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DE COMPUTADORES Y SISTEMAS

DOCTORAL THESIS

HUMBERTO FERNÁNDEZ ÁLVAREZ
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Abstract

This Doctoral Thesis is focused on achieving advances on metasurfa-

ces, which can be integrated in detection systems. The aim is to go fur-

ther than the state of the art, introducing novel techniques for design-

ing, analyzing, manufacturing and measuring metasurfaces. First of

all, a thorough review of literature contributions on not only meta-

surfaces, but also metamaterials will be conducted and most of their

applications and operating principles will be presented.

The most important metasurfaces’ analytical models, presented in the

literature, will be introduced from two points of view: extracting their

constitutive parameters and developing their equivalent circuit models.

The latter will be useful for relating the metasurfaces’ behavior to

their geometry and constituent materials and hence, for better under-

standing their performance. A new model for extracting the constitu-

tive parameters of metasurfaces backed by a ground plane (which ex-

hibit no transmittance) will be proposed and validated. Moreover, the

most well-known numerical techniques for analyzing electromagnetic

devices will be introduced and they will be carefully adjusted to the

study of metasurfaces. Therefore, new set-ups have been devised for

computing the reflectivity of metasurfaces. Indeed, apart from present-

ing the common set-ups encountered in the literature, that consider the

metasurface as an ideal infinite arrangement of unit-cells, new ones

will be also designed for analyzing the actual finite metasurfaces. The

latter will be shown to be useful for properly selecting the required

number of metasurface’s unit-cells which provides a similar behavior

to its infinite counterpart.



Different metasurfaces have been developed throughout this thesis.

Metasurface absorbers with improved angular stability performance,

suitable bandwidth and certain conformability have been introduced

and a comparison with literature contributions will support this enhan-

ced behavior. Furthermore, a metasurface absorber will be combined

with an antenna to reduce its Radar Cross Section, without deteriora-

ting its radiation properties. In addition, different scaling values for a

proposed metasurface absorber’s unit-cell will be studied and several

conclusions regarding the optimum scaling values and the number of

unit-cells required to obtain a proper Radar Cross Section reduction

will be drawn.

Lumped components will be introduced on square and hexagonal sha-

ped loop and patch based Artificial Magnetic Conductors (AMCs),

aiming at improving their angular stability. Equivalent models of the

AMCs will be devised to not only establishing a criteria for selecting

the lumped components’ values, but also to analytically show the im-

provement in their angular stability. Besides, numerical simulations

are also provided to analyze these structures. Several conclusions re-

garding the most suitable component for each of the analyzed AMCs

will be drawn. Moreover, comparisons with other literature contribu-

tions, which aims to improve the angular stability, will show the better

performance of the proposed technique.

Several types of antennas will be combined with the aforementioned

angularly stable AMCs to improve their radiation properties. The is-

sues that arise when the antenna is placed just above the AMC will be

examined and suitable alternatives to circumvent them will be provided.

It will be shown that not any combination of AMC and antenna will

provide improved radiation properties. Indeed, the latter will depend

on the antenna’s substrate, the coupling between both structures and

the angular stability properties of the considered AMCs.

Leaky wave antennas will be also presented and their surface will be



properly tuned aiming at improving their radiation properties and chan-

ging their polarization characteristics. In addition, they will be de-

signed to be easily manufacturable using the novel additive manufac-

turing techniques.

Curved Frequency Selective Surfaces (FSSs) will be analyzed and they

will be compared with their planar counterpart. It will be shown that

the position and orientation of the FSS with respect to the transmit-

ting antenna will be crucial to obtain different passband characteris-

tics. Moreover, the issues that arise when manufacturing this kind of

not fully filled structures will be presented, as well as several solutions

for circumventing them.

This Doctoral Thesis will pay a special attention to the metasurfaces’

measurements in anechoic chamber, above all when they are experi-

mentally characterized under different incidence angles. Both mono-

static and bistatic set-up arrangements will be deployed and their suita-

bility for being compared with the simulation results will be discussed.

Furthermore, important considerations will be given, which will be

shown to be of crucial importance for measuring the angular margin

under which the metasurface will properly work. In addition, it will be

highlighted that not only the antennas’ size but also the metasurface’s

dimensions have to be taken into account for obtaining the Far Field

distance. Indeed, different Near- and Far-Field measurements will be

conducted showing the clear difference when the latter is not taken into

account.

Finally, it should be noticed that though this Doctoral Thesis will be

specially focused on improving the metasurface’s state of the art, it

will also review some of the most important literature contributions

on metasurfaces. Moreover, it will provide a carefully explanation on

how metasurfaces can be characterized, aiming at providing a starting

point to a non-expert researcher. In addition, researchers on the field



can also review some of the most interesting researches on the topic
and the new ones introduced by the author.



Resumen

La Tesis Doctoral presentada en este documento se centrará en ob-

tener avances en metasuperficies, las cuales pueden ser integradas en

sistemas de detección. El objetivo es ir más allá del estado del arte,

mediante la introducción de novedosas técnicas de diseño, análisis, fa-

bricación y medida de metasuperficies. En primer lugar, se ha reali-

zado una exhaustiva revisión de las contribuciones presentadas en la

literatura, no solo las centrada en metasuperficies sino las dedicadas a

metamateriales en general. Además, también se presentarán la mayorı́a

de las aplicaciones y principios de operación de los metamateriales.

Se estudiarán los modelos analı́ticos presentados en la literatura y que

son más relevantes para la caracterización de las metasuperficies y

se mostrarán desde dos perspectivas: la extracción de los parámetros

constitutivos de las metasuperficies y el desarrollo de modelos de cir-

cuito equivalente para las mismas. Esto será de gran utilidad para rela-

cionar el comportamiento de las metasuperficies con su geometrı́a y los

materiales que la constituyen y, por tanto, para entender mejor su fun-

cionamiento. Se propondrá y validará un nuevo modelo para extraer los

parámetros constitutivos de las metasuperficies que poseen un plano de

masa (las cuales no presentan propiedades de transmisión). Además, se

introducirán las técnicas numéricas más utilizadas para el análisis de

dispositivos electromagnéticos y se adaptarán al estudio de metasuper-

ficies. Por tanto, se idearán nuevos set-ups para calcular la reflectividad

de las metasuperficies. De hecho, además de presentar los set-ups más

utilizados en la literatura, que consideran las metasuperficies como un

array idealmente infinito de celdas unidad, se introducirán también no-

vedosos set-ups de simulación para analizar las metasuperficies reales



finitas. Estos set-ups serán útiles para seleccionar apropiadamente el

número de celdas unidad requeridas, las cuales proporcionan un com-

portamiento similar a la metasuperficie ideal infinita equivalente.

A lo largo de esta Tesis Doctoral se diseñarán diversas metasuperficies.

De hecho, se introducirán novedosas metasuperficies absorbentes que

presenten una adecuada estabilidad angular, proporcionen un ancho de

banda considerable y exhiban cierta conformabilidad. Una compara-

ción de estas metasuperficies con otras presentadas en la literatura,

justificará el comportamiento mejorado de las mismas. Además, una

de las metasuperficies absorbentes propuestas, se combinará con una

antena para reducir su sección radar equivalente, sin deteriorar sus pro-

piedades de radiación. Por otro lado, se estudiará el efecto de introdu-

cir diferentes factores de escalado, en las metalizaciones de las celdas

unidad de otra metasuperficie absorbente y se extraerán conclusiones

relativas al valor de escalado óptimo y el número de celdas unidad que

se requieren, para obtener una reducción adecuada de la sección radar

equivalente.

Por otro lado, se introducirán componentes concentrados en materiales

conductores magnéticos artificiales (AMCs) basados en celdas unidad

cuadradas y hexagonales tipo ’parche’y tipo ’loop’, con el objetivo de

mejorar su estabilidad angular. Se idearán modelos de circuito equiva-

lente para los AMCs, pretendiendo no solo establecer un criterio para

la selección del valor de los componentes concentrados, sino que tam-

bién mostrar analı́ticamente las mejoras en la estabilidad angular de

los AMCs. Además, se proporcionarán simulaciones numéricas para

analizar estas estructuras, las cuales también validarán los resultados

analı́ticos presentados. Asimismo, se extraerán varias conclusiones en

relación a los componentes concentrados más adecuados para cada uno

de los AMCs analizados. Se llevarán a cabo comparaciones con otras



técnicas presentadas en la literatura, cuyo objetivo es mejorar la esta-

bilidad angular, lo cual pondrá de manifiesto las mejoras introducidas

por la técnica propuesta.

Por otra parte, se combinarán varios tipos de antenas con las ya men-

cionadas estructuras AMC angularmente estables, con el objetivo de

mejorar sus propiedades de radiación. Asimismo, se analizarán los pro-

blemas que surgen cuando la antena se sitúa justo encima del AMC y

se propondrán alternativas apropiadas para solventarlos. Se pondrá de

manifiesto que cualquier combinación de AMCs y antenas, no mejo-

rará las propiedades de radiación de las mismas. De hecho, diferen-

tes factores, tales como el substrato de la antena, el acoplamiento en-

tre ambas estructuras y las propiedades de estabilidad angular de los

AMCs considerados, influirán en el comportamiento final de la estruc-

tura.

Por otra parte, se presentarán antenas leaky wave donde ajustando su

superficie de forma adecuada, se conseguirá mejorar sus propiedades

de radiación y modificar su polarización. Además, se diseñarán dichas

antenas con el objetivo de que sean fácilmente fabricables, mediante la

utilización de técnicas novedosas de fabricación aditiva.

Se diseñarán y analizarán superficies selectivas en frecuencia (FSSs)

curvas, las cuales se compararán con sus homologas planas. Se mos-

trará que es crucial la posición y orientación de la FSS con respecto

a la antena transmisora, para definir su banda de paso. Además, se

presentarán los problemas que surgen cuando se fabrican este tipo de

estructuras y se extraerán diferentes soluciones para solventarlos.

En esta Tesis Doctoral se prestará especial atención a la medida de me-

tasuperficies en cámara anecoica, sobre todo a su caracterización expe-

rimental bajo incidencia oblicua. Por tanto, se implementarán set-ups

monoestáticos y biestáticos y se analizará la adecuación de los resulta-

dos de medida para ser comparados con los de simulación. Además, se



proporcionarán consideraciones importantes, que serán cruciales pa-
ra medir el margen angular bajo el cual la metasuperficie exhibirá el
comportamiento deseado. Se resaltará que, en el cálculo para obtener
la distancia de campo lejano, no solo se tiene que tener en cuenta las
dimensiones de la antena, sino que también las del prototipo fabrica-
do. De hecho, se llevarán a cabo diferentes medidas bajo condición de
campo cercano y lejano y se mostrará la clara diferencia que existe,
cuando no se tiene en cuenta el tamaño del prototipo en el cálculo de
la distancia de campo lejano.

Por último, se puede resaltar que aunque esta Tesis Doctoral está espe-
cialmente centrada en mejorar el estado del arte de las metasuperficies,
también revisará algunos de los trabajos más importantes presentes en
la literatura. Además, proporcionará una explicación detallada de co-
mo caracterizar metasuperficies, con el objetivo de proporcionar un
punto de partida útil a investigadores no expertos en la materia. Por
consiguiente, los investigadores, expertos o no en el análisis de meta-
materiales, pueden también revisar algunas de las contribuciones más
importantes en este campo y las nuevas aportaciones introducidas en
esta Tesis Doctoral.



Conclusiones

En el segundo capı́tulo de la Tesis Doctoral, se ha presentado una revi-

sión exhaustiva de los metamateriales. De hecho, se han revisado gran

parte de los metamateriales más interesantes que han sido introducidos

en la literatura a lo largo de estos últimos años y sus principales aplica-

ciones y limitaciones. Por tanto, se ha establecido un punto de partida

interesante para investigadores no expertos en este campo.

El tercer capı́tulo se dedicó a analizar cuidadosamente el estado del

arte de las metasuperficies (metamateriales periódicos en dos dimen-

siones), las cuales son las principales estructuras que se han estudiado a

lo largo de esta Tesis Doctoral. Se han revisado las contribuciones más

interesantes en el campo de las Superficies Selectivas en Frecuencia

(FSSs), Superficies de alta Impedancia (HISs) (incluyendo los Materia-

les Magnéticos Artificiales (AMCs), los Electromagnetic Band Gaps

(EBGs) y las Superficies Parcialmente Reflectivas (PRSs)), Metasu-

perficies Absorbentes (MTAs) y Leaky Wave Antenas (LWA) basadas

en metasuperficies, junto con sus principales limitaciones. Además, se

han introducido los desafı́os que presentan las medidas de metasuper-

ficies.

En el cuarto capı́tulo, se han estudiado dos técnicas diferentes para

analizar el comportamiento de los metamateriales en general y las me-

tasuperficies en particular. Por un lado, se han abordado varios mo-

delos centrados en la homogenización de metamateriales para la ex-

tracción de sus parámetros constitutivos. Se mostró que se tienen que



tener en cuenta diferentes consideraciones, dependiendo de las carac-
terı́sticas de dispersión frecuenciales y espaciales de los metamateria-
les. Además, se han analizado varios métodos para obtener los paráme-
tros constitutivos de los metamateriales, ası́ como sus limitaciones. De
hecho, se ha señalado que estos métodos no son válidos cuando la me-
tasuperficie tiene un plano de masa, ya que no presenta propiedades
de transmisión. Por ello, se ha propuesto un método novedoso para
extraer los parámetros constitutivos de los metamateriales con plano
de masa, el cuál solventa la limitación previamente mencionada. Por
otro lado, una metasuperficie puede ser también caracterizada a través
de su modelo de circuito equivalente. De hecho, este modelo fue ana-
lizado como un circuito paralelo entre la impedancia de la metaliza-
ción de la celda unidad (grid) de la metasuperficie y la impedancia
del dieléctrico con plano de masa (el cuál presenta un comportamiento
predominantemente inductivo cuando es eléctricamente fino). Sin em-
bargo, este modelo aunque es ampliamente utilizado presenta diversas
limitaciones, las cuales se discutieron en este capı́tulo. Además, tam-
bién se analizaron las dependencias de las mencionadas impedancias
con la frecuencia y el ángulo de incidencia de la onda sobre la metasu-
perficie. Se han introducido varios métodos para extraer la impedancia
superficial equivalente de la metasuperficie, los cuales dependen de si
se quiere analizar la respuesta de la metasuperficie bajo la incidencia
de una onda plana o de si se quiere estudiar su capacidad para propa-
gar ondas de superficie. Por otro lado, se han analizado dos modelos
semi-analı́ticos y las limitaciones que presentan. Uno de los modelos
extrae la impedancia de superficie equivalente del metamaterial, usan-
do el teorema de Foster para identificar los ceros y los polos y el otro,
se basa en diseñar el metamaterial expresando sus parámetros consti-
tutivos en función de su geometrı́a.

El capı́tulo cinco se dedicó a introducir los métodos numéricos más
interesantes empleados no solo para caracterizar metamateriales, sino
que también dispositivos electromagnéticos en general. Se han ideado



diferentes set-ups para analizar la reflectividad, la estabilidad angular y

la reducción de la sección radar de las metasuperficies presentadas en

esta Tesis Doctoral. Algunos de ellos han sido ampliamente utilizados

por otros autores en la literatura, pero otros han tenido que ser desa-

rrollados, especialmente los dedicados a analizar la reflectividad de las

metasuperficies reales finitas. Esto último resultó interesante para de-

terminar el número de celdas unidad que debe tener la metasuperficie,

para que se comporte de forma similar a su homóloga ideal infinita.

Se ha de destacar que los capı́tulos dos a cinco se han redactado con el

objetivo de revisar y abordar los temas más importantes en el estudio de

metamateriales, no solo desde el punto de vista de su diseño, sino que

también para familiarizar a investigadores no expertos en este campo,

con la mayorı́a de los trabajos recientes más destacados presentados

en la literatura. Asimismo, son de gran ayuda para que investigadores

en el campo de los metamateriales, revisen algunas de las aplicaciones

y principios de operación más importantes de los mismos, ya que se

explica cómo llevar a cabo su diseño y caracterización.

En el capı́tulo seis, se han diseñado dos metasuperficies absorbentes

(prototipos ‘Pillar’ y ‘Star’) y se han comparado con otras presenta-

das previamente en la literatura, mostrando la clara mejora en la es-

tabilidad angular que presentan las propuestas en esta Tesis Doctoral.

Además, dichas estructuras presentan un adecuado ancho de banda y

cierta conformabilidad, lo que las hace idóneas para ser incorporados

en multitud de aplicaciones. Por otro lado, se han ideado modelos de

circuito equivalente de las mismas, para mostrar la relación que guarda

su comportamiento con su geometrı́a y sus propiedades dieléctricas.

Se ha testeado la nueva técnica de homogenización, introducida pre-

viamente en el capı́tulo cuatro, aplicándola a las metasuperficies ab-

sorbentes propuestas en este capı́tulo y se ha verificado su adecuación

para describir los parámetros constitutivos de las mismas.



Finalmente, se han diseñado metasuperficies absorbentes con diferen-
tes metalizaciones geométricas anidadas, para que mediante el acoplo
de sus resonancias, no solo se pueda ampliar su ancho de banda, sino
que también reforzar su absorción.

El capı́tulo siete se dedicó a analizar la reducción de la sección radar
(RCS) de metasuperficies absorbentes. Por un lado, la metasuperficie
absorbente ’Pillar’, propuesta en el capı́tulo anterior, se combinó con
una antena de tipo monopolo y alimentación coplanar. Se analizaron
diferentes disposiciones de la antena y la metasuperficie absorbente y
se ha concluido que, cuando ambas estructuras están en la misma capa,
se obtienen unos mejores resultados, ya que cuando la antena se sitúa
encima de la metasuperficie absorbente, con una capa de foam entre
ambas, sus propiedades de adaptación se deterioran. De hecho, se ob-
tiene una clara reducción de la RCS sin deteriorar las propiedades de
radiación de la antena, cuando ambas estructuras están en la misma ca-
pa.
Por otro lado, se ha diseñado una metasuperficie absorbente y se es-
tudiaron los efectos de introducir diferentes factores de escalado en la
metalización de sus celdas unidad. Se introdujeron diferentes paráme-
tros para analizar la reducción de la RCS y determinar los factores de
escalado óptimos. Además, se estudiaron arrays con diferente número
de celdas unidad y se concluyó que para metasuperficies absorbentes
eléctricamente pequeñas, se deben de considerar factores de escalado
pequeños entre celdas unidad vecinas, con el objetivo de mejorar la re-
ducción de la RCS. De hecho, se mostró que si se consideran factores
de escalado grandes las resonancias de la metasuperficie absorbente
no se solapan. Por otra parte, cuando se consideran metasuperficies
absorbentes eléctricamente grandes, se pueden considerar factores de
escalado mayores. Además, se ha confirmado que una metasuperficie
absorbente formada por un array de tan solo 2x2 celdas unidad puede
reducir la RCS, sin embargo, también se concluyó que una metasu-
perficie en la cual se consideren más celdas unidad (4x4 celdas, por



ejemplo) proporciona una reducción de la RCS más notable, puesto

que la interacción entre celdas es superior.

En el capı́tulo ocho, se han introducido componentes concentrados pa-

sivos en AMCs basados en celdas unidad cuadradas y hexagonales tipo

‘loop’ y tipo ‘parche’, diseñados para operar a 5.8GHz. Se han idea-

do sus modelos de circuito equivalente, identificando los polos y ceros

de su impedancia de superficie equivalente. Esto último fue de gran

ayuda para extraer, no solo el valor de los componentes concentrados

para lograr la frecuencia de resonancia deseada, sino que también pa-

ra entender el comportamiento de la metasuperficie. Dependiendo del

ratio entre el valor de la inductancia del dieléctrico con plano de masa

y la del grid de la celda unidad, se han identificado diferentes com-

portamientos del AMC tipo ‘loop’ con inductores en su metalización.

Se ha observado un comportamiento peculiar en términos de frecuen-

cia de resonancia y ancho de banda, cuando el valor de la inductancia

del grid es mayor que el de la inductancia equivalente del dieléctrico

con plano de masa. De hecho, se ha mostrado que cuando se cumple

lo anterior, no solo se puede reducir la desviación en frecuencia del

AMC, sino que también se puede ampliar su ancho de banda estable.

Además, para AMCs con espesores del dieléctrico gruesos, lo cual im-

plica una inductancia del dieléctrico con plano de masa alta, el valor de

la inductancia del grid debe disminuirse para mantener la frecuencia de

resonancia, por lo tanto, su efecto en la mejora de la estabilidad angu-

lar del AMC es claramente menor. Por consiguiente, se ha establecido

un criterio para elegir el grosor del dieléctrico del AMC, quedando su

lı́mite superior determinado por la ausencia de mejora en la estabilidad

angular del AMC cuando se introducen los inductores, mientras que su

lı́mite inferior lo marca el ancho de banda requerido por la aplicación

donde se va a utilizar.

Para los AMCs tipo ‘parche’, se ha mostrado que la mejora más nota-

ble en la estabilidad angular se consigue en el ancho de banda estable.



Además, como se caracterizan por exhibir un comportamiento capaci-
tivo, su estabilidad angular, al modifica el grosor de su dieléctrico, es
menos variable que cuando se consideran los AMCs tipo ‘loop’.
Se concluyó que los AMCs con comportamiento del grid inductivo pre-
sentan una menor desviación de la frecuencia de resonancia, mientras
que los capacitivos mejoran en mayor medida el ancho de banda esta-
ble. Sin embargo, ambos parámetros (la desviación en frecuencia y el
ancho de banda estable) pueden mejorarse si el grosor del dieléctrico
es elegido de forma adecuada, como se mostró para los AMCs HLIUC
y SLIUC con grosores del dieléctrico de 1.524mm y 0.305mm res-
pectivamente (ver tabla 8.4) y para el AMC SPCUC con grosor del
dieléctrico de 1.524mm (ver tabla 8.12).
Asimismo, la técnica introducida se comparó con otras previamente
presentadas en la literatura y se evidenció que no solo las mejora, sino
que además consigue miniaturizar las celdas unidad. Se puede también
destacar que esta técnica es aplicable a cualquier otra metasuperficie
en la cual se quiera mejorar su estabilidad angular. Por otra parte, se ha
presentado un análisis detallado de los modelos de circuito equivalente
de los AMCs, el cual dio lugar a conclusiones similares a las comen-
tadas anteriormente. Por tanto, la introducción de inductores en AMCs
tipo ‘loop’ o capacitores en los tipo ‘parche’ proporciona una reduc-
ción de la dependencia de la frecuencia de resonancia con el ángulo de
la onda incidente.

En el capı́tulo nueve, se mostraron las dificultades que surgen cuan-
do se combinan dos estructures resonantes (una antena con un AMC).
Estas dificultades son especialmente notables, cuando se sitúan dife-
rentes tipos de antenas justo encima de los AMCs tipo ‘loop’ presen-
tados en el capı́tulo anterior. De hecho, debido al acoplamiento entre
ambas estructuras aparece una banda espuria, que origina un deterioro
en el comportamiento de la antena y, por tanto, no se pueden conseguir
unas propiedades de radiación adecuadas a la frecuencia de resonan-
cia deseada (5.8GHz), sin modificar los parámetros de la celda unidad



del AMC. Este fenómeno se ha solventado parcialmente introduciendo

una capa de aire entre el AMC y la antena o modificando el valor de

los inductores del AMC. Esto proporciona una adecuada adaptación de

la estructura a la frecuencia deseada y una mejora en las propiedades

de radiación, cuando se compara con la misma antena cuyo plano de

masa se sitúa en la misma posición que el AMC. En relación a una

antena con el mismo grosor que el correspondiente al del AMC y la

antena juntos (la suma de los grosores de ambas estructura), el ancho

de banda de la antena combinada con el AMC es menor, pero sus pro-

piedades de radiación se mantienen y su front-to-back ratio aumenta.

Se debe señalar que para antenas con espesores de dieléctrico mayores

o con altas permitividades, las cuales son más propensas a la propa-

gación de ondas de superficie, se deberı́an de notar unas mejoras más

significativas en las propiedades de radiación, cuando dichas antenas

se combinan con los AMCs propuestos. Por otro lado, cabe destacar

que las propiedades de radiación de la antena combinada con el AMC

con y sin inductores son similares. De hecho, solo se puede observar

una mejora parcial en alguna de las configuraciones (antena y AMC)

consideradas. Por tanto, se puede concluir que en este caso el AMC

propuesto sin los inductores presenta una estabilidad angular suficien-

te para ser combinado con una antena. Por ello, si se considera un AMC

con una estabilidad angular superior no se obtendrá una mejora desta-

cada en el comportamiento de la antena.

Por otro lado, se muestra que la mayorı́a de los problemas anterior-

mente encontrados no aparecen cuando se combina una antena con

un AMC tipo ‘parche’. De hecho, se obtuvo una clara mejora en las

propiedades de radiación de una antena tipo parche cuando se com-

binó con un AMC tipo ‘parche’ angularmente estable, ya que la banda

espuria, anteriormente mencionada, aparece a frecuencias más altas.

Por tanto, se concluyó que el parámetro más importante para mejo-

rar las propiedades de radiación de la antena, cuando se combina con

un AMC, es el ancho de banda estable de este último. De hecho, se

señaló que una desviación en frecuencia pequeña puede resultar de



mayor relevancia cuando se combinan diferentes AMCs, con el objeti-

vo de reducir la RCS biestática.

En el mismo capı́tulo, se presentan diferentes Leaky Wave antenas, las

cuales fueron ideadas para ser fácilmente fabricables mediante técnicas

de fabricación aditivas. Se mostró que antenas de este tipo formadas

por dipolos sobre un dieléctrico circular con plano de masa y alimen-

tadas por un cable coaxial en su punto central, mejoran las propiedades

de radiación cuando el espesor de los dipolos es modulado en la direc-

ción radial. El mismo comportamiento mejorado se observó cuando

se consideraron antenas compuestas por slots en forma de arco, con

diferentes grosores, insertados en un disco metálico. Además, se di-

señaron antenas circulares metálicas a las cuales se les introdujeron

muescas con forma de espiral doble y espiral logarı́tmico periódica y se

mostró que presentan una mayor ganancia y polarizaciones lineales y

circulares, dependiendo del valor de los parámetros de sus geometrı́as.

En el capı́tulo diez, se analizaron FSSs curvas y se compararon con

sus homologas planas. Se mostró que, dependiendo de la orientación y

la distancia con respecto a la antena transmisora, se puede obtener una

banda de paso más estrecha o más ancha con relación a la proporciona-

da por la FSS plana. En el mismo capı́tulo, se aportó una explicación

adecuada mediante teorı́a de rayos para entender apropiadamente el

fenómeno anterior. Además, se introdujeron los problemas de fabri-

cación de estas FSSs curvas. De hecho, se puso de manifiesto que es

crucial definir las propiedades del soporte, la retracción del plástico, la

temperatura del plato y la velocidad de los ventiladores de la máquina

de impresión 3D, para obtener un prototipo fabricado adecuado.

En el capı́tulo once, se ha revisado el estado del arte en la medida de

dispositivos electromagnéticos desde el punto de vista de la medida de

metasuperficies. Se han de tener en cuenta, parámetros tales como el



rango dinámico disponible, la condición de campo lejano y las técni-
cas de calibración de los instrumentos de medida y del entorno para
obtener una caracterización experimental adecuada de las metasuperfi-
cies. Además, se analizaron los posibles errores de medida (incluyendo
los relativos a la amplitud y la fase) y los ecos indeseados que puede
aparecer en el set-up. Se han introducido diferentes estructuras para
sostener la metasuperficie, con el propósito de mostrar sus ventajas y
desventajas. Por otro lado, se han presentado varias técnicas de post-
procesado cuyo objetivo es el de eliminar el ruido indeseado y mostrar
la información en el formato requerido.

El último capı́tulo de esta Tesis Doctoral se dedicó a mejorar la caracte-
rización experimental de las metasuperficies. De hecho, se mostró que
la medida de la reflectividad de las mismas no es trivial, sobre to-
do cuando se quieren caracterizar bajo incidencia oblicua. Se puso de
manifiesto que para caracterizar experimentalmente la metasuperficie
de forma adecuada son necesarios set-ups tanto monestáticos (cuasi-
monoestáticos) como biestáticos. Se concluyó que los set-ups biestáti-
cos son más apropiados para comparar los resultados obtenidos con
los de simulación, siempre y cuando la metasuperficie analizada sea
isotrópica. Esto último se debe a que las medidas tienen lugar en posi-
ciones especulares. Sin embargo, es también crucial la caracterización
monoestática de la metasuperficie, ya que existen muchos sistemas de
radar monoestáticos. De hecho, una distribución en damero de AMCs
puede emplearse para reducir la RCS redirigiendo las ondas difracta-
das.
Asimismo, se presentaron varias directrices para sacar el máximo parti-
do de los set-ups. De hecho, se mostró que disponiendo de forma ade-
cuada el set-up, una misma metasuperficie puede caracterizarse bajo
un rango de ángulos de incidencia mayor. Esto último resulta relevante
puesto que si no se lleva a cabo una disposición adecuada del set-up,
pueden dejarse sin caracterizar diferentes ángulos de incidencia bajo
los cuales la metasuperficie funciona adecuadamente.



En este mismo capı́tulo también se indicó que no solo las dimensiones
de la antena, sino que también las de la metasuperficie se tienen que
tener en cuenta para calcular la distancia a campo lejano. De hecho,
se ha mostrado que, si lo anterior no es considerado, aparecen grandes
errores en las medidas y se puede categorizar la metasuperficie como
operativa cuando no lo es.

Como se puede apreciar, en esta Tesis Doctoral se han presentado
interesantes conclusiones con respecto al diseño de metasuperficies
con el objetivo de mejorar su estabilidad angular y ancho de banda.
Además, se han mostrado las mejoras en las propiedades de radiación
y los problemas que surgen cuando dichas metasuperficies se combi-
nan con antenas. Por otro lado, se han introducido diferentes set-ups de
medida, para caracterizar de forma adecuada las metasuperficies bajo
incidencia oblicua.
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materia no sabı́a ni siquiera lo que significaba la palabra ”metama-

terial”. Después de casi 6 años de trabajo he aprendido muchı́simas

cosas, no solo técnicas, gracias a ti. Espero que yo te haya podido

aportar también algo, aunque solo sea un pequeño porcentaje de lo que

me has aportado tú.
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CHAPTER

1
Introduction

1.1 Motivation and goals of this Doctoral Thesis
The emergence of metamaterials has given rise to substantial publications on im-
portant international Journals along the recent years. Moreover, many Doctoral
Thesis on this field can be also encountered in the literature, due to the great amount
of applications on which they can be incorporated. Metamaterials have been used to
obtain opposite direction of the group and phase velocities of the wave, in cloaking
applications for concealing objects, as superconductors with manageable critical
temperatures, for harvesting energy and on imaging applications to increase the
image resolution, among others.
Metasurfaces which are 2D periodic metamaterials have also attracted much atten-
tion, since they are easier to manufacture and can be combined with other elec-
tromagnetic devices to improve their properties. They have been employed on
detection applications. Indeed, they can be designed to: absorb or filter electro-
magnetic waves, reduce the Radar Cross Section of a target or be combined with
antennas to improve their radiation performance, among others. Consequently, due
to the novelty and versatility of these structures, they opened a huge researching
area on which many researchers are working to go further than the state of the
art. Although these structures posses characteristics that have not been observed
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before, they also exhibit several limitations, such as narrow bandwidth, variable

performance at oblique incidence angles, lack of flexibility, electromagnetic inter-

action with other devices and others. Furthermore, their analytical, numerical and

experimental characterization, as well as their manufacturing techniques, have to

be also improved.

The main goal of this Doctoral Thesis is to achieve advances on metasurfaces, go-

ing further than the state of the art. The first step towards this aim is to review

the most important literature contributions on metamaterials and express, in a suc-

cinct and clear way, their operating principles and limitations, as well as their most

relevant applications. The latter will not be easy at all due to the recent advent

of metamaterials and the great amount of contradictory theories that can be found

in the literature. Moreover, for analyzing their operating principles, both analyt-

ical models and numerical simulations will be employed. The former ones will

be presented from two points of view: the metamaterials’ constitutive parameters

extraction and the equivalent circuit models development. Different commercially

available software will be used to numerically analyze the metamaterials’ behavior

and new set-ups arrangement, not found in previous literature works, have to be de-

vised aiming at examining different metamaterails’ characteristics. Accordingly, a

complete handbook is wanted to be presented aiming to introduce new researchers

into the metamaterials field, providing them not only a complete classification of

the metamaterials’ operating principles and their applications but also, an explana-

tion on how they can be analyzed.

To achieve the primary goal of this Doctoral Thesis, different metasurfaces will

be devised aiming at presenting several techniques for widening their bandwidth

properties, improving their angular stability and reducing their size. In this sense,

metasurface absorbers and artificial magnetic conductors will be designed. In ad-

dition, they will be combined with antennas aiming at studying whether their beha-

vior can be improved or not. The issues that arise when combining these two res-

onant structures will be also addressed. Moreover, the metasurface measurement

state of the art is wanted to be improved, since though there are many literature

contributions on which measurements are presented, they are not usually properly

conducted. Therefore, different guidelines will be introduced aiming at optimizing

the measurement set-ups and making the most of them. Moreover, some important
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errors encountered in the literature, when these metasurfaces are experimentally

characterized, will be presented and different alternatives to circumvent them will

be proposed.

1.2 Chapters organization
In chapter 2, a brief history on metamaterials and a thorough classification of them

will be presented, along with their operating principles, applications and limita-

tions. Moreover, some of the most important literature contributions will be also

analyzed.

The next chapter (3) will be focused on metasurfaces. Indeed, the state of the art of

the analyzed metasurfaces thorough this Doctoral Thesis will be discussed. Special

attention will be paid to the most interesting literature contributions on the metas-

urfaces’ field and the most important limitations will be highlighted.

Chapter 4 will review the most important models presented in the literature

for analyzing the metamaterials’ behavior, focusing on the ones devoted to study

metasurfaces. These models will be classified into two groups depending on what

it is wanted to be retrieved: the metamaterails’ constitutive parameters or their

equivalent circuit models. It will be pointed out that the way of extracting the pre-

vious information depends on the metamaterial characteristics, and hence not only

quasi-static models but also more complex ones will be discussed. Moreover, a

method for extracting the constitutive parameters of grounded metasurfaces will be

proposed. Furthermore, circuit models will be analyzed not only if a plane wave

impinges on the top of the metasurface but also if it impinges along it. Finally, two

semi-analytical models will be presented for extracting the metasurfaces’ equival-

ent surface impedance and for reducing the parametric analysis required to design

the metasurface.

Another alternative and maybe the most used one to analyze metasurfaces is by

resorting to numerical electromagnetic simulations. Therefore, in chapter 5 diffe-

rent numerical methods will be presented and their suitability for analyzing diffe-
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rent metamaterials’ properties will be discussed. Moreover, new simulation set-ups

will be devised aiming to analyze some of the mentioned properties, especially the

one related with the finitude of the final manufactured metasurface.

The previous chapters will complete a handbook on which the state of the art on

metamaterials and particularly metasurfaces is revised as well as the main methods

for characterizing them.

Chapters 6 and 7 will be devoted to design metasurface absorbers. Indeed, in

the former one angularly stable and conformable metasurface absorbers (MTAs)

will be presented and compared with the ones in the literature, showing their en-

hancing properties. Moreover, their constitutive parameters are extracted using the

aforementioned method proposed in 4. Furthermore, different MTAs comprising

different inner and outer geometries are presented aiming at coupling the reson-

ance of both structures to enlarge the bandwidth and enforcing the resonance. On

the other hand, in chapter 7 the RCS reduction for different scaling values of a pro-

posed MTA’s unit-cells is presented. Moreover, a deep discussion on the optimum

scaling values as regards the number of considered unit-cells is provided. In addi-

tion, an CPW-fed monopole antenna will be designed and combined with a MTA

aiming at studying their behavior.

Chapter 8 will present different artificial magnetic conductors (AMCs), on

which lumped components are added on their metallization aiming at improving

their angular stability. Moreover, equivalent circuits models will be devised aiming

at reinforcing the interesting extracted conclusions and the required value for the

lumped components.

In chapter 9, some of the angularly stable AMCs analyzed in the previous chapter

will be combined with different antennas to improve their radiation properties and

the issues that arise from this combination will be discussed. Moreover, different

conclusions regarding the best antenna-metasurface combination will be extracted.

In addition, different leaky wave antennas will be proposed in this chapter, which

are obtained by properly guiding the excited wave from the feeder along a suitably

designed metasurface.
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In chapter 10 curved frequency selective surfaces will be devised. Moreover,
their main design and manufacturing issues are presented and some of their im-
proved characteristics as regards the planar ones are discussed.

Finally, chapters 11 and 12 are focused on improving the metasurface state of
the art. In the former one, some of the problems and considerations, that should
be taken into account when finite structures are wanted to be experimentally char-
acterized, are presented. Moreover, the latter is devoted to introduce some guides
to properly arrange the set-up and make the most of it. Indeed, different post-
processing techniques will be addressed and the results of applying them or not
will be of great relevance. Moreover, common errors committed by most authors
when characterizing metasurfaces will be analyzed and several solutions for cir-
cumventing them will be proposed.
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CHAPTER

2
Metamaterials

2.1 Introduction
Propagation is the property of waves to travel through media. Different types of
waves propagate through different media: light through optical fibers or any trans-
parent media, sound through walls, vibration through soil or radio waves through
different atmosphere layers. All of them, involve the interaction between the wave
and the medium. In electromagnetism a changing electric field creates a changing
magnetic field which in turn will create a changing electric field and so on. This
phenomenon will continue through space, even when the source is turned off and it
is known as wave propagation [1]. It should be noted that these electric and mag-
netic fields must be in phase to reach propagation.
The desire to control the propagation of light date back hundreds, or even thou-
sands, of years ago and it started with the use of lens to magnify objects or concen-
trate the light to set up a bonfire.

Natural materials known nowadays comprise an arrange of molecules. These
molecules are made up of atoms, which in turn are composed of negative (elec-
trons), positive (protons) and neutral (neutrons) charges interacting with each other.
In most classical problems, this microscopic discrete nature of materials can be
ignored, as long as these materials are treated at sufficiently large length scales.
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Therefore, such kind of medium can be considered as a continuous (instead of

discrete) one, where all analyzed physical quantities are considered continuously

differentiable [2].

The propagation of electromagnetic waves is a fundamental issue in the elec-

tromagnetic theory. Maxwell gathered the works of Gauss, Faraday, Ampère and

other authors and introduced some new concepts, such as the electric displace-

ment current to complete the Ampère law and some other terms to keep symmetric

equations. This arrangement gave rise to the well-known Maxwell’s equations [3],

which are currently the base equations of electromagnetism. These equations, to-

gether with the definition of proper boundary conditions at interfaces, are the key to

study how waves propagate along materials. In order to understand this propaga-

tion, it is necessary to know how waves interact with materials. It was said that

materials are composed of molecules which contain charged particles, so that when

an electromagnetic field is applied, such particles interact with these fields generat-

ing currents and modifications of the fields distribution (as compared to the one in

free space). This interaction between materials and waves in a macroscopic scale is

taken into account by means of the constitutive parameters (electric permittivity (ε)

and magnetic permeability (µ)), which are known as the electromagnetic properties

of materials. Therefore, constitutive parameters relate the electric (magnetic) flux

density to the electric (magnetic) field intensity. More precisely, the electric permi-

ttivity can be described as the resistance that a material offers to the pass of an elec-

tric field and the magnetic permeability is the ability of materials to create internal

magnetic fields. In addition, these parameters describe the velocity and direction of

the electromagnetic wave propagation in the material [4]. In natural materials the

latter properties will depend on their molecular and atomic structures. Depending

on the nature of the constitutive parameters, it is possible to classify a material as

linear or non-linear, homogeneous or inhomogeneous, isotropic or anisotropic and

dispersive or nondispersive. In anisotropic materials tensors are used to define the

permittivity and permeability properties, since different behaviors are observed in

the material depending on the polarization of the incident wave. Moreover, when

the flux density is related to both the electric and magnetic fields, bi-isotropic or

bi-anisotropic materials appears. In the latter materials two additional compon-

ents are used for their characterization, which are known as magneto-electric and
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electro-magnetic coupling constants (or tensors). When considering a reciprocal

bianisotropic medium, only one additional tensor should be considered, which can

be known as chiral or omega-coupling tensor depending on the material structure.

Some of these concepts, which are more detailed in [4, 5], will be used throughout

this thesis.

Another important classification of materials is by considering the sign of their

constitutive parameters. It is possible to split materials in four groups: DPS (Double

Positive materials: ε > 0, µ > 0), ENG (Epsilon Negative materials: ε < 0, µ > 0),

DNG (Double Negative materials: ε < 0, µ < 0) and MNG (Mu Negative mater-

ials: ε > 0, µ < 0). DPS materials are the most common in nature, but ENG and

MNG can also be encountered under certain conditions. Nevertheless, a DNG ma-

terial has never been found in a natural environment so far. Figure 2.1 summarizes

this classification and provides some characteristics of the electromagnetic waves

that may be encountered in each group (such as evanescent or propagative waves,

group and phase velocities (vg and vp)) as well as some examples of the most com-

mon materials.

 µ

ε 

E

k
H

Forward-wave propagation

Most dielecitrics

ε>0, µ<0 

ε<0, µ>0 

Evanescent waves

Metals below plasma frequency 
Electric Plasmas
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ε<0, µ<0 

E

k

H

Backward-wave propagation

Not found in nature
SRR+Rods

Evanescent waves
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vg>0, vp>0 

vg>0, vp<0 

RHM
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Double Negative

ENZ
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k,n ϵ ℝk,n ϵ ℂ 

k,n ϵ ℂ k,n ϵ ℝ

Epsilon Negative
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Figure 2.1: Different material classification.

9



2. METAMATERIALS

From the phase velocities in DPS and DNG media, it is possible to conclude

that the wavefront propagates towards the source (phase advance) and away from

it (phase delay) in DNG and DPS media, respectively. Another kind of materials

are the ones located on the axis of figure 2.1. The materials whose permittivity

is near zero are called ε-near zero materials (ENZ). Materials whose constitutive

parameters lies in the permittivity axis are known as µ-near zero (MNZ) materials.

Materials with ε = µ are considered as impedance-matching materials and are very

useful to avoid reflected waves. Finally, the point ε = 0 and µ = 0 in 2.1 is referred

as nihility and used to get a perfect tunneling effect.

New composites can arise by assembling other composites with different ma-

croscopic constituent properties [6]. Due to the fact that this assembly may some-

times not fulfill the requirements of the intended application, a new kind of com-

posites known as metamaterials arise in order to extend the capabilities of the tra-

ditional materials. Although there is not an unique and standard definition of meta-

materials, they are traditionally defined as periodic artificial materials with unusual

electromagnetic properties, whose periodicity is usually small than their operat-

ing wavelength. Indeed, the etymology of the term ’metamaterial’ comes from

the Greek word meta which means ’beyond (after)’ and material. Thence, these

structures are materials that posses electromagnetic properties that go beyond those

found in conventional materials. This means that they possess exotic properties not

found in natural materials. It should be mentioned that some authors extend the

definition of metamaterials to not only periodic but also aperiodic structures with

unusual electromagnetic properties. Others, just consider the left handed materials

as metamaterials.

Metamaterials comprise arrays of unit-cells, which behave similarly to the atoms

or molecules in ordinary materials and hence, they are also known as meta-atoms.

Consequently, the properties of the metamaterial can be tuned by varying the char-

acteristics of their unit-cells. Moreover, because these unit-cells are not restricted

by the available elements on the periodic table, it is possible to add to the chemistry

the flexibility of the unit-cell design to obtain new materials, whose properties have

never been seen before. Therefore, the metamaterials’ constitutive parameters will
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depend on both the unit-cell design and spatial distribution and the chemical com-

position [7]. Indeed, their macroscopic properties are different to their constituent

parameters. Accordingly, the latter statement provides a general view of the huge

amount of possibilities that these structures suggest.

All metamaterials analyzed throughout this thesis will comprise a periodic ar-

rangement of unit-cells (also known as inhomogeneities) each of them much smal-

ler than the free-space and/or guided wavelength in the host medium. Actually,

they are materials that microscopically are inherently inhomogeneous, but due to

the smaller size of the unit-cell can be considered homogeneous in a macroscopic

view. Indeed, they can be regarded as an effective medium, as long as their unit-

cell size is smaller than or equal to the wavelength of the wave in the host medium.

By properly designing a metamaterial, its interaction with waves can be controlled.

These waves are not restricted to be electromagnetic ones, but also mechanical ones

(such as acoustic and elastic waves). However, in this thesis although mechanical

waves may be mentioned, the main focus will be on electromagnetic waves. In gen-

eral, this is the major concern of researchers nowadays, due to the development of

new devices and applications which require a bespoke control of the wave propaga-

tion. From stealth application, for both military and civilian security, to health care

or power gathering and generation. However, although it is true that there is a huge

gap between the research on electromagnetic metamaterials and mechanical ones,

in favour of the former ones, new researches on the latter, which allow to control

its deformation or acoustic wave propagation, can be found in recent literature.

2.2 History
The study of glasses with embedded metallic nanoparticles have been introduced

during the Roman Empire in the fourth century, aiming at varying their color as

a function of the light incidence angle. Moreover, the use of artificial materials is

easily observed in the stained glass windows of some temples which date as far

back as the 13th century [8].

The scientific research available nowadays on the propagation of waves in peri-

odic media goes back to the studies of Floquet, Bloch and Rayleigh among others.
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One of the first works, regarding the electromagnetic wave propagation in periodic

structures, was carried out by Lord Rayleigh in 1887 [9]. In this work, the forbid-

den propagation of waves in a one dimensional periodic stratified media is demon-

strated by means of a totally reflection phenomena. Many works until 1987 were

centered in one dimensional layered periodic media. But then, the contributions

of Eli Yablonovich [10] and Sajeev John [11] demonstrated that artificial periodic

crystals, not only in one dimension but also in two- and three dimensions, can be

designed to forbid the propagation of light in certain bands (band gaps). These

artificial crystals are known as photonic crystals in the electromagnetic realm and

as phononic crystals in the elastodynamic and acoustic ones [2]. The majority of

these artificial crystals operate at wavelengths comparable with the periodicity of

the crystal.

The theorem of G. Floquet and its extension by F. Bloch to three-dimensional peri-

odic structures, who likewise stated that the waves propagate through flawless peri-

odic media without being scattered, also motivated many researches on periodically

arranged materials.

The first work in the field of metamaterial can be considered the one of Jadagis

Chunder Bose [12], who in 1898 develop an artificial substrate with chiral prop-

erties that allows the rotation of the wave polarization by means of artificial twis-

ted fibers. Later in 1914, the interaction of waves with a collection of randomly-

oriented small wire helices, which behave also as an artificial chiral medium, was

analyzed by Karl Ferdinand Lindman [13].

In the 1940s W.E.Kock design the first ’artificial dielectrics’ which consist of metal-

lens antennas [14] and metallic delay lenses [15]. The aim of both works were to

develop focusing lenses that replaced the existent heavy and bulky ones at mi-

crowave frequencies. In these years the concept of reproducing the behavior of

molecules in common dielectrics in a larger scale were introduced by these arti-

ficial dielectrics. The aim was to find structures that respond to radio waves as

molecules responds to light waves. For example, when a electric field is applied

in a metal the free electrons move and behave as a dielectric dipole just like the

molecular dipoles that appear in common dielectrics [16].
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The necessity to understand the propagation of waves in space motivates the

development of artificial plasmas. NASA carried out an important program to

study why they lost communication with their astronauts during the re-entry (phe-

nomenon known as blackout). This communication failure was attributed to the

plasmas that are formed around the spacecraft. Therefore, a model for the plasma

structure, by using a metallic rodded media between two parallel plates guide (’bed

of nails’ wire grid medium), was developed in the 1960’s in order to understand the

propagation of waves in plasma [17].

Later on, the interest in stealth technology and radar absorbers in the 1980’s

and 1990’s prompted a further investigation in artificial materials and chiral media.

Therefore, the backgrounds of metamaterials are related to: the artificial dielectrics

(firstly introduced by W.E. Kock in 1948 [15]), artificial magnetics (where not only

the split ring resonator (SRR) suggested by S.A. Schelkunoff and H.T. Friis [18],

but also the Swiss roll metal structures [19], which operate at lower frequencies,

play an important role as magnetic resonators) and artificial plasmas (wire medium

which exhibits negative permittivity and was considered as artificial dielectrics up

to 1990s, this medium was firstly introduced by W.Rotman [17] and J.Brown [20]).

Metamaterials were firstly introduced in the American Physical Society March

Meeting (2000) celebrated in Minneapolis by Rodger M. Walser [21]. This term

was then defined in his proceeding paper [6] as ’Macroscopic composites having

a man-made, three-dimensional, periodic cellular architecture designed to produce

an optimized combination, not available in nature, of two or more responses to spe-

cific excitation’. This term was then expanded in the Defense Advanced Research

Projects Agency (DARPA) by Valerie Browning and Stu Wolf in the context of

such project: ’Metamaterials are a new class of ordered composites that exhibit ex-

ceptional properties not readily observed in nature’. This new definition is centered

in the fact that the properties of metamaterials come from its structure rather than

from its composition. Other definitions are gathered in the article [22]. However,

all definitions converge on two main properties: (1) metamaterial properties are

not observed in the constituent materials and (2) they are not observed in materials

found in nature.
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The spread in the metamaterial research have been enormous in the recent years

with a great amount of articles and books devoted to them.

Metamaterials are widely employed in different areas, from cloaking and su-

per lensing to the improvement of solar cells. Other studies in metamaterials are

based on enhancing the focusing of lenses, imaging technologies, wireless com-

munications and even space applications (such as simulating black holes [23] and

other aspects of the universe structure). The latter are possible due to the ability

of metamaterials to control the electromagnetic wave propagation and to distort

space-time.

Nowadays, the term metamaterials include a great amount of artificial structures

such as, negative index materials (NIM) or double negative (DNG) materials, fre-

quency selective surfaces (FSS), electromagnetic band-gap (EBG) structures, ar-

tificial magnetic conductors (AMC), absorbers and man-made fractals or chirals

structures between others.

For more information on the metamaterials history one can resort to [16].

2.3 Behavior of waves when impinging on different
media
There are several books that analyze how waves behave when they encounter a

different medium [2, 3, 5, 24]. In most cases, the wave is partially reflected and

partially transmitted. The key to tackle this problem is to relate the reflected and

transmitted waves to the incident one. This relation is defined through the reflection

and transmission coefficients, which are computed applying boundary conditions

at the interface of both media. For lossless media and normal incidence, the latter

coefficients will be real numbers.

In the case of analyzing oblique incidence, the wave can be decomposed into a

transverse electric (TE) and transverse magnetic (TM) polarized components, also

known as perpendicular (horizontal or E) polarization and parallel (vertical or H)

polarization 1, aiming at simplifying the calculations. Applying proper boundary

1Notice that the total electromagnetic wave can be again composed by adding the contributions
of both the TE and TM polarizations.
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2.3 Behavior of waves when impinging on different media

conditions on the interface, the Fresnel reflection and transmission equations can be

obtained, which relate the incident field to the reflected and transmitted one. From

these equations, several remarks can result interesting for designing metamaterials.

When the two media are non-magnetic dielectrics, there is an angle (Brewster

angle) at which the reflection coefficient is null. The latter phenomenon can be

useful to design absorbers. However, it only occurs for a single incidence angle

and under TM polarization.

Other techniques, such as the binomial and Tschebyscheff design are used to define

the characteristics of several layers aiming at obtaining a null reflection coefficient

over wide bandwidth, which will be proportional to the number of layers [5]. Ne-

vertheless, the dielectrics may not be off the shelf, the design could be complex and

the wave may not be properly absorbed inside the layers. Consequently, the use of

commercially available dielectric substrates seems non-useful for the development

of wideband absorbers. Therefore, artificial dielectric or metasurfaces (two dimen-

sional periodic metamaterials) may be advantageous on this purpose.

When a wave travels from a lossless and non-magnetic medium (denoted by 1)

to another with identical properties but smaller permittivity (denoted by 2), several

phenomena can be identified. If the wave incidence angle is smaller than certain

angle, which is known as critical angle, part of the wave is reflected and part is

transmitted (see 2.2(a)). The mentioned critical angle can be computed as follows:

k2 = k1sin(θc) (2.1)

where: k1 and k2 → Wave numbers in the medium 1 and 2, respectively.

On the other hand, when the wave impinges on the surface at the critical angle,

complex reflection and transmission coefficients are obtained and the transmitted

wave propagates along the interface between the two media. Moreover, if the in-

cident angle exceeds the critical one, the wave that propagates along the surface is

highly attenuated in a perpendicular direction to it. Consequently, a nonuniform
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2. METAMATERIALS

tightly bound1 slow wave2 is created in the interface between both media. The lat-

ter wave is also known as a surface wave.

It should be mentioned that for incident angles equal or greater than the critical one,

the incident power will be reflected back and no transmission of energy between

both media occurs.
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Figure 2.2: Transmitting and reflecting waves as regards the angle (θi) of the incident
wave: θi < θc (a), θi = θc (b), θi > θc (c).

In order to analyze the fields inside different media, another interesting wave

characteristic is its polarization. When a linearly polarized wave impinges on a

smooth flat surface, the reflected wave keeps its linear polarization state. On the

other hand, if the surface is rough or curved, the reflected wave will comprise two

linearly polarized components: one with identical orientation and another with an

orthogonal orientation as regards the incident wave [5].

For the case of a circularly polarized wave impinging on a flat lossless dielectric

surface, the reflected wave becomes elliptically polarized and will change its rota-

tion direction if the incidence angle is smaller than the Brewster one3. However,

when impinging on perfectly conducting surfaces, the reflected wave will keep the

same polarization as the incident one (circular), but reversing the rotation direction.

1The waves decays very rapidly in the direction normal to the interface.
2The wave propagates at phase velocity smaller than the speed of light.
3Otherwise the rotation direction will be kept.
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2.4 Metamaterials’ types

Finally, the axial ratio1 of an elliptically polarized wave impinging on a dielectric

substrate will vary on its reflected wave, and its rotation direction will change as

long as the incidence angle is smaller than the Brewster one. Concerning the inci-

dence on perfectly conducting surfaces, the polarization of the reflected wave will

be identical to the elliptically polarized incident one, but for the rotation direction

which will be opposite.

The latter statements are valuable for designing polarizers and understanding the

propagation of waves inside metamaterials. More complex configurations can be

found when considering anisotropic and bi-anisotropic structures, which can give

rise to different phenomena such as birefrigence (chiral and gyrotropic media),

polarization rotation or change, cross polarization and others [24, 25]. These phe-

nomena are extremely important in the analysis of metamaterials. Indeed, me-

tamaterials that exhibit anisotropic or bianisotropic properties can be devised for

different applications by properly designing their unit-cell geometry [26–28]. The

latter could be a difficult task, but the crystallographic theory may be helpful for

this purpose, since a close relation between the crystals internal arrangement and

the unit-cells one can be established [29].

2.4 Metamaterials’ types
The term metamaterial encompasses a huge diversity of man-made materials, such

as artificial dielectric and/or magnetic structures, chiral materials, anisotropic and

bianisotropic materials, Veselago media, extreme-parameter media, perfect electro-

magnetic conductors (PEMCs), artificial waveguide media, electromagnetic crys-

tals and other artificial structures.

Another important classification of metamaterials are: resonant and non-resonant

ones. The first group comprises structures whose constitutive parameters signific-

antly varies near the resonant frequency (large dynamic range). This means that

small variations on the unit-cell implies a slight shift of the resonant frequency

and a remarkable change on the constitutive parameters. These metamaterials are

characterized by exhibiting narrow bandwidth and large losses. On the other hand,

1Ratio between the major and minor axis of the ellipse that describes the electric field of an
elliptically polarized wave, as it propagates though a medium.
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2. METAMATERIALS

non-resonant metamaterials although show resonant frequencies at higher frequen-

cies, around their working frequency band experiment an smooth variation of their

constitutive parameters. Therefore, they are suitable for broad band and low loss

applications. However, their constitutive parameters exhibit a small dynamic-range

which could be a disadvantage [7].

It can be mentioned that a large discussion, mainly summarized in [30], was

carried out among advocates and critics of metamaterials during their short his-

tory. However, although metamaterials exhibit some limitations, many works have

demonstrated not only their theoretical validity but also their experimental one.

2.4.1 Left-Handed Media (LHM)

These metamaterials are characterized by exhibiting opposite phase and group ve-

locity directions and hence, a negative refraction index (n = n′ − jn′′). The latter

does not mean that the wave is traveling in the backward direction, since this is

physically impossible (there is no source in the opposite part of the LHM medium).

Indeed, the energy (wave) flow in the forward direction, but the phase front of the

wave moves in the backward one1. A left-handed medium is also known as NIM

(Negative Index Medium), BWM (Backward Wave Medium), NRIM (Negative Re-

fractive Index Medium), Double Negative Medium (DNM) or Veselago Medium.

One or the other acronym is employed depending on the intended application.

The term LHM comes from the violation of the normal right handed law of elec-

tromagnetic propagation. Consequently, the relation between the vectors ~E, ~H and
~k form a left-handed triad instead of a right-handed one.

As it was mentioned, due to the fast development of metamaterials, some authors

exclusively consider LHM as metamaterials [7]. As far as the author of this thesis

is concerned, metamaterials not only comprise LHM, but also any material with

constitutive parameters that have not been found in naturally existing materials.

Two fundamental properties, that are not present in a natural material, can be ob-

served in a LHM structure:
1The examination of the phase and energy vectors for both normal and oblique incidence in

DNG media are well explained in [5].
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2.4 Metamaterials’ types

• When a wave impinges on it, the refracted wave bends to the same side as
the incident one.
• The wave that propagates inside it undergoes a phase advance. Therefore, the

behavior of a LHM metamaterial can be interpreted as the one of a high-pass
filter [5].

The general condition required to consider a medium with constitutive parame-
ters ε = ε′−jε′′ and µ = µ′−jµ′′ as LHM or NRIM was introduced by R.A.Depine
and A.Lakhtakia [31]:

µ′|ε|+ ε′|µ| < 0 (2.2)

Therefore, although materials with simultaneous ε′ < 0 and µ′ < 0 give rise to
a LHM medium, in which the phase velocity direction (Re{n} = n′ < 0) and
the group velocity (power flow) direction

(
Re
{
n
µ

}
> 0

)
are reversed, other con-

stitutive parameter values may also create it. However, it can be noticed that LHM
metamaterials may introduce dielectric losses and due to their dispersive behavior,
the previous condition is usually satisfied on a narrow bandwidth. Previously to the
general condition of LHM presented above, other ones have been presented in the
literature. R.Ruppin introduced the condition ε′µ′′ + ε′′µ′ < 0, which is valid for
passive media [32]. M.McCall went a step further and presented a condition valid
for not only passive media but also double active ones

[
|ε| − ε′

][
|µ| − µ′

]
> ε′′µ′′.

These conditions are equivalent to the general one 2.2 on their validity range [33].

An interesting way to represent LHM is by means of employing the dual model
of the right-handed (RH) transmission line (series inductance (L) and shunt ca-
pacitance (C)). Therefore, a transmission line comprising series capacitances (C)
and shunt inductances (L) can be used to represent the backward propagation of
electromagnetic waves (LH effect). Indeed, loaded transmission lines exhibiting
backward wave propagation have been implemented to create DNG media [34].
The complex propagation of waves in bianisotropic media with left handed proper-
ties is out of the scope of this thesis. However, for more information one can resort
to several articles [27, 35, 36].

Until the development of LHM, subwavelength imaging information was only
possible to be retrieved by using near-field scanning optical microscopes (NSOM).
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The acquisition of data in these microscopes is conducted in the near-field region,

which is not always possible to carry out. In this context LHM can provide sub-

wavelength resolution images in the far-field region which suppose a great break-

through in optics. Consequently, they are extremely attractive in several realms

such as medicine. Moreover, superlens can also be implemented for focusing the

energy of an electromagnetic wave on subwavelength spots.

In addition, this kind of metamaterials are also employed in conforming the an-

tenna’s radiation patterns, cloaking, compensating the phase delays of transmission

lines or dielectric slabs, improving phase shifters, miniaturizing devices and so on.

However, some of these applications have not been experimentally demonstrated

yet.

Due to the importance of LHM on the metamaterials development, a brief his-

tory will be introduced here to put them into context. A one dimensional medium

with negative refraction index was firstly tackled in notes of H.Lamb [37]. A.

Schuster also introduced the possible existence of a medium with opposite group

and phase velocities where a backward wave propagation exists [38]. Later on, L.

Mandelshtam carried out a study on periodic dielectric media with wavelength size

spacial periodicity, which exhibits opposite direction between the phase and group

velocity [39]. The latter can be achieved when dw
dk

is negative, so that a negative

dispersion, instead of the anomalous one (dw
dn
< 0) stated by Schuster [38], occurs.

Therefore, a backward wave will appear in such media [16].

A few years later, several studies were conducted on microwave tubes and a model

using capacitors and inductors (in a similar way as a high-pass filter) was developed

in order to study the propagation of backward-wave [40, 41]. This concept was then

applied to 3D structures in a Russian article of Malyuzhinets, who also pointed out

that the phase velocity in such media must point from infinity to the source [42].

In 1957, an important equivalence between a medium with negative constitutive pa-

rameters and a homogeneous and continuous backward-wave medium was firstly

established in the article [43] authored by D.V. Sivukhin.

The first theoretical study that introduced the term left handed material was car-

ried out by Victor Veselago in 1967 [44]. In this article, Veselago studied the effect
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of the light focusing in negative media and showed the new features that such ma-

terials may provide (Doppler shift and backward Cerenkov radiation). The guest

editorial on the IEEE MTT special issue [45] encouraged the interest on filling the

gap between theory and practice on materials with negative constitutive parameters.

However, it was not until the late 90s when Smith and his colleagues developed a

practical implementation of a DNM [46]. This structure comprises an artificial

magnetic split-ring resonator (SRR) (first introduced in [47] which achieves mag-

netic properties without magnetic constituents around its resonance frequency and

a paramagnetic behavior at lower ones [16]) and an array of wires embedded in the

same structure. This combination gave rise to simultaneous negative constitutive

parameters (permittivity and permeability)1. A year before Shelby et al. carried

out an experiment to demonstrate the existence of the negative index and the an-

omalous bending of the wave in the metamaterial proposed by Smith [49]. At the

same time, another great stimulus in this realm was the work of Pendry [50], who

described the existence of perfect lens using metamaterials. Negative index of re-

fraction (measure of how much the electromagnetic wave deviate when change the

medium) is investigated in this article and the diffraction limit imposed by Rayleigh

for ’normal’ lens was overcome2. Recently, it was shown that ohmic losses may

deteriorate the super-resolution of images in the far-field region [51]. However, this

can be useful for developing metamaterial absorbers.

Other attempts to achieve double negative materials are edge-coupled SRR, broad-

side SRR, axially symmetric SRR, omega SRR and S ring [52]. It can be mentioned

that double SRRs can be used to compensate the bianisotropy behavior of SRRs,

so that they can exhibit no chirality.

1It can be mention that in the same year the first elastic metamaterial which exibits negative
elastic constant in a narrow frequency band allowing to control the propagation of acoustic waves
was presented [48].

2These diffraction limit define under which conditions two closely point sources can be differ-
entiated or more commonly known the spatial resolution of the sources. Following the Rayleight
criteria this distance is approximately 0.4λ [16]
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2.4.2 Epsilon Negative Media (ENM)

Once the history of negative medium was introduced, it could be useful to provide a

brief insight on the parallel development of negative permittivity media and negat-

ive permeability ones. As it was mentioned a grid of thin wires (cutoff waveguides),

which exhibits a dielectric constant smaller than the free space one, was used by

W. Rotman to re-create a plasma medium [17]. However, it was Pendry who used

such grids as a negative permittivity medium [53]. The plasma frequency of most

metals is in the ultraviolet region and hence, for lower-frequencies the permittivity

of the metal is a complex value. At this plasma frequency a dispersive behavior is

observed due to the plasma oscillations, which may result interesting for develop-

ing a negative permittivity medium. Consequently, it is necessary to shift down the

plasma frequency to the desired frequency region of each intended application. For

doing so, only the charge density of the metals can be modified by employing an

array of wires, giving rise to an effective charge density which can be easily tunable

by modifying the array arrangement [54].

2.4.3 Mu Negative Media (MNM)

On the other hand, the use of negative permeability medium was firstly presented

by G.H.B. Thompson, when he showed the propagation of waves in a waveguide

filled with a ferrite material which exhibits negative permeability [55]. The term

split-ring resonator appears for first time in a publication of Hardy et al. [19], it

consists of a one-side split metallic tube with an outer cylinder and was developed

for detecting nuclear magnetic resonances. These resonators came from previous

ones, such as the slotted-tube resonator proposed by Schneider et al. [56]. In 1997,

the first demonstration of a negative permeability medium was published [57]. The

SRR was later modified by Pendry in the context of building up a double negative

medium [47]. Later on, several modifications on the SRR were carried out by sev-

eral authors and a detailed study was gathered in [58]. It is interesting to notice that

the working frequencies of these structures can be shifted by scaling them.
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2.5 Metamaterials’ applications

2.5 Metamaterials’ applications
Due to the great versatility of metamaterials they have been employed in many

applications, some of them are: cloaking or shielding, microwave circuits (filters,

power generators, dividers and phase shifters), polarizers, lens (beam-bending and

beam-focusing devices, transmitarrays), absorbers (radar cross section or specific

absorption rate reduction), antennas (for improving their radiation properties) and

many others.

2.5.1 Cloaking

Cloaking allows objects to seem invisible to the electromagnetic wave propaga-

tion. The first studies in this topic date back to 2006 when the works of Leonhardt

[59] and Pendry [60] were introduced. Regarding the cloaking of acoustic wave in

elastic media the first study was presented in 2007 [61, 62]. Cloaking metamate-

rials have also been investigated for protecting marine structures against the impact

of waves [63] and buildings from earthquakes [64].

In Electromagnetics and Optics, electromagnetic waves (or light) scatter when they

encounter different refraction index media. For concealing objects it is desired that

this electromagnetic radiation propagates in the same way as if it were traveling

through a homogeneous media (such as air), but in a curved space so that there

is no scattering or absorption [65]. This curvature is achieved using a technique

known as transformation optics [66].

Prior to transformation optics, several authors introduced NIMs for cloaking

objects. For example in [67] a negative permittivity cover is used to reduce the

scattering of spherical and cylindrical objects. However, this method cannot cloak

an object with wavelength size dimensions.

The optical transformation (or transformation optics) is a key concept for tailor-

ing the metamaterial parameters according to the application requirements. This

concept trace a bridge between the functionality of the device and the material pa-

rameters. The technique is based on the invariance of Maxwell’s equations, which
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allows manipulating the electromagnetic wave propagation. Consequently, by us-

ing the optical transformation method, the material properties of an imaginary

space geometry which represents a certain electromagnetic behavior can be ob-

tained. General relativity concepts can be used to calculate the material parameters

[68]. The key point is to distort the space around the object to guide the elec-

tromagnetic radiation around it, so that this radiation does not reach the cloaked

object at any time. For doing so, the index of refraction in the new distorted space

is calculated in such a way that the direction of the ray follows the desired path

around the object. Therefore, an external observer cannot distinguish between the

light propagation on an homogeneous media with or without the concealing object

inside. Regarding Fermat’s principle (light propagates between two points follow-

ing the shorter optical path (the path that requires the shorter time), i.e.
´ B
A
n(r)dr

is stationary under variations in the AB path), the index of refraction can be modi-

fied to create a minimized geometrical path, which goes around the desired cloaked

object. This phenomena not only works with light but also with electromagnetic

fields. Consequently, it is possible to guide the electric or magnetic field by tuning

the constitutive parameters of the cloak material, in such a way that the field circu-

lates around the object that wants to be concealed. Then, this field is reconfigured

in such a way as if no object were present. It is a similar concept to the Einstein’s

relativity theory, but in this case instead of the time space distortion, it is the space

for the light traveling what is bent [69].

Transformation optics are not only used on cloaking, but also on electromagnetic

field concentrators or anti-cloaks (which concentrate the electromagnetic wave in

an specific small region)1, electromagnetic field rotators (which can rotate the elec-

tromagnetic fields), wave-shape transformers (which can modify the phase front of

an electromagnetic wave), electromagnetic wave bending (which can bend the elec-

tromagnetic wave inside a waveguide or in free space in certain direction without

reflection). Moreover, it can also be used for designing complementary media (to

hide objects outside the metamaterial), superscatters, imaging devices, EM-beam

modulators, high-directive antennas, polarization splitters, field shifters, new lens

(for both amplify or reduce the object profile), energy harvesting devices etc [7].

1This phenomenon may be seen as the homologous of a black hole in the relativity theory.
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There are different transformation optic techniques to develop invisible cloaks

by using positive refractive index materials [66]:

• Push-forward mapping: extends a point or a line (in a coordinate system)

into a sphere or a cylinder (in the transformed one) where the light will be

guided around it. In other words, the point or the line cannot be penetrated

by waves, so that in the transformed coordinate system no waves enter in

the spherical or cylindrical domain (the wave follow the coordinate system).

Therefore, the objects inside the sphere are invisible to an observer outside it.

However, the latter is usually achieved under a narrow frequency band and it

is not easily implementable. It is possible to extend the frequency band by

getting rid of some metamaterial functionalities (1D cloak and carpet cloak).

• Optical conformal mapping: uses a graded refractive index which guides

light around an object. Non-Euclidean geometries can be employed, so that

the objects may be concealed over a broader bandwidth.

Push-forward mapping should conceal whatever object inside it. However, it should

be notice that anti-cloak can deteriorate the cloaking effects. Complex shaped geo-

metries may be concealed with the aid of non-uniform rational B-splines (NURBS),

which allow to model complex shaped objects [70].

Transformation optics can be also used with negative index materials, for ex-

ample using folded-geometry transformation it is possible to achieve perfect lens,

in which the phase delay on the positive index medium will be compensated in the

negative index one (complementary media). Moreover, new scattering phenomena

can be obtained, which is not achievable in graded positive index materials. An ob-

ject can also be cloaked without encircling it, by combining transformation optics

and complementary media.

A recent study has shown that not only objects can be concealed but also events.

The latter may be achieved by using an spatial and temporal dependency of the

metamaterial constitutive parameters [65].

An interesting study on not only transformation optics but also on other cloaking

techniques, such as carpet, plasmonic and mantle cloaking, has been reported in

[71] at which an useful comparison between the techniques is also reported.
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Cloaking should not be confused with shielding. In both the wave does not

reach the cloaked or shielded object, but the latter creates a dipole field effect which

modify the fields in the outer region of the object. However, in the latter the fields

outside are undisturbed, as if the wave had not encountered any object during its

propagation.

2.5.2 Optics

As it was previously mentioned, metamaterials have a great interest in optics. The

first artificial magnetic developments were conducted at microwave frequencies, so

that given the potential interest of perfect lens in the visible frequency band a new

investigation line arose. However, the impossibility to reach such frequencies using

SRR structures [72] gave rise to other approaches [73, 74]. The first metamaterial

in the visible band appeared at the beginning of 2007 [75].

Cloaking has also devoted much attention in Optics due to the possibility of mak-

ing objects invisible for the human eye. Core dielectrics have been covered with

plasmonic shell nanoparticles for cloaking objects at optical frequencies [76].

2.5.3 Superconductors

Superconductivity is present in certain metals which exhibit a nearly zero res-

istivity below a critical temperature (Tc). The latter was firstly discovered by H.

Kamerlingh-Onnes in 1911 [77]. In 1957, J.Bardeen, L.N.Cooper and J.R.Schrieffer

postulates the theory of superconductivy also known as BCS theory [78]. This the-

ory is based on a quantum mechanical model and states that at low temperatures in-

side a superconductor, electrons with opposite spin are paired (Cooper pairs) due to

the interaction of the electrons with the vibrating crystal lattice (phonons). Indeed,

a great amount of paired electrons is generated which forms a condensate state that

flows as a whole and no electron collision occurs (nearly zero resistivity). Con-

sequently, when a current is excited in a superconductor, it remains on it without

almost no attenuation1 and no potential difference requirement. Superconductivity

1Small losses attributed to the dissipative normal electrons and lossless Cooper pairs. These
losses increase with the square of frequency [5].
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is induced in a superconductor either by the great amount of electrons available in

the conduction band or by the strong attractive forces between the paired electrons

[5]. However, natural superconductors posses several drawbacks, such as fragility

for being used as flexible wires, degradation due to the extreme temperatures at

which they have to operate, and although thin superconductors exhibit huge con-

ductivity when they are treated as bulk materias this conductivity is considerably

reduced. Recently superconductivity has been found not only in metallic materials

but also in ceramic ones (perovskites) [79]. The latter can exhibit superconductivity

properties at higher temperatures and hence, they are also known as high temper-

ature superconductors (HTS) [80]. Another important property of superconductors

is that they reduce the ohmnic losses exhibited by normal conductors at high fre-

quencies.

An important formula which uses the Coulomb potential for describing the su-

perconductivity in terms of the structure electric effective permittivity was intro-

duced in 1973 [81]. In the microwave and millimetric frequency bands, super-

conductors exhibit large electric permittivity values, since they behave as good

conductors, and hence the Cooper pairing interaction is small. Under this con-

sideration, superconductors require extremely low temperatures (Tc) to generate

superconductivity. Metamaterials allow to tune its effective permittivity and hence,

can behave as superconductors at higher temperature [82, 83]. There exist many

ways for implementing superconductor metamaterials some of them are: epsilon

near zero, hyperbolic metamaterials, SQUID metamaterials among others. Most of

them are composed of sub-wavelength superconductor elements with highly reson-

ant behavior [84].

There are many interesting articles in the literature that review the state of the art

of metamaterial superconductors [84–86].

2.5.4 Energy harvesting

Metamaterials have also been used to generate energy from external sources (such

as light, heat, movement, vibration and biological among others). In the recent

literature, several metamaterias have been employed for harvesting energy. Some
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of them are acoustic metamaterials (acoustic wave harvesting), phononic crystals

(mechanical (sound and vibration) wave harvesting) [87] and electromagnetic me-

tamaterials (light or other electromagnetic waves harvesting) [88]. It should be

noticed that the main difference between the former two (acoustic metamaterials

and phononic crystals) is in their lattice dimensions. Indeed, the former works at

wavelengths smaller than the lattice size and the latter at wavelengths on its order.

However, both have the same working mechanism, exhibiting a band gap at the

elastic wave frequencies due to the designed structure. Consequently, the energy of

the elastic wave can be converted into electricity.

Most of the efforts in metamaterials harvesters have been devoted to collect solar

energy. The latter is performed by designing metamaterials with resonant prop-

erties on the THz band (100-1000THz) in which solar energy is radiated (most

energy is between 400-750THz). This energy has been collected using thermal-

photovoltaic metamaterials [89] or photovoltaic metamaterials [90]. The former

converts the heat energy into electricity and the latter creates an electric field (po-

tential difference) which excites an electric current. Thermal-photovoltaic metama-

terials have been widely studied and they are implemented by designing metama-

terial absorbers working at the solar radiation frequency bands.

Metamaterials that transform microwaves in electric current (similar working prin-

ciples as rectennas) has also been studied [91]. One of the most important para-

meters when designing metamaterials for energy harvesting applications is their

efficiency in converting the external source energy in the desired one.

Another tendency in this area is the use of cloaking principles, or more precisely

anti-cloaking ones, to concentrate light at one point. Therefore, not only the energy

impinging on the metamaterial but also the one at its surroundings can be harvested.

2.5.5 Electromagnetic imaging

Metamaterials have been used to create images of objects using electromagnetic

waves and inverse scattering problems. Indeed, they are used in combination with

imaging techniques to improve the quality and resolution of the image.

Common detection systems are comprised of pixels spacing of λ/2 (diffraction

limit) or even larger for avoiding cross-talk contamination. Metamaterials allow
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to create arrays of pixels with sub-wavelength resolution and low cross-talk con-

tamination for fields or power representation, light modulation or coding [92, 93].

Metamaterial absorbers are commonly implemented for achieving the array of

pixels [94].

In addition, metamaterials have also been used to convert evanescent waves into

propagative ones, aiming at extracting the sub-wavelength information of the ob-

jects (which is present in the evanescent waves). Consequently, a image with sub-

wavelength resolution can be created in the far-field region of the object by using

hyperlens metamaterials [95].

Bolometers has also been used to create thermal images of THz waves which are

converted to an infrared radiation by means of a metamaterial [96].

2.5.6 Other applications

Other interesting applications, such as the combination of metamaterials with an-

tennas to improve their radiation properties, its use for reducing the radar cross

section (RCS) of objects, or for lowering the specific absorption rate (SAR) and its

effectiveness in sensing applications will be presented in the next section. Apart

from the previously mentioned applications, other specific ones could be found in

the literature and it is reasonable that new ones could appear in the near future, for

controlling not only the propagation of electromagnetic waves but also of whatever

kind of waves.

2.6 Metamaterials studied throughout this thesis and
their applications
This thesis is focused on a sub-set of metamaterials which are 2D-periodic, also

known as metasurfaces. The aim is going further the state of the art not only

designing and analyzing them but also validating their performance. Most of the

previously presented metamaterial properties can be achieved by designing proper

metasurfaces. However, this section will be devoted to introduce the different

metasurfaces that will be analyzed throughout this thesis and their characteristics
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and operating principles. Some common features that are used to evaluate metas-

urfaces, no matter the intended application, are the bandwidth through which the

specific performance is exhibited, the angular stability and their behaviour for di-

fferent polarizations of the incident wave.

The metasurfaces that will be introduced here, comprise two dimensional peri-

odic arrays of unit-cells. Each unit-cell is composed of inclusions (also known as

grids) much smaller than the wavelength on a metal grounded dielectric slab. Con-

sequently, the internal structure of the metasurface can be treated as a continuous

media and hence, it can be characterized as homogeneous and effective media. As

it was mentioned, most metamaterials (and also metasurfaces) experiment a res-

onant behavior when they interact with waves due to the dispersive behavior of

their constitutive parameters. On the other hand, it should be mentioned that the

dimensions of phononic and photonic crystals (band-gap materials) are comparable

to half a wavelength or more. The latter is explained by the Bragg reflection law

in which the band gap is directly related to the wavelength of the impinging wave.

Although some authors do not consider these crystals as metamaterials, they can

be used to manipulate the propagation of waves. Therefore, there is no clear differ-

ence between metamaterials and photonic or phononic crystals and one can behave

in a similar way to the other, depending on the frequency of the incident wave.

The operating principle of a metasurface, when an electromagnetic wave im-

pinges on it, is based on the excitation of electric currents on the metallic inclusions

as well as strong fields in the grounded dielectric [16]. The amplitude of these cur-

rents depends on the strength of energy coupled between the incident electromag-

netic wave and the unit-cell metallic inclusions, which is at their highest level at

the metasurface resonant frequency. The excited currents behave as an electromag-

netic source, bringing about the scattered field which can be controlled by properly

designing the metallic inclusions and grounded dielectric.

The unit-cell’s metallization geometry, the dielectric material and the unit-cell’s

periodicity completely determine the resonance frequency, bandwidth and angular

stability of the metasurface. Different techniques have been employed to broaden

the bandwidth, but not many have been focused on improving the angular stability
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of metasurfaces. However, improving one can deteriorate the other.

Moreover, several techniques to tune the metasurface’s resonance frequency have

been developed. These techniques rely on modifying the metasurface’s behavior

using external actuators, particular geometries or different constituent materials

properties [97]. Some of these tuning methods are:

• The introduction of switches (MEMS) or varactors that can change the equi-

valent circuit of the structure and hence its behavior.

• The use of chemically, electrically, optically or thermically sensitive materi-

als.

The incident wave can be decoupled into two orthogonal waves (see 2.3): trans-

verse electric (TE) and transverse magnetic (TM). In the former one (TE) the elec-

tric field is perpendicular to the plane comprising the propagation direction and the

vector normal to the metasurface and in the latter (TM) is the magnetic field which

is perpendicular.
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Figure 2.3: Incidence on a metasurface: 3D view (a) and 2D projection of the TE
(top) and TM (bottom) incident waves (b).

Depending on the polarization of the incident wave two different phenomena

occurs when it impinges at an oblique angle on the metamaterial

• TE polarization: as the incidence angle increases the electric field will be the

same, but the magnetic field will decrease and hence, the magnetic flux on

the metasurface. Therefore, the resonance frequency is almost kept but the

slope of the reflection coefficient phase increases.

31



2. METAMATERIALS

• TM polarization: the magnetic flux remains the same as the angle of inci-

dence increases and hence, the slope of the reflection coefficient phase is

almost kept. However, the electric field decreases, so that the resonance fre-

quency shifts.

In what follows, some metasurfaces directly or indirectly used throughout this

thesis are introduced, along with their operating basis and main applications.

2.6.1 Frequency selective surfaces

Frequency selective surfaces (FSSs) were designed to behave as spatial filters of

electromagnetic waves. They are resonant periodic structures with a limited pass

(or stop) band behavior. Their unit-cell usually comprises metallic inclusions on

a dielectric (usually air), which provides support. Their behavior depends on the

metallic inclusions shape, size, orientation and spacing between them. At resonant

frequency the coupling between the wave and the inclusions is at its highest level

and coincides with an inclusion length of λ/2. Therefore, the inclusions may be

easily designed to resonate at the desired frequency band and they can mainly be

of two types: dipole or slot arrays. The former (latter) interacts with the incident

electric (magnetic) field, exciting electric (fictitious magnetic) currents on the in-

clusions and hence, the FSS exhibits an inductive (capacitive) behavior. FSSs have

been widely studied by Ben A. Munk in its book [98]. Attending to their metallic

inclusions four main groups have been identified in the book:

• Center connected or N-poles (2.4(a)): simple straight element, three legged

element, anchor elements, Jerusalem cross and square spiral. They are con-

centric monopoles that share a common point at their center.

• Loop types (2.4(b)): three- and four-legged loaded elements, the circular

loops, and the square and hexagonal loops. They can be arranged closely

packed to improve its angular stability.

• Solid interior or plate types (2.4(c)): square, hexagon and circular disc patches.

Their inter-element spacing must be large, leading to a higher sensitivity to

the incident angle.

• Combinations of the above types (2.4(d)).
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In practical situations, a dielectric substrate is used to hold the FSS. FSS can be

found in many applications acting as radomes, absorbers, polarizers, filters or re-

flectors and combined with antennas to modify their radiation properties (gain,

beam steering, efficiency and so on). Low-pass (high-pass) electromagnetic filters

can be designed using arrays of patch (slots) inclusions. On the other hand, arrays

of metallic (aperture) loops can be used to create band-stop (band-pass) filters [99].

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

Figure 2.4: Examples of FSS metallic inclusions’ types: center connected (a), loop
(b), patch (c) and combination (d).

2.6.2 High Impedance Surfaces

The concept of impedance was firstly coined by Heaviside in 1886 to relate the

voltage and current in AC circuits [100]. Then, Schelkunoff applied this concept to

the electromagnetic field and described the impedance of an electromagnetic wave

as the ratio of the transverse electric field and the transverse magnetic field [101].

Later on, the concept of surface impedance, as a model to describe the interaction

of electromagnetic waves when impinging on material surfaces, was introduced

to simplify the analytical calculus of some electromagnetic problems. The use of

this concept implies homogenization, so that the complex material surface can be

treated as an equivalent uniform surface (characterized by an effective impedance)

[16].

Therefore, high impedance surfaces (HISs), first introduced by Sievenpiper in [102],

take their name from the high value of their surface impedances when a wave im-

pinges on them at certain frequency. In the Sievenpiper paper, the FSS is used as
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the ground plane of a low-profile antenna aiming at increasing its gain. The HIS is

considered as a 2.5D structure (2D planar structures with vertical vias in the per-

pendicular dimension), that can be modeled as a shunt LC circuit. The term HIS

concerns two main properties:

• The reflection coefficient phase is zero on its surface.

• The surface waves generated along the HIS surface are suppressed.

Therefore, HISs (Zs → ∞) reflect the incident waves in phase and do not sup-

port surface waves. However, their effective surface impedance is function of both

frequency and transverse wavenumber (and hence incidence angle) [16]. Con-

sequently, the latter two properties can be present in the structure at the same fre-

quency band (as in the Sievenpiper HIS) or at different ones [103]. Indeed, it may

exhibit only one of these properties in the analyzed frequency band. In the absence

of vias, these two properties are not usually at the same frequency band, since the

wave propagation suppression band is shifted [104]. However, there are several

works in which the structure is properly devised to exhibit both properties at the

same band without employing vias [104, 105]. Thence, the HIS is designed to

show one or both properties at the same or different frequency bands depending on

the intended application.

HISs can be known by other specific names depending on the property that they ex-

hibit. Artificial Magnetic Conductor (AMC) usually describes a HIS which exhibits

zero reflection coefficient phase. It should be noticed that AMCs are the dual struc-

ture of Perfect Electric Conductors (PECs). On the other hand, the term Electro-

magnetic Bandgap (EBG) is used to denote HIS that suppresses the propagation of

electromagnetic waves along it. The latter nomenclature comes from the Photonic

Bandgap (PBG) structure, which is a periodic structure that can manipulate and

avoid the propagation of light inside it by introducing different inhomogeneities

in a dielectric. However, with the advent of realizable metamaterials, EBGs have

caught more attention than PBGs, since they are readily fabricated (as they are large

in size (work at lower frequencies)) and exhibit lower metallic losses. Indeed, the

PBG period size is in the order of λg/2, whereas EBG periodicities may be smaller

(less than λ/4).

HISs usually comprise a periodic 2D array of metallic inclusions (which can be

of different shapes) above a PEC grounded dielectric media with or without vias.
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It can also be seen as a frequency selective surface (FSS) printed on a grounded

dielectric. Another way to characterize HIS can be through a volumetric structure

without PEC ground plane, as it is presented in [106].

HISs have been used with antennas to improve their radiation properties and

suppress surface waves. When the HIS is placed at the antenna’s ground plane, it

isolates the antenna from other elements placed on its rear part [107]. Moreover, it

can also improve the antenna’s directivity [108] and hence, its gain (as long as its

efficiency is not deteriorated) [102]. On the other hand, when a HIS behaves as an

electromagnetic band gap, it can reduce the coupling between antenna’s radiating

elements and suppress the propagation of surface waves [109]. Furthermore, it

can increase the antenna’s efficiency, directivity and gain [110]. When combining

an antenna with either an AMC or an EBG the antenna’s bandwidth can also be

broadened [110].

2.6.3 Artificial Magnetic Conductor

Traditional Perfect Electric Conductors (PECs) have been widely used in the lit-

erature as electric walls in which the tangential electric field is canceled on its

surface. This phenomenon is illustrated in 2.5(a), the tangential electric field over

the PEC E+
t gives rise to the motion of the free charges inside it, such that an elec-

tric field is created E−t that opposes the incident one (E−t = −E+
t ). This motion of

charges has its theoretical basis on the Coulomb’s law, which explains why charges

of the same sign repeal each other and charges of opposite sign attract each other

[79]. The duality property, present in most natural phenomena and in the electro-

magnetic formulation, leads one to think about the existence of a dual magnetic

(instead of electric) material 2.5(b). Therefore, the idea of a magnetic material

whose tangential magnetic field cancels out at its surface arose (magnetic wall).

This latter material was called Perfect Magnetic Conductor (PMC). However, this

hypothetical PMC is not available in Nature, due to the non-existence of free mag-

netic charges in natural material. The development of artificial materials, gave rise

to a structure that behaves identically to a PMC but in a certain frequency band,

due to its resonant behavior. This type of material is known as Artificial Magnetic

35



2. METAMATERIALS

Conductor (AMC). The availability of free charges in conductors makes possible

the existence of null tangential electric fields, this is why PEC has been in the lit-

erature for many years. However, free magnetic charges in natural materials are

unavailable and hence, the concept of AMC is relatively new.
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Figure 2.5: Duality between PEC (a) and PMC (b) structures.

The previous arguments can also be demonstrated from Maxwell’s equations

and boundary conditions (see appendix A). PECs are ideal materials with infinite

electrical conductivity (σc =∞) and no magnetic charges and currents. This means

that due to the fact that the current density cannot be infinite, the electric field

in this medium must be zero (Jc = σcE). From another point of view, when an

electric field is applied to a perfect conductor the free charges inside the conductor

drift swiftly to its surface and create an electric field that opposes the incident

one. Consequently, the electric field inside the conductor is null. Considering

the interface between a PEC (medium 1) and a common dielectric (medium 2),

it can be inferred from the expression A.6 that the tangential component of the

electric field is null in the interface E2t = 0. Using also A.1 it is deducible that

B1 = 0 → H1 = 0. Consequently, from A.7 the tangential magnetic field is

H2t = Js at the interface, where Js is the surface current created by the free electron

charges on the PEC surface when an electric field interact with them. On the other

hand, a PMC material is created as the idealized reciprocal structure of a PEC, so

that it requires that free magnetic charges were free in the surface. The interaction

of a magnetic field with these charges will create a magnetic current (Ms) at its

surface. Therefore, assuming that there are no electric or magnetic field inside

the conductor, the tangential magnetic field is null at the interface H2t = 0 and

the tangential electric field is equal to the hypothetical magnetic surface currents

(−E2t = Ms). The table 2.1 summarizes these results.
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Table 2.1: Boundary conditions on PEC and PMC

Condition on PEC
(σ1 =∞,Ms, qms = 0)

PMC
(Js, qes = 0)

Tangential electric
field intensity at S1

−n̂× E2 = 0 n̂× E2 = −Ms(2.3)

Tangential magnetic
field intensity at S1

n̂×H2 = Js n̂×H2 = 0 (2.4)

Normal electric
flux density at S1

n̂ ·D2 = qes n̂ ·D2 = 0 (2.5)

Normal magnetic
flux density at S1

n̂ ·B2 = 0 n̂ ·B2 = qms (2.6)

1 S interface between the PEC media.

As it was mentioned AMCs can be considered a sub-set of the HISs previously
described. Therefore, AMCs comprise a two dimensional periodic arrangement of
metallic inclusions (smaller than the wavelength) on a grounded dielectric. They
can be modeled as a surface impedance (Zs = Et/Ht), which can be interpreted
as the load of a guiding medium with characteristic impedance Z0. From trans-
mission line theory the reflection coefficient (the ratio between the incident electric
field and the reflected electric field) can be expressed as a function of the previous
impedances in the following way [111]:

Γ =
Zs − Z0

Zs + Z0

(2.7)

From this concept and knowing that the surface impedance of a PEC is null (since
Et = 0), then, the waves are reflected out of phase (Γ = −1). However, in PMC
structures the surface impedance is infinite (since Ht = 0), so that the PMC re-
flects the waves in phase (Γ = 1). In an ideal lossless case, the magnitude of these
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reflections are unity, however, in practical scenarios some ohmic and/or dielectric

losses occur and these amplitudes are less than 1. This is important when coupling

different AMCs aiming at broadening the bandwidth of the final AMC structure. In

addition, it should be noticed that the mentioned reflection behavior of PECs and

AMCs are mostly refereed to the far field zone.

