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        ABSTRACT 

The work presented in this thesis is focused on the development of electronically 

reconfigurable antennas that are able to provide competitive electrical performance to 

the increasingly common applications operating at frequencies above 60 GHz. 

Specifically, this thesis presents the study, design, and implementation of reflectarray 

antennas, which incorporate liquid crystal (LC) materials to scan or reconfigure the 

beam electronically.  

From a general point of view, a liquid crystal can be defined as a material whose 

dielectric permittivity is variable and can be controlled with an external excitation, 

which usually corresponds with a quasi-static electric field (AC). By changing the 

dielectric permittivity at each cell that makes up the reflectarray, the phase shift on the 

aperture is controlled, so that a prescribed radiation pattern can be configured. 

Liquid Crystal-based reflectarrays have been chosen for several reasons. The first has to 

do with the advantages provided by the reflectarray antenna with respect to other high 

gain antennas, such as reflectors or phased arrays. The RF feeding in reflectarrays is 

achieved by using a common primary source (as in reflectors). This arrangement and the 

large number of degrees of freedom provided by the cells that make up the reflectarray 

(as in arrays), allow these antennas to provide a similar or even better electrical 

performance than other low profile antennas (reflectors and arrays), but assuming a 

more reduced cost and compactness.  

The second reason is the flexibility of the liquid crystal to be confined in an arbitrary 

geometry due to its fluidity (property of liquids). Therefore, the liquid crystal is able to 

adapt to a planar geometry so that it is one or more of the typical layers of this 

configuration. This simplifies drastically both the structure and manufacture of this type 

of antenna, even when compared with reconfigurable reflectarrays based on other 

technologies, such as diodes MEMS, etc. Therefore, the cost of developing this type of 

antenna is very small, which means that electrically large reconfigurable reflectarrays 

could be manufactured assuming low cost and greater productions. A paradigmatic 

example of a similar structure is the liquid crystal panel, which has already been 

commercialized successfully. 
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The third reason lies in the fact that, at present, the liquid crystal is one of the few 

technologies capable of providing switching capabilities at frequencies above 60 GHz. 

In fact, the liquid crystal allows its permittivity to be switched in a wide range of 

frequencies, which are from DC to the visible spectrum, including microwaves and 

THz. Other technologies, such as ferroelectric materials, graphene or CMOS "on chip" 

technology also allow the beam to be switched at these frequencies. However, CMOS 

technology is expensive and is currently limited to frequencies below 150 GHz, and 

although ferroelectric materials or graphene can switch at higher frequencies and in a 

wider range, they have serious difficulties that make them immature. Ferroelectric 

materials involve the use of very high voltages to switch the material, making them 

unattractive, whereas the electromagnetic modelling of the graphene is still under 

discussion, so that the experimental results of devices based on this latter technology 

have not been reported yet. 

These three reasons make LC-based reflectarrays attractive for many applications that 

involve the use of electronically reconfigurable beams at frequencies beyond 60 GHz. 

Applications such as high resolution imaging radars, molecular spectroscopy, 

radiometers for atmospheric observation, or high frequency wireless communications 

(WiGig) are just some of them. 

This thesis is divided into three parts. In the first part, the most common properties of 

the liquid crystal materials are described, especially those exhibited in the nematic 

phase. The study is focused on the dielectric anisotropy (∆휀) of uniaxial liquid crystals, 

which is defined as the difference between the parallel (휀//) and perpendicular (휀⊥) 

permittivities: ∆휀 = 휀// − 휀⊥. This parameter allows the permittivity of a LC confined in 

an arbitrary volume at a certain biasing voltage to be described by solving a variational 

problem that involves both the electrostatic and elastic energies. Thus, the frequency 

dependence of (∆휀) is also described and characterised. Note that an appropriate LC 

modelling is quite important to ensure enough accuracy in the phase shift provided by 

each cell that makes up the reflectarray, and therefore to achieve a good electrical 

performance at the antenna level. 

The second part of the thesis is focused on the design of resonant reflectarray cells 

based on liquid crystal. The reason why resonant cells have been chosen lies in the fact 

that they are able to provide enough phase range using the values of the dielectric 
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anisotropy of the liquid crystals, which are typically small. Thus, the aim of this part is 

to investigate several reflectarray cell architectures capable of providing good electrical 

performance at the antenna level, which significantly improve the electrical 

performance of the cells reported in the literature. Similarly, another of the objectives is 

to develop a general tool to design these cells.  

To fulfill these objectives, the electrical yields of different types of resonant reflectarray 

elements are investigated, beginning from the simplest, which is made up of a single 

resonator and limits the state of the art. To overcome the electrical limitations of the 

single resonant cell, several elements consisting of multiple resonators are considered, 

which can be single-layer or multilayer. In a first step, the design procedure of these 

structures makes use of a conventional electromagnetic model which has been used in 

the literature, which considers that the liquid crystal behaves as homogeneous and 

isotropic materials whose permittivity varies between (휀//) y (휀⊥). 

However, in this part of the thesis it is shown that the conventional modelling is not 

enough to describe the physical behaviour of the liquid crystal in reflectarray cells 

accurately. Therefore, a more accurate analysis and design procedure based on a more 

general model is proposed and developed, which defines the liquid crystal as an 

anisotropic three-dimensional inhomogeneous material. The design procedure is able to 

optimize multi-resonant cells efficiently to achieve good electrical performance in terms 

of bandwidth, phase range, losses, or sensitivity to the angle of incidence. The errors 

made when the conventional modelling (amplitude and phase) is considered have been 

also analysed for various cell geometries, by using measured results from several 

antenna prototypes made up of real liquid crystals at frequencies above 100 GHz. The 

measurements have been performed in a periodic environment using a quasi-optical 

bench, which has been designed especially for this purpose. One of these prototypes has 

been optimized to achieve a relatively large bandwidth (10%) at 100 GHz, low losses, a 

phase range of more than 360º, a low sensitivity to angle of incidence, and a low 

influence of the transversal inhomogeneity of the liquid crystal in the cell. The electrical 

yields of this prototype at the cell level improve those achieved by other elements 

reported in the literature, so that this prototype has been used in the last part of the 

thesis to perform several complete antennas for beam scanning applications. Finally, in 

this second part of the thesis, a novel strategy to characterise the macroscopic 
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anisotropy using reflectarray cells is presented. The results in both RF and AC 

frequencies are compared with those obtained by other methods. 

The third part of the thesis consists on the study, design, manufacture and testing of LC-

based reflectarray antennas in complex configurations. Note that the design procedure 

of a passive reflectarray antenna just consists on finding out the dimensions of the 

metallisations of each cell (which are used for phase control), using well-known 

optimization processes. However, in the case of reconfigurable reflectarrays based on 

liquid crystals, an additional step must be taken into account, which consists of 

accurately calculating the control voltages to be applied to each cell to configure the 

required phase-shift distribution on the surface of the antenna. Similarly, the structure to 

address the voltages at each cell and the control circuitry must be also considered. 

Therefore, the voltage synthesis is even more important than the design of the cell 

geometries (dimensions), since the voltages are directly related to the phase-shift. 

Several voltage synthesis procedures have been proposed in the state of the art, which 

are based on the experimental characterization of the phase/voltage curve. However, 

this characterization can be only carried out at a single angle of incidence and at certain 

cell dimensions, so that the synthesized voltages are different from those needed, thus 

giving rise to phase errors of more than 70°. Thus, the electrical yields of the LC-

reflectarrays reported in the literature are limited in terms of bandwidth, scanning range 

or side lobes level.  

In this last part of the thesis, a new voltage synthesis procedure has been defined and 

developed, which allows the required voltage to be calculated at each cell using 

simulations that take into account the particular dimensions of the cells, their angles of 

incidence, the frequency, and the AC biasing signal (frequency and waveform). The 

strategy is based on the modelling of each one of the permittivity states of the liquid 

crystal as an anisotropic substrate with longitudinal inhomogeneity (1D), or in certain 

cases, as an equivalent homogeneous tensor. The accuracy of both electromagnetic 

models is also discussed. The phase errors made by using the proposed voltage 

synthesis are better than 7º. 

In order to obtain an efficient tool to analyse and design the reflectarray, an 

electromagnetic analysis tool based on the Method of Moments in the spectral domain 

(SD-MoM) has also written and developed for anisotropic stratified media, which is 
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used at each iteration of the voltage synthesis procedure. The voltage synthesis is also 

designed to minimize the effect of amplitude ripple on the radiation pattern, which is 

typical of reflectarrays made up of cells exhibiting high losses and represents a further 

advance in achieving a better antenna performance. To calculate the radiation patterns 

used in the synthesis procedure, an element-by-element analysis is assumed, which 

considers the local periodicity approach. Under this consideration, the use of a novel 

method is proposed, which avoids the limitation that the local periodicity imposes on 

the excitation. 

Once the appropriate strategy to calculate the voltages to be applied at each cell is 

developed, and once it is designed and manufactured both the structure to address the 

voltages to the antenna and the control circuits, two complete LC-based reflectarray 

antennas that operate at 100 GHz have been designed, manufactured and tested using 

the previously presented cells. 

The first prototype consists of a single offset reflectarray with beam scanning 

capabilities on one plane (elevation and azimuth). Although several LC-reflectarray 

antennas that provide 2-D scanning capabilities are also designed, and certain strategies 

to achieve the 2-D addressing of the voltage are proposed, the manufactured prototype 

addresses the voltages in one dimension in order to reduce the number of controls and 

manufacturing errors, and thereby validating the design tool. For an average aperture 

size (with a number of rows and columns of between 30 and 50 elements, which means 

a reflectarray with more than 900 cells), the single offset configuration provides an 

antenna gain of between 20 and 30 dBi and a large scanning range. The prototype tested 

at 100 GHz exhibits an electronically scanned beam in an angular range of 55º and 8% 

of bandwidth, in which the side lobe level (SLL) remains better than -13 dB. The 

maximum gain is 19.4 dBi. The electrical performance of the antenna is clearly an 

improvement on those achieved by other authors in the state of the art. 

The second prototype corresponds to a dual reflector antenna with a liquid crystal-based 

reflectarray used as a sub-reflector for beam scanning in one plane (azimuth or 

elevation). The main objective is to obtain a higher gain than that provided by the single 

offset configuration, but using a more compact architecture. In this case, a maximum 

gain of 35 dBi is achieved, although at the  expense of reducing the scanning range to 

12°, which is inherent in this type of structure. 
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As a general statement, the voltage synthesis and the design procedure of the cells, 

jointly make up a complete, accurate and efficient design tool of reconfigurable 

reflectarray antennas based on liquid crystals. The tool has been validated by testing the 

previously mentioned prototypes at 100 GHz, which achieve something never reached 

before for this type of antenna: a competitive electrical performance, and an excellent 

prediction of the results. The design procedure is general and therefore can be used at 

any frequency for which the liquid crystal exhibits dielectric anisotropy. The two 

prototypes designed, manufactured and tested in this thesis are also some of the first 

antennas that currently operate at frequencies above 100 GHz. In fact, the dual reflector 

antenna is the first electronically scanned dual reflector antenna at frequencies above 60 

GHz (the operation frequency is 100 GHz) with a gain greater than 25 dBi, being in turn 

the first dual-reflector antenna with a real reconfigurable sub-reflectarray.  

Finally, some improvements that should be still investigated to make these antennas 

commercially competitive are proposed. 

 



 

        RESUMEN 

El trabajo contenido en esta tesis doctoral está encuadrado en el desarrollo de antenas 

reconfigurables electrónicamente capaces de proporcionar prestaciones competitivas a 

las aplicaciones cada vez más comunes que operan a frecuencias superiores a 60 GHz. 

En concreto, esta tesis se centra en el estudio, diseño, e implementación de las antenas 

reflectarray, a las que se introduce la tecnología de cristal líquido como elemento 

característico con el que se consigue reconfigurabilidad de haz de forma electrónica. 

Desde un punto de vista muy general, se puede describir un cristal líquido como un 

material cuya permitividad eléctrica es variable y controlada por una excitación externa, 

que generalmente suele corresponderse con un campo eléctrico quasi-estático (AC).  

Las antenas reflectarray de cristal líquido se han escogido como objeto de estudio por 

varias razones. La primera de ellas tiene que ver con las ventajas que los reflectarrays, y 

en especial aquellos realizados en configuración planar, proporcionan con respecto a 

otras antenas de alta ganancia como los reflectores o los “phased-arrays”. En los 

reflectarrays, la alimentación a través de una fuente primaria común (característica de 

reflectores) y el elevado número de grados de libertad de las celdas que los componen 

(característica de arrays) hacen que estas antenas puedan proporcionar prestaciones 

eléctricas iguales o mejores que las anteriores, a un coste más reducido y con estructuras 

de antena más compactas.  

La segunda razón radica en la flexibilidad que ofrece el cristal líquido a ser confinado y 

polarizado en recintos de geometría variada, como consecuencia de su fluidez 

(propiedad de los líquidos).  Por ello, la tecnología de cristal líquido permite que el 

propio elemento reconfigurable en las celdas de reflectarray se adapte a la configuración 

planar de manera que en sí mismo, el cristal líquido sea una o varias de las capas 

características de esta configuración. Esto simplifica de forma drástica la estructura y la 

fabricación de este tipo de antenas, incluso si se comparan con reflectarrays 

reconfigurables basados en otras tecnologías como diodos, MEMS, etc. Por tanto, su 

coste y desarrollo es muy reducido, lo que hace que se puedan fabricar reflectarrays 

reconfigurables eléctricamente grandes, a bajo coste, y en producción elevada. Un 

ejemplo claro de una estructura similar, y que ha tenido éxito comercial, son las 

pantallas de cristal líquido.  
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La tercera razón reside en el hecho de que el cristal líquido es, hasta la fecha, de las 

pocas tecnologías capaces de ofrecer reconfigurabilidad del haz a frecuencias superiores 

a 60 GHz. De hecho, el cristal líquido permite reconfigurabilidad en un amplio margen 

de frecuencias, que va desde DC a frecuencias del espectro visible, incluyendo las 

microondas y los THz. Otras tecnologías, como los materiales ferroeléctricos, el grafeno 

o la tecnología CMOS “on chip” permiten también conmutar el haz en estas frecuencias. 

Sin embargo, la tecnología CMOS tiene un elevado coste y actualmente está limitada a 

frecuencias inferiores a 150 GHz, y aunque los materiales ferroeléctricos o el grafeno 

puedan conmutar a frecuencias más altas y en un rango más amplio, tienen serias 

dificultades que los hacen aún inmaduros. En el caso de los materiales ferroeléctricos, 

los elevados voltajes para conmutar el material los hacen poco atractivos, mientras que 

en el caso del grafeno, su modelado aún está en discusión, y todavía no se han arrojado 

resultados experimentales que validen su idoneidad.  

Estas tres razones hacen que los reflectarrays basados en cristal líquido sean atractivos 

para multitud de aplicaciones de haz reconfigurable a frecuencias superiores a 60 GHz. 

Aplicaciones como radar de escaneo de imágenes de alta resolución, espectroscopia 

molecular, radiómetros para observación atmosférica, o comunicaciones inalámbricas 

de alta frecuencia (WiGig) son algunas de ellas.  

La tesis está estructurada en tres partes. En la primera de ellas se describen las 

características más comunes de los cristales líquidos, centrándonos en detalle en 

aquellas propiedades ofrecidas por este material en fase nemática. En concreto, se 

estudiará la anisotropía dieléctrica (∆휀) de los cristales líquidos uniaxiales, que son los 

que se emplean en esta tesis, definida como la diferencia entre la permitividad paralela 

(휀//) y la perpendicular (휀⊥): ∆휀 = 휀// − 휀⊥.  También se estudiará la variación de este 

parámetro (∆휀) con la frecuencia, y el modelado electromagnético macroscópico más 

general que, extraído a partir de aquella, permite describir el cristal líquido para cada 

tensión de polarización en celdas de geometría planar. Este modelo es de suma 

importancia para garantizar precisión en el desfasaje proporcionado por las diferentes 

celdas reconfigurables para reflectarrays que se describirán en la siguiente parte de la 

tesis.  
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La segunda parte de la tesis se centra en el diseño de celdas reflectarray resonantes 

basadas en cristal líquido. La razón por la que se escogen estos tipos de celdas reside en 

el hecho de que son las únicas capaces de proporcionar rangos de fase elevados ante la 

reducida anisotropía dieléctrica que ofrecen los cristales líquidos. El objetivo de esta 

parte trata, por tanto, de obtener estructuras de celdas reflectarray que sean capaces de 

proporcionar buenas prestaciones eléctricas a nivel de antena, mejorando 

sustancialmente las prestaciones de las celdas reportadas en el estado del arte, así como 

de desarrollar una herramienta de diseño general para aquellas.  

Para ello, se estudian las prestaciones eléctricas de diferentes tipos de elementos 

resonantes de cristal líquido que van, desde el más sencillo, que ha limitado el estado de 

la técnica hasta el desarrollo de esta tesis y que está formado por un sólo resonador, a 

elementos que constan de varios resonadores (multi-resonantes) y que pueden ser mono-

capa o multicapa. En un primer paso, el procedimiento de diseño de estas estructuras 

hace uso de un modelo convencional de cristal líquido que ha venido siendo usado en el 

estado del arte para este tipo de celdas, y que considera el cristal líquido como un 

material homogéneo e isótropo cuya permitividad varía entre (휀//) y (휀⊥).  

Sin embargo, en esta parte de la tesis se demuestra que dicho modelado no es suficiente 

para describir de forma genérica el comportamiento del cristal líquido en las celdas tipo 

reflectarray. En la tesis se proponen procedimientos más exactos para el análisis y 

diseño basados en un modelo más general que define el cristal líquido como un material 

anisótropo e inhomogeneo en tres dimensiones, y se ha implementado una técnica que 

permite optimizar celdas multi-resonantes de forma eficiente para conseguir elevadas 

prestaciones en cuanto a ancho de banda, rango de fase, pérdidas, o sensibilidad al 

ángulo de incidencia. Los errores cometidos en el uso del modelado convencional a 

nivel de celda (amplitud y fase) se han analizado para varias geometrías, usando 

medidas de varios prototipos de antena que usan un cristal líquido real a frecuencias 

superiores a 100 GHz. Las medidas se han realizado en entorno periódico mediante un 

banco cuasi-óptico, que ha sido diseñado especialmente para este fin. Uno de estos 

prototipos se ha optimizado a 100 GHz para conseguir un ancho de banda relativamente 

elevado (10%), pérdidas reducidas, un rango de fase mayor de 360º, baja sensibilidad al 

ángulo de incidencia, y baja influencia de la inhomogeneidad transversal del cristal 

líquido en la celda. Estas prestaciones a nivel de celda superan de forma clara aquellas 
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conseguidas por otros elementos que se han reportado en la literatura, de manera que 

dicho prototipo se ha usado en la última parte de la tesis para realizar diversas antenas 

de barrido. Finalmente, en esta parte se presenta una estrategia de caracterización de la 

anisotropía macroscópica a partir de medidas de los elementos de reflectarray diseñados 

en banco cuasi-óptico, obteniendo resultados tanto en las frecuencias de interés en RF 

como en AC, y comparándolas con aquellas obtenidas mediante otros métodos. 

La tercera parte de la tesis consiste en el estudio, diseño, fabricación y medida de 

antenas reconfigurables basadas en cristal líquido en configuraciones complejas. En 

reflectarrays pasivos, el procedimiento de diseño de la antena se limita únicamente al 

ajuste en cada celda de la antena de las dimensiones de las metalizaciones que se 

emplean para el control de fase, mediante procesos de optimización bien conocidos. Sin 

embargo, en el caso de reflectarrays reconfigurables basados en cristal líquido, resulta 

necesario un paso adicional, que consiste en calcular de forma adecuada las tensiones de 

control en cada celda del reflectarray para configurar la fase requerida en cada una de 

ellas, así como diseñar la estructura y los circuitos de control que permitan direccionar a 

cada elemento su tensión correspondiente. La síntesis de tensiones es por tanto igual o 

más importante que el diseño de la geometría de las celdas, puesto que éstas son las que 

están directamente relacionadas con la fase.  

En el estado del arte, existen varias estrategias de síntesis de tensiones que se basan en 

la caracterización experimental de la curva de fase respecto al voltaje. Sin embargo, esta 

caracterización sólo puede hacerse a un solo ángulo de incidencia y para unas 

determinadas dimensiones de celda, lo que produce que las tensiones sintetizadas sean 

diferentes de las adecuadas, y en definitiva que se alcancen errores de fase mayores de 

70º. De esta forma, hasta la fecha, las prestaciones a nivel de antena que se han 

conseguido son reducidas en cuanto a ancho de banda, rango de escaneo o nivel de 

lóbulos secundarios. En esta última parte de la tesis, se introduce una nueva estrategia 

de síntesis de tensiones que es capaz de predecir mediante simulaciones, y con alta 

precisión, las tensiones que deben introducirse en cada celda teniendo en cuenta su 

ángulo de incidencia, sus dimensiones, la frecuencia, así como la señal de polarización 

definida por su frecuencia y forma de onda AC. Esta estrategia se basa en modelar cada 

uno de los estados de permitividad del cristal líquido como un sustrato anisótropo con 
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inhomogeneidad longitudinal (1D), o en ciertos casos, como un tensor equivalente 

homogéneo. La precisión de ambos modelos electromagnéticos también se discute.  

Con el objetivo de obtener una herramienta eficiente de cálculo de tensiones, también se 

ha escrito e implementado una herramienta de análisis basada en el Método de los 

Momentos en el Dominio Espectral (SD-MoM) para sustratos estratificados 

anisótropos, que se usa en cada iteración del procedimiento de síntesis para analizar 

cada una de las celdas de la antena. La síntesis de tensiones se ha diseñado además para 

reducir al máximo el efecto del rizado de amplitud en el diagrama de radiación, que es 

característico en los reflectarrays que están formados por celdas con pérdidas elevadas, 

lo que en sí, supone un avance adicional para la obtención de mejores prestaciones de 

antena. Para el cálculo de los diagramas de radiación empleados en el procedimiento de 

síntesis, se asume un análisis elemento a elemento considerando periodicidad local, y se 

propone el uso de un método capaz de modelar el campo incidente de forma que se 

elimine la limitación de la periodicidad local en la excitación.  

Una vez definida la estrategia adecuada de cálculo de las tensiones a aplicar al cristal 

líquido en cada celda, la estructura de direccionamiento de las mismas en la antena, y 

diseñados los circuitos de control, se diseñan, fabrican y miden dos prototipos diferentes 

de antena de barrido electrónico a 100 GHz usando las celdas anteriormente 

presentadas.  

El primero de estos prototipos es un reflectarray en configuración “single offset” con 

capacidad de escaneo en un plano (elevación o azimut). Aunque previamente se realizan 

diseños de antenas de barrido en 2D a varias frecuencias en el rango de milimétricas y 

sub-milimétricas, y se proponen ciertas estrategias de direccionamiento que permiten 

conseguir este objetivo, se desarrolla el prototipo con direccionamiento en una 

dimensión con el fin de reducir el número de controles y posibles errores de fabricación, 

y así también validar la herramienta de diseño. Para un tamaño medio de apertura (con 

un numero de filas y columnas entre 30 y 50 elementos, lo que significa un reflectarray 

con un número de elementos superior a 900), la configuración “single offset” 

proporciona rangos de escaneo elevados, y ganancias que pueden oscilar entre los 20 y 

30 dBi. En concreto, el prototipo medido proporciona un haz de barrido en un rango 

angular de 55º, en el que el nivel de lóbulos secundarios (SLL) permanece mejor de -13 
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dB en un ancho de banda de un 8%. La ganancia máxima es de 19.4 dBi. Estas 

prestaciones superan de forma clara aquellas conseguidas por otros autores.  

El segundo prototipo se corresponde con una antena de doble reflector que usa el 

reflectarray de cristal líquido como sub-reflector para escanear el haz en un plano 

(elevación o azimut). El objetivo básico de esta geometría es obtener mayores ganancias 

que en el reflectarray “single offset” con una estructura más compacta, aunque a 

expensas de reducir el rango de barrido. En concreto, se obtiene una ganancia máxima 

de 35 dBi, y un rango de barrido de 12º. 

Los procedimientos de síntesis de tensiones y de diseño de las estructuras de las celdas 

forman, en su conjunto, una herramienta completa de diseño precisa y eficiente de 

antenas reflectarray reconfigurables basados en cristales líquidos. Dicha herramienta se 

ha validado mediante el diseño, la fabricación y la medida de los prototipos 

anteriormente citados a 100 GHz, que consiguen algo nunca alcanzado anteriormente en 

la investigación de este tipo de antenas: unas prestaciones competitivas y una predicción 

excelente de los resultados. El procedimiento es general, y por tanto se puede usar a 

cualquier frecuencia en la que el cristal líquido ofrezca anisotropía dieléctrica, incluidos 

los THz. Los prototipos desarrollados en esta tesis doctoral suponen también unas de las 

primeras antenas de barrido real a frecuencias superiores a 100 GHz. En concreto, la 

antena de doble reflector para escaneo de haz es la primera antena reconfigurable 

electrónicamente a frecuencias superiores a 60 GHz que superan los 25 dBi de ganancia, 

siendo a su vez la primera antena de doble reflector que contiene un reflectarray 

reconfigurable como sub-reflector. 

Finalmente, se proponen ciertas mejoras que aún deben se deben realizar para hacer que 

estas antenas puedan ser un producto completamente desarrollado y competitivo en el 

mercado. 
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        CHAPTER 1 

1 Introduction 

Traditionally, reflectors and array arrangements have been those antennas providing 

high gain for applications such as radar, long distance communications, etc. However, 

both antenna geometries have drawbacks. In the case of arrays, high losses related to the 

feeding network and their complexity of manufacture sometimes make these antennas 

electrically inefficient and expensive. Although reflector antennas are electrically 

efficient, the cost of providing shaped surfaces means that other types of antenna should 

be investigated. To overcome these drawbacks in part, the concept of the reflectarray 

antenna was introduced in 1963 [1], which takes advantage of the main properties of 

reflectors and arrays [2].  

A reflectarray antenna consists of an array of radiating elements illuminated by a 

primary feed (typical of reflectors), which re-radiates the electric field coming from the 

feed with an appropriate phase-shift on its aperture (typical of arrays) to generate a 

certain radiation pattern. Thus, the operating principle of the reflectarray antenna is 

based on the adjustment of the phase of the reflected field at each element to generate a 

collimated or a shaped beam. Although the reflectarray geometry can be arbitrary, 

planar architectures are especially suitable and attractive. Thus, the feeding networks 

that are distinctive of phased arrays are removed, and the cost of producing the moulds 

to make the shaped surfaces is eliminated. 

Typically, planar reflectarrays are made up of printed metallisations that form a 

resonant structure together with a ground plane [3]-[11], so that the phase-shift is 

configured by varying the dimensions of the metallisation. However, other element 

architectures such as aperture coupled patches can be used [12]-[13].  

The simplest reflectarray element is made up of a rectangular patch whose dimensions 

are responsible for independently varying the phase of each field component [3]-[5]. 

Thus, circular polarisation can be also achieved [7]-[8]. However, other metallisation 

shapes such as rings [8]-[10], etc, can be used to be part of the cells [11]. The idea 

behind the use of a complex shape is to obtain more degrees of freedom to control the 

reflected field.   
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Fig.  1: Schematic of a typical planar reflectarray made up several stacked layers 

 

Although the main disadvantage of the reflectarray antennas is the limitation of the 

bandwidth, several references have reported cell structures that overcome this limitation 

by introducing two or more resonators, which can be distributed at the same plane (co-

planar) [14]-[16] or at several layers (Fig.  1) [17]-[18]. In these cases, the spectral 

shaping of the resonances overcomes the limitation of the bandwidth produced by the 

element and the limitation produced by the differential spatial phase delay, since the 

phase-range is usually more than 360º [19]. Moreover, some of these structures have 

also been designed to achieve a more complex electrical behaviour: dual polarisation 

[6],[20]-[22], dual-band [8], [23]-[25], or a contoured beam [16], [26]-[27].  

As regards the technology readiness level (TRL) of the reflectarray antenna, the most 

mature reflectarray architectures are passive with a TRL level of 5-6 for space 

applications. In this field, some works feature reflectarray designs that accomplish very 

stringent requirements, typical for space applications [28]-[29]. On the other hand, 

passive reflectarrays have already been commercialized in some specific applications, 

such as automotive radar. In the case of reconfigurable reflectarrays, the technology is 

not mature enough yet, although some improvements have been made in recent years. A 

more advanced dissertation about passive reflectarray technologies including design 

techniques, analysis software tools, etc, can be found in [2]. 
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1.1 State of the art on reconfigurable reflectarray antennas 

Reflectarrays can be used for beam reconfiguration or beam scanning through the 

inclusion of switching devices that change the phase of the reflected field as a function 

of control signals applied to them. Reconfigurable beam reflectarray antennas have 

gained considerable interest in recent years as they take advantage of the reflectarray 

properties, thus providing lower cost, ease of construction and reduced physical size.  

Several electronically controllable reflectarray unit-cells and full antennas have been 

demonstrated using solid state switching devices such as varactor diodes, PIN diodes, 

microelectromechanical Systems (MEMS) or non-linear materials such as ferroelectric 

films, graphene or liquid crystals (a TRL of 3). These technologies have been deployed 

to create reconfigurable reflectarray cells that operate at mm and sub-mm wavelength 

frequencies. 

1.1.1 Diode Technology 

PIN or varactor diodes have commonly been used to design reconfigurable reflectarray 

elements or even complete antenna prototypes up to 60 GHz. The continuous tunability 

provided by the varactors makes the cells compact, whilst reducing the biasing network 

complexity. This is contrary to what happens to PIN diodes, which have the drawback 

of providing only two independent states. 

There are several cell topologies in the literature that use varactors. In [30] a single 

resonant cell based on patches loaded with varactors provides around 180º of phase 

range, which is not sufficient for a practical application. In [31] and [32], more phase 

ranges are obtained by increasing the complexity of the cells. In [31], 300º of phase 

range is achieved at 5.8 GHz using resonant elements, and a complete antenna made up 

of 7x10 elements is demonstrated. In [32], a phase range of 360º at 5.4 GHz was 

reached by using elements based on aperture-coupled patches, and a complete 

reflectarray antenna (30x30 elements) made up of these elements has been demonstrated 

in a large angular range (40º). In [33], the same topology is used in the X-band to 

achieve more than 360º for a complete demonstrator of 3x15 cells.  

Other cell topologies are reported in [33] and [34]. In [33], three coplanar resonators are 

loaded with varactors, which are used to increase the cell bandwidth thus achieving 380º 

of phase-range and 2.5% of bandwidth. In [34], two pairs of varactors are mounted in a 
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ring resonator at 8 GHz. Each varactor is located at the center of the edges so that each 

pair controls a polarization. Thus, a dual-polarization behavior with phase ranges of 

around 300º is reported for each polarization. 

As regards PIN diodes, they involve the use of a large number of lumped elements to 

achieve a continuous phase variation, so that the reflectarray cells based on them are 

usually designed to operate with a 1-bit quantization. In [35], a large reflectarray 

(160x160 cells) is manufactured and measured at 60 GHz with 2D beam scanning 

capabilities. The cells are made up of a multi-layer structure with a patch coupled to a 

microstrip line that includes a PIN diode, which provides two different phase states.  

In [36], a reconfigurable reflectarray antenna with 244 elements was manufactured and 

measured in the X-band. The elements use aperture-coupled patches gathered by pairs 

to a common microstrip line. In this case, three different beams can be configured. The 

first one is obtained by biasing the PIN diodes in one half of the antenna, which 

collimates a beam in one plane by selecting the corresponding line lengths. By biasing 

the PIN diodes in the other half of the antenna, the selected lengths collimate the beam 

in the opposite direction -5º, whereas  a collimated beam pointing at 0º is generated by 

biasing all the diodes in reverse.  

In [37], a dual-polarization tunable reflectarray cell is demonstrated. The cell structure 

consists of two orthogonal and symmetrical cross-type printed triangular dipoles loaded 

by PIN diodes. In [38], a more complex topology is presented, which consists of ring 

resonators that includes PIN diodes as the switching technology. The degrees of 

freedom provided by this type of cell allow the losses and the cross-polarization to be 

reduced.  

The average losses reported for this type of switching technology are between 2 and 5 

dB as a consequence of the parasitic effects related to the diodes. These effects increase 

with frequency, so that the use of diodes is limited at frequencies below 60 GHz. The 

switching times are low, in the order of few milliseconds, making these devices 

attractive for high speed scanning antennas. 

1.1.2 Microelectromechanical systems Technology (MEMS) 

The use of MEMS has also been proposed for developing reconfigurable antennas with 

the objective of reducing the losses provided by the diode technology. Although the use 
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of MEMS to produce phase agile reflectarrays at higher frequencies (120 GHz) is being 

investigated [39], the difficulty of manufacturing and integrating these devices into the 

structure limits the demonstration of beam scanning capabilities to frequencies around 

60 GHz. In [40], a resonant structure loaded with MEMS is implemented, which 

provides 360º of phase range and a reduced loss of around 0.3 dB at 12 GHz. In this 

case, 5 bits of phase control are achieved by loading several MEMS (1 bit is provided 

by each MEM) in monolithic technology over two rings.  

Similar structures are reported in [41] and [42]. In [41], a slot line with a variable length 

is coupled to a resonant patch. In this case, MEMS are mounted on the slot line to 

provide different lengths, thus achieving 10 independent states, 150º of phase range and 

losses of around 1 dB. In [42], two patches aperture-coupled to a microstrip network 

with a common line is proposed, which achieves 360º of phase range with 2 bits of 

quantification. More complex cells that use MEMS have demonstrated electrical 

performance such as dual-band [43], dual polarisation [44] or circular polarisation. In 

[39] and [43], the complete antenna performance is demonstrated by using several 

prototypes, each one representing a certain phase-shift configuration that use the 

monolithic MEMS in their corresponding state (frozen MEMS states). In [45], the 

complete antenna performance is demonstrated by biasing the monolithic MEMS (each 

cell is made up together with a switch) so that two different patterns can be configured.  

1.1.3 Non-Linear Materials 

The parasitic effects and the high losses provided by the lumped elements (diodes, 

MEMS, etc) in frequencies above 60 GHz meant that other technologies were 

investigated at these frequencies. The use of non-linear materials such as ferroelectric 

films or liquid crystals has been proposed as an alternative. These materials exhibit the 

property of changing their permittivity when biased by a voltage, which is produced in a 

large range of frequencies where no parasitic effects appear (from DC to visible, 

including microwave and THZ frequencies). 

Ferroelectric films have recently been used to develop reconfigurable reflectarray cells. 

In [46], a thin layer of this material is used to synthesize variable capacitors that can be 

integrated into the cells at 1 GHz, whereas that in [47] the switching capability of the 

ferroelectric film is directly demonstrated in the K-band for phased-arrays. In [47], the 

problems of using this material to develop reflectarray phase-shifters in microwave or 
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THz frequencies are shown. On the one hand, the high values of permittivity prevent 

linear phase curves from being obtained. On the other hand, these materials must be 

biased with a high voltage (300 V), which makes them unattractive. These 

disadvantages do not occur for liquid-crystal materials. 

Theoretically, other materials like graphene could switch at frequencies in the range of 

THz. Although some works have reported preliminary designs of reflectarray elements 

based on this material [48], the electromagnetic modeling of the graphene is still under 

discussion, and the experimental results have not been obtained yet.  

Therefore, at present the liquid crystal is a serious candidate for the reference 

technology for reconfigurable reflectarrays that operate above 60 GHz.  

1.1.4 Liquid Crystal Technology (LC) 

As previously mentioned, the use of Liquid Crystals (LCs) has been proposed as an 

alternative for electronic controllable reflectarray cells by exploiting their capacity to 

change their permittivity through an external excitation, such as a quasi-static electric 

(voltage) or magnetic field. This capacity occurs in a large range of frequencies, 

including millimetre and sub-millimetre waves, making these materials a suitable 

technology for reconfigurable antennas in THz. 

The LC properties and the manufacturing technology are well known from Liquid 

Crystal Displays (LCD), but their application to phase-shifters in microwave and 

millimeter wave frequencies is fairly new [49]-[50].  

The property for changing the permittivity is a result of both the anisotropy of the 

molecules that make up the LC (usually rod-like molecules), and the capacity of the 

molecules to be reoriented using a biasing electric field. More details can be found in 

chapter 2, where the physics of liquid crystals is described. 

Some LC mixtures have been characterized in microwave and millimeter-wave 

frequencies by using different methods to measure the complex values of their 

characteristic permittivities. For a uniaxial LC, two independent values of permittivity 

must be characterized:  휀// and  휀⊥. These values have been used to design a tunable 

phase-shifter for reflectarray antennas [51]-[54].  
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Fig.  2: Single-resonant reflectarray unit cell based on LC 

 

The simplest architecture of a reflectarray phase-shifter (unit-cell) based on LC is 

shown in Fig.  2. It consists of a cavity made up of a superstrate, a ground plane and two 

spacers. The cavity is filled with LC, which acts as a substrate for a metallization 

printed on the superstrate. Thus, if the permittivity varies, the resonance frequency of 

the metallic patches and therefore the phase of the reflected field, are modified.  

The quasi-static field that excites the LC molecules is usually achieved by applying an 

external bias voltage between the ground plane and the patch through a polarization line 

(see Fig.  2). Additional thin orienting layers (e.g. polyimide films) are deposited on 

both surfaces, the ground plane and the side of the quartz with printed patches, whose 

function is to orientate the molecules at a certain direction in the repose state (V=0). 

This direction is imposed by the rubbing direction of the film. 

The functionality of the single resonant unit-cell shown in Fig.  2 has been researched in 

several references. In [51], a unit cell based on this topology is designed and measured 

in a waveguide simulator in the X-band using the commercial LC from Merck (K15). 

The results show a phase range of 200º and very high losses, in the order of 10 dB. In 

[52] a reconfigurable LC-reflectarray demonstrator, made up of 12x12 single-resonant 

elements, was designed to switch between a sum and a difference pattern at 10 GHz 

using the LC BL006 model. In this case, the beam shape and the relative amplitude of 

the two lobes are not reasonably close to the predicted results and phase errors are 

shown to produce a 9° shift in the position of the pattern null. The same LC mixture was 

used to demonstrate a cell at frequencies above 100 GHz [53]. 
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ŷ

x̂

ẑ
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Measurements in the waveguide simulator were also taken in [54] for the validation of 

the single resonant unit-cell in Ka-band, obtaining 270º of phase range and losses of 

around 8 dB at 35 GHz using a LC-mixture from Merck. By using the same LC and 

topology, a unit-cell was designed to operate in the W-band [55], obtaining 300º of 

phase range at 77 GHz, which could be sufficient to obtain a focused-beam, but 

assuming a high level of losses (15 dB).  Based on these results, two reflectarrays with 

steerable beams at 35 GHz [56] and at 77 GHz [55] were demonstrated. In both cases, 

the reflectarray is made up of 16x16 elements, and the beam is scanned in only one 

plane by biasing all the cells in each row with the same voltage.  

1.2 Identification of critical issues 

The results reported by the previously mentioned references give rise to several 

problems: 

1.2.1 Electrical limitations of the cells 

The single-resonant unit-cell suffers from limitations in bandwidth, phase range and 

losses, due to its resonant behavior, the high value of the loss tangent of the LC and the 

much reduced value of the dielectric anisotropy. By using this cell, it is not feasible to 

obtain a phase range of 300º or higher in a large bandwidth and with an acceptable level 

of losses.  

1.2.2 Modeling of LC-based reflectarray cells 

The conventional model used to describe the LC in reflectarray cells considers that the 

LC is an isotropic and homogeneous medium with a permittivity that varies between 휀// 

and 휀⊥. However, the LC is a material that must be described as an anisotropic and 

inhomogeneous material in three dimensions. Thus, the fact that this accurate modeling 

is not considered in the design procedure of the cells produces large phase errors and 

limited electrical performance. 

1.2.3 Voltage Synthesis 

There are some strategies to obtain the required voltages to generate a certain radiation 

pattern with an LC-based reflectarray. In [55] and [56], the bias voltage applied at each 

cell is obtained by using an algorithm based on measuring the received power and 

varying the voltages sequentially until the maximum received power is obtained. In 
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[52], the voltages are obtained by measuring the voltage dependence of the cells at one 

angle of incidence and for fixed cell dimensions. These procedures were used because 

of the impossibility of measuring the phase curve versus the voltage at each frequency, 

angle of incidence and for different cell dimensions, which is required to configure the 

appropriate phase-shift at each cell across the reflectarray surface. The algorithms that 

were used to design these antennas do not provide sufficient phase accuracy (as well as 

being computationally intensive and inefficient), and therefore large phase errors that 

may be greater than 60º are produced across the aperture. These phase errors do not 

permit the reduction of the side-lobes to low levels and wide angle scanning. Therefore, 

the performance of the antennas reported in the state of the art, in the best case, is 

limited in terms of bandwidth (monochromatic), Side-Lobe Level (SLL) (-5 dB below 

the maximum) and beam scanning range (20º), and therefore is not suitable for many 

practical applications with stringent requirements, such as radar or imaging.  

1.2.4 Amplitude ripple 

The high losses of commercial LCs at microwave frequencies give rise to large 

variations in the amplitude of the reflection coefficient with the voltage, thus producing 

an amplitude ripple on the reflectarray surface that deteriorates the radiation pattern and 

increases the SLL. 

1.2.5 Switching times 

Since the decay switching time for the permittivity states in the LC are directly 

proportional to the thickness of the LC layer, the use of the LC in the most commonly 

used bands in microwaves gives rise to slow switching times, since the thicknesses 

necessary to obtain a reasonable performance in the unit-cell are too thick. This makes 

these materials suitable at frequencies above 60 GHz. Although increasing the 

frequency reduces the switching times, they are still too large (in the order of seconds) 

at 100 GHz, so other strategies should be investigated.  

1.3 Goals of the thesis 

The main goal of this thesis is to develop a complete and general tool that allows LC-

based reflectarray antennas with complex geometries to be designed, which produce an 

electronically reconfigurable or steerable beams that overcome the previously 

mentioned limitations. Therefore, the electrical performance of the antennas developed 

in this thesis should be significantly better than those reported in the literature. 
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Although the LC-based reflectarray antennas can be designed at an arbitrary frequency, 

the LC technology is especially suitable for applications that operate above 60 GHz. 

Thus, all the prototypes presented here will be designed and tested in these ranges of 

frequencies. However, the proposed and developed procedures and tools to design these 

antennas are usable at an arbitrary frequency. 

To fulfill the general objective of this thesis, several milestones must be reached: 

1.3.1 Study of several LC-based reflectarray cell topologies 

Several cell topologies must be investigated to overcome the electrical limitations of the 

single resonant cell. Multi-resonant cell architectures are presented as a suitable 

solution, in both single-layer and multilayer configurations. The electrical performance 

of each one of the geometries must be analyzed and discussed, and the most critical 

design parameters must be identified.  

1.3.2 Design procedure of LC-based reflectarray cells 

Once the critical design parameters are identified, a design procedure for multi-resonant 

LC-based cells must be developed, which should improve the electrical parameters such 

as bandwidth, losses, phase-range, sensitivity with respect to the angle of incidence, or 

amplitude ripple. As a first approximation, the conventional model that considers the 

LC as an isotropic and homogeneous tunable material should be considered. Several cell 

designs should be tested at different frequencies. 

1.3.3 Accurate electromagnetic modeling of LC-based cells 

The liquid crystal permittivity depends on the quasi-static field distribution that excites 

the material, which generally has three field components in reflectarray cells. Thus, the 

LC must generally be modeled as a 3D anisotropic and inhomogeneous material. 

Therefore, a tool that allows the full permittivity tensor for reflectarray cells to be 

calculated must be developed. This tool should be used to analyze the errors brought 

about when the conventional homogeneous and isotropic model is considered and to 

identify the dimensional parameters that are more sensitive to the inhomogeneity. 

1.3.4 Extension of the design procedure of LC-based reflectarray cells 

The accurate modeling of LC reflectarray cells must be integrated into the design 

procedure developed previously (see 1.3.2), which must reduce the effects of the 
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transversal inhomogeneity as much as possible. To obtain a good computational 

efficiency in designing the cell, only the extreme biasing states should be considered.  

1.3.5 Experimental Validation  

To validate the design procedure of the cells, a prototype made up of cells with the same 

dimensions must be manufactured and measured. The operating frequency will be 100 

GHz, so that it must be measured in a periodical environment by using a quasi-optical 

test bench.  

1.3.6 Design tool of LC-based reflectarrays 

The design of a LC reflectarray antenna requires two separate procedures. The first is 

the definition of the cell dimensions (1.3.4). However the most important challenge is to 

establish the voltages that should be applied at each unit cell with sufficient accuracy. 

If the transversal inhomogeneity of the cells is negligible, the LC could be modeled as 

an anisotropic and inhomogeneous material in one dimension or even as a homogeneous 

equivalent tensor, which would improve the efficiency to analyze the cells at a certain 

intermediate voltage. Thus, the voltages could be obtained from simulations at each cell, 

by considering its dimensions, angle of incidence and frequency, which would allow a 

voltage synthesis procedure to be obtained whose phase errors are drastically reduced 

with respect to those obtained with the methods reported in the literature. Moreover, this 

procedure can be implemented to minimize the effects of the amplitude ripple on the 

radiation pattern, which in turn would improve the performance of the antenna.  

To obtain a high computational efficiency for the voltage synthesis, a home-made 

electromagnetic simulator based on the Spectral Domain Method of Moments (SD-

MoM) for anisotropic stratified media should be written and validated, which should be 

used to simulate the LC-based cells at each step of the synthesis. This is other advantage 

of reducing the LC modeling to 1-D spatial variations, since the MoM is usually much 

more efficient than other numerical methods that use volume decomposition. To obtain 

the radiation patterns in the synthesis, the complete antenna should be analyzed cell-by-

cell, assuming the local periodicity approach, as is customary. To avoid the errors of 

this approach as much as possible, the near incident field should be represented as a 

sum of plane waves, which would reduce the local periodicity associated with the 

excitation field radiated by the feed-horn.  
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The tools to calculate the full tensor at each biasing voltage, to design the cells (1.3.4) 

and to synthesize the voltages (which includes electromagnetic simulators to analyze the 

cells (MoM) and to calculate the radiation patterns), would make up a complete design 

tool for LC-based reflectarrays, which can be in a single offset configuration or a more 

complex structure. By using this tool, preliminary antenna designs could be presented at 

several frequencies and configurations. Therefore, this tool must be developed. 

