Fig. 

7-10 and in Fig. 7-11 results in a range of rotation angles for the arcs and dipoles of ±50° and 

±75°, respectively. Note that the reflectarray is made up of 62,654 reflectarray cells arranged in a 

286 x 279 lattice along the x- and y-axes, respectively, and the rotation angle of the elements 

varies along the x-axis of the antenna. Thus, the difference in the rotation angle of the elements 

between two adjacent cells along the x-axis is of 0.35° for the arcs and 0.52° for the dipoles, with 

opposite senses of rotation. As a result, the configuration of the reflectarray cells along the antenna 

surface show a much more homogeneous arrangement than that of the previously manufactured 
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flat reflectarray, where the increment in the rotation angle of the elements between neighbor cells 

was of 6.5° for the arcs and 9.7° for the dipoles. 

 

 

(a)                                                                     (b) 

 

7.2.2 Adjustment of the Elements’ Dimensions 

Then, the next step consists in adjusting the dimensions of the rotated reflectarray 

elements to meet the design conditions imposed by the VRT. As defined in Chapter 5, the 

adjustment of the dimensions of the reflectarray elements has been made cell by cell by means of 

an analysis routine based on the SD-MoM assuming local periodicity and considering the real 

angles of incidence on each reflectarray cell. Note that the use of a parabolic surface reduces the 

maximum angles of incidence with respect to those of the equivalent flat antenna. Fig. 7-13 shows 

the angles of incidence (𝜃, 𝜑) on each reflectarray cell from the central feed, where the range of 

values for the angle 𝜃 varies from 5° to 21°. 
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(a)                                                                           (b) 

θ
φ

 

The dimensions of the reflectarray elements have been adjusted by the simulation tools 

described in Chapter 5. First, the dimensions of the arcs are adjusted at 19.7 GHz, and then, the 

lengths of the dipoles are set at 29.5 GHz, considering the previously designed arcs. As shown in 

Fig. 7-8 and Fig. 7-9, the phase of the reflection coefficients at 19.7 GHz is hardly affected by the 

dipoles, while at 29.5 GHz there is a moderate influence of the arcs. The adjusted lengths of the 

rotated elements (arcs and dipoles) along the parabolic surface are shown in Fig. 7-14. The angle 

of the symmetrical arcs is around 88°, which results in lengths of the arcs close to 4.2 mm, while 

the dipoles present a maximum length close to 2.5 mm. Note that the lengths of the lateral dipoles 

in each set are scaled by 0.67 with respect to the length of the central dipole. The difference 

between the lengths of the arcs and the dipoles minimizes the unwanted coupling between both 

elements. As aforementioned, the use of substrates with low permittivity, such as the Divinycell, 

increases the lengths of the adjusted dipoles and the coupling between arcs and dipoles (the cells 

based on Divinycell required arcs with lengths of 5.5 mm and dipoles of around 4.8 mm). Finally, 

the lengths of the elements show a main dependence on their position along the x-axis. In the 

previous designs shown in Chapter 6 for the flat prototype, the lengths of the elements show a 

main dependence on their position along the y-axis, with variations of the lengths faster than those 

shown in this design. These variations are produced by the rotation angle of the elements: in the 

previous flat reflectarray, the elements rapidly rotate along the y-axis, while in this design the 

elements rotate slower along the x-axis. 
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                       (a)                                              (b)                                               (c) 

 

7.2.3 Analysis of the Reflection Coefficients  

The analysis of the designed reflectarray cells at 19.7 GHz is shown in Fig. 7-15 and Fig. 

7-16. The difference in phase between the reflection coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  (in the local rotated 

coordinated systems for arcs) has properly been adjusted to -180° with a deviation smaller than 

±1°, and the absolute values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′ , shown in Fig. 7-15a and b, have a range of 

variation lower than 8°. The amplitude of the reflection coefficients 𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  depicted in Fig. 

7-16a and b shows a level of losses lower than 0.4 dB, while the amplitude of the cross-polar 

coefficients is lower than -25 dB along the parabolic surface, as illustrated in Fig. 7-16c for |𝑅𝑋𝑌
′ | 

(there are no significant differences between |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ |). Again, note that the variations in 

phase and amplitude of the reflection coefficients show a main dependence on their position along 

the x-axis, due to the rotation of the elements along this direction. 

 

 

                     (a)                                                   (b)                                             (c) 

∠𝑅𝑋𝑋
′ ∠𝑅𝑌𝑌

′  ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′  
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                     (a)                                                 (b)                                                  (c) 

|𝑅𝑋𝑋
′ | |𝑅𝑌𝑌

′ | |𝑅𝑋𝑌
′ |

 

The results of the analysis at 29.5 GHz are shown in Fig. 7-17 and Fig. 7-18. The lengths 

of the dipoles have been adjusted to provide a value of ∠𝑅𝑋𝑋
′  of -180° and a value of ∠𝑅𝑌𝑌

′  equal 

to 0° at 29.5 GHz in every cell of the antenna surface. The phases of both coefficients provided 

by the designed cells are shown in Fig. 7-17a and b, where it can be seen that the objective phases 

are reached with a deviation in phase lower than ±1°. The amplitudes of the co-polar and cross-

polar coefficients shown in Fig. 7-18 have an overall good performance: |𝑅𝑋𝑋
′ | and |𝑅𝑌𝑌

′ | are 

larger than -0.5 dB for most of the cells and |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ | are smaller than -25 dB (only |𝑅𝑋𝑌
′ | 

is shown, since there are no significant differences between |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ |). However, there is 

an area on the right side of the antenna with larger losses in the co-polar components and higher 

cross-polar levels. The worse behavior of the cells at that zone is attributed to the higher angles 

of incidences on the cells; however, the relatively low illumination provided by the feed on the 

edges of the reflectarray at 29.5 GHz (around -18 dB) will reduce their impact in the antenna 

radiation patterns, which allows to consider these results as a suitable design of the parabolic 

reflectarray.  

 

                     (a)                                                  (b)                                              (c) 

∠𝑅𝑋𝑋
′ ∠𝑅𝑌𝑌

′  ∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′  
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                     (a)                                                  (b)                                               (c) 

|𝑅𝑋𝑋
′ | |𝑅𝑌𝑌

′ | |𝑅𝑋𝑌
′ |

 

7.3 MULTIBEAM PERFORMANCE OF THE DESIGNED PARABOLIC 

REFLECTARRAY 

From the reflection coefficients obtained for the designed cells of the 1.8-m parabolic 

reflectarray, the radiation patterns of the beams produced by the feed-horns numbered from 1 to 

16 in Fig. 7-4 have been computed at 19.7 GHz and 29.5 GHz, and the antenna performance has 

been evaluated. The radiation patterns associated to the feeds 6’ to 16’ in Fig. 7-4 have not been 

considered due to the symmetry with respect to the xz-plane of the cluster of feeds and the spot 

lattice (see Fig. 7-4).  

7.3.1 Generation of the Multibeam Coverage 

As aforementioned, the exact positions of the 16 feeds have been determined by a GO 

estimation with a later refinement process based on PO. The 32 beams generated by the 16 feeds 

have been simulated and the Direction of Maximum Radiation (DMR) of each beam has been 

compared to the theoretical expected value. Fig. 7-19 and Fig. 7-20 show the theoretical and 

simulated DMR (marked with points of different color) of the 32 beams at 19.7 GHz and 29.5 

GHz, respectively, together with the pattern contours at 46 dBi for the beams at 19.7 GHz and at 

45 dBi for the beams generated at 29.5 GHz. The figures also include cross marks for the beams 

generated with the largest pointing error at each frequency. As a result, the maximum deviation 

of the simulated beams with respect to the theoretical directions of radiation, caused by the 

resolution of the simulations, is smaller than 0.018° at both frequencies, which is much lower than 

typical pointing errors of the satellite (0.1º). In conclusion, the spot lattice computed at both 
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frequencies shows a correct distribution, not only for the beams generated by the central feed but 

also for the rest.  
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The previous pattern contours have been depicted at the EOC gain level, which means 

that the beams generated at 19.7 GHz provide a spot diameter of 0.65° at 46 dBi, while the beams 

at 29.5 GHz provide the same spot diameter at 45 dBi. Fig. 7-21 shows the resultant multi-spot 

coverage generated by 16 dual-CP feeds simultaneously at 19.7 GHz and 29.5 GHz by the pattern 

contours of the beams at their EOC gain.  

 

 

 

The pattern contours of the 32 beams demonstrate the capability of generating a multi-

spot coverage in a two-color reuse scheme based on the use of orthogonal CP, simultaneously at 

Tx and Rx frequencies in Ka-band. The spots have a diameter of 0.65° and the angular separation 

between adjacent spots is 0.56°. Moreover, the spot distribution shown in Fig. 7-21 also shows 

the generation of orthogonal CP beams at Tx and Rx (each beam in Tx is generated with the 

orthogonal CP in Rx), as required for broadband satellite communications. 

The difference in the EOC gain level of the beams at 19.7 GHz and 29.5 GHz is produced 

by the different shaping of the beams each frequency. The electrical size of the antenna is 

noticeably larger at Rx frequencies than in the Tx band (the diameter of the reflectarray is around 

120 wavelengths at 19.7 GHz, λ19.7 GHz, and 180 wavelengths at 29.5 GHz, λ29.5 GHz). The gain 

levels of the spots at 19.7 GHz and 29.5 GHz are shown in Fig. 7-22 and Fig. 7-23, respectively. 

The beams generated at 19.7 GHz present a maximum gain around 50 dBi, while the beams at 

29.5 GHz reach values of maximum gain close to 53 dBi. These gain values lead to a radiation 

efficiency around 75% and 65% at 19.7 GHz and 29.5 GHz, respectively. The relatively high 

radiation efficiency of the antenna is attributed to a simplistic characterization of the illumination 
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provided by the feeds, modelled by cosq(𝜃) distributions, without sidelobes. It is expected that the 

real antenna efficiency will be slightly lower. 

 

 

 

 

 

The radiation patterns of the parabolic reflectarray have been evaluated in cuts parallel to 

the principal planes of the triangular lattice of spots, as depicted in Fig. 7-24, which shows six 

cuts of the radiation patterns in the principal planes of the spot grid: two horizontal cuts and four 

cuts that form 60° with the horizontal direction. The cuts shown in Fig. 7-24 are considered as the 

most representative cases of the radiation patterns. The horizontal cuts include beams generated 

in RHCP and LHCP (spots in two colors): the first horizontal cut includes the beams generated 

by the central feed (feed 3), and the other horizontal cut includes the beams placed at the extreme 
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of the coverage (generated by feeds 12 to 16). Then, the cuts in 60° only have beams in a single 

CP, produced by adjacent feeds. Two cuts in 60° have been selected to include the two beams in 

orthogonal CP generated by the central feed, and the other two cuts have been selected to include 

the beams produced by one of the feed-horns placed in the corner of the cluster of feeds (feed 16). 

 

 

The cuts of the radiation patterns are depicted including masks to check the specification 

compliance, which consist of an EOC gain level of 46 dBi for the beams at 19.7 GHz (45 dBi for 

the beams at 29.5 GHz) with a beamwidth of 0.65° in the theoretical zone of the beam, together 

with a maximum level for side lobes and cross-polar components that is 20 dB below the previous 

level in the area of the adjacent beams (left and right) produced in the same CP. 

7.3.2 Horizontal Cuts of the Radiation Patterns 

The first representations of the simulated radiation patterns are associated to the cuts in 

the horizontal direction. In terms of u-v coordinates, the radiation patterns show cuts in ‘v = 

constant’. Although each cut contains two different spot colors (beams generated in RHCP and 

LHCP), the radiation patterns have been represented separately for each CP, in order to appreciate 

the interference levels between the beams produced in the same CP. As shown in Fig. 7-24, the 

horizontal cuts include beams generated by the central and extreme rows of feeds (feeds 1 to 5 

and feeds 12 to 16). The resultant cuts of the radiation patterns at each operating frequency and 
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polarization are shown in Fig. 7-25, Fig. 7-26, Fig. 7-27, and Fig. 7-28. The simulated radiation 

patterns clearly show the difference in the maximum gain of the beams generated at 19.7 GHz 

and 29.5 GHz, which reaches values close to 50 dBi at Tx and 53 dBi at Rx. As a result, the beams 

at 29.5 GHz show a roll-off factor close to 8 dB, which exceeds the specification (4.3 dB). 

Moreover, the levels of the cross-polar radiation at both frequencies are below the masks (more 

than 20 dB below the EOC gain of the beams) and the single-entry C/I is also close to the required 

value in most of the beams (there are some cases where the C/I is smaller than 20 dB associated 

to the extreme beams of the coverage, which are the most distorted beams). 

 

 

(a) 

 

(b) 
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7.3.3 Diagonal Cuts of the Radiation Patterns 

In the same way, the radiation patterns associated to the four cuts that form 60° with the 

v = 0 plane have been studied. The four cuts are represented over the simulated beams in Fig. 

7-29, numbered as Cut 1, Cut 1’, Cut 2, and Cut 2’. As aforementioned, the beams involved in 

Cut 1 are generated by the same feeds than the beams in Cut 1’ but in orthogonal CP, as it is also 

the case of the cuts Cut 2 and Cut 2’. In this case, each cut contains only 3 spots of the same color. 

 

 

 

Since there are no appreciable differences between the beams produced by the same feed 

in orthogonal CP, Fig. 7-30 shows the cuts of the radiation patterns at 19.7 GHz associated to Cut 

1 and Cut 2’, while Fig. 7-31 shows the radiation patterns at 29.5 GHz associated to Cut 1’ and 

Cut 2. The cuts in 60° planes of the radiation patterns present smaller levels of cross-polar 

radiation and interference than in the previous horizontal cuts of the radiation patterns. Besides, 

the lower edge illumination provided by the feeds at 29.5 GHz results in lower sidelobe levels in 

Rx than in Tx. 
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7.3.4 Degree of Compliance with the Requirements 

The 32 beams generated by the 16 feeds have been studied in terms of maximum gain, 

EOC gain, roll-off factor, single entry C/I produced at the zones of the adjacent spots in the same 

CP, and co-polar over cross-polar ratio, defined as the cross-polar discrimination (XPD) for the 

beams generated at 19.7 GHz and as the cross-polar isolation (XPI) for the beams generated at 

29.5 GHz. Table 7-IV shows the values of the previous parameters for the beams generated in 

both polarizations at 19.7 GHz by the feeds 1 to 16. The maximum gain of the 16 beams at 19.7 

GHz is close to 50 dBi with a variation margin smaller than ±0.3 dB. The EOC gain level is 

between 46 dBi and 46.2 dBi, which produces a roll-off factor from 3.7 dB to 4.1 dB. The single-

entry C/I presents an average value of 21.7 dB, with a minimum level of 14.6 dB associated to 

the interferences produced by the extreme beams of the coverage, which are the most broadened 

beams, and the XPD level is better than 25.8 dB for all the beams. Therefore, most of the 

requirements defined in Table 7-I are fulfilled at 19.7 GHz: an appropriate spot distribution is 

achieved, where the beams have an EOC gain larger than 43.8 dBi, with a roll-off factor smaller 

than 4.3 dB, and the XPD is higher than 20 dB.   

 

Feeds 

Maximum Gain 

(dBi) 

EOC Gain  

(dBi) 

Roll-off Factor 

(dB) 

Single-Entry C/I 

(dB) 

XPD 

(dB) 

RHCP LHCP RHCP LHCP RHCP LHCP RHCP LHCP RHCP LHCP 

1 50.3 50.3 46.2 46.2 4.1 4.1 22.9 26.9 27.4 27.3 

2 50.3 50.3 46.2 46.2 4.1 4.1 21.4 20.3 27.1 28.2 

3 50.3 50.3 46.2 46.2 4.1 4.1 20.2 21.9 27.7 28.9 

4 50.2 50.2 46.2 46.2 4.0 4.0 17.4 21.4 28.5 28.4 

5 50.0 50.0 46.2 46.2 3.8 3.8 18.2 18.0 29.4 28.9 

6 50.2 50.2 46.1 46.1 4.1 4.1 22.9 27.2 26.1 27.9 

7 50.3 50.3 46.2 46.2 4.1 4.1 22.9 20.0 26.9 27.4 

8 50.3 50.3 46.2 46.2 4.1 4.1 20.9 22.1 27.7 28.2 

9 50.2 50.2 46.1 46.2 4.1 4.0 18.4 19.4 27.2 27.7 

10 50.1 50.1 46.2 46.2 3.9 3.9 15.2 14.6 28.2 28.3 

11 49.8 49.9 46.0 46.1 3.8 3.8 16.0 16.4 29.3 28.6 

12 50.1 50.2 46.1 46.1 4.0 4.1 23.1 26.9 25.8 26.9 

13 50.1 50.2 46.1 46.1 4.0 4.1 22.9 21.0 26.6 27.8 

14 50.1 50.2 46.1 46.2 4.0 4.0 20.5 23.0 27.5 27.3 

15 50.0 50.0 46.1 46.1 3.9 3.9 17.7 16.8 28.5 27.9 

16 49.8 49.9 46.1 46.1 3.7 3.8 19.1 19.5 28.2 28.4 
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The information about the 32 beams generated by the 16 feeds at 29.5 GHz is shown in 

Table 7-V. The maximum gain of the 16 beams at 29.5 GHz is around 3 dB higher than at 19.7 

GHz (around 52.8 dBi), while the EOC gain has decreased about 1 dB, because the beams at 29.5 

GHz are narrower than at 19.7 GHz. As a result, the roll-off factor of the simulated beams at 29.5 

GHz exceeds the maximum values specified in the requirements of the antenna (4.3 dB) with 

values between 7 dB and 8 dB. The single-entry C/I has been improved with respect to Tx, 

providing an average level of 26.2 dB and a minimum level of 20.7 dB. Moreover, the cross-polar 

radiation characterized by the XPI show levels from 20.1 dB to 24.4 dB. As a result, the simulated 

beams at 29.5 GHz meet the requirements related to the spot distribution, EOC gain level, C/I and 

XPI, but the roll-off factor significantly exceeds the requirement. 