The reflection phase of AMCs crosses zero degrees at an intended frequency, so

that an useful bandwidth can be defined around it, in which the structure reflects

waves more in phase than out of phase. This frequency range is considered in most

articles as being within the range ±90◦ from the zero degrees intersection (or res-

onant frequency of the structure). In other articles this frequency range is reduced

to be within the±45◦ [112, 113]. An important consideration is that the bandwidth

and the resonance frequency may vary for different incident angles and/or polar-

izations of the impinging wave on the AMC surface. In addition, the reflection

characteristics also depends on the geometry of the structure, the thickness of the

slab and the possible generation of grating lobes C. At resonance, the energy of the

incident wave is coupled on the AMC, which is then re-radiated in phase [114].

Apart from the previous statements on AMCs another condition, which most

authors do not mention, is the magnitude of the reflection coefficient. It should be

high in order to reflect as much energy of the incidence wave as possible. In the

case of considering an AMC comprising an FSS with a grounded dielectric sub-

strate (no transmission), the energy that is not reflected can be coupled in a surface

wave or lost due to dielectric and/or ohmic losses. When the AMC is used as an

antenna ground plane, the surface waves, that may propagate along it, radiate at its

borders and deteriorate the antenna radiation properties (Forward/backward ratio,

antenna gain, efficiency and radiation pattern) [110, 115–117].

It should be mentioned that when a metallic plate is below a dipole antenna

at a distance λ0/4, the antenna will radiate effectively, since the forward wave

transmitted by the antenna adds in-phase with the backward one reflected on the

metallic plate1 [104]. However, the aforementioned distance is usually large for

1Reflected wave suffers a 360◦ phase change, attributed to the two way travel between the
antenna and the metallic plate (90◦ phase shift on each way) and the reflection properties of the
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being considered in most applications. Moreover, if this distance diminishes a de-

structive interference occurs, which deteriorates the antennas radiation properties.

As AMCs exhibits in phase reflection, they are suitable to be placed close to the

antennas, circumventing the mentioned issue and improving the antenna’s radiation

properties.

In this sense, AMCs can also be used to reduce the profile of a parallel plate res-

onant cavity. Indeed, if the AMC is introduced in the middle of the cavity, its

dimensions can be reduced by a half while the resonant characteristics are kept

[16]. Other AMC’s applications will be revised in chapter 3.

2.6.3.1 Experimental verification of AMC characteristics

There are two primary techniques to experimentally verify the AMC behavior: by

characterizing it in an anechoic chamber or in a waveguide. Due to the fact that

waves experiment a phase shift as they propagate through the finite AMC profile,

a reference phase plane, which is taken at the AMC surface, is necessary in order

to compute the AMC’s reflection coefficient. Therefore, a metallic plane with the

same dimensions as the structure under test is also fabricated to establish the phase

reference. The AMC’s reflection phase and magnitude are obtained by subtracting

the measurements of the AMC and the ones of the reference metallic plane [118–

120].

In anechoic chamber measurements two horn antennas are used with directive

beams and polarization purity. Moreover, the antennas are placed in such a way

that the coupling between them is minimized for both TE and TM configurations.

This technique imposes some restrictions above all when the angular stability is

measured.

The use of waveguides, involve to manufacture an AMC of identical size to the

waveguide transverse dimensions and inserting it inside the waveguide with ex-

treme carefulness, in order to avoid gaps between the structure and the guide, which

may give rise to undesired effects. Moreover, several prototypes and waveguides

are needed for a complete angular characterization of the AMC.

A deeper analysis of the previous techniques will be conducted in later chapters

metallic plate (180◦ phase shift).
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(see 11 and 12)

2.6.3.2 Bandwidth dependence

The AMC bands are separated by 180◦ phase jumps on the AMC’s reflection coef-

ficient phase, which impose limits in the AMC bandwidth. This can be understood

using the Foster’s theorem for the admittance of periodic arrays and the resonant

cavity model which will be analyzed later on (see 4.6.1 and ). Therefore, in order to

overcome these limitations different techniques have been proposed. AMCs with a

slow reflection coefficient phase variation are designed to improve their bandwidths

. Indeed, when arranging inclusions of the same type closely packed, they bring

about a broader bandwidth than if they were sparsely arranged [16]. In general, if

the AMC resonance is away from the array of inclusions resonance (at which the

reflection coefficient phase change abruptly), the AMC bandwidth will be wider.

Consequently, by properly designing the AMC’s inclusions and by choosing suit-

able dielectric properties and heights a wide AMC’s bandwidth can be obtained.

2.6.3.3 Miniaturization

Another important characteristic of AMCs is its profile. The advent of new devices

which require increasingly smaller dimensions and light-weight systems have chan-

ged the industry. Consequently, in order to reduce the whole dimensions of the

system, each component must be miniaturized. This is not an exception when deal-

ing with AMCs. However, the first AMCs had a periodicity not too large in order

to avoid grating lobes, but still considerable for being suitable in most nowadays

applications. Miniaturization implies reducing the AMC’s resonance frequency,

whereas the dimensions of its unit-cell keep unchanged or diminishing the unit-

cell’s size for a required resonance frequency. Several techniques have been de-

veloped to achieve this goal. Some of them are:

• Designing capacitive coupling structures with several layers placed close to-

gether [121].
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• Using lumped capacitive elements on the unit-cells [122] or interdigital ca-
pacitors [104].
• Devising highly inductive structures, such as Peano and Hilbert curves or

other fractal elements, as the top metallization [123, 124].
• Proper combination of the previous techniques to obtain a further miniatur-

ization.
Another miniaturization technique may be the use of closely coupled arrays of
inclusions1. However, the array of inclusions reflection coefficient phase varies
more rapidly in the vicinity of the AMC resonance and hence, a reduction in the
AMC bandwidth occurs [16].

2.6.4 Electromagnetic Bandgap Surfaces
Several kind of interfaces may support surface wave2. Surface waves are the ana-
logy of optical surface plasmons, but the former ones are present in the microwave
frequency band, while the latter in the optical one. Such surface waves may be
excited on the interface between two dielectric surfaces when the wave impinges
with an angle beyond the critical one (see 2.1), or on the interface between a dielec-
tric and a metallic surface. In fact, metallic surfaces may conduct finite alternating
(AC) currents and hence, support surface waves [16].
Within these structures the electromagnetic-modes distribution and their dispersion
relations differ significantly from those on free space.

The wave propagation along a surface of an EBG, which can be modeled as
an effective surface impedance (Zs) (as it was previously said), will be analyzed
below. On the EBG surface the following boundary conditions must be satisfied
[125]:

Et = Zsn̂×H (2.8)

where: Et → tangential electric field vector
H → magnetic field vector
n̂ → normal unitary vector to the surface.

1Closely coupled arrays of inclusions are not the same as closely packed inclusions. Indeed,
the former refers to dispose several arrays of inclusions at near layers along the AMC’s height

2For more information about surface waves see appendix B
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If an infinite effective surface impedance (Zs → ∞) is considered, then, the sur-
face waves cannot propagate along the surface (since the surface behaves as an
open circuit (no current flow)). Therefore, under this consideration it is desirable to
design a periodic structure which forbids the propagation of surface waves in a cer-
tain frequency band (frequency range where no real-valued dispersive wavevector
satisfies Maxwell equations) [16]. Moreover, at the band gap of these structures
(on which no electromagnetic wave propagation occurs) the propagation of both
TE and TM waves must be avoided. Leaky waves are not always included in the
suppression requirements of EBG structures, since they exponentially decay along
their propagation on the surface. However, for some applications they may be in-
cluded. A more detailed analysis of surface waves and leaky waves are gathered in
appendix B.
According to the previous considerations, EBG structures can be characterized by
computing the dispersion curves of the propagation constant (wavevector) along
the surface of the structure.

2.6.4.1 Dispersion diagram

The most complete but computational demanding technique to characterize EBG
structures is by computing their dispersion diagrams. The latter represent graph-
ically the wavenumber variation against frequency for whatever possible direction
of the wave propagation on the EBG and provide a valuable information of the
propagation properties of guiding structures.
The dispersion relation in free space is k0 = 2πf

c
. This relation splits the disper-

sion diagram in two semi-infinite planes one corresponding to slow waves (surface
waves) and the other to fast waves (leaky waves) (see appendix B). Some simpli-
fications based on the periodicity and the symmetry of the EBG can be applied
to compute the dispersion diagram and reduce the computational burden (see ap-
pendix C). Indeed, studying the wavenumbers (propagation directions) of the wave
on an infinite periodic EBG that lies within the irreducible Brillouin zone (IBZ) is
enough to achieve a complete EBG characterization.
The unit-cells inside the infinite periodic array are indistinguishable, since all of
them are identical. Therefore, the electromagnetic fields are identical at the edges
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of the unit-cells but for a phase difference. Consequently, the electric field in ad-
jacent unit-cells within a lossless 2D periodic structure (periodic along the x̂ and ŷ
axis, with periods Dx and Dy, respectively) can be written as:

E(x+Dx, y +Dy, z) = E(x, y, z)e−jβxDxe−jβyDy (2.9)

where: βx → wavenumber of the propagation wave along the x̂ axis.
βy → wavenumber of the propagation wave along the ŷ axis.

The solution of the electric field in a periodic structure can be expressed using the
Bloch-Floquet theorem as:

E(x, y, z) = Ep(x, y, z)e−j(βxx+βyy) (2.10)

where: Ep(x, y, z) = Ep(x+Dx, y +Dy, z)→ 2D periodic function.

The phase differences between the edges of the unit-cells are βxDx and βyDy along
the x̂ and ŷ axis, respectively. Due to periodicity these values are within the range
[−π, π]. Therefore, the possible wavenumbers are [−π

Dx
, π
Dx

] and [−π
Dy
, π
Dy

] along the
x̂ and ŷ axis, respectively. These ranges represent the first Brillouin zone and con-
tain all possible wavenumbers of the infinite periodic structure. Moreover, as it
is stated in appendix C, the symmetry of the structure can reduce the Brillouin
zone by discarding redundant information of the possible wavenumber solutions.
Therefore, the irreducible Brillouin zone may be calculated and it contains all the
physical information of the structure.
In order to simulate the dispersion diagram of EBG structures an eigenmode solver
should be considered. The EBG band gap can be determined by analyzing the
propagation of electromagnetic waves in the irreducible Brillouin zone using com-
mercially available software. However, this procedure can derive in complex com-
putations that consume much time. Therefore, some authors introduced different
techniques to approximately determine the propagation of EM waves in a specific
direction. This procedure can be based on defining equivalent circuit models (as
the ones that will be introduced on chapter 4) or by using electromagnetic com-
putations that can precisely define the kind of radiation that will be excited in the
EBG (for example, the EBG performance test [126]). An example of the latter can
be the method used in [127], which consists in placing two waveguide ports at two
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lateral sizes of the EBG and magnetic walls at the other two (for resembling the

propagation of quasi-TEM modes). Alternatively, an equivalent circuit, which ac-

counts for the periodicity of the structure (using the Floquet theory), is employed

to obtain the dispersion equation by using an analytical method. A more detailed

analysis of the latter will be presented in chapter 4.

2.6.4.2 Experimental verification of EBG characteristics

For measuring the EBG’s dispersion diagram, surface waves should be excited on

the EBG structure by external sources, which is not generally possible using a plane

wave [102]. Several techniques have been introduced in the literature to excite sur-

face waves on the EBG and measure its band gap. The use of two probes, one

to launch the surface wave at one border of the EBG structure and other to detect

it at the other end, is proposed in [102]. Another procedure is to introduce the

EBG between absorbers and illuminate it with a horn antenna at one end and detect

the waves at the other end with a similar antenna, being both close to the EBG

[16]. However, on the latter two works the EBG band gap is characterized under

just one propagation direction. Other authors insert coaxial probes through holes

in the EBG to characterize the propagation of waves in different directions [127].

Nevertheless, the implementation of the previous techniques may result complic-

ated, since the location of the probes is crucial to properly excite the surface waves.

Moreover, the latter technique is invasive, since the EBG should be drilled to intro-

duce the probes.

An alternative technique to characterize the EBG is to determine its power transfer

reduction band. For doing that, a suspended microstrip line is placed just above

the EBG (roughtly at 0.02λ0 from it). Then, the transfer of power between the

two extremes of the microstrip is measured for the range of frequencies at which

the EBG is wanted to be characterized. This method provides a frequency band at

which the EBG reduces the transfer of power [103]. However, the EBG’s band gap

and the power transfer reduction band do not usually coincide [104]. The latter,

as it was indicated in [104], is attributed to the fact that the dispersion diagram is

usually characterized by considering the EBG as infinite, while the power transfer

reduction band is extracted for a finite arrangement of EBG’s unit-cells. Moreover,
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the band gap will identify the frequency band at which there is no wave propaga-

tion, however, the power transfer reduction band indicates a reduction of the power

transferred through the microstrip line due to the existence of an EBG structure

below it.

2.6.5 Metasurface absorbers

Electromagnetic absorbers have focused the interest of many researchers due to

their applicability in many fields, such as sensing and detection, wave modula-

tion, security, energy harvesting and wireless communication, among others. They

are also used to eliminate unwanted signals that could interfere with the normal

operation of a designed system. To understand the advantages of metasurface ab-

sorbers, common electromagnetic absorbers will be previously revised. The latter

absorbers are usually composed of a host material in which a filler material, which

is the main responsible of absorption, is introduced. A fireproof polyurethane foam

loaded with mixtures of carbon and iron is usually employed to manufacture these

materials.

The imaginary parts of the absorber constitutive parameters (ε′′ and µ′′) determine

the attenuation of the electric or magnetic field as the wave propagates inside it

and hence, the wave energy attenuation. Therefore, two types of absorbers can be

identified according to their constitutive parameters:

• Magnetic absorber: a filler with ferromagnetic properties is inserted in the

host medium, so that high permeability values and magnetic losses are in-

troduced. They are usually employed in cavity resonators, since the mag-

netic fields are maximum at their metallic walls and hence, the absorbers

may be placed there to maximize their effectiveness. Moreover, they can

also be encountered in microwave terminators (for example in circulators

and couplers). However, their main disadvantages are the high cost and con-

siderable weight.

• Dielectric absorber: a filler with dielectric properties is inserted in the host

medium. Among their advantages are their low cost and light weight, but
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their effectiveness in cavity resonators is low and due to their high conduct-

ivity they cannot be in contact with electronic equipment [128].

Electromagnetic absorbers are usually classified into two groups [129]: resonant

absorbers (RAs) and broadband absorbers (BAs). The former ones reach a perfect

absorption in a narrow band due to their resonant behavior. Salisbury Screens, Jau-

mann absorbers and Circuit Analog Absorbers (CAs) are examples of RAs. The

absorption in BAs is attained by means of non-resonant techniques [54]. The BAs

are classified into two groups: geometric-transition absorbers and low-density ab-

sorbers.

2.6.5.1 Broadband absorbers

Geometric transition or impedance gradient absorbers, employ their shape or com-

position to reduce the free-space impedance of the wave when impinging on their

top side, to the one at its back side (usually a metallic plate (Zs = 0Ω)). The latter

can be achieved by using smooth impedance variation (so that extremely low reflec-

tions occur) and introducing some losses (by inserting carbon based composites for

example) along the wave propagation path to gradually dissipate the electromag-

netic wave energy. They are usually employed in anechoic chambers and some

examples are:

• Pyramidal absorbers: the wave absorption is based on an impedance match-

ing technique, which is obtained by a proper absorber design and by using an

urethane foam treated with carbon particles. The incident wave is attenuated

as it reflects several times at the sides of adjacent pyramidal absorbers. They

are used in broadband applications. However, their performance is worsen

as the angle of incidence is far from the normal one. Moreover, the absorber

dimensions to absorb the energy of low frequency electromagnetic waves

should be large (the higher the frequency the thinner the absorber). For ex-

ample, when they are properly carbon-loaded they exhibit -33dB reflectivity

at normal incidence for one wavelength thickness. However, if this thickness

decreases, the reflectivity goes swiftly to 0dB [130]. A proper model for pre-

dicting the absorption of pyramidal absorbers at different incidence angles

has been presented in [131].
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On the other hand, Frequency Selective Surfaces (FSSs) are sometimes em-
bedded in the pyramidal absorber back face to improve their performance at
low frequencies [132]. Moreover, a squinted design can be used to improve
the absorption at oblique incidence angles [133].
• Wedge absorbers (2 GHz to 18 GHz): their composition is similar to the pre-

vious absorber but they exhibit a wedge shape. Their performance is maxim-
ized when the incident wave is parallel to their apexes and impinges on them
with a grazing incidence angle. However, they are polarization sensitive and
the diffraction from their apexes at normal incidence is relevant, above all if
the incident wave is polarized along them.
• Convoluted (or rippled) absorbers: they have an identical composition to the

previous absorbers and exhibit a proper absorptive behavior at wide angles
of incidence.
• Multilayer broadband absorber (100 MHz to 18GHz): they exhibit a good

performance for normal incidence waves.
• Flat sheet absorbers (100 MHz to 18GHz): they are similar to the multilayer

absorbers. Both are used to avoid interference between devices and are com-
posed of carbon-impregnated fibers.
• Weather proof absorber (100MHz to 18GHz): they are designed to work in

outdoor applications.
• Walk on absorbers are used in anechoic chambers and allow personnel to

configure the measurement setup.
On the other hand, low-density absorbers comprise pores in an absorbing mater-

ial or sparse material. The operation principle of absorbers with pores is as follows:
when the electromagnetic wave enters the pore it strikes several times the surface
of the absorbing material before leaving the pore. Therefore, the absorption occurs
due to the multiple reflections inside the pore. The sparse materials consist of small
absorbent particles inserted in a matrix material [54].

2.6.5.2 Resonant absorbers

The basic design of a resonant absorber consists of a resistive sheet on a λ
4

groun-
ded low-loss dielectric slab. When a wave impinges on the resistive layer, it is
partly reflected and partly transmitted [54]. The transmitted wave travels through
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the dielectric and it is reflected on the grounded metallic plane and then, goes back
again through the dielectric. Therefore, when it reaches the resistive sheet, it is
180◦ out of phase with the reflected wave, whose incident wave have just impinged
on the resistive sheet. Therefore, a destructive interference between both waves
takes place. This RA basic design is known as Salibury Screen and provides zero
reflection using a destructive interference technique in a narrow frequency band
[134]. When air is used as dielectric, the resistive sheet value required to get null
reflection is 377 Ω

m
. However, different resistive sheets and dielectric slabs can yield

the aforementioned null reflection [135].
Salisbury Screens exhibit two drawbacks: a high thickness and a narrow band-
width. The thickness can be reduced using dielectric slabs with high permittivities.
The bandwidth is sometimes broadened by inserting multiple layers of resistive
sheets on quarter-wavelength thick dielectric slabs all of them placed consecut-
ively above a grounded metallic plane (Jaumann absorber). Although harmonics
and anti-resonances issues are not present in these absorbers, their total thicknesses
are large [136].

Another derivation from the previous resonant absorbers is the Dällenbach ab-
sorbers, consisting of a lossy homogeneous dielectric (generally composed of fer-
rites) on a grounded metallic plane [137]. Therefore, by tuning the permittivity
and permeability of the dielectric a null reflection, at the interface between the air
and the dielectric, can be obtained. In this case, the wave is attenuated due to the
dielectric losses. Other authors refer to this absorber as comprising a grounded ho-
mogeneous dielectric whose permittivity, permeability and thickness are adjusted
to get a destructive interference between the reflected waves [54].

Circuit-analog absorbers (CAs) are a variation of Salisbury screens in which a
FSS is used instead of the resistive layer. This FSS can be modeled as an RLC cir-
cuit and this is why it is called ’circuit-analog’ absorber [54]. The dielectric thick-
ness is approximately chosen to be λ

4
at the desired resonance frequency, so that

this frequency can be determined by the equivalent impedance of the FSS (RLC
circuit resonance)1. Moreover, for frequencies slightly lower than the resonance
one the grounded dielectric exhibits an inductive behavior whilst the patch array
a capacitive one, consequently a cancellation of the reactive behaviors takes place

1Due to the required dielectric thickness, these absorbers cannot be considered as metasurfaces.
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and hence, a reflection coefficient minimization. On the other hand, at slightly

higher frequencies than the resonance one, the reactive behaviors are interchanged,

but also result in a minimization of the reflected wave. Because of that, the CAs

have a broader bandwidth than the Salisbury screens [54].

Capacitive circuit absorbers (CCAs) have also been used in the literature. They are

similar to CAs but in this case the FSS must be modeled by a resistive-capacitive

(RC) circuit. The most common physical realization is an array of conducting

patches on a grounded dielectric slab. These absorbers require smaller dielectric

thicknesses than CAs to achieve low reflection properties and they may exhibit

similar bandwidths. Moreover, they can be easily modeled due to the lack of har-

monic resonances on the FSS model [138].

Metasurface absorbers (MTAs) are similar to CAs but with a smaller dielec-

tric thickness. These absorbers usually comprise a lossy dielectric with an FSS on

one or both sides of it. In the case of considering the FSS on only one side of

the dielectric, which is the most widespread design, the other side is fully metal-

lized. MTAs are designed in such a way that their equivalent impedance matches

the free-space one and hence, causes a null reflection. The energy absorption of

the incident wave can be attributable to two phenomena depending on the range of

frequencies at which the absorber is designed. At microwave and millimetric fre-

quencies the dielectric losses mainly provide the absorption mechanism. However,

from infrared frequencies on, metallic ohmic losses dominate, since the metallic

parts of the FSS are extremely lossy, so that the currents excited on it experiment a

high resistance [139]. It could be mentioned here that the response of the MTA be-

low and above the infrared frequency band is dominantly electronic and photonic,

respectively. However, the basic principle of operation is almost identical [54].

The MTA behavior (resonance frequency, absorption peak, bandwidth and angular

stability) depends on the dielectric material (its electrical properties (ε and µ) and

thickness), its unit-cell’s size (periodicity) and its metallic inclusion’s geometry

[140]. The main limitations of these MTAs, as in the previous described metasur-

faces, are their narrow bandwidth and their resonance frequency dependency with

the polarization and incidence angle of the incident wave.
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2.6.5.3 Conservation of energy

The propagation of electromagnetic waves is associated with the transfer of en-

ergy. Indeed, when combining metasurfaces with other electromagnetic structures

(such as antennas) it may result interesting to understand the interchanging of en-

ergy between both. Moreover, identifying the dielectric and conductive losses in a

metasurface absorber can be also of crucial importance. The energy transfer can be

analyzed resorting to the law of energy conservation. Considering an isolated sys-

tem, the aforementioned law must be fulfilled1. On the basis of Maxwell equations

this law can be represented in the time domain as follows [5]:

−
‹
S

E×H · dS =

˚
V

(
E · Ji + H ·Mi

)
dV+

+

˚
V

(
E · Jd + H ·Md

)
dV +

˚
V

E · JcdV
(2.11)

where: Jd =
∂D

∂t
→ electric displacement current density.

Md =
∂B

∂t
→ magnetic displacement current density.

On the left-hand side of the expression the term E ×H is known as the Poynting

vector S. This expression refers to the total power that exits a volume V bounded

by a surface S. The first term, on the right-hand side of 2.12, is the total power

supplied by the sources in V. The second term illustrates the variation of electric

and magnetic energy densities in V. The last term refers to the dissipation of power

in V.

Considering no sources in the metamaterial (Ji = 0 and Mi = 0) and no ohmic

losses (Jc = 0) the previous expression can be reduced to:

−
‹
S

E×H · dS =

˚
V

(
E · Jd + H ·Md

)
dV (2.12)

Absorption can be neglected in metamaterials based on metal or dielectric in-

clusions only when the operation frequency is far from the inclusions and Bragg2

1Prior to analyze this section it could be recommendable to revise appendix A
2The Bragg resonance frequency occurs when the phase shift per period approaches 180◦ (see

appendix C) [7, 141].
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resonance frequencies. Only in the case of negligible absorption the variation of

stored energy can be expressed in terms of energy density as:

Pstored = E
∂D

∂t
+H

∂B

∂t
=
∂We

∂t
+
∂Wm

∂t
(2.13)

In the case of electromagnetic field with a spectrum concentrated around a cer-

tain frequency (w0), the time-average energy density in a material with isotropic

frequency-dispersive constitutive parameters can be expressed as:

W = We +Wm =
1

2

d(wε(w))

dw

∣∣∣∣
w=w0

|E|2 +
1

2

d(wµ(w))

dw

∣∣∣∣
w=w0

|H|2 (2.14)

If the constitutive parameters can be considered frequency independent, the

previous expression can be written as:

W =
1

2
ε|E|2 +

1

2
µ|H|2 (2.15)

However, when the stored energy is calculated in a material whose constitutive pa-

rameters are negative, the frequency dispersion should be considered (passive me-

dium cannot store negative reactive energy (second principle of thermodynamic)

[141]).

Landau [142] and Brillouin [143] derived an alternative formulation for com-

puting the energy density in lossless, non-magnetic materials, which can be ex-

pressed in the frequency domain as:

W =
1

2
ε0|E|2

(
ε′r(w) + w

∂ε′r
∂w

)
(2.16)

Most metamaterials exhibit losses (absorption) and hence, the variation of en-

ergy term
(
E · Jd + H ·Md

)
does not only describe the rate at which the stored

energy change, but also the dielectric absorption of the material. In this situation

not only macroscopic material properties but also microscopic ones, such as the

damping rate of electrons oscillation (γ), have to be considered [7, 142, 144]. The

first study of the energy density in nonmagnetic, dispersive and dissipative media

characterized by a dielectric permittivity ε = ε0(ε′r+jε
′′
r) was conducted by Loudon
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in 1970 [145]. Loudon studied the propagation of waves in a medium with polar-
ization P and applied the damped harmonic oscillation theory. Consequently, he
arrived to the following expression for the energy density:

W =
1

4
ε0|E|2

(
ε′r(w) +

2ε′′rw

γ

)
(2.17)

Separating the energy stored from the dielectric absorption in the energy density
term is not trivial at all and it is necessary to consider the material micro-structure.
The latter, as it was mentioned, is useful when combining antennas and metamate-
rials, since it is helpful to study the energy stored in the metamaterial to properly
understand the behavior of the combination. Moreover, identifying dielectric and
conductive losses can be of interest when analyzing metamaterial absorbers.
An approach to separate the energy stored from the dielectric absorption was provided
in [144], by using the circuit theory and the Drude and Lorentz models that will be
introduced in chapter 4. In [146], it was concluded that these two terms can only be
separated when the wave impedance is frequency independent. Moreover, it was
shown that in a dispersive negative refraction index material with identical negative
constitutive parameters, not only the stored energy could be negative but also the
energy density.

On the other hand, the variation of energy in 2.12 can be expressed in terms of
loss and stored power as:

P = Ploss + Pstoraged =
jw

2

(
(ε′ − jε′′)|E|2 + (µ′ − jµ′′)|H|2

)
(2.18)

From the previous expression the power-loss can be extracted as:

Ploss = Re{P} =
w

2

ε′′|E|2 + µ′′|H|2

2
(2.19)

By integrating the previous equation through the material thickness, an expression
of the power lost in the material based on the S-parameters matrix can be obtained
[16]: ˆ h

0

Re{P}dz =
|E0|2

2η0

(
1− |S11|2 − |S21|2

)
(2.20)

Consequently, the term
(

1 − |S11|2 − |S21|2
)

is the percentage of the material
absorption, which is a useful expression for characterizing the absorptive materials
in terms of their scattering parameters. For passive devices, the latter expression
should be always positive.
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2.6.5.4 Other metasurfaces for scattering reduction

Apart from metasurface absorbers, other techniques have been employed to reduce

the scattering from devices.

Checkerboard metasurfaces

Combination of AMCs with PECs or with other resonating at close frequencies

on a checkerboard arrangement have been proposed in the literature, to reduce

the RCS by means of a destructive interference in the reflected waves [118, 147].

In [119], it was firstly shown that not only the phase difference of the reflected

waves but also its amplitude are crucial to obtain a proper reduction of the RCS.

Indeed, when combining two AMCs, whose operation frequency bands overlap,

the RCS reduction can be maximized, even when there is no 180◦ phase difference

between the reflected waves on both structures [147]. Moreover, when these AMC

bandwidths overlap the Array Factor Theory does not exactly predict the behavior

of the structure and the coupling resonator phenomena becomes more suitable for

explaining its performance.

Diffusion

This technique consists on steering the reflection of the incident wave over a large

range of directions, causing a destructive interference when a random distribution

of different unit-cells (scatters) is properly arranged. It is a similar technique to the

previously presented checkerboard metasurface one, but in this case the side lobe

levels are reduced, since the energy is scattered in many directions. Therefore, the

metasurface consists of an array of different unit-cells whose reflection phase is

randomly chosen, so that a destructive interference occurs due to the random phase

difference between them. Hence, the reflected wave is highly reduced even in the

specular and incoming wave directions.

Different models have been developed to approximate the behavior of these

structures, since the computational cost of their optimization by electromagnetic

simulation is highly demanding, the array factor theory can be used to gauge the

far-field scattering pattern of these structures [148]. An algorithm which not only
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estimates the far-field scattering pattern, but also optimizes its behavior is proposed

in [149].

On the other hand, the amplitude and phase reflection curves are computed for

each unit-cell as if it were to be arranged in an infinite periodic way. On [149], this

amplitude and phase is controlled by the open and rotation angles of the unit-cell

metallization. On the other hand, an alternative for controlling the previous para-

meters is by scaling this metallization [148–150]. In order to guarantee a proper

working operation over a broad bandwidth, the phase reflection curves should be

almost linear and nearly parallel.

The main drawback of this technique is the computational burden required for

simulating these structures. Moreover, the previous mentioned phase requirements

for operating over a broad bandwidth are not easily attainable. On the other hand,

these structures are intrinsically aperiodic and hence, some authors do not classify

them as metamaterials. Moreover, they only work for the particular dimensions and

unit-cell’s arrangement for which they were designed.

2.6.6 Leaky wave antennas

Leaky wave antennas (LWAs) have been studied in the literature since the first

patent published by Hansen in 1940 [151]. A few years later, the properties of such

antennas were introduced in [152] and [153].

Metasurfaces are sometimes used to tune the propagation of electromagnetic waves

along them. A detailed analysis of electromagnetic waves traveling on a surface is

conducted on appendix B. In this appendix the different modes that can propagate

along the metasurface are studied based on the metasurface impedance. In this

thesis, the propagation of a leaky wave (LW) along a metasurface is analyzed.

By properly defining the surface impedance, the radiation pattern of leaky wave

antennas can be shaped. Therefore, metasurfaces can be devised to create beam-

forming and/or beam-scanning antennas. In fact, through the phase and attenuation

constant of the wave vector, it is possible to adjust the beam angle and beamwidth

of the antenna, respectively.
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Leaky wave antennas can be classified in different groups depending on its surface

properties [154].

• 1D uniform LW antenna: they are characterized by having a uniform per-

turbation along its surface. By tapering the perturbation, the antenna’s beam-

shape can be controlled.

• 1D periodic LW antenna: periodic perturbations along one direction are in-

troduced on the antenna. An space harmonic of the Floquet wave, rather than

the fundamental one, excites a leaky wave along the structure. Higher space

harmonics should excite surface waves in order to obtain a single beam in the

antenna’s radiation pattern.

• 1D quasi-uniform LW antenna: they are a combination of the previous LW

antennas. The LW antenna is similar to the uniform one but with a periodic

perturbation. The leaky wave in this case is excited via the fundamental mode

of the Floquet wave (instead of an space harmonic as in the 1D periodic LW

antenna).

• 2D LW antenna: in this case a two dimensional structure is used to guide the

wave. Feeding the structure on its center a cylindrical leaky wave is generated

which propagates radially towards its edges. These leaky wave antennas will

be the ones studied and designed in chapter 9 of this thesis.

As in whatever antenna, the feeding network is crucial to ensure proper matching

and propagation of the waves along the antenna surface. Leaky wave antennas can

be excited either from the edges or middle of the antenna. Electric or magnetic

dipole sources are used to excite either a single or a pair of leaky waves when ori-

ented vertically or horizontally, respectively. In the latter case, the E and H planes

of the radiation pattern are determined separately by each of the two leaky waves.

When placing the excitation on the center of the antenna two leaky waves propag-

ates along it, giving rise to two beams at opposite sides of the broadside. A single

broadside radiation can be achieved when a standing wave propagates in a periodic

structure whose perturbations are spaced by a wavelength distance [154]. It should

be mention here that the size of the antenna determines several radiation parame-

ters. For example, electrically large antennas provide good radiation efficiency and

low sidelobes, on the contrary its radiation aperture is poor and hence, its directi-

vity low.
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The antenna’s radiation efficiency is damaged by the absorption of the leaky wave
energy as it propagates along the surface and also by the scattering occurring at its
edges. As in the case of array antennas, the use of a tapered aperture, in which the
wave constant attenuation is tapered along the antenna’s surface, gives rise to lower
sidelobes in the radiation pattern and an improvement in the radiation efficiency.
It should be also mentioned that broadside radiation can also be attained in 2D
leaky wave antennas [155].
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[71] R. Fleury, F. Monticone, and A. Alù, “Invisibility and cloaking: Origins,
present, and future perspectives,” Physical Review Applied, vol. 4, no. 3,
p. 037001, 2015.

[72] S. Linden, C. Enkrich, G. Dolling, M. W. Klein, J. Zhou, T. Koschny, C. M.
Soukoulis, S. Burger, F. Schmidt, and M. Wegener, “Photonic metamate-
rials: Magnetism at optical frequencies,” IEEE Journal of Selected Topics in

Quantum Electronics, vol. 12, pp. 1097–1105, Nov 2006.

[73] J. Zhou, L. Zhang, G. Tuttle, T. Koschny, and C. M. Soukoulis, “Negative in-
dex materials using simple short wire pairs,” Phys. Rev. B, vol. 73, p. 041101,
Jan 2006.

[74] S. Zhang, W. Fan, K. J. Malloy, S. R. J. Brueck, N. C. Panoiu, and R. M. Os-
good, “Demonstration of metal-dielectric negative-index metamaterials with
improved performance at optical frequencies,” J. Opt. Soc. Am. B, vol. 23,
pp. 434–438, Mar 2006.

[75] G. Dolling, M. Wegener, C. M. Soukoulis, and S. Linden, “Negative-index
metamaterial at 780 nm wavelength,” Opt. Lett., vol. 32, pp. 53–55, Jan
2007.
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CHAPTER

3
State of the Art of

metasurfaces for detection
applications

3.1 Introduction
This chapter is focused on analyzing the state of the art of the metasurfaces that

will be studied throughout this thesis. As in the previous chapter a general study

of the metamaterials was conducted and the most important literature contribu-

tions have been presented, the same analysis will not be repeated here. Therefore,

this chapter will be specifically devoted to analyze previous studies that introduce

different techniques to partially solve some of the metasurface drawbacks. Con-

sequently, this chapter aims at settle the basis for the research presented in this

thesis, concerning the enhancement of metasurfaces for detection applications.

3.2 Frequency Selective Surfaces
There are many studies devoted to analyze planar Frequency Selective Surfaces

(FSSs), culminated with the publication of several interesting books [1, 2]. FSSs
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have been employed in literature as polarizers [3] or spatial filters [4] among others,

and in many applications such as RCS reduction [5] or combined with antennas to

improve their performance [6]. However, not many contributions have been ded-

icated to analyze curved FSSs and most of them have been focused on developing

numerical techniques to optimize the computational burden and time required for

characterizing the finite curved structure [7, 8] or on bending the planar FSSs on a

curved surface [9].

The projection of a planar FSS on a curved surface is not a trivial issue, above

all if it is projected in a double curvature curve, such as a sphere, since a periodicity

deformation arises [10]. Projection of FSSs on spheres have been presented in

[8, 10, 11]. However, the issues and phenomena that arise when dealing with a

curved FSS were not analyzed and a scarce analysis of the obtained results were

presented.

It should be noticed that fewer problems are encountered when the planar FSS is

bended or projected on a cylindrical or conical shaped structure [9, 12].

In addition to the previous issues, several inconsistencies have been encountered

in different articles when analyzing these curved FSSs, such as S21 parameters

above 0dB [13] or some unsubstantiated assertions in which it was said that the

periodicity of the planar FSS is kept when projected on a spherical structure [11].

Moreover, it should be mentioned that most of the methods applied to study planar

FSSs are not valid to analyze curved ones. Indeed, the Floquet analysis is invalid-

ated due to the lack of a proper periodicity on the structure.

Due to the scarce analysis and the inconsistencies encountered in the literature, a

chapter of this thesis 10 will be devoted to further analyze these structures aiming

at clarifying some of the issues, when dealing with not only their design but also

their manufacturing.

3.3 High Impedance Surfaces
The term High Impedance Surface (HIS) was firstly introduced in 1999 by Daniel

Frederic Sievenpiper in his article [14]. The structures presented in this contri-

bution are an hexagonal lattice of hexagonal patches on a grounded dielectric slab
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Figure 3.1: Dispersion diagram of the Sievenpiper unit cell.

connected to the ground plane by metallic vias and an identical structure employing

a square lattice of square patches. The structures exhibit both in phase reflection

(AMC behavior) and wave propagation suppression (EBG behavior). The EBG be-

havior for the TE modes can be attributed to the metallic inclusions in the lattice,

while for the TM modes is due to the metallic vias. Indeed, when analyzing the

structure without vias the TM mode bandgap disappears. The vertical vias do not

affect the TE modes, since their electric components are perpendicular to them.

The analysis presented in appendix B can be applied to this structure. At low fre-

quencies the impedance of the structure is inductive so that a TM mode (with zero

cut-off frequency) is supported by the structure. When the structure approach the

resonant frequency, an additional backward TM mode is supported which cancels

the forward one, so that a stop band arises. The TE mode has a cut off frequency

and starts to propagate as a leaky wave (LW) in the bandgap region. Then, it crosses

the line of light and behaves as a bounded surface wave (SW), since the structure

becomes capacitive. This analysis is graphically shown in 3.1: In this particular

structure, the frequencies at which the reflection phase coefficient crosses π/2 and

−π/2 coincides with the TM and TE band edges in 3.1, respectively. However,

as it was previously said in chapter 2 the AMC and EBG frequency bands do not

always coincide.
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3.3.1 Artificial Magnetic Conductor

Artificial magnetic conductors, as any metasurface, suffer from two main draw-

backs: narrow bandwidth (due to their inherent resonant behavior) and angular

dependence. Different techniques have been proposed in the literature to circum-

vent bandwidth limitation. Some of them are the use of multilayer structures [15]

or the closely package arrangement of the metallic inclusions as it was previously

mentioned in chapter 2. The second limitation concerns the dependence of the res-

onance frequency and bandwidth with the incidence angle of the incoming wave.

In this regard, not many efforts have been devoted to improve the angular stability

of AMCs in the literature. The most important works will be presented below.

3.3.1.1 Angular stability

One of the first contributions focused on improving the angular stability of AMCs

was conducted in [16]. The work was based on the principle of duality. It is well

known that vertical vias, when excited, give rise to an improvement in the AMC

angular stability due to the creation of electrical currents along the vias. However,

such excitation just takes place when an electric field component is along the vias,

which only occurs under TM polarization as it was previously stated. Therefore, it

was supposed that the excitation of vertical magnetic currents under TE polarized

incident waves would create the same effect. Consequently, spiral shaped unit-cells

were designed in order to create a proper magnetic moment in the spirals and sta-

bilize the AMC, for TE polarized impinging waves under oblique incidence.

Multilayered optimized AMCs through genetic algorithms were proposed in [17,

18]. In the optimization procedure, a fitness function is defined in such a way that

takes into consideration the AMC’s angular stability, aiming at designing angularly

stable AMCs at the intended resonance frequencies.

An analytical and numerical study on the AMC’s response, when combining sev-

eral kind of grids (metallic inclusions) together with dielectric slabs with and without

vias, was introduced in [19]. The best results, in terms of angular stability, arise

when a series-resonant grid (SRG)1 is placed above a grounded dielectric slab

1The SRG can be modeled by a grid inductance (Lg) and a grid capacitance (Cg) connected in
series.
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without vias. More precisely, in order to design an angularly stable AMC the fol-

lowing requirements should be fulfilled:

• The grid should be closely coupled or packed (periodicity much smaller than

the wavelength) and consist of a SRG.

• The dielectric slab should be without vias and must be electrically thin (kdh <<

1), where kd = w
√
ε0εrµ0 and h is the slab thickness.

• The period must be comparable with the dielectric thickness (h). The latter

is crucial to use the expressions in [19] to model the AMC. Otherwise, this

model is invalidated.

From the analytical results, the AMC’s resonance frequency seems to be angularly

independent. However, when the AMC is studied under different incidence angles

using numerical simulations, small shifts on its resonance frequency are noticed.

This can be attributed to the approximations used for analytically modeling the

AMC’s grid. Consequently, there is still work to be done to further decrease the

AMC’s angular dependence with the incidence angle.

The article [20] is based on the contributions of [19]. In this paper, a mul-

tilayer structure is used to increase the grid capacitance. Therefore, the condition

of a closely coupled grid is widely satisfied, since the periodicity of the unit cell

should be decreased to achieve the desired resonance frequency. Consequently, the

angular stability is improved. In [21], apart from using a closely coupled structure,

the metallic inclusions are arranged closely packed so that the angular stability is

further improved. However, as it was shown in [22], a certain gap should be left in

loop and patch based AMCs to improve the angular stability.

In [23], a one-dimensional periodic distribution of dipoles above a grounded dielec-

tric slab is designed to be employed as an angularly independent AMC reflector.

The aim is to arrange an electrically small horizontal antenna on it to reflect the

harmonic contributions generated by the antenna in-phase and upwards. The har-

monics impinge in the AMC at different angles and hence, in order to obtain con-

structive interferences between the antenna and the AMC contributions, the latter

must be angularly independent. In the article, the angular stability of the AMC was

obtained through a non-uniform dipoles’ distribution.

Two dipoles with different lengths are used in [24] as the metallic inclusions of the
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unit-cell, aiming at achieving a multiband AMC behavior. In the structure, both the

AMC and EBG bands overlap in a certain frequency band. However, it only be-

haves as an AMC when a TE-polarized incidence wave impinges on it and hence,

its angular stability is only analyzed under such excitation.

In [25], two AMC designs are presented comprising unit-cells based on a com-

plementary arrangement (patch/slot) of metallic inclusions, in order to achieve

wide bandwidth and angular stability. The first design exhibits a bandwidth from

7.94 to 12.5GHz (45.41%) at normal incidence and a shift in frequency of 4.48%

and 6.28% when varying the incidence angle from 0◦ to 60◦ for TE- and TM-

polarizations, respectively. The second design resonates at 9.74 GHz with a band-

width of 45.48%. The angular deviation under TE- and TM-polarized incident

waves are 4.52% and 6.46%, respectively. The latter results have been also presen-

ted in [26].

The study of a grounded uniaxial anisotropic material and the constitutive para-

meters required to obtain an angularly independent magnetic wall are theoretically

introduced in [27]. Although for TM polarized incident waves, it is feasible to

manufacture an angularly stable magnetic conductor, it is not the case for TE po-

larized ones. Indeed, it was concluded that the latter requires to tailor two effective

constitutive material parameters in the transverse direction, to achieve an angularly

stable magnetic wall. Therefore, an electric and a magnetic particle should be de-

posited in two orthogonal directions. Consequently, it is not trivial to build up a

physical structure with the mentioned characteristics. Accordingly, although the

theoretical basis are presented in the paper, no practical realization is provided.

Two-dimensional periodic arrays of hexagonal and square unit-cells, based on

an arrangement of dipole strips which behave as a multiband AMC is presented

in [28]. The angular stability is analyzed and it is shown that for TE-polarization

the hexagonal based AMC exhibits a smaller frequency deviation than the square

based one. However, for TM-polarization both behaves in a similar way regarding

angular stability. On the other hand, the hexagonal based structure outperforms the

square one in terms of miniaturization and bandwidth.

An interesting article is found in [22]. A comparison between patch-based and
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loop-based AMCs in terms of angular stability for both hexagonal-shaped and

square-shaped grid metallizations is conducted, showing that the gap between neigh-

bor unit-cells exerts a great influence in the AMC angular stability. In the article, it

was concluded that loop-based AMCs are more stable and much smaller in size than

patch-based ones for the same resonance frequency. In addition, the hexagonal-

shaped AMCs are in general more angularly stable than the square-shaped one,

provided a proper gap distance between neighbor unit-cells is considered. The lat-

ter is true for both loop- and patch-based structures.

From the latter studies it seems that hexagonal-shaped loop based AMCs can be the

best alternative to achieve angularly stable and miniaturized AMCs. Nevertheless,

there are much work to do in this topic. Indeed, previous works, except for [22],

only analyze the angular stability of the AMC under a single polarization angle

(φ = 0o). It is true that a symmetric AMC behaves in a same way for different

polarizations under normal incidence. However, this is not the case when oblique

incidence is considered. Moreover, apart from studying the frequency deviation

parameter, already presented in the literature [16, 19, 25, 28], to analyze AMCs’

angular stability, the stable bandwidth parameter, which is the minimum bandwidth

upon which the structure behaves as an AMC for the polarization angles under ana-

lysis, is firstly introduced in [22]. Indeed, this parameter will be shown, in chapter

9 of this thesis, to be crucial when combining antennas and AMCs.

Moreover, some articles just study the angular stability of the AMC at its reson-

ance frequency imposing certain requirements on the amplitude and phase of the

reflection coefficient, so that the AMC may just behave as desired at its resonance

frequency and hence, it could be exclusively suitable for operating under a narrow

band [21].

On the other hand, some AMCs previously cited are based on multilayered struc-

tures to improve their angular stability. Therefore, the fabrication complexity and

the profile of the structure increase.

Considering the previous remarks on nowadays AMCs’ limitations and the fact

that there is no ideal AMC angularly stable over the entire frequency spectrum and

under whichever polarization and incidence angles, the improvement of AMCs’ an-

gular stability and the widened of its bandwidth is an interesting field of research.
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Consequently, chapter 8 of this thesis will be devoted to address the mentioned

challenges.

3.3.2 Antennas combined with AMCs, EBGs or PRS

Antennas can be miniaturized using substrates with high dielectric permittivity, but

this reduces the antenna’s bandwidth. The previous parameter can be enlarged by

increasing the substrate thickness. Nevertheless, using high dielectric permittivity

and thick substrates for designing antennas worsen their performance (efficiency,

radiation patterns, gain, directivity etc), due to the excitation of surface waves.

Consequently, Partially Reflective Surfaces (PRSs), AMCs and EBGs structures

have been widely used by many authors in the literature to improve the radiation

properties of different antenna types [29]. EBGs are commonly placed close to the

antenna’s feed line [30] or in the same plane of the antenna substrate [31], while

AMCs are usually arranged below the antenna substrate [32]. On the other hand,

PRSs are arranged above the antenna [33]. The combination of antennas with the

previous structures have been presented in the literature for many applications such

as wireless communications [34], wearable antennas [35] or RFID tags’ and read-

ers’ antennas [36].

In this section, most outstanding literature contributions will be revised aiming at

showing the problems that arise when combining two resonant structures and the

advantages in terms of antenna’s radiation parameters improvements.

Some authors considered to use the mushroom structure, introduced by Sieven-

piper, as the antenna’s ground plane and mentioned that the improvement in the

antenna’s characteristics are due to the suppression of surface waves, caused by

the bandgap of the EBG. However, when the mushroom structure is placed be-

low the antenna it is not acting as an EBG but as an AMC. The electromagnetic

waves do not only propagate as surface waves along the structure (providing they

are excited), but also in the cavity between the antenna’s radiating element and the

mushroom structure. As the dispersion diagram indicates the suppression of sur-

face waves on the structure, it does not predict the region at which the propagation

of waves in the cavity is suppressed. Accordingly, several authors introduced other
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techniques to identify the frequency band that minimizes the propagation of waves

in the aforementioned cavity [37]. Consequently, when the mushroom structure is

placed below the antenna, its radiation characteristics can be improved by not only

suppressing the possible waves propagation (as long as the antenna and metasur-

face geometries and the distance between both are properly optimized [38]), but

also by reflecting in phase the waves created by the radiating element (as the mush-

room structure is behaving as an AMC when it is placed below the antenna).

In [39], the radiation properties of two patch antennas, whose resonance frequen-

cies lie within and outside the operating frequency band of the mushroom structure

(which will be used as their ground plane), are analyzed1. These antennas will be

regarded here as AWBG and AOBG, respectively. It was shown that both antennas

increase the gain and broad the bandwidth concerning the reference ones (which

consist of the same antennas with ground planes). However, the gain is further

improved and the bandwidth is broader in the AWBG and AOBG, respectively. In

addition, although the front-to-back ratio is similar for both antennas, a reduction

in the cross-polar component, above all in the H-plane, is observed in the AWBG.

Finally, it should be stated that in the AOBG some unit-cells have to be removed

from the bottom of the antenna and others are slightly reduced in size, aiming at

avoiding the interaction between the patch antenna and the mushroom structure,

which deteriorates the antenna’s radiation performance.

An AMC is usually characterized by its reflection coefficient when a plane wave

impinges on it. However, when an AMC is placed close to an antenna, they influ-

ence each other and the resultant behavior is more complex than the contributions

introduced by the antenna and the AMC when they are studied separately. For

analyzing this behavior, several techniques have been proposed in the literature

for designing both structures. Some authors opt for optimizing the antenna and

the AMC together [40], others develop a design rule to relate the AMC’s reflec-

tion coefficient with the optimum matching of the conjunction (antenna and AMC)

[32]. An alternative option can be to characterize the AMC taking into account the

NF contributions, by exciting it with a source (such as a wave port) at a shorter

1In the paper, it should be noticed that the structure is regarded as an EBG, but indeed it is
acting as an AMC, so that special care should be pay to this widely spread misconception.
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distance from it. Comparisons of the AMC characteristics when excited at NF and

FF distances show slightly different results on the reflection coefficient phase [41].

In fact, although higher order modes are evanescent, when placing an antenna close

to an AMC they may play an important role. Therefore, if these modes are properly

managed their interaction can contribute to a better antenna performance as com-

pared to the one of a bare PMC ground plane [42]. On the other hand, the same

may occur with EBGs when placed close to the antenna, for studying their bandgap

characteristics, the modes that will generate the antenna’s radiating element should

be excited [37].

In addition, it should be mentioned that the number of unit-cells that lie bellow

the antenna play an important role in determining the enhancement of the antenna

performance [37].

PEC reflectors, usually placed below antennas with no ground plane to attain

unidirectional radiation, are commonly replaced by AMCs to improve the radi-

ation efficiency, without increasing the antenna’s profile. Indeed, PEC reflectors

has to be placed a λ/4 distance from the antenna’s radiation elements in order not

to deteriorate their radiation parameters [37, 38]. However, the latter will create

a parallel plate waveguide that deteriorates the antenna performance (lowering the

efficiency and the front to back ratio). A TEM mode can be excited between two

parallel plates of metal, while replacing one plate by an inductive sheet (AMC)

quasi-TEM modes may arise [43]. At the AMC’s resonance, a high surface impe-

dance is present in one of the waveguide plates (AMC one) interrupting the flow

of current and hence, creating a stopband [43]. The analysis of the parallel plate

modes that propagate between a PEC and PMC is conducted in [44], these modes

are similar to the ones excited between a slot antenna and an AMC reflector. In the

cited article, the distance between the antenna and the AMC, which ensures that

at the operating frequency the propagative modes are below the cavity cut-off fre-

quency, is computed. Moreover, from the paper results a reduction of the sidelobe

levels when using an AMC reflector instead of a PEC one is noticed, due to the

suppression of propagative waves in the cavity.

Another similar study was conducted on [32], in which the performance of a dipole

antenna when it is placed respectively on a PEC, a PMC and an AMC is analyzed.
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Disposing a PEC below the dipole deteriorates its matching and radiation prop-

erties, since the image currents of the dipole are in opposite direction. The use

of a PMC provides a parallel and in-phase image currents, so that the impedance

matching can be improved. However, a strong mutual coupling between the ori-

ginal source and its image arise, which changes the dipole’s impedance and hence,

it is not matched at 50Ω. The use of an AMC as dipole’s ground plane is a good

solution to improve the impedance matching. Indeed, it was found that a proper im-

pedance matching is reached, when the antenna resonates in the band at which the

AMC reflection coefficient phase is 90◦± 45◦. Consequently, PEC or PMC reflect-

ors seem not to be idyllic structures to use behind no grounded antennas, mainly

due to the image currents created by both structures which increase the stored elec-

tromagnetic energy in the NF of the antenna. The latter gives rise to an increase

in the quality factor and hence, a reduction on the bandwidth, which complicates

the antenna’s impedance matching. In [45], the image currents created by a dipole

over an impedance surface are analyzed, aiming at choosing a proper image cur-

rent distribution that generates an stored energy (on the impedance surface) which

compensates the stored energy of the dipole. Accordingly, the imaginary part of

the antenna’s input impedance versus frequency can exhibit a smoother variation

(lower slope), which will increase the antenna’s impedance matching bandwidth.

The latter can be achieved with a purely reactive surface impedance (RIS) structure

operating out of the antenna’s resonance frequency. This RIS structure is equival-

ent to the AMC one operating in their inductive or capacitive regions.

Antennas of almost whatever type can be combined with the mentioned metas-

urfaces. In [46] a log-periodic antenna fed by a proximity feed line is studied

aiming to reduce the antenna size without deteriorating the bandwidth. As a square

patch based AMC is employed, special care should be taken, so that the patch sizes

must be smaller than the smallest log-periodic antenna patches (in order not to ex-

cite the AMC patches via the feed line, which can cause spurious radiation).

Not only linearly polarized antennas but also antennas with whatever polariz-

ation can be combined with EBGs, AMCs and PRSs. Indeed, circularly polarized

(CP) antennas are usually combined with AMCs to achieve low profile and high
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gain radiation in wireless and satellite communications [38, 47]. AMCs can also

convert a linearly polarized antenna in a circularly polarized one, by controlling

the reflection phase coefficient of two orthogonal components (X- and Y-polarized

reflected waves with 90◦ phase difference). They can even expand the frequency

band at which a CP antenna radiates with circular polarization by modifying its

axial ratio. These structures that not only behave as AMCs but also as polarization

converters are named as Artificial Ground Structures (AGSs) [41, 48]. On the other

hand, AMCs can also be used to achieve a dual band antenna from a single band

one [49] or to improve the radiation characteristics (front to back ration, BW...) and

isolation of dual-linearly polarized antennas excited by two sources [50].

Different shaped (circular, squared and octagonal) patch based AMCs are com-

bined with a circular microstrip antenna in [34]. It is concluded that the circu-

lar shaped AMC provides the best antenna performance, but the largest size, the

squared one achieves the smallest prototype at the expense of antenna perform-

ance. Therefore, a middle ground in terms of miniaturization and performance

can be achieved with the octagonal shaped AMC. Moreover, not only patch based

AMCs but also loop based ones are used as ground planes for antennas [38]. The

use of a Jerusalem-Cross based AMC is introduced in [40] to enhance the radiation

properties of a patch antenna. A complementary structure printed on the top and

bottom of a substrate is employed in [51], as AMC and PRS of two arrays of patch

antennas respectively, aiming to further broaden the bandwidth of the former and

increase the gain of the latter.

A recent study on the improvements introduced by using AMCs or PRSs respect-

ively on the bottom or top of planar antennas is conducted in [52]. It is illustrated

that whichever of these structures can broaden the antenna’s bandwidth and reduce

its RCS. Moreover, the former can increase the gain and the latter the directivity

of the antenna. However, this study is based on equivalent circuit models of the

structures which do not take into account the interaction between them. In addi-

tion, only the antenna’s fundamental resonance is considered. Another equivalent

network is used in [44], although the analysis is based on a quasi-static formula-

tion, the results can be useful to get starting point parameters for optimizing the
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presented patch antenna with an AMC ground plane. An interesting study compar-

ing the radiation properties of a single patch antenna and their relationship with the

reflection properties of a patch based AMC is introduced. Indeed, it is shown that

the reflection coefficient under normal incidence can be related with the broadside

radiation of the patch antenna, showing a clear concordance between the different

modes excited by the patch antenna and the resonance frequencies of the AMC.

Finally, many contributions conducted by the University of Oviedo group of

signal theory have been published in high impact journals. Both AMC and EBG

structures have been combined with different kind of antennas.

Several works have been presented by this group, aiming at avoiding the perform-

ance deterioration of antennas with no ground plane when they are placed on a

metallic surface [36, 53, 54]. A CPW-fed double bow-tie slot antenna and a dipole

antenna are combined with AMC structures in [36] and [53] respectively, showing

not only a preservation of the antennas’ radiation parameters when they are on a

metallic surface, but also an improvement of their gains. Moreover, in [54] the

AMC is properly designed to resonate at two frequencies, so that when it is com-

bined with the aforementioned single band CPW-fed double bow-tie slot antenna,

the latter exhibits a dual band performance.

In [55], a patch antenna is combined with a structure that behaves as an AMC

and an EBG in the same frequency band (AMC-EBG structure). The antennas’

resonance frequency is adjusted to be outside the AMC-EBG structure’s operating

frequency band but close to it. Then, the antenna is surrounded by the AMC-EBG

structure (so that the latter is acting as an EBG) and the resultant combination

shows an antenna’s bandwidth enlargement without deteriorating its radiation pa-

rameters. A similar study is conducted in [55] using a different patch antenna and

EBG structure. Two antennas are designed, one working close to the EBG struc-

ture’s operating frequency band and the other outside of it. It was again confirmed

that the bandwidth is enlarged when the resonance frequency of the antenna is

close to the EBG structure’s operating frequency band. Moreover, the antenna’s

efficiency, directivity and gain are improved. The behavior of the same antenna

combined with the AMC-EBG structure is also presented in [56]. In this case, the

antenna is analyzed when the AMC-EBG structure is placed below it (acting as an
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AMC) and surrounding it (behaving as an EBG). It was concluded that the band-

width is enlarged on both cases, but better radiation properties are observed in the

last case.

From the previous literature revision, the most important milestones that have

been already tackled, regarding antennas combined with EBG, AMC and PRS

structures are presented below:

• Antenna’s bandwidth broadening: it can be attained with whatever of the

aforementioned metasurfaces [39, 52, 56]. When considering an EBG or a

PRS structure the antenna’s directivity can also increase.

• Surface wave suppression and hence, antenna’s radiation parameters im-

provement: it is obtained when using an EBG structure [31].

• Dual-band antenna: it is achieved when combining a single band antenna

with a dual-band AMC [49, 54].

• Proper radiation properties of an antenna without ground plane, when it is

placed close to (or even on) a metallic surface: the latter is introduced in

[36, 53, 54], on which antennas are combined with AMC structures. In [53],

it was also shown a reduction of the user’s body exposure to electromagnetic

radiation (Specific Absorption Rate (SAR) reduction).

• Antenna’s polarization conversion: AMCs can vary the antenna’s polariza-

tion [41, 48].

• Radar Cross Section reduction: PRSs or checkerboard metasurfaces (com-

prising either PEC and AMC structures or two AMC structures) can be de-

signed to reduce the RCS of antennas [52, 57].

• Increasing the antenna’s directivity and/or gain: AMCs, EBGs or PRSs can

be employed to increase the antennas’ directivity and/or gain [37–39, 52, 56].

• Antenna’s miniaturization: the antenna’s dimensions can be reduced when it

is combined with an AMC or an EBG [34, 46]

• Reduction of the antenna’s side-lobe levels and/or increasing the co-polariza-

tion-cross-polarization ratio: it can be reached by employing AMCs or EBGs

[43, 56].

Although many literature contributions have been devoted to combine antennas

with metasurfaces for enhancing the properties of the former ones, there is still
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much work to do. Indeed, chapter 9 of this thesis will combine antennas with

angularly stable AMCs, aiming at further improving these properties.

3.4 Metasurface absorbers
The first metasurface absorber (MTA) was proposed by Landy and his coworkers

[58]. It consists of an Electric Ring Resonator (ERR) on one side of a dielectric

slab and a cut metallic wire on the other side. Its geometry is tuned to get perfect

absorption at microwave frequencies by suitably matching its surface impedance.

By properly designing the metasurface absorber unit-cell [59, 60] and/or by arran-

ging scaled versions of its metallization geometry [61] a multiband metamaterial

absorber can be obtained. When these bands are close to each other a broad ab-

sorption bandwidth can be obtained. Indeed, examples of scaling the unit-cell’s

metallization in the same layer or in several layers can be abundantly found in

the literature [62–64]. Another alternative to increase the MTA’s bandwidth is by

introducing lumped resistors in its unit-cell’s metallization geometry [65].

As any metasurface, apart from the bandwidth limitations, the behavior of

MTAs also depend on the polarization and incidence angle of the incoming wave.

Similar techniques to the ones proposed above for circumventing this limitation on

HIS can be employed. Some of them are the introduction of vias in the dielectric

slab [66], the increase of the dielectric permittivity [67] and/or the compensation of

the grounded dielectric slab’s angular dependency by either, reducing its thickness

or increasing the inductive behavior of the unit-cell’s metallization [68]. However,

these techniques usually give rise to a narrowing in the MTA’s bandwidth. There-

fore, a compromise solution between broadening the bandwidth and improving the

angular stability of MTAs must be reached.

Other researchers center their studies on designing tunable MTAs, so that their

resonance frequencies and/or absorption properties can be adjusted. In this regard,

Zheng et al. designed a MTA using a Fabry-Perot cavity and depending on its

length one or two absorption peaks can be obtained [69]. Moreover, the use of PIN

diodes, varactors or potentiometers have also been presented in the literature for

actively tuning the MTA properties [70–72].
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Flexible MTAs are demanded in many applications, since they are sometimes

combined with other structures or devices which require certain conformability.

Therefore, several authors reported flexible MTAs at both microwave [73] and mil-

limetric [74] frequency bands. The metasurface flexibility can be mainly attributed

to the proper choice of the dielectric slab (Teflon, Metaflex, Polyethylene...). Al-

though bulk metals are not flexible, when thin layers are deposited on the dielectric,

they do not cause any flexibility problem. Moreover, ink-jet printing technologies

have been recently used to fabricate the MTA’s top layer geometry [75].

From the previous analysis, one can conclude that literature contributions have

been devoted to show the results concerning the following milestones:

• Multiband metamaterials have been obtained by properly designing the metas-

urface’s unit-cell [59, 60] or by nesting scaling versions of its metallization

geometry [61].

• Broadband metamaterial absorbers are achieved by scaling the unit-cell’s

metallization in the same layer or in different layers [62–64] or by intro-

ducing lumped resistors on its metallization geometry [65].

• A reduction of the metasurface absorber’s dependence with the incident angle

and polarization of the wave can be attained by introducing metallic vias in

the dielectric [66], increasing the dielectric permittivity [67], reducing the

dielectric’s thickness and/or increasing the unit-cell’s metallization inductive

behavior [68].

• Tunable metasurface absorbers have also been presented in the literature to

control its resonance frequency or absorption properties [69–72].

• Flexible metasurface absorbers which can be conformed and adapted to the

intended application are introduced in [73–75]

In order to obtain a more detailed vision on the MTA’s state of art, the book

[76] can be consulted. A chapter of this thesis (6) will be focused on circumvent

MTAs’ limitations by designing conformable, angularly stable and broad band-

width MTAs.
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3.5 Leaky wave antennas
Grounded dielectrics with PRSs have been used to create LWA and increase the

antenna’s gain. They can be designed by stacking dielectric layers [77, 78] or us-

ing different FSSs [6, 79]. The behavior of these structures can be interpreted as

follows, the surface wave that may propagate on the structure without the partially

reflective surface is excited and it is converted into a leaky wave, due to the in-

clusion of partially reflective surfaces, which modify the boundary conditions of

the problem. However, surface waves introduce undesired radiation if higher order

modes are excited [79]. In the previous LWAs, the phase and attenuation parame-

ters of the wave vector are determined by the grounded dielectric thickness and the

PRS geometry, respectively [80].

Different feedings have been used to excite the LWA, such as coplanar waveguide

transmission lines [81], dipoles [79] or waveguide apertures [6], among others.

Moreover, the optimum location of the source on the LWA depends on the nature

of both (source and LWA). For example, in a 2D structure a vertical electric or

magnetic dipole is used to excite a single TE or TM leaky wave, whereas a ho-

rizontal electric or magnetic dipole source excites both TE and TM leaky waves,

which determine the H- and E-planes of the radiation pattern, respectively [80].

An equivalent network analysis to model the propagation of leaky waves in 1D

uniform and periodic structures were presented in [82] and [83], respectively. The

condition for achieving maximum radiation at broadside and beam splitting (two

off-broadside beams instead of a single broadside one) was calculated, being β = α

and |β| = α for the uniform and periodic structure, respectively (defining β as the

phase and α as the attenuation of the LW propagation constant). In [79] and [84],

a transverse equivalent network is used to approximate the radiation pattern of 2D

metal patch and slot leaky wave antennas.

Apart from using PRSs to attain LWAs, a right/left-handed LWA is introduced in

[85] to overcome discontinuities in the dispersion diagram, specifically at β = 0 at

which broadside radiation occurs. Therefore, this LWA can generate a continuous

beam scanning with frequency.
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Guiding of waves in sinusoidally modulated surfaces has been introduced for

the first time in [86]. In the cited paper, the propagation properties of a guided wave

on a surface modulated by a sinusoidal reactance are analyzed. This study was re-

vised and applied later to design leaky wave antennas using holographic techniques

[87, 88]. The interaction analysis between the surface waves and the metasurface,

which converts it into a leaky wave, was introduced in [89]. Techniques of metas-

urfing, which consist in controlling the propagation of waves on a metasurface by

properly tuning its impedance, are used to design leaky wave spiral antennas [89–

95].

The propagation of electromagnetic waves along a metasurface can be controlled

by properly choosing the reactance at each point on the surface, as long as the sur-

face can be defined locally. The latter means that an enough arrange of unit-cells

are placed together and a smooth variation between adjacent blocks can be en-

sured. In order to achieve the proper reactance, several authors introduced different

approximations which depend on the inclusion shapes introduced on the antenna

surface. A general technique to synthesize the reactance of a grounded dielectric

FSS is by using the pole-zero matching method [96].

In [90], the analysis of the wave propagation in two different scenarios based on

the structure reactance are introduced. The first one consists of a transmission line

having an specific designed structure (with a desired reactance) at the bottom plate

and a PEC at the top one. This structure is useful for controlling the wave guid-

ing and can be applied to design different kind of lenses (Luneburg lens, Maxwell’s

Fish-Eye...) depending on the reactance properties at the bottom plate. On the other

hand, when no top plate is considered a LWA can be designed by defining a proper

reactance for the structure. In [97], a method to modulate the metasurface react-

ance, which transform the SW excited by a dipole source into a LW with a desired

wave number, is proposed. A relationship between the LW propagation constant

and the gain and aperture efficiency is presented, allowing to correlate the radiation

properties of the antenna with the LWA reactance. Moreover, two practical imple-

mentations were introduced which confirms the presented design methodology. An

extended analysis is conducted in [91], which considers the structure reactance as a

tensor allowing to model the structure when it is composed of anisotropic unit-cells

[92]. An approximation to synthesize not only the metasurface aperture phase, but
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also its amplitude is also presented. By properly controlling the phase and the at-

tenuation of the propagation constant, the main beam of the radiated pattern can be

controlled (beam shaping). In addition, isotropic and anisotropic metasurfaces are

presented aiming at creating highly directive LWA. In [98], guidelines to design

a LWA whose main beam points at a specific direction are provided. Using the

proposed procedure, phase and leakage along the surface can be controlled almost

independently by properly choosing the modulation of the reactance. Moreover,

an experimental implementation is presented, consisting of one directional array of

metallic strips on a grounded dielectric slab. The impedance of the metallic strip is

obtained using a driven method (instead of an eigenmode one) and then, its react-

ance is computed using the transverse resonance technique.

Another LWA is proposed in [99], but in this case the metasurface is fully metallic.

A high directive beam is obtained using a waveguide as a feeder with a slot on the

surface to excite a TM surface wave, which as it propagates through the metas-

urface it is converted into a leaky wave. In [95], a metallic structure comprising

curvilinear grooves, excited by a waveguide with a slot at its end, is presented. In

this paper, the definition of the curvilinear structure such that ensures phase match-

ing of the scattered rays in a given direction is provided, concluding that the proper

shape consists of ellipses with a focus at the slot feeder. A similar design is presen-

ted in [100], to enhance the antenna’s gain by means of tuning the grooves’ width

of the metasurface.

In [101], the wave propagation along a grounded dielectric disc excited by a mono-

pole is analyzed and a proper surface is designed inserting metallic strips to attain

in-phase radiation at broadside. Therefore, it can be concluded that the antenna’s

surface is designed to modify the wavefront excited by the feeder, so that the res-

ultant phase ensures the LWA radiates at a desired direction.

In summary, it is possible to extract the following milestones achieved in the

literature:

• Excitation of surface waves on the metasurface: it is not easy to excite surface

waves since the feeder and its location as well as the metasurface influence

this excitation [6, 79, 81].

• Controlling the beam direction and/or beam scanning with frequency: it is

reached by controlling the wave vector of the leaky wave, which is achieved
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by properly designing the metasurface [79, 82–84, 86–96, 102, 103].

• Relating the leaky wave propagation constant with the antenna’s radiation

parameters: this relation have been established in [97].

• High directive LWAs have been presented in [91, 92].

• Improved LWAs’ gain have been shown in [100].

• Broadside radiation with low sidelobes LWAs have been studied in [101].

As it was shown many contributions have been devoted to design LWA using

metasurfing techniques. However, due to the recent emergence of these antennas,

there is still much work to do not only in their design, but also in their manufactur-

ing. On the other hand, other antenna’s properties may be exploited. Therefore, in

the chapter 9 of this thesis, new LWA will be presented aiming to tackle some of

the aforementioned challenges.

3.6 Metasurface measurement challenges
Different issues arise when a metasurface is wanted to be experimentally charac-

terized, above all when the required characterization is under oblique incidence.

From the authors best knowledge, there is no work devoted to properly explain

the experimental characterization of metasurfaces under oblique incidence angles.

Moreover, the metasurface measurements conducted in many papers are not accur-

ate enough, since some of them are performed under Near-Field conditions, with

an improper antennas arrangement or under an erroneous set-up configuration. In

addition, some inconsistencies may be found in many literature contributions, such

as measurement results for certain oblique angles that cannot be properly retrieved

due to the scarce dynamic range.

Due to the previous challenges and incongruities found in the literature, two

chapters of this thesis will be devoted to clarify and explain the mentioned issues

that arise when metasurfaces are practically characterized (see 11 and 12). The first

one will introduce the state of the art in measuring finite structures, focusing on the

issues that arise when a metasurface is wanted to be experimentally characterized

under oblique incidence. The second chapter will present measurement results un-

92



3.6 Metasurface measurement challenges

der different set-up arrangements, aiming at showing the results differences when
diverse conditions are considered.
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CHAPTER

4
Metasurface models

4.1 Introduction
Materials with electric charges may give rise to currents and electric or magnetic

fields. The study of this phenomenon is conducted in Electromagnetics theory. The

equations that govern the interaction between waves and materials are sometimes

complicated to solve and tricky to understand. Therefore, some theories and cir-

cuit models can alleviate the formulation, giving physical insight to understand the

interaction phenomena between waves and materials. The main circuit models in

this context are the lumped element model (which is based on the circuits theory)

and the distributed element model (also known as transmission line model, which

relates the electric and magnetic fields in a medium with the voltage and currents

of a distributed equivalent circuit [1]). The choice of one or the other is a function

of the structure dimensions as regards the wavelength of the incident wave. The

former one is employed when the physical size of the structure under study is small

compared to the wavelength [2]. This means that the structure physical quantities

only depend on time. The latter one is used when these physical quantities depend

on both time and space. However, one needs to take into account that the cumulat-

ive effect of arranging a number of unit-cells is not considered in these models.
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Metamaterials are complex structures in a microscopic view. However, as it
was previously stated in chapter 2, they can be considered as an effective medium
and hence, their effective constitutive parameters can be used to analyze their elec-
tromagnetic behavior.
It should be mentioned that the constituents of a natural material and its properties
can be obtained from its microscopic structure. The latter does not happen when
analyzing metamaterials, since their properties differ from their constituent materi-
als and are highly dependent on the size and distance between unit-cells. However,
it is sometimes difficult to distinguish between common materials and metama-
terials from their macroscopic constitutive parameters, even if some well-known
effective medium approximations (such as Maxwell Garnett mixing formula) are
employed, since these parameters do not only depend on the composing materials
but also on the geometrical patterns of the microstructure (microscopic crystallo-
graphy) [3].

The design of metamaterials can be arduous due to the complexity of their
electromagnetic properties and their inhomogeneous cells. This design is usually
carried out by computational electromagnetic simulations. However, an optimiza-
tion process is required to adjust the metamaterial to achieve the desired behavior,
which requires to run multiple simulations. Therefore, this process can be time
consuming, even when techniques such as genetic algorithm (GA) or topology op-
timization are applied.
On the other hand, this design can be based on the required metamaterial’s con-
stitutive parameters by the intended application, so that it can be tackled from two
distinct perspectives. The first one is based on retrieving the effective constitutive
parameters from the metamaterial structure, which involves the use of homogen-
ization techniques. The second one determines the metamaterial structure via the
required constitutive parameters, which may be calculated for example using the
transformation optic technique [4].

The unit-cells of metamaterials, when they are smaller than the wavelength (λ)
of the electromagnetic wave, can be viewed as the atoms in ordinary materials1 due
to their subwavelength dimensions. Therefore, the material can be considered to be

1It is not possible to identify the atomic-level characteristics of the electronic structure [5].
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homogeneous and analyzed at its macroscopic level. Consequently, a homogeniza-
tion procedure can be conducted for retrieving the averaged constitutive parameters
of metamaterials from averaging the local fields (field averaging method) [6, 7]. In
other words, it is possible to average the local flux and field intensity and retrieve
the constitutive parameters from their ratio. These retrieved constitutive parameters
are locals (they do not take into account mutual coupling between neighbor unit-
cells) and can be compared with the ones retrieved by the Drude-Lorentz medium
models, which are based on a static and quasi-static field formulation. However,
this quasi-static analysis may result inaccurate at high frequencies. The quasi-static
model and averaging formulation can be applied for simple unit-cells. Indeed,
when the unit-cell periodicity is smaller than λ, it exhibits pure inductive and ca-
pacitive behavior. However, as frequency increases up to the first resonance the
previous model fails, since the resonant phenomena is not considered. Using this
homogenization theory, metamaterials can be represented as spatially uniform con-
tinuous effective media [8]. However, metamaterials may exhibit strong frequency
dispersion (small metallic inclusions1 may be only excited close to their resonance
frequency) and spatial dispersion (unit-cell may be comparable with the effective
wavelength or even greater). Even if the metallic inclusions and the metamaterial’s
periodicity are small, they are not negligible and hence, the unit-cell size may be
larger than the effective wavelength in the metamaterial (λeff = 2π

β
, where β is

the phase of the propagation constant) at the particle resonance (which is usually
shorter than λ). Accordingly, the previous homogenized procedure is extremely
limited and it is invalid for modeling the behavior of spatially dispersive metamate-
rials [9]. Consequently, in such cases other homogenization procedures should be
applied to retrieve the effective constitute parameters [4, 8, 10].
Another method for retrieving the constitutive parameters of metmaterials was pro-
posed by Smith and Ziolkowski in [11] and [12], which employed the reflectivity
and transmissivity properties of metamaterials to compute them. This method is
known as the inverse scattering problem. Nevertheless, it is not oriented to design
metamaterials. Moreover, when grounded metamaterials are analyzed no trans-
missivity occurs and hence, the parameters cannot be calculated. A similar pro-
cedure was presented in [13] for extracting the constitutive parameters in a bi-

1Also known as unit-cell’s metallization geometries

109



4. METASURFACE MODELS

anisotropic metamaterial.

The effective constitutive parameters can also be computed by analytically

studying the unit-cell in terms of the polarizabilities of its metallic inclusions.

The nonlocality of the polarization response of the unit-cell is the physical reason of

spatial dispersion. This occurs due to two main reasons: non-negligible electrical

size of the unit-cell metallizations or non-negligible electrical distance between the

metallizations of two neighbor unit-cells. The electric and magnetic polarizabilities

can be related to the average electric and magnetic fields by the electric and mag-

netic susceptibilities, respectively. Due to the fact that the average fields of large

unit-cells are nonlocal (average over large volume) the susceptibility and hence, the

constitutive parameters are nonlocal even for the case of small metallic inclusions

in which their polarizabilities are locals [8].

The limits between local and nonlocal unit-cells can be established by the equation

of Clausius-Mossotti (also known as Lorentz-Lorentz equation). Consequently,

from this equation one can conclude that the unit-cell size (a) should be smaller

than the ten percent of the wavelength (a<0.1λ) for neglecting the nonlocal inter-

actions [8].

In the case of a local medium but with complex shape metallic inclusions, a small

phase shift of the wave over the metallic inclusion can lead to a large phase shift of

the polarization current induced in it. This effect is known as weak spatial disper-

sion (WSD) [8]. When more complex unit-cells are considered multipolar polariz-

ation of the metallic inclusions must be taken into account.

The transmission line (TL) theory can be used to relate the constitutive para-

meters of a dispersive metamaterial with the circuits theory [14]. The metamaterial

unit-cell can be modeled as a two port T-type network, which takes into account

the frequency dispersive behavior of the constitutive parameters1. Moreover, if the

Bloch theorem and circuits theory is applied, the spatial dispersion of the effective

constitutive parameters can also be included and hence, the dispersive constitutive

parameters of the metamaterial can be written in terms of an effective circuit model

1Alternatively, the average frequency dispersive constitutive parameters can be derived from
the discrete form of Maxwell’s equations [15]
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[16]. Moreover, three different wave modes can be identified in the TL: propagat-

ive modes (right-handed and left-handed propagation), pure plasma modes (elec-

tric (µ > 0 and ε < 0) and magnetic (µ < 0 and ε > 0) plasmas) and (electric-

and magnetic-plasma type crystal) band-gap modes. Consequently, this circuital

model is more complete than previously introduced ones, such as the composite

right/left handed (CRLH) TL [10] and the LC-loaded TL [17] ones, which are used

to analyze right-handed and left-handed materials and pure electric and magnetic

plasmas, respectively.

In this chapter different methods to model metamaterials and retrieve their con-

stitutive parameters will be summarized.

4.2 Quasi-static model of metamaterials
In this section, the dielectric and magnetic models of materials in general, and me-

tamaterials in particular, for extracting their constitutive parameters (permittivity

and permeability) under quasi-static electromagnetic conditions will be addressed.

The Drude-Lorentz, Clausius-Mossotti, Maxwell-Garnett, Debye and Buggerman

models will be reviewed and their limitations for modeling the metamaterials’ con-

stitutive parameters. In fact, the latter models just consider the frequency disper-

sion of the constitutive parameters, but in some cases the spatial one should be also

taken into account.

Calculations concerning metamaterials are usually difficult to compute due to the

interaction of the unit-cell and the local field distribution. Therefore, an ideal

Drude-Lorentz model can be used to represent the metamaterial under certain cir-

cumstances. In fact, by averaging the local fields, the frequency dispersion of the

metamaterial’s constitutive parameters can be characterized.

The Drude-Lorentz model has been widely employed to characterize materials,

such as dielectrics. A dielectric is a medium in which the charges of atoms and

molecules are bounded to the nucleus, so that there are no electrons that move

freely inside the dielectric. However, if an electric field is applied to either a polar

or non-polar dielectric its molecules are reoriented in the direction of the applied

111



4. METASURFACE MODELS

electric field, creating a dipole moment distinct to zero. A microscopical compu-

tation of these dipole moments is difficult to calculate, due to the huge amount

of dipoles available in the dielectric, so that a macroscopical qualitative view is

taken into account by means of an electric polarization density vector P. It can

be mentioned that the previous process of reorienting particles, when applying an

electromagnetic field, can give rise to the storage of electric energy (this is analog-

ous to stretching a spring) in the form of potential energy. This basic principle is

the origin of the Drude-Lorentz model. Similar conclusions can be drawn for other

microscopic phenomena on materials, such as the magnetic moments generated

by electrons as they rotate around the nucleus of atoms and around themselves.

Therefore, the macroscopic constitutive parameters are useful to characterize the

material reaction to an electromagnetic field. Indeed, the Drude-Lorentz model has

been used to characterize the frequency dispersion of the constitutive parameters

by averaging the local fields.

This model have been used in many contributions to characterize the behavior

of metamaterials with simple or at least non extremely complex unit-cells. In fact,

the negative permittivity of an array of infinite wires is sometimes represented by

a frequency-dispersive Drude model. On the other hand, the negative permeability

of split-ring resonators (SRRs) is represented by a frequency-dispersive Lorentz

model [18].

4.2.1 Dielectric model

When a time-harmonic electric field is applied to an atom, the change of the field

polarity will give rise to the movement1 of electrons in the opposite direction to this

polarity. The electron movement (x) can be described by the following differential

motion equation 4.1:

d2x

dt2
+ 2α

dx

dt
+ w2

0x =
q

m
E0e

jwt (4.1)

1This movement can be interpreted in a similar way to the one exerted by a spring when a
proper force is applied to it.
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where: α = d
2m

→ damping term, being d: the damping coefficient and m:
electron mass.

w0 =
√

s
m
→ undamped resonant (natural) angular frequency, being s:

the spring tension coefficient.
q → dipole charge.

The steady-state solution of 4.1 is given by:

xp(t) =
q
m
E0e

jwt(
w2

0 − w2
)

+ jw
(
d
m

) (4.2)

Assuming an underdamped system (α < w0) the resonant angular frequency (wd)
can be calculated by considering E0 = 0 in 4.1 and solving for w [2]:

wd =
√
w2

0 − α2 (4.3)

In a frictionless (undamped) system (d = 0) the resonant angular frequency can be
expressed as:

wd|d=0 = w0 =

√
s

m
(4.4)

Considering a material composed of atoms of similar oscillating dipoles and no
coupling between them, it is possible to calculate the electric polarization as:

P (t) = NeQxp(t) =
Ne

q2

m
E0e

jwt(
w2

0 − w2
)

+ jw
(
d
m

) (4.5)

where: Ne → number of dipoles per unit volume.

From the previous expression the Lorentz equation for the permittivity can be ob-
tained:

ε = ε0 + P/E = ε0 +
Ne

q2

m(
w2

0 − w2
)

+ jw
(
d
m

) = ε′ − jε′′ = ε0(ε′r − jε′′r) (4.6)

where: E = E0e
jwt → time-harmonic electric field of angular frequency w.

εr → relative complex permittivity.

Another equivalent expression for describing the permittivity using the Lorentz
model is presented below [19]:

ε = ε0

(
1 +

w2
p

w2
0 − w2 + jwγ

)
(4.7)
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where: γ = 2α → parameter that takes into account the losses in the model
(represent the relaxation of the electron oscillations (in me-
dia with natural atoms) or the relaxation of molecular os-
cillations (in media with complex resonant molecules) or
the relaxation of the polarization currents (in composite
media)).

w2
p = Neq

mε0
→ plasmon angular frequency squared.

Typical curves of this model are represented in [2]. In general an atom may present
several (p) resonances and they can be considered by adding their contributions to
the previous equation:

ε = ε0

(
1 +

w2
p

w2
0 − w2 + jwγ

+

p−1∑
i=1

w2
pi

w2
i − w2 + jw

(
di
m

)) (4.8)

where: wpi = fiwp → being fi the oscillation strength of the ith resonance.
di → damping coefficient of the ith resonance.
wi → undamped resonant (natural) angular frequency of the ith

resonance.

It should be noticed that in metals the majority of electrons are free for moving
(not bounded). Therefore, there is no restoring forces and hence, the undamped
resonant frequency does not exist (w0 = 0) [20]. Consequently, the following
model, which is known as Drude model, can be applied to metals:

ε = ε0

(
1−

w2
p

w2 − jwγ

)
(4.9)

It should be noticed that the Lorentz model is valid below the dielectric band
gap1. However, at high-frequencies in the optical domain the model loses its valid-
ity and a combination of both the Drude and Lorentz expressions can be employed
to completely define the permittivity of a material. This expression will be named
as Drude-Lorentz equation [21, 22]:

ε = ε0 −
Ne

q2

m

w2 − jwγ
+

p−1∑
i=0

w2
pi(

w2
i − w2

)
+ jw

(
di
m

) (4.10)

1Dielectrics exhibit a band gap between their valence and conduction bands, when electrons in
the valence band gain enough energy they ’jump’ to the conduction band and hence, free-electrons
moves in the dielectric. It should be notice that the mentioned energy is directly related with fre-
quency by: E = hf , being h the Planck’s constant.
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At this point, it could be interesting to relate the real and imaginary parts of
the dielectric permittivity. Indeed, it may be useful to extract the real part of the
permittivity from its imaginary one and vice versa. The latter can be conducted by
employing the Kramers-Kronig relations, which are crucial for modeling materials
with a causal response.

ε′r(w) = 1 +
2

π

ˆ ∞
0

w′ε′′r(w
′)

(w′)2 − w2
dw′ (4.11a)

ε′′r(w) =
2w

π

ˆ ∞
0

1− ε′r(w′)
(w′)2 − w2

dw′ (4.11b)

Other expressions have been introduced in the literature for modeling the dielec-
tric permittivity of materials. For example, the Clausius-Mossotti equation com-
putes the permittivity of a medium ε, which comprises atoms and/or molecules or
homogeneous mixtures of them, in terms of its molecular polarizability.

ε− ε0
ε+ 2ε0

=
Nα

3ε0
(4.12)

where: N → polarizable molecules per unit volume.
α → molecular polarizability.

If these atoms and molecules (metallic (or dielectric) inclusions when considering
metamaterials) are considered to be spherical with permittivity εi and embedded in
a medium with a permittivity εm, the Maxwell-Garnett effective permittivity of a
medium can be obtained. Indeed, the latter expression can be retrieved by replacing
the following terms in the Clausius-Mossotti equation 4.12:

ε = εeff ε0 = εm N =
f

4
3
πr3

α = 4πr3εm
εi − εm
εi + 2εm

(4.13)

Therefore, the Maxwell-Garnett equation can be written as:

εeff − εm
εeff + 2εm

= f
εi − εm
εi + 2εm

(4.14)

where: f → volume fraction of the inclusion.

This formulation can be easily generalized for inclusions of different permittivities:

εeff − εm
εeff + 2εm

=
∑
i

fi
εi − εm
εi + 2εm

(4.15)
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Moreover, the Debye equations can also be derived from the Clausius-Mossotti
equations and may be written as [23]:

ε′r(w) = ε′r∞ +
ε′rs − ε′r∞

1 + (wτe)2
(4.16a)

ε′′r(w) =

(
ε′rs − ε′r∞

)
wτe

1 + (wτe)2
(4.16b)

where: τe = τ ε′rs+2
ε′r∞+2

→ new relaxation time constant (τ relaxation time con-
stant).

From the latter expressions, it is possible to observe that the relative permittivity, as
a function of frequency, can be computed from the real part of the complex relative
permittivity at low frequency (ε′rs real part of the static relative permittivity) and at
large one (ε′r∞).

Bruggeman provides a similar expression to the Maxwell-Garnett one for mod-
eling the effective permittivity of a medium. Considering a host medium with per-
mittivity εm in which spherical inclusions (with permittivity εi) are homogeneously
dispersed in it, the effective permittivity can be expressed as [24]:

f
εi − εeff
εi + 2εeff

+ (1− f)
εm − εeff
εm + 2εeff

= 0 (4.17)

A generalization of the previous equation for inclusions of different permittivities
can be represented as (considering εm = εeff ):∑

i

fi
εi − εeff
εi + 2εeff

= 0 (4.18)

These are not the only models that can describe the effective permittivity of a
medium, others are provided by authors such as H. Looyenga, J. Monecke and C.F.
Bohren among others.

4.2.2 Magnetic model
Although natural materials, except for ferrites, exhibit a permeability close to the
one of free space, this does not occur in metamaterials, above all at frequencies
close to their resonance frequency.
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Following a similar procedure to the one introduced above for deriving the Lorentz

equation of permittivity 4.7, a similar expression can be obtained to model the

permeability of a material [22, 25].

µ = µ0

(
1 +

Fw2

w2
m0 − w2 + jwγm

)
(4.19)

where: F → portion of the structure that does not contain the inclusions.
wm0 → magnetic resonant angular frequency.
γm → magnetic damping rate.

This expression has a physical behavior at low frequencies and near the reson-

ance. However, at high frequencies the model does not tend to µ0 (µ(w → ∞) →
µ0(1−F )) [8]. Moreover, around the millimetric frequency band, materials cannot

be polarized (since the electrons cannot follow the phase change of the incident

field), so that the constitutive parameters must approach to ε0 and µ0. Therefore,

at frequencies larger than
√

3w0 the previous expression loses its physical sense

(since the instantaneous response of the material does not allow to fulfill the caus-

ality restriction (∂(wµ(w))/dw > µ0 is not accomplished) ). This is why some

authors use the relation 4.20 (which gives µ(w → ∞) → µ0) to model some in-

clusions (such as SRR) [26]. However, the expression 4.20 although it works at

high frequencies, it fails at low ones because the permeability does not approach

µ0
1 when the frequency tend to 0 (µ(w → 0)→ µ0(1 + F )).

µ = µ0

(
1 +

Aw2
0

w2
0 − w2 + jwγ

)
(4.20)

Both equations 4.19 and 4.20 have similar results in the vicinity of the resonance.

It should be noticed that although at optical frequencies the permeability is equal

to µ0 in ’natural’ materials [27], in artificial magnetic composites this permeability

has no restrictions in its value.