1.3.7 LC characterization by using reflectarray cells 

To model and design the cells, the LC mixtures must be characterized in both, RF and 

AC frequencies. Several strategies to characterize the parallel and perpendicular 

permittivities, which are the two main parameters used to model the most conventional 

LCs, have been described in the literature. The use of an FSS has been demonstrated to 

be appropriate to characterize LC in RF frequencies. However, this strategy presents 

several drawbacks such as the need to use multi-layer architectures for a wideband 

characterization, or the high sensitivity to manufacturing errors. Here, the use of 

reflectarray cells is proposed to overcome these limitations. The accuracy and 

performance of using this type of cell to characterise LC materials should be compared 

with those provided by FSS. 

1.3.8 Design, manufacture and testing of a single offset LC-based reflectarray for 

electronic beam scanning at 100 GHz 

The design procedure proposed in 1.3.6 must be experimentally validated so that some 

antenna prototypes should be developed with this purpose. Thus, a single offset 

reflectarray antenna must be designed, manufactured and measured at 100 GHz. The 

control of this antenna should be in one plane in order to reduce as much as possible the 

manufacture errors and the control circuitry. This prototype will be designed to provide 

good electrical performance in terms of bandwidth, scanning range and SLL. The 

electrical performance will be compared with that reported in the literature for this type 

of antenna, so that the improvements must be apparent. Similarly, the experimental 

results must be compared with those obtained from simulations, so that they should be 

well predicted.  
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1.3.9 Design, manufacture and testing of a dual reflector antenna with an LC-based 

reflectarray as sub-reflector for electronic beam scanning at 100 GHz 

The design procedure proposed in 1.3.6 may be used to develop a dual-reflector antenna 

with an LC-based sub-reflectarray for beam scanning at 100 GHz. This structure is 

selected to increase the gain while the antenna structure is kept compact with respect to 

the single-offset configuration. The antenna should be designed to provide a large 

bandwidth and scanning range, and as in the previous case, the experimental results 

should be compared with those reported in the literature for similar structures. This 

prototype might be the first dual-reflector antenna with a tunable reflectarray antenna 

placed as sub-reflector, and the first tunable dual reflector antenna that operates at 

frequencies above 60 GHz. 

1.4 Thesis organization 

This thesis is organized in eight chapters; all of them present an introduction, one 

section with conclusions, and their respective sections on the specific concepts that are 

studied.  

This chapter and the last one summarize the main ideas and conclusions.  Chapters 2-5 

present the methodology applied to achieve the complete design tool that will allow LC-

based reflectarray antennas to be developed with improved electrical performance. 

Thus, chapter 2 focuses on describing the physics of liquid crystal materials, paying 

special attention to those properties of the nematic state. The response of the LC under 

external electric or magnetic fields are described and will be used to model the LC in 

the reflectarray cells developed in chapter 3 accurately.  

Chapter 3 focuses on studying several reflectarray cell architectures based on LC that 

allows the limitations of the single resonant cell to be overcome. This is summarised in 

milestones described in 1.3.1 and 1.3.2. Likewise, chapter 4 focuses on presenting an 

updated design procedure of the cells that considers an accurate electromagnetic 

modeling for the LC (milestones 1.3.3, 1.3.4, 1.3.5 and 1.3.7) and chapter 5 presents the 

complete design tool of LC-based reconfigurable reflectarrays that includes the voltage 

synthesis (milestone 1.3.6). 

Chapters 6 and 7 present the design, manufacture and testing of two LC-based 

reflectarray antenna prototypes which operate at 100 GHz and exhibit improved 
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electrical performance for beam-scanning applications (milestones 1.3.8 and 1.3.9). 

These prototypes validate the design tool presented in previous chapters. 

1.5 Applications above 60 GHz 

As mentioned above, the LC is a suitable technology to achieve electronic 

reconfigurable reflectarrays at frequencies above 60 GHz, so that the cells and antenna 

prototypes that will be designed and tested in this thesis are within these spectral ranges.  

The motivation for investigating high gain, low profile, electronically reconfigurable 

antennas is given by the proliferation of a multitude of applications that require 

reconfigurable beam scanning or beam shaping at frequencies beyond 60 GHz (up to 

THz [57]) with higher scanning speeds than those provided by the mechanical systems. 

Terahertz imaging is one of these applications, since the radiation at THz passes through 

several materials that commonly absorb the radiation at microwave frequencies. It 

makes the THz imaging in security useful, since weapons and explosive can be detected 

without personal intrusion [58]-[59]. THz imaging can also be useful for other 

applications such as non-invasive medical diagnoses, among others [60]. Other systems 

that require electronic beam scanning antennas include radars to detect targets, which 

usually require high beam scanning speeds to identify a large number of objects. This 

application can be extended to space to detect space debris [61].  

For space applications, beam scanning capabilities are also required to develop 

radiometers and limb sounders for atmosphere observation [62]. Several missions 

require beam scanning systems at frequencies above 60 GHz, which have been 

implemented by using motors, such as AMSU-B [63], MHS [64], the MARSHALL-

MASTER instrument [65], STEAM-R [66]. 

Spectroscopy also requires a beam steering capability at mm and sub-mm wavelengths 

to both scan and characterise volumetric substances in these ranges of frequencies, 

which is useful for biomedical applications [67], to improve the solid-state properties of 

semi-conductors, among others. The systems used for spectroscopy use tunable mirrors 

or lenses that use motors, which can be substituted by electronically tuneable antennas.  

The use of beam steering antennas above 60 GHz is also proposed for communications. 

For example, short-range wireless would require this type of antennas [68]-[69], since 

their use in these spectral ranges have the advantage of offering larger bandwidths and 
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therefore larger bit rates than those provided in microwave frequencies, while the beam 

steering capabilities improve the channel capacity. Additionally, these antennas are also 

required for communications between base stations, since they can substitute the optical 

fiber to transmit large amounts of information. The beam steering in this case is needed 

to compensate the antenna depointing by the action of wind, which is very critical 

because the beamwidth is very small. 

LC-based reconfigurable antennas are a serious candidate for the reference technology 

to provide high gain, low profile, electronically tunable antennas. Besides the fact that 

LC has been demonstrated to be one of the few technologies capable of providing beam 

scanning at frequencies above 60 GHz, as described above, one of the reasons for 

considering these antennas has to do with the advantages that the reflectarray antennas 

provide with respect to the reflectors and phased-arrays. In reflectarray antennas RF 

feeding uses a primary source (characteristic of the reflectors), which together with the 

large number of degrees of freedom provided by the cells (characteristic of the phased-

arrays) make that reflectarray antennas able to provide a similar or better electrical 

performance than conventional phased-arrays, but at a much reduced cost. Another 

reason to consider LC-based reflectarrays is related with the flexibility that the LC 

provides in order to be confined at an arbitrary volume. Thus, the LC (which is used to 

achieve the electronic tunability) is part of the planar structure, thus drastically 

simplifying the manufacture and the cost of electrically large tunable antennas. 
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        CHAPTER 2 

2 Introduction to Liquid Crystals 

2.1 Introduction 

The matter can exist in different states of aggregation, solid, liquid and gaseous forms 

being the most common. The crystaline solid is characterised by having a configuration 

where the molecules are in close contact with one another (long range positional order) 

and oriented in the same average direction (long range orientational order). These order 

parameters give the solid crystalline properties such as dielectric anisotropy. On the 

other hand, liquids are characterised by having a short range in both, orientational and 

positional order, so that other properties appear: fluidity, viscosity, etc.   

 

 

Fig.  3 Molecular configuration of different states of aggregation of matter 

 

A liquid crystal (LC) is a state of aggregation of matter that is between solid and liquid, 

and is characterised by having long range orientational order and short range positional 

order (see Fig.  3). Thus, the liquid crystal acquires some properties of both, solids and 

liquids.  

The dielectric anisotropy property together with the fact that the molecules are free to 

rotate, make the materials subject to this state able to change their dielectric permittivity 

when they are biased by an external excitation (i.e. electric fields). This property has 



  Chapter 2 Introduction to Liquid Crystals 

18 

 

given rise to several devices in the field of optics, the LCD (“Liquid Cystal Display”) 

being the most popular, although there is a recent interest in using the LC to develop 

tunable devices for applications in microwaves or THz frequencies.  

As previously mentioned in chapter 1, the main objective of this thesis is to develop 

electronically reconfigurable reflectarray antennas based on LC technology that can be 

used in applications at mm and sub-mm wavelength frequencies. To achieve this 

objective, this chapter focuses on studying the physical properties of the LC materials, 

particularly those associated with uniaxial liquid crystals in the nematic phase. The 

dielectric anisotropy, defined as the difference between the perpendicular (휀⊥) and 

paralell (휀//) permittivities, ∆휀 = 휀// − 휀⊥ , and its use to obtain an accurate model that 

describes the permittivity tensor in planar cells, are described in this chapter.  Finally, 

some techniques to measure the dielectric anisotropy of LC mixtures at frequencies 

above 60 GHz are described, and some experimental results on different mixtures are 

presented. 

2.2 Mesomorphic State 

2.2.1 Classification of Liquid Crystals 

There are multitudes of classifications of liquid crystals [70].  One of the most accepted 

lists liquid crystals as a function of the parameter to be controlled to reach the 

mesomorphic state (commonly called liquid crystal state), and the different phases that 

make it up. Thus, we can find: 

 Thermotropic liquid crystals: The parameter to be controlled is the temperature. 

These materials are most commonly used in industry and will be used to develop 

the different LC reflectarray antennas presented in this thesis.  

 Lyotropic liquid crystals: In these mixtures, the different mesophases are 

controlled by the concentration of a certain chemical substance that is dissolved 

in the mixture. This type of liquid crystal can be found in membranes of living 

cells, so these become important in fields such as biomimetic chemicals.  

 Polymeric liquid crystals: These materials are the result of mixing mesogen 

substances (liquid crystal) with polymers. The resulting mixture acquires the 

typical properties of the liquid crystals (dielectric anisotropy), and certain 
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mechanical properties which are typical of polymers. These mixtures are 

commonly used to improve the dynamic behavior of the LC molecules in order 

to achieve high speed switching. In chapter 8, we will focus on these mixtures. 

 Colloidal liquid crystals: These materials, which have been recently discovered, 

are made up of molecules forming an ordered array of elongated cylinders 

subject to entropic forces, so the parameter to be controlled is the entropy.  

2.2.2 Mesophases of Liquid Crystals 

Within the mesomorphic state, there are several phases (mesophases) that are defined by 

the degree of positional and orientational order, and whose appearance depends on the 

previously mentioned control parameter [70]: 

 Isotropic phase: The orientational and positional orders are short, so the 

substance becomes a liquid. In thermotropic mixtures, there is a threshold 

temperature (clearing point) from which the material changes and becomes a 

liquid. 

 Nematic phase:  In this phase, the orientational order is large and the positional 

order is short, so the molecules are oriented in the same average direction. Thus, 

the material is locally homogeneous and can be defined by a macroscopic 

constant vector, the director, (�̂�), from which all the properties of the material 

can be defined (Fig.  4a). This state is the most used in LC-based devices and 

will be used in this thesis to achieve LC phase-shifters for reflectarray antennas. 

Thus, it will be detailed below.  

 Cholesteric or chiral nematic phase: In this phase, the orientational and 

positional orders are similar to those of the nematic phase, but the molecules 

assume a hellicoidal and periodic distribution along an axis. Thus, the director is 

not locally homogeneous (Fig.  4b). If the hellicoidal axis in a local coordinate 

system of a certain macroscopic but the  infinitesimal volume is “z”, the general 

equation to describe the director is: 
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𝑛𝑥 = cos (𝛼(𝑧 − 𝛽)) 

                                             𝑛𝑦 = sin (𝛼(𝑧 − 𝛽)) (2-1)  

𝑛𝑧 = 0 

where the period or “pitch” is, 𝑝 = 𝜋/𝛼. Note that the nematic phase is a 

particular case of the cholesteric phase when 𝛼 = 0, and similarly, a cholesteric 

liquid crystal can be visualized as a stack of thin nematic layers. 

The existence of the “pitch” means that the material behaves as a “natural” 

frequency selective surface that reflects the frequencies whose wavelengths take 

the value of the “pitch”. Thus, this phase can be used to develop LC displays 

based on two stable states (1 bit), which takes advantage of not consuming any 

power. Based on this principle, another application is to use this bi-stability and 

its variation with temperature to develop LC thermometers or thermal sensors.  

 Other phases: The smectic phase, which is characterised by having a larger 

orientational order than those of the cholesteric and nematic phases, the biaxial 

nematic phase or the blue phases, are useful to achieve better performance in LC 

displays. As an example, higher switching times can be achieved with blue 

phases without using alignment layers, which are necessary in other states such 

as the nematic [71]. 

 

Fig.  4 Molecular distribution of a macroscopic sample of liquid crystal that is subject to (a) nematic 

state and (b) cholesteric state 
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2.2.3 Characteristic parameters of the nematic phase 

2.2.3.1 Orientational Order Tensor 

Since the nematic phase is defined qualitatively from the orientational order of the 

molecules, a macroscopic parameter which is able to quantify the degree of order, 

which in turn can be related with the microscopic model of the molecules, is needed.  

The liquid crystals are usually made up rod-like molecules. For this type of molecule, it 

is easy to define a vector �̂� that describes the large dimension of the molecule with 

respect to a fixed coordinate system, so that a possible definition of an orientational 

order parameter for a macroscopic volumetric sample of the material could be defined 

as: 

                             𝑆(𝑇, 𝑃,… ) =< �̂� >= ∫ �̂�(𝜃, 𝜑) ∙ 𝑓(𝜃, 𝜑, 𝑇, 𝑃, … )dΩ   (2-2) 

where < > is the average operator and f is a probability density function that describes 

the probability of finding a molecule in the direction (θ,φ) in the solid angle given by 

dΩ = sin(𝜃)d𝜃𝑑𝜑, which in turn depends on variables such as the temperature T, the 

pressure P, etc. However, the probability of finding a molecule in a certain direction and 

its opposite are the same, making this scalar parameter inadequate. Thus, the order 

parameter for uniaxial liquid crystals is defined as a second order tensor whose 

components are [70]: 

                                       𝑆 = 𝑆0 [

−1/3 0 0
0 −1/3 0
0 0 2/3

]  (2-3) 

where 𝑆0 is: 

𝑆0(𝑇, 𝑃,… ) = 𝐸(𝑃2(cos(𝜃))) = ∫ (3 ∙ 𝑐𝑜𝑠
2(𝜃) − 1) ∙ 𝑓(𝜃, 𝑇, 𝑃,… ) ∙ 𝜋 ∙ sin (𝜃)d𝜃

𝜋

0
          

 (2-4) 

P2 being the Legendre polynomial of the second kind, in which the director is 

corresponded with the z-axis of the local coordinate system. There are several theories 

that define the function f and the corresponding experimental validations (i.e. Martin-

Maier-Saupe [72]).  

For an arbitrary coordinate system (𝑢1, 𝑢2, 𝑢3), the expression can be generalized as: 
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                                                      𝑆̿ = 𝑆𝑖𝑗 = 𝑆0 (𝑛𝑖𝑛𝑗 −
1

3
𝛿𝑖𝑗) (2-5) 

where 𝑛𝑖 = �̂� ∙ 𝑒�̂� and 𝑆𝑖𝑗 represent the nine components of the second order tensor 𝑆̿.  

The parameter  𝑆0 depends on the temperature, the pressure, or the type of molecule, 

and provides a measurement of the degree of orientational order with respect to the 

average orientation given by the director. The variable 𝑆0 is null for the isotropic case 

(where the function f is constant) and takes the value 1 in the solid crystalline state. For 

the nematic state, this value is between 0.3 and 0.9.    

2.2.3.2 Clearing Point 

The “clearing point” is the threshold temperature for which the thermotropic liquid 

crystals change from the nematic to the isotropic phase. The theoretical study of this 

parameter and its relationship with the order tensor have been reported by Landau [73], 

which describes the Giggs free energy as a function of the order tensor, the temperature, 

T, and the pressure P. The Giggs free energy, g,  which defines the equilibrium of a 

thermodynamic system, is: 

                                      𝑔(𝑆, 𝑇, 𝑃) = 𝑔0 +
1

2
𝐴𝑆0

2 −
2

27
𝐵𝑆0

3 +
1

9
𝐶𝑆0

4    (2-6) 

where A, B and C are variables to be measured. The variables B and C are usually 

constant, and A is highly dependent on the temperature, T, as: 𝐴 = 𝐴′(𝑇 − 𝑇′), T’ being 

the “spinoidal temperature” so that: 

𝑆0(𝑇) = 0, 𝑇 < 𝑇′

𝑆0(𝑇) ≠ 0, 𝑇 > 𝑇′
 

The value of 𝑆0 that minimizes the free energy is: 

𝑆0 = 0, 𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐

𝑆0(𝑇) =
𝐵

4𝐶
(1 + √1 − 24

𝐴′(𝑇 − 𝑇′)𝐶

𝐵2
) , 𝑛𝑒𝑚𝑎𝑡𝑖𝑐

 

Since the energy in the “clearing point” must be similar in both, nematic and isotropic 

states, the following is obtained: 

                                                                    𝑇 = 𝑇′ +
2𝐵2

9𝐴′𝐶
   (2-7) 
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Although the LC manufacturer usually gives the value of the “clearing point”, 

sometimes the values of 𝐴’ (
𝐽

𝑐𝑚3𝐾
), 𝐵 (

𝐽

𝑐𝑚3), 𝐶 (
𝐽

𝑐𝑚3) and T’ may be reported.  

Typical values of the “clearing point” temperature may be around T=50-70º for the 

most common liquid crystals in optics (K15, BL037), although higher values (T=120º) 

have been achieved [70]. Thus, at present the maximum temperature range within which 

the LC could operate in the nematic state would be from -40ºC (the typical temperature 

at which the LC becomes a solid) to the maximum “clearing point”, T=120ºC (160ºC of 

temperature range). Similar temperature ranges have been measured [74] for liquid 

crystals that have been designed to operate at microwave or THz frequencies,  

2.2.3.3 Dielectric Anisotropy 

This property is the most important in achieving the tunability of the liquid crystals. As 

previously mentioned, since the LC is usually made up of rod-like molecules and all 

molecules have their axes locally oriented in the same average direction (nematic state), 

the LC is locally uniaxial and homogeneous, and presents two permittivities 

macroscopically: ε// (in the direction of the axes) and ε (in the directions orthogonal to 

the axes).  

If a uniaxial LC medium at a certain frequency and temperature (guaranteeing the 

nematic state) is considered, and an arbitrary cartesian coordinate system is fixed, the 

permittivity tensor can be written by the expression: 

 

휀̿ = 휀⊥𝐼 ̿ + Δ휀𝑁(�̅�) = (
휀⊥ 0 0
0 휀⊥ 0
0 0 휀⊥

) + Δ휀 (

𝑛𝑥𝑛𝑥 𝑛𝑦𝑛𝑥 𝑛𝑧𝑛𝑥
𝑛𝑥𝑛𝑦 𝑛𝑦𝑛𝑦 𝑛𝑧𝑛𝑦
𝑛𝑥𝑛𝑧 𝑛𝑦𝑛𝑧 𝑛𝑧𝑛𝑧

)   (2-8) 

 

where 𝐼  ̿ is the second order identity tensor whose components are the elements of the 

3x3 identity matrix, Δ휀 = 휀// − 휀⊥ is the dielectric anisotropy, and 𝑁(�̅�) is the second 

order tensor given by the tensor product of the vector �̂�(�̅�) with itself, 𝑁(�̅�) = �̂�(�̅�) ⊗

�̂�(�̅�). The vector �̂�(�̅�) is the director in the chosen coordinate system at a certain point, 

�̅�.   

Note that �̂� is constant in a macroscopic but infinitesimal volume of molecules centered 
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at �̅�, as is characteristic of the nematic state. The equation above generalizes the 

permittivity, so that an electric field polarized in the direction �̂� with respect to the 

coordinate system, is always related with the electric displacement through the parallel 

permittivity, ε//. Moreover, this expression is valid for dispersive materials, which can 

be expressed in the frequency domain as: 

휀(̿𝑓) = 휀 ′̿(𝑓) − 𝑗휀′′̿̿ ̿(𝑓) 

 

The dielectric permittivity tensor can also be written as a combination of isotropic and 

anisotropic parts as: 

휀̿ = 휀𝑖𝑠𝑜̿̿ ̿̿ ̿ + 휀𝑎𝑛̿̿ ̿̿  

where 

휀𝑖𝑠𝑜̿̿ ̿̿ ̿ = (휀⊥ +
Δ휀

3
) 𝐼 ̿ = 휀𝑖𝑠𝑜𝐼 ̿

 

휀𝑎𝑛̿̿ ̿̿ = Δ휀 (�̂� ⊗ �̂� −
1

3
𝐼)̿ 

 

In the case of non-polar rod-like molecules, the Martin-Maier-Saupe theory relates the 

dielectric anisotropy with the order tensor as follows [72]: 

                    Δ휀(𝑓, 𝑇, 𝑃,… ) = 𝜌𝑣 ∙ 휀𝑖𝑠𝑜 ∙ 𝐴 ∙ (χ//(𝑓) − 𝜒⊥(𝑓))𝑆0(𝑇, 𝑃,… )   (2-9) 

 

In this equation, which is an extension of Debye’s model to liquid crystals, χ// and χ⊥ 

are the characteristic components of the electric polarizability tensor χ̿, 𝜌𝑣 is the number 

of molecules per unit volume and A is the Onsager reaction field.  

As can be noted, the dielectric anisotropy depends on the frequency, the temperature 

and the structure of the molecules. It reaches the maximum for a certain molecular 

configuration when 𝑆0 = 1 (solid crystalline), whereas that its minimum is zero in the 

isotropic state, which is associated with a scalar permittivity, 휀𝑖𝑠𝑜. Both the parallel and 

perpendicular permittivities usually change linearly with temperature up to reaching a 

non-linear region where the parallel permittivity varies more sharply than the 

perpendicular. Fig.  5 represents a typical dependence of the dielectric anisotropy with 

temperature; the measurements are reported in [74]-[75].  
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Fig.  5 Temperature dependence of a typical liquid crystal mixture in the nematic state 

 

As regards the variation of the parallel and perpendicular permittivities with frequency, 

it depends on the molecular resonances and the absorptions as a consequence of the 

vibrations of the electric polarizability. In DC, the induced polarisation in the �̂� 

direction is stronger than that in the other directions. Thus, the dielectric anisotropy is 

large (Δɛ is from 4 to 8), especially if the molecules have permanent dipoles (Δɛ is from 

10 to 15). In AC frequencies, the intramolecular motions become the only ones able to 

follow the field variations as the frequency increases, so the dielectric anisotropy 

decreases (around 0.5-1 in microwaves and THz). It should be noted that the dispersion 

usually occurs mainly in the parallel permittivity, so that it decreases with frequency, 

while the perpendicular is kept constant up to microwave frequencies; in this range of 

frequencies, there is a change in sign of the dielectric anisotropy. However, there are 

some liquid crystals (dual-frequency LC) whose dielectric anisotropy changes sign at 

relatively low frequencies (kHz). This property is important to improve the switching 

times of the molecules, as will be described in chapter 8. Fig.  6 shows the qualitative 

dependence of a LC mixture with frequency. In section 2.4 of this chapter, the 

measurements of the dielectric anisotropy for several LC mixtures at several frequencies 

are reported.  



  Chapter 2 Introduction to Liquid Crystals 

26 

 

 

Fig.  6 Frequency dependence of permittivity for a typical liquid crystal mixture in the nematic state 

 

2.3 External excitations on Liquid Crystals in the Nematic Phase 

As previously mentioned, the LC is characterized by having a relatively short degree of 

positional order, so the molecules are able to rotate under certain external excitations.  

This property together with the existence of dielectric anisotropy (large orientational 

order) means that the permittivity of a liquid crystal can be electronically varied. This 

can be deduced from equation (2-8), since if an external excitation produces a variation 

of the director �̂�, the permittivity will vary. 

2.3.1 Frank-Oseen energy 

In the nematic phase, the molecular reorientation is a consequence of deformations in 

the director �̂� produced by external excitations, which can be of an electromagnetic 

nature (electric or magnetic field), mechanical, etc. The deformations can be classified 

into three types: 

 Twist, which is brought about by a pair of torsion forces (Fig.  7a) 

 Splay, which is brought about by a pair of orthogonal forces to the director (Fig.  

7b) 

 Bend, which is brought about by forces that are parallel to the director (Fig.  7c) 
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Fig.  7 Different deformations of the LC director 

 

If the forces that produce the curvature are weak enough, they are proportional to 

deformations in the material. Thus, if a local coordinate system is selected at a certain 

point �̅� so that z is corresponded with the director �̂�(�̅�), the director could be written as: 

𝑛𝑥(�̅�) = 𝑓1 ∙ 𝑥 + 𝑓4 ∙ 𝑦 + 𝑓5 ∙ 𝑧 + Θ(𝑟
2) 

𝑛𝑦(�̅�) = −𝑓3 ∙ 𝑥 + 𝑓3 ∙ 𝑦 + 𝑓6 ∙ 𝑧 + Θ(𝑟
2) 

𝑛𝑥(�̅�) = 1 + Θ(𝑟
2) 

where 

𝑓1 =
𝜕𝑛𝑥
𝜕𝑥

,              𝑓2 =
𝜕𝑛𝑦

𝜕𝑦
,         𝑠𝑝𝑙𝑎𝑦  

𝑓3 = −
𝜕𝑛𝑦

𝜕𝑥
,              𝑓2 =

𝜕𝑛𝑥
𝜕𝑦

,         𝑡𝑤𝑖𝑠𝑡  

𝑓5 =
𝜕𝑛𝑥
𝜕𝑥

,              𝑓6 =
𝜕𝑛𝑦

𝜕𝑥
,         𝑏𝑒𝑛𝑑  

On the other hand, the elastic energy density can be expressed as: 

𝑔𝑣 =∑𝑘𝑖 ∙ 𝑓𝑖

6

𝑖=1

+
1

2
∑𝑘𝑖𝑗 ∙ 𝑓𝑖 ∙ 𝑓𝑗

6

𝑖,𝑗
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𝑘𝑖 and 𝑘𝑖𝑗 = 𝑘𝑗𝑖 being  the elastic constants associated with the proper and cross elastic 

energy of the deformations. 

The forty-two elastic constants can be reduced in most cases to six, so that: 

𝑔𝑣 =
1

2
𝑘11 (∇ ∙ �̂� +

𝑘1

𝑘11
)
2

+
1

2
𝑘22 (�̂� ∙ (∇ × �̂�) −

𝑘2

𝑘22
)
2

+
1

2
𝑘33(|�̂� × (∇ × �̂�)|)

2 +

1

2
𝑘12(∇ ∙ �̂�)(∇ ∙ (∇ × �̂�))

2
         (2-10) 

The equation above is known as the Frank-Oseen elastic energy density for nematic or 

cholesteric LC [76], which quantifies the energy that needs to be applied to produce a 

variation in the director. In most cases, the molecules have no permanent dipoles, so 

that 𝑘1 = 𝑘12 = 0. Moreover, in the nematic phase the molecules have either 

enantiomorphism (𝑘2 = 0.). Thus, the expression can be reduced to: 

              𝑔𝑣 =
1

2
𝑘11(∇ ∙ �̂�)

2 +
1

2
𝑘22(�̂� ∙ (∇ × �̂�))

2
+
1

2
𝑘33(|�̂� × (∇ × �̂�)|)

2  (2-11) 

It should be noted that the energy needed to rotate the molecules increases with the 

degree of the positional order of the molecules, since in this case the interaction forces 

between molecules is strong (high elastic constants). Thus, a nematic substance close to 

the solid crystalline state would need a very high energy to be reoriented. 

2.3.2 LC orientation in a static regime 

2.3.2.1 Quasi-Static Electric Fields 

If LC in the nematic state is confined in a finite volume, 𝑉𝑙𝑐, in which a quasi-static 

electric field is applied, the electrostatic energy is converted into elastic energy so that 

the material is deformed (�̂� varies). To calculate how the director has varied when all 

the energy has been transformed (static or equilibrium point), a free energy functional, 

𝐹, is minimized: 

 

                                               min(𝐹) = min (∭(𝑔𝑣 − 𝑔𝑒)𝑑𝑉𝑙𝑐)   (2-12) 

 

        

where 𝑔𝑣 and 𝑔𝑒 are the Frank-Oseen elastic and electrostatic free energy densities:  
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                                            𝑔𝑒 =
1

2
휀0�̅�𝑞 ∙ (휀𝑟𝑞⊥𝐼 ̿ + Δ휀𝑟𝑞𝑁) ∙ �̅�𝑞   (2-13) 

Δ휀𝑟𝑞 = 휀𝑟𝑞// − 휀𝑟𝑞⊥ is the LC dielectric anisotropy at the quasi-static excitation 

frequency and 𝐸𝑞̅̅ ̅ is the quasi-static electric field applied.  

 

 

Fig.  8 Planar structure based on two parallel plates that confines a LC 

 

Under the consideration that the LC is confined by two parallel plates separated at a 

distance 𝑧 = 𝑑 on which orienting layers are placed (orienting layers impose molecular 

orientations in the YZ plane), and if the LC is excited by a uniform quasi-static electric 

field with only a z-component, 𝐸𝑞̅̅ ̅ = 𝐸𝑞𝑧�̂� (see Fig.  8), the symmetry of the structure 

makes the molecules rotate in the YZ plane and �̂� can be simplified as: 

𝑛𝑥(𝑧) = 0 

𝑛𝑦(𝑧) = cos (𝜃(𝑧)) 

𝑛𝑧(𝑧) = sin (𝜃(𝑧)) 

where 𝜃 is the angle between �̂� and �̂�.  

Thus, assuming that the anchoring at the orienting layers is strong, it is obtained: 

∇ ∙ �̂� = cos (𝜃(𝑧))
𝑑𝜃(𝑧)

𝑑𝑧
 

�̂� ∙ (∇ × �̂�) = 0 
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�̂� × (∇ × �̂�) = �̂� ∙ 𝑠𝑖𝑛2 (𝜃(𝑧)) ∙
𝑑𝜃(𝑧)

𝑑𝑧
− �̂� ∙ cos(𝜃(𝑧)) ∙ sin(𝜃(𝑧)) ∙

𝑑𝜃(𝑧)

𝑑𝑧
 

so the Frank-Oseen density can be expressed as: 

𝑔𝑣 =
1

2
𝑘11 (cos (𝜃(𝑧))

𝑑𝜃(𝑧)

𝑑𝑧
)
2

+
1

2
𝑘33 (sin(𝜃(𝑧)) ∙

𝑑𝜃(𝑧)

𝑑𝑧
)

2

 

and 

𝑔𝑒 =
1

2
휀0𝐸𝑞𝑧

2 ∙ (휀𝑟𝑞⊥ + Δ휀𝑟𝑞 ∙ 𝑠𝑖𝑛
2 (𝜃(𝑧))) 

Therefore, the functional to be minimized is expressed as: 

min(𝐹) = 𝑚𝑖𝑛 (∫ 𝐿 (𝜃(𝑧),
𝑑𝜃(𝑧)

𝑑𝑧
) 𝑑𝑧

𝑑

0

)

= min (∫
𝑑𝑧

2
𝑘11 (cos (𝜃(𝑧))

𝑑𝜃(𝑧)

𝑑𝑧
)
2

+
𝑑𝑧

2
𝑘33 (sin (𝜃(𝑧)) ∙

𝑑𝜃(𝑧)

𝑑𝑧
)

2𝑑

0

−
𝑑𝑧

2
∙ 휀0 ∙ 𝐸𝑞𝑧

2 ∙ (휀𝑟𝑞⊥ + Δ휀𝑟𝑞 ∙ 𝑠𝑖𝑛
2 (𝜃(𝑧)))) 

 

The variational problem of the last equation (Euler-Lagrange) gives a differential 

equation in which the function to be obtained is 𝜃(𝑧). Thus if: 

𝜕𝐿

𝜕(𝜃(𝑧))
= (𝑘33 − 𝑘11) ∙ sin(𝜃(𝑧)) ∙ cos(𝜃(𝑧) ∙ (

𝑑𝜃(𝑧)

𝑑𝑧
)
2

− 휀0 ∙ 𝐸𝑞𝑧
2 ∙ Δ휀𝑟𝑞 ∙ sin(𝜃(𝑧))

∙ cos(𝜃(𝑧)) 

and 

𝑑

𝑑𝑧

𝜕𝐿

𝜕(𝜃′(𝑧))
=
𝑑2𝜃(𝑧)

𝑑𝑧2
(𝑘11 ∙ 𝑐𝑜𝑠

2(𝜃(𝑧)) + 𝑘33 ∙ 𝑠𝑖𝑛
2(𝜃(𝑧)))

+ 2 ∙ (𝑘33 − 𝑘11) ∙ (
𝑑𝜃(𝑧)

𝑑𝑧
)
2

∙ sin(𝜃(𝑧)) ∙ cos(𝜃(𝑧) 

so that if 

−
𝜕𝐿

𝜕(𝜃(𝑧))
+
𝑑

𝑑𝑧
(

𝜕𝐿

𝜕(𝜃′(𝑧))
) = 0    (𝐸𝑢𝑙𝑒𝑟 − 𝐿𝑎𝑔𝑟𝑎𝑛𝑔𝑒 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛) 
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then the differential equation is: 

(𝑘11cos
2(𝜃(𝑧)) + 𝑘33sin

2(𝜃(𝑧)))
𝑑2𝜃(𝑧)

𝑑𝑧2
+ (𝑘33 − 𝑘11) ∙ sin(𝜃(𝑧)) ∙ cos(𝜃(𝑧)) ∙

(
𝑑𝜃(𝑧)

𝑑𝑧
)
2

+ 휀0 ∙ 𝐸𝑞𝑧
2 ∙ Δ휀𝑟𝑞 ∙ sin(𝜃(𝑧)) ∙ cos(𝜃(𝑧)) = 0     (2-14) 

This equation relates both the director variation and the excitation signal for a nematic 

liquid crystal confined in a planar indefinite structure. Numerical methods to solve 

ordinary differential equations can be used to solve it.  

It should be noted that in this equation it is assumed that the RF signal does not 

influence the director variation. This is a very good approximation because the RF 

signal at microwave frequencies generally has an intensity which is too small to excite 

the molecules.  Thus, the electromagnetic modeling of the LC can be easily obtained, 

since once 𝜃(𝑧) (and therefore �̂�(𝑧) ) is calculated at a certain voltage, the 

corresponding LC relative permittivity distribution at a certain RF frequency (𝑓𝑅𝐹), 

휀�̿�(𝑧, 𝑓𝑅𝐹), can be obtained from (2-8) using the LC parameters (휀𝑟⊥(𝑓𝑅𝐹)) and 

(휀𝑟//(𝑓𝑅𝐹)).  

Note that equation (2-14) assumes that the excitation corresponds with a DC electric 

field. However, AC excitations can be introduced into the problem by using the concept 

of root mean square voltage (RMS), and 휀𝑟𝑞//, 휀𝑟𝑞⊥ at the corresponding AC frequency, 

provided that this frequency is much higher than the inverse of the orientation times of 

the molecules (rise and fall). Otherwise, the molecular oscillations with respect to the 

equilibrium tilt angle become appreciable, which produces a ripple in both amplitude 

and phase (AC modulation) that can increase the bit error rate if it is not correctly 

removed. To avoid this problem, an appropriate selection of the frequency for the bias 

signal should be made considering the dynamic response of the cells. 

Equation (2-14) must be solved assuming the boundary conditions imposed by the two 

orienting layers at the plates (𝑧 = 0, 𝑧 = 𝑑), which usually impose pretilt angles 

(𝜃𝑝0, 𝜃𝑝𝑑) different from zero.  

In the case of “homeotropic cells”, the boundary conditions are: (𝜃𝑝0 = 𝜃𝑝𝑑). These 

pretilts are achieved by rubbing the two orienting layers in the opposite direction. If 
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𝜃𝑝0 = 𝜃𝑝𝑑 = 0, the solution of equation (2-14) is not stable until a certain value of 

voltage is reached,  Vth, which is called the Freederiks threshold. This value is 

expressed as:  

                                                                      𝑉𝑡ℎ = 𝜋√
𝑘11

∆𝜀𝑞
     (2-15) 

The threshold represents the minimum energy that needs to be applied to reorient the 

molecules, although it is a theoretical limit, since it is not possible to obtain zero pretilts 

in nature. Thus, when the pretilt is different from zero, this threshold disappears. 

However, even in this case, the threshold voltage is a reference to evaluate the minimum 

energy to be used since below it, the molecular reorientation is weak. This can be seen 

in Fig.  9, where the solution of (2-15), 𝜃(𝑧), is represented in the case in which a cell of 

75-um thick is filled with the LC GT3-23001 (which will be used in this thesis to 

develop the tunable antennas), the pretilt is 4º and the AC frequency is 1 kHz.  

 

Fig.  9 Tilt angle of the LC-molecules (θ) as a function of the distance (z) for several RMS voltages in a 

75-µm thick LC-layer (LC GT3-23001) 

 

The characteristic parameter of this LC cell has been provided by 

Merck:  휀𝑟𝑞//(1 𝑘𝐻𝑧) = 8.1,  ∆휀𝑟𝑞(1 𝑘𝐻𝑧) = 4.6,  𝑘11 = 24 𝑝𝑁, 𝑘33 = 34.5 , for which 

the Freederiks voltage is Vth= 2.41 Vrms. As can be seen, the molecular tilt angle takes 

the value 𝜃𝑝 = 4º at the extremes, increasing its value with the separation until it 

reaches the maximum. The maximum tilt angle is shown in Fig.  10 as a function of the 
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voltage, which is reached at the center of the LC layer. This is because the two orienting 

layers impose the same pretilt angle. However, for any combination of (𝜃𝑝0, 𝜃𝑝𝑑), the 

curves can be normalized to distance d. It can also be appreciated that the LC is 

anisotropic and inhomogeneous along 𝑧 at non-zero voltages. However, both the tilt 

angle and the homogeneity of the LC (small variation along z coordinate) increase as 

the voltage increases, so the LC can be accurately modelled with a homogeneous 

anisotropic medium at high voltages near saturation.  

 

Fig.  10 Maximum tilt angle of the LC-molecules (θ) as a function of RMS voltage 

 

In the case of pi cells, the boundary conditions are: (𝜃𝑝0 = −𝜃𝑝𝑑), which are achieved 

by rubbing the orienting layers in the same direction. This molecular configuration is 

useful in reducing the switching times as much as possible, since the opposite pretilts 

impose a torque in the relaxation process that helps to increase the speed [77].  

2.3.2.2 Magnetic Fields 

The liquid crystals can also be reoriented by using magnetic fields. In this case, the 

procedure to obtain the differential equation is similar to that described for the case of 

an electric field, but using the magnetic free energy 𝑔𝑚:  

                                            𝑔𝑚 =
1

2
𝜇0�̅�𝑞 ∙ (𝜇𝑟𝑞⊥𝐼 ̿ + Δ𝜇𝑟𝑞𝑁) ∙ �̅�𝑞  

Thus, the same threshold is obtained, whose value is: 

                                                                      𝐻𝑡ℎ =
𝜋

𝑑
√
𝑘11

∆𝑢𝑞
    (2-16) 
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There is a practical difference between both electric and magnetic field excitations. In 

the case of magnetic fields, the reduced values of ∆𝑢𝑟𝑞 (values around 0.001 and 0.02) 

mean that magnetic fields are in the order of Teslas to excite the LC. However, the 

excitation with electric fields involves voltages of between 0 and 20 V or even less, 

which makes the liquid crystal better than other switching materials such as ferroelectric 

films.  

2.3.2.3 Surface treatment 

As previously mentioned, the orientation of the molecules in an LC cell depends on the 

boundary conditions that are imposed on the surfaces.  

Physically, a certain molecular orientation can be achieved on the plate surfaces of the 

cell by exploiting the property of the LC molecules to rotate in accordance with a 

pattern that is imposed by another material with which it forms an interface. This 

phenomenon is called “surface anchoring” [78], and is a property of the nematic state, 

which changes its molecular orientation when it comes into contact with another phase 

(isotropic, crystalline, cholesteric, etc). 

This effect can be taken into account in the variational problem (2-12) by adding a 

surface term, 𝑔𝑠, which accounts for the energy that is introduced into the problem by 

the other material. Thus, the expression is: 

                                               min(𝐹) = min (∭(𝑔𝑣 − 𝑔𝑒)𝑑𝑉𝑙𝑐 −∬𝑔𝑠𝑑𝑆)  (2-17) 

 

The surface term is negligible if the anchoring is strong, which is the most usual 

situation if conventional materials are used. However, for other interfaces, the anchoring 

could be weak, so it must be taken into account [79].  

It should be noted that although the anchoring is strong and its influence on the 

molecular orientation is only limited to impose the boundary conditions, the surface 

anchoring is responsible for the molecular orientation of the liquid crystal molecules at 

repose, since in absence of excitation, the elastic torque tends to compensate it.  

The most usual technique to obtain orienting layers is rubbing, which consists of 

making corrugations whose size is comparable with that of a LC molecule (micro-

corrugations) to a material sensitive to the rubbing. Polyimide films are usually used to 
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obtain strong anchoring, although other materials with a specific surface treatment can 

also be used [80]. Photo-alignment is another technique which produces the micro-

corrugations in a photosensitive material by applying polarised light [81]. This 

technique is an improvement on rubbing, since it does not imply contact (impurities are 

avoided) and can be adapted to non-planar structures. 

2.3.2.4 Electromagnetic fields 

Although the use of a quasi-static field is the most common situation, the LC molecules 

can rotate at any frequency if the field is sufficiently intense. If it occurs, it is clear that 

it is not possible to separate both problems: the AC excitation to obtain the permittivity 

and the RF problem. In this case, the solution must be calculated by considering both 

problems jointly. This new problem has been considered in optics (called nonlinear 

optics).  

If a canonical cell is considered (Fig.  8), which is only liable to the effects of the RF 

field on the molecules, a simplified way of solving the problem consists of substituting 

the equation (2-13) by the factor (< 𝑆 > 𝑛𝑒𝑓𝑓/𝑐, < 𝑆 > being the average module of 

the Poynting vector, and 𝑛𝑒𝑓𝑓 an average refraction index (n). By substituting this 

expression in the variational problem (2-12), a differential equation is obtained (similar 

to (2-14)), in which the excitation parameter is < 𝑆 > [70]. 

The solution of the differential equation, gives an idea on the RF intensities which are 

necessary to obtain the influence of the RF field in the molecular orientation. This 

equation (for zero pretilt angles) gives an optics threshold, similar to Freederiks 

threshold voltage in the DC problem, but in this case for the power density < 𝑆𝑡ℎ >. 

This parameter is: 

                                                     < 𝑆𝑡ℎ >=
𝜋2∙𝑐∙𝑘33

ℎ𝑙𝑐
2⋅(1−

𝜀𝑟⊥
𝜀𝑟//

)⋅√𝜀𝑟⊥

   (2-18) 

휀𝑟⊥ and 휀𝑟// being the relative permittivities at the excitation RF signal, 𝑘33 the elastic 

constant associated to the splay deformation, and ℎ𝑙𝑐 the cell thickness. If (2-18) is 

substituted with the parameters of the cell that is described in this chapter, it can be seen 

that the molecules begin to rotate if the intensity is greater than < 𝑆𝑡ℎ >=4.74E7 

W/m2. 
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This is a very high intensity, which is not reached in most microwave applications. As 

an example, if a received power of P=5 W at f=100 GHz is considered, and an antenna 

of gain G=40 dB is assumed, the received power density in the maximum radiation 

direction (θ0,φ0) would be: 

< 𝑆(𝜃0, 𝜑0) >
4𝜋𝑓2𝑃

𝑐2𝐺(𝜃0, 𝜑0)
= 700 𝑊/𝑚2 

In optical applications, the power density can overcome the threshold with a collimated 

laser with relatively low power, but in microwaves this fact would need a very high 

power. 

2.3.3 LC orientation in a dynamic regime 

As mentioned above, when a quasi-static electric field is applied to a liquid crystal, the 

LC molecules begin to reorient themselves until an state of equilibrium is reached, 

which is characterized by having a fixed molecular orientation. However, from the 

beginning of the excitation to the equilibrium, there is a transient regime as consequence 

of the molecular movements.  

In the equilibrium, the excitation energy is fully converted into elastic energy; however, 

in the dynamic regime, a dynamic force of a viscous nature appears which is 

proportional to the angular velocity of the director. Thus, the energy density of this 

phenomenon can be written as: 

                                                             𝑔𝑑 = 𝛾1 (�̂� ×
𝜕�̂�

𝜕𝑡
)     (2-19) 

where 𝛾1 is the rotational viscosity of the liquid crystal, which depends on the 

temperature. If equation (2-19) is introduced in the variational problem (2-12) and a 

similar mathematical procedure as described in section 2.3.2 is followed, the following 

equation is obtained (time-varying director [82]): 

(𝑘11cos
2(𝜃(𝑧, 𝑡)) + 𝑘33sin 

2(𝜃(𝑧, 𝑡)))
𝜕2𝜃(𝑧,𝑡)

𝜕𝑧2
+ (𝑘33 − 𝑘11) ∙ sin(𝜃(𝑧, 𝑡)) ∙

cos(𝜃(𝑧, 𝑡)) ∙ (
𝜕𝜃(𝑧,𝑡)

𝜕𝑧
)
2

+ 휀0 ∙ 𝐸𝑞𝑧
2 ∙ Δ휀𝑟𝑞 ∙ sin(𝜃(𝑧, 𝑡)) ∙ cos(𝜃(𝑧, 𝑡)) + 𝛾1

𝜕𝜃(𝑧,𝑡)

𝜕𝑡
= 0

 (2-20) 
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The general solution of this equation is very complex. However, under the consideration 

that (𝑘11 = 𝑘33), and assuming low voltage excitation so that sin(𝜃(𝑧, 𝑡))~𝜃(𝑧, 𝑡), then 

the equation is reduced to: 

                             𝑘11  
𝜕2𝜃(𝑧,𝑡)

𝜕𝑧2
+ 휀0 ∙ 𝐸𝑞𝑧

2 ∙ Δ휀𝑟𝑞 ∙ 𝜃(𝑧, 𝑡) + 𝛾1
𝜕𝜃(𝑧,𝑡)

𝜕𝑡
= 0  (2-21) 

and the solution is analytical: 

                                              𝜃(𝑧, 𝑡) = F(z)𝑒
−𝑡

𝜏      (2-22) 

This solution allows the time constants for the excitation and relaxation processes to be 

defined. For zero pretilts, these constants are: 

                                                        𝜏𝑑 = γ1
d2

𝑘11𝜋
2 ,       𝑑𝑒𝑐𝑎𝑦 𝑡𝑖𝑚𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (2-23) 

                                                         𝜏𝑟 =
𝜏𝑑

|(
𝑉

𝑉𝑡ℎ
)
2

−1|

,       𝑟𝑖𝑠𝑒 𝑡𝑖𝑚𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (2-24) 

As can be seen, the rise time can be controlled by the amplitude of the voltage applied; 

however, the decay time depends on the LC viscosity and the cell thickness, so it cannot 

be controlled by the biasing. Thus, the design procedure of an LC device must reduce 

the LC thickness as much as possible. 