 

Feeds 

Maximum Gain 

(dBi) 

EOC Gain  

(dBi) 

Roll-off Factor 

(dB) 

Single Entry C/I 

(dB) 

XPI  

(dB) 

RHCP LHCP RHCP LHCP RHCP LHCP RHCP LHCP RHCP LHCP 

1 52.9 53.1 45.1 44.7 7.8 8.4 27.3 24.3 21.7 20.2 

2 53.1 53.1 45.0 44.7 8.1 8.4 28.4 26.8 21.5 20.2 

3 53.0 53.1 44.9 44.9 8.1 8.2 26.5 26.3 21.0 20.1 

4 53.0 52.9 44.6 45.2 8.4 7.7 26.4 26.5 20.6 20.3 

5 52.9 52.7 45.1 45.4 7.8 7.3 24.3 24.1 20.3 20.5 

6 52.8 52.8 45.3 44.9 7.5 7.9 29.3 23.2 24.4 20.5 

7 53.0 53.1 45.1 44.8 7.9 8.3 28.7 25.5 22.6 20.4 

8 53.0 53.1 44.8 44.7 8.2 8.4 27.6 24.7 21.5 20.6 

9 53.0 53.0 44.8 44.8 8.2 8.2 24.5 26.3 21.0 20.7 

10 52.9 52.8 45.0 45.3 7.9 7.5 20.7 24.9 20.7 20.9 

11 52.6 52.3 45.2 45.5 7.4 6.8 23.7 25.1 20.2 21.2 

12 52.7 52.8 45.1 44.7 7.6 8.1 28.4 24.2 22.3 20.4 

13 52.8 52.9 45.0 44.7 7.8 8.2 26.7 26.7 21.3 20.4 

14 52.9 52.9 44.9 44.9 8.0 8.0 27.3 25.8 20.8 20.3 

15 52.7 52.7 44.9 45.2 7.8 7.5 24.4 28.1 20.4 20.6 

16 52.6 52.4 45.1 45.4 7.5 7.0 24.6 24.6 20.1 20.7 

 

In conclusion, the multi-beam performance of the designed parabolic reflectarray 

demonstrates the capability of generating a multi-spot coverage of 54 beams at both Tx and Rx 

frequencies in Ka band from a cluster of 27 dual-CP feeds. Table 7-VI shows the degree of 

compliance of the proposed parabolic reflectarray with respect to the requirements defined in 

Table 7-I. 
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Parameter Requirement Simulated performance 

Number of spots > 50 54 

Spot lattice  Triangular Triangular 

Re-use scheme 2 colors (2 pols.) 2 colors (2 pols.) 

Spot diameter 0.65° 0.65° 

Spot separation 0.56° 0.56° 

EOC gain > 43.8 dBi 
Tx: > 46 dBi 

Rx: > 44.6 dBi 

Roll-off factor < 4.3 dB 
Tx: < 4.1 dB 

Rx: < 8.4 dB 

Single Entry C/I > 20 dB 
Tx: > 14.6 dB 

Rx: > 20.7 dB 

Co-polar / cross-polar  > 20 dB 
Tx: > 25.8 dB 

Rx: > 20.1 dB 

Tx frequencies 19.7 GHz 19.7 GHz 

Rx frequencies 29.5 GHz 29.5 GHz 

 

The beams at 19.7 GHz provide a high degree of compliance with respect to the 

requirements initially defined in Table 7-I. The radiation patterns at 19.7 GHz show proper values 

of maximum gain, EOC gain, roll-off factor, and cross-polar radiation, while only some of the 

extreme beams of the coverage at 19.7 GHz do not meet the required C/I of 20 dB due to the 

distortion of the beam shaping. The antenna performance can be improved by increasing the 

reflector size. Note that the reflector antennas commonly used in such satellite applications in Ka-

band have a diameter of around 2.3 m. The larger size of the paraboloid would be used to reduce 

the edge illumination level at 19.7 GHz, decreasing the sidelobe levels. 

On the other hand, the simulations at 29.5 GHz also provide an overall good performance. 

The beams in Rx meet the required C/I, but the resultant roll-off factor is excessively large. The 

higher electrical size of the antenna at 29.5 GHz has increased the maximum gain of the beams, 

at the same time as it has reduced the EOC gain level, due to the narrower beamwidth of the 

beams. This problem can be solved by applying the novel technique proposed in Chapter 5 based 

on adding random phase noise in an outer ring of the reflector at Rx frequencies, which reduces 

the effective aperture of the antenna and makes it possible to broaden the beams in Rx, as it will 

be shown in next chapter. 
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7.3.5 Bandwidth Performance  

The objective of the design shown in this chapter has been to analyze the multi-beam 

performance of the 1.8-m parabolic reflectarray at the two design frequencies (19.7 GHz and 29.5 

GHz). For this reason, the reflectarray has not been optimized in band. However, the designed 

parabolic reflectarray has been analyzed at the extreme frequencies of both Tx and Rx bands (a 

bandwidth of 1 GHz centered at each design frequency) to check the antenna performance.  

Fig. 7-32, Fig. 7-33 and Fig. 7-34 show the radiation patterns at the central and extreme 

frequencies of the Tx and Rx bands for the beams generated by the central feed-horn of the feed 

cluster (feed 3). In the case of the Tx band, the co-polar radiation patterns are quite similar, while 

for the Rx band the beams at the extreme frequencies present a larger distortion. The variation in 

the maximum gain of the beams at both bands is lower than 0.8 dB. However, the main drawback 

consists in the increase of the cross-polar radiation at the extreme frequencies of the bands. As 

expected, the cross-polar levels are extremely high at off-center frequencies because the required 

difference of -180° between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  is lost in both frequency bands. 
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The radiation patterns at the central and extreme frequencies of the bands have also been 

computed for the beams generated by the feed 16, responsible for generating the furthest beams 

of the coverage. The results are shown in Fig. 7-35, Fig. 7-36 and Fig. 7-37 in Tx and Rx, 

respectively. In this case, the beams are more broadened, but the levels of cross-polar radiation 

are similar to those of the central beams of the coverage shown in Fig. 7-32, Fig. 7-33 and Fig. 

7-34. 
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The performance of the parabolic reflectarray within the operating band will be improved 

by the techniques shown in Chapter 4, which include an appropriate selection of the dielectric 

substrates in terms of stability in frequency and the application of the in-band optimization at Rx 

frequencies. 

7.4 IMPROVED PARABOLIC REFLECTARRAY WITH PHASE 

CORRECTIONS IN RX 

The 1.8 m parabolic reflectarray designed and analyzed in this chapter has not included 

the phase corrections developed in Chapter 5 to reduce the directivity of the beams in the Rx band. 

Thus, the beams focused by the parabolic surface of the antenna have shown a maximum gain 

close to 50 dBi at 19.7 GHz and around 53 dBi at 29.5 GHz. In this section, the 1.8 m parabolic 

reflectarray previously designed has been updated to include the phase correction proposed in 

Chapter 5 to reduce in 3 dB the maximum directivity of the beams at Rx frequencies.  

 

 

(a)                                                                     (b) 

 

As detailed in Chapter 5, the shaping of the beams in the higher frequency band can be 

readily controlled by the introduction of a random noise in the phase distributions to be 

implemented on the reflectarray surface. The phase distributions initially considered to be 

implemented on the parabolic surface of the reflectarray to deviate ±0.28° the beams were shown 

in Fig. 7-10 and Fig. 7-11 at 19.7 and 29.5 GHz, respectively. Now, the phase distributions at 

19.7 GHz remain unaltered while the new required phase distributions at 29.5 GHz are shown in 
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Fig. 7-38, which are obtained from the original phase distributions shown in Fig. 7-11 by adding 

random noise in an outer ring of the antenna surface. The reflectarray cells in charge of 

introducing the phase noise at 29.5 GHz present a phase-shift of 180° with respect to their original 

phases shown in Fig. 7-11. The density of cells that introduce phase noise in the outer ring of the 

antenna surface is increased from the inner part to the edge of the antenna, where 50% of the cells 

change the phase 180º in a random distribution. 

The ideal radiation patterns of the reflectarray with and without phase noise is shown in 

Fig. 7-39 when the reflectarray is illuminated by the central feed-horn of the feed cluster (feed 3). 

The ideal radiation patterns have been computed at 19.7 GHz and 29.5 GHz from the required 

phase distributions shown in Fig. 7-10, Fig. 7-11 and Fig. 7-38 in order to evaluate the effect of 

the phase correction at 29.5 GHz without considering ohmic losses of the reflectarray or phase 

errors with respect to the objective phases. Since the phase correction is only implemented at Rx 

frequencies, the ideal radiation patterns at 19.7 GHz are the same for both cases with or without 

phase correction. 

The radiation patterns depicted in Fig. 7-39 show that the phase correction has reduced 3 

dB the maximum gain of the beams at 29.5 GHz (‘29.5 GHz (with corr.)’ in Fig. 7-39)  with 

respect to the maximum gain of the beams at 29.5 GHz without phase corrections (‘29.5 GHz (no 

corr.)’ in Fig. 7-39). The patterns also show that the corrected beams at 29.5 GHz have reduced 

the maximum cross-polar level around 4 dB, obtaining similar levels as those for 19.7 GHz. The 

maximum level of the side lobes is also reduced from 19 dBi to 13.5 dBi.  
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Note that the new phase distributions required at 29.5 GHz shown in Fig. 7-38 are formed 

by two independent phase terms. First, a phase term with opposite sign for each orthogonal CP, 

which is provided by the rotation of the printed elements, and second, a phase term common to 

both CP’s, which is given by the phase of the co-polar reflection coefficient of the cells in the 

rotated system, ∠𝑅𝑋𝑋
′ . The corrected phase distributions at 29.5 GHz do not alter the rotation 

angle of the printed dipoles on the reflectarray surface, because the required phase term with 

opposite sign for each orthogonal CP is the same as in the original phases without phase 

corrections. Therefore, the reflectarray elements present the same distribution of rotation angles 

shown in Fig. 7-12. The phase noise introduced in Fig. 7-38 is implemented by adjusting the 

length of the rotated dipoles to control the values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 29.5 GHz. 

In the reflectarray without phase corrections at 29.5 GHz, the objective values of ∠𝑅𝑋𝑋
′  

at 29.5 GHz were fixed as a constant phase distribution on the antenna surface, with ∠𝑅𝑋𝑋
′  = 

−180°. In the same way, the objective values of ∠𝑅𝑌𝑌
′  at 29.5 GHz were fixed as a constant phase 

distribution with ∠𝑅𝑌𝑌
′  = −360°, in order to provide the required 180° phase-shift between ∠𝑅𝑋𝑋

′  

and ∠𝑅𝑌𝑌
′  when operating by VRT. Now, the objective values of ∠𝑅𝑋𝑋

′  and ∠𝑅𝑌𝑌
′  at 29.5 GHz for 

the cells in charge of introducing the phase correction are shifted 180º, so the objective phases of 

𝑅𝑋𝑋
′  and 𝑅𝑌𝑌

′  are switched with each other (∠𝑅𝑋𝑋
′  = −360° and ∠𝑅𝑌𝑌

′  = −180°). The required phase 

distributions of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 29.5 GHz on the reflectarray surface are shown in Fig. 7-40. 

 

(a)                                                                     (b) 

∠𝑅𝑋𝑋
′ ∠𝑅𝑌𝑌

′

 

As stated in Chapter 5, the phase correction based on the introduction of phase noise in 

an outer ring of the antenna surface provides a large flexibility to shape the beams while affecting 

a relatively low number of cells. From the reflectarray designed without phase corrections, only 

the cells that introduce the phase noise must be re-designed. In this case, from the 62,654 cells on 

the antenna surface, only 14,534 cells have been re-adjusted to introduce the inversion of phase 
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at 29.5 GHz (23.2 % of the cells), even though a significant adjustment is needed to reduce 3 dB 

the maximum directivity of the beams at 29.5 GHz. Thus, the optimization of the 14,534 

reflectarray cells has been carried out in about five hours from a laptop with an Intel processor i7-

3612QM, while the complete design of the 62,654 cells without phase correction lasted around 

24 hours in the same laptop. 

After designing the reflectarray cells with phase inversion, the phase distribution of ∠𝑅𝑋𝑋
′  

at 29.5 GHz on the reflectarray surface provided by the designed cells is shown in Fig. 7-41 

together with the difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 29.5 GHz. Fig. 7-41 shows an appropriate 

phase response of the designed cells, which provide the required 180° phase difference between 

∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′   (see Fig. 7-41b) except in a small area at the right edge of the reflectarray, where 

there are larger phase errors attributed to the larger angles of incidence provided by the feed. This 

small group of cells with larger phase errors is expected to have no impact on the reflectarray 

response, since it comprises a very small percentage of cells located in the area with the lowest 

illumination levels provided by the feed. 

 

(a)                                                                (b) 

∠𝑅𝑋𝑋
′ ∠𝑅𝑋𝑋

′ − ∠𝑅𝑌𝑌
′

 

The final layout of the designed elements on the upper layer of the reflectarray is shown 

in Fig. 7-42. The figure includes two enlarged areas in order to see the layout in detail. One of the 

enlarged areas shows the elements placed in the center of the antenna, where there are no cells 

with phase inversion, so the dipoles have similar lengths between adjacent cells (they have been 

adjusted to provide ∠𝑅𝑋𝑋
′  = −180° and ∠𝑅𝑌𝑌

′  = −360° at 29.5 GHz at every cell). On the other 

hand, the second enlarged area shows elements located near the edge of the antenna. In this zone, 

half of the cells have been designed with phase inversion, so two types of cells can be seen in the 

enlarged figure depending on the (large or small) lengths of the dipoles. Note that the arcs show 

similar lengths in both enlarged areas, since they have been designed without phase inversions 

along the complete antenna surface. 
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The simulated radiation patterns of the designed reflectarray illuminated by the central 

feed-horn of the feed array (feed 3) at 19.7 and 29.5 GHz are shown in Fig. 7-43, which also 

include the simulated radiation patterns at 29.5 GHz for the reflectarray designed without phase 

corrections (shown in Fig. 7-32). The radiation patterns at 19.7 GHz are only shown for the 

reflectarray with phase corrections in the upper frequency band, since there are minimal 

differences with respect to the radiation at 19.7 GHz of the reflectarray designed without phase 

corrections (also shown in Fig. 7-32). Fig. 7-43 confirms the 3 dB reduction in gain of the 

reflectarray at 29.5 GHz provided by the corrected design, as well as the reduction in the 

maximum level of the side lobes with a cross-polar radiation sliglty smaller than that of the 

reflectarray without phase corrections.  

 

 

 

The comparison between the radiation patterns of the designed reflectarrays with and 

without the phase correction has also been computed when the reflectarrays are illuminated by 

the feed 16, producing the furthest beams of the multi-spot coverage. Note that the radiation 

patterns at 19.7 and 29.5 GHz associated to the reflectarray designed without phase corrections 

were shown in Fig. 7-35, respectively. The simulated radiation patterns generated by the initial 

and corrected reflectarrays illuminated by the feed 16 are shown in Fig. 7-44, which also support 

the results presented in Fig. 7-43: the corrected reflectarray generates beams at 19.7 and 29.5 GHz 

with the same maximum gain, also reducing the maximum level of the side lobes. 
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The cut of the simulated radiation patterns in v = 0 at 19.7 and 29.5 GHz for the beams 

generated by the central row of feeds (feeds 1 to 5) is shown in Fig. 7-45 and Fig. 7-46. Each 

figure includes the beams generated in one CP at 19.7 GHz and in the orthogonal CP at 29.5 GHz 

to check the appropriate performance of the improved reflectarray. Remember that the same cut 

was shown in Fig. 7-25 and Fig. 7-26 for the reflectarray without phase corrections at Rx. 
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The 1.8 m parabolic reflectarray designed with a controlled phase noise in an outer ring 

of the antenna surface has provided highly positive results. As expected, the changes introduced 

in the Rx band hardly have any impact on the radiation at Tx frequencies, while the radiation 

patterns at 29.5 GHz show the required 3 dB reduction in the maximum gain of the beams. The 

proposed technique to shape the beams provides a large control to define the cells with phase 

noise (in an outer ring of the antenna surface, with an increasing density of cells with noise), 

which makes it possible to reduce the side lobes in addition to the maximum directivity of the 

beams.  