The previous models neglect the dielectric losses in capacitive portions (gaps)

of the inclusions (for example in SRRs) and thus, they only account for the losses

in its metal parts (γ). Therefore, a new expression which take into account this

1Notice that in the static limit artificial magnetic responses should not exist, since the static
magnetic field cannot induce currents in nonmagnetic inclusions [4].
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losses can be written:

µ = µ0

(
1 +

Aw2 − jwB
w2

0 − w2 + jwγ

)
(4.21)

It should be mentioned that the parameters introduced in the above expressions

to calculate the permittivity and permeability of a material can be extracted either

analytically [25] or numerically (by applying a Taylor expansion in terms of its

physical parameters and curve fitting) [4].

Most of the previous models have been based on averaging the local fields for

retrieving the averaged constitutive parameters. Therefore, due to the nature of

the quasi-static Drude and Lorentz models, they can fail in modeling the permi-

ttivity and permeability at high frequencies [8]. Moreover, although unit-cells of

metamaterials are small, their size may not be negligible. Therefore, as it was

previously mentioned spatial dispersion effects may be necessary to be considered

under certain circumstances, above all for modeling the permeability parameter.

Indeed, the spatial dispersion may distort the local field response of the Drude-

Lorentz model and hence, an inaccurate metamaterial modeling may be retrieved.

Consequently, not only the frequency dispersion but also the spatial one should be

taken into account. However, it should be mentioned that for infinitesimal peri-

odic unit-cells, the effective constitutive parameters tends to the averaged ones and

hence, the metamaterial can be described using the previously introduced Drude-

Lorentz model [4].

4.3 Constitutive parameters in materials according to
their spatial dispersion
From a microscopic perspective whatever media are inherently spatially discon-

tinuous, since they are composed of particles. However, the majority of them can

be considered as effectively continuous media, since the electrical size of these

particles is very small at the working frequencies. Nevertheless, for resonant struc-

tures extreme effective permittivity and permeability values can be reached about

their resonance frequency and hence, short effective wavelength values, so that the

medium may not be spatially continuous about these frequencies [8]. As it was
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4.3 Constitutive parameters in materials according to their spatial dispersion

mentioned when the unit-cell periodicity to the wavelength ratio is larger than 0.1,
the nonuniform field distribution (spatial dispersion) over the inclusions and unit-
cells should be considered [8].

4.3.1 Materials with strong spatial dispersion
The homogenization in a strongly spatially dispersive medium is possible provided
that the attenuation of the wave as it propagates along the media is small. These
media can be characterized by constitutive parameter tensors ε and µ.
By using the Bloch expansion to describe the fields along the periodic media, one
can express the electric field1 as:

E(r) = E0e
−jk·r +

∑
n6=0

Ene
−j(k·r+Gn·r) (4.22)

where: E0 → electric field amplitude of the zero-order
Bloch harmonic contribution.

En → electric field amplitude of the high har-
monic contributions.

Gn = 2πh
a1
x̂+ 2πk

a2
ŷ + 2πl

a3
ẑ → multiples of the lattice vector (see ap-

pendix C).

This electric field can be decomposed into a plane wave like propagation (zero-
order harmonic) and high-harmonic contributions. If the periodicity in all direc-
tions is small compared to the effective wavelength, only the zero-harmonic in
the Bloch expansion dominates. At high frequencies (periodicity larger than the
wavelength) both contributions have to be considered. However, both terms can be
treated separately when analyzing the wave propagation through a media. There-
fore, considering the plane wave propagation on an anisotropic magnetodielectric
medium presented in equation 4.23 (see also [28]) and the expression that relates
the electric and magnetic fields through the wave impedance 4.24a (first found in
[29]), the constitutive parameters of the media can be retrieved.(

n2I − nn− εµ
)
· E0 = 0 (4.23)

where: n = k/k → being n the normal refraction vector, k: the wave vector
and k: wave number.

1The magnetic field can be expressed in an identical way.
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n× E0 = γ
(
ε, µ
)
·H0 (4.24a)

γ = − 1

n+ + n−

(n×µn×

nµn
+ n+n−n×ε

−1
n×
)

(4.24b)

where: n → unit vector normal to the wave.
γ → internal wave impedance.
n+, n− → refractive indices of two waves propagating in the medium in

the direction n.
n× → second rank antisymmetric tensor dual to n.
µ → reciprocal tensor of µ.

Moreover, the constitutive parameters in such strong spatial dispersive media
depend on the wave vector k which can be determined through the propagation
direction by the angles θ and φ defined from the lattice axes of the periodic medium.
Therefore, the constitutive parameters do not only depend on the frequency, but
also on the propagation direction (θ and φ). The latter parameters, θ and φ, indicate
how different the medium is from a homogeneous anisotropic medium. In other
words, they are a measure of the spatial dispersion of the medium. Indeed, the
constitutive parameters of a homogeneous anisotropic media only depend on the
frequency. Therefore, they are frequency dispersive media.

As one can imagine the previous procedure to retrieve the constitutive parame-
ters is not trivial. Moreover, the constitutive parameters in anisotropic strong spatial
dispersive media showed above do not describe the electric and magnetic polariza-
tion of the medium. Therefore, their physical meaning is restricted. However, this
homogenization is sometimes useful to analyze certain metmamaterial phenomena,
for example at low frequencies and to solve certain electromagnetic problems (re-
flection and transmission in some metamaterial layers, analysis of eigenwaves in
photonic crystals, solving boundary problems) [8].

4.3.2 Materials with weak spatial dispersion
Even when the homogenization condition is fulfilled (unit-cell smaller than the ef-
fective wavelength) the bianisotropy and artificial magnetism present in complex
metallic inclusions must be taken into account. These phenomena are regarded
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respectively as spatial dispersion of the first order and the second order and both

are referred as weak spatial dispersion (WSD), in the majority of the books [8].

This WSD phenomenon, as it was previously said, occurs when a small phase shift

of the applied field gives rise to a large phase shift of the polarization current in

the inclusions. The small phase shift of the field can be attributed to the mul-

tipolar polarization that arises in complex inclusions. The resonant response of

small particles is possible due to their complex shape and high contrast of its con-

stitutive parameters. In the second chapter of the book [8], the polarization current

in a weak dispersive medium is calculated. This current does not only depend on

the fields at the calculation point, but also at the surrounding ones. Prof. Simovski,

among other authors, has presented several contributions on the averaging of fields

and polarization currents, which satisfy the continuity of the electric and magnetic

field across the interface between media [30, 31]. In [8], the polarization current

in a media with multipole polarization is expressed through the spatial derivatives

of the multipole moments densities. Considering a weak spatially dispersive me-

dia, only the first-order and second-order spatial dispersions should be considered.

Therefore, the polarization current can be expressed as the sum of two currents:

a vortex-free polarization current (electric current) and a vortex-type polarization

current (magnetic current), being the former a noncirculating current and the latter

a circulating one.

J = Jel +∇×Tmag (4.25)

where: J → polarization current vector.
Jel → electric current vector.
Tmag → magnetic current vector.

The electric and magnetic current in a weak dispersive medium can be expressed

as:

Jel = jwP− jw

2
∇ ·Q+

jw

6
∇ ·
(
∇ ·O

)
(4.26a)

Tmag = M− 1

2
∇ · S (4.26b)
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where: P → electric dipole polarization vector.
Q → electric quadrupole polarization tensor (dyad).

O → electric octopole polarization tensor (triad).
M→ magnetic dipole polarization vector.
S → magnetic quadrupole polarization tensor (dyad).

From the previous multipoles both first-order and second-order spatial dispersive

media are taken into account. It should be notice that in strong dispersive media

higher multipole orders should be considered.

Once the polarization current is expressed in terms of the multipole polarizab-

ilities, the next goal is to express the magnetic and electric flux using the same ter-

minology, which allows describing the material constitutive parameters by means

of these polarizabilities.

Applying the current continuity equation to the the Gauss law (∇·E = ρ
ε0

= − ∇·J
jwε0

)

and considering the polarization current defined above, the following equation can

be derived:

∇ · E = −∇ · Jel

jwε0
(4.27)

Moreover, the Ampère law with the displacement current introduced by Maxwell

(∇ × B = jwε0µ0E + µ0J) and the polarization current presented above can be

written as:

∇× (µ−1
0 B−Tmag) = jw(ε0E +

Jel

jw
) (4.28)

Defining the electric and magnetic flux densities in terms of their polarization cur-

rents:

D = ε0E +
Jel

jw
(4.29a)

H = µ−1
0 B−Tmag (4.29b)

From the previous definitions, the other two Maxwell equations can be written as:

∇×H = jwD (4.30)

∇ ·D = 0 (4.31)
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Consequently, the vectors D and H can be defined from the multipole polarizabil-
ities as:

D = ε0E + P− 1

2
∇ ·Q+

1

6
∇ ·
(
∇ ·O

)
(4.32)

H = µ−1
0 B−M +

1

2
∇ · S (4.33)

It should be noticed that if only electric and magnetic dipoles are excited in the
particle, these equations can be reduced to the ones widely used in literature:

D = ε0E + P (4.34a)

H = µ−1
0 B−M (4.34b)

However, these expressions are only a special case of media with weak spatial
dispersion [8].

Expanding the multipole moments in terms of the averaged electric field (E)
and its spatial derivatives and expressing D and B also in the same terminology,
it is possible to define D and H in a covariant1 way by applying some additional
mathematical formulation. The latter procedure has been introduced in several lit-
erature contributions, in which the molecular properties and the quantum mechan-
ism are considered. Most of these studies were conducted by Prof. Raab [33–36].
For the sake of compactness, this procedure will not be presented here. Neverthe-
less, some conclusions of first- and second-order weak spatial dispersive media will
be drawn. It can be said that in the zero-order spatial dispersive media the electric
dipole polarizability effect should be considered, in the first-order ones the electric
quadrupole and magnetic dipole polarizabilities play an important role and in the
second-order ones, apart from the previous polarizabilities, the electric octopole
and magnetic quadrupole ones should be taken into account [33].

In the first-order approximation of WSD media, the electric and magnetic di-
poles and the electric quadrupole should be considered for defining the vectors D

and H:

D = ε · E + jξ ·B (4.35)

B = µ0H− jµ0ξ
T
· E (4.36)

1Covariant vectors refers to the fact that they do not depend on the choice of their coordinate
origin and hence, can be considered physical quantities [32]
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where: ε → permittivity tensor.
ξ → magnetoelectric coupling parameter.

ξ
T
→ transposed magnetoelectric coupling parameter.

The previous equations are an anisotropic generalization of the well known Post
material equations. The tensor ε is related with the electric dipole polarizability,
while the tensor ξ with the magnetic dipole and electric quadrupole polarizabilities.
It can be seen that the first-order spatial dispersion does not give rise to magnetic
susceptibility [8]. Moreover, when this medium is lossless, ξ is purely real.
Another interesting case is when the medium is isotropic (ξ = ξ) under this cir-
cumstance the magnetoelectric coupling parameter is known as chirality parameter
and the previous equations reduce to:

D = ε · E + jξ ·B (4.37)

B = µ0H− jµ0ξ · E (4.38)

The formulation of Lindell-Sihvola for bianisotropic media, introduced in [37], is
physically inconsistent with the molecular theory introduced here. Indeed, it mixes
the first- and second-order spatial dispersive effects, as they include in their ex-
pressions the magnetic permeability. Therefore, the formulation used here is more
suitable for describing the first order weak spatial dispersive effect in a medium [8].

Now, if the second-order dispersive effect, which consider the magnetic quadru-
pole and the electric octopole polarizabilities, is included in D and H, the previous
expressions can be written as:

D = ε · E + jξ ·B + b∇∇ · E (4.39)

H = µ
−1 ·B + jξ

T
· E (4.40)

Therefore, due to the second-order spatial dispersion effect, the medium permeab-
ility (µ)−1, which is related with not only the magnetic dipole polarizability but

also the quadrupole one, arises. Moreover, the tensor b includes electric octopole
polarizability among others. It should be noticed that even if the second order dis-
persive medium is isotropic, it exhibits higher multipole polarizabilities.
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4.3 Constitutive parameters in materials according to their spatial dispersion

An important characteristic of this media is that the equation of D contains second-

order derivatives of E (see 4.39), so that the medium cannot be described in terms

of only permittivity, permeability and magnetoelectric coupling. In conclusion, the

homogenization model of WSD media may not only include the permittivity and

permeability but also other parameters. It should be notice that in the procedure

following in this section, the previously presented effective material parameters

exhibit a physical meaning, since they describe the electric and magnetic responses

of the media when excited by an electromagnetic field. These parameters can also

be regarded as local material parameters.

An interesting situation arises when higher-order multipoles can be neglected

(b = 0 and ξ and µ are only a function of the magnetic dipole (they do not depend

on the electric quadrupole or magnetic quadrupole, respectively)). In this case the

expressions can be written in the following form:

D = ε · E + jξ ·B (4.41)

B = µ · (H− jξ · E) (4.42)

Additionally, if the medium do not exhibit a bianisotropic response, the previous

equations can be rendered as:

D = ε · E (4.43)

B = µ ·H (4.44)

Higher-order multipoles are negligible when the medium has a pure electric-dipole

polarization. Moreover, if vortex-type currents (magnetic currents) flows uniformly

along a loop, it is also possible to consider that there is no higher multipole polar-

izabilities.

Depending on the inclusion type different considerations should be taken into

account for properly describing the medium. Some of them are summarized below:

• An array of SRR (two loops) inclusions can be described by ε and µ close to

their resonant frequency and below it.

• An array of S-shaped inclusions or single split rings should be considered as

a second order weak spatial dispersive medium.
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• Pairs of resonant electric inclusions (like pairs of plasmonic nanopyramids,

nanowires or nanoplates) should be considered as second-order weak spatial

inclusions.

• An arrangement of complex magnetic inclusions (closely packed pairs of

small plasmonic nanoparticles) should be also considered as second-order

weak spatial dispersive medium.

However, it can be noticed that several contributions have been devoted to avoid

the bianisotropic behavior of the inclusions by arranging them properly [38] [39].

The previous formulation is considered also in [8], but with some mistakes that

have been corrected here. The remarks presented in this section are useful to char-

acterize homogenized metamaterials in terms of their material parameters.

An alternative approach, which does not consider multipole polarizabilities, to de-

scribe weak spatially dispersive media is presented in [40].

Finally, it should be mentioned that at extremely high frequencies, the macros-

copic constitutive parameters may lose their physical meaning, since the polariz-

abilities may not follow the variation of the incident field. Therefore, the structure

should be analyzed from a microscopic perspective.

4.4 Methods for retrieving the constitutive parame-
ters of metamaterials
In the latter sections, it was shown that depending on the dispersive behavior of

metamaterials, different models should be considered to properly retrieve its con-

stitutive parameters.

In this section, the techniques proposed in the literature for retrieving the meta-

materials’ constitutive parameters from their scattering properties will be revised.

Moreover, the issues that arise when applying these techniques are also discussed

as well as their validity. Indeed, they fail when metamaterials have a ground plane.

Consequently, a new method for retrieving the constitutive parameters of grounded

metamaterials will be introduced in this section and it will be validated in chapter

6 using the proposed metasurface absorbers.

126



4.4 Methods for retrieving the constitutive parameters of metamaterials

4.4.1 Inverse scattering method

The inverse scattering method has been introduced by Prof. Smith for retrieving the

constitutive parameters of a metamaterial from its scattering ones (S-parameters)

[11]. The method is based on the well-known Nicholson and Ross equations for ex-

tracting the constitutive parameters on the frequency domain, by conducting meas-

urements in the time domain [41]. In the method presented by Smith, metamaterials

are considered as an equivalent macroscopically homogeneous media. Therefore,

it can be described in terms of dispersive effective constitutive parameters [8]. The

S-parameters can be retrieved through analytical, simulation or measurement tech-

niques. Moreover, the metamaterial under study is considered as symmetric and

reciprocal, and thus S11 = S22 and S21 = S12. By inverting the scattering parame-

ters, it is possible to obtain the effective constitutive parameters of the metamaterial

[42]. However, the derived parameters may not provide an effective description of

the metamaterial [8]. Indeed, this method is valid when identical constitutive para-

meters are retrieved no matter the metamaterial thickness. This means that by vary-

ing the metamaterial thickness, the same effective parameters should be retrieved.

In fact, this is an inherently description of homogeneous medium. Therefore, if the

medium is homogeneous, the same effective parameters are retrieved, even when

the scattering parameters for two different metamaterial thicknesses are completely

distinct1. Consequently, once the effective parameters of a homogeneous medium

are retrieved, the scattering parameters for whatever metamaterial thickness can be

computed.

The scattering parameters of a metamaterial, under a normally incident plane wave,

can be written as [12]:

S11 =

(
η2 − 1

)
(1−∆2

h)(
η + 1

)2 −
(
η − 1

)2
∆2
h

(4.45a)

S21 =
4η∆h(

η + 1
)2 −

(
η − 1

)2
∆2
h

(4.45b)

1If the same constitutive parameters are retrieved for two different metamaterial thicknesses, a
third metamaterial with another thickness should exhibit the same constitutive parameters.
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where: ∆h = ejk0nh → phase variation as the wave propagates through the me-
dium.

n → refractive index.
η → wave impedance.

A derivation of the former equations has been presented in [43]. As it was men-

tioned in this paper, it should be noticed that there is not a unique pair of constitutive

parameters that gives rise to the same S-parameters.

By inverting the previous equations the η and n values can be determined [11].

η = ±

√
(S11 + 1)2 − S2

21

(S11 − 1)2 − S2
21

(4.46)

cos(nkh) =

(
1− S2

11 + S2
21)
)

2S21

(4.47a)

n = n′ + jn′′ =
−j ln(|∆h|)

k0h
+

∆h + 2mπ

k0h
(4.47b)

where: m→ integer number.

As it can be seen from 4.46 and 4.47, multiple solutions can be derived for η and

n. Indeed, if the branch of n′ is not properly chosen the constitutive parameters of

the metamaterial do not provide a precise physical meaning1.

For electrically thick metamaterials, the different branches in 4.47 are close to each

other and hence, the determination of the proper one is even more difficult [11].

Indeed, just when Re{k}h < π a unique solution can be obtained by choosing the

principal branch in 4.47 (m=0) [43]. However, it should be noticed that the para-

meter k is unknown.

Apart from the issues concerning the selection of the proper sign for η and branch

for n, it should be noticed that for applying the Smith’s method, the S-parameters

have to be retrieved at certain distance from the metasurface, which ensures a re-

flected plane wave. Therefore, in [44] a procedure for calculating this distance is

provided. Moreover, an algorithm to properly determine the sign of Re{η} when

1Different pairs of positive and negative values of permittivity and permeability can be obtained
depending on the chosen branch. However, only the correct one will describe the physical behavior
of the metamaterial and hence, classify it into the proper group (see 2.1).
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its value is close to zero is proposed, since Re{η} is noticeably variable for slight

changes on the S-parameters. Additionally, a Taylor expansion procedure for iter-

atively retrieving the proper branch of n′, by assuming that n is known at a previous

frequency1, is introduced. Using the Smith method, the sensitivity of the η and n

parameters to small changes of the S-parameters is also analyzed, arriving to two

clear conclusions. The first one is that for values of the |S21| parameter close to

zero, the parameter n is highly sensitive, while η is not. The second conclusion is

that for values of S21 ≈ 1 and S11 ≈ 0, it is the latter parameter η the more unstable

one, which means that it exhibits higher fluctuations in its value under small vari-

ations of the S-parameters. Although this paper tackle most of the Smith’s method

issues, it should be noticed that it is not suitable for retrieving the constitutive pa-

rameters inside the resonant frequency band.

Other works have been introduced in the literature aiming to solve some of

the previous problems. The causality condition
(∂{wn(w)}

dw

)
can be also used to de-

termine the proper value of n [26]. Moreover, group delay measurements can also

be employed to solve the ambiguity on the retrieval of the constitutive parameters

[42]. Other works have been based on the extraction of the constitutive parameters

from simulation and then, these results are compared with the model to retrieve the

suitable parameters [45, 46]. On the other hand, in [47] an algorithm is developed

using the Kramers-Kroning relationships and the ambiguity on n′ in 4.47 can be

solved, by properly choosing the correct branch. Moreover, a definition of the lim-

its at which the metamaterial can be homogenized is also provided.

A review on some of the methods employed in the literature for solving the ambi-

guity on the retrieval of the constitutive parameters have been presented in [43].

Apart from the previous techniques, it should be noticed that in passive media the

following conditions Re{η} ≥ 0 and n′′ ≥ 0 should be considered2 [11].

On the other hand, it should be mentioned that there is a discrepancy among

the authors that consider impossible to retrieve proper constitutive parameters in a

band about the metamaterial’s resonance frequency (since the wavelength may be

1The initial refractive index should satisfy |n′η′′| ≤ n′′η′, except at the resonant band
2In the formulation proposed by Smith, the time dependence e−jwt is considered.
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large than the unit-cell dimensions) and the ones that suppose it feasible, by as-

suming that their imaginary part may exhibit negative values. In [48], the effective

parameters of a NIR metamaterial are retrieved using the Smith’s method, for an

incident wave propagating along its unit-cells. In the paper, it is shown that there

exists a frequency band at which the n′ saturates. The latter is attributed to the

fact that this method assumes the propagation of only the fundamental mode in the

metamaterial, but as it was shown in the paper there is a predominant higher order

mode (which is evanescent) at this band. Therefore, this is the reason behind the

observation of some unphysical properties on the retrieved constitutive parameters,

concluding that inaccurate parameters are obtained in this band when using this

method.

Roughly simultaneously, Prof. Ziolkowski [12] introduced a similar method

for retrieving the relative permittivity and permeability values of a metamaterial,

assuming several premises. It should be noticed that in his work the time depend-

ence ejwt is used (contrary to the one employed by Prof. Smith). Consequently,

using some intermediate variables and considering k0n
′h ≤ 1, so that a Taylor

series expansion can be applied in e−jk0nh ≈ 1− jk0nh, the following expressions

can be obtained:

k ≈ (1− V1)(1 + Γ)

jh(1− ΓV1)
(4.48a)

µr ≈
2(1− V2)

jk0h(1 + V2)
(4.48b)

where: Γ = ηMM−η0
ηMM+η0

= Y ±
√
Y 2 − 1→ reflection coefficient in the interface

air-metamaterial.
Y = 1−V1V2

V1−V2 → intermediate variable.
ηMM → wave impedance in the metamaterial.
η0 → wave impedance in the air.
V1 = S21 + S11 → intermediate variable.
V2 = S21 − S11 → intermediate variable.

For retrieving the relative permittivity the following expression can be used:

εr ≈ µr + j
2S11

k0h
(4.49)
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However, it should be remarked that the latter expressions are only accurate when

the condition k0n
′h ≤ 1 is fulfilled. Moreover, the method fail when the metama-

terial has a ground plane, since the S21 = 0.

Finally, in [49] an interesting modification of the Smith’s method was presen-

ted to properly characterize asymmetric metamaterials when the wave propagates

along it (grazing incidence). For doing so, the transfer matrix is used together with

the Bloch theorem and hence, new equations are derived for extracting n and η of

no matter symmetric or asymmetric metamaterials.

From the previous observations, it can be concluded that the application of the

inverse scattering method for retrieving the constitutive parameters of a metamater-

ial is not a trivial issue. Indeed, many considerations have to be taken into account

and the results should be interpreted carefully. Moreover, the accuracy on the com-

putation of the constitutive parameters, highly depends on the proper retrieving of

the scattering parameters and their nature (value, variation with frequency etc.) and

on the metamaterial thickness.

4.4.2 Modeling arrays of metallic inclusions

Two interesting works [50, 51] were presented in the literature, on which the am-

biguity problem in the extraction of the constitutive parameters, introduced in the

previous section, does not appear. In these articles, an array of metallic inclu-

sions on a host media (also known as a metafilm1 is considered and it is ho-

mogenized by studying the polarizabilities generated on this inclusions. Indeed,

when a wave impinges on this array, it generates currents on the metallic inclu-

sions, which re-radiate in a similar way as electric and/or magnetic dipoles (as

long as higher-order polarizations may be neglected (particles much smaller than

the wavelength)). Therefore, the array establishes a discontinuity that gives rise

to changes on the electric and magnetic fields (in both amplitude and phase) [52].

Hollowey et al. introduced a model in which the array is characterized by surface

1Metafilms are a subset of metasurfaces comprising metallic inclusions on a dielectric. It can
be noticed that this dielectric has no ground plane.

131



4. METASURFACE MODELS

electric and magnetic susceptibility tensors (χ) [50]. Moreover, generalized sheet

transition conditions for the averaged electric and magnetic fields are defined [53].

Consequently, using the previous relations the surface susceptibility tensors can

be described in terms of the transmitting and reflecting properties of the array. In

addition, these susceptibility tensors are independent from the array thickness and

polarization of the incident wave [50].

On the other hand, a more complete homogenization model was proposed by Si-

movski1, in which bianisotropic inclusions are considered [51]. They relates the

incident electric and magnetic fields, to the electric and magnetic moments of the

inclusions, through collective polarizability tensors as follows [54]:

p = Fee · Ei + Fem ·Hi (4.50a)

m = Fme · Ei + Fmm ·Hi (4.50b)

where: Ei → electric incident field.
H i → magnetic incident field.
F → collective polarizability tensors.

These collective polarizability tensors can be computed through the reflection and

transmission properties of the array [55].

In [52], the previous contributions were further investigated, in order to con-

sider the influence of the dielectric below the inclusions and analyze the case of

non periodical array of inclusions. In this study, the electric and magnetic polar-

izations are expressed in terms of the collective polarizability tensors, transverse

wavenumber (kt) and transverse incident field (Ei
t). Then, the following boundary

condition are applied at the two sides of the array:

E+
t − E−t = jwn̂× ~Mt∆t

Pn
ε

(4.51a)

n̂×H+
t − n̂×H−t = jw ~Pt + ∆t × n̂

Mn

µ
(4.51b)

1A similar study was also conducted by Tretyakov.
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where: Et and Ht → transverse electric and magnetic fields.
n̂ → normal vector to the array of inclusions.
∆t → transverse nabla operator.
Pt and Mt → transverse magnetic and electric polarization.
Pn and Mn → normal magnetic and electric polarization.

Therefore, the transverse reflected and transmitted fields (Er
t and Et

t ) can be ex-
pressed in terms of the transverse incident field and the electric and magnetic po-
larization vectors (Ei

t ,P,M).
From the previous equations, it is possible to define the reflected and transmitted
fields as a function of F , kt and Ei

t or the reflected and transmitted tensors (r and t)
in terms of F , kt (notice Er

t = r ·Ei
t and Et

t = t ·Ei
t). Consequently, inverting the

previous equation, F can be obtained. To reduce the number of unknowns, several
simplifications can be conducted, depending on the physical characteristics of the
metasurface.

It should be noticed that this method is useful to describe the behavior of an
array of metallic inclusions on a host media (metasurface without a ground plane).
Indeed, it may be applied to extract the surface susceptibility of a metasurface and
analyze the propagation of waves on it [56]. However, as the method is based
on the reflection and transmission properties of the metasurface, this model also
fails, as the one introduced in the previous section, when extracting the constitutive
parameters of grounded metasurfaces.

4.4.3 Novel inverse scattering method for characterizing groun-
ded metasurfaces
The methods described above exhibits several restrictions and limitations for re-
trieving the metamaterial constitutive parameters. As it was mentioned, when there
is no transmission (S21 = 0) through the metamaterial, it is not possible to retrieve
its constitutive parameters using the methods previously described. This lack of
transmission will occur in most of the metasurfaces that will be presented through-
out this thesis, since they will be backed by a ground plane. Moreover, it should be
noticed that the method introduced in 4.4.1 have been used for retrieving the con-
stitutive parameters when the impinging wave propagates along the unit-cell (not
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4. METASURFACE MODELS

normal to it) [11, 12]. Consequently, this section will be devoted to introduce a
new technique to retrieve the effective parameters of metasurfaces that are backed
by a ground plane, when a wave impinges perpendicular or with an oblique angle
with respect to the surface normal direction1.

Assuming that the metasurface can be homogenized (unit-cell size much smal-
ler than the effective wavelength), its response should be identical to the one of
a medium characterized by εeff and µeff . Considering a wave impinging on it
from vacuum at an arbitrary angle (see 4.1), the fields in the different media can be
represented as:

Ei
(n)TE

(r) = ŷEi
(n)TE

e−jk
i
(n)
·r

Hi
(n)TE

(r) =
−kiz(n)x̂+ kix(n)ẑ

η(n)k(n)

Ei
(n)TE

e−jk
i
(n)
·r

Er
(n)TE

(r) = ŷEr
(n)TE

e−jk
r
(n)
·r

Hr
(n)TE

(r) =
−krz(n)x̂+ krx(n)ẑ

η(n)k(n)

Er
(n)TE

e−jk
r
(n)
·r


TE

(4.52a)

(4.52b)

(4.52c)

(4.52d)

Ei
(n)TM

(r) =
kiz(n)x̂− kix(n)ẑ

k(n)

Ei
(n)TM

e−jk
i
(n)
·r

Hi
(n)TM

(r) =
ŷEi

(n)TM

η(n)

e−jk
i
(n)
·r

Er
(n)TM

(r) =
−krz(n)x̂+ krx(n)

k(n)

Er
(n)TM

e−jk
r
(n)
·r

Hr
(n)TM

(r) = −
ŷEr

(n)TM

η(n)

e−jk
r
(n)
·r


TM

(4.53a)

(4.53b)

(4.53c)

(4.53d)

where: k(n) = k(n)
ˆk(n) = kiz(n)ẑ + kix(n)x̂→ wavevector in medium (n).

k(n) = k(n)
ˆk(n) = krz(n)ẑ + krx(n)x̂→ wavevector in medium (n).

r = zẑ + xx̂ → arbitrary point in the incidence
plane.

(n) → denotes the medium being n=1,2,3
((n)=1 free space (air), (n)=2 ho-
mogenized metasurface and (n)=3
ground plane).

1The time dependence ejwt will be used here, contrary to the one employed in 4.45.
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4.4 Methods for retrieving the constitutive parameters of metamaterials

In a perfect conducting ground plane, the tangential electric field is null and the
conductivity is infinite (σ = ∞, η3 = 0). Moreover, the following boundary
conditions at the air-metasurface and metasurface-ground plane interfaces have to
be fulfilled for both TE and TM polarizations:

n̂× (E(n)(r)− E(n−1)(r))
∣∣∣
interface

= 0 (4.54a)

n̂× (H(n)(r)−H(n−1)(r))
∣∣∣
interface

= Js (4.54b)

where: Js → surface current (Js = 0 except for
the metasurface-ground plane in-
terface [2]).

E(n)(r) = Ei
(n)TE,TM

+ Er
(n)TE,TM

→ total electric field in medium (n)
for TE or TM polarization.

H(n)(r) = H i
(n)TE,TM

+Hr
(n)TE,TM

→ total magnetic field in medium
(n) for TE or TM polarization.

n̂ = ẑ → normal vector to the interface
between media (surface normal
direction).

After applying the previous boundary conditions, the following generalized re-
flection coefficient, which is related to the S11 parameter, can be obtained:

S11TE,TM = ΓinTE,TM =
Er
TE,TM

Ei
TE,TM

∣∣∣∣∣
z=air−MTS

=
ΓTE,TM − e−jk

iz
2 h

e−jk
rz
2 h

1− ΓTE,TM
e−jk

iz
2 h

e−jk
rz
2 h

(4.55)

where: ΓTE =
kiz1 k2η2−kiz2 k1η1
kiz1 k2η2+kiz2 k1η1

ΓTM =
kiz2 k1η2−kiz1 k2η1
kiz2 k1η2+kiz1 k2η1

Applying the boundary conditions in 4.54, one can also derive the following
relations by taking into account the geometry of the problem:

kix1 = krx1 = kix2 = krx2 (4.56a)

kiz1 = −krz1 (4.56b)

kiz2 = −krz2 (4.56c)
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Consequently, the equation in 4.55 can be rewritten as:

S11TE,TM = ΓinTE,TM =
ΓTE,TM −∆2

h

1− ΓTE,TM∆2
h

(4.57)

where: ΓTE =
kiz1 µ2−kiz2 µ1
kiz1 µ2+kiz2 µ1

ΓTM =
kiz2 ε1−kiz1 ε2
kiz2 ε1+kiz1 ε2

∆2
h = e−j2k

iz
2 h

ε1 = ε0 ε2 = εeff µ1 = µ0 µ2 = µd = µeff
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Figure 4.1: Incident wave in a metasurface under TE (a) and TM (b) polarization. The
insets in (a) represent the orientation of the incident and reflected electric and magnetic
fields in a plane containing the wavefront. Moreover, the homogenized metasurface is
represented in the right side of the figure (a) and (b).

In the method presented in this section, there are two unknown parameters (εeff
and µeff ) and just the S11 parameter is known. Consequently, an additional equa-
tion is needed. In order to obtain it, two different techniques may be applied.
One is considering two metasurfaces with different thicknesses, whereas the other
is regarding two distinct incidence angles on the metasurface. Whichever of these
techniques will provide the additional equation required for retrieving the unknown
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4.4 Methods for retrieving the constitutive parameters of metamaterials

parameters.

4.4.3.1 Two different metasurface thickness

Considering two metasurfaces of different thicknesses and assuming one the half
of the other (h′ = h

2
), it is possible to represent their S11 parameters as:

S11h =
Γ−∆2

h

1− Γ∆2
h

(4.58a)

S11h′
=

Γ−∆h

1− Γ∆h

(4.58b)

It is possible to solve for ∆h in 4.58b and hence, write 4.58a as:

S11h =
Γ−

(
Γ−S11h′
1−ΓS11h′

)2

1− Γ
(

Γ−S11h′
1−ΓS11h′

)2 (4.59)

Applying some mathematical manipulation, it is possible to express the previous
equation as:

Γ2(S2
11h′

+ S11h) + Γ(S2
11h′
− 2S2

11h′
− 1− S2

11h′
S11h − 2S11h′

S11h + S11h)

+ (S2
11h′

+ S11h) = 0 (4.60)

Therefore, the value of Γ can be calculated. Additionally, the following relation for
∆h can be written:

∆h = e−jk
iz
2 h =

Γ− S11h′

1− ΓS11h′

(4.61)

From the previous equation, kiz2 can be extracted:

kiz2 = − 1

jh
ln
( Γ− S11h′

1− ΓS11h′

)
(4.62)

Moreover, if kiz2 h ≤ 1 a Taylor expansion can be applied for ∆h = e−jk
iz
2 h ≈

1 − jkiz2 h. Considering normal incidence on the metasurface (kiz2 = k2 = keff ),
the following expressions can be rendered:

keff ≈
−1

jh

(1− Γ)(1 + S11h′
)

1− ΓS11h′

(4.63a)
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Γ =
ηeff − η0

ηeff + η0

=
ηeff − 1

ηeff + 1
→ ηeff =

1 + Γ

1− Γ
(4.63b)

keffηeff = w
√
µ0µreff ε0εreff

√
µreff
εreff

= k0µreff → µreff =
keffηeff
k0

(4.63c)

εreff =
µreff
ηeff

2 or εreff =
(keff
k0

)2 1

µreff
(4.63d)

Consequently, both εeff and µeff can be extracted.

4.4.3.2 Two different incidence angles

The constitutive parameters of the metasurface can also be extracted by considering
its response under different incidence angles impinging on it. Consequently, if
two waves one impinging normally and the other obliquely on the metasurface are
regarded, the metasurface constitutive parameters can be retrieved following the
procedure presented in this section.
From 4.57 and considering normal incidence on the metasurface

(
Γ = η2−η1

η2+η1

)
one

can clear the wave impedance as follows:

η2 =
η1(1 + S11)(1 + ∆2

h)

(1− S11)(1−∆2
h)

(4.64)

where: S11 → S11 parameter under normal incidence.

Assuming that Re(k2)h ≤ 1 and Re(kiz2 )h ≤ 1, it is possible to expand the follow-
ing expressions in a Taylor series (similarly as it was performed above):

e−j2k2h = 1− j2k2h (4.65a)

e−j2k
iz
2 h = 1− j2kiz2 h (4.65b)

Moreover, substituting η2 (obtained in 4.64) and the previous expressions in 4.57,
the following relation can be obtained, after applying several mathematical opera-
tions for a TE polarized incident wave:

cos(θ1)(1− jk2h)(1 +S11)(S11O1
− 1) = (1− jkiz2 h)(1 +S11O1

)(S11− 1) (4.66)

where: θ1 → oblique incidence angle on the metasurface.
S11O1

→ S11 parameter when the wave impinges with an angle θ1.

138



4.4 Methods for retrieving the constitutive parameters of metamaterials

From the previous equation, it is possible to express kiz2 in terms of k2, since the

remainder variables are all known.

kiz2 =
(1 + S11O1

)(S11 − 1)− cos(θ1)(1− jk2h)(1 + S11)(S11O1
− 1)

jh(1 + S11O1
)(S11 − 1)

(4.67)

It can be observed that kiz2 depends on the incidence angle of the impinging wave

which is a logical conclusion, while k2 should be independent of the incident wave

in a homogeneous media (k2
2 = w2εeffµeff ).

Moreover, knowing that k2
2 = (kix2 )2 +(kiz2 )2 = (k1sin(θ1))2 +(kiz2 )2, it is possible

to solve the previous equation for k2.

Once k2 is known, η2 can be calculated from 4.64. Finally, εeff and µeff can be

extracted using the relations presented in 4.63 (η2 = ηeff and k2 = keff ).

It should be noticed that two solutions are obtained for k2 (as long as the first

branch of the square root is considered). In order to avoid ambiguities, two diffe-

rent procedures can be followed. The former one is to proceed as it was described

above, but considering another oblique incidence angle. Then, the retrieved k2 pa-

rameters of both procedures are compared and the one that gives similar values is

chosen as the solution for each frequency. The other one is to compute 4.57 using

the extracted k2 (and hence, kiz2 ) parameter and select the solution that provides an

S-parameter closer to the one computed through simulation or measurement results.

For TM polarization a similar procedure can be followed. The wave impedance

can be expressed in the same terms as in 4.66. Moreover, using ΓTM in 4.57 and

the Taylor expansion introduced above the following condition can be derived:

(kiz2 )2(1− jk2h)(1 + S11)(S11O1
− 1) + jkiz2 hk

2
2cos(θ)(S11 − 1)(1 + S11O1

)−

− cos(θ)k2
2(S11 − 1)(1 + S11O1

) = 0 (4.68)

The latter equation can be solved for kiz2 and hence, it can be denoted in terms of

k2. However, it can be noticed that, in this case, kiz2 will give rise to a nonlinear

equation which should be solved using numerical techniques. Since several solu-

tions can be obtained, the passivity condition (Im{k2} < 0) is also used to select

the more coherent one, which can be physically interpreted.
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4.5 Analytical circuit models of metamaterials
The aim of analytical circuit models is to analyze the behavior of a structure by
means of their equivalent impedance. Therefore, the model transforms the com-
plicated electromagnetic problem into a circuital one. This model, as it was men-
tioned, provides a physical insight on the behavior of the structures under analysis.
However, it should be mentioned that not always provide an accurate prediction of
the macroscopic properties of metamaterials [4].

4.5.1 Circuit model seen by an incident plane wave
When a wave impinges on a grid1 of metallic inclusions, a grid impedance can be
derived for modeling it, as long as it can be homogenized. This homogenization
can be conducted when the grid periodicity (p) is much smaller than the wavelength
in the structure (λd) and much lager than the distance between neighbor inclusions
(w) (p << λd and p >> w). Under this condition, the averaged tangential electric
field over the grid is proportional to the averaged current induced on it. In addition,
using boundary conditions the averaged current in the grid may be expressed in
terms of the tangential averaged magnetic field at the upper and bottom sides of the
grid.

〈Et〉 (z = 0+) = Zg (4.69a)

〈J〉 = Zg(〈Ht〉 (z = 0+)− 〈Ht〉 (z = 0−) (4.69b)

Notice that it is assumed that the grid can be considered as isotropic, so that no
polarization transformation of the averaged field with respect to the incident one is
taken into account [57]. Consequently, the grid impedance is a scalar value.
When this grid is placed on a grounded dielectric slab the surface impedance (Zs)
of the whole structure can be computed by the averaged tangential electric and
magnetic field as follows:

〈Et〉 (z = 0+) = Zs 〈Ht〉 (z = 0+) (4.70)

The Floquet theory can be used to describe the propagation of waves that impinge
on a periodic structure (see appendix D). As long as the distance between the grid

1Also denoted as array
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and the ground plane (h) is larger than the unit-cell periodicity (p), the higher-

order Floquet modes can be neglected1. Therefore, only the fundamental (specular)

mode, which corresponds to the contribution of a plane wave, can be considered

between the grid and the grounded plane. Indeed, even if h << λ but h > p

the higher-order modes can be neglected [59]. Accordingly, the transmission-line

approach can be used and the impedance of the structure can be modeled as a

parallel connection between the grid impedance (Zg) and the grounded dielectric

impedance (Zd) (see 4.2) [58–61].

Zs =
ZgZd
Zg + Zd

(4.71)

Both impedances depend on the frequency, polarization (φ) and incident angle (θ)

of the impinging wave. In the case of having an isotropic grounded dielectric slab

the impedance seen by a plane wave impinging on it can be written in a dyadic

form as [60]:

Zd = jwµ
tan (knh)

kn

(
It −

ktkt
k2

)
(4.72)

where: kn = β =
√
k2 − k2

t → wavenumber in the normal direction inside the
dielectric slab.

kt = k0 sin (θ) → wavenumber in the tangential direction (due to
boundary conditions the tangential component
of the wave number must be continuous across
the air-dielectric interface).

k = w
√
εrµ0 → wavenumber in the non-magnetic dielectric.

k0 = w
√
ε0µ0 → wavenumber in the free space.

It → unit dyadic.

The previous expression contains two scalar impedances, which are known as the

TE and TM polarization grounded dielectric impedances. The latter distinction, as

it was previously discussed in 2, decomposes the wave into transverse electric2 (TE)

and transverse magnetic3 modes to simplify the calculations (notice that whatever

1The higher-order Floquet modes can be considered evanescent and they are strongly attenuated
[58].

2Electric field perpendicular to the incident plane.
3Magnetic field perpendicular to the incident plane.
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wave polarization can be expressed in terms of the TE and TM modes). These
dielectric impedance can be expressed for these two modes as:

ZTE
d (w, θ) = j

wµ0

kn
tan (knh) = j

η0√
εr − sin2(θ)

tan (knh) (4.73a)

ZTM
d (w, θ) = j

kn
wεr

tan (knh) =
jη0√

εr − sin2(θ)
tan (knh)

(
1− sin2(θ)

εr

)
(4.73b)

where: η0 =
√

µ0
ε0
→ wave impedance on free-space.

It should be noticed that in most practical cases, the condition knh << 1 is satis-
fied, so that the grounded dielectric impedances can be approximated by:

ZTE
d ≈ jwµ0h = jwLd (4.74a)

ZTM
d ≈ jwµ0h

(
1− sin2(θ)

εr

)
= jwLdcos

2(θ2) (4.74b)

where: Ld = µ0h

θ2 = asin( sin(θ)√
εr

).

The approximation used for Zd neglects the interaction of the grid and the
grounded dielectric and vice verse. However, as it was mention, this approach
only introduces significant errors if the grid period is much larger than the thick-
ness of the slab (p >> h) [57]. Indeed, some limits regarding the ratio of p and h
for neglecting interactions are given in [59]. For a grid of patch arrays on a groun-
ded dielectric, even if h ≈ p

2
the higher order modes influence can be negligible.

Moreover, this condition can be relaxed if weak coupled grids (such as loop-based
unit-cell arrays) are considered [62].

Using the equivalent transmission line model 4.2(b) and the boundary condi-
tions, the reflection coefficients for an oblique incident plane wave can be written
in terms of Zs as [60]:

ΓTE =
ZTE
s − ZTE

0

ZTE
s + ZTE

0

(4.75a)

ΓTM =
ZTM
s − ZTM

0

ZTE
s + ZTM

0

(4.75b)
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where: ZTE
0 = η0

cos (θ)
→ free-space impedance for a TE polarized wave.

ZTM
0 = η0 cos (θ)→ free-space impedance for a TM polarized wave.

From 4.75a and 4.75b, it is clear that the reflection coefficient of the structure, when

a plane wave impinges normally on it (θ = 0 deg), coincides for both polarizations

and can be expressed as:

Γ =
Zs − η0

Zs + η0

(4.76)

The previous model has been deeply investigated in [60], which in turn relates the

expression components to different chapters of the book, in order to shed light on

the origin of them. Indeed, the whole book is one of the best references in modeling

this type of planar structures.
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(b)

Figure 4.2: Metasurface circuit model (a) and simplified model (b).

4.5.1.1 Model of a dielectric with vias

When vertical metallic vias are present in the dielectric, the previous grounded

dielectric impedances should be reconsidered. For the case of TE polarization, the

electric field is perpendicular to the vias so they have no influence in the dielectric

impedance and it can be modeled as in 4.74a. However, when TM polarization is

considered the electric field interacts with the vertical vias.

The study of a dielectric medium with vertical vias has been conducted by several

authors in the literature. One of the most complete publications in this realm is

gathered in [60]. This medium is usually known as wire medium or Fakir’s bed of

nails. Vias are usually inserted in the dielectric with different aims, such as forbid-

ding the propagation of electromagnetic waves through the waveguide between the

grid and the ground plane, making the AMC and EBG frequency bands coincide or
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improving the angular stability under TM polarization (see 3). A representation of

the medium can be seen in 4.3(a).

x

y

z
2r0

a b

(a)

x

y

z

z=0

z=h

(b)

Figure 4.3: Wire medium in free-space (a) and inside a waveguide (b).

Generally this medium should be considered not only frequency but also spa-

tially dispersive. Therefore, the analysis of such structures is sometimes cumber-

some. However, under certain considerations the analysis can be simplified. In all

the cases considered here, the wires are assumed to be thin and ideally conducting

(r0 << a, b).

If the periodicity is smaller than the wavelength (a, b << λ), which means that

the wires are densely packed, the medium can be homogenized. For such a case, it

can be modeled as an uniaxial material and hence, the effective permittivity can be

represented in a dyadic form as:

εeff = εtI t + εz ẑẑ (4.77)

where: εt = ε0

εz = ε0

(
1− k2p

k2−k2z

)
k2
p =

2π
ab

log

(
b

2πr0

)
+
∑∞
n=1

(
coth(πna

b
)−1

n

)
+πa

6b
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When the wires are arranged in a square grid (a = b):

k2
p =

2π
a2

log
(

a
2πr0

)
+ 0.5275

(4.78)

The correction term (0.5275) in the previous expression takes into account the
propagation of higher-order Floquet modes and kz is the propagation constant in
the longitudinal direction.
Considering the wire medium between two infinite imaginary planes separated by
a distance h 4.3(b) and the fulfillment of conditions h << λ and a, b < λ

2
, the

structure can be modeled using a quasi-static approximation, as long as the abso-
lute values of the permittivity are not too high [60]. Consequently, the uniaxial
dielectric permittivity can be written as:

εeff = ε0

(
I −

k2
p

k2
ẑẑ
)

(4.79)

where: kp = 2π

a

√
2π log

(
a2

4r0(a−r0)

)
The quasi-static model is suitable for different diameters of the wire, since it is
taken into account in the extraction of the quasi-static magnetic field and flux pro-
duced by the wires when excited by a wave.

On the other hand, the surface impedance of an effective uniaxial medium can
be written as [60]:

ZTM
d = jwµ0

tan (βTMh)

βTM

(
1− k2

t

w2εnµ0

)
(4.80)

where: β2
TM = w2εtµ0 − εt

εn
k2
t k2

t = k2 sin2 (θ)

εn = εz

For thin substrates |βTMh| << 1

ZTM
d = jwµ0h

(
1− k2

t

w2εzµ0

)
(4.81)
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Using the expression 4.79, the surface impedance under a TM polarized incident
wave can be written as:

ZTM
d = jwµ0h

(
k2 cos2 (θ)− k2

p

k2 − k2
p

)
(4.82)

The previous analysis considers an effective medium model to describe the
wire medium under condition of small thickness of the medium compared to the
wavelength. Another way to analyze this medium is to consider a slab filled by
a wire medium. From Maxwell’s equations, two eigenwave solutions (TEM and
TM modes) exist in such a medium. The TM mode decays exponentially since the
effective permittivity is negative at frequencies below the plasma one (k2 < k2

p,
see 4.79). Therefore, only the TEM mode should be considered. Therefore, the
impedance of a wire medium can be modeled by the surface impedance of a TEM
transmission line section [60]:

ZTEM
d = jwµ0

tan (β)h

β
=

jη0√
εr

tan (kdh) (4.83)

where: β = w
√
εrε0µ0 → propagation constant in the dielectric.

For the case of thin dielectric slabs |βh| << 1:

ZTEM
d = jwµ0h (4.84)

At low frequencies k2 << k2
p and hence, this result is similar to the one previously

introduced 4.82. Moreover, it should be mentioned that the previous equations
holds no matter a TE or TM polarized wave impinges on the wire medium [57].

4.5.1.2 Grid impedance

Grids exhibit different impedances depending on the shape of their metallic inclu-
sions (unit-cell’s metallization geometry) and the properties of the dielectric placed
below them. Several techniques can be used to derive the grid impedance depend-
ing on the unit-cell periodicity and the gap between neighbour unit-cells [59]. Most
of them consider a homogeneous surface and apply the quasi-static approximation
of Maxwell’s equations (which is valid when the unit-cell periodicity is much smal-
ler than the wavelength) [61, 63–66].
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From the author’s knowledge one of the first articles that model grid impedances

(or frequency selective surface (FSS) impedances) is presented by I. Anderson in

[67]. In this article, the ’Jerusalem cross’ array is modeled as a function of the

stored electric and magnetic energy. The stored electric energy is approximated by

a capacitive susceptance and the stored magnetic energy by a inductive one. The

inductive and capacitive susceptance values are extracted taken into account sev-

eral restriction of the array geometry and by considering that their main geometric

contributions are the strip of Jerusalem cross parallel to the incident electric field

and the gap between neighbor unit-cells1, respectively.

An array of patches has also been modeled in several articles [59–61, 63, 66]. For

doing so, the averaged fields on its complementary array of strips are calculated

and from them, the grid impedance extracted (see 4.69). Using the Babinet’s prin-

ciple the grid impedance of the array of patches can be obtained.

Other techniques have been based on simulating the free-standing grid and

modeling it as an effective LC series circuit. Therefore, by obtaining the imped-

ances at two frequencies, the inductance (L) and capacitance (C) values can be

retrieved [68]. However, this technique is unstable, since it depends on the fre-

quencies chosen. Therefore, a more reliable procedure is the iteration searching

optimization technique, which consists on defining a fitness function for extracting

the L and C values that minimize the distance between the simulated and analytical

(using the equivalent circuit model) reflection or impedance curves (curve fitting)

[65].

A comparison of different grids behavior regarding their impedance and reflection

properties has been conducted in [69].

It should be noticed that the previous models for extracting the grid impedance

are only valid in a certain range of frequencies, since they are based on quasi-static

approximation or the curves are fitted in a certain frequency band.

1An appendix of this thesis is devoted to better explain the interaction of array of inclusions
with waves (see appendix E).
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4.5.1.3 Bandwidth dependence with the incident angle

From the previous models one can notice a clear dependence of the metasurface

(surface) impedance with the angle of the incident wave, which modifies the metas-

urface resonance frequency and bandwidth. It can be concluded that as this angle

increases the bandwidth is reduced and the resonance frequency remains almost

constant under a TE polarized incident waves and the bandwidth increases and the

resonant frequency shifts upwards in frequency for a TM polarized incident wave.

Consequently, an almost opposite tendency is observed depending on the polariza-

tion of the incident wave.

4.5.2 Circuit model seen by a surface wave

When the wave impinges on a metamaterial at grazing angles, the characterization

of the waves propagating along its surface must be considered. Different analytical

models can be used for analyzing this propagation [70]. Most of them are based

on using effective circuit parameters and applying proper boundary conditions to

extract a dispersion equation that defines the propagation of waves on the metama-

terial.

4.5.2.1 Surface impedance model

In the surface impedance model, the waves are studied as if they propagate along

an impedance surface, which in this thesis is obtained as a parallel connection of

the grid and the grounded dielectric impedance. The solution of Maxwell equations

can be split into two independent sets: TE and TM waves which exhibit identical

characteristics as the ones introduced in 2.6. However, in this case the wave is

propagating along the surface as it is shown in 4.4. Therefore, the boundary condi-

tions for these two types of waves are [71]:

Ex = ZsHz TE wave (4.85a)

Ez = −ZsHx TM wave (4.85b)
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Figure 4.4: Electromagnetic wave propagation through a surface.

Assuming propagation along z-direction 4.4, the TE surface wave1 solution
should exhibit the following form:

Ex = Ae−jβz−αy (4.86)

Using the Helmholtz equation (∇2 + k2
0)Ex = 0), the following expression is ob-

tained:
α2 − β2 + k2

0 = 0 (4.87)

From the Faraday’s law A.1 the magnetic field can be expressed in the frequency
domain as:

H = − 1

jwµ0

∇× E (4.88)

Substituting 4.86 in 4.88:
Hz = − α

jwµ0

Ex (4.89)

By comparing the previous equation with the boundary condition 4.85a, the atten-
uation constant of the wave can be rendered in terms of the surface impedance:

α = −jwµ0

Zs
(4.90)

Therefore, the propagation constant (β) can be written as:

β = k0

√
1−

( η0

Zs

)2

(4.91)

For TM waves, the magnetic field of the surface wave solution can be expressed
as:

Hx = Ae−jβz−αy (4.92)
1As it was mentioned, it is a wave that propagates along the surface and decays away from it.
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Using the Helmholtz equation for the magnetic field (∇2 + k2
0)Hx = 0), it is pos-

sible to arrive to the same equation as in 4.87. Moreover, from the Ampère’s law
A.2, the electric field can be written in terms of the magnetic one as:

E =
1

jwε0
∇×H (4.93)

Applying this expression to the problem tackled here:

Ez =
α

jwε0
Hx (4.94)

The attenuation constant of the wave can be obtained using the boundary condition
4.85b:

α = −jwε0Zs (4.95)

Finally, the propagation constant for a TM surface wave propagating along the
structure is:

β = k0

√
1−

(Zs
η0

)2

(4.96)

It should be noticed that both α and β values should be real, in order to achieve
suitable surface wave solutions 4.86 and 4.92. The latter is only possible if the sur-
face impedance is purely imaginary. More precisely, the surface impedance must
be positive imaginary (inductive) in order to support TM waves and negative ima-
ginary (capacitive) to support TE waves and the attenuation constant purely real
and positive, as long as the metamaterial is a passive structure.

Metamaterials usually exhibit an inductive behavior before its resonance fre-
quency and a capacitive one above it. Consequently, at low frequencies only TM
modes are supported and a superposition of traveling and standing waves take
place. When the frequency is increased an additional backward TM wave appears
which at certain frequency cancels the forward one, so a stopband is created1. The
TE mode has a cut-off frequency, since it is not supported at low frequencies, due
to the inductive behavior of the impedance. Indeed, it behaves as a leaky wave until
it crosses the light line at which becomes a surface wave.

1Notice that when the half guided wavelength
(λg

2

)
coincides with the periodicity (p) a standing

wave is created and successive elements are out of phase, giving rise to a bandgap.
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It can be noticed that this conclusion coincides with the one previously presented
in 3.3.

4.5.2.2 Two-sided impedance boundary conditions

In this model a grounded dielectric slab with an array of inclusions on its top (peri-
odic grid) (see 4.5) is considered.

TE

TM

Hy

HzEx

Ey

EzHx

y

x z

h
Zg

PEC

ε1,  μ1 

ε2,  μ2 

Figure 4.5: Front view of a metasurface.

The following boundary condition at the grid (air-dielectric interface, y = h)
can be defined:

E1|y=h = E2|y=h = Zgŷ × (H1 −H2)|y=h (4.97)

in which the subscripts are used to refer to the air (1) or dielectric (2) medium.
Moreover, employing the Helmholtz’s equations in the air and dielectric regions
and proper boundary conditions at the ground plane and infinity, the following
dispersion equation can be obtained (see appendix F):

ky2 coth (ky2h) +
µ2

µ1

ky1 = −jwµ2

ZTE
g

TE case (4.98a)

ky2 tanh (ky2h) = −ZTM
g

jwε2ky1
ky1 + ZTM

g jwε1
TM case (4.98b)

where: kyi =
√
k2
z − k2

i → wavenumber in the transverse direction (y-
direction).

ki = w
√
εiµi → wavenumber in the air (i=1) or dielectric (i=2) me-

dium.

The dispersion equation in this model can be derived by substituting the dielectric
impedance in the previous model 4.5.2.1 [8].
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4.5.2.3 Transverse resonance method

The transverse resonance method is a simple technique for computing the disper-

sion equation of a metamaterial that can be modeled by its surface impedance. This

technique is based on the standing waves created in a transverse plane of a wave-

guide at the cutoff frequency [72]. Applying this technique and using the equivalent

circuit model of figure 4.6, the transverse resonance equation, which is related to

the waveguide free oscillations [73], can be defined as [74]:

Zup + Zdown = 0 (4.99a)

Yup + Ydown = 0 (4.99b)

ΓupΓdown = 1 (4.99c)

The previous equations are all equivalent and refer to the impedance, admittance

and reflection coefficients looking up or down a certain position on the network or

waveguide 4.6. When dealing with metasurfaces this position is usually chosen to

be over the metasurface and hence, Zup = ZTE,TM
0 .

Zs

Zup 

Zdown 

Yup Γup 

Ydown Γdown 

Z0
TE,TM

Zs
TE,TM

Figure 4.6: Equivalent circuit to apply the transverse resonance method.

This technique has been used by several authors in the literature for analyzing

the propagation of surface waves and determining the nature of the propagating

modes (TE or TM waves) in different metamaterials [61, 75].

4.6 Semianalytical models of metamaterials
Analytical methods can be used for modeling metasurfaces with simple geometry.

Indeed, they may reproduce the behavior of metallic grids and meshes up to the
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first resonance [68]. However, for more complex geometries or for modeling the

behavior under large frequency bands, these methods may not be feasible and other

techniques must be applied. Therefore, semi-analytical (or semi-numerical) models

can be employed which combine analytical and numerical techniques to solve the

electromagnetic problem.

4.6.1 Pole-zero method

In the pole-zero method, the Foster’s theorem is applied for modeling the impe-

dance of a material. Applying this theorem to the impedance (Z) versus frequency

(f ) curve of a passive material, it can be concluded that the Z has to fluctuate

between poles (Z(fp) → ∞) and zeroes (Z(fz) = 0). That means, at a pole

frequency (fp) there is an impedance ’jump’ from positive to negative Z values,

according to the Foster’s theorem Z should increase monotonically and hence, it

will pass through a zero at certain frequency (fz), which makes Z positive again.

This positive Z value will be kept as frequency increases until the next fp, at which

the process will be repeated. Therefore, by properly modeling the impedance by

means of a factoring pole-zero representation and computing some full-wave sim-

ulations under different incidence angles to extract the pole and zero frequencies

as function of the wavenumber, the impedance of the material can be calculated for

the continuous range of incidence angles and over a broad frequency range.

The model is employed in [58] to compute the impedance of an array of dipoles

(Zg), which will be placed on a grounded dielectric. It should be noticed that the

previous method neglects higher-order Floquet modes, aiming to apply the trans-

mission line theory, which allows to separate the impedance of the grid (Zg) from

the one of the grounded dielectric (see 4.5.1). Other restrictions of the method have

been presented in the paper.

Finally, it should be mentioned that the zeros and poles of Zg can be identified in

the reflection coefficient phase (Γs) of the structure. When Zg(fz) = 0 the surface

impedance of the whole metasurface (see 4.71) is Zs = 0 and hence, its reflection

coefficient is Γ = −1. Consequently, the zeros of Zg coincides with the phase

’jump’ of the reflection coefficient between −180◦ and 180◦. On the other hand,

when Zg(fp) = ∞ the surface impedance is Zs = Zd and hence, the poles of Zg
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coincides with the frequency at which the reflection coefficient phase of the metas-
urface and the grounded dielectric (without the grid) matches. Notice that if the
grid is modeled as an admittance, the zeros and poles of the admittance coincide
with the poles and zeros of the impedance and hence, the previous conclusion is
reversed.

4.6.2 Rapid design
In [4], the rapid design technique is introduced to establish a relation between the
geometry and the constitutive parameters of the metamaterial. It reduces the design
time and comprises several steps for achieving the required metamaterial perform-
ance, which are summarized below:

1. Depending on the desired metamaterial functionality, some restrictions in
the spatial distribution of their inclusions or constitutive parameters can be
imposed. For example, the design of a gradient refractive index or a dielectric
lens requires specific constitutive parameters at different spatial locations. It
should be noticed that in metamaterials composed of identical unit-cells this
step can be jumped.

2. The transmission and reflection properties of a metamaterial for different
geometric parameters of its unit-cell are computed by numerical electro-
magnetic simulations1. From these reflection and transmission parameters,
for each of the previously considered metamaterial unit-cell geometries, the
permittivity (ε) and permeability (µ) of the metamaterial can be retrieved
[11, 12].

3. For each pair of ε and µ values obtained in the previous step a curve fitting
process is conducted:

3.1. For resonant metamaterials, the ε and µ values are fitted to the curves
defined by the Lorentz model and hence, the Lorentz parameters (LPs)
seen above can be extracted (4.2).

1To ensure accuracy in the retrieval of the constitutive parameters for whatever metamaterial
geometric parameters, the numerically simulated parameters should be varied uniformly along the
possible geometric domain.
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3.2. For non-resonant metamaterials, a Taylor expansion in terms of fre-

quency is applied and fitted to the ε and µ values by properly choosing

the Taylor coefficients (TCs).

4. Once the LPs (or TCs) are obtained, for each pair of ε and µ values, a relation

with the metamaterial unit-cell geometric parameters must be established1.

As the former parameters vary smoothly with the latter ones, they can be ex-

panded in a Taylor series regarding the geometric parameters. Consequently,

another fitting curve process can be conducted to extract the coefficient of the

Taylor expansion, which consists on matching the LPs (or TCs) previously

obtained in 3, for each set of geometrical parameters, with the defined Taylor

expansion in this step.

5. At this point, the LPs (or TCs) in 3 are defined in terms of the geometrical

parameters. Therefore, one can choose a different set of geometrical para-

meters to the ones selected in 2 and compute the LPs (or TCs) and hence,

extracting the ε and µ values of this metasurface.

From the previous procedure it can be concluded that by computing only a few

numerical simulations, it is possible to retrieve the constitutive parameters of a

metasurface for many different variations of its unit-cell parameters. This tech-

nique is efficient for designing metamaterials, but it is restricted to the possibility

of approximating the constitutive parameters by the Lorentz model and to the fact

that this Lorentz parameters vary smoothly with the unit-cell ones. Consequently,

it cannot be applied to whatever metamaterial.

4.7 Numerical methods
It should be noticed that the numerical methods are not models but tools to analyze

the metamaterial behavior by solving the Maxwell’s equations. However, a brief

summary of these methods will be presented here, since they have been widely

used to analyze metamaterials. Although there are many numerical methods, the

1Notice that the ε and µ values are extracted for each specific set of geometric parameters in 2.
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most widely used in the literature are the method of moments (MoM), the finite-

difference time-domain (FDTD) method and the finite element method (FEM). The

latter methods discretise the structure in sub-domains, on which the Maxwell’s

equations are computed. Depending on the method, these equations are solved on

their integral or differential form and in the time or frequency domain. The for-

mulation and operating principles of these methods will be tackled in chapter 5

of this thesis and will be related to the computation of electromagnetic fields on

metamaterials. Moreover, different techniques, that have been used throughout this

thesis, to characterize the behavior of metasurfaces will be also presented. Indeed,

the arrangement of the simulation set-up required to analyzed several properties of

the metasurfaces, such as its absorption, angular stability and Radar Cross Section

among others, will be introduced.

4.7.1 Optimization techniques

Several authors employ an optimization procedure to tune the metamaterials’ para-

meters for achieving their required performance. An optimization procedure con-

sists of reaching the desired behavior of the metamaterial by properly varying its

geometric parameters following a set of steps (algorithm). This behavior is usually

described by defining a suitable cost (or fitness) function. Optimization procedures

are usually employed when many metamaterial’s geometric parameters have to be

fitted. Many commercially available electromagnetic numerical simulation soft-

ware incorporate pre-installed optimization algorithms. The genetic (GA) and the

particle swarm optimization (PSO) algorithms are two of the most widely employed

ones for optimizing metasurfaces. In the former, the variables to be optimized are

coded and each variable is considered to be a gene. When a gene of each optimized

variable is put together it forms a chromosome. The algorithm starts from an initial

set of chromosomes that is going to be evolving by applying different crossovers or

mutations, until reaching the desired value of the cost function. The convergence

of the algorithm highly depends on the initial set of chromosomes [76, 77]. On the

other hand, the PSO algorithm is used in [78, 79]. It considers a set of particles

(unit-cell metallization geometries for example) and optimizes its arrangement on
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the metasurface for achieving a desired response.
Different optimization procedures will be employed in chapter 9 of this thesis, to
adjust the parameters of several leaky wave antennas, so that they provide the de-
sired behavior.
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CHAPTER

5
Numerical Methods

5.1 Introduction
When analyzing electromagnetically complex structures (such as metasurfaces), it

is complicated and sometimes impracticable to calculate the exact analytical solu-

tions of the Maxwell’s equations. Consequently, approximate solutions using nu-

merical methods are commonly preferred, since they provide a highly accurate

approximation to the structure electromagnetic behavior.

The latter methods can be classified into different groups attaining to the Maxwell’s

equations representation. The most common classification is to render these equa-

tions in the frequency-domain or time-domain and in their integral or differential

form. The frequency-domain formulation is more suitable for analyzing resonant

structures, while broadband structures are preferred to be studied employing the

time-domain one.

The most commonly employed numerical methods for solving electromagnetic

problems are the Method of Moments (MoM), the Finite Element Method (FEM)

and the Finite-Difference Time-Domain Method (FDTD). They are usually referred

as full-wave methods, since they do not adopt any simplification on the Maxwell’s

equations.
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Different software are available on the market and most of them implement several

of the previous methods, so that the user can choose one or the other depending on

the problem under consideration.

Most numerical techniques discretise (or meshing) the problem domain in sub-

domains or cells, forming a mesh, on which the Maxwell’s equations are applied

for extracting the sources or fields in each sub-domain. Moreover, boundary con-

ditions are applied which are useful not only to solve the equations, but in some

methods to also truncate the problem. It can be noticed that a finer mesh will

provide more accurate results, but at the expense of computational burden. Indeed,

most software programs allow to adapt the mesh in different parts of the domain,

in order to get accurate results without highly increasing the computational cost.

Moreover, other geometric approximations can be used to model certain parts of

the problem (for example, treating the current in a thin wire as a filament current).

Other methods are the Finite Integration Technique (FIT), Finite-Volume Time-

Domain (FVTD), Boundary Element Method (BEM), Transmission Line Method

(TLM), Method of Lines (MoL) among others.

Moreover, other techniques, which are based on different physical principles, can

be used to compute the fields. The asymptotic techniques, which approximate the

Maxwell equations, are the most common methods employed at high frequencies,

since the computational burden of numerical methods scales with frequency. They

comprise the geometrical and physical optics methods, being the former one used

to study the reflexion and refraction phenomena and the latter employed for ana-

lyzing the dispersion and diffraction of the wave and its nature (i.e. polarization).

For example, the Geometrical Theory of Diffraction (GTD) computes the fields

from reflections of waves at surfaces and diffraction at edges [1]. On the other

hand, the Physical Theory of Diffraction (PTD) is based on equivalent problems on

which the Huygens’ principle is applied for analyzing for example the radiation of

waves when impinging on a slotted surface. These techniques provide approximate

solutions of the fields and their accuracy is smaller than the one obtained by using

full-wave methods. However, they are highly useful for solving electrically large

scenarios.

On the other hand, hybrid methods are also employed for solving different parts of
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the problem using the more suitable method.

Even though there are many numerical electromagnetic computational meth-

ods, it is highly important to select the proper one to avoid erroneous results, di-

vergent solutions and computational burden. Consequently, the electromagnetic

theory and the numerical techniques of each method should be known to properly

choose the more suitable one.

5.2 Method of Moments (MoM)
In the Method of Moments (MoM), the elements that comprise the problem are seg-

mentised and the sources (currents) on their surface computed using the frequency-

domain Maxwell’s equations in their integral form.

This method is more suitable for computing the electromagnetic properties of metal-

lic structures or wires and for solving scattering problems. It can also be employed

in scenarios with dielectrics, but in such a case a high computational cost is deman-

ded.

5.2.1 Formulation

The Helmontz or the wave equation can be written in the form L(i) = v, being

L an operator, i the unknown variable (field or source quantities) and v the known

variable (excitation source). The MoM is devoted to solve this equation by properly

approximate the i variable by a sum of weighted basis functions, such that:

i ≈
N∑
n=1

Inbn (5.1)

where: In → unknown complex weighted values.
bn → basis function.

Different basis functions can be chosen depending on the problem that is wanted

to be solved (for example for obtaining the current distribution on a wire antenna
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the piecewise sinusoidal basis function is preferred, since it provides a suitable
approximation).
Considering the operator L to be linear:

L
( N∑
n=1

Inbn

)
≈ k (5.2)

The error or residual on the previous equation can be written as:

R(i) = L
( N∑
n=1

Inbn

)
− k (5.3)

For solving the preceding equation the method of Weighted Residuals is used,
whose aim is to minimize the residual by applying the inner product with a weighted
function (w =

∑M
m=1wm). Consequently, the following equation can be derived:

< w, (L(i)− k) >=

ˆ
Pd

w(L(i)− k) = 0 (5.4)

where: Pd → problem domain.

Reformulating the equation in a matrix form:

N∑
n=1

In < wm, L(bn) > =< wm, k >→ Z I = V (5.5a)

Z =

 < w1, L(b1) > . . . < w1, L(bN) >
... . . . ...

< wM , L(b1) > . . . < wM , L(bN) >

 (5.5b)

I = [I1 . . . IN ]T V = [< w1, k > . . . < wM , k >]T (5.5c)

Different techniques have been introduced in the literature for solving I , depend-
ing on the choice of the weighted function. For example, in the Galerkin’s method
wm = bn and in the least square error method wm = Rn. Other well-known tech-
niques are the collocation and the sub-domain methods. It should be noticed that if
the exact solution of i is retrieved, the equation 5.4 is satisfied independently of the
weighted function (w) selection. Once w is chosen, V and Z can be calculated by
integrating by parts the matrix elements and applying the proper boundary condi-
tions. Then, Z can be inverted and I computed. The estimation of I highly depends
on the inversion of Z. Therefore, Z should be well-conditioned.
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5.3 Finite-Difference Time-Domain (FDTD) method
In the Finite-Difference Time-Domain (FDTD) method, the electromagnetic re-

sponse of the structure is computed until reaching the steady-state, using the time

domain Maxwell’s equations in their differential form. The problem is discretised

in cubic cells and the electric and magnetic fields are defined in the cubic edges and

center faces, in such a way that each electric (magnetic) component is surrounded

by four magnetic (electric) ones. Moreover, it is possible to obtain recursively the

fields in each subsequent time instant by knowing the initial fields. These initial

fields can be determined by the excitation sources and the boundary conditions of

the problem.

This technique, as it is based on the time domain Maxwell’s equations, is not suit-

able for analyzing resonating structures, since they will require a large number of

iterations until reaching the steady-state, due to the slow decay of the structure

response [1].

5.3.1 Formulation

From the Faraday’s and Ampère’s Laws in their differential forms (see A.1 and A.2)

and considering no sources or currents, one can arrive to the following equations:

µ
∂Hx

∂t
= −

(∂Ez
∂y
−∂Ey
∂z

)
; µ

∂Hy

∂t
= −

(∂Ex
∂z
−∂Ez
∂x

)
; µ

∂Hz

∂t
= −

(∂Ey
∂x
−∂Ex
∂y

)
(5.6a)

ε
∂Ex
∂t

=
(∂Hz

∂y
− ∂Hy

∂z

)
; ε

∂Ey
∂t

=
(∂Hx

∂z
− ∂Hz

∂x

)
; ε

∂Ez
∂t

= −
(∂Hy

∂x
− ∂Hx

∂y

)
(5.6b)

Considering a 1D scenario on which Ez = 0, Hx = 0, Hy = 0 and a TE mode

propagating along the x-axis (Ex = 0), the previous equations reduce to:

µ
∂Hz

∂t
= −∂Ey

∂x
; ε

∂Ey
∂t

= −∂Hz

∂x
(5.7)

Moreover, the preceding partial derivatives can be approximated by the finite dif-

ference as:

∂f(xi)

∂x
≈ f(xi + ∆x)− f(xi)

∆x

;
∂f(ti)

∂t
≈ f(ti + ∆t)− f(ti)

∆t

(5.8)
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where: f → can be either the E or H field.

The previous approximation is highly accurate for ∆x → 0 and ∆t → 0, respect-

ively.

The equations in 5.7 can be written using the Yee scheme as:

ε
En+1
i − En

i

∆t

= −
Hn+0.5
i+0.5 −Hn+0.5

i−0.5

∆x

→ En+1
i = En

i −
1

ε

∆t

∆x

(
Hn+0.5
i+0.5 −Hn+0.5

i−0.5

)
(5.9a)

µ
Hn+0.5
i+0.5 −Hn−0.5

i+0.5

∆t

= −
En
i+1 − En

i

∆x

→ Hn+0.5
i+0.5 = Hn−0.5

i+0.5 −
1

µ

∆t

∆x

(
En
i+1 − En

i

)
(5.9b)

As it was previously said the E and H fields are defined on the edges and center

faces of the cells. Indeed, it can also be seen as having two different meshes. The

one used for defining E is usually called primary mesh and the other for specifying

H is named as dual or staggered mesh [2]. Therefore, the fields are determined on

the edges of their respective mesh (see 5.1). Consequently, the E field is calculated

at E = Ey(xi, tn) = En
i and H = Hz(xi+0.5, tn+0.5) = Hn+0.5

i+0.5 , in which the term

xi = i∆x and xi+0.5 = (i + 0.5)∆x refers to the fields in the node i in the primary

mesh and i+0.5 in the dual one (being the latter in the half way between i and i+1

in the primary mesh 5.1(a)). On the other hand, the E and H fields are defined at

the instants tn = n∆t and tn+0.5 = (n+ 0.5)∆t, respectively.(i,j,k)

(i+1,j,k)

(i,j,k+1)(i+1,j+1,k+1)
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Figure 5.1: Yee scheme for 1D (a) and 3D problems (b).
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5.3.2 Computer Simulation Technology (CST)

CST is a commercially available software that incorporates the FDTD method for

solving electromagnetic problems. However, nowadays the software also imple-

ments other methods. CST will be used in this thesis for analyzing curved FSS and

some leaky wave antennas as it will be presented in future chapters.

5.4 Finite Element Method (FEM)
In the Finite Element Method, lines, triangles or tetrahedrons are used to discretise

1D, 2D or 3D problems, respectively. The Helmoholtz or the wave equation with a

time harmonic variation in its differential form is used to obtain suitable equations

for extracting the unknown vector fields (which are usually the electric fields), that

are defined on the edges and vertex of the polynomials (nodes)1.

This method is useful for analyzing resonant structures. Indeed, it is widely em-

ployed for conducting eigenanalysis of structures on which no sources are defined.

Therefore, it can be employed for determining the dispersion and hence, the bandgap

of metamaterials.

The FEM can be implemented following two different procedures: variational

analysis and weighted residuals (similar to MoM, but in this case the differential

form of the Maxwell’s equations is employed instead of their integral one). Both

procedures are based on the frequency-domain Maxwell’s equations in their differ-

ential form.

In the weighted residual procedure, as it was previously commented, the equations

are rearranged in a matrix form and boundary conditions are applied to calculate the

desired unknown fields on the nodes. The electromagnetic response is computed

for each desired frequency. For doing so, a matrix should be inverted using a direct

or iterative method which provides an exact or approximate solution, respectively.

Contrary to the matrix obtained in the MoM and thanks to use the Maxwell’s equa-

tions in their differential form, the matrix in the FEM is usually sparse. Therefore,

only the nodes of the cells in close proximity will have a non-zero value in the

1The fields inside the polynomial are computed from interpolation of the fields quantities cal-
culated on the nodes.
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matrix. Consequently, its inversion requires a lower computational burden.

5.4.1 Formulation

The variational formulation for a 1D problem will be presented here1. Considering

the equations in 5.7 and multiplying each one respectively by the test functions

ϕ(x) and φ(x), the following expressions are obtained:

µ

ˆ
Pd

∂Hz(t, x)

∂t
ϕ(x)dx+

ˆ
Pd

∂Ey(t, x)

∂x
ϕ(x)dx = 0 (5.10a)

ε

ˆ
Pd

∂Ey(t, x)

∂t
φ(x)dx+

ˆ
Pd

∂Hz(t, x)

∂x
φ(x)dx = 0 (5.10b)

Using the Dirichlet boundary condition which considers E and φ equal to zero on

the boundary of the problem domain (Pd).

´
Pd

∂H(t,x)
∂x

φ(x)dx = H(t, x)φ(x)|Pd −
´
Pd
H(t, x)∂φ(x)

∂x
dx = −

´
Pd
H(t, x)∂φ(x)

∂x
dx

(5.11)

In addition, approximating the E and H fields by weighted basis function as fol-

lows:

E(x, t) ≈
N∑
p=0

Ep(t)λp(x); H(x, t) ≈
N∑
p=0

Hp+0.5(t)λp+0.5(x) (5.12)

Being the basis functions:

λp(x) =


(
x−xp−1

xp−xp−1

)
, for x ∈ [xp−1, xp].(

x−xp−1

xp−xp−1

)
, for x ∈ [xp, xp+1].

0 , otherwise.

(5.13a)

λp+0.5(x) =

{
1 , for x ∈ [xp, xp+1].
0 , otherwise. (5.13b)

1The weighted residual formulation is similar to the one presented for the MoM but considering
the differential form of the Maxwell’s equations and the basis functions introduced in this section.
Therefore, it will not be repeated here
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Furthermore, expanding the test function using the same basis functions:

ϕ(x) ≈
N−1∑
p=0

αp+0.5λp+0.5(x); φ(x) ≈
N∑
p=0

βpλp(x) (5.14)

The equation 5.10b can be expressed as:

ε

ˆ
Pd

[ ∂
∂t

N∑
p=0

Ep(t)λp(x)
]
λk(x)dx −

ˆ
Pd

[∂λk(x)

∂x

] N∑
p=0

Hp+0.5(t)λp+0.5(x)dx = 0, for l = 0, 1, . . . , N. (5.15a)

µ

ˆ
Pd

[ ∂
∂t

N∑
p=0

Hp+0.5(t)λp+0.5(x)
]
λq+0.5(x)dx +

ˆ
Pd

[ ∂
∂x

N∑
p=0

Ep(t)λp(x)
]
λq+0.5(x)dx = 0, for q = 0, 1, . . . , N − 1. (5.15b)

Rearranging the previous equations:

ε
N∑
p=0

ˆ
Pd

λp(x)λk(x)dx
∂

∂t
Ep(t) −

N∑
p=0

ˆ
Pd

λp+0.5(x)
∂λk(x)

∂x
dxHp+0.5(t) = 0, for l = 0, 1, . . . , N. (5.16a)

µ
N∑
p=0

ˆ
Pd

λp+0.5(x)λq+0.5(x)dx
∂

∂t
Hp+0.5(t) +

N∑
p=0

ˆ
Pd

∂

∂x
λp(x)λq+0.5(x)dxEp(t) = 0, for q = 0, 1, . . . , N − 1. (5.16b)

Noticing that {λk(x)λq(x) = 0 for |k − q| ≥ 2}, {λp+0.5
∂
∂x
λq = 0 ∀p 6= q − 1, q},

{λp+0.5λq+0.5 = 0 for p 6= q}, the following matrices can be defined:

Q =



´
Pd
λ0(x)λ0(x)dx

´
Pd
λ1(x)λ0(x)dx 0 . . . 0´

Pd
λ0(x)λ1(x)dx

´
Pd
λ1(x)λ1(x)dx

´
Pd
λ2(x)λ1(x)dx . . . 0

0
´
Pd
λ1(x)λ2(x)dx

´
Pd
λ2(x)λ2(x)dx . . . 0

...
...

... . . . ...
0 0 . . .

´
Pd
λN−1(x)λN−1(x)dx

´
Pd
λN(x)λN−1(x)dx

0 0 . . .
´
Pd
λN−1(x)λN(x)dx

´
Pd
λN(x)λN(x)dx


(5.17a)
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W =



´
Pd
λ0.5(x) ∂

∂x
λ0(x)dx 0 0 . . . 0´

Pd
λ0.5(x) ∂

∂x
λ1(x)dx

´
Pd
λ1.5(x) ∂

∂x
λ1(x)dx 0 . . . 0

0
´
Pd
λ1.5(x) ∂

∂x
λ2(x)dx

´
Pd
λ2.5(x) ∂

∂x
λ2(x)dx . . . 0

...
...

... . . . ...
0 0 . . .

´
Pd
λN−1.5(x) ∂

∂x
λN−1(x)dx 0

0 0 . . .
´
Pd
λN−1.5(x) ∂

∂x
λN(x)dx

´
Pd
λN−0.5(x) ∂

∂x
λN(x)dx


(5.17b)

F =



´
Pd
λ0.5(x)λ0.5(x)dx 0 0 . . . 0

0
´
Pd
λ1.5(x)λ1.5(x)dx 0 . . . 0

0 0
´
Pd
λ2.5(x)λ2.5(x)dx . . . 0

...
...

... . . . ...
0 0 . . .

´
Pd
λN−1.5(x)λN−1.5(x)dx 0

0 0 . . . 0
´
Pd
λN−0.5(x)λN−0.5(x)dx


(5.17c)

G =



´
Pd
λ0.5(x) ∂

∂x
λ0(x)dx

´
Pd
λ0.5(x) ∂

∂x
λ1(x)dx 0 . . . 0

0
´
Pd
λ1.5(x) ∂

∂x
λ1(x)dx

´
Pd
λ1.5(x) ∂

∂x
λ2(x)dx . . . 0

0 0
´
Pd
λ2.5(x) ∂

∂x
λ2(x)dx . . . 0

...
...

... . . . ...
0 0 . . .

´
Pd
λN−1.5(x) ∂

∂x
λN−1(x)dx

´
Pd
λN−1.5(x) ∂

∂x
λN(x)dx

0 0 . . . 0
´
Pd
λN−0.5(x) ∂

∂x
λN(x)dx


(5.17d)

It can be noticed that G = W
T

. Consequently, the equations in 5.16 can be refor-

mulated in a matrix form as:

∂

∂t
Q~Ep(t)−W ~Hp(t) = 0;

∂

∂t
F ~Hp(t) +W

T
~Ep(t) = 0 (5.18)

where: ~Ep(t) = [E0(t), . . . , EN(t)]T ~Hp(t) = [H0.5(t), . . . , HN−0.5(t)]T

From the previous results, it is possible to conclude that the above matrix as being

sparse demands a less computation burden when inverted. Moreover, approximat-

ing the derivatives by the finite difference in 5.8, it is possible to write:

Q~En+1
p = Q~En

p + ∆tW ~Hn+0.5
p ; F ~Hn+0.5

p = F ~Hn+0.5
p −∆tW

T
~Ep(t) (5.19)

5.4.2 High Frequency Structure Simulator (HFSS)

The HFSS software will be widely used during the development of this thesis,

since it is the most suitable for characterizing resonant structures. A summary of

the steps followed by the software for analyzing an electromagnetic problem is

presented below:

1. The boundary conditions are used for truncating the problem and defining

the initial mesh.
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2. For each excited electromagnetic mode, it computes the fields and currents
on the ports.

3. The fields in each node of the mesh are subsequently solved, taking into
account the excited fields on the ports and the boundary conditions.

4. The S-matrix is calculated from the fields previously determined.

5.4.2.1 Simulation set-up for analyzing 2D periodic structures

The problem domain for analyzing periodic structures can be greatly reduced,
thanks to the tools introduced in the HFSS software. Indeed, a planar structure
(metasurface) comprising an infinite periodic array of unit-cells can be studied tak-
ing into account a single unit-cell. In order to render the whole structure by a
single unit-cell, certain excitation sources and boundary conditions must be pro-
perly defined. Moreover, an air box should be defined for truncating the problem
5.2.

The excitation source is defined using the Bloch-Floquet theory (see C and D).
The software provides a Floquet port tool that is based on this theory. Considering
that the scattering properties of the structure under test are wanted to be analyzed,
the port should be defined on the top face of the air box. This box has a suffi-
cient height (d) to separate the port from the structure and ensure at least 40dB
attenuation of the higher-order Floquet modes [3]. Therefore, only the two specu-
lar Floquet modes (TE00 and TM00) have to be considered [4]. These modes are
defined in the same way as in 2.6 and represent a plane wave impinging on the
structure. Two lattice vectors a and b (see 5.2 and C) must be defined within this
tool to indicate the periodicity of the structure.

Periodic Boundary conditions should be defined on the sides of the air box.
HFSS provides a Master/Slave boundary condition tool, which can be used to rep-
resent a phase difference between the master and the slave boundaries. For under-
standing this tool, imagining a plane wave impinging normally on the structure.
In this case, there is no phase difference between the Master and the Slave, since
the wavefront impinges on the structure at the same time. However, at an oblique
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incidence the same wavefront impinges on different structure positions at different
time instants. Therefore, in the frequency domain this time difference becomes a
phase difference and can be defined as follow:

Eslave = Emastere
jkΦ (5.20)

where: k = 2π
λ
→ Wavenumber of the incident field.

The path difference between the incident rays ~ki1 and ~ki2 is represented in 5.3(a)
by Φ. This difference is calculated by the projection of the vector that joins the two
incident rays on the structure surface (~v) with the direction of the incident wave
(k̂i2):

Φ = ~v · k̂i2 = (xx̂+ yŷ) · (sin θ cosφx̂+ sin θ sinφŷ + cos θẑ) = x sin θ cosφ+ y sin θ sinφ

(5.21)
The angles φ and θ are defined in 5.3(b). The former (φ) is known as the polariza-
tion angle and it is the angle between the x-axis and the projection of the incident
ray on the structure. The latter (θ) is the incidence angle and it is defined between
the z-axis and the incident ray. By assuming the port definition as in 5.2, normal
incidence (θ = 0◦) and polarization angle equal to zero degrees (φ = 0◦), the elec-
tric field will be along the y-axis for TE modes, whereas for TM modes will be the
magnetic field along it.

x

y

z
a

b

SL
AVE2

M
AST

ER2

SLAVE1

MASTER1

FLOQUET
PORT

Air Box

Structure under 
test

d

Figure 5.2: Simulation set-up for any planar two dimensional periodic structure.
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Figure 5.3: Oblique incident ray impinging on a two dimensional planar structure.

5.4.2.2 Simulation set-up and two-port network equivalences

The S-parameters of a two-port network 5.4 can be written as:

b1 = S11a1 + S12a2

b2 = S21a1 + S22a2

(5.22)

a1

b1

a2

b2
Z01 Z02

[S]
Γin Γout

Figure 5.4: S-parameters of a two port networs.

where: b1 → Reflected wave at port 1.
b2 → Reflected wave at port 2.
a1 → Incident wave at port 1.
a2 → Incident wave at port 2.
Z01 → Port 1 impedance.
Z02 → Port 2 impedance.

The reflection coefficients (Γin and Γout) can be calculated as [5]:

Γin = S11 +
S12S21ρL
1− S22ρL

; Γout = S22 +
S12S21ρs
1− S11ρs

(5.23)

T21 = S21 +
S22S21ρL
1− S22ρL

T12 = S12 +
S11S12ρs
1− S11ρs

(5.24)
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where: ρL = a2
b2
→ Reflection coefficient at the load.

ρs = a1
b1
→ Reflection coefficient at the source.

T21 = b2
a1
→ Transmission wave from port 1 to port 2.

T12 = b1
a2
→ Transmission wave from port 2 to port 1.

When the impedance of the ports are matched, which means that there is no wave
reflection from them (ρL = 0 and ρs = 0), the previous expressions can be written
as:

Γin = S11; Γout = S22; T21 = S21; T12 = S12 (5.25)

The reflection and transmission coefficients coincide with the S-matrix parameters.
This network analysis will provide a useful insight to understand the S-parameters
given by the HFSS software, when scattering problems are analyzed.

5.4.2.3 Simulation set-up for analyzing the absorption of an infinite planar 2D
periodic structure

Using the two-port network described in 5.4.2.2 and assuming that the ports are
matched, the wave impinges from port 1 and the S-matrix represents the behavior of
a passive dissipative structure, the amount of power absorbed by it can be calculated
as:

A(w) = 1−R(w)− T (w) = 1− |S11(w)|2 − |S21(w)|2 (5.26)

where: A→ Absorption1 (amount of power absorbed by the dissipative circuit).
R→ Reflectance (ratio of the reflected power to the incident one).
T → Transmittance (ratio of the transmitted power to the incident one).

On the other hand, when the set-up presented in 5.2 is considered, only a one
port network has to be taken into account, since the grounded plane prevents from
the transmission of electromagnetic waves (T(w)=0). As the Floquet port is con-
figured to be matched [4], the absorption of a structure similar to the one presented
in 5.2 can be computed as:

A(w) = 1−R(w)− T (w) = 1− |S11|2 (5.27)

Therefore, the absorption can be increased by properly matching the impedance of
the structure to the one of the Floquet port (which is the free space impedance).

1It is also known as Absorptivity or Absorbance.
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5.4.2.4 Simulation set-up for analyzing the angular stability of an infinite planar
2D periodic structure

The set-up employed for analyzing the angular stability of planar periodic struc-
tures is the same as the one introduced in 5.2. For each considered polarization
angle (φ) the incidence one (θ) is varied. It can be noticed here that in the majority
of articles in which the structure comprises symmetric unit-cells the angular stabil-
ity is only analyzed for φ = 0 and sweeping θ. Although it is true that the structure
behaves identically for any polarization under normal incidence, the latter may not
be fulfilled when oblique incidence is tackled.