2.4 Characterisation of Liquid Crystals 

As previously mentioned, dielectric anisotropy is responsible for the capability of the 

liquid crystal to change its permittivity. Since dielectric anisotropy is produced in a 

large range of frequencies, several methods to measure this parameter, which depend on 

the frequency, have been reported.  

In the case of frequencies from DC to MHz, the most common strategy to measure the 

parallel and perpendicular permittivities is the use of a capacitor filled with the liquid 

crystal sample. If a planar capacitor is assumed, the liquid crystal can be modelled as a 

homogeneous anisotropic permittivity at the extreme states (repose and maximum 

biased, see Fig.  9). Thus, if the orienting layers are assumed to be rubbed in the “y” 

direction and the pretilt is small, the permittivities can be written as:  
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                                                   휀(̿𝑉 = 0) = 휀⊥̿ = (

휀⊥ 0 0
0 휀// 0

0 0 휀⊥

)   (2-25) 

                                                   휀(̿𝑉 = ∞) = 휀/̿/ = (

휀⊥ 0 0
0 휀⊥ 0
0 0 휀//

)   (2-26) 

The capacitor must be designed to avoid the edge effect as much as possible, so that the 

predominant field is polarised in the direction “z”. Thus, the parallel and perpendicular 

permittivities can be extracted from the measured minimum and maximum capacities. If 

the edge effect is considerable, the extraction of the parallel and perpendicular 

permittivities is more difficult because: 

 The permittivity is not homogeneous at the maximum state of permittivity 

 The electric field has the three components, so that the effect of the full tensor 

becomes appreciable. 

To measure the dielectric anisotropy of liquid crystals at microwave frequencies up to 

60 GHz, some techniques have recently been reported. In [83], the complex parallel and 

perpendicular dielectric permittivities and magnetic permeabilities, 휀// 휀⊥, 𝜇// 𝜇⊥, of 

several mixtures have been measured at several temperatures and frequencies by using 

the “cavity perturbation method” [84], which consists of using a rectangular cavity 

where a body filled with the LC is placed inside. To obtain the parallel and 

perpendicular permittivities, the liquid crystal is biased with a magnetic field polarized 

in two different directions, which gives the pairs (휀// 𝜇⊥,) and (휀⊥, 𝜇//). The 𝑇𝐸102 

mode is excited in the cavity, and the quality factor is used to extract the parameters. 

Although this strategy allows an accurate extraction of the parameters for typical 

microwave substrates, it must be improved to characterise LCs. This is because the 

biasing strategy does not configure the parallel and perpendicular permittivities 

correctly, since the body cavity is a cylinder and the molecules near the edges produce 

transversal inhomogeneity, thus giving rise to errors. 

A more accurate method was reported in [85], in which a coaxial filled with the LC 

sample is used. In this structure, a high voltage between the conductors orientates the 

molecules to form a uniform and radial distribution, which matches the field distribution 
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of the propagating mode (�⃗� = 𝐸𝜌(𝜌)�̂�). Thus, the propagation constant of the TEM 

mode is subject to perpendicular parallel permittivity (Fig.  11a). The transversal 

inhomogeneity does not appear even in the absence of orienting layers, so the parallel 

complex permittivity value can be extracted accurately. Since there are no orienting 

layers, the perpendicular permittivity is selected using a magnetic field (0.5 T), which is 

orthogonal to the coaxial, so that the molecules are oriented in the same direction (Fig.  

11b). Since the TEM field is polarised in the direction �̂�, the molecules could be 

considered to be in a quasi-isotropic state from the point of view of this field 

distribution, so that the propagation constant would be subject to an isotropic 

permittivity, which in turn could be approximated by the expression: 휀⊥ +
Δ𝜀

3
. From the 

isotropic value, the perpendicular permittivity can be extracted; however, this 

approximation also gives rise to errors. 

 

Fig.  11 Scheme used to measure an LC material with a coaxial line (a) parallel permittivity and (b) 

perpendicular permittivity 

 

The accuracy of these methods might be not enough for some applications. Thus, a 

more accurate method based on measuring the parameters of a quasi-TEM mode of a 

microstrip line was proposed in [86]. In principle, a microstrip line is not suitable for 

characterising liquid crystals due to the transversal inhomogeneity, which is very 

difficult to model. However, this method is based on an accurate modelling of the liquid 

crystal in the microstrip structure, which means that a high degree of accuracy can be 
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obtained in the extractions of the permittivities. In this case, the permittivities are 

obtained by biasing the planar structure with two different AC voltages, similar to that 

used to measure the dielectric anisotropy with a capacitor. The use of a microstrip line 

reduces the cost and simplifies the characterisation method, but at expense of a more 

complex analysis of the structure.  

All these methods are valid at microwave frequencies of up to 60 GHz. However, at 

frequencies above 60 GHz, the manufacture of the structures to measure the 

permittivities is complex. As an alternative, measurements in a quasi-optical test bench 

are proposed, similar to that used to characterise liquid crystals in optics [70]. The 

method consists of producing a plane wave polarised in a certain direction, which 

impinges on a planar structure (cell) filled with the LC. The LC molecules are oriented 

parallel or perpendicular to the RF incident field, depending on the case. The reflected 

(reflective cell) or transmitted (transmissive cell) field is then captured by the receiver, 

and the amplitude and phase are used to determine the corresponding permittivity. At 

present, the emitter and receiver for frequencies of up to 600 GHz could be a horn and 

VNA (Vector Network Analyser), whereas that at higher frequencies, the THz Time-

Domain Spectrometer technique involves the use of lasers and electro-optic detection 

with balanced photodiodes [87]. A detailed design of a quasi-optical test bench is 

presented in chapter 4 which will be used to measure the electrical performance of the 

different reflectarray cells and reflectarray antennas designed in this thesis. 

An appropriate transmissive structure to characterise LCs at frequencies beyond 60 GHz 

is a Frequency Selective Surface (FSS) [88], since the effects of the full tensor and the 

transversal inhomogeneity of the LC on the phase are not significant. Thus, the phase of 

the transmitted field is influenced by only one of the tensor components, which is the 

permittivity to be measured in each case.  

Table 1 lists the parallel and perpendicular permittivities reported in the literature for 

typical LC mixtures and frequencies. As can be seen, the dielectric anisotropy in the RF 

of the most common LC is around 0.4-0.9 and the dispersive losses are high. The best 

mixture is the MDA-98-1602, which was specifically designed by Merck for microwave 

applications. In this work, MDA-98-1602 and the commercial model GT3-23001 will 

be used. This latter is an evolution of the MDA-98-1602 to reduce the losses and 

increase the dielectric anisotropy. The MDA-98-1602 mixture will be used to design 
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reflectarray cells at 35 GHz, which will be introduced to demonstrate some concepts, 

whereas the GT3-23001 will be used to develop the reflectarray cells and full antennas 

at 100 GHz. 

TABLE 1 

CHARACTERISTIC PERMITTIVITIES OF THE MOST COMMON LCS AT SEVERAL FREQUENCIES 

 

LC Mixture (25ºC) 휀𝑟// 휀𝑟⊥ Δ휀𝑟 𝑡𝑎𝑛𝛿// 𝑡𝑎𝑛𝛿⊥ 

 

5CB (1 kHz) [89] 

 

18.5 

 

8.1 

 

12.4 

 

- 

 

- 

5CB (9 GHz) [83] 2.82 2.58 0.24 0.028 0.04 

5CB (1.5 THz) [87] 2.82 2.46 0.36 0.03 0.07 

5CB (Visible) [89] 2.79 2.34 0.45 - - 

E7 (1 kHz) [89] 19 5.2 13.8 - - 

E7 (30 GHz) [86] 3.21 2.74 0.47 - - 

E7 (60 GHz) [86] 3.24 2.78 0.47 - - 

E7 (1.5 THz) [91] 3.1 2.59 0.51 0.0032 0.0018 

E7 (Visible) [89] 3 2.32 0.68 - - 

BL006 (1 kHz) [89] 22.8 5.5 17.3 - - 

BL006 (20 GHz) [90] 3.1 2.4 0.7 0.0125 0.028 

BL006 (Visible) [89] 3.26 2.34 0.92 - - 

BL037 (1 kHz) [89] 21.1 5.2 15.9 - - 

BL037 (134 GHz) [88] 3.22 2.84 0.38 0.01 0.02 

BL037 (1.5 THz) [92] 3.17 2.43 0.74 0.13 0.027 

BL037 (Visible) [89] 3.16 2.33 0.83 - - 

MDA-98-1602 (1 kHz) [89] 21.6 5.4 16.2 - - 

MDA-98-1602 (35 GHz) [85] 3.1 2.3 0.8 0.004 0.018 

MDA-98-1602 (Visible) [89] 3.1 2.28 0.83 - - 

      

 

To characterise the parallel and perpendicular permittivities of the GT3-23001 in the 

frequencies of interest, several FSS devices were used (Fig.  12). When the LC is not 

biased, the molecules are parallel to the electric field as a consequence of the orienting 

layers. Thus, the parallel permittivity tensor is configured (2-26); however, when the LC 

is biased by a very high voltage, the molecules rotate until they are orthogonal to the 

cell surfaces. Thus, the perpendicular permittivity tensor (2-25) is obtained. Since the 

field in the structure is polarised in the same direction as the incident field, only one 

tensor component is significant. Thus, the permittivities are extracted by fitting the 

measured transmission curve with the simulated curve of the FSS, which is varied by a 

scalar isotropic complex permittivity. The voltage is applied to thin layers of PDOT, 

which are conductive in AC and transparent in the band of interest. 
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These devices were manufactured and measured by the Institute of Electronics, 

Communications and Information Technology of Queen’s University Belfast (QUB). 

The measurements were made in the bands: 140-165 GHz, and 425-495 GHz, and the 

resulting parameters are set out in Table 2. Other structures to characterise LCs are the 

reflectarray cells, which are introduced in the next chapter. In chapter 5, a novel method 

for extracting the complex parallel and perpendicular permittivities in RF from 

reflectarray cells is described. This method is generalised and also used to characterise 

LCs at low frequencies in a large bandwidth. The accuracy and performance of using 

this type of cell to characterise LC materials will be compared with those provided by 

the FSS. 

 

 

 

Fig.  12 Scheme used to measure a LC material with a FSS with a quasi-optical bench 

TABLE 2 

CHARACTERISTIC PERMITTIVITIES OF THE GT3-23001 AT SEVERAL FREQUENCIES 

 

GT3-23001 (25ºC) 휀𝑟// 휀𝑟⊥ Δ휀𝑟 𝑡𝑎𝑛𝛿// 𝑡𝑎𝑛𝛿⊥ 

 

1 kHz 

 

8.1 

 

3.5 

 

4.6 

 

- 

 

- 

9 GHz 3.3 2.5 0.8 0.0038 0.0143 

150-155 GHz 3.25 2.47 0.78 0.015 0.02 

450-485 GHz 3.27 2.47 0.8 0.025 0.04 

Visible 3.44 2.31 1.13 - - 
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2.5 Conclusions 

A liquid crystal is a state of aggregation of matter that can be exploited to develop 

electronically tunable devices. The substances subjected to this state are characterised 

by having macroscopic dielectric anisotropy, and the capability of rotating their 

molecules under an external excitation, such as a quasi-static electric field. Both 

physical properties provide the well-known general property of a liquid crystal 

substance of changing its dielectric permittivity when a biasing voltage is applied.  

The LC state has a multitude of molecular phases, whose appearance depends on 

parameters such as temperature or pressure, the nematic phase being one of the most 

widely used in practise. The most common LC substances present uniaxial anisotropy, 

and their permittivity tensors can be macroscopically described from two characteristic 

permittivities in the nematic state. The permittivity tensor is generally inhomogeneous 

and anisotropic in three dimensions at each voltage, which depends on the geometry of 

the volume that confines the material, and can be mathematically calculated by solving 

a variational problem that involves the interactions between both electric and elastic 

energies.  

The dielectric anisotropy of the LC occurs in a large range of frequencies, so the LC is a 

candidate for developing tunable devices at mm and sub-mm wavelength frequencies. 

Since the tunability and the losses of an LC material depends basically on the type of 

molecule that it is made up of, the LCs used in optics are not usually suitable at lower 

frequencies. However, new generations of LC mixtures have been or are being 

synthetized and developed to present relatively low losses and large dielectric 

anisotropy at mm and sub-millimetre wave frequencies. 

 
 

 



 

 

 

  



 

 

 

        CHAPTER 3 

3 Investigation of Liquid Crystal-based Reflectarray Cells 

3.1 Introduction 

This chapter focuses on studying several reflectarray cell architectures based on LC, 

which allows the limitations of the single resonant cell to be overcome.  

As described in chapter 1, the beam forming of reflectarray antennas is achieved by 

adjusting the phase shift at each element. In the particular case of LC-based 

reflectarrays, the dielectric anisotropy of the liquid crystals is the parameter used to 

adjust the phase dynamically.  

In optics, several reflective or transmissive cells have been reported with a similar 

objective, that is, to achieve tunable phase-shifters (phase-modulators in optics 

nomenclature) in order to develop reconfigurable lenses [93]-[94]. In the case of 

transmissive cells, the operating frequency is quite simple, which is based on achieving 

different propagation constants for the plane wave that is propagating in the cell. The 

structure of these cells is similar to that shown in Fig.  2, so it consists of a cavity made 

up a superstrate, substrate and two spacers, which is filled with LC. Two electrodes are 

printed on the lower and upper faces of the superstrate and substrate respectively, and 

two orienting layers (polyimide) are also deposited on the surfaces. The electrodes 

cover the entire surface of the cell, and are typically made up of Iridium Tin Oxide 

(ITO) or any other material that behaves as a conductor in AC and is transparent in light 

wavelengths. Additionally, two metallic patterns (polarisers) are printed on the rigid 

materials to select the polarisation of the light (Fig.  13a).  

The propagation constant for each permittivity state in these cells, assuming an effective 

isotropic permittivity, can be written as 𝛽 = 2 ∙ 𝜋 ∙ 𝑓 ∙ √휀𝑒𝑓𝑓𝑟/𝑐 , and therefore the 

phase range between the extremes would be ∆𝜙 = 2 ∙ 𝜋 ∙ 𝑑 ∙ (√휀𝑒𝑓𝑓𝑟𝑂𝑁 −√휀𝑒𝑓𝑓𝑟𝑂𝐹𝐹)/

𝜆0 ≅ 2 ∙ 𝜋 ∙ 𝑑 ∙ (√휀𝑟// − √휀𝑟⊥)/𝜆0. Since the cell thicknesses for LC-devices are 

typically around d=10-30 μm (a large number of wavelengths (13𝜆0- 40𝜆0) in the 

visible spectrum), phase ranges of more than 360º can be easily obtained for the most 
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common values of the LC dielectric anisotropy (∆휀 = 0.8 − 1). The behaviour of a 

reflective cell is similar (Fig.  13b), but including a ground plane. 

 

 

 

Fig.  13 Structure of different LC-based phase shifters. (a) Transmissive and (b) reflective cells for 

optical frequencies, (c) Aperture-Coupled patch and (d) resonant reflectarray cells for microwave 

frequencies 

 

However, in microwave frequencies or even in the low THz spectrum, the thicknesses 

required to reach at least a phase range of 360º are thicker. For example, a reflective cell 

would involve using a 5-mm thick LC layer (1.5𝜆0) to achieve a complete phase range 

(360º) at 100 GHz for a dielectric anisotropy of 1. These thicknesses involve theoretical 

switching times of several hours.  

To solve this problem and to achieve reasonable phase ranges at microwave frequencies 

with thin thicknesses, other cell topologies must be used. In the case of reflective cells 
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(reflectarray cells), one of them is the element based on aperture-coupled patches, which 

is shown in Fig.  13c. In this element, the phase of the reflected field is controlled by 

changing the electrical length of a delay line which is filled with the LC. However, 

although the line can be placed on a thin LC layer that ensures reasonable switching 

times, the problem related with the extensive lengths is not avoided. In this case, the 

length of the delay line should be (1.5𝜆0) to achieve a complete phase range of 360º for 

the most common dielectric anisotropies. The integration of these lengths in the cells is 

very complicated, since parasitic resonances that degrade the wave propagation in the 

line are produced. Thus, the aperture-coupled element cannot provide the phase 

variation required for a full reconfigurable reflectarray with the commercially available 

LC’s, so that extra resonators must be included in the cells to reduce the thicknesses and 

to achieve larger phase ranges.  

The following sections of this chapter will focus on investigating several reflectarray 

cell topologies that overcome the limitations of the single resonant cell based on LC 

(critical issue 1.2.1). The analysis of the cells described in this chapter and the next one 

will focus on the co-polar reflection coefficient, assuming the cell is in periodical 

environment and excited by the propagating mode (homogeneous plane-wave). 

Moreover, the response of the cell for one polarisation of the excitation field will be 

only considered, since all the prototypes in this thesis will be designed to operate with 

linear polarisation. More details on the periodic cell assumptions can be found in 

chapter 5.  

3.2 Single-resonant cell 

A single resonant reflectarray unit cell based on LC is shown in Fig.  13d and Fig.  14. As 

previously mentioned, it consists of a single patch, printed on an optical or microwave 

superstrate, which is used to confine the LC together with a ground plane supported by 

a substrate. Additionally, the unit cell may contain spacers of isotropic material in order 

to fix the thickness of the LC layer, but it is only necessary in several cells in the 

reflectarray. In these configurations, the resonance frequency of the metallic patches is 

modified by changing the permittivity of the LC, so the effect is similar to the variation 

in the resonant dimensions of the patch.  
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(a)                                                                                (b) 

Fig.  14 Schematic view of the single resonant reflectarray unit cell based on LC. (a) top view and (b) 

lateral view. 

The bias voltage to polarize the LC is applied between the patch and ground plane using 

a conductive thin line oriented perpendicularly to the polarization of the incident field, 

as shown in Fig.  14a for linear polarization with the electric field in the y-direction, 

making its influence on RF negligible. When the LC is not polarized (V=0), the 

molecules are oriented parallel to the direction marked by the two thin orientation layers 

(i.e. polyimide) whose electromagnetic effects are negligible because of their small 

thicknesses (10 nm). In that case, assuming that the only relevant component of the 

electromagnetic field in the LC that affects the phase is the z-component, the relative 

permittivity may be considered as isotropic with value (ɛr). Similarly, when a bias 

voltage is applied above the Freederiks threshold voltage, the molecules begin to 

reorient themselves in the z-direction, thus synthesizing different values of the relative 

electric permittivity up to the value (ɛr//), depending on the voltage applied. 

It should be noted that the assumption of isotropy and homogeneity for each state of 

permittivity of the LC in the cell gives rise to errors in predicting the phase of the 

reflected field. However, this assumption is considered here for simplicity, since the 

objective of this chapter is to make a preliminary evaluation of several cell topologies 

that overcome the limitations of the single-resonant cell. In chapter 4, these effects are 

analysed and discussed, and a complete design procedure that takes into account a more 

accurate modelling of the LC is proposed. 

The architecture of a single resonant LC-cell, shown in Fig.  14, is the same as those cells 

with a variable-sized patch, but by varying the electric permittivity instead of the size of 
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the patch. Although there is a similarity between the limitations of both cells, some 

differences can be found, so that an exhaustive analysis must be carried out.  

To evaluate the limitations of the LC-based single resonant cell, two reflectarray 

elements (D1 and D2) have been designed by adjusting the geometrical parameters to 

provide different ranges of tunable phase: 180 and 300 degrees between extreme states 

of permittivity at 35 GHz, respectively. The LC MDA–03-2838 is used in the designs, 

using the parameters measured at 35 GHz (Table 1).  

The simulations of the scattering problem associated to unit cells have been carried out 

using the CST Microwave Studio® commercial software [95], considering a Quartz 

layer as a superstrate whose relative dielectric constant and loss tangent are sr=3.78, 

tanδs=0.002. The real conductivity of the copper (σ=5.8·10
7
) is also considered for the 

printed patch, which is assumed to be centered on the unit cell and with a negligible 

thickness. Thus, the losses computed will be due to both the dielectric losses and the 

conductor losses. 

Since there is no accurate analytical expression to design the cells, an optimization 

routine must be implemented to obtain the given electrical specifications. However, to 

simplify the optimization algorithm, and to have an engineering point of view of the 

problem, the behavior of the cell with respect to a variation of its characteristic 

parameters should be known. The design rules for each parameter are (for rectangular 

patches, linear polarization and normal incidence): 

 The resonant frequency depends on the length of the patch so that if it increases, 

the resonant frequency decreases. This variable is adjusted to obtain a required 

resonance frequency. The patch width has also been included as an optimization 

variable, although it has a minor effect on the resonance. 

 

 A decrease of the substrate layer (LC) reduces the width of the resonant curve 

(Q factor increases), and a steeper slope of the curve is obtained, thus producing 

more phase range and losses. This variable is used to obtain a required phase-

range, and the frequency shift produced is compensated with the patch length. 
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 A decrease of the superstrate thickness or the patch width gives rise to the same 

effects as a decrease in the thickness of the LC, but with a less sensitivity. 

Therefore, these variables are used to adjust the resonant curve slightly. 

 

Based on the aforementioned criteria, an optimization routine has been implemented to 

design the cells. To obtain a starting point for the optimization near the solution, the 

classic formula for the resonant frequency of a patch antenna [96] is used to get an 

estimation of the length of the patch that provides an objective resonant frequency. This 

length is used in the optimization algorithm as a starting point, whereas the initial LC 

and Quartz thicknesses are selected from discrete values corresponding to commercial 

models of spacers and quartz wafers, respectively. The two nominal values for the 

diameter of the spacers are: 0.125 mm and 0.2 mm; whereas that the nominal values for 

the quartz thickness are 0.28 mm, 0.38 mm, 0.55 mm and 0.75 mm.  

Once the starting point is calculated, to find the desired electrical performance, that is, a 

phase range in a frequency, the optimization algorithm uses the patch dimensions and 

the thicknesses as variables. The thicknesses vary within intervals whose central value 

is a discrete value and whose extremes are given by the manufacturing tolerances.   

All dimensions, except the LC layer thickness, are subject to a manufacturing accuracy 

of ± 20 µm, which is acceptable for the photo-etching process, as well as in accordance 

with the tolerance of the superstrate used. Since the LC thickness is the more sensitive 

variable, an accuracy of ± 10 µm has been considered. However, this accuracy can 

really be obtained, as the fiber spacers tend to have a tolerance of ± 5 µm. The values of 

the dimensions resulting from the two designs (D1 and D2) are summarized in Table 3. 

TABLE 3 

DIMENSIONAL VALUES FOR THE TWO SINGLE RESONANT UNIT CELLS DESIGNED AT 35 GHZ 

 

Variable 𝐷1(𝑚𝑚) 𝐷2(𝑚𝑚) 

 

Py, Px 

 

2.81, 1.16 

 

2.85, 1.17 

Ly, Lx 2.08, 0.31 2.24, 0.14 

hlc 0.2 0.12 

hs 0.39 0.29 
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 (a) 

 

(b) 

 

(c) 

Fig.  15.  Reflection coefficient for D1 at normal incidence. (a) Amplitude as a function of the frequency 

for different states of permittivity. (b) Phase as a function of the frequency for different states of 

permittivity. (c) Phase vs. the square root of the relative permittivity compared with the ideal phase-

shifter at different frequencies. 
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 (a) 

 

(b) 

 

(c) 

Fig.  16.  Reflection coefficient for D2 at normal incidence. (a) Amplitude as a function of the frequency 

for different states of permittivity. (b) Phase as a function of the frequency for different states of 

permittivity. (c) Phase vs. the square root of the relative permittivity compared with the ideal phase-

shifter at different frequencies. 
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Fig.  15 and Fig.  16 show, for D1 and D2, the amplitude and the phase of the reflection 

coefficient for an incident plane wave as a function of the frequency (assuming normal 

incidence and y-polarization) for different states of permittivity. The phase as a function 

of the relative electric permittivity is also shown at different frequencies and it is 

compared to the phase of an ideal phase-shifter defined in this section.  

For the LC-reflectarray cell, an ideal phase-shifter should provide a phase-shift in the 

reflected field proportional to the frequency and to the squared-root of the dielectric 

permittivity (
r ), in a similar manner as in an ideal delay line (where the phase delay 

is –2βL, β being the propagation constant in the line). The phase-shift at each frequency 

(fk) brought about by the ideal phase-shifter considered here as reference is defined as:  

 

                                          
krkr

k

ideal fC 0

)( )(        (3-1) 

where C and ∅0k are two constants to be defined from the curve fitting between (3-1) 

and the real curves at each frequency, fk. Note that if the phase distribution on a 

reflectarray antenna is defined to produce a focused beam by adjusting the √휀𝑟 in the 

different cells, when frequency changes, the same focused beam will be produced if the 

equation (3-1) is maintained, providing, in principle, an infinite bandwidth. It has also 

been noted that the different constants, ∅0k, can be used for different frequencies 

without a distortion in the antenna performances in communications applications, 

because the antenna usually transmits (or receives) several channels with a relatively 

small bandwidth, and therefore it is only necessary to ensure a constant delay group 

separately for all the channels in the overall antenna bandwidth. However, for channels 

with a large bandwidth, the group delay must be constant in the entire band of the 

channel, and consequently, ∅0k has to be independent of frequency.  

Since the ideal phase-shifter has an infinite bandwidth, a phase margin (± M degrees) 

around the phase curve of the ideal phase-shifter is used to define the bandwidth of the 

cells. When the margin is surpassed, above or below, at a certain frequency, it means 

that the real phase value at this frequency differs from what it should be (+M º or –M º). 

Thus, the bandwidth has been defined as the frequency range in which the phase curve 

follows the ideal curve within the chosen margin. For a first comparison, the value 

M=20º has been considered. This is because a maximum phase error of 20 degrees (or 
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even 30 degrees) in the field reflected on the reflectarray does not usually produce a 

significant distortion in the radiation pattern.  

As expected for the single resonant unit cell, a larger phase range (Fig.  16) produces 

both an increase in losses and a reduction in bandwidth than in the case of smaller phase 

range (Fig.  15).  For the reflectarray element D1 with a phase range of 180 degrees, a 

bandwidth of 4.4% (from 34.2 to 35.75 GHz) is obtained and 1.6 dB of maximum 

losses. On the other hand, the element D2, which provides a phase range of 300 degrees 

(usually required for the practical designs of reflectarray antennas), produces very high 

losses, up to 8 dB, and is only usable in a monochromatic operation because it is not 

possible to fit the real curves to the ideal ones within the chosen phase error.  

The margin to define the bandwidth can be relaxed depending on the application. For 

example, in applications that admit a quantification of the phase distribution to only two 

states (1-bit), as in microwave imaging [97], a ±90 deg. error is admissible, which 

provides an increase in the bandwidth to 26% for the D1 element and 3% for D2. In the 

case of a 2-bit control a ±45 deg. error can be permitted, which provides a bandwidth of 

0.92% for the D2 element if the relative permittivity varies between the four values that 

synthesize 270 degrees of phase range: 
r =2.45 (102 deg), 

r =2.65 (12 deg) ,
 r

=2.73 (-78 deg) and 
r =2.95 (-168 deg). 

The electrical limitations that impose an increase in the losses and a reduction in the 

bandwidth when the phase range is also increased are inherent to the single resonant 

patch, whose response is governed by the Q factor of the resonator. Therefore, when the 

application requires wideband, phase accuracy and smaller losses than those offered by 

the single resonant cell, it is necessary to design other types of reflectarray elements that 

provide better performance. 

3.3 Multi-resonant cells 

The use of multi-resonant architectures to increase the bandwidth of reflectarray 

elements is well known for unit cells made up of variable-sized stacked patches [17] or 

even made up of coplanar resonators [16], but it is unknown for cells with variable 

substrates for which the phase behavior with respect to the permittivity are different 

from those obtained by varying the patch size. The idea behind a multi-resonant 

architecture is to achieve a spectral overlap of the various resonances in the structure to 
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shape the frequency response, thus achieving a better electrical performance of the 

element. This is because a multi-resonant cell provides sufficient degrees of freedom to 

eliminate the inherent limitations in single resonant elements.  Some multi-resonant 

cells are presented below. 

3.3.1 Single-Layer cells 

 

(a)                                                                 (b) 

Fig.  17 Schematic view of the proposed LC multi-resonant reflectarray unit cell based on three coplanar 

dipoles.(a) top view and (b) lateral view. 

 

A multi-resonant element based on parallel dipoles in the same cell is proposed to 

improve the bandwidth performance of a reflectarray cell using a single layer of printed 

elements for linear polarization. The geometry of the proposed multi-resonant element 

is shown in Fig.  17. The use of dipoles is because they can be arranged close to each 

other while they provide more flexibility than rectangular patches to improve the phase 

range and linearity. To apply the control voltage, all the dipoles in the reflectarray cell 

are interconnected by a bias line to obtain the same molecular orientation in the LC 

volume below them, so that a constant permittivity could be assumed throughout the 

periodic cell in a first approximation. As previously mentioned, the conventional 

modeling of the LC that assumes an isotropic and homogeneous material in the cell for 

each bias state has been used in the design procedure. Here, we consider an element 

based on three resonators. It has been verified that if the separation of the dipoles is 

sufficiently high, the element made up of three parallel dipoles has three independent 

resonances, each one associated with one dipole. In that case, each dipole behaves as a 

simple patch, and the dimensions of the three dipoles provide the degrees of freedom to 

control the frequency response of the reflectarray cell with three resonances.   
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Since the three resonators can be considered independent in a first approach, to design 

the cell, firstly the three resonators are designed independently so that the resonant 

frequencies of each one are closely spaced within the desired bandwidth. This is carried 

out out by using the optimization procedure described in section 3.2, which provides 

initial dimensions to optimise the structure. Once the initial dimensions are calculated, 

an optimization algorithm is used to fit the phase curve of the minimum state of the LC 

permittivity to its ideal behaviour with respect to the frequency, by adjusting the 

dimensions of the three dipoles. In this step, the real problem that involves the three 

dipoles and their coupling is considered. Since the coupling between dipoles is 

relatively low, the aforementioned criteria are applied to adjust the size of the three 

dipoles in order to maximize the bandwidth and the phase range at normal incidence, 

and to reduce the losses. Subsequently the resulting dimensions are considered as a 

starting point to design the cell taking into account the angle of incidence. The aim is to 

design a cell with low sensitivity to the angle of incidence. This step is carried out by 

making sequential adjustments to the parameters, basically reducing the period of the 

cell and increasing the widths of the dipoles.  

It should be mentioned that adjustments in the periodicity and the widths of the dipoles 

reduce the phase-range, since the Q-factor of each resonator decreases. Therefore, the 

sensitivity to the angle of incidence can be reduced, but at the cost of a small reduction 

in the phase-range. Based on the design aforementioned procedure, several multi-

resonant cells based on three parallel dipoles have been designed at different 

frequencies. 

3.3.1.1 Reflectarray cell designed at 35 GHz 

The first multi-resonant cell has been designed to operate at 35 GHz using the 

previously considered materials: MDA–03-2838 and Quartz. The CST Microwave 

Studio® software has been used to simulate the electromagnetic behavior of the 

element, for which the copper printed dipoles with a negligible thickness and finite 

conductivity (σ=5.8·10
7
) have been considered. The values of the dimensions obtained 

after the design process are summarized in Table 4 and the tolerances are the same as 

those considered in section 3.2.  
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(a) 

 

(b) 

 

(c) 

Fig.  18.  Reflection coefficient for the proposed multi-resonant unit cell (35 GHz) at normal incidence. 

(a) Amplitude as a function of the frequency for different states of permittivity. (b) Phase as a function of 

the frequency for different states of permittivity. (c) Phase vs. the square root of the relative permittivity 

compared with the ideal phase-shifter at different frequencies 
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Fig.  18 shows the frequency response at normal incidence obtained for different states of 

permittivity, together with the phase as a function of the relative electric permittivity at 

different frequencies compared to their ideal reflectarray element. As can be seen, the 

proposed unit cell reaches the desired phase range of 360 degrees for relative 

permittivity values varying from 2.3 to 2.91. In this case, assuming the same margin of 

error that was considered previously (±20 degrees), it provides a bandwidth of 7.4% 

(from 33.7 GHz to 36.3 GHz) and maximum losses of 4.7 dB, also being feasible to 

obtain phase ranges of more than 360 degrees, which can be used to improve the 

bandwidth limited by differential spatial phase delay in large reflectarrays [19]. The 

improvement in bandwidth, phase range and losses is quite remarkable compared to the 

results given in Fig.  15 and Fig.  16, and also compared to the results measured at 35 GHz 

for the single resonant cell and the loaded cell based on LC, which were proposed in 

[54].  

It is worth noting that the electrical features obtained with the proposed cell are similar 

to or better than other phase-shifter technologies in the Ka band, such as those based on 

ferroelectric materials [98] or PIN diodes [99]. However, as described in the 

introduction, the use of LC is very promising for reconfigurable antennas above 60 

GHz, because there is no real alternative for steering beam antennas at these 

frequencies, and the dielectric losses are lower. 

TABLE 4 

DIMENSIONAL VALUES FOR THE MULTI-RESONANT CELL DESIGNED BASED ON THREE PARALLEL DIPOLES 

(35 GHZ) 

 

Variable 𝑉𝑎𝑙𝑢𝑒 (𝑚𝑚) 

 

Py, Px 

 

5.12, 3.07 

Ly1, Ly2, Ly3 2.01, 2.15, 2.31 

Lx1, Lx2, Lx3 0.29, 0.31, 0.31 

D1, D2, D3 0.37, 0.71, 0.71 

hlc 0.2 

hs 0.76 

  

 

3.3.1.2 Reflectarray cell designed at 125 GHz 

Another reflectarray cell made of three parallel dipoles in a single layer has been 

designed at 125 GHz, so that the values of the LC GT3-23001 (Table 2) have been 

considered, assuming that these values are similar to those measured at 150 GHz. This 
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is a very good approximation because of the similarity between the values measured at 9 

GHz and 150 GHz.  

The dimensions and the allowable geometrical tolerances after the optimization are 

given in Table 5. These are defined by assuming a maximum acceptable phase error of 

±30º within the operating frequency band. In this case, the dipoles are made up of 

aluminium (σ=3.5E7), since it has more adherence than copper to form very thin (1-3 

μm) layers on glass or quartz at high frequencies. The tolerances for the dipole sizes can 

be reached using photolithography techniques, and the LC thickness tolerance can be 

achieved using optical fiber spacers (±5 μm), which are more manageable than precision 

spheres.  

Fig.  19 shows the simulated amplitude (a) and phase (b) of the reflection coefficient as 

function of frequency for the two extreme permittivity values of the LC (휀𝑟// and 휀𝑟⊥) 

and for different angles of incidence. The simulated phase is also plotted (Fig.  19c) as a 

function of the square root of the permittivity at different frequencies and is compared 

with an ideal phase-shifter as defined in section 3.2 for the incidence angle θ=20º, 

φ=90º. This angle is used as a reference to evaluate the sensitivity with respect to the 

angle of incidence.  

As can be seen, the phase range achieved in the band is 340º for the reference angle. 

Note that the required bandwidth (8%) is achieved by assuming a margin of error of 

±30º for this phase-range. The peak loss within the band occurs at 130 GHz, and is 7.9 

dB for the permittivity state of 휀𝑟 = 2.7. However, if a reflection loss parameter is 

defined at each frequency as the average of the losses for all the LC permittivity values, 

the maximum is then found to be 6.5 dB at 125 GHz.  

This parameter, which would be directly associated with the reduction of gain for a 

complete reflectarray antenna, is produced by the aluminium dipoles (2 dB), the quartz 

layer (0.6 dB) and the LC (3.9 dB).  
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(a) 

 

(b) 

 

(c) 

Fig.  19 Reflection coefficient for the proposed multi-resonant unit cell (125 GHz) at several angles of 

incidence. (a) Amplitude as a function of the frequency for different states of permittivity. (b) Phase as a 

function of the frequency for different states of permittivity. (c) Phase vs. the square root of the relative 

permittivity compared with the ideal phase-shifter at different frequencies 
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As regards the sensitivity of the array to the angle of incidence, it is observed that the 

dynamic phase range and the bandwidth remain similar at each angle of incidence as the 

reference within a reduced range of phase errors (±25º), especially in the most usable 

angular range (0º ≤ θ ≤ 30º). The worst case has been found to be at θ=30º, ϕ=30º, 

where the maximum phase error is 60º.  

TABLE 5 

DIMENSIONAL VALUES FOR THE MULTI-RESONANT CELL BASED ON THREE PARALLEL DIPOLES DESIGNED 

AT 125 GHZ 

 

Variable Value (mm) Tolerances (μm, Error of ±30º) 

 

Py, Px 

 

1.125, 1.125 

 

11, 7 

Ly1, Ly2, Ly3 0.52, 0.556, 0.595 7, 7, 7 

Lx1, Lx2, Lx3 0.1, 0.1, 0.1 11, 11, 11 

D1, D2, D3 0.142, 0.275, 0.275 11, 11, 11 

hlc 0.125 5 

hs 0.550 35 

   

 

3.3.1.3 Reflectarray cell designed at 340 GHz 

Another LC cell based on three parallel dipoles has also been designed for the frequency 

band 323-355 GHz. In this case, the LC parameters of GT3-23001 have been 

extrapolated from the measurements at 140 GHz and 450 GHz (Table 2), obtaining 

r//=3.26, tan//=0.02, and r=2.47, tan=0.03. A Quartz wafer is also used as 

superstrate and the copper conductivity has been taken into account in the analysis of 

the unit-cell, carried out using CST [95]. The resulting dimensions after the design are 

summarized in Table 6.  

Fig.  20 shows the reflection coefficient as a function of the frequency (amplitude and 

phase) and the phase as a function of the square root of the permittivity at different 

frequencies for the designed unit-cell, considering normal incidence. As can be seen, a 

phase range of 360º is obtained in a bandwidth from 323 to 355 GHz (9.43%), which 

has been defined by an error of ±30º with respect to the ideal phase-shifter.  

The total reflection losses (maximum of 10.2 dB) are produced by both the dielectric 

losses (mainly by the LC) and the losses due to the metallizations. At the frequency in 

which the losses are higher (332 GHz), it has been demonstrated that the losses are due 

to the copper dipoles (3.4 dB), the quartz layer (0.8 dB) and the LC (6 dB). Contrary to 
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what happens in reflectarray elements below 120 GHz, the losses resulting from the 

metal conductivity are also significant.  

 

(a) 

 

(b) 

 

(c) 

Fig.  20 Reflection coefficient for the proposed multi-resonant unit cell (335 GHz) at normal incidence.(a) 

Amplitude as a function of the frequency for different states of permittivity. (b) Phase as a function of the 

frequency for different states of permittivity. (c) Phase vs. the square root of the relative permittivity 

compared with the ideal phase-shifter at different frequencies  
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An error of ±30º for all the bandwidth of the phase response has been considered to 

define the tolerances. As can be seen (see Table 6), the most sensitive variables are the 

lengths of the dipoles and the thickness of the LC. As regards the thickness of the LC, it 

can be obtained using precision spheres since they usually have a tolerance of ±1 µm, 

whereas it is necessary to use a sufficiently polished quart wafer to ensure a tolerance of 

±5 µm. As regards the length of the dipoles, it can be obtained using photolithography 

techniques. 

TABLE 6 

DIMENSIONAL VALUES FOR THE MULTI-RESONANT CELL DESIGNED BASED ON THREE PARALLEL DIPOLES 

(340 GHZ) 

 

Variable Value (μm) Tolerances (μm, Error of ±30º) 

 

Py, Px 

 

405, 405 

 

3, 5 

Ly1, Ly2, Ly3 187, 200,215 3 

Lx1, Lx2, Lx3 36, 36, 36 5 

D1, D2, D3 49, 100, 100 7 

hlc 45 2 

hs 200 5 

   

 

3.3.1.4 Experimental validation at 10 GHz (Frozen LCs) 

The electromagnetic performance of the multi-resonant unit cell based on three parallel 

dipoles described above (Fig.  17) has been validated using the well-known waveguide 

simulator (WGS) technique [100]. The rectangular waveguide used corresponds to the 

WR-90 and therefore the unit cell has been designed to operate in the X-band with PEC 

boundary conditions. In this proof of concept, to simplify the construction and to reduce 

the cost of the WGS sample, the behavior of varying the electric permittivity has been 

emulated by using different substrates instead of the real tunable LC (frozen LCs). 

Three unit cells (S1, S2 and S3) have been designed and manufactured to evaluate three 

phase states associated to the extremes and intermediate values of permittivity of the 

model MDA–03-2838 in the X-band (Table 1): r=2.42 (tan=0.014) and r//=3.4 

(tan//=0.02) as extremes, and r=2.94 (tan depends on both tan and tan//) as an 

intermediate state. Each sample is manufactured following the stack shown in Fig.  17, 

comprising a common superstrate, three printed dipoles and the corresponding 

substrate, which emulates the different states of the LC in the X-band.  
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The material used to synthesize the minimum permittivity state (S1) was “Arlon CuClad 

233LX”, whose nominal relative dielectric constant and loss tangent at 10 GHz are: 

r=2.33 and tan=0.0013. The material associated to the intermediate state (S2) was 

“RT/Duroid 6002”, with nominal values of r=2.94 and tan=0.0012, and for the 

maximal permittivity state (S3) and the common superstrate, “Arlon 25N” was used, 

whose nominal electrical parameters at 10 GHz are: r=3.38 and tan=0.0025. The 

materials have been chosen from among the commercial models to have a permittivity 

as similar as possible to the values of the MDA–03-2838. In contrast, the losses of the 

LC cannot be emulated with the materials chosen. However, it only affects the level of 

losses, not the frequency response curves, whose forms are only slightly modified. 

Therefore, the proof of the concept is not affected. 

The designs of the three unit cells consider the real thicknesses of the material, which 

have been previously measured. The superstrate layer is manufactured by bonding two 

layers of Arlon 25N (L1 and L2 in Fig.  21) using bonding material layers (B1 and B2 in 

Fig.  21). Eccobond 45A has been used as the bonding material, whose nominal values at 

1 GHz are r=3.4 and tan=0.04. 

 

 

Fig.  21 Photographs of one of the three manufactured unit cells, showing their external aspect and the 

dipoles inside them. The different layers forming the structure are identified. 

 

Fig.  22 shows a comparison between measurements and simulations obtained using CST 

for the three manufactured unit cells (Fig.  21). The simulations consider the real 

dimensions of the dipoles, which have been measured after the photo-etching. All 

dimensional values for the three manufactured unit cells are summarized in Table 7. Fig.  

22 shows a good agreement between measurements and simulations in both losses and 
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phase-shift. A sensitivity analysis has shown that the slight discrepancies between 

measurements and simulations may be due to the tolerances of the relative permittivity 

and loss tangent. As regards the amplitude, a significant part of the losses is brought 

about by the bonding material (estimated as 3 dB at the higher resonant frequency in 

S1) because of the high value for the loss tangent of the Eccobond. The figure also 

includes the frequency response of the extreme states for a single element, designed to 

provide a phase range of 300 degrees (as in Fig.  16) in the waveguide simulator, using 

the same stack and materials considered to manufacture the three samples (including the 

bonding films). 

 

 

(a) 

 

(b) 

Fig.  22 Reflection coefficient for the three manufactured unit cells (S1, S2 and S3). (a) Amplitude as a 

function of the frequency and (b) Phase as a function of the frequency. 
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The results in Fig.  22 show that by using a multi-resonant unit cell, the phase varies as a 

function of the permittivity in a range of more than 360 degrees providing a large 

bandwidth and smaller losses than those offered by the single resonant cell.  They 

constitute a proof of the concept proposed for a reconfigurable reflectarray unit cell 

based on parallel dipoles in the same element and a tunable LC substrate.  

TABLE 7 

DIMENSIONAL VALUES FOR THE THREE MANUFACTURED CELLS 

 

Variable Value (mm) , S1 Value (mm) , S2 Value (mm) , S3 

 

Py, Px 

 

22.86, 10.16 

 

22.86, 10.16 

 

22.86, 10.16 

Ly1, Ly2, Ly3 6.76, 7.59, 8.36 6.75, 7.57, 8.33 6.76, 7.59, 8.34 

Lx1, Lx2, Lx3 0.93, 0.70, 0.49 0.94, 0.71, 0.50 0.91, 0.70, 0.549 

D1, D2, D3 7.16, 4.26, 4.26 7.16, 4.26, 4.26 7.16, 4.26, 4.26 

hlc 0.79 0.79 0.81 

hs (L1+L2) 1.54+1.52 (3.06) 1.52+1.52 (3.04) 1.52+1.53 (3.05) 

Bonding material 

Thickness (B1, B2) 

0.1, 0.1 0.06, 0.06 0.05, 0.05 

    

 

 

3.3.2 Multi-layer cells 

Another topology of multi-resonant cells is shown in Fig.  23, which is made up of 

stacked patches with two or more independently biased LC layers. Multi-layer 

structures have certain advantages with respect to the single-layer structure: 

1. They do not exhibit restrictions concerning the number of resonators that can be 

included in a cell, whereas that the single-layer structures limit the number of 

resonators to 5 [101]. 

2. They provide more degrees of freedom than the single-layer cells to control the 

multiple resonances. 