7.5 CONCLUSION  

In this chapter, a 1.8-m parabolic reflectarray has been defined to generate one half of the 

required multi-spot coverage simultaneously at Tx and Rx frequencies in Ka-band for broadband 

satellite communications. The parabolic reflectarray, designed to generate two spaced beams in 

orthogonal CP per feed, has been illuminated by 27 dual-CP feeds. The dielectric configuration 

of the antenna has been selected considering qualified materials for space (prepreg quartz fiber 

Qzll/EX), and the requirements of the radiation patterns of the multibeam antenna have been fixed 

considering typical values of space applications. 
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The parabolic reflectarray antenna consisting of 62,654 reflectarray cells has been 

designed to deviate ±0.28° the beams in orthogonal CP focused by the parabolic surface, by means 

of the VRT applied independently in Tx and Rx frequencies to the reflectarray elements. The 

reflectarray used the reflectarray cells defined in Chapter 4, but with the new selected materials, 

and it has been designed and analyzed by the procedures shown in Chapter 5. The objective of 

the design is to evaluate the multibeam performance of the reflectarray at the central frequencies 

of the Tx and Rx bands. Thus, the design process has been carried out at 19.7 GHz and 29.5 GHz 

without including the in-band optimization presented in Chapter 5 and validated in Chapter 4.  

Firstly, the design of the parabolic reflectarray has not included phase corrections at Rx, 

in order to show the differences between the radiation patterns at Tx and Rx provided by a 

parabolic reflectarray with a capacity of focusing the beams similar to that of conventional 

parabolic reflectors (without shaped surface). Then, 14,534 reflectarray cells of the 62,654 cells 

on the antenna surface have been re-designed to correct the beam shaping of the beams at Rx 

frequencies by the technique proposed in Chapter 5 based on the introduction of a controlled 

phase noise. The dimensions of dipoles and arcs have been adjusted to ensure the requirements 

for VRT at Tx and Rx frequencies. The phase-shift in RHCP and LHCP has been computed as a 

function of the rotation angles of arcs and dipoles, and the results show that an independent 

phasing is achieved for Tx and Rx frequencies when applying VRT to arcs and dipoles. The 

reflection coefficients of the 62,654 designed reflectarray cells on the antenna surface have been 

analyzed to check the compliance with the design objectives to operate by VRT. 

The conducted simulations have shown that a parabolic reflectarray illuminated by 27 

feeds is able to generate 54 contiguous beams providing a good coverage at both Tx and Rx 

frequencies with a polarization reuse scheme (two colors). The analysis of the simulated beams 

shows a correct beam distribution at Tx and Rx, where each beam in Tx is generated in the 

orthogonal CP with respect to Rx. The beams at 19.7 GHz show appropriate levels of gain and 

cross-polar radiation, and only a small number of beams do not meet the required C/I of 20 dB 

due to the distortion of the beam shaping at the extremes of the coverage. At 29.5 GHz, the 

simulations of the reflectarray designed without phase corrections show an overall good 

performance except for the large roll-off factor of the beams, which has been overcome by 

introducing phase corrections in the design process to reduce around 3 dB the maximum gain of 

the beams at 29.5 GHz. 

The promising results presented in this chapter indicate that two parabolic reflectarrays 

operating at slightly different frequencies can provide a complete coverage of 108 spots within a 

four-color reuse scheme, which would make it possible a reduction by 50% in the number of feeds 

and antennas required for current multi-spot satellites in Ka-band (from four reflector antennas to 

two parabolic reflectarrays).  
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A 0.9-m parabolic reflectarray antenna is designed, manufactured, and 

measured to experimentally validate the generation of two spaced high-gain 

beams in orthogonal circular polarizations simultaneously at transmit and 

receive frequencies in Ka-band by the variable rotation technique. The design 

process of the parabolic reflectarray includes an in-band optimization in the 

reception band as well as a phase correction technique to improve the beam 

shaping at receive frequencies based on the introduction of phase noise. The 

manufactured process of the dual-layer parabolic reflectarray is detailed, 

including mechanical considerations specific to space applications. The chapter 

concludes with the measurements of the manufactured parabolic reflectarray 

and their comparison with the measurements of a parabolic reflector fabricated 

using the same manufacturing process. 
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8.1 INTRODUCTION 

According to the positive results obtained for the 1.8-m parabolic reflectarray designed 

in Chapter 7, a parabolic reflectarray prototype has been proposed to experimentally validate the 

generation of two spaced high-gain beams in orthogonal CP at Tx and Rx frequencies in Ka-band. 

Due to the large size of the reflectarray antenna described in the previous chapter, the parabolic 

configuration of the reflectarray prototype has been scaled by a factor of two in order to facilitate 

the manufacturing process and reduce costs. As a result, a 0.9-m parabolic reflectarray will be 

designed, manufactured, and tested. However, the previous design of a 1.8-m parabolic 

reflectarray presented two limitations that will be overcome in this prototype. 

First, the parabolic surface of the 1.8-m reflectarray focused narrower beams with higher 

maximum gain at 29.5 GHz than at 19.7 GHz, due to the larger electrical size of the antenna at 

the upper frequency band. The conventional reflectors used to transmit and receive from a 

communication satellite in Ka-band may require a shaped surface at the edges of the antennas to 

minimize the directivity of the beams in Rx (upper frequency band). In this case, the parabolic 

reflectarray prototype has been designed including a novel phase correction on the reflectarray 

surface, as detailed in Chapter 5. The phase correction consists in the introduction of a randomly 

distributed noise in the required phase distributions of the reflectarray only at Rx frequencies, 

which makes it possible to control the beam shaping at Rx frequencies in a simple way and with 

a large flexibility.  

The second limitation of the 1.8-m parabolic reflectarray was the narrow bandwidth of 

the antenna, limited by the increase of the cross-polar radiation. The high levels of cross-polar 

radiation have mainly been attributed to the narrow band performance of the reflectarray elements 

to provide the phase condition imposed by the VRT (∠𝑅𝑋𝑋
′ − ∠𝑅𝑌𝑌

′ = 180°) to cancel the 

reflected cross-polar component. Note that the previous design of a 1.8-m parabolic reflectarray 

did not include the in-band optimization detailed in Chapters 4 and 5. Thus, the manufactured 

parabolic reflectarray shown in this chapter has been designed including the aforementioned 

optimization. 

Moreover, in parallel to this work, a parabolic reflectarray with a similar operating 

principle has been proposed in [107] and experimentally validated in [116] to generate two spaced 

beams in orthogonal CP per feed at Tx and Rx frequencies in Ka-band. The manufactured 

parabolic reflectarray in [116] has a diameter of 0.65 m and operates by VRT using reflectarray 

cells based on a split hexagonal-loop around a rectangular patch. The cell used in [116] is shown 

in Fig. 8-1, together with the cell presented in Chapter 4. 



251 

 

 

                                              (a)                                                         (b)  

 

In the cell used in [116] (see Fig. 8-1a), the element to operate by VRT at Tx frequencies 

is the outer split hexagonal-loop, which is equivalent to the outer symmetrical arcs used in this 

work, while the rectangular patch substitutes the two stacked orthogonal sets of three parallel 

dipoles to operate at Rx frequencies. Thus, the cell used in [116] makes it possible to design a 

parabolic reflectarray with a single-layer configuration (the outer split hexagonal-loops and the 

patches are printed on the same layer), but it has less degrees of freedom to control the phases at 

Rx than the cell described in Chapter 4: the rectangular patch can only be adjusted by its length 

and width, while the proposed orthogonal sets of dipoles are adjusted through the lengths of the 

central and lateral dipoles in each set, as shown in Fig. 8-2. 

 

                          (a)                                                              (b) 
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The parabolic reflectarray presented in this chapter includes advantages with respect to 

the state of the art, mainly given by [116], which are detailed below: 

1) A critical limitation of the previous manufactured reflectarrays designed to split the 

orthogonal CP beams by VRT is the excessively high level of cross-polar radiation, caused by the 

narrow band performance of the VRT. The single-band flat prototypes from [104] and [105] 

present an XPD around 10 dB with an operation from 19.2 to 20.2 GHz, while in the dual-band 

parabolic reflectarray from [116], the XPD is only partially provided at central frequency of each 

band, indicating that the levels of the XPD and C/I are worsened outside the central frequencies, 

and suggesting that a further optimization is required in the future to overcome these limitations. 

In this chapter, we demonstrate an optimization technique that overcomes this constraint. The 

proposed parabolic reflectarray prototype uses the reflectarray cell defined in Chapter 4, which 

provides the required degrees of freedom to implement the in-band optimization described in 

Chapter 4 and 5, and experimentally validated in Chapter 6. 

2) The parabolic reflectarray reported in [116] generates the beams in Tx and Rx in the 

same polarization, to simplify the design. However, the generation of orthogonal beams in Tx and 

Rx is a usual requirement for cellular coverages in Ka-band in HTS systems. The parabolic 

reflectarray presented in this chapet demonstrates experimentally for the first time the generation 

of orthogonal high-gain beams in Tx and Rx. The simulations of the 1.8-m parabolic reflectarray 

have shown the capability of designing a reflectarray that generates the beams in Rx with the 

orthogonal CP than the beams in Tx. Note also that the measurements of the flat demonstrator 

shown in Chapter 6 also proves the generation of orthogonal CP beams in Tx and Rx, although 

the prototype did not focus high-gain beams due to the flat surface of the reflectarray. This feature 

forces to rotate the reflectarray elements for Tx and Rx in opposite senses, which increases the 

differences between adjacent cells and makes more difficult the design of the cells in some parts 

of the parabolic surfaces, because the coupling between arcs and dipoles is sensitive to variations 

of their relative rotation angles.  

3) The proposed parabolic reflectarray will also demonstrate experimentally for the first 

time the technique to correct the shaping of the beams at Rx frequencies based on the introduction 

of a randomly distributed phase noise. The flexibility and simplicity of the technique presents a 

significant advantage with respect to other techniques based on shaped surfaces or complex 

designs of the feed-chains. 

The reflectarray demonstrator detailed in this chapter is also a challenge in terms of 

manufacturing. The parabolic surface of the reflectarray requires an accurate construction to 

minimize roughness and surface imperfections, and to avoid a deficient adaptation of the two 

dielectric sheets to the double-curved surface. The two-layer configuration and the larger 

dimensions of the prototype reported here increase the difficulty of the manufacturing process 

compared to the reflectarray of [116]. The diameter of 0.9 meters with respect to the 0.65 meters 
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of [116] produces a total surface of the antenna 1.9 times larger than in [116]. To check the 

accuracy and repeatability of the manufacturing process, a parabolic reflector has been 

manufactured and tested using the same parabolic configuration and manufacturing process than 

the reflectarray, which will make it possible to identify possible inaccuracies related to the antenna 

structure and to compare the performance of both antennas. 

8.2 DEFINITION OF THE PARABOLIC REFLECTARRAY 

PROTOTYPE 

8.2.1 Parabolic Configuration and Requirements 

Due to the large size of the parabolic reflectarray described in the previous chapter, the 

parabolic configuration of the reflectarray prototype has been scaled by a factor of two, which 

facilitates the manufacturing and reduces costs. Table 8-I shows the geometrical parameters that 

define the single offset parabolic configuration of the prototype, depicted in Fig. 8-3. 

Parameter Value 

Aperture diameter (D) 0.906 m 

Focal length (f) 1.359 m 

Offset height (h0) 0.628 m 

Clearance (C) 0.175 m 

Half subtended angle 18° 
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The main requirements imposed to the 0.9-m parabolic reflectarray have been updated 

from the antenna specifications described in the previous chapter for a 1.8-m reflectarray, taking 

into account that the reduction of the antenna dimensions will produce an enlargement of the 

beamwidth. Table 8-II shows the requirements commonly specified in real HTS systems together 

with the updated requirements for the 0.9-m prototype.  

 

Parameter System Parabolic Reflectarray Prototype 

Number of spots > 100 2 spots/feed 

Spot lattice  Triangular Triangular 

Re-use scheme 4 colors (2 freqs. + 2 pols.) 2 colors (2 pols.) 

Spot diameter 0.65° 1.3° 

Spot separation 0.56° 1.18° 

EOC gain > 43.8 dBi > 39 dBi 

Roll-off factor < 4.3 dB < 4.3 dB 

Single Entry C/I > 20 dB > 20 dB 

Co-polar / cross-polar  > 20 dB > 20 dB 

Tx frequencies 19.2 GHz – 20.2 GHz 19.45 GHz – 19.95GHz 

Rx frequencies 29.0 GHz – 30.0 GHz 29.25 GHz – 29.75 GHz 

 

 

The reduced size of the prototype leads to reduce the minimum EOC gain to 39 dBi and 

to double the required spot diameter to 1.3°, increasing the angular separation between adjacent 

spots to 1.18° (from center to center). The prototype is expected to operate within 500 MHz 

frequency bands for Tx and Rx, since the 1 GHz bands allocated for Tx and Rx in the satellite are 

divided into two sub-bands to generate the final four-color reuse scheme. The central frequencies 

of the Tx and Rx links in the system have been maintained for the prototype (19.7 GHz and 29.5 

GHz) because only one antenna has been designed, manufactured and measured. 

8.2.2 Feed Chain 

The parabolic reflectarray prototype is illuminated by the same feed chain used for the 

manufactured flat reflectarray described in Chapter 6. The feed-chain is made up of a dual-band 

spline-horn developed by Anteral [101] connected to a commercial two-port diplexer for Tx and 

Rx that includes a polarizer. Note that the feed-horn has a diameter of 60 mm, while the previous 
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1.8-m parabolic reflectarray simulated in Chapter 7 was illuminated by 54-mm feed-horns. 

Because of that, although the parabolic configuration has been maintained for the 0.9-m 

prototype, the separation between adjacent horns has been increased from 55 mm to 60 mm, which 

has also increased the angular separation between contiguous spots from 0.56° to 1.18° (slightly 

more than twice the initial value due to the beam deviation factor of the system).  

The operational band of the feed-horn goes from 17.6 GHz to 20.3 GHz for Tx in Ka-

band and from 27.3 GHz to 30.1 GHz for Rx, providing a maximum cross-polar level of around 

-25 dB below the co-polar maximum at both Tx and Rx bands. The polarizer is a commercial 

model from General Dynamics [115] (model 0183-1416) for terminal stations. The polarizer has 

an operational band from 19.4 GHz to 21.2 GHz for Tx and from 29.2 GHz to 31 GHz for Rx, 

with nominal insertions losses lower than 0.45 dB at Tx and 0.35 dB at Rx. The nominal axial 

ratio of the polarizer is lower than 2.3 dB at Tx and 1.5 dB in Rx, which is associated to a 

maximum cross-polar level of around -17.6 dB below the co-polar maximum at Tx and -21.3 dB 

at Rx. As in Chapter 6, the field radiated by the horn has been modeled in the simulation tools 

using a spherical wave expansion (SWE) provided by Anteral [101], while the effect of the 

polarizer has not been included in the simulations. 

8.2.3 Antenna Configuration 

Another difference with respect to the design of the 1.8-m parabolic reflectarray shown 

in Chapter 7 is in the plane where the beams in orthogonal CP are deviated by VRT. The previous 

1.8-m parabolic reflectarray has been designed to deviate the beams within the xz-plane (along 

the u-axis of the normalized angular coordinate system), while the proposed prototype will deviate 

the beams within the yz-plane (along the v-axis of the normalized angular coordinate system), in 

a similar way to the manufactured flat reflectarray shown in Chapter 6.  

The difference between both designs lies in the position of the feed-chains: the cluster of 

27 feeds shown in the previous chapter (see Fig. 7-4) should be rotated 90° to deviate the beams 

in the perpendicular plane. If the 0.9-m reflectarray prototype were designed to deviate the beams 

within the xz-plane, the original configuration of feeds and spots associated to the 1.8-m parabolic 

reflectarray would be reduced for the 0.9-m prototype as shown in Fig. 8-4 for the original and 

scaled configurations (the antenna optics has been scaled and the antenna dimensions reduced to 

one half, so the beamwidth and beam separation have been approximately doubled). Note that the 

axes have been rotated 90° with respect to the systems shown in Fig. 7-4 and the horizontal axes 

𝑦𝑓 and v have been inverted. Remember that each beam is physically in the opposite direction of 

the horn deviation with respect to the focus, so the cluster of feeds and the beams are vertically 

inverted with respect to each other, while the coincidence of sign between v and 𝑦𝑓 is due to the 

opposite directions of the 𝑧-axis of the antenna and the 𝑧𝑓-axis of the feed (the inversion of both 
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𝑦𝑓 and v axes in Fig. 8-4 has not altered this fact). In the case of deviating the beams within the 

yz-plane, the reduced architecture for the 0.9-m prototype is shown in Fig. 8-5. 

 

 

(a) 

  

(b) 
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The proposed prototype will be manufactured with three different positions of the feed-

chain to simplify the mechanical design of the antenna. In the second option (Fig. 8-5), the 

required three positions of the feeds can be formed by the central feed, placed in the focus of the 

antenna (feed 1 in Fig. 8-5), a second position in the same horizontal plane (feed 2 in Fig. 8-5), 

and an upper feed (feed 3 in Fig. 8-5). This configuration makes it possible to implement a simple 

mechanical solution for the cluster of feeds, as shown in Fig. 8-6. Moreover, in Fig. 8-5, the feeds 

2’ and 3’ are symmetrical to the feeds 2 and 3 with respect to the xz-plane of the antenna. Thus, 

the performance of the beams produced by the feed 2’ and 3’ can be extrapolated by the measured 

beams produced by feeds 2 and 3. As a result, this option provides a simple mechanical design 

and can be used to extrapolate the performance of five feeds (1, 2, 3, 2’, 3’). The first option 

shown in Fig. 8-4 does not contain feeds in the yz plane apart from the central feed (feed 1 in Fig. 