5.5 Finite simulations
Practically, finite structures which meet the size restrictions of the intended ap-
plication have to be manufactured. The previous described infinite simulations are
often used to design and optimize structures, since they demand short simulation
times and provides a proper estimation to the behavior of the actual finite structure.
However, sometimes the characterization of the finite structure is necessary, which
implies long computational time and substantial computer resources.
The finite simulations are conducted enclosing the structure by an absorbing mater-
ial, which absorbs the electromagnetic waves impinging on it (just as the absorbers
in the ceiling, sides and floor of the anechoic chamber) as long as it is placed at
least λ/4 from the structure. The excitation is usually defined to be a plain wave,
but other kind of waves can be used. Defining the set-up in this way, HFSS does
not provide the S-parameters results, so that they must be extracted by integrating
the fields.
For most goals of this thesis the reflectivity is the parameter that is wanted to be re-
trieved, which is computed from the ratio between the scattered and incident field.
This is easy to say but when dealing with numerical simulators, which sometimes
behaves as a black box, difficult to retrieve. Fortunately, using the mentioned set-
up configuration on HFSS, the total, scattered and incident fields can be retrieved
and the reflectivity may be computed as follows:

Reflectivity =

˜
EscatdS˜
EindS

(5.28)
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where: Escat → Electric field scattered from the structure.
Ein → Electric field incident on the structure.
dS → Integration surface.

The previous integrals are performed on an auxiliary plane, which should be at far-
field distance from the metasurface under test. It is recommended that this plane be
smaller than the metasurface, if not, its dimensions should be considered in the cal-
culation of the far-field distance. Moreover, the scattered and incidence fields are
provided by the HFSS program decomposed in their x, y and z components, which
are usually complex numbers. Therefore, special care should be paid when in-
tegrating these fields. Consequently, the reflectivity should be computed taken into
consideration the antennas characteristics (such as polarization) that will be used to
experimentally characterize the metasurface, attending to the intended application
requirements.

5.5.1 Infinite simulation versus finite simulation
In order to check that the results retrieved from the integration are the expected
ones, three different set-up configurations are defined: Master/Slave boundary con-
ditions with Floquet port (FP M/S) and with Plane Wave excitation (PW M/S) and
PEC/PMC boundary conditions with Plane Wave excitation (PW PEC/PMC) (5.5).
In the case of using Plane Wave excitation, radiation boundary conditions have to
be assigned to the top side of the air box and the S-matrix have to be computed
integrating the electric field (as mentioned above).

The magnitude and phase results of the S11 for the three set-ups under con-
sideration are shown in 5.6. The results are practically identical, except for small
differences attributed to the numerical simulations, which employ slightly different
meshes for each set-up configuration. Consequently, the validity of employing the
previous integral equation (5.28) for computing the reflectivity of a metasurface
has been proved and can be applied to extract the S-matrix of finite structures.
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Figure 5.5: Master/Slave boundary conditions (BCs) and Floquet Port excitation (a),
Master/Slave BCs and Plane Wave excitation (b) and PEC/PMC BCs and Pane Wave
excitation (c).
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Figure 5.6: Comparative between (a) magnitude and (b) phase for different set-up
configurations.
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5.5.2 Magnitude and phase simulations of finite structures

In the previous section it was shown that the S-matrix, provided by HFSS when

using a Floquet port excitation and the one retrieved under integrating the incident

and scattered field, coincide. However, the previous examples will consider an in-

finite structure. When dealing with finite structures a calibration prototype, whose

response is known, has to be used. The set-up presented in 5.7 has to be deployed

to characterize finite structures and both the structure under test and the calibration

prototype responses have to be simulated. The set-up comprises the structure under

test (or the calibration prototype), the absorptive air box (as mentioned above) and

the integration surface (IS) on which the electric field will be computed. As the

integration surface should be at far-field distance, the dimension on the z axis of

the air box may be large. When not only the amplitude but also the phase behavior

of an structure is wanted to be retrieved, it is recommended to define the phase

origin of the plane wave on the integration surface. Therefore, the amplitued and

the phase on the metasurface can be calculated as:

∣∣S11

∣∣
MTS

=

∣∣Escat
∣∣
MTS∣∣Einc
∣∣
MTS

(5.29a)

S11

∣∣
MTS

= Escat
∣∣
MTS
− Einc

∣∣
MTS

(5.29b)

Escat
∣∣
MTS

= Escat
∣∣
IS

+
2π

λ
d1 (5.29c)

Einc
∣∣
MTS

= Einc
∣∣
IS
− 2π

λ
d2 (5.29d)

where: d1 → distance from the IS of the incident fields to the structure under
test.

d2 → distance from the IS of the scattered fields to the structure under
test.

From the previous equations one can see that if the integration surface for comput-

ing both the incident and scattered field is the same (d1 = d2 = d), the phase of the

S11 can be written as:

S11

∣∣
MTS

= Escat
∣∣
IS
− Einc

∣∣
IS

+ 2
2π

λ
d (5.30)
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To establish an amplitude and phase reference, a metallic plate (MP) of identical

dimensions to the structure under test will be used as calibrator and hence, the final

calibrated amplitued and phase of the S11 will be:

∣∣S11c

∣∣
MTS

=

∣∣S11

∣∣
MTS∣∣S11

∣∣
MTS

(5.31a)

S11c

∣∣
MTS

= S11

∣∣
MTS

+ S11

∣∣
MP

+ π (5.31b)

The latter expression for computing the phase value can be employed as long as the

integration surface is defined at the same distance (d) in both the metasurface and

the metallic plate set-ups.

x
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Structure under 
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Integration 
Surface (IS)

d

Figure 5.7: Simulation set-up for simulating the phase of a finite metasurface.

5.5.2.1 Simulation set-up for analyzing the RCS of a finite structure

In this section, the simulation set-up for analyzing finite structures will be intro-

duced. In this case, the set-up is illustrated in 5.8. Identically as in the previous

section, the structure should be surrounded by an air-box whose faces should be at
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least λ/4 from the structure and radiation or perfect match layer boundary condi-
tions should be defined on them. The excitation is designated to be a plane wave
on which two angles, IWaveTheta (IWθ) and IWavePhi (IWφ), can be specified in
the HFSS software. These angles will determine the transmitting antenna position
in the considered spherical coordinate system (see inset in 5.8) and hence, the in-
cidence angle of the wave. On the other hand, a radiation sphere (Far Field Setup)
should be defined through a Theta (θ) and Phi (φ) angles, which will determine
the location of the receiving antenna. For a monostatic configuration, the θ and φ
angles on the latter Setup will be set to zero, since the transmitting and receiving
antennas will be at the same location, which will be specified by the IWθ and IWφ

angles. On the other hand, for a bistatic configuration, another radiation sphere
will be defined with different values of the phi and θ angles, depending on which
direction the reflected wave is wanted to be computed.
For computing the RCS reduction of a MTA, a metallic plate of identical size
should also be simulated and both RCS results in dBsm (decibels referenced to
a square meter) units subtracted. On the other hand, for calculating the RCS re-
duction of antennas with metasurfaces, the antenna alone is also computed and the
RCS results in dBsm of the antenna with the metasurface and the antenna alone
have to be subtracted.
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Figure 5.8: Simulation set-up for simulating the RCS of a finite metasurface.
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CHAPTER

6
Improved metasurface

absorbers

6.1 Introduction
In this chapter, several goals have been pursued aiming at overcoming the main lim-
itations of metasurface absorbers (MTAs): narrow bandwidth and limited angular
stability [1]. For doing so, new MTA designs will be presented and different tech-
niques will be applied for broadening their bandwidth and improving their angular
stability. Furthermore, the possibilities of achieving conformable MTAs will be
explored. Accordingly, a comparison with literature contributions will be provided
to show this enhanced behavior.
A detailed parametric study will be introduced to explain the dependence of the
MTAs’ performance with their geometry. Moreover, equivalent circuits will be
presented to better understand the MTAs’ operating principles. The homogeniza-
tion procedure devised in 4.4.3 will be also employed to interpret the MTAs’ beha-
vior in terms of its constitutive parameters.
On the other hand, it should be noticed that MTAs are commonly combined with
other structures, sometimes to conceal them or to improve their efficiency. In con-
sequence, the MTAs will be designed using conformable dielectrics, which provide
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them certain flexibility.

Finally, metasurface absorbers composed of an inner and outer geometry have been

studied aiming at bringing the resonance of both geometries close to each other, so

as to not only reinforce the MTA resonance, but also enlarge its bandwidth.

6.2 New metasurface absorbers’ geometries

6.2.1 Hexagon and Star metasurface absorbers

As it was presented in previous works, metasurfaces with hexagonal-shaped metal-

lization geometries exhibit greater angular stability than the square-shaped ones

[2]. Moreover, the more inductive the grid’s metallization is, the higher the im-

provement of the MTA’s angular stability. Therefore, by introducing Λ-shaped

metallic inclusions on the hexagonal-shaped metallization unit-cell presented in

figure 6.1(a), the inductive behavior of the metasurface can be increased. Con-

sequently, a new metasurface can be devised, which should exhibit improved per-

formance.

The MTAs with the unit-cells presented in figure 6.1 will be called as Hexagonal

and Star shaped unit-cell based MTAs (or simply as Hexagon and Star MTAs).

The geometry dimensions of the Hexagon MTA unit-cell are: p = 16.38mm,

he = 1.9mm, hi = 1.54mm, le = 3.86mm, li = 3.49mm, ge = 1.65mm,

gi = 1.21mm and c = 0.82mm. In order to fairly compare both MTAs, the Star

MTA will keep the same geometrical dimensions. Both TE and TM polarizations

will be analyzed, being the electric field along the ŷ direction and the x̂ direction,

respectively.

FR4 (εr = 4.1 and tan δ = 0.025) with a 1mm thickness is initially chosen

as the metasurface dielectric. The MTA’s top side consists of an infinite array of

respectively Hexagonal or Star shaped metallization geometries and the bottom

one is a grounded metallic plate. The metallic parts are made of copper with a

35µm thickness (σ = 5.8 107[S/m]). The MTAs’ absorption will be computed

throughout this thesis using the method explained in 5.4.2.3. Figure 6.2 depicts the

absorption, reflectance and transmittance of the MTAs. Their resonance frequency,
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6.2 New metasurface absorbers’ geometries

absorption peak (Ap) and full width at half maximum (FWHM ) at normal inci-

dence are presented in table 6.1.
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Figure 6.1: Unit-cell geometries of Hexagon (a) and Star (b) MTAs.
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Figure 6.2: Absorption, reflectance and transmittance of the Hexagon and Star MTAs
for TE (a,b) and TM (c,d), respectively.
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6. IMPROVED METASURFACE ABSORBERS

Table 6.1: Resonance frequency, absorption peak and FWHM of the Hexagon and
Star MTAs

fr
(GHz)

Ap

(%)
FWHM

(%)

Hexagon (TE) 8.15 95.81 3.95
Hexagon (TM) 8.19 96.03 3.97

Star (TE) 5.63 99.97 5.02
Star (TM) 5.64 99.97 5.01

From table 6.1, it can be highlighted that the Star MTA not only broadens the

bandwidth, but also shifts down the resonance frequency and achieves a higher ab-

sorption peak for both TE and TM polarizations. These results may be attributed

to the higher inductive behavior of the Star MTA.

For carrying out the analysis of the MTA’s angular stability, the polarization

(φ) and the incidence (θ) angles are varied from 0◦ to 60◦ in steps of 20◦ for both

TE and TM polarizations. The frequency deviation (∆f ) and the stable bandwidth

(Bs) parameters are employed to fairly compare both MTAs in terms of their angu-

lar stability. The former one (∆f ) is the maximum shift of the resonance frequency

for different polarizations or incidence angles. The latter (Bs) is the bandwidth that

ensures at least 50% absorption for all the considered polarizations or incidence

angles. As it can be noticed, these parameters slightly differ from the definition in

[2], since they are adapted to the absorption requirements of MTAs.

The analysis of the MTAs behavior under normal incidence for different polariz-

ation angles is depicted in figure 6.3. The previous defined parameters are also

drawn in the graphics and presented numerically in table 6.2. The worst-case an-

gular stability results (the highest ∆f and narrowest stable bandwidthBs) are high-

lighted in orange. From these results, both designs can be considered polarization

insensitive under normal incidence. Indeed, the slight shift in the resonance fre-

quency is due to the differences between the unit-cell and metallization symmetry

(four-fold vs six-fold).
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6.2 New metasurface absorbers’ geometries

Table 6.2: Angular stability of the Hexagon and Star MTAs varying the polarization
angle

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

Hexagon (TE) 30 0.37 279 3.42
Hexagon (TM) 61 0.75 267 3.27

Star (TE) 27 0.48 256 4.53
Star (TM) 23 0.41 259 4.58
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Figure 6.3: Absorption varying the polarization angle under TE and TM polarizations
for both Hexagon (a,b) and Star (c,d) MTAs, respectively.

On the other hand, the MTAs’ absorption curves, when the incidence angle is
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6. IMPROVED METASURFACE ABSORBERS

varied for a polarization angle of φ = 0◦, are depicted in figure 6.4 together with
the ∆f and Bs parameters. Table 6.3 shows the value of these parameters and their
worst-case results are also highlighted in orange. From these results, it can be con-
cluded that not only the frequency deviation is smaller in the Star MTA, but also
its stable bandwidth is broader. Therefore, this angular stability improvement, as it
was mentioned in chapter 3, is clearly due to the increase in the unit-cell’s metal-
lization inductive behavior.
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Figure 6.4: Absorption varying the angle of incidence under TE and TM polarizations
for both Hexagon (a,b) and Star (c,d) MTAs, respectively.

Finally, it must be mentioned that the inner Λ-shaped metallic inclusions are
introduced in the Hexagon MTA, aiming at improving its angular stability with re-
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6.2 New metasurface absorbers’ geometries

Table 6.3: Angular stability of the Hexagon and Star MTAs varying the incidence
angle

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

Hexagon (TE) 21 0.26 150 1.84
Hexagon (TM) 200 2.47 154 1.89

Star (TE) 20 0.35 174 3.08
Star (TM) 44 0.78 240 4.25

gard to a simple hexagonal loop without these inner inclusions.

In order to fully understand the behavior of the Star MTA, an equivalent circuit

model, based on the modeling works of metasurface structures presented in the

literature and summarized in 4.5.1, is devised for both TE and TM polarizations

respectively. The equivalent circuit is presented in figure 6.5 and both the grid im-

pedance (Zg) and the dielectric impedance (Zd) are highlighted in red and green,

respectively. The TE equivalent circuit of the grid (see figure 6.5(a)) comprises an

inductor (L2) in parallel with a capacitor (C1), which are due to the top edge of

the star. The inductors L3 and the capacitors C4, C5 and C4 arise from the inner

Λ-shaped metallic inclusions. The capacitors C2 are owed to the lateral edges of

the star.

The TM equivalent circuit of the grid (see figure 6.5(c)) comprises an inductanceL2

parallel to a capacitor C1 due to the lateral edges of the star. The inner metallic in-

clusions can be modeled as three capacitors connected in parallel (C4 and C5). The

capacitors C2 comes from the top and bottom edges of the star. The equivalent cir-

cuit of the grid is clearly symmetric, since its metallization is also symmetric. The

capacitorCgap is introduced in both circuits as it represents the capacitance between

neighbor unit-cells. As it was described in 4.5.1 for electrically thin dielectrics the

grounded dielectric slab can be modeled as an inductor (Ldielectric). Moreover, the

resistor Rdielectric is used to model the losses in the dielectric. Both equivalent cir-

cuits are simplified and represented in figures 6.5(b) and 6.5(d) for TE and TM

polarizations, respectively. The new components are described on the following:
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6. IMPROVED METASURFACE ABSORBERS

• For TE polarization circuit model: ZB is the impedance of the capacitor

C = C2

2
in series with the parallel connection of the inductor L2 and the

capacitor C1. C12 is the capacitor value of the series connection between C4,

C5 and C4.

• For TM polarization circuit model: L is the inductor value of the parallel

connection between the two L2 inductors
(
L = L2

2

)
. C is the capacitor value

of the parallel connection between C1, C4, C5, C4 and C1. CT is the capacitor

value of the series connection between C2, Cgap and C2.

The equivalent circuit of the Hexagon MTA will have the same circuit components

except for the capacitors C1 and C2 which will not be present. Moreover, the in-

ductors L2 will be of smaller value, which brings about the improvement in the Star

MTA angular stability regarding the Hexagon one. It must be pointed out that the

value of the lumped components comprising the circuit are function of the polariz-

ation and the incidence angle.

Zd

Rdielectric

L2(φ)

C1(φ) 

L1(φ)

C2(φ) 

C4(φ) C2(φ)

L1(φ)

C2(φ)

L1(φ)

C5(φ) C6(φ) 

C6(φ) C5(φ) C4(φ) 

L1(φ) L1(φ)
C2(φ) C2(φ)

Cgap(φ)

Ldieléctrico(φ)

Estrella
TE

Estrella
TE Fin

ZB/2

C1

L2

C2 C2C4 C5 C4 Cgap

C2 C2

C1

L2

Ldielectric

C12 Cgap

Ldielectric

Zg

L3 L3

L3/2

Rdielectric

(a)
Zd

Rdielectric

L2(φ)

C1(φ) 

L1(φ)

C2(φ) 

C4(φ) C2(φ)

L1(φ)

C2(φ)

L1(φ)

C5(φ) C6(φ) 

C6(φ) C5(φ) C4(φ) 

L1(φ) L1(φ)
C2(φ) C2(φ)

Cgap(φ)

Ldieléctrico(φ)

Estrella
TE

Estrella
TE Fin

ZB/2

C1

L2

C2 C2C4 C5 C4 Cgap

C2 C2

C1

L2

Ldielectric

C12 Cgap

Ldielectric

Zg

L3 L3

2L3

Rdielectric

(b)

196



6.2 New metasurface absorbers’ geometries

Zd

Rdielectric

Estrella
TM Fin

C1

L2

C1

L2

C4

C5

C4

C2 C2 Cgap

Ldielectric

L

C
CT

Ldielectric

Zg

Rdielectric

(c)Zd

Rdielectric

Estrella
TM Fin

C1

L2

C1

L2

C4

C5

C4

C2 C2 Cgap

Ldielectric

L

C
CT

Ldielectric

Zg

Rdielectric

(d)

Figure 6.5: Star MTA equivalent circuit model for both TE (a) and TM (c) polariza-
tions and its simplified circuits (b,d), respectively.

The equivalent circuit models presented above give a detailed insight about the

contributions of the different unit-cells’ parts to the whole MTA behavior. Indeed,

one can modify different parts of the unit-cell aiming at increasing or decreasing its

capacitive or inductive contributions. However, the equivalent circuits of this MTA

are a bit complicated and hence, a parametric analysis of its metallization geometry

is also conducted through electromagnetic simulations, aiming at further increase

the knowledge of the Star MTA behavior1.

The variation of its metallization geometric parameters allows adjusting the res-

onance frequency, the absorption peak and the bandwidth of the MTA. Therefore,

the parameters he, c and the metallization width w =
(
le−li

2
tan(60◦)

)
are varied

(see figure 6.6). Increasing the length of these geometric parameters gives rise to

a shift down in the resonance frequency. Indeed, a rough adjustment of the res-

onance frequency can be conducted by varying he and c and a fine one tuning the

metallization width (w). Therefore, it is shown that by varying the MTA’s metal-

lization geometry, its behavior can be adjusted at will, so that it can fit the intended

1It should be noticed that the dielectric will be keep the same.
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6. IMPROVED METASURFACE ABSORBERS

application requirements. As it was stated in [3], the MTA resonance wavelength
is proportional to its ’unwound’ copper length L (λ0 ≈ 2L). Consequently, enlar-
ging the length of the unit-cell’s metallization causes an increase in the resonance
wavelength and thus, a reduction in the resonance frequency. These fact also ex-
plains the higher resonance frequency of the Hexagon MTA as compared to the
Star one, and hence, the latter can be considered as a miniaturized MTA.
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Figure 6.6: Star MTA absorption results varying the geometric parameter he, c and
the metallization width

(
le−li

2 tan(60◦)
)

for TE (a,c,e) and TM polarizations (b,d,f).
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6.2 New metasurface absorbers’ geometries

6.2.2 Pillar metasurface absorber

The metallization geometry of the MTA proposed in this section, which will be

referred to as Pillar MTA, is based on the Jerusalem Cross (JC) FSS [4]. The Pil-

lar MTA is designed aiming at increasing the inductive behavior and symmetry of

the JC, which should improve the angular stability. The geometry is shown in fig-

ure 6.7 and comprises six identical branches angularly distributed about its middle

point. Its geometric parameters are fixed to: p1 = 14.37mm, p2 = 13.74mm,he =

2mm,hi = 1mm,w = 0.32mm and l = 6.18mm.

x y

z

x y
z

p1

p2

he

l

w

hi

Figure 6.7: Unit-cell geometry of the Pillar MTA.

The same FR4 dielectric (with identical thickness) and metallization character-

istics as the ones used in the previous section are considered in the design, in order

to fairly compare both MTAs. The Pillar MTA absorption, reflectance and trans-

mittance for both TE and TM polarizations are depicted in figure 6.8. Moreover, its

resonance frequency, absorption peak and FWHM at normal incidence are presen-

ted in table 6.4.
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Figure 6.8: Absorption, reflectance and transmittance of the Pillar MTA for TE (a)
and TM (b).

Table 6.4: Resonance frequency, absorption peak and FWHM of the Pillar MTA

fr
(GHz)

Ap

(%)
FWHM

(%)

Pillar (TE) 5.6 97.62 5.55
Pillar (TM) 5.58 97.45 5.53

A slightly broader bandwidth and lower peak absorption is observed for the

Pillar MTA as compared to the Star one (see table 6.1).

An identical angular stability analysis as the one performed in the previous

section is conducted and the worst-case results are also highlighted for the Pillar

MTA. The frequency deviation is slightly increased for variations of both the polar-

ization and the incidence angle and the stable bandwidth is respectively narrowed

and broadened in comparison to the Star MTA (see tables 6.5, 6.2 and 6.3, 6.6).

Therefore, it can be concluded that the Star MTA shows a smaller frequency devi-

ation than the Pillar MTA, but a broader bandwidth can be obtained with the latter.

However, on the whole both MTAs exhibit proper angular stability and bandwidth

and hence, they can be employed in a great amount of applications, such as RCS
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6.2 New metasurface absorbers’ geometries

reduction or antennas’ coupling reduction.
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Figure 6.9: Absorption varying the polarization and the incidence angle under TE
(a,c) and TM (b,d) polarizations for the Pillar MTA.

Table 6.5: Angular stability of the Pillar MTA varying the polarization angle

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

Pillar (TE) 29 0.52 284 5.07
Pillar (TM) 58 1.04 244 4.37

In order to complete the study of this new MTA design, an equivalent circuit
model is proposed to further understand its behavior of the Pillar MTA. As in the
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Table 6.6: Angular stability of the Pillar MTA varying the incidence angle

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

Pillar (TE) 42 0.75 209 3.76
Pillar (TM) 46 0.82 273 4.87

previous models, both TE and TM polarizations are considered and the electric

field is assumed to be along the ŷ direction for the former polarization and along

the x̂ one for the latter. For the TE polarization (see figure 6.10(a)), the grid im-

pedance comprises the inductors L1, L2 and L3, which are due to the tips of the

branches (’hats’) and the capacitors C1 and C2, which come from the gap between

the branches. The same is observed in the half bottom metallization side of the

unit-cell. For TM polarization (see figure 6.10(c)), the grid impedance consists

of the inductors L1 and L2, which are mainly due to the ’hats’ of the two side

branches and the capacitors C1, C2 and C3, which arise from the gap between these

side branches. Moreover, the inductor L4 is due to the top and bottom branches

oriented along the x̂ direction. The other lumped components Cgap, Ldielectric and

Rdielectric have the same meaning as described above for the Star MTA. The sim-

plified equivalent circuit models are depicted in figures 6.10(b) and 6.10(d) for TE

and TM polarizations, respectively. The circuit components are described on the

following:

• For TE polarization circuit model: L and C are the half inductor and capa-

citor values of the series connection between L1, L2 and L3 or C1 and C2,

respectively.

• For TM polarization circuit model: L and C are either the half inductor or

capacitor values of the series connection between L1 and L2 or C1, C2 and

C3, respectively.

As it was previously said, the value of all the lumped components described above

are function of the polarization (φ) and the incidence angle (θ).
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Figure 6.10: Pillar MTA equivalent circuit model for both TE (a) and TM (c) polariz-
ations and its simplified circuits (b,d).

Finally, a parametric study of its geometric parameters is carried out using elec-
tromagnetic simulations. Three geometric parameters are varied and the same con-
clusions, as the ones extracted for the Star MTA, can be drawn. Therefore, its
resonance frequency can be adjusted finely or roughly, depending on which para-
meter is varied.
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Figure 6.11: Pillar MTA absorption results varying the geometric parameters he, c
and w for TE (a,c,e) and TM polarizations (b,d,f).
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6.2.3 Comparison with literature contributions
Both Star and Pillar MTAs are compared with other MTAs proposed in the literat-
ure. In order to conduct a fair comparison, all the selected MTAs from the literature
should have the same dielectric material (FR4) as the one employed above and an
identical resonance frequency. As it is extremely difficult to find MTAs working at
the same frequency, except for [5], other interesting MTAs have been selected and
added in the table. To be honest in the comparison, the electrical thickness and the
relative FWHM are also calculated. The results are presented in table 6.7.

Table 6.7: Comparison with the MTAs found in literature contributions

Prototype
Resonant Frequency

(GHz)
Thickness

(mm)
Electrical
Thickness

FWHM
(%)

Polarization
Insensitive

Angle of incidence
Insensitive

Star 5.63 1.07 λfr/50 5.02 Yes Yes
Pillar 5.6 1.07 λfr/50 5.55 Yes Yes

[6] 11.65 0.737 λfr/35 4 No Till 16◦

[5] 5.57 0.57 λfr/95 3.9 Yes Yes, but worse than the proposed MTAs.
[7] 9.5 1.034 λfr/31 3.79 Yes Yes, but worse than the proposed MTAs.
[8] 10.05 0.76 λfr/39 4.8 Yes Yes, but worse than the proposed MTAs.
[9] 10.14 1 λfr/30 4.7 Yes Yes

[10] 11.3 0.418 λfr/63 4.2 Yes Till 25◦

[11] 8.1 1.07 λfr/35 4.68 No No
[12] 10 0.87 λfr/35 4.9 Yes Yes
[13] 10 0.6 λfr/20 111 No -

1 Valley between absorption peaks with minimum absorption of 55%.

From table 6.7, it can be observed that the proposed MTAs exhibit wider band-
widths, except for [13], even when they are compared with the bandwidths of the
MTAs working at higher frequencies, where it is easier to obtain broader bandwidth
(due to the relation between the bandwidth and the quality factor of resonant struc-
tures). In [13], it was stated that the MTA’s FWHM is 11%, but since it exhibits
two resonance frequencies and they are not enough close to each other (9.8 and 10.3
GHz, respectively), a valley between both absorption peaks appears, lowering the
absorption to 55% at 10GHz. Consequently, the MTA does not exhibit high absorp-
tion throughout the specified bandwidth. On the other hand, the authors asserted
that the MTA is polarization insensitive and they showed the MTA’s behavior from
0◦ to 90◦ polarization angles of the incident wave. However, the presented unit-
cell has not a six-fold symmetry and hence, when greater polarization angles are
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considered the MTA may not be polarization insensitive. For example, the MTA’s
behavior under a 20◦ and 340◦ polarized incident waves may not be the same, so
that the proposed MTA may not be insensitive for all the possible incident wave
polarization angles (from 0◦ to 360◦).
The proposed MTAs are electrically thinner than most of the MTAs presented in
the table, except for [5, 10]. It should be noticed that the MTAs introduced in the
latter articles [5, 10] exhibit not only a narrow bandwidth but also a worse angular
stability than the proposed ones. In addition, the same polarization issue as the one
described for [13] may be found in the MTA presented in [10].
Consequently, it can be concluded that the overall behavior of the Star and Pillar
MTAs outperforms the one of the previously presented MTAs in the literature.

6.2.4 Conformable metasurface absorbers
This section is devoted to analyze the previous MTAs’ geometries by employing
a more conformable dielectric, aiming at providing some flexibility for adapting
their shapes to coarse structures or objects. For doing so, several commercially
available dielectric materials have been considered and their electrical properties
and thickness are summarized in table 6.8.

Table 6.8: Dielectric materials tested

Dielectric
Material εr tan δ

Thickness
(mm)

Arlon25N 3.28 0.0025 0.457
RO3003 3 0.0013 0.8

RO4003C 3.38 0.0027 0.203
RO4003C 3.38 0.0027 0.406

The proposed MTAs (Star and Pillar) are simulated using the above dielec-
tric materials alone and using stacking configurations of different dielectric and
thicknesses, without increasing the MTA’s profile in excess. The latter restriction
is essential to achieve a conformal MTA. It must be noticed that the geometrical
dimensions of both MTAs’ metallizations are kept unaltered, so as to conduct a
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proper comparison between using one dielectric or the other. The best results re-
garding absorption values, angular stability and profile miniaturization were found
with the Arlon25N, by employing just one layer of 0.457mm thickness. The reson-
ance frequency, peak absorption and FWHM results are presented in table 6.9.

Table 6.9: Resonance frequency, absorption peak and FWHM of the Star and Pillar
MTAs (using an Arlon25N dielectric)

fr
(GHz)

Ap

(%)
FWHM

(%)

Star (TE) 6.08 98.37 1.53
Star (TM) 6.02 98.23 1.53
Pillar (TE) 6.32 88.35 2
Pillar (TM) 6.25 88.25 2

Similarly to the case of using the FR4 dielectric, the Star MTA exhibits a
slightly higher absorption peak and narrower bandwidth than the Pillar one. More-
over, employing the current dielectric (Arlon25N) and thickness the MTA profile
can be drastically reduced. A comparison of the MTA thickness using the FR4 and
Arlon25N dielectric materials is shown in table 6.10.

Table 6.10: MTA profile reduction comparison

Dielectric
Material

Thickness 1

(mm)
Electrical
Thickness

Star FR4 1.07 ≈ λfr/50

Star Arlon25N 0.493 ≈ λfr/109

Pillar FR4 1.07 ≈ λfr/50

Pillar (TE) Arlon25N 0.493 ≈ λfr/97

1 The thickness of the top and bottom metallizations is also
considered.

Some conclusions can be drawn when comparing the performance of the MTAs
employing FR4 (see tables 6.1 and 6.4) and Arlon25N (see table 6.9) dielectrics.
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Regarding the MTAs based on Arlon25N, their resonance frequencies are slightly

shifted upwards, since this dielectric has a lower relative permittivity. The minor re-

duction in the absorption peaks comes from the Arlon25N lower loss tangent value

and the worse matching of the MTA impedance to the free space one. Despite the

smaller dielectric permittivity, the bandwidth is a bit narrowed due to the reduction

of the dielectric thickness. On the other hand, the MTAs profiles are reduced by

a half, providing them some flexibility to be attached around different objects and

structures.

Finally, the angular stability study is presented in figures 6.12 and 6.13 and sum-

marized in tables 6.11 and 6.12, which show the deviation frequency and stable

bandwidth values of these MTAs. From these results, the preservation of the MTAs’

angular stability can be corroborated. Moreover, it can be concluded that the Star

MTA not only exhibits a slightly smaller frequency deviation but also a broader

stable bandwidth when compared with the Pillar one. On the other hand, although

using Arlon25N as the dielectric material gives rise to a slightly larger frequency

deviation and narrower stable bandwidth than if FR4 is used (mainly due to the

reduction of the Arlon25N dielectric permittivity [2]), the resulting MTAs are suit-

able for most applications. Indeed, their conformability gives them an additional

degree of freedom.

To sum up, the Arlon25N based MTAs offer more compact and thinner designs,

with higher absorption performance when compared with other designs in the lit-

erature that employ thicker dielectrics with larger losses.
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Figure 6.12: Absorption varying the polarization angle under TE and TM polariza-
tions for both Star (a,b) and Pillar (c,d) MTAs, respectively.
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Figure 6.13: Absorption varying the angle of incidence under TE and TM polariza-
tions for both Star (a,b) and Pillar (c,d) MTAs, respectively.
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Table 6.11: Angular stability of the Star and Pillar MTAs varying the polarization
angle (using an Arlon25N dielectric)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

Star (TE) 25 0.41 65 1.07
Star (TM) 14 0.23 75 1.24
Pillar (TE) 126 2 59 0.93
Pillar (TM) 130 2.06 87 1.39

Table 6.12: Angular stability of the Star and Pillar MTAs varying the incidence angle
(using an Arlon25N dielectric)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

Star (TE) 32 0.53 44 0.73
Star (TM) 54 0.9 32 0.53
Pillar (TE) 47 0.74 37 0.58
Pillar (TM) 61 0.98 25 0.4

6.2.5 Experimental characterization
A complete chapter (12) will be devoted to the experimental characterization of
the previously presented MTAs, since it requires many considerations to properly
optimize the set-up and make the most of it. Indeed, the chapter will be focused
on introducing new advances in the metasurface measurements state of the art,
since it is not trivial at all, especially when their angular stability is wanted to be
characterized in an anechoic chamber.
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6.3 Homogenization model applied to the presented
metasurface absorbers

The homogenization model introduced in 4.4.3 will be applied in this section, aim-

ing at interpreting the MTAs’ behavior in terms of their retrieved constitutive pa-

rameters. Therefore, the procedure presented in 4.4.3.2 is followed for extracting

the MTAs’ constitutive parameters for TE and TM polarized incident waves. These

parameters are retrieved twice by regarding the MTAs’ behavior under normal in-

cidence and under either a 20◦ or 2◦ incidence angle, aiming at showing the dif-

ferences, in terms of accuracy of the model, between considering incidence angles

close to the normal one or not. These two cases will be identified with a subscript 1

and 2 and referred as case 1 and case 2, respectively. The latter will show whether

better results are obtained by considering an incidence angle close to the normal

one or not.

In figure 6.14, the Star MTA’s constitutive parameters for a TE polarized incid-

ent wave are presented. As it was mentioned in 4.4.3.2, there is an ambiguity when

computing keff , which will be solved by reconstructing the S11 parameter and com-

paring it with the one obtained from simulations.

5 5.5 6 6.5 7
Frequency [GHz]

-8

-6

-4

-2

0

2

r ef
f [

F
/m

]

108

Re{
r
eff1

}

Im{
r
eff1

}

Re{
r
eff2

}

Im{
r
eff2

}

(a)

5 5.5 6 6.5 7
Frequency [GHz]

-5

0

5

r ef
f [

F
/m

]

Re{
r
eff1

}

Im{
r
eff1

}

Re{
r
eff2

}

Im{
r
eff2

}

(b)

211



6. IMPROVED METASURFACE ABSORBERS

5 5.5 6 6.5 7
Frequency [GHz]

-20

-10

0

10

20

r ef
f [

H
/m

]

Re{
r
eff1

}

Im{
r
eff1

}

Re{
r
eff2

}

Im{
r
eff2

}

(c)

5 5.5 6 6.5 7
Frequency [GHz]

-3000

-2000

-1000

0

1000

k ef
f

Re{k
eff1

}

Im{k
eff1

}

Re{k
eff2

}

Im{k
eff2

}

(d)

5 5.5 6 6.5 7
Frequency [GHz]

-1

-0.5

0

0.5

1

1.5

ef
f [

]

104

Re{
eff1

}

Im{
eff1

}

Re{
eff2

}

Im{
eff2

}

(e)

Figure 6.14: Retrieved constitutive parameters of the Star MTA for a TE polarized
incident wave.

Several conclusions can be drawn from the results. First of all, it can be noticed

that the εreff parameter is shown in figures 6.14(a) and 6.14(b). The only differ-

ence is that the y-axis is shrunk in the latter figure to better appreciate the MTA’s

behavior, which at the resonance frequency (6.08GHz) can be considered to be

anti-resonant. Furthermore, the huge peak observed around 6.5GHz coincides with

a null value of the µreff parameter, since the εreff parameter is computed using this

parameter (see 4.63). Therefore, not suitable values of εreff are obtained about this

frequency, giving rise to a discontinuity on the retrieval method of the constitutive

parameters.

On the other hand, the magnetic permeability has a resonant behavior at the MTA’s

resonance frequency and a peak value can be observed on its imaginary part, which
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is directly related to the high absorption properties of the MTA. Moreover, it can

be noticed that the MTA exhibits a predominant magnetic behavior.

The imaginary part of keff is mainly lower or equal than zero, except for the fre-

quencies around the resonance. Moreover, the real part of the wave impedance

(ηeff ) is greater or equal than zero along the whole analyzed frequency range.

Consequently, it can be confirmed the physical behavior of the MTA’s retrieved

constitutive parameters.

As one can noticed, the parameters for case 2 exhibit a continuous behavior and

almost non discontinuities are appreciated. Consequently, case 2 provides a more

reliable characterization of the MTA than case 1. Moreover, the retrieved parame-

ters are used to compute the S11 parameter of the equivalent homogenized structure

and the result is compared with the one obtained from the simulations of the Star

MTA. The latter comparison is shown in figure 6.15.
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Figure 6.15: Real (a) and imaginary (b) parts of the S11 parameter computed from
simulations and considering the homogenized medium with the constitutive parame-
ters retrieved from case 1 (S11R1) and case 2 (S11R2).

As it can be seen the retrieved S11 parameter from the homogenized medium is

almost identical to the one obtained in simulation. In order to estimate the differ-

ences, the mean error power is computed as follows:

e(f) = S11(f)− S11Ri(f) (6.1a)
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P =

´
e(f)e∗(f)df

f(end)− f(1)
100% (6.1b)

where: e(f) → error function.
S11Ri → the S11 parameter computed by considering the ho-

mogeneous medium with the constitutive parame-
ters obtained in case 1 and 2 (being i=1,2 respect-
ively).

P → mean error power value.
f(end) and f(1)→ the last and the first frequencies in the considered

interval.

This power is 1.12% and ∼ 0% respectively for the case 1 and case 2, respectively.

Accordingly, it can be concluded that more accurate results can be obtained when

an oblique incidence angle close to the normal one is considered.

For a TM polarized incident wave, a numerical solution (instead of analytical

as for the TE case) has to be computed for retrieving the constitutive parameters of

the MTA, as it was indicated in 4.4.3.2. Therefore, the keff parameter is extracted

numerically from 4.68. Since there is not an unique solution for this non linear

equation, the passivity condition is also used (Im(keff ) < 0), aiming at reducing

the number of possible solutions1. Moreover, the same cases (1 and 2) as above are

also considered. The results are introduced in figure 6.16 and similar conclusions

to the ones obtained for the TE case are obtained. Moreover, it can be noticed that

the retrieved constitutive parameters for case 1 are deeply oscillating.

Equally as above, the S11 parameters considering the homogenized medium de-

scribed by the retrieved constitutive parameters from case 1 and 2 are computed

and presented in figure 6.17. Furthermore, the mean error power values are com-

puted, giving a value close to 0% in both cases. However, it should be mentioned

that the selection of the proper solution when computing ηeff = ±
√

µeff
εeff

is crucial

for recovering the S11 parameter. Indeed, if this solution is not properly chosen the

S11 parameters depicted in figure 6.18 are obtained. In this latter case, the mean

error power values are 30.74% and 9.27% for case 1 and 2, respectively. Con-

sequently, not only fewer discontinuities are observed on the retrieved constitutive

1It should be noticed that keff is a complex number and both its real and imaginary parts are
obtained at the same time by solving 4.68. Indeed, these parts can not be retrieved independently,
since the real and imaginary operators are not linear.
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parameters versus frequency when considering case 2, but also a minor error is

committed when computing the S11 parameter if the proper branch of ηeff is not

selected.
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Figure 6.16: Retrieved constitutive parameters of the Star MTA for a TM polarized
incident wave.
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Figure 6.17: Real (a) and imaginary (b) parts of the S11 parameter computed from
simulations and considering the homogenized medium with the constitutive parame-
ters retrieved from case 1 (S11R1) and case 2 (S11R2).
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Figure 6.18: Real (a) and imaginary (b) parts of the S11 parameter computed from
simulations and considering the homogenized medium with the constitutive parame-
ters retrieved from case 1 (S11R1) and case 2 (S11R2). In this case, the wave impedance
was not properly chosen.

An identical procedure as the one conducted above is followed for retrieving

the constitutive parameters of the Pillar MTA. However, in this case just the con-

stitutive parameters obtained by using case 2 are depicted, since, as it was previ-

ously shown, they provide more accurate results. Moreover, for the sake of brevity

only the permittivity and permeability will be presented.
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Considering a TE incident wave on the Pillar MTA the constitutive parameters in-

troduced in figure 6.19, are obtained. Similar conclusions to the ones extracted

for the Star MTA can be drawn. The Pillar MTA exhibits an anti-resonant and a

resonant behavior at its resonance for the permittivity and permeability parameters,

respectively. Moreover, a discontinuity is observed above the resonance frequency

in the permittivity, which may be attributed to the same reason previously explained

for the Star MTA.

Moreover, the S11 parameter computed considering the homogeneous medium with

the extracted constitutive parameters is compared with the one obtained in simula-

tions. This comparison is shown in figure 6.20 and the mean error power value is

3.58%.

The retrieved constitutive parameters, for a TM polarized incident wave on the

Pillar MTA, are presented in figure 6.21. The results show a similar behavior

around resonance as for the TE polarized incident wave. Moreover, the S11 pa-

rameters extracted from simulations and by considering the homogeneous medium

characterized by the retrieved constitutive parameters are introduced in figure 6.22.

The mean error power value is 0.18%.
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Figure 6.19: Retrieved constitutive parameters of the Pillar MTA for a TE polarized
incident wave.
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Figure 6.20: Real (a) and imaginary (b) parts of the S11 parameter computed from
simulations and considering the homogenized medium with the computed constitutive
parameters (S11R).
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Figure 6.21: Retrieved constitutive parameters of the Pillar MTA for a TM polarized
incident wave.
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Figure 6.22: Real (a) and imaginary (b) parts of the S11 parameter computed from
simulations and considering the homogenized medium with the computed constitutive
parameters (S11R).
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Finally, it can be concluded that the method proposed in 4.4.3.2 can be used
to retrieve the constitutive parameters of a metasurface and hence, characterizing
its behavior by means of an equivalent homogenized medium. Indeed, an almost
identical response is obtained for waves impinging normally on both the MTA and
the homogenized medium.

One must be aware of that if the thickness of the metasurface is varied in the
normal propagation direction, which means to vary the dielectric thickness, the
metasurface constitutive parameters are also modified. However, the latter does not
occur for incidence angles along the metasurface’s unit-cell (as in figure 6.23(a)),
since varying the thickness along the propagation direction in this case means to
repeat the 1D periodic metasurface along such direction. In fact, the metasurface
behavior, for example scattering parameters, for several repetitions of a 1D periodic
metasurface, along its propagation direction (see figure 6.23(b)) can be character-
ized by knowing the constitutive parameters of the single 1D periodic metasurface
of thickness h (see figure 6.23(a)). However, the latter has been widely analyzed in
many literature contributions [14, 15].
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Figure 6.23: Homogenization of a one dimensinal periodic metasurface (a) and its
periodic repetition along the propagation direction (b).
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6.4 Enhanced metasurface absorbers through reson-
ance overlapping
The aim of this section is to design suitable MTA metallization geometries in the

same unit-cell that overlap their resonances to circumvent their limitations. Diffe-

rent studies on nesting scaled versions of the outer unit-cell’s metallization geo-

metry have been presented in the literature [16–18]. However, from the author best

knowledge non of them can couple the resulting multiple resonances. On the other

hand, a different work was presented in [19], which consists of scaling versions of

the metallization geometry at different layers. The latter achieves the resonances’

coupling at the expense of increasing the metasurface’s profile.

Prior to arriving to the final MTA that attains the desired overlapping reson-

ances, different metasurfaces with nested metallization geometries have been de-

vised on an Arlon25N dielectric. These designs are presented in figure 6.24, and

will be named as DS1, DS2, DS3, DS4, DS5 and DS6, respectively. The geo-

metric parameters of DS1 (see figure 6.24(a)) are: R1 = 2.4mm, R2 = 2mm,

R3 = 1.4mm, le = 5.1mm, li = 4.6mm, a = 14.33mm and b = 14.33mm.

The center position of the circumferences, that constitute the geometry top side,

are located in the positive x-axis1 at b/2, b2/2 and t (being b2 = 4p2 + 4t2,

p2 = R2 sin(α), t2 = R2 cos(α), t = R1 cos(α) and α = 22.5◦) for the ones

of radius R1, R2 and R3, respectively2. DS2 and DS3 have the same geometrical

parameters as DS1 with wc = 0.15mm, lc = 2mm and wc = 1.5mm, lc = 2.5mm,

respectively. From electromagnetic simulations, two clear resonances are observed

at different frequencies for each MTA. The one at lower frequencies is clearly due

to the outer metallization geometry (OMG) and the resonance at higher frequen-

cies can be attributed to the inner metallization geometry (IMG). Indeed, the latter

does not almost shift from one prototype to the other, since the same IMG is em-

ployed (the slight variation can be due to the different interaction between the IMG

and the OMG). On the other hand, the lower resonance shifts in frequency, as the

OMG is clearly modified. However, non of the modifications in the OMG brings

1The coordinate system is considered to be at the unit-cell’s center.
2The other centers can be obtained by symmetry.
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about an approaching of the resonances. In fact, the contrary effect takes place,

a larger frequency distance between the resonances can be observed (1.402GHz

and 1.714GHz for the DS2 and DS3 based MTAs, respectively as compared to

1.303GHz for the DS1 based MTA). The latter can be attributed to the kind of

inclusions added to the OMG. In DS2, the OMG increases its inductance, as it

has thinner metallic strips [20, 21]. For DS3, the capacitance between neighbour

unit-cells increases. Therefore, in both MTAs the lower resonance frequency shifts

downwards, since respectively the inductance and capacitance of the DS2 and DS3

based MTAs increase.

Another attempt is conduced resulting in the DS4 based AMC, where the IMG

of the previous MTAs is converted into the OMG of the DS4 with identical geo-

metric parameters (R1 = 2.4mm, R2 = 2mm, R3 = 1.4mm and identical center

position of the circumferences), except for a = 11mm and b = 11mm. The IMG

is designed aiming at increasing its inductance, so that it is composed of two in-

tersected ellipses on each side. They have semi-major axis of 4mm and 3.5mm

and semi-minor axis of 2mm and 1.75mm with center positions in the x-axis at

6.27mm and 5.23mm, respectively. Finally, the IMG is obtained by intersecting

these ellipses and repeating the same process by rotating them 45◦ until they con-

stitute the whole IMG. The design of this MTA also aims to closely coupling the

IMG and OMG in order to bring their resonances close together. The MTA is ana-

lyzed and the results are presented in figure 6.25(b), as it can be noticed the distance

between both resonances is 4.354GHz, which is larger than the one for the previous

MTAs (DS1, DS2 and DS3). Although a more inductive IMG is obtained, its shape

has to be reduced to fit inside the OMG, so that its resonance frequency highly in-

creases. It should be noticed that the IMG can be made more inductive by reducing

its metallic strip width (lowering the center of the outer ellipse which is initially at

6.27mm), so that its resonance frequency decreases and the one of the OMG can

be increased by reducing its inductive behavior (considering for example the OMG

of DS1). Although following the aforementioned procedure both resonances come

closer to each other, they do not overlap (these results are not shown for the sake

of compactness).
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Figure 6.24: Geometry of the desgined MTAs: DS1 (a), DS2 (b), DS3 (c), DS4 (d),
DS5 (e) and DS6 (f).
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Figure 6.25: Absorption properties of the DS1, DS2 and DS3 based MTAs (a) and
DS4 based MTA (b).

Several modifications have been conducted in the previous designs, but none

of them achieve the desired aim of coupling both resonances. Therefore, it is ne-

cessary to change the equivalent circuital characteristics of the OMG, aiming at

increasing its resonance frequency, so that it takes place at higher frequencies than

the one of the IMG and hence, by increasing the OMG in size, or scaling the IMG,

the resonance frequencies attributed to both geometries may overlap. The latter was

found to be possible by introducing small gaps in the OMG, as it can be observed

in figures 6.24(e) and 6.24(f) (DS5 and DS6 based MTAs, respectively). Aiming at

coupling these resonances a design procedure is established. The aim is to obtain

such a coupling around 9GHz which is an interesting frequency for radar applic-

ations, though it can be noticed that the metasurface can be easily scaled to the

desired frequency band. Consequently, MTAs comprising the IMG and the OMG

alone are adjusted to resonate around 9GHz. Then, both structures are combined

on a single MTA and their parameters slightly adjusted aiming at coupling their

resonances.

After following the aforementioned procedure, the coupling of the resonances at-

tributable to the IMG and the OMG of the MTA can be achieved. The following

parameters have to be used for the OMG of the DS5 based MTA: le = 8.68mm,

li = 8.23mm, gap = 0.6mm, a = 21.97mm and b = 21.97mm. For the IMG, the

same parameters as for the IMG of 6.24(d) are employed (see above) and then, a
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scaling factor of 0.98 is applied to it. The same dielectric is also used as for the pre-

vious MTAs (Arlon25N), but slightly thicker (1.524mm). The absorption results of

the DS5 based MTA (labeled as ”OMG & IMG”) are presented in figure 6.26(a).

Moreover, two identical MTAs on which either the OMG or the IMG is removed

are also introduced for comparison purposes. In table 6.13, detailed information

regarding the absorption peak frequency (fr) and value (Ap), as well as the band-

width at 50% absorption (BW50%) and the full width at half maximum (FWHM )

of the mentioned MTAs are provided. As one can observe not only the bandwidth

is considerably enlarged, but also the absorption peak is reinforced when the MTA’s

resonances attributed to the IMG and OMG overlap.

Improved absorption values can be obtained by changing the dielectric or modify-

ing its thickness. Indeed, as one can see in table 6.13 higher absorption peak values

can be obtained by using a 0.8mm FR4 dielectric. In addition, a similar broad-

ening bandwidth is observed when the MTA’s resonances of its IMG and OMG

overlap. The geometric parameters have to be slightly tuned, being the OMG ones:

le = 7.24mm, li = 6.78mm, gap = 0.4mm, a = 20.49mm and b = 20.49mm.

For the IMG, the same parameters as for the IMG in 6.24(d) are used with a scaling

factor of 0.81.
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Figure 6.26: Absorption properties of the DS5 with an Arlon25N (a) and a FR4 (b)
dielectric, respectively.
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Table 6.13: Absorption peak frequency and value, bandwidth at 50% absorption and
FWHM of the DS5 MTA with an Arlon25N dielectric

fr
(GHz)

Ap

(%)
BW50%

(GHz)
BW50%

(%)
FWHM
(GHz)

FWHM
(%)

IMG & OMG 9.32 83.68 0.501 5.38 0.607 6.51
IMG 8.88 72.63 0.198 2.23 0.303 3.42
OMG 9.81 27.69 0 0 0.53 5.38

Table 6.14: Absorption peak frequency and value, bandwidth at 50% absorption and
FWHM of the DS5 MTA with an FR4 dielectric

fr
(GHz)

Ap

(%)
BW50%

(GHz)
BW50%

(%)
FWHM
(GHz)

FWHM
(%)

IMG & OMG 9.52 97.62 0.660 6.93 0.673 7.07
IMG 9.4 76.87 0.211 2.25 0.277 2.95
OMG 9.2 99.27 0.369 4.02 0.369 4.02

On the other hand, it can be noticed that the DS6 based MTA geometry is

similar to the DS4 based one (6.24(d)), but for the introduction of a gap and the

removal of the inner cut on the OMG associated with the circumference of radius

R3. The OMG parameters are: R1 = 4.65mm, R2 = 4.25mm, gap = 0.4mm,

a = 21.74mm and b = 21.74mm. The center position of the circumferences, that

constitute the geometry top side, can be computed using the same parameters as

above and replacing the radius R1 and R2 by the ones introduced here. The IMG

is identical to the IMG one of 6.24(d). In this case, no scaling is applied to the

IMG. The same dielectric and thickness as for DS4 is used in DS6 (0.762mm Ar-

lon25N). The absorption results are shown in figure 6.27 and detailed in table 6.15.

The coupling of both resonances does not only broaden the bandwidth but also re-

inforces the absorption. As in the previous design, other dielectrics or thicknesses

can be considered to obtain even better results in terms of absorption values and

bandwidth.

It should be mentioned that an optimization procedure can be applied for tuning

the geometry parameters of DS5 and DS6 and even improving the obtained res-
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ults. However, the aim of this section was just to show the possibility of obtaining
the coupling of resonances by nesting different metallic geometries on a metasur-
face. Indeed, additional geometries can be added to the mentioned design aiming
to broaden even more the bandwidth. Moreover, the use of lumped capacitors in-
stead of introducing the gap in OMG can be also useful to miniaturize the unit-cells.
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Figure 6.27: Absorption properties of the DS6 with an Arlon25N dielectric.

Table 6.15: Absorption peak frequency and value, bandwidth at 50% absorption and
FWHM of the DS6 MTA with an Arlon25N dielectric

fr
(GHz)

Ap

(%)
BW50%

(GHz)
BW50%

(%)
FWHM
(GHz)

FWHM
(%)

IMG & OMG 9.24 98.63 0.37 4 0.383 4.14
IMG 8.84 84.39 0.159 1.8 0.198 2.24
OMG 8.96 91.91 0.212 2.36 0.211 2.36

6.5 Conclusions
In this chapter, several metasurface absorbers have been proposed with improved
angular stability, suitable bandwidth and certain conformability. Indeed, they have
been compared with several MTAs presented in the literature and the aforemen-
tioned enhanced behavior is shown. Moreover, equivalent circuits have been de-
vised and a careful identification of the circuit components with the metamaterial
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geometry was provided, aiming at better understand the operating behavior of the
proposed MTAs. Moreover, the homogenization procedure presented in 4.4.3 has
been validated, applying it to some of the proposed MTAs.
On the other hand, MTAs with nested geometries are designed and tuned to achieve
an overlapping of their resonances. Consequently, enlarged bandwidths and en-
hanced absorption values can be obtained with these MTAs.

227



6. IMPROVED METASURFACE ABSORBERS

Bibliography
[1] Y. P. Lee, J. Y. Rhee, Y. J. Yoo, and K. W. Kim, Metamaterials for perfect

absorption, vol. 236. Springer, 2016.

[2] M. De Cos and F. Las-Heras, “On the advantages of loop-based unit-cell’s
metallization regarding the angular stability of artificial magnetic conduct-
ors,” Applied Physics A, vol. 118, no. 2, pp. 699–708, 2015.

[3] C. M. Watts, X. Liu, and W. J. Padilla, “Metamaterial electromagnetic wave
absorbers,” Advanced materials, vol. 24, no. 23, 2012.

[4] B. Munk, Frequency Selective Surfaces: Theory and Design. Wiley, 2005.

[5] T. Liu, X. Cao, J. Gao, Q. Zheng, W. Li, and H. Yang, “RCS reduction of
waveguide slot antenna with metamaterial absorber,” IEEE Transactions on

Antennas and Propagation, vol. 61, no. 3, pp. 1479–1484, 2013.

[6] N. I. Landy, S. Sajuyigbe, J. Mock, D. Smith, and W. Padilla, “Perfect
metamaterial absorber,” Physical review letters, vol. 100, no. 20, p. 207402,
2008.

[7] Z. Bo, W. Zheng-Bin, Y. Zhen-Zhong, Z. Qi, Z. Jun-Ming, F. Yi-Jun, and
J. Tian, “Planar metamaterial microwave absorber for all wave polarizations,”
Chinese Physics Letters, vol. 26, no. 11, p. 114102, 2009.

[8] S. Fallahzadeh, K. Forooraghi, and Z. Atlasbaf, “Design, simulation and
measurement of a dual linear polarization insensitive planar resonant metama-
terial absorber,” Progress In Electromagnetics Research Letters, vol. 35,
pp. 135–144, 2012.

[9] B. Zhu, Z. Wang, C. Huang, Y. Feng, J. Zhao, and T. Jiang, “Polarization in-
sensitive metamaterial absorber with wide incident angle,” Progress In Elec-

tromagnetics Research, vol. 101, pp. 231–239, 2010.

[10] J. Lee, Y. J. Yoon, and S. Lim, “Ultra-thin polarization independent absorber
using hexagonal interdigital metamaterial,” ETRI Journal, vol. 34, no. 1,
pp. 126–129, 2012.

228



BIBLIOGRAPHY

[11] S. Ghosh, D. Sarkar, S. Bhattacharyya, and K. V. Sriavstava, “Design of an

ultra-thin dual band microwave metamaterial absorber,” in 6th Annual Conf.,

ATMS, pp. 38–41, 2013.

[12] O. Ayop, M. K. A. Rahim, N. A. Murad, and N. A. Samsuri, “Polarization

insensitive and wide operating angle metamaterial absorber at X-band,” in

Applied Electromagnetics (APACE), 2014 IEEE Asia-Pacific Conference on,

pp. 245–249, IEEE, 2014.

[13] J. Lee and S. Lim, “Bandwidth-enhanced and polarisation-insensitive

metamaterial absorber using double resonance,” Electronics letters, vol. 47,

no. 1, pp. 8–9, 2011.
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CHAPTER

7
Radar Cross Section

reduction based on
metasurface absorbers

7.1 Introduction
Several descriptions can be encountered in literature contributions for defining the

Radar Cross-Section (RCS) of an object (commonly called target) [1–5]. In [5],

the RCS is defined as ’the fictional area intercepting that amount of power which,

when scattered equally in all directions, produces an echo at the radar equivalent

to that from the target’. It is the target’s ability to reflect the impinging energy

and can be expressed as 4π times the ratio of the scattered power per unit solid

angle to the incident wave power density impinging on the target. Therefore, the

re-radiated power density by the object, assuming that it is radiated isotropically,

can be expressed as follows:

Ws =
P

4πR2
=
|Es|2

2Z0

(7.1)
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where: P = σWi = |Ei|2
2Z0
→ Power captured by the target (σ is the RCS of the

target, Wi incident wave power density on the tar-
get and Ei the incident electric field on the target).

R → distance from the radar to the target.
Es → Scattered electric field.
Z0 → Intrinsic impedance of the medium.

Consequently, the RCS can be written as:

σ = 4πR2Ws

Wi

(7.2)

The range dependence (R) of the previously defined RCS can be eliminated by

imposing that the incident wave is a plane wave. This is usually written in an

academical form as:

σ = lim
R→∞

4πR2Ws

Wi

(7.3)

In this case, the scattered field intensity (|Es|) decays inversely with the distance

(R), so that |Es|2 decays with the square of the distance [1]. Therefore, the range

dependence is eliminated and measurements can be conducted at distances (R)

shorter than infinity. Indeed, this distance can be approximated by the one required

to fulfill the far-field condition.

It should be noticed that the RCS of an object is not its physical area and depends

on its material properties, shape and physical and electrical size, surface roughness,

incident and scattered angle, incident field power and the polarization of the incid-

ent and reflected wave.

In this thesis, the RCS reduction based on metasurface absorbers will be com-

puted for two different electromagnetic structures. On the one hand, an antenna

combined with a metasurface absorber will be studied, so as to ensure the reduc-

tion of the antenna’s RCS, without perturbing the antenna’s radiation properties.

On the other hand, the RCS reduction of a metasurface absorber will be analyzed

for arrangements of unit-cells with scaled metallization geometries.
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7.2 Metasurface absorbers applied to RCS reduction
of an antenna
Two modes are generally considered for the total antenna RCS calculation: one

arising from the scattering of its geometry (shape) and intrinsic constituents (mater-

ial composition) known as structural mode, and other related with the re-radiation

of the antenna itself due to the mismatch of the port load, called antenna mode.

When the antenna is matched to the load, no reflection occurs on its port and hence,

no re-radiation takes place. Consequently, for computing the total RCS just the

structural mode has to be taken into account. The antenna presented in this section

exhibits a broad bandwidth and will be matched along the whole frequency band on

which the RCS will be computed. Indeed, the bandwidth of the considered MTA

will be included in the antenna’s one. Therefore, only the structural mode has to be

considered.

Several numerical methods have been employed in the literature to calculate the

antennas’ RCS (MoM [6], FEM [7] and FDTD [8]). In this section, the Pillar MTA

based on Arlon25N (presented on chapter 6) will be combined with a designed

CPW-fed U-shaped monopole antenna and the HFSS software will be used to ana-

lyze its behavior.

When combining an antenna with other resonant structure different effects may

arise depending on whether they behave as capacitive or inductive loads in the de-

sired working band. For example, combining a capacitive and an inductive struc-

ture will lead to a compensation between the electric and magnetic stored energy,

giving rise to not only improving the antenna’s performance but also miniaturizing

it [9].

7.2.1 CPW-fed U-shaped monopole antenna

The CPW-fed U-shaped monopole antenna (UA) shown in figure 7.1 was designed

to resonate around the resonance frequency of the Pillar MTA presented in 6.2.4

(6.32GHz). The same dielectric as the Pillar MTA one is employed to design the

UA (0.457mm Arlon25N). The antenna’s geometrical dimensions are tuned to ob-

tain the aforementioned resonance and at the same time a wide bandwidth (for
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being properly combined with the Pillar MTA). After several simulations of the

antenna return losses using HFSS, the dimensions that fulfill the cited antenna’s re-

quirements are: Lant = 19.2mm, Want = 14.74mm, Lg = 8.5mm, Lp = 6.7mm,

AL = 1mm, Aw = 4mm, w = 4mm and g = 0.23mm.

The antenna is manufactured using the LPKF Protolaser S and the prototype

is shown in figure 7.2(a). Simulation and measurement results concerning the an-

tenna’s return losses are shown in figure 7.2(b). From them, some discrepancies are

observed, which can be mainly attributed to the fact that the antenna is considerably

smaller than the measurement’s instrumentation. Indeed, the flexible cable’s head

used to feed the antenna from the VNA and the SMA connector perturb the cur-

rents distribution on the antenna’s ground plane, giving rise to the additional peaks

observed in the measurements. This phenomenon has also been reported in several

literature papers [10–12]. To circumvent this issue different alternatives have been

tried aiming at isolating the cable effects on the antenna’s ground plane.

One, two and four transitions between the flexible cable and the antenna are inser-

ted. However, this approach does not solve the problem as one can see from the

measurement results presented in figure 7.2(c).

In figure 7.3(b), the results of measuring the antenna alone, touching the flexible

cable’s head and introducing a ferrite core between the antenna and the flexible

cable (see figure 7.3(a)) are rendered. As one can notice, when touching the flex-

ible cable’s head the S11 level is modified. On the other hand, when introducing

the ferrite, the S11 parameter is greatly modified, since probably the ferrite core is

not working at the desired band.

The VNA applies a time window to convert the retrieved measurements to the fre-

quency domain through a proper discrete Fourier transform (DFT). This window

will be adjusted aiming at avoiding the influence of the flexible cable’s head and

SMA connector. For doing so, the S11 parameter is visualized in the time domain

using a time interval of -0.2ns to 3ns (see figure 7.4(a)). Three main peaks can

be observed with high levels, so that the time window can be adjusted to consider

just one peak (V1, V2 and V3) two (V4 and V5) or the three ones (V6). The time

intervals for each window are detailed in table 7.1. The S11 measurement res-

ults after applying the mentioned windows are presented in figure 7.4(b). As one
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can notice, when applying the V4 window a great concordance can be observed

between simulations and measurements (see figure 7.4), except for the frequency

shift and the slight mismatching of the second resonance. The latter can be attrib-

uted to the slight discrepancies between the dielectric properties of the antenna’s

substrate using in simulation and the actual ones, tolerance errors in the antenna’s

manufacturing and chiefly some errors in fixing the optimum window time interval.

The UA is then combined with the Pillar MTA and two cases are analyzed: an-

tenna on the MTA with a foam layer in between (see figure 7.1(b)) and antenna and

MTA sharing the same dielectric (see figure 7.1(c)).

The foam layer thickness (hfoam) is chosen between the ones available off the self

and in the laboratory. Therefore, a 4.14mm thickness is selected. A 3x2 array of

unit-cells is considered for the Pillar MTA being them oriented as in figure 7.1(b)

(UAFA) and rotated 90◦ (UAFAR). Both exhibit similar matching results (see fig-

ure 7.5(b)), except for a slight shift in their resonance frequencies. The matching

of the UA between the resonance frequencies observed in figure 7.4(c) is lost in

the UAFA (see figure 7.5(b)). The latter may be attributed to the fact that the MTA

behaves as a PEC out of its resonance frequencies. As it is widely known from

image theory, placing an antenna at a distance smaller than λ/4 from a ground

plane deteriorates its radiation and matching properties. On the other hand, meas-

urement results without adjusting the time window and tailoring it by applying two

windows with different start times are also presented in figure 7.5(b). Similar dis-

crepancies as the ones stated above for the UA are noticed, which may be attributed

again to the flexible cable’s head effect and SMA connector. Indeed, conducting

several measurements using different time windows, it was observed that the ad-

ditional resonances that appear in the band are unavoidable using continuous time

windows, if one wants to measure the whole frequency band on which the antenna

is operating. Indeed, the information related to the antenna’s matching is mixed

with the one obtained from the flexible cable’s head and the SMA connector.

The analysis of the UA on the same plane as the MTA (UASPA) is also conduc-

ted. The MTA dimensions are chosen so that at least one unit-cell surrounds the

antenna on its top and side parts (see figure 7.1(c)). This new antenna is easier to

be manufactured than the previous one, since both the MTA and the antenna share
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the same dielectric layer. The simulation and measurement results are presented

in figure 7.6(b), exhibiting the latter ones a similar perturbation on the antenna’s

matching to the previously introduced antennas. On the other hand, it can be no-

ticed that the UASPA keeps matched along the frequency interval between both

resonances, similarly to the UA.

The S11 simulation and measurement results of the previously introduced an-

tennas are compared in figure 7.7(a) and figure 7.7(b), respectively. From the

simulations, similar bandwidth but better matching is observed in the UASPA as

compared to the UA. Regarding the measurement results, analogous effects are ob-

served in the frequency interval between the resonances frequencies (around 8GHz

and 9.6GHz), which as it was said before can be attributed to the flexible cable

effects and the SMA connector.

Want

w
g

Lant

Lg

Lp

AL

Aw

Gap

(a)

h
foam

hant hMTA

(b)

hMTA

(c)

Figure 7.1: CPW-fed U-shaped antenna: top view (a), on the MTA (b) in the same
plane as the MTA (c).
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Figure 7.2: Manufactured UA prototypes (a). S11 simulation and measurement results
of the UA (b). S11 measurement results of the UA using different transitions between
the flexible cable and the UA (c).
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Figure 7.3: Picture of the UA measurements alone, when touching the flexible cable’s
head and when inserting the ferrite core (a). S11 measurements under the previous
considerations (b).
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Figure 7.4: DSF of the S11 parameter of the UA (a). S11 measurement results after
applying different time windows (b). S11 simulation and measurement, after applying
the V4 window, results (c).
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Figure 7.5: Manufactured UAFA prototype (a). S11 simulation and measurement
results of the UAFA (b).
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Table 7.1: Time domain window applied for measuring the UA

Window V1 V2 V3 V4 V5 V6

Start time (ns) -0.135 0.178 0.452 -0.135 0.178 -0.135
Stop time (ns) 0.178 0.394 0.844 0.394 0.844 0.844
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Figure 7.6: Manufactured UASPA prototype (a). S11 simulation and measurement
results of the UASPA (b).
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Figure 7.7: S11 simulation (a) and measurement (b) results comparison between the
UA, UAFA and UASPA.

The radiation properties and the bandwidth of the previous antennas are com-
puted and shown in table 7.2. Similar bandwidth is observed in both the UA and
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the UASPA, but the directivity and gain are increased by more than 2dB in the
UASPA. The bandwidth has not been broadened as in [13], since from the analysis
of the MTA using the suspended microstrip line technique1 one can noticed that the
transfer power reduction peaks fall inside the antenna’s operating frequency band
not close to it (see figure 7.8).
On the other hand, the UAFA exhibits the largest directivity and gain but at expense
of worsening the matching and efficiency at the lower frequency band. It can be
noticed that the UAFA efficiency increases at the upper resonance frequency, since
the distance between the antenna and the ground plane is closer to λ/4. In addition,
UAFA also provides the highest front to back ratio (F/B). However, this antenna
exhibits a large profile (total thickness increases from 0.493mm for the UA and
UASPA to 5.11mm of the UAFA), so that it will be discarded in the subsequent
comparisons.

5 1510

-5

-4

-3

-2

-1

S
21

 [
d

B
]

Frequency [GHz]

Figure 7.8: S21 parameter simulated using a suspended strip line.

The antenna radiation patterns are simulated at the resonance frequencies of
each prototype. The radiation pattern at the main planes (E and H planes) will be
plotted at the mentioned frequencies as well as its U-V representation. The men-
tioned patterns are rendered in figures 7.9 and 7.10 for the UA and in figures 7.11
and 7.12 for the UASPA2. Similar radiation patterns can be observed for both an-

1The suspended microstrip line technique was introduced in [14] and analyzed in 2.6.4
2The radiation patterns of the UAFA are not shown, since the ground plane worsens the an-

tenna’s impedance matching and highly increases the cross polar component. The latter was appre-
ciated on both simulation and measurement results.
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Table 7.2: UA, UAFA and UASPA bandwidth and radiation parameters

UA UAFA UASPA
fr[GHz] 6.375 11.625 5.75 12.5 6.125 11
S11[dB] -39.36 -16.16 -12.06 -26.67 -38.05 -25.95

BW [MHz] 7690 7690 80 1930 7510 7510
D[dB] 2.58 5.62 6.62 10.3 4.04 8.03
G[dB] 1.8 3.74 3.32 10.64 3.98 8
Gr[dB] 1.8 3.6 4.93 10.26 3.98 7.99
η[%] 99.19 98.56 74.44 99.62 98.54 98.97

F/B[dB] 0.09 2.6 14.87 13.72 3.68 1.74

tennas at their respective resonance frequencies. Although a slightly higher level

of the cross-polar component is noticed in the H-plane for the UASPA, it has not

suffered deformation in its E plane radiation pattern at its upper resonance fre-

quency, as the UA has (see figure 7.10(c)). It can be also concluded that the MTA

does not perturb the radiation pattern of the antenna at the MTA’s resonance fre-

quency (6.32GHz), exhibiting an analogous behavior as at 6GHz.
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Figure 7.9: UA radiation pattern: U-V representation of the co-polar (a) and cross-
polar (b) components and the E (c) and H (d) planes at 6.375 GHz.
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Figure 7.10: UA radiation pattern: U-V representation of the co-polar (a) and cross-
polar (b) components and the E (c) and H (d) planes at 11.625 GHz.
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Figure 7.11: UASPA radiation pattern: U-V representation of the co-polar (a) and
cross-polar (b) components and the E (c) and H (d) planes at 6GHz.
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Figure 7.12: UASPA radiation pattern: U-V representation of the co-polar (a) and
cross-polar (b) components and the E (c) and H (d) planes at 11GHz.

The radiation pattern is measured at 9.6GHz, where the UA and UASPA are

similarly matched for both simulation and measurement results. Some pictures of

the measurement set-up are presented in figure 7.13. For measuring small antennas,

an absorptive structure is used to isolate the antenna from the pylon. The simula-

tion and measurement results are shown in figures 7.14 and 7.15 for the UA and

in figures 7.16 and 7.17 for the UASPA. It can be clearly noticed that the simu-

lation results are in good agreement with the measurement ones, except for slight

discrepancies around an azimuth angle (θ) of 90◦ for the UASPA (see figure 7.17).

The latter can be attributed to the influence of the absorptive structure and the im-

practicability of placing the antenna on its phase center. Moreover, the directivity

is computed by integrating the measured 3D radiation pattern and the gain is calcu-

lated using the gain transfer method (also known as gain comparison method). The

results are presented in table 7.3 and good agreement between the simulation and

measurement results are observed.
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(a) (b)

(c) (d)

Figure 7.13: Anechoic chamber for measuring the antennas (a,b). UA (c) and UASPA
(d) on the absorptive structure.
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Figure 7.14: Simulation and measurement results of the UA radiation patterns: U-V
representation of the co-polar (a,b) and cross-polar (c,d) components at 9.6GHz.
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Figure 7.15: Simulation and measurement results of the UA radiation patterns: E (a,b)
and H (c,d) planes at 9.6GHz.
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Figure 7.16: Simulation and measurement results of the UASPA radiation patterns:
U-V representation of the co-polar (a,b) and cross-polar (c,d) components at 9.6GHz.
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Figure 7.17: Simulation and measurement results of the UASPA radiation patterns: E
(a,b) and H (c,d) planes at 9.6GHz.

Table 7.3: UA and UASPA radiation parameters

UA UASPA
sim meas sim meas

D[dB] 4.47 4.02 7.02 6.5
Gr[dB] 4.27 3.7 6.76 6.17
η[%] 95.37 92.89 94.14 92.68

Once it was verified that the radiation patterns of the UA are not distorted when
it is surrounded by the MTA absorber (UASPA), the analysis of its RCS is con-
ducted1. For computing the RCS reduction (RCSr), the UASPA’s RCS will be
normalized by the one of an antenna similar to the UASPA on which the surroun-
ded unit-cells are replaced by a copper sheet (UASPCS). The latter will provide
fair comparisons, since both antennas exhibit similar radiation properties (see 7.4).
Moreover, it will be considered that a linearly polarized incident wave impinges on
the antennas and both TE and TM polarizations will be analyzed. For a TE polariz-
ation, the electric field should be polarized in the φ̂ direction (Eφ = 1 and Eθ = 0)
and for a TM one in the θ̂ direction (Eφ = 0 and Eθ = 1) (see 5.5.2.1)2. For each

1The set-ups used to conduct the RCS analysis are explained in 5.5.2.1.
2From the authors best knowledge, this clarification is not presented in literature papers that

deal with the RCS reduction based on MTAs.
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polarization, the antennas’ RCS on the incidence planes IWφ = 0◦ and IWφ = 90◦

will be computed.

Firstly, the normalized monostatic RCS versus frequency is studied under nor-

mal incidence and the results are presented in figures 7.18(a) and 7.18(b). It should

be noticed that under normal incidenceEφ|IWφ=0◦ = Eθ|IWφ=90◦ andEφ|IWφ=90◦ =

Eθ|IWφ=0◦ . Consequently, under normal incidence for TE and TM polarizations

identical RCS reduction results are obtained respectively in the planes IWφ = 0◦

and IWφ = 90◦ and vice versa. A clear RCS reduction along almost the whole

analyzed frequency band, especially around the resonance frequency of the MTA

can be observed. This noticeable reduction takes place at slightly small frequencies

(≈ 5.55GHz) than the one obtained in 6, since the latter is simulated under infinite

boundary conditions. Moreover, there is certain coupling between the antenna and

the MTA which also affects the absorption properties of the structure.

In table 7.5, these results have been shown, detailing the maximum values of RCS

reduction, the frequency at which they are obtained, and the RCS reduction mean

and median values along the whole analyzed frequency band (4GHz-14GHz). It

can be observed that similar RCS reduction results are obtained for both TE and

TM polarizations. More than half of the incident wave power is absorbed by using

just 12 unit-cells and without increasing the antenna’s height (λ0/52 at 11.625GHz

(maximum resonance frequency of the UA)).

Table 7.4: UASPA and UASPCS bandwidth and radiation parameters

UASPA UASPCS
fr[GHz] 6.125 11 6 11
S11[dB] -38.05 -25.95 -37.21 -31.12

BW [MHz] 7510 7510 7600 7600
D[dB] 4.04 8.03 4.16 7.86
G[dB] 3.98 8 4.11 7.86
Gr[dB] 3.98 7.99 4.11 7.86
η[%] 98.54 98.97 98.9 99.86

F/B[dB] 3.68 1.74 3.19 1.69
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Figure 7.18: Normalized monostatic RCS versus frequency of the UASPA at IWφ =

0◦ and IWφ = 90◦ incidence planes for both TE (a) and TM (b) polarizations.

Table 7.5: Monostatic RCS reduction results versus frequency of the UASPA

MTA Pol.
IWφ

(◦)
Freq.
(GHz)

RCSrmax

(dB)
Mean

(dB)
Median

(dB)

0 5.4 3.97 0.47 0.33
TE

90 5.55 3.66 0.58 0.34
0 5.55 3.66 0.58 0.34

UASPA
TM

90 5.4 3.97 0.47 0.33

A bistatic analysis was also conducted and both the transmitting and receiv-

ing antennas are moved (IWθ and θ, respectively). The normalized bistatic results

about 5.55GHz, where the UASPA exhibits proper RCS reduction in the previously

presented monostatic configuration under both polarizations (see figure 7.18), are

displayed in figure 7.19. It can be noticed a clear RCS reduction at most of the

analyzed transmitting and receiving antennas’ positions, especially at the specular

angles (θ = −IWθ).

As it was stated in [15], there are not many works focused on reducing the in-

band RCS of antennas. Many literature contributions have been devoted to reduce
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Figure 7.19: Normalized bistatic RCS of the UASPA, varying the transmitting and
receiving antennas position (IWθ and θ), for both TE and TM polarization at IWφ =

φ = 0◦ (a,b) and IWφ = φ = 90◦ (c,d) incidence planes.

the out-of band antennas’ RCS, by using partially reflective surfaces [16–18]. Ho-

wever, the latter arrangement gives rise to large profile structures. Indeed, from

the author’s best knowledge, this is the first time that a CPW-fed monopole an-

tenna is combined with a metasurface absorber, aiming at reducing the antenna’s

RCS. In many papers [19–22] were mentioned that combining an antenna with a

radar absorbing material (such as a MTA), operating both in the same frequency

band, deteriorates the antenna’s radiation properties. In fact, a trade-off between

antenna’s radiation characteristics and RCS reduction has to be adopted [19]. Ho-

wever, in this section it was shown that the radiation properties can be kept, when

the antenna and the MTA share the same dielectric layer.

On the other hand, most literature contributions which combine antennas with
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metasurface absorbers employ a FR4 dielectric [15, 19, 23–25] to attain large ab-

sorption values. Nevertheless, the latter provides a low antenna’s radiation effi-

ciency [19, 26–28].

Apart from using the FR4 dielectric, a greater number of MTA’s unit-cells than the

ones considered in this study (only 12) are used for being combined with the an-

tenna. Consequently, larger RCS reduction values are obtained [15, 19, 23, 24, 28–

30]. However, it should be mentioned that the majority of applications have size

restrictions and hence, this is why a small number of MTA’s unit-cells are con-

sidered here, aiming at obtaining an easily integrable antenna and showing the

adverse effects in terms of RCS reduction. In addition, the antenna can be also

considered as conformable, since its dielectric is much thinner (0.457mm) and ex-

hibits a smaller flexural strength (≈ 30195psi) than the FR4 one (≈ 60200psi) used

in most literature contributions [15, 19, 23–25, 29]. Furthermore, the antenna and

the metasurface share the same plane which makes easier its fabrication.

In most papers, just the monostatic RCS reduction is considered [19, 23] or when

the bistatic is also taken into account, it is only computed for few incidence angles

[15, 24]. In this study, not only the monostatic but also the bistatic RCS reduction

is analyzed for a wide range of incidence angles. It should be mentioned that the

bistatic RCS reduction is mainly obtained at the specular angles, due to the angular

stability of the MTA.

In summary, it can be said that the RCS reduction values obtained in this study

are not as high as the ones presented in other literature contributions [15, 19, 23–

25, 29]. However, the latter is due to the fact that just a small number of unit-cells

is considered to surround the antenna, aiming at taking into consideration possible

application restriction on the antenna’s size. Moreover, contrary to most literature

contributions, a dielectric with low losses is chosen to not deteriorate the antenna’s

efficiency and with a small profile and flexural strength to make the antenna con-

formable. Furthermore, a proper RCS reduction is obtained not only for monostatic

but also for bistatic antennas arrangement, which is usually a problem when con-

sidering structures that disperse the electromagnetic wave instead of absorbing it,

such as the AMC checkerboard surfaces [17]. It should be noticed that the RCS

reduction can be increased by considering a large amount of unit-cells [30], a more
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lossy dielectric (such as FR4) [15, 19, 23–25], a multi-layered MTA [28–30] or

introducing lumped resistors on the MTA’s metallization geometry [17].

7.3 Metasurface absorbers for RCS reduction
Different techniques have been used to reduce the RCS of devices (targets), such

as the use of Radar Absorbing Materials (RAMs), target shaping, destructive in-

terference techniques (Salisbury screens) etc. The low profile and compact size of

metasurface absorbers make them a welcoming alternative to reduce the devices’

RCS. In this section, a new metasurface absorber is presented, which is designed

searching for maximizing the grid inductance and symmetry to ensure angular sta-

bility. Another aim is to reduce the RCS, in a band as wide as possible, without

increasing the absorber profile. For doing so, one can resort to two alternatives:

multi-resonant structures (either multi-layer or scaled unit-cells’ metallization geo-

metries) or the introduction of lumped resistors in the unit-cell. In order to maintain

a low profile, a metasurface absorber consisting of scaled unit-cells’ metallization

geometries will be designed. In [31], scaled unit-cells’ metallization geometries

have been combined to increase the structure bandwidth. It was stated that the

optimum combination of unit-cells is such that neighbour ones exhibit the smal-

lest scaling difference. However, only three 1D arrangement of the five scaled

metallization geometries presented in the paper were studied. Indeed, many other

alternatives for arranging the unit-cells are possible.

This section aims at studying the final finite absorber structure, so that the unit-

cells’ metallization geometries comprising the structure will be scaled not only in

1D but in 2D and no infinite boundary conditions will be applied. The latter de-

mands a high computational burden, so that only a 2x2 array of unit-cells will be

analyzed with all the possible scaling combinations and then, some results will

be extrapolated, if possible, to larger arrays. Moreover, in order to reduce com-

putation, linearly polarized incident waves will be considered, more precisely TE

polarized waves (Eφ = 1 and Eθ = 0), for TM ones a similar procedure can be

followed.
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The unit-cell of the metasurface absorber, that will be employed to reduce
the RCS, is the one presented in figure 7.20(a). This metasurface, which will
be named as IOI (inductive octogon with inclusions), is adjusted to resonate at
10GHz, obtaining the following geometrical dimensions: a = 4p+ 4t = 6.43mm,
b = 6.43mm, R1 = 1.23mm, R2 = 1.22mm, α = 22.5◦, c = 0.2mm and
l = 1.86mm (being p = R1 sin(α) and t = R1 cos(α)). The center of the circum-
ferences, that constitute the geometry top side, are located in the positive x-axis1 at
b/2 and b2/2 (being b2 = 4p2 + 4t2, p2 = R2 sin(α) and t2 = R2 cos(α)) for the
ones of radius R1 and R2, respectively2. Arlon25N dielectric with a thickness of
0.762mm, which is off the shelf, is introduced between the ground plane and the
metallization geometry. The triangular shaped inclusions are used to shift down the
resonance frequency, which allows to miniaturize the metasurface and provides a
better angular stability. Indeed, the angular stability of the IOI and the IOI without
inclusions (IONI) is presented in tables 7.6 and 7.7, when varying the polarization
and the incidence angle, respectively3. From the results, a clear improvement in
the angular stability of the IOI is observed.

Table 7.6: Angular stability of the IOI and IONI MTAs, varying the polarization angle

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

IOI (TE) 81 0.81 236 2.36
IOI (TM) 79 0.8 243 2.45
IONI (TE) 189 1.81 138 1.32
IONI (TM) 130 1.25 225 2.16

As it was mentioned, a 2x2 array of unit-cells with different scaling values of
their metallization geometries will comprise the IOI (see figure 7.20(b)). Firstly,
electromagnetic simulations will be conducted, aiming at comparing the behavior
of the ideal infinite metasurface with the actual considered finite one (for the afore-
mentioned 2x2 array of unit-cells) without using any scale factor of its unit-cells’

1The coordinate system is considered to be at the unit-cell’s center
2The other centers can be obtained by symmetry.
3This angular stability study is conducted similarly as it was explained in chapter 6.
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Figure 7.20: IOI MTA unit-cell geometry (a) and 2x2 array of IOI MTA unit-cells.

Table 7.7: Angular stability of the IOI and IONI MTAs, varying the incidence angle

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

IOI (TE) 61 0.61 221 2.2
IOI (TM) 40 0.4 276 2.79
IONI (TE) 249 2.41 100 0.96
IONI (TM) 120 1.15 228 2.18

metallization geometries. In figure 7.21, the mentioned simulations are presented

for both a TE and a TM polarized incident wave. The slight differences in the res-

ults can be attributed to the consideration of finite and infinite arrays of unit-cells

and the dispersion on the metasurface’s borders. Indeed, the latter is not considered

in the infinite case and it is tried to be minimized in the finite one, by using a metal-

lic plate (or PEC) calibrator of identical dimensions (see 5.5.2).
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Figure 7.21: Absorption of the infinite and finite metasurface absorber.

Once the absorption of the proposed finite IOI is verified, progressive scaling

factors will be applied to the metallizations of its unit-cells, aiming at increasing

its bandwidth. As one can imaging, there could be many combinations of scaling

values, so that a step between scales of 0.01 and 0.02 will be chosen for comparison

purposes. The latter gives 24 possible permutations, if no repetition is considered,

for each scaling step. Once the 48 different metasurfaces are simulated, it is neces-

sary to establish some criteria to choose the best permutation in terms of the RCS

reduction (RCSr) performance. For doing so, the following parameters will be

defined (all of them with regards to the considered range of frequency and/or trans-

mitting and receiving antennas’ arrangement (monostatic or bistatic configurations

with different incidence angles and polarizations)):

• RCST : the sum of the RCS reduction.

• RCSrmax: the maximum value of RCS reduction, or the minimum value of

RCS (which was also employed in the previous section).

• BWxdB: the minimum bandwidth at which xdB of RCS reduction can be

attained.

In addition, other statistical functions (as in the previous section) such as the mean

and median will be considered. In this case, more attendance will be pay to the

median, since extreme values of RCS reduction may appear and can distort the in-

terpretation of the overall metasurface performance, along the range of frequency

or incident and scattered angles (antennas’ arrangement) that are analyzed. In other

words, a high RCS reduction at a specific frequency and/or antennas’ arrangement

will increase the median value, which may give rise to an erroneous analysis of the
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metasurface overall performance.

RCS reduction requirements for MTAs depend on the intended application. For

some applications it is required that this reduction should take place over a wide

frequency band and/or under different arrangements of the transmitting and receiv-

ing antennas (monostatic, bistatic or multistatic configurations). In this section, the

best combination of scaling factors will be chosen based on computing the previ-

ously introduced parameters over a range of frequencies (9GHz-11GHz), being the

transmitting and receiving antennas normally oriented to the MTA1. Consequently,

a monostatic analysis of the structure will be firstly conducted aiming at selecting

the best combination2.

The results are graphically presented in figures 7.22(a) and 7.22(b) for scaling

steps of 0.01 and 0.02, respectively. Moreover, the previous defined parameters

for analyzing the RCS reduction are computed and detailed in tables 7.8 and 7.9.

Pondering over all the computed parameters, the best results are highlighted in or-

ange. Therefore, scaling factors of 0.98,0.97,1,0.99 and 0.98,0.96,0.94,1 will be

considered the optimum ones for scaling steps of 0.01 and 0.02, respectively. In

addition, the results for scaling steps of 0.01 provide a better overall RCS reduction

performance than the ones of 0.02. The latter is attributed to the fact that when a

large step between scaling values is considered, the resonance frequencies of the

MTA can split up in frequency, leaving a gap of low absorption levels between

them. For the sake of compactness, the previously chosen optimum MTAs with

scaling values of 0.98,0.97,1,0.99 and 0.98,0.96,0.94,1 will be regarded as IOIop1

and IOIop2, respectively.

The optimum MTAs previously selected will also be analyzed under a mono-

static and bistatic configuration by varying the position of the transmitting and

receiving antennas.

First of all, the RCS reduction of the IOIop1 and IOIop2 will be analyzed under a

1For information about the definition of the proper set-up for conducting the simulations one
should consult 5.5.2.1.

2It should be noticed that in this case as the MTA is symmetric and normal incidence is con-
sidered, both TE and TM polarizations at IWφ = 0◦ and IWφ = 90◦ will provide identical results.
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Figure 7.22: RCS reduction results of the IOI MTA with a 0.01 (a) and 0.02 (b) scaling
values between neighbour unit-cells.

monostatic configuration, varying the transmitting and receiving antennas place-

ment, which will be at the same position for each considered incidence angle.

Moreover, two different incidence planes IWφ = 0◦ and IWφ = 45◦ will be

analyzed. The results are graphically presented in figure 7.23 and the parame-

ters introduced above for studying the RCS are computed for two incidence angles

IWθ = 0◦ and IWθ = 45◦ and detailed in table 7.10 for the two considered in-

cidence planes. The best results in terms of RCS reduction are obtained when the

antennas are at IWθ = 0◦ and IWφ = 0◦. In general, the IOIop1 outperforms IOIop2

in terms of RCS reduction, except for the median. The latter is attributed to the fact

that the IOIop2 reduces the RCS along a broader range of frequencies but with a

lower level. Indeed, if a shorter range of frequencies is considered the median of

IOIop1 will be larger than the one of IOIop2.