3. The interaction between resonators of a multi-layer structure may produce more 

resonances than the single-layer structure for the same number of resonators. 

Exploiting the second advantage makes it possible to obtain a design that reduces the 

LC thicknesses as much as possible, so that the switching times are better than those 

provided by a single-layer cell with a similar electrical performance. Similarly, the third 

property makes it possible to achieve a more complex frequency behaviour. 
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Fig.  23 Schematic view of the proposed multi-resonant reflectarray unit cell based on two stacked LC 

layers.(a) top view and (b) lateral view. 

 

TABLE 8 

DIMENSIONAL VALUES FOR THE MULTI-RESONANT CELL (TWO LAYERS) DESIGNED AT 100 GHZ 

 

Variable Value (mm) Tolerances (μm, Error of ±30º) 

 

Py, Px 

 

2, 0.66 

 

7, 8 

Ly1, Ly2 1.16, 1.8 7 

Lx1, Lx2 0.096, 0.128 8 

hlc1, hlc2 0.16, 0.342 4 

hs1, hs2 0.26, 0.21 20 

   

 

To evaluate the electrical performance of this topology, a two layer structure as shown 

in Fig.  23 has been optimised with the objective of improving the losses, the bandwidth 

and the phase-range at 100 GHz. The LC used is the MDA-98-1602 in order to compare 

the results with those provided by the previous designs. In this case, Quartz wafers 

(ɛ𝑟 = 3.78, 𝑡𝑎𝑛𝛿 = 2 ∙ 10
−3) have been considered as substrate and superstrate, and the 

real copper conductivity is also taken into account in the model.  

For the resulting geometrical parameters and lengths of dipoles (given in Table 8 

together with the admissible tolerances), the phase curves are almost parallel in the 

range of frequencies from 88 to 122 GHz, which is a really broad band, as shown in Fig.  

24 for normal incidence. This is achieved because additional resonances have been 

exploited in the spectral shaping, which can be seen in the frequency response (four 

resonances are used instead of two). In this case, the four resonances are produced by 
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high-order resonances of each resonator, which can be controlled for this cell 

architecture. The first-order resonance of each of the two resonators are produced at 

around 30 and 40 GHz respectively, as detailed in  Fig.  24a. 

 

(a) 

 

(b) 

Fig.  24 Reflection coefficient for the proposed multi-resonant unit cell based on two stacked LC layers 

(100 GHz) at normal incidence. (a) Amplitude as a function of the frequency for different states of 

permittivity. (b) Phase as a function of the frequency for different states of permittivity. 

 

Note that the bandwidth for an error of ±30 degrees has increased to 33%, the phase 

range is 310 degrees and the losses are less than 2.8 dB. Table 9 compares the 

performance for the two-layer element with the previous single-layer elements that use 

the same materials (single-resonant and multi-resonant with three resonators). As can be 

seen, the electrical performance of multi-layer LC-based cell could be better than that 

provided by the single-layer multi-resonant cells. However, the main disadvantage of 

this cell architecture is related with the complexity of both, manufacture and the biasing, 
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which in turn increases the cost. The manufacture is especially sensitive because of the 

fine thicknesses that are required for the superstrate layers that are placed between the 

different LC layers. 

TABLE 9 

COMPARISON BETWEEN SEVERAL TYPES OF MULTI-RESONANT CELLS BASED ON THE MDA-03-2838 

 

Cell Type, f0 Phase Range 

 (º) 

Bandwidth (%) Max Losses (dB) 

    

Single resonant, 35 GHz 300 < 1 -11.4 

Single layer (3 resonators), 35 GHz 360 8 -4.5 

Multi-layer (2 resonators), 100 GHz 310 33 -2.5 

    

 

 

3.4 Discrete LC-based cells 

All the cells designed above assume the continuous variation in the LC permittivity in 

the cell, and therefore a continuous phase-shift and biasing voltage. However, it could 

be feasible to synthesize discrete phase states for the cells, which only use the extreme 

values of the voltages: unbiased and maximum biased.  

The use of discrete states based on the extreme voltages has the advantage of providing 

intermediate states with better switching times than those provided by intermediate 

voltage values, since the rise times decrease with the applied voltage (equation 2-24). 

Although the switching times of the intermediate states could be decreased by applying 

a pulse associated with very high amplitude and whose duration is enough to reach the 

state in the dynamic regime of the orientation of the molecules, it would produce 

instabilities and usually requires higher biasing voltages than those tolerable. The use of 

discrete states eliminates these instabilities, and achieves very small rise times with 

tolerable voltages.  

The drawbacks of this case are the complexity of manufacture and the biasing, since the 

number of discrete states (𝑁𝑑) is related with the number of resonators (𝑁𝑟), so that: 

(𝑁𝑑 = 2
𝑁𝑟). Moreover, the phase quantification produces a deterioration in the radiation 

patterns, which depends on the radiation pattern to be synthesized. Some discrete LC-

based cells are proposed below. 
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3.4.1 1-Bit LC-based reflectarray cell (1 layer) 

This element has already been discussed in section 3.2, where a particular design for 1-

bit of phase quantification (phase-range of 180º at 35 GHz) was also reported (design 

D1).  

To evaluate the effects of quantifying the phase to 1-bit on the radiation pattern, a phase 

distribution is considered for a circular reflectarray made up of 22x22 cells to produce a 

collimated beam. Fig.  25 shows the resulting copolar gain radiation patterns (u,v 

representation) assuming: (a) ideal phase-shifters and (b) 1-bit ideal phase shifters.  

.  

(a)                                                               (b) 

Fig.  25 Radiation patterns of the 22x22 reflectarray that assume (a) Ideal phase shifters (amplitude 

and phase) and (b) Phase shifters with ideal amplitude and 1-bit of phase-quantification. 

 

In this case, the feed has been modeled as a cos(q) function, which is located at the 

coordinates (-157.2, 0, 225)-mm with respect to the center of the reflectarray, and the 

radiation pattern has been obtained from the field reflected on the aperture using the 

second principle of equivalence. In chapter 5, more details on the calculation of the 

radiation pattern are described. As can be seen, a quantification of 1-bit produces a gain 

reduction of around 5 dB to generate a collimated beam with this size of antenna, an 

increase in the SLL level of 10 dB and a depointing of 0.5º. In the case of a shaped 

beam, the deterioration should be even more significant.  

3.4.2 2-Bit LC-based reflectarray cell 

The structure of this element is shown in Fig.  23. Since this cell allows four different 

phase states, a phase range of 270º with phase steps of 90º between states must be 

synthesized.  
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TABLE 10 

DIMENSIONAL VALUES FOR THE 2-BITS CELL (TWO LAYERS) DESIGNED AT 135 GHZ.  

 

Variable Value (mm) 

 

Py, Px 

 

1.25, 0.41 

Ly1, Ly2 0.75, 1 

Lx1, Lx2 0.125, 0.125 

hlc1, hlc2 0.125, 0.125 

hs1, hs2 0.2, 0.2 

  

 

 

(a) 

 

(b) 

Fig.  26 Reflection coefficient of the 2-bit LC reflectarray cell at normal incidence. Discrete States: 

(𝑒𝑙𝑎𝑦𝑒𝑟1, 𝑒𝑙𝑎𝑦𝑒𝑟2);  1 (휀𝑟 = 3.1), 0 (휀𝑟 = 2.3) (a) Amplitude as a function of the frequency. (b) Phase as a 

function of the frequency 
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The design of this cell is carried out to operate at 137 GHz using the LC GT3-23001 

and Quartz wafers (superstrates and substrates). The dimensions obtained after the 

design are detailed in Table 10, and the frequency response of the reflection coefficient 

at normal incidence is represented in Fig.  26. As can be seen, the cell achieves the 

discrete states of 0º, 90º, 180º and 270º only at the central frequency, although the 

bandwidth can be increased up to 2% if a margin of phase error of ±30º is admissible. 

As regards the improvement in the switching times with respect to the continuous 

voltage variation, the rise time could be decreased as much as allowed by the limit of 

the voltage of the system, whereas that the decay time remains similar to the continuous 

case.  

To evaluate the effects on the radiation pattern if a quantification of 2-bits is assumed, a 

similar analysis to that previously made is considered.  

Fig.  27 shows the resulting radiation patterns, which demonstrate that a quantification of 

2-bits produces a gain reduction of 1 dB and an increase in the SLL of 3 dB (collimated 

beam).  

.  

(a)                                                              (b) 

 

Fig.  27 Radiation patterns of the 22x22 reflectarray that assume (a) Ideal phase shifters (amplitude and 

phase) and (b) Phase shifters with ideal amplitude and 2-bit of phase-quantification. 

 

3.4.3 4-Bit LC-based reflectarray cell 

The architecture of this cell is shown in Fig.  28, which is made up two layers, each of 

which has two independent resonators. Thus, a quantification of 4-bits could be 

achieved, which would require achieving a phase step of 22.5º between states.  
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Fig.  28 Schematic view of the proposed multi-resonant reflectarray unit cell based on two stacked LC 

layers with two coplanar dipoles printed on each layer. (a) top view and (b) lateral view. 

 

(a) 

 

(b) 

 

Fig.  29 Reflection coefficient of the 4-bit LC reflectarray cell at normal incidence. Discrete States: 

(𝑒𝑙𝑎𝑦𝑒𝑟11, 𝑒𝑙𝑎𝑦𝑒𝑟12,, 𝑒𝑙𝑎𝑦𝑒𝑟21, 𝑒𝑙𝑎𝑦𝑒𝑟22);  1 (휀𝑟 = 3.1), 0 (휀𝑟 = 2.3) Blue: 0000 (0º), Green: 1111 (270º), 

Red (Intermediate states of 90º and 180º), Grey (other states). (a) Amplitude as a function of the 

frequency. (b) Phase as a function of the frequency 
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A design at 135 GHz has been obtained using this topology and the materials: LC GT3-

23001, quartz wafers (superstrates and substrates) and copper-made metallisations. The 

resulting dimensions after the design procedure (in accordance with Fig.  28) are detailed 

in Table 11, and Fig.  29 shows the reflection coefficient as a function of frequency for 

different discrete states. It should be noted that only 8 usable states have been obtained 

between all of the possible ones, which achieve the corresponding phase step between 

states of 45º; thus, 3-bits are really synthesized. The bandwidth would be around 2% if a 

tolerable phase-error of ±30º is assumed. 

As before, an analysis of the effect of a phase quantification of 3-bits is accomplished, 

which is shown in Fig.  30 and reports that a 3-bit quantification is generally enough to 

synthesize a collimated beam (the gain reduction is around 0.2 dB and the SLL 

increases 0.8 dB).  

TABLE 11 

DIMENSIONAL VALUES FOR THE 4-BITS CELL (TWO LAYERS) DESIGNED AT 135 GHZ.  

 

Variable Value (mm) 

 

Py, Px 

 

1.25, 0.82 

Ly11, Ly12, Ly21,Ly22 0.75, 1, 0.6, 0.9 

Lx11, Lx12, Lx21,Lx22 0.125, 0.125, 0.125, 0.125 

hlc1, hlc2 0.125, 0.125 

hs1, hs2 0.2, 0.2 

  

 

.  

(a)                                                              (b) 

Fig.  30 Radiation patterns of the 22x22 reflectarray that assume (a) Ideal phase shifters (amplitude and 

phase) and (b) Phase shifters with ideal amplitude and 3-bit of phase-quantification. 
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3.5 Conclusions 

The need to use relatively thin cavities to bias a LC substance appropriately (1-200 um) 

with tolerable voltage values, makes the use of resonant structures in mm and sub-mm 

wave frequencies necessary. In the case of reflectarray cells, the small value of the 

dielectric anisotropy and the high values of loss tangents of the actual LC mixtures, 

gives rise to limitations on the electrical performance of the single resonant structure, 

thus providing a maximum continuous phase-range of 300º, a monochromatic behavior 

and high average losses (of between 8 and 15 dB).  

The use of multi-resonant cells overcomes these limitations thanks to the large number 

of degrees of freedom to shape the spectral behavior of the cells.  Single-layer, multi-

resonant cells based on parallel dipoles for linear polarization have demonstrated for 

first time their capability to provide continuous phase ranges that exceed 360º in a 

relatively large bandwidth (greater than 8%), which in turn present lower average losses 

than those provided by the single-resonant cells (between 3 and 8 dB). The switching 

times can be also reduced, since the thicknesses can be designed thinner to achieve a 

similar level of losses.  

Multi-resonant multi-layer reflectarray cells based on LC have also been investigated 

for first time, showing even a better electrical performance than that provided by single-

layer multi-resonant cells, at the expense of increasing their complexity of manufacture 

and cost. The bandwidth could reach 33%, where the average losses would be between 

2 dB and 5 dB. However, if LC with an assumable loss tangent were used, the use of 

multi-layer structures based on LC would be only recommendable for applications with 

a very demanding bandwidth.  

The combination of both types of multi-resonant cells (single-layer and multi-layer 

architectures) provides the capability for synthesizing intermediate phase states using 

the extreme voltages (discrete states) instead of a continuous variation of the voltage. 

The use of discrete states could be useful in increasing the stability of the intermediate 

states or even to improve the switching times for those cells that require very restrictive 

times, which cannot be achieved because of limitations to the maximum voltage. If 

these cells were used, three bits of phase quantification could be enough to guarantee 

negligible distortions in the radiation patterns for beam scanning applications.  
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All the reflectarray cells presented in this chapter overcome the limitations of the single-

resonant cells, which limited the state of the art. Thus, the critical issue 1.2.1 (Electrical 

limitations of the cells) have been solved, and the goals 1.3.1 (Study of several LC-based 

reflectarray cell topologies) and 1.3.2 (Design procedure of LC-based reflectarray cells) have 

been reached.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

        CHAPTER 4 

4 Modelling, Design, Manufacture and Tesing of LC-based 

reflectarray cells 

4.1 Introduction 

In chapter 3, several LC-based reflectarray cells were investigated to achieve enhanced 

electrical performance in terms of bandwidth, losses, phase range or sensitivity to the 

angle of incidence. Single layer multi-resonant cells with a continuous phase variation 

were demonstrated to be those providing the best ratio between electrical performance 

and ease of manufacture. Therefore, we focus this chapter on these types of cells.  

The improvement in the electrical performance of the single-layer multi-resonant cell 

was experimentally validated in chapter 3 using “frozen LCs”, in order to reduce the 

cost of the validation prototype as much as possible. However, this type of validation 

does not reproduce the exact behavior of the LC in the cells, so that some phenomena 

could not be considered in the design procedure. Therefore, the first part of this chapter 

focuses on validating the concept of using multi-resonant cells, but using a real 

prototype based on LC. Thus, one of the cells designed in chapter 3 will be 

manufactured and tested. The manufacture and measurement processes will be 

described and discussed. 

One of the most critical issues concerning the aforementioned phenomena has to do 

with the use of the conventional model of the LC, which is commonly used in the 

literature about LC-based microwave devices. As previously mentioned in chapter 3, the 

conventional model assumes that the LC behaves as a homogeneous and isotropic 

material in the cells. This implies that each phase state is associated with a constant 

value of the permittivity, which varies continuously between two extreme values,  휀⊥  

and  휀//. However, it was demonstrated in chapter 2 that if the quasi-static electric field 

used to bias the LC is purely polarized in one direction (“z” according with the 

canonical planar cell shown in Fig.  8 (page 29)), the LC should be modeled as an 

inhomogeneous and anisotropic material in the direction of the biasing electric field. 

Therefore, conventional modeling would be appropriate if the RF electric field in the 

LC layer only had one of the three components (“z” in the example).  
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However, the RF electric field in reflectarray cells usually has the three field 

components in the LC layer, since the metallisations do not cover the entire surface of 

the cell. Therefore, the effects of the anisotropy could have some effect on the reflection 

coefficient. Moreover, the fact that the biasing of the cells is carried out by using the 

active metallisations as electrodes, also means that the biasing electric field is not purely 

polarized in one direction, so that the canonical problem described in section 2.3.2.1 

does not rigorously reproduce the physics of the LC in the reflectarray cell. In this case, 

transversal inhomogeneity is created, so that the LC must be modeled as a 

tridimensional inhomogeneous and anisotropic material. Although the significance of 

the errors produced if the anisotropy and the inhomogeneity are not considered in the 

model of the LC depends on the application, they can produce severe distortions in the 

radiation patterns in some applications for beam shaping or beam scanning with 

stringent requirements. Thus, these effects must be investigated.  

To achieve this objective, a technique is proposed to obtain the 3D-tensor for multi-

resonant cells. The extracted conclusions will be used to improve the design procedure 

of these cells, which was previously proposed in chapter 3, with the main objective of 

developing a complete procedure whose accuracy guarantees that the expected electrical 

performance is similar to what is really obtained in the experimental results.  

4.2 Manufacture of LC-based reflectarray cells  

The experimental validation of the multi-resonant cells is carried out in a periodic 

environment using a quasi-optic test bench, so that a reflectarray made up of 54x60 of 

identical cells has been manufactured by the “Institute of Electronics, Communications 

and Information Technology” of QUB (Queen’s University of Belfast). The cell 

designed in section 3.3.1.2 has been selected for this prototype, where in each row all 

the cells are interconnected by a thin bias line (30 µm).  

The manufacture of the prototype, whose schematic layout is shown in Fig.  31, can be 

divided into several steps as follows:  
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Fig.  31 Schematic plot of the manufactured reflectarray made up of identical cells 

 

4.2.1 Quartz wafers and printed array 

The reflectarray pattern was printed on a 100 mm diameter 550 m thick quartz wafer. 

This substrate exhibits low loss and precisely known electrical properties (permittivity 

3.78, tan = 0.002) that are insensitive to frequency through the microwave, millimetre 

and sub-millimetre wave bands.  

Five wafers were considered with a specified thickness tolerance of  50 microns. A six 

point thickness profile was measured for each substrate, which showed that the 

maximum/minimum thickness tolerance of -8/+19 µm is significantly better than the 

manufacturer’s specified value.  

The wafer that exhibited the best thickness tolerance is then selected so that one side of 

the quartz is patterned with the reflectarray periodic array (56.7 mm x 54 mm). The 

elements were formed in an aluminium (σ=3.78E7) layer 1.8 µm thick sputtered onto 

one side of the quartz substrate.   

A 125 mm square glass/chrome mask (Fig.  32a) was used in the photolithographic 

process. After photo-resist patterning the aluminium was etched using wet chemistry, 

transferring the resist pattern to the aluminium. To simplify the manufacturing process, 
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10-µm wide aluminium lines were designed to bias the structure; therefore only a single 

mask is required to print the antenna. After patterning, the dimensions of the individual 

dipole elements (Fig.  32b) were measured using a Tencor Alpha Step 200 surface 

profiler in five different regions of the printed design. One measurement was taken at 

the centre of the array and the other 4 midway between the centre and each corner of the 

array. 

The dimensions of the dipoles were then measured in five different regions of the 

printed array, resulting in the following dimensional tolerances: lx1=-2/0 µm, lx2,3=-

5/0 µm, ly1=0/+2 µm, y2=-1/+1 µm and ly3=-2/+2 µm. As can be noted, the measured 

tolerances are better than those expected to produce phase errors of ±30º (see Table 5) 

 

 

Fig.  32 (a) Manufactured 125 mm square glass/chrome mask with reflectarray pattern (b) interferometry 

image of the pattern on the mask 

 

 

4.2.2 Reflectarray assembly 

Three further steps are required to complete the construction of the reflectarray: a) 

manufacture of the ground plane, b) deposition of a thin rubbed polymer layer to anchor 

the liquid crystal molecules, and c) placement of precision shims to create the required 

wafer separation, and the subsequent bonding of the two wafers to form the gap which 

is filled with liquid crystal. 
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Metallised silicon was used as ground plane and a 100 mm diameter 520 µm-thick 

silicon substrate was used as substrate. The silicon was subsequently cut using a 

diamond scribe and break technique. This removes side sections of the silicon in order 

to allow access to the connector pads after the cell has been constructed.  1.8 µm thick 

aluminium, was sputtered onto both sides of the wafer, thus ensuring electrical 

continuity between both surfaces. A photograph of the quartz array and silicon ground 

plane is shown in Fig.  33. 

 

 

Fig.  33: Photograph of the quartz periodic array and silicon ground plane 

 

In order to align the LC director parallel to the cell substrate effectively, an appropriate 

surface treatment is required on the inside of the two cell surfaces, as described in 

section 2.3.2.3. This was achieved using a rubbed polyimide thin film. The alignment 

layer was formed in two stages.  

Firstly, a thin (0.9 m) film of polyimide was deposited onto one side of both the 

superstrate and substrate by spin coating a SE150 polyimide solution onto the patterned 

side of the quartz and metallised silicon surfaces at 5000 rpm for 1 minute. In order to 

protect the contact pads on the patterned quartz, a thin strip of removable polyimide 

tape is placed over the contact pads prior to deposition. This is subsequently removed 

after coating leaving the contact pads polyimide free. Then, the substrates were pre-

cured at 80

C for five minutes before being baked in a nitrogen flow oven at 250


C for 
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one hour to complete the curing process. The sample was allowed to cool and fully cure 

overnight before the rubbing process. 

In the second stage the polyimide film was unidirectionally rubbed using a custom built 

rubbing machine. The rubbing machine consists of a rotatable drum rotating at a set 

angular speed covered in the centre by a sheet of fine felt material. Each material is held 

in place on a vacuum chuck on the height-adjustable stage mount, which can be passed 

at a set speed under the rotating drum. With the drum stationary, the sample height is 

adjusted until the surface of the sample is just brought into contact with the surface of 

the felt. The sample height is then increased by a further amount, H, known as the pile 

impression height, defining the force of the rubbing. The drum is then made to rotate at 

300 rpm and the sample passed under the rotating drum at 5 mm/s. The polyimide films 

were rubbed 6 times unidirectionally in this way with a constant pile height of H = 600 

m. Under these conditions, the manufacturer reports that a pretilt of around 4º is 

reached. The two substrates used to form the reflectarray were rubbed in opposite 

directions as shown in Fig.  33, where the rubbing directions are parallel to the dipoles.  

As regards the spacers, the two wafers shown in Fig.  33 were stacked to form the LC-

based reflectarray using fibre optic cables, which were used as precision spacers. The 

fibre-optic cables have a covering which makes its diameter of 220 µm. With the cover 

removed, the diameter of the fibre optic cable is reduced to 125 µm, which is the 

required thickness.  

The removal of the fibre optic coating was achieved by dissolution in Acetone and light 

abrasive rubbing. Once the cover was removed, the fibre optic was cut into small 

sections, dipped into epoxy resin and spaced apart on the quartz substrate as shown in 

Fig.  33. The aluminium coated silicon ground plane was placed on top of the spacers and 

a weight applied to ensure the creation of the 125 µm gap. The LC chamber was sealed 

by applying a thin film of epoxy resin around the edge of the stacked quartz and silicon 

wafers, and the reflectarray was left for one day at room temperature to allow the epoxy 

to cure.  A small gap was left in the epoxy around the edge of the wafer creating a port 

to allow for the LC filling after the cavity construction. Finally, a small copper wire was 

attached to the aluminium contact on the silicon ground plane on the outside of the cell 

using silver conductive glue.  
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Prior to the cavity formation, the thickness of the silicon ground plane and the thickness 

of the quartz were measured using a digital micrometer gauge. Once the cell was 

formed, the empty cell thickness was measured. The difference in thickness gave a 

thickness value for the gap. Six thickness measurements were taken across the empty 

cell. From these results, the cavity thickness tolerance from the 125 µm desired 

thickness was found to be within ± 15 µm.  

4.2.3 Liquid Crystal Filling 

A vacuum filling technique was used to insert the liquid crystals into the 125 µm wide 

cavity. As previously mentioned, the material used to construct the tunable reflectarray 

cell was GT3-23001. The empty liquid crystal cell was placed in a vacuum chamber 

mounted above the crucible containing the fluid. The vacuum chamber was then 

pumped down for 60 minutes to a pressure of 1 mbar using a rotary pump. This resulted 

in the empty reflectarray being evacuated. Once the required vacuum was reached, the 

liquid crystal was heated via the crucible to a temperature of 40
o
C. The heating step 

allows for a smoother filling. 

 

Fig.  34: Photograph of the manufactured reflectarray 

 

The filling port of the cell, which was left open, was then lowered into the crucible 

containing the liquid crystal material. Because of the capillary flow principle, the liquid 

crystal starts to flow into the cell through the inlet port. At this point the mechanical 

vacuum pump was switched off and the chamber brought slowly back to atmospheric 

pressure. The atmospheric pressure forces the liquid crystal fluid into the reflectarray 

after 10 min. An image of the resulting prototype is shown in Fig.  34 



Chapter 4 Modeling, Design, Fabrication and Test of LC-based reflectarray cells 

84 

 

4.3 Measurement in quasi-optical test bench 

4.3.1 Design of quasi-optical bench 

To measure the LC-based reflectarray cell in a periodical environment, a quasi-optical 

bench based on a Gaussian beam at 100 GHz has been designed and mounted [102].  

The electric field of the Gaussian beam is defined as: 

                                             𝐸(𝑟, 𝑧) = √
2

𝜋∙𝑤(𝑧)2
∙ 𝑒

𝑟2

𝑤(𝑧)2 ∙ 𝑒
−𝑗(𝑘0𝑧+

𝜋𝑟2

𝜆𝑅(𝑧)
−𝜑0(𝑧))

  (4-1) 

where w(z) is a representative parameter that describes the beam-width, which increases 

from a minimum (beam-waist, w0). In the design, the beam-width has been considered 

as between 18 and 20 mm on the device under the test surface.  

The Gaussian beam was generated from a conical horn (SGH-8 from Millitech), whose 

aperture is 13.056 mm in diameter. The horn has a beam-waist of w0=3.36 mm and 

w0=3.37 mm in both E and H planes. The small beam-waist produces a rapid expansion 

of the beam, so that additional focusing elements were considered: parabolic mirrors 

and lens. Table 12 lists the main elements used to mount the bench. Fig.  35 shows a 

schematic plot of the quasi-optical bench for the configuration that generates a 45º 

incident field on the reflectarray. The receiver in this case is located in the specular 

direction, so that the 45º/45º configuration (incident/reflected) could be measured.  

TABLE 12 

CHARACTERISTIC PARAMETERS OF THE FOCUSING ELEMENTS  

 

Element Value (mm) 

 

Parabolic Mirror (Offset 90º) 

      Diameter  

      Focal length  

      Effective focal length 

 

 

101.6 

76.2 

152.4 

Lens (Teflon) 

      Diameter 

      Focal length 

      Thickness 

 

70 

62.7 

21 
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Fig.  35: Schematic of the quasi-optical test bench for the configuration 45º/45º 

 

 

Fig.  36: Photograph of the quasi-optical test bench for the configuration 45º/45º 

 

To characterize the reflectarray at several angles of incidence, several configurations 

can be selected for the incidence (30º and 45º) and the reflection (30º, 37.7º and 45º) 

using FR-4 insoles. A photograph of the 45º/45º configuration is shown in Fig.  36 (the 

main elements are highlighted), which was used to characterize the manufactured 

reflectarray. In this case, since the projection area is more than four times the beam 

waist, edge diffraction and other truncation effects are not observed. The arrangement of 

the lens on the test bench ensures that the wave front can be considered locally as a 

plane wave whose angle of incidence is θ=45º, ϕ=90º. 
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4.3.2 Test of LC-based reflectarray cell at 125 GHz 

The manufactured reflectarray was measured in a periodic environment using the quasi-

optical test bench at the angle of incidence θ=45º, ϕ=90º. The reflection coefficient was 

measured for the two extreme states of permittivity, so that all the cells were 

interconnected (Fig.  31).  

 

(a) 

 

(b) 

Fig.  37 Simulated and measured (a) amplitude and (b) phase of the reflection coefficient as a function of 

frequency for the biased and the unbiased states, considering the LC as Isotropic and Homogeneous 

(I&H) in the simulations. 
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Fig.  37 shows the measurements for the two extreme states of LC permittivity, which 

were obtained by applying a Vp=24V peak sinusoidal voltage of 20 kHz (maximum 

biased state) and Vp=0 (repose state), and the simulations using the nominal dimensions 

(see Table 5) of the structure and permittivity values of 3.25 and 2.47 respectively. The 

maximum biasing state is associated with the voltage from which the phase provided by 

the cell does not change. Although this voltage is not rigorously infinite, 24 Vp could be 

considered enough to reach the maximum phase change (saturation voltage) for the 

GT3-23001 and the cell used.  

As expected from the simulations, the three resonances generated by the dipole 

elements are equidistant in the response plots for each state of the LC permittivity. This 

ensures that the phase plots are linear and thus a large bandwidth is produced. Moreover 

the magnitude of the measured losses is similar to those obtained from simulations. It is 

observed that a small upward shift in the measured resonant nulls (1.5-2 GHz) occurs 

when the LC substrate of the reflectarray is unbiased. This means that the experimental 

and simulated phase curves differ by 35º over the entire band. For the maximum biased 

state, a minimum of amplitude (maximum of losses) is predicted to occur at 125 GHz, 

but Fig.  37a shows that the measured resonance is at 130 GHz.  

The experimental phase plots also show a 5 GHz shift in the two other resonances, and a 

phase difference of around 190º over the band for the biased state. Furthermore the 

measured dynamic phase range i.e. the difference between the bias and unbiased phase 

plots, is only 210º, which is significantly less than the 370º predicted by CST at the 

angle of the measurements.  

However a much better agreement between the simulated and measured values is 

observed for the reflection losses and the bandwidth (if defined for a lower phase-

range), since the resonances are displaced by the same ratio and the frequency spacing 

remains unchanged. To explain the disagreement between the measurements and 

simulations, the measured thickness of the LC-cavity (110 µm) has been considered in 

the simulation of the cell. The results are also superimposed in Fig.  37, showing that the 

three resonances are upward shifted (2-2.5 GHz) for both bias states with respect to the 

nominal thickness, as a result of the 15 µm reduction in thickness, which in turn 

produces a phase variation of around 80º in the entire band. However, the phase error 

for both bias states is still high, and the phase-range remains similar to those obtained 
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for the nominal thickness (125 µm). Therefore the disagreement between the 

simulations and measurements cannot be attributed to the geometrical tolerances of the 

LC thickness. 

4.4 Accurate modelling of LC-based reflectarray cells  

In order to explain the discrepancies between measurements and simulations obtained in 

section 4.3.2, the anisotropy and the inhomogeneity of the LC have been taken into 

account in the simulations. 

As described in section 4.1, the LC should be modelled as a three-dimensional 

anisotropic and inhomogeneous material at each voltage. To calculate the 3D-tensor, 

휀(̿𝑥, 𝑦, 𝑧, 𝑉), the variational problem defined in (2-12) must be solved taking into 

account that the bias electric field is not uniform. In this case, this field can be written 

as: �⃗� 𝑞(𝑥, 𝑦, 𝑧, 𝑉), and the value of the director cannot be described by an analytical 

expression. Thus, it is also necessary to calculate the quasi static electric field in order 

to solve the equation (2-12).  

Some references reports a formulation based on the finite elements method to calculate 

the director from the variational problem under an arbitrary biasing field [103]. 

However, the computational efficiency of a hypothetic routine that solves this 

mathematical problem is low, so that an alternative must be studied. Here, a method for 

calculating the complete tensor is proposed, which makes some approximations to the 

rigorous calculus defined in [103]. 

4.4.1 Calculus of the three-dimensional tensor 

This method will be applied to single resonant cells as a first step, although it will be 

generalized to single layer multi-resonant cells. To simplify the problem, only the 

extreme states of permittivity will be considered. Thus, the modelled cell is that shown 

in Fig.  14 (page 48), for which the rubbing direction is assumed to be orthogonal to the 

bias line (y-direction).  

As previously mentioned in section 2.3.2.1, the permittivity tensor for the repose (V=0) 

is homogeneous, and can be written by the expression (2-25) when the pretilt is zero. If 

the pretilt (𝜃𝑝) is different from zero, the director would be �̂�(𝑟) = cos(𝜃𝑝) �̂� +

sin(𝜃𝑝) �̂�, and the homogeneous tensor can be easily obtained from (2-8).  
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Fig.  38 Segmentation of a single-resonant cell to calculate the three-dimensional tensor 

 

To calculate the three-dimensional tensor 휀(̿𝑥, 𝑦, 𝑧) if the voltage is close to the 

saturation voltage, several steps must be carried out.  

1. Calculation of the three-dimensional quasi-static biasing electric field 

2. Segmentation of the cell 

The cell is divided into four regions (Fig.  38):  

- The region under the patch, which is under the homogenous tensor 

associated to the maximum voltage when the problem is that described in 

section 2.3.2.1 (neglecting the edge effect). The expression of this tensor is 

given by (2-26) 

- The region of inhomogeneity along x (blue region in Fig.  38). 

- The region of inhomogeneity along y (orange region in Fig.  38).  

- The region associated to the repose, which has the tensor associated with 0 V 

(2-15) because the field intensity is lower than the Freederiks threshold 

(although molecular movement is produced below this threshold with the 

pretilt greater than 0). 

3. Calculation of the director and the permittivity at each inhomogeneous region 
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To model the inhomogeneity of the blue and orange regions, we divide each region into 

N sub-layers along the corresponding direction of inhomogeneity, so that all these 

layers are assumed to be inhomogeneous along z and subjected to the equations (2-14) 

and (2-7). In this case, each tensor of these sub-layers is calculated from the value of the 

potential at the upper conductive dipole (z=hlc).  

4.4.2 Effects of the anisotropy and the transversal inhomogeneity 

In this section, the effects of anisotropy and the transversal inhomogeneity 

(inhomogeneity along x and y) are analyzed. This analysis will be used to obtain certain 

design rules that allow these effects to be minimized as much as possible. Thus, the cell 

shown in Fig.  14 (page 48) is assumed with a 150-μm thick glass superstrate (ɛr=4.5, 

tanδ=0.005) and the LC GT3-23001.  

In a first step, the dimension Lx is assumed much shorter than the period Px (dipole). 

Moreover, a very thin value of the LC thickness (0.05 mm) is taken in order to obtain a 

large phase range. The dimensions of the cell are given in Fig.  39a. The cell is simulated 

for four cases, assuming normal incidence and zero pretilts. The software tool used to 

simulate the cell electromagnetically was the frequency domain solver of the CST.  

 

Fig.  39 Single-resonant cell, which is modelled under certain criteria.(a) 3D-tensor of repose, (b) 3D-

tensor of maximum biased state, (c) 1D-tensor of maximum biased state, and (d) 1D-tensor of maximum 

biased state only limited in the region under the patch. The cell is over-sized to achieve low over-

coupling. 
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Fig. 40 Reflection coefficient of the cases considered in Fig.  39 

 

 

The first case corresponds to the repose state (Fig.  39a), which provides the blue curve 

shown in Fig. 40 (amplitude and phase of the reflection coefficient).  

The second case is the maximum biased state, which considers the LC as an anisotropic 

and inhomogeneous three-dimensional material. In this case, to model the 3D-tensor for 

the maximum biased state, the method described in section 4.4.1 is used (14 Vrms for 

the GT3-23001, see Fig.  39b). The calculation of the quasi-static electric field and the 

potential were carried out by using the static solver of the CST (see Fig. 41), whereas the 

frequency domain solver of the CST was used to obtain the reflection coefficient of the 

problem that considers the 3D-inhomogeneous tensor (green curve in Fig. 40). It should 

be noted that since the number of layers N of the inhomogeneous regions is unknown a 

priori, a further convergence analysis must be considered. To determine the number of 

transversal sections needed for ensuring the convergence, an error parameter has been 

defined as follows: 

                                                        𝐸(𝑁) =
|𝜑(𝑁)−𝜑(50)|

|𝜑(50)|
∙ 100    (4-2) 

where φ(N) is the phase of the reflection coefficient in the resonant frequency and 

φ(N=50) has been assumed as a reference value, so that it is considered to be 

convergent. Fig. 42 shows the error as a function of N. Assuming that the convergence 

takes place when the error is below a 1%, the number N=12 is adequate. Although the 

number of transversal layers is relatively small, note that each one of layers has 

longitudinal inhomogeneity (along z), which is more critical and sensitive. This 
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inhomogeneity and the number of layers necessary to guarantee a certain convergence 

will be discussed in chapter 5. 

The third case corresponds to the maximum biased state, but assuming that the LC is a 

homogeneous anisotropic layer in the entire period, which is modelled with the 

homogeneous permittivity tensor of 14 V (Fig.  39c). The reflection coefficient for this 

case is represented in Fig. 40 (red curve). Finally, the fourth case considers the 

maximum biased state, but assuming that the only region under the permittivity tensor 

of 14 V is that under the dipole, so that the remaining volume is the repose state, Fig.  39 

d. The results for this case are also represented in Fig. 40 (violet curve).  

 

 

Fig. 41 Potential in the reflectarray cell considered when it is biased by 14 Vrms. (a) x=cte and (b) y=cte 

 

 
 

Fig. 42 Error as a function of the number of divisions N, to determinate the convergence of the frequency 

response considering the inhomogeneity. 
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Fig.  43 Single-resonant cell, which is modelled under certain criteria.(a) 3D-tensor of repose, (b) 3D-

tensor of maximum biased state, (c) 1D-tensor of maximum biased state, and (d) 1D-tensor of maximum 

biased state only limited in the region under the patch. The cell is over-sized to achieve low over-

coupling.  

 

 
 

Fig. 44 Reflection coefficient of the cases considered in Fig.  43 

 

 
 

 

Fig. 45 Reflection coefficient of the cases considered in Fig.  43, but increasing the thickness to 0.01 mm 
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As can be noted from the study of the four cases, the maximum phase error obtained if 

the transversal inhomogeneity is not considered is 40º. Since the error decreases with 

the voltage, an effective phase error of around 20º at antenna level would be obtained.   

It should be noted that the four cases analysed above represent an extreme situation, 

since a large period and an electrically oversized cell were selected to provide the 

maximum phase range. The cell in Fig.  39 is clearly oversized for a dipole, since the 

period can be reduced to obtain a more practical structure. The reduction of the period 

slightly reduces the phase-range, but it allows the transversal inhomogeneity to be 

reduced because the metallisations between neighbours are closer to each other. Note 

also that the greatest contribution to the phase in the resonance is that provided by the 

region under the metallization. With this consideration, now the same structure as in Fig.  

39 is considered, but assuming a reduction of the period Px (Fig.  43). If a similar 

analysis is carried out, the curves represented in Fig. 44 are obtained. As can be noted, 

the maximum error goes down to 16º. Note that the blue region for this case is near the 

limit of the period because of the presence of the neighbours. Thus, the transversal 

inhomogeneity effect should be lower than that provided by the cell in Fig.  39.  

Similarly, the error obtained by considering that the variation of the permittivity is only 

limited to the region under the dipole also is reduced. The cell shown in Fig.  43 remains 

electrically oversized (the cell has a low over-coupling as explained in [104]) because 

the thickness was reduced as much as possible in order to obtain a large phase range. 

However, as studied in section 3.2, the single resonant cell provides a reduced phase 

range in its “natural behaviour” as a consequence of the small value of the dielectric 

anisotropy (Δε) of the LC. If the thickness of the cell shown in Fig.  43 is now increased 

up to 0.1 mm, the resonance curve becomes softer, thus reducing the maximum phase 

error to (1º) (Fig. 45). 

Thus, it can be assumed that in reflectarray cells: 

a) The transversal inhomogeneity in the worst case provides a maximum error of 

around 40º, which is reduced at the level of antenna (around 20º).  

b) The region of the cell that contributes more to the reflection coefficient is the 

region under the dipole (metallization). However, it is better to model each 
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voltage as stacked layers along z which are homogeneous along x and y in the 

entire volume, instead of modeling only the region under the dipole. 

c) If the period is small, the transversal inhomogeneity is greatly reduced, 

especially if the cell has a high over-coupling, in which case the transversal 

inhomogeneity is negligible. 

These conclusions can be generalized to single layer multi-resonant cells because all the 

dipoles could be considered as independent resonators in a first approach, and similarly 

can be generalized to an arbitrary metallization shape. However, to suppress the 

transversal inhomogeneity definitively, an additional thin layer that behaves like an 

electrode (see Fig. 46) could be added to the stack of the cell. This layer must be 

conductive in AC and transparent in RF. ITO is usually used in optics for LC Displays, 

although it presents high losses in mm-wave frequencies. PDOT has recently been 

evaluated at 150 GHz [88], which exhibits low losses. 

 

 

Fig. 46 Reflectarray cell biased by a thick layer of ITO or PDOT 

 

As regards the effect of anisotropy in the reflection coefficient, a further analysis has 

been carried out on the single resonant cell. Fig. 47 shows the comparison between the 

frequency response for the extremes states of the permittivity considering on the one 

hand, the homogeneous tensors given by the expressions (2-25, assuming a pretilt of 0º) 

and (2-26), and on the other hand, the scalar values 휀𝑟// and 휀𝑟⊥. The patch is 

considered to be centered onto the cell with an infinite conductivity, and a linear 

polarized incident field is assumed (normal incidence with the electric field in the y-

direction). The dimensional values for the unit cell are: hlc=40 μm, hs=150 μm, Px=0.4 
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mm, Py= 1 mm, Lx= 150 μm, Ly=760 μm, and the materials are the same as those 

considered above: GT3-23001 and glass.  

 
 
Fig. 47 Amplitude and phase of the reflection coefficient at normal incidence as a function of the 

frequency for different states of permittivity, considering both isotropy and anisotropy. 

 

 
 
Fig. 48 Maximum error for different width for the patch when anisotropy is not considered in the 

modelling together with the synthesized phase range 

 

As can be seen, when anisotropy is considered, the resonant frequency is increased for 

the maximum biased state whilst it is decreased for the repose. Thus, a maximum phase 

error of over 55º in the computation of the reflected field is made. It has been proven 

that this error is higher for the extreme values of permittivity, and decreases as the zz-

component of the tensor approaches 
∆𝜀

2
+ 휀⊥. This is because of the similarity between 

the values for the main diagonal of the tensor. The results are consistent with these 

reported in [105] for a microstrip patch. 

Fig. 48 shows the maximum error as a function of the variable Lx, together with the 

phase range obtained between the extreme states. As can be seen, the maximum error 

decreases as the separation between adjacent patches reduces, since the RF electric field 

in the LC tends only to have a component in z-direction in this case. Similarly, the 

maximum error also decreases as the anisotropy of the LC is lower. Note that to achieve 
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a phase range usable in practical designs (around 300º), a phase error of over 70º is 

produced. Therefore, the effects of anisotropy should be included for an accurate 

analysis and design of the reflectarray. In the case of multi-resonant cells, the errors 

could be even greater. To evaluate these effects and to explain the discrepancies 

obtained in section 4.3.2, the manufactured prototype at 125 GHz is analyzed at the 

extreme states by using the accurate modeling described above.  

 

(a) 

 

(b) 

Fig.  49 Simulated and measured (a) amplitude and (b) phase of the reflection coefficient as function of 

frequency for the biased and the unbiased states, considering the LC anisotropy (An) and the 

inhomogeneity (NH) in the simulations. 
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Fig.  49 details the measurements and simulations that were obtained when an 

anisotropic and homogeneous layer is considered for both the unbiased and maximum 

biased state. Thus, the effect of the LC anisotropy is separated from that which can be 

attributed to the transversal inhomogeneity. The expressions of the homogeneous 

tensors for simulating both states with CST are those given by (2-26, maximum biased 

state) and the corresponding expression that considers the actual pretilt: 4º. The 

simulations are detailed in Fig.  49 for two values of the LC thickness, the nominal 

design (125 µm) and the nominal measured (110 µm). As can be seen, when the 

anisotropy of the LC is used instead of the scalar value (isotropy), the simulations 

provide excellent agreement with the measured phase plots for the unbiased state, and a 

maximum phase error of 35º for the maximum biased state. In addition, good agreement 

is shown between simulations and measurements for the reflection loss of the 

reflectarray in the unbiased state. Note that the effect of the anisotropy produces an 

upward shift in the resonances in the biased state and a downward shift in the unbiased 

state, thus giving rise to the reduction in phase-range, as happens in single-resonant 

cells.  

Finally, the inhomogeneity of the LC is also considered in the modeling of the unit-cell 

using the technique proposed in section 4.4.1. In this case, the LC volume has been 

divided into three regions (see Fig.  50), (BR), (Ri, i=1, 2, 3) and (RR). The non-

homogeneity in the regions (BR) has been considered negligible due to the small 

separation between the dipoles, and therefore these regions are assumed to be in the 

same state as the area under the dipoles, that is, the biased state. Moreover, the region 

(RR) has been assumed to be in the repose state, since much of its volume is subjected 

to a field that does not exceed the Frederick threshold. Thus, the inhomogeneity has 

only been modeled in the regions (Ri), assuming it is only produced in the y-direction.  

Fig.  49 shows the reflection coefficient when the inhomogeneity of the LC is also 

considered in the model for the bias state. As can be seen, the agreement with the 

measurements for the bias state is excellent when non-homogeneity is introduced into 

the model, and the maximum phase error is reduced to 5º. Note that the non-

homogeneity does not affect the unbiased state, since all the LC molecules are aligned 

parallel to the ground plane in this state. 
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Fig.  50 Schematic representation of the inhomogeneity in the LC layer as a consequence of the bias 

quasi-static electric field (biased state). 

 

As previously mentioned, the existence of inhomogeneity slightly affects the behavior 

of the cell, having a maximum phase error of around 50º at the highest frequency: 130 

GHz. However, anisotropy is responsible for producing the large reduction in phase-

range throughout the entire band. These results validate the concept experimentally as 

regards the existence of errors when anisotropy and inhomogeneity are not considered 

in the design of an LC-based reflectarray cell. Note that the effect of anisotropy brings 

about a reduction of 160º in the tunable phase range, which is greater than the reduction 

in the case of single resonant cells. This is because the mutual coupling between dipoles 

in anisotropic substrates is higher than in isotropic substrates, and therefore the effect of 

anisotropy on the multi-resonant cell is different to that obtained considering the case in 

which each resonance is produced by a single dipole. For the isotropic approach, the x 

and y electric field components for the biased state would be related to (휀𝑟//), but 

nevertheless these components are really affected by a lower permittivity (휀𝑟⊥) due to 

anisotropy, and therefore the electrical separation between dipoles is smaller in the 

anisotropic model. As regards the effect of anisotropy on the sensitivity to the angle of 

incidence, Fig.  51 shows the predicted phase for different angles and it is noted that the 

insensitivity is maintained within the band for the range of phase error defined (±25º).  
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Fig.  51 Simulated phase of the reflection coefficient as function of frequency for different angles of 

incidence (biased and unbiased states), considering anisotropy and the inhomogeneity of the LC in the 

simulations. 