8-4), and a solution based on the central feed, an upper feed, and a lateral feed (e.g., feeds 1, 2, 4 

in Fig. 8-4) could be used to extrapolate the performance of only four feeds (1, 2, 4, 4’).  

 

 

 

As a result, the 0.9-m parabolic reflectarray has been proposed to deviate ±0.59° the 

orthogonal CP beams within the yz-plane, providing an angular separation between adjacent 

beams of 1.18°, as required in Table 8-II. Considering the feed cluster shown in Fig. 8-7, together 

with its associated spot distribution, the positions of the three feeds have been computed following 

the procedure described in Chapter 7. Table 8-III shows the locations of the feeds together with 

the corresponding beam direction associated to each feed for a conventional parabolic reflector. 

The center of the aperture of Feed 1 is located at the origin of coordinates of the feed system 

(𝑥𝑓 , 𝑦𝑓 , 𝑧𝑓) and at (2.27, 0.0, -4.79) mm in the coordinate system of the antenna, where its origin 

is the focal point of the paraboloid. In this way, the phase center of the central feed at 19.7 GHz 

is at the focus of the parabolic antenna (at 5.3 mm from the feed aperture in the direction of the 

𝑧𝑓-axis). 
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Feed 
Feed location Beam direction 

xf (m) yf (m) ubeam vbeam 

1 0 0 0 0 

2 0 0.060 0 0.0408 

3 0.0512 0.030 -0.0353 0.02 

 

8.2.4 Definition of the Reflectarray Cell 

The 0.9-m parabolic reflectarray is based on the cell defined and used in the previous 

chapters based on two outer symmetrical circular arcs to to adjust the phase at Tx frequencies and 

two orthogonal sets of three parallel dipoles to provide the phasing at the Rx frequencies. The 

geometrical parameters of the printed elements are the same as in the flat prototype described in 

Chapter 6: the arcs have a width of 0.2 mm and an inner radius of 2.65 mm, while the width of 

dipoles is 0.4 mm and the separation between adjacent coupled dipoles is 1.2 mm from center to 

center. 

The dielectric configuration consists of two identical sheets of IsoClad 933 (nominal 

values: εr = 2.33, tanδ = 0.0016). IsoClad 933 is a PTFE material that provides suitable mechanical 

properties, the randomly oriented microfibers of the IsoClad 933 improve the dielectric constant 

uniformity and allow the material to be partially bended in two dimensions with high dimensional 

stability and mechanical strength. The two IsoClad 933 are bounded by two layers of 38 μm 

CuClad 6250, characterized by εr = 2.32, and tanδ = 0.0013. The final configuration of the 

reflectarray cell is shown in Fig. 8-8, where the fixed geometrical parameters are numerically 

defined and the designs variables are named as Ω for the length of the arcs, lA1 and lA2 for the 

lengths of the central and lateral dipoles on the lower layer, and lB1 and lB2 for the lengths of the 

central and lateral dipoles on the upper layer. 
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The cell has been defined with a period of 6.3 mm along the x-axis and 6.5 mm along the 

y-axis, due to the larger incidence angles along the x-axis than along the y-axis on the reflectarray 

aperture, although the final lattice of cells on the parabolic surface will show small variations in 

the dimensions of the cells that have been considered in the analysis of the antenna (see Fig. 5-7 

in Chapter 5). As result, the 0.9-m parabolic reflectarray consists of 15748 reflectarray cells 

arranged in a grid of 146 x 139 cells. 

As detailed in Chapter 5, the parabolic reflectarray could be analyzed considering the 

same periods for all the cells (PX = 6.3 mm, PY = 6.5 mm), which would result in small phase 

errors produced by this approach. In order to characterize the impact of this phase errors, the 0.9-

m parabolic reflectarray has been analyzed under this approach and the results have been 

compared to those obtained with the proposed projected grid of cells, shown in Fig. 5-7. The 

reflectarray has been analyzed at Tx and Rx frequencies of the Ka band. At the Tx frequencies, 

there are no appreciable differences in the simulated co-polar components, while the cross-polar 

component, which is 30 dB below the maximum co-polar level, varies up to 1 dB between both 

approaches. At Rx frequencies, due to the higher operating frequency, the antenna performance 

is more sensitive to phase errors: the cross-polar components show small differences of around 1 

dB between both simulations, with also slight differences of around 1 dB in the side lobes of the 

co-polar components. Although the differences between both approaches are practically 

negligible, the parabolic reflectarray is proposed for space applications with around 2 meters in 

diameter. In such applications, the requirements in gain and cross-polar radiation are very 

demanding, thus the approaches should be as accurate as possible. Moreover, as aforementioned, 
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there is no increase of the computation burden between considering a regular or irregular grid of 

cells due to the local periodicity assumption when analyzing each cell. 

8.3 DESIGN PROCESS  

8.3.1 Initial Phase Distributions and Rotation Angles of the Elements 

First, the progressive phase distributions required on the parabolic surface at each 

frequency and polarization have been computed by GO and then checked using PO, to ensure that 

they generate the beams in the correct direction. These initial phase distributions only deviate the 

beam in CP ±0.59° within the yz-plane at 19.7 GHz and 29.5 GHz, without including phase 

corrections at Rx. The four resulting phase distributions are shown in Fig. 8-9. In contrast to the 

phase distributions shown in the previous chapter for a 1.8-m parabolic reflectarray, now, the 

phase distributions show a gradual phase variation along the y-axis of the antenna to deviate the 

beams within the yz-plane.  

 

 

(a)                                                  (b) 

 

(c)                                                  (d) 
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The rotation angles of the arcs and dipoles have been computed from the required phase 

distributions to split the beams in orthogonal CP, dividing by two the required phase-shifts in 

RHCP at 19.7 GHz and 29.5 GHz. The distribution of the rotation angles of the elements are 

shown in Fig. 8-10. Note that the range of values of the phase distributions shown in Fig. 8-9 to 

deviate ±0.59° the CP beams is close to ±110° at 19.7 GHz and to ±162° at 29.5 GHz, similar to 

the ranges obtained for the 1.8-m parabolic reflectarray shown in Chapter 7. Thus, the ranges of 

rotation angles for the arcs (±55°) and dipoles (±82°) are also similar to those obtained for the 

1.8-m parabolic reflectarray, although the number of cells over which they are distributed has 

been reduced by half for the 0.9-m parabolic reflectarray. As a result, the difference in the rotation 

angle of the elements between two adjacent cells along the y-axis is of 0.8° for the arcs and 1.2° 

for the dipoles, with opposite senses of rotation. 

 

(a)                                                              (b) 

 

8.3.2 Design without Phase Corrections 

The lengths of the rotated arcs and dipoles have been adjusted following the design 

routines previously described in Chapter 5. 

 First, the 284 reflectarray cells placed in the central lines of the antenna have been 

designed to extrapolate the starting dimensions of the 15,748 cells of the reflectarray by means of 

the weighted replication process. Then, the elements are readjusted cell by cell to provide the 

required values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  simultaneously at 19.7 GHz and 29.5 GHz. The design process 

has included the in-band optimization in the Rx band. The final distribution of the lengths for the 

designed arcs and dipoles is shown in Fig. 8-11, Fig. 8-12, and Fig. 8-13. 
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(a)                                                                               (b) 

 

    

(a)                                                                               (b) 
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8.3.3 Design with Phase Corrections 

The phase distributions at 29.5 GHz have been modified to introduce an outer ring of 

random phase noise. Thus, the initial phase distributions at 29.5 GHz shown in Fig. 8-9 have been 

changed by the distributions shown in Fig. 8-14. 

 

 

(a)                                                        (b) 

 

Now, the adjusting process of the elements has been carried out only in the cells where 

the phase noise has been introduced at Rx (the rest of the cells have already been optimized in the 

previous design). Thus, only 2,258 cells among the 15,748 cells of the parabolic reflectarray have 

been readjusted. The final distribution of the lengths for the arcs and dipoles is shown in Fig. 

8-15, Fig. 8-16, and Fig. 8-17, where the location of the cells with phase noise can be easily seen. 

Note that the phase correction should only affect to Rx frequencies; however, the lengths of the 

arcs have also been adjusted in the cells with noise, to compensate in Tx frequencies the effect of 

changing the dipole dimensions. 
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(a)                                                                               (b) 

 

    

                     (a)                                                                           (b)          
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Fig. 8-18 shows the phase difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the central and extreme 

frequencies of the Tx band. At the central frequency, 19.7 GHz, the phase difference has an 

average value μ|19.7 GHz  =  −180.4° with a deviation in phase around the average value smaller 

than ±6°. At the extreme frequencies, the average phase values vary to μ|19.45 GHz  =  −185.1° 

and μ|19.95 GHz  =  −176.3°, with deviations smaller than ±10°. Moreover, the range of phase 

values in ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  is lower than 30°, the amplitudes |𝑅𝑋𝑋
′ | and |𝑅𝑌𝑌

′ | are above -0.5 dB, 

and the amplitudes |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ | are below -20 dB for most of the cells. 

 

 

(a) 

   

(b)                                                                  (c) 

 

Due to the introduction of the phase correction at Rx, the objective values of ∠𝑅𝑋𝑋
′  and 

∠𝑅𝑌𝑌
′  at Rx, initially defined as ∠𝑅𝑋𝑋

′  = -180°, and ∠𝑅𝑌𝑌
′  = 0°, include an outer corona where 

some cells have been defined with the objective phases of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  exchanged (∠𝑅𝑋𝑋
′  = 

0°, and ∠𝑅𝑌𝑌
′  = -180°) in order to introduce a controlled phase noise. Note that this inversion in 
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the phase values of the cells with noise does not change the fact that all the cells are designed to 

provide a difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  of -180° to minimize the cross-polar component.  

The distributions of objective values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  are shown in Fig. 8-19. 

 

 

(a)                                                            (b) 

∠𝑅𝑋𝑋
′ ∠𝑅𝑌𝑌

′

 

According to the design method, the lengths of the dipoles have been optimized to provide 

the required values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the central frequency of the Rx band, 29.5 GHz, and 

provide the required -180° phase difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the extreme frequencies 

of the band (29.25 GHz and 29.75 GHz) . The difference between the computed ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  

of the designed cells at 29.5 GHz and the objective values (shown in Fig. 8-19) is depicted in Fig. 

8-20. Most of the cells show a phase deviation with respect to the required value smaller than ±5°; 

however, there are two zones where the cells show phase errors larger than 20°. In these two 

areas, the relative rotation angle between arcs and dipoles is the same in both cases (the elements 

rotate along the y-axis in opposite senses for arcs and dipoles, starting from the central line 

oriented along the x-axis). Thus, these larger deviations in phase are produced by a combination 

between the cell configuration (depending on the rotation angles of the arcs and dipoles) and the 

difficulty of achieving all the design objectives in the optimization process at Rx (absolute values 

of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at 29.5 GHz and their phase difference at 29.25 GHz and 29.75 GHz). There 

is also a dependency on the angle of incidence, since the deviation is more significant for higher 

angles of incidence (which increase along the x-axis). These results and conclusions agree with 

those obtained for the optimized dipoles of the flat reflectarray prototype shown in Chapter 6, 

except that now the rotation of the elements on the antenna is slower and smoother. At the extreme 

frequencies, the distributions of the absolute values of ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  remain similar to those 

shown in Fig. 8-20, but with a phase shift lower than 10° at 29.25 GHz, and -10° at 29.75 GHz. 
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(a)                                                            (b) 

∠𝑅𝑋𝑋
′ ∠𝑅𝑌𝑌

′

 

The analysis of the phase differences between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the Rx band is shown in Fig. 

8-21. Ideally, all the cells should provide a difference between ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  of -180°, 

regardless of whether the cells are defined with or without phase noise (inverted values of ∠𝑅𝑋𝑋
′  

and ∠𝑅𝑌𝑌
′ ). At 29.5 GHz, the average value of the phase difference is μ|29.5 GHz  =  −177.1° with 

a deviation in phase smaller than ±5° for most of the cells. At the extreme frequencies, the average 

phase values vary to μ|29.25 GHz  =  −174.6° and μ|29.75 GHz  =  −179°, with deviations smaller 

than ±15° for most of the cells. The phase differences also show the areas where the optimization 

process has not reached the design targets, previously shown in Fig. 8-20. Most of the cells 

provide values of |𝑅𝑋𝑋
′ | and |𝑅𝑌𝑌

′ | above -0.6 dB, and |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ | below -20 dB, except for 

the zones with larger angles of incidence, where |𝑅𝑋𝑌
′ | and |𝑅𝑌𝑋

′ | increases up to -10 dB. 
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(a) 

   

(b)                                                                  (c) 

 

In the next section, the simulated radiation patterns of the 0.9-m parabolic reflectarray 

are shown to clearly appreciate the impact of the phase and amplitude errors of the designed 

reflectarray cells. 

8.4 SIMULATED RESULTS 

The simulated radiation patterns of the 0.9-m parabolic reflectarray have been computed 

from the reflected field on each reflectarray cell, obtained by the incident field on the cells 

produced by the feed and the realistic model of the surface reflection provided by the SD-MoM 

analysis of the cells.  



269 

 

8.4.1 Modelling of the incident field  

As aforementioned, the feed-chain of the real prototype consists of a dual-CP feed-horn 

coupled to a polarizer. In the simulations, the CP field radiated by the feed-horn has been modeled 

using a SWE distribution, while the effect of the polarizer has not been considered. 

The incident dual-CP field on the reflectarray surface obtained from the SWE distribution 

has been decomposed into two orthogonal linear components. The amplitude of the linear 

components of the RHCP incident field at 19.7 GHz and 29.5 GHz are shown in Fig. 8-22 and 

Fig. 8-23. The amplitudes of the incident field show an edge illumination level of -12 dB at 19.7 

GHz and -17 dB at 29.5 GHz in the main planes of the antenna (along the x- and y-axes). 

 

 

(a)                                                                         (b) 

 

 

(a)                                                                         (b) 
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8.4.2 Initial Simulations for the Central Feed 

Before showing the simulations of the designed parabolic reflectarray in the multi-fed 

scenario, the simulated radiation patterns associated to different steps of the design process are 

shown in this sub-section considering that the reflectarray is illuminated by a single dual-CP feed 

(Feed 1 in Fig. 8-7). Note that this feed has been positioned so that the phase center of the feed at 

19.7 GHz is placed at the focal point of the paraboloid, which maximizes the antenna gain at Tx 

frequencies while slightly reducing it at Rx frequencies due to the shift of the phase center of the 

feed in the upper frequency band. The cuts of the simulated radiation patterns are depicted 

including masks to check the specification compliance, which consist of an EOC gain level of 40 

dBi with a beamwidth of 1.3° in the theoretical zone of the beam, together with a maximum level 

for side lobes and cross-polar components that is 20 dB below the previous level in the area of 

the adjacent beams (left and right) produced in the same CP. 

 

 

 

First, Fig. 8-24 shows the difference between introducing or not the phase corrections at 

Rx by means of the cuts in the azimuth plane of the simulated radiation patterns of the 0.9-m 

reflectarray designed with and without the phase noise at Rx. Since the phase corrections at Rx 

hardly affects to the radiation patterns at Tx, the radiation patterns shown in Fig. 8-24 at 19.7 GHz 

only consider the design with phase corrections at Rx. On the other hand, the simulated radiation 

patterns at 29.5 GHz show a reduction of 0.6 dB in the maximum gain of the beams when the 

phase corrections are introduced. Note that the analysis tool models the field radiated by the feed-

chain by a SWE distribution that includes the effect of the shift of the phase center of the feed-

horn at Rx with respect to Tx, which produces a reduction in the maximum gain of the beams of 
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0.5 dB at Rx. Because of that, the phase noise added at Rx only needs to reduce 0.6 dB the 

maximum gain levels to fulfill the required roll-off factor at Rx. The simulated radiation patterns 

at 29.5 GHz of the reflectarray designed with phase corrections also show smaller side lobe levels 

and cross-polar radiation than the patterns of the reflectarray without phase corrections. 

The in-band performance of the 0.9-m parabolic reflectarray designed with phase 

corrections is shown in Fig. 8-25 at the Tx band. Fig. 8-25 shows the cut in the azimuth plane of 

the simulated radiation patterns at 19.45 GHz, 19.7 GHz, and 19.95 GHz when the reflectarray is 

illuminated by a dual-CP feed placed at the focal point of the paraboloid. The radiation patterns 

at Tx show an XPD larger than 20 dB and a minimum SLL of 20 dB, which meet the specifications 

defined by the masks. The slight degradation in the side lobes at Tx is mainly produced by the 

optimization process implemented in the dipoles to improve the in-band operation at Rx, which 

may increase the length of the resulting dipoles. The presence of larger dipoles increases the range 

of phase variation in the absolute values of  ∠𝑅𝑋𝑋
′  and ∠𝑅𝑌𝑌

′  at the Tx. 