A bistatic analysis of the MTAs is also conducted. First of all, the transmitting

antenna is considered to be at IWθ = 0◦ and two different incidence planes are ana-

lyzed IWφ = 0◦ and IWφ = 45◦. The receiving antenna will be placed at the same

incidence planes as the transmitting one φ = 0◦ and φ = 45◦ and will be moved

along the sphere, varying the θ angle from −90◦ to 90◦. The results are depicted in

figure 7.24. Furthermore, the previously introduced RCS parameters are computed

over the considered frequency range, for three positions of the receiving antenna

(θ = −45◦, 0◦, 45◦) and are shown in table 7.11. From the table, it can be noticed
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Table 7.8: RCS reduction results of the IOI MTA with a 0.01 scaling step

Sc11,Sc12,Sc21,Sc22
RCST

(dB)
RCSrmax

(dB)
BW−3dB

(MHz)
BW−10dB

(MHz)
Mean

(dB)
Median

(dB)

1,1,1,1 102.5 13.09 297 57 1.63 0.44
1,0.97,0.98,0.99 115.42 15.09 346 94 1.83 0.49
1,0.98,0.97,0.99 112.68 8.27 441 0 1.79 0.85
1,0.97,0.99,0.98 104.98 6.34 516 0 1.67 0.53
1,0.99,0.97,0.98 110.39 6.98 529 0 1.75 0.66
1,0.98,0.99,0.97 103.51 8.17 409 0 1.64 0.57
1,0.99,0.98,0.97 106.41 8.22 386 0 1.69 0.56
0.99,0.97,0.98,1 109.80 9.81 368 0 1.74 0.55
0.99,0.98,0.97,1 99.1 5.75 373 0 1.57 0.71
0.99,0.97,1,0.98 113.06 10.92 361 52 1.8 0.57
0.99,1,0.97,0.98 99.12 9.73 344 0 1.57 0.53
0.99,0.98,1,0.97 111.94 10.63 440 21 1.78 0.54
0.99,1,0.98,0.97 97.12 11.76 291 54 1.54 0.50
0.98,0.97,0.99,1 102.76 11.25 322 60 1.63 0.52
0.98,0.99,0.97,1 101.79 7.2 336 0 1.62 0.61
0.98,0.97,1,0.99 119.87 15.2 371 98 1.9 0.51
0.98,1,0.97,0.99 105.55 7.87 351 0 1.68 0.84
0.98,0.99,1,0.97 103.88 8.50 334 0 1.65 0.56
0.98,1,0.99,0.97 113.95 10.74 472 43 1.81 0.55
0.97,0.98,0.99,1 126.68 14.3 349 79 2.01 0.79
0.97,0.99,0.98,1 108.38 7.31 419 0 1.72 0.75
0.97,0.98,1,0.99 108.75 10.34 335 29 1.73 0.68
0.97,1,0.98,0.99 114.12 7.47 458 0 1.81 0.62
0.97,0.99,1,0.98 101.22 9.22 282 0 1.61 0.53
0.97,1,0.99,0.98 111.6 7.58 497 0 1.77 0.56

that the results for IWφ = φ = 0◦, θ = 0◦ and IWφ = φ = 45◦, θ = 0◦ coincide

with the obtained ones for the monostatic case with IWφ = 0◦, IWθ = 0◦ and

IWφ = 45◦, IWθ = 0◦, respectively, since the transmitting and receiving anten-

nas are at identical positions. On the other hand, identically as it occurred for the

monostatic case, the computed parameters for the IOIop1 outperforms the ones for

IOIop2, except for the median. The latter can be attributed to the same reason given

above. It can also be noticed that the results are not identical for angles θ = −45◦
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Table 7.9: RCS reduction results of the IOI MTA with a 0.02 scaling step

Sc11,Sc12,Sc21,Sc22
RCST

(dB)
RCSrmin

(dB)
BW−3dB

(MHz)
BW−10dB

(MHz)
Mean

(dB)
Median

(dB)

1,1,1,1 102.5 13.09 297 57 1.63 0.44
1,0.94,0.96,0.98 115.46 8.12 304 0 1.83 0.91
1,0.96,0.94,0.98 111.98 8.03 280 0 1.78 0.93
1,0.94,0.98,0.96 115.46 6.35 371 0 1.83 0.71
1,0.98,0.94,0.96 113.74 10.32 364 10 1.81 0.9
1,0.96,0.98,0.94 115.38 8.06 392 0 1.83 0.81
1,0.98,0.96,0.94 114.54 8.45 452 0 1.82 0.87
0.98,0.94,0.96,1 109.29 5.37 441 0 1.7347 0.7814
0.98,0.96,0.94,1 115.06 11.84 289 65 1.83 0.73
0.98,0.94,1,0.96 100.46 5.83 272 0 1.6 1.44
0.98,1,0.94,0.96 116.66 10.3 544 16.2 1.85 0.64
0.98,0.96,1,0.94 114.53 7.59 461 0 1.82 0.73
0.98,1,0.96,0.94 111.81 5.01 582 0 1.78 1.37
0.96,0.94,0.98,1 107.34 5.01 231 0 1.7 1.52
0.96,0.98,0.94,1 113.56 7.13 265 0 1.8 1.27
0.96,0.94,1,0.98 109.70 5.98 590 0 1.74 0.68
0.96,1,0.94,0.98 116.02 7.97 183 0 1.84 1.46
0.96,0.98,1,0.94 109.97 8.62 386 0 1.75 1.04
0.96,1,0.98,0.94 105.09 8.59 281 0 1.67 0.91
0.94,0.96,0.98,1 110.79 6.82 165 0 1.76 1.22
0.94,0.98,0.96,1 109.14 7.79 261 0 1.73 1.19
0.94,0.96,1,0.98 109.82 6.3 345 0 1.74 0.96
0.94,1,0.96,0.98 111.5 5.74 209 0 1.77 1.2
0.94,0.98,1,0.96 115.84 7.18 549 0 1.84 0.75
0.94,1,0.98,0.96 113.22 6.4 466 0 1.8 1.47

and θ = 45◦, this is mainly due to the fact that the MTAs are not symmetric, since

their unit-cells’ metallization geometries are scaled.

The bistatic RCS reduction when moving not only the receiving antenna, but

also the transmitting one is also analyzed for the incidence planes analyzed above,

at the resonance frequency of the MTAs ≈ 10.1GHz. Moreover, the introduced

RCS reduction parameters are computed when the receiving antenna are at specu-
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Figure 7.23: Monostatic RCS reduction versus frequency of the IOIop1 and IOIop2,
under IWφ = 0◦ (a,b) and IWφ = 45◦ (c,d).

Table 7.10: Monostatic RCS reduction results versus frequency of the IOIop1 and
IOIop2, varying the antenna’s position

MTA
IWφ

(◦)
IWθ

(◦)
RCST

(dB)
RCSrmax

(dB)
BW−3dB

(MHz)
BW−10dB

(MHz)
Mean

(dB)
Median

(dB)

0 0 119.87 15.2 371 98 1.9 0.51
0 45 63.39 7.63 205 0 1.01 0

45 0 113.7 12.78 391 87 1.81 0.53
IOIop1

45 45 75.2 5.82 399 0 1.19 0.32
0 0 115.06 11.84 289 65 1.83 0.73
0 45 65.28 7.72 229 0 1.04 0

45 0 102.25 5.55 377 0 1.62 1.11
IOIop2

45 45 72.35 4.41 128 0 1.15 0.75
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Figure 7.24: Bistatic RCS reduction versus frequency of the IOIop1 and IOIop2, with
a transmitting incidence angle of IWθ = 0◦ and incidence planes at IWφ = φ = 0◦

(a,b) and IWφ = φ = 45◦ (c,d).

lar directions (IWθ = −θ). It can be observed that better results are obtained for

the IOIop1 not only at the specular direction (see table 7.15), but also in the overall

considered range of incident and receiving antennas positions (see figure 7.25(d)).

Finally, the previous MTAs are also analyzed when they are arranged in a lar-

ger array of 4x4 unit-cells, with the same scaling values in each sub-array of 2x2

unit-cells (see figure 7.26). These new MTAs will be regarded as IOIop14x4 and

IOIop24x4 . As the electromagnetic simulation of large finite structures demands

high computational resources, just the IWφ = φ = 0◦ incidence plane is analyzed.

The monostatic results versus frequency are depicted in figure 7.27 and the RCS

reduction parameters detailed in table 7.13. Moreover, in the latter table the results
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Table 7.11: Bistatic RCS reduction results versus frequency of the IOIop1 and IOIop2,
varying the receiving antenna’s position

MTA
IWφ,φ

(◦)
θ
(◦)

RCST

(dB)
RCSrmax

(dB)
BW−3dB

(MHz)
BW−10dB

(MHz)
Mean

(dB)
Median

(dB)

0,0 -45 97.36 13.49 301 81 1.55 0.29
0,0 0 119.87 15.2 371 98 1.9 0.51
0,0 45 93.16 9.55 373 0 1.48 0.4

45,45 -45 93.31 11.39 356 49 1.48 0.36
45,45 0 113.7 12.78 391 87 1.81 0.53

IOIop1

45,45 45 96.22 9.37 383 0 1.53 0.44
0,0 -45 97.49 7.09 319 0 1.55 0.73
0,0 0 115.06 11.84 289 65 1.83 0.73
0,0 45 98.13 9.6 269 0 1.56 0.62

45,45 -45 92.74 5.92 303 0 1.47 1.01
45,45 0 102.25 5.55 377 0 1.62 1.11

IOIop2

45,45 45 87.03 4.41 372 0 1.38 1

Table 7.12: Bistatic RCS reduction results of the IOIop1 and IOIop2, varying both the
transmitting and receiving antennas’ position

MTA
IWφ,φ

(◦)
RCST

(dB)
RCSrmax

(dB)
Beamwidth−3dB

(MHz)
Beamwidth−10dB

(MHz)
Mean

(dB)
Median

(dB)

0,0 255.87 14.89 75 39 8.25 7.97
IOIop1 45,45 253.65 13.07 81 42 8.18 8.74

0,0 139.16 7.17 66 0 4.49 4.75
IOIop2 45,45 119.03 5.63 63 0 3.84 4.30

of the MTA without scaling its unit-cells (IOIws4x4) are also presented. When com-

paring the array of 4x4 unit-cells with the one introduced above with 2x2 unit-cells,

it can be noticed that all the analyzed parameters are improved, especially the ones

of IOIop24x4 . Moreover, a slight shift in frequency and a slightly different behavior

around IWθ = [22◦ − 40◦] (see figure 7.27) may also be observed.

The broadest bandwidth is obtained for the IOIop14x4 under normal incidence, as

compared to the other MTAs (see table 7.13). The latter may be due to the inter-

action between unit-cells, which for this 4x4 array can be considered stronger for

scaling steps of 0.01. Moreover, on the whole the IOIop14x4 and IOIop24x4 improve

the behavior of the IOIws4x4 , regarding the RCS reduction.
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Figure 7.25: Bistatic RCS reduction of the IOIop1 and IOIop2, varying the trans-
mitting and receiving antennas position (IWθ and θ) for two incidence planes at
IWφ = φ = 0◦ (a,b) and IWφ = φ = 45◦ (c,d).

Table 7.13: Monostatic RCS reduction results versus frequency of the IOIws4x4 ,
IOIop14x4 and IOIop24x4 , varying the antenna’s position.

MTA
IWφ

(◦)
IWθ

(◦)
RCST

(dB)
RCSrmax

(dB)
BW−3dB

(MHz)
BW−10dB

(MHz)
Mean

(dB)
Median

(dB)

0 0 171.38 13.80 462 179 2.72 0.99
IOIws4x4 0 45 128.64 6.60 512 0 2.04 1.17

0 0 195.04 16.53 603 156 3.1 1.12
IOIop14x4 0 45 140.56 7.74 459 0 2.23 1.17

0 0 210.63 18.2 471 207 3.34 1.59
IOIop24x4 0 45 129.15 12.33 267 72 2.05 0.85
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Figure 7.26: 4x4 array of IOI MTA unit-cells.

An identical bistatic analysis versus frequency to the one presented above for

the 2x2 unit-cells array is shown in figure 7.28 and detailed in table 7.14 for the

4x4 one. It can be noticed that a larger RCS reduction is obtained for the IOIop24x4 ,

but the bandwidth at -3dB is slightly wider for the IOIop14x4 . On the other hand,

the IOIop24x4 undergoes the greatest improvement, in terms of the analyzed RCS

parameters, as compared with the array of 2x2 unit-cells (IOIop2).

Table 7.14: Bistatic RCS reduction results versus frequency of the IOIop14x4 and
IOIop24x4 , varying the receiving antenna’s position.

MTA
IWφ,φ

(◦)
θ
(◦)

RCST

(dB)
RCSrmax

(dB)
BW−3dB

(MHz)
BW−10dB

(MHz)
Mean

(dB)
Median

(dB)

0,0 -45 179.02 8.16 457 0 2.84 1.95
0,0 0 195.04 16.53 603 156 3.1 1.12IOIop14x4

0,0 45 109.26 8.95 404 0 1.73 0.91
0,0 -45 144.31 10.41 352 14 2.29 1.76
0,0 0 210.63 18.2 471 207 3.34 1.59IOIop24x4

0,0 45 176.8 12.05 558 77 2.81 1.34

The bistatic RCS reduction when varying both the transmitting and receiv-

ing antennas’ placement is analyzed at the resonance frequencies of the IOIop14x4

(10.1GHz) and IOIop24x4 (10.3GHz) (see figure 7.29). It is noticed that the reson-
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Figure 7.27: Monostatic RCS reduction versus frequency of the IOIop14x4 (a) and
IOIop24x4 (b) under IWφ = 0◦.
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Figure 7.28: Bistatic RCS reduction versus frequency of the IOIop14x4 (a) and
IOIop24x4 (b), with a transmitting incidence angle of IWθ = 0◦ and incidence planes
at IWφ = φ = 0◦.

ance frequency of the IOIop24x4 shifts slightly upwards. The latter may be attributed

to the mutual coupling between the different sub-arrays. From table 7.15, it can be

observed slightly better results for the IOIop24x4 , when analyzing the RCS reduction

at specular directions. However, looking at the results in figure 7.29, larger RCS

reduction is obtained over a broader range of angles in the IOIop14x4 .

In summary, both the IOIop14x4 and IOIop24x4 outperform the behavior of the

IOIop1 and IOIop2 in terms of RCS reduction. Indeed, the latter may be attrib-
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Figure 7.29: Bistatic RCS reduction of the IOIop14x4 (a) and IOIop24x4 (b), varying
the transmitting and receiving antennas position (IWθ and θ) for IWφ = φ = 0◦.

Table 7.15: Bistatic RCS reduction results of the IOIop14x4 and IOIop24x4 varying both
the transmitting and receiving antennas’ position

MTA
IWφ,φ

(◦)
RCST

(dB)
RCSrmax

(dB)
Beamwidth−3dB

(MHz)
Beamwidth−10dB

(MHz)
Mean

(dB)
Median

(dB)

IOIop14x4 0,0 289.73 16.81 75 45 9.35 9.1
IOIop24x4 0,0 303.07 18.88 75 45 9.78 9.39

uted to the additional contribution of the mutual coupling between the elements

in the sub-arrays. This can be seen for example in figure 7.30, where the electric

fields are plotted for the IOIop2 and IOIop24x4 around their resonance frequencies.

It is observed that a slightly larger interaction between unit-cells takes place on the

IOIop24x4 .

7.4 Conclusions
In this chapter, the Pillar MTA was combined with a CPW fed monopole antenna,

aiming at studying the potential application of such MTA for the RCS reduction

of the antenna. Different alternatives for combining both resonant structures have

been discussed. It was shown that if the antenna is placed above the MTA, its ra-

diation properties are deteriorated in one of the frequency bands and the antenna

is mismatched between its resonance frequencies. However, when both structures
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(a) (b)

Figure 7.30: Electric field on the IOIop2 (a) and IOIop24x4 (b) around their resonance
frequencies.

share the same dielectric layer, the antenna’s radiation properties are maintained

and its RCS is reduced under both monostatic and bistatic set-up configurations.

On the other hand, MTAs comprising scaled unit-cells’ metallization geomet-

ries were analyzed aiming at improving the RCS reduction. However, as it was

stated, many combinations of scaled factors may arise. Indeed, the problem could

be even bigger if a large number of unit-cells are considered to comprise the MTA.

Therefore, the latter problem was reduced by studying all the possible scaling com-

binations of a MTA composed of a 2x2 unit-cells array, when the scaling step

between neighbour unit-cells is 0.01 and 0.02. It was concluded that the best com-

bination of scaling values in terms of RCS reduction is 0.98,0.97,1,0.99. Therefore,

the scaling step should be 0.01 for obtaining optimum RCS reduction results. In-

deed, if a large scaling step is considered the MTA’s resonance frequencies do not

overlap and hence, the RCS reduction performance is worsen.

Nevertheless, when considering a bigger array (4x4 unit-cells) the performance
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of the MTA with a scaling step between unit-cells of 0.01 and the one with 0.02
tends to become similar. The latter was attributed to the mutual coupling between
the different elements of the sub-arrays, which makes possible to overlap the mul-
tiple resonances of the MTA under certain excitation conditions (different incidence
angles). Consequently, small scaling steps between unit-cells’ metallization geo-
metries should be considered for electrically small MTAs and a slightly larger ones
can be regarded for bigger MTAs, since the mutual coupling between the sub-arrays
will provide a better performance in terms of RCS reduction.
It should be noticed that better results in terms of RCS reduction along a broader
bandwidth can be obtained by using a thicker and more lossy dielectric or introdu-
cing lumped resistors on the unit-cells’ metallization.
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CHAPTER

8
Introduction of lumped

components on metasurfaces

8.1 Introduction
In this chapter, the study of AMCs comprising lumped components on their unit-

cell’s metallization is conducted and their advantages are presented.

First of all, it should be stated again that the angular stability of metasurfaces de-

pends on both the dielectric (thickness and permittivity) and the grid characterist-

ics (unit-cell metallization geometry and the size (periodicity) of the unit-cell as

compared to the dielectric thickness). Once the dielectric characteristics and the

unit-cell periodicity are fixed the angular stability and the bandwidth of the AMC

will only depend on the unit-cell metallization geometry.

It is known that by reducing the substrate thickness and/or increasing its relative

permittivity, the metasurface’s angular stability can be improved. However, the lat-

ter results in a shift of its resonance frequency and a narrowing of its bandwidth.

Moreover, an antenna on a thick and/or high permittivity substrate may couple

power into surface waves. As surface waves do not contribute to the primary ra-

diation pattern, these modes are a power loss mechanism. Therefore, a trade-off
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should be reached for selecting not only the metasurface’s metallization geometry,

but also its dielectric substrate characteristics.

8.2 Advantages of introducing lumped inductors and
capacitors on the AMCs unit-cells’ metallization.
In a previous section 2.6.3.3, it has been stated that the inductive or capacitive

behaviour of the AMC’s metallic grid can be increased to shift down the AMC

resonance frequency and hence, miniaturize the structure. However, to the best of

the author’s knowledge, there is no previous contribution that analyzes the AMCs’

angular stability when this inductive or capacitive behavior is varied, through the

introduction of lumped inductors and/or capacitors on the unit-cell’s metallization.

For showing that, several unit-cell metallization geometries will be studied, on

which lumped components will be introduced. First of all, an AMC based on

square-shaped unit-cell metallization geometry will be analyzed and the equivalent

circuit model presented in section 4.5.1 will be employed to describe the behaviour

of the structure. Then, an identical study will be conducted using an AMC based on

a hexagonal-shaped unit-cell metallization geometry and the results of both AMCs

will be compared in terms of their angular stability. It should be noticed that a

similar study has been carried out in [1]. However, the novelty here stems from

the influence on the AMCs’ angular stability of introducing lumped components

on their metallization geometries and hence, the possibility of tuning at will their

inductive or capacitive behavior, aiming at improving their performance.

This analysis will be conducted not only for AMCs based on loop-based unit-cells,

but also for the ones based on patch-based unit-cells. In the first ones, the inductive

behaviour of the grid is increased by introducing lumped inductors on the unit-cell

metallization and in the latter the capacitive behaviour will be enhanced by attach-

ing capacitors between neighbour unit-cells. In addition, some other combinations

of lumped components with loop- and patch-based AMCs are analyzed.

In order to evaluate the advantages of introducing the lumped components, both

the periodicity and the dielectric characteristics of the AMC will be kept fixed for

each analyzed case. Therefore, the effects on the AMC’s angular stability when
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introducing lumped components on its unit-cell metallization geometry will be de-

rived. The dielectric used in all the AMCs designed throughout this chapter will be

RO4003C (εr = 3.38 and tan(δ) = 0.0027).

The reflection coefficient phase of the AMCs will be computed using Ansoft

HFFS and a simulation set-up identical to the one described in section 5.4.2.1. The

angular stability analysis is carried out in the same way as explained in section

5.4.2.4. The polarization angle (φ) will be varied from 0◦ to 90◦ in steps of 15◦.

For each polarization angle, the incidence angle (θ) is varied from 0◦ to 60◦ in steps

of 15◦. Moreover, both TE and TM polarized incident plane waves are considered.

Two parameters are defined, as in [1], owing to properly analyze the AMC’s an-

gular stability. Therefore, for each φ and sweep of θ, the following parameters are

calculated:

• Resonance frequency deviation (∆f ) which is the maximum deviation of the

resonance frequency for the φ under analysis.

• Stable bandwidth (Bs) which is the minimum bandwidth upon which the

structure behaves as an AMC for the φ under analysis.

As a design rule, the AMCs with lumped components proposed on this chapter

will be designed to resonate at 5.8GHz. This will allow to perform a fairly compar-

ison between the AMCs without and with lumped components, aiming at showing

the improvements introduced by the latter.

8.2.1 Square-shaped Artificial Magnetic Conductors

In this section both the square-shaped loop- and patch-based AMCs are analyzed.

The unit-cells of the loop-based AMCs without (SLUC) and with (SLIUC) induct-

ors are depicted in figures 8.1(a) and 8.1(b), respectively. Moreover, the equivalent

circuit model of the grid impedance for both TE and TM polarizations under nor-

mal incidence is presented in figure 8.1(c). The grid impedance of both SLUC and

SLIUC based AMCs can be modeled using the same circuit components, provided

proper values are chosen for each one.
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Figure 8.1: Square-shaped loop-based AMCs unit-cells without inductors (SLUC) (a)
and with inductors (SLIUC) (b). Equivalent circuit model of the grid impedance for
both TE and TM polarizations (c) (upper inset: L1 model for the SLUC and lower
inset: L1 model for the SLIUC).

Assuming an electric field along the y-axis, the inductors L1 model the metallic

strips from the unit-cell’s top and bottom sides (it also considers the lumped in-

ductors when the SLIUC based AMC is analyzed (see inclusions in figure 8.1(c))).

The capacitor C1 is the capacitance created between the left and the right unit-cell’s

metallic strips and C2 is attributed to the gap between neighbour unit-cells. At mi-

crowave frequencies, the value of the capacitor C1 should be negligible. Therefore,

the structure can be approximately modeled as a series connection between an in-

ductor (Lg = L1

2
) and a capacitor (Cg = C2).
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Figure 8.2: Square patch-based AMCs unit-cells without (a) and with capacitors (b).
Equivalent circuit model of the grid impedance for both TE and TM polarizations (c)
(upper inset: Cg model for the SPUC and lower inset: Cg model for the SPCUC).

The square-shaped patch-based AMCs’ unit-cells are represented in figures
8.2(a) and 8.2(b) for the AMC without (SPUC) and with (SPCUC) capacitors in-
troduced between its neighbour unit-cells, respectively. The grid can be modeled
as a series connection of the grid inductance (Lg) due to the unit-cell metalliza-
tion and the grid capacitance (Cg) owing to the gap between neighbour unit-cells
for the SPUC based AMC and the gap with capacitors for the SPCUC based one
(being the grid capacitance in this case the parallel connection between the lumped
capacitors (C) and the capacitance created by the remaining gap among unit-cells
(C ′g) (see lower inclusion in figure 8.2(c))). However, at microwave frequencies
this grid approximately behaves as only capacitive, since the grid inductance (Lg)
can be considered negligible [2, 3].
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8.2.1.1 Behaviour of loop-based AMCs

The loop-based AMC can be characterized using the circuit model described in

section 4.5.1. The grid impedance is equivalent to the one of a series-resonant

grid (SRG) (a grid inductance (Lg) in series with a grid capacitance (Cg)) as it

was explained before and in references [4, 5]. The grounded dielectric slab can be

modeled as an inductor (Ld), provided an electrically thin dielectric slab is con-

sidered (see section 4.5.1)1. Therefore, the equivalent surface impedance can be

represented as:

Zs =
jwLd(1− w2LgCg)

1− w2Cg(Lg + Ld)
(8.1)

Consequently, the reflection coefficient under normal incidence (see equation

4.76) can be expressed as:

Re{Γ} =
w6L2

gC
2
gL

2
d−w

4Cg(η20Cg(Lg+Ld)2+2LgL2
d)+w2(2η20Cg(Lg+Ld)+L2

d)−η20
w6L2

gC
2
gL

2
d+w4(η20C

2
g (Lg+Ld)2−2L2

dLgCg)+w2(L2
d−2η20Cg(Lg+Ld))+η20

(8.2a)

Im{Γ} = j
2wη0Ld(w4C2

gLg(Lg+Ld)−w2Cg(2Lg+Ld)+1)

w6L2
gC

2
gL

2
d+w4(η20C

2
g (Lg+Ld)2−2L2

dLgCg)+w2(L2
d−2η20Cg(Lg+Ld))+η20

(8.2b)

Both expressions 8.1 and 8.2 are frequency dependent. In fact, there are two

interesting frequencies that cancel the imaginary part of the reflection coefficient.

fr1 =
1

2π
√
LgCg

(8.3a)

fr2 =
1

2π
√
LgCg + LdCg

(8.3b)

1

The circuit model presented here is valid as long as the coupling between the grid and the groun-
ded dielectric is negligible, so that a parallel connection of both impedances are possible, as it was
mentioned in section 4.5.1. More complex circuit models, through the calculation of rather com-
plicated formulas aiming to get an excellent fit between the model and the actual AMC’s behaviour,
usually lose the intuitive interpretation aimed at the circuit model and hence, a full-wave simulation
can be more desirable.
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At the previous resonance frequencies the structure behaves differently. Indeed,

this behavior can be interpreted using the equivalent surface impedance and the re-

flection coefficient phase. The first one 8.3a causes a zero in the equivalent surface

impedance and the latter 8.3b a pole. Therefore, the phase of the reflection coeffi-

cient is 180◦ and 0◦ at each frequency, respectively. Thus, at the frequency 8.3b the

structure behaves as an AMC (in-phase reflection).

From the previous expressions, it can be concluded that the the ratio of the grid and

the dielectric inductance’s values (Lg and Ld, respectively) can shift the resonance

frequencies and modify the structure behaviour. Indeed, varying the grid induct-

ance, the structure behaves differently in terms of resonance frequency, bandwidth

and angular stability.

On the one hand, when Ld > Lg, the zero and the pole frequencies are separ-

ated enough in the frequency spectrum, so that they do not influence each other.

Therefore, the resonance frequency of the AMC is well described by the expres-

sion 8.3b. Thus, when the dielectric thickness increases (↑ Ld), the grid inductance

must decrease (↓ Lg) in order to maintain the AMC resonance frequency.

On the other hand, when Ld << Lg, the frequencies 8.3a and 8.3b are very

close to each other. Therefore, the resonance frequency at which the structure

behaves as an AMC is affected by the zero, giving rise to an overlap of both res-

onant effects. In this case, the structure behaves differently in terms of resonance

frequency. In fact, as it will be shown later through electromagnetic simulations,

when the dielectric thickness decreases (↓ Ld), the grid inductance must also de-

crease (↓ Lg) to keep the AMC resonance frequency. Moreover, as it was men-

tioned previously, when a rather thin dielectric slab is considered, the considered

circuit model loses its validity and higher order modes should be considered.

In order to validate these remarks the SLUC based AMC and the SLIUC based

one are analyzed. Initially, both SLUC and SLIUC based AMC are considered to

be identical (same periodicity and dielectric characteristics), except for the lumped

inductors introduced on the SLIUC metallization geometry. The unit-cell geomet-

ric parameters (see figure 8.1) are: p = 7.3mm,we = 6.3mm,wi = 3.4mm,wL =
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0.8mm and g = 0.5mm. The width of the loop metallizations (1.45mm) is pro-
perly chosen in order to introduce inductors of 0805 case [6]. Firstly, the dielectric
thickness is chosen to be 1.524mm as it is an available commercial RO4003C thick-
ness value. Using this dielectric thickness and the unit-cell parameters described
above, a resonance frequency of 7.79GHz is obtained for the SLUC based AMC.
In order to estimate the lumped inductors value that provides a 5.8GHz resonance
frequency for the SLIUC based AMC, the values of Lg, Cg and Ld should be ap-
proximately obtained. The inductive value of the unit-cell metallization strips, that
remains after the introduction of lumped inductors (L′metT = 2L′met (see inset in fig-
ure 8.1(c)), can be estimated using the formulation proposed in [7]. In this article,
the inductance value of metallic strips on grounded dielectric slabs is approxim-
ated. Adjusting the formulation to the AMC’s geometry under consideration, the
inductance value due to the metallic strips can be obtained as:

L′metT = w
′

i

µ0

4π
ln

{
1 +

32h2

w2

[
1 +

√
1 +

(πw2

8h2

)2
]}

(8.4)

where: w′i = wi − wL w = we−wi
2

Substituting the SLIUC based AMC geometric parameters on the previous expres-
sion, an inductive value of 1.61nH is obtained for L′metT . The inductance repres-
ented in figure 8.1(c) as L1 will be the series connection between L′metT and the
introduced lumped inductor (L). Therefore, the grid inductance, as it was previ-
ously specified, has the form Lg =

L′metT
+L

2
.

On the other hand, the capacitance value can be estimated using the expression
proposed in [2]:

Cg =
weε0(1 + εr)

π
cosh−1

(we + g

g

)
(8.5)

where: g = p− we

Replacing the geometric parameters of the SLIUC based AMC on the previous
expression, a value of 0.208pF is obtained for Cg.
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A more realistic way to model the grid capacitance is using the formulation in [3],
where the grid impedance of a conducting strip with square cells is computed.

Zg =
π

jwεeff2p log2

(
1

sin
(

1
sin(

πg
2p )

))
=

1

jwCg

(8.6)

A correction factor (Fg), which takes into consideration that the loop-based array
of strips has a gap between them, rather than being fully connected as in [3], should
be added. The correction factor proposed in [8] fits properly in this analysis:

Fg =
Qc2

1 +Qs2
+
[ pc

4λ
(1− 3s)

]2

(8.7)

where: Q =
[
1−

(
p
λ

)2]−0.5

− 1 c = cos2(πw
2p

)

s = 1− c

Isolating Cg in 8.6 and considering the previous correction factor, the grid impe-
dance will be:

Cg =
εeff2p

π
log
( 1

sin(πg
2d

)

)
+ Fg (8.8)

Therefore, solving the previous equations for the geometric parameters of the con-
sidered AMC, a grid capacitance value of 0.203pF is obtained. As similar grid
capacitance values are obtained using the previous expressions (8.5 and 8.8), the
validity of using one or the other to estimate the grid capacitance is shown.

As it was previously stated, the impedance of an electrically thin grounded
dielectric slab can be modeled using an inductor (as in [3]):

Ld = µh (8.9)

where: µ→ dielectric permeability of the dielectric slab (in this case will be
equal to the free-space one (µ0)).

h → dielectric slab thickness.

Replacing the properties of the considered dielectric (1.524mm RO4003C) in the
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previous expression, a dielectric inductance of 1.92nH is obtained.

Finally, from the expression 8.3b, the value of Lg that provides a resonance
frequency at 5.8GHz can be obtained as:

Lg =
1

4π2f 2
r2Cg

− Ld (8.10)

Substituting in the previous equation the values computed above, a grid induct-
ance of 1.8nH is needed to reach an AMC resonance frequency at 5.8GHz. Since
Lg =

L′metT
+L

2
, the value of the lumped inductors (L) required to achieve the afore-

mentioned resonance frequency is 1.99nH . This value approximates very well to
the one obtained through simulations. Indeed, inductors of value 1.8nH are neces-
sary in simulation to reach the desired resonance frequency, so that the validity of
this analytical approximation is confirmed.

Once the analytical method to achieve an estimated value of the lumped in-
ductors has been presented, the next step is to vary the dielectric thickness from
2.2mm to 0.1mm, so as to get dielectric inductance’s values greater and smaller
than the grid inductance’s one. This will allow verifying the premises stated at the
beginning of this section. Consequently, conducting electromagnetic simulations
varying the AMC’s dielectric thickness, its behaviour regarding different ratios of
Ld and Lg can be analyzed.

In the table 8.1 the following results are shown for each considered dielec-
tric thickness: the resonance frequency of the SLUC based AMC (fSLUC) and the
SLIUC based AMC (fSLIUC) and the lumped inductors’ value to reach a 5.8GHz
resonance frequency on the SLIUC based AMC (L@5.8GHz).

Examining the values presented in the second column of the table 8.1, it is
clearly seen that as the dielectric thickness decreases (↓ Ld), the SLUC based AMC
resonance frequency increases (↑ fSLUC). Since Ld > Lg, the resonance frequency
is well described by 8.3b (fr2). However, when very thin dielectric slabs are con-
sidered (blue cells in the table), the value of Ld becomes much smaller than the one
of Lg and thus, a peculiar change in the AMC behaviour is observed (as the dielec-
tric thickness decreases, the resonance frequency also decreases). This behaviour,
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Table 8.1: SLUC and SLIUC based AMCs behaviour for different dielectric thick-
nesses

Thickness
(mm)

fSLUC

(GHz)
fSLIUC

(GHz)
L@5.8GHz

(nH)

2.2 6.74 5.44 1.15
1.8 7.34 5.63 1.62

1.524 7.79 5.78 1.8
1.3 8.20 5.84 1.86
1.2 8.43 5.83 1.86
1 8.78 5.84 1.86

0.9 8.94 5.81 1.86
0.8 9.06 5.77 1.78
0.7 9.17 5.67 1.7
0.6 9.28 5.46 1.55
0.5 9.41 5.30 1.38
0.4 9.45 5.05 1.19
0.3 9.51 4.68 0.96
0.2 9.46 4.06 0.65
0.1 9.31 3.06 0.35

as it was said before, can be attributed to the overlap between the zero and the pole

of the structure’s equivalent surface impedance.

Regarding the third column of the table (8.1), for the SLIUC based AMC with a

fixed lumped inductors’ value (1.8nH), the AMC’s resonance frequency increases

as the dielectric thickness decreases (↓ Ld) (the resonance frequency is well de-

scribed by 8.3b, since (Ld > Lg)). This tendency is held up to a range of thick-

nesses on which the resonance frequency keeps nearly constant (green cells in the

table). In this zone, the grid and dielectric inductances have almost the same values

(Lg ≈ Ld). Further decreasing the dielectric thickness gives rise to the peculiar be-

haviour previously mentioned and attributed to the overlaping between the zero and

pole of the structure’s equivalent (surface) impedance (since Ld << Lg). There-

fore, the resonance frequency decreases (↓ fSLIUC) as the dielectric thickness also

decreases (↓ Ld).
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Considering the previous remarks, the lumped inductors’ values, required to

keep the resonance frequency at 5.8GHz as the dielectric thickness decreases, are

presented in the fourth column of the table 8.1. Three different zones regarding

the required lumped inductors’ value can be identified. In the first one, when the

dielectric is thick and Ld > Lg, the expression of the AMC’s resonance frequency

is described by 8.3b. Thus, the lumped inductors’ value should be increased (and

consequently the grid inductance also increases (↑ Lg)) as the dielectric thick-

ness decreases (↓ Ld) to preserve the AMC’s resonance frequency. Then, a range

of dielectric thicknesses, on which the dielectric and grid inductances are similar

(Ld ≈ Lg), appears (green cells in the table). In this zone, the lumped inductors’

value must be kept so as to preserve the resonance frequency at 5.8GHz. Further

decreasing the dielectric thickness entails reducing the lumped inductors required

to maintain the resonance frequency. Therefore, the zero and the pole of the struc-

ture’s equivalent surface impedance overlap, which explains this particular phe-

nomena.

Another interesting aspect, from table 8.1, is that the maximum resonance fre-

quency is reached for dielectric thickness whose dielectric inductance is roughly

equal to the grid one (Ld ≈ Lg). Further decreasing the dielectric thickness does

not increase the resonance frequency.

From the previous remarks, it can be stated that the value of the lumped in-

ductors should be chosen carefully. Depending on the dielectric thickness under

consideration the AMC’s behaviour may change and different values of the lumped

inductors will be needed to preserve the resonance frequency.

The influence of C1 in loop-based AMCs

When a loop-based AMC with a small periodicity is considered, an additional

AMC resonance can appear, since C1 (in figure 8.1(c)) may no longer be con-

sidered negligible. Therefore, the following equivalent surface impedance should

be considered:

Zs =
jwLd − jw3LgLd(Cg + C1)

1− w2(LgCg + LgC1 + LdCg) + w4LdLgCgC1

(8.11)
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From the previous expression two AMC’s resonance frequencies appear:

fr1 =

√
(LgCg+LgC1+LdCg)+

√
L2
g(C2

g+C2
1 )+2LgCg(Ld(Cg−C1)+LgC1)+C2

gL
2
d

2C1CgLdLg

(8.12a)

fr2 =

√
(LgCg+LgC1+LdCg)−

√
L2
g(C2

g+C2
1 )+2LgCg(Ld(Cg−C1)+LgC1)+C2

gL
2
d

2C1CgLdLg

(8.12b)

An small loop based AMC unit-cell is considered which gives rise to the appear-
ance of this additional resonance. The geometric parameters of this AMC (see fig-
ure 8.1(a)) are: p = 5.3mm,we = 4.3mm,wi = 1.4mm and g = 0.5mm. Using
the previous expressions to compute Lg ≈ 0.4nH , Cg ≈ 0.08pF , Ld ≈ 1.92nH

and C1 ≈ 0.02pF and replacing them in equation 8.11 the analytical AMC equival-
ent surface impedance, which considers C1, can be calculated. In figure 8.3, both
reflection coefficients computed using the equivalent surface impedance in expres-
sions 8.1 and 8.11 are considered together with the electromagnetic simulations.
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Figure 8.3: Reflection coefficient phase of the square loop-based AMC, considering
the influence of C1 in the equivalent circuit model.

Comparing the electromagnetic simulations1 with the analytical results, an ad-
ditional resonance can be observed, in both the analytical results considering C1

and the simulation results, about 51GHz. This phenomenon is not predictable by

1It should be noticed that for avoiding computational burden the simulation results are com-
puted just for frequency range of interest (around the AMC’s resonance frequencies), since a large
frequency band should be considered.
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the analytical AMC equivalent surface impedance which neglects the capacitor C1

in its model. The difference between the analytical and simulation results, regard-
ing the slope of the reflection coefficient phase curve, are due to the fact that the
analytical expressions do not take into consideration the harmonics of the AMC’s
first resonance.

In order to study the differences of considering the capacitor C1 or not in the
analytical formulation and its influence on the first AMC’s resonance frequency, a
sweep of the analytical values Lg, Cg, Ld and C1 from once to twice their initial
values increasing them a 10% on each iteration is conducted and the results repres-
ented in figure 8.4.
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Figure 8.4: Reflection coefficient phase using the analytical AMC equivalent surface
impedance, considering C1 or not and varying the following equivalent impedance
components: Lg (a), Cg (b), Ld (c) and C1 (d).

Increasing whatever analytical value (except forC1) gives rise to a shift down in
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the first AMC’s resonance frequency, whether the analytical model with or without

C1 is considered. Although when increasing Lg the first AMC’s resonance fre-

quency diminishes slightly faster in the case of considering C1 in the modeling,

both models exhibit little influence on this resonance behaviour. Consequently, us-

ing one or the other analytical expression will provide a good insight in the AMC’s

first resonance behaviour, which is usually the one of interest for most applications.

On the other hand, varying the value of C1 does not cause a great shift on the first

AMC’s resonance frequency. Consequently, both analytical models are suitable to

study the behaviour of the AMC at its first resonance.

8.2.1.2 Angular stability analysis of SLUC and SLIUC based AMCs, for di-
fferent commercially available dielectric thicknesses

The influence of varying the dielectric thickness on the SLUC and SLIUC based

AMCs’ angular stability will be presented throughout this section. Commercially

available dielectric thickness will be considered and other dielectric thickness will

be also analyzed to complete the analysis. The same geometric dimensions as

above are used for both SLUC and SLIUC based AMCs (p = 7.3mm,we =

6.3mm,wi = 3.4mm,wL = 0.8mm and g = 0.5mm). Moreover, the previous

guidelines, regarding the estimation of the lumped inductors, will be used to se-

lect the lumped inductors’ value for each dielectric thickness. The electromagnetic

simulations were conducted as it was explained in the introduction 8.1. However,

for the sake of brevity only the cases of maximum resonance frequency deviation

and the narrowest stable bandwidth will be presented. In fact, these results can be

considered as the AMC’s operating specifications.

The angular stability results of the SLUC and SLIUC based AMCs for sev-

eral dielectric thicknesses are shown in table 8.2. Rows labeled by ’Difference’

indicates the negative or positive differences, regarding the absolute and relative

values of resonance frequency deviation and stable bandwidth, between the SLIUC

and SLUC based AMCs for each analyzed dielectric thickness. When the SLIUC

based AMC is compared, in terms of resonance frequency deviation and stable

bandwidth, with the SLUC based one for each considered dielectric thickness, three
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different zones can be identified.

Table 8.2: Angular stability of SLUC and SLIUC based AMCs for different dielectric
thicknesses (with identical geometric dimensions)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

SLUC (2.1mm) 613 8.48 880 11.92
SLIUC (2.1mm, 1.3nH) 445 7.40 434 7.24

Difference (2.1mm) -168 -12.74 -446 -39.26
SLUC (1.9mm) 598 7.92 849 11.06

SLIUC (1.9mm, 1.4nH) 362 6.04 357 6.1
Difference (1.9mm) -236 -23.74 -492 -44.85

SLUC (1.8mm) 607 7.95 799 10.31
SLIUC (1.8mm, 1.5nH) 312 5.24 319 5.46

Difference (1.8mm) -295 -34.10 -480 -47.04
SLUC (1.524mm) 529 6.57 711 8.67

SLIUC (1.524mm, 1.8nH) 186 3.17 220 3.82
Difference (1.524 mm) -343 -51.75 -491 -55.94

SLUC (1.2mm) 504 5.86 531 6.09
SLIUC (1.2mm, 1.86nH) 130 2.22 116 2

Difference (1.2 mm) -374 -62.46 -415 -67.16
SLUC (1mm) 419 4.71 426 4.73

SLIUC (1mm, 1.86nH) 100 1.71 100 1.72
Difference (1 mm) -319 -63.69 -326 -63.64

SLUC (0.762mm) 345 3.74 255 2.73
SLIUC (0.762mm, 1,7nH) 71 1.21 79 1.36

Difference (0.762 mm) -274 -67.65 -176 -50.20
SLUC (0.508mm) 194 2.05 177 1.86

SLIUC (0.508mm, 1.4nH) 40 0.69 59 1.02
Difference (0.508mm) -154 -66.34 -118 -44.62

SLUC (0.406mm) 190 2 105 1.08
SLIUC (0.406mm, 1.2nH) 32 0.55 60 1.03

Difference (0.406mm) -158 -72.5 -45 -4.63
SLUC (0.305mm) 144 1.50 70 0.73

SLIUC (0.305mm, 1nH) 22 0.38 66 1.14
Difference (0.305mm) -122 -74.67 -4 +56.16
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In the first one (from 2.1mm to 1.524mm dielectric thicknesses), as the dielec-

tric thickness decreases the resonance frequency deviation is reduced, but the stable

bandwidth is narrowed. This zone is characterized by a dielectric inductance much

greater than the grid one (Ld > Lg).

In the second zone (1.2mm to 1mm dielectric thickness), the relative resonance

frequency deviation is improved with respect to the ones obtained in the previous

zone, but it is almost kept as the AMCs’ dielectric thickness decreases. Moreover,

the relative stable bandwidth is also narrowed, but almost maintained when de-

creasing the dielectric thickness. It should be noticed that the grid and dielectric

inductances have similar values (Lg ≈ Ld) in this zone of dielectric thicknesses.

Regarding the third zone (from 0.762mm to 0.305mm) as the dielectric thick-

ness decreases, the resonance frequency deviation also decreases and the stable

bandwidth difference between the SLUC and SLIUC based AMCs widens, with

respect to the previous considered AMCs with thicker thicknesses. Indeed, for

a 0.305mm dielectric thickness the relative stable bandwidth in the SLIUC based

AMC is broader than the one for the SLUC based one. This behaviour can be attrib-

uted to the compensation between the reduction of resonance frequency deviation

(due to the introduction of lumped inductors) and the narrowing in bandwidth that

appears when the resonance frequency shifts downwards. Therefore, introducing

lumped inductors in the AMC’s unit-cells may not only reduce the resonance fre-

quency deviation, but also it can widen the stable bandwidth.

Table 8.3: Angular stability of SLUC based AMCs for different dielectric thicknesses,
adjusting their geometric parameters to resonate at 5.8GHz

Thickness
(mm)

Periodicity
(mm)

∆f

(MHz)
∆f

(%)
Bs

(MHz)
Bs

(%)

1.524mm 9.2 384.1 6.43 183 3.04
1mm 9.8 261 4.4 44 0.74

0.406mm 10.32 182 3.13 0 0

From the previous remarks three conclusions can be drawn as the AMC’s dielec-

tric thickness decreases:

291



8. INTRODUCTION OF LUMPED COMPONENTS ON METASURFACES

• First zone (Ld > Lg)→ the resonance frequency deviation decreases and the

stable bandwidth narrows.

• Second zone (Ld ≈ Lg)→ the resonance frequency deviation and the stable

bandwidth are almost kept on this zone.

• Third zone (Ld << Lg) → the resonance frequency deviation slightly de-

creases and the stable bandwidth broadens.

Table 8.4: Angular stability of SLUC and SLIUC based AMCs for different dielectric
thicknesses (resonating at the same frequency (5.8GHz))

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

SLUC (1.524mm) 384.1 6.43 183 3.04
SLIUC (1.524mm, 1.8nH) 186 3.17 220 3.82

Difference (1.524 mm) -198.1 -50.7 +37 +25.66

SLUC (1mm) 261 4.4 44 0.74
SLIUC (1mm, 1,86nH) 100 1.71 100 1.72

Difference (1 mm) -161 -61.12 +56 +56.98

SLUC (0.406mm) 182 3.13 0 0
SLIUC (0.406mm, 1.2nH) 32 0.55 60 1.03

Difference (0.406mm) -150 -82.43 +60 -

On the other hand, considering the case of no lumped inductors introduced on

the unit-cell’s metallization (table 8.3). The only possibility to preserve the res-

onance frequency (at 5.8GHz) when decreasing the dielectric thickness, without

changing the metallization shape or dielectric slab, is to increase the dimensions

of the periodicity (and hence, the metallization geometry) of the structure, being

possible if no size restrictions are required on the intended application. Moreover,

as the dielectric thickness decreases the required unit-cell size will be larger. Tak-

ing a glance at the table 8.3, it is obvious that the resonance frequency deviation is

reduced as the dielectric thickness decreases, but the stable bandwidth is narrowed,

reaching zero for 0.406mm dielectric thicknesses. These results coincide with the
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statements made in the introduction chapter. Moreover, the angular stability of the

SLUC based AMC will be worse if it is compared with the SLIUC based one for

each analyzed thickness (see table 8.4).

8.2.1.3 Dielectric thickness for which this method can be applied, preserving
the resonance frequency

The range of dielectric thicknesses, for which this method can be applied pre-

serving the resonance frequency, will be presented throughout this section. An

upper and a lower dielectric thickness values will be identified.

On the one hand, regarding thick dielectric slabs and considering (Ld > Lg),

the resonance frequency deviation increases as the dielectric thickness increases

(first zone in the table 8.2). This large resonance frequency deviation is mainly no-

ticeable when a TM incident plane wave is considered. However, as it was shown

before, in order to preserve the resonance frequency the grid inductance have to

decrease (↓ Lg) as the dielectric thickness increases (↑ Ld). Thus, for thick dielec-

trics the value of Lg (and hence the one of the lumped inductors) have to be very

small to keep the resonance frequency. Consequently, the improvements in the

AMC’s angular stability introduced by this lumped inductors will be negligible.

Therefore, the upper dielectric thickness limit can be considered to be the one that

provides no improvements in the AMC’s angular stability when lumped inductors

are introduced. Nevertheless, in practice thick dielectrics are not of interest be-

cause of general profile constrains. In fact, in most applications low profile AMCs

are considered (thickness smaller than λ
10

). In addition, grounded dielectric slabs

with thickness larger than λ
4

cannot be modeled by an inductance.

On the other hand, for small dielectric thickness in which Lg >> Ld, it can be

considered no theoretical lower limit, since introducing lumped inductors always

improves the AMC’s angular stability (as it was shown in the third zone of table

8.2). Consequently, the lower limit in the dielectric thickness will be given by the

desired application’s bandwidth, provided a realizable AMC can be manufactured.
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8.2.1.4 Other analysis of the SLIUC based AMC angular stability, varying
different parameters of their unit-cells

Another interesting analysis will be carried out in this section, consisting in varying

some unit-cells’ parameters while preserving the resonance frequency at 5.8GHz.

For the sake of brevity, only the SLIUC based AMC’s operation specifications (the

maximum resonance frequency deviation and the narrowest stable bandwidth) will

be presented. In fact, the results for the SLUC based AMC’s has already been

introduced in [1]. Three different dielectric thicknesses will be considered in the

analysis (1.524mm, 1mm and 0.406mm), each pertaining to one of the previously

mentioned zones in table 8.2.

SLIUC based AMC angular stability study for different gaps between unit-
cells

The influence of varying the gap between neighbour unit-cells (from 0.6mm to

2mm) in the AMC’s angular stability will be analyzed here for the three different

thicknesses mentioned above.

Considering the case of 1.524mm dielectric thickness and fixing the lumped in-

ductors to be 2nH (table 8.5), as the gap between unit-cells increases the resonance

frequency deviation will decrease, but the stable bandwidth will be narrower. For

this case (Ld > Lg) and considering no coupling between the grid and the groun-

ded dielectric, the SLIUC based AMC’s behaviour can be interpreted using the

equivalent circuit model defined in figure 8.1(c), as the gap between unit-cells in-

creases the SLIUC based AMC becomes more inductive and hence, the resonance

frequency deviation is improved. These results coincide with the ones presented in

[1].

A more interesting analysis is the one conducted for a 1mm dielectric thickness.

In this case, the resonance frequency deviation is reduced and though the stable

bandwidth is narrowed, as the gap between unit-cells is increased, this narrowing

is much smaller than the one observed in the previous zone (see table 8.5).
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Table 8.5: Angular stability of SLIUC based AMCs for different gaps between unit-
cells, fixing the dielectric thickness to 1.524mm and the lumped inductance to 2nH

Gap
(mm)

Periodicity
(mm)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

0.6 6.2 349 5.9 207 3.53
1 7.24 239 4.04 195 3.31
2 8.55 85 1.48 133 2.31

Table 8.6: Angular stability of SLIUC based AMCs for different gaps between unit-
cells, fixing the dielectric thickness to 1mm and the lumped inductance to 2nH

Gap
(mm)

Periodicity
(mm)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

0.6 6.59 146 2.49 110 1.89
1 7.31 114 1.95 97 1.67
2 8.56 25 0.43 92 1.58

Finally, a dielectric thickness of 0.406mm is chosen to consider a case in the

third zone (Ld << Lg). In this zone the resonance frequency deviation and the

stable bandwidth is roughly kept as the gap between unit-cells is increased. There-

fore, the gap has no major influence in the AMC’s angular stability.

Table 8.7: Angular stability of SLIUC based AMCs for different gaps between unit-
cells, fixing the dielectric thickness to 0.406mm and the lumped inductance to 2nH

Gap
(mm)

Periodicity
(mm)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

0.6 5.8 10 0.17 69 1.19
1 6.2 23 0.39 64 1.1
2 7.2 8 0.14 67 1.15

From the previous remarks three conclusions can be drawn as the gap between

unit-cells is increased:
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• First zone (Ld > Lg)→ the resonance frequency deviation decreases and the
stable bandwidth narrows.
• Second zone (Ld ≈ Lg)→ the resonance frequency deviation decreases and

the stable bandwidth narrows, but in a lesser extent than in the previous zone
(Ld > Lg).
• Third zone (Ld << Lg)→ both the resonance frequency deviation and the

stable bandwidth are kept roughly constant.
Increasing the gap between unit-cells can improve the angular stability, but at the
expense of increasing the unit-cell’s periodicity.

SLIUC based AMC angular stability study for different lumped inductors’
value

The effects of varying the lumped inductors’ value will be tested for the afore-
mentioned three dielectric thicknesses, keeping the gap between unit-cells fixed
to 1mm and preserving the resonance frequency at 5.8GHz. Lumped inductors’
values of 1nH, 2nH and the one selected in table 8.2 for each thickness will be
chosen. It should be noticed that smaller inductor’s values have no much influence
on the AMC’s angular stability when compared SLIUC and SLUC based AMCs
and greater ones cannot be considered due to physical constrains (the periodicity
should be reduced too much, so as to preserve the resonance frequency and hence,
no space for the introduction of lumped inductors would be available in the unit-
cells).

For the first considered dielectric thickness (1.524mm), the resonance frequency
deviation decreases and the stable bandwidth widens for lumped inductors from
1nH to 1.8nH, this behaviour can be attributed to the increase in the grid induct-
ance, which improves the angular stability as it was observed in [1]. However, from
lumped values of 1.8nH on Ld << Lg and hence, the frequency deviation increases
and the stable bandwidth narrows. Therefore, increasing the grid inductance does
not always improve the angular stability of AMCs, there could be an smaller grid
inductance that provides better angular stability. Indeed, the best angular stability
results are obtained when Ld ≈ Lg.

The same behaviour as the one seen above is observed when the dielectric
thickness is 1mm (see table 8.9). However, when this thickness is 0.406mm, though
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Table 8.8: Angular stability of SLIUC based AMCs for two different inductors’ val-
ues, fixing the dielectric thickness to 1.524mm and the gap between unit-cells to 1mm

L
(nH)

Periodicity
(mm)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

1 8.28 309 5.19 186 3.12
1.8 7.3 186 3.17 220 3.82
2 7.24 239 4.04 195 3.31

the resonance frequency deviation is reduced as well, the stable bandwidth is almost
kept (see table 8.10).

Table 8.9: Angular stability of SLIUC based AMCs for two different inductors’ val-
ues, fixing the dielectric thickness to 1mm and the gap between unit-cells to 1mm

L
(nH)

Periodicity
(mm)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

1 8.54 215 3.64 42 0.71
1.86 7.3 100 1.71 100 1.72

2 7.29 114 1.95 97 1.67

Table 8.10: Angular stability of SLIUC based AMCs for two different inductors’
values, fixing the dielectric thickness to 0.406mm and the gap between unit-cells to
1mm

L
(nH)

Periodicity
(mm)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

1 7.8 39 0.67 73 1.25
1.2 7.3 32 0.55 60 1.03
2 6.2 23 0.39 64 1.1

From the previous remarks two conclusions can be drawn as the lumped induct-
ors’ value are increased:
• The resonance frequency deviation decreases and the stable bandwidth widens

up to lumped inductor values on which Ld ≈ Lg, then as the lumped inductor
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increases (Ld << Lg) the frequency deviation increases and the stable band-

width narrows as regards the ones obtained when Ld ≈ Lg.

• In the third zone (Ld << Lg), the resonance frequency deviation decrease

and the stable bandwidth is kept roughly constant.

8.2.1.5 Behaviour of patch based AMCs

As it was mentioned above in section 8.2.1, the grid of a patch-based AMC can

be considered purely capacitive (Cg). The grounded dielectric slab will be induct-

ive (Ld), provided that an electrically thin dielectric is considered. Whenever the

dielectric thickness is not much smaller than the unit-cell periodicity, the equival-

ent surface impedance of the patch based AMC can be modeled as the parallel

connection between Cg and Ld:

Zs =
jwLd

1− w2CgLd
(8.13)

The reflection coefficient of the structure, when a normally incident plane wave

impinges on it, is computed using 4.76, so:

Re{Γ} =
−w4η2

0C
2
gL

2
d + w2Ld(Ld + 2η2

0Cg)− η2
0

w4η2
0C

2
gL

2
d + w2Ld(Ld − 2η2

0Cg) + η2
0

(8.14a)

Im{Γ} = j
2η0Ldw(1− w2LdCg)

w4η2
0C

2
gL

2
d + w2Ld(Ld − 2η2

0Cg) + η2
0

(8.14b)

From the previous expression the frequency at which the reflection coefficient

imaginary part vanishes is:

fr1 =
1

2π
√
CgLd

(8.15)

At this frequency, a pole in the equivalent surface impedance appears, so that a high

impedance surface is obtained. Indeed, the reflection coefficient phase crosses zero

at this frequency being one its magnitude1 and hence, the structure behaves as an

AMC (the incident wave is reflected in phase).

1This can be directly obtained by substituting 8.15 in 8.14.
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8.2.1.6 Angular stability analysis of SPUC and SPCUC based AMCs

In this case, only the commercially available RO4003C dielectric thickness of
1.524mm will be considered. Indeed, considering other dielectric thickness will
give rise to similar conclusions as the ones previously gathered in the literature
and explained in the introduction of this chapter (reducing the dielectric thickness
will improve the angular stability). Moreover, the gap between unit-cells cannot
be varied (fixed to 1mm), since it is chosen to fit capacitors of 0805 size [9]. The
unit-cell geometric parameters of the SPUC based AMC (see figure 8.2(a)) are:
p = 8.9mm and we = 7.9mm. The resonance frequency of the SPUC based
AMC is 7.23GHz and the bandwidth at normal incidence is 1542MHz. In order to
get a resonance frequency at 5.8GHz, lumped capacitors are introduced between
neighbour unit-cells, keeping the same geometric parameters as the ones used in
SPUC. This new structure will be called SPCUC based AMC (see figure 8.2(b))
(wC = 1.26mm).
In order to estimate the lumped capacitors value necessary to reach a 5.8GHz res-
onance frequency, the grid capacitance should be approximated. This capacitance
can be obtained using the previous expression for the AMC resonance frequency
(8.15) and the one for the dielectric inductance (Ld = 1.92nH , see 8.9):

Cg =
1

4π2f 2
r1Ld

= 0.39pF (8.16)

This grid capacitance is the parallel connection of the lumped capacitance (C)
and the capacitance between unit-cells that remains after the introduction of C
(C ′gT = 2C ′g (see figure 8.2(c))). Therefore, the lumped capacitance will be: C =

Cg − C ′gT . Estimating C ′gT from the expression introduced in 8.5:

C ′gT =
w′eε0(1 + εr)

π
cosh−1

(w′e + g

g

)
= 0.27pF (8.17)

where: g = p− we w′e = we − wC
The lumped capacitors value necessary to reach a 5.8GHz resonance frequency

will be 0.12pF . From electromagnetic simulations, it is verified that 0.1pF lumped
capacitors are necessary to reach the desired resonance frequency. Therefore, it can
be considered that the model can precisely predict the AMC behaviour. Using the
aforementioned lumped capacitors value (0.1pF ), a 5.8GHz resonance frequency
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is reached with an AMC bandwidth of 1016MHz at normal incidence.

Once the needed capacitor values is obtained, the angular stability for both

SPUC and SPCUC based AMCs is computed and the following results are re-

trieved:

Table 8.11: Angular stability of SPUC and SPCUC based AMCs for a 1.524mm
dielectric thickness (with identical geometric dimensions)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

SPUC 658 8.71 748 9.88
SPCUC 618 9.9 516.1 8.62

Difference -40 +13.7 -231.9 -12.75

From the table 8.11, it seems that the introduction of lumped inductors does not

improve the angular stability. Only a slight decrease in the resonance frequency

deviation is observed. However, it must be taken into account that both AMCs

resonates at different frequencies, so that the comparison is not completely fair.

Therefore, the SPUC based AMC is tuned to resonate at 5.8GHz by modifying the

value of its geometric parameters (p = 11mm and we = 10mm) and the angular

stability results detailed in table 8.12 are obtained. In this case, it is obvious that

not only the unit-cell is miniaturized but also the angular stability is improved (de-

creasing the resonance frequency deviation and widening the stable bandwidth).

Consequently, it can be said that introducing lumped capacitors on patch based

AMCs improves their angular stability, especially broadening the stable bandwidth.

Table 8.12: Angular stability of SPUC and SPCUC based AMCs for a 1.524mm
dielectric thickness (resonating at the same frequency (5.8GHz))

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

SPUC 655 11 220 3.72
SPCUC 618 9.9 516.1 8.62

Difference -37 -10 +296.1 +132
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8.2.2 Hexagonal-shaped Artificial Magnetic Conductors

Hexagonal loop- and patch-based AMCs are analyzed in this section. The unit-

cells of hexagonal-shaped loop-based AMCs without (HLUC) and with inductors

(HLIUC) are depicted in figures 8.5(a) and 8.5(b), respectively. The grid impe-

dance for both HLUC and HLIUC based AMCs can be modeled using the same

circuit components as the ones used to model the SLUC and SLIUC based AMCs,

respectively.

p

we

wi

g

(a)

x y

z

x y
z

p

we

wi

wL

g

(b)

L1
C2

L1

C1

L L’metL’met

Lmet

Lg Cg

(c)

Figure 8.5: Hexagonal loop-based AMCs unit-cells without (a) and with inductors
(b). Equivalent circuit model of the grid impedance for both TE and TM polarizations
(c) (upper inset: L1 model for the HLUC and lower inset: L1 model for the HLIUC).

Supposing an electric field along the y-axis, the inductors L1 are due to the

metallic strips from the top and the bottom sides of the unit-cell (the lumped in-

ductors value is added to L1 when the SLIUC based AMC is considered (see inset
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in figure 8.5(c))). The capacitor C1 is the capacitance created between the inner
left and right metallic strips of the unit-cell metallization and C2 is attributed to the
gap between neighbour unit-cells. At microwave frequencies, as it occurred in the
square-shaped loop-based AMC, the value of the capacitor C1 can be considered
negligible (as it was shown in a previous section of this chapter). Therefore, the
structure can be approximately modeled as a series connection between an inductor
(Lg = L1

2
) and a capacitor (Cg = C2).

we

p

g

(a)

x y

z

x y
z

p
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wC

g

(b)
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C’g

C
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Figure 8.6: Square patch-based AMCs unit-cells without (a) and with capacitors (b).
Equivalent circuit model of the grid impedance for both TE and TM polarizations (c)
(upper inset: Cg model for the HPUC and lower inset: Cg model for the HPCUC).

The unit-cells for the hexagonal patch-based AMC are represented in figures
8.6(a) and 8.6(b) for the AMC without (HPUC) and with (HPCUC) capacitors in-
troduced between its neighbour unit-cells, respectively. In the same way as for the
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square-shaped patch-based AMC, the structure can be modeled as a series connec-
tion of the grid inductance (Lg) (due to the unit-cell metallization) and grid capa-
citance (Cg) (arising from the gap between unit-cells for the HPUC based AMC
and the gap with the lumped inductors for the HPCUC’s unit-cell (see insets in
figure 8.6(c))). Indeed, for the HPCUC the grid capacitance is the parallel connec-
tion of the lumped capacitors with the capacitance created by the remaining gap
between unit-cells. At microwave frequencies, this grid approximately behaves as
only capacitive, since the grid inductance (Lg) can be considered negligible [2, 3].

8.2.2.1 Angular stability analysis of HLUC and HLIUC based AMCs

In this section, the HLIUC based AMC is compared with the HLUC based one
for two different cases: same geometric dimensions and same resonance frequency
(5.8GHz). The behaviour of the HLUC and HLIUC based AMCs is similar to
the one of the SLUC and SLIUC based AMCs, so that a deep study like the one
carried out in previous sections with the SLUC and SLIUC based AMCs will be
not considered here, since similar conclusions will be found. Aiming at conducting
a fair comparison with the previous results, the same inductors (0805 case) with a
value of 2nH will be chosen for the HLIUC based AMC, so that the structure should
exhibit the following geometrical dimensions: p = 6.51mm, g = 0.5mm,we =

3.18mm and wi = 1.51 in order to get the desired resonance frequency (5.8GHz).

Table 8.13: Angular stability of HLUC and HLIUC based AMCs for a 1.524mm
dielectric thickness (with identical geometrical dimensions)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

HLUC 937 9.34 1151 11.27
HLIUC 210 3.6 167 2.86

Difference -727 -61.46 -984 -74.62

Comparing the HLUC and HLIUC based AMCs’ angular stability under the
same geometrical dimensions, similar conclusions to the ones obtained for the
SLUC and SLIUC based AMCs can be drawn (see table 8.13). For the dielec-
tric thickness under consideration (1.524mm), the resonance frequency deviation
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is reduced in the HLIUC based AMC if compared with the HLUC based one, but

the stable bandwidth is narrowed. However, when the dielectric thickness is de-

creased, this narrowing in the stable bandwidth is reduced as compared to the one

of the HLUC based AMC with the same dielectric thickness1 (as it happened in

table 8.4).

On the other hand, in order to get a HLUC based AMC resonating at 5.8GHz,

the following geometrical dimensions must be used: p = 10mm, g = 0.5mm,

we = 5.2mm and wi = 3.53. When the angular stability of this AMC is compared

with the HLIUC one (see table 8.14), it is observed that not only the resonance

frequency deviation is reduced, but also the stable bandwidth is widened. This last

conclusion is similar to the one drawn for the SLUC and SLIUC based AMCs res-

onating at 5.8GHz with 1.524mm dielectric thickness (see section 8.2.1.1).

Table 8.14: Angular stability of HLUC and HLIUC based AMCs for 1.524mm dielec-
tric thickness (resonating at the same frequency (5.8GHz))

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

HLUC 395 6.59 146 2.4
HLIUC 210 3.6 167 2.86

Difference -185 -45.37 +21 +19.17

A comparison between the SLIUC and HLIUC based AMCs considering an

identical dielectric thickness and lumped inductors value (2nH) is performed in

table 8.15. The introduction of lumped inductors in HLIUC based AMCs does

not only miniaturize the structure but also reduce its resonance frequency deviation

if compared with the SLIUC based AMC. However, the latter exhibits a broader

stable bandwidth. It should be noticed that by increasing the gap between unit-

cells, the stable bandwidth of the HLIUC based AMC can be wider than the SLIUC

based AMC one (see [1]).

1For the sake of compactness, these results are not shown.
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Table 8.15: Angular stability of SLIUC and HLIUC based AMCs for 1.524mm dielec-
tric thickness (resonating at the same frequency (5.8GHz))

Periodicity
(mm)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

SLIUC 7.24 239 4.04 195 3.31
HLIUC 6.51 210 3.6 167 2.86

Difference -0.73 -29 -10.89 -28 -13.6

8.2.2.2 Angular stability analysis of HPUC and HPCUC based AMCs

The same angular stability analysis, as in the previous section, is conducted for

HPUC and HPCUC based AMCs. The HPCUC based AMC is compared with the

HPUC one for both same geometrical dimensions and same resonance frequency

(5.8GHz).

Lumped capacitors of 0.1pF value are chosen to conduct fair comparisons with

previous results and hence, the following unit-cell’s geometrical dimensions: p =

8.36mm, g = 0.5mm, we = 4.25mm and wC = 1.26mm are used to get the de-

sired resonance frequency (5.8GHz). For the case of considering identical geomet-

rical dimensions, the angular stability analysis shows a reduction on both resonance

frequency deviation and stable bandwidth on the HPCUC based AMC as compared

to the HPUC one (see table 8.16). Therefore, similar conclusions as the ones drawn

for the SPUC and SPCUC based AMCs (see table 8.12) are obtained, except for

the frequency deviation which is further reduced. The resonance frequencies (and

bandwidths) under normal incidence for TE polarization are 7.95GHz (1.9GHz)

and 5.79GHz (1.03GHz) and for TM polarization 7.91GHz (1.88GHz) and 5.8GHz

(1.04GHz) respectively for HPUC and HPCUC based AMCs.

In order to shift down the resonance frequency of the HPUC based AMC (up

to 5.8GHz), its unit-cell dimensions has to be enlarged. Consequently, the required

geometrical dimensions are: p = 11.83mm, g = 0.5mm and we = 6.25. The

attained bandwidth under normal incidence is 1.03GHz for both TE and TM polar-

ization.
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Table 8.16: Angular stability of HPUC and HPCUC based AMCs for 1.524mm dielec-
tric thickness (with identical geometrical dimensions)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

HPUC 803 9.63 846 9.99
HPCUC 687 11.2 539 8.94

Difference -116 +16.3 -307 -10.51

Table 8.17: Angular stability of HPUC and HPCUC based AMCs for 1.524mm dielec-
tric thickness (resonating at the same frequency (5.8GHz))

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

HPUC 483 7.97 388 6.36
HPCUC 687 11.2 539 8.94

Difference +204 +40.53 +151 +40.57

From the angular stability results in table 8.17, it can be concluded that the

resonance frequency deviation increases and the stable bandwidth widens for the

HPCUC based AMC. As in the previous case, the same conclusion as for SPUC

and SPCUC based AMCs, concerning the resonance frequency deviation, is not

obtained. However, it should be noticed that the principal reward of introducing

lumped capacitors on patch-based AMCs is the increasing of the stable bandwidth,

as it was shown for SPUC and SPCUC based AMCs with identical resonance fre-

quency.

Finally, comparing both SPCUC and HPCUC based AMCs when identical

lumped capacitors are introduced (0.1pF) (see figure 8.18), it can be concluded

that the HPCUC based AMC miniaturizes the AMC and increases its stable band-

width, while the SPCUC based AMC reduces the resonance frequency deviation.
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Table 8.18: Angular stability of SPCUC and HPCUC based AMCs for 1.524mm
dielectric thickness (resonating at the same frequency (5.8GHz))

Periodicity
(mm)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

SPCUC 8.9 618 9.9 516.1 8.62
HPCUC 8.36 687 11.2 539 8.94

Difference -0.54 +69 +13.13 +22.9 +3.7

8.2.2.3 Angular stability analysis of HLUC and HLCUC based AMCs

Another idea is to combine the use of loop based AMCs with the introduction of

lumped capacitors in the gap between unit-cells (HLCUC). In this case, it was opted

for keeping the same capacitors value (0.1pF) and gap between unit-cells (1mm)

as the ones used above for the HPCUC based AMC. The metallization dimensions

are adjusted to obtain a resonance frequency at 5.8GHz, so that the required geo-

metrical dimensions for the HLCUC based AMC are: p = 6.8mm, g = 0.5mm,

we = 3.35mm, wi = 1.97mm and wC = 1.26mm. The unit-cell geometries of

both the HLUC and HLCUC based AMCs as well as the circuit models of their grid

impedance are shown in figure 8.7. It can be noticed that the circuit model has the

same circuit components as the ones for the HLUC and HLIUC based AMCs, but

for the capacitance C2 which should take into consideration the introduced lumped

capacitors in the HLCUC based AMC (see lower inset in figure 8.7(c)).
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Figure 8.7: Hexagonal loop-based AMCs unit-cells without (a) and with (b) capaci-
tors. Equivalent circuit model of the grid impedance for both TE and TM polarizations
(c) (upper inset: C2 model for the HLUC and lower inset: C2 model for the HLCUC).

The HLUC based AMC, with identical geometrical parameters as the ones in-

troduced above for the HLCUC based AMC, exhibits a resonance frequency at

8.3GHz. In terms of angular stability, the HLUC based AMC shows higher res-

onance frequency deviation and wider stable bandwidth than the HLCUC based

AMC (see table 8.19), so that similar conclusion to the ones drawn for HLUC and

HLIUC based AMCs are obtained, with the exception that the resonance frequency

deviation is reduced in a lesser extent and the narrowing in the stable bandwidth

is smaller for the HLCUC based AMC as compared to the HLIUC based one (see

table 8.13).

Table 8.19: Angular stability of HLUC and HLCUC based AMCs for 1.524mm
dielectric thickness (with identical geometrical dimensions)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

HLUC 721 8.4 729 8.34
HLCUC 655 10.77 451 7.54

Difference -66 -28.21 -278 -9.6

In order to complete the study, both AMCs are compared when their reson-

ances are at the same frequency. Although the stable bandwidth is widened in the

HLCUC based AMC, its resonance frequency deviation is large, so that it is not
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Table 8.20: Angular stability of HLIUC and HLCUC based AMCs for 1.524mm
dielectric thickness

Periodicity
(mm)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

HLIUC 6.51 210 3.6 167 2.86
HLCUC 6.8 655 10.77 451 7.54

Difference +0.29 +445 +199.16 +284 +163.64

possible to improve both parameters (as it happened for the HLIUC based AMC

as compared to the HLUC one). However, it is true that the stable bandwidth is

increased in a higher extend for the HLCUC based AMC as regards the HLIUC

based one (see table 8.20).

The HLIUC based AMC, thanks to the introduction of lumped inductors, exhibits

a more inductive grid behaviour than the HLCUC based one, which can be related

with the better performance on the resonance frequency deviation. On the other

hand, as the HLCUC based AMC has a more capacitive grid behaviour, due to the

introduction of the lumped capacitors, than the HLIUC based one, its stable band-

width is wider (see table 8.21).

Table 8.21: Angular stability of HLUC and HLCUC based AMCs for 1.524mm
dielectric thickness (resonating at the same frequency (5.8GHz))

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

HLUC 395 6.59 146 2.4
HLCUC 655 10.77 451 7.54

Difference +260 +63.43 +305 +214.2

8.2.2.4 Angular stability analysis of HPUC and HPLUC based AMCs

Aiming at completing the previous research, it only remains to analyze the results

of introducing lumped inductors in patch based AMCs. In order to get induct-
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ors that fit in the gap between unit-cells, inductors of 0603 case manufactured by

Tyco Electronics will be used. Among the commercially available inductors val-

ues, the most similar one to the chosen for the HLIUC based AMC (2nH) is the

2.2nH. Using this inductor value the unit-cell metallization geometry should have

the following geometrical dimensions to achieve a resonance frequency at 5.8GHz:

p = 17.54mm, g = 0.5mm and we = 9.55mm (see figure 8.8).

p

g

we

(a)

x y

z

x y
z

p

g

we

wL

(b)

Ld

Cg

L1
L2

(c)

Figure 8.8: Hexagonal patch-based AMCs unit-cells without (a) and with (b) induct-
ors. Equivalent circuit model of the grid impedance for both TE and TM polarizations
(c).

The results of analyzing the angular stability of the HPUC based AMC and the

HPLUC based one with identical geometrical dimensions are presented in table

8.22. It can be observed that not only the resonance frequency deviation, but also

the stable bandwidth worsen for the HPLUC based AMC.
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Table 8.22: Angular stability of HPUC and HPLUC based AMCs for 1.524mm dielec-
tric thickness (with identical geometrical dimensions)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

HPUC 293 6.75 160 3.68
HPLUC 322 5.38 11 0.18

Difference +29 +20.3 -149 -95.11

For adjusting the HPUC based AMC to resonate at 5.8GHz, the same geo-

metrical dimensions as the ones used in section 8.2.2.2 should be employed (p =

11.83mm, g = 0.5mm and we = 6.25mm). Therefore, a smaller unit-cell’s size

is needed when no lumped inductors are introduced in the patch based AMC. This

is a new situation, since so far the introduction of lumped components entailed the

unit-cell’s miniaturization.

Analyzing the angular stability, it can be concluded that although the resonance

frequency deviation is reduced, an extremely narrow stable bandwidth is obtained

for the HPLUC based AMC as compared to the results for the HPUC based AMC

(see table 8.23).

Table 8.23: Angular stability of HPUC and HPLUC based AMCs for 1.524mm dielec-
tric thickness (resonating at the same frequency (5.8GHz))

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

HPUC 483 7.97 388 6.36
HPLUC 322 5.38 11 0.18

Difference -161 -32.5 -377 -97.17

8.2.2.5 General conclusions

In this section, general conclusions regarding the previously computed angular sta-

bility results will be provided. In table 8.24, these results are summarized and the
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relative differences in terms of resonance frequency deviation and stable bandwidth
between the analyzed AMCs are gathered. It can be noticed that the best results are
obtained for the HLIUC based AMC. It can be said that AMCs with an inductive
grid behavior exhibits a lower resonance frequency deviation, whereas capacitive
ones brings about an improvement in the stable bandwidth. However, both parame-
ters (frequency deviation and stable bandwidth) can be improved if the dielectric
thickness is appropriately chosen, as it was shown for the mentioned 1.524mm
HLIUC based AMC and the 0.305mm SLIUC based AMC in table 8.4 and for the
1.524mm dielectric thickness SPCUC based AMC in table 8.12.

Table 8.24: Summary of the angular stability results for the previously analyzed
AMCs

HLIUC
vs

HLUC

HPCUC
vs

HPUC

HLCUC
vs

HLUC

HPLUC
vs

HPUC

Same
Size

∆f (%) ↓ (−61.46) ↓ (−16.3) ↓ (−66) ↑ (+20.3)

Bs (%) ↓ (−74.62) ↓ (−10.51) ↓ (−9.6) ↓ (−95.11)

Same
fr

∆f (%) ↓ (−45.37) ↑ (+40.53) ↑ (+63.43) ↓ (−32.5)

Bs (%) ↑ (+19.17) ↑ (+40.57) ↑ (+21.42) ↓ (−97.17)

In table 8.25, a comparison of the SLIUC and HLIUC based AMC with other
literature contributions is introduced. In this table, the following data are presen-
ted: dielectric properties (thickness and relative permittivity), absolute and relative
bandwidth at normal incidence, resonance frequency, absolute and relative reson-
ance frequency deviation and stable bandwidth. It can be noticed that in references
[4, 10, 11] the angular stability is just analyzed under φ = 0◦ polarization angles.
The HLIUC based AMC with a 1.524mm dielectric thickness is chosen to perform
a fair comparison among other literature contributions with similar dielectric thick-
nesses. From the results, one can notice that both the SLIUC and HLIUC based
AMCs exhibit smaller relative frequency deviation than the other AMCs in the lit-
erature. Moreover, to be honest, the compared AMCs should operate in the same
frequency band and with identical dielectric properties. Therefore, the AMC in [1]
can be a proper candidate to conduct the comparisons, which also exhibits a similar
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gap between unit-cells (1.2mm) to the SLIUC and HLIUC based AMCs (1mm). It

can be noticed that not only the frequency deviation is reduced, but also the stable

bandwidth is widen in the SLIUC based AMC and kept in the HLIUC based one

when compared with both Sl0.6 and Hl0.6. Moreover, the SLIUC and HLIUC based

AMC unit-cell’s areas are 0.53cm2 and 0.35cm2, which is much smaller than the

ones of the Sl0.6 and Hl0.6 AMCs (0.82cm2 and 0.88cm2, respectively). It should

be noticed that by optimizing the HLIUC based AMC by choosing a smaller in-

ductor value and adjusting its geometric parameters, the stable bandwidth can be

also improved and not just maintained with respect to the Hl0.6 AMC presented in

[1]. Indeed, the latter have been shown in the previous sections, when the HLUC

and HLIUC based AMCs are compared under the same gap between unit-cells.

Table 8.25: Comparison with other literature contributions

Material
(εr)

Thickness
(mm)

BW
(MHz)

BW
(%)

fr
(GHz)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

SRG-DiNV
[4] 2.7-j0.01 6 8691 221 3.95 170 4.3 - -

SRG-DiV
[4] 2.7-j0.01 6 - - 3.95 474 12 - -

JC-DiV
[4] 2.7-j0.01 6 - - 3.95 750 19 - -

JC-DiNV
[4]

Alumina
9.3-11.5 0.653 - - 15 1050 7 - -

SS
[10] 2.2 6.3 - - 8.75 700 8 - -

SSL
[10] 2.2 4.7 - - 6.25 500 8 - -

DesignI
[11] 6.15 2.54 4560 45.41 10.04 630 6.27 - -

DesignII
[11] 6.15 2.54 4430 45.48 9.74 629 6.46 - -

Hexagon
[12] 3.38 1.524 3020 23.5 12.85 850 6.61 - -

Square
[12] 3.38 1.524 1700 13.3 12.85 760 5.91 - -

Hl0.6
[1] 3.38 1.524 690 12 5.78 382 6.4 182 3

Sl0.6
[1] 3.38 1.524 578 10.13 5.7 362 6.1 69 1.2

Proposed
SLIUC based AMC (1.8nH) 3.38 1.524 450 7.8 5.8 186 3.17 220 3.82

Proposed
HLIUC based AMC (2nH) 3.38 1.524 361 6.27 5.8 210 3.6 167 2.86

1 AMC’s bandwidth computed between ±45◦.
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On the other hand, it should be noticed that there are no many literature contri-

butions on which the angular stability of patch based AMCs is analyzed in a fre-

quency band close to 5.8GHz. In table 8.26, a comparing between the mushroom-

like AMC introduced in [10] with the proposed patch based AMCs presented in this

chapter (SPCUC and HPCUC based AMCs) is detailed. From the results, it can be

stated that the proposed AMCs improve the angular stability of the mushroom-like

one.

Table 8.26: Comparison with other literature contributions

Material
(εr)

Thickness
(mm)

BW
(MHz)

BW
(%)

fr
(GHz)

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

Mushroom
[10] 2.2 6.5 - - 5 1000 20 - -

Proposed
SPCUC based AMC 3.38 1.524 1013.1 17.47 5.8 618 9.9 516.1 8.62

Proposed
HPCUC based AMC 3.38 1.524 1035.1 17.79 5.79 687 11.2 539 8.94

1 AMC’s bandwidth computed between ±45◦.

8.3 Explanation of the AMC’s resonance frequency,
bandwidth and angular stability, through the develop-
ment of their equivalent circuit models
In this section, a summary of several AMC’s equivalent circuit models will be

presented and they will be analyzed to extract conclusions regarding the AMC’s

resonance frequency, bandwidth and angular stability. It can be noticed that the

majority of AMC’s circuit models presented in the literature can be simplified to

the ones introduced here.

The circuit depicted in figure 8.9 is commonly used to model AMCs compris-

ing a grid of patches on a grounded dielectric substrate. Its equivalent surface

impedance, when this substrate is electrically thin (see upper inset in figure 8.9), is
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identical to the one introduced in 8.13:

Zs =
jwLd

1− w2LdCg
(8.18)

This impedance is characterized by having a pole at the AMC’s resonance fre-

quency
(
wp = 1√

CgLd

)
. The AMCs that can be modeled using this equivalent

circuit exhibit a wide bandwidth, but a large shift of the resonance frequency es-

pecially as the dielectric thickness increases, so that they are not angularly stable

[13]. However, by increasing its grid capacitance, it can be noticed that the stable

bandwidth can be enlarged (see section 8.2.2.5).

On the other hand, for thick grounded dielectric slabs (λd
4
< h <= λd

2
), there is

no resonance frequency on the structure, so that they have no interest in this context.

Z0
TE,TM η(µ,ε) Cg
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LdCg

CdCg
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TE,TM η(µ,ε) 

h

LdCg

CdCg

Cg Lg

Lg

Lg

Z0
TE,TM η(µ,ε) 

h

Ld

Cd

Cg

Lg

Cg

Lg

Cg

Lg

Zg
TE,TM Zd

TE,TM

Zg
TE,TM Zd

TE,TM

Zg
TE,TM Zd

TE,TM

Figure 8.9: Equivalent circuit model of AMCs with capacitive grids (a) (upper inset:
equivalent circuit when h <= λd

4 and lower inset: equivalent circuit when λd
4 < h <=

λd
2 ).

In figure 8.10, the case of modeling the AMC’s grid by a parallel connection

between an inductance and a capacitance is shown. This circuit is commonly used

to describe structures such as the uniplanar compact photonic band gap (UCPBG)1.

The equivalent impedance, for electrically thin dielectrics (see upper inset in figure

8.10), can be written as:

Zs =
jwL

1− w2LCg
(8.19)

1In this case, the structure will be analyzed as an AMC, so that a plane wave will impinge on it
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where: L = LgLd
Lg+Ld

In this case, the inductive behaviour of the structure (L) is proportionally less or
equal than the smallest inductance’s value of Ld or Lg. Therefore, the bandwidth is
reduced as regards the one for the AMCs presented in figure 8.9, but the resonance
frequency deviation is smaller (see table 8.14).
For electrically thick dielectrics (see lower inset in figure 8.9), the grounded dielec-
tric is modeled by a capacitor and its bandwidth is determined by the grid induct-
ance. Moreover, the shift on the resonance frequency is also smaller than the one of
the previously analyzed AMCs in figure 8.9. Indeed, as the grid inductive behavior
increases, this frequency deviation is expected to be further reduced.
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LdCg
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CdCg

Cg Lg
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TE,TM η(µ,ε) 

h

Ld

Cd

Cg

Lg

Cg

Lg

Cg

Lg

Zg
TE,TM Zd

TE,TM

Zg
TE,TM Zd

TE,TM

Zg
TE,TM Zd

TE,TM

Figure 8.10: Equivalent circuit model of AMCs, whose grid can be modeled by a
parallel connection between an inductor and a capacitor (a) (upper inset: equivalent
circuit when h <= λd

4 and lower inset: equivalent circuit when λd
4 < h <= λd

2 ).

The last, but not least important, circuit analyzed in this section is depicted in
figure 8.11. It is one of the most commonly used in the literature, since it is em-
ployed to model center connected or loop based AMCs, such as Jerusalem crosses
or planar spirals. For electrically thin dielectrics, the equivalent impedance can be
represented as in 8.1:

Zs =
jwLd(1− w2LgCg)

1− w2Cg(Lg + Ld)
(8.20)

As it was stated above, a pole and a zero appear, so that different cases, depending
on the ratio of Lg and Ld, can be identified.
• If Ld << Lg the zero and pole are close to each other, so that a narrow

bandwidth is obtained.
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• If Ld = Lg the zero and pole are related as wz =
√

2wp. Therefore, this can
be an optimum case for balancing the bandwidth and the angular stability
results.
• If Ld >> Lg this is the case of thick dielectrics (but smaller than λ/4), in

this case a similar behavior to the one observed in figure 8.9 is obtained, but
the bandwidth is not broadened in the same extent.

The angular stability of this kind of AMCs is similar to the AMCs’ model presented
in figure 8.10, but better than the ones modeled by the equivalent circuit introduced
in figure 8.9, since the grid inductance compensate somehow the variation of the
electrical thickness with the angle of incidence.
For electrically thick dielectrics (see figure 8.11) the circuit impedance can be rep-
resented as:

Zs =
1− w2LgCg

jw(Cd − w2CgLgCd + Cg)
(8.21)

The PEC behaviour (zero of the equivalent impedance) occurs at the same fre-
quency, but two poles appear, one at zero frequency and the other at wp =

√
1
Lg

.

In order to summarize the previous remarks it should be stated that by increas-
ing the grid inductance, the AMC’s resonance frequency deviation is reduced, but it
is the whole AMC’s inductive behavior which can improve the bandwidth. There-
fore, varying the metallization shape and designing it to be more inductive do not
implies that the AMC’s bandwidth will be broadened.
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Figure 8.11: Equivalent circuit model of AMCs, whose grid can be modeled by a
series connection between an inductor and a capacitor (a) (upper inset: equivalent
circuit when h <= λd

4 and lower inset: equivalent circuit when λd
4 < h <= λd

2 ).
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8.3.1 Relation between the AMC’s equivalent impedance and their
angular stability, when lumped components are introduced
Following with the previously introduced circuit models, in this section the reduc-
tion of the analyzed AMCs dependence with the wave incident angle, when lumped
inductors are introduced, will be shown by using analytical equivalent impedance
models. Both the grid and the grounded dielectric will be modeled taken into ac-
count the polarization and the incident angle of the impinging wave. As it was
introduced in section 4.5.1, electrically thin grounded dielectrics can be modeled
as:

ZTE
d ≈ jwLd (8.22a)

ZTM
d ≈ jwLdcos

2(θ2) (8.22b)

On the other hand, the grid of patch based AMCs (see equivalent circuit in
figure 8.9) can be modeled as [1]:

ZTE
gp ≈

1

jwCg

(
1− sin2(θ)

εr+1

) (8.23a)

ZTM
gp ≈

1

jwCg
(8.23b)

Moreover, the grid of loop based AMCs (see equivalent circuit in figure 8.9) can
be modeled as [1]:

ZTE
gl
≈ jwLg

1− sin2(θ)
εr+1

+
1

jwCg

(
1− sin2(θ)

εr+1

) (8.24a)

ZTM
gl
≈ jwLg +

1

jwCg
(8.24b)

Using the previous expression and considering the upper inset model in figure
8.9, the patch based AMC’s equivalent impedance can be written as:

ZTE
p =

ZTE
gp Z

TE
d

ZTE
gp + ZTE

d

≈

Ld

Cg

(
1− sin

2(θ)
εr+1

)
jwLd + 1

jwCg

(
1− sin

2(θ)
εr+1

) =

=
Ld

−w2LdCg + w2LdCg
sin2(θ)
εr+1

+ 1
(8.25a)
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ZTM
p =

ZTM
gp ZTM

d

ZTM
gp + ZTM

d

≈
jwLdcos

2(θ2)
jwCg

1
jwCg

+ jwLdcos2(θ2)
=

=
jwLdcos

2(θ2)

1− w2LdCgcos2(θ2)
(8.25b)

When introducing lumped capacitors, Cg increases (↑ Cg), so that w2LdCg >>

w2LdCg
sin2(θ)
εr+1

(since sin2(θ)
εr+1

< |1|) and w2LdCgcos
2(θ2) >> 1. Therefore, the

previous expressions can be rewritten as:

ZTE
p ≈ Ld

−wLdCg + 1
(8.26a)

ZTM
p ≈ jwLdcos

2(θ2)

−w2LdCgcos2(θ2)
=

1

jwCg
(8.26b)

Consequently, the dependence of the equivalent impedances of patch based AMCs

with the wave incident angle disappears as the grid capacitance increases.

On the other hand, the loop based AMC’s equivalent impedance can be ex-

pressed as:

ZTE
l =

ZTE
gl
ZTE
d

ZTE
gl

+ ZTE
d

≈

(
jwLg

1− sin
2(θ)

εr+1

+ 1

jwCg

(
1− sin

2(θ)
εr+1

))jwLd(
jwLg

1− sin
2(θ)

εr+1

+ 1

jwCg

(
1− sin

2(θ)
εr+1

))+ jwLd

=

=
(−w2LgCg + 1)jwLd

−w2LgCg + 1− w2LdCg

(
1− sin2(θ)

εr+1

) (8.27a)

ZTM
l =

ZTM
gl

ZTM
d

ZTM
gl

+ ZTM
d

≈

(
jwLg + 1

jwCg

)
jwLdcos

2(θ2)(
jwLg + 1

jwCg

)
+ jwLdcos2(θ2)

=

=

(
1− w2LgCg

)
jwLd(

− w2LgCg
cos2(θ2)

+ 1
cos2(θ2)

)
− w2LdCg

(8.27b)

319



8. INTRODUCTION OF LUMPED COMPONENTS ON METASURFACES

When introducing the lumped inductors, Lg increases (↑ Lg), so that w2LgCg >>

w2LdCg

(
1 − sin2(θ)

εr+1

)
and w2LgCg >> 1. Consequently, the previous expression

can be rewritten as:
ZTE
l ≈ (1− w2LgCg)jwLd

1− w2LgCg
(8.28a)

ZTM
l ≈ (1− w2LgCg)jwLd

w2LgCg
(8.28b)

Consequently, by increasing the grid inductance on loop based AMCs, the depend-
ence of their equivalent impedance with the wave incident angle vanishes.