 

The fact that the real effects of the LC mostly impact on the phase-range, and only has a 

minor effect on the other performance features, allows one to characterize the 

reflectarray cell by a homogeneous and isotropic effective permittivity for each bias 

voltage, 휀𝑟𝑒𝑓𝑓(𝑉), that encompasses the effects of anisotropy and inhomogeneity within 

the band. Fig.  52 shows a comparison of the measurements and simulated frequency 

response of the manufactured cell when effective permittivity values are assumed in the 

simulations for an LC-cavity of thickness 110 µm. The effective permittivities have 

been extracted from the measurements of the extreme states, giving:  휀𝑟𝑒𝑓𝑓(𝑉𝑝 =

24𝑉) = 3.06,  𝑡𝑎𝑛𝛿𝑒𝑓𝑓(𝑉𝑝 = 24𝑉) = 0.015 for the biased state, and 휀𝑟𝑒𝑓𝑓(𝑉𝑝 = 0) =

2.5, 𝑡𝑎𝑛𝛿𝑒𝑓𝑓(𝑉𝑝 = 0𝑉) = 0.02 for the unbiased state, thus exhibiting an effective 

dielectric anisotropy of ∆휀𝑟𝑒𝑓𝑓 = 0.56.  

Fig.  52 also shows a comparison between the predicted and the measured results for an 

intermediate state, corresponding to an applied bias voltage Vp=7V. The simulated 

result has been plotted using the effective permittivity, 휀𝑟𝑒𝑓𝑓(𝑉𝑝 = 7𝑉) =

2.78, 𝑡𝑎𝑛𝛿𝑒𝑓𝑓(𝑉𝑝 = 7𝑉) = 0.018. As can be seen, the agreement in both amplitude 

and phase is very good for the three states within the 110–140 GHz band. The use of 

effective permittivity values permits a straightforward characterization of the LC-

reflectarray element once the thickness of the LC and quartz layers are defined. This 

approach can be used to design LC-based unit-cells with a  high degree of accuracy and 

efficiency, and can be exploited to design a complete reflectarray antenna. 

 

110 120 130 140 150

-800

-600

-400

-200

0

Frequency (GHz)

P
h

a
s
e

 (
º)

 

 

=0º, =0º (Unbiased)

=0º, =0º (Biased)

=30º, =60º (Unbiased)

=30º, =60º (Biased)

=20º, =90º (Unbiased)

=20º, =90º (Biased)

=30º, =30º (Unbiased)

=20º, =90º (Biased)



 

101 

 

 

(a) 

 

(b) 

Fig.  52 Simulated and measured (a) amplitude and (b) phase of the reflection coefficient as a function of 

frequency for the biased, the unbiased and the central state of the manufactured cell, considering a scalar 

effective permittivity in the simulations. 

 

As a general consideration, note that the effective permittivity is in the range of 

(휀𝑟𝑒𝑓𝑓𝑂𝐹𝐹 ≤ 휀𝑟𝑒𝑓𝑓(𝑉) ≤ 휀𝑟𝑒𝑓𝑓𝑂𝑁), where 휀𝑟𝑒𝑓𝑓𝑂𝐹𝐹 and 휀𝑟𝑒𝑓𝑓𝑂𝑁 are the values for the 

unbiased (V=0) and maximum biased states. These two extreme values differ from 

휀𝑟⊥ and 휀𝑟//, which are associated with the same values of voltage in the absence of the 

effects of anisotropy and inhomogeneity, i.e. when the field configuration inside the cell 

has low transversal components. Thus, (휀𝑟𝑒𝑓𝑓𝑂𝐹𝐹 , 휀𝑟𝑒𝑓𝑓𝑂𝑁) ⊆ (휀𝑟⊥, 휀𝑟//). 

4.5 Accurate design procedure of single layer multi-resonant reflectarray cells  

Since the design procedure described in chapter 3 uses the conventional modelling of 

the LC, the resulting designs do not provide enough phase-range to collimate a beam. 
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Therefore, anisotropy and inhomogeneity must be taken into account in the design 

procedure.  

According to the results obtained in section 4.4, the most critical issue to be considered 

in the design procedure is the anisotropy of the LC, which is mainly responsible for the 

large reduction in the phase range. However, although transversal inhomogeneity gives 

rise to lower phase errors in the modelling of the permittivity for the extreme states, it 

will be also considered in the design procedure with the objective of minimizing its 

effect. Note that if the effects of transversal inhomogeneity are minimized, the LC could 

be modelled as an anisotropic and inhomogeneous material in only one dimension at a 

certain voltage, which drastically simplifies the most important part of the design 

procedure: the voltage synthesis. This point will be discussed in the next chapter. 

As previously mentioned, It has been observed that the phase curves obtained using the 

accurate model are similar to those obtained from the simplified isotropic/homogeneous 

model, however the former exhibit a reduction in the tunable phase range. Since the 

accurate model is computationally intensive (300 sec for each bias state and frequency 

point using CST), its use in an iterative process is undesirable, and therefore the 

preliminary design of the cells is carried out by using the simpler model to adjust the 

geometrical parameters, so that the accurate model is used only for evaluating the 

compliance of the tunable phase-range throughout the entire band. For each iteration of 

this process, the design steps described in section 3.3 are used to adjust the size of the 

metallisations of the cell in order to maximize the bandwidth, the phase range, and to 

reduce the losses, the amplitude ripple, and the sensitivity with respect to the angle of 

incidence. These steps are carried out using the two permittivity values for the LC, 

namely, (휀𝑟⊥) and (휀𝑟//). Once the iteration is completed, the numerical model that 

assumes both the anisotropy and the inhomogeneity of the LC in the cell is used to 

evaluate the phase-range more accurately. If the phase tunability is reduced to a value 

lower than that required to achieve a practical LC-reflectarray, of around 320º, then a 

further iteration is made. To increase the tunable phase-range, in the new iteration, the 

LC-cavity thickness is reduced to increase the Q-factor of the resonators (and the phase-

range), and the separation between lateral and central dipoles is reduced, thus reducing 

the effects of the anisotropy and the transversal inhomogeneity. This process is repeated 

until the updated geometry of the cell provides the required phase-range throughout the 

entire band with a phase error margin of (±PhEº).   



 

 

 

 
 

Fig.  53 Schematic of the design procedure to be followed for designing a multi-resonant reflectarray cell based on LC 



 

 

 

At this stage, a homogeneous and isotropic effective permittivity that encompasses the 

effects of anisotropy and inhomogeneity within the band for each bias voltage, 휀𝑟𝑒𝑓𝑓(𝑉), 

is extracted from the numerically accurate model. The effective permittivity is used in 

the final set of iterations for the fine adjustment of the dipole dimensions in order to 

improve the bandwidth and linearity of the phase response, thus reducing the PhE 

parameter. The effective permittivity can be defined in this case because it includes the 

modelled effects of the anisotropy and the inhomogeneity of the LC (the latter to a 

lesser extent), as described above.  

Note that the effective permittivity was not used in the first stage of the design process 

because it depends on the geometry, largely on the thicknesses and the permittivity 

values of the LC and the superstrate, and therefore these values are unknown, a priori. 

However, the effective permittivity is used for the fine adjustment of the dipole 

dimensions in order to improve the bandwidth and linearity of the phase response, and 

therefore, once the ‘near optimum’ thicknesses and dimensions of the dipoles are found, 

the effective permittivity can used to fine tune the response as the effective permittivity 

of the LC does not vary when small changes are made to the size of the dipoles. 

It should be noted that the aforementioned procedure must be repeated to design each 

cell of the reflectarray. Each design must take into account the corresponding angle of 

incidence (the local periodicity approach is used), which accounts for the position of the 

cell in the reflectarray once the horn is located. However, If the design is assumed so 

that all the cells have the same dimensions in the array, each iteration of the design 

procedure that evaluates the accurate modelling is made at several angles of incidence: 

normal incidence (θ=0º, ϕ=0º), the expected angle at the point of maximum illumination 

on the reflectarray considering any of the two possible incidences (θ=20º, ϕ=0º for TE, 

and θ=20º, ϕ=90º for TM) and other values within the expected angular range (θ=30º, 

ϕ=30º). Fig.  53 shows a schematic of the steps to be followed in designing a multi-

resonant cell based on LC.  

4.6 Numerical results  

4.6.1 Analysis and Design of multi-resonant cell at 100 GHz 

The aforementioned procedure has been used to design a unit-cell that operates at 100 

GHz (cell design 1, CD1), using the same materials as those used in the previous 

manufactured design at 125 GHz (section 4.3.2). The dimensions after the design are 
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summarized in Table 13, and the simulated reflection coefficient for the two extremes 

permittivity states, and for different angles of incidence, are shown in Fig.  54. 

TABLE 13 

DIMENSIONAL VALUES FOR THE REFLECTARRAY CELL DESIGNED AT 100 GHZ.  

 

Variable Value (mm) 

Px, Py 1.145, 1.093 

Ly1 ,Ly2, Ly3 0.708, 0.748, 0.792 

Lx1, Lx2, Lx3 0.200, 0.211, 0.199 

D1, D2, D3 0.171, 0.096, 0.042 

hlc 0.080 

hq 0.550 

Material Description 

LC (GT·-23001) ɛ//=3.25, tgδ//=0.015, ɛ┴=2.47, tgδ┴=0.02 (19-160 GHz) 

Quartz ɛq=3.78, tgδ=0.002 

Aluminum σ=3.5E7 

  

As can be seen, the phase range achieved for the cells in the frequency band is 330º for 

the angle θ=20º, φ=90º, which will be used as a reference to evaluate the sensitivity with 

respect to the angle of incidence. Fig.  54 also shows the simulated results obtained using 

the isotropic and homogeneous permittivities (I&H) (휀𝑟⊥) and (휀𝑟//) at the angle θ=45º, 

φ=90º (black curves in Fig.  54). As can be seen, the reduction in the phase range due to 

anisotropy and inhomogeneity (green curves) is significant (140º), and this can be 

extrapolated for the other angles. Note that it is feasible to extract the effective 

permittivity for the two extremes from the simulations. In this case, the effective 

permittivities for the extreme states have been calculated by using a simple optimization 

routine that looks for the real part of the isotropic and homogeneous permittivity values 

that provides the same phase values as those calculated from the accurate model at 

several points in the frequency band (including the central frequency), within a margin 

of error of 30º. Similarly, the two tanδeff values (bias and unbiased) are found matching 

the average of the losses in the frequency band. The results obtained are: 휀𝑟𝑒𝑓𝑓𝑂𝑁 =

3.1,  𝑡𝑎𝑛𝛿𝑒𝑓𝑓𝑂𝑁 = 0.012, and 휀𝑟𝑒𝑓𝑓𝑂𝐹𝐹 = 2.53,  𝑡𝑎𝑛𝛿𝑒𝑓𝑓 = 0.018 for the angle of 

incidence of reference (θ=20º, ϕ=90º). 

The obtained bandwidth has been also evaluated for the incidence angle θ=20º, φ=90º, 

resulting in 8% for a margin of error of ±35º. It is observed that the dynamic phase 

range and the bandwidth are similar at other angles of incidence to those provided at the 

angle of incidence θ=20º, φ=90º (within a margin of phase error of (±25º)), especially in 
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the angular range in elevation (0º≤θ≤30º). This limits the F/D of the antenna to values of 

around 0.7-1.5, which covers the maximum angle of incidence in the most highly 

illuminated area of the antenna (within in which 90% of the incident power is 

contained).  

 

 

(a) 

 

(b) 

Fig.  54 Simulated (a) amplitude and (b) phase of the reflection coefficient as a function of frequency for 

different angles of incidence and the two extreme states of permittivity for the designed cell. The 

anisotropy and the inhomogeneity of the LC are considered in the simulations. 
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(a) 

 

(b) 

Fig.  55 Simulated (a) amplitude and (b) phase of the reflection coefficient as function of frequency for 

the angle of reference, θ=20º, ϕ=90º, (biased and unbiased states), considering the tolerances of the most 

sensitive variables for the cell designed at a central frequency f0= 100 GHz 

 

Thus, the cell performance will be maintained independently of the position in the array 

for these F/D values and assuming TM incident polarization. Using these 

considerations, the instantaneous bandwidth of the antenna would be around 8%. As 

regards the losses, the average of the losses between all the LC permittivity values of 

the cells (which, as mentioned above, is directly associated to the reduction in gain of 

the reflectarray antenna) is found to be 6.6 dB at 100 GHz, which is produced by the 

aluminum dipoles (1.9 dB), the quartz layer (0.7 dB) and the LC (4 dB). As a general 
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observation there is a significant variation between the amplitude of the unbiased and 

the maximum biased states at several frequencies due to the LC. As can be seen in Fig.  

54, the maximum variation occurs at 104 GHz, where the simulated amplitude variation 

is between 7 and 2 dB respectively (the intermediate states have amplitudes between 

these values). This produces a ripple in the amplitude on the reflectarray surface, which 

increases the side-lobe levels, as mentioned above. This effect will be discussed in 

detail in the following chapters, although one of the objectives of the design procedure 

proposed consists of minimizing it. This is possible in multi-resonant cells, which 

provide enough degrees of freedom, contrary that of single resonant cells. 

As regards the tolerances, Fig.  55 shows the reflection coefficient of the cell for the 

angle of reference (θ=20º, ϕ=90º) when a variation in the dimensions in accordance with 

the manufacturing tolerances takes place. As can be seen, the phase error considering 

the lengths of the dipoles and the LC-thickness independently is around 18º, whereas 

the error rises to 40º when considering both sources of error simultaneously. The phase 

error produced by a variation of 20 µm in the quartz thickness in has also been 

analyzed. As can be seen, the phase error obtained in this case can be considered 

negligible.  

4.6.2 Analysis and Design of multi-resonant cell at 125 GHz 

Similarly to that done at 100 GHz (cell design 1, CD1), the procedure described in 

section 4.5 was used to design a LC-based unit-cell using the same quartz wafer (550 

µm in thickness), aluminum metallization and LC (GT3-23001) as those used in the 

characterization prototype designed and manufactured previously at 125 GHz. The 

operating band is also similar, so that this design represents an update with the objective 

of obtaining the appropriate phase-range once the real behavior of the LC is considered 

(cell design 2, CD2). The dimensions of the structure after the design are listed in Table 

14. Fig.  56  represents the simulated amplitude (a) and phase (b) of the reflection 

coefficient for the two extreme states of permittivity and for different angles of 

incidence, calculated using the accurate modeling of the LC. The angle used as a 

reference to evaluate the sensitivity with respect to the angle of incidence is θ=20º, 

φ=90º.  

 



 

109 

 

 

(a) 

 

(b) 

Fig.  56 Simulated response of an LC reflectarray-cell designed for a central frequency f0= 125 GHz. 

Simulated (a) amplitude and (b) phase of the reflection coefficient as a function of frequency for different 

angles of incidence (maximum biased and unbiased states), considering anisotropy and inhomogeneity of 

the LC in the simulations. 

TABLE 14 

DIMENSIONAL VALUES FOR THE REFLECTARRAY CELL DESIGNED AT 125 GHZ.  

 

Variable Value (mm) 

Px, Py 1.05, 0.9 

Ly1 ,Ly2, Ly3 0.538, 0.572, 0.615 

Lx1, Lx2, Lx3 0.204, 0.204, 0.112 

D1, D2, D3 0.091, 0.206, 0.142 

hlc 0.080 

hq 0.550 

Material Description 

LC (GT3-23001) ɛ//=3.25, tgδ//=0.015, ɛ┴=2.47, tgδ┴=0.02 (19-140 GHz) 

Quartz ɛq=3.78, tgδ=0.002 

Aluminum σ=3.5E7 
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As can be seen, the phase range achieved is 330º±35º in the band from 118.8 to 129.2 

GHz (8.35%). The losses of all the LC permittivity state reaches a maximum of 9.8 dB 

at 122 GHz, whereas that the average is around 8 dB. As regards the sensitivity of the 

array to the angle of incidence, it is observed that the dynamic phase range and the 

bandwidth remain similar at each angle of incidence as the reference within a reduced 

range of phase errors (±35º), especially in the most usable angular range (0º ≤ θ ≤ 30º). 

The worst case has been found to be at θ=30º, ϕ=30º, where the maximum phase error is 

110º. However, at this angle the reflectarray would be weakly illuminated for a practical 

antenna configuration under TM illumination, and therefore the effect on the antenna far 

field radiation pattern would be insignificant. 

 
(a) 

 

(b) 

Fig.  57 Simulated (a) amplitude and (b) phase of the reflection coefficient as a function of frequency for 

the angle of reference, θ=20º, ϕ=90º, (biased and unbiased states), considering the tolerances of the most 

sensitive variables. f0= 125 GHz. 
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A further tolerance analysis has been carried out for this cell assuming the most 

sensitive variables of the cell. Fig.  57 shows the reflection coefficient of the cell for the 

angle of reference (θ=20º, ϕ=90º) when a variation in the dimensions is produced in 

accordance with the tolerances. As can be seen, the phase error considering the lengths 

of the dipoles independently and the LC-thickness is around 35º, whereas that the error 

rises to 80º considering both sources of error simultaneously. The phase error brought 

about by varying the thickness of the quartz (hs) in 20 µm, which was the measured 

tolerance, has been also analysed. As can be seen, the phase error is around 15º. 

Table 15 shows the performance of the two unit-cells designed. As can be seen, the 

phase-range, the maximum losses, the sensitivity to the angle of incidence and the 

maximum phase error due to the tolerances are better for the 100 GHz-cell than those 

provided by the other design (125 GHz). As regards the bandwidth, the design at 125 

GHz provides a slightly better bandwidth (8.35% vs. 8%). Similarly, the electrical 

performance of the two unit-cells designed is compared with those provided in the state 

of the art (Table 16). As can be seen, the improvement is quite remarkable even when 

compared with references which were reported at the same time as the work of this 

thesis was being developed [106]. 

TABLE 15 

PERFORMANCE OF THE TWO UNIT-CELLS DESIGNED AT 100 GHZ AND 125 GHZ.  

 

Design Phase  

range (º) 
Bandwidth (%) 

Av Losses 

(dB) 

Phase Error at 

θ=30º, ϕ=30º (º)  

Tolerances, 

Max Phase 

Error (º) 

      

CD1, 100 GHz 350º 8 % (M=±35º) 7.5 35º 40º 

CD2, 125 GHz 330º 8.35 % (M=±35º) 8.1 110º 80º 

      

 

TABLE 16 

PERFORMANCE COMPARISON OF DIFFERENT REFLECTARRAY CELLS REPORTED IN THE LITERATURE.  

 

Feature [53] [55] [106] CD1 CD2 

      

LC (ε//, Δε,             

tanδ//, tanδ┴) 

3.2, 0.4, 

0.02, 0.02 

3.1, 0.8, 

0.004, 0.017 

3.25, 0.78, 

0.015, 0.02 

3.25, 0.78, 

0.015, 0.02 

3.25, 0.78, 

0.015, 0.02 

Aver. Losses (dB) 7 16 10 7.5 8.1 

Phase Range (º) 180 270 500 350 330 

Frequency (GHz) 135 77 77 96-104 120-130 

Bandwidth (%) 0-1 0-1 0-1 8 8.35 
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4.7 Experimental results  

In order to validate the numerical predictions of the cells designed using the accurate 

modelling of the LC, a new LC-based reflectarray made up of 52 x 54 identical cells 

(59.54 mm x 59.02 mm) has been manufactured and tested (design CD1 at 100 GHz), as 

described in sections 4.2 and 4.3. Fig.  58 shows a photograph of the new manufactured 

prototype, which is biased as shown in Fig.  31 (page 79) in order to characterise the cell 

in a periodical environment. 

Fig.  59 shows a comparison between the measurements (96-120 GHz) and the 

numerical results obtained from the accurate model, assuming the measured LC 

thickness (75 μm) and the nominal dipole dimensions in the simulations. 

Firstly the numerical results are presented taking into account only the effects of 

anisotropy (An). As can be seen, the simulations provide good agreement with the 

measured phase plots for the unbiased state (Vp=0) and the maximum biased state 

(Vp=20 V peak sinusoidal voltage of 20 kHz). A maximum phase error of 40º and 25º is 

obtained at the higher resonance frequency for both states (106 GHz and 101 GHz), 

respectively. These errors can be attributed to the manufacturing tolerances. The 

simulated amplitude shows a difference in the losses of around 1 dB in the lower 

frequencies of the maximum biased state, which may be due to a slight variation in the 

value of the parameter 𝑡𝑎𝑛𝛿// with respect to the measured value. The simulated results 

obtained from conventional modeling of the cell for these states (휀𝑟⊥, 휀𝑟//) are also 

shown.  

 

Fig.  58 Photograph of the manufactured reflectarray (design CD1) placed in the quasi-optical bench 
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(a) 

 

(b) 

Fig.  59 Simulated and measured (a) amplitude and (b) phase of the reflection coefficient as a function of 

frequency for three LC biasing states (maximum biased, unbiased and one intermediate). The simulations 

consider the accurate modelling of the LC, the conventional modelling (휀𝑟⊥, 휀𝑟//) and the effective 

permittivity. Angle of incidence θ=45º, φ=90º. 
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As can be seen, the maximum measured reduction in the phase range is large (135º). 

The effects of inhomogeneity (An&In) are also considered. The resulting curve is not 

plotted in Fig.  59 for the maximum biased state because the differences are not 

appreciable with respect to the result obtained only considering the anisotropy (<5º in 

the entire band). This is because the dipole lengths (lyi) are closer to Py (and therefore 

closer to the adjacent dipole of the next cell) so that these effects are negligible as a 

consequence of making the electrostatic field in the regions (Ri) homogeneous and 

increasing the over-coupling of the cell. Thus, the effect of the transversal 

inhomogeneity was minimized as desired, so that the inhomogeneity can be removed in 

the modeling of the cell considered.  

Fig.  59 also represents a comparison of the measurements and simulated frequency 

response of the manufactured cell considering the effective permittivity defined in 

section 4.4. The results are also compared for an intermediate state, corresponding to an 

applied bias voltage Vp=7V. The simulated result has been plotted using the effective 

permittivity, 휀𝑟𝑒𝑓𝑓(𝑉𝑝 = 7𝑉) = 2.81, 𝑡𝑎𝑛𝛿𝑒𝑓𝑓(𝑉𝑝 = 7𝑉) = 0.017. In this case, the 

effective permittivity has been calculated from the measurements instead of the accurate 

modeling. As can be seen, the agreement in both amplitude and phase is very good for 

the three states, and the results provide a validation of the effective permittivity over the 

whole measured frequency band. 

Fig.  60 shows the measured amplitude and the phase curve as a function of the effective 

permittivity for the angle of incidence θ=45º, ϕ=90º at discrete frequencies (96.5, 98.5, 

100.5, 102.5 and 104.5 GHz), for which the corresponding bias voltage is also marked. 

Note that the frequencies shown in Fig.  60 are shifted 0.5 GHz with respect the 

prescribed frequency band (96 GHz - 104 GHz). This is because the curve has been 

measured at the angle of incidence θ=45º, ϕ=90º for which an upward shift of 0.5 GHz 

is produced (and a slight deterioration in the performance) with respect to the angles 

within the operating angular range (0º≤θ≤30º). However, the amplitude ripple can be 

seen clearly in Fig.  60, together with the linearity of the phase curves that demonstrate 

the bandwidth performance. 
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Fig.  60 Measured amplitude and phase as function of effective permittivity at different frequencies with 

the corresponding bias voltage. Angle of incidence θ=45º, φ=90º. 

 

The measured results validate experimentally the analysis model proposed in this thesis 

that accounts for the anisotropy and inhomogeneity of the LC and the design procedure 

proposed to take into account these effects. The results also demonstrate that multi-

resonant cell topology can be used to improve bandwidth significantly, reduce losses 

and increase phase-range in LC-based reflectarrays. Note that the validation shown in 

chapter 3 was obtained using several samples of fixed permittivity substrates (frozen 

LCs), whereas the manufactured prototype at 125 GHz that used a real LC did not 

provide enough phase range as a consequence of not considering the accurate model of 

the LC in the design procedure.  

4.8 Conclusions 

It has been demonstrated experimentally that the conventional modeling that assumes 

the LC as a homogeneous and isotropic material, whose permittivity varies between  휀// 

and 휀⊥, is not suitable for describing the behavior of the LC with enough accuracy in 

reflectarray cells. Therefore, the most general modeling (anisotropic and 

inhomogeneous three-dimensional material) must be considered.  
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A tool to calculate the full tensor of the extreme biasing states has been developed for 

first time for reflectarray cells, which is used together with an electromagnetic simulator 

to analyze the electrical behavior of the cells. An exhaustive analysis has shown that the 

most critical issue concerning the LC modeling is anisotropy, since phase errors of 

around 130-150º could be made at cell level if the anisotropy is not considered in both 

the repose and the maximum biasing states. The transversal inhomogeneity of the 

maximum biased state is a secondary limitation, although the effects of not considering 

it could produce phase errors of around 50º. Therefore, both anisotropy and transversal 

inhomogeneity should be taken into account in the design procedure of the cells.  

With this consideration, a design procedure that takes the accurate modeling of the LC 

into account was developed with the objective of achieving LC multi-resonant cells 

with improved electrical performance. The procedure was also developed to minimize 

the effects of transversal inhomogeneity, to analyze the convergence of the 

segmentation of the three-dimensional tensor and to reduce the amplitude ripple of the 

cells. These processes highlighted that transversal inhomogeneity could be modeled 

with a relatively small number of volumetric samples, each of which also being 

inhomogeneous in the longitudinal axis, whereas the electromagnetic effects of 

transversal inhomogeneity are negligible (<1º) if the cells are made to have high over-

coupling (small distance between printed dipoles).  

The proposed and developed design procedure was used to design two single layer 

multi-resonant reflectarray cells, which operate at 100 GHz and 125 GHz respectively, 

using the commercial LC mixture GT3-23001. These cells achieved a phase range 

larger than 360º, 8% of bandwidth, average losses of -7.5 dB, and low sensitivity to the 

angle of incidence.  A prototype made up of 54x52 cells (100 GHz) was manufactured 

and tested in a periodic environment using a quasi-optical test bench. The measurements 

were very close to the predicted results, which validate the accuracy of the modeling, 

the design procedure, and the viability of using multi-resonant cells to achieve LC-cells 

with improved electrical performance. Thus, the critical issue described in 1.2.2 

(Modeling of LC-based reflectarray cells) was overcome and the goals from 1.3.3 (Accurate 

electromagnetic modeling of LC-based cells) to 1.3.5 (Experimental Validation) were 

reached. The critical issue 1.2.4 (Amplitude ripple) was partially solved with the 

introduction of multi-resonant cells, although a further step can be taken in the voltage 

synthesis, as it will be demonstrated in the next chapter. 



 

 

 

        CHAPTER 5 

5 Design procedure of LC-based reflectarray antennas 

5.1 Introduction 

A full design of an LC-based reflectarray antenna is not completed when the dimensions 

of the cells have been calculated, contrary to what happens for passive reflectarray 

antennas. In an LC-based reflectarray, two separate procedures must be accomplished. 

The first is the definition of the cell dimensions to maximise the phase range and 

bandwidth, and to reduce the amplitude ripple, the sensitivity with respect to the angle 

of incidence and the effects of the transversal inhomogeneity as much as possible 

(chapter 4). However, the most important challenge is to establish the voltages that 

should be applied at each unit cell with sufficient accuracy, since the voltage is the 

parameter that is directly responsible for the phase in LC-based reflectarray antennas.  

As previously mentioned in chapter 1, some strategies have been reported in the state of 

the art to obtain the required voltages that generate a certain radiation pattern. All of 

them are based on measurements, since the development of a complete software tool 

that is able to provide the accurate modelling of the intermediate states of the LC and 

their corresponding electromagnetic behaviour is quite difficult. Thus, in [55] and [56], 

the bias voltage applied at each LC cell is obtained using an algorithm based on 

measuring the received power and varying the voltages sequentially until the maximum 

received power is obtained. In [52], the voltages are obtained by measuring the voltage 

dependence of the cells at one angle of incidence and for fixed cell dimensions. In the 

case of measuring the phase curve versus voltage, a complete characterisation would 

involve measuring the curve at each cell (angle of incidence and cell dimensions) and 

frequency, which is very complicated, costly and often unaffordable. In the case of 

measuring the received power, the algorithms that were used to design the LC-based 

reflectarray antennas do not provide sufficient phase accuracy (besides being 

computationally intensive and inefficient), and therefore large phase errors that may be 

greater than 60º are produced across the aperture. These phase errors do not permit the 

suppression of side-lobes to low levels and wide angle scanning. Therefore, the 

performance of the antennas reported in the state of the art is very limited.  
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In this chapter, the tool that models and calculates the electromagnetic behaviour of LC-

based reflectarray cells under an arbitrary bias voltage, cell dimensions, angle of 

incidence and frequency is developed and detailed. In this case, the minimization of the 

transversal inhomogeneity that was carried out in the first part of the design procedure 

(chapter 4) is very important, since it allows the LC to be modelled as an anisotropic 

and inhomogeneous material in one dimension at each voltage, which can be calculated 

from an ordinary differential equation (equation 2-14). Once the inhomogeneous tensor 

is obtained, a stratified medium that is derived from the segmentation of the 

corresponding tensor at each voltage is used to model the LC. To obtain high 

computational efficiency, the one dimensional variation of the permittivity tensor allows 

the use of MoM to analyze the cells electromagnetically. Thus, a home-made 

electromagnetic simulator based on the Spectral Domain Method of Moments (SD-

MoM) for anisotropic stratified media has been written and validated, which in turn has 

been used to simulate the LC-based cell. The tool for calculating the voltage 

dependence is validated with measurements, and a convergence analysis of the number 

of layers that are needed to model the longitudinal inhomogeneity is discussed. Note 

that under these considerations, the voltages could be obtained from simulations, so that 

a voltage synthesis procedure whose phase errors are drastically reduced with respect to 

those obtained with the methods reported in the literature can be developed.  

Since the stratified model requires the LC to be segmented into a large number of thin 

layers, problems related to convergence and complexity in the calculation are shown to 

occur, thus making the process inefficient. To solve these problems, the use of an 

effective homogeneous permittivity tensor for each voltage is also proposed. The 

capabilities of these effective tensors to model the intermediate states and therefore to 

predict the voltage dependence of the reflectarray cells efficiently at an arbitrary angle 

of incidence and/or frequency is analyzed and evaluated experimentally. This technique 

provides an efficient computation of the biasing voltages required to scan or reconfigure 

a beam in LC-based reflectarrays. As described in chapter 2, the method for calculating 

the voltage dependence needs the knowledge of the parallel and perpendicular 

permittivities at the RF and AC frequencies. Thus a strategy to characterize the LC 

using the manufactured reflectarray instead of an FSS is also proposed. 

Finally, the tool that calculates the voltage dependence of LC-based reflectarray cells is 

used to develop a complete voltage synthesis procedure, which allows the required 
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voltages whilst minimizing the effect of the amplitude ripple after the cells have been 

designed. The synthesis involves the calculation of the radiation pattern and the 

knowledge of the characteristic parameters of the LC at both RF and AC frequencies. 

Thus, the tools used to calculate the incident field and the radiation pattern are also 

described.  

5.2 Computation of the radiated fields of a LC-based reflectarray 

A number of strategies can be considered to analyse a reflectarray antenna,. The most 

rigorous approach would consist of using a full wave tool that is able to simulate the 3D 

structure electromagnetically. Numerical methods such as Finite Elements (FE) or 

Finite Difference Time Domain (FDTD) would be suitable for achieving this objective. 

However, although these methods are used to analyse any arbitrary structure, some 

problems related with the convergence of the 3D-meshing or the long periods of time 

needed to analyse, mean that these methods may be not suitable for solving problems 

electrically large. Therefore, other strategies must be considered, which must be based 

on segmenting the antenna.  

One of the best solutions consists of analysing the antenna element-by-element by 

considering the local periodicity approach, which assumes that a certain element being 

tested is surrounded by an infinite number of similar elements that are equidistant to 

each other throughout the two dimensions of the array. In this case, each reflectarray 

cell can be analysed considering periodic boundary conditions, so that the cell is defined 

by its physical dimensions and angle of incidence. This approach provides more 

accurate results than the classic method that analyses each element individually and uses 

the array factor, since in this latter case, the mutual coupling between neighbours is not 

negligible for this type of reflective elements.  

5.2.1 Accurate modeling of the primary feed 

The primary feed of reflectarrays can usually be approximated using an analytical 

function. In the case of feed horns, the function cos (𝜃)𝑞 is typically used for reflector 

and reflectarray systems. This approach has provided good results for calculating the 

incident field on the reflectarray, so that the main beam and the first side lobes of the 

co-polar radiation pattern are accurately predicted. However, to predict the cross-polar 
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radiation patterns and other side-lobes far away from the main beam, a more accurate 

model of the incident field must be considered.  

5.2.1.1 Far-field source 

 

Fig.  61 Reflectarray excited by equivalent sources located at an excitation plane parallel to the 

reflectarray. 

A rigorous approach consists of calculating the real electromagnetic field on the feed 

aperture from an EM simulation of the primary feed (located at z’=0, see Fig.  61), and 

then to write the electromagnetic field in the positive half-space (z’>0) as an infinite 

sum of homogeneous plane-waves. If the electric field on the aperture of the primary 

feed is 𝐸𝑥′,𝑦′,𝑧′
𝑎𝑝 (𝑥′, 𝑦′), the E-field in the half-space (expressed in the local coordinate 

system) could be written as [107]: 

               𝐸𝑥,𝑦,𝑧(𝑥′, 𝑦′, 𝑧′) = ∫ ∫ 𝐹𝑥,𝑦,𝑧
∞

−∞
(𝑘𝑥, 𝑘𝑦) ∙ 𝑒

−𝑗(𝑘𝑥𝑥′+𝑘𝑦𝑦′+𝑘𝑧𝑧′)𝑑𝑘𝑥𝑑𝑘𝑦
∞

−∞
    (5-1) 

where 𝐹𝑥,𝑦,𝑧(𝑘𝑥, 𝑘𝑦) is the angular plane-wave spectrum of 𝐸𝑥,𝑦,𝑧
𝑒𝑥 (𝑥′, 𝑦′), 𝑘𝑧 =

√𝑘2 − 𝑘𝑥2−𝑘𝑦2 and 𝑘 = 2𝜋𝑓/𝑐 is the propagation constant in the medium. Thus, the 

incident electric field on the reflectarray surface can be computed accurately even if the 

reflectarray is located in the near field region of the primary feed.   

Equation (5-1) only assumes that the electric field on the aperture of the primary feed 

has a limited spatial bandwidth on the plane (z’=0), so that it has a Fourier Transform. 

This is a good approach, since the electric field on the aperture becomes very weak from 

certain values of coordinates x’ and y’, so it can be considered zero.  
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In the case that the reflectarray is located in the far-field region of the primary feed, a 

good approximation of the incident field is to assume that each periodic cell is excited 

by a linear combination of a single homogeneous plane-wave with a propagation vector 

that is associated with the relative position between the cell and the feed (angle of 

incidence). The high order harmonics, which are not propagating, can be also 

considered to achieve a more accurate incident field. The propagating mode and the 

other harmonics are the canonical excitations of the periodic problem which represents 

each unit-cell, so that the reflection coefficient can be calculated with an EM simulator 

that accepts periodic boundary conditions. This simulator must calculate four electrical 

parameters, which are the reflection coefficients for the co-polar (CP) and the cross-

polar components (XP) for the two components of the incident field (x and y).Thus, the 

reflected field on the cell for each polarization (�⃗� 𝑟) is related to the incident field (�⃗� 𝑖𝑛) 

by means of the reflection coefficient matrix,  Ρ: 

                                             (
𝐸𝑟
𝑋

𝐸𝑟
𝑌) = (

𝜌𝑥𝑥 𝜌𝑦𝑥
𝜌𝑥𝑦 𝜌𝑦𝑦

)
⏟      

𝑃

∙ (
𝐸𝑖𝑛
𝑋

𝐸𝑖𝑛
𝑌 )             (5-2) 

The results presented in chapters 3 and 4 correspond to the co-polar reflection 

coefficient of the propagating mode of the cell for Y-pol (ρyy). The cross polar 

reflection coefficient was not considered, since the cells are designed to operate with 

linear polarization. It was proved that the value of ρxy is around 25 dB below the co-

polar level in the worst case, so that the XP level of the antenna is mainly produced by 

the primary feed (ρxx≃1).  The cross-polar level of the manufactured cells will be 

discussed in chapter 6. 

5.2.1.2 Near-field source 

The analysis of section 5.2.1.1 is a good approximation if the reflectarray is located in 

the far-field zone of the feed antenna (horn, sub-reflectarray, etc), but it is not accurate 

if the reflectarray is located in the Fresnel or the near-field regions of the feed.  

To solve this problem, a method which considers the near-field excitation was proposed 

in [108], showing certain improvements in the radiation pattern when a Fresnel field 

excitation is assumed. However, the technique proposed in [108] assumes certain 

approximations that may not be accurate to solve the problem. These approximations 

are: 
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 To consider the near-field variations of the incident field on the surface of a 

certain unit-cell, its surface is divided into N points. At each of these points, the 

amplitude of the incident electric field is assumed to be the same that the real 

incident amplitude of Ein, whereas the variation in Ein in the vicinity of each 

point, is considered the same as that of a single plane-wave, with the 

propagating vector corresponding to the relative position between the point and 

the feed. This is not an accurate approximation in near-field regions of the feed 

antenna, because the incident electromagnetic field (EM) is not locally a plane-

wave, that is, the relationship between E and H at each point cannot be described 

by the relationship of a single plane-wave. As an example, suppose that the cell 

is divided into a large number of points. In this case, the amplitude and phase of 

the incident electric field at each point would be adjusted to its real value; 

however, it can be proved that if the magnetic field (H) is calculated from E 

using the usual plane-wave relationship, the computed magnetic field would be 

not the same than the actual magnetic field at any point. 

 Although the electromagnetic field at each point was accurately obtained, the 

reflected field might be inaccurate, because the reflection coefficient of the cell 

is always defined by the incidence of a plane wave in the entire area of the cell, 

and not for each sub-cell, in which the periodic cell was divided. 

Since there are applications that require an accurate computation of the reflectarray 

radiation pattern in a near-field excitation, such as a single or dual offset compact 

reflectarray, an accurate and efficient solution to the scattering problem of reflectarrays 

in an arbitrary excitation is needed. In this section, a semi-analytical method is proposed 

to solve the scattering problem in planar reflectarrays under an arbitrary excitation 

accurately. The accuracy, efficiency and viability of the proposed method are discussed 

below. 

The method is based on a discrete plane-wave expansion of the incident field on the 

entire plane that contains the reflectarray. To accomplish this expansion, the method 

starts from a known arbitrary excitation that corresponds to the EM-field on an 

excitation plane parallel to the reflectarray surface (see Fig.  61).  

If equation (5-1) is evaluated in the plane, 𝑧 = 𝑧𝑅, it gives the incident E-field in the 

entire plane that contains the reflectarray as a continuous summation of plane-waves. 
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For each one of the infinite terms of the integral, a reflection coefficient can be defined 

for each cell. However, the canonical excitation for a unit-cell must be a single plane-

wave with its high-order harmonics, that is, a discrete excitation associated with its 

appropriate propagation constants (or incidence angle). Thus, it is necessary to sample 

the spectrum in order to get a discrete summation that represents the incident EM field 

adequately at least on the RA surface.  

Multiplying 𝐹𝑥,𝑦,𝑧(𝑘𝑥, 𝑘𝑦) by the sampling function: 

                𝑆(𝑘𝑥, 𝑘𝑦) = ∑ ∑ 𝛿(𝑘𝑥 − 𝑝∆𝑘𝑥)𝛿(𝑘𝑦 − 𝑞∆𝑘𝑦)     
∞
𝑠=−∞

∞
𝑟=−∞  (5-3) 

it is obtained: 

�̃�𝑥,𝑦,𝑧(𝑥, 𝑦, 𝑧) =

= ∫ ∫ 𝐹𝑥,𝑦,𝑧(𝑘𝑥, 𝑘𝑦)𝑆(𝑘𝑥, 𝑘𝑦)𝑒
−𝑗(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧)𝑑𝑘𝑥𝑑𝑘𝑦

∞

−∞

∞

−∞

= ∑ ∑ �̂�𝑥,𝑦,𝑧(𝑝∆𝑘𝑥, 𝑞∆𝑘𝑦, 𝑧, 𝑓)𝑒
−𝑗𝑝∆𝑘𝑥𝑥𝑒−𝑗𝑞∆𝑘𝑦𝑦

∞

𝑞=−∞

∞

𝑝=−∞

 

where 

 

�̂�𝑥,𝑦,𝑧(𝑝∆𝑘𝑥, 𝑞∆𝑘𝑦, 𝑧) = 𝐹𝑥,𝑦,𝑧(𝑝∆𝑘𝑥, 𝑞∆𝑘𝑦)𝑒
−𝑗𝑘𝑧(𝑝∆𝑘𝑥,𝑞∆𝑘𝑦)𝑧∆𝑘𝑥∆𝑘𝑦 

 

By substituting the expression above at  𝑧 = 𝑧𝑅, by truncating the summations and by 

indexing each pair of (p,q) to a value of n, the incident E-field in a finite plane that 

contains the reflectarray can be written analytically as: 

 

𝐸𝑥,𝑦,𝑧
𝑖𝑛 (𝑥, 𝑦) = ∑ 𝑏𝑛(𝑥,𝑦,𝑧) ∙ 𝑒

−𝑗𝑘𝑥𝑝(𝑥+𝑥0) ∙ 𝑒−𝑗𝑘𝑦𝑞(𝑦+𝑦0)⏟                      
𝑒𝑛(𝑥,𝑦,𝑧)(𝑥,𝑦)

𝑁𝑝𝑤
𝑛=1     (5-4) 

where  

𝑏𝑛(𝑥,𝑦,𝑧) = 𝐹𝑥,𝑦,𝑧(𝑝∆𝑘𝑥, 𝑞∆𝑘𝑦)𝑒
−𝑗𝑘𝑧(𝑝∆𝑘𝑥,𝑞∆𝑘𝑦)𝑧𝑅∆𝑘𝑥∆𝑘𝑦 
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and where the terms introduced 𝑒−𝑗𝑘𝑥𝑝𝑥0and 𝑒−𝑗𝑘𝑦𝑞𝑦0 allow the expression in the 

reflectarray coordinate system centered in an arbitrary point (𝑥0, 𝑦0) to be written 

Similarly, the expression for the H-field could be written by the classic relationship 

between the E and H for a plane wave as: 

                �⃗⃗� 𝑖𝑛(𝑥, 𝑦) =
1

𝜂
∑ 𝑘�̂� × 𝑒𝑛⃗⃗⃗⃗ (𝑥, 𝑦)                
𝑁𝑝𝑤
𝑛=1     (5-5) 

where  𝑘�̂� is the propagation vector of each plane wave: 

�̂�𝑛 =
𝑘𝑥𝑝�̂�+𝑘𝑦𝑞�̂� + 𝑘𝑧𝑛�̂�

√𝑘𝑥𝑝2 + 𝑘𝑦𝑞2 + 𝑘𝑧𝑛2
 

and η the wave-impedance in the medium. 

Equations (5-3) and (5-4) provide an analytical expression for the incident EM-field as a 

discrete summation of homogeneous plane waves, that is, a summation of canonical 

excitations for a unit-cell. By using them, it is feasible to calculate accurately the 

reflected field on each cell using the superposition principle, as both the electric and 

magnetic fields (E and H) are correctly described, and the reflection coefficient for each 

plane wave on the surface of each unit-cell is appropriately defined. 

The analysis of the reflected field on the reflectarray surface is carried out element-by-

element considering each element in a periodic environment, and for each of the cells, 

the analysis must be repeated for each plane-wave. Therefore, the local periodicity is 

assumed in the structure but not in the excitation. 

It is important to note that if the excitation field 𝐸𝑥,𝑦,𝑧
𝑒𝑥 (𝑥, 𝑦) is not expressed in an 

analytical form, but by a grid of N points (e.g. using measurements), it would be 

necessary to assume a high value for N that allows that the field is continuous be 

considered. Otherwise, equations (5-3) and (5-4) do not have the accuracy to represent 

the incident field.  

The number of homogeneous plane-waves (𝑁𝑝𝑤) necessary to represent the field, and 

the criteria to truncate the summations, must be analysed. As mentioned above, it is 

necessary to sample and filter the excitation spectrum to obtain a practical solution of 
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the problem. The sampling and the truncation of the summations fix the number of 

plane waves to be used (Npw), and therefore the precision and the computational 

efficiency of the method.  

Since the sampling is taken from the spectral function, 𝐹𝑥,𝑦,𝑧(𝑘𝑥, 𝑘𝑦), the repetitions of 

the original signal after the sampling will appear in the spatial domain, that is, (5-3) and 

(5-4) reproduce the incident field in the reflectarray with copies repeated indefinitely 

across the entire plane that contains it.  

To avoid the aliasing that would give rise to errors in the incident EM-field, the ∆𝑘𝑥 and 

∆𝑘𝑦 values must be chosen to satisfy the Nyquist theorem: 

∆𝑘𝑥 ≤
1

2 ∙ 𝑑𝑖𝑚𝑥
       ∆𝑘𝑦 ≤

1

2 ∙ 𝑑𝑖𝑚𝑦
 

where 𝑑𝑖𝑚𝑥 and 𝑑𝑖𝑚𝑦 are the spatial dimension for which the incident EM-field 

vanishes on the 𝑧 = 𝑧𝑅 plane. 

However, the EM-field on the plane does not have a finite spatial bandwidth because 

this requirement is fulfilled only on the excitation plane. Thus, an inherent aliasing is 

produced, which is reduced as 𝑑𝑖𝑚𝑥 and  𝑑𝑖𝑚𝑦 increase.  