 

 

 

At the Rx band, the simulations of the 0.9-m parabolic reflectarray with phase corrections 

are shown considering two stages of the design process: an initial design at 29.5 GHz and the 

final design with the in-band optimization. Fig. 8-26 shows the cuts in the azimuth plane of the 

simulated radiation patterns at 29.25 GHz, 29.5 GHz, and 29.75 GHz for both designs. The 

radiation patterns of the non-optimized design, shown in  Fig. 8-26a, have a minimum XPI close 

to 25 dB at the design frequency, 29.5 GHz, but at the extreme frequencies, the XPI is reduced to 

13 dB. The results associated to the optimized design, depicted in Fig. 8-26b, provide an XPI 

larger than 20 dB for the complete band. The improvement in the XPI is achieved at the cost of a 
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slight increase of the SLL, caused by the phase errors introduced by those cells where the 

optimization has not converged into an appropriate solution.  

 

 

(a) 

 

(b) 

 

The simulated radiation patterns of the optimized 0.9-m parabolic reflectarray shown in 

Fig. 8-25 and Fig. 8-26b prove that the limitation in bandwidth imposed by the cross polarization 

radiation shown in Chapter 7 for the 1.8-m parabolic reflectarray has been overcome by the 

implementation of the in-band optimization applied to the reflectarray elements as well as the 

proper choice of the dielectric substrates. 
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8.4.3 Simulated Multibeam Performance 

The simulated radiation patterns of the beams generated by the three horns of the feed 

cluster (Feed 1, 2 and 3 in Fig. 8-7) have been computed at both Tx and Rx frequencies and the 

multibeam performance of the 0.9-m parabolic reflectarray has been evaluated. Fig. 8-27 shows 

the total coverage that would be obtained by two 0.9-m parabolic reflectarrays illuminated by the 

feed array shown in Fig. 8-7 onboard a geostationary satellite, considering an antenna boresight 

rotation angle of 75° (the projection has been computed with the commercial software Satsoft 

[117]). 

 

 

 

The simulated pattern contours at 40 dBi of the six beams generated simultaneously at 

19.7 GHz and 29.5 GHz by the 0.9-m parabolic reflectarray illuminated by three feeds are shown 

in Fig. 8-28. The pattern contours show that the beams in Rx are generated in the orthogonal CP 

than the beams in Tx, as imposed in the design process. The simulated radiation patterns have 

been analyzed through cuts parallel to the principal planes of the triangular lattice of spots, which 

have also been depicted in Fig. 8-28. 
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Fig. 8-29 and Fig. 8-30 shows the horizontal cut of the radiation patterns in ‘u = 0’ at 19.7 

GHz and 29.5 GHz, respectively. The cut includes the beams generated in RHCP and LHCP by 

Feed 1 and Feed 2. The beams at 19.7 GHz and 29.5 GHz have similar values of C/I and SLL, 

close to 20 dB, and cross-polar levels smaller than 20 dBi, producing an XPD and XPI over 20 

dB at 19.7 GHz and 29.5 GHz, respectively. Furthermore, the beams at 29.5 GHz show a 

maximum gain around 0.5 dB larger than the beams at 19.7 GHz. 
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The cuts of the radiation patterns that form 60° with the previous horizontal direction 

include the beams generated by Feed 2 and Feed 3 in a single CP, defined as Cut 1 and Cut 1’ in 

Fig. 8-28. Fig. 8-31a and b show the cuts of the radiation patterns in the plane Cut 1 and Cut 1’ 

at 19.7 GHz in LHCP and RHCP, respectively. The same cuts of the radiation patterns at 29.5 

GHz are shown in Fig. 8-32. The C/I and SLL shown in the cuts in 60º provide better values than 

the previously shown horizontal cuts of the radiation patterns. 

 

 

(a)                                                                    (b) 
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(a)                                                                    (b) 

 

The simulated six beams have been studied in terms of maximum gain, EOC gain, roll-

off factor, single entry C/I produced at the zones of the adjacent spots in the same CP, and co-

polar over cross-polar ratio (XPD at Tx, XPI at Rx). Table 8-IV shows the characteristic 

parameters for the beams generated in both CP at 19.7 GHz. The maximum gain of the six beams 

at 19.7 GHz is close to 43.5 dBi. The EOC gain level is 40.1 dBi, producing a maximum roll-off 

factor of 3.5 dB. The single-entry C/I varies from 25.1 dB to 19.3 dB, and the XPD level is better 

than 29 dB for all the beams. Therefore, the requirements defined in Table 8-II have been fulfilled 

at 19.7 GHz except for the minimum C/I (19.3 dB), which is 0.7 dB below the specification.   

 

Feeds 

Maximum Gain 

(dBi) 

EOC Gain  

(dBi) 

Roll-off Factor 

(dB) 

Single-Entry C/I 

(dB) 

XPD 

(dB) 

RHCP LHCP RHCP LHCP RHCP LHCP RHCP LHCP RHCP LHCP 

1 43.6 43.6 40.1 40.1 3.5 3.5 21.6 21.6 29.5 29.5 

2 43.4 43.4 40.1 40.1 3.3 3.3 19.3 20.2 30.8 29.2 

3 43.5 43.5 40.1 40.1 3.4 3.4 24.1 25.1 28.8 28.9 

 

The information about the six beams generated at 29.5 GHz is shown in Table 8-V. The 

maximum gain and EOC gain of the beams at 29.5 GHz are around 0.5 dB lower than at 19.7 

GHz, while the maximum gain is around 0.3 dB higher than at 19.7 GHz. The differences between 

beams at 19.7 GHz and 29.5 GHz have been minimized by applying the phase correction at Rx. 

The phase correction has reduced around 0.5 dB the maximum gain of the beams at 29.5 GHz, 
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which is added to the gain reduction produced by the shift of the phase center of the feed in the 

Rx band. As a result, the maximum roll-off factor is 4.4 dB, exceeding 0.1 dB the requirement 

shown in Table 8-II. The phase correction applied to the parabolic reflectarray could have been 

defined to introduce a larger gain reduction; however, it is expected that the losses and phase 

errors occurred in the manufactured reflectarray correct this small margin. Moreover, the single-

entry C/I varies from 21 dB to 18.3 dB, and the XPI is larger than 20.1 dB. 

Feeds 

Maximum Gain 

(dBi) 

EOC Gain  

(dBi) 

Roll-off Factor 

(dB) 

Single Entry C/I 

(dB) 

XPI  

(dB) 

RHCP LHCP RHCP LHCP RHCP LHCP RHCP LHCP RHCP LHCP 

1 43.9 43.9 39.5 39.5 4.4 4.4 21 21 21.7 20.2 

2 43.8 43.7 39.6 39.5 4.2 4.2 21.6 19.4 21.5 20.2 

3 43.8 43.7 39.5 39.5 4.3 4.2 19.3 18.3 20.1 20.7 

 

Table 8-IV and Table 8-V have summarized the antenna performance at the central 

frequencies of the Tx and Rx band. As shown in Fig. 8-26, the limitation in bandwidth imposed 

by the cross-polarization radiation has been overcome by the implementation of an in-band 

optimization applied to the reflectarray elements. It was shown that the in-band optimization 

enables to meet the cross-polar requirements within 500 MHz bands for the central beam, and it 

has been checked that a similar bandwidth is obtained for every feed position of the manufactured 

prototype. 

8.5 MANUFACTURING PROCESS OF THE 0.9 M PARABOLIC 

REFLECTARRAY 

The manufacturing of the proposed parabolic reflectarray demonstrator has been a 

challenging task. The parabolic surface of the antenna, the large dimensions of the prototype, and 

the dual-layer configuration of the reflectarray have required a detailed study to make it possible 

the manufacturing of the designed reflectarray antenna. In this section, the manufacturing process 

of the reflectarray is shown in detail, including a subsection about mechanical considerations in 

real space applications. 
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8.5.1 Required Pattern of Elements on the Parabolic Surface 

Once the parabolic reflectarray has been designed and the lengths of the rotated elements 

on the antenna surface is known (see Fig. 8-15, Fig. 8-16 and Fig. 8-17), the first step of the 

manufacturing process has been developing a code to generate all the printed elements on each 

layer of the parabolic surface, using the dimensions obtained from the optimization process. Fig. 

8-33 shows some details of the 3D CAD model of the parabolic reflectarray.  

 

  

 

Then, the two dielectric sheets of the reflectarray have been divided in bands due to their 

large size. The upper sheet, where the reflectarray elements are printed on both sides, has been 

divided in three bands with similar widths of around 30 cm, as shown in Fig. 8-34.  The lower 

sheet, which has not any copper pattern on one side and it is covered by copper on the bottom 

surface (ground plane), was divided in only two bands, one wider (around 60cm) and other around 

30-cm wide, as shown in Fig. 8-35. The bands in both sheets have been defined in perpendicular 

directions to minimize their impact in the radiation pattern of the antenna (the upper bands are 

oriented along the x-axis of the antenna, and the lower bands along the y-axis).  
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To obtain the masks for the photo-etching associated to the upper dielectric sheet, the 

three bands on the parabolic surface, containing the printed elements, have been developed into a 

plane by using an appropriate software to ensure that the bands will be adapted to the parabolic 

mold, without any gaps. An overview of the three developed bands used for photoetching is shown 

in Fig. 8-36. The edges of the bands have a slight curvature to ensure the matching to the parabolic 

surface. Since the f/D is large (1.5), the paraboloid has a small curvature and the edges to assemble 

the three bands are close to a straight line, as can be seen in Fig. 8-36. Although the juncture lines 

only differ in around 2.4mm at the ends from a straight line, this small curvature is essential to 
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avoid any gap when assembling the sandwidh on the mold. Note that the technique developed 

here can be applied to surfaces with a higher curvature.    
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The DXF files with the masks of the three bands associated to the first layer of the 

reflectarray, as well as the cut lines for the two bands associated to the second layer, were 

delivered to the company Trackwise [118]. This company undertook the manufacturing of the 

PCBs on the IsoClad 933 material. Some details of the manufactured PCBs on IsoClad 933 are 

shown in Fig. 8-37. A tolerance lower than ±10 microns has been achieved in the dimensions of 

the printed elements. This tolerance was estimated by measuring the dimensions of some dipoles 

printed on the PCBs outside of the reflectarray surface, also shown in Fig. 8-37. 

 

  

 

In order to provide the required parabolic shape to the dielectric sheets, a parabolic mold 

must be manufactured. The manufacturing of the parabolic mold, as well as its integration with 

the printed arrays on Isoclad 933, and the aluminum support structure has been developed by the 

company Acom Sistemas [119].  

8.5.2 Manufacturing Process of the Parabolic Mold 

A low-cost mold made of CFRP has been manufactured by Acom Sistemas in different 

steps. First, a male parabolic mold (convex) has been manufactured using polyurethane. Then, an 

intermediate female mold (concave) was manufactured using 4-mm CFRP and a core of aramid. 

Finally, a new concave CFRP male mold was manufactured to ensure that hold out the process 

temperature of the adhesive film of Cuclad (120 -135ºC).  
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The first mold has been manufactured on a high-density polyurethane (PU) foam over a 

carbon fiber sandwich panel to have a rigid base, including the holes for the correct positioning, 

as shown in Fig. 8-38a and b. The process follows with the finishing of the surface, resulting in 

the mold shown in Fig. 8-38c and d. 

 

   

                               (a)                                                                      (b) 

   

                               (c)                                                                      (d) 

 

From the first male model, an intermediate female mold made by a carbon fiber sandwich 

panel with a foam core has been produced using a conventional process of vacuum bag and curing 

in oven, as show in Fig. 8-39a. The finished mold is shown in Fig. 8-39b. 

 

   

                               (a)                                                                      (b) 
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Finally, over the female mold, a male mold has been manufactured, which will be used 

to shape the Isoclad sheets of the reflectarray antenna. This last mold has been made with a special 

CFRP that can cure at a low temperature, around 75ºC. Once this mold was separated from the 

female mold, it was post cured up to 130ºC to obtain a final male mold able to resist this 

temperature, which is needed to bond the two sheets of IsoClad 933 using the Cuclad 6250 

thermoplastic bonding film. The final mold after a polishing process is shown in Fig. 8-40a. To 

verify the manufacturing process, three bands of 0.8-mm aluminum were manufactured with the 

dimensions of the previously shown bands for the upper Isoclad sheet, Fig. 8-40b shows the fitting 

of two aluminum bands on the parabolic mold. 

 

   

(a) 

 

(b) 

 

A 3D dimensional test of the mold has been made by using a digital probe and comparing 

the results with the 3D CAD surface. The results show that the Root-Mean-Square (RMS) 
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deviation with respect to the nominal parabolic surface was 0.042 mm, with a maximum deviation 

of 0.128 mm in one point near the edge of the dish. Fig. 8-41 shows the measured deviations with 

respect to the nominal surface along the control axes. 

 

 

(a) 

 

(b) 

 

8.5.3 Sandwich Manufacturing 

The next step of the manufacturing process consists in fitting the Isoclad sheets to the 

parabolic mold to properly shape the dielectric substrates. First, the three bands with the printed 
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elements on both sides of the Isoclad 933 material have been adapted to the mold, checking that 

the positioning of the holes for the alignment pins was correct, as shown in Fig. 8-42a. Note that 

the reflectarray elements are printed on both sides of the three Isoclad bands shown in Fig. 8-42a 

(the arcs and the upper dipoles are printed on the side facing the mold). Then, the second sheet of 

the Isoclad 933 material, which had been divided in two bands and it is clad with copper on the 

bottom face, has been bonded together with the thermoplastic bonding film Cuclad 6250. The 

parabolic sandwich has been cured in two stages in order to ensure the best positioning of the 

dielectric bands. In the first stage, the electrical reflectarray sandwich is cured to adapt to the 

parabolic surface. Then, the shaped reflectarray is reinforced by adding a structural CFRP 

sandwich with several layers of 10-mm Nomex Honeycomb that increases thickness of the final 

parabolic reflectarray sandwich up to 38 mm, as shown in Fig. 8-42b, in order to have the stiffen 

structure. 

 

 

(a) 

 

(b) 
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Moreover, a reference parabolic reflector has also been manufactured to compare the 

performance of the reflectarray with a conventional reflector of identical geometry, making it 

possible to identify possible sources of error related to the feed system, antenna alignment, or the 

antenna structure. For this purpose, the reflector surface has been manufactured by using the same 

CFRP mold as the reflectarray, changing the dielectric sheets by a copper laminate also divided 

in three identical bands as the reflectarray prototype. The parabolic reflectarray sandwich after 

the curing process is shown in Fig. 8-43a, together with the reference reflector sandwich shown 

in Fig. 8-43b. 

 

  

(a) 

 

(b) 

 

8.5.4 Supporting Structure for the Antenna  

Finally, an aluminum structure has been manufactured to support the feed-chain and the 

parabolic dish. The drawings obtained from the CAD model used for manufacturing the 
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supporting structure are shown in Fig. 8-44. The supporting structure allows to disassemble the 

parabolic dish of the reflectarray and to place the reflector dish. 

 

  

 

The assembled antenna configuration is shown in Fig. 8-45. 
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8.5.5 Mechanical Considerations for Space Applications  

Although the thermomechanical design of the parabolic reflectarray goes beyond the 

scope of this Thesis, some considerations are presented about the manufacturing process and 

application of reflectarray antennas in space applications. 

 

As introduced in Chapter 7, Section 7.1.3, different dielectric substrates qualified for 

space have been considered for the dielectric configuration of the reflectarray. The three main 

solutions considered for the sandwich configuration of the reflectarray were based on the use of 

Kapton and Honeycomb, PTFE materials such as RT/Duroid 6000, and prepreg quartz fibers. 

These materials have previously been used in space applications.    

After a parametric study of the reflectarray cell, the substrates based on honeycomb were 

rejected due to its relatively low permittivity. The prepreg fabric with quartz fibers (considered in 

the design shown in Chapter 7) would be the preferred choice, both electrically and mechanically; 

however, this substrate was not able to be purchase in small quantity for making the 0.9-m 

parabolic prototype. Finally, PTFE materials, such as Rogers IsoClad, provide suitable electrical 

and mechanical properties, the randomly oriented microfibers improve the dielectric constant 

uniformity and allow the material to be partially bended in two dimensions.  

The Rogers IsoClad 933 substrate has been selected since provides the necessary 

flexibility to use on double-curved surfaces, while it offers high dimensional stability and 

mechanical strength by using a higher non-woven fiberglass/PTFE ratio for a more highly 

reinforced combination [120]. 

 

The companies that manufacture satellite antennas are used to manufacture curved 

reflectors and subreflectors in multilayer composites of large sizes. The manufacturing process 

used to manufacture the parabolic reflectarray is directly compatible with the manufacturing 

processes used in space CFRP reflectors, since the fabrics are plied on a previously manufactured 

mold.  

While the 0.9-m parabolic reflectarray has been manufactured from a low-cost CFRP 

mold, an Invar mold should be required to ensure the necessary surface accuracy for a real 

mission.   
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It would also be required a thermomechanical design to ensure the necessary stability for 

space missions. Reflector surfaces mounted on satellite spacecraft are exposed to wide thermal 

excursion due to solar impinging rays. The impact of the thermo-elastic distortions must be 

studied in detail due to the presence of dielectric materials. However, dielectrics based on prepreg 

fabric with quartz or Kevlar fibers have been previously used in real missions, like Mars Express 

and Venus Express [121].  