In summary, it was shown that when lumped inductors or capacitors are intro-
duced respectively in loop or patch based AMCs, its angular dependence with the
incident wave tends to disappear.
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CHAPTER

9
Antennas based on

metasurfaces

9.1 Introduction
In this chapter, different patch antennas fed by a coaxial cable and CPW-fed slot

and monopole antennas will be combined with the previously introduced loop and

patch based AMCs (in chapter 8). More precisely, the loop based AMCs will be

the HLUC and HLIUC based AMCs and the patch based ones the HPUC and HP-

CUC based AMCs. As it was shown in the previous chapter 8, introducing lumped

inductors on loop based AMCs reduces the frequency deviation (∆f ), whilst the

introduction of lumped capacitors on patch based AMCs broadens the stable band-

width (Bs). Consequently, one of the goals of this chapter is to analyze the men-

tioned combinations, aiming at showing whether or not the angular stability is a

crucial aspect to improve the antenna’s radiation properties. Indeed, it will be

shown that not any combination of antenna and AMC provides an improved overall

performance of the former one.

Moreover, different phenomena will arise when combining the mentioned antennas

with the AMCs, due to the coupling between both. Therefore, they will be analyzed
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and explained in this chapter. Indeed, different modifications have to be conduc-

ted on the antenna and/or the AMC or additional layers have to be introduced in

between to obtain proper antenna’s impedance matching and radiation properties

at the desired frequency.

On the other hand, easily manufacturable metasurface leaky wave antennas will

be also introduced, which achieve interesting radiation properties by simply tuning

their metasurface. Indeed, they can be employed in detection applications, due to

their high gain, polarization properties and reconfigurable beam.

9.2 Antennas grounded by Artificial Magnetic Con-
ductors
In this section, several antennas will be studied and combined with the hexagonal

shaped AMCs presented in chapter 8. The aim is to verify whether the angular sta-

bility of the AMCs is an essential requirement to improve the antenna’s perform-

ance when combining both structures, as some authors mentioned (see chapter 3).

Moreover, the cases on which this combination of antenna and AMC provides bet-

ter results in terms of antenna’s radiation properties will be presented.

Both the antenna’s ground plane and the AMC will have identical length and width

dimensions, which will be determined by the number of unit-cells required for the

AMC to exhibit similar behavior to its infinite counterpart. Simulations of the fi-

nite AMCs were conducted following the steps introduced in section 5.5.2. From

these simulations (not shown here for the sake of compactness), it was observed

that the AMC’s resonance frequency converges to a value close to the one of its

infinite counterpart (slightly higher) when various unit-cells are considered. Ho-

wever, as this number of unit-cells is reduced the resonance frequency increases

and the bandwidth decreases. Consequently, the AMC’s characteristic behaviour

may disappear, since not enough unit-cells are considered. The latter analysis will

be taken into account for all the designs presented in this section, in order to choose

proper antenna’s ground plane dimensions.
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9.2.1 Antennas combined with loop based AMCs

9.2.1.1 Patch antennas

Through this subsection, the radiation parameters1 of microstrip patch antennas

fed by a coaxial cable and grounded respectively by a PEC and two AMCs, one

exhibiting higher angular stability than the other, will be analyzed. The following

requirements will be imposed to fairly compare the different antennas: resonance

frequency (fr) at 5.8GHz, return losses between -20dB and -30dB and a ground

plane with identical dimensions. The antenna’s substrate will be RO4003C (3.38

relative permittivity and 0.0027 loss tangent) with a 0.8128mm thickness (hant).

Rectangular patch antenna

Rectangular patch antennas fed by a coaxial probe will be combined with loop

based AMCs, aiming at studying the radiation properties of these structures. The

patch antenna presented in figure 9.1(a) will be the reference antenna (PAR) to

perform the comparisons. Using the formulation presented in [1] to compute the

geometrical parameters of patch antennas and adjusting the antenna’s length (L)

and width (W ) through EM simulations, a fr at 5.8GHz is obtained for: L =

13.1mm and W = 17.15mm. Moreover, the coaxial probe is placed at px =

9.6mm and py = 15mm with respect to the upper left corner of the antenna’s

substrate. The antenna’s geometry and the S11 parameter are depicted in figure 9.1.
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Figure 9.1: Reference patch antenna.

1Directivity (D), realized gain (G), efficiency (η) and front to back ratio (F/B)
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The hexagonal shaped loop based AMCs without (HLUC) and with (HLIUC)
lumped inductors (L=2nH), introduced in section 8.2.2.1, will be placed as the
ground plane of two rectangular patch antennas, aiming to study the radiation pa-
rameters of the new antenna-metasurface structures. From now on, these struc-
tures, depicted in figure 9.2, will be named respectively as PAR-L (patch antenna
combined with hexagonal loop based AMC (HLUC)) and PAR-LI (patch antenna
combined with hexagonal loop based AMC with lumped inductors (HLIUC)). As it
was mentioned, aiming at conducting a fair comparison the same ground plane di-
mensions for the PAR, PAR-L and PAR-LI is required. In this case, it will be fixed
to 30mmx25mm (WgxLg), which allows to consider enough AMC’s unit-cells so
that it behaves as its infinite counterpart. The air gap between the AMC and the
patch antenna will be hair = 0mm, except in the cases explicitly indicated.
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Figure 9.2: Rectangular patch antenna with HLUC (a) and HLIUC (b) based AMCs
as ground plane. S11 parameter over frequency for PAR, PAR-L and PAR-LI (c).

The resonance frequency of the patch antenna shifts downwards if its ground
plane is replaced by the AMC, being 4.88GHz and 4.46GHz for the PAR-L and
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the PAR-LI, respectively (see figure 9.2(c)). The previous phenomenon can be at-

tributed to the different antenna’s effective permittivity introduced by the presence

of the AMC [2]. It should be noticed that an hexagonal loop is removed from the

AMC in both structures to properly locate the probe of the coaxial cable. In or-

der to fairly compare both results, the resonance frequency of the PAR-L is shifted

slightly downwards to match the PAR-LI’s one and its return losses adjusted to

get similar values. Consequently, the patch dimensions and the relative position of

the coaxial probe are tuned to obtain these goals. Aiming to conduct a complete

comparison, the PAR-L and PAR-LI without removing the hexagonal loop from

the AMC (PAR-L2 in figure 9.3(a) and PAR-LI2 in figure 9.3(b)) are also ana-

lyzed. It should be noticed that in most literature contributions the antennas ground

plane is directly replaced by the AMC without studying the case of an antenna with

identical thickness as the structures with AMCs [2–13]. Although the latter case is

interesting to analyze the effect of using this AMC instead of a PEC ground plane,

the case of having an antenna with the same thickness as the combination of the

antenna and AMC thicknesses results also interesting and will be analyzed here.

Therefore, the mentioned antenna will have a thickness of hant = 2.3368mm and

will be regarded to as thick reference antenna (PART). The resonance frequencies

and return losses of all the aforementioned antennas are adjusted to obtain similar

values to the ones of the PAR-LI (see figure 9.3(c))1.

Table 9.1 details the performance of the mentioned antennas at 4.46GHz as well

as its geometric parameters and total thickness (h). The antennas combined with

AMCs, no matter with or without lumped inductors, exhibit a larger front to back

ratio than the reference antennas (PAR and PART). Moreover, the radiation pa-

rameters and bandwidth are improved when compared to the reference antenna

(PAR). However, the widest bandwidth is obtained for the thick reference antenna

(PART), keeping similar values for most of the radiation parameters. The slight

improvement on the radiation efficiency of the thick reference antenna (PART) can

result outwards, since thicker antennas are more prone to the propagation of sur-

face waves and hence, to exhibit lower radiation efficiency. The latter can be attrib-

1It can be noticed that the resonance frequency of these antennas is not the desired one
(5.8GHz), but this will be a preliminary analysis to draw some conclusions.

327



9. ANTENNAS BASED ON METASURFACES

W
L

hair

hAMCPAR-L2

(a)

W

L
hair

hAMCPAR-LI2

(b)

4 4.5 5
Frequency [GHz]

-25

-20

-15

-10

-5

S
11

 [
d

B
] PAR

PART
PAR-L
PAR-L2
PAR-LI
PAR-LI2

(c)

Figure 9.3: PAR-L2 (a) and PAR-LI2 (b) and S11 over frequency for PAR, PART,
PAR-L, PAR-L2, PAR-LI and PAR-LI2 resonating at 4.46GHz (c).

uted to the small relative permittivity value and electric thickness of the antenna’s

dielectric (≈ λ
29

). On the other hand, similar radiation parameters are observed for

the antennas with or without removing the AMC’s hexagonal loop and hence from

now on, it will be removed to get more freedom to match the antenna’s impedance.

Moreover, from the finite simulations of the metasurface alone, following the steps

introduced in section 5.5.2, it was noticed that by removing the hexagon, the reson-

ance frequency is almost the same, but a slightly wider bandwidth is obtained (not

shown here).

In order to reach a resonance frequency at 5.8GHz, the patch antenna para-

meters are tuned and the AMC’s ones are kept, which ensures similar AMC’s

angular stability to the one presented in section 8.2.2. For doing so, the length

(L) and width (W ) of the patch and the coaxial probe (∆px) position (along the

x̂ axis) are varied for both PAR-L and PAR-LI. The initial antenna’s parame-

ters are the ones used above for the reference patch antenna (PAR) at 5.8GHz
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Table 9.1: PAR, PART, PAR-L, PAR-L2, PAR-LI and PAR-LI2 geometry and radi-
ation parameters at 4.46GHz

PAR PART PAR-L PAR-L2 PAR-LI PAR-LI2
L[mm] 17.2 16.32 14.25 13.98 13.1 13.1
W [mm] 18 17.15 17.15 17.15 17.15 17.15

∆px [mm] 0 0.1 -0.5 1 0 0
h[mm] 0.8128 2.3368 2.3368 2.3368 2.3368 2.3368
S11[dB] -26.33 -23.54 -23.55 -22.36 -26.88 -20.74

BW [MHz] 62.5 164.7 108.8 129.9 110 118
BW [%] 1.4 3.7 2.4 2.9 2.5 2.7
D[dB] 6.62 6.59 6.66 6.63 6.72 6.72
G[dB] 6.06 6.3 6.21 6.29 6.32 6.39
η[%] 88 94 90 93 91 93

F/B[dB] 8.79 9.38 10.08 10.13 10.12 10

(L = 13.1mm, W = 17.15mm, px = 9.6mm, py = 15mm and ∆px = 0mm,

being px = 9.6mm+ ∆px). The simulation results are presented in figures 9.4 and

9.6 for the PAR-L and PAR-LI, respectively.

When designing the PAR-L to resonate at 5.8GHz several remarks can be ob-

tained. By varying the L parameter, different minimum values on the S11 parameter

can be observed (see figure 9.4(a)). However, only one undergoes a noticeable fre-

quency shift as the patch length (L) varies. This minimum can be attributed to the

resonance frequency of the patch, which will be called from now on patch reson-

ance (90◦ phase difference between the electric and magnetic fields on the patch).

The other minima are mainly due to the coupling effects between the AMC and the

patch. Indeed, the latter ones barely shift with frequency, since almost the same

number of unit-cells are always below the patch as L increases. Moreover, the

antenna’s radiation parameters at these frequencies are worse than the ones at the

patch resonance frequency. On the other hand, when W increases, there is a slight

red-shift on the resonance frequency (see figure 9.4(c)). Moving the coaxial probe

towards the patch edge (decreasing ∆px), does not only slightly shift the resonance
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Figure 9.4: S11 over frequency of PAR-L, varying L (a,b), W (c) and ∆px (d).

frequency upwards but also modifies the impedance matching (see figure 9.4(d)).

The latter is related to the currents and fields on the patch. At the main resonance

frequency, the current (electric field) on the patch edge is minimum (maximum)

and it is maximum (minimum) at the patch middle. Therefore, the antenna’s impe-

dance will be maximum or minimum when it is respectively fed at these locations.

Consequently, varying the feeding point, the antenna’s impedance changes, and

hence, the return losses of the antenna.

For the sake of completeness, the second resonance of the patch can also be visu-

alized by increasing both the range of frequencies displayed and the patch length

(see figure 9.4(b)). These second resonance cannot be lowered to 5.8GHz since for

doing so, the dimension of the patch should be larger than the considered ground

plane (30mmx25mm), which is physically impossible. Moreover, for most applic-

ations it is not desirable to increase the antenna’s dimensions.

Therefore, the length of the patch should be reduced to reach the desired resonance

frequency (5.8GHz). From figure 9.4(a), it can be observed that by reducing this pa-
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rameter, the resonance frequency approaches 5.8GHz, but the antenna’s matching

worsen. In order to improve this matching, the antenna parameters ∆px and W are

varied and L is slightly modified to maintain the resonance frequency at 5.8GHz.

After conducting several EM simulations, the antenna’s parameters that fulfills the

mentioned requirements are: L = 8.6mm, W = 9.5mm and ∆px = −0.5mm and

its S11 parameter is presented in figure 9.5.
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Figure 9.5: S11 over frequency of PAR-L resonating at 5.8GHz.

When designing the PAR-LI to resonate at 5.8GHz, a similar behaviour of the

S11 parameter is observed when varying L, W and ∆px as for the PAR-L. Howe-

ver, the coupling between the patch and the AMC is stronger, as one can see in

the frequency band from 5.2GHz to 6.2GHz, which will be called spurious band,

since there is no suitable radiation parameters in this band. Moreover, it can also

be noticed that the S11 minima on this band exhibit a higher shift with frequency

than the ones observed for the PAR-L. This is due to the fact that the number of

unit-cells below the patch is more variable as L increases (since the HLIUC based

AMC has smaller unit-cells than the HLUC one). Consequently, a higher variation

on the coupling between both structures occurs.

From figure 9.6, it can be concluded that the patch resonance cannot be adjusted

to 5.8GHz by varying the L, W or ∆px parameters. Indeed, the closer the reson-

ance frequency is to the spurious band, the smaller will be the shifting down of

its resonance frequency as L increases (see L = 7mm or L = 8mm). It is as if

the resonance of the patch were ’attracted’ by the resonances caused by the coup-

ling between the patch and the AMC. Moreover, it was also observed that a further

reduction of L (not shown) brings about a disappearance of the patch resonance,
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remaining only the ones caused by the coupling between both structures. There-

fore, it can be concluded that these latter resonances have a strong influence in the

structure behaviour. However, they exhibit poor radiation efficiency and low gain

and directivity values.

On the other hand, the second resonance of the patch can be seen in figure 9.6(b),

however, the same behaviour to the one previously described is observed. Con-

sequently, this resonance frequency decreases as L increases and disappears when

it enters inside the spurious band.
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Figure 9.6: S11 over frequency of PAR-LI, varying L (a,b), W (c) and ∆px (d).

In order to further examine the coupling between the patch and the AMC, some

AMC’s hexagonal loops that lie below the patch are removed (see figure 9.7).

From figure 9.7(c), it can be observed that removing certain hexagons shifts the

resonance frequency upwards, since the antenna’s effective permittivity decreases.

However, it seems that the spurious frequency band remains unaltered. To confirm
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the previous statement a parametric analysis is conducted by varying the L and
W parameters. However, it cannot be possible to adjust the antenna’s resonance
frequency to 5.8GHz, since the spurious band is still present about this frequency,
as one can see from figure 9.8. Other EM simulations were conducted, for smaller
values ofW (aiming at reducing the coupling between the patch and the AMC) and
varying L, however, none of them conduct to a resonance at the desired frequency
with improved radiation characteristics. The latter simulations are not shown for
the sake of compactness.
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Figure 9.7: PAR-LI removing 4 (a) and 8 (b) hexagons of the AMC. S11 over fre-
quency for the case of removing 1, 4 and 8 hexagons of the AMC (c).

Since it is not possible to shift the patch resonance to 5.8GHz for the PAR-LI,
an air layer is introduced between the AMC and the patch (PARA-LI), aiming at
diminishing the coupling between both [3]. Moreover, the ground plane is slightly
increased (for all the designs under analysis), 5mm from each side, so as to ensure
that an enough number of unit-cells is considered.
Previously to the introduction of the air layer, the influence of increasing the ground
plane is analyzed. From figure 9.9(a), slight differences on the patch resonance
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Figure 9.8: S11 over frequency of the PAR-LI removing 8 AMC’s hexagons and vary-
ing L (for W = 17.15mm (a) and W = 14mm (b)) and W (for L = 13mm) (c).

frequency between using ground planes of similar sizes can be observed for the

PAR-LI. Moreover, although the spurious band changes, the range of frequencies

at which this band is located is almost the same. On the other hand, a slight shifting

in the patch resonance frequency can be noticed when the ground plane size of the

PAR-L is varied (see figure 9.9(b)). However, the spurious band almost remains at

the same range of frequencies as for the PAR-LI.

Once the influence of the ground plane size is analyzed, the results of introdu-

cing an air layer of different thickness, between the AMC and the patch, are shown

in figure 9.10. By increasing the air layer thickness (from 0mm to 1mm), both the

patch resonance frequency and the spurious band are shifted upwards in frequency.

Indeed, for the case of considering a 1mm air layer thickness, this shift is around

1GHz. Further increasing the air layer thickness shifts upwards the resonance fre-

quency but in a much lesser extend, since the patch resonance approaches to the
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Figure 9.9: S11 over frequency of PAR-LI (a) and PAR-L (b) for different ground
plane sizes.

spurious band (occurring the same phenomenon as the one observed above). On
the other hand, it can be noticed that the impedance matching deteriorates as the
air layer thickness increases.
Since the patch resonance frequency is close to 5.8GHz and the spurious band does
not contain the latter frequency, another parametric study is conducted aiming to
match the antenna’s impedance at this frequency. The results of this analysis is
detailed in figure 9.11.
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Figure 9.10: S11 over frequency of PARA-LI for different air layer thicknesses (a,b).

The same conclusions as the ones drawn above can be observed from figure 9.11:
as L increases the resonance frequency shifts upwards and varying W and ∆px

(for L = 10mm) the antenna’s impedance matching can be improved. However,
a -10dB matching at 5.8GHz cannot be reached. Conversely, performing further
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Figure 9.11: S11 over frequency of PARA-LI with a 1mm air layer, varying L (a) W
(b) and ∆px (c).

electromagnetic simulations for smaller W values as well as varying L and moving

the patch in the x-direction (∆patchx), so that not only the feeding point is modified

but also the patch position regarding the AMC’s unit-cells, a -10dB matching can be

obtained for the following parameters: L = 11.9mm, W = 13mm, ∆px = 0mm

and ∆patchx = 1.4mm (see figure 9.13).

To complete the study, the influence of introducing an air layer between the

HLUC based AMC and the patch is studied (PARA-L) (see figure 9.12(a)). Similar

phenomena are observed, the resonance frequencies shift upwards but the impe-

dance matching deteriorates as the air layer thickness increases. From the para-

metric study, similar conclusions can be drawn, the length of the patch can be

used to adjust the resonance frequency (see figure 9.12(b)) and W and the coaxial

probe and patch positions (∆px , ∆patchx) to achieve a better matching (not shown).

A -10dB matching at 5.8GHz can be obtained for L = 13.7mm, W = 15mm,
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∆px = 0mm and ∆patchx = 3mm, following a similar procedure to the one de-

scribed above for the PARA-LI (see figure 9.13).

Once the antennas with AMCs as ground plane are matched at 5.8GHz, a proper

comparison can be performed. Patch antennas similar to the one presented in figure

9.1(a), but with different substrate configurations are considered, in order to fairly

compare their behaviour with the ones of the PARA-L and PARA-LI. Therefore,

the following substrate configurations are contemplated for the patch antenna: a

1.8128mm RO4003C layer (PAR2), a 1mm air layer and a 0.8128mm RO4003C

(PARA), a 3.3368mm RO4003C layer (PART2) and a 1.524mm RO4003C, 1mm

air and 0.8128mm RO4003C layers (PARTA). The first two substrates comprise a

total thickness of 1.8128mm, which coincides with the case of placing the PEC

ground plane at the same position as the AMC. In the other two, the AMC’s thick-

ness is also considered, so that antennas with the same thickness as the PARA-

L and PARA-LI are taken into account. After properly matching these antennas

at 5.8GHz, the results are detailed in figure 9.13 together with the ones for the

PARA-L and PARA-LI. A performance comparison of these structures, regarding

their geometrical dimensions and radiation parameters, is presented in table 9.2.

From these results, it can be highlighted that the front to back ratio is improved

using the antennas with the AMCs as their ground planes (see the PARA-L and

PARA-LI in table 9.2 with regards to the other antennas). However, the antenna

combined with the AMC with lumped inductors (PARA-LI) does not outperform

the radiation performance of the one that uses the AMC without inductors as its

ground plane (PARA-L). Moreover, a poor matching is obtained for both PARA-L

and PARA-LI and narrower bandwidths as compared to the antennas with the same

thickness (PART2 and PARTA). Indeed, by replacing the PEC ground plane by the

AMC one, just a slight improvement is observed in the antenna combined with the

AMC without lumped inductors (PARA-L) bandwidth. The latter can be attributed

to the inability to obtain a better matching of the antennas with AMCs at 5.8GHz,

mainly due to the existence of an spurious band close to this frequency.

Aiming to reinforce the previous statements, the current distributions of the

PARTA and the antennas with AMCs (PARA-L and PARA-LI) are presented in
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figure 9.14. It can be clearly observed that the current distributions on the rectan-

gular patch of the structures are very similar, which explain their similar radiation

properties. The front to back ratio is modified since the structures have different

ground planes. On the other hand, as it was mentioned, a better impedance match-

ing and broad bandwidth cannot be attained, due to the presence of the spurious

band close to the desired resonance frequency (see figure 9.13).

As a general conclusion, an air gap layer between the antenna and the HLIUC

based AMC, as well as a great number of electromagnetic simulations, are needed

to match the antenna with a HLIUC based AMC ground plane to 5.8GHz, due to the

electromagnetic interaction between both. Moreover, once the previous issues are

circumvented, just the front to back ratio of the PARA-LI is improved as compared

to the one of a patch antenna with identical thickness (PART2 and PARTA). On

the other hand, as the HLUC based AMC is angularly stable the improvements of

using the HLIUC based AMC, which is even more angularly stable, are not noticed

in the antenna’s radiation parameters. However, it can be seen that the PARA-LI

can be further miniaturized, since a small patch size is needed for achieving the

desired resonance frequency.
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Figure 9.12: S11 over frequency of PARA-L varying hair (a) and L (for (hair =

1mm) (b).
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Figure 9.13: S11 over frequency comparison between the PAR2, PARA, PART2,
PARTA, PARA-L and PARA-LI resonating at 5.8GHz.

Table 9.2: PAR2, PARA, PART2, PARTA, PARA-L and PARA-LI geometry and ra-
diation parameters at 5.8GHz

PAR2 PARA PART2 PARTA PARA-L PARA-LI
L[mm] 12.75 17.8 12.5 15.2 13.7 11.9
W [mm] 17.15 18.5 14 17.15 15 13

∆px [mm] -1.1 -1.5 -2 -2 0 0
∆parchex [mm] 0 0 0 0 3 1.4

h[mm] 1.8128 1.8128 3.3368 3.3368 3.3368 3.3368
S11[dB] -21.22 -24.14 -20.49 -22.53 -12.91 -12.22

BW [MHz] 257.9 222.7 469.6 426.2 264 110.1
BW [%] 4.5 3.8 8.1 7.4 4.6 1.9
D[dB] 7.43 8.41 7.19 7.87 7.79 7.59
G[dB] 7.21 8.33 7 7.87 7.6 7.31
η[%] 95 98 96 100 96 94

F/B[dB] 16.22 16.97 17.92 19.56 34.09 23.94
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Figure 9.14: Current distribution on the PARTA (a), PARA-L (b) and PARA-LI (c) at
5.8GHz.

Hexagonal patch antenna

In view of the impossibility of achieving better impedance matching for a rect-

angular patch, the shape of the antenna is modified to obtain a different current

distribution, which vary the interaction between the AMC and the antenna. The

aim is to shift the spurious band from the desired frequency (5.8GHz). There-

fore, hexagonal shaped patch antennas combined respectively with the HLUC and

HLIUC based AMCs, with no air layer between both structures, are firstly stud-

ied (see figure 9.15). They will be referred as PAH-L and PAH-LI, respectively.

The latter antennas will have identical length and width dimensions (WgxLg) as

the PAR-L and PAR-LI (30mmx25mm)

A complete parametric analysis is conducted by varyingwpath, the feeding point

and the location of the patch. However, for the shake of brevity just the results of

varying wpath are shown for both the PAH-L and PAH-LI (see figure 9.16). A res-

onance frequency at 5.8GHz can be reached using the PAH-L, but this is not the

case for the PAH-LI, since the spurious band, though it was slightly shifted upward

in frequency as compared to the PAR-LI one, it still contain the desired reson-

ance frequency. Indeed, neither the first patch resonance can be shifted upwards to

5.8GHz (see figure 9.16(b)) nor the second resonance can be shifted downwards to
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Figure 9.15: PAH (a), PAH-L (b) and PAH-LI (c) geometries.

such a frequency (see figure 9.16(c)).

Following with the same analysis conducted in the previous section for the rect-

angular patch antenna, an air layer is introduced aiming to reach the desired fre-

quency for the PAHA-LI and modify the interaction between these structures, aim-

ing at shifting the spurious band from 5.8GHz. The results of varying the air layer

thickness are depicted in figure 9.17(a) together with the ones of varying wpatch
for an air layer of hair = 1mm (see figures 9.17(b) and 9.17(c)). As for the rect-

angular patch antenna, increasing the air layer thickness causes a worse antenna’s

impedance matching. The second patch resonance cannot be shifted downwards to

5.8GHz (see figure 9.17(d)), but the first one can be adjusted to this frequency, by

varying wpatch and the coaxial feed point. As it was mentioned, the latter will be

optimum for miniaturization purposes, as increasing the first resonance frequency

implies to reduce the patch dimensions.

Several electromagnetic analysis are conducted by varying the patch size and

the position of the feeder aiming to reach the desired resonance frequency. These
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Figure 9.16: S11 over frequency for PAH-L (a) and PAH-LI (b,c) varying wpatch.

analysis are carried out for the PAHA-L, PAHA-LI and for patch antennas sim-

ilar to the one in figure 9.15(a) but with identical substrate configurations to the

ones described above for the rectangular patch, which will be referred here as

PAH2, PAHA, PAHT2 and PAHTA. Therefore, these antennas have the following

substrate configurations: a 1.8128mm RO4003C layer (PAH2), a 1mm air layer

and a 0.8128mm RO4003C (PAHA), a 3.3368mm RO4003C layer (PAHT2) and

a 1.524mm RO4003C, 1mm air and 0.8128mm RO4003C layers (PAHTA). The

results from the analysis of these antennas are shown in figure 9.17(d) and detailed

in table 9.3.

From table 9.3, it can be observed that the antennas with AMCs as ground

planes (PAHA-L and PAHA-LI) overcome the performance of the hexagonal patch

with thickness hant = 1.8128mm (PAH2 and PAHA), which is the case of repla-

cing the PEC ground plane by the AMC. Moreover, as it happened in the previous
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Figure 9.17: S11 over frequency for PAHA-LI varying the air layer thickness hair (a)
and wpatch (for hair = 1mm) (b,c). S11 over frequency for PAH2, PAHA, PAHT2,
PAHTA, PAHA-L and PAHA-LI (d).

cases, they enlarge the front to back ratio (see PAHA-L and PAH-LI with regards

the other antennas). On the other hand, the best radiation parameters are observed

for the antenna combined with the AMC without lumped inductors (PAHA-L),

which also exhibits a bandwidth in the same order of magnitude than the anten-

nas with the same thickness (PAHT2 and PAHTA). Therefore, it can be concluded

that the antenna combined with the AMC with lumped inductors (PAHA-LI) does

not improve the radiation performance of the antenna combined with the AMC

without the lumped inductors (PAHA-L). The latter can be justified using the same

argument as above. Therefore, it can be concluded that the HLUC based AMC is

enough angularly stable, to improve the radiation performance of the antenna. On

the other hand, introducing the HLIUC based AMC, as the antenna’s ground plane,

increases the interaction between the patch and the AMC, since a greater number of
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Table 9.3: PAH2, PAHA, PAHT2, PAHTA, PAHA-L and PAHA-LI geometry and
radiation parameters at 5.8GHz

PAH2 PAHA PAHT2 PAHTA PAHA-L PAHA-LI
wpatch[mm] 8.11 11.5 7.85 10.1 9.4 9
∆px [mm] -0.03 -1.1 -0.6 -2 -1.6 -2.5
h[mm] 1.8128 1.8128 3.3368 3.3368 3.3368 3.3368
S11[dB] -24.25 -24.08 -23.04 -24.12 -24.03 -24.12

BW [MHz] 249.2 203.9 443.2 426.7 422 300.3
BW [%] 4.3 3.5 7.6 7.4 7.3 5.2
D[dB] 7.12 8.06 6.92 7.66 7.63 7.54
G 6.96 7.97 6.85 7.54 7.62 7.35
η[%] 96 98 99 97 100 96

F/B[dB] 14.46 11.54 15.74 14.48 17.74 15.61

unit-cells are below the patch. The latter will deteriorate the antenna’s behaviour,

due to the existence of an spurious band close to the desired resonance frequency

(5.8GHz). Consequently, the improved angular stability of the HLIUC based AMC

does not compensate, the deterioration on the antenna’s radiation properties arising

from the interaction between the patch and the AMC, which generates a spurious

band close to the desired resonance frequency.

It can be concluded that the hexagonal shaped patch antennas combined with

HLUC and HLIUC based AMCs (PAHA-L and PAHA-LI) exhibit better radiation

performance than the rectangular shaped ones combined with the mentioned AMCs

(PARA-L and PARA-LI). Moreover, the introduction of an AMC as the ground

plane of antennas improves their front to back ratio and the radiation parameters

are almost preserved. Indeed, it was also shown that when comparing antennas on

which their ground planes were directly replaced by the AMC, most of the radiation

parameters of the antenna can be improved, as long as proper impedance matching

can be obtained in the antennas with the AMCs (as it can be seen in table 9.3).

On the other hand, the bandwidth of the antennas combined with AMCs cannot

be enlarged as compared the ones whose substrates have identical thickness (see
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tables 9.1, 9.2 and 9.3), but its percent variation is small. Finally, it can be said that
using the more angularly stable AMC (HLIUC) as the ground plane of the antenna
does not improve the radiation performance of the antenna with an AMC which ex-
hibit a lesser angular stability. The latter is mainly attributed to the presence of an
spurious band closer to the desired resonance frequency in the former one (antenna
combined with the HLIUC based AMC).
It can be noticed that the improvements in the radiation properties of the anten-
nas combined with AMCs can be more noticeably if other kind of antennas are
chosen, or dielectrics with higher permittivities or thicknesses are employed, since
the presented patch antennas, without AMC’s ground plane, exhibit an efficiency
of roughly 100%.

In the next section, a thorough analysis of the spurious band origin will be
conducted. The aim is to specify whether this band arises due to the coupling
between the patch and the AMC or to the excitation of surface waves on the AMC.

HLIUC based AMC excited by a coaxial feed

It can be noticed that the spurious band of the PAR-LI and PAH-LI is almost un-
altered as it was shown in the previous subsections and hence, suitable radiation
parameters at the desired antenna’s resonance frequency (5.8GHz) cannot be at-
tained. Therefore, the patch is removed and the S11 parameter of the structure
is computed aiming at showing some of the effects introduced by the AMC. The
result is shown in figure 9.18(a) for two different ground plane sizes. It can be
observed that certain S11 parameter minima appear in the same frequency region as
the previously mentioned spurious band. Once the patch is introduced, these peaks
are more pronounced due to the interaction of the AMC and the patch. Therefore,
unless the AMC is modified or an air layer is introduced, it is not possible to obtain
suitable radiation parameters at 5.8GHz by combining the proposed AMC and the
patch antenna.

In addition, the radiation patterns of the PAR-LI without the patch, at one of
the previously observed S11 peaks (6.36GHz), are computed for the 30x25 ground
plane and they are presented in figures 9.18(b) and 9.18(c) for the φ = 0◦ and
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Figure 9.18: S11 over frequency for the PAR-LI without the patch, for different ground
plane sizes (a). Radiation pattern at 6.36GHz for the planes φ = 0◦ (b) and φ = 90◦

(c) considering a 30x25 ground plane.

φ = 90◦ planes, respectively. It is noticed that the maximum radiation directions

are at oblique angles and a great amount of energy is radiated backward (even in the

presence of the grounded AMC). Therefore, this can be attributed to the propaga-

tion of surface waves on the AMC, which may explain the deterioration in the

radiation parameters of the patch antenna, when it is combined with the AMC, on

this spurious band.
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PAR-LI varying the HLIUC AMC

In the previous section, it was shown that the analyzed structure (HLIUC based

AMC with the antennas substrate above it (without the patch) fed by a coaxial

cable) causes the appearance of a spurious band close to the desired frequency

(5.8GHz). Therefore, in this case no efficient antenna radiation parameters can be

obtained at the aforementioned frequency when the patch antenna is combined with

the proposed AMCs, unless an air layer is introduced between both or the AMC pa-

rameters are modified. Consequently, the inductance value of the AMC is varied

aiming at shifting the spurious band of the PAR-LI in frequency. Moreover, patch

antennas with hant = 0.8128mm (PAR) and hant = 2.3368mm (PART) resonating

at 5.8GHz are also designed to perform a fair comparison.

4 5 6 7 8
Frequency [GHz]

-20

-15

-10

-5

S
11

 [
d

B
] PAR

PART
PAR-L
PAR-LI

1nH

PAR-LI
1.2nH

PAR-LI
1.5nH

Figure 9.19: S11 over frequency for PAR, PART, PAR-L and PAR-LI with L = 1nH.

As it can be observed from figure 9.19, the spurious band can be shifted up-

wards in frequency by decreasing the HLIUC’s inductance value. Indeed, proper

radiation parameters and impedance matching can be obtained for the antenna com-

bined with the AMC with lumped inductors (PAR-LI). However, the radiation pa-

rameters exhibited by the PAR-LI are similar to the ones of the PAR-L (see table

9.4) and hence, the performance of the PAR-L is not improved using an AMC with

better angular stability properties as the antenna’s ground plane (PAR-LI). From

table 9.5, it can be observed that the angular stability of the HLIUC based AMC

with an inductance of L=1nH still exhibits better angular stability (small frequency

deviation and broader stable bandwidth) than the HLUC based one.
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Table 9.4: PAR, PART, PAR-L and PAR-LI (varying the HLIUC’s inductance values)
geometry and radiation parameters at 5.8GHz

PAR PART PAR-L PAR-LI
L[mm] 13.2 12.45 8.6 9.5 9.3 9
W [mm] 17.15 17.15 9.5 12.5 12.5 9.5

∆px [mm] 0 -1 0 -1 -1.25 -1.1
∆parchex [mm] 0 0 -0.5 0.1 0 0

h[mm] 0.8128 2.3368 2.3368 2.3368 2.3368 2.3368
Inductance [nH] - - - 1 1.2 1.5

S11[dB] -22.85 -21.37 -21.2 -24.13 -20.28 -20.64
BW [MHz] 127.6 334.9 240.2 234.3 199.3 135
BW [%] 2.2 5.8 4.1 4 3.4 2.3
D[dB] 7.18 7.16 7.29 7.21 7.23 7.19
G 6.81 7.11 7.15 7.03 7.05 6.87
η[%] 92 99 97 96 96 93

F/B[dB] 13.85 14.72 19.13 19.01 19.4 20.19

It should be noticed that, the antennas with AMCs have a large front to back ra-

tio as compared with the reference antennas (PAR and PART). Moreover, as the

inductance value of the AMCs with lumped inductor combined with the antenna

(PAR-LI) raises the front to back ratio increases, but the radiation efficiency is de-

teriorated (since the spurious band is closer to 5.8GHz) and the bandwidth narrows.

The latter can be attributed to the approximation of the spurious band to the desired

resonance frequency (5.8GHz). Moreover, this bandwidth can be closely related to

the AMC one, since as the inductance value of the HLIUC based AMC increases,

its bandwidth narrows. Once again, the bandwidth of the thick reference antenna

(PART) is larger than the ones of the antennas with AMCs (PAR-L and PAR-LI),

which can be also attributed to the existence of spurious bands close to the desired

resonance frequency.
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Table 9.5: Angular stability of HLUC and HLIUC based AMCs for 1.524mm dielec-
tric thickness (resonating at the same frequency (5.8GHz))

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

HLUC 395 6.59 146 2.4
HLIUC (L=2nH) 210 3.60 167 2.86
HLIUC (L=1nH) 294 4.05 323 4.54

PAH-LI varying the HLIUC AMC

A similar study to the one conducted in the previous section is carried out, but in

this case considering an hexagonal shaped patch antenna.

Table 9.6: PAH, PAHT, PAH-L and PAH-LI (varying the HLIUC’s inductance values)
geometry and radiation parameters at 5.8GHz

PAH PAHT PAH-L PAH-LI
wpatch[mm] 8.18 8.05 5.9 6.826 6.73 6.29
∆px [mm] 0.53 -0.3 -1.2 -0.95 -1.1 -1.2
h[mm] 0.8128 2.3368 2.3368 2.3368 2.3368 2.3368

Inductance [nH] - - - 1 1.2 1.5
S11[dB] -24.98 -24.01 -22.22 -20.34 -21.24 -23.82

BW [MHz] 115.6 338.7 220.1 278.3 244.6 145.2
BW [%] 2 5.8 3.8 4.8 4.2 2.5
D[dB] 7.14 7.03 7.3 7.18 7.19 7.2
G 6.66 6.92 7.17 6.96 6.9 6.9
η[%] 90 97 97 95 94 93

F/B[dB] 14.96 14.36 19.88 18.03 18.45 19.9

From table 9.6, it can be observed that the bandwidth of the PAH-LI with 1nH

and 1.2nH inductance value can be enlarged with respect to the PAH-L one. The

latter is not observed for the rectangular patch antennas combined with AMCs.

This can be attributed to the variation of the interaction between the patch and the
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AMC which is weaker in the PAH-LI as compared to the PAR-LI, giving rise to a
spurious band at slightly higher frequencies. It can be also noticed that the front
to back ratio is improved in the antennas with AMCs, whilst the other radiation
parameters are preserved. The bandwidth is slightly larger for the thick reference
antenna (PAHT) due to similar reason as the ones suggested above.

It can be concluded that when decreasing the inductance value of the HLIUC
based AMCs, its resonance frequency increase and then, when they are combined
with the patch antennas (PAR-LI or PAH-LI) the spurious band shifts upwards
and the bandwidth of the structure can be enlarged. However, it is not possible
to conclude here, that using an AMC with better angular stability as the antenna’s
ground plane gives rise to an overall better performance of its radiation properties
(see the PAH-LI for an inductance value of 1.5nH with regards to PAH-L (whose
AMC exhibits a narrow stable bandwidth)).

9.2.1.2 CPW-fed slot antenna

In this section, a CPW-fed H-shaped slot antenna (HSA), firstly introduced in [14],
is combined with the HLUC and HLIUC based AMCs. This antenna is chosen
due to its bandwidth properties and its feeding network, which may circumvent
some of the problems previously presented when it be combined with the AMCs.
Identical requirements to the ones established for the patch antennas are considered
in the design (see section 9.2.1.1), except for the ground plane dimensions which
have to be modified to adjust the antenna’s resonance frequency. The geometry of
the antenna is shown in figure 9.20(a) and it is designed on a 1.524mm RO4003C
dielectric. Its parameters are adjusted to resonate at 5.8GHz, giving rise to the
following values: Wgs = 32.6mm, Lgs = 23.8mm, lw = 12mm, ww = 2mm,
lr = 30.6mm, wr = 4mm, ∆s = 0.2mm, ls = 17.29mm, g = 0.1mm and
w = 1.6mm. Its bandwidth and radiation properties are detailed in table 9.9. The
antenna is combined with the HLUC and HLIUC based AMCs aiming at study-
ing the radiation properties of the new metasurface-antenna, which will be known
as HSA-L and HSA-LI, respectively. As it happened in the previous section, this
combination gives rise to different resonances, some of them can be attributed just
to the slot resonance and others to both resonant structures. It is possible to notice
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that the antenna’s resonance frequency, which will be termed here as slot reson-

ance, is shifted downwards (equally as it occurred in the previous section for the

patch antenna).

A parametric analysis (not shown here) is conducted in order to analyze the reson-

ant behaviour of the structure. The latter will be useful for adjusting the resonance

frequency to 5.8GHz. It was noticed that as lr or lw decreases, the resonance fre-

quency increases. Moreover, as wr is widened, the resonance frequency also shifts

upwards. The parameters w, g and ls can be used to match the antenna’s impe-

dance. On the other hand, by decreasing the inductance value of the HLIUC based

AMC, the HSA-LI resonance frequency increases. Indeed, this inductance value

should be modified in order to move the spurious band upwards and obtain proper

impedance matching for the HSA-LI (as it happened above). Therefore, this in-

ductance value is fixed to 1.3nH.

From the parametric analysis, it can be also noticed that even if the lr and the

AMC’s inductor value are reduced, it is not possible to obtain a proper antenna’s

resonance and impedance matching at 5.8GHz. Moreover, the lateral slots of the

antenna are employed to reduce the resonance frequency [14], this reduction even

increases when the antenna is combined with the AMC. Therefore, these slots

should be removed, otherwise it is not possible to attain the intended resonance

frequency with proper impedance matching. Moreover, when the lr parameter is

highly reduced, a capacitance coupling may be formed between the mentioned slots

which worsens the antenna’s performance. By removing the slots and properly ad-

justing the geometric parameters of the antenna, the intended resonance frequency

is attained, without the necessity of introducing an air layer (hair = 0mm). The

parameters of the HSA-L and HSA-LI are presented in table 9.7 and their geometry

in figure 9.21. It should be mentioned that as the slots are removed, the lw and ww
parameters do not exist in these geometries.

A comparison of the HSA, HSA-L and HSA-LI regarding their impedance

matching, bandwidth and radiation parameters is presented in table 9.9. In the

same table, the performance of a CPW-fed slot antenna, with an additional groun-

ded dielectric, is added. The latter antenna will be named as HSAT and exhibits

a total thickness of 3.048mm (which considers both the AMC and the antenna
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Figure 9.20: CPW-fed H-shaped slot antenna: top view (a), over HLUC based AMC
(b) over HLIUC based AMC (c).

dielectrics thicknesses). The return losses of the previously mentioned antennas
are compared in figure 9.21(c).
From the results, it is possible to observe that slightly higher bandwidth and ef-
ficiency is obtained for the HSA-LI as compared to the HSA-L1. Moreover, the
front to back ratio is larger for the antennas with AMCs (HSA-L and HSA-LI).
However, they exhibit a smaller bandwidth and slightly lower efficiency than the
reference antennas (HSA and HSAT), which may be attributed to the presence of
the spurious band as it can be observed in figure 9.21(c). Although the latter pa-
rameters have not been improved, the area of the antennas have been considerably
reduced by 34.76% and 24.46% for the HSA-L and HSA-LI regarding the HSAT.

From figures 9.21(a) and 9.21(b) and by considering the field distribution on the
antenna, it can be noticed that the antenna can be further miniaturized by truncat-
ing Lgs. The previous parameter is reduced 4mm (Lgs = 19.8mm) in the HSAT,
HSA-L and HSA-LI and the resonance frequency is adjusted to 5.8GHz giving rise
to the antennas HSAMT, HSAM-L and HSAM-LI, respectively. The geometric
parameters of the mentioned antennas are presented in table 9.10 and the radiation
parameters in table 9.11. Similar conclusions to the ones presented above can be

1It can be noticed that the angular stability of the HLIUC based AMC with lumped inductors
of value 1.3nH (see table 9.8) is still better than the one of the HLUC based AMC (see table 9.5).
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Table 9.7: HSAT, HSA-L and HSA-LI geometry (resonating at the same frequency
(5.8GHz))

Wgs

(mm)
Lgs

(mm)
lr

(mm)
wr

(mm)
∆s

(mm)
ls

(mm)
g

(mm)
w

(mm)

HSAT 23.3 23.8 21.3 1 0.2 13 0.25 2.8
HSA-L 15.2 23.8 13.2 1 0.2 13 0.25 1.1
HSA-LI 17.6 23.8 15.6 1 0.2 13 0.25 1.3

Table 9.8: Angular stability of HLUC and HLIUC based AMCs for 1.524mm dielec-
tric thickness (resonating at the same frequency (5.8GHz))

∆f
(MHz)

∆f
(%)

Bs

(MHz)
Bs

(%)

HLIUC (L=1.3nH) 278 4.09 217 3.25

Table 9.9: HSA, HSAT, HSA-L and HSA-LI radiation parameters at 5.8GHz

HSA HSAT HSA-L HSA-LI
h[mm] 1.524 3.048 3.048 3.048
S11[dB] -26.5 -25.32 -26.77 -25.33

BW [MHz] 1347.3 285 86.3 129.5
BW [%] 23.2 4.9 1.5 2.2
D[dB] 4.58 7.27 6.81 6.91
G 4.47 7.1 6.13 6.36
η[%] 98 96 85 88

F/B[dB] 0.37 14.29 17.19 17.16

drawn. The impedance bandwidth and the radiation parameters of the HSAM-

L and HSAM-LI are not improved regarding the HSAMT, except for the front to

back ratio. On the other hand, it can be noticed that the bandwidth of the HSAM-LI

is reduced, while the one of the HSAM-L is almost kept regarding to the HSA-LI

and HSA-L, respectively. The latter may be attributed to the number of AMC’s

unit-cells below the antenna, which is the same in the HSAM-L, but it is reduced

in the HSAM-LI.
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Figure 9.21: Geometry of the HSA-L (a) and HSA-LI (b). S11 parameter of the HSA,
HSAT, HSA-L and HSA-LI (c).

Table 9.10: HSAM, HSAM-L and HSAM-LI geometry (resonating at the same fre-
quency (5.8GHz))

Wgs

(mm)
Lgs

(mm)
lr

(mm)
wr

(mm)
∆s

(mm)
ls

(mm)
g

(mm)
w

(mm)

HSAMT 24 19.8 22 1 0.2 13 0.25 3.5
HSAM-L 16 19.8 14 1 0.2 13.2 0.25 1.5
HSAM-LI 17.2 19.8 15.2 1 0.2 13 0.25 1.9

In summary, it was shown that a similar problem with the spurious band, as

for the patch antennas combined with AMCs, is observed when combining the H-

shaped slot antennas with the AMCs. Indeed, this spurious band appears at similar

frequencies, even when the antenna’s feeding technique is modified as it was con-

ducted in this section (CPW fed). Therefore, the inductance value of the HLIUC

based AMC should be varied aiming at reaching a proper resonance frequency at
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Table 9.11: HSAM, HSAM-L and HSAM-LI radiation parameters at 5.8GHz

HSAMT HSAM-L HSAM-LI
h[mm] 3.048 3.048 3.048
S11[dB] -23.64 -20.52 -24.94

BW [MHz] 252.1 88.5 81.6
BW [%] 4.3 1.5 1.4
D[dB] 6.95 6.6 6.63
G 6.76 5.99 5.93
η[%] 96 87 85

F/B[dB] 9.53 10.39 11.55

5.8GHz. On the other hand, the bandwidth of the HSA is highly narrowed when

adding an additional grounded dielectric (HSAT) or when it is combined with the

proposed AMCs. Moreover, large front to back ratio are obtained for the antennas

with AMCs (HSA-L and HSA-LI), but narrow bandwidth as compared to the ref-

erence antennas (HSA and HSAT), as it occurred for the patch antennas. From the

obtained results, it is still not possible to conclude that an AMC with better angular

stability acting as the ground plane of a CPW-fed slot antenna provides better radi-

ation properties than if an AMC with lesser angular stability is used (see HSAM-L

and HSAM-LI in table see table 9.11 which exhibit similar radiation and bandwidth

performance). Indeed, it can be said that the HLUC based AMC exhibits a suitable

angular stability and hence, introducing a more angularly stability AMC does not

improve the performance of the antenna-metasurface structure.

9.2.1.3 CPW-fed hexagonal loop monopole antenna

At this point, it may result logical to study the radiation performance of a loop

based antenna when it is combined with a loop based AMC. Therefore, a CPW-fed

hexagonal loop based monopole antenna (HLMA) is presented, aiming at analyz-

ing its performance when it is combined with the HLUC and HLIUC based AMCs.

The antenna’s geometry is depicted in figure 9.22(a). A parametric analysis of

the antenna is conducted and several conclusions can be drawn. As the Gap in-

creases the resonance frequency decreases and the impedance matching worsens.
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Moreover, the resonance frequency can be also lowered by increasing rext and rint
or by enlarging Want, but the latter has a much less effect. On the other hand, g and

w can be used for tuning the impedance matching.

Using the following parameters: Want = 34.36mm, Lant = 48mm, Lg = 11mm,

Gap = 12.34mm, w = 3.8mm, g = 0.23mm, rext = 10mm and rint = 8mm,

the S11 parameter depicted in figure 9.24(a) is obtained. Different resonances can

be identified, which can be attributed to the modes that are excited in the antenna

at each corresponding resonance frequency. The identification of these modes can

be clearly observed by depicting the electric field on the antenna at these resonance

frequencies. The first five modes are shown in figure 9.23. From the parametric

analysis, it was observed that shifting the first mode to 5.8GHz entails to use a very

small hexagonal loop antenna for the considered dielectric material (RO4003C)

and thickness (0.8128mm). Indeed, from the previous experience when the AMC

is attached to the antenna, the resonance frequency of the latter shifts downwards

and hence, the antenna should be further reduced to move the resonance frequency

to 5.8GHz. However, taking into account that the aim is to compare the behavior

of the antenna when combined with two AMCs one more angularly stable than the

other, the second mode of the antenna can be used for the comparisons and adjusted

to 5.8GHz.

Two scenarios are analyzed in the antenna-metasurface combination, one with the

AMC’s unit-cells rotated with respect to the other. These new antennas will be

named as HLAM-LI for the geometry depicted in figure 9.22(b) and HLMAR-LI

for the one in figure 9.22(c). It should be noticed that the AMC’s unit-cells are

placed away from the antenna’s ground plane, this is to avoid the coupling between

the AMC and the ground plane, which has a high interaction with the feeding line

as it can be seen in figure 9.23. Indeed, when the AMCs are placed just below

the ground plane, similar results to the ones that will be described below are ob-

served, but with a much poorer convergence. The S11 parameters of the mentioned

antennas are rendered in figure 9.24(b). As one can noticed, identically to what

it was observed in the previous sections, a spurious band appears around 5.8GHz,

so that the AMC should be tuned to shift this band. The results of varying the

AMC’s inductance value are presented in figure 9.25(a) for the HLMA-LI. Al-

though the spurious band is shifted upwards, there is still a spurious resonance
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around 5.2GHz that cannot be avoided. Indeed, by varying the rext and Gap para-

meters for L = 1nH (see figures 9.25(b) and 9.26(c)), it is not possible to obtain

a proper antenna’s resonance at 5.8GHz with suitable radiation properties. Similar

conclusions can be drawn for the case of HLMAR-LI (not shown here for the sake

of compactness).

Consequently, due to the multi-resonant behaviour of the HLMA, when it is com-

bined with the loop based AMC, an additional spurious resonance appears, which

does not allow to obtain a suitable resonance and radiation properties at the desired

resonance frequency (5.8GHz).

Want
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Gap

Lg
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rext

g
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(b)
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hant hAMC

(c)

Figure 9.22: CPW-fed hexagonal loop monopole antenna: top view (a), over HLIUC
based AMC (b) over rotated HLIUC based AMC (c).
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Figure 9.23: Electric fields of the CPW-fed hexagonal loop monopole antenna at
2.125GHz (a), 5.5GHz (b), 9.125GHz (c), 12.25GHz (d) and 15.375GHz (e).
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Figure 9.24: S11 parameters of the HLMA (a) and the HLMA, HLMA-L and
HLMAR-LI (b).
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Figure 9.25: S11 parameters of the HLMA-LI varying the AMC’s inductance value
(a) and the rext (b) and the Gap (c) for L = 1nH .

9.2.1.4 Experimental validation

Several PARs are fabricated with the dimensions presented in section 9.2.1.1 (see

figure 9.26(a)). Moreover, the HLUC and HLIUC based AMCs are manufactured

and the lumped inductors are attached to the latter by hand. Different alternatives

to append the inductors are adopted. One of them is to employ the silver conduct-

ive adhesive epoxy [15] (first two prototypes on the left side of figure 9.26(b)).

Another is to weld them by using lead free tin (prototype on the right side of fig-

ure 9.26(b)). The antenna and the AMC are appended by applying super glue on

the edges of both structures. In figure 9.26(c), the picture of several manufactured

antennas: two PAR, a PAR-L and three PAR-LI (from the top left to the bottom

right) are presented. Finally, the antennas’ S11 parameters are measured using a

vector network analyzer (VNA) and the results are presented in figure 9.27. From

the results, it can be clearly observed that the spurious band for the PAR-LI is loc-

ated about the desired resonance frequency (5.8GHz), which confirms the results

obtained through simulations.

The radiation properties of the antennas were not analyzed, since as it was observed

from simulations no proper resonance frequency can be achieved without varying

the AMC’s inductor values. Furthermore, when doing so the PAR-L and PAR-LI

exhibit similar performance and do not overcome the one of a patch antenna with

identical thickness.
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As it was mentioned in chapter 8, the inductors have been chosen to be suitable
for properly attaching them to the AMC (see its footprint on the datasheet [16]).
However, as one can see from the pictures in figure 9.26(b), their placement, as
it was conducted by hand, is not optimum and hence, a more precise technique,
such as the use of a pick and place machine, will provide better results. Another
alternative, which may give more flexibility in the placement of the inductors, is
to lowering the AMC’s resonance frequency, so that larger unit-cells will comprise
the AMCs.

(a)

(b)

(c)

Figure 9.26: Manufactured prototypes (a). Manufactured HLIUC based AMCs ap-
plying different techniques to attach the inductors and the patch antennas (b). Manu-
factured antennas (c).
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Figure 9.27: S11 parameter of the manufactured PAR, PAR-L and PAR-LI.
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9.2.1.5 Patch antennas at lower frequencies

Hexagonal patch antennas (PAH) similar to the ones previously presented (which
provides slightly better results than the PAR) are designed for resonating at 1.8GHz
(mobile applications (Long Term Evolution (LTE))). Moreover, the HLUC and
HLIUC based AMCs are also redesigned for lowering their resonance frequency
to the same frequency. Then, both structures are combined and their radiation
properties analyzed.
The AMCs’ geometries are identical to the ones in section 8.2.2 with: p = 29.45mm,
g = 1mm, wi = 14.18 and we = 15.85mm for the HLUC based AMC and
p = 24.08mm, g = 1mm, wi = 11.08, we = 12.75mm and L = 2nH for the
HLIUC based AMC. The same dielectric is used (RO4003C), but the thickness is
slightly modified to 2.3368mm (which can be obtained by joining a 1.524mm and
0.8128mm commercially available RO4003C dielectrics). The latter will provide
small unit-cell sizes and broad bandwidths. On the other hand, a 120mmx90mm
PAH antenna is designed to resonate at 1.8GHz. Then, both the AMC and the
PAH are combined and electromagnetic simulations of the antenna-metasurface are
conducted. From these simulations, an spurious band is observed around 1.8GHz
(identically to what happened in the previous cases analyzed above around 5.8GHz).
Therefore, a 1mm air layer is introduced as in figure 9.15, so that the spurious
band shifts upwards in frequency and the hexagonal patch and the feeding point
of the antenna can be tuned to achieve a proper resonance and radiation prop-
erties at 1.8GHz. An identical analysis to the one presented above for analyz-
ing the hexagonal patch antenna at 5.8GHz is conducted here and hence, the fol-
lowing dielectric configurations for the reference hexagonal patch antenna in fig-
ure 9.15(a) are used: a 1.8128mm RO4003C layer (PAH2), a 1mm air layer and
a 0.8128mm RO4003C (PAHA), a 4.1496mm RO4003C layer (PAHT2) and a
2.3368mm RO4003C, 1mm air and 0.8128mm RO4003C layers (PAHTA). From
the results which are presented in table 9.12, it can be noticed that the PAH2 and
PAHA do not fulfill the matching requirement established in section 9.2.1.1 for
performing a fair comparison between the different antennas, since for the con-
sidered antenna’s dimensions a better matching cannot be obtained for these anten-
nas. It can also be observed a slight improvement of the PAHA-LI performance
with respect to the PAHA-L one, which was not noticeable for the same antennas
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at 5.8GHz (see table 9.3). The latter could be attributed to the major proportion of

unit-cell’s metallization with respect to the inductance’s footprint, giving rise to a

small number of unit-cells bellow the patch which reduces the coupling between

both structures. However, the PAHTA still exhibits a slightly better performance

than the PAHA-LI as it happened for the antennas at 5.8GHz.

Table 9.12: PAH2, PAHA, PAHT2, PAHTA, PAHA-L and PAHA-LI geometry and
radiation parameters at 1.8GHz

PAH2 PAHA PAHT2 PAHTA PAHA-L PAHA-LI
wpatch[mm] 28 41 27 33.4 29 29.5
∆px [mm] 2 -1.44 0 -1.4 -3 -8.9
h[mm] 1.8128 1.8128 4.1496 4.1496 4.1496 4.1496
S11[dB] -18.93 -16.84 -22.59 -21.82 -22.74 -23.57

BW [MHz] 24.98 22.3 48.52 48.9 41.7 47.3
BW [%] 1.4 1.2 2.7 2.7 2.3 2.6
D[dB] 7.42 9.69 7.39 8.32 8.47 8.16
G 6.63 9.3 6.97 8.24 8.14 7.83
η[%] 84 92 91 98 93 93

F/B[dB] 19.23 21.14 22.54 19.54 19.89 21.09

Consequently, apart from presenting an easier manufacturable PAHA-LI than

the one designed to resonate at 5.8GHz, it exhibits a slightly better performance.

The fabrication of this prototype will be left to future contributions, since the im-

provements introduced by the AMC are not noticeable compared to the antenna

with identical dielectric thickness (PAHTA), but for the front to back ratio. There-

fore, these angularly stable AMCs can be more useful when combined with anten-

nas with thick dielectric or high dielectric constants (which are useful for increasing

the bandwidth or miniaturization purposes, but they are more prone to the propaga-

tion of surface waves) or when combined with other AMCs aiming to achieve RCS

reduction.
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(a) (b)

Figure 9.28: Geometries of the PAR-P (a) and PAR-PC (b).

9.2.2 Antennas combined with patch based AMCs

9.2.2.1 Patch antennas

In this case, the patch based AMCs (HPUC and HPCUC) studied in section 8.2.2.2

will be used as the ground plane of a rectangular patch antenna (PAR-P and PAR-

PC, respectively). The geometry of these antennas is depicted in figure 9.28. A

similar procedure to the one described in the previous sections is conducted, so

that an antenna resonating at 5.8GHz with proper radiation parameters is sought.

The antenna’s ground plane dimensions (WgxLg) are fixed to 37.5mmx25mm with

a 0.8128 thickness (hant) (see figure 9.28). A slightly larger ground plane than

the one used in the previous sections is considered due to the unit-cell size of the

AMCs, which are larger (notice that enough unit-cells should be employed to con-

sider the structure as an AMC). Moreover, the same antenna substrate, as used

above, is employed (RO4003C). For comparison purposes, the patch antennas with

hant = 0.8128mm (PAR) and hant = 2.3368mm (PART) are also analyzed. Same

requirements to the ones described in section 9.2.1.1 are considered for conducting

fair comparisons. The reference feeding parameters are the ones used for the PAR:

px = 9.7mm, py = 18.75mm, being px = 9.7mm + ∆px . The S11 parameter for

the PAR, PART, PAR-P and PAR-PC is depicted in figure 9.29(a) and the radiation

parameters and geometric dimensions are tabulated in table 9.13.

From table 9.13, it can be clearly observed that better radiation parameters

and wider bandwidth are obtained for the PAR-PC, as compared to the other ana-

lyzed antennas. Indeed, in this case the use of an AMC with an improved stable
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Figure 9.29: S11 over frequency for PAR, PART, PAR-P and PAR-PC (a) and PAR-PC
on a wide frequency band (b).

Table 9.13: PAR, PART, PAR-P and PAR-PC geometry and radiation parameters at
5.8GHz

PAR PART PAR-P PAR-PC
L[mm] 12.797 12.533 9.32 9.22
W [mm] 17.25 15.6 15.25 9.3

∆px [mm] 0 1.2 0.9 0.9
h[mm] 0.8128 2.3368 2.3368 2.3368
S11[dB] -22.49 -22.84 -22.53 -22.22

BW [MHz] 117 336 166 394
BW [%] 2 5.8 2.9 6.8
D[dB] 7.67 7.57 5.99 7.57
G 7.41 7.47 5.78 7.55
η[%] 94 98 95 100

F/B[dB] 13.76 14.05 6.55 16.62

bandwidth performance is crucial to get enhanced radiation parameters (see section

8.2.2.1). Therefore, for this kind of antenna, it can be concluded that the frequency

deviation of the AMC is not a critical parameter to achieve proper radiation pa-

rameters and bandwidth on the resultant antenna-metasuraface combination, since

the HPUC based AMC exhibits smaller frequency deviation. Indeed, as it was

mentioned the relevant parameter for improving the antenna-metasurface’s radi-
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ation performance is the stable bandwidth of the AMC.

On the other hand, by observing the S11 parameter over a wider frequency band-

width of the PAR-PC (see figure 9.29(b)) it is possible to highlight that the spurious

band is at higher frequencies, so that it does not affect the frequency band around

5.8GHz, which can also explain the improvement in the antenna’s performance.

The current distributions on the PAR, PAR-P and PAR-PC are shown in figure

9.30. It can be highlighted that a similar current distribution is observed for the

reference antenna (PAR) and for the antenna combined with the AMC with lumped

capacitors (PAR-PC). The latter explains the similar behavior in terms of radiation

performance (slightly better for the PAR-PC) of both structures. However, the

antenna combined with the AMC without the lumped capacitors (PAR-P) exhibits

a worse radiation properties, since the current distribution on its rectangular patch

is different (contrary to what happen for the antenna combined with loop based

AMCs (see figure 9.14)). Moreover, the front to back ratio parameter is modified,

since the ground plane of the structures is different.
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Figure 9.30: Current distribution on the PAR (a), PAR-P (b) and PAR-PC (c) at
5.8GHz.
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It can be concluded that the patch antenna combined with the patch based AMC
with lumped capacitors (PAR-PC) outperforms the behavior of the patch antenna
combined with the patch based AMC without the lumped capacitors (PAR-P), in
terms of radiation properties and bandwidth. Moreover, it can be noticed that the
patch based AMC with lumped capacitors (HPCUC based AMC) exhibits a large
stable bandwidth, but worse frequency deviation than the AMC without lumped ca-
pacitors (HPUC based AMC). Consequently, as it was mentioned, when an AMC
is combined with an antenna, the stable bandwidth is a crucial parameter to obtain
improved radiation properties and broad bandwidth.
On the other hand, patch based antennas combined with patch based AMCs with
large stable bandwidth are a more suitable solution than combining patch based an-
tennas with loop based AMCs, since no additional layers or AMC’s modifications
are needed to obtain an improved performance in terms of bandwidth and radiation
properties.

The experimental validation will be left for a future contribution, since the
placement of the capacitors on the AMCs should be performed using a pick and
place machine, for obtaining accurate and precise results, as it was previously dis-
cussed.

9.2.3 Conclusions
In this chapter, a thorough study on the combination of antennas and AMCs is
conducted. Moreover, the undesired phenomena that arise when combining both
structures is presented for the first time in the literature1. The latter, as it was
shown in this chapter, can be attributed to the undesired interactions between the
AMC and the antenna, which may be unfavorable to improve the antennas per-
formance. Indeed, when these interactions are strong, the antennas performance
may be deteriorated. Therefore, AMCs with large unit-cell sizes may be preferred
to reduce the interaction between both structures or to shift it in frequency. On
this regard, it should be mentioned that the fields generated by the antennas on the

1Most literature papers on combining AMCs with antennas optimize both structures at the same
time to achieve a desired resonance frequency or introduce a dielectric, usually an air layer, in
between of both structures (see section 3.3.2) without giving an explanation of why the latter is
required
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AMC are not identical to the ones created by an incident plane wave. Moreover,

finite AMCs do not behave identically to its infinite counterpart, which are usually

simulated using periodic boundary conditions and plane wave excitations. On the

other hand, when placing the antenna’s substrate right above the AMC, the per-

formance of the latter may change in a similar way as if a superstrate were added to

the AMC. Consequently, the AMC’s resonance frequency shifts downwards and its

bandwidth decreases. Therefore, all the latter statements must be considered when

combining antennas with AMCs.

In this study, it was shown that when combining loop based AMCs with anten-

nas several modifications had to be conducted, either the introduction of an air layer

or the modification of the AMC, aiming to achieve a proper impedance matching of

the structure. On the contrary, when combining patch based AMCs with antennas

no variations on the AMC or the structure were required, since the spurious band

appeared at higher frequencies.

From the previous analysis, it is possible to conclude that patch based AMCs,

which provides larger bandwidth and, as it was shown in this thesis, wider stable

bandwidth, can be a suitable candidate to combine with antennas. Consequently,

the stable bandwidth is crucial to improve the antennas bandwidth and could be a

more relevant parameter than the frequency deviation. The latter parameter may be

more important when an angularly stable AMC is combined with a PEC or other

AMCs for reducing the bistatic RCS [17, 18]. On the other hand, the undesired

spurious band attributed to the interaction between the patch based AMC with the

antennas is at higher frequencies to the intended one (5.8GHz) and hence, the per-

formance of the antenna is improved when an angularly stable AMC is used as its

ground plane.

Finally, it can be said that the combination of the proposed AMCs with antennas

gives rise to an improved front to back ratio, without deteriorating the radiation

properties of the antennas. Consequently, the presented structures can be used

in different detection applications in which the backward radiation is wanted to
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be reduced, aiming at not perturbing the other electromagnetic components that
constitute the whole system (for example in IOT, radar or imaging applications).

9.3 Leaky Wave Antennas

9.3.1 Introduction
Several leaky wave antennas based on metasurfaces will be presented in this sec-
tion. They are designed employing simple shapes, so that they can be printed using
additive manufacturing techniques. Therefore, low weight and easily manufactur-
able antennas can be obtained. Two different implementations will be analyzed:
antennas comprising a grounded dielectric with arc-shaped metallic dipoles above
them and fully metallized antennas with grooves of different shapes inside them.
The presented antennas will be fed by a coaxial cable at its center, aiming to reduce
the feeding complexity. The fields excited by this coaxial cable can be analyzed
using the sinusoidal current distribution model of a monopole antenna, which was
firstly studied in [19] and it can be characterized by exciting magnetic and electric
fields of the form [20]:

Hφ = j
I0

4πρ

(
e−jkR1 + e−jkR2 − 2cos

(
kHmonop

)
e−jkr

)
(9.1a)

Eρ = j
I0Z0

4πρ

((
z−Hmonop

)e−jkR1

R1

+
(
z+Hmonop

)e−jkR2

R2

−2zcos
(
kHmonop

)e−jkρ
ρ

)
(9.1b)

Ez = −j I0Z0

4π

(e−jkR1

R1

+
e−jkR2

R2

− 2cos
(
kHmonop

)e−jkr
r

)
(9.1c)

where: r =
√
ρ2 + z2 R1 =

√
ρ2 +

(
z −Hmonop

)2

R2 =
√
ρ2 +

(
z +Hmonop

)2
Hmonop: monopole’s height

Considering just the fields on the antenna’s ground (z = 0→ R1 = R2):

Hφ = j
I0

2πρ

(
e−jkR1 − cos

(
kHmonop

)
e−jkr

)
(9.2a)

Ez = −j I0Z0

2π

(e−jkR1

R1

− cos
(
kHmonop

)e−jkr
r

)
(9.2b)
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The monopole excites a TM surface wave with a cylindrical wavefront. When
the monopole is placed at z = 0 on the ẑ axis, it excites a transverse magnetic field
of the form [21]:

Ht|z=0+ ≈ −φ̂ITMH(2)
1

(
kswρ

)
. (9.3)

where: ITM → excitation coefficient.
H

(2)
1 → Hankel function of second kind and first order.

Being ksw for the case of placing the monopole on an isotropic surface defined by
an impedance jX0:

ksw = k
√

1 + (X0/η0)2 (9.4)

where: k and η0 → free-space wavenumber and impedance.

In summary, an idea of the fields excited by the coaxial cable on the metasurface
have been provided. Having the latter in mind, the goal of this chapter is to design
several metasurfaces which transform the fields excited by the coaxial cable, which
propagate as surface waves on a ground plane, into leaky waves, aiming at improv-
ing the radiation performance of a monopole on a bare ground plane. Throughout
this section the commercially available Computer Simulation Technology (CST)
software will be used.

9.3.2 Monopole over a circular grounded dielectric with arc-sha-
ped metallic dipoles
In this section, antennas comprising a circular grounded dielectric with arc-shaped
metallic dipoles above them (LWDG) will be presented (see figure 9.31). Their
geometric parameters are: R = 30mm, Rin = 9mm, pr = 6mm, d = 10mm,
pa = 90◦, w = 1mm, Hmonop = 5.29mm, Dh = 1mm and h = 1mm. The smal-
lest arc-shaped dipole has a 10mm length, which is λ

2
at 15GHz. Therefore, if it is

properly excited, it is expected to resonate about this frequency. In order to test its
performance, two antennas are used for comparison purposes. The same geomet-
rical dimensions to the ones of the LWDG are employed on both antennas, but the
ground plane is removed from one of them (LWD) and the arc-shaped dipoles from
the other (ARef). The S11 parameter, the gain and the main lobe directions (MLD)
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(a)

Rin
pr

w

d

pa

R

(b)

h

HmonopDh

Ground Plane

(c)

Figure 9.31: Geometry of the LWDG: full (a), top (b) and side (c) views.

on the antennas’ main planes (φ = 0◦ and φ = 90◦) are presented in figure 9.32.

From these results, it can be highlighted that removing the ground plane results in a

shift of the antenna’s resonance frequency (fr) upwards and a reduction of its gain,

together with a steering of the main lobe direction, which will point backwards. On

the other hand, no major improvement is observed between having or not the arc-

shaped dipoles on the grounded dielectric. Consequently, it can be concluded that

the dipoles are not properly excited, since no additional resonances are observed

at 15GHz or lower frequencies (notice the increase on the dipoles’ length from the

antenna’s center to the edge, which should imply lower resonance frequencies (frs)

if they were properly excited).

In order to test the potential capabilities of the LWDG and trying to properly

excite the dipoles, different modifications are conducted in the LWDG’s geomet-

ric parameters. Therefore, three modified antennas are considered: one with pr =

3mm (LWDGPr), another using a random periodicity in each quartile (LWDGRPr)
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Figure 9.32: Comparison between the LWD, LWDG and ARef, regarding its S11 (a),
gain (b) and main lobe direction (c, d).

(being pr: 2.11mm, 4.98mm, 3.51mm and 3.3mm, respectively) and the last one

reducing the dipole width w = 0.5mm (LWDGDW ). The other parameters are

identical to the LWDG ones. The S11, gain and main lobe direction at the main

planes (φ = 0◦ and φ = 90◦) are depicted in figure 9.34. From these results, it

can be observed that no outstanding improvements are noticed when the dipoles

are introduced. The latter can be attributed to the fact that the coaxial feeding may

not be suitable to excite the arc-shaped dipoles.

(a) (b)
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(c)

Figure 9.33: Geometry of the LWDGPr (a), LWDGRPr (b) and LWDGDW (c).
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Figure 9.34: Comparison between the LWDG, LWDGPr, LWDGRPr, LWDGDW and
ARef, regarding its S11 (a), gain (b) and main lobe direction (c, d).

Aiming to properly excite the antenna, but without changing the feeding tech-

nique which reduce the antenna’s complexity, a metallic disc of different radius is

inserted on the top of the coaxial cable. This disc will introduce a capacitive beha-

viour and hence, apart from shifting down the antenna’s fr, the arc-shaped dipoles

are expected to be excited. In figure 9.35, both the geometry of the LWDG with

the metallic disc and the simulation results are presented. The disc thickness will
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be fixed to 1mm and the disc radius will be Rh = 1.27mm + ∆Rh, being 1.27mm

the diameter of the coax inner conductor. Although the capacitive behaviour re-

duces the antenna’s fr, its impedance is mismatched and its gain reduced as the

disc radius increases (see figure 9.35). Therefore, although the metallic disc was

introduced to generate a magnetic field, which could induce a circular current on

the antenna to properly excite the dipoles, this excitation did not finally arise.

Another way of shifting down the antenna’s fr is by increasing the coax inner con-

ductor length (∆Hm). From the results (see figure 9.35(d)), it can be observed that

either introducing the metallic disc or increasing the monopole’s length will reduce

the fr, but mismatch the antenna’s impedance. The latter can be circumvented, for

example, by introducing an inductance in the feeding network. However, this will

not solve the problem of exciting the arc-shaped dipoles.
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Figure 9.35: Geometry of the LWDG with a metallic disc on the dipole (a). S11 and
gain varying the disc radius (∆Rh) (b,c) and the dipole length (∆Hm) for ∆Rh = 0mm

(d), respectively.

The last attempt to properly excite the arc-shaped dipoles is conducted by mod-
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ulating their height in the radial direction (LWDGMD), so that the shortest and
highest ones are closer to the feeder and antenna’s edge, respectively (see fig-
ure 9.36(a)). Therefore, a smoother impedance variation is obtained as the wave
propagates in a radial direction from the feeder. The dipoles’ height will be var-
ied following a sinusoidal modulation with a radial dependency. This modulation
can be written as Dh = ht sin(Rc/R), being Dh the height of the dipole placed at
distance Rc from the feeder and ht a constant value (in this case 1). For achieving
a smoother variation, the antenna radius is increased to R = 50mm, so that the
height difference between two consecutive dipoles in the radial direction is small.
The antenna parameters versus frequency, together with the ones obtained using
the same antenna without the dipoles (ARef) are presented in figure 9.36.
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Figure 9.36: Geometry of the LWDGMD (a) and its S11 (b), gain (c) and main lobe
direction (in the principal planes φ = 0◦ and φ = 90◦) (d).

From these results (see figure 9.36), a better impedance matching and slightly
higher gain values can be observed for the LWDGMD. Moreover, its main lobe dir-
ection as the frequency increases is less variable. Consequently, by adding sinus-
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oidally modulated dipoles on a grounded dielectric slab, better antenna’s radiation
parameters can be obtained.

9.3.3 Monopole over a metallic disc with arc-shaped slots
In this section, the ground plane (which will be metallic disc) of a monopole an-
tenna is modified by introducing arc-shaped slots (LWS) (see figure 9.37). The
slots’ length are adjusted to be resonant, if properly excited, in the band between
5GHz and 20GHz. Therefore, the initial geometric parameters will be: R =

30mm, Rin = 9mm, pr = 6mm, d = 10mm, pa = 90◦, w = 1mm, Hmonop =

5.29mm and h = 1mm. Aiming at coupling the magnetic field generated by the
coaxial feeder to the slots, its length is varied. The S11 parameter, gain, main lobe
direction (MLD) and total efficiency of the antenna are introduced in figure 9.38
for different Hmonop. The antennas’ gain and efficiency reach their maximum val-
ues at their respective frs. It should be mentioned that the main lobe direction for
φ = 90◦ is identical to the φ = 0◦ one, due to the antenna’s symmetry.

(a)

Rin
pr

w

pa

R

(b)

h

Hmonop

(c)

Figure 9.37: Monopole over a metallic disc with arc-shaped slots: full (a), top (b) and
side (c) views.
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Figure 9.38: S11 (a), gain (b), main lobe direction (c) and efficiency (d) of the LWS
antenna varying its Hmonop.

A comparison between the LWS antennas radiation parameters, whose fr lies

within the analyzed band (Hmonop = 5.29mm (LWS1) andHmonop = 4mm (LWS2)),

with identical antennas without the slots (ARef1 and ARef2, respectively) is shown

in figure 9.39. From these results, it can be observed that the slots introduce a notch

in the S11 parameter, above all for the LWS1, which may be useful for certain ap-

plications to avoid electromagnetic contamination at certain frequencies. However,

there is no improvement in the antenna’s efficiency and main lobe direction. At

some frequencies it seems that there is certain maximum radiation in the backward

direction. However, they coincide with an omnidirectional radiation of the antenna

(which is slightly higher on this backward direction) and a noticeable reduction

of the antenna’s gain. On the other hand, an almost linear variation of the main

lobe direction is observed from 8GHz to 12.5GHz which goes from 64◦ to 41◦ and

from 68◦ to 38◦ for the planes φ = 0◦ and φ = 45◦, respectively. This variation

covers a wider range of angles than the case of using the antenna without the slots.

Consequently, by simply introducing the arc-shaped slots on a metallic disc, the an-
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tenna’s main lobe direction can be controlled under a range of angles greater than

23◦ varying the excitation frequency.
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Figure 9.39: S11 (a), gain (b), main lobe direction (c, d) and efficiency (e) of the LWS
antenna for Hmonop = 5.29mm (LWS1) and Hmonop = 4mm (LWS2).

To avoid the backward radiation and smoothing the antenna’s profile, the height

of the arc-shaped slots is modulated in the radial direction (LWSm). In order to

obtain a proper modulation, the antenna is enlarged having a final geometric para-
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meters of: R = 100mm, Rin = 15mm, pr = 12mm, d = 10mm, pa = 51.43◦,

w = 1mm, Hmonop = 5.29mm and h = 4mm. A sinusoidal modulation of the

form hs = ht sin(Rc/R), similar to the one employed in the previous section, will

be used, being hs the height of the slot at distance Rc from the feeder and ht a

constant value, which will be chosen to coincide with the antenna’s height (4mm).

The simulation results are compared once again with the reference case of using

a bare metallic disc (no slots) with identical dimensions (ARef) and are presented

in figure 9.41. The antenna is properly matched at the extremes of the analyzed

frequency band (15GHz and 38GHz), exhibiting similar gain values than the refer-

ence one. However, a more interesting radiation parameters are observed between

20GHz and 25GHz. Along this frequency band the gain is higher than 9dB with

a peak value of 15.2dB at 23GHz and broadside radiation. At the latter frequency

the S11 is -9.3dB and hence, the impedance matching is not optimum. However,

reducing (increasing) the monopole’s length will shift upwards (downwards) the

the lower (upper) fr and hence, not only an improved matching but also a higher

antenna’s efficiency could be obtained on this band. The latter is not conducted

due to the computational burden, which will consume a long time and resources to

adjust the fr. However, once the structure is manufactured, it should be easier to

match the fr just by cutting the coaxial probe, expecting similar gain values about

this frequency.

Figure 9.40: Monopole over a metallic disc with modulated arc-shaped slots.
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Figure 9.41: S11 (a), gain (b), main lobe direction (c, d, e) and efficiency (f) of the
LWSm antenna.

9.3.4 Dual-polarized spiral LWA

In this section, the aim is to introduce leaky wave antennas which exhibit high

gain values under left and right handed (from now on LH and RH, respectively)

polarization at different frequencies. The geometry of the considered antennas is

presented in figure 9.42, it consists of inner and outer spiral grooves rolled respect-
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Figure 9.42: Spiral leaky wave antenna: full (a), top (b) and side (c) views.

ively in counterclockwise and clockwise direction in a metallic disc. Hereinafter,

this antenna will be referred to as DSLWA.

An optimization procedure is firstly conducted to obtain proper initial antenna

geometric parameters, so that its resonance frequency (fr) and desired radiation

characteristics lie within the analyzed frequency band (5GHz to 20GHz). The ob-

tained set of initial parameters are: Rin = 3mm,Gap = 2mm,Gh = 5mm,Gw =

2.6mm,∆Rout = −1.6mm,Gout = 4mm,Hmonop = 5.5mm,h = 8mm and Rant =

31mm, being Rin the internal spiral inner radius, Gap the gap between grooves,

Gh and Gw the grooves’ height and width, Rout the external spiral outer radius,

Hmonop the monopole’s height, Rant the antenna’s radius and h its thickness. The

parameter ∆Rout (not shown in figure 9.42(b)) corresponds to the distance between

the end of the inner spiral and the beginning of the outer one, it is a negative dis-

tance to ensure that both spirals overlap (Rout = Rin+3(Gw+Gap)+∆Rout). The

antenna’s radius (Rant) is adjusted in each iteration to ensure a distance between
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the outer spiral and the antenna’s edge (Gout) of 4mm.
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Figure 9.43: S11 over frequency varying the DSLWA geometric parameters: Rin (a),
Gap (b), Gh (c), Gw (d), ∆Rout (e), Gout (f), Hmonop (g) and h (h).
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The fundamental resonance of a monopole antenna is around λ
4
. Therefore, a fr

about 13.64GHz is expected to be observed for the presented antenna (Hmonop =

5.5mm). From the results in figure 9.43, not only the mentioned resonance is

observed, but also other ones appear at lower frequencies (LFs). More precisely,

the monopole’s resonance frequency (frm) is slightly shifted upwards appearing at

15GHz and the other resonances arise at 8.17GHz, 10.65GHz, 11.26GHz and

11.86GHz (see figure 9.43). Varying the mentioned antenna’s geometry the cited

resonances can be adjusted as follows:

• The antenna’s impedance matching can be improved by decreasing Rin.

• Increasing theGap value brings about a better antenna’s impedance matching

(except for the lowest fr), together with an downward shift of the lowest fr
and frm.

• By decreasing Gh and Gw, the antenna’s bandwidth slightly narrows at the

frm. When these parameters are increased, the frs shift downwards (above

all the lower ones) and shows a greater separation between the lowest fr
and the frm. Moreover, a slightly better antenna’s impedance matching is

obtained at high frequencies for wider Gw values.

• Increasing ∆Rout causes a downward shift of the lower frs and almost keeps

the higher ones.

• The Gout value has almost no influence for small variations about 4mm.

• Increasing Hmonop makes the frm to decrease in frequency, while the other

frs are almost kept, improving their matching at LFs.

• The increase in h motivates a downward shift of the frm, with no relevant

influence for the lower frs.

Therefore, the frm and the other frs can be tuned almost independently by varying

∆Rout , Hmonop and h. On the other hand, reducing Rin brings about a better an-

tenna’s impedance matching. Gh and Gw can be used to both shift downwards the

frs and separate the lower and higher frequency bands, as well as, to improve the

antenna’s impedance matching. The Gap is useful to shift the lowest fr and frm,

and to modify the antenna’s impedance matching.

Following with the parametric analysis of the DSLWA, its gain is analyzed over

frequency considering both left and right handed polarization (see figures 9.44
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and 9.45). It can be observed that the left handed (LH) polarized peak gain ap-

pears at LFs, whilst the right handed (RH) one arises about the frm. Increasing

Gap,Gh and Gw shift the peak gain to LFs and almost keep its value. Gout only

has a slight influence on the LH polarized peak gain, which is slightly higher when

this parameter increases. Increasing Rin has almost no impact on the LH polarized

peak gain (a slight decrease) but the RH one is moved to LFs with lower levels.

Higher values of Hmonop shift downwards the RH polarized peak gain and increase

its value, with almost no variation of the LH one. Increasing ∆Rout slightly de-

creases both peak gains without shifting them in frequency. Finally, the thickness

of the structure (h) has no effect on the computed gains.

From the previous remarks, it can be concluded that an important parameter to

get high peak gain and better antenna’s impedance matching is Rin, which should

be small to ensure proper propagation of the leaky wave along the surface. The

Gap, Gh and Gw values can be used to shift the peak gain in frequency, provid-

ing higher peak values for small Gap and Gh values. However, low values of

Gap,Gw and Gh cause a narrow bandwidth and worse antenna’s impedance match-

ing at the frm. Small values of ∆Rout provides better antenna’s impedance match-

ing and peak gains at LFs. Gout has neither influence in the antenna’s impedance

matching nor in the RH polarized peak gain. However, increasing Gout causes a

higher LH polarized peak gain, but a larger antenna’s size. The parameters h and

Hmonop can be used to tune the frm, causing a downward shift as the value of these

parameters increases.
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Figure 9.44: Gain under left handed polarization versus frequency, varying the
DSLWA geometric parameters: Rin (a), Gap (b), Gh (c), Gw (d), ∆Rout (e), Gout
(f), Hmonop (g) and h (h).
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Figure 9.45: Gain under right handed polarization versus frequency, varying the
DSLWA geometric parameters: Rin (a), Gap (b), Gh (c), Gw (d), ∆Rout (e), Gout
(f), Hmonop (g) and h (h).
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The impedance matching and the peak gain can also be tuned by shifting the

feeding position in the x- and y- axes (∆X and ∆Y , respectively). Doing so, it can

be concluded that shifting the feeding position in the positive x-axis and in the neg-

ative y-axis brings about a better impedance matching and higher peak gains (see

figure 9.46).

Therefore, by making use of the previous knowledge, another optimization

can be conducted in order to obtain an optimum antenna with LH and RH po-

larized peak gains at different frequencies as well as exhibiting proper impedance

matching characteristics. In this case, the initial set of parameters will be: Rin =

2mm,Gap = 2mm,Gh = 5mm,Gw = 3.6mm,∆Rout = −3.6mm,Gout =

4mm,Hmonop = 5.5mm,h = 8mm,∆X = 0.5mm and ∆Y = −0.5mm.
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Figure 9.46: S11, gain under left and right handed polarization versus frequency, vary-
ing the DSLWA geometric parameters: ∆X (a, c, e) and ∆Y (b, d, f).

9.3.4.1 Optimized designs

Using the previous parametric results of the DSLWA, what follows is to optim-

ize the antenna geometry aiming to obtain proper matching and suitable gains

under left and right handed polarization at different frequencies. These frequen-

cies are fixed to be 11.5GHz and 14GHz, respectively, lying within the X- and

Ku-bands and hence, having considerable applicability in satellite communica-

tions and radar. A first optimization is launched varying the Rin, Gap, Gh, Gw,

∆X and ∆Y values, since these parameters noticeably modify the antenna’s gain

and matching. Consequently, they will be used to define the cost function during

the optimization process. The best result is obtained for the following parame-

ters: Rin = 2mm,Gap = 2.55mm,Gh = 5.25mm,Gw = 1.94mm,∆Rout =

−3.6mm,Gout = 4mm,Hmonop = 5.5mm,h = 8mm,∆X = 0.83mm,∆Y =

0mm and Rant = 26.76mm, obtaining gain values of 7.9dB and 9.94dB at 11.5GHz

and 14GHz under left and right handed polarization, respectively. The simulation

results regarding the S11 parameter, gain, main lobe direction (in the two main

planes (φ = 0◦ and φ = 90◦)), efficiency and front to back ratio (F/B) are presented

in figure 9.47, considering both LH and RH polarization (DSLWAL and DSLWAR).

Moreover, for comparison purposes the simulation results of the same antenna re-

moving the spiral grooves (Aref) are also presented (for Aref there is no difference

between the LH and RH polarization results).
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Figure 9.47: Best simulation results after the first optimization process of the DSLWA:
S11 (a), gain (b), main lobe direction (c, d), efficiency (e) and front to back ratio (f).

From figure 9.47, apart from the improvement on the gain of the DSLWA, it

can be observed that its main lobe direction (MLD) over frequency is closer to

broadside. Moreover, considering the linear variation of the MLD under RH po-

larization from 13GHz to 14.2GHz with the lobe pointing from 20◦ to −25◦ and

from 13.6GHz to 15.6GHz pointing from −24◦ to 8◦ in the φ = 0◦ and φ = 90◦
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planes respectively, it is possible to use the antenna for beam steering applications.

The antenna’s efficiency is a bit lower than the Aref one, above all in the lower

frequency band, but it is still high at 11.5GHz (83%). On the other hand, its front

to back ratio is clearly increased.

Other interesting results, obtained during the optimization process, are shown in

table 9.14, together with the corresponding geometric parameters of the antenna

(the parameters not shown on the table are identical to the ones indicated above).

The S11 value and the frequency at the peak gain, as well as its value, under both

left and right handed polarization are presented in the table. From the results, it

can be stated that the antenna’s characteristics previously sought can be obtained at

different frequencies about the ones defined above (11.5GHz and 14GHz). There-

fore, the peak gains can be shifted in frequency and hence, the antenna can be easily

tuned.

Table 9.14: Other interesting results of the DSLWA optimization process

DSLWA1 DSLWA2 DSLWA3 DSLWA4 DSLWA5

Rin[mm] 2 2 2.5 2.5 2.43
Gap[mm] 2.03 1.9 2.19 1.67 1.5
Gh[mm] 5 5.55 4 4 4.56
Gw[mm] 2.6 1.8 2.7 2.7 2.7
∆X [mm] 0.5 0.5 0.54 0.63 0.39
∆Y [mm] -0.5 -0.49 -0.44 -0.38 -0.56
Rant[mm] 28.15 22.71 30.05 27.47 26.53
S11[dB] -11.69 -12.58 -16.13 -12.54 -10.94
GL[dB] 7.71 7.07 8 7.69 8
fr[GHz] 11.5 11.5 13.5 13.5 12.5
S11[dB] -23.27 -29.13 -22.8 -20.17 -28.52
GR[dB] 9.8 9.23 9.75 10.07 9.74
fr[GHz] 14 14.5 15 15.5 14.5

From table 9.14, although the antenna is matched at the LH polarized peak

gains, this matching is not strong. Therefore, another optimization process is

launched varying just Gh and keeping the other parameters as follows: Rin =

2mm, Gap = 2.42mm, Gw = 1.68mm, ∆Rout = −3.6mm, Gout = 4mm,
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Hmonop = 5.5mm, h = 8mm, ∆X = 0.77mm, ∆Y = −0.51mm and Rant =

24.58mm. These parameters are fixed taken into consideration the behaviour of the
antenna and the previously obtained results. Moreover, the frequency at which the
peak gain under RH polarization occurs is relaxed during the optimization, since
higher gain values are obtained in a wide frequency band close to 14GHz. After
several iterations, the best results are reached for Gh = 4.77mm, obtaining ma-
ximum gains of 5.8dB and 9.53dB at 11.5GHz and 15GHz under left and right
handed polarization, respectively.
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Figure 9.48: Simulation results of the second optimization process of the DSLWA:
S11 (a), gain (b), main lobe direction (c, d), efficiency (e) and front to back ratio (f).

From the results (see figure 9.48), it is clearly shown that the impedance is bet-
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ter matched at 11.5GHz, exhibiting a higher antenna’s efficiency than the reference

one (Aref ). However, at this frequency the gain is greater under RH polarization

than under LH one. On the other hand, as it was previously observed, the MLD is

closer to the broadside and the front to back ratio is improved.

In order to find a middle ground, a last optimization is conducted, varying in

this case the parameters: ∆X , ∆Y , Gw and Gh, which have a greater influence in

the antenna’s matching and gain. The other parameters are the same as in the pre-

vious optimization. After several iterations, the three interesting results presented

in table 9.15 are obtained.

Table 9.15: Another interesting results of the DSLWA optimization process

DSLWA6 DSLWA7 DSLWA8

Gw[mm] 1.05 1.68 1.02
∆X [mm] 0.64 0.6 0.73
∆Y [mm] -0.28 -0.31 -0.45
Rant[mm] 20.8 24.6 20.6
S11[dB] -15.46 -7.92 -16.94
GL[dB] 7.16 8.62 7.14
fr[GHz] 11.5 11.5 11.5
S11[dB] -19.65 -35.94 -12.59
GR[dB] 8.52 9.45 8.27
fr[GHz] 15 14.5 15.5

From table 9.15, the result for DSLWA7 exhibits interesting gain properties,

but a poor antenna’s impedance matching at 11.5GHz. The other two results, both

show high peak gains at their respective frequencies and polarizations, together

with a proper impedance matching. More detailed results are shown in figures 9.49

and 9.50 for the DSLWA6 and DSLWA8, respectively. From these results, two im-

portant aspects can be identified. Firstly, both antennas are matched at the intended

frequencies. Secondly, at 11.5GHz the gain under LH polarization is 1.09dB and

1.57dB higher than the RH one for DSLWA6 and DSLWA8, respectively. On the

other hand, similar conclusions to the ones drawn in the previous optimization pro-

cesses are obtained for the other radiation parameters.
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Figure 9.49: Simulation results of DSLWA6: S11 (a), gain (b), main lobe direction (c,
d), efficiency (e) and front to back ratio (f).
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Figure 9.50: Simulation results of DSLWA8: S11 (a), gain (b), main lobe direction (c,
d), efficiency (e) and front to back ratio (f).

The normalized radiation patterns of the DSLWA6 and DSLWA8 are computed

for the main planes (φ = 0◦ and φ = 90◦) and at the peak gain frequencies of

both polarizations (see figures 9.51 and 9.52). As it could be expected, each po-

larized component is dominant at its respective peak gain frequency (11.5GHz and

15GHz for LH and RH polarization, respectively), except for the φ = 0◦ plane

at 11.5GHz in which instead of exhibiting a dominant LH polarized component, a

slightly higher RH one is observed. The latter may be attributed to the gain val-

ues observed in figures 9.49(b) and 9.50(b), which at certain planes both polarized

components can exhibit similar values. However, the maximum gains at 11.5GHz

are obtained at the planes [φ = 94◦, θ = 24] and [φ = 90◦, θ = 24] respectively

for DSLWA6 and DSLWA8, in which a dominant LH polarized component can be

identified.
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Figure 9.51: Radiation pattern of the DSLWA6 for the planes φ = 0◦ and φ = 90◦ at
11.5GHz (a,b) and 15GHz (c,d), respectively.
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Figure 9.52: Radiation pattern of the DSLWA8 for the planes φ = 0◦ and φ = 90◦ at
11.5GHz (a,b) and 15.5GHz (c,d), respectively.

In order to further clarify the antenna’s behaviour, the electric and magnetic

fields on the structure are presented in figure 9.53 at the peak gain frequencies un-

der LH and RH polarization. At 11.5GHz, there are intensive fields on both grooves

of the DSLWA6 and this is why not only a peak gain appears under LH polarization,

but also under the RH one, as it can be observed on figure 9.49(b). On the other

hand, at 15GHz just the inner antenna’s groove is excited and hence, the peak gain

is observed only under right handed polarization, since the inner spiral is rolled in

a right handed direction when it is observed from its rear.
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Figure 9.53: Normal electric and tangential magnetic fields at 11.5GHz (a,b) and
15GHz (c,d) of the DSLWA6.

For comparison purposes and aiming to show that the rolling direction of the

spiral grooves is crucial to define the antenna’s characteristics, the DSLWA6 is

again studied rolling the spiral grooves in opposite directions (DSLWA6R). There-

fore, the inner spiral is rolled in a clockwise direction and the outer one in the

counterclockwise one. The antenna’s gain versus frequency and the magnetic fields

at the peak gain frequencies of both LH and RH polarization are shown in figure

9.54. As it can be expected, contrary to the DSLWA6, the frequencies at which

the LH polarized peak gain appears (13.5GHz) is higher than the one of the RH

one (11.5GHz). Therefore, the behaviour is consistent with the rolling direction

of the spirals and the magnetic fields presented in figure 9.54. It should be notice

that the frequency at which the peak gain under LH appears for the DSLWA6R is

slightly shifted downwards with respect to the one observed under RH polarization

for DSLWA6 (15GHz), this can be attributed to the position of the feeder which is

the same as for the DSLWA6.
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Figure 9.54: Gain (a) and tangential magnetic fields at 11.5GHz (b) and 13.5GHz (c)
of the DSLWA6R.

In summary, different optimizations were conducted to achieve high gain values

under LH and RH polarization at different frequencies. In most of the optimized

antennas, a high gain is obtained for RH polarization with small gain values of

the LH polarization at this frequency, so that a RH circularly polarized antenna is

obtained. When analyzing the LH polarization of the optimized antennas a trade-

off has to be adopted between obtaining high impedance matching or low gain

values of the RH polarization (and hence a LH circularly polarized antenna).
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9.3.5 Spiral log-periodic LWA

In this section a metallic disc with two 180◦ rotated log-periodic spiral grooves,

fed by a coaxial cable at its center will be studied (LSLWA). The feeder generates

a leaky wave along the disc that will radiate into free-space. Although improved

antenna’s impedance matching using a tapered ending log-periodic spirals has been

only demonstrated when their arms are directly fed [22], identical ending will be

used here aiming to obtain the same results (this effect will be shown in a latter

section).

The shape of this kind of antennas can be fully described by angles and hence, they

can be considered as frequency independent antennas in the ideal case of being

infinite in size [22]. Therefore, each log-periodic spiral can be described by the

following equations:

vin = Rin expαφ (9.5a)

vout = Rin expα(φ−δ) (9.5b)

The previous equations can be written parametrically in the x- and y-axes as:

vin = Rine
αφ cos(φ) vin = Rine

αφ sin(φ) (9.6a)

vout = Rine
α(φ−δ) cos(φ) vout = Rine

α(φ−δ) sin(φ) (9.6b)

The aim of this design is to achieve a planar small antenna with high gain values

under both left and right handed polarization. First of all, the geometric parameters

of the antenna, as in the previous section, has been optimized to adjust the antenna

resonance frequency within the analyzed frequency band (5GHz and 20GHz) and

so, obtaining a reasonable set of initial parameters to carry out a proper parametric

analysis (see figure 9.55). The initial set will be: Rin = 8mm, α = 0.2◦, δ = 100◦,

Gh = 4mm, γ = 1◦, Gout = 7mm, Hmonop = 5.5mm, h = 8mm, ∆X = 0mm

∆Y = 0mm and Rant = 35.11mm. Most of the previous parameters have been

depicted in figure 9.55 and used in equation 9.5 to describe the mathematical equa-

tions of the spirals. The spiral is built in the CST software by discrete increments

of the variable φ. A parametric analysis of the antenna’s S11 parameter is presented

in figure 9.56. From this analysis several conclusions can be drawn. Low values
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of Rin, α and Gh and high ones of γ and Hmonop provide a better antenna’s im-
pedance matching, while Gout and h have almost no impact in the S11 parameter.
The antenna’s fr can be adjusted using Rin, α, δ, Hmonop and Gh. Increasing the
latter three or decreasing α brings about a downward shift of the fr. On the other
hand, the position of the coaxial cable can be modified, as in the previous section,
to improve the antenna’s matching. Although moving the feeder in the x-axis has
almost no influence in the antenna’s impedance matching, moving it in the y-axis
(either on the positive or negative direction) improves its matching and widens its
bandwidth.

(a)

Φ

Rin

Rant

Gout

vin
vout

(b)

Gh

h

Hmonop

(c)

Figure 9.55: Log-periodic spiral leaky wave antenna: full (a), top (b) and side (c)
views.
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Figure 9.56: S11 over frequency varying the LSLWA geometric parameters: Rin (a),
α (b), δ (c), Gh (d), γ (e), Gout (f), Hmonop (g), h (h), ∆X (i) and ∆Y (j).
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The same parametric analysis is conducted to study the gain under left and

right handed polarization. For the LH polarized antenna gain, reducing α, δ and

Gh or increasing γ and Hmonop causes higher peak gain values. In the same way,

decreasing Rin or increasing α downward shifts the peak gain frequency. On the

other hand, for the RH polarized antenna gain, increasing α, δ or reducing γ and

Hmonop increases the peak gain. Moreover, decreasing α or increasing Gh shifts

downwards the peak gain frequency. It can be observed that Gout and h do not

influence on the antenna’s matching and gain. However, moving the feeder in the x-

and y-axes or just in the y-axis increases the peak gain under LH or RH polarization

respectively.

From the previous results, it can be stated that it is not trivial to reach proper

impedance matching and high peak gain values under either left or right handed

polarization by varying the antenna’s geometric parameters. Indeed, varying some

parameters in one way can improve one of the analyzed antenna’s parameters but

may worse the others. Therefore, a compromise has to be established to defining

a set of parameters from which an antenna’s optimization process can be started.

Consequently, the following parameters will be used as the initial optimization

seed: Rin = 6mm, α = 0.2◦, δ = 75◦, Gh = 3.5mm, γ = 45◦, Gout = 6mm,

Hmonop = 5.5mm, h = 7mm, ∆X = −1.5mm and ∆Y = −2mm.
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Figure 9.57: Gain under left handed polarization versus frequency, varying the
LSLWA geometric parameters: Rin (a), α (b), δ (c), Gh (d), γ (e), Gout (f), Hmonop

(g), h (h), ∆X (i) and ∆Y (j).
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Figure 9.58: Gain under right handed polarization versus frequency, varying the
LSLWA geometric parameters: Rin (a), α (b), δ (c), Gh (d), γ (e), Gout (f), Hmonop

(g), h (h), ∆X (i) and ∆Y (j).

9.3.5.1 First optimization and other analysis

The first optimization is conducted aiming to obtain high gain and proper im-

pedance matching around 15GHz. The most interesting result was obtained for

the following geometric parameters (LSLWA1): Rin = 5.7mm, α = 0.24◦, δ =

88.47◦, Gh = 4.18mm, γ = 1◦, Gout = 1mm, Hmonop = 5.41mm, h = 8mm,

∆X = 0mm and ∆Y = 0mm. Therefore, these antenna’s parameters will be used

to perform some comparisons.

First of all, the behaviour of the LSLWA1 (in the figure Term) is compared to

the one of using an identical antenna without the tapering terminations (NoTerm)

(see figure 9.59). As it can be observed, not only better impedance matching, but

also slightly higher gain values are obtained for the case of ending the spiral with

a tapering shape (Term). Therefore, the mentioned conjectures about the tapered

antenna’s ending are validated.
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Figure 9.59: Log-periodic spiral leaky wave antenna with no tapering termination:
geometry (a), S11 (b) and gain results (c) as compared to the same antenna with a
spiral grooves’ tapered termination.

On the other hand, due to the shape of the spirals instead of using a metallic

disc, an elliptical one may seem to be appropriate. Therefore, the performance

of using these two different shaped discs is analyzed in figure 9.60. In this case,

no proper tapering can be achieved on the elliptical disc. Therefore, for a fairly

comparison both antennas are compared without using this tapering termination.

Although the impedance matching is similar, slightly higher gains are obtained us-

ing the circular disc. Moreover, since the circular disc can be ended with proper

tapering terminations, both higher gain values and better impedance matching can

be obtained. Consequently, a circular disc together with the spiral grooves’ tapered

termination will be used to improve the antennas performance.
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Figure 9.60: Log-periodic spiral leaky wave antenna with elliptical metallic disc: geo-
metry (a), S11 (b) and gain results (c) as compared to the same antenna using a metallic
disc.

Once the previous conclusions from the spiral grooves’ terminations and shape

of the metallic disc are drawn, a complete analysis of the LSLWA1 regarding its S11

parameter, gain, main lobe direction and efficiency is conducted and compared to

the case of using a bare metallic disc (with no grooves ARef) in figure 9.61. From

the results, it can be highlighted that the performance of the LSLWA1 regarding the

antenna’s gain and front to back ratio is highly improved. Moreover, the main lobe

direction is closer to broadside at the main planes (φ = 0◦ and φ = 90◦). However,

this antenna can be just used as a RH polarized one, since it exhibits lower gain val-

ues for a LH polarization, so that it can be considered as a RH circularly polarized

antenna. On the other hand, although slightly worse antenna’s impedance match-

ing than for the ARef is obtained, it can be improved by varying the feeder position.
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Figure 9.61: Simulation results of the LSLWA1: S11 (a), gain (b), main lobe direction
(c, d), efficiency (e) and front to back ratio (f).

9.3.5.2 Final optimized designs

Another optimization process is conducted aiming to obtain high gain under both

left and right handed polarization around 15GHz. During this optimization δ, Gh,

Hmonop and ∆X are varied. The other parameters are: Rin = 6mm, α = 0.17◦,

γ = 45◦, Gout = 6mm, h = 7mm and ∆Y = −1.7mm. The latter geometric

parameters are not varied, since they provide proper antenna’s performance. Some
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of the more interesting results are presented in table 9.16. In the table, the geo-
metric parameters, together with the S11 and gain peaks under both left and right
handed polarization, are detailed at frequencies at which the maximum gain under
LH polarization is reached. It was opted to choose the maximum gain under LH
polarization, because it is more restrictive than the RH one, which exhibits higher
gain values on the whole analyzed band. As it can be observed, not only high gain
under RH polarization, but also under LH one are obtained for the presented an-
tenna’s geometric parameters.

Table 9.16: Interesting results from the final LSLWA optimization process

LSLWA2 LSLWA3 LSLWA4

δ 69.1 119.53 119.53
Gh[mm] 3.95 3 3

Hmonop[mm] 5.5 5.5 4.9
∆X [mm] 1.45 1.28 1.28
Rant[mm] 23.54 23.46 23.46
S11[dB] -12.44 -16.58 -11.67
GL[dB] 5.52 6.08 6.07
GR[dB] 7.91 6.81 7.21
fr[GHz] 14 15 15.5

For the sake of brevity, only the results for LSLWA3 will be further detailed,
since it exhibits proper impedance matching and similar gains under both polariza-
tions. These results are presented in figure 9.62 and compared with ARef, showing
an improved antenna’s performance from 14GHz to 15GHz under both left and
right handed polarizations, except for the front to back ratio under LH polarization.
In addition, the main lobe direction is closer to broadside in the principal planes
(φ = 0◦ and φ = 90◦). The radiation patterns on the principal planes at 14GHz,
14.5GHz and 15GHz are presented in figure 9.63, showing similar radiation char-
acteristics at the analyzed frequencies and a higher directivity close to broadside as
compared to the ARef.
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Figure 9.62: Simulation results of the LSLWA3: S11 (a), gain (b), main lobe direction
(c, d), efficiency (e) and front to back ratio (f).

To complete the analysis, the normal electric and tangential magnetic fields on

the LSLWA3 are shown in figure 9.64. As can be noticed magnetic field are clearly

visible in both spiral grooves with almost similar intensity. This is why similar

gains under both polarizations are obtained.

In summary, spiral shaped grooves in a metallic circular disc excited by a
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Figure 9.63: Radiation pattern of the LSLWA3 for the planes φ = 0◦ and φ = 90◦ at
14GHz (a,b), 14.5GHz (c,d) and 15GHz (e,f), respectively.

coaxial cable can provide interesting radiation properties, as it was shown in this

section. A circularly RH polarized antenna has been introduced (LSWA1) which

exhibit high gain values. On the other hand, several antennas which exhibit high

gain values not only under RH but also under LH polarizations at the same fre-

quency has been also presented. The latter can be considered as a linearly polarized
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Figure 9.64: Normal electric and tangential magnetic fields at 15GHz (a, b) of the
LSLWA3.

antenna, but can properly receive radiation of LH and RH polarized waves at the

same operating frequency thanks to its enhanced gain.

9.3.6 Conclusions

Several leaky wave antennas based on metasurfaces designed using simple shapes

for being easily manufactured using additive manufacture techniques, were presen-

ted in this section. First of all, arc-shaped metallic dipoles over a grounded dielec-

tric slab are presented showing a slightly improved performance when the arc-

shaped metallic dipoles’ height is modulated in a radial direction from the anten-

nas’ feeder, which is a coaxial cable. Similar conclusions were drawn for the case

of using arc-shaped slots on a metallic disc. On the other hand, double and log

periodic spiral grooves on a metallic disc were also introduced, showing high gain

values under LH and RH polarization at different or the same frequency band, re-

spectively. Consequently, it was shown that simple and small antennas can transmit

electromagnetic waves with high gains under different polarizations. Moreover, the

presented antennas can be also used to distinguish the polarization of the incoming

wave.

The presented antennas in this chapter are ideal to be used in different detection
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applications, due to their polarization and radiation properties. As it was mentioned

in the state of the art (see chapter 3), other leaky wave antennas have been presented

in the literature exhibiting large gain values or beam scanning properties. However,

the ones introduced here not only achieve the aforementioned properties, but also

can be easily manufactured and exhibit small dimensions and low weight. There-

fore, they could be used in portable systems, without almost increasing their final

size and weight.

9.3.7 Manufacturing of the Leaky Wave Antennas based on me-
tasurfaces

Additive manufacturing is a cutting-edge technology to manufacture 3D structures.

In fact, a great industry have been created and many techniques developed. One

of its keys to success is the promotion of environmentally friendly materials which

encourage the circular economy. The oldest and one of the most used technique

is the stereolithography and more recently the polyjet technology and the multi

jet modeling are also employed to create complex designs with a fine resolution.

However, they are not recommended for outdoor applications, due to the resins or

photopolymers utilized during the manufacturing process. Other techniques such

as the fused deposition modeling (FDM) technology have been consolidated in the

market due to the appearance of economical professional printers, which provide

suitable resolution.

It can be noticed that the mentioned techniques yield dielectric (generally plastic)

structures and in most cases, an additional procedure, consisting of partially or fully

covering it with a sufficiently thick metal layer, have to be conducted to obtain the

desired structure. Many researches have been focused on coating 3D printed plastic

antennas with metal [23–27]. Indeed, the process of metallizing such structures

can be categorized into two main methods: physical and chemical ones. The first

ones involves sputtering, evaporation or printing techniques and the latter chemical

deposition or baths and electrodeposition. Hot foil printing have been also used

to stamp a metallic foil on different substrates, but it is not a suitable technique

for plastic structures, since the stamp is put on the dielectric at high pressure and

hence, it can deform lightweight plastic structures. Moreover, the required grooves
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of the presented antennas may not be properly covered with the foil. Inkjet printing

have been also employed to print antennas on thin and flexible dielectrics, but al-

though metallic inks are off the shelf, they are usually used to print planar objects.

Other alternatives such as the atomic layer deposition, which yields to a thin metal

layer, or electroforming, that gives a patterned metallic structure, can be taken into

account. However, these techniques are not suitable for metallizing the antennas

presented in this chapter.

On the other hand, fully metallic structures can be directly manufactured re-

sorting to powder bed fusion (PBF) processes [28], like the selective laser sintering

(SLS) or more precisely the direct metal laser sintering (DMLS). Nevertheless, this

method although it can increase the structure conductivity, it also makes it heavier.

In this thesis, the FDM technology was employed to manufacture the antennas,

since a professional Ultimaker 3D printer is available in the laboratory. In addi-

tion, the plastic chosen to manufacture the antennas is the PLA (polylactic acid),

since it is an economic plastic compatible with the printer. This machine organizes

the printing structure layer by layer using its own software (Cura), which provides

relative freedom for adjusting the printing parameters. Indeed, it is not possible

to tune the middle layer and hence, all the layers will have identical characterist-

ics, which is not always desirable specially when lightweight antennas are wanted

to be obtained. Accordingly, another software is used (Simplify3D) which allows

for defining these intermediate layers, aiming to reduce the antenna’s weight and

achieve a smooth finish. The manufactured prototypes of the DSLWA are presented

in figure 9.65(a), in which the DSLWA6 and DSLWA8 appears on the left and right

side of the picture. Moreover, the LSLWA2 have been also manufactured and it is

shown in figure 9.65(b).

The choice of one or another technique to metallize structures depends on sev-

eral factors: adhesion to the host medium, range of frequencies for the intended

application which will be related to the skin depth, conductivity, roughness and last

but not least budget. The best results on metallizing plastic structures have been

achieved resorting to electroplating techniques, which applies an electric current

to increase the conductive layer of a metallic structure. A non metallic structure
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(a) (b)

Figure 9.65: Manufactured DSLWA6 and DSLWA8 (a) and LSLWA2 (b).

should be firstly coated with a thin conductive layer by means of an electroless

process for example. Then, electroplating is applied to increase the metallic thick-

ness.

Before applying these techniques, a pre-treatment of the structure for eliminating

non wanted materials on the surface, such as oil, wax, grease or dust, has to be

applied. The latter can be conducting using certain acids or low-pressure plasma

technologies. Moreover, the structure can be roughen with oxidising solutions for

removing electrons and make the plastic particles more prone to the acceptance of

electrons. Finally, the surfaces are activated with acids or plasma technology to

increase the surface energy and ensure the adhesion of the metallic particles and

strength the bonds between the metal coating and the plastic structure. Another

way to increase the bonding is by heating the structure before coating it with metal.

An adequate layer thickness that ensures good conductivity should be greater than

5-6 skin depths.

However, though the latter techniques are the ideal ones, they are expensive and

not available in the laboratory. Therefore, an alternative technique is sought which

can be conducted in the laboratory without the need of outlaying much money.

Consequently, the structures will be tried to be metallized using handmade tech-

niques. Therefore, the structures will be sprayed and brushed using conductive

paints, even immersing the antennas in a copper plating bath (electroless bath).

However, at the time of writing this chapter of the thesis the author is waiting for

the ordered silver conductive paint provided by the Caswell company [29].

Moreover, from the authors experience in manufacturing other leaky wave anten-

nas, the most suitable feeder to use with this antenna is the coaxial SMA connector
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9.3 Leaky Wave Antennas

sold by Mouser Electronics [30]. Indeed, its dimensions were taken into account in
the simulations.
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CHAPTER

10
Curved Frequency Selective

Surface

10.1 Introduction
A few works on curved FSSs have been encountered in the literature [1], mainly

due to the manufacturing restrictions. With the development of 3D printers and

the additive manufacturing technology, curved structures can be directly produced.

However, different difficulties may arise during the design and fabrication process,

some of them will be addressed in this chapter. The aim of this chapter is to explore

the new characteristics introduced by curved FSSs, and present some of the issues

that arise during the design and manufacture processes. Moreover, the curved FSSs

will be compared with their planar counterparts based on their performance.

10.2 Curved Frequency Selective Surface
The lack of angular stability in most FSSs is a drawback that many researchers

attempt to overcome. However, in this chapter, this disadvantage is taken as an

advantage, aiming to attain tunable bandwidth spatial filters without the need of

using additional circuitry. The FSS resonance frequency is usually dependent on
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10. CURVED FREQUENCY SELECTIVE SURFACE

the impinging wave incidence angle [2]. Therefore, combining the resonance fre-

quencies that arise when waves impinges on the FSS at different incidence angles,

seems to be a suitable solution to tune and adjust the FSS bandwidth and the center

frequency of this band. The latter scenario can be reciprocally obtained by using

a curved FSS. Consequently, an easy implementation consisting of dipole-shaped

slots arranged on a curved surface is used to create a tunable bandpass filter. The

slots length should be λ/2 at the intended resonance frequency. When an incident

wave (with a frequency approximately 30GHz (slot length ≈ 5mm)) impinges the

structure at normal incidence, a resonance will appear and hence, the energy will

pass through it [2].

Although the analysis of a planar FSS composed of dipole-shaped slots were con-

ducted in several articles [2–5], it will be once more presented here to understand

the influence of the wave incidence angle on the FSS resonance frequency. In this

preliminary analysis, the planar FSS will be considered infinite, just to avoid com-

putational burden. The electromagnetic simulations will be conducted using the

Computer Simulation Technology (CST) software. The FSS unit-cell geometry is

presented in figure 10.1, being: p = 6mm, l = 5mm,w = 1mm and h = 2mm.

The FSS response, when excited by waves at different incidence angles, is dis-

played in figure 10.2, its passband shifts to lower frequencies as the incident angle

increases, and its bandwidth is more or less preserved. Therefore, the idea is to

design an FSS on which the wave impinges on it at different angles, so that the

FSS passband could be modulated. The curved FSS presented in figure 10.3 can be

a proper solution to fulfill the previous requirements. Indeed, one can expect that

the passband from a concave curved FSS (facing it from the transmitter) will be

narrower than the one of a planar FSS with the same dimensions, since the waves

impinge on the former FSS with a smaller range of incident angles. This conclu-

sion has also been mentioned in [6], but without any explanation.
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Figure 10.1: Planar slot dipole FSS geometry: top view (a) and side view (b).
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Figure 10.2: FSS behavior under different incidence angles: S11 (a) and S21 (b).
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(c) (d)

Figure 10.3: Concave curved slot dipole FSS geometry: receiver view (a), transmitter
view (b) and side view (c). Plotting of several rays that comes from the waveguide
towards the FSS (d).

The set-up presented in figure 10.4(c) is implemented to conduct the simula-

tions. It consist of a WR-28 waveguide (WG) which transmits the electromagnetic

wave, a curved FSS and a horn antenna for receiving the transmitted wave. Several

techniques to project a planar FSS on a double curvature curve are presented in [7].

However, none of them is used here. In this case, a curved dipole-shaped slot is

directly designed on the surface of a 50mm radius metallic semi-sphere. The same

geometric parameters as in figure 10.1(a) are considered, but in this case using its

corresponding radial dimensions (arc = radius · angle). The slot is generated by

defining its contour in the inner and outer faces of the sphere and then, the CST loft

function is applied to create the 3D slot. Afterward, the radial periodicity is used to

replicate the 3D slot along its longitudinal and transversal direction. Finally, each

slot on the transversal direction is cloned along its longitudinal direction using the

radial periodicity. In this way, the slots are replicated following parallel curves as it

can be seen in figure 10.3. The sphere aperture dimensions are 80x80mm and 2mm

thickness. An identical set-up removing the FSS is used for calibration purposes.

The simulation results are shown in figure 10.4 and more detailed in table 10.1,

where the cut-off (fmin and fmax) and center (fc) frequencies of the curved band

pass FSS are shown together with its absolute and relative bandwidth (BW ), for

different distances between the WG and the FSS surface. From the results, two

different cases can be identified: WG ’inside’ and ’outside’ the FSS, which cor-
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responds to negative and positive d values on table 10.1, respectively. When the
WG is inside the FSS, the resonance frequency barely shifts and similar passband
characteristics for all the considered distances are observed. This can be explained
resorting to the ray theory (see figure 10.4(d)). The rays come out from the WG
in all directions, due to its low directivity and hence, they impinge the FSS with
a similar range of incidence angles. It is noticed that, when the WG is at the fur-
thest distance ’inside’ the FSS (d = −λ/2) the broadest passband is obtained,
since a slightly greater range of incidence angles impinges the FSS. On the other
hand, when the WG is ’outside’, a larger fluctuation on the passband parameters
is observed by varying the distance (d) from the FSS. Moving the WG away from
the FSS, the electromagnetic wave impinges the FSS with a smaller range of inci-
dence angles and hence, the passband moves to higher frequencies, which can be
observed from d = λ/2 to d = λ. At d = 5λ/4 the passband shifts to lower fre-
quency, but by further increasing the distance, the tendency of moving the passband
to higher frequencies is again observed. The latter phenomenon can be attributed to
the dispersion at the FSS edges and the spill-over losses that may start to be more
noticeable at this distance, altering the passband characteristics. Consequently, al-
though the passband can be enlarged or even split in two bands (d = 8λ/4) by
placing the WG outside the FSS, the behavior on this region is less controllable
than the one observed when the WG is inside.
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Figure 10.4: S21 of the curved FSS: waveguide inside (a) and outside (b) of the FSS.
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Table 10.1: Passband parameters of the concave curved FSS.

d∗ fmin

(GHz)
fc

(GHz)
fmax

(GHz)
BW

(GHz)
BW
(%)

−7λ/4 29.42 30.1 30.77 1.35 4.49
−6λ/4 28.94 30.03 31.11 2.17 7.23
−5λ/4 29.48 30.13 30.77 1.29 4.28
−λ 29.35 30.37 31.38 2.03 6.69
−3λ/4 29.48 30.33 31.18 1.7 5.61
−λ/2 29.28 30.74 32.2 2.92 9.5

λ/2 29.35 30.61 31.86 2.51 8.2
3λ/4 30.1 31.49 32.88 2.78 8.83
λ 32.94 34.44 35.93 2.99 8.68

5λ/4 26.84 28.61 30.37 3.53 12.34
6λ/4 27.65 29.52 31.38 3.73 12.64
7λ/4 28.33 30.47 32.61 4.28 14.05

29.48 30.33 31.18 1.7 5.61
8λ/4

31.93 32.95 33.96 2.03 6.16

* λ @ 30GHz→ λ = 10mm.

10.3 Finite Planar Frequency Selective Surface
In this section, the behavior of the finite planar dipole-shaped slot FSS (see figure

10.5) with identical aperture dimensions as the curved FSS (80x80mm) is con-

sidered. The electromagnetic properties of this FSS are analyzed using an identical

set-up configuration as the one introduced above. The results are presented in fig-

ure 10.5(d) and detailed in table 10.2.

Comparing the results obtained in this section and presented in table 10.2 with

the ones in table 10.1 when the WG is ’inside’ the FSS (which corresponds to

similar physical distances of the WG from the FSS), it can be highlighted that a

narrow passband is obtained with the concave curved FSS, as it could be expected

from the reasons stated in the previous section.
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Figure 10.5: Planar dipole-shaped slot FSS geometry: receiver view (a), transmitter
view (b) and side view (c). S21 results of the planar FSS (d).

Table 10.2: Passband parameters of the finite planar FSS

d∗ fmin

(GHz)
fc

(GHz)
fmax

(GHz)
BW

(GHz)
BW
(%)

λ/2 27.59 28.78 29.96 2.37 8.24
3λ/4 28.2 29.83 31.45 3.25 10.9
λ 27.92 29.65 31.38 3.46 11.67

5λ/4 28.67 30.03 31.38 2.71 9.03
6λ/4 28.13 29.39 30.64 2.51 8.54
7λ/4 27.31 29.35 31.38 4.07 13.87
8λ/4 27.72 29.52 31.32 3.6 12.2

* λ @ 30GHz→ λ = 10mm.
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10.4 Convex curved Frequency Selective Surface

Considering a convex curved FSS (from the transmitter), a broader passband as re-

gards the planar and of course concave FSSs may be expected, since the incident

wave impinges on it with a greater range of incidence angles. The geometry and

the simulation results can be seen in figure 10.6 and in a more detailed way on table

10.3. It should be noticed that a broader passband is obtained as compared to the

concave curved FSS for all the analyzed WG distances. However, when consid-

ering the results of the planar FSS, the passband is only enlarged for certain WG

distances. The latter can be due to the radiation properties of the WG, which as it is

not a directional source, the rays emanating from it do not concentrate on the FSS.

Consequently, there is not a great difference between the range of wave incidence

angles that impinges on the planar and on the convex curved FSSs for certain WG

distances.

Therefore, a more directive source is considered, so that it focus its energy on the

FSS. Consequently, the WG excitation is replaced by a horn antenna, which will

be identical to the receiving one, and simulations are conducted. The results are

presented on table 10.4. Moreover, for comparison purposes, the results of excit-

ing the planar FSS by this horn antenna are shown on table 10.5. Examining both

tables, it can be highlighted that a broader passband is obtained for the convex

curved FSS as compared to the planar one. The latter may be mainly attributed

to the increase on the range of wave incidence angles impinging the convex FSS

and the reduction of the spill-over losses. Consequently, the prediction stated at the

beginning of the section has been confirmed.

428



10.4 Convex curved Frequency Selective Surface

(a) (b)

(c)

28 30 32 34
Frequency [GHz]

-15

-10

-5

0

S
21

 [
d

B
]

/2
3 /4

5 /4

6 /4
7 /4
8 /4

(d)

Figure 10.6: Convex curved dipole-shaped slot FSS geometry: receiver view (a),
transmitter view (b) and side view (c). S21 results of the convex curved FSS (d).

Table 10.3: Passband parameters of the convex curved FSS excited by a WG

d∗ fmin

(GHz)
fc

(GHz)
fmax

(GHz)
BW

(GHz)
BW
(%)

λ/2 27.92 29.25 30.57 2.65 9.06
3λ/4 29.01 30.5 31.99 2.98 9.77
λ 29.21 29.99 30.77 1.56 5.2

5λ/4 28.67 30.3 31.93 3.26 10.76
6λ/4 29.15 30.41 31.66 2.51 8.26
7λ/4 29.21 30.47 31.72 2.51 8.24
8λ/4 28.06 29.96 31.86 3.8 12.68

* λ @ 30GHz→ λ = 10mm.
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Table 10.4: Passband parameters of the convex curved FSS excited by a horn antenna

d∗ fmin

(GHz)
fc

(GHz)
fmax

(GHz)
BW

(GHz)
BW
(%)

λ/2 29.28 29.96 30.64 1.36 4.54
3λ/4 28.06 30 31.93 3.87 12.9
λ 28.13 30.03 31.93 3.8 12.65

5λ/4 28.26 30.1 31.93 3.67 12.19
6λ/4 28.47 30.2 31.93 3.46 11.46
7λ/4 28.33 30.13 31.93 3.6 11.95
8λ/4 28.54 30.24 31.93 3.39 11.21

* λ @ 30GHz→ λ = 10mm.

Table 10.5: Passband parameters of the planar FSS excited by a horn antenna

d∗ fmin

(GHz)
fc

(GHz)
fmax

(GHz)
BW

(GHz)
BW
(%)

λ/2 28.67 29.25 29.82 1.15 3.93
3λ/4 34.51 34.82 35.12 0.61 1.75
λ 27.65 28.94 30.23 2.58 8.91

5λ/4 28.6 30.03 31.45 2.85 9.49
6λ/4 27.92 29.18 30.43 2.51 8.6
7λ/4 28.47 29.99 31.52 3.05 10.17
8λ/4 28.13 29.39 30.64 2.51 8.54

* λ @ 30GHz→ λ = 10mm.

10.4.1 Fields on the convex curved Frequency Selective Surface

The normal electric and tangential magnetic fields on the convex curved FSS are

shown in figure 10.7, when it is excited by the WG and the horn antenna, respect-

ively. From the results, it can be highlighted that the fields are more concentrated in

the FSS when it is excited by the horn antenna. Therefore, it can be confirmed that

a larger range of wave incidence angles impinges the FSS, when a horn antenna is

used as the excitation source.
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10.5 Rejection capabilities of the curved Frequency Selective Surface

(a) (b)

(c) (d)

Figure 10.7: Normal electric and tangential magnetic fields for the convex curved FSS
excited by the waveguide (a,b) and the horn antenna (c,d), respectively.

10.5 Rejection capabilities of the curved Frequency
Selective Surface

In this section, the rejection capabilities of the curved FSS are evaluated. Therefore,

the curved FSS is rotated 45◦ and 90◦ with respect to the previous configuration.

These results together with the ones previously presented (non-rotated FSS) are
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10. CURVED FREQUENCY SELECTIVE SURFACE

shown in figure 10.8 for a distance d = −λ/2. The magnetic (electric) field of the
transmitting and receiving antennas is perpendicular (parallel) to the slots of the
90◦ rotated FSS and hence, no transmission is observed. For the case of rotating
the FSS 45◦, almost half of the energy pass through it, which is logical if one thinks
on how the magnetic field is projected on the slots. The instantaneous normal elec-
tric (En) and tangential magnetic (Ht) fields at their maximum value are plotted in
figure 10.9 at 31GHz using the same scale. As one can see from the pictures, there
is no interaction between the incident electromagnetic wave and the slots when
the FSS is rotated 90◦. On the other hand, this interaction is clearly noticeable on
the non-rotated FSS. Another interesting feature is that the maximum of En is 90◦

delayed in time with respect to the one of theHt for the non-rotated FSS. The latter
indicates the inductive behavior of the structure which store magnetic energy at its
resonance frequency.

28 30 32 34
Frequency [GHz]
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0

S
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d

B
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0º Rotation
45º Rotation
90º Rotation

Figure 10.8: S21 results of the concave curved FSS when it is rotated by 0◦, 45◦ and
90◦.

(a) (b)
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10.6 Crossed curved Frequency Selective Surface

(c) (d)

Figure 10.9: Normal electric and tangential magnetic fields for the concave curved
FSS without being rotated (a,b) and rotated 90◦ (c,d), respectively.

10.6 Crossed curved Frequency Selective Surface
Aiming to complete the analysis, the crossed curved FSS presented in figure 10.10

will be analyzed. The results of the structure for different rotation angles: 0◦ (non-

rotated), 45◦ and 90◦ are shown in the same figure 10.10(d) with almost identical

passband behavior for whatever orientation. The slight discrepancies can be at-

tributed to the deformation that exists when the planar crossed FSS is designed on

a curved surface. This deformation is impossible to avoid no matter whether the

method presented in this chapter or any other from the literature [7] are used. Con-

sequently, the curved FSS rotated 0◦ and 90◦ are not exactly the same geometry, as

it occurs with its planar counterpart.

In addition, the instantaneous En and Ht are shown in figure 10.11, aiming to

illustrate the interaction between the incident electromagnetic field and the crosses,

when the FSS is non-rotated and 90◦ rotated. From the picture, the slight geometric

differences between the non-rotated FSS and the rotated one can be observed. Ho-

wever, almost identical behavior of the fields on the FSS can be observed, giving

rise to the similar passband characteristics previously presented on figure 10.10(d).
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(a) (b)

(c)
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Figure 10.10: Crossed curved dipole-shaped slot FSS geometry: receiver view (a),
transmitter view (b) and side view (c). S21 results of the planar FSS (d).

(a) (b)
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10.7 Manufacturing of curved Frequency Selective Surfaces

(c) (d)

Figure 10.11: Normal electric and tangential magnetic fields for the crossed curved
FSS without being rotated (a,b) and rotated 90◦ (c,d), respectively.

10.7 Manufacturing of curved Frequency Selective Sur-
faces
Manufacturing curved FSSs is not a trivial issue, in fact several considerations have

to be taken into account. Moreover, when the structure is not fully filled, the prob-

lem is even more arduous, due to the existence of overhanging parts on it. There-

fore, the printing parameters have to be adjusted with a fine resolution to obtain a

smooth and precise FSS. Consequently, a proper support, plastic retraction, plate

heating, fan cooling speed and FSS orientation on the printer plate, among other

parameters, have to be carefully defined. In order to properly define these settings,

various prototypes have been manufactured using two different printers: Ultimaker

2+ and Makerbot Replicator Z18 belonging to the Loughborough University. The

FSS was tried to be manufactured without and with a support structure. In the

former case, the best results were obtained when the FSS was oriented face down1

on the printer plate, being the most critical settings the fan cooling, the printing

speed and the plastic retraction. However, an smoother FSS is obtained when the

FSS is manufactured using a suitable support, which should be defined to be near

1Face down refers to the case when the curve of the FSS touches the printer plate.
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the FSS inner surface, but not too close to avoid unwanted inseparable support
residues on the FSS. Indeed, the latter residues may alter its electromagnetic beha-
vior.
Some of the printing results using the Ultimaker 2+ are depicted in figure 10.12.
When the structure is printed without any support, the plastic filaments do not pro-
perly stuck to the inner FSS face (see figure 10.12(b)). On the other hand, if the
structure is printed face down, the outer FSS face is not smooth, especially at its
center. Therefore, a suitable support with proper parameters is used for printing
the FSS on both the Ultimaker 2+ and Makerbot printers. The best results are
introduced in figure 10.13. For the sake of compactness, the pictures on the left
hand side correspond to the final metalized curved FSSs. It can be noticed that a
smoother and more precise manufactured FSS is obtained using the Ultimaker 2+
printer.

(a) (b)

(c) (d)

Figure 10.12: Curved FSS printed with no support (a,b) and face down (c,d).
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10.8 Experimental validation

The metallization process was conducted at the Loughborough University, by

sinking the FSS on a copper plating bath and then, it is brushed with copper ink to

properly metallize the fine parts of the FSS.

(a) (b)

(c) (d)

Figure 10.13: Curved FSS printed with the ultimaker 2+ (a,b) and makerbot (c,d).
The pictures on the left hand side corresponds to the final metallized curved FSSs.

10.8 Experimental validation
The experimental validation of the FSSs has not been conducted yet, since it is

wanted to be carried out in the Loughborough University anechoic chamber, which
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is specially designed to perform bistatic measurements. However, by the time of
presenting this thesis, this chamber is under construction.
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CHAPTER

11
Measurements state of the

art

11.1 Introduction
The experimental characterization of electromagnetic devices is usually the final
process for their validation. Carrying out proper measurements is not a trivial is-
sue, since it requires considerable time and careful planning. There are mainly two
test environments for experimentally characterizing devices: indoor and outdoor,
each of them having its advantages and disadvantages. The former one provides a
more controllable set-up, but it is limited by the electrical dimensions of the device
under test (DUT). Therefore, for characterizing electrically large DUTs under far-
field conditions, the indoor environment is not suitable and an outdoor one have
to be employed. In addition, it is crucial that the outdoor environment exhibits a
smooth soil with weak surrounding interferences.

In this thesis only indoor measurements were required, due to the electrical size
of the manufactured prototypes and the necessity of having a controllable set-up. It
must be pointed out that there are plenty of contributions that deal with the design
and characterization of metasurfaces through electromagnetic simulations, but the
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manufacturing and measurement processes are not conduced [1–8].

There are many factors that must be taken into account when an electromagnetic

device is wanted to be experimentally validated, some of them are described below:

• Available time, which has to consider calibration time, sweep time (directly

linked to the number of acquisition frequencies) and time to arrange the set-

up and connect the measuring devices.

• Standard specifications required to validate the device.

• Required measurement precision and accuracy.

• Measurement instrumentation and facilities.

• Avoidable measurement errors.

• Measuring frequency range.

• Electrical size of the DUT.

• Required calibration.

Apart from that, indoor measurements can be conducted under far-field or near-

field conditions [9]. Far-field measurements can be carried out in an anechoic (no

echo) chamber, by simply using transmitting and receiving antennas facing the

DUT, as long as there is enough space between the instrumentation and the DUT

to ensure that a plane wave impinges on the latter. Moreover, a compact range may

be used, when the antenna or DUT electrical dimensions are large, so that it is not

possible to generate such a plane wave at the DUT location.

Furthermore, several solutions can be adopted when large DUTs are wanted to be

measured in an anechoic chamber. As long as a reasonably conductive DUT is con-

sidered, an scaled version of it can be characterized and then, thanks to Maxwell’s

equations properties, these measurement results can be properly extrapolated to the

full-scaled DUT ones.

On the other hand, dividing the DUT into different parts and characterizing them

separately is usually another useful solution when large DUTs must be validated.

However, special attention must be paid to the interactions between these parts,

which have to be sometimes considered. It should be noticed that the DUT scat-

tering response comprises nulls and peaks which arise from the out-of-phase and

in-phase contributions of different scattering centers, respectively. The fluctuation

of the DUT scattering response (between peaks and nulls) depends on the amount
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11.2 Calibration set-up

of DUT’s scattering centers and their separation. The more DUT’s scattering cen-

ters and the larger their separation, the quicker will be this fluctuation. Therefore,

a special carefulness is required when different parts of the DUT are characterized

separately.

Instead of using anechoic chambers, several authors validate their devices using

other set-up configurations, such as the NRL (Naval Research Laboratory) Arch

[10, 11] or embedding the DUT in waveguides [12, 13]. However, the environ-

mental and instrumentation controllability of these set-ups is not as precise as the

one provided by an anechoic chamber and besides, the far-field conditions cannot

always be met. Moreover, two considerations should be taken into account when

using a waveguide: this set-up provides just 1D periodicity and two-plane waves

impinge on the DUT at different incidence angles depending on the excited mode.

Therefore, the validity of comparing measured with simulated results is subject to

the proper consideration of these factors.

The efforts in this thesis will be focused on performing measurements in an an-

echoic chamber under far-field conditions. Tapered anechoic chambers are some-

times used, as they eliminate the sidewalls reflections and generate more similar

fields to the ones in free space than rectangular chambers (above all at low fre-

quencies) [14, 15]. However, in this thesis a rectangular anechoic chamber, which

is more versatile and suitable for the required set-up configurations, is used without

losing accuracy in the presented measurement results. This chamber will be the

one available in the Area of Signal Theory and Communications at the University

of Oviedo.

11.2 Calibration set-up
Both the instrumentation and the environment used to carry out the measurements

have to be calibrated for each frequency of interest, before beginning to measure

the DUT performance.

Besides, the transmitted power should be enough to achieve a suitable signal to

noise ratio at the receiver end, but it must be controlled in order to avoid receiver

saturation (which causes distortion of the received signal, due to the non-linear
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behavior of some electromagnetic components in the receiving chain). The differ-

ence between the upper and lower limits of the received signal, which correspond

respectively to the receiver saturation and noise, is known as the available dynamic

range in the set-up under consideration.

The above requirements are applicable for measuring both antennas and scattering

from DUTs. However, scattering measurements demand a more sensitive receiver

due to the two way traveling of the wave from the transmitter to the receiver.

11.2.1 Instrumentation calibration

The instrumentation calibration, as its name suggests, refers to calibrate the instru-

ments used to acquire the DUT measured data. This kind of calibration aims to

avoid receiver saturation and at the same time, ensuring enough transmitting power

to receive signals above the noise floor. Besides, the transmitted power must be

also adjusted to guarantee that the components are working in their linear zone,

otherwise some compensations must be applied.

By varying the transmitted power and measuring the received one, both the set-up

noise floor and saturation levels can be determined.

The instrumentation calibration has also to compensate the errors (e.g. non-

linearities, coding errors...) and signal attenuations introduced by the electrical

and electronic components of the transmitting and receiving circuits, such as sig-

nal generators, mixers, filters, circulators, couplers and other circuit components.

Coding errors, introduced by the analog to digital (A/D) converter and digital to

analog (D/A) one, arise from the memory restrictions, and limit the measurement

resolution.

A transfer function is used to characterize the above errors and attenuations in the

receiving chain, allowing to analyze the changes in the received signal at the begin-

ning and end of the chain. From a designer point of view, this transfer function is

of great aid to design the receiving and transmitting chains and if necessary, adding

additional circuitry to compensate errors and losses.

Depending on the properties of the studied DUT, different analyzers can be

used for conducting its electromagnetic characterization (Spectrum Analyzer (SA),
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Scalar Network Analyzer (SNA), Vector Signal Analyzer (VSA), Vector Network

Analyzer (VNA), among others). The VNA provides information of the S-parame-

ters, in both amplitude and phase, by using heterodyne receivers and hence, it is

the most suitable analyzer for the aims of this thesis. It should be highlighted that

the VNA configuration is another common error source and consists of defining the

frequency range that it is wanted to measure and its resolution (number of points),

adjusting the cables and adapters and defining the transmitting signal properties

(continuous wave (CW) or stepped wave, power etc). Optional configurations are

also available such as the possibility of applying windows to the received signals,

which are frequently used in the time domain for discarding unwanted echoes. De-

pending on the receiver configuration, other parameters such as IF bandwidth can

also be modified to adjust the noise, dynamic range and acquisition time.

Different calibration standards are available to adjust the amplitude and phase

of the S-parameters at desired reference points on the set-up, compensating pre-

vious errors on the transmitting and receiving chains. One port or full two-port

calibration will be used throughout this thesis. As the characterized DUTs will

be connected using coaxial cables, SOL (short, open and load) or SOLT (short,

open, load and through) standards (also known as TOSM (through, open, short and

match)) will be employed [16]. Models are used to describe the errors introduced

by a common analyzer (such as the VNA). The 3-term error (directivity, source

matching and reflection tracking) and the 12-term error (load and source matching,

reflection and transmission tracking and signal leakage (directivity and crosstalk),

for both the forward and backward direction (from port 1 to 2 and from port 2 to

1)), are the standard models for characterizing the errors on a one port and a full

two-port calibration, respectively [17, 18].

11.2.2 Environment calibrations: calibration with known scat-
terers

The substitution method consists of replacing the DUT (metasurface), that wants

to be characterized, by an object whose scattering pattern is known. This method is
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mainly used for RCS measurements, where a functionK establishes the connection
between the received signal (Pout) and the RCS of the DUT (σ) [14].

σ = KPout (11.1)

K is a complex function, which depends on the system parameters (e.g. frequency
range) and the measurement set-up (e.g. angles of incidence and polarizations of
the incident wave). There are several calibration objects, whose theoretical RCS is
known and hence, can be used as calibrators. Some of them are: metallic spheres,
cylinders and flat surfaces (e.g. rectangular and circular plates and corner reflect-
ors, among others). However, two important factors must be considered. The first
one is that the scattering pattern of the calibration object must be known with the
required precision on the whole considered frequency range. The second aspect is
related to the interaction between the calibration object and the environment, which
will not be present when this object is replaced by the DUT, but it should be taken
into account during the data processing. The theoretical RCS of several calibration
objects can be found in [14]. RCS patterns under different conditions are presented
and their choice depends on the required measurement precision and DUT charac-
teristics.

The primary calibration standard is commonly used to calibrate the set-up using
the substitution method. This standard consists of placing the calibration object in
place of the DUT and recording its scattering pattern (by varying the angle, fre-
quency or whatever parameter that wants to be analyzed on the DUT). Then, the
calibration object is replaced by the DUT and its pattern is also recorded. Finally,
the calibration object pattern is once more acquired to ensure the invariability of
the system. As a result, the environmental errors can be highly reduced and after a
proper data processing suitable measured results can be obtained.
Since some parameters of the measurement instrumentation and/or the environ-
ment can vary along time, it is necessary to carry out periodical calibrations so as
to ensure that no changes occurred during the data retrieval. The introduction of a
secondary auxiliary target (avoiding to shadow the DUT) in the set-up can be use-
ful to perform this periodical calibrations. By adjusting the time gating to receive
only the echo from the secondary auxiliary target, from time to time, it is possible
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to detect changes in the measurement instrumentation and/or the environment. Ad-
ditionally, both the echo from the DUT and the secondary auxiliary target can be
continuously monitored by splitting the received signal into two channels (one for
each). This technique is known as secondary range standard and ensures that the
retrieved data are properly acquired (with no instrumentation or environmental er-
rors).
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Figure 11.1: Signals for calibrating the background echoes and instrumentation errors
(a). Situation in which an instrumentation frequency shift occurs after calibration (b).

The above calibration standards depend on the frequency stability of the trans-
mitting chain and the relative amplitude of the DUT and the undesired echoes.
In fact, if the undesired echo levels are higher than the one from the DUT, these
techniques are not suitable for calibrating the set-up [14]. On the other hand, the
frequency stability issue is shown in 11.1. When the set-up is calibrated two cancel-
lation signals are generated (S−B and S−I) with identical amplitudes and opposite
phases to the ones created by the background (environment) echoes and the instru-
mentation errors (SB and SI , respectively) and thus, the two pair of signals, when
adding coherently, cancel each other (11.1(a)). Then, the DUT is placed in the
set-up. However, if after a while of recording measurements, a small instrumen-
tation frequency shift (φ) arises, it brings about phase shifting in the background
echo (SB) and instrumentation error (SI) signals. For the sake of simplicity, the
net phase shift is arbitrarily assigned to the background echo signal (notice that
the propagation path of the instrumentation errors is shorter than the one of the
background echoes 11.1(b)). Adding coherently the cancellation background echo
signal, generated during the calibration process (S−B), and the actual echo signal,
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obtained after the frequency shift (SB′), a new contaminating signal appears (SBT ),
as both signals are not completely cancelled. Consequently, the measured data
from the DUT is contaminated by this unwanted signal (SBT ). For this reason, it is
important to conduct periodical set-up calibrations.
On the other hand, when using noncoherent instrumentation or a set-up where a
stable phase reference is difficult to obtain (which is common when performing
scattering measurements), it is not possible to determine the relative phase of the
unwanted signal. Therefore, only the bounds between the in-phase and out-of-
phase contributions of the unwanted signal to the wanted one can be computed,
making the calibration of the set-up much less precise.

A rough estimation of the error produced by the contaminating signal (SBT )
on the DUT one (SDUT ) is derived in [14]. Assuming that the most contaminating
signal comes from the rear wall of the chamber (neglecting the other contamin-
ating sources) and using the one-way radar equation [19], the image theory and
considering ρ as the reflection coefficient from the rear absorber, an estimation of
the received power due to the rear wall echoes can be obtained:

SB = Ptρ
GtGrλ

2

(4π2Rw)2
(11.2)

where: Pt → Transmitted power.
Gt and Gr → Transmitting and receiving antennas’ gain, respectively.
Rw → Distance from the antennas to the rear wall.

On the other hand, the received power from the DUT can be estimated resorting to
the radar equation, which is suitable for the problem under consideration (scattering
measurements):

PrDUT = Ptσ
GtGrλ

2

(4π)3R4
(11.3)

where: R→ Distance from the antennas to the DUT.
σ → Smallest DUT echo that it is wanted to be measured.

A parameter δ (ratio between the background echo and the scattered signal from
the DUT) can be used to define the accuracy requirements of the set-up. Obviously,
this parameter should be smaller than unity (δ < 1):

SBT
PrDUT

< δ (11.4)
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In fact, in order to fix the errors introduced by the background echoes to the DUT
scattered signal between ±0.5dB (which is the unavoidable average error in the
anechoic chamber used in this thesis), the background echoes must be 20dB lower
than the DUT scattered signal (δ ≈ 0.01).
From 11.1(b), assuming that S−B = SB′ = SB and small frequency shifts (φ), SBT
can be expressed as:

SBT = SB sinφ ≈ SBφ (11.5)

Therefore, from 11.5, 11.4 and 11.2:

SBφ = Ptρφ
GtGrλ

2

(4π2Rw)2
< δPtσ

GtGrλ
2

(4π)3R4
(11.6)

φ <
δσR2

w

πρR4
(11.7)

In addition, since the two-way path from the antenna to the rear wall gives rise to a
phase shift of 2kRw, as long as a plane wave is considered.

φ = 2kRw
∆f

f0

(11.8)

where: ∆f → Frequency shift from f0 (frequency at which the calibration has
been done).

Therefore, an approximation for the maximum frequency deviation can be ex-
pressed as:

∆f

f0

<
δσλRw

(2π)2ρR4
(11.9)

Consequently, an abrupt frequency shift barely affects the accuracy of the retrieved
measurements, as long as the right hand side of the expression 11.9 is maximized.
This can be fulfilled by decreasing the distance to the DUT (R), but it is limited by
the far-field criterion.

During this thesis, the primary calibration standard will be used to calibrate the
set-up for measuring the presented metasurfaces. Additionally, other measurement
corrections (due to misalignment between the calibration object and the DUT, for
example) will be applied. A secondary calibration object will not be necessary,
since each of the measurements carried out in the chamber will last few minutes
and then, a recalibration will be conducted.
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11.3 Measurement errors

Errors are inevitable in whichever measurement set-up, even when the instrumen-

tation is carefully designed and the environment is properly arranged. The main

characteristic of errors, that provides an idea of whether the error can be removed

or not, is its repeatability (variation with time) when a number of measurements

are conducted. According to this property, three different kind of errors can appear

during measurements. Systematic errors caused by dysfunction in the instrumen-

tation (couplers’ directivity, cross-talk, source or load mismatch etc), by human

manipulation (improper connection of the cables for example) or by choosing a

wrong measurement methodology. Drift errors are due to small variations (during

time) of one or various set-up parameters (such as hardware or room temperature

variations). Random errors are those that vary randomly with time and hence,

they are unpredictable. The most common ones are environmental and instrumen-

tation noise, connector and switch repeatability and cables movement. The latter

occurs when connecting different connectors to each other and a variation in the

reflection and/or transmission characteristics are noticed (this may arise due to dirt

and/or defects in connectors) [20]. Systematic and drift errors can be minimized

through a frequent inspection of the set-up and calibrating or recalibrating it if some

of its characteristics have presumably changed. The accumulation of these errors

is rarely lower than ±0.5dB (acceptable error when RCS measurements are con-

sidered).

On the other hand, errors can be defined as relative and absolute. The former one

depends on the characteristics of the DUT (dimensions) and the nature of the in-

terference signals. Techniques to estimate these errors are described in [21]. The

absolute errors can be reduced by performing a careful calibration.

The signal levels, when measuring a DUT in a common set-up, can be summar-

ized in table 11.2:
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Figure 11.2: Signal levels on a common set-up.

The receiver saturation is reached when the receiver output signal is 1dB lower

than their expected response for a given input power [14]. The dynamic range, as

it was mentioned, is the difference between the receiver saturation and the receiver

noise and it is crucial to design the measurement set-up. Indeed, the higher the dy-

namic range, the more sensitive the set-up (greater signal to noise ratio) and hence,

the more accurately the signal will be discerned from the noise.

For high reflective DUTs, the receiver gain is usually decreased, in order to lower

the receiver saturation. However, as the receiver noise is not reduced by the same

amount, the dynamic range decreases. On the other hand, for low reflective DUT,

the gain is increased and hence, the sensitivity to low echo signals. Nevertheless,

the receiver noise also increases, whilst the saturation level keeps the same and

hence, the dynamic range is also reduced. Consequently, increase or decrease the

receiver gain does not improve the dynamic range. Nonetheless, it can be enlarged

by retrieving two measurements of the DUT, one with a high receiver gain and the
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other with a low one, so that high and low reflective echo sources are properly cap-

tured and may be combined together to improve the measurement precision [14].

Another alternative, more commonly used, to increase the dynamic range is by

taking advantage of the received and noise signals intrinsic nature. The latter is a

random signal whilst the former it is not. Therefore, the phase of the DUT dur-

ing various measurement acquisitions tends to be the same, but the one of thermal

noise is random. Consequently, measuring the DUT several times and adding these

measurements together will cause an strengthening of the coherent signal compon-

ents (which mainly comes from the DUT), while the noise level will be the same

and hence, the sensitivity of the receiver will increase. This technique is known as

integration gain and improves the signal to noise ratio.

Apart from the previous considerations to reduce the measurement errors, it

should be mentioned that if the phase difference of the interference signal relative

to the desired one is known, the impact on the latter can be estimated. Indeed, the

in-phase or the out-of-phase interference of these signals regarding its magnitude

can be computed, together with the relative error caused by the interference signal

on the desired one. It can be concluded that, if the interference is destructive and

the amplitude of both signals are roughly the same, the measurement errors are re-

duced. Moreover, this relative error can also be reduced (either when an in-phase or

an out-of-phase interference occurs between both signals) when the desired signal

is much more higher than the interference one [14].

11.3.1 Errors regarding the impinging wave on the DUT

11.3.1.1 Phase errors

Far-field measurements are the most common way to characterize electromagnetic

devices, since the majority of applications are usually based on their performance in

the far-field region. When the DUT is placed at a far-field distance from the trans-

mitting antenna, it can be assumed that a plane wave impinges on it (wave with a

constant phase along perpendicular planes to its propagation direction (plane phase

front)). Actually, in order to get a pure plane wave the distance between the antenna
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and the DUT should be infinite, which is obviously not possible. Therefore, the far-

field criteria assumes that the wave front is almost planar, adopting a phase error

of 22.5◦ as acceptable. This limits the measurement errors to less than 1dB, which

means that the amplitude of the scattered patterns of the DUT can be measured

with a precision of ±1dB. Considering the set-up of figure 11.3(a), the far-field

condition, in terms of distance between the DUT and antennas, can be established.
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Figure 11.3: Requirements to assume far-field condition (a). Theoretical normalized
scattered pattern of a rectangular metallic plate (b).
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Assuming d << R and applying the Taylor series to the expression in brackets on

11.10
(
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2
x2, being x = d

2R
→ 0

)
.

h ≈ R−R
[
1− 1

2

( d

2R

)2]
=

d2

8R
(11.11)

453



11. MEASUREMENTS STATE OF THE ART

Applying the acceptable phase error previously mentioned (kh << 22.5◦ = π
8
),

then:

R ≥ 2d2

λ
(11.12)

Figure 11.3(b) renders the ’typical’ scattered pattern of a square metallic plate,

aiming to show its characteristics. It exhibits a main lobe and several secondary

lobes with nulls in between. The scattered pattern of a DUT depends on the fre-

quency and incidence angle of the incident wave and on the DUT characteristics

(material, size, shape etc.) [15]. As long as this pattern is retrieved at far-field

distances, its shape does not change.

When smaller distances than the far-field one are considered to characterize the

DUT, some clear signs of near-field contamination in its scattering pattern can be

observed, such as the increase in the nulls and side lobe (above all the first one)

levels and the reduction of the main lobe amplitude [14]. The side lobe levels in

the far-field region can be measured with much more accuracy than the nulls levels,

with an error less than 1dB. At the same time, the main lobe amplitude is usually

less affected by near-field contamination than both the side lobes and nulls levels.

When dealing with electrically large DUTs, the parameter d in 11.12 can be

considered to be the longest flat feature of the DUT, instead of the maximum DUT

dimension. On the other hand, considering scattering measurements, if the DUT is

smaller than the antennas’ size, the parameter d is usually the transversal dimension

of the antennas. Moreover, when the DUT is larger than the distance to the anten-

nas, both the antennas and the DUT dimensions have to be considered to compute

the required distance that minimizes the phase error [22].

Sometimes when large-sized simple-geometric DUTs (more than dozens of wave-

length in dimensions) are considered, the differences in their averaged scattering

pattern acquired at near-field and far-field distance are not critical and hence, the

data can be recorded at distances slightly smaller than the one required by the far-

field condition (near-field) [14].
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11.3.1.2 Amplitude errors

Although most authors are just concerned on the phase errors for achieving precise
measurements, amplitude errors should also be considered. The latter is related
to the non-uniform illumination of the DUT. Indeed, a uniform incident field are
usually required for measuring the scattering of DUTs to avoid amplitude errors,
which implies a slow decay of the field across its transversal direction (in fact it
requires no amplitude variation). On the other hand, the antennas must be chosen
to concentrate as much energy as possible on the DUT, aiming at increasing the
scattering from it and hence, the sensitivity in the receiver chain. The latter can be
achieved by increasing its directivity, which also avoids unwanted contaminating
echoes. However, focusing more energy in specific directions, brings about a more
pronounced tapering on the DUT (field intensity decays faster from its center to
its extremes), which increase the amplitude errors. Therefore, a trade-off between
antenna’s directivity and uniform incident field on the DUT must be considered
when choosing the antennas. An acceptable field intensity decay from the center
of the DUT to its extreme is approximately 0.5dB. In [23], an approximation for
the antenna’s diameter d, which ensure acceptable amplitude errors, is provided.
Applying this approximation, the antenna’s diameter (d) should fulfill d ≤ 0.37λR

D
,

being R the distance between the antennas and the DUT (it is assumed that the
maximum dimension of the metasurface (D) is larger than the antenna’s one).
Apart from choosing a suitable antenna’s directivity, reflections from ceiling, floor
and side walls of the anechoic chamber are also crucial to obtain an uniform plane
wave on the DUT. In [14], two main methods to estimate the interference pattern
inside the anechoic chamber due to wall reflections (antenna pattern comparison
and free-space voltage standing-wave ratio) are presented.

At far-field distances, the power density of the field transmitted by an antenna
and propagating towards the DUT inversely decays with the square of the distance.
Moreover, the DUT scattered power at far-field distance also decays by the same
amount. Consequently, the scattered power that arrives to the receiver is inversely
proportional to the fourth power of the distance between the antennas and the DUT
(as long as both transmitting and receiving antennas are at the same position). The
latter should be taken into consideration to transmit a suitable amount of power,
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which ensures proper sensitivity on the receiver chain.

In addition, due to the fading in the density power with distance, errors may appear

if the thickness of the DUT is large, causing an unequal illumination of its front

and back parts. In order to keep this error between ±0.5dB, the distance from the

center of the DUT (R0) to its outermost scatter part must be between ±3%R0.

On the other hand, at shorter distance than the far-field one, the received power

density depends on the size and shape of the antenna and DUT [15]. In fact, there is

a mutual coupling between the fields radiated by the antenna and the ones scattered

by the DUT, which introduces important errors in the measured data.

11.3.2 Background echoes

Unwanted background echoes always appear, no matter how precisely the set-up

elements and the absorbers are arranged, introducing errors in the DUT measure-

ments. These errors come about from three different sources [14]:

• Wall reflections arising from an imperfect absorption of the set-up absorbers,

due to their properties or arrangement on the anechoic chamber.

• Received signals from other emitters (television and radio channels, mobile

phone antennas, among other emitters).

• Echoes from the DUT support (pylon).

The total received signal includes background echoes, as well as instrumenta-

tion noise. Characterizing unwanted scattering echoes is not an easy task. For ex-

ample, the echo caused by the pylon depends on its termination and can cause a di-

fferent discontinuity when the DUT is placed on it. However, there are some pylon

terminations that minimize the echo from the discontinuity, allowing to achieve a

suitable characterization of this unwanted scattering. On the other hand, echoes

from the chamber walls are also important and two main contributions can be dif-

ferentiated: direct reflections and indirect (or distributed) ones. The former are

mainly caused by the anechoic chamber rear wall, which receives most of the in-

cident power. This undesired signal can combine with the scattered one from the

DUT and thus, it must be eliminated. Indeed, the rear wall is the source of major

contamination and the absorber materials with best absorption properties should be
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placed there. The indirect reflections are easier to be eliminated using time gating,

since they travel a longer path than the direct reflections (interactions between the

ground or the side walls with the DUT). Moreover, pyramidal absorbers, although

could be more expensive, are also used for absorbing the unwanted interactions

between the DUT and the chamber walls.

Interactions between the DUT and the environment are not possible to be measured

during the calibration process (since the DUT is not present in the set-up). Con-

sequently, they are desirable to be eliminated or at least minimized. In anechoic

chambers, these interactions are mainly caused between the DUT and the pylon

and/or the walls of the chamber. On the other hand, in outdoor environment they

mainly appear between the DUT and the ground plane. In [14] some estimations

of the errors introduced by the interactions between the ground and simple DUTs,

such as a flat plate and circular cylinders and spheres, are presented.

There are different ways to reduce the background echoes:

• Eliminate the sources that cause these echoes. This is the most difficult and

expensive alternative, since it requires an extremely careful design of the set-

up and the use of highly absorptive absorbers.

• Subtraction of the background echoes by recording measurements of the set-

up with and without the DUT. This is only suitable for coherent systems

(phase and amplitude data acquisition) and is suitable for both indoor and

outdoor environments.

• Proper orientation of the chamber walls (shaping), so as to minimize un-

wanted direct reflections towards the receiving antenna.

• Use of time gating to eliminate both direct and indirect reflections.

• Design of specific waveforms which isolates the background echoes.

It should be mentioned that the field cancellation described above and consisting

in subtracting the measured data from the set-up without and with the DUT, is

not completely effective, since the interactions between the DUT and the cham-

ber walls, and the shadow caused by the DUT on the rear wall is not considered.

Moreover, the background contributions vary with the incidence angle of the trans-

mitting wave, so that they must be recorded for all the considered incidence angles

that are wanted to be characterized (increasing the acquisition time). One way of
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gauging possible errors, during the data acquisition, is by slightly moving the DUT

when it is rotated and recording the maximum and minimum of the signal meas-

ured [14]. This method is more effective at low frequencies as the echo sources

increase with frequency.

Finally, it should be pointed out that characterizing the instrumentation noise along

the analyzed range of frequencies is an easier way to determine whether the noise

is mainly due to the receiver instrumentation, the background echoes or both.

In order to avoid the previous drawbacks, during this thesis subtraction tech-

niques combined with time gating (to remove the interactions between DUTs and

walls) will be applied to improve the accuracy of the measured data. Moreover,

set-up calibrations will be conducted regularly, taking into account each incidence

angle and polarization of the transmitted wave that is wanted to be characterized.

11.4 DUT support structures
Depending on the set-up requirements and characteristics, different DUT’s supports

can be used. Some of them are cited below:

• Plastic foam columns: they can exhibit different shapes, but all of them are

composed of polymers. Its scattering pattern depends on the frequency and is

attributed to two main reasons: the coherent reflection caused by the material

surface and the non-coherent return from the microscopic cells that comprise

the material. The first one can be lowered by a proper shaping or by tapering

the support, whilst the latter can be considered as Rayleigh scatterers and

analyzed as described in [14].

• String suspension systems: they can considerably reduce the DUT support

contamination. However, it should be noticed that they exhibit a higher scat-

tering field when the incident wave polarization is along the strings rather

than across them. Therefore, the disposal of the strings are crucial to mini-

mize the scattering field.

• Metal pylons: they are the most useful ones, since they can support heavy

DUTs and are relatively easy to install. At microwave frequencies, this kind
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of support exhibits a lower contamination on the DUT signal than at lower

frequencies. However, the interactions between the pylon and the DUT have

to be considered. Another controversy is the installation of the rotatory

mechanism, which must be embedded in the pylon to avoid unwanted re-

flections. As the plastic foam columns, shaping (using back-to-back pair of

wedges and ogival configurations) and tilting the pylon can be considered as

useful techniques to reduce the echo and at the same time, make the termin-

ation (top part of the pylon) narrower and thinner. Indeed, its echo at diffe-

rent frequencies can be avoided by adjusting the angular tilt [15]. Moreover,

some absorbers are usually employed to cover the pylon and hence, lower-

ing its unwanted echo. However, absorbers are not very useful when applied

to sharp edges. Indeed, if they are not carefully arranged, metallic parts of

the pylon can be left exposed, exciting currents which can flow between the

pylon and the DUT and originate contaminating signals. The latter is more

noticeably when the polarization of the incident wave is along the pylon axis.

Moreover, special care should be taken when the DUT is rotated in order not

to be shadowed by the pylon.

• Dielectric straps: they exhibit a similar behavior than the string suspension

system, but having a planar shape instead of a round one. Consequently, their

scattering field varies with the angle of incidence.

• Inflatable air bags: their scattering pattern is similar to the plastic foam

columns but in this case, they are only suitable for light DUTs.

• Magnetic levitation: this technique, although it reduces the unwanted echoes,

is very unstable and the DUT can change its position during the measure-

ments acquisition.

• Vertical blast of air: as the previous one it is an unstable technique.

• Spin-drop method: In this case no support is used and the DUT is spinned

up to hundreds of rpm at the top of the chamber. Then, it is released and

the data are recorded while the DUT is falling. The received signal is modu-

lated by the DUT scattering one (due to its rapid variation), avoiding almost

completely the steady background contamination on the DUT signal. Howe-

ver, this method can be considered as invasive (possible DUT damaging) and
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the techniques required to process the data are complex, so that it is rarely

employed.

As it was previously mentioned, another crucial characteristic of the pylon is

its termination. If it is not properly designed it can bring about several undesired

signals arising from the interaction between the pylon and the DUT. Therefore, the

use of certain shapes such as the robin-head absorbers cap [24] or the kiwi head

[25] are highly recommended (above all when light DUTs are considered).

It should be mentioned that an estimation of the scattering echo from the pylon

can be obtained using the geometrical theory of diffraction (GTD) or extending the

analytical 2D scattering formulation to a three dimensional one based on the pylon

profile. These techniques are adequately explained in [14] and are out of the scope

for this thesis.

In this thesis, two different pylons have been used to support different an-

tennas and metasurfaces: a plastic foam column (Lougborough University An-

echoic Chamber) and a metal pylon completely covered by absorbers (University

of Oviedo Anechoic Chamber).

11.5 Data processing
Processing the acquired data not only allows representing the results as desired,

but also has a potential importance on eliminating undesired information which

is not wanted to be shown. In fact, it is useful to identify the DUT’s scattered

echo and eliminate undesired background signals, interferent signals and instru-

mentation noise. These undesired signals are commonly known as clutter. There

are several ways to represent the information, the most common ones are through

either a rectangular or a polar plot and using both linear and/or logarithmic (for

analyzing great changes in amplitude) scales.

Therefore, the acquired data are processed due to two main reasons [14]:

• To identify the fluctuations and establish an statistical classification of the

different sources that contribute to the received signal. This can be of great

help to eliminate or reduce some contaminating sources.
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• To present the information not only as desired, but also in an easy way for

the reader to understand and interpret it.

The clutter can be measured by slightly varying the antennas location and identify-

ing the relative changes in the scatterers positions, when projected on the antennas’

line of sight. Using this technique, even stationary scattering sources can be identi-

fied. In order to reduce the number of samples, required to characterize the clutter, a

statistical function can be used to identify this clutter. From Maxwell’s equations, it

is known that two signals are coherently added in a linear system. In the case under

study, both the clutter signal and the DUT’s scattered signal are coherently added

in the space (linear system). However, the receiver can conduct a noncoherent av-

eraging of the received signals and hence, complicates the statistical identification

of the clutter.

Clutter can usually be characterized using standard distributions such as log

normal, Ricean, Weibull or defining new functions from the acquired measure-

ments. The most common way to represent these statistical distributions is by its

probability distribution function (PDF) and the cumulative distribution function

(CDF). The first one analyzes the occurrence of specific values within an interval,

whilst the latter accumulates the PDF from the first interval to the last one.

Another interesting distribution, that is useful when dealing with experimental

characterization of electromagnetic devices, is the uniform distribution, since it

is the one used to describe white thermal noise. This distribution can be character-

ized by a constant PDF and a linear CDF.

On the other hand, the Gaussian or normal distribution can describe in a more suit-

able way a set of measurements, since two measurements of the same set-up are

rarely identical, due to the limitations of the measuring instrumentation and the di-

fferent dispersion sources. In this distribution, the PDF is concentrated at its mean

and the CDF is S-shaped.

The aim of characterizing the measurements using statistical distributions is

to smooth the recorded data and reduce the clutter. In fact, both the mean and

the median functions have been used to filter rapid fluctuations from the recorded

measurements. In order to decide whether one or the other is more suitable, two
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other parameters must be specified: the window and the slide [14]. The former is
the width of the independent variable that is wanted to be characterized (frequency,
aspect angle etc). The latter is the amount by which the window is moved along
the recorded data from start to the end to smooth the data. Both parameters depend
on the instrumentation used to carry out the measurements.
The smoothing process is as follows, a window width is selected, then this window
is applied to the first part of the recording data and some statistical operation (mean,
median...) is applied to these data. Then, the window is shifted by the specific slide
amount and the process is repeated until the end of the recorded data.
Several aspects must be considered to select the window and the slide size parame-
ters:
• Wider windows give rise to smoother processed data. However, the wider the

windows, the more reduction of the scattering pattern peak values. It must be
considered that the mean function produces smoother data than the median
one, but a higher reduction of the peak values [14]. At low frequencies wide
windows can be considered, whilst at microwave frequencies windows of 1
degree are sometimes chosen to smooth the phase measurements.
• Generally, a chopped appearance of the data are observed when the median

function is applied.
• The number of data points is reduced when the data are processed. Indeed,

the reduction is equal to a window width. This is due to the fact that when
processing the first window and the statistical operation is applied, the result
is attributed to the independent variable at the middle of the window, and the
same happens to the last window. Therefore, a half of the window data are
lost at the beginning and end of the processed data.
• Smaller slides are used to smooth the acquired data. Therefore, the slides are

almost always chosen to be one-datum width.
Some of the previous data processing techniques will be applied throughout this
thesis to smooth the measured data and eliminate the unwanted echoes.
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CHAPTER

12
Metasurface measurements

12.1 Introduction
Electromagnetic simulations for characterizing metasurfaces are usually conduc-

ted assuming that the latter is infinite, in order to avoid computational burden. This

provides a reliable approximation to the resonance frequency of the finite metas-

urface, as long as a proper size is chosen for the latter. Therefore, analyzing the

infinite metasurface using a monostatic or bistatic set-up configuration is irrelev-

ant, since their scattering pattern should be equal and hence, both analysis may be

considered as being equivalent. In addition, the simulation restrictions when char-

acterizing infinite metasurfaces are noticeably lesser than the ones of measuring

finite metasurfaces, which exhibit a more complex scattering effects. The latter

effects are essential for studying the metasurface angular stability. Therefore, both

monostatic and bistatic measurements are usually needed to properly determine the

metasurface properties, above all for evaluating its reflectivity in both amplitude

and phase under different incidence angles. This is crucial to reduce the Radar

Cross Section (RCS) of certain objects for example.

In this chapter, the knowledge acquired and summarized in chapter 11 is applied

to experimentally characterize the structures introduced throughout this thesis with
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12. METASURFACE MEASUREMENTS

a suitable accuracy. Therefore, the previously presented calibration techniques, set-

up configurations (pylon, analyzer, antennas, etc.) and data processing techniques

will be experimentally applied to the measured data acquired from the presented

structures.

Most of the measurements, that will be presented along the thesis, will be car-

ried out on the University of Oviedo anechoic chamber. Alternatively, measure-

ments carried out on the Oviedo University XYZ-scanner based set-up and some

results obtained in the Loughborough University tapered anechoic chamber will

also be presented. The set-ups characteristics will be described in a specific section

of this chapter.

As it was previously mentioned, the measurement acquisitions have to be con-

ducted at far-field distances to guarantee that a plane wave impinges on the pro-

totype and no near field contamination is recorded. This allows the designer to

compare simulation and experimental results under the same premises. When this

condition is not met, a Near-Field to Far-Field transformation is usually required to

fairly compare the structure behavior under the same situation.

12.2 Measurement set-ups
The University of Oviedo anechoic chamber is an spherical system which uses a

Roll-over-Azimuth over a linear slide positioner and allows performing measure-

ments in the radiative near field and far-field. It was designed to acquire the 3D

radiation pattern of antennas. Its technical specifications are:

• Dimensions: 8x5x4.5m

• Measurable distances: 3.25 to 5.35m

• Minimum measurable frequency: 1GHz

• Maximum measurable frequency: 40GHz

• Working temperatures: 21◦C ± 3◦C

The minimum measurable frequency comes from the absorbers behaviour which

can properly attenuate the impinging wave from 1GHz on. These absorbers provide
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12.2 Measurement set-ups

a -40dB reflection under normal incidence at 1GHz.

The network analyzer is the model ZVK commercialized by Rohde & Schwarz.

Its measurement range covers from 10MHz to 40GHz. The latter determines the

maximum working frequency of the chamber. An sketch of this chamber is shown

in figure 12.1.

Characterizing the angular stability of whatever metasurface is not a trivial is-

sue, specially when a monostatic configuration is used. Therefore, this chapter will

be devoted to overcome this issue by presenting different set-up configurations and

giving some guidelines and recommendations for improving the measurement ac-

curacy. It should be mentioned that in this thesis a quasi-monostatic (instead of

monostatic) configuration has to be used, due to the internal configuration of the

chamber, but this will not be a problem, since it is the normal configuration of most

anechoic chambers, since the majority are designed to measure antennas. On the

other hand, the importance of analyzing the scattering pattern of the metasurface

for defining the angular margin that can be measured will be explained.

Bistatic measurements will also be conducted and both TE and TM polarizations

will be measured in order to completely characterize the presented metasurfaces.
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x

VNA

Positioner 
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Probe 
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Figure 12.1: Anechoic chamber.
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12.3 Manufacture prerequisites
The maximum prototype size, that can be manufactured, is determined by the di-

mensions of the machine (LPKF Protolaser S) working plate. Moreover, it must

be considered that the dimensions and height of the prototype have to be supported

by the pylon and should be suitable to firmly attach to the latter. A first approx-

imation to the number of unit-cells, that achieve a similar behavior to the ideal

infinite metasurface, has been stated in [1]. The authors of that contribution estab-

lishes a requisite of 100 unit-cells for a 2D metasurface. However, this requisite

is nearly impossible to be met, due to the common physical restrictions of most

actual applications. Therefore, another criteria will be introduced here to properly

define the size of the metasurface. Along these lines, several considerations must

be taken, since depending on the chosen size different incidence angles can be

accurately measured under a quasi-monostatic configuration. The angular margin

that can be measured for each manufactured metasurface can be determined ana-

lyzing its scattering pattern as a function of the incidence angle. It is well known

that the scattering pattern of a square or rectangular shaped prototype follows a

’sinc’ function, with peaks and nulls indicating the available dynamic range for

each incidence angle. As it was said in a previous chapter, these peak and null

values arise respectively from the in-phase and out-of-phase scattering contribu-

tions of the different scatterers that comprises the manufactured prototype (as long

as contaminating sources are previously eliminated). The main lobe of this scat-

tering pattern narrows as the prototype size increases, reducing the dynamic range

at smaller incidence angles due to the sooner appearance of the first nulls on the

pattern. Consequently, the metasurface should be large enough to behave similar

to its infinite counterpart, but at the same time not excessively large to increase the

angular margin that can be measured. In addition, the far-field condition is reached

at shorter distances using small prototypes, which allows reducing the difference

in the amplitude levels of the incident wave that impinges on the prototype center

and borders and increasing the power impinging on it.

It should be mentioned at this point that there is a report from the University of

Michigan [2], which establishes a minimum recommended size of 5λ to reduce the
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12.4 Metasurface absorber measurements

edge effects contributions on the measurements of planar finite prototypes. Howe-

ver, this relation was established for measurements using an arch system (bistatic

configuration), in which a tapered illumination field impinges on the sample re-

ducing further the edge effects. Moreover, sometimes the far-field condition using

prototypes of such dimensions cannot be met on this set-up (above all at microwave

frequencies).

12.4 Metasurface absorber measurements
In this section, the measurement results of both Pillar and Star MTAs presented

in the chapter 6 will be shown. An 0.457mm Arlon25N will be used as the MTA

substrate, due to its improved performance previously showed. Moreover, different

configurations and some guidelines to precisely measure these prototypes will be

also provided.

In order to experimentally characterize MTAs, the chamber will be calibrated by

measuring a metallic plate (MP) with the same dimensions as the MTA under test.

Then, the subtraction calibration technique and a time domain windowing (time

gating) will be applied to reduce the background echo and the instrumentation con-

tamination. Finally, data processing will be used to reduce measurement noise and

adjust possible misalignment between the MP and the MTA positions on the set-up.

12.4.1 Quasi-monostatic measurements

In this section the set-up will be arranged to conduct quasi-monostatic measure-

ments, in which the transmitting and receiving antennas are kept fixed and the po-

sitioner system is rotated to characterize the MTA under different incidence angles.

12.4.1.1 Anechoic chamber measurements at the minimum distance allowable
by the positioner (3.25m distance between the antennas and the prototype)

The first measurements in the anechoic chamber of these two MTAs have been

conducted at the minimum distance from the antennas to the MTA allowable by

the positioner system (3.25m). Sketches and pictures of the anechoic chamber un-

der the quasi-monostatic configuration used to carry out these first measurements
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12. METASURFACE MEASUREMENTS

are presented in figure 12.2 for both TE and TM polarizations. Taking into con-
sideration the working frequency band of these MTAs, Narda 642 waveguide horn
antennas with an aperture size of 118.62x89.66mm2 and working frequencies from
5.4GHz to 8.2GHz are used.
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Figure 12.2: Anechoic chamber arrangement for measurements at 3.25m distance
between the metasurface and the antennas for both TE (a,c) and TM (b,d) polarizations.

For TE configuration, the transmitting antenna is in the prototype’s line of sight
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12.4 Metasurface absorber measurements

and the receiving one is in the same ẑ and ŷ position, but slightly shifted in the

x̂ axis. For TM configuration, the antennas are rotated 90◦ with respect to the

ones under TE polarization and they are stacked one above the other on the same ŷ

axis and facing the prototype (on the prototype’s line of sight). In both cases, the

antennas’ configuration are such that minimum coupling between them is obtained,

since they exhibit lower side lobes in their H-plane as compared to their E-plane.

Moreover, a self-leveling rotatory laser level is used to ensure that the maximum

radiation direction (directivity) of the antennas points at the center of the prototype

(which allows the coupling of a greater amount of the incident field on the MTA).

An absorptive structure covered by pyramidal absorbers is arranged around the

prototype to avoid undesired scattering sources from the pylon, prototype edges

and other contaminating sources on the MTA surroundings.

Star MTA measurements

A trade-off between the number of unit-cells recommended by previous authors,

the working plate dimensions of the structuring machine and the angular margin

that wants to be measured, has to be found to select the proper size of the MTA.

In this case, it was decided that a 8x8 array of unit-cells with a total dimension

of 131.04x131.04x0.457mm3 will be the optimal compromise solution. The maxi-

mum dimension of the MTA is DStar = 185.32mm, which is larger than the an-

tenna’s one (Dant = 148.69mm). Considering a range of frequencies from 5.5GHz

to 7.5GHz, the minimum distance to reach the far-field condition over the whole

range of frequencies (see equation 11.12) is roughly 1.72m. First of all, the Star

MTA and the antennas are placed 3.25m apart (minimum measurable distance of

the chamber) and their scattering patterns are recorded for both TE and TM polar-

izations at the Star MTA’s resonance frequency (6.39GHz) (which is obtained from

a first measurement of the Star MTA under normal incidence). The shift in the res-

onance frequency with regard to the simulation results (5.63GHz) is mainly caused

by manufacturing tolerances, the finite dimensions of the MTA and the diffraction

and scattering caused on the prototype’s edges.
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Figure 12.3: Scattered field patterns at 6.39GHz for both TE (a) and TM (b) polariza-
tions.

From figure 12.3(a), it can be seen that the scattering pattern maximum level

under TE polarization is not centered at ξ = 0◦. This can be clearly justified by the

position of the transmitting and receiving antennas in the set-up (quasi-monostatic

configuration) (see figure 12.2(a)). Indeed, this maximum appears when the spec-

ular direction of the incident wave coincides with the directivity direction of the

receiving antenna. For this set-up 12.3(a), which has a separation between anten-

nas of dant = 51cm in the x̂ direction, the scattering pattern maximum level should

appear at α = 9◦ (angle between the incident and reflected wave on the MTA)

and thus, the normal incidence angle should be α/2 = 4.5◦. This is a coherent

result, since when the positioner is rotated ξ = −4.5◦, this maximum is received

(see figure 12.3(a)). Notice that the plus and minus signs in the angles presented

in figure 12.2 are only to define an identical sign convention for the measurements.

Therefore, as a rule of thumb the angle at which the scattering pattern maximum

level is reached, will be considered to be the normal incidence angle. For TM

configuration, this problem does not appear, since both receiving and transmitting

antennas are placed in the MTA’s line of sight. For the sake of convenience, a

corrected measurement reference (CMR) is used to define the incidence angle (θ)

on the metasurface. Under this set-up configuration, both angles (ξ and θ) can be

linked through the following relation: θ = |ξ| − 4.5◦ and θ = |ξ| for TE and TM
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12.4 Metasurface absorber measurements

polarizations, respectively.

On the other hand, from the scattering patterns presented in figures 12.3(a) and

12.3(b), it can be concluded that there is only enough dynamic range to properly

characterize the MTA absorption in an angular margin of θ = ±6◦. Then, the first

null appears for angles from θ = 8◦ to θ = 10◦, which highly reduces the dynamic

range and thus, it is not possible to identify the MTA absorption. Although the first

side lobe (θ = 15◦) increases the dynamic range, this increment is not enough to

properly determine the absorption of the MTA at this incidence angle.

On the other hand, despite both polarizations exhibit different scattering patterns,

their main and side lobes arise at the same incidence angle (θ) and with almost the

same dynamic ranges. Therefore, similar conclusions can be adopted under TM po-

larization, regarding the available angular margin for the considered prototype size.
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Figure 12.4: Star MTA absorption measurements for both TE (a) and TM (b) polariz-
ations under different incidence angles.

The Star MTA measurement results are shown in figures 12.4(a) and 12.4(b). It

can be observed a shift on the resonance frequency and a lowering in the absorption

level as regards the simulation ones (see section 6.2.4). The latter is mainly due to

the lack of a suitable coupling of the incident wave on the prototype. Moreover, the

large fluctuations in the absorption measurements, at both sides of the absorption

peak, can be attributable to the edge diffraction and the calibration errors. These
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12. METASURFACE MEASUREMENTS

errors are due to variations on the set-up (e.g. slightly shift between the position

of the MTA and the MP, undesired interactions between the DUT and the pylon

or the presence of other contaminating signals) and/or on the instrumentation (e.g.

frequency deviation, temperature changes...).

Pillar MTA measurements

The same number of unit-cells is chosen to manufacture the Pillar MTA. The di-

mensions of this prototype are 114.96x109.92x0.457mm3, being its maximum di-

mension DPillar = 159mm which is larger than the antenna’s one. The far-field

condition, over the same range of frequencies considered above, is met at 1.27m.

Therefore, measurements at the minimum measurable distance of the anechoic

chamber (3.25m) meet this condition. The scattering patterns of the Pillar MTA,

for a quasi-monostatic configuration (see figure 12.2), under both TE and TM po-

larizations are shown in figures 12.5(a) and 12.5(b).
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Figure 12.5: Scattered field patterns at 6.63GHz for both TE (a) and TM (b) polariza-
tions.

From figure 12.5(a), it is observed that the scattering pattern maximum level

appears shifted from ξ = 0◦, more precisely at ξ = 3.75◦. The latter can be ex-

plained using the same arguments previously introduced for the Star MTA. On the

other hand, the distance between antennas is dant = 43cm, which gives rises to an

angle α = 7.75◦. Therefore, coherent results are obtained, since the angle, at which
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12.4 Metasurface absorber measurements

the scattering pattern maximum level arises, is half the value of α. Consequently,
it is possible to define the CMR as: θ = |ξ| − 3.75◦ and θ = |ξ| for TE and TM,
respectively.
From the scattering patterns, it can be observed that the secondary lobes are higher
than the ones measured for the Star MTA, so it could be possible to obtain enough
dynamic range to measure the absorption at this angle (14◦). The latter can be un-
derstood from the spacial transformation of the prototype, which as it is smaller in
size than the Star MTA, it exhibits a scattering pattern with a broader main lobe and
higher secondary lobe levels. In addition, for TE polarization a proper absorption
at 8◦ incidence angle can be identified, due to the resulting suitable dynamic range.
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Figure 12.6: Pillar MTA absorption measurements for both TE (a) and TM (b) polar-
izations under different incidence angles.