A way of avoiding the aliasing is to obtain the excitation in the plane that contains the 

reflectarray (𝑧𝑅 = 0), and then filtering the excitation field spatially in a window whose 

size is equal to or greater than the reflectarray surface. In our case, it only would be 

necessary to use the equation (5-1) to get the field in the required window on the 𝑧 = 𝑧𝑅 

plane with an adequate number of points, and then to proceed to sample in order to get 

the equations (5-3) and (5-4). However, this method has the problem that if the 

excitation cannot be represented analytically, it would be necessary to use a number of 

samples greater than those needed on a plane closer to the real source to represent the 

excitation (e.g. feed horn). If the excitation field comes from measurement or purely 

numerical methods, such as FEM or FDTD, the number of samples needed could be too 

high to ensure that these methods are accurate. In these cases, it would be necessary to 

obtain the excitation field on a plane as close as possible to the real source, and then to 

make a projection as mentioned above.  
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As regards the criteria to truncate the summations (spectral filtering), if the excitation 

usually corresponds to a far-field or a Fresnel field region, it is only necessary to get the 

homogeneous part of the spectrum, since the inhomogeneous plane waves have been 

sufficiently attenuated for the distances considered. However, in the near-field region 

some evanescent plane-waves might not be attenuated enough, thus producing errors if 

they are not considered in the computation. These errors are analysed below.  

The exact representation of the incident field as a discrete sum of plane waves, and 

therefore the most accurate computation of the reflected field with the proposed method, 

is obtained as the frequency sampling, the truncation modes, and the limits for the 

spatial filtering tend towards infinite. In this case, the reflected field only differs from 

its exact form because of the consideration of local periodicity in geometry. 

 

(a) 

 

 

(b) 

Fig.  62 (a) |Ey| of the real incident field on the reflectarray. (b) |Ey| obtained using the discrete plane-

wave expansion given in (3) and a frequency sampling greater than that of Nyquist. 
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To evaluate the adequacy and the accuracy of the equations (5-3) and (5-4) to represent 

the incident EM-field, a centered-fed configuration reflectarray is considered to 

compare both, the real incident field and that obtained using the method proposed in 

[108]. The reflectarray is made up of cells λ/2xλ/2 in size, located in the near-field zone 

of a feed rectangular horn (𝑧𝑅 = 7𝜆), which is designed to operate at 20 GHz. The 

aperture of the horn antenna (36.5x27.8 mm) is parallel to the reflectarray surface 

(100x100 mm) and its center is located at the point (0,0,-zR) in the reflectarray 

coordinate system. The accurate incident field is calculated using CST, which takes into 

account the real dimensions of the horn.   

Fig.  62a shows the transversal EM-Field (Pol Y) on the reflectarray surface, and Fig.  

62b represents the same field but calculated using equation (5-3), which have both been 

obtained by spatial filtering and assuming the frequency sampling above that of 

Nyquist. As can be seen, the images occur outside the reflectarray surface. Thus, 

equations (5-3) and (5-4) represent the field on the reflectarray surface analytically only 

with the errors produced by the truncation of the summations to the homogeneous 

spectrum.  

To evaluate these errors, and to make a comparison with the results given by [108], the 

analysis is made over the surface of a unit cell centered at the point (24, 24) mm. This 

cell has been chosen because the error due to the truncation is greater on its surface, 

since it is located far away from the center of the reflectarray.  

Fig.  63 and Fig.  64 show, respectively, the real transversal EM-field and the incident 

field obtained from equations (5-3) and (5-4), on the area of the cell considered. The 

error in the computation of the incident field when the plane-wave expansion (5-3) and 

(5-4) is used is also shown in Fig.  64. The error is defined for each point on the surface 

as: 

 

𝐸𝑟𝑟(%) =
||𝐸𝑟𝑒𝑎𝑙

𝑥,𝑦,𝑧| − |𝐸𝑒𝑥𝑝𝑎𝑛𝑠
𝑥,𝑦,𝑧 ||

|𝐸𝑟𝑒𝑎𝑙
𝑥,𝑦,𝑧|

∙ 100 

𝐸𝑟𝑟𝑃(º) = |𝑝ℎ𝑎𝑠𝑒(𝐸𝑟𝑒𝑎𝑙
𝑥,𝑦,𝑧) − 𝑝ℎ𝑎𝑠𝑒(𝐸𝑒𝑥𝑝𝑎𝑛𝑠

𝑥,𝑦,𝑧 )| 
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Fig.  63 Accurate incident EM-field on the unit-cell considered computed from CST. The unit cell is that 

centered at the point (24, 24) mm in the reflectarray. 

 

 

Fig.  64 Incident EM-field on the unit-cell considered using equations (5-3) and (5-4), and the errors. 
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Fig.  65 Incident EM-field on the unit-cell considered, obtained using the method proposed in [108] (4 

samples for each cell), and the errors. 

 

As can be seen, the maximum error for the amplitude on the surface is around 3%, 

whereas that the maximum error for the phase is 0.25º. This error can be reduced if the 

inhomogeneous plane-waves are not neglected in the expansion. 

Fig.  65 shows the incident EM-field on the cell obtained using the method proposed in 

[108], for which four samples are used. Thus, the E-field takes the same value as the 

accurate E-field at the center of the four sub-cells, whereas that the phase variation is 

marked by the behaviour of a single plane whose angle of incidence corresponds to the 

direct ray to the centers. Consequently, H is calculated using E and the classic 

relationship of the fields in a single plane wave. 

The error in the description of the incident EM-field for this case is also shown in Fig.  

65. As can be seen, the errors are greater than those obtained with the proposed method. 

Note that the error in the E-field vanishes at the center of the four sub-cells considered, 

because its value has been imposed. However, the error in the H-field does not vanish at 

these points (7%), as would be expected in a far-field excitation. This is because the 

EM-field is not locally-plane for the field considered (near-field), and therefore it must 
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be described with more than one plane wave (or more than one spherical wave). The 

module and the phase of the E-field are well adjusted, but its spatial variation, from 

which the H-field is calculated, is not appropriately described. These results prove the 

aforementioned limitations.  

 

 

Fig.  66 Comparison between the measured and simulated radiation patterns (elevation and azimuth) 

obtained with the technique proposed here and that proposed in [108], for the Ka-band reflectarray 

reported in [109]. 
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Since both the EM-field and the reflection coefficient of the cells are described more 

accurately using the proposed method, the field reflected will also be more accurate. It 

should be noted that the amplitude and phase errors for the cross-polar component are 

larger than those of the co-polar, which should be shown in the radiation patterns. 

Fig.  66 shows a comparison between the measurements of the radiation pattern of a Ka-

band reflectarray reported in [109], analysed using both, the proposed method and that 

proposed in [108] for which 4 samples for each cell have been considered in the 

analysis. The radiation pattern has been calculated from the reflected field using the 

second principle of equivalence (section 5.2.3). In this case, the number of 

homogeneous plane waves used to analyse each cell (and therefore the number of times 

that each cell is electromagnetically analysed) is Npw=729. If the time to compute the 

electromagnetic analysis of each cell at one spectral component (angle of incidence) is 

assumed to be 0.5 second per frequency, the time required to analyse the complete 

antenna (1124 elements) at one frequency would be: 729*0.5*1124=409.698 s (around 

5 days).  

For this example, the reflectarray is fed by a standard pyramidal horn, which has been 

simulated using the field on its aperture (calculated with CST). Thus, the excitation field 

on the reflectarray surface for both methods is the same.  

As can be seen, the improvements obtained by the proposed method (which are 

highlighted in Fig.  66 using arrows) are significant, especially in the prediction of the 

cross-polar (XP) level. However, the main drawback of this method is its low 

efficiency, since a large number of EM simulations must be carried out for each cell. 

The method to calculate the reflected field described in 5.2.1.1 provides good results 

and a great efficiency if the reflectarray is located in the far-field region of the feed-

horn. In this case, it could be concluded that the proposed method should only be used 

to obtain a more accurate prediction of the XP level. In the case that the reflectarray is 

located in the near field regions of the primary feed antenna, the use of the proposed 

method could be justified. 
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5.2.2 Accurate and efficient EM analysis of the voltage-dependence of LC-based 

reflectarray cells  

Once the incident field is calculated, the reflection coefficient matrix (equation 5-2 for 

far-field source) or the reflection coefficient matrices (near-field source) must be 

obtained for each cell.  

As previously mentioned, if the effects of the transversal inhomogeneity are negligible, 

the LC can be modelled as an anisotropic and inhomogeneous material in one 

dimension for an arbitrary biasing voltage. Thus, each cell that makes up the 

reflectarray would be described by the following parameters:  physical dimensions, 

angle of incidence (or angles of incidence), frequency, dielectric anisotropy at RF 

frequency, biasing AC voltage, dielectric anisotropy at AC frequency, and the pretilt 

angle. The last three parameters are needed to solve equation (2-14). Once this equation 

is solved, 𝜃(𝑧) (and therefore �̂�(𝑧) ) is obtained at a certain voltage, so that the 

corresponding LC relative permittivity distribution at a certain RF frequency (𝑓𝑅𝐹), 

휀�̿�(𝑧, 𝑓𝑅𝐹), can be obtained from (2-7) using the LC parameters (휀𝑟⊥(𝑓𝑅𝐹)) and 

(휀𝑟//(𝑓𝑅𝐹)).  

In this thesis, two strategies to model the intermediate states and extract the voltage 

versus reflection phase response of the cells are presented. The first is based on rigorous 

modeling of the LC taking into account the inhomogeneity of a stratified anisotropic 

media along z, whereas the second uses an effective homogeneous tensor for each 

voltage. 

5.2.2.1 EM analysis of LC-based cells using anisotropic stratified media (1D) 

The electromagnetic analysis of the cell is quite simple at the two extreme states (𝑉 = 0 

and 𝑉 >> 𝑉𝑡ℎ), since both states are homogeneous, but is more complicated at the 

intermediate states because of the inhomogeneity along 𝑧.  

The modeling of the dielectric inhomogeneity makes it necessary to segment the LC 

layer into an unknown number of layers in the z direction. Once the segmentation is 

done, numerical methods that use volume decomposition (FEM, FDTD) can be used 

with an appropriate formulation that considers anisotropic media and periodic boundary 

conditions, although the most appropriate method to solve planar periodic cells is the 

Method of Moments (MoM) [110]. 
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(a) 

 

(b) 

Fig.  67 Simulated (a) Amplitude, and (b) Phase of the reflection coefficient for the reflectarray cell 

designed and manufactured in sections 4.6.1 and 4.7 at different biasing states using accurate modelling 

휀�̿�(𝑧, 𝑉, 𝑓𝑅𝐹) and the homogeneous equivalent tensors 휀𝑟𝑎̿̿ ̿̿ (𝜃𝑎(𝑉), 𝑓𝑅𝐹), superimposed onto measurements 

for TM polarization and incidence 𝜃𝑖𝑛 = 45º,𝜑𝑖𝑛 = 90º. Operating Band: 96 to 104 GHz. 
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Fig.  68 Maximum Phase Error between measurements and simulations at several voltages using 

휀�̿�(𝑧, 𝑉, 𝑓𝑅𝐹). and 휀𝑟𝑎̿̿ ̿̿ (𝜃𝑎(𝑉), 𝑓𝑅𝐹). 

 

A software tool that implements the Spectral Domain Method of Moments (SD-MoM) 

based on a multilayered anisotropic Green’s function [111]-[113] has been written, and 

is used to solve the structure shown in Fig.  17 (page 55) electromagnetically, with the 

LC modeled as an anisotropic stratified media. Entire-domain sinusoidal basis functions 

have been used to describe the currents on the dipoles, and a surface impedance has 

been used to consider the conductive losses [110] of the metallic dipoles and ground 

plane. 

Fig.  67 compares the simulated amplitude (a) and the phase (b) of the reflection 

coefficient as a function of frequency with the measured results of the cell designed, 

manufactured and measured in a periodical environment in section 4.7 (angle of 

incidence 𝜃𝑖𝑛 = 45º, 𝜑𝑖𝑛 = 90º and TM polarization) for some biasing voltages. The 

solution of the elastic problem associated with the reflectarray cell studied here is 

represented in Fig.  9 (page 32), which in turn considers the effects of the orienting layers 

used in the manufacturing process on the pretilt angle. SE-150 polyimide films were 

used as orienting layers to impose the same boundary conditions on the surfaces 

(𝜃𝑝0 = 𝜃𝑝𝑑 = 4º). The rubbings of the manufactured prototype described in section 4.7 

were made in the directions 𝑑𝑟𝑢̅̅ ̅̅̅ = �̂� (upper plate) and 𝑑𝑟𝑑̅̅ ̅̅̅ = −�̂� (bottom plate) in order 

to obtain the same pretilt (4º) on both surfaces. Note also that the material was rubbed in 

the direction that corresponds to the direction of the incident electric field so that the 

best electrical performance is obtained (phase-range and losses).  
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(a) 

 

(b) 

Fig.  69 (a) LC segmentation of a reflectarray cell. (b) Convergence curves of the cell of Fig. 4. Maximum 

Phase Error and Angular Parameter Δθ versus the Number of Layers, NL 

 

If a different direction is chosen, the director would vary in a plane whose normal vector 

is orthogonal to 𝑑𝑟̅̅ ̅ and �̂� (different from YZ), and the resulting tensors would reduce 

the performance slightly.  
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(sinusoidal signal of 1 kHz with no DC offset),  𝑉 = (0 𝑉, 3.5 𝑉, 5 𝑉, 7 𝑉, 14 𝑉). The 

amplitude has only been represented for three voltages (3.5 𝑉, 5 𝑉, 7 𝑉) to simplify the 

graphical representation. As can be seen in Fig.  67, the maximum phase error between 

simulations and measurements is small at each voltage, so that the intermediate states 

are well modeled using the inhomogeneous tensors 휀�̿�(𝑧, 𝑉, 𝑓𝑅𝐹). The maximum phase 

difference between measurements and simulations in the band from 96 to 104 GHz is 

represented in Fig.  68 as a function of the voltage (black curve). Different sources of 

errors have been evaluated. Assuming reasonable convergence criteria, the numerical 

error in the method to calculate θ(z) has been evaluated and is less than 0.7º, whereas 

the error produced by the convergence of MoM (number of layer and meshing 

accuracy) is less than 0.5º. Therefore the errors can mostly be attributed to the 

manufacturing tolerances. 

In the simulations of the curves represented in Fig.  67, segmentation of the tensors 

휀�̿�(𝑧, 𝑉, 𝑓𝑅𝐹) into a number of layers NL(V), which is the number of layers of the 

stratified medium, has been considered at each voltage. The segmentation process has 

been defined at each voltage (V) by using the tilt angles shown in Fig.  8 (page 29), 

𝜃(𝑧, 𝑉). The process is initiated by selecting the center of the cell (z=h lc/2) and by 

taking the parameter Δθ to obtain the angular range that defines a layer. Then, the 

ordinate axis is divided into constant intervals of Δθ, and the points at the abscissa axis 

will provide the interfaces that define the layers. The permittivity tensor in each layer is 

calculated by using the angular value at its center (Fig.  69a). Note that the thicknesses of 

the resulting layers, which are symmetric with respect to the center of the cell, depend 

on the corresponding angular curve and Δθ, so that they will not be constant. Note also 

that the last two layers do not generally have the same angular increment as the others, 

although the angular variation of these is in the range defined by Δθ. 

The chosen value of Δθ should be small because it is useful to model certain 

homogeneous regions in the curves 𝜃(𝑧, 𝑉), which are usually produced at the higher 

voltage states (see Fig.  9, page 28). Furthermore, Δθ, which is related to the number of 

layers NL, generally depends on the cell geometry, the voltage state, and the accuracy 

required to calculate the reflection coefficient, so that if the chosen value of Δθ is not 

small enough to calculate the reflection coefficient with good accuracy (mainly in the 

phase), its value should be reduced. Therefore, an iterative convergence analysis must 

be made in which the phase accuracy is calculated at several values of Δθ. In this 
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process, the accuracy can be evaluated by calculating the error resulting from the phase 

provided by the corresponding segmentation and a phase reference. The latter is 

calculated by using a large number of layers and the same segmentation, and whose 

error is considered to be zero. This evaluation must be repeated at several values of Δθ 

until a certain phase error threshold (M) is achieved.  

Using these considerations, a convergence analysis has been made prior to obtaining the 

curves of Fig.  67; the results are plotted in Fig.  69b. In this figure, the maximum phase 

error (from 96 to 104 GHz) as a function of the number of segmentation layers, NL, is 

represented at several voltages for the cell considered, using a reference phase 

associated with 100 layers. The value of Δθ and its correspondence with the number of 

layers is also plotted. The results show that more than 80 layers should be used to obtain 

±2º phase error, whereas a value of Δθ=1 is adequate to obtain convergence for 

practically all voltages of around M=2º. This value was selected to obtain the curves 

shown in Fig.  67. Fig.  69b also shows that convergence is achieved with a different 

number of layers for each voltage. Segmenting the LC into a larger number of layers is 

required when the voltage increases, thus indicating that the rising and falling regions of 

𝜃(𝑧, 𝑉) must be modeled with a large number of layers.    

Note that since the cells will be part of a complete antenna, the convergence analysis 

should be done at each cell of the reflectarray. The repetition to all the cells may be a 

computationally unaffordable process. However, if the variations with respect to the 

angle of incidence are small, the result presented in Fig.  69b could be reasonably 

generalized to all the elements that make up the antenna. 

It should be also mentioned that the value of M depends on the application, the antenna 

configuration and the radiation pattern to be configured. In a dual reflector 

configuration in which the LC-reflectarray acts as a sub-reflector to obtain beam-

scanning in one dimension, the phase errors on the reflectarray surface (as a 

consequence of the tolerances, the effect of the LC, etc) become periodic because the 

required phase-shift is progressive. This produces a specular beam [114], which in turn 

is amplified by the main reflector producing undesired side-lobes if the phase errors are 

above ±20º. In a single-offset configuration, phase errors above ±25º affect the side-

lobes and the cross-polar levels of a shaped beam [28], whereas a value of 𝑀 = ±30º is 

usually tolerable to generate a collimated beam. However even in the best case, it is 
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necessary to use at least 20 layers to model the LC (see Fig.  69b), making the 

electromagnetic simulations and the extraction of the voltage dependence of the cells 

computationally inefficient. If numerical methods of volume decomposition are used, 

the problem is particularly inefficient, especially if the number of layers is relatively 

large due to the meshing necessary to describe the very thin layers resulting after the 

segmentation. In the case of SD-MoM, convergence problems appear with respect to the 

number of Floquet’s harmonics and basis functions needed to obtain an accurate 

solution, which rises with the number of layers especially if they are thin, thus 

increasing the computation time. As an example, the computation of the reflection 

coefficient at a certain angle of incidence, with the LC segmented into 20 layers for the 

voltage V=7 VRMS, requires a computation time (32 bits Intel Core Duo 2.66 GHz 

processor and 4 GB RAM) of 14 s/freq using SD-MoM and 992 s/freq using FIT (Finite 

Integration Technique). CST was used to evaluate this case.  

 

(a) 

 

(b) 

Fig.  70 Simulated and measured amplitude (a) and phase (b) of the reflection coefficient as a function of 

the applied RMS Voltage of the cell of Fig. 4 at three frequencies: 96 GHz (red curve), 100 GHz (blue 

curve) and 104 GHz (green curve). Biasing signal: 1 kHz-sine. Angle of incidence, θin=45º, 

φin=90º.Polarization: TM 
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(a) 

 

(b) 

Fig.  71 Simulated and measured amplitude (a) and phase (b) of the reflection coefficient as a function of 

the applied RMS Voltage of the cell of Fig. 4 at three frequencies: 96 GHz (red curve), 100 GHz (blue 

curve) and 104 GHz (green curve). Biasing signal: 1 kHz-sine. Angle of incidence, θin=30º, φin=90º. 

Polarization: TM 

 

The voltage dependences of the cell are plotted in Fig.  70 and Fig.  71, in which the 

simulated and measured amplitude (a) and phase (b) of the reflection coefficient as a 

function of the voltage are shown at three frequencies (96, 100 and 104 GHz) and at two 

different angles of incidence, 𝜃𝑖𝑛 = 45º, 𝜑𝑖𝑛 = 90º and  𝜃𝑖𝑛 = 30º, 𝜑𝑖𝑛 = 90º, 

respectively. The measurements were taken in a periodical environment, as previously 

mentioned. As can be seen, the voltage dependence of the cell can be accurately 

predicted. 

5.2.2.2 EM analysis of LC-based cells using equivalent homogeneous tensors 

To reduce the computational time needed to analyze the stratified media, the use of an 

effective homogeneous tensor, 휀�̿�(𝑉, 𝑓𝑅𝐹), is proposed.  
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To define the effective permittivity tensor of a reflectarray cell properly, it is necessary 

to analyze the cells first using very accurate modeling, and then to use the calculated 

electrical parameters to extract the homogeneous permittivity. Note that the use of an 

effective homogeneous tensor is appropriate for the structure shown in Fig.  17, because 

it can be demonstrated that each of the possible values of the homogeneous director, 

�̂�(𝜃(𝑉)), is able to represent the phase in the entire band at a certain state of voltage. 

Otherwise, these tensors could not be defined. This can be seen in Fig.  72, in which the 

phase of the cell analyzed in Fig.  67 is plotted at 100 GHz as a function of the angular 

parameter, θ, which represents all the possible homogeneous directors (�̂� = cos(θ) �̂� +

sin(θ)�̂�). Therefore, one way of obtaining an accurate effective permittivity at a certain 

voltage and frequency consists of sweeping the value of θ, until the phase error is low 

enough compared with that provided by accurate modeling, thus obtaining 𝜃𝑒𝑓𝑓(𝑉, 𝑓𝑅𝐹) 

and �̂�(𝜃𝑒𝑓𝑓).  

Although this strategy provides models from which the electromagnetic behavior of the 

cells can be predicted with a very small error, it would require the previous calculation 

using an accurate approach, so that this procedure is not an alternative, but an additional 

step to the stratified media modeling. To obtain an efficient alternative that does not 

require the use of an accurate approach (3D model, stratified media), the use of an 

effective tensor resulting from a spatial average is proposed.  

For cells fulfilling 𝜃𝑝0 = 𝜃𝑝𝑑, this tensor is defined from the average tilt angle at each 

voltage, 𝜃𝑎(𝑉), which can be obtained by:  
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Once 𝜃𝑎(𝑉) and �̂�𝑎(𝑉) have been calculated, the effective tensor 휀𝑟𝑎̿̿ ̿̿ (𝜃𝑎(𝑉), 𝑓𝑅𝐹) at 

each voltage and frequency can be easily deduced using (2-7).  

Equation (5-6) is an approach that allows improvements in the efficiency of the 

calculation of the voltage dependence of the cells but at expense of assuming errors, 

since the effect of the inhomogeneity tensor on the RF electric field is only averaged. 

Therefore, these errors must be evaluated.  

Note that since the phase curve with respect to the angular value θ is smooth (Fig.  72), 
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the errors of assuming approach (5-6) are expected to be small. The errors will become 

worse as the electric field becomes less uniform in the cell, which is produced at the 

intermediate states (see Fig.  9, page 32). At the states near the saturation, uniformity 

takes place practically throughout the entire volume, similar to the extreme states. Thus, 

since the phase variation is low at angular values greater than θ=70º (see Fig.  72), it is 

expected that the maximum error in the modeling occurs at the states for which 40º≤ θ 

≤70º.  

It should be mentioned that several functions, 𝑓(𝜃(𝑉, 𝑧)), have been checked to 

transform the angular distribution of 𝜃(𝑉, 𝑧) into 𝜃𝑎(𝑉), and the one that provides the 

lowest phase error with respect to the stratified media results for several cases is the 

average (5-6). The 𝑓(𝜃(𝑉, 𝑧)) function must increase with V and also satisfy the 

condition that the transformed angles at repose (V=0) and at infinite voltage are the 

pretilted, 𝜃𝑝, and 90º, respectively. 

Fig.  67 shows the amplitude and phase of the reflection coefficient as a function of 

frequency calculated using the effective homogeneous tensors, 휀𝑟𝑎̿̿ ̿̿ (𝜃𝑎(𝑉), 𝑓𝑅𝐹), 

associated with the same bias voltages that were previously considered. These tensors 

correspond to the average angles: 𝜃𝑎 = (4º, 27º, 47º, 62º, 81º). 

 

 

Fig.  72 Phase of the reflection coefficient of the cell in Fig. 4 as a function of the angle θ, which 

represents all the possible homogeneous directors (�̂� = 𝑐𝑜𝑠(𝜃) �̂� + 𝑠𝑖𝑛(𝜃)�̂�). Frequency: 100 GHz. 

Angle of incidence: 𝜃𝑖𝑛 = 45º, 𝜑𝑖𝑛 = 90º. Polarization: TM. 
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Note that the tensors associated with angles, 𝜃𝑎 = 4º and 𝜃𝑎 = 81º, provide practically 

the same phase state as those for angles 𝜃𝑎 = 0º and 𝜃𝑎 = 90º, which were usually 

used assuming zero pretilt angles and an infinite voltage for the maximum biasing state, 

respectively, as an approximation. Thus, the RMS voltage of around 14 V could be 

considered as the saturation voltage for the LC-based cell. However, a slight reduction 

in the phase range takes place as a consequence of the pretilt angle (𝜃𝑝(0,𝑑) =

4º ⇒ 𝜃𝑎 = 4º 𝑎𝑡 𝑉 = 0), which apart from affecting the curves in Fig.  8 (page 29), also 

affects the phase range so that the latter increases as the pretilt is higher. Thus, the use 

of polyimide films that provide pretilt angles of between 1º and 4º is recommendable.  

As can be seen in Fig.  67, the measured amplitude and phase curves fit well between 

both the rigorous model represented by 휀�̿�(𝑧, 𝑉, 𝑓𝑅𝐹) and the model that uses the 

effective tensors 휀𝑟𝑎̿̿ ̿̿ (𝜃𝑎(𝑉), 𝑓𝑅𝐹), although some errors are obtained as expected. Fig.  

68a shows the maximum phase difference between the two numerical models (green 

curve) for various voltage states in the band from 96 to 104 GHz, whereas Fig.  72 shows 

this error represented at several values of the angular parameter, θ, at 100 GHz. In this 

case, the values 𝜃𝑒𝑓𝑓 = (4º, 27º, 44º, 56º, 77º) were extracted from the simulations of 

the stratified media approach using the procedure described at the beginning of this 

section.  

Summarising, the effective tensors 휀𝑟𝑎̿̿ ̿̿ (𝜃𝑎(𝑉), 𝑓𝑅𝐹) describe the phase response for the 

lower and higher voltage states very well, for which phase differences of around 5º-10º 

are obtained. However, the phase difference increases to 32º at voltages of between 8 V 

and 10 V. Note that although the phase difference increases to 32º, the average error of 

all the states is around 15º, which is acceptable. For applications requiring more 

accuracy, stratified media modeling becomes necessary. 

The phase errors due to the approach (5-6) depend on the cell structure, since it further 

determines the RF electric field distribution in the cell, and therefore its phase variation. 

Although it is expected that these errors are assumable in most cell topologies, 

especially if the phase curve is smooth, the convenience of using (5-6) should be 

evaluated for other cells.  

The evaluation may be carried out by selecting a value for the angle, θ, for which the 

error is estimated to be maximal (50º≤ θ ≤70º), and then find the curve in Fig.  9 (page 
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32) for which the spatial average, θa , matches the selected angle. This curve must be 

used to evaluate the phase using the stratified media approach and the average error. If 

the latter is assumable, the approach given by (5-6) can be used in the design procedure 

of the antenna. This provides an efficient alternative because the effective tensors 

reduce the problems to that of one layer, thus improving the simulation time at each 

voltage with respect to the inhomogeneous modeling. Using the example considered 

above to evaluate the computational efficiency, it has been shown that the time to 

analyze the cell considered in this chapter (V=7 VRMS and 20 layers) is reduced by a 

factor of 11 for SD-MoM, and 17 for FIT (CST).  

 

5.2.3 Computation of the far-field radiation pattern 

Once the reflected field (�⃗� 𝑟) on the antenna surface is obtained from the reflection 

coefficient matrix of each cell, the radiation pattern can be calculated using the second 

principle of equivalence, which only involves the calculation of the tangential electric 

field on the antenna surface in its own coordinate system [96]. Thus, the radiated field 

can be expressed as: 
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If a far field source is used (section 5.2.1.1), the incident and reflected field expressions 

at each cell can be defined by the value of the field at the center of the cell, so that some 

simplifications can be made to achieve efficiency in the computation of the far-field 
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pattern, since the resulting formulation involves the use of the Fast Fourier Transform 

(FFT) [2].  

Fig.  73 represents a schematic of the different steps described above, which should be 

followed to calculate the radiated field of a LC-based reflectarray antenna biased by a 

certain voltage distribution. 

 

 

Fig.  73 Schematic of the steps to follow for calculating the radiated fields of LC-based reflectarray 

antennas 

 

In summary, an element by element analysis is made to analyze the antenna, so that 

each cell is analyzed independently by considering the local periodicity approach. 

Therefore, each cell is defined by its characteristic parameters (dimensions, angle of 

incidence and frequency), which are obtained for each cell using the design procedure 

described in Fig.  53 (page 103), and by the biasing voltage (obtained from the voltage 

synthesis procedure that will be described in section 5.4). The biasing voltage (strictly 

the amplitude and waveform of the AC signal) is used to electromagnetically model the 

LC using equations (2-14) and (2-8) and the parallel and perpendicular permittivities of 
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the LC in both RF and AC frequencies (this characterization is detailed in section 2.4, 

and in the next section: 5.3). The resulting permittivity (anisotropic and inhomogeneous 

permittivity) is introduced into an electromagnetic simulator that considers the 

characteristic parameters of the cells. The electromagnetic simulator (based on MoM) 

gives the reflection coefficient matrix of the cell being analyzed. This process is 

repeated for all the cells of the antenna, until the complete analysis is carried out. Once 

all the cells are analyzed, the reflected field on the antenna surface is used to calculate 

the radiation pattern.  

5.3 Characterisation of LC materials using reflectarray cells 

As can be seen in Fig.  53 (page 103) and Fig.  73, the design of LC-based reflectarray 

antennas involves the knowledge of the dielectric anisotropy of the LC at both RF and 

AC frequencies. In this section, two strategies for characterizing these parameters are 

proposed, which are carried out using reflectarray cells.   

5.3.1 RF characterization 

In chapter 2, several strategies for characterizing the LC in RF frequencies were 

described, which were reported in the state of the art. At frequencies above 60 GHz, the 

need to use a quasi-optical bench makes the use of a transmissive or reflective cell 

necessary. The transmissive cell (FSS) was finally selected to characterize the LC 

material used in the designs presented in this thesis. However, the use of an FSS has the 

main drawback of needing a large number of LC layers to achieve a broadband 

characterization of the LC, which increases the manufacturing complexity and the cost 

of the characterization prototype. The use of a reflective cell (reflectarray cell) 

overcomes this problem, since a structure like that shown in Fig.  17 (page 55) can be 

used to obtain a broadband behavior, thus simplifying the manufacturing process. 

Moreover, multi-resonant reflectarray cells provide more accuracy in extracting the 

parallel and perpendicular permittivities, which is because the extraction is carried out 

using the amplitude and the phase instead of the amplitude (FSS). Since the phase of the 

multi-resonant cells can be designed to be linear and soft with respect to the frequency 

or the effective tensors, the permittivity extraction will be less sensitive than that 

provided by the single layer FSS, whose amplitude curve is abrupt. To extract the LC 

characteristic permittivities using multi-resonant reflectarray cells, some steps must be 

taken: 
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 To define both the frequency band in which the LC must be characterized and a 

range of effective permittivities that includes both the parallel and perpendicular 

permittivities. The range could be defined from that presented by the LC in 

optical bands, which is typically provided by the LC manufacturer, since the 

parallel and the perpendicular permittivities in RF are typically within the range 

defined by these parameters in optics. 

 To design a single layer multi-resonant reflectarray cell using the extreme values 

of the effective permittivity defined in the first step. The design procedure and 

the objectives are those described in Fig.  53 (page 103).  

In that case, the losses are assumed to be zero, so that only the real parts of these 

permittivities are considered. Although this assumption affects the amplitude 

and phase response of the cell, the location of the resonances and therefore the 

phase vary slightly when the losses are really considered. Thus, the main effect 

of the imaginary part of the permittivity can be assumed to be related to an 

increase of the level of the losses. This consideration is quite important to 

separate the extraction of the real and imaginary parts of the permittivities.  

 To manufacture a prototype made up of a large number of these cell (section 

4.2)  

 To measure the extreme states of LC biasing for the periodical array: repose 

(V=0) and maximum biased state (high voltage, typically 20 volts) 

Note that the extreme phase states are not related to the values of the parallel and 

perpendicular permittivity as a consequence of the anisotropy (see section 4.4.2). 

That is contrary to what happens in FSS, where the effect of anisotropy is small 

because the transmitted field tends to have only the component of the incident field. 

Thus, the parallel and perpendicular permittivities are directly configured, and their 

extractions can be carried out independently at each state. Therefore, in the case of 

multi-resonant reflectarray cells, the extraction of the permittivities from the 

extremes must take into account the full homogeneous tensors given by equations 

(2-25) and (2-26).  

The extraction at a certain frequency is carried out firstly by minimizing the 

difference between the reflected phase when the tensor (2-26) is considered and the 
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phase measured at the maximum biasing state. Note that the function to be 

minimized depends on two variables: the real part of the parallel and perpendicular 

permittivities. Once this pair of values is obtained, it is taken as a starting point for a 

second problem, which consists of minimizing the difference between the reflected 

phase when the tensor (2-25) is considered and the measured phase at repose. The 

resulting pair of values is taken as a starting point for the first problem, so that this 

process is repeated iteratively until a certain convergence criterion is reached.  

Once the real part of the parallel and perpendicular permittivities are calculated, the 

loss tangent of each one is calculated in a similar way, but in this case, the reference 

is the amplitude instead of the phase.  

The parallel and perpendicular permittivities of the GT3-23001 have been characterized 

at 100 GHz and 125 GHz using this strategy. The measurements used to extract these 

parameters are those obtained for the two reflectarray cell prototypes manufactured in 

this thesis (sections 4.3 and 4.7). The results are set out in Table 17.  

It should be noted that the characterization should be carried out in the band where the 

amplitude and phase variations between the extreme states are appreciable; otherwise 

large errors can be made. Thus, a single resonant FSS could characterize an LC in a 

band of around 3-4%, whereas that a multi-resonant cell could reach around 12-15%. 

TABLE 17 

MEASURED PARALLEL AND PERPENDICULAR PERMITTIVITIES OF LC GT3-23001 USING MULTI-RESONANT 

REFLECTARRAY CELLS.  

 

 

GT3-23001 (25ºC) 휀𝑟// 휀𝑟⊥ Δ휀𝑟 𝑡𝑎𝑛𝛿// 𝑡𝑎𝑛𝛿⊥ 

 

100 GHz 

 

3.27 

 

2.5 

 

0.77 

 

0.0134 

 

0.0185 

125 GHz 3.26 2.48 0.78 0.0147 0.0193 

      

 

5.3.2 AC characterization 

The LC manufacturer usually provides the parallel and perpendicular permittivities at 1 

kHz, so that the design of the cells (chapter 4) could be carried out using this value. 

However, sometimes the control circuitry may impose a biasing signal with a different 

frequency, so that the LC must be characterized at this particular frequency in order to 
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be able to obtain the voltage dependence of the cells and therefore the voltage synthesis. 

To obtain the dielectric anisotropy at an AC frequency, the most common strategy 

consists of using a capacitor. However, to take advantage of the manufactured 

prototype, a method is proposed in this thesis to extract the dielectric anisotropy Δɛr, at 

the bias frequency from RF measurements, by solving the inverse problem to that 

presented in section 5.2.2 to model the LC.  

The method is based on measuring the reflection coefficient of the reflectarray cell (at 

RF frequencies) at a fixed angle of incidence (periodic environment) and at a defined 

voltage for the case that the LC is biased with the AC signal whose frequency is that for 

which the LC must be characterised; once the data acquisition is completed, and since 

the dielectric anisotropy is the unknown, the reflection phase of the cell is calculated 

iteratively, so that the value of Δɛr is varied for each iteration until the simulated phase 

reaches the values measured. In our case, a numerical analysis code based on the 

Spectral-Domain Method of Moments (SD-MoM) for anisotropic stratified media has 

been used to simulate the structure. Note that in this case the extraction is simpler than 

the extraction in RF, since only the value Δɛr is calculated instead of the paralell and 

perpendicular permittivities. However, to solve equation (2-14) it is only necesary to 

know Δɛr in AC frequencies, so that the process to extract the paralell and perpendicular 

permittivities independently could be obviated.   

As a general observation, although theoretically the measurement of a single voltage is 

enough to obtain Δεr, the existence of errors (due to manufacturing tolerances, 

convergence of the numerical electromagnetic simulations, etc) means that a single 

voltage measurement does not provide a particularly accurate value for the dielectric 

anisotropy. Thus, the measurements should be carried out for different voltages. 

As an example, the dielectric anisotropy of the LC GT3-23001 at 0.33 Hz has been 

characterised using the prototype manufactured and measured in section 4.7 (100 GHz). 

In this case, five different phase acquisitions were made at a fixed angle of incidence 

(θ=45º, φ=0º), so five values of the dielectric anisotropy were obtained, and the average 

Δɛr(0.33 Hz)=5.72 is achieved. The accuracy of the extracted value of Δɛr(0.33 Hz) is 

estimated to be ±0.15 for the multi-resonant structure with the maximum dimensional 

tolerances associated with the manufacturing process assumed, but this can be increased 

up to ±0.4 when the errors are systematic. The dielectric anisotropy at RF also has an 
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influence on the accuracy of the method used. However, the values obtained for Δɛr(RF) 

are considered to be sufficiently accurate with the methods described in this thesis. The 

uncertainty associated with the value of Δɛr(0.33 Hz) can produce average phase errors 

after a voltage synthesis of around ±6º. 

To evaluate the accuracy of the extracted value, Δɛr(0.33 Hz), the voltage dependence 

for two different angles of incidence for the cell considered, θ=45º, φ=0º and θ=30º, 

φ=0º, has been calculated and measured in a quasi-optical bench when the LC is biased 

with a 0.33 Hz-square signal. The results at 100 GHz are plotted in Fig.  74 which shows 

that the phase versus voltage plot is closely predicted. Note that the average phase error 

is close to the value expected (around 6º) at 100 GHz, whereas that the maximum error 

is 23º.  

 

Fig.  74 Phase of the reflection coefficient (100 GHz) of the cells as a function of the rms voltage at two 

angles of incidence for the case where the bias signal applied to the LC is 0.33 Hz-square. 

 

5.4 Biasing Voltage computation for a reconfigurable beam  

As described in the introduction of this chapter, the most important step in the design of 

an LC-based reflectarray antenna is the voltage synthesis, that is, to obtain the voltage 

distribution that should be applied to obtain the required radiation pattern. Throughout 

this chapter, several tools have been developed to achieve the calculation of the 

radiation pattern of a LC-based reflectarray when it is biased with an arbitrary voltage 

distribution (see Fig.  73). Therefore, the voltage synthesis proposed in this thesis uses 

these tools iteratively, and especially those that calculate the reflection coefficient of 

each cell (see Fig.  73). As described above, the antenna analysis considers an element-
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by-element approach, so that each cell is analyzed by considering its dimensions, angle 

of incidence, frequency, and biasing voltage. Therefore, the voltage synthesis is also 

carried out element-by-element (local periodicity approach), and consists of finding the 

voltage that synthesizes the required phase-shift at each cell.  

Previously, the required phase-shift at each cell (which generates a certain radiation 

pattern) is obtained at the design frequency. As is well known, the required phase-shift 

for reflectarray antennas is analytical for pencil beams, whereas an appropriate phase-

only pattern synthesis must be used to generate shaped beams [2]. Once the required 

phase-shift is calculated, the voltage synthesis for each cell consists of simulating the 

reflection phase at a certain test voltage, and then by comparing both the calculated and 

the required phase. This process is repeated iteratively until a tolerable phase error 

threshold is reached. Every iteration of each cell is simulated using the previously 

developed code based on MoM for anisotropic stratified media using one of the two 

models described in section 5.2.2 (see Fig.  73). 

It should be noted that if ideal phase shifters are considered, the required phase for a 

specified radiation pattern can be increased by adding an arbitrary phase constant, C, 

without any distortion of the radiation pattern. However, the existence of amplitude 

ripple in the reflection coefficient of the cells means that each value of C provides a 

different radiation pattern, so that there is an optimum value for this parameter, which 

gives the best radiation patterns for a defined electrical criterion (gain, side lobes level, 

or both together). This fact is not significant if the amplitude ripple on the reflectarray is 

low (i.e. passive reflectarrays); however, the ripple in the case of LC-reflectarrays is 

relatively high so this effect must be taken into account in the voltage synthesis. This is 

shown in Fig.  75, where the radiation patterns obtained for a certain phase-shift 

distribution, which that is added with several values of a constant phase C, are plotted. 

The radiation patterns are computed by considering a real LC-based reflectarray for that 

cell, previously designed and tested at 100 GHz. 

Thus, the voltage synthesis of the entire reflectarray for a given objective radiation 

pattern is introduced into an optimization process. In this process, C is the variable to be 

optimized, the objective is to minimize the electrical criterion (SLL is the parameter 

considered in this thesis) and the iterations involve the calculation of the resulting 
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radiation pattern as described in Fig.  73. Note that this process is able to reduce the 

effect of the amplitude ripple as much as possible after the cells have been designed.  

In the case of considering the SLL parameter, it should be mentioned that the 

dependence of the SLL on C entails a large number of local minima. This can be 

appreciated in Fig.  76, where the SLL versus the value of C is represented for the same 

pattern that was shown in Fig.  75. Thus, an appropriate initial point (C0) must be chosen 

to make the convergence efficient. This point is achieved by using a procedure that 

consists of making some previous simulations for several values of C, by considering 

the variations between the phase and an effective permittivity tensor (which was defined 

in section 5.2.2.2 and is obtained by changing an angular parameter). In this step, the 

reflection of the cells is computed by varying the average orientation of the molecules 

between 0 and 90 (homogeneous tensor). The effective permittivity tensor allows the 

radiation patterns and the curve SLL(C) to be calculated efficiently at some points, so 

that an appropriate initial point (C0) can be selected to find the global minimum as a 

local minimum. In this case, the iterations that must be assumed by using the accurate 

modelling (assuming the pretilt, the inhomogeneous tensor, etc) are much reduced. 

Once the value of C0 is calculated, the accurate modelling and the voltage synthesis are 

calculated at each step of the optimisation to find the appropriate value of C.  

 

Fig.  75 Radiation patterns obtained for a certain phase-shift distribution that is added with several 

values of a constant phase C. The radiation patterns are computed by considering a real LC-based 

reflectarray for the cell, designed at 100 GHz. 
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Fig.  76 SLL versus the value of the constant C for the radiation pattern shown in Fig.  75. 

 

5.5 Conclusions 

The suppression of the electromagnetic effects of the transversal inhomogeneity allows 

the LC to be modelled as an anisotropic stratified media in the longitudinal dimension at 

each voltage, which drastically improves the efficiency of calculating the permittivity 

tensors and the voltage dependence of reflectarray cells; therefore the voltage synthesis 

procedure is simplified.  

In this case, the resulting electromagnetic problem could be solved by using MoM, 

which improves the efficiency with respect to other electromagnetic simulators based on 

volume decomposition. Since an anisotropic stratified media is obtained at each voltage, 

the permittivity tensor must be segmented at each case. A convergence analysis showed 

that 80 longitudinal samples of the permittivity tensor should be used to predict the 

reflection coefficient with a maximum phase error of around 2º. To avoid convergence 

problems, and to increase computational efficiency, an equivalent homogeneous tensor 

could be defined at each voltage, which would guarantee maximum phase errors of 

around 30º in most cases (average of around 15º). For the first time, the voltage 

dependence of LC-based reflectarray cells with arbitrary dimensions, angle of 

incidence, and frequency has been predicted. The predictions are excellent, so that the 

discrepancies are consequence of the manufacturing tolerances.   

A tool to calculate the radiation of LC-based reflectarrays has been developed, which 

considers an “element-by element” analysis assuming local periodicity. The reflective 
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properties of each cell are accurately predicted by combining MoM and the accurate 

modelling of the LC. Moreover, a novel technique to describe the incident field 

accurately has also been introduced into the tool, showing that the errors resulting from 

the local periodicity approach in the excitation can be negligible for near-field 

excitations. 

The developed tool that calculates the radiation patterns of LC-based reflectarrays 

allows the required voltage at each cell with an inherent average phase error of 6º to be 

synthesized for first time while minimizing the effects of the amplitude ripple on the 

radiation pattern. The inherent phase error is because, for first time, the tool makes use 

of the measured results from reflectarray cell prototypes in order to extract the intrinsic 

parameters of the LC. These prototypes impose this accuracy, which is similar to that 

provided by other characterisation methods.  

The tools used to calculate the full tensor at each biasing voltage, to design the cells and 

to synthesize the voltages make up a complete design tool of LC-based reflectarray 

antennas, which can be in a conventional single fed reflectarray configuration or in a 

more complex structure, involving additional reflectors. The accuracy of the developed 

tool drastically improves that provided by other approaches reported in the state of the 

art. Thus, the critical issues described in 1.2.2 (Modeling of LC-based reflectarray cells) 

and 1.2.4 (Voltage Synthesis) are overcome, whereas that the remaining part of 1.2.4 

(Amplitude ripple) are finally solved. The goals 1.3.6 (Design tool of LC-based 

reflectarrays) and 1.3.7 (LC characterization by using reflectarray cells) were reached. 

 

 

  



 

 

 

 

 

 

 



 

 

 

        CHAPTER 6 

6 Design, manufacture and testing of single offset LC-based 

reflectarrays for beam scanning 

6.1 Introduction 

As described previously, the tools to calculate the full tensor at each biasing voltage, to 

design the cells, and to synthesize the voltage (which includes electromagnetic 

simulators to analyze the cells (MoM) and to calculate the radiation patterns), make up a 

complete design tool for LC-based reflectarrays. Since the proposed design procedure 

provides phase errors of less than ±6º, it should guarantee enough accuracy, so that the 

measured radiation patterns should be very close to those predicted and the electrical 

performance of the resulting antenna should be close to the initially defined radiation 

pattern. In fact, the electrical performance (bandwidth, SLL, scanning range, etc) of this 

type of antenna should be much better than that provided in the state of the art (critical 

issues 1.2.3 and 1.2.4). To validate the proposed techniques, the design tool developed 

has been used to design a few LC-based reflectarray antennas to demonstrate their 

capabilities for beam scanning and broadband operation.  