Moreover, the impact of thermo-elastic distortions can be smaller than in conventional 

“shaped” reflectors, because the focusing of the beam is achieved by the reflector surface, while 

the reflectarray printed elements are used to deviate in opposite directions the beams in RHCP 

and LHCP. The beam deviation and shaping at Rx is produced by the rotated printed elements 

and not by the shaping of the surface (in shaped reflectors, the shaping of the beams is performed 

completely by the reflector surface).  

 

The reflectarray cells consists of floating metallic elements printed on dielectric layers, 

which may cause electrostatic discharges (ESD). For a space application, a germanium coating 

can be used on the reflectarray elements printed on Kapton to avoid ESD, because of the small 

conductivity of the germanium coating, as demonstrated at Jet Propulsion Laboratory (JPL) for 

Juno mission to Jupiter [122]. 

8.6 MEASUREMENTS OF THE 0.9 M PARABOLIC REFLECTARRAY  

8.6.1 RF Test of the Reflectarray and Reference Reflector  

The manufactured 0.9-m parabolic reflectarray and the reference reflector antenna have 

been measured at the anechoic chamber of the ETSIT-UPM using a planar near-field 

measurement system (see Fig. 8-46). The angular range of the measurements according to the 

normalized angular coordinates u, v comprises ±0.275 for both u and v axes. The measurements 

of the antennas have been carried out at 19.2 GHz, 19.45 GHz, 19.575 GHz, 19.7 GHz, 19.825 

GHz, 19.95 GHz, and 20.2 GHz for the Tx band, and at 29 GHz, 29.25 GHz, 29.375 GHz, 29.5 

GHz, 29.625 GHz, 29.75 GHz, 30 GHz, 30.25 GHz and 30.5 GHz for the Rx band (the last two 

frequencies in the Rx band, 30.25 GHz and 30.5 GHz, have been tested only for the reflectarray 

antenna). The planar near-field measurement system provides an uncertainty in the measurements 
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of ± 0.5 dB in gain and ± 0.2 dB in directivity. Due to the larger uncertainty of the measurements 

in gain, the measured results provided in this section are mainly shown in directivity. 

 

 

 

Since the reference reflector antenna cannot discriminate between orthogonal CP, the 

antenna generates three beams in dual-CP, one per each feed position, at both Tx and Rx 

frequencies. The measurements at the Tx band have been carried out only for the central feed, 

while the measurements at the Rx band do consider the three feed positions. The measured co-

polar radiation patterns in u-v coordinates of the reference reflector at 19.7 GHz and 29.5 GHz 

are shown in Fig. 8-47 in RHCP for the central beam and LHCP for the upper and lateral beams. 

The measured maximum directivity of the reference reflector is around 44.1 dBi at 19.7 GHz and 

45.8 dBi at 29.5 GHz. 
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In contrast to the reflector antenna, the parabolic reflectarray generates two spaced beams 

per feed, thus producing six beams simultaneously at Tx and Rx frequencies. The parabolic 

reflectarray has been measured considering the three positions of the feed-chain in both CPs and 

both frequency bands. Fig. 8-48 shows the measured co-polar radiation patterns in u-v coordinates 

of the parabolic reflectarray at 19.7 GHz and 29.5 GHz. The measurements show a maximum 

directivity of around 44 dBi and 45 dBi, respectively at 19.7 GHz and 29.5 GHz. Regarding the 

directivity levels of the reference reflector, the reflectarray shows a reduction of the maximum 

directivity of only 0.1dB at 19.7 GHz, wich is smaller than the measurements uncertainty, and 0.8 

dB at 29.5 GHz, since the printed dipoles have been optimized for a reduction in gain at the Rx 

band. 

 

 

(a) 

 

(b) 
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The pattern contours of the measured beams have been depicted to better appreciate the 

effect of the optimization technique implemented by the printed dipoles to match the shaping of 

the beams generated at Tx and Rx frequencies. Fig. 8-49 shows the pattern contours of the 

measured beams generated by the reference reflector and the parabolic reflectarray only at the 

EOC level (the level that provides the required spot diameter of 1.3°). As a result, the pattern 

contours of the beams produced by the reflectarray are shown at 40.6 dBi at both frequency bands, 

while the beams produced by the reflector in Rx are depicted at 39.6 dBi to provide the same spot 

diameter. As a result, the beams generated by the reference reflector in Rx provide a roll-off factor 

that exceeds the maximum value set at 4.3 dBi (specified in Table 8-II). The beams produced by 

the reflector in Tx are not shown in Fig. 8-49, since the beam shaping of the reflector is similar 

to that of the reflectarray at Tx frequencies (the same level of 40.6 dBi corresponds to a spot 

diameter of 1.3° in Tx).  

 

 

 

Therefore, Fig. 8-49 clearly shows the generation of two beams per feed provided by the 

parabolic reflectarray, its dual band operation at Tx and Rx frequencies in Ka band, and the 

capability of the reflectarray to generate orthogonal CP beams at Tx and Rx frequencies and to 

provide the same spot diameter at the same EOC gain at both frequency bands. 

The interferences produced between beams generated by the parabolic reflectarray in the 

same color have been firstly evaluated through the measured pattern contours of the beams at the 

EOC level (40.6 dBi) and 20 dB below the EOC level (20.6 dBi), shown in Fig. 8-50 for the 

measured beams at 19.7 GHz and 30 GHz. 
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(a) 

 

(b) 

 

Fig. 8-50 shows that the single-entry C/I produced between beams generated in the same 

color at 30 GHz is larger than 20 dB for all the beams (the contours at 20.6 dBi do not overlap 

with the contours at 40.6 dBi associated to the adjacent beams in the same color). The 

measurements at 19.7 GHz also show a positive performance, where only one beam generated in 

RHCP has a single-entry C/I less than 20 dB. The detailed analysis of the measurements in both 

frequency bands are shown below. 
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8.6.2 Evaluation of the measured radiation patterns at Tx  

The measurements of the 0.9 m parabolic reflectarray have been analyzed within a 500 

MHz frequency band centered at 19.7 GHz; so, the band comprises from 19.45 GHz to 19.95 

GHz. The main cuts of the measured radiation patterns have been evaluated to estimate the C/I 

and XPD levels. The cuts in the azimuth plane of the measured radiation patterns generated by 

the parabolic reflectarray are shown in Fig. 8-51 at the extreme frequencies of the Tx band, since 

the highest levels of cross-polar radiation and side lobes are reached at these frequencies (the 

performance is optimal at the central frequency, which is the design frequency in Tx). Also, Fig. 

8-52 shows the cuts of the radiation patterns associated to the planes in 60º for the beams 

generated by the lateral and upper feeds in both CPs. The cuts of the measured radiation patterns 

depicted in Fig. 8-51 and Fig. 8-52  include the same masks used with the simulated results in this 

chapter (an EOC level of 40 dBi with a beamwidth of 1.3° in the theoretical zone of the beam, 

together with a maximum level for side lobes and cross-polar components that is 20 dB below the 

previous level in the area of the adjacent beams produced in the same CP).  

As aforementioned, the radiation patterns show a maximum directivity close to 44 dBi, 

an EOC level at 40.6 dBi, and the directions of radiation match the expected directions given by 

the masks. The measurements are close to fulfilling the requirements imposed by the masks, the 

maximum SLL is around 20 dBi, which produces a single-entry C/I larger than 20 dB for all the 

beams except one, generated in RHCP and shown in Fig. 8-51b, which is consistent with the 

results presented in Fig. 8-50a. The minimum single-entry C/I is produced by the interference of 

the RHCP beam generated at 19.45 GHz by the lateral feed and provides 18.8 dB of C/I. In terms 

of cross-polar radiation, the conducted simulations have not considered the effects of the polarizer 

included in the feed chain, which produces discrepancies between the simulated and measured 

levels of cross-polar radiation. According to the nominal performance of the polarizer, the co-

polar over cross-polar ratio provided by this element is of 17.6 dB at Tx frequencies. As a result, 

the measurements in Tx show a slightly higher level of cross-polar radiation than the simulated 

results. The overall XPD is around 20 dB, and the minimum XPD is 17.9 dB, which matches the 

nominal co-polar over cross-polar ratio of the polarizer. Note also that the measurements may be 

influenced by other factors such as the inaccuracies in the reflector surface that can increase the 

cross-polar radiation. 

Despite the slight increase of the cross-polar component, the measurements of the 

parabolic reflectarray in the Tx band are very positive. Within the 500 MHz band, the measured 

radiation patterns show an appropriate shaping of the co-polar components, with suitable levels 

of maximum directivity, SLL, and C/I, as well as quite good levels of XPD. After analyzing the 

measurements in Rx, a table will be included to summarize the performance of the 0.9 m parabolic 

reflectarray in both bands. 
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(a) 

 

(b) 

 

(c) 
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(a) 

 

(b) 

 

The measured radiation patterns of the parabolic reflectarray have also been compared to 

the measurements of the reference reflector antenna in the Tx. The comparison between the 

measurements of both antennas makes it possible to determine the additional losses introduced 

by the reflectarray antenna as well as to evaluate the beam shaping and cross-polar radiation 

provided by the reflectarray.    

Fig. 8-53 shows the cut in the azimuth plane of the measured radiation patterns of the 

beams generated by the parabolic reflectarray and the reference reflector when both antennas are 

illuminated by the central feed at 19.7 GHz. The measurements show similar levels of the 

maximum co-polar and cross-polar components for both antennas, which proves the remarkable 

performance of the reflectarray in Tx, with small additional losses despite the dual-layer dielectric 

configuration of the reflectarray and an XPD mainly given by the polarizer included in the feed 
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chain. The spaced beams radiated by the parabolic reflectarray have a slightly larger SLL than the 

beams radiated by the reference reflector due to the small phase errors introduced by the 

reflectarray elements. However, the measurements of the reflectarray at Tx frequencies have 

proven that the single-entry C/I is close to the required 20 dB. 

 

 

 

The additional losses introduced by the reflectarray have been analyzed in detail by 

comparing the measured maximum levels of gain and directivity associated with the reflectarray 

(GRA and DRA, respectively) and with the reference reflector (GRef and DRef, respectively). The 

maximum measured gain and directivity of both antennas illuminated by the central feed in LHCP 

are shown in Fig. 8-54 at the Tx frequencies measured in the anechoic chamber. 
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The comparison shown in Fig. 8-54 makes it possible to quantify different losses, such 

as the losses introduced by the feed chain, by the dielectric layers of the reflectarray, or by the 

phase errors introduced by the reflectarray elements. Note that the measured directivities are 

computed from the measured radiation patterns by an integral of the radiated power, while the 

measured gain is obtained by a gain comparison method, based on the use of a standard gain 

antenna whose gain is known. 

First, the difference between the measured values of maximum gain and directivity of the 

refence reflector antenna (GRef and DRef) can be mainly attributed to two factors: the losses of the 

feed, mostly given by the losses of the polarizer, and the power radiated outside the angular range 

of the measurements, which produces a small increase of the directivity in the measurements. Fig. 

8-54 shows that the maximum value of this difference is achieved at 19.2 GHz, due to a reduction 

of the measured gain. The reduction in gain at 19.2 GHz is caused by the polarizer included in the 

feed chain, since it is working outside its nominal operating band (the polarizer operates in Tx 

from 19.4 GHz to 21.20 GHz, with nominal insertion losses smaller than 0.45 dB). At all other 

frequencies, the difference between GRef and DRef is around 0.6 dB, which is close to the nominal 

losses of the polarizer.  

Then, the difference between the measured maximum directivity of the reference reflector 

and the reflectarray (DRef and DRA) provides an estimation of the losses produced by the phase 

errors introduced by the reflectarray elements. The reflectarray elements introduce dissipative 

losses that are not considered in the directivity levels; however, the printed elements also 

introduce small phase errors that spread the radiated power at different directions, which reduces 

the maximum measured directivity of the parabolic reflectarray and may increase the SLL. The 

difference between DRef and DRA in Fig. 8-54 is smaller than 0.2 dB, which proves an excellent 

behavior of the parabolic reflectarray to focus the beams in Tx. 

Finally, the difference between the measured maximum gain of the reference reflector 

and the reflectarray (GRef and GRA) provides the additional losses introduced by the reflectarray 

in comparison with the reference reflector. Since both antennas have been illuminated by the same 

feed chain, this difference between maximum gains is caused by the total losses introduced by the 

reflectarray elements. The difference between GRef and GRA in Fig. 8-54 is smaller than 0.4 dB 

(between 0.2 and 0.4 dB), also proving the excellent performance of the manufactured parabolic 

reflectarray. As aforementioned, these total losses introduced by the reflectarray elements can be 

attributed to two main factors: the losses caused by the previously identified phase errors, and the 

dissipative losses in the dielectrics. Thus, the difference between the total losses of the elements 

(0.4 dB) and the losses associated with phase errors (0.2 dB) provides the ohmic losses introduced 

by the dielectric substrates, which are close to 0.2 dB. Fig. 8-54 also shows that the maximum 

measured gain of the parabolic reflectarray only varies around 0.4 dB from 19.45 GHz to 20.2 

GHz.  
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The maximum measured directivities for both antennas do not show differences in both 

CPs; however, the measurements for both antennas show a maximum gain 0.4 dB lower in RHCP 

than in LHCP. This difference in gain is lower than the measurement uncertainty in gain, and it 

can be attributed to small differences of the polarizer performance in each CP. 

As a conclusion, the measurements in Tx are extremely positive. The measured radiation 

patterns are very close to the antenna requirements, and the analysis of the measured maximum 

values of gain and directivity also proves an excellent performance with low losses. 

8.6.3 Evaluation of the measured radiation patterns at Rx  

The measurements of the 0.9 m parabolic reflectarray have also been evaluated at Rx 

frequencies. First, the measurements in Rx have shown a frequency shift in the operational band. 

The measured radiation patterns at the theoretical central frequency in the Rx band, 29.5 GHz, 

show higher levels of cross-polar radiation and SLL than at 30 GHz, as well as the operation 

within 500 MHz frequency bands is better centered 30 GHz than at 29.5 GHz. Fig. 8-55 show the 

cut of the measured radiation patterns in the azimuth plane for the beams generated by the central 

feed at 29.5 GHz and 30 GHz to appreciate the differences between both frequencies. The 

frequency shift has been caused by an imprecise characterization of the dielectric substrates, 

which produces larger phase errors in the reflectarray surface, increasing the cross-polar radiation 

and the SLL at this frequency band. 
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 Therefore, the measurements in Rx have been evaluated in a 500 MHz frequency band 

centered at 30 GHz. The main cuts of the measured radiation patterns have been evaluated at the 

extreme frequencies of the Rx band to estimate the worst C/I and XPI levels. 

The cuts in the azimuth plane of the measured radiation patterns at 29.75 GHz and 30.25 

GHz are shown in Fig. 8-56 for the beams generated by the three feeds, while the cuts in the 60º 

planes for the beams generated by the lateral and upper feeds are shown in Fig. 8-57. The 

measured beams have a maximum directivity close to 45 dBi, with the same EOC level of 40.6 

dBi as the beams in Tx. The measurements depicted in Fig. 8-56 show an increase of the SLL, 

particularly at 29.75 GHz, produced by the phase errors associated with the frequency shift of the 

reflectarray in Rx. However, the single-entry C/I remains larger than 20 dB except for one case, 

where reaches a minimum value of 18 dB. Fig. 8-56 and Fig. 8-57 also show higher levels of 

cross-polar radiation than the measurements in Tx, since the phase errors associated with the 

frequency shift mismatch the required phase condition to suppress the cross-polar component 

when applying the VRT. Nevertheless, the measured levels of cross-polar radiation provided by 

the measurements in LHCP are lower than in RHCP. The asymmetric behavior of the cross-polar 

levels in both CP are attributed to the deficient operation of the polarizer included in the feed, 

which has been manually disassembled and readjusted for each change of polarization during the 

measurements in the anechoic chamber. Note also that the cross-polar radiation generated by a 

deficient phase control when applying the VRT affects both CPs equally. Moreover, the measured 

radiation patterns of the reference reflector in Rx provide a similar minimum XPI of 14 dB, 

necessarily caused by the poor performance of the polarizer. 
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(a) 

 

(b) 

 

(c) 
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(a) 

 

(b) 

 

The measured performance of the parabolic reflectarray have been summarized in Table 

8-VI for both 500 MHz frequency bands centered at 19.7 GHz and 30 GHz. The table shows the 

worst-case values provided by the prototype in relation to some of the antenna requirements 

previously defined. The technique introduced in Rx to reduce the directivity of the antenna at Rx 

frequencies achieves to match the EOC level at Tx and Rx frequencies and to reduce the roll-off 

factor in Rx. Although the maximum roll-off factor was set to 4.3 dB, the measurements in Rx 

exceed the value by 0.1 dB, which falls within the uncertainty in directivity provided by the 

measurement system. The C/I is larger than 20 dB for most of the beams, and the minimum values 

are close to the required level of 20 dB, despite the increase of the SLL produced in Rx because 

of the frequency shift. Finally, the co-polar over cross-polar ratio have been affected by the 

operation of the polarizer included in the feed chain. The minimum XPD in Tx matches the 

nominal XPD of the polarizer, while the XPI in Rx show different levels in each CP. The 
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minimum XPI of the parabolic reflectarray matches the minimum XPI of the reference reflector 

at Rx frequencies (13 dB and 14 dB, respectively).  