As for the Star MTA, lower absorption levels and a resonance shift are observed
when comparing simulation and measurement results. Identical reasons as the ones
attributed to the Star MTA can be used for justifying these conclusions.

12.4.1.2 XYZ-scanner based set-up measurements

The same procedure as the one described above is used to experimentally charac-
terize these prototypes in an XYZ-scanner based set-up. This set-up is configured
to perform measurements in a planar range. However, in this case the set-up is
varied to adapt its functionality to characterize MTAs under a quasi-monostatic
measurement. The main reason for using this set-up is that it allows decreasing the
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distance between the MTA and the transmitting and receiving antennas and hence,

reducing the amplitude variation of the field on the MTA, as well as increasing the

power received by the MTA. The configurations of both TE and TM polarizations

are similar to the ones used in the anechoic chamber. Some pictures of the set-up

and the antennas configuration are shown in figure 12.7.

(a) (b)

(c) (d)

Figure 12.7: MTA measurement set-up under TE (a) and TM (b) polarizations. An-
tennas’ arrangement for measuring the MTA under TE (c) and TM (d) polarizations.

Star MTA measurements

The scattering patterns of the Star MTA are shown in figure 12.8 for both TE and

TM configurations.
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Figure 12.8: Scattered field patterns at 6.39GHz for both TE (a) and TM (b) polariza-
tions.
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Figure 12.9: Star MTA absorption measurements for both TE (a) and TM (b) polariz-
ations under different incidence angles.

The scattering pattern is slightly different from the one obtained in the anechoic

chamber, since both the set-up and the antennas arrangement and location with re-

spect to the prototype are different. Indeed, the scattering pattern should not change

if it is measured under the same environment at far-field conditions and using a

monostatic configuration or a quasi-monostatic configuration with the same angle

between the line of sight of both antennas at the prototype. However, in this case

these conditions are clearly not met. Indeed, to fulfill the latter both antennas have
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to be extremely close to each other, to keep the same incident and reflected angle

when shortening the measurement distance, so that the coupling between them will

introduce important errors in the measurement results.

For TE polarization, a wider angular margin than the one measured in the anechoic

chamber can be measured (θ ∈ [0◦−10◦]), since the scattering pattern main lobe is

broader. For TM polarization, the angular margin has also been enlarged, but in a

lesser extent (θ ∈ [0◦ − 8◦]). The measurement results are shown in figures 12.9(a)

and 12.9(b).

As it was observed from the measurements in the anechoic chamber, lower

absorption peak levels and a resonance frequency blueshift is noticed as regards

the simulation results. Tables 12.1 and 12.2 summarize the measurement results,

presenting the resonance frequency, absorption peak levels and FWHM measured

in the anechoic chamber and the XYZ-scanner based set-up for both TE and TM

polarizations.

Comparing the measured results on both set-ups, it is noticed that similar reson-

ance frequencies are obtained, but slightly higher absorption peak levels can be

measured using the anechoic chamber, above all at normal incidence.

Table 12.1: Star MTA measurement results for TE polarization in anechoic chamber
and XYZ-scanner based set-up, regarding resonance frequency, absorption peak and
FWHM

Anechoic Chamber XYZ-scanner based set-up
Incidence Angle

(◦)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)

0◦ 6.39 54.26 3.19 6.35 36.54 2.15
2◦ 6.4 46.07 3.31 6.35 40.95 1.92
4◦ 6.41 48.01 3.67 6.34 47.1 2.3
6◦ 6.42 49.3 5.11 6.34 54.37 2.37

Pillar MTA measurements

The scattering pattern of the Pillar MTA is depicted in figure 12.10, for both polar-

izations.
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Table 12.2: Star MTA measurement results for TM polarization in anechoic chamber
and XYZ-scanner based set-up, regarding resonance frequency, absorption peak and
FWHM

Anechoic Chamber XYZ-scanner based set-up
Incidence Angle

(◦)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)

0◦ 6.40 51.69 2.87 6.4 38.16 4.31
2◦ 6.39 50.42 3.63 6.39 45.63 4.91
4◦ 6.4 53.17 4.66 6.4 55.28 5.96
6◦ 6.44 61.36 4.94 6.42 65.38 5.98

0 20 40 60
[º]

-80

-70

-60

-50

-40

-30

S
ca

tt
er

ed
 f

ie
ld

 p
at

te
rn

 [
d

B
]

(a)

-50 0 50
[º]

-80

-70

-60

-50

-40

S
ca

tt
er

ed
 f

ie
ld

 p
at

te
rn

 [
d

B
]

(b)

Figure 12.10: Scattered field patterns at 6.63GHz for both TE (a) and TM (b) polariz-
ations.
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Figure 12.11: Pillar MTA absorption measurements for both TE (a) and TM (b) po-
larizations under different incidence angles.
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The angular margin that can be properly measured using the XYZ-scanner
based set-up is also enlarged as regards the anechoic chamber one. This margin
is θ ∈ [0◦− 10◦] and θ ∈ [0◦− 8◦], for TE and TM polarizations, respectively. The
results are shown in figure 12.11.
As in the previous cases, the resonance frequency is blueshifted and the absorption
peak lowered, with respect to the simulation results. A comparison of the meas-
urement results using both set-ups are shown in figures 12.3 and 12.4, respectively.
From these tables, it can be noticed that similar resonance frequencies and absorp-
tion levels are obtained using both set-ups. On the other hand, the FWHM cannot
be properly measured for certain incidence angles (see table 12.4) and the differ-
ences on its computed value for both set-ups are evident, this is mainly due to the
MTA edge diffraction and calibration errors (misalignment between the MP and
MTA position in the set-up).

Table 12.3: Pillar MTA measurement results for TE polarization in anechoic chamber
and XYZ-scanner based set-up, regarding resonance frequency, absorption peak and
FWHM

Anechoic Chamber XYZ-scanner based set-up
Incidence Angle

(◦)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)

0◦ 6.63 60.64 2.81 6.65 62.36 3.73
2◦ 6.63 61.95 2.89 6.64 63.33 3.82
4◦ 6.62 63.6 3.08 6.63 64.08 3.65
6◦ 6.62 65.17 3.53 6.62 64.12 3.68
8◦ 6.62 66.97 5.01 6.64 68.35 4.09

12.4.1.3 Some remarks about the previous measurement set-ups

From the previous measurement results, it can be stated that the angular margin
can be enlarged when the distance between the antennas and the DUTs is reduced,
since the dynamic range increases. On the other hand, differences in the resonance
frequency, absorption peak and FWHM results can be observed for both Star and
Pillar MTAs, though they are more noticeable in the Star MTA. The main reason is
that the measurements acquired in the XYZ-scanner based set-up are not at enough
distant to meet the far-field condition. On the contrary, for the Pillar MTA although
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Table 12.4: Pillar MTA measurement results for TM polarization in anechoic chamber
and XYZ-scanner based set-up, regarding resonance frequency, absorption peak and
FWHM

Anechoic Chamber XYZ-scanner based set-up
Incidence Angle

(◦)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)

0◦ 6.64 65.5 2.59 6.63 65.92 2.71
2◦ 6.64 66.48 3.31 6.63 62.58 2.32
4◦ 6.65 66.18 - 6.64 60.59 2.17
6◦ 6.62 75.35 - 6.64 57.69 1.69

the antennas are also placed 1m apart, the distance to meet the far-field condition is

smaller (since the prototype is smaller), so that almost the whole considered band

(and particularly the absorption band) meets this condition. Consequently, more

similar measurement results are obtained in this case for both set-ups.

Apart from meeting or not the far-field condition, another factor that may explain

the differences on the absorption level, between the obtained results from both set-

ups, is the dissimilar focusing of the antenna on the MTA and the use of different

environment. Moreover, it should be mentioned that the XYZ-scanner based set-up

is optimized to work at higher frequencies and the effectiveness of its absorbers is

lower, which can give rise to additional contaminating sources.

12.4.1.4 Anechoic chamber measurements at 1.3m distance between the an-
tennas and the prototype

Aiming to achieve a better characterization of the introduced metasurfaces, in terms

of angular margin and absorption performance, some set-up modifications and ad-

justments are carried out. In order to avoid the limitation on the minimum measur-

able distance (3.25m), two portable tripods are arranged on a low-reflecting bench,

so as to place the antennas and the metasurface closer to each other (1.3m). This

distance is not chosen randomly, in fact it is the minimum distance at which the

Pillar MTA can be characterized under far-field condition. The antennas and the

measuring frequency band are the same as in the previous measurements. In this

section, only the Pillar MTA will be characterized, since the aim is to emphasize

the improvements introduced by this new set-up configuration.
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12. METASURFACE MEASUREMENTS

Two different antenna configurations will be defined in this section for each polar-
ization and will be presented below.

TE polarization

An scheme of the set-up, for the two considered configurations under TE polariza-
tion, is presented in figures 12.12(a) and 12.12(b).
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Figure 12.12: Anechoic chamber arrangement for measurements at 1.3m between the
metasurface and the antennas for both CONTE1 (a) and CONTE2 (b) set-up configur-
ations.

The only differences in the set-up, between the previous measurements at 3.25m
and the ones conducted in this section, are the distance between the antennas and
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12.4 Metasurface absorber measurements

the prototype (being in this case 1.3m) and the arrangement of the antennas in the

set-up. In the first configuration (CONTE1), showed in figure 12.12(a), the trans-

mitting antenna is in the prototype’s line of sight, whereas the receiving one is a bit

shifted in the x̂ axis by 27cm (similar configuration to the one arranged at 3.25m in

the anecoic chamber). In the second configuration (CONTE2), depicted in figure

12.12(b), the transmitting and receiving antennas are placed on both sides of the

prototype’s line of sight, 27cm apart from each other and facing the prototype at a

distance d = 1.3m.

The scattering patterns of both the Pillar MTA (prototype) and the MP (used

for calibrating purposes) at the MTA resonance frequency are retrieved for both

CONTE1 and CONTE2 set-ups. Both patterns should be similar in shape, since

their dimensions are identical. However, they may be slightly angularly shifted,

due to errors in placing them at not exactly the same position. The latter must be

adjusted before applying the subtraction calibration technique, so as to achieve suit-

able results. After applying proper post-processing techniques, both patterns are

shown in figure 12.13, so that the main lobe, the nulls and the side lobes coincide

at the same angles, for a given set-up. The observed discrepancies in the position

of secondary nulls may be due to the low receiving signal amplitude, which is not

enough for differentiating between the errors and the actual DUT scattering (de-

structive interference of the reflected signal from the different scatterer centers on

the set-up). Another reason is the existence of other random scattering sources, that

may appear, due to the slightly different location of the MP and the MTA, causing

errors on the measurement.

On the other hand, it can be clearly noticed from the scattering pattern, the differ-

ence in the amplitude levels between both curves (MTA and MP) which is due to

the MTA absorption.
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Figure 12.13: Scattered field patterns at 6.62GHz for both CONTE1 (a) and CONTE2
(b) set-up configurations.

The configuration CONTE1 requires to define a CMR for establishing the ref-

erence of the incidence angle (as it was done for previous measurements). In this

case, the CMR will be θ = |ξ| + 6◦, which should coincide with the half value of

α for ξ = 0. Knowing that dant = 28cm, α must be 12◦, so the latter statement is

corroborated.

On the other hand for CONTE2, no CMR is required, since the antennas are placed

in such a way that the normal incidence coincides with the zero angle of the posi-

tioner system (θ = |ξ|).

The measurement results for CONTE1 are shown in figure 12.14. As it can

be observed from these graphics, proper absorption values are obtained from 0◦

to 10◦ (see figure 12.14(a)). At the first null θ = 12◦, although different levels in

the scattering pattern of the MTA and MP can be observed (see figure 12.13(a)),

the low dynamic range may indicate that the absorption values are not only due

to the absorptive properties of the Pillar MTA, but also to the existence of other

scattering sources at this angle. For incidence angles from 14◦ to 16◦, the dynamic

range increases and the absorption peak becomes evident. The first side lobe ap-

pears at θ = 20◦ and about this angle (θ = 18◦ and θ = 22◦) enough dynamic

range is obtained to achieve precise absorption values. For θ = 24◦ and larger

incidence angles (see figure 12.14(d)), it is not possible to retrieve precise meas-

486



12.4 Metasurface absorber measurements

urements, due to the scattering from the pylon and the absorptive structure, used to
arrange the prototype, distorts the measurements and reduces the dynamic range.
Moreover, for these angles the transmitting field is not properly coupled on the pro-
totype.
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Figure 12.14: Pillar MTA absorption measurements for CONTE1 and incidence
angles from 0◦ − 10◦ (a), 12◦ − 16◦ (b), 18◦ − 20◦ (c) and 24◦ − 30◦ (d).

The measurement results for CONTE2 are shown in figure 12.15. Proper ab-
sorption values can be obtained for incidence angles from 0◦ to 8◦ (12.15(a)). Then,
a null in the scattering pattern appears at θ = 12◦. Although about the latter inci-
dence angle an absorption peak at the resonance frequency is observed for θ = 10◦

and θ = 14◦, its value is very low in both cases, due to the appearance of other
scattering sources at these angles and the low dynamic range available (see figure
12.13(b)). Indeed, about the first and second nulls, the MTA has a larger scattering
amplitude than the MP. The latter can be attributed to the fact that the different
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scattering sources blur the absorption of the MTA at these incidence angles and
provide much greater influence than the field coupled and absorbed by the MTA.
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Figure 12.15: Pillar MTA absorption measurements for CONTE2 and incidence
angles from 0◦ − 8◦ (a), 10◦ − 14◦ (b), 16◦ − 20◦ (c) and 24◦ − 30◦ (d).

A comparison between the measurement results using CONTE1 and CONTE2
is shown in table 12.5. It can be observed that the resonance frequency is more or
less the same using both configurations, which is in accordance to what it can be
expected. The slight shifts in this frequency may be attributed to instrumentation
errors. On the other hand, the absorption peak levels are smaller in the CONTE2
configuration than in the CONTE1 one, which does not mean that the MTA ab-
sorption diminishes, since it is the same MTA. This fact indicates that the incident
field is not completely coupled on the MTA, due to its finite dimensions. There-
fore, the configuration CONTE1 allows coupling a higher percentage of incident
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12.4 Metasurface absorber measurements

field on the MTA than CONTE2 and hence, obtaining greater absorption levels of

the incoming wave (closer to the actual MTA absorption). Therefore, CONTE1

will be a more suitable set-up to precisely characterize the MTA absorption using

a quasi-monostatic configuration.

Table 12.5: Pillar MTA measurement results for CONTE1 and CONTE2, regarding
resonance frequency, absorption peak and FWHM

Anechoic Chamber (CONTE1) Anechoic Chamber (CONTE2)
Incidence Angle

(◦)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)

0◦ 6.62 73.36 2.14 6.62 71.58 -
2◦ 6.62 70.58 2.18 6.62 70.61 -
4◦ 6.62 69.61 2.42 6.62 67.05 -
6◦ 6.62 69.83 2.84 6.62 61.66 -
8◦ 6.62 66.63 2.99 6.62 54.46 -
10◦ 6.61 72.37 - 6.61 32.82 -
12◦ 6.62 76.01 - - - -
14◦ 6.62 58.58 1.87 6.61 32.53 -
16◦ 6.61 59.89 1.66 6.60 57.27 -
18◦ 6.61 68.63 1.78 6.60 57.88 -
20◦ 6.60 76.28 1.94 6.59 45.79 -
22◦ 6.59 76.12 2.15 - - -

TM polarization

The next step here is to analyze the Pillar MTA behavior when it is excited by a

TM polarized incident wave. An scheme and a picture of the set-up is presented

in figure 12.16. The distance between the antennas and the MTA is the same as

in the previous section (1.3m). Two different set-up configurations consisting on

varying the vertical distance between the antennas are considered. Therefore, the

antennas are 20cm and 35cm apart from each other in the ŷ axis and from now on,

these configurations will be referred to as CONTM1 and CONTM2, respectively.

In both cases, the antennas are placed facing the MTA.
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Figure 12.16: Anechoic chamber arrangement for measurements at 1.3m between the
metasurface and the antennas for both TE (a) and TM (b) polarizations.
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Figure 12.17: Scattered field patterns at 6.62GHz for both CONTM1 (a) and
CONTM2 (b) polarizations.

The scattering patterns are depicted in figure 12.17 for both set-up configura-
tions. As it can be noticed from the graphics, the slight misalignment between the
MTA and MP position has been corrected, applying post-processing techniques to
adjust the main lobe, the nulls and the side lobes at the same angles. Both pat-
terns are slightly shifted from ξ = 0, this is mainly because of the antennas are not
placed exactly at the prototype’s line of sight when the positioner is at ξ = 0, which
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12.4 Metasurface absorber measurements

is complicated to adjust even with a self-leveling rotatory laser level. Consequently,

as it was done in previous measurements, a CMR is defined for each configuration,

being θ = |ξ| − 10◦ and θ = |ξ| − 8◦ for CONTM1 and CONTM2, respectively.
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Figure 12.18: Pillar MTA absorption measurements for CONTM1 and incidence
angles from 0◦ − 10◦ (a) and 12◦ − 18◦ (b).

From the scattering patterns, a clear amplitude differences between the MP and

the MTA patterns can be identified, anticipating the absorption properties of the

latter. The measurement results under CONTM1 configuration are shown in fig-

ure 12.18 for different incidence angles. Proper absorption values can be obtained

for angles up to θ = 10◦. For larger angles and even at the side lobe ones, it is

not possible to retrieve suitable absorption values, since the scattering patterns of

the MP and the prototype exhibit similar amplitudes, which mean that there is not

enough dynamic range to identify the absorption. Indeed, at these incidence angles

the scattering is greater than the field coupled and absorbed by the MTA. The angle

θ = 14◦ is skipped in figure 12.18(b), since it coincides with a null in the scattering

pattern, exhibiting high scattering amplitude values and hence, impeding the proper

visualization of the absorption levels for the other incidence angles depicted in the

figure. Moreover, this result does not provide useful information.
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Figure 12.19: Pillar MTA absorption measurements for CONTM2 and incidence
angles from 0◦ − 10◦ (a), 12◦ − 16◦ (b), 18◦ − 22◦ (c) and 24◦ − 28◦ (d).

The absorption values obtained using CONTM2 are shown in figure 12.19.

Suitable absorption values for incidence angles from θ = 0◦ to θ = 10◦ can be

retrieved. Moreover, there could be enough dynamic range on the (right) scatter-

ing pattern side lobe (see figure 12.17(b)) to obtain proper absorption values from

θ = 18◦ to θ = 22◦. However, at these angles the scattering pattern amplitudes of

the MP and the MTA are similar and hence, the observed peaks in figure 12.19(c)

apart from being caused by absorption, it can also be attributed to the appearance

of other scattering sources. For incidence angles between the previous mentioned

intervals (θ = 12◦ to θ = 16◦) and larger ones (θ > 22◦) the dynamic range is not

enough to distinguish between absorption and the scattering caused by different

sources.
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A comparison table of the gathered measured data, under both CONTM1 and

CONTM2 configurations, in terms of resonance frequency, absorption peak and

FWHM is presented in table 12.6. It can be noticed that CONTM2 achieves greater

absorption values than CONTM1. As it was stated previously, this can be attributed

to the stronger coupling of the incident field in the prototype using the CONTM2

set-up configuration. Moreover, a larger separation between antennas is considered

in CONTM2, which reduces the mutual coupling between them.

Table 12.6: Pillar MTA measurement results for CONTM1 and CONTM2, regarding
resonance frequency, absorption peak and FWHM

Anechoic Chamber (CONTM1) Anechoic Chamber (CONTM2)
Incidence Angle

(◦)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)

0◦ 6.62 49.4 1.57 6.62 61.34 2.9
2◦ 6.62 47.34 1.51 6.62 62.21 3.11
4◦ 6.62 45.87 1.57 6.62 63.97 2.93
6◦ 6.62 46.54 1.63 6.62 66.39 3.14
8◦ 6.62 46.65 1.63 6.61 66.77 2.99
10◦ 6.61 38.8 1.21 6.60 61.83 2.27
18◦ - - - 6.68 49.88 1.35
20◦ - - - 6.7 61.64 1.85
22◦ - - - 6.7 59.41 2.09

Comparison of the measurements conducted at different distances

Table 12.7 shows a comparison between the previously presented measurement

results for TE polarization at 3.25m and 1.3m (considering the CONTE1 set-up

configuration). As it can be seen, for each incidence angle the resonance frequency

is almost the same (with a slight shift mainly due to instrumentation errors). On

the other hand, higher absorption peak values at each incidence angle are retrieved

for the measurements conducted on the CONTE1 configuration. The latter can

be attributed to an improved coupling of the incident field on the MTA, thanks to

a finer adjustment of the antenna’s main lobe pointing to the MTA and to place

the antennas nearer to the prototype. Moreover, the angular margin that can be
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measured is enlarged from 14◦ to 22◦ measuring at 1.3m. The FWHM on both set-

ups differs approximately by a 1%, obtaining closer values to the simulation ones

(2%) using the CONTE1 configuration.

Table 12.7: Pillar MTA measurement results for TE polarization in anechoic chamber
at 3.25m and 1.3m (CONTE1), regarding resonance frequency, absorption peak and
FWHM

Anechoic Chamber (3m) Anechoic Chamber (CONTE1)
Incidence Angle

(◦)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)

0◦ 6.63 60.64 2.81 6.62 73.36 2.14
2◦ 6.63 61.95 2.89 6.62 70.58 2.18
4◦ 6.62 63.6 3.08 6.62 69.61 2.42
6◦ 6.62 65.17 3.53 6.62 69.83 2.84
8◦ 6.62 66.97 5.01 6.62 66.63 2.99
14◦ 6.64 54.31 1.83 6.62 58.58 1.87

On the other hand, a comparison between the previous presented results when

exciting the MTA under TM polarization are shown in table 12.8 for the two diffe-

rent distances between the antennas and the MTA (3.25m and 1.3m (CONTM2)).

Although the CONTM2 set-up does not increase the coupling of the field in the

prototype, it must be stated that the angular margin that can be properly measured

is enlarged from 14◦ to 22◦. Several reasons can be attributed to the failure of

properly coupling the incident field on the MTA, some of them can be:

• Improper orientation of the transmitting and receiving antennas facing the

prototype (being their directivity not properly adjusted to point to it).

• Possible mutual couplings between the transmitting and receiving antennas.

• Instrumentation and calibration errors during the measurements.

From the previous conclusions, it can be stated that the measurement results at

1.3m are closer to the simulation ones. Therefore, the optimized set-up arrange-

ments, at the minimum distance to meet the far-field condition (1.3m), provide a

more precise experimental results.
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Table 12.8: Pillar MTA measurement results for TM polarization in anechoic chamber
at 3.25m and 1.3m (CONTM2), regarding resonance frequency, absorption peak and
FWHM

Anechoic Chamber (3m) Anechoic Chamber (CONTM2)
Incidence Angle

(◦)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)

0◦ 6.64 65.5 2.59 6.62 61.34 2.9
2◦ 6.64 66.48 3.31 6.62 62.21 3.11
4◦ 6.65 66.18 - 6.62 63.97 2.93
6◦ 6.62 75.35 - 6.62 66.39 3.14

12.4.1.5 Anechoic chamber improved measurements at 1.3m distance between
the antennas and the prototype

In this final stage the set-up is further improved, following the next steps in order

to enhance the precision of the measurement:

• Measurements of the set-up are conducted before and after measuring any

structure (neither MTA nor MP), in order to ensure that no unwanted scatter-

ing appears inside the chamber (background echoes and pylon reflections).

• A precise pointing of the horn antennas to carefully focus their main lobe on

the prototype, such that low amplitude difference levels between the edge and

the center of the MTA (slow decay of the field), is ensured. For achieving this

purpose, the antennas are precisely adjusted in height, azimuth and elevation.

• The distance between the antennas and the MTA is minimized to guarantee

that maximum power is coupled on the prototype, but always keeping the

far-field condition. Moreover, the distance between the transmitting and re-

ceiving antennas is optimized to be enough close to each other to ensure a

quasi-monostatic measurement, but at the same time avoiding the undesired

coupling effects between them.

• The scattered pattern of both MTA and MP is measured, in order to adjust

slight misalignment arising when one structure is replaced by the other. In

this case, the measurement resolution is increased rotating the pylon by smal-

ler angles (0.5◦ instead of 2◦), so that a more precise misalignment correction

can be applied.
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• Several measurements are retrieved for each incidence angle to analyze the

measurement repeatability. Moreover, data processing is applied using some

statistical functions to obtain a more precise results and reduce the receiver

noise, as it was explained in a previous chapter (11).

Quasi-monostatic measurements of the pillar prototype are again conducted fol-

lowing the above considerations. The distance between the antennas and the pro-

totype is 1.3m (same as above). The antennas are placed 35cm in the x̂ axis and

27cm in the ŷ axis apart from each other for TE and TM polarizations, respectively.

These distances and the antennas arrangement are chosen taking into consideration

the results obtained from the previous configurations, so that the CONTE1 is used

for measuring the MTA under TE polarization. Some pictures of the set-up are

presented in figure 12.20.

(a) (b)

Figure 12.20: Pillar MTA absorption monostatic measurements TE polarization (a)
and TM polarization (b).

For the sake of brevity the scattering patterns of both pillar MTA and MP are

not shown and proper CMR is applied (if required), as well as the adjustment of

possible misalignment when replacing one structure by the other. Moreover, the

measurements acquired without any prototype on the pylon are taken into consider-

ation during the calibration process, to ensure that no additional echoes deteriorate

the results.

The measurements under both TE and TM polarization are presented in figure

12.21.
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Figure 12.21: Pillar MTA absorption measurements for both TE (a,b) and TM (c,d)
polarizations.

Moreover, a comparison between the more accurate measurement results in-
troduced in the previous sections and the presented in this one is shown in tables
12.9 and 12.10 for both TE and TM polarizations, respectively. Almost the same
angular margin can be properly measured, which is quite predictable, since sim-
ilar distances between the antennas and the prototype and the antennas with each
other are chosen. Similar resonance frequencies are retrieved, which is reasonable
since no modifications are conducted on the MTA, which could shift its resonance
frequency. The FWHM is slightly broader for the measurements presented in this
section and a bit wider than in simulation (2%, see section 6.2.2) for both meas-
urements. The latter can be attributed to the blueshift of the resonance frequency
observed in the measurements, since at larger frequencies a broader bandwidth can
be obtained, due to the quality factor of this MTA (see section 6.2.2). It should be
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12. METASURFACE MEASUREMENTS

noticed that the FWHM is a relative parameter to the absorption peak value, which
exhibits slight differences between simulation and measurement. On the other
hand, larger absorption levels (closer to the simulation ones) are obtained when
the considerations introduced in this section are followed. This is primarily due
to the finer adjustment of the horn antennas, whose main lobe points to the proto-
type at normal incidence. Moreover, the additional post-processing techniques and
the finer resolution on the positioner rotation, recording incidence angles at shorter
steps, improve the accuracy on eliminating possible misalignments and noise.

Table 12.9: Pillar MTA measurement results, comparison between CONTE1 and the
measurements presented in this section, regarding resonance frequency, absorption
peak and FWHM

Anechoic Chamber (CONTE1) Anechoic Chamber (current section)
Incidence Angle

(◦)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)

0◦ 6.62 73.36 2.14 6.61 82.13 4.18
2◦ 6.62 70.58 2.18 6.61 87.29 4.03
4◦ 6.62 69.61 2.42 6.61 92.44 3.87
6◦ 6.62 69.83 2.84 6.61 95.69 3.03
8◦ 6.62 66.63 2.99 6.61 91.28 2.94
10◦ 6.61 72.37 - - - -
12◦ 6.62 76.01 - - - -
16◦ 6.61 59.89 1.66 6.61 90.43 3.66
18◦ 6.61 68.63 1.78 6.57 87.45 3.07
20◦ 6.6 76.28 1.94 6.58 88.84 2.83
22◦ 6.59 76.12 2.15 6.56 89.27 3.48
24◦ - - - 6.57 87.06 2.59
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12.4 Metasurface absorber measurements

Table 12.10: Pillar MTA measurement results, comparison between CONTM2 and
the measurements presented in this section, regarding resonance frequency, absorption
peak and FWHM

Anechoic Chamber (CONTM2) Anechoic Chamber (current section)
Incidence Angle

(◦)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)

0◦ 6.62 61.34 2.9 6.62 82.11 3.69
2◦ 6.62 62.21 3.11 6.62 85.66 3.44
4◦ 6.62 63.97 2.93 6.62 86.41 3.2
6◦ 6.62 66.39 3.14 6.66 92.5 2.97
8◦ 6.61 66.77 2.99 6.63 84.01 3.53
10◦ 6.6 61.83 2.27 - - -
18◦ 6.68 49.88 1.35 6.64 87.42 2.17
20◦ 6.7 61.64 1.85 6.68 84.9 2.6
22◦ 6.7 59.41 2.09 6.69 83.38 4.13

12.4.2 Bistatic measurements of the Pillar MTA
In this section, the measurement results of the pillar MTA using a bistatic config-
uration, varying the position of both the transmitting and receiving antennas along
a low-reflecting bench, are presented. In this case, the previous issues arising from
the low dynamic range under certain incidence angles, which do not allow discern-
ing the MTA absorption, do not appear. The latter is attributable to the receiving
antenna position, which will be on the specular direction for each incidence angle.
Therefore, the measured angular margin limitations come from the dimensions of
the bench and the anechoic chamber width, as well as the diffraction caused by the
set-up, the absorptive structure and the MTA finitude (which make impracticable
the precise pointing of the antennas main lobe on the prototype at certain incidence
angles). It should be mentioned that larger prototypes require a longer distance
to meet the far-field condition and hence, greater separation between antennas to
impinge on the prototype at large incidence angles. In this case, the MTA will be
measured at 1.3m and the total lenght of the available benches is 2m. Consequently,
the largest incidence angle that can be properly measured is 38◦ (arctan( 1

1.3
)). The

anechoic chamber width allows for arranging longer benches to measure larger in-
cidence angles. However, the incident wave cannot be properly focused if larger
incidence angles are considered, as it will be seen from the retrieved measurements
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12. METASURFACE MEASUREMENTS

at 38◦, which exhibits high scattering values. On the other hand, aiming to adjust

slight misalignment in the AMC and MP placement during the data processing, the

scattered pattern for a small range of angles (moving the pylon several angles in

azimuth) for each incidence angle will be acquired.

The set-up configuration is presented in figure 12.22 for different angles of the in-

cident wave under TE and TM polarizations, respectively. The receiving antenna

height is lower than the transmitting one, when exciting the MTA under TM polar-

ization, so as to avoid undesired coupling between both antennas.
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Figure 12.22: Pillar MTA absorption bistatic measurements TE polarization (a) and
TM polarization (b).

The absorption results are presented on figure 12.23 for both polarizations.

Table 12.11 shows the absorption peak values, resonance frequency and bandwidth

of the pillar MTA bistatic measurements represented in figure 12.23. The absorp-

tion peak values are below the expected levels from simulation. The latter, as it

was previously stated, may be attributed to the orientation of the transmitting and

receiving antennas, which may not point with their maximum directivity to the pro-

totype, so that the wave is not completely coupled on the latter. Consequently, sev-

eral unwanted echoes can be received, distorting the measured results. Although

different measurements are recorded, for each position of the antennas along the
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12.4 Metasurface absorber measurements

bench, by rotating the positioner small angles around ξ = 0◦, the precision may not

be enough to overcome the misalignement issue.

On the other hand, a large angular margin can be measured using the bistatic con-

figuration since, as it was explained before, the receiving antenna is always on the

specular direction (direction of maximum reflectivity for isotropic structures).
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Figure 12.23: Pillar MTA absorption measurements for both TE (a,b) and TM (c,d)
polarizations.

Table 12.11: Pillar MTA measurement results for both TE and TM polarization using
a bistatic set-up configuration (resonance frequency, absorption peak and FWHM)

TE TM
Incidence Angle

(◦)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)
fr

(GHz)
Absorption peak

(%)
FWHM

(%)

9◦ 6.61 68.92 3.48 6.63 76 4.31
13◦ 6.62 69.77 3.87 6.62 77.04 4.86
17◦ 6.62 69.26 3.87 6.62 74.5 4.38
21◦ 6.62 69.62 3.6 6.63 69.22 4.28
25◦ 6.62 70.22 4.77 6.63 73.05 3.98
28◦ 6.62 70.16 5.02 6.64 75.35 4.37
32◦ 6.64 70.33 5.3 6.64 73.3 4.67
35◦ 6.61 70.91 5.8 6.64 60.48 4.85
38◦ 6.61 83.85 - 6.64 64.13 5.21
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12.4.3 Quasi-monostatic and bistatic measurement comparison

In this section, a comparison between both the quasi-monostatic and the bistatic

measurements presented above will be introduced and some conclusions will be

drawn.

• It can be noticed that a larger angular margin can be measured using a bistatic

set-up configuration, for the reasons described in the previous section.

• Similar resonance frequency and FWHM values are acquired for both set-up

configurations. However, higher absorption peak values are retrieved using a

quasi-monostatic configuration. The latter can be attributed to the receiving

antenna position on the bistatic set-up configuration, which may be not at

exactly the specular direction. The antennas positioning is conducted manu-

ally using a ruler to determine the distance between both transmitting and

receiving antennas and a self-leveling rotatory laser level for orienting them

facing the MTA. Consequently, although different angles at each antenna po-

sition are measured (by rotating the positioner system) in order to correct

misalignments, slight errors on their positioning are unavoidable.

• The angular margin is determined by the scattering pattern of the MTA and

hence, by its dimensions when a quasi-monostatic set-up is arranged. For the

bistatic set-up configuration, this margin is given by the anechoic chamber

width and the feasibility of properly focusing the incident wave on the MTA.

• The application of proper post-processing techniques is critical to adjust

slight misalignments between the MTS and MP position. Moreover, they

are useful to smooth the measured data and reduce the noise.

12.5 AMC measurements
In this section the set-up presented in [3], to measure the hexagonal-shaped loop-

based AMC is wanted to be improved, aiming at measuring a larger angular margin.

An identical AMC unit-cell geometry to the presented in figure 8.5(a) is meas-

ured here, being its geometric parameters: p = 11.25mm, g = 0.9mm,wi =
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12.5 AMC measurements

3.61mm and we = 5.46mm (same as in [3]). An array of 29x19 unit-cells is man-

ufactured with a total dimensions of 28.3x21.4cm2. The improved set-up is similar

to the quasi-monostatic one presented in figure 12.20 for both TE and TM polariza-

tions, except for the absorptive structure used to minimize the edge diffraction (see

figure 12.24). Moreover, the antennas are properly oriented pointing to the pro-

totype and a suitable temporal window (time gating) is applied to filter unwanted

echoes.

(a) (b)

Figure 12.24: Hexagonal-shaped loop-based AMC at Far-Field (a) and Near-Field (b)
distances respectively.

The distance to reach the far-field condition, taking into consideration the pro-

totype dimensions and a measurement frequency range from 5.5GHz to 6.6GHz, is

5.39m which is almost the maximum measurable distance in the chamber (5.35m).

12.5.1 Quasi-monostatic configuration

The prototype is placed on the pylon at 5.35m from the antennas (see figure 12.24(a)).

The previously introduced recommendations to properly arrange the set-up, in or-

der to achieve precise measurements, are considered. Therefore, the configuration
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12. METASURFACE MEASUREMENTS

CONTE1 (see figure 12.12(a)) with a dant = 25cm is arranged to characterize the

AMC under TE polarization. For TM polarization, the vertical distance between

antennas will be 27cm. The scattered patterns for both the AMC and a MP of

identical dimensions are acquired. In this case, the MP measurement is required to

establish a phase reference. Then, appropriate techniques of adjustment, similar to

the ones presented above, are employed to correct slight misalignment between the

AMC and MP location. The phase results are plotted in figure 12.25, after applying

suitable data processing.
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Figure 12.25: Hexagonal-shaped loop-based AMC quasi-monostatic measurements
for both TE (a,b) and TM (c,d) polarizations.

In this case, an angular margin from θ ∈ [0◦ − 36◦] and θ ∈ [0◦ − 34◦] can be

measured for TE and TM polarizations, respectively. Consequently, it can be stated

that the angular margin presented in [3] (θ ∈ [0◦ − 18◦]) is clearly enlarged. From
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these results, it can be noticed that several incidence angles are missing, which

is due to the presence of nulls on the scattering pattern at these angles. The lat-

ter highly reduces the dynamic range and avoids obtaining proper phase measure-

ments, as it occurred with the absorption measurements on the previously presented

MTAs.

12.5.2 Bistatic configuration

A bistatic set-up is obtained placing the antennas as in figure 12.26. The angular

margin limitations can be attributed to the same reasons presented above. Con-

sequently, a broad angular margin cannot be measured using a bistatic configura-

tion in the Universirty of Oviedo anechoic chamber for the considered AMC size.

Indeed, the AMC and the prototype have to be at a far distance to meet the far-field

condition, due to the AMC dimensions. In consequence, the distance between the

transmitting and receiving antennas should be considerable to impinge on the AMC

under large incidence angles. Accordingly, an angular margin of θ ∈ [4◦−10◦] can

be measured. It should be mentioned that the angular margin measured here is

smaller than the one obtained using the quasi-monostatic configuration. The latter

is attributed to the reasons given above regarding the prototype dimensions, which

as being large requires longer distances to meet the far-field condition and hence,

greater separation between antennas to impinge on the prototype at large incidence

angles. Consequently, this angular margin can be increased by reducing the pro-

totype size, but keeping in mind that the latter should be large enough to exhibit a

similar behavior than the simulated infinite AMC.

The quasi-monostatic results for θ = 0◦ can be considered to be the ones of θ = 2◦

under the bistatic configuration. Therefore, the lower incidence angle that can be

measured, using this set-up configuration, will be the one that avoids the undesired

coupling between the transmitting and receiving antennas.
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(a) (b)

Figure 12.26: Pillar MTA absorption bistatic measurements TE polarization (a) and
TM polarization (b).
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Figure 12.27: Hexagonal-shaped loop-based AMC bistatic measurements for both TE
(a) and TM (b) polarizations.

12.5.3 Near- versus far-field measurements

The hexagonal-shaped loop-based AMC is measured using a quasi-monostatic con-

figuration at a near-field distance (1.3m) just to compare the obtained results with

the previous ones retrieved at far-field. The distance between the transmitting and

receiving antennas is 25cm and 27cm for impinging on the AMC with a TE and TM
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polarization, respectively. These distances are identical to the ones used in the pre-

viously presented quasi-monostatic measurements conducted at far-field distance.

The same post-processing procedure to the one explained above is followed, to

properly adjust the incident angle and the slight misalignment arising from placing

the MP and AMC on the absorptive structure. From the results under near-field

condition, it can be highlighted that the phase does not varies between 180◦ and

−180◦ and the resonance frequency is redshifted, which can be attributed to the

near-field effects. Indeed, at near field distances the scattering pattern has not been

conformed yet, as it can be seen in figure 12.29. The latter can be clearly appreci-

ated on the main lobe and the secondary lobes of the scattering patterns.

On the other hand, it should be mentioned that many authors consider the variable

’d’ in 11.12, as the maximum antenna dimension, regardless of the metasurface size

[4]. Assuming the latter and considering the dimensions of the Narda 642 wave-

guide horn antennas mentioned above, the distance to meet the presumed far-field

condition is 0.97m. The distance between the antennas and the metasurface in this

section is 1.3m, so that the metasurface is measured under the presumed far-field

condition. However, from the measurements, one can clearly see that inaccurate

results are obtained when considering the latter supposition, due to the near-field

effects.

It can also be noticed that the non-conformed secondary lobes in the scattered

pattern measured in near-field may render higher dynamic range to measure a wide

angular margin. However, as this pattern has not been conformed yet, the retrieved

measurement results, when the metasurface is moved further away from the anten-

nas, change. The latter is stabilized and no differences on the measurements are

retrieved when the metasurface is characterized at far-field distances, as long as

suitable dynamic range is available in the set-up.
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Figure 12.28: Hexagonal-shaped loop-based AMC quasi-monostatic measurements
for both TE (a) and TM (b) polarizations at Near Field distance (1.3m).
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Figure 12.29: Comparison of the hexagonal-shaped loop-based AMC scattered pat-
tern for both TE (a) and TM (b) polarizations under far and near field distances.

12.6 Conclusions
From the previous measurement, several conclusions can be drawn. The first one

is that it is crucial to distinguish between monostatic (or quasi-monostatic) and

bistatic measurements. Indeed, the latter can be considered to be identical when

dealing with infinite structures, but in practice it is not, since the prototypes will

be finite. The size of the prototype and the set-up configuration will determine the
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angular margin that can be measured. In section 12.3, several recommendations to

properly choose the MTS dimensions are given. In addition to them, it can be said

that using a bistatic configuration, it is recommendable to manufacture a small pro-

totype to precisely measure a large angular margin on an anechoic chamber, since

the far-field condition is met at short distances. Consequently, a small separation

between antennas is needed to impinge on the MTS with a large angle.

Other interesting recommendations are described above:

• The transmitting and receiving antennas must be carefully arranged, so as

to their main lobes point to the prototype (allowing the transmitting antenna

to couple as much incident field as possible on the MTS (lens are helpful

in this regard)). The latter is also useful to avoid scattering from other con-

taminating sources. It should be noticed that different angular margins can

be obtained depending on the separation and placement of the antennas (see

section 12.4.1.4).

• The measurements must be carried out under far-field conditions, in order

to avoid near-field contamination, where the scattered pattern of the proto-

types has not been conformed yet and hence, dissimilar results are obtained

at different distances.

• Instrumentation and calibration errors must be avoided. Typical errors com-

prise an improper connection of the cables, wrongly configuration of the

VNA, presence of new scattering sources after calibrating the set-up, im-

proper choice of the pylon, among others.

• When a quasi-monostatic configuration is used, the reduction of the coupling

between the transmitting and receiving antennas is crucial. Therefore, the

radiation pattern of the antennas should be analyzed beforehand to orientate

the antennas properly, so that minimum coupling between them is obtained.

• A suitable data processing is needed to adjust misalignements between the

placement of the MTS and the calibration object. Moreover, this post-pro-

cessing is also useful to reduce the noise, by properly applying statistical

functions.

Apart from the previous conclusions, some general ones can be drawn from the

experience of characterizing several metasurfaces under different incidence angles.

When the absorption of a MTA, which only needs amplitude information, is wanted
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to be retrieved under normal incidence, the measurements conducted in the Fresnel
region may be considered as valid, since the relative difference on the scattering
pattern at 0◦ of both the MTA and the MP does not greatly vary as compared to
the one obtained in the far-field zone. The latter is also valid for bistatic set-ups, as
the measurements are retrieved at specular directions (maximum of the scattering
pattern (0◦)), the results obtained in the Fresnel region may be considered as suf-
ficiently valid, as long as it is recognized that certain inaccuracies are introduced,
due to the near-field effects. Nevertheless, the characterization of MTAs under di-
fferent incidence angles using a quasi-monostatic set-up configuration is not valid
when conducted in the Fresnel region, since the scattering pattern and especially its
secondary lobes are not conformed and hence, considerable different measurement
results are obtained at different distances inside this region.
On the other hand, it should be mentioned that measuring the phase response of
a metasurface is a more critical issue than measuring its amplitude. Indeed, the
phase is the parameter commonly used to define the far-field condition, which en-
sures acceptable errors on the measurements (see 11.12). Therefore, larger errors
may be expected when measuring the phase response of a metasurface in the Fres-
nel region, either under a quasi-monostatic or bistatic set-up configuration, than if
its amplitude response is wanted to be characterized.

As a final conclusion, it can be said that new set-up configurations are studied
in this chapter and their advantages and disadvantages are presented. Moreover, the
differences between measuring in the near-field and far-field regions are once more
introduced to clarify the necessity of measuring in the latter region. Therefore, a
compromise on the prototype size is established.
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CHAPTER

13
General conclusions and

future research lines

13.1 General conclusions
A thorough review on metamaterials have been presented in the second chapter of

this Doctoral Thesis. Indeed, most of the metamaterials that have been introduced

in the literature throughout the recent years and their main applications and limi-

tations have been examined. Consequently, an interesting starting point for any

non-expert researcher on this field has been established.

The third chapter was devoted to carefully analyze the state of the art on metas-

urfaces (2D metamaterials), which are the main structures studied in this Doctoral

Thesis. The most important literature contributions on the fields of Frequency

Selective Surfaces (FSSs), High Impedance Surfaces (HISs) (including Artificial

Magnetic Conductors (AMCs), Electromagnetic Band Gaps (EBGs) and Partially

Reflective Surfaces (PRSs)), Metasurface Absorbers (MTAs) and Leaky Wave An-

tennas (LWAs) based on metasurfaces have been reviewed, as long as their main

limitations. Moreover, the challenges on measuring metasurfaces have been intro-
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duced.

In the fourth chapter, two different techniques for analyzing the behavior of me-

tamaterials in general and metasurfaces in particular have been addressed. On the

one hand, several models devoted to homogenize the metamaterial for extracting its

constitutive parameters have been tackled. It was shown that different considera-

tions, regarding the metamaterial’s frequency and spatial dispersion characteristics,

have to be taken into account. Moreover, several methods for retrieving the cons-

titutive parameters have been analyzed and their limitations have been discussed.

Indeed, it was pointed out that these methods fail when the metasurface is backed

by a ground plane, since no transmission occurs. Therefore, a new method for

extracting the constitutive parameters of grounded metamaterials was proposed,

which circumvents the previous limitation.

On the other hand, a metasurface can be also characterized through its equivalent

circuit model. Indeed, this model was analyzed as a parallel circuit comprising the

impedance of the metallic grid and the one of the grounded dielectric (which for a

electrically thin dielectric is mainly inductive). However, the latter exhibits several

limitations which have been discussed on the chapter, as well as the dependence of

these aforementioned impedances with the frequency and the incidence and polari-

zation angle of the wave. Moreover, different methods for extracting the equivalent

surface impedance have been introduced, which depend on whether the metasurfa-

ce’s response under a plane wave incidence or its ability to propagate surface waves

is wanted to be analyzed. Furthermore, two semi-analytical models have been stud-

ied. One extracts the equivalent surface impedance of the metamaterial by using

the Foster’s theorem for identifying its zeros and poles. The other is related to

design the metamaterial by expressing its constitutive parameters as function of its

geometric ones. The limitations of both models have been also addressed.

Chapter fifth is devoted to introduce the most interesting numerical methods

employed not only for characterizing metamaterials, but also electromagnetic devi-

ces in general. The set-ups for analyzing the reflectivity, angular stability and Radar

Cross Section reduction of the presented metasurfaces in this Doctoral Thesis have

been introduced. Some of them are widely known and used by most authors in
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the topic, but others had to be developed, especially the ones related to analyze the

reflectivity of the actual finite metasurfaces. The latter was particularly interesting

for establishing the number of unit-cells that will comprise the metasurface, for

behaving similarly to its infinite counterpart.

It can be noticed that chapters two to five have been written aiming at review-

ing the most important topics on metamaterials, not only from a designer point of

view, but also to familiarize non-expert researchers on this field with the majority

of the most outstanding literature contributions. Moreover, it could be also of great

help for researchers on the field, to review some of the most important metamate-

rials applications and operating principles, providing also an explanation on how

to design and analyze them.

Two novel MTAs (Pillar and Star based MTAs) have been designed in chapter

six. They have been compared with the ones previously presented in the literatu-

re, showing their enhanced behavior in terms of angular stability. Moreover, they

exhibit a suitable bandwidth and certain conformability, so that they can be incor-

porated in many applications. Equivalent circuit models for the MTAs have been

devised to show the relation between their behavior and their geometry and dielec-

tric properties.

The novel homogenization procedure, firstly presented in chapter four, was tested

with the MTAs proposed in this chapter and their suitability for describing the con-

stitutive parameters of the MTAs was verified.

Finally, MTAs comprising nested metallization geometries, on which their reso-

nances were coupled, have been developed. Several designs have been presented

which not only enlarge the bandwidth, but also reinforce the absorption.

The seventh chapter is dedicated to analyze the Radar Cross Section reduction

when metasurface absorbers are employed. On one hand, the Pillar MTA proposed

in the previous chapter was combined with a designed wideband CPW-fed mono-

pole antenna. Different arrangements were analyzed concluding that, when both

structures share the same dielectric better results are obtained, since when the an-

tenna is placed above the MTA, with a foam layer in the middle, its matching pro-
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perties are deteriorated. Indeed, a clear RCS reduction have been obtained without

worsen the antenna’s radiation properties when both structures share the dielectric.

On the other hand, a MTA was designed and different scaling values of their unit-

cell’s metallization were studied. For choosing the optimum configuration, some

parameters are introduced to analyze the RCS reduction of the MTA. Arrays com-

prising different number of unit-cells were analyzed, concluding that for electric-

ally small MTAs, small scaling steps between neighbour unit-cells should be con-

sidered to enhance the RCS reduction, since for large ones the MTA’s resonances

do not overlap. In addition, for bigger arrays slightly larger scaling steps can be

regarded. Moreover, it was confirmed that an array of just 2x2 unit-cells can reduce

the RCS, though a larger one (4x4) provides a deeper reduction, since a strong in-

teraction between unit-cells takes place.

In chapter eight, passive lumped components (inductors or capacitors) were

introduced on square and hexagonal shaped loop and patch based unit-cells’ metal-

lizations of Artificial Magnetic Conductors, designed to operate at 5.8GHz. The

AMCs’ equivalent circuit models have been developed, identifying the poles and

zeros of their equivalent surface impedances. The latter was useful for extracting

the required lumped component values to achieve the desired resonance frequency

and also for understanding the metasurface behavior.

Different performance of loop based AMCs with lumped inductors was found,

depending on the ratio between the grounded inductance value and the grid one.

When large inductor values are considered and hence, the grid inductance is larger

than the grounded dielectric one, a peculiar behavior in terms of resonance fre-

quency and angular stability was observed. In fact, it was shown that when the

previous condition is fulfilled, not only the resonance frequency deviation is de-

creased, but also the stable bandwidth can be broadened. Moreover, for a large

dielectric thickness, which implies a large grounded dielectric inductance value,

the grid inductance required to keep the resonance frequency is small, so that its

effect on improving the angular stability is reduced. Consequently, a usable dielec-

tric thickness for applying the proposed method was established, being its upper

limit delimited by the observation of no improvement in the angular stability when
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lumped inductors are introduced, whereas the lower one is determined by the re-

quired bandwidth for the intended application.

For patch based AMCs, it was shown that the major angular stability improvement

is generally noticed on the stable bandwidth. Moreover, as it exhibits a capacitive

grid behavior, its performance in terms of angular stability when modifying the

dielectric thickness is less variable.

It was concluded that AMCs with an inductive grid behavior exhibits a lower res-

onance frequency deviation, whereas capacitive ones brings about an improvement

in the stable bandwidth. However, both parameters (frequency deviation and stable

bandwidth) can be improved if the dielectric thickness is appropriately chosen, as

it was shown for the 1.524mm and the 0.305mm dielectric thickness HLIUC and

SLIUC based AMCs respectively (see table 8.4) and for the 1.524mm dielectric

thickness SPCUC based AMC (see table 8.12).

Moreover, the presented technique is compared with other ones previously intro-

duced in the literature, showing that not only outperforms them but also provides

a miniaturization of the unit-cells. In addition, it can be stated that this technique

can be applied to improve the angular stability of any other metasurface.

A detailed analysis of the proposed AMCs’ equivalent circuits was also presented,

giving rise to similar conclusions to the ones provided above. The introduction of

lumped inductors in loop based AMCs or capacitors in patch based ones, brings

about a dependence reduction of the AMC’s resonance frequency with the inci-

dence angle of the wave.

The ninth chapter shows the difficulties that arise when combining two resonant

structures, more precisely an antenna with an AMC. The challenge was shown to be

specially noticeably when placing different antenna’s types just above the angularly

stable loop based AMCs presented in the previous chapter. Indeed, the appearance

of an spurious band attributed to the coupling between the AMC and the antenna

was observed, which deteriorates the antenna’s performance and hence, no suitable

radiation properties could be attained at the desired resonance frequency (5.8GHz)

without modifying the loop AMC unit-cell parameters. This phenomenon was tried

to be partially circumvented by introducing an air layer between the AMC and the

antenna or by modifying the AMC’s lumped inductors value. The latter provided a
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well-matched antenna’s resonance at the desired frequency and improved radiation

properties as compared to the same antenna with a metallic plate at the same posi-

tion as the AMC. As regards an antenna with the same dielectric thickness (sum of

AMC’s and antenna’s dielectrics thicknesses) the bandwidth of the antenna com-

bined with AMCs is reduced, but the radiation properties are preserved and the

front-to-back ratio increased. It was pointed out that for antennas’ with thicker or

higher permittivity dielectrics, which are more prone to the propagation of surface

waves, an improvement in the radiation parameters when introducing the AMCs

should be noticed. On the other hand, the radiation properties of the antenna com-

bined with the AMC with or without the lumped inductors are similar. Indeed,

just a partial improvement can be noticed for some of the analyzed configurations.

Therefore, it can be concluded that the proposed AMC without the lumped com-

ponents, used in this specific case, is enough angularly stable for being combined

with the antenna, so that an AMC with better angular stability will not provide a

further improvement on the antenna’s behavior.

It was shown that most of the latter issues do not occur when considering patch

based AMCs. Indeed, improved radiation properties were obtained when angu-

larly stable patch based AMCs were combined with patch based antennas, since

the mentioned spurious band occurs at high frequencies. It was concluded that an

important parameter for improving the antenna’s radiation properties, when com-

bined with an AMC, is the stable bandwidth of the latter. Indeed, it was pointed out

that the frequency deviation can be more important to be maintained when com-

bining different AMCs, aiming at reducing the bistatic Radar Cross Section.

In the same chapter, different Leaky Wave Antennas have been presented, which

were devised to be easily fabricated using additive manufacturing techniques. An-

tennas comprising dipoles over a grounded disc-shaped dielectric slab, fed by a

coaxial cable at its center, were found to improve their radiation performances,

when the dipole’s heights are modulated in the radial direction. The same improved

behavior was obtained when an antenna composed of arc-shaped slots with modu-

lated heights on a metallic disc, fed by a coaxial cable, are considered. Moreover,

antennas comprising double or log periodic spiral grooves on a metallic disc were

designed, showing improved gain performance and linear or circular polarization,
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depending on their geometric parameters.

In chapter ten, curved FSSs have been analyzed and compared with their planar

counterpart, showing that depending on their orientation and distance with respect

to the transmitting antenna, a narrow or a wider passband can be obtained as re-

gards their planar counterpart. A suitable explanation resorting to the ray theory

was provided to properly understand the latter phenomenon. Moreover, the manu-

facturing issues that arise when the curved FSSs were fabricated have been intro-

duced and some solutions to circumvent them were provided. In fact, it was said

that it is crucial to properly define the support properties, plastic retraction, plate

heating and the fan cooling speed of the printing machine, as well as properly ori-

enting the structure on the printer plate.

The state of the art on measuring electromagnetic devices have been examined

on chapter eleven, from the point of view of measuring metasurfaces. Parameters,

such as the available dynamic range, the far-field condition and the instrumentation

and environmental calibrations techniques, that must be taken into account when

experimentally characterizing these structures, have been reviewed. Moreover, the

measurement errors, involving both the amplitude and phase ones as well as the

unwanted echoes, were analyzed. Different support structures to hold the metasur-

faces have been presented aiming at introducing their advantages and drawbacks.

In addition, several data processing techniques have been also presented aiming at

eliminating unwanted clutter and display the information as desired.

The last chapter of this Doctoral Thesis is devoted to improve the experimental

characterization of metasurfaces. Indeed, it was shown that measuring the re-

flectivity of metasurfaces is not trivial at all, especially when they are wanted to be

characterized under oblique incidence angles. Both monostatic (quasi-monostatic)

and bistatic measurements were found to be necessary to properly characterize the

metasurface. It was pointed out that bistatic measurements are more suitable for

comparing with the simulations of isotropic metasurfaces, which are usually con-

ducted under infinite periodic boundary conditions. The latter is due to the fact that
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the measurements are taken at the specular angles. However, a monostatic charac-

terization of a metasurface is also crucial, since there exist many monostatic radar

systems. In fact, a checkerboard arrangement of AMCs can be employed to reduce

the RCS by redirecting the scattered waves.

Moreover, several guidelines were presented aiming to make the most of the con-

sidered set-ups. Indeed, it was shown that by properly deploying the set-up, the

same metasurface can be characterized under a large number of incidence angles.

The latter is crucial since different incidence angles, under which the metasurface

properly works, may not be characterized, due to an inappropriate arrangement of

the set-up.

In addition, it was also shown that not only the antennas dimensions, but also the

metasurfaces ones have to be accounted for computing the far-field distance. Other-

wise large errors in the measurements appear and it can give rise to categorize a

metasurface as being operative when it is not.

As one can appreciate, interesting conclusions regarding the design of metas-

urfaces to improve their angular stability and bandwidth, as well as the improved

properties and issues that arise when they are combined with antennas have been

presented in this Doctoral Thesis. Moreover, set-up arrangements for properly

characterizing metasurfaces under different incidence angles have been introduced.

13.2 Future research lines
Although a considerable work has been presented in this Doctoral Thesis, there are

much work to do in this field.

• The experimental validation of some of the presented metasurfaces have to

be conducted, upon the ordered material arriving.

• A major development in the additive manufacturing technique to fabricate

metasurfaces have to be conducted, especially when the metasurface is com-

posed of certain metallic parts. The latter is crucial since low conductivity
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is obtained with the techniques employed nowadays, above all the affordable
ones.
• The design of metasurfaces for applications in the 5G band may seem inter-

esting. Indeed, they can be used to reduce the coupling between different
antennas in MIMO systems for example.

• The increase on the detectability of drones, which seems to be a problem, can
be also circumvented by designing metasurfaces which increase their RCS.

• Although active metasurfaces which can tune their properties have already
been presented in the literature, much work has to do on it, so that they can
be adapted to different situations.
• Miniaturized metasurfaces at low frequencies and manufacturable metasur-

faces at Terahertz ones have to be further developed, since many applications
will operate on these frequency bands in the near future (Marine Rescue Sys-
tems and Radar Systems, respectively).
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APPENDIX

A
Maxwell’s equations and

boundary conditions

Introduction
In this appendix some remarks will be made in order to understand the origin of

Maxwell’s equations. However, for the sake of brevity only the events related to

Maxwell’s equations that fall between the end of the 18th century and the pub-

lication of the Maxwell’s article [1] will be presented. For previous and future

discoveries related to electromagnetism history or Maxwell’s equations, one can

consult some of the following references: [2–4],

The most immediate origin of Maxwell’s equations
The investigation in the realm of electricity and magnetism go back hundreds of

years ago. However, these first studies were concentrated on static electricity. In

1800 Alessandro Volta developed the electric battery, which helped to understand

the previously observed electric and magnetic phenomena [5]. A few years before,

in 1785 Charles Augustin de Coulomb showed that the electric force between two

electrically charged materials causes either an attraction or a repulsion from each
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other. This indicates that there are two kinds of electric charges (positive and neg-

ative ones). Moreover, Coulomb postulated a formula for the electrostatic force

created between two charged particles, which is known as Coulomb’s law. This

concept can be seen by rubbing two objects, which creates an electrostatic charge

that can attract neutral charged objects. In 1813, Carl Friedrich Gauss reformulated

the divergence theorem of Joseph Louis Lagrange (1764). Using this theorem and

the Coulomb’s law, Gauss stated that the flux of an electric field through any closed

region of space is proportional to the electric charge within this region. Moreover,

Gauss also applied the divergence theorem to the magnetic fields. Therefore, he

said that the total outward magnetic flux over a closed surface is zero. However,

his work was not published until 1867.

The concept of field was first introduced by Michael Faraday in the context of elec-

tromagnetism [6]. An interesting experiment was the observation of a compass

needle movement, when it is approached to a wire which carries electrical current.

Therefore, the relation between electricity and magnetism was clearly observed in

1819. Later on, this phenomenon was termed as electromagnetism by Johannis

Ørsted. However, it was André-Marie Ampère who properly explained the induc-

tion of a magnetic field by an electrical current variation. Indeed, it is this magnetic

field which gives rise to the attraction or repulsion of parallel wires carrying current

in the same or opposite direction, respectively. Later on in 1831, Faraday observed

that when a magnet is moved inside a loop coil, a current is generated in such a

coil. Therefore, a current can be induced by a changing magnetic field, this current

is known as induced current produced by an induced electromagnetic force. The

reverse is also true (changing electric field generates a magnetic field) and it was

demonstrated by Maxwell later on. Indeed, Maxwell named this changing electric

field as the displacement current [5].

Maxwell’s equations
Whatever electromagnetic phenomena is based on Maxwell’s equation. Accord-

ingly, it is the key to understand the propagation of waves and to design and com-

prehend the behavior of new electromagnetic structures. Metasurfaces are not an

exception.
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Maxwell’s equations

Maxwell’s equations can be represented in several ways: differential, integral or
even in a circuital form. The differential form of these equations are the most used
to solve problems which involve complex geometries (for further information [7]).
In 1861, Maxwell gather previous works carried out by Gauss, Faraday and Ampère
and introduced the concept of displacement current in order to complete the Ampère’s
law [8]. This recompilation was published in [1] and lead to four equations which
are known as Maxwell’s equations. Each equation refers to the contribution of its
author:
• A.1 is known as Faraday’s law of induction.
• A.2 is known as Ampère’s circuital law (with Maxwell’s contribution of dis-

placement electric current density).
• A.3 is known as Gauss’s law.
• A.4 is known as Gauss’s law for magnetism
• A.5 is known as continuity equation

The time domain Maxwell’s equations are written in table A.1 following the same
notation as in [7]. On the other hand, their differential form is used to describe the
vectors and quantities at whatever time and point in space.
These expressions are valid as long as the field vectors of electromagnetic waves
are single-valued and bounded functions, besides the fact that the fields and their
derivatives are both continuous for position and time. All these characteristics
are met except at the interface of different medias at which different charges and
current densities may appear. Consequently, a set of equations, which relates the
fields in one and the other side of the interface, are required. These equations are
known as boundary conditions. The general boundary conditions are listed in table
A.2.
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Table A.1: Maxwell’s equations
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Maxwell’s equations

Table A.2: Boundary conditions

Condition on General Boundary Conditions2

Tangential electric
field intensity at S1

n̂×
(
E2 − E1

)
= −Ms (A.6)

Tangential magnetic
field intensity at S1

n̂×
(
H2 −H1

)
= Js (A.7)

Normal electric
flux density at S1

n̂ ·
(
D2 −D1

)
= qes (A.8)

Normal magnetic
flux density at S1

n̂ ·
(
B2 −B1

)
= qms (A.9)

1 S interface between two media.
2 The suffix 1 and 2 in the expressions refers to the media at both sides of the interface and n̂ to the unit

normal vector at the interface from medium 1 to 2.
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APPENDIX

B
Surface and leaky waves

Leaky and surface waves are two types of traveling waves, whose differences

are not always clear for many engineers. Therefore, this appendix is devoted to

clarify these concepts. In a few words, it can be said that surface waves propagate

in the interface between two media and decay in the direction perpendicular to

them. On the other hand, leaky waves also propagate along the interface of two

media but their amplitude decay exponentially in this direction, since they radiate

energy along their propagation.

More precisely, assuming a wave in a media with a wave vector ~k and operating

with the Maxwell’s equations, one can arrive to the following condition [9]:

~k · ~k = w2µε (B.1)

The wave vector can be decoupled into two components, transverse and normal

(~k = ~kt + ~kn), with regards to the surface on which the wave impinges or propag-

ates:

(ktk̂t + knk̂n) · (ktk̂t + knk̂n) = w2µε = k2 → k2
t + k2

n = k2 (B.2)

From the previous expression, it can be noticed that the normal component can be

written in terms of the transverse one: kn =
√
k2 − k2

t .
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Without loss of generality, the wave number components can be considered as com-
plex numbers:

kt = βt − jαt (B.3a)

kn = βn − jαn (B.3b)

where: βt(βn) → transverse (normal) propagation constant.
αt(αn)→ transverse (normal) attenuation constant.

Moreover, from B.2 and B.3 the following two equations arise for free-space propaga-
tion (k = k0):

β2
t + β2

n − α2
t − α2

n = k2
0 (B.4a)

αtβt + αnβn = 0 (B.4b)

Gathering the previous expressions and defining the propagation (~β = βtt̂ + βnn̂)
and attenuation (~α = αtt̂+ αnn̂) vectors, the equation B.4 is simplified to:

β2 − α2 = k2
0 (B.5a)

~α · ~β = 0 (B.5b)

From B.5, it can be concluded that the propagation and attenuation vectors are per-
pendicular to each other. Therefore, the planes of equal amplitude and phase are
orthogonal to each other.

Considering that the wave propagates along the positive transverse direction
without attenuation, so that kt = βt > 0 and kt > k0 then kn = −jαn. This kind
of waves are surface waves, whose field propagates along the surface and decays
exponentially away from it.
On the other hand, leaky waves exhibit a propagation vector kt = βt−jαt and βt <
k0 and their amplitude decays along its propagation (αt > 0) due to their radiation
properties. Assuming that they propagate energy above the surface (βn > 0) and
travels in a forward propagation direction (βt > 0), from B.4b it is concluded that
αn should be lower than zero (αn < 0). The last conclusion may seem nonphys-
ical because it means that the field increases as it comes away from the surface,
implying that the Sommerfield’s radiation condition is not fulfilled. Nevertheless,
these waves only exist in a certain region of space (wedge-shaped region), in which
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their amplitude is always finite. The latter statement is well illustrated in [10–12].
Due to the previous fact, they are an improper solution of the Maxwell’s equations
and only exist in the specific mentioned space region. Indeed, they are usually em-
ployed to describe the fields over the antenna’s aperture.

Slow and fast waves are two terms also used for characterizing waves traveling
along a surface. In the former (later) one, the tangential phase velocity of the wave
is smaller (greater) than the phase velocity in the medium under consideration (in
most cases free space) [13]. In terms of wave vector components and considering
the medium as free space (k0 = β0), the phase velocity in the transverse direction
and in the free space can be defined respectively as vt = w

βt
and c = w

β0
[14]. There-

fore, the tangential propagation vector (βt) is greater than the propagation vector in
free space (β0) for slow waves and smaller for fast waves [9, 15, 16]. Under these
considerations, a surface wave is an example of slow wave and a leaky wave of fast
wave.

In order to illustrate which kind of surface may support such waves, the trans-
verse resonance method is used1 [9, 17]. This method is valid as long as the struc-
ture can be defined by an effective impedance. Applying the method and consider-
ing separately the propagation of TE and TM waves, it is possible to arrive to the
following equations:

Z(kt, k0) +
wµ0

kn
= 0 TE (B.6a)

Z(kt, k0) +
kn
wε0

= 0 TM (B.6b)

Once the effective surface impedance is known, the normal wave vector can be
determined and hence, the modes nature. Assuming that the effective surface im-
pedance can be described as Z(kt, k0) = R+ jX , the sign of these components are
determined by the sign of the normal wave vector:

Z(kt, k0) +
wµ0

kn
= 0 TE (B.7a)

Z(kt, k0) +
kn
wε0

= 0 TM (B.7b)

1For more information about the method see 4.5.2.3
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−sign(R) = sign(βn)

−sign(X) = sign(αn)

}
TE

(B.8a)
(B.8b)

−sign(R) = sign(βn)

sign(X) = sign(αn)

}
TM

(B.9a)
(B.9b)

Surface waves are characterized by βn = 0 and αn > 0, so a capacitive (induct-
ive) surface gives rise to a TE (TM) surface wave. For the case of leaky waves
propagating in a forward direction βn > 0 and αn < 0, the surface has to exhibit
a negative real effective impedance (R < 0) and an inductive (capacitive) behavior
for propagating TE (TM) leaky waves.

Finally, it should be mentioned that on the antennas realm, surface waves are
considered to be non-radiating structures (they only radiate energy at discontinu-
ities). On the other hand, leaky waves are radiating structures, since they radiate
energy continuously along their propagation.
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C
Propagation in periodic

media

Introduction
The formulation for calculating the solution of Maxwell’s equations on periodic

structures can be alleviated using two widely spread theories: Floquet and Bloch

theories. Gaston Floquet introduced in 1883 the solution of 1D periodic linear

differential equations in his article [18]. Later on in 1928, Felix Bloch expanded

the Floquet analysis to 3D structures in solid state. He presented the description

of an electron wave traveling in a periodic crystal lattice [19]. These two theories

along with some crystallographic concepts are extremely useful for understanding

the propagation of electromagnetic waves in periodic structures.

Real domain and reciprocal domain

A Introduction

In the solid state theory, a periodic structure can be described by two lattices: real

and reciprocal lattices. The first one defines the periodic structure in the real space.
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Indeed, it physically describes the periodic arrangement of the structure. On the

other hand, the reciprocal lattice is used to characterize how the waves interact

with the periodic structure.

The real lattice consists of a repeating pattern of points in 1D, 2D or 3D depending

on the structure under analysis C.1. These points are settled in such a way that their

surrounding environment is the same [20]. Moreover, the smallest element that can

build up the whole structure by translating it to the different lattice points is known

as the primitive unit-cell. The sides of this unit-cell can be considered as lattice

vectors and from them one can define whatever point in the lattice as:

R = n1a1 + n2a2 + n3a3 (C.1)

where: ni(i = 1, 2, 3)→ integer numbers
ai(i = 1, 2, 3) → lattice vectors

unit-cell

a1
a2

a3

Real 
Lattice

Lattice 
point

unit-cell

a1
a2

a3

Real 
Lattice

Lattice 
point

Figure C.1: 3D real lattice.

B Reciprocal lattice and Brillouin zones

Considering any periodic quantity that describes the periodicity of a structure:

f(r) = f(r + R) (C.2)

Any periodic function can be written in terms of the Fourier series:

f(r) =
∑
h

∑
k

∑
l

fGe
jG·r (C.3a)
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f(r + R) =
∑
h

∑
k

∑
l

fGe
jG·rejG·R (C.3b)

where: G = hb1 + kb2 + lb3 → arbitrary vector in the reciprocal lattice.

It can be noticed that the reciprocal lattice points are considered in the sum of C.3a.
In order to fulfill C.2, the condition ejG·R = 1, or equivalently G ·R = 2πN (N is
an integer number), which means that the function ejG·r has the same phase at all
positions r = R on the lattice. The condition can also be expanded and expressed
in the following way:

G ·R = (hb1 + kb2 + lb3) · (n1a1 + n2a2 + n3a3) = 2πN (C.4)

The previous requirement is satisfied if the reciprocal vectors bi (i=1,2 or 3) are
constructed in such a way that ai · bj = 2πδij (being δij the Kronecker delta) [21].
Therefore, the reciprocal vectors can be expressed as follows:

b1 =
2πa2 × a3

|a1 · a2 × a3|
b2 =

2πa3 × a1

|a1 · a2 × a3|
b3 =

2πa1 × a2

|a1 · a2 × a3|
(C.5)

Each coordinate point (hkl) in the reciprocal lattice (G) corresponds to a set of
parallel lattice planes {hkl} in the real space. The latter coordinates are known as
Miller index and the planes can be used to construct the reciprocal lattice. Indeed,
the directions of the reciprocal vectors are normal to the mentioned lattice planes
and their magnitudes proportional to the inverse of the spacing between these par-
allel planes (2π/dhkl, being dhkl the spacing between planes {hkl}).
Furthermore, it is easy to observe the duality between the vector G in C.3a and the
wavevector k of a plane wave. Therefore, vectors G in the reciprocal lattice can be
seen as wavevectors of plane waves with wavelength 2π

|G| (instead of 2π
λ

).

Due to the fact that the reciprocal lattice is also periodic, a primitive unit-cell
on the reciprocal lattice (analogous to the primitive unit-cell in the real lattice) can
be defined, which is known as the first Brillouin zone. Indeed, every point on
the reciprocal lattice can be translated inside the first Brillouin zone by applying
an specific lattice vector. Therefore, all the possible wave propagation directions
on the surface of a periodic structure can be analyzed by considering just the first
Brillouin zone. This first zone is enclosed by the Bragg’s (or diffracting) planes
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that are closer to the origin of the reciprocal lattice. All k vectors that finish on the

Bragg’s plane satisfy the Bragg’s condition: 2dhkl sin(θ) = λ, where θ is the angle

between the incident wave and the Bragg’s plane (see C.2), λ is the wavelength

of the incident wave and dhkl is the inter-planar spacing between Bragg’s planes.

Figure C.2 illustrates the Bragg’s condition in both spaces.
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First Brillouin 
zone
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Figure C.2: Real lattice (a) and reciprocal lattice (b).

From C.2(b), it can be seen that the Bragg’s condition in the reciprocal lattice

is formulated as k−k′ = G, where |k| = |k′| = 2π
λ

for elastic scattering. The gray

region is the first Brillouin zone and the Bragg’s planes are the edges of this zone.

The following equation shows that these edges satisfy the Bragg’s condition:

sin(θ) =
|G|
2

|k|
=

2π
d

22π
λ

=
λ

2d
(C.6)

Symmetry considerations
In the previous section, it was mentioned that the analysis of waves propagation

in periodic structures can be reduced to analyze just the vectors k that fall within

the first Brillouin zone. However, this study can be further reduced if the unit-cell

under consideration is symmetric. Indeed, in this case the vectors that lie within

the smallest portion of the first Brillouin zone, that can build up the whole zone by

applying symmetry, are enough to study the propagation on the periodic structure.
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This new zone is known as the irreducible Brillouin zone (IBZ).

It should be noticed that the points of highest symmetry in certain lattices are

denoted by letters and Γ is used to specify the center of the Brillouin zone. These

letters indicate the wave propagation direction, but also the symmetry of the unit

cell. The latter is useful for studying the dispersion diagram of periodic structures.

In fact, this diagram can be extracted by studying the wave propagation on the

edges of the IBZ, since at this location the maximum and minimum values of k

appear [22].

Electromagnetic wave solution in periodic structures
Felix Bloch proved, using quantum mechanism theories, that the wave in 3D peri-

odic structures propagates without scattering and their behavior is governed by a

periodic envelope function multiplied by a plane wave [23]. For doing so, he ex-

pressed the Schödinger’s equation (that describes the temporary variation of a wavy

quantum particle) as an eigenproblem. The same can be applied to the electromag-

netic fields by expressing the Maxwell’s equations as:

∇×∇× E =
(w
c

)2

εE = k2
0εE (C.7a)

∇× 1

ε
∇×H =

(w
c

)2

H = k2
0H (C.7b)

where: E → Electric field (eigenvector in the first equation).
H → Magnetic field (eigenvector in the second equation).
k2

0 → Free-space wavenumber (eigenvalue).

Using the Bloch theorem the solution of C.7b can be written as1:

H(r) = A(r)ejk·r (C.8)

where: A(r)→ Amplitude envelope with same periodicity (in r) and symmetry
as the structure under analysis.

ejk·r → Plane-wave phase variation.

1A similar procedure can be followed for C.7a.
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Consequently the equation C.7b can be rewritten as:

(∇+ jk)× 1

ε
(∇+ jk)×A(r) = k2

0A(r) (C.9)

In order to obtain the band diagram of the structure the previous equations are
solved by changing k on the edges of the IBZ.
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D
Floquet modes

Floquet series expansion
Any periodic function whose magnitude and phase have the same periodicity can
be expressed in terms of its Fourier series expansion. On the other hand, if these
periodicities are different, the Floquet series expansion may be used. Considering
a 2D periodic function of the form:

h(x, y) =
∞∑

m=−∞

∞∑
n=−∞

f(x− xmn, y − ymn)e−j(kx0xmn+ky0ymn) (D.1)

where: f(x) → is a complex function.
xmn, ymn → discrete grid points on the xy-plane. For a general grid:

xmn = ma + nb
tan (γ)

and ymn = nb. γ is the grid parameter
(see C.2(a)).

kx0, ky0 → phase shifts between adjacent unit cells.

The 2D Fourier transform of h(x, y) isH(kx, ky). Both functions can be related
as:

h(x, y) =

ˆ ∞
−∞

ˆ ∞
−∞

H(kx, ky)e
−j(kxx+kyy)dkxdky (D.2a)

H(kx, ky) =
1

4π2

ˆ ∞
−∞

ˆ ∞
−∞

h(x, y)ej(kxx+kyy)dxdy (D.2b)
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Therefore, applying D.2b to D.1:

H(kx, ky) = 1
4π2

∑∞
m=−∞

∑∞
n=−∞ e

−j(kx0xmn+ky0ymn)
´∞
−∞

´∞
−∞ f(x− xmn, y − ymn)ej(kxx+kyy)dxdy

(D.3)
Considering, x′ = x− xmn and y′ = y − ymn then:

H(kx, ky) =
1

4π2

∞∑
m=−∞

∞∑
n=−∞

e−j(kx0xmn+ky0ymn)

ˆ ∞
−∞

ˆ ∞
−∞

f(x′, y′)ej(kxx
′+kyy′)ej(kxxmn+kyymn)dx′dy′

= F (kx, ky)
∞∑

m=−∞

∞∑
n=−∞

ej(xmn(kx−kx0)+ymn(ky−ky0))

(D.4)
Replacing the variables xmn and ymn by their actual values defined in D.1, it is
possible to express the previous summation as:

∞∑
m=−∞

∞∑
n=−∞

ej(xmn(kx−kx0)+ymn(ky−ky0)) =

∞∑
m=−∞

∞∑
n=−∞

ej((ma+ nb
tan (γ)

)(kx−kx0)+(nb)(ky−ky0)) =

∞∑
m=−∞

ejma(kx−kx0)

∞∑
n=−∞

ejnb(ky−ky0+
kx−kx0
tan (γ)

) (D.5)

Using the relation
∑∞

m=−∞ e
jmak = 2π

a

∑∞
m=−∞ δ

(
k − 2mπ

a

)
, being δ the Kronem-

burg’s delta [24], the previous equation can be denoted as:

4π2

ab

∞∑
m=−∞

δ
(
kx − kx0 −

2mπ

a

) ∞∑
n=−∞

δ
(
ky − ky0 +

kx − kx0

tan (γ)
− 2nπ

b

)
(D.6)

From the previous expression, it is possible to conclude that it only exists at dis-
crete points. Therefore, the term kx − kx0 can be replaced by 2mπ

a
in the second

summation, so:

4π2

ab

∞∑
m=−∞

δ
(
kx − kx0 −

2mπ

a

) ∞∑
n=−∞

δ
(
ky − ky0 +

2mπ

a tan (γ)
− 2nπ

b

)
(D.7)

Finally, the expression D.4 can be rewritten as:

H(kx, ky) =

4π2

ab
F (kx, ky)

∞∑
m=−∞

∞∑
n=−∞

δ
(
kx − kx0 −

2mπ

a

)
δ
(
ky − ky0 +

2mπ

a tan (γ)
− 2nπ

b

)
(D.8)
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Floquet series expansion

Consequently, the previous (spectral) function exists only at discrete points: kxmn =

kx = kx0 + 2mπ
a

and kymn = ky = ky0 + 2mπ
a tan (γ)

− 2nπ
b

.

In order to obtain the Floquet series expansion of h(x, y), the inverse Fourier trans-

form is applied to D.8:

h(x, y) =

4π2

ab

∞∑
m=−∞

∞∑
n=−∞

ˆ ∞
−∞

ˆ ∞
−∞

F (kx, ky)e
−j(kxx+kyy)δ(kx − kxmn)δ(ky − kymn)dkxdky

=
4π2

ab

∞∑
m=−∞

∞∑
n=−∞

F (kxmn , kymn)e−j(kxmnx+kymny) (D.9)

A Field in periodic structures
The Floquet theorem is helpful for analyzing metasurfaces. This theorem states

that if an infinite periodic metasurface is illuminated by a plane wave, then every

unit-cell in the metasurface will have the same currents and fields except for a phase

shift.

The field (excited either by an incident plane wave or due to a guided wave) in a

2D periodic structure is a quasiperiodic function except for a phase shift (periodic

along the x- and y- axis with periodicity a and b, respectively). Considering the

electric field, it can be rendered as:

E(r + ax̂+ bŷ) = E(r)e−j(kx0a+ky0b) (D.10)

where: r = xx̂+ yŷ + zẑ → arbitrary observation point.
E(r) → electric field at r.
E(r + ax̂+ bŷ) → electric field at r + ax̂+ bŷ.

From this field representation, it is possible to define a periodic function along the

x- and y-directions as:

P(r) = E(r)ej(kx0x+ky0y) (D.11)

The periodicity of the function can be seen from:

P(r + ax̂+ bŷ) = E(r + ax̂+ bŷ)e−j(kx0(x+a)+ky0(y+b))

= E(r)e−j(kx0a+ky0b)ej(kx0a+ky0b)ej(kx0x+ky0y) = P(r)
(D.12)
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This periodic function can be represented in terms of a Fourier series expansion:

P(r) =
∞∑

m=−∞

∞∑
n=−∞

pnme
j 2mπ

a ej
2nπ
b (D.13)

However, the ’quasiperiodic’ field can be represented in terms of a Floquet expan-
sion D:

E(r) =
4π2

ab

∞∑
m=−∞

∞∑
n=−∞

F (kxmn , kymn)e−j(kxmnx+kymny)

=
∞∑

m=−∞

∞∑
n=−∞

E(kxmn , kymn)e−j(kxmnx+kymny)

(D.14)

Using this representation of the fields and appropriate boundary conditions for
each problem, the Maxwell’s equations can be solved by different numerical tech-
niques. For example, by employing the Floquet expansion and the Fourier trans-
form method, the field produced by a source near an infinite periodic array can be
computed by either using the plane-wave expansion method or the array scanning
method (ASM) [25]. The latter may be useful to understand the propagation of
leaky waves in periodic structures.
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E
Physical interpretation of

metasurfaces

Physical methods to understand the inclusions beha-
vior
It is considerably helpful to understand the behavior of canonical microstrip ele-

ments, in order to extrapolate this behavior to more complex metamaterial inclu-

sions.

When a wave impinges on a metallic strip (or wire) with the electric field parallel

to the strip and the magnetic field perpendicular to it, the incident electric field ex-

cites a potential difference in the strip giving rise to inducted currents, which at the

same time generate a magnetic field. Therefore, magnetic energy is stored and the

strip behaves locally as an inductance. On the other hand, when a wave impinges

on two adjacent metallic patches with an electric field perpendicular to their sides,

positive and negative charges are induced in these sides and hence, an electric field

is excited. Accordingly, electric field energy is stored and the gap behaves as a

capacitor [26]. Consequently, these two phenomena can be applied to model two

canonical structures at microwaves frequencies: an array of dipoles (E.1(a)) and its
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E. PHYSICAL INTERPRETATION OF METASURFACES

complementary structure E.1(b).

In addition, it should be noticed that the array of dipoles aligned with the incident

electric field E.1(a), behaves at resonance as a partially reflective screen (reflects

the incident wave and no transmission occurs (bandstop)). Consequently, the per-

formance of this structure is similar to the one of an LC series circuit and hence,

this array can be modeled in this manner.

The complementary structure (dipole-shaped slots) with an incident polarized wave

as indicated in figure E.1(b) behaves as a bandpass filter. And their behavior is sim-

ilar to the one of a shunt LC resonator.

Z0 Z0Ls

Cs

Z0 Z0Ls Cs

E

E

(a)

Z0 Z0Ls

Cs

Z0 Z0Ls Cs

E

E

(b)

Figure E.1: Equivalent circuit of an array of dipoles (a) and dipole-shaped slots (b).

It can be said that the reflection (transmission) curves in both magnitude and

phase of the dipoles array are exactly the same as the transmission (reflection)

curves of the dipole-shaped slots array [25].

Physical interpretation of the AMC’s in-phase reflec-
tion
The ray optic theory and the resonant cavity model can be used to understand the

constructive (in-phase) interference of the reflected rays on an AMC. Considering

an incident wave impinging an array of inclusions (FSS) on a grounded dielectric

slab, part of the wave is reflected and part is transmitted to the grounded dielectric.

Therefore, from the different paths of the rays in E.2 and assuming a FSS with high

transmittance, the following phase difference must be fulfilled, in order to achieve
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AMC and EBG characteristics in HIS

constructive interference at normal incidence:

φ2 − φ1 = φR −
2π2d

λ
− π = 2nπ (E.1)

where: φR → reflection coefficient of the FSS.
2π
λ
→ wavenumber on the dielectric.

The cavity behaves as an AMC when the condition imposed for constructive in-

terference is met. From this condition it can be concluded that two FSSs with the

same reflection and transmission properties at the AMC’s resonant frequency can

be interchangeable. However, a wider AMC bandwidth can be achieved if the FSS

with slower reflection phase variation with frequency is used [27].

FSS

PEC

d

φ1φ2

Figure E.2: Ray optics theory in AMCs.

AMC and EBG characteristics in HIS
When an FSS, composed of an array of inclusions, is located close to a ground

plane, two different resonant phenomena can be identified: array resonance and

the cavity (or Fabry-Perot) resonance (AMC operation). If these resonances can be

considered decoupled, the array resonance occurs at the same frequency than if a

free-standing FSS (array of inclusions without the ground plane) is considered and

an identical magnitude and phase of the current is observed. Indeed, at resonance

the current is in-phase with the incident wave and exhibits its maximum magnitude.

Moreover, the impedance of the FSS is null at resonance and hence, the incident

wave is reflected out of phase (see E.1(a)).

On the other hand, the cavity resonance takes place at a different frequency than

the array one. At this resonance, the structure behaves as a high impedance surface,

so the wave is reflected in phase. It should be noticed that the current levels on the
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array of inclusions at the cavity resonance are higher than those in the array reson-
ance. However, these currents are not in phase with the incident wave, indicating
that the array of inclusions is not at resonance.

Another interesting aspect is that as the angle of incidence increases both reson-
ance frequencies shift. The Fabry-Perot resonance increases, but in a much lesser
extend than the reduction of the array resonance. In fact, when approaching grazing
incidence (≈ 90◦) the array resonance is very close to the bandgap of the dispersion
diagram of the structure. Therefore, it can be concluded that the array resonance is
physically related to the EBG behavior [28].
Moreover, by modifying the FSS periodicity the frequency at which the structure
behaves as an AMC or EBG can be shifted almost independently. For instance,
when a capacitive array of inclusions is considered, both resonances shifts in op-
posite direction as the periodicity increases. This means that as the periodicity
increases the AMC resonance increases and the resonance of the array of inclu-
sions is reduced. Therefore, the separation between both resonances diminishes.
Moreover, it can be noticed that the EBG frequency band drops as the periodicity
increases, so it can be further confirmed the relation between the EBG operation
band and the array resonance [28].
In summary, on one hand the AMC behavior of the structure can be determined by
the resonance of the cavity. On the other hand, the array resonance determines its
EBG behavior.
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APPENDIX

F
EBG model: Two-sided

impedance boundary
conditions

Demonstration of the dispersion equations
This appendix is devoted to extract the dispersion relations presented in 4.5.2.2 for
both TE and TM polarized waves.
The expression of the electric field component in an air region for a TE polarized
wave (Ex), which fulfills the boundary condition at infinity reads:

Ex = ATE1 e−ky1ye−jkz1z (F.1)

Using the Helmholtz’s equation, the following dispersion equation is obtained in
the air region: (

∇2 + k2
1

)
· Ex = 0→ k2

y1
− k2

z1
+ k2

1 = 0 (F.2)

From the Faraday’s law, the expression for the z-component of the magnetic field
can be expressed as:

H1 =
−1

jwµ1

∇× E1 → Hz1 =
−ky1
jwµ1

Ex1 (F.3)
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Following the same procedure and applying the Ampère’s law instead of the
Faraday’s one, the field components for a TM polarized wave can be obtained:

Hx = ATM1 e−ky1ye−jkz1z (F.4)

Ez =
ky1
jwε1

Hx (F.5)

In the dielectric interface, the wave equation and the separation of variables
technique1 can be employed. Therefore, the well-known equations for the longit-
udinal field components for both TE and TM polarized waves are:

∇2
tHaz − k2

y2
Haz = 0 TE equation (F.6a)

∇2
tEaz − k2

y2
Eaz = 0 TM equation (F.6b)

Moreover, the PEC in the plane y = 0 (see 4.5) imposes the following boundary
conditions for each polarization:

∂Haz

∂y

∣∣
y=0

= 0 TE BC (F.7a)

Eaz
∣∣
y=0

= 0 TM BC (F.7b)

Additionally, the transverse (magnetic or electric) components in terms of their
longitudinal ones can be written as:

~Ht =
jkz2
k2
y2

∇tHaze
−jkzz TE BC (F.8a)

~Et =
jkz2
k2
y2

∇tEaze
−jkzz TM BC (F.8b)

where: ∇t → Transverse nabla operator which in Cartesian coordinates and for
the geometry under analysis is: ∂

∂x
x̂+ ∂

∂y
ŷ.

Finally, the transverse electric (magnetic) component from the transverse mag-
netic (electric) ones read:

~Et =
−jwµ2

jkz2
(ẑ × ~Ht) TE BC (F.9a)

1This technique can be applied thanks to the invariance of the problem in the z-direction.
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~Ht =
jwε2
jkz2

(ẑ × ~Et) TM BC (F.9b)

Using the previous equations, the following electric and magnetic components
can be extracted for both TE and TM polarizations:

Hz = Haze
−jkz2z = BTE

2 cosh (ky2y)e−jkz2z

Hy =
jkz2
ky2

BTE
2 sinh (ky2y)e−jkz2z

Ex =
jwµ2

ky2
BTE

2 sinh (ky2y)e−jkz2z


TE

(F.10a)

(F.10b)

(F.10c)

Ez = Eaze
−jkz2z = ATM2 sinh (ky2y)e−jkz2z

Ey =
jkz2
ky2

ATM2 cosh (ky2y)e−jkz2z

Hx =
−jwε2
ky2

ATM2 cosh (ky2y)e−jkz2z


TM

(F.11a)

(F.11b)

(F.11c)

Applying the previous equations to the boundary condition at the grid interface
(y = h) 4.97, which can be written as:

Ex1|y=h = Ex2|y=h = ZTE
g

(
Hz1 −Hz2

)
|y=h TE BC (F.12a)

Ez1|y=h = Ez2|y=h = −ZTM
g

(
Hx1 −Hx2

)
|y=h TM BC (F.12b)

The dispersion relations presented in 4.98 can be obtained, after performing some
calculations.
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