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Resumen del Trabajo (maximo 250 palabras): Con la finalidad, contexto de
aplicacion, metodologia, resultados i conclusiones del trabajo.

El importante crecimiento de los dispositivos y las redes de comunicaciones
acontecido en los ultimos tiempos junto con la necesidad de proveer de
comunicaciones eficientes, hace que se busquen disefios de antenas miniaturizadas
basados en nuevos materiales que provean de mayores anchos de banda y por lo
tanto mejores velocidades de transmision.

En el presente proyecto se disefian y analizan varias versiones de una antena
fractal de grafeno. Por un lado se ha elegido este nanomaterial puesto que presenta
una conductividad eléctrica muy alta y aplicado a una antena de dimensiones del
orden de nanédmetros, permite la propagacion de las ondas electromagnéticas en las
frecuencias de terahercios. Por otro lado, se ha seleccionado un diseno fractal porque
éstos proporcionan un gran ancho de banda, comportamiento multibanda y una
elevada ganancia.

Para alcanzar el objetivo planteado se ha desarrollado el cédigo de Matlab
necesario para integrarse con CST Studio Suite, de modo que se pudiera disefiar la
antena microstrip fractal para diversos 6rdenes, de forma rapida y eficiente. Asi pues,
se han podido comparar los distintos disefios implementados con diferentes
materiales para obtener las conclusiones.

Como conclusién se ha verificado lo que demostraban trabajos previos sobre la
influencia del potencial quimico del grafeno con respecto a la frecuencia de resonancia
de la antena y con el cambio de sustrato.




Abstract (in English, 250 words or less):

The significant growth of communication devices and networks in recent times,
together with the need to provide efficient communications, has led to the search for
miniaturized antenna designs based on new materials that provide higher bandwidths
and therefore better transmission speeds.

In the present project a graphene fractal antenna is designed and analyzed. On the
one hand, this nanomaterial has been chosen because it has a very high electrical
conductivity and when applied to an antenna of nanometer dimensions, it allows the
propagation of electromagnetic waves at terahertz frequencies. On the other hand, a
fractal design has been selected because it provides a high bandwidth, multiband
behavior and high gain.

In order to achieve the proposed objective, the Matlab code needed to integrate
with CST Studio Suite has been developed, so that the fractal microstrip antenna could
be designed for different orders quickly and efficiently. Thus, it has been possible to
compare the different designs implemented with different materials to obtain the
conclusions.

In conclusion, previous work on the influence of the chemical potential of
graphene with respect to the resonance frequency of the antenna and with the
change of substrate has been verified.
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1. Introduccion

Benoit B. Mandelbrot define fractal como:
“Que tiene una forma, bien sea sumamente irregular, sumamente interrumpida o
fragmentada y sigue siendo asi a cualquier escala que se produzca el examen” [1]

1.1 Contexto y justificacion del Trabajo

A través de este proyecto se pretende realizar el analisis y simulacién de una
nano antena implementada con un disefio fractal y con grafeno como material.

Las antenas fractales tienen unas caracteristicas que las hacen muy
interesantes como son: proporcionar un gran ancho de banda y tener comportamiento
multibanda, dar una alta ganancia con poca dependencia de la frecuencia en un rango
de frecuencias grande, proporcionar un patrdon de radiacidon estable para también un
amplio rango de frecuencias. Ademas con los disefios fractales es posible conseguir
antenas con una alta directividad. [2]

Este tipo de antenas tienen una muy buena respuesta en frecuencia,
completamente diferente a las antenas tradicionales, ya que son capaces de ofrecer
excelentes ganancias en diferentes frecuencias de forma simultdnea. También utilizan
un disefio fractal para maximizar la distancia o el perimetro que puede recibir o
transmitir. Por estos dos motivos, actualmente se estan utilizando en diversas
aplicaciones como son: sistemas moviles celulares, dispositivos de microondas,
dispositivos loT y otras aplicaciones aeronduticas o militares. [3]

A su vez, el grafeno es un nanomaterial que presenta una conductividad
eléctrica muy alta y aplicado a una antena de dimensiones de nanémetros permite la
propagacion de las ondas electromagnéticas en las frecuencias de terahercios. [14]

Por todo ello, resulta muy interesante la realizacién del estudio tedrico y
posterior simulacidon de una antena microstrip con geometria fractal realizada con
grafeno como material del parche conductor.