 

Band 
EOC Gain  

(dBi) 

Roll-off Factor 

(dB) 

Single Entry C/I 

(dB) 

XPD, XPI (dB) 

RHCP LHCP 

Tx 40.6 ≤ 3.4 ≥18.8 ≥18.1 ≥17.9 

Rx 40.6 ≤ 4.4 ≥18 ≥13 ≥18.8 

 

The measured radiation patterns of the parabolic reflectarray have also been compared to 

the measurements of the reference reflector antenna at Rx frequencies. Fig. 8-58 shows the cut in 

the azimuth plane of the measured radiation patterns of the beams generated by the parabolic 

reflectarray and the reference reflector when both antennas are illuminated by the lateral feed at 

30 GHz. The measured radiation patterns of the parabolic reflectarray show a maximum 

directivity slightly smaller than the measurements of the reference reflector antenna, due to the 

phase correction implemented in the reflectarray to this end. Although the measured levels of 

cross-polar radiation are similar in both antennas (produced by the feed chain), Fig. 8-58 shows 

a better XPI provided by the parabolic reflectarray than by the reference reflector. 
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The additional losses introduced by the reflectarray in Rx have been evaluated by 

comparing the measured maximum gain and directivity provided by the reflectarray (GRA and 

DRA) and by the reference reflector (GRef and DRef). Fig. 8-59 shows this comparison when both 

antennas are illuminated by the lateral feed in LHCP at Rx frequencies. 

 

 

 

As with the measurements in Tx, the difference between the measured values of 

maximum directivity and gain of the refence reflector (DRef and GRef) are mainly attributed to the 

losses of the feed and the power radiated outside the angular range of the measurements. This 

difference is around 0.8 dB, remaining similar to the results in Tx. The difference between the 

maximum directivities of both antennas (DRef and DRA) has been increased to 0.8 dB from the 0.2 

dB obtained in Tx, as a result of introducing the phase correction in the reflectarray to 

intentionally reduce around 0.6 dB the directivity in Rx. Therefore, the unintended phase errors 

introduced by the reflectarray elements in Rx can be estimated by the difference between the total 

0.8 dB (the difference between DRef and DRA) and the estimated 0.5 dB caused by the phase 

correction, which provides a relatively small value close to 0.3 dB. 

In relation to the measured gain levels shown in Fig. 8-59, the uncertainty provided by 

the measurement system (± 0.5 dB) has caused that two gain values for the reference reflector 

(GRef) have soared at 29.25 GHz and 29.375 GHz (pointed out with red crosses in Fig. 8-59). The 

difference between the measured maximum gain of the reference reflector and the reflectarray 

(GRef and GRA), which provides the total additional losses introduced by the reflectarray in 

comparison with the reference reflector (phase errors and ohmic losses), reaches around 0.8 dB. 

Thus, the difference between the maximum gains of both antennas matches the difference 

between their maximum directivities, which indicates that the dissipative losses of the dielectric 
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substrates at Rx frequencies fall within the uncertainty in gain of the measured system. Moreover, 

the maximum gain of the parabolic reflectarray only varies around 1 dB from 29 GHz to 30 GHz, 

despite the uncertainty of the measurements. The measurements do not show differences between 

the maximum directivities in both CP; however, the measurements for both antennas show a 

maximum gain 0.6 dB lower in RHCP than in LHCP, which evidences the deficient performance 

of the polarizer included in the feed-chain 

As a conclusion, the measurements obtained at Rx frequencies are very positive. Despite 

the frequency shift occurred, the measured radiation patterns are close to the antenna 

requirements, the beam shaping has successfully been corrected to match the EOC level at Tx and 

Rx frequencies with suitable roll-off factors, the cross-polar radiation remains similar to that of 

the reference reflector, and the analysis of the measured maximum values of gain and directivity 

has also provided excellent results with low levels of losses. 

8.7 COMPARISON OF MEASUREMENTS AND SIMULATIONS  

The measurements of the manufactured parabolic reflectarray have been compared to the 

simulated results to validate the simulation tools. In Fig. 8-60, the initial simulated results 

obtained in this chapter have been compared to the measurements. Note that measured radiation 

patterns are given in directivity to reduce the uncertainty of the measurements, while the initial 

simulations were computed in gain, including factors such as the ohmic losses in the substrates 

that are not included in the measured levels of directivity or the radiation efficiencies that are 

partially included in the measurements (these factors will be detailed below). Fig. 8-60 shows the 

measured and simulated co-polar radiation pattern at 19.7 GHz and 29.5 GHz for the beam 

generated in LHCP by the reflectarray illuminated by the central feed. The measured and 

simulated pattern contours in Fig. 8-60 are plotted in solid and dotted lines, respectively. There is 

a very good agreement between the measurements and the initial simulated results, particularly at 

19.7 GHz. Remember that the measurements in Rx have revealed a frequency shift that has 

increased the measured SLL. The difference between the maximum levels of measured directivity 

and simulated gain is lower than 0.5 dB and around 1 dB at Tx and Rx frequencies, respectively. 

The higher level of the measurements with respect to the simulations is mainly caused by the 

losses of the substrates (inlcuded in the simulations) and the radiated power outside the measured 

angular range in the anechoic chamber, which slightly increases the measured directivity, as will 

be shown in detail below.  
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(a) 

 

(b) 

 

The simulations have been updated to consider issues related to the measured reflectarray. 

First, the printed arcs and dipoles in the manufactured prototype have revealed an averaged error 

of -10 μm in the dimensions of the elements, with a random deviation of ±5 μm. This error has 

been added in the simulation tools, providing an insignificant impact at Tx frequencies but slightly 

increasing the SLL in Rx.  

The electrical properties of the dielectric substrates have been characterized by the 

waveguide simulator technique (WGS), testing some samples formed by two reflectarray cells 

included in the same PCB of the demonstrator. The measured and simulated reflection coefficients 

in module and phase of the reflectarray samples are shown in Fig. 8-61. The results obtained show 

that the initial permittivity considered in the simulations (εr = 2.5) should be changed to εr = 2.4. 
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Note that Fig. 8-61a presents a strong resonance at 28.9 GHz that does not appear in the 

simulations, since it is caused by the cavity formed by the short waveguide section employed in 

the test. The variation in the permittivity of the IsoClad substrates causes the frequency shift at 

Rx frequencies shown in the measurements.  

 

 

(a) 

 

(b) 

 

Another change included in the corrected simulations is related to the measured levels of 

directivity. To reduce the uncertainty of the measurements, the measured radiation patterns are 

shown in directivity instead of in gain.  Thus, the ohmic losses introduced by the substrates have 

been cancelled in the simulation tools (the loss tangent of the dielectrics has been considered 

equal to zero). In this way, the maximum directivity of the simulated results has been increased 

0.2 dB and 0.4 dB at 19.7 GHz and 29.5 GHz, respectively. Finally, the radiated power outside 

the measured angular range has been excluded in the simulations, which has increased the 

simulated maximum directivity 0.3 dB and 0.8 dB at 19.7 GHz and 29.5 GHz, respectively. 
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The comparison between measurements and the corrected simulations is shown for each 

measured beam at 19.7 GHz and 29.5 GHz, in Fig. 8-62 and Fig. 8-63, respectively. The 

agreement between the measurements and the simulations shown in Fig. 8-62 and Fig. 8-63 is 

highly satisfactory. The difference in the maximum level of directivity between the measurements 

and the simulations is smaller than 0.2 dB, which falls within the uncertainty of the measurements 

in directivity. The remaining discrepancies between the measured and simulated cross-polar 
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levels are caused by the effect of the polarizer included in the feed, which has not been considered 

in the simulation tools. 

 

 

 

 

 

The recently validated simulation tools have been used to support the results described in 

the previous section in relation to the measured losses of the reflectarray antenna (shown in Fig. 

8-54 and Fig. 8-59). As a result, Table 8-VII shows a detailed antenna loss budget for the 

manufactured parabolic reflectarray, which is divided into three main factors described below. 
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The three factors of the loss budget are also divided in their main components, estimated by 

measurements or simulations, supporting each other. 

 

Figure of merit Tx Rx 

Taper illumination −12 dB −18 dB 

Illumination losses 

(Dtheo − Dref) 

Total losses  1.6 dB 3.2 dB 

Taper 1.7 dB 3.2 dB 

Spillover 0.35 dB 0.09 dB 

Shift of phase center 0 dB 0.5 dB 

Power lost (ξ) −0.3 dB −0.8 dB 

Feed losses and 

radiated power lost 

(Dref − Gref)  

Total losses 0.6 dB 0.8 dB 

Power lost (ξ) 0.3 dB 0.8 dB 

Feed losses  

(Dref − Gref) − ξ 

0.3 dB (0.45 dB 

nominal) 

0 dB (0.35 dB 

nominal) 

Reflectarray losses 

(Gref − GRA) 

Total losses 0.4 dB 0.8 dB 

Phase errors 

(Dref − DRA) 
0.2 dB 0.8 dB 

Dielectric Losses 

(Gref − GRA) − (Dref − DRA) 

0.2 dB (0.2 dB in 

sims.) 

0 dB (0.4 dB in 

sims.) 

 

First, the losses related to the illumination provided by the feed chain. The illumination 

losses have been computed by the difference between the theorical directivity of a conventional 

reflector antenna, Dtheo = 10log10((π·D/λ)2), and the measured directivity of the reference reflector 

(Dref in Fig. 8-54 and Fig. 8-59). Note that the measured directivity in the anechoic chamber 

includes the losses related to the taper and spillover efficiencies, as well as the losses produced 

by the shift of the phase center of the feed at Rx frequencies (estimated by simulations). Moreover, 

the measured directivity is slightly increased by a factor ξ due to the radiated power outside the 

measured angular range, which has also been computed by simulations. According to the 

simulated taper illumination in the antenna, the taper and spillover efficiencies have been 

estimated to be around 67% and 92%, respectively, at Tx frequencies, and 48% and 98%, in Rx. 

Note that the sum of the previous losses matches the total losses between Dtheo and Dref within the 

uncertainty of the measurements. 

Then, the difference between the measured maximum directivity and gain of the reference 

reflector (Dref and Gref) is shown. This difference is produced by the previously defined factor ξ 

and the losses caused by the feed chain, mainly given by the insertion losses of the polarizer. The 

losses associated with the feed can be computed by subtracting the difference between Dref and 
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Gref and the simulated value of ξ. The computed feed losses match the nominal losses of the 

polarizer within the uncertainties of the measurements. 

The third component of the loss budget shown in Table 8-VII is the difference between 

the measured maximum gains of both antennas (Gref and GRA), which provides the additional 

losses introduced by the reflectarray. These additional losses include the losses associated to 

phase errors, computed as the difference between the directivity of both antennas (Dref and DRA), 

and the dissipative losses caused by the dielectrics. The resulting dissipative losses match the 

simulated dissipative losses within the uncertainties of the measurements. 

As a result, the antenna loss budget shown in Table 8-VII proves a highly positive 

performance of the measured parabolic reflectarray, with a low level of losses similar to that of 

single-layer reflectarrays [116], also validating the simulations tools. 

8.8 CONCLUSION 

In this chapter, a 0.9-m parabolic reflectarray antenna has been designed, manufactured, 

and measured to experimentally validate the generation of two spaced high-gain beams in 

orthogonal CP simultaneously at Tx and Rx frequencies in Ka-band by VRT. The parabolic 

reflectarray has been designed including an in-band optimization in the Rx band and a phase 

correction technique to match the shaping of the beams at Tx and Rx frequencies based on the 

introduction of a phase noise.  

The measurements of the manufactured parabolic reflectarray have shown a remarkable 

behavior with a high degree of compliance with the required specifications. The possible 

discrepancies with respect to the simulated results have been analyzed and properly justified. The 

substrate used for manufacturing the prototype has been characterized by measuring the 

reflectarray cells in WGS, revealing an imprecise initial characterization of the material at the 

higher frequencies, which has produced a small shift in frequency at the Rx band. The corrected 

simulations show a great agreement with the measurements in both frequency bands.  

The results presented in this chapter validate the design technique and the simulation 

routines, demonstrating the potential of reflectarray antennas for satellite applications. If the 

measured results are extrapolated to a 1.8 m parabolic reflectarray designed with the same 

techniques, the antenna could generate half of the multi-spot coverage provided by the existing 

communication satellites in Ka-band, making it possible a reduction in the number of antennas 

required on board HTS systems in Ka-band, from four reflectors antennas to two parabolic 

reflectarray using a single-feed-per-beam configuration. 
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9.1 CONCLUSION 

The main motivation that has driven this thesis is the current need to use four reflector 

antennas onboard geostationary satellites to generate a multispot coverage with a four-color reuse 

scheme (two frequencies and two polarizations) simultaneously at transmission (Tx) and 

reception (Rx) frequencies in Ka-band. Throughout this thesis, new advances in multibeam 

reflectarrays have been developed to propose efficient antenna farms that halve the number of 

antennas and feed-chains required onboard the satellite to generate the four-color multispot 

coverage.  

The thesis can be divided into two main blocks. The first block is focused on the design 

of a reflectarray antenna able to generate a complete four-color multispot coverage only for the 

Tx or Rx link in Ka-band, so two reflectarrays could generate the complete coverage (one 

reflectarray operating in Tx and one in Rx). In this part, a design technique of reflectarray antennas 

has been developed to generate four spaced beams in four different colors per feed, including 

preliminary simulations of a 1.8 m flat reflectarray and an experimental validation of the design 

technique by means a 43 cm reflectarray demonstrator. The second block is focused on the design 

of a parabolic reflectarray to generate half the required multispot coverage (the spots associated 

to two colors) simultaneously in Tx and Rx in Ka-band, so two reflectarrays could generate the 

complete four-color coverage. In this second block, a reflectarray cell and a design technique for 

parabolic reflectarrays have been developed to generate two spaced beams per feed in orthogonal 

circular polarization (CP) simultaneously at Tx and Rx frequencies in Ka-band. The cell and the 

design method have been used to design and simulate a 1.8 m parabolic reflectarray, the operating 

principles of which have been experimentally validated in two stages: first, by means of a 25 cm 

flat reflectarray prototype, and second, by a 0.9 m parabolic reflectarray. The main conclusions 

of the thesis are summarized below. 

A new design method for reflectarray antennas has been proposed to generate for the first 

time four spaced beams per feed in four different colors, by the use of two orthogonal 

polarizations and two close operating frequencies. The independent operation at close frequencies 

has been achieved by exploiting the beam squint effect, which points the radiated beams in their 

required directions in a natural way and makes it possible to adjust the dimensions of the 

reflectarray elements to provide independent beams at each frequency. Then, the use of 

appropriate reflectarray cells is required to independently operate in orthogonal polarizations, 

implementing different phase distributions on the reflectarray surface for each polarization and 

frequency. The proposed design technique has been implemented considering ideal reflectarray 

cells in an initial stage and then validated by a real prototype designed to operate in dual linear 

polarization (LP), using cells based on orthogonal sets of parallel dipoles.  
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The design method based on beam squint makes it possible the generation of a complete 

four-color multispot coverage for Tx in Ka-band from a single reflectarray antenna, which has 

been shown by the preliminary design of a 1.8 m flat reflectarray that generates 108 spot-beams 

with 0.65º beamwith and a separation of 0.56º. The simulations demonstrate the capability of 

generating a four-color coverage in Tx formed by 108 spots with a reflectarray illuminated by 27 

dual-polarized feeds. Thus, the four reflector antennas commonly used onboard the 

communication satellites in Ka-band could be replaced by a reflectarray operating in Tx and a 

second reflectarray operating in Rx (the number of feed-chains would also be halved, since each 

feed generates four beams in Tx or Rx instead of a single beam in Tx and Rx). Moreover, the use 

of independent reflectarrays and feed-chains to operate in Tx and Rx in Ka-band simplifies the 

optimum design of each component.  

A 43 cm flat reflectarray antenna has been designed, manufactured and measured to 

experimentally demonstrate for the first time the generation of four independent beams in two 

frequencies and two polarizations (four colors) with a single-fed reflectarray. The overall 

measured performance of the antenna is in good agreement with the simulations. The results have 

also shown that the beam squint effect has been partially compensated in each operating sub-band 

by applying an optimization technique to adjust the dimensions of all the prineted dipoles, but we 

can observe that the beams are slightly deviated with frequency. Due to the relatively small 

diameter of the reflectarray prototype (43 cm), the required beam squint to generate the spaced 

beams at 18 and 20 GHz is considerably large. Note that the deviation is 2.55º instead of the 

typical value of 0.56° for stallite antennas, used for the design of the 1.8 m reflectarray. The large 

deviation angle in the small-size prototype has increased the difficulty to suppress the beam squint 

within each sub-band. The measurements are highly satisfactory and prove the proposed concept 

of generating four spaced beams in different colors. 

A second antenna configuration has been proposed to reduce the number of antennas 

required onboard communication satellites in Ka-band. In this case, the antenna is designed to 

generate the spot-beams at Tx (20 GHz) and Rx (30 GHz) frequencies, which simplifies the design 

of the printed elements to operate in dual-frequency and removes the problem of beam squint 

within the operating frequency bands. In addition, a parabolic surface is proposed to ensure very 

narrow beams with smooth phase distributions on the reflectarray surface. 

In a first step, a novel reflectarray cell has been proposed to operate in orthogonal CPs by 

variable rotation technique (VRT) simultaneously at Tx and Rx frequencies in Ka-band. The cell 

consists of two stacked dielectric layers and two levels of metallization, combining two different 

resonant elements: two orthogonal groups of three parallel dipoles to adjust the phase-shift at Rx 

frequencies, and two outer symmetrical arcs to provide the required phases at Tx frequencies. The 

reflectarray cell has been proposed to design parabolic reflectarrays that generate two spaced 

beams per feed in orthogonal CP simultaneously in Tx and Rx in Ka-band. The operating 
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principles behind the VRT that normally assume normal incidence, have been formulated for an 

arbitrary angle of incidence. The proposed cells make it possible to introduce phase corrections 

to improve the beam shaping at the upper frequency band (Rx), by combining two techniques for 

phase control: the adjustment of the dipole lengts to independently control the phase control in 

each linear polarization, and the angle of rotation to adjust the phase in dual-CP using VRT.   

These degrees of freedom have been used to reduce the cross-polar radiation in a larger frequency 

band. An optimization routine has been implemented and validated to adjust the dimensions of 

the printed dipoles to minimize phase error across a prescribed range of frequencies. As a result, 

it has been demonstrated that the cross-polar radiation was reduced within a 500-MHz frequency 

band, overcoming the main limiting factor founded in previous implementations of reflectarrays 

that split the orthogonal CP beams by VRT. 

A design process of parabolic reflectarrays to generate two spaced beams in orthogonal 

CP per feed simultaneously at Tx and Rx frequencies in Ka-band by means of the VRT has been 

defined. The design process is based on the previously developed reflectarray cell, consisting of 

two orthogonal groups of three parallel dipoles and two outer symmetrical arcs. The in-house 

software tools used to analyze parabolic reflectarray antennas have been described, together with 

the considerations arising from the parabolic surface of the antenna. The electromagnetic code to 

analyze the antenna combines the PO technique with a realistic model of the reflectarray surface 

reflection, achieved by means of a home-made electromagnetic code based on the SD-MoM to 

analyze each reflectarray cell, assuming local periodicity. The SD-MoM code makes it possible 

a numerically efficient full-wave analysis of the reflectarray cells considering the real angles of 

incidence on each cell and assuming a local planar periodic array model. This approach is very 

accurate due to the low curvature of the antenna. The efficient analysis provided by the SD-MoM 

code makes it possible to design the reflectarray elements cell by cell, without any interpolation 

or look-up table. Moreover, a weighted replication process has been developed to promptly obtain 

an appropriate starting point for the design of each reflectarray cell, thus reducing the 

computational cost when designing large reflectarray antennas 

A novel technique based on the introduction of randomly distributed noise in the required 

phase distributions of the parabolic reflectarray has made it possible to control the beam shaping 

at Rx frequencies in a simple and low-cost way and with large flexibility. This technique is used 

to ensure the same size of the spots in Tx and Rx. Note that a conventional antenna will produce 

smaller spots at the hiher frequency (Rx). The proposed method can replace the currently used 

techniques based on expensive shaped reflectors and complex feed-chains. The random noise in 

phase is introduced to simulate a reduction of the effective aperture of the antenna at Rx, at the 

same time as providing a large control of the beam shaping depending on how the noise is 

introduced along the antenna surface. The preferred option for setting the additional phase 

adjustment consists in introducing the random noise only in an external ring, where the noise is 

randomly increasing from the inner to the outer part of the ring. The phase correction at Rx by 
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the introduction of random noise affects to a small part of the reflectarray cells of the antenna, 

which makes it possible to introduce the additional phase adjustment with a relatively low 

computational cost. 

A flat reflectarray of 25 cm x 25 cm has been designed, manufactured, and tested to 

experimentally demonstrate the generation of two spaced beams in orthogonal CP per feed 

simultaneously at Tx and Rx frequencies in Ka-band by VRT. The reflectarray prototype has also 

proved the generation of orthogonal CP beams at Tx and Rx frequencies in Ka-band by means of 

the independent application of the VRT at each frequency band, as well as the implementation of 

an in-band optimization to improve the performance of the antenna in the upper frequency band. 

The reflectarray prototype operates by the reflectarray cell previously defined based on 

orthogonal sets of dipoles and two circular arcs. The prototype has been designed by an in-house 

design tool, adapting the procedure previously developed for parabolic reflectarrays to a 

conventional flat structure. The measurements of the manufactured reflectarray have 

experimentally validated the previous techniques and software tools. The measured beams show 

the required angular deviation of ±5° introduced by VRT at both bands, and the cross-polar 

radiation remains around 15 dB below the co-polar component from 19.2 to 20.2 GHz and from 

28.75 GHz to 29.25 GHz, despite  an imprecise characterization of the substrates and the effect 

of a commercial polarizer in the feed-chain not considered in the simulations. Although the 

inexact characterization of the substrates has shifted the measured operating band at Rx and has 

increased the phase errors at both bands, the dual-band prototype has demonstrated a reduction of 

the cross-polarization in the two operation bands, in comparison with the results reported in 

previous implementations of single-band reflectarrays with the same operating principle based on 

the VRT. 

A 1.8-m parabolic reflectarray has been defined to generate one half of the required multi-

spot coverage simultaneously at Tx and Rx frequencies in Ka-band for broadband satellite 

communications. The parabolic reflectarray, designed to generate two spaced beams in 

orthogonal CP per feed, has been illuminated by 27 dual-CP feeds. The parabolic reflectarray 

antenna consisting of 62,654 reflectarray cells has been designed to deviate ±0.28° the beams in 

orthogonal CP focused by the parabolic surface, by means of the VRT applied to the reflectarray 

elements (two orthogonal sets of dipoles and two circular arcs). The parabolic reflectarray has 

been designed and analyzed by the previously developed tools. The conducted simulations have 

shown that a parabolic reflectarray illuminated by 27 feeds is able to generate 54 contiguous 

beams providing a good coverage at both Tx and Rx frequencies with a polarization reuse scheme 

(two colors). The analysis of the simulated beams shows a correct beam distribution at Tx and 

Rx, where each beam in Tx is generated in the orthogonal CP with respect to Rx. The promising 

results presented in this chapter indicate that two parabolic reflectarrays operating at slightly 

different frequencies can provide a complete coverage of 108 spots within a four-color reuse 

scheme, which would make it possible to halve the number of feeds and antennas required for 
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current multi-spot satellites in Ka-band (from four reflector antennas to two parabolic 

reflectarrays).  

Finally, a model of the real 1.8-m parabolic reflectarray antenna scaled in a factor of 1/2 

has been designed, manufactured, and measured to experimentally demonstrate the generation of 

two spaced high-gain beams in orthogonal CP simultaneously at Tx and Rx frequencies in Ka-

band by VRT. The parabolic 0.9 m reflectarray has been designed including an in-band 

optimization in the Rx band and a phase correction technique to match the shaping of the beams 

at Tx and Rx frequencies based on the introduction of a phase noise only at Rx frequencies. The 

measurements of the manufactured parabolic reflectarray have shown a remarkable behavior with 

a high degree of compliance with the required specifications. The possible discrepancies with 

respect to the simulated results have been analyzed and properly justified. The remaining substrate 

from the manufacturing process has been characterized, revealing an imprecise initial 

characterization of the material at the higher frequencies, which has produced a shift in frequency 

at the Rx band. The corrected simulations show a great agreement with the measurements in both 

frequency bands. The results validate the design technique and the simulation routines, 

demonstrating the potential of reflectarray antennas for satellite applications. 

9.2 ORIGINAL CONTRIBUTIONS 

1) A new design method of reflectarray antennas has been proposed to generate four 

spaced beams per feed in two orthogonal polarizations and two different frequencies. 

The design method allows to generate a complete four-color coverage for 

transmission from a broadband communication satellite in Ka-band with a single 

reflectarray. The beam squint effect in offset reflectarray antennas has been used to 

deviate the beams produced at different operating frequencies by the same feed, 

which simplifies the design of the reflectarray providing the dual-frequency operation 

in a natural way. A preliminary design of a 1.8 m reflectarray has shown the capability 

to generate a four-color coverage of 108 spots with a single reflectarray illuminated 

by a cluster of 27 dual-polarized feeds, which would allow to replace the four 

reflector antennas required for current multi-spot satellites in Ka-band by two 

reflectarrays, one for transmit and another for receive. 

 

2) A flat 43 cm reflectarray prototype has been designed, manufactured and tested with 

satisfactory results to experimentally demonstrate, for the first time, the generation 

of four spaced beams per feed in orthogonal linear polarizations and two different 

operating frequencies (18 and 20 GHz). The analysis and design of the prototype have 

been carried out by a home-made simulation tool based on the Method of Moments 
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in the Spectral Domain and the local periodicity approach. The overall measured 

performance of the antenna is in good agreement with the simulations. The 

measurements demonstrate the generation of four spaced beams per feed and the 

partial compensation of the beam squint effect in each operating sub-band due to the 

in-band optimization included in the design process. 

 

3) A novel dual-polarization and dual-band reflectarray cell has been proposed and 

validated to operate by the Variable Rotation Technique applied to the reflectarray 

elements independently at each frequency band. The cell has been proposed to make 

it possible the design of parabolic reflectarrays to generate two spaced beams per feed 

in orthogonal circular polarizations simultaneously at transmit and receive 

frequencies in Ka-band. The reflectarray cells make it possible to introduce additional 

phase corrections that can be used to improve the beam shaping at the upper 

frequency band. An in-band optimization routine has also been developed, which can 

be implemented in the reflectarray cells due to the degrees of freedom provided by 

the reflectarray elements used to operate in the upper frequency band.  

 

4) A design method of dual-band parabolic reflectarrays has been proposed to generate 

two spaced beams per feed in orthogonal circular polarizations at transmit and receive 

frequencies in Ka-band. The design method has been developed considering the 

previously defined dual-polarization dual-band reflectarray cell. The adjustment of 

the reflectarray elements has been carried out cell by cell, by means of an efficient 

home-made routine based on the Method of Moments in the Spectral domain asuming 

local periodicity, without any interpolation or look-up table.  

 

5) An efficient and accurate weighted replication process has been proposed and 

validated to promptly obtain the initial dimensions in the whole reflectarray, reducing 

the computational cost when designing large reflectarray antennas. It is known that 

the phase of the cells changes with the angle of rotation of the printed elements and 

with the position on the reflectarray surface. Then, the adjustment of the reflectarray 

elements should be carried out in all the reflectarray cells. However, it must be noted 

that a reflectarray antenna for a GEO satellite will have more than 20,000 cells and 

the optimization of the dimensions of the printed elements from scratch will be 

computationally prohibitive. To overcome this limitation, the proposed weighted 

replication is used to generate the dimensions of the printed elements in the whole 

reflectarray from the elements placed in only one row and one column. It has been 

checked that these dimensions are within a good accuracy and they are used starting 

point in an optimization process, providing a significant reduction in CPU time for 

designing large reflectarray antennas. 
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6) A novel technique to equal the beam shaping in dual-band parabolic reflectarrays has 

been developed to simulate a reduction of the effective aperture of the antenna at the 

upper frequency band. The technique is based on the introduction of randomly 

distributed noise in the required phase distributions of the reflectarray, involving a 

relatively small number of cells in the antenna. As a result, the proposed method 

provides a large control of the beam shaping in a simple way with a relatively low 

computational cost and without increasing the manufacturing costs of the antenna, in 

contrast to solutions based on shaped surfaces and carefully optimized feed-chains. 

The technique has been protected by a patent granted by the Spanish Patent Office.  

 

7) A flat 25 cm reflectarray has been designed, manufactured, and tested to 

experimentally demonstrate the generation of two spaced beams in orthogonal 

circular polarizations per feed simultaneously at transmit and receive frequencies in 

Ka-band by the Variable Rotation Technique. The reflectarray prototype has been 

designed to generate for the first time orthogonal CP beams at Tx and Rx frequencies 

in Ka-band, including the previously developed in-band optimization to reduce the 

cross-polar radiation at off-center frequencies. The measurements of the reflectarray 

prototype have proven the proposed concepts and validated the in-house design tools 

for a flat reflectarray. The results of the manufactured prototype show a great 

agreement with simulations.  

 

8) A 1.8-m parabolic reflectarray has been designed to generate two spaced beams in 

orthogonal circular polarizations per feed simultaneously at transmit and receive 

frequencies in Ka-band for broadband satellite communications. The parabolic 

reflectarray antenna formed by 62,654 reflectarray cells has been designed to deviate 

±0.28° the beams in orthogonal polarizations focused by the parabolic surface. The 

conducted simulations have shown that a parabolic reflectarray illuminated by 27 

feeds is able to generate 54 contiguous beams in two colors. The promising results 

have shown that two parabolic reflectarrays operating at slightly different frequencies 

can provide a complete coverage of 108 spots within a four-color reuse scheme, 

which would make it possible to halve the number of feeds and antennas required for 

current multi-spot satellites in Ka-band (from four reflector antennas to two parabolic 

reflectarrays). 

 

9) A 0.9-m parabolic reflectarray antenna has been designed, manufactured, and 

measured to experimentally demonstrate the generation of two spaced high-gain 

beams in orthogonal circular polarizations simultaneously at transmit and receive 

frequencies in Ka-band. The parabolic reflectarray has been defined as a model of the 
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real 1.8-m parabolic reflectarray antenna scaled in a factor of 1/2. The parabolic 

reflectarray has been designed including an in-band optimization and a phase 

correction technique to equal the shaping of the beams at both frequency bands based 

on the introduction of phase noise. The measurements have shown an excellent 

behavior with a very good agreement with the simulations. The results have validated 

the previously developed design techniques and simulation routines. 

9.3 FUTURE RESEARCH LINES 

The design techniques and results presented in this thesis have opened new lines of 

research, which can be summarized as follows: 

• Design of reflectarray antennas to generate four spaced beams per feed at two 

close operating frequencies and two orthogonal circular polarizations. The design 

method proposed in Chapter 2 has been experimentally demonstrated by a 

reflectarray antenna operating in dual linear polarization, while current multi-

beam satellite antennas in Ka-band operate in circular polarization. The 

implementation of the design technique for a dual circularly polarized 

reflectarray requires the development of a new reflectarray cell, which must 

provide the required phasing in each circular polarization at two close operating 

frequencies. Different types of cells can be investigated, such as cells made of 

groups of parallel dipoles, combining the adjustment of dimensions and the 

rotation, in a similar maner to the printed dipoles used in the reflectarray cell 

presented in Chapter 4 for the phase adjustment at Rx. Note that here the cells 

should only operate at Tx or Rx. Another alternative is the use of concentric open 

rings, or a combination of open rings and dipoles. The challenge here is to be 

able to achive the bandwidth requirements for future communications satellites 

(at least 1 GHz). 

 

• Improvement of the reflectarray cell presented in Chapter 4 to increase the 

degrees of freedom in the design process. The in-band optimization routine 

described in Chapter 4 improves the performance of the cell in the upper 

frequency band, due to the higher degree of freedom provided by the orthogonal 

set of printed dipoles. The symmetrical printed arcs to operate at the lower 

frequency band can be redefined to also be able to implement the in-band 

optimization or to introduce an additional phase control in the lower band. As a 
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result, the new reflectarray cell would make it possible the design of a broadband 

parabolic reflectarray with a large control of the beam shaping in both bands. 

 

• Extension of the design technique for multi-beam parabolic reflectarrays to 

operate simultaneously in different missions. The design technique shown in 

Chapter 5 can be revised to consider a transmit-receive reflectarray antenna with 

simultaneous operation in both Ka- and Ku-bands, which are the most widely 

used frequency bands for today's broadband communications from geostationary 

satellites. The proposed technique based on the introduction of randomly 

distributed noise in the required phase distributions of the parabolic reflectarray 

can also be extended to operate at several frequencies. Then, it would be possible 

to control the effective aperture size of the parabolic reflectarray in each sub-

band (transmit and receive frequencies in Ka- and Ku-bands), providing an 

optimal operation with a single antenna aperture.  

 

• Implementation of dual-band dual-polarized reflectarrays to generate multi-spot 

coverage from Low Earth Orbit (LEO) satellites and High Altitude Platforms 

(HAPs) for the new satellite communication networks. The proposed techniques 

for multi-beam reflectarrays can be adapted to the specifications required in the 

new mega-constellations of LEO satellites and HAPs for novel 5G and 6G 

heterogeneous networks. The generation of multi-spot coverage with a re-use 

scheme of frequency and polarization allows to increase the operational band as 

with geostationary satellite communications, while the dimensions and 

characteristics of the spots are adapted to the small satellite systems.    

9.4 INDUSTRIAL APPLICATIONS RELATED TO THIS THESIS 

The results of the work developed in this thesis have given rise to one patent granted by 

the Spanish Patent Office: 

1. J. A. Encinar, D. Martinez-De-Rioja, E. Martinez-De-Rioja, R. Florencio, R. R. Boix, Antena 

Reflectora Con Corrección De Fase Multifrecuencia Para Aplicaciones Espaciales Y 

Método De Diseño De La Misma, ES 2,791,798. Madrid; Spain: Spanish Patent Office, 

March 2021. 
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