This chapter focuses on designing single-offset reconfigurable reflectarrays, which are 

made up of the cells designed in chapter 4 at 100 GHz. The proposed biasing strategy, 

the control circuitry and the signals to be used for biasing the LC are also described. 

The accuracy of the proposed design procedure is analyzed by comparing the numerical 

simulations with the measured radiation patterns, and by observing the modifications to 

the beam shape which are attributed to variations in the amplitude and phase errors 

across the reflectarray aperture. This analysis at antenna level also permits an 

assessment of the viability of using multi-resonant cells to improve some features of the 

antenna performance other than the bandwidth, since amplitude ripple is a relatively 

important source of pattern distortion.  
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6.2 1D-Electronically scanned reflectarray antenna using LC 

The first design corresponds to a single offset reflectarray designed to operate at 100 

GHz with control in one dimension (Prototype 1). This will be used to demonstrate the 

accuracy of the full design procedure presented in this thesis.  

The LC-based reflectarray antenna is made up of 54 x 52 identical cells, which were 

designed in chapter 4. The dimensions of the cells are reported in Table 13. Fig.  77 

shows a schematic of the reflectarray arrangement. 

The reflectarray phase center is located at the point (37.48, 0, 78.51) mm (see Fig.  77b), 

and a conical horn (Millitech SGH-08) is used as the primary feed.  

 

 

Fig.  77 Schematic of the LC-reflectarray. (a) Cells showing its different parts, (b) antenna configuration. 

 

6.2.1 Modeling of feed horn 

The feed horn was modeled by measuring the actual dimensions of the horn, and 

simulating the structure in CST. Fig.  78 shows a schematic of the horn (cutting plane, 

y=0) in which the dimensions measured are plotted, and Fig.  79 represent both the co-
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polar (CP) radiation pattern of the horn for the main planes (E and H) and the co-polar 

and cross-polar level (XP) for the angle ϕ=45º at 100 GHz. The simulated gain is 21 

dBi, and the XP is -18 dB less than the maximum. 

 

.   

Fig.  78 Schematic of the horn (cutting plane y=0) and the actual dimensions 

.   

Fig.  79  Co-polar (CP) and cross-polar (XP) gain radiation pattern of the real feed horn at 100 GHz. 

 

The phase centre of the horn has been calculated for both, E and H planes, obtaining the 

points z’=7.49 mm and z’=14.52, respectively. Thus, the mid-point between both (z’=11 

mm) has been chosen as a geometrical phase centre for designing the antenna.  
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The electromagnetic field (E and H) used as equivalent sources for calculating the 

incident field or the radiation pattern has been obtained at the three frequencies of 

interest (100-GHz, 96-GHz and 104-GHz) on a square plane (17.13 x 17.13-mm) 

located very close the aperture (z=0.68 mm) in order to avoid possible improprieties in 

the calculation of the field with CST as a consequence of the metallic edges of the 

aperture. Fig.  80 shows the incident electric field on the reflectarray at 100 GHz, 

considering that the horn is excited by the fundamental mode TE11-cos(ϕ) (Pol X) of 

the circular waveguide. The illumination level at the edges of the reflectarray is -14 dB.  

  

  (a)           (b) 

  

(c)           (d) 

Fig.  80 Incident field on the LC-based reflectarray surface for X polarization according to Fig.  77. (a) 

Co-polar amplitude (dB, normalised with respect to the maximum), (b) Cross Polar amplitude (dB), (c) 

Co-polar Phase, (d) Cross Polar Phase 

6.2.2 Reflectarray structure and addressing of the voltage 

As described in chapter 4, the cells exhibit experimental linear phase curves in the band 

from 96 to 104 GHz, with a maximum phase error of ±35º (at 104 GHz), and the phase-

range from zero to maximum bias voltage is 330º, which is sufficient to collimate the 

beam. The magnitude of the reflection coefficient, mainly attributed to the absorption 

10 20 30 40 50

10

20

30

40

50

Number of elements in x

N
u
m

b
e
r 

o
f 

e
le

m
e
n
ts

 i
n
 y

 

 

-15

-10

-5

0

10 20 30 40 50

10

20

30

40

50

Number of elements in x

N
u
m

b
e
r 

o
f 

e
le

m
e
n
ts

 i
n
 y

 

 

-70

-60

-50

-40

-30

-20

10 20 30 40 50

10

20

30

40

50

Number of  elements in x

N
u
m

b
e
r 

o
f 

e
le

m
e
n
ts

 i
n
 y

 

 

-150

-100

-50

0

50

100

150

10 20 30 40 50

10

20

30

40

50

Number of elements in x

N
u
m

b
e
r 

o
f 

e
le

m
e
n
ts

 i
n
 y

 

 

-150

-100

-50

0

50

100

150



 

159 

 

losses of the liquid crystals, has different values across the antenna surface (amplitude 

ripple). This ripple is around 2 dB in the band from 96 to 102 GHz and increases up to 9 

dB at 104 GHz, which is lower than that provided by single resonant cells.  

 

 

Fig.  81 Top (a) and bottom (b) views of the LC-based reflectarray showing details of its different parts. 

 

To simplify the control circuitry and the structure to bias the cells, the LC reflectarray is 

only biased by rows, so that the scanning can be performed on one plane (elevation). 

For this biasing arrangement, the reflectarray is only able to focus the beam on one 

plane (the scanning plane), therefore the radiation pattern in the azimuth plane will be 

similar in shape to that provided by the horn. Since the beam is collimated and scanned 

in the elevation plane, the gain will be less than that obtained from a pencil beam; 

however the addressing of the voltage is greatly simplified. 

Each cell is made up of three printed dipoles and a 30 μm-wide biasing line that 

interconnects the dipoles, and works as an electrode to apply the ac bias signals. The 

biasing lines protrude beyond the active area into 0.5 mm-width rectangular traces 

which are used to connect the bias lines of each row to the control circuits (see Fig.  

81a). An additional layer of FR-4 (3 mm thick) was glued to the lower surface of the 

silicon wafer, which supports the ac lines and the bias connectors (see Fig.  77a and Fig.  

81b). 

Each of the bias lines is connected from the quartz to the corresponding trace printed on 

the FR-4 layer by a wire (0.1 mm) which is soldered, and each of the traces is connected 
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to the pin of a IDC connector that serves as an interface between the LC device and the 

control circuits (see Fig.  81b). A photograph of the manufactured prototype is shown in 

Fig.  82, which is biased to show three different groups of rows (each one with a different 

voltage), so that three different colours can be identified in the visible spectrum. 

 

 

Fig.  82 Photograph of the manufactured reflectarray that is biased to show three different groups of 

rows, each one with a different voltage. Three colours can be identified. 

 

6.2.3 Control circuitry and software  

The control circuits and the biasing strategy are an important and complex part of the 

development of LC-based reflectarrays, given the large number of elements and phase 

states (voltages) that are needed to tilt the beam to a predetermined position.  

The LC must usually be biased with an AC signal of a frequency high enough to avoid 

electrohydrodynamic instabilities and AC modulation (typically 1 kHz) [28]. In our 

case, the number of voltages selected is 20. However the implementation of this control 

strategy requires 20 switches for each row to provide independent AC control to the 54 

rows that make up the reflectarray (1,080 switches), and this is very costly from a 

manufacturing point of view.  

To reduce the number of control circuits, an alternative approach which uses sequential 

biasing and retention capacitors at the input of each bias line (Fig.  83) is selected for 

this study. The role of the RC circuits is to maintain the appropriate fixed voltage value 

at each bias line when a time-multiplexing signal is applied to the circuits. This signal 
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consists of a sequence of Nv pulses, Nv being the total number of different voltages 

(phase states) to be applied to the rows. Each voltage is applied for a time Tp, which has 

to be greater than the delay in the switching circuits plus the required time to fully 

charge the capacitor until the desired value is obtained. The capacitors of the rows that 

must be biased with the same voltage are charged simultaneously. Once the desired 

capacitors are charged, the corresponding switches on the line selector are opened so 

that the voltage is maintained. Since a progressive decay of the voltage is produced as 

consequence of the parasitic resistances of the components, refreshment must be done 

once all the rows have been biased. Note that although a time varying signal is used, the 

voltage applied to the LC is fixed in each row, so that the static regime of the LC is 

excited.  

 

Fig.  83 Schematic of the retention circuits that maintain a fixed voltage applied to the LC together with 

the applied signals. 

 

The RC circuit has to be designed with a small RC time constant to allow for fast 

charging the capacitor. The values for the RC circuits used are R=1 kΩ and 4.7 μF, to 

obtain a charging time of 50 ms (99.997%). Note that this strategy reduces the number 

of switches, but at the expense of using a DC signal for the bias control, so that 

electrohydrodynamic instabilities would be present in the antenna, which produce 

perturbations and non-linear effects (permittivity and the phase) in the director of the 

LC molecules [115]. To avoid this effect, a signal with zero-offset has been used. Thus, 

the voltage is also changed from +V to –V, so that the refreshing period would be 
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T=2*Tp*Nv. In this case, the number of voltages selected is 20, whereas the time delay 

of the switches (relays) is 10 milliseconds. Thus, assuming a safety margin time of 64 

ms to ensure the correct charge of the RC circuits, the design would lead to a square 

signal of 0.33 Hz-frequency (T=2*74 ms*20=2.96 s). The voltages are between 0 and 

15 V. 

 

Fig.  84 Schematic of the control circuitry. 

 

 

Fig.  85 (a) The two USB box selected NI6509 and NI6501 used as interface between the PC and the 

relays  (b) Two 20-element switching modules that use relays. 

 

Note that the frequency of the square signal decreases as the number of voltages and/or 

Tp increases. The switches have been chosen to be relatively slow (millisecond 

response) because of their size, their cost, the ability to support high voltages and their 

isolation (optocoupler). Thus, the cost and the complexity of the demonstrator are 



 

163 

 

reduced. However, other switching devices could be used, which would increase the AC 

frequency. 

 

(a)           (b) 

Fig.  86 (a) Phase-shift distribution (º) and (b) Voltage distribution (VRMS) to scan the beam at -25º 

  

(a)           (b) 

 

(c) 

Fig.  87 Reflection coefficient of the LC-based reflectarray surface for X polarization according to Fig.  

77. (a) Co-polar amplitude (dB, normalised with respect to the maximum), (b) Co-polar Phase, (c) Cross 

Polar amplitude (dB), 
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It should be mentioned that this strategy to bias the LC also limits the scanning time of 

the antenna to T/2, since the voltage is applied sequentially. Although in our case a 0.33 

Hz signal implies a minimum time of 1.5 s, the fall time of the LC molecules in the cells 

is greater, therefore the limitation is imposed by the LC and not by the selected 

switches.  

Fig.  84 represents a schematic of all the control circuitry. The voltage and the 

corresponding rows are selected using relay matrices controlled by a computer, which in 

turn configures the timing. All the required voltages are obtained from a conventional 

voltage divider, which is excited by a voltage generator that provides the maximum 

value of required voltage, whereas that the change of sign of the voltage is achieved 

using four switches that change the physical connection between the voltage and the 

ground. Fig.  85  shows photographs of the control circuits. 

As can be deduced, the total number of switches used is 76 (54 line selector+20 voltage 

selector+4 sign change circuit) instead of 1,080. 

The software to control the circuits was developed in National Labwindows CVI, which 

is a C programming language based on integrated libraries for instrumentation control 

in a Windows environment.  

 

Fig.  88 Phase of the co-polar reflection coefficient for the central element of each row as a function of 

the applied voltage 
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6.2.4 Calculation of the required voltages 

Once the addressing of the voltage and the biasing are selected, the voltage synthesis 

described in section 5.4 provides the voltage distributions that are necessary to focus the 

beam at a certain scan angle.  

Fig.  86 shows the phase-shift and the voltages that are required to scan the beam at -25º. 

The simulated reflection coefficients provided by the cells for X-polarisation and the 

associated voltage distribution are shown in Fig.  87, whereas Fig.  88 shows the phase of 

the co-polar reflection coefficient of the reflectarray cells for the central element of each 

row as a function of the applied voltage.  

  

  (a)           (b) 

  

(c)           (d) 

Fig.  89 Reflected field on the LC-based reflectarray surface for X polarization according to Fig.  77. (a) 

Co-polar amplitude (dB, normalised with respect to the maximum), (b) Cross Polar amplitude (dB), (c) 

Co-polar Phase, (d) Cross Polar Phase 
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measured at only one angle of incidence (as done in the state of the art to synthesise the 

required voltages, critical issue 1.2.3), phase errors of around 50-60º can be made for 

the central cells of each row. If the elements are out of the central axis, the errors could 

increase significantly. Therefore, a voltage synthesis as that was developed in chapter 5 

is necessary. 

 

(a) 

 

(b) 

Fig.  90 Simulated 3D gain radiation pattern for the beam scanned at -25º at 100 GHz. (a) co-polar, (b) 

cross-polar. Pol X 
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The reflected fields on the antenna surface are shown in Fig.  89 for X-polarisation and 

the scan angle -25º. As can be seen, the amplitude ripple produces a distortion in the co-

polar component of the reflected field, whereas that this distortion is not appreciated in 

the cross-polar component. This is because the cross polar introduced by the cells is 

small, so that the main contribution to the XP is that produced by the horn. The 

simulated 3D radiation pattern in u-v coordinates is shown in Fig.  90. As can be seen, 

the maximum cross polar is similar to that provided by the horn, which is found on the 

azimuth plane. On the elevation plane, the cross polar is zero because of the symmetry. 

Note that the co-polar radiation pattern exhibits a wider beam in the azimuth plane 

(similar to that provided by the horn), as expected. 

6.2.5 Previous experimental characterization on a quasi-optical test bench 

As a previous step before measuring the radiation pattern in an anechoic chamber, the 

set-up used to evaluate the LC-reflectarray experimentally in RF frequencies was a 

quasi-optical test bench. Several configurations were used, which were described in 

section 4.3.  

 

Fig.  91 Measured power of the reflected field for the angular positions 45º (specular direction) for three 

voltage distributions on the LC that displace the reflected beam 0º (blue curve), -7.5º (red curve) and -15º 

(green curve) respect to the specular direction. 
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Fig.  92 Measured power of the reflected field for the angular positions 37.5º  for three voltage 

distributions on the LC that displace the reflected beam 0º (blue curve), -7.5º (red curve) and -15º (green 

curve) respect to the specular direction. 

 

 

Fig.  93 Measured power of the reflected field for the angular positions 30º for three voltage distributions 

on the LC that displace the reflected beam 0º (blue curve), -7.5º (red curve) and -15º (green curve) 

respect to the specular direction. 
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phase-shift (progressive) to displace the beam coming from the horn with an offset of -
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Therefore the proof of scanning was done by measuring the signal for the three outputs 

(30º, 37.5º and 45º, with 45º of input) for each voltage (phase) distribution. 

Fig.  91, Fig.  92 and Fig.  93 show the measured power of the reflected field for the three 

angular positions considered (45º or specular, 37.5 and 30º), respectively, and for three 

voltage distributions on the LC that displace the reflected beam 0º, -7.5º and -15º with 

respect to the specular direction. The incident wave for the three cases is the same: 

plane wave whose angle of incidence is 45º and with TM polarization. As can be seen, 

the sub-reflector switches the beam appropriately within the considered frequency band 

(from 96 to 104 GHz). Note that this type of characterisation allows three points of the 

radiation pattern of this configuration to be measured at a certain frequency and at three 

scan angles, so that the strategy is only useful to ensure that the LC-reflectarray is 

working correctly. A complete characterisation must be done in an anechoic chamber 

under the real antenna configuration. 

6.2.6 Assembling and measurements in anechoic chamber 

 

 

Fig.  94 Photograph of the single offset LC based reflectarray antenna 

 

The radiation patterns of the LC-based reflectarray antenna have been measured in an 

anechoic chamber for several scan angles and frequencies at around the nominal design 

frequency of 100 GHz. Fig.  94 shows a photograph of the antenna placed in the 

anechoic chamber. The reflectarray has been placed on an aluminum support structure, 

which was covered with absorber material in order to avoid undesired reflections. The 
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location of the feed-horn and the support structure provide a region potentially free of 

blockage within the range from -90º to -5º (see Fig.  77, page 156). The angles above -

60º require sharp phase variations (in addition to high scan loss), and the phase errors as 

a consequence of using the local periodicity approach, produce a significant increase in 

the side lobe level. Therefore, the scanning range considered here is from -60º to -5º 

(see Fig.  77, page 156), although it could be improved using a more appropriate support 

structure or even another location of the horn. 

Fig.  95, Fig.  96 and Fig.  97 show the experimental results in the elevation plane for six 

scan angles (-60º, -45º, -35º, -25º, -15º, -5º) at 100 GHz and the lower and upper 

frequencies selected for this measurement campaign, 96 and 104 GHz. As can be seen 

in Fig.  95, the reflectarray antenna provides a steerable beam in one plane over a wide 

angular range (55º) at 100 GHz. The side lobe level is less than -13 dB for all the scan 

angles, and the pointing errors are negligible. The side lobe level is less than -18 dB 

from -15º to -25º, but increases when the beam is scanned away from the specular 

direction (-25º). The fact that the level of the side lobes is low over a relatively large 

angular range is mainly due to the small phase errors on the reflectarray surface. As 

previously mentioned, the average phase error provided by the voltage synthesis, is 

around 6º at the design frequency. In this case, the main source of pattern distortion is 

the amplitude ripple, which is reduced to 100 GHz using the aforementioned numerical 

design technique. The accuracy of the proposed design procedure is also evident in the 

prediction of the radiation patterns. This can be seen in Fig.  98, which shows the 

measured radiation pattern in the elevation plane for the beam scanned at -25º (solid 

line) compared to simulations at the design frequency, 100 GHz. The radiation pattern 

obtained from ideal phase shifters is represented by the dotted curve in Fig.  98 as a 

reference, and the dashed curve represents the simulated radiation pattern by 

considering the actual reflection coefficients from the surface of the LC-based 

reflectarray. As can be seen, there is good agreement between measurements and 

simulations. The discrepancies are similar to these obtained for passive reflectarrays.   

At 96 and 104 GHz the phase errors increase inherently, since the phase behavior of the 

cells is not perfectly linear with the frequency and the voltage synthesis is obtained at 

100 GHz. At 96 GHz the phase error and the amplitude ripple are low, so the electrical 

performance of the antenna at this frequency is similar to that obtained at 100 GHz (see 

Fig.  96). This behavior is maintained in the band from 96 to 102 GHz. However, the 
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phase errors and the ripple at 104 GHz increase up to 60º and 9 dB, respectively, and 

this gives rise to an increase in the levels of the side lobes which peak at -6.5 dB (see 

Fig.  97). Note that the increase in the side lobes is especially high for the lobe that 

corresponds to the specular direction [114].  

 

Fig.  95 Measured elevation radiation patterns at 100 GHz for several scan angles 

 

 

Fig.  96 Measured elevation radiation patterns at 96 GHz for several scan angles 
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Fig.  97 Measured elevation radiation patterns at 104 GHz for several scan angles 

 

The phase errors of the reflected field at 96 GHz and 104 GHz are represented in Fig.  99 

at the scan angle -25º. These errors are calculated by comparing the ideal phase shift at 

the corresponding frequency with the real phase provided by the cells. It can be 

observed that the phase error at 96 GHz is relatively small (max 35º, average of 10º), 

whereas it is higher at 104 GHz (max of 110º, average of 55º). The pseudo-periodicity 

of the error is also more appreciable at 104 GHz, which produces the specular beam 

shown in Fig.  97.  

 

Fig.  98 Measured (Meas) and simulated (Sim) elevation radiation patterns at 100 GHz for the beam 

scanned to -25º in elevation. The ideal radiation pattern is also plotted. The simulation considers the 

actual reflection coefficient of the cells. 
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(a)           (b) 

Fig.  99 Phase Errors at (a) 96 GHz and (b) 104 GHz for the scan angle -25º 

 

To evaluate the impact on the antenna performance of the amplitude ripple and the 

phase errors, a further analysis is presented at 104 GHz. The measured (solid line) 

radiation pattern for the beam scanned to -5º is compared in Fig.  100 with the 

simulations obtained using different assumptions. The dotted curve represents the 

pattern assuming ideal phase shifters. The dash-dot curve plots the simulations using the 

actual reflection amplitude from the surface of each of the LC cells, but assuming ideal 

phase curves (zero phase error), whereas the simulations that consider the real effect of 

the LC-based cells (amplitude and phase) are represented by the dashed curve. It is 

observed that the amplitude ripple gives rise to an increase in the level of the side-lobe 

although to a lesser extent than the phase errors, which are primarily responsible for the 

distortions observed in the radiation patterns. As regards the bandwidth, if the criterion 

of a 3 dB gain reduction from the peak value is assumed, the antenna is shown to meet 

this specification from 96 to 102 GHz. In this range, the SLL is below -13 dB for all the 

scan angles. Table 18 shows that the electrical performance for the antenna design 

presented in this section is significantly better than previously published results for LC-

based reflectarrays or even than very recent results [116]. The predictions of the 

measured results are also significantly better than those reported in the literature.  

It should be noted that the voltage synthesis is also reconfigurable in frequency, so it 

can be calculated independently at each frequency. Thus, the phase errors produced in 

the band from 102 to 104 GHz as a consequence of the non-linearity of the phase curves 

could be compensated by obtaining suitable bias voltages which could be used to 

improve the antenna performance at each frequency, although this method would reduce 
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the instantaneous bandwidth of the antenna. This will be analyzed in the next section. 

Note also that the design procedure to calculate the voltages could be modified to find 

an optimized full band voltage distribution that considers the edge and the center design 

frequencies. As regards the antenna gain reduction (the efficiency is 18.5%) observed in 

Fig.  98 and Fig.  100, note that it can be attributed to the high LC absorption losses, the 

amplitude ripple and the phase errors. 

 

Fig.  100 Measured (Meas) and simulated (Sim) elevation radiation patterns at 104 GHz for the beam 

scanned to -5º in elevation. The ideal radiation pattern is also plotted. Simulations consider the actual 

reflection coefficients of the cells (Am+Ph) or cells providing ideal phases and actual amplitudes (Am) 

 

Fig.  101 Measured (Meas) and simulated (Sim) gain at 100 GHz with respect to the scan angle – 

simulations assume the reflection coefficient of the cells under certain considerations given in the text. 

 

To evaluate the contribution of each of these factors, Fig.  101 shows the measured and 

simulated gain at 100 GHz for different scan angles. The simulations consider three 

cases: ideal phase-shifters, cells without losses and the actual phase (Ph), and cells 

providing the actual reflection coefficient in amplitude and phase (Am+Ph). The plots 
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show that the main contribution to the gain reduction is the absorption loss of the LC, 

whereas the phase errors represent a small contribution which peaks around 1 dB at 104 

GHz (Fig.  100). The results also show that the ideal gain curve (Fig.  101) exhibits a 

maximum beam scan loss of 6.5 dB at -60º. The loss attributed to the phase errors and 

reflection magnitude is fairly constant with an angle at 100 GHz, although the actual 

gain curve also shows the amplitude ripple, which means that at a certain scan angle, the 

gain at 96 and 104 GHz is different than that obtained at 100 GHz. It should be 

mentioned that to obtain a higher gain using the same LC material, the antenna aperture 

could be increased (which is easily implementable for this type of antenna), or other 

architectures can be considered: a dual reflector antenna [117], or a single offset antenna 

but with 2D addressing of the voltage. In any case, the losses of the LC can also be 

reduced, which is being achieved with the development of new LC mixtures [118].  

TABLE 18 

 COMPARISON OF MEASURED ELECTRICAL PERFORMANCE OF LC-REFLECTARRAYS  

 

Feature [56] [55] [106] [116] Prototype 1 

 

Frequency (GHz) 

 

35 

 

77 

 

77 

 

78 

 

96-102 

Max Gain (dBi) 19.5 - - 25.1 19.4 

Scanning Capabilities 1-D 1-D 1-D 1-D 1-D 

Scanning Range (º) 35 35 20 12 55 

SLL (dB) -4 -3 -5 -6 -13 

Polarisation Linear Linear Linear Linear Linear 

Antenna Sructure Single Single Single Folded Single 

      

 

6.3 2D-Electronically scanned reflectarray antenna using LC 

The experimental demonstration of a 1D electronically scanned reflectarray antenna that 

was carried out in section 6.2, was selected because it simplifies the control of the 

antenna. Thus, the accuracy of the modeling, the proposed design procedure and the 

voltage synthesis were validated. However, this control scheme only allows the beam to 

be collimated in one plane, so that the gain is reduced for a fixed aperture. Moreover, 

there are several applications that require the beam to be scanned at a certain angular 

arbitrary position or even to shape the beam. Therefore, a scheme to address the 

corresponding required voltage at each cell of the reflectarray (2D addressing of the 

voltage) must be developed.  
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To achieve this objective, two alternatives can be considered: active or passive 

addressing of the voltage. Both strategies have been successfully developed in optics to 

achieve LC-displays [119].  

The active LC matrix consists of introducing an additional retention circuit at each cell, 

which is able to contain the appropriate voltage (capacitors, transistors, etc) for a 

sequential biasing. Note that this strategy was previously used in section 6.2 to develop 

a 1-D reflectarray antenna based on LC. In the case of 2-D reflectarrays, it could be 

implemented by segmenting the ground plane into isolated rectangular patches, each of 

which behaves as an independent electrode biased by a via-hole and the corresponding 

retention circuit. The effects of the segmented ground plane should be negligible in RF 

(see Fig.  102a). The main disadvantages of this strategy are the complexity and the cost 

of the manufacture. This technology is mature in optics to produce LC-panels with 

integrated transistors, but not yet in mm and sub-mm wavelengths. More details are 

given in section 8.3.2. 

The other strategy is the passive LC matrix, which makes use of the inherent electrical 

capacity that the LC exhibits. As previously mentioned in section 2.3.3, the dynamic of 

the LC material means that the decay times of the LC molecules are much slower than 

the rise times, so that the molecules could maintain their molecular configuration for a 

relatively long time, which should be enough to refresh the element under a cyclic 

sequential biasing. Thus, each cell would behave like a temporary electrical capacitor. 

The physical addressing for this case is represented in Fig.  102b for reflectarray cells, 

which is based on a ground plane segmented into isolated strips, which are used to 

provide the voltages at each column. The rows are controlled by interconnecting all the 

radiating elements (dipoles, etc.) that make up a row. This scheme drastically reduces 

the complexity of the biasing, although at expense of several drawbacks [119]. The 

main disadvantages are related to the large reduction in the phase-range, the need to use 

a more complex voltage synthesis that accounts for the dynamic of the LC, or the time-

varying ripple. Note that the passive LC addressing involves working in the dynamic 

regime of the LC, so that the molecules are continuously rotating. Thus, the problem to 

be solved to find the appropriate voltages would involve solving the Erikson-Leslie 

equation (2-20) for each cell and phase state. In this case, each phase state must be 

configured with a sequence of pulses whose amplitudes and time-spacing must be 

calculated (voltage synthesis).  
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In this section, the addressing of the voltage will be assumed to be active. Since the 

active addressing of the voltage uses retention circuits to maintain a fixed voltages (the 

LC works in static regime), the voltage synthesis described in chapter 5 can be used. 

Although experimental results are not reported here for the case of 2-D beam scanning 

reflectarray because of the complexity of manufacturing the structure shown in Fig.  

102a, a preliminary analysis of this antenna is carried out. These results can be assumed 

to be reliable because of the accuracy of the design procedure and the excellent 

predictions of the results demonstrated in section 6.2. 

 

Fig.  102 2-D addressing of the voltage of LC-based reflectarrays using, (a) active matrix and (b) passive 

matrix 

 

The antenna discussed in this section for 2-D voltage control corresponds to that 

manufactured and tested in section 6.2 for 1-D. The geometry is described in section 

6.2, and a schematic plot was shown in Fig.  77 (page 156). Three scan angles are 

considered: (-25º,0º), (-25, 25º) and (-60º, 0º).  

6.3.1 Scan angle (-25º,0º), 

The required phase shift at the design frequency of 100 GHz, and the voltages for this 

scan angle are represented in Fig.  103. The complete analysis of the structure using the 

tools developed in chapter 5 gives rise to the reflected fields shown in Fig.  104 (100 

GHz), which bring about the 3D-radiation patterns at the design frequency (100 GHz) 

and the extreme frequencies (96 GHz and 104 GHz) represented in Fig.  105. 

As can be seen, the co-polar gain increases by around 6 dB with respect to the results 

presented in Fig.  90 and Fig.  98, since the radiation pattern is fully collimated. The 
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cross polar level is also reduced by the same proportion, whereas the SLL at 100 GHz 

decreases from -18 dB (1-D capabilities) to -21 dB. Fig.  106 shows more details of the 

radiation pattern at 100 GHz for the elevation and azimuth cuts. 

 

(a)           (b) 

Fig.  103 (a) Phase-shift distribution (º) and (b) Voltage distribution (VRMS) to scan the beam at (-25º, 

0º)  for X polarization 

 

(a)           (b) 

 

(c) 

Fig.  104 Reflected field on the LC-based reflectarray surface for X-polarization according to Fig.  77 to 

generate a collimated beam at (-25º,0º). (a) Co-polar amplitude (dB, normalised with respect to the 

maximum), (b) Cross Polar amplitude (dB), (c) Co-polar Phase (º) 2D addressing of the voltage 

capabilities. Pol X. 
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(a)                 (b) 

 

(c)                 (d) 

 

(e)                 (f) 

 

Fig.  105. 3D gain radiation pattern for the beam scanned at (-25º,0º). (a) co-polar and (b) cross-polar at 

100 GHz, (c) co-polar and (d) cross-polar at 96 GHz, (e) co-polar and (f) cross-polar at 104 GHz 

 

 

-1 -0.5 0 0.5
-0.5

0

0.5

u

v

 

 

-30

-20

-10

0

10

20

-1 -0.5 0 0.5
-0.5

0

0.5

u

v

 

 

-30

-25

-20

-15

-10

-5

0

-1 -0.5 0 0.5
-0.5

0

0.5

u

v

 

 

-30

-20

-10

0

10

20

-1 -0.5 0 0.5
-0.5

0

0.5

u

v

 

 

-30

-20

-10

0

-1 -0.5 0 0.5
-0.5

0

0.5

u

v

 

 

-30

-20

-10

0

10

20

-1 -0.5 0 0.5
-0.5

0

0.5

u

v

 

 

-30

-25

-20

-15

-10

-5

0



Chapter 6 Design, manufacture and testing of single offset LC-based reflectarrays for beam scanning 

180 

 

 

(a) 

 

(b) 

Fig.  106. Simulated radiation pattern (gain) in (a) elevation and (b) azimuth at different frequencies for 

the scan angle (-25º,0º). Pol X 

 

As previously mentioned in section 6.2, the main source of pattern distortion at the 

design frequency is the amplitude ripple. However, the effects of the ripple (which is 

between 2 and 3 dB at 100 GHz) for a 2-D configuration is lower than that of 1-D, since 

this ripple is distributed in a non-periodical arrangement (see Fig.  104a), contrary what 

happens in that of 1-D. This can be seen in Fig.  107a, where the same analysis as that 

shown in Fig.  100 is represented at 100 GHz. Similarly, the other frequencies are also 

analyzed. As can be seen in Fig.  106b and Fig.  107c, the effects of the phase errors and 

the amplitude ripple at 96 GHz are similar to those obtained at 100 GHz, whereas that 

the distortion of the pattern as consequence of them is more significant at 104 GHz. 
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This behavior is similar to that obtained for the 1-D reflectarray antenna; however it can 

be deduced that the 1-D arrangement amplifies the amplitude and phase errors much 

more, since the same potential errors gives rise to an SLL of -6.5 dB (an increase of 12 

dB with respect to the ideal case) in the case of 1-D beam scanning (see Fig.  100), 

whereas the SLL for the same radiation pattern at 104 GHz for the 2-D arrangement is -

15 dB (Fig.  107c). The phase errors on the reflectarray surface are represented in Fig.  

108. Thus the instantaneous bandwidth of the antenna would be larger for 2-D beam 

scanning. In this case, the bandwidth with the criterion of a 3 dB gain reduction is from 

96 to 104 GHz, instead of from 96 to 102 GHz. In this bandwidth, the SLL is better than 

-15 dB. 

  

(a)           (b) 

 

(c) 

Fig.  107 Elevation gain radiation patterns for the beam scanned at (-25º,0º), which consider the same 

assumptions for the LC as in Fig.  100, (a) 100 GHz, (b) 96 GHz and (c) 104 GHz. 2-D addressing of the 

voltage capabilities 
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(a)           (b) 

Fig.  108 Phase Errors at (a) 96 GHz and (b) 104 GHz for the scan angle -25º 

 

6.3.2 Scan angle (-25º,25º) 

 

 

(a)           (b) 

Fig.  109 (a) Phase-shift distribution (º) and (b) Voltage distribution (VRMS) to scan the beam at (-25º, 

25º).  

 

Fig.  109- Fig.  112 show a similar analysis as discussed in section 6.3.1 for the case that 

the beam is scanned in a direction out of the main planes of the antenna. In this case, the 

most appreciable effect is the increase in the SLL level at 104 GHz. Therefore, it could 

be assumed that the sensitivity to the phase error and the amplitude ripple is slightly 

worse if the beam presents an angular offset in the azimuth plane. It should be noted 

that, as described in section 6.2, the voltage synthesis is reconfigurable in frequency.  
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Thus, the SLL at 104 GHz could be improved by assuming an appropriate voltage 

synthesis at 104 GHz. This can be seen in Fig.  113, where the radiation patterns at 104 

GHz are compared for two cases, which correspond to the synthesis carried at 104 GHz 

and 100 GHz, respectively. As can be seen, the improvement is quite remarkable. 

 

 

(a)           (b) 

 

(c) 

Fig.  110 Reflected field on the LC-based reflectarray surface for X polarization according to Fig.  77 to 

generate a collimated beam at (-25º,25º). (a) Co-polar amplitude (dB, normalised with respect to the 

maximum), (b) Cross Polar amplitude (dB), (c) Co-polar Phase, 
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 (a)                 (b) 

 

(c)                 (d) 

 

(e)                 (f) 

 

Fig.  111. 3D gain radiation pattern for the beam scanned at (-25º,25º). (a) co-polar and (b) cross-polar 

at 100 GHz, (c) co-polar and (d) cross-polar at 96 GHz, (e) co-polar and (f) cross-polar at 104 GHz. 
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Fig.  112. Simulated radiation pattern (gain) in elevation and azimuth at different frequencies for the 

scan angle (-25º,25º), for X polarization. 

 
 

Fig.  113 Azimuth radiation pattern at 104 GHz for the beam scanned at (-25º,25º) by considering the 

voltage synthesis at (a)100 GHz and (b) 104 GHz. 
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6.3.3 Scan angle (-60º,0º) 

Finally, the analysis for the beam scanned to the maximum angle in elevation (assumed 

to be 60º) is considered. The results are shown in Fig.  114 - Fig.  117, which summarize 

the conclusions drawn from the previous analysis.  

 

(a)           (b) 

Fig.  114 (a) Phase-shift distribution (º) and (b) Voltage distribution (VRMS) to scan the beam at (-60º, 

0º).  

 

(a)           (b) 

Fig.  115 Reflected field on the LC-based reflectarray surface for X polarization according to Fig.  77 to 

generate a collimated beam at (-60º,0º). (a) Co-polar amplitude (dB, normalised with respect to the 

maximum), (b) Cross Polar amplitude (dB), 

 

Thus, the gain is reduced by the scan losses (Fig.  101) and the losses of the LC, whereas 

the effects of the phase errors and the amplitude ripple are lower than those reported for 

the 1-D beam scanning antenna. It should be noted that a beam squint of 2º is obtained 

at the extreme frequencies, which is the maximum because the squint is larger as the 

scan angle in elevation increases with respect to the normal of the antenna; this effect 
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also was observed in the results measured in section 6.2. However, the beam squint can 

be corrected if the biasing voltages are reconfigured for each frequency, similarly to that 

done in Fig.  113. 

  

(a)                 (b) 

 

(c)                 (d) 

 

 (e)                 (f) 

 

Fig.  116 3D gain radiation pattern for the beam scanned at (-25º,25º). (a) co-polar and (b) cross-polar 

at 100 GHz, (c) co-polar and (d) cross-polar at 96 GHz, (e) co-polar and (f) cross-polar at 104 GHz. 

 

-1 -0.5 0 0.5
-0.5

0

0.5

u

v

 

 

-30

-20

-10

0

10

20

-1 -0.5 0 0.5
-0.5

0

0.5

u

v

 

 

-30

-25

-20

-15

-10

-5

-1 -0.5 0 0.5
-0.5

0

0.5

v

u

 

 

-30

-20

-10

0

10

20

-1 -0.5 0 0.5
-0.5

0

0.5

u

v

 

 

-30

-20

-10

0

-1 -0.5 0 0.5
-0.5

0

0.5

u

v

 

 

-30

-20

-10

0

10

20

-1 -0.5 0 0.5
-0.5

0

0.5

u

v

 

 

-30

-25

-20

-15

-10

-5



Chapter 6 Design, manufacture and testing of single offset LC-based reflectarrays for beam scanning 

188 

 

 

 
 

Fig.  117 Simulated radiation pattern (gain) in elevation and azimuth at different frequencies for the scan 

angle (-60º,0º). Pol X 

6.4 Conclusions 

A LC-based reflectarray antenna that exhibits a better electrical performance than those 

previously reported in the literature has been designed, manufactured and tested at 

frequencies centered at 100 GHz. The improvements are achieved by using the design 

tool that was developed in previous chapters, whose accuracy allows a good antenna 

performance to be obtained in terms of level of the side lobe and scan range. The 

experimental radiation patterns are in good agreement with simulations, and show that 

the antenna generates an electronically steerable beam on one plane over an angular 

range of 55º with a gain reduction of less than 3 dB within the frequency band 96 to 102 

GHz. The levels of the side lobe are less than -13 dB for all the scan angles. The 

electrical performance and the excellent predictions of the results validate the accuracy 

and viability of the LC modeling, the unit-cell used and the voltage synthesis proposed. 
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Therefore, the goal 1.3.8 (Design, manufacture and testing of a single offset LC-based 

reflectarray for electronic beam scanning at 100 GHz) was achieved. 

The maximum gain is 19.4 dBi, which is 8 dB lower than the maximum gain for the 

ideal case. This reduction is mainly a consequence of the LC absorption, since the phase 

errors on the reflectarray surface are small within the bandwidth. The amplitude ripple 

on the reflectarray produces fluctuations in the gain with respect to the scanning angle, 

which are in the same order as the ripple. A further analysis at frequencies out of the 

band (104 GHz), demonstrated that the amplitude ripple and the phase errors give rise to 

distortions in the radiation patterns, especially in the specular direction. Phase errors of 

around 60º could produce both, an increase in SLL of between 8-12 dB and a decrease 

in the gain of between 0.8-1.5 dB, whereas that the contribution of the amplitude ripple 

could reach reductions of SLL of between 3-6 dB.  

If a reconfiguration in frequency is assumed, the effect of the phase errors on the 

reflectarray surface can be reduced, so that the electrical performance of the antenna 

would improve at the corresponding design frequency. However, it would be suitable 

for applications that require a reduced instantaneous bandwidth. 

Moreover, the same LC reflectarray was analyzed assuming a 2-D voltage, which 

increases 6 dB the gain in the antenna and provides the possibility of scanning the beam 

in an arbitrary direction or even shaping the beam. The simulations demonstrated that 

the sensitivity to the phase errors and the amplitude ripple is 30% lower than for the 1-D 

arrangement, so that the bandwidth and the SLL are also better. The scanning range that 

could be reached with a single offset geometry and an accurate design procedure would 

be around 80º in the elevation angle, whereas the limit in the gain is imposed by the size 

of the antenna and the LC losses, so it can be improved. 
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.        CHAPTER 7 

7 Design, manufacture and test of dual reflector antennas based on 

LC-reflectarray for beam scanning.  
 

7.1 Introduction 

The LC-based reflectarray antenna manufactured and tested in chapter 6 provides 

maximum gains of 19.4 dBi and 25.6 dBi for 1-D and 2-D biasing arrangements, 

respectively. To improve the gain using the same LC material, the antenna aperture 

could be increased. However, a compact antenna volume is sometimes required. Dual-

reflector antennas have been proposed for beam scanning and high gain applications, 

which in turn allow moderate compact structures and a better efficiency that those 

provided by a single-offset configuration [120].   

In this chapter, a dual reflector antenna that uses an LC-based reconfigurable sub-

reflectarray has been designed, manufactured and tested for beam scanning applications 

at 100 GHz (Prototype 2). This structure has been chosen because it provides a major 

advancement with respect to the previously reported demonstrator in chapter 6, since 

the main reflector collimates the beam on two planes whereas the addressing of the 

voltage of the LC reflectarray is only implemented by rows (or columns) to produce 

beam scanning in one dimension. Thus, the antenna control is simplified and the 

antenna gain is increased.  

The LC-based reflectarray placed as sub-reflector is that manufactured previously and 

reported in chapter 6. Therefore, the design procedure in this case would involve the use 

of those tools developed to design the cells (chapter 4) and to synthesize the required 

voltage (chapter 5). However, two additional tools are needed, which are related to the 

phase synthesis on the sub-reflector and the electromagnetic analysis of the dual-

reflector structure from the reflected field on the LC-sub-reflectarray. In this chapter, all 

the steps necessary to develop this type antenna are described, and the experimental 

results are analyzed and discussed. The prototype tested here really achieves the concept 

demonstrated in [117], which used passive reflectarrays to emulate the phase-shift 

distribution of each scanning angle. 
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7.2 Antenna Design 

7.2.1 Antenna optics 

The main restrictions that limit the definition of the dual-reflector antenna optics are: 

 Blockage of the main reflector by the sub-reflectarray should be avoided. 

 The feed horn has different phase centers on the E and H planes, giving rise to a 

defocusing of the beam when it is deflected in one of the two main planes of the 

antenna. 

 The losses of the LC introduce an amplitude modulation in the reflected field  

 Phase errors come about at frequencies different from that at which the antenna 

was designed 

 The phase control should be implemented by rows or columns (1-D). 

 The incidence angles on the sub-reflectarray cells should be low. 

 

As a compromise, a Cassegrain antenna with a planar sub-reflector has been considered. 

A schematic of the dual reflector arrangement is shown in Fig.  118. 

The antenna has been designed to provide a collimated beam in two planes (elevation 

and azimuth) with electronic beam scanning from -8º to +4º in one cut (elevation), and 

works over the frequency range 96 to 104 GHz.  

The main reflector diameter is 215 mm, which has been oversized to properly achieve 

the required scanning range. The active area of the sub-reflectarray is 59.02 x 59.54 

mm, which provides a magnification factor of around 3.5. The geometrical dimensions 

have been chosen to minimize blockage and to reduce the angle of incidence on the sub-

reflectarray, which reaches a maximum of θin=41º. Note that the antenna gain is 

maximized because the beam is collimated in both planes and moreover the gain of the 

LC reflectarray is amplified by the magnification factor. 
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Fig.  118 Schematic of the dual reflector antenna for beam scanning 

 

TABLE 19 

GEOMETRICAL PARAMETERS OF THE DUAL-REFLECTOR ANTENNA  

 

Parabolic Reflector (circular aperture) 

A p e r t u r e  d i a m e t e r  ( D r ) 215 mm    

Clearance (Cr) 125 mm 

Focal Distance (Fr) 160 mm 

Sub-Reflectarray (in main coordinate system) 

Center (79.7, 0, 131.9) mm 

Periodic cell size 1.093 × 1.145 mm 

Reflectarray size (Nx, Ny) 54 × 52 elements 

Direction cosines (
0.701 0 0.701
0 −1 0

0.701 0 −0.701
) 

Feed-horn (in Sub-RA coordinate system) 

Phase center (-37.48, 0, 78.51) mm 

Pointing (0, 0, 0) mm 
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However, the main disadvantage of this antenna geometry is that the angular scan range 

is also reduced approximately by this factor, so a reduced angular range is obtained. As 

detailed in Fig.  118, negative scan angles are limited by the blockage of the sub-

reflector, whereas the positive angles are limited by the edge of the main reflector and 

the degradation of the patterns as consequence of the phase requirements (discussed 

below). The physical dimensions of the geometry are summarized in Table 19, and a 3D 

schematic of the complete antenna is shown in Fig.  119 

 
 

Fig.  119 3D schematic of the dual-reflector antenna 

 

7.2.2 Feed horn modeling 

As described in section 6.2.1, the conical horn (Millitech SGH-08) was modeled in the 

CST Microwave Studio in order to calculate the position of the phase center and the 

electromagnetic field across the aperture. Since the azimuth and elevation phase centers 

are not coincident, the feed-horn was positioned with its azimuthal phase-center at the 

focus of the antenna, since the errors produced in the elevation plane can be corrected 

by suitable reconfiguration of the LC-reflectarray. The incident field on the reflectarray 

surface is very close to that represented in Fig.  80 (page 158), which was associated 

with a position of the horn in the middle point between the azimuth and elevation phase 

centers. In this case, the correct position of the horn in the azimuth phase center is 

important, since the azimuth plane will be focused mechanically by the main reflector, 

so that an incorrect position of the horn will produce phase and illumination errors that 

will be amplified by the magnification factor of the antenna.  
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7.2.3 LC-based Sub-reflectarray 

The LC-based sub-reflectarray used was previously designed and characterized in terms 

of reflection phase and amplitude in chapters 4 and 5, and tested in a single-offset 

configuration in chapter 6. The structure is made up of an array of 54 x 52 multi-

resonant unit cells with identical physical dimensions, each made up of three dissimilar 

length dipoles, printed on a 550 μm-thick quartz wafer. The difference between the 

reflectarray described in this chapter and the structure reported in chapter 6 is that 50 

μm slots are inserted in the ground plane to create an array of electrically isolated metal 

strips, as shown in Fig.  120.  

 
 

Fig.  120 Top (a) and bottom (b) views of the sub-reflectarray showing its different parts. 

 

The segmentation has been made in order to confirm experimentally that there is 

negligible effect on the RF performance, since this modification to the ground plane 

will be used in the future to provide 2D beam scanning with a passive addressing of the 

voltage, as discussed in section 6.1. In our case, this segmentation together with the 

active addressing and the voltage synthesis described in chapters 5 and 6, allows the 

beam to be scanned in one plane (1-D), but selecting between the elevation and the 

azimuth. A photograph of the manufactured prototype with a segmented ground plane 

and a two-dimensional control is shown in Fig.  121, and more details on the reflectarray 

and the manufacturing process are presented in chapter 4. 
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Fig.  121 Photograph of the manufactured LC-reflectarray with a segmented ground plane (a) Top (b) 

and bottom 

7.2.4 Phase and voltage synthesis  

In [117], a progressive phase was used to scan the beam of a dual-reflector antenna 

which was based on several passive sub-reflectarrays that emulated the phase-shift 

distribution of each scan angle. From an intuitive point of view, the LC reflectarray 

could be considered in this case as virtual mirror with the capability of rotating to an 

angle on the elevation plane. However, this approach does not provide the best electrical 

performance in terms of scan angle and SLL, since in this case the scan angles out of the 

boresight direction do not focus the radiation on the correct point. Thus, an alternative 

technique to obtain the objective phase-shift for each scan angle must be used. The 

technique is based on the analysis of the antenna in reception mode. In this technique, a 

plane wave is assumed to impinge on the main parabolic reflector at a prescribed scan 

angle with respect to the z-axis, which produces a progressive phase on the main 

reflector aperture. The currents on the surface are obtained by applying physical optics 

on the main reflector, which are used to compute the electric field on the reflectarray 

surface. A home-made tool developed by the Universidad de Oviedo [122] was used in 

the phase synthesis to analyze the antenna in receive mode, whereas that the commercial 

software tool GRASP [123] was used as a simulator of the physical optics in 

transmission mode, since it allows diffractions to be considered. The phase of the 

electric field on the reflectarray together with the phase of the incident field produced 

by the horn, are then used to obtain the required phase-shift on the sub-reflectarray 

aperture. Fig.  122a shows the required phase-shift that should be introduced by the LC-
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based reflectarray to scan and to collimate the beam in the direction -4º. Note that the 

required phase shift varies throughout the two dimensions. Since the sub-reflectarray 

only is able to bias the LC in 1-D, an average must be considered (Fig.  122b), which 

should assume that the elements with a maximum incident illumination make a higher 

contribution than those elements located on the edges of the reflectarray. Even so, this 

approach will produce phase errors, although to a lesser extent than those produced by 

the progressive phase-shift. The radiation patterns obtained using GRASP at four scan 

angles are shown in Fig.  123, which assume ideal phase-shifters across the sub-

reflectarray surface 

  

(a)           (b) 

Fig.  122 (a) Phase-shift distribution (º) on the sub-reflector to scan and to collimate the beam in the 

direction -4º (elevation) for the dual-reflector antenna. (b) Phase-shift after the average. 

 

The voltage synthesis of the LC-based sub-reflector is carried out using the tools 

developed in chapter 5. In this case, the minimization of the amplitude ripple effects 

involves the calculuation of the radiation patterns using GRASP, which uses the 

reflected field on the reflectarray surface.  
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Fig.  123 Simulated radiation patterns for the dual-reflector antenna at four scan angles. Ideal phase-

shifts are assumed across the reflectarray surface. Frequency: 100 GHz. 

 

7.2.5 Manufacture and assembly 

 

 

Fig.  124 Photograph of the manufactured dual reflector antenna with a mirror placed at the sub-

reflector 

 

The parabolic reflector was machined using a 2-axis CNC machine from a cylindrical 

aluminum tube and the required sub-micron surface finish was produced using a ball 

nose cutting tool. A small slot was removed from the bottom of the parabolic reflector 

to allow for the clearance of the rectangular to circular waveguide transition and the 

conical horn. The feed assembly was placed on a sliding linear mount to allow the phase 

center of the horn to be positioned manually at the focal point of the sub-reflector. A 

precision machined aluminum jig that includes the base plate and sub-reflector holder 

was used to support the reflector and ensures the correct positioning of the reflectarray. 
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The holder was rectangular and consisted of a cavity that allowed the electrical contacts 

for biasing the LC to be located at the back of the substrate, and two semicircular 

machined recesses to mount the reflectarray surface flush with the plane of the holder. 

A photograph of the dual reflector antenna is shown in Fig.  124. 

 

 

Fig.  125 Photographs of the dual reflectarray antenna with the LC based reflectarray working as a sub-

reflector, placed in the anechoic chamber 

 

7.3 Measurements 

The radiation patterns of the dual reflector antenna have been measured in an anechoic 

chamber for several scan angles and frequencies about the nominal design frequency of 

100 GHz. Fig.  125 shows a photograph of the antenna, the control circuits and interfaces. 

Fig.  126, Fig.  127 and Fig.  128 show the experimental results in the elevation plane for 

four scan angles (-8º, -4º, +0º, +4º) at 100 GHz and the lower and upper frequencies 

selected for this measurement campaign of 96 and 104 GHz.  

Comparing these results and those set out in Fig.  123, it can be seen that the four beams 

are scanned at the specified angle except for a displacement of +0.8º±0.2º with respect 

to the nominal values. The main beam for all cases is wider than the simulated results 

and it is also observed that there is an increase in the side-lobes, overall in the boresight 

direction and the negative directions nearest to the main beam. These effects are a 

consequence of the different errors attributed to the antenna, including manufacture, 

diffraction from the supporting structure and the sub-reflectarray edges, and errors 

(amplitude and phase) on the sub-reflectarray. These will be discussed below, together 
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with the electrical performance of the antenna. 

 

 

 
 

Fig.  126 Measured elevation radiation patterns at 100 GHz for the case of the beam scanned to -8º, -4º, 

+0º and +4º in elevation. 

 
 
Fig.  127 Measured elevation radiation patterns at 96 GHz for the case of the beam scanned to -8º, -4º, 

+0º and +4º in elevation. 
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Fig.  128 Measured elevation radiation patterns at 104 GHz for the case of the beam scanned to -8º, -4º, 

+0º and +4º in elevation. 

 

7.4 Discussion 

To identify the possible sources of error which can be attributed to the geometry and 

manufacture of the antenna, further tests have been conducted by using a flat metallic 

mirror as the sub-reflector (Fig.  124).  

Fig.  129 compares the simulated and experimental radiation patterns in elevation and 

azimuth at 100 GHz. The measured antenna gain is 41 dBi. It is observed that the 

measured radiation pattern in azimuth is well focused and very similar to the simulated 

results, which confirms the accurate positioning of the feed and sub-reflector with 

respect to the y-axis. However, the measured radiation pattern in elevation shows that 

the beam width is broader (deviation +0.8º±0.2º), and the side-lobe levels are higher 

than the simulations especially the lobes of the negative directions nearest the main 

beam. 

Measurement of the tolerances identified an error of ±2-mm in the positioning of the 

sub-reflector and ±1º in the tilt of the holder once all parts were assembled. Thus, the 

depointing of 0.8º that was observed in the elevation plane is explained by the 

tolerances. Furthermore, since the horn was manually positioned, it was estimated that 

an error of around ±2 mm could come about.  
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Fig.  129 Simulated and measured co-polar radiation patterns when a metallic mirror is used as a sub-

reflector. The simulations are made by using both the nominal (Nom) and the corrected (Co) dimensions 

due to the tolerances. 

 

Thus, the simulations have been repeated by considering a tilt angle error of +1º for the 

sub-reflector in the elevation plane, -2 mm of error in positioning the horn in its z-axis, 

and +1 mm of displacement of the sub-reflectarray on its plane. The antenna has been 

simulated with GRASP. Although a better agreement between the simulations and the 

measurements was achieved in terms of the pointing angle, the measured beam is still 

wider and the side-lobe higher (see Fig.  129) than the predictions. Thus, it can be 

deduced that these discrepancies must come about by errors that have not been 

considered in the simulations and design procedure: e.g. diffraction waves from the 

supporting structure and the sub-reflectarray edges. Note that these discrepancies are 

similar to those obtained for the LC-based dual reflector antenna, except for the errors 

introduced by the sub-reflectarray.  

To analyze the contribution on the radiation pattern of the phase-errors and the 

amplitude ripple produced by the LC sub-reflectarray, the simulated radiation pattern 

for the case of -8º beam tilt in elevation at 100 GHz, is compared with measurements 

(black curve) in Fig.  130. The predictions are obtained from GRASP combined with the 

tools developed in chapter 5, which are used to calculate the reflected field on the sub-

reflectarray surface with the stratified media model. The previously identified errors in 

the geometry are considered in the following simulations. 

Firstly, ideal phase shifters have been assumed, which have no losses and provide the 

required phase-shift corresponding to the nominal design (red dotted curve). As can be 

seen, the gain is 39 dB, which is 2.2 dB lower than the case of the mirror (simulated). 
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Since in this case there are no losses, the reduction of the gain results from the scan 

losses (1.7 dB) and the phase errors (0.5 dB). Note that although ideal phase shifters are 

considered, phase errors occur because the phase-shift synthesized is appropriate for the 

nominal geometry, but not for the geometry with the errors. Therefore, the radiation 

patterns are not correctly focused even when the phase produced by the cells is similar 

to the objective phase, thus creating distortions in the radiation pattern. Note also that 

the maximum side-lobe level is 24 dB, and the main beam is pointing to -7.4º instead of 

-8º, as expected from the errors in the geometry.  

The simulation is then carried out by modeling the actual phase shifts which are 

produced by the LC, but not the amplitude (yellow dotted curve), and a reflection 

coefficient of the modulus is used in the model. As can be seen, the gain is reduced 

slightly (0.2 dB) and there is an increase in the levels of the side-lobe. This effect is 

especially enhanced in the boresight direction, where the level decreases from 24 dB to 

17 dB with respect to the maximum gain. The increase of the boresight side lobe is a 

consequence of the aforementioned periodic phase errors on the sub-reflector, which 

can be observed in Fig.  89 (page 165) and Fig.  99 (page 173). In this case, the radiated 

fields coming from the reflectarray are mainly concentrated in the specular direction of 

the sub-reflector coordinate system, so that the illumination level and the phase of the 

incident field on the main reflector produce distortions in the boresight direction of the 

full antenna. 

Finally, the actual amplitude of the reflection coefficient is considered (blue dotted 

curve). As can be seen, the gain is accurately predicted, and is reduced from 39 dBi to 

31.4 dBi. The level of the side-lobes also decreases (from 18 dB to 12 dB for the 

specular lobe), and are close to the measured levels.  

It should be noted that the dual reflector structure is more sensitive to phase errors than 

the single offset configuration. This is because the errors in the sub-reflector are 

amplified by the magnification factor of the antenna. As described in sections 6.2 and 

6.3, the phase errors and the amplitude ripple increase at other frequencies, and 

especially large at 104 GHz. Therefore, an increase in SLL and a decrease in the gain 

are observed with respect to the electrical performance at 100 GHz and 96 GHz. 
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Fig.  130 Simulated and measured co-polar radiation patterns in which the beam is scanned to -8º in 

elevation at 100 GHz. The simulations are compared under different assumptions on the reflection 

coefficient of the cells. 

 

Note also that the dual reflector increases the antenna gain with respect to the single-

offset LC reflectarray that assumes the same scanning capabilities (1-D) in a factor of 

38.02 (15.8 dB). This is relatively close to the predictions, since the theoretical 

contribution of the magnification factor (3.5) is 10.88 dB and the collimation of the 

other plane contributes around 6 dB.  

The simulated and measured patterns do not match relatively well even if the actual 

dimensions of the geometry are considered. Note that the increase in the side-lobes in 

the negative angular direction nearest to the main beam is also present (as in the case of 

the mirror), therefore, these effects are a consequence of the same sources of error 

described in the case of the mirror, and whose effects have not been considered in the 

models. 

The simulated and measured radiation patterns in elevation for the beams scanned at -4º, 

0º and +4º are detailed in Fig.  131 (the azimuth plane and the cross polar pattern are also 

represented for +0º). As can be seen, the beams are pointing at (-3.4º, +0.8º and +4.8º), 

as expected, whereas the shape of the patterns are relatively well predicted except for 

the aforementioned discrepancies. Note that the measured beam that points in the 

boresight direction exhibits a wider beam than predicted, as in the case of the mirror. In 

the case of the beam that points to +4º, the increase of the side-lobes reaches the 
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maximum distortion. This is because the radiation pattern tends to degrade as the scan 

angle becomes positive, since in this case the phase difference between adjacent cells 

increases drastically. As regrds the cross polar level, note that it is significant in the 

elevation plane, which indicates errors in the geometry, because the cross polarization in 

the symmetry plane should be cancelled. In the azimuth plane, this level is 12 dB below 

the maximum of copolar, which is higher that the ideal case (-19 dB). 

 

(a)                      (b) 

 

 

(c)                           (d) 

Fig.  131. Simulated and measured co-polar radiation patterns in elevation at 100 GHz for the beam 

scanned to (a) +0º, (c) -4, and (d) +4º in elevation. The cross-polar and the azimuth radiation pattern are 

also represented for +0º (b). 

 

The radiation patterns at the extreme frequencies (96 GHz and 104 GHz), point in the 

same direction as the center design frequency, which means that the nominal phase shift 

needed to displace the beam to the predetermined angles is achieved over the entire 

band. Note that if this latter condition is not fulfilled at a given frequency, the radiation 
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pattern of all the scanning angles would tend to be focused in the boresight direction. 

The gain is more than 30 dBi in the entire band; however, it should be noted that 

whereas the beams at 96 GHz provides similar levels of the side-lobes at 100 GHz, the 

latter are higher at 104 GHz, especially in the boresight direction. This is similar to what 

happens to the single-offset antenna with 1-D scanning capabilities (section 6.2). 

However, as previously mentioned, it can be seen that the effects of the phase errors and 

the amplitude ripple brought about by the LC are higher for a dual-reflector antenna 

than for a single-offset configuration. 

 

Fig.  132 Measured radiation pattern at 104 GHz for the case that the voltage synthesis (design) of the 

LC sub-reflectarray is made at fD=100 GHz and fD=104 GHz. 

 

TABLE 20 

 COMPARISON OF MEASURED ELECTRICAL PERFORMANCE OF LC-REFLECTARRAYS  

 

Feature [56] [55] [106] [116] Prot 1 Prot 2 

 

 

Frequency (GHz) 

 

35 

 

77 

 

77 

 

78 

 

96-102 

 

96-102 

Max Gain (dBi) 19.5 - - 25.1 19.4 35.2 

Scanning Capabilities 1-D 1-D 1-D 1-D 1-D 1.5-D
1
 

Scanning Range (º) 35 35 20 12 55 12 

SLL (dB) -4 -3 -5 -6 -13 -4 

Polarisation Linear Linear Linear Linear Linear Linear 

Antenna Sructure Single Single Single Folded Single Dual 

       
1
 1.5-D means that the antenna is able to scan the beam in one plane, but selecting between the elevation 

or azimuth planes.   
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TABLE 21 

 COMPARISON OF MEASURED ELECTRICAL PERFORMANCE OF LOW PROFILE HIGH GAIN TUNABLE 

ANTENNAS BEYOND 100 GHZ 

 

Feature [121] [39] Prot 1 Prot 2 

 

Frequency (GHz) 

 

106-114 (4%) 

 

77 

 

96-102 (7%) 

 

96-102 (7%) 

Switching Tech CMOS  

(On chip) 

MEMS  

(On chip) 

LC LC 

Max Gain (dBi) 13.5 - 19.4 35.2 

Beam Width (º) 28 2 4 (El), 25 (Az) 2 

Efficiency (%) 40 11 18.5 20  

Scanning Capabilities 2-D 2-D 1-D 1.5-D 

Scanning Range (º) 60 20 55 12 

SLL (dB) -8 -15 -13 -4 

Polarisation Linear Linear Linear Linear 

Switching times (s) - - 2 2 

Manufacturing Complexity High High Low Low 

Real Beam Scanning Yes No
1
 Yes Yes 

Realisation at THz No No Yes Yes 

Antenna Type Phased Array RA RA Dual-RA 

     
1
The beam scanning is emulated with three samples of passive reflectarrays 

 

It should be noted that the sub-reflectarray can also be reconfigured in frequency with 

the objective of improving the SLL. This can be seen in Fig.  132, which shows the 

measured radiation pattern in elevation at 104 GHz for the scan angle -8º if the voltage 

synthesis is made at 100 GHz and 104 GHz. As can be seen, the specular and some 

lateral lobes have been reduced. This is because the contribution to these lobes is mainly 

brought about by the phase errors and the amplitude ripple on the LC-based sub-

reflectarray. However, the levels of some side-lobes remain similar (especially the lobes 

of the negative directions nearest to the main beam), which indicates that they are 

produced by other effects (i.e. diffraction by the supporting structure).  

If the criterion of 3-dB of gain reduction is assumed to define the bandwidth, the 

antenna would operate from 96 to102 GHz, where the SLL is kept below -4 dB for all 

the scan angles. As previously mentioned, a better performance would be achieved by 

improving the manufacture and the mechanical design to reduce the diffraction on the 

supporting structure, even though the electrical performance of the electronically 

scanned dual-reflector antenna designed and tested in this chapter is acceptable. Table 

20 completes the data previously listed in Table 18, by adding the electrical 
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performance of the tunable dual reflector antenna. As can be seen, the improvement in 

the gain is quite remarkable, which fulfills with the objective of this chapter of 

achieving large gain for electronically scanned reflectarray antennas based on LC 

technology.  

As general statement, the LC reflectarray antenna designed, manufactured and tested in 

chapter 6 is the first reconfigurable reflectarray that operates above 100 GHz, being, in 

turn, one of the first tunable antennas at these frequencies. Moreover, the dual-reflector 

antenna presented in this chapter is the first electronically scanned dual reflector 

antenna at frequencies above 60 GHz, being, in turn, the first dual-reflector antenna 

with a real reconfigurable sub-reflectarray. The performance of both antennas is 

compared in Table 21 with those provided by other high gain low profile tunable 

antennas that have been reported in the literature at these frequencies. 

7.5 Conclusions 

A dual reflector antenna with an electronically controlled LC-based reflectarray 

working as sub-reflector has been demonstrated at 100 GHz. The structure exhibits high 

gain (more than 30 dBi) and a large bandwidth (from 96 to 102 GHz) within a scanning 

range of 12º. Therefore, goal 1.3.9 (Design, manufacture and testing of a dual reflector 

antenna with an LC-based reflectarray as sub-reflector for electronic beam scanning at 

100 GHz) was achieved. 

The measured side-lobes are higher than expected because of the scattering from the 

supporting structure and imperfect alignment of the feed horn and the sub-reflector.  

Both amplitude ripple and phase errors in the sub-reflector produce higher distortions in 

the radiation pattern of the dual-reflector antenna than those produced in a single offset 

configuration, which was demonstrated by a further analysis at the upper frequency 

(104 GHz).  This analysis showed that the dual reflector antenna is very sensitive to 

both amplitude and phase errors in the sub-reflectarray because their effects are 

amplified by the magnification factor of the antenna. Thus, phase errors of around 60º 

could give rise to an increase in SLL of between 13-16 dB, whereas the contribution of 

the amplitude ripple could give rise to an increase on the side lobes of between 7-10 dB. 

The gain reduction as consequence of these levels of phase errors (estimated at 1.9 dB) 

is also greater than that provided by the single offset configuration (1 dB). 
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The sensitivity of the antenna to manufacturing tolerances (especially the position the 

sub-reflector), mean that the LC sub-reflectarray must guarantee phase errors and a 

amplitude ripple of less than 20º and 1.5 dB, respectively, to achieve a good electrical 

performance in terms of SLL and the beam scanning range. The design procedure of 

LC-based reflectarrays developed in this thesis for multi-resonant cells allows these 

requirements to be achieved. 

 

 

 



 

 

 

  



 

 

 

        CHAPTER 8 

8 Conclusions and future lines of research  

8.1 Conclusions 

Liquid crystal is a state of the aggregation of matter that can be used to develop 

electronically tunable reflectarray antennas by exploiting the general property of 

changing its dielectric permittivity when a biasing voltage is applied.  

The need to use relatively thin cavities to bias an LC substance (1-200 um) 

appropriately with tolerable voltage values, makes the use of resonant structures 

necessary in mm and sub-mm wave frequencies. In the case of reflectarray cells, the 

small value of the dielectric anisotropy and the high values of loss tangent of the actual 

LC mixtures, lead to severe limitations in the electrical performance of the single 

resonant structure, such as a maximum  phase-range of 300º, a monochromatic behavior 

and high average losses (of between -8 and -15 dB). Multi-resonant cells have 

demonstrated that these limitations have been overcome, because they provide more 

degrees of freedom to shape the spectral behavior of the cells.   

Single,layer, multi-resonant cells based on parallel dipoles for linear polarization have 

shown their capability to provide continuous phase ranges over 360º in a relatively large 

bandwidth (more that 8%), which, in turn, present lower average losses than those 

provided by the single-resonant cells (of between -3 and -8 dB). The amplitude ripple 

due to the different values of the amplitude of the reflection coefficient across the 

reflectarray surface can be reduced from 9 dB to 2 dB for this type of cell, whereas the 

switching times can also be reduced as the thicknesses can be thinner for similar level of 

losses.  

Multi-resonant multi-layer reflectarray cells based on LC have also been investigated, 

showing even better electrical yields than those provided by the single-layer multi-

resonant cell, but at expense of increasing their complexity of manufacture and cost. 

The bandwidth could reach a 33%, where the average losses would be between 2 dB 

and 5 dB. However, if LC with assumable loss tangents were used, the use of multi-

layer structures based on LC would be only recommendable for applications with a very 

demanding bandwidth.  
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The combination of both types of multi-resonant cells (single-layer and multi-layer 

architectures) provides the capability of synthesizing intermediate-phase states using the 

extreme voltages (discrete states) instead of a continuous variation in the voltage. The 

use of discrete states could be useful to increase the stability of the intermediate states 

or even to improve the switching times for those cells that require very restrictive times, 

which cannot be achieved because of limitations of the maximum voltage. If these cells 

were used, three bits of phase quantization could be enough to guarantee negligible 

distortions in the radiation patterns for beam scanning applications.  

It has been demonstrated experimentally that the conventional modeling, which assumes 

the LC as a homogeneous and isotropic material with permittivity values of between  

휀// and 휀⊥, is not suitable for describing the behavior of the LC with enough accuracy in 

reflectarray cells. Therefore, the most general modeling of the LC permittivity must be 

considered, which corresponds to a tridimensional inhomogeneous and anisotropic 

tensor at each voltage. The tensors depend on the geometry of the volume that confines 

the LC, and can be mathematically calculated by solving a variational problem that 

involves the interactions between both electric and elastic energies.  

An exhaustive analysis showed that the most critical issue concerning LC modeling is 

anisotropy, since phase errors of around 130-150º could be made at the cell level if 

anisotropy is not considered at both the repose and the maximum biasing states. The 

transversal inhomogeneity of the maximum biased state is a secondary limitation, 

although the effects of not considering it could produce phase errors of around 50º. 

Therefore, both anisotropy and transversal inhomogeneity must be taken into account in 

the design procedure of the cells.  

With this consideration, a design procedure that takes into account the accurate 

modeling of the LC was developed with the objective of achieving LC multi-resonant 

cells with an improved electrical performance in terms of bandwidth, phase-range, 

losses or sensitivity with respect to the angle of incidence. The procedure was also 

developed to minimize the effects of transversal inhomogeneity, to analyze the 

convergence of the segmentation of the three-dimensional tensor and reduce the 

amplitude ripple. These processes highlighted that transversal inhomogeneity could be 

modeled with a relatively small number of volumetric samples, each of which are also 

inhomogeneous in the longitudinal axis, whereas the electromagnetic effects of 
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transversal inhomogeneity are negligible (<1º) if the cells are made to have a high over-

coupling (small separation between printed patches). The proposed and developed 

design procedure was validated using measured results at 100 GHz. 

The suppression of the electromagnetic effects of the transversal inhomogeneity allows 

the LC to be modelled as an anisotropic stratified media in the longitudinal dimension at 

each voltage (intermediate states), which drastically improve the efficiency of 

calculating the permittivity tensors and the voltage dependence of reflectarray cells; 

therefore the voltage synthesis procedure is simplified. This modelling also allows the 

electromagnetic behaviour of the cells to be analyzed using MoM, which improves 

efficiency with respect to other electromagnetic simulators based on volume 

decomposition. 

Since an anisotropic stratified media is obtained at each voltage, the permittivity tensor 

must be segmented at each case. A convergence analysis showed that 80 longitudinal 

samples of the permittivity tensor should be used to predict the reflection coefficient 

with a maximum phase error of around 2º. To avoid convergence problems, and 

increase the computational efficiency, an equivalent homogeneous tensor could be 

defined at each voltage, which would guarantee maximum phase errors of around 30º in 

most cases (the average is around 15º). In this situation, the voltage dependence of LC-

based reflectarray cells with arbitrary dimensions, angle of incidence, and frequency can 

be accurately predicted. The predictions have been demonstrated to be excellent when 

compared to measurements.   

The accurate modelling of the extreme and the intermediate states of the LC allows the 

required voltage to be synthesized at each cell using simulations and by assuming an 

inherent phase error of less than 6º, which is much better than that provided by other 

synthesis strategies reported in the literature. The voltage synthesis is also able to 

minimize the effects of the amplitude ripple on the radiation pattern once the cells have 

been designed. The inherent phase error is because the tool makes use of the measured 

characteristic permittivities (parallel and perpendicular) at both, RF and AC frequencies, 

which can be obtained using an FSS or even multi-resonant reflectarray cells. If the 

latter are used instead of an FSS, similar or better accuracies are obtained in a larger 

bandwidth. 
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The proposed methods for calculating the full tensor at each biasing voltage, to design 

the LC-cells and to synthesize the voltages, make up a complete design tool for LC-

based reflectarrays. This tool can be arranged in a single offset configuration or in a 

more complex structure, so that it was used to develop several antenna prototypes for 

beam scanning. 

An LC-based reflectarray antenna that exhibits a better electrical performance than that 

previously reported in the literature has been designed, manufactured and tested at 

frequencies centered at 100 GHz. The improvements are the direct consequence of the 

accuracy provided by the voltage synthesis, which allows a better performance to be 

obtained in terms of the level of the side lobe and scan range; whereas the bandwidth is 

improved by using multi-resonant cells. The experimental radiation patterns are in good 

agreement with simulations, and show that the antenna generates an electronically 

steerable beam on one plane (1-D) over an angular range of 55º with a gain reduction of 

less than 3 dB within the frequency band from 96 to 102 GHz. The levels of the side 

lobe are less than -13 dB for all the scan angles. The maximum gain is 19.4 dBi, which 

is 8 dB lower than the maximum gain for the ideal case. This reduction is mainly a 

consequence of LC absorption, since the phase errors on the reflectarray surface are 

small within the bandwidth. The amplitude ripple on the reflectarray gives rise to 

fluctuations in the gain with respect to the scanning angle, which are in the same order 

as the ripple. A further analysis at the extreme frequency (104 GHz), demonstrated that 

the amplitude ripple and the phase errors produce distortions in the radiation patterns, 

especially in the specular direction. Phase errors of around 60º could bring about both, 

an increase in SLL of between 8-12 dB and a decrease in the gain of between 0.8-1.5 

dB, whereas the contribution of the amplitude ripple to the increase in SLL is between 3 

dB and 6 dB.  

If a reconfiguration in frequency is assumed, the effect of the phase errors on the 

reflectarray surface can be reduced, so that the electrical performance of the antenna 

would improve at the corresponding design frequency. However, it would be suitable 

for applications that require a relatively small instantaneous bandwidth (of around 3%). 

If a 2-D addressing of the voltage is assumed, an increase of 6 dB in the antenna gain is 

obtained and the possibility of scanning the beam in an arbitrary direction or even of 

electronically shaping the beam is gained. The simulations demonstrated that the 
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sensitivity to phase errors and amplitude ripple is 30% lower than for the 1-D 

arrangement, so the bandwidth and the SLL are also better. The scanning range that 

could be reached with a single offset geometry and an accurate design procedure would 

be around 80º in the elevation angle, whereas the limit in the gain is imposed by the size 

of the antenna and the LC losses, so that it can be improved. For example a 30 dB gain 

can be achieved using an LC-reflectarray of 66 mm in diameter 

A dual reflector antenna with an electronically controlled LC-based reflectarray 

working as sub-reflector has been also demonstrated at 100 GHz, which exhibits a 

higher gain than that provided by the single offset configuration, but at the expense of a 

much reduced scanning range.  A gain of more than 30 dBi, a relatively large bandwidth 

(from 96 to 102 GHz) and a small scanning range (12º) are finally obtained. The dual 

reflector structure has demonstrated to be much more sensitive to errors (manufacture, 

amplitude ripple, phase errors on the reflectarray, etc) than the single offset 

configuration. Thus, phase errors of around 60º could give rise to an increase in SLL of 

between 13-16 dB, whereas the contribution of the amplitude ripple could give rise to 

an increase in SLL of between 7-10 dB.  

The high sensitivity of the dual reflector antenna to manufacturing tolerances 

(especially the position of the sub-reflector and phase errors), mean that the LC sub-

reflectarray must guarantee phase errors and amplitude ripple of less than 20º and 1.5 

dB, respectively, to achieve good electrical performance in terms of SLL and beam 

scanning range. The design procedure of LC-based reflectarrays developed in this thesis 

for multi-resonant cells allows these requirements to be achieved. 

 

8.2 Original contributions 

1) In this thesis, several multi-resonant cells based on liquid crystals are 

proposed, designed and experimentally tested for the first time.  They 

exhibit a better electrical performance in terms of phase range, 

bandwidth, losses and sensitivity to the angle of incidence than that 

provided by the single resonant cells reported in the state of the art. For 

the first time, single-layer or multi-layer multi-resonant cells with a 

continuous or discrete phase variation are designed, and their electrical 

performances are discussed and compared. 
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2) In this thesis, a tool for calculating the tridimensional inhomogeneous 

tensor, which models the extreme states of permittivity of the LC layer 

in reflectarray cells, is developed for first time. This tool is used to 

evaluate the errors produced when the conventional modeling of the LC 

(isotropy and homogeneity) is considered in the design procedure of 

reflectarray cells. A convergence analysis on the number of layers needed to 

represent the transversal inhomogeneity is also carried out for first time. 

3) In this thesis, the effects of anisotropy and inhomogeneity in LC reflectarray 

cells are analysed, so that the conclusions are used to develop, for first 

time, a general design tool of LC-based multi-resonant reflectarray cells 

that consider the real behavior of the LC, thus obtaining enough design 

accuracy to guarantee a great similarity between both predicted and 

measured results at the cell level. The tool is also able to reduce the 

effects of the transversal inhomogeneity as much as possible. The design 

tool has been completely developed for single-layer multi-resonant and 

linear polarisation, but it can be extended for an arbitrary cell planar 

geometry 

4) In this thesis, the accurate modeling of the intermediate states of the LC 

in reflectarray cells has been proposed and developed for first time. The 

modeling considers that the effects of transversal inhomogeneity at the cell 

level are negligible (which has been demonstrated). Two different models 

have been proposed and evaluated experimentally, which provide a different 

accuracy and computational efficiency. The characteristics of each one is 

analysed and discussed 

5) In this thesis, an electromagnetic simulator based on MoM for 

anisotropic stratified media has been developed for first time to analyse 

multi-resonant reflectarray cells. Moreover, it is the first time that an 

electromagnetic simulator for anisotropic stratified media has been validated 

experimentally for a large number of layers (around one hundred).  

6) In this thesis, a method for characterising uniaxial LC at both, RF and 

AC frequencies in a large bandwidth using reflectarray cells has been 

proposed and validated for first time. The accuracy of the method is 
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analysed, discussed and compared with that provided by other 

characterization techniques. The method is able to characterize LC at 

frequencies above 60 GHz.   

7) In this thesis, a method to analyse reflectarray antennas accurately that 

does not consider the local periodicity approach in the excitation field 

has been proposed and evaluated for the first time. The method is useful 

to predict cross-polar levels accurately or even co-polar levels for structures 

that impose short distances between the primary feed and the reflectarray. 

8) In this thesis, the accurate modeling of the extreme and intermediate states 

has been used to develop a complete voltage synthesis procedure for 

beam scanning LC-based reflectarrays for first time. The procedure 

takes into account the general parameters that define each cell 

(dimensions, angle of incidence and frequency), instead of being based 

on a large number of measurements. The voltage synthesis provides a 

phase accuracy of less than 6º, which is significantly better than that 

provided by other synthesis strategies reported in the state of the art. Thus, 

the electrical performance of the resulting antennas must be much better than 

the performance of other antennas reported in the literature. 

9) A single offset LC-based reflectarray antenna has been designed, 

manufactured and tested at 100 GHz for beam scanning applications, which 

is the first reconfigurable reflectarray that operates above 100 GHz, and 

being, in turn, one of the first tunable antennas at these frequencies. The 

electrical performance of this antenna in terms of bandwidth, SLL and 

scanning range are significantly better than those presented in the literature 

for LC-based reflectarray antennas designed at lower frequencies. Moreover, 

for first time, the effects that a certain amplitude ripple across the 

reflectarray aperture produces on the radiation pattern has been 

analysed and evaluated experimentally, since this ripple cannot usually be 

found in passive reflectarrays. 

10)  A dual-reflector antenna with an LC-based sub-reflectarray has been 

designed, manufactured and tested in this thesis for beam scanning 

applications. This antenna is the first electronically scanned dual 
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reflector antenna at frequencies above 60 GHz (the operation frequency 

is 100 GHz), and being, in turn, the first dual-reflector antenna with a 

real reconfigurable sub-reflectarray. This antenna improves the gain with 

respect to the previous prototype developed in this thesis and others 

presented in the state of the art. 

8.3 Future lines of research  

8.3.1 Improvement in the efficiency of LC-based reflectarray antennas.  

The low efficiency of the developed LC-based reflectarray antennas (<20%) is mainly 

due to the high losses of the LC, which gives rise to average losses in the reflection 

coefficient of around 7.5 dB. In the case of 1-D single offset beam scanning 

reflectarrays, the efficiency is even lower since the aperture is not completely exploited. 

Therefore, several strategies can be investigated to improve the efficiency. Increasing 

the antenna aperture, which is relatively easy for this type of antenna or achieving a 2D-

addressing of the voltage would be some of them. However, the most effective strategy 

would consist of improving the LC performance. It can be demonstrated that a 

hypothetical LC material that exhibits 𝛥ɛ = 1.3, 𝑡𝑎𝑛𝛿// = 0.0015 and 𝑡𝑎𝑛𝛿⊥ =

0.0043, would provide losses of around 1.9 dB for a single-layer multi resonant cell and 

around 0.8 dB for multi-layer structures, which would drastically increase their 

efficiency. Moreover, the amplitude ripple would also be reduced, so that other 

performances such as the bandwidth or the SLL would be improved. The reduction in 

tanδ to these values is possible by adjusting the size of the LC molecules, so that new 

LC mixtures should be developed and investigated. 

8.3.2 Development of an active 2-D addressing of the voltage 

The strategy proposed in section 6.3 to achieve an active 2-D addressing of the voltage 

could be developed, although at expense of increasing the complexity and the cost of 

manufacture. However, one of the most attractive techniques to achieve an active 2D 

addressing of the voltage for LC reflectarrays consists of adapting the manufacturing 

technology of the LC panel to LC reflectarrays. The manufacturing process of LC 

panels involves the inclusion of an active lumped element at each cell (mainly a 

transistor), so that the segmentation of the ground plane and the vias are not necessary. 

The dispositions of the lumped elements are similar to those found in DRAM memories, 

so that they are appropriately placed on the superstrate used to form the structure that 
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confines the LC. The machines and manufacturing processes for this type of structure 

are mature in optics and could be used for reflectarray antennas, since the geometry of 

the latter are similar to those of the LC panel. The only difference between both 

structures in the inclusion of extra resonators in reflectarray cells, which does not affect 

the standard structure that must be used in these processes. Note that the manufacturing 

processes in this case are mature enough to ensure a high production with a low cost of 

the LC panel, which could be extended to LC-based reflectarray antennas. Therefore, 

these processes should be investigated and adapted to LC-reflectarrays at microwave 

frequencies. 

8.3.3 Development of a passive 2-D addressing of the voltage 

This biasing strategy would require interconnections between the rows, a segmented 

ground plane in columns, and a time multiplexed signal exploiting the fact that the 

decay times are much slower than the excitation signal. Thus, the strategy consists of 

applying a voltage distribution in the segmented ground plane at a certain time of 

actuation over a row, which provides the adequate phase distribution to all the elements 

in the row. This process must be repeated for all the rows so that the 2D phase 

distribution is maintained across the surface provided that the decay times are lower 

than the refreshing period of the reflectarray (sequential biasing). However, the 

actuation time for each row requires knowing the dynamic behavior of all the cells (rise 

and decay times of all the voltage states). Thus, the complexity of the biasing 

arrangement is reduced but at the expense of increasing the complexity of modeling the 

dynamic behavior of the reflectarray cells.  

Therefore, a complete tool for synthesizing the required amplitude and time spacing 

(voltage synthesis) should be implemented, which should consider the dynamic of the 

LC, similarly to that done in chapter 5 for the static regime.  

8.3.4 Improvement in the switching times of LC-based reflectarrays 

Generally the LC limits the beam scan time, therefore improvements in the dynamic 

behavior of the LC must be achieved. As described in section 2.3.3, the switching time 

of the LC-based cells is critically dependent on the relaxation time of the LC molecules 

which is determined by the viscosity of the material and is therefore not controllable 

(unlike the rise times when a voltage is applied). Since the relaxation time is 

proportional to the square of the LC thickness, the simplest way of reducing the 
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switching times is to decrease the cell thickness. In single layer cells, decreasing the 

thickness produces a more abrupt resonant response, and therefore the losses will 

increase. Note that if the operating frequency is increased, the reduction in the thickness 

is “natural”, so that the switching times would be reduced. Although decreasing the 

physical thickness reduces the scan time, the improvement is small, so other strategies 

should be also used. 

The biasing arrangement can be also used to reduce the switching times of the LC, by 

exploiting the fact that the time constants of an applied voltage depends on the signal 

waveform. Thus, if a sequence of pulses is chosen to take advantage of the states with 

low constant times by selecting an appropriate peak voltage value and temporal spacing, 

a given phase value can be synthesized with a lower switching time than that 

synthesized by a fixed voltage in the static case. This strategy has been implemented in 

LC displays and can produce time reduction factors of 100 (note that the typical 

thicknesses in optics are typically around 5-20 um), but at the expense of exploiting the 

dynamic behavior of the molecules [124]-[125].  

A more complex biasing arrangement of the liquid crystal known as Dual Frequency LC 

(DFLC) permits both the rise and fall times to be controlled independently, exploiting 

the fact that it is possible to change the sign of the dielectric anisotropy, Δε, at different 

AC frequencies (the change of sign means an inverse rotation of the molecules). Thus, 

each of the times can be independently controlled with a bias signal operating at a 

different AC frequency, so that very reduced switching times can be obtained [126]-

[127] (theoretically the times can be reduced by several orders of magnitude). 

Therefore, the manufacture and investigation of a dual-frequency LC to operate at the 

frequencies of interest is desirable 

Another way of reducing the LC switching times at a fixed frequency is to exploit the 

capacity of polymer networks mixed with LCs (PNLCs [128],[129]). The polymer acts 

as volumetric boundary conditions and therefore is able to improve the elastic forces of 

the mixture, so that the relaxation times are reduced. Although the main problem of the 

PNLC is that a high voltage is required to excite the material, sub-millisecond PNLCs 

for low voltages [130] have recently been achieved. It should be mentioned that in LC 

displays, reduction factors of 1,000 have been reported. Although other problems can 

occur with these materials (i.e. reduction in the effective tunability, Δɛ), the mechanical 
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treatment solves many of the problems and even reduces the switching times [131]. 

Thus, LC materials mixed with polymers should be investigated at millimeter and sub-

millimeter wave frequencies.  

All the aforementioned strategies would permit the creation of reconfigurable antennas 

which exhibit beam scan times of around a few milliseconds or sub-milliseconds at 

frequencies above 60 GHz and opens up the possibility of using the LC at frequencies 

below 60 GHz which are associated with large thicknesses.   

8.3.5 Improvement to the voltage synthesis 

As previously mentioned in chapter 6, the voltage synthesis procedure was developed to 

obtain the required voltages at one frequency, so that the frequency behavior of the 

antenna is directly related to the spectral behavior provided by the cells. However, 

although the cells provide a large bandwidth within a relatively reduced phase error 

range (±35ºº), sometimes the antenna structure means that this error produces 

intolerable distortions of the radiation pattern. This problem can be partially solved 

using a voltage synthesis with a broadband optimization. Therefore, this extension of 

the synthesis procedure should be investigated. 

8.3.6 Investigations of new tunable reflectarray cells and antenna architectures based 

on LC technology 

Other LC-based reflectarray cells could be investigated to achieve electronic beam 

scanning or beam shaping with dual band behavior, dual linear or circular polarization, 

cross polar reduction, etc. Similarly, other antenna geometries based on LC reflectarrays 

could be considered to increase the gain and the scanning range with respect to the 

single offset configuration or to the dual-reflector antenna. For example, the concept of 

confocal dual reflector antennas [132] can be applied to achieve a tunable antenna with 

a high gain and low sensitivity to errors.  

8.4 List of publications related to this work 

8.4.1 Journal papers 

 G. Perez-Palomino, J.A. Encinar, M. Barba, E. Carrasco, “Design and 

Evaluation of Multi-resonant Unit Cells for Reconfigurable Reflectarrays”, IET 

Microw. Antennas Propag., vol. 6, no. 3, pp. 348-354, Feb. 2012. 
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 G. Perez-Palomino, P. Baine, R. Dickie, M. Bain, J. A. Encinar, R. Cahill, M. 

Barba, and G. Toso, “Design and Experimental Validation of Liquid Crystal-

Based Reconfigurable Reflectarray Elements With Improved Bandwidth in F-

Band,” IEEE Trans. Antennas Propagat., vol. 61, no. 4, pp. 1704-1713, Apr. 

2013. 

 R. Florencio, R. R. Boix, E. Carrasco, J. A. Encinar, M. Barba, and G. Perez-
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 One additional journal paper is being prepared based on the results obtained 

through the work reported in this thesis. 

8.4.2 Patents 

 J.A. Encinar, G. Perez-Palomino et al. “Antena reflectarray de haz 
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Spanish Patent, P201031857, International Extension 
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8.4.3 International conferences 
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Modeling of Liquid Crystal Cells for Reconfigurable Reflectarrays,” in Proc. 5th 

Eur. Conf. on Antennas Propag,, Rome, Italy,  pp. 997-1001, April. 2011. 
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Eur. Conf. on Antennas Propag,, Prague, Rep. Checa,  pp. 1081-1085, March. 

2012. 
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 E. Doumanis, R. Dickie, P. Baine, G. Perez-Palomino, R. Cahill, G. Goussetis, J. 

A. Encinar, M. Barba, and S.G. Christie, “Nematic liquid crystals for 
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Convened Session 

 G. Perez-Palomino, J. A. Encinar, R. Dickie, and R. Cahill, “Preliminary Design 

of a Liquid Crystal-Based Reflectarray Antenna for Beam-Scanning in THz,” in 

Proc. IEEE AP-Symposium. Orlando, USA, pp. 1-2, July. 2013. 

 R. Florencio, G. Perez-Palomino, J. A. Encinar, and R. R. Boix, “Broadband 

reflectarray element for dual polarization made of orthogonal sets of parallel 

dipoles,” in Proc. 8th Eur. Conf. on Antennas Propag,, The Hague, The 

Netherlands,  April. 2014 

 G. Perez-Palomino, J. A. Encinar, M. Barba, R. Cahill and R. Dickie, 

“Millimeter-wave Beam-Scanning Antennas Using LiquidCrystals,” in Proc. 9th 
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8.4.4 Spanish conferences 

 G. Perez-Palomino, J.A. Encinar, M. Barba, J.Abril, E. Nova, A. Broquetas, F. 

Torres, J. Romeo, L. Cofre, Morten A. Geday, X. Quintana, “Diseño y 

Evaluación de un elemento para reflectarrays reconfigurables basados en cristal 

líquido”  XXV Simposium Nacional de la URSI, Bilbao, Sep-2010. 

 J.Abril, E. Nova, A. Broquetas, G. Perez-Palomino, J.A. Encinar, M. Barba, 

“Active Short-Range Imagin System working at 94 GHz” XXV Simposium 

Nacional de la URSI, Bilbao, Sep-2010. 

 R. Florencio, R.R. Boix, J. A. Encinar, E. Carrasco, M. Barba, G. Perez-

Palomino, “Análisis de un elemento para reflectarrays basado en celdas de tres 

dipolos paralelos” XXVI Simposium Nacional de la URSI, Leganés, Sep-2011. 

 M. Barba, G. Perez-Palomino, J. A. Encinar, M. S. Castañer and A. Muñoz-

Acevedo, “caracterización de un reflectarray de cristal líquido en banda W (100 

GHz)” XIV Simposium Nacional de la URSI, Valencia, Sep-2014. 

 M. Barba, G. Perez-Palomino, J. A. Encinar, and M. Arrebola, “Antena doble 

reflector de barrido electrónico en banda W (100 GHz) basada en un reflectarray 

de cristal líquido” XIV Simposium Nacional de la URSI, Valencia, Sep-2014. 

8.5 Research projects related to this thesis 

The work described in previous chapters has produced several contributions to the 

analysis and design of printed reflectarrays in specific configurations. Part of this work 

has contributed to the development of several research projects.  

 Demostración de nuevas arquitecturas para antenas reconfigurables en 

tecnología planar.  

- Funded by: Ministerio de Economía y Competitividad 

- Participants: Technical University of Madrid (UPM) 

- Researchers: 5; Lead Researcher: Mariano Barba Gea (UPM) 

- Funds: €85.000  
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 Innovative Reconfigurable Systems Based on Liquid Crystals  

- Funded by: European Space Agency, ESA  

- Participants: UPM, Queen’s University Belfast, NPL, Univ Oviedo 

- Researchers: 10, Lead Researcher: Richard Dudley (NPL) 

- Funds: €480.000  (€90.000 UPM)  

 

 Reflectarray Antennas with Improved Performances and Design Techniques 
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