En estos momentos existen empresas como Fractal Anntena System Inc o
Fractus SA, dedicadas al desarrollo de antenas fractales para multiples aplicaciones de
telecomunicaciones pero que no han incluido el grafeno entre sus materiales de
fabricaciéon. La razén es que aunque es un material con caracteristicas de
superconductor, todavia se encuentra en fase experimental. También existen diversos
estudios orientados al andlisis y disefio de nuevos dispositivos capaces de operar
directamente en el rango de terahercios y que pueden satisfacer las necesidades de
velocidades de datos mas altas en redes cada dia mas densas y con una tendencia
futura creciente. [23] [24]

En el presente proyecto se pretende ampliar los estudios realizados hasta el
momento y llegar a simular el comportamiento de una antena microstrip con topologia
fractal basada en el tridngulo de Sierpifiski con material del parche de grafeno para
varias iteraciones y con distintos sustratos.



1.2 Objetivos del Trabajo

Los principales objetivos que se estiman alcanzar durante el proyecto son:

1. Adquirir los conocimientos necesarios sobre el disefio de antenas fractales.

2. Obtener los fundamentos tedricos sobre el nanomaterial grafeno.

3. Estudiar detenidamente las prestaciones del grafeno y su uso aplicado a las
comunicaciones inaldmbricas.

4. Desarrollar el cédigo de Matlab necesario para comunicarse con CST Studio
Suite SE para facilitar el disefio de una antena fractal basada en el tridngulo de
Sierpinski.

5. Analizar de forma tedrica las prestaciones de una antena fractal basada en el
triangulo de Sierpinski de grafeno sobre dos tipos sustrato: diéxido de silicio y
fibra de vidrio.

6. Realizar la simulacion mediante el software CST Studio Suite SE y validacién de
los resultados obtenidos de forma tedrica.

1.3 Enfoque y método seguido

En el presente trabajo se pretende realizar el disefio y simulaciéon de una
antena multibanda basada en la forma fractal tridngulo de Sierpinski. Para poder
llevarlo a cabo, en primer lugar se ha definido el tipo de antena fractal a utilizar. En
este caso se tratard de una antena microstrip con topologia fractal tridngulo de
Sierpinski con la que se procedera al estudio de sus principales parametros analizados
de forma tedrica y verificados mediante el software de simulacién CST Studio Suite SE.

En segundo lugar, se realizara el analisis para distintas iteraciones de la misma
antena fractal con material grafeno y sobre dos tipos distintos de sustrato: uno de
didoxido de silicio y el otro sustrato de resina de vidrio. De este modo, se pretende
llevar a término la comparacién de los parametros de los distintos modelos obtenidos
y asi poder seleccionar el modelo que mejores prestaciones proporcione.

Para disefiar los modelos de forma rapida se implementard una interfaz en
Matlab que permita la comunicacidén con CST Studio Suite SE, de modo que mediante
instrucciones de cddigo Matlab se obtenga el proyecto CST con el modelo a simular.
Una parte de la simulacién se realizara de forma automatica desde la propia API entre
Matlab y CST; y otra parte de la simulaciones se realizardn con las herramientas de
post-procesado de CST.

En ambos casos se ha seleccionado software con licencia de estudiante que no
conllevase un coste adicional para el trabajo.

Por ultimo, indicar que con el estudio realizado a lo largo del proyecto se
pretende obtener disefios de antenas funcionales en la banda de los terahercios que
permitan trabajar en multiples bandas de frecuencia y que aporten ventajas sobre las
actuales antenas fractales que tenemos en el mercado.



1.4 Planificacion del Trabajo

Los recursos que se han utilizado para realizar el presente proyecto son los
papers de investigacion mas recientes en el campo del disefio de antenas fractales,
antenas de grafeno y antenas fractales de grafeno. De este Ultimo ambito, existen
pocos trabajos realizados pese a tratarse de un tema muy interesante.

Como herramientas de disefio y andlisis se han utilizado los programas: Matlab
R2022a (9.12.0.1884302) y CST Studio Suite 2021 (Student Edition) ambos con

licencias de estudiante.

El detalle de cada una de las tareas es el siguiente:

PEC1 Planificacion e inicio del trabajo

Fecha inicio: 31/01/2022
Fecha fin: 22/02/2022
Tareas realizadas:

1.

oUuewWN

Propuesta TFG

Reunidn inicial

Revisidn papers fractales

Revisidn papers fractales de grafeno
Presentacién Estado de la cuestidn
Reunidn revisién Estado de la cuestién

PEC2 Seguimiento del trabajo I:

Fecha inicio: 23/02/2022
Fecha fin: 15/03/2022
Tareas realizadas:

1.

v WwN

Aprendizaje Matlab y Antenna Toolbox Matlab
Aprendizaje CST Studio Suite 2021 SE

Disefio y desarrollo APl Matlab

Creacién y simulacién modelos

Reunidn de seguimiento

PEC3 Seguimiento del trabajo II:

Fecha inicio: 15/03/2022
Fecha fin: 12/04/2022
Tareas realizadas:

1.

2.
3.
4

Creacion y simulacién modelos grafeno
Mejoras APl Matlab

Desarrollo nuevas funciones APl Matlab
Reunidn de seguimiento



PEC4 Entrega preliminar del trabajo:

Fecha inicio: 12/04/2022

Fecha fin: 15/05/2022

Tareas realizadas:
1. Comparaciéon modelos
2. Presentacidon modelos
3. Reunidn de seguimiento

PEC5 Entrega final del trabajo:

Fecha inicio: 15/05/2022
Fecha fin: 13/06/2022
Tareas realizadas:
1. Redaccidn presentacion
2. Redacciéon memoria
3. Reunidn final



En el diagrama de Gantt se muestra la planificacién temporal de cada una de las tareas realizadas, con el detalle de los dias y las horas de
trabajo invertidas.

Anélisis y simulacién antena de grafeno basada en el triangulo fractal de Sierpiniski
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Figura 1. Diagrama de Gantt con la planificacién.



1.5 Breve sumario de productos obtenidos

En el trabajo se han programado las funciones de Matlab necesarias para
automatizar una parte del disefio y simulacién de la antena fractal de modo que se
facilite el disefio en CST de los distintos modelos de la antena fractal en estudio de
forma rdpida y eficiente.

Adicionalemente se han obtenido en CST los modelos simulados vy
posteriormente se ha realizado una parte de post-procesado para completar el analisis
de los disefios.

Finalmente se han conseguido dos antenas funcionales segun los pardmetros
obtenidos en las distintas simulaciones.

1.6 Breve descripcion de los otros capitulos de la memoria

La memoria esta divida en cinco capitulos. En primer lugar se definen los
conceptos basicos sobre fractales, antenas fractales y grafeno. En el mismo capitulo se
realiza un recorrido por los distintos articulos de investigacion que se centran en los
temas indicados de modo que se realiza un completo estado de la cuestion.

En el siguiente captitulo se detalla el enfoque de la solucién de la propuesta de
trabajo. Se especifican los métodos utilizados para implementar los disefios.

En el tercer capitulo se incluyen los resultados de las simulaciones de todos los
modelos generados y una tabla resumen de los mismos. Los ultimos apartados de este
capitulo son para remarcar los dos disefios que se consideran mejores de entre todos
los obtenidos.

En el penultimo capitulo se muestras las conclusiones obtenidas y en el Ultimo
capitulo se proporcionan los planteamientos de futuras lineas de trabajo.



2. Estado de la cuestion

En este capitulo se realiza una rapida revision del concepto de antena fractal y
se comentan algunos tipos de antenas fractales que resultan mas interesantes.
Posteriormente se realiza un repaso por los distintos articulos de investigacién
publicados hasta el momento sobre el disefio de antenas fractales.

A continuacion se profundiza en los fundamentos fisicos del grafeno para
continuar con una ampliacion de informacion con referencias a las actuales lineas de
trabajo en el disefio de antenas de grafeno en la regién inferior de las comunicaciones,
en las frecuencias de terahercios (THz).

Por ultimo, se estudian los trabajos efectuados en el disefio de antenas
fractales de grafeno en la banda de los terahercios y se mencionan los dos trabajos
mas relevantes.

2.1 Antenas fractales

2.1.1 Definicion de fractal

El matematico Benoit Mandelbrot fue el responsable de desarrollar, en 1975, el
concepto de fractal, que proviene del vocablo latin fractus y que podemos traducir
como quebrado o fracturado.

Segun Mandelbrot un fractal se puede definir “Que tiene una forma, bien sea
sumamente irreqular, sumamente interrumpida o fragmentada y sigue siendo asi a
cualquier escala que se produzca el examen” [1]

Figura 2. Conjunto de Mandelbrot

Por lo tanto, un fractal es un objeto semi geométrico en el que se repite el
mismo patrdén a diferentes escalas y con distinta orientacion.



Existen numerosos tipos de conjuntos fractales: los conjuntos de Cantor, curvas
de Koch, Peano, Hilbert, tridangulos y alfombras de Sierpidski. A continuacidon se
detallan algunos ejemplos.

2.1.1.1 Conjuntos de Cantor

El conjunto de Cantor estd compuesto por subconjuntos de puntos dentro del
intervalo [0,1], construido de forma recursiva de modo que se parte del intervalo
completo y se le quita su tercio interior. Se repite este proceso con los segmentos

restantes infinitas veces:
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Figura 3. Conjunto de Cantor

2.1.1.2 Curvas de Koch

La curva de Koch se genera mediante un proceso recursivo en el que se divide
un segmento unidad en tres partes y se sustituye el segmento central por dos
segmentos de longitud 1/3 formando un angulo de 60°

Iteration 0

Iteration 1

Iteration 2

Q_/\)J\‘(_/\, Iteration 3
Wt
mf ;
Qum?mjm Iteration 4

Figura 4. Curva de Koch



2.1.1.3 Curva de Peano

La curva de Peano es una curva continua que recubre todo el plano.

Figura 5. Curva de Peano

2.1.1.4 Curva de Hilbert

La curva de Hilbert es una curva fractal continua que recubre todo el plano y
gue deriva de la curva de Peano.

Process de construccidn de la curva e Hbert
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Figura 6. Curva de Hilbert

2.1.1.5 Triangulos de Sierpinski

El tridngulo de Sierpinski se construye a partir de un tridngulo equilatero al que
se le resta el tridngulo resultante de unir los puntos medios de sus lados y se repite
este proceso de forma iterativa:

Ab,
Lasd,
A“A M A A
AAAAAAAL AXAXAAAL

Figura 7. Triangulo de Sierpinski



2.1.2 Tipos de antenas fractales

Las antenas fractales estdn inspiradas en los disefios matematicos definidos por
los expertos de este campo como son: Benoit Mandelbrot, considerado el padre de la
geometria fractal; W. Sierpinski, N. F. H. von Koch, D. Hilbert, G. F. L. P. Cantor, y G.
Peano.

Los ingenieros comenzaron a disefiar antenas basadas en patrones fractales al
descubrir de forma empirica que mejoraban considerablemente las prestaciones de
sus disefios. Comprobaron que se obtenian antenas de dimensiones menores,
multibanda y con una alta directividad. A continuacién se describen brevemente los
mas notables. [2] [3]

2.1.2.1 Mandelbrot

La antena de parche microstrip basada en el fractal de Mandelbrot se obtiene
mediante una modificaciéon de la ecuacién de Mandelbrot. Resulta muy interesante
por presentar un perfil rectangular y proporcionar una alta directividad a la frecuencia
de 2,57 GHz, en concreto D = 11,5 dB.

La principal ventaja que proporciona es conseguir una directividad muy alta con
un solo elemento, de hecho se necesitarian varios parches microstrip que operasen en
el modo fundamental para proporcionar la misma directividad. [3]

Micostrippatch € tandy hy

Ay
Ly x mm(sm)m Ground plane

£=4.15, tans,=0.013,

L=164mm
Wep=164mm

%4=3.38, tan3,=0.001, h,=1.52mm Lep=263mm

Figura 8. Antena parche microstrip basada en el fractal de Mandelbrot

2.1.2.2 Sierpinski

La forma fractal tridangulo de Sierpinski es una de las mas utilizadas en el disefio
de antenas fractales. Gracias a su autosimilitud resulta muy util para construir antenas
multibanda ya que los disefios consiguen patrones de radiacién iguales o muy
parecidos para distintas frecuencias de funcionamiento.

Al igual que las antenas de parche microstrip con forma fractal de Mandelbrot,
este tipo de geometrias han demostrado ser atractivas para disefiar antenas que
soportan modos de orden superior con alta directividad. [3]

10
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Figura 9. Antena de parche microstrip basada en Sierpiriski alimentada con sonda coaxial

2.1.2.3 Koch

El disefio fractal de Koch aplicado a una antena de parche microstrip también
proporciona alta directividad en el modo de orden superior a la frecuencia de 3,75GHz
con una directividad de D= 13,5 dB y con un patrén de radiacion lateral estable. [3]

Figura 10. Antena parche microstrip basada en la isla de Koch

2.1.2.4 Hilbert

El fractal de Hilbert resulta muy util en el disefio de antenas pequenas puesto
gue una antena monopolo siguiendo un patrén de Hilbert muestra una reduccién de la
frecuencia de resonancia conforme aumenta el nimero de iteraciones. Este tipo de
antenas resultan eficaces para las bandas de WiFi de 2,5 GHz y 5 GHz por lo que es una
antena que se puede integrar en pequenos dispositivos inaldambricos wereables. [3]

Figura 11. Monopolo de Hilbert para varias iteraciones
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2.1.2.5 Cantor

Un diseno de antena basada en el conjunto de Cantor es el mostrado a
continuacion que se ha utilizado en un sistema de captacién de energia RF. Las
caracteristicas autorepetitivas y autocomplementarias de este tipo de geometria
permiten utilizarse en las tres bandas de frecuencia de GSM. [3]

Figura 12. Antena basada en la geometria de Cantor

2.1.2.6 Peano

La curva de Peano permite disefar antenas pequefias, elementos de alta
directividad, matrices y superficies selectivas de frecuencia. [3]
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2.2 Las propiedades del grafeno

2.2.1 Definicidon

El grafeno es un material de carbono bidimensional que tiene los atomos
organizados en base a un patrdn regular hexagonal y que presenta unas propiedades
eléctricas muy interesantes.

2.2.2 Propiedades

Este nanomaterial tiene una conductividad eléctrica muy alta y cuando se
utiliza en una antena de nandmetros permite la propagaciéon de las ondas
electromagnéticas en las frecuencias de los terahercios (THz). [14]

La propagacidon de las ondas de polaritones de plasmdén superficial que se
producen en la capa de grafeno SPP permite la resonancia en la frecuencia de
terahercios con una mayor eficiencia de radiacion que el metal. [16].

Como breve explicacion de este fendmeno fisico se tiene que los polaritones
de plasmén de superficie (SPP) son ondas electromagnéticas que se desplazan entre un
metal-dieléctrico o entre metal-aire en la regidon del espectro electromagnético del
infrarrojo o visible. Son ondas que implican movimiento de carga en el metal (plasmén
de superficie) y ondas electromagnéticas en el aire o dieléctricas (polaritdn).

Como notas aclaratorias de estos conceptos se indica a continuacién la
definicién de polaritén y la definicion de plasmon.

Polariton: cuasiparticula resultado del fuerte acoplamiento de ondas
electromagnéticas con la onda de polarizacién eléctrica o magnética

Plasmon: cuasiparticula que describe al campo EM producido por las
oscilaciones colectivas de los electrones de conduccidon en un material. Los plasmones
de superficie son aquellos que estan confinados a las superficies y que forman un
polaritén cuando interactuan con la luz.

2.2.3 Fabricacion

Se puede obtener grafeno de area grande mediante deposicién de vapor quimico
sobre cobre y posteriormente transferirlo a una oblea de Si/SiO2. Con esta técnica se
puede utilizar para cultivar grafeno en peliculas de cobre de 300 mm sobre sustratos
de Si. [15]

Existen muchas lineas de investigacion de técnicas de obtencién de grafeno en
grandes cantidades pero exceden el objetivo de este trabajo.
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2.3 Usos comerciales antenas grafeno THz

Los usos comerciales mas destacables para las antenas de grafeno en las
frecuencias de los terahercios se han obtenido de los papers de investigacién que se
han utilizado en la presente memoria como referencia y son los siguientes:

2.3.1. Antena terahercios sintonizable

Posibilidad de ser utilizada como una antena de terahercios sintonizable. Es
posible cambiar la frecuencia de resonancia mediante el cambio de material o tamafio
del sustrato o mediante la aplicacion de un sesgo electrostatico externo. [16]

2.3.2. Aplicaciones aeroespaciales

La antena disefiada en [17] tiene una frecuencia de resonancia de 0.7 THz y se
podria utilizer en aplicaciones aeroespaciales.

2.3.3. Antena reconfigurable

Antenas sintonizables en terahercios. En [18] se demuestra que es possible
realizar una antena sintonizable cambiando el potencial quimico del grafeno.

2.3.4. Aplicaciones captacion imagen

La antena anular de grafeno disefiada en [19] se puede utilizar para
aplicaciones médicas de captacion de imagen.

2.3.5. Antenas fractales grafeno

Se pueden utilizar como antenas reconfigurables para distintos érdenes con
mayor ganancia que las antenas convencionales.

2.3.6. Estudios con tapiz y triangulo Sierpinski

En ambos trabajos se comprueba la posibilidad de utilizarse estas
configuraciones con grafeno para disefiar antenas reconfigurables. [23][24]

2.3.7. Aplicaciones de imagen médica
La banda inferior de los THz, hasta los 0.310 THz, se pueden utilizar en
aplicaciones de imagen médica. La radiacién procedente de los terahercios no resulta

prejudicial para los tejidos vivos puesto que solo es capaz de penetrar unos milimetors
en la piel. [20]
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2.4 Las antenas de grafeno

En el dmbito de estudio de las antenas de grafeno se localizan numerosos
trabajos de investigacion, de los que cabe especial mencion los siguientes:

2.4.1 Trabajo: “Graphene-based nano-patch antenna for terahertz radiation”

En el trabajo "Antena Nano Parche Basada en Grafeno para la Radiacion de
Terahercios" [16] se realiza un analisis numérico de la dispersidon de la radiacion de
terahercios en una nanoantena basada en grafeno.

En la Figura 14 se puede observar el esquema de la nanoantena considerada en
el estudio:

2 y \é
l<x" ‘I\\; —W

o]

Figura 14. Esquema nanoantena grafeno

La antena disefnada de longitud L y anchura W, soportada por un sustrato
dieléctrico de espesor D se excita por una onda plana polarizada linealmente a lo largo
de la longitud del parche. La dispersion asociada se resuelve de forma numérica.

En la Figura 15 se puede obsevar la parte real e imaginaria de la conductividad
total (lineas sdlidas) y la conductividad intrabanda (lineas discontinuas) a temperatura
ambiente (T = 300K) y sesgo electrostatico cero (uc = 0 eV). Podemos ver que la
conductividad intrabanda es dominante en la regién de interés ( por debajo del os 5
THz), por esta razén la conductividad interbanda se desprecia y se presupone que la
conductividad del parche de grafeno es puramente intrabanda.

ox104 Q1]

0 1 2 3 4 5 6 7 8
Frequency [THz]

Figura 15. Conductividad total vs conductividad intrabanda

En el trabajo se muestran los métodos numéricos para encontrar la dispersiéon
del campo electromagnético por una estructura de grafeno y acoplarlo con las
ecuaciones de Maxwell, para ello se modela la capa de grafeno infinitesimal utilizando
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una discretizacion del espacio de tamano finito. El método elegido es modelar la
[dmina de grafeno como una superficie de impedancia equivalente.

En la Figura 16 se muestra la dependencia de la primera frecuencia de
resonancia de la antena de grafeno para diferentes anchos del parche de grafeno (W).
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Figura 16. Frecuencia vs ancho (W)

En la Figura 17 se observa la dependencia de la frecuencia de resonancia de la
antena con la polarizacién electrostdtica y con la temperatura.
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Figura 17. Frecuencia resonancia vs polarizacion electrostética o temperatura

En el trabajo se comprueba que la antena presenta un comportamiento
resonante en la banda de los terahercios. El fendmeno que posibilita este hecho es la
propagacion de las ondas de polaritones de plasmon superficial (SPP) que se producen
en la capa de grafeno. Ademas las simulaciones indican que se puede utilizar como una
antena de terahercios sintonizable mediante el cambio del material, tamafio del
sustrato o mediante la aplicacién de un sesgo electrostatico externo que modifique la
polarizacién electrostatica (u.c). [16]
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2.4.2 Trabajo: “Terahertz Graphene-Based Reconfigurable Patch Antenna”

En el trabajo "Antena de Parche Reconfigurable basada en Grafeno para
Terahercios" [17] se presentan las propiedades de radiacidon de una antena de parche
en la que el parche estd hecho de cobre o grafeno y se comparan ambas. Se
demuestra que el grafeno como material sintonizable permite modificar
dinamicamente la frecuencia de funcionamiento de la antena al igual que su patrén de
radiacion.

El pico del valor de las pérdidas de retorno con la antena de cobre es de -29 dB
a la frecuencia de funcionamiento 0,7 THz, lo que supone casi el doble del valor
obtenido con el parche de cobre. Adicionalmente la ganancia de la antena pasa de ser
de 5,73 dB para el cobre a 7,16 dB para el grafeno. El trabajo se centra en analizar las
propiedades de radiacién reconfigurables de la antena de parche con grafeno que
estan directamente relacionadas con la conductividad de la superficie del grafeno.

En la Figura 18 se puede ver la antena en estudio:

L L] r
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."l _-_1' 1
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Figura 18. Esquema antena parche microstrip
En la Figura 19 se presentan las pérdidas de retorno para la antena de parche

de cobre microstrip, se observa que la frecuencia de resonancia obtenida es 0,68 THz
con una pérdida de retorno de tan sélo 15 dB.

S, [dB]

Frequency of interest

. . ! . . :
0.5 0.6 07 0.8 09 1.0

Frequency [THz]
Figura 19. Pérdidas de retorno antena parche microstrip de cobre

En la Figura 20 se puede observar que la ganancia para la antena de cobre a la
frecuencia de f=0,7 THz es de unos 5,73 dB, que no es demasiado buena y se observa
presencia de lI6bulos laterales sobre -13,8 dB
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Figura 20. Diagrama radiacién antena parche microstrip de cobre

A continuacion se aplica grafeno como material de la antena y se consigue que
la frecuencia de resonancia sea de 0,7 THz mediante la obtencidon de un nivel de Fermi
de 0,76eV, para el que se obtienen unas pérdidas de retorno de -29 dB. Un resultado
mucho mejor que el obtenido con el parche de cobre.

En la Figura 7 se puede ver la comparacién de las pérdidas de retorno entre ambas

antenas:
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Figura 21. Comparacién pérdidas de retorno

En la Figura 22 se puede observar que la ganancia para la antena de grafeno a
la frecuencia de f=0,7 THz es de unos 7,11 dB y nivel de I6bulo lateral de -16,8 dB

Figura 22.
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Diagrama radiacién antena parche microstrip de grafeno

Esta antena se puede utilizar en aplicaciones aeroespaciales y su frecuencia de
resonancia es de 0,7 THz. [17]
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2.4.3 Trabajo: “Dual-Band Reconfigurable Graphene-Based Patch Antenna in
Terahertz Band: Design, Analysis and Modeling Using WCIP Method”

En el estudio "Antena de Parche Reconfigurable de Doble Banda basada en
Grafeno en la Banda de los Terahercios: Disefio, Andlisis y Modelado mediante el
Método WCIP" [18] se disefia una antena de parche de terahercios reconfigurable de
doble banda con grafeno. El modelado se realiza mediante el uso de una nueva
ecuacion del método Wave Concept lterative Process (WCIP) y los resultados se
comparan con los obtenidos mediante la simulacion con CST. En este trabajo se
desarrolla una herramienta numérica eficiente y flexible para el modelado del grafeno.

En este trabajo se analiza el rendimiento del uso del grafeno en antenas
reconfigurables en frecuencia en el régimen de terahercios para aplicaciones médicas y
de imagen. Los resultados muestran claramente que la antena se puede sintonizar
cambiando el potencial quimico del grafeno.

El disefio de la antena de grafeno reconfigurable de doble banda se realiza

mediante la comparacién entre el grafeno no dopado y el metal en la misma
estructura de antena. En la Figura 23 se observa la antena propuesta:

o e

- o T Gr;jphene

(a) (0) (e) [C)
Figura 23. Estructura de la antena propuesta

En la Figura 24 observamos la variacidon del coeficiente de reflexiéon para las
cuatro configuraciones propuestas anteriormente:

$,[1B]

Graphene (a)

Graphensa + hMetal ()

Graphens + Metal (2)

PAetal {d)

_35 T T T II T T T

0.0 o5 1.0 1.8 2,0 2,5 3.0 3.5 4.0 4.5 g0
Frequensy [THzx]

Figura 24. Coeficiente Reflexién configuraciones

Se puede ver que el coeficiente de reflexiéon de la antena basada en metal es el que
peor se adapta en comparacién con la antena basada en grafeno, la razén es que el
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metal no es el material mas adecuado para utilizarse en el rango de los terahercios.
También se observa que las estructuras hibridas mejoran considerablemente el
coeficiente de reflexion.

En la Figura 25 se muestran las pérdidas de retorno con la frecuencia para
distintos potenciales quimicos. Se puede observar que presenta dos bandas de
frecuencia de resonancia en todo el rango de frecuencias 2,5-2,95 THz y 5,06-5,84 THz

0 _V
-0
= -20
@
-30 4
—u. =02 eV
= !
a0 . =073 eVl
— . =04 eV
o] 1 2 3 4 & &

Frequency [THz|

Figura 25. Coeficiente Reflexion para distintos potenciales quimicos de grafeno

Por ultimo, se compara el rendimiento de la antena de doble banda basada en
grafeno propuesta para distintos materiales de sustrato. Los valores obtenidos se ven
en la siguiente tabla:

Sustrato Potencial quimico Friz Pérdida de Ancho de O

) VSWR 2

parimetros [eV] [GHz] retomoa, bandai,z

2 [dB] [GHz]
puc=10.1 2500, 5061 -26. -57,28.52 386, 216 1.1, 1.08
Duroid = 2.2 uc = (J-% 2783, 5537 -33. -33,27.67 1 1.04, 1.09
pc=0.3 2861, 5729 -36. -12,21.30 1.03, 1.19
puc=0.4 25950, 5844 -39. -18,18.47 1.02, 1.27
ue=0.1 2250, 4460 -24. -41,36.93 1.12, 1.34
Arl 4 uc=0.2 2565, 5060 -42. -05,18.61 1.01, 1.26
£ on Er= 23 - - —— - -
pe=0.3 2570, 5070 -38. -34,17.98 1.02, 1.29
e = 0.4 2620, 5130 -44. -08,16.85 1.01, 1.34
pe=10.1 2130, 4180 -21, -61,27.56 118, 1.09|
= (L 73 ASA =37 22725 (12 7

Poliimida r= 3.5 e (J% 2310, 4560 37. -22,20.56 1.02, 1.20
uec =03 2410, 4740 -42. -01,19.03 1.01, 1.25
pe = 0.4 2460, 4850 -40. -63,17.81 1.01, 1.29

Figura 26. Comparacion distintos sustratos

El mdximo ancho de banda de 495 GHz se obtiene para el sustrato de poliamida
con u=0,4 eV. También se observa que a medida que aumenta el valor del potencial
guimico aumenta el ancho de banda de la antena.

Los resultados obtenidos muestran que efectivamente la antena se puede

sintonizar cambiando el potencial quimico, por lo tanto el campo eléctrico de
polarizacién es un factor importante para la antena de terahercios reconfigurable. [18]
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2.4.4 Trabajo: “Reconfigurable Graphene Annular Ring Antenna for Medical
and Imaging Applications”

En el estudio "Antena Anular de Grafeno Reconfigurable para Aplicaciones
Meédicas y de Imagen" [19] se realiza el disefio de una antena de ranura de anillo
concéntrico con grafeno y que dispone de un ancho de banda reconfigurable mediante
la variacion del potencial quimico del grafeno. La antena presenta excelentes
propiedades de rendimiento, un buen valor de pérdidas de retorno (-33.288 dB), un
ancho de banda configurable desde los 255GHz hasta los 406GHz y una buena
ganancia.

El disefio de la antena se realizd para reconfigurar y ampliar el ancho de banda
de la misma, y para ello, se colocé un parche anular concéntrico de grafeno dentro de
una ranura circular y una linea de alimentacion de baja impedancia.

h - Graphene

Metal

(a) (b)

Figura 27. Esquema de antena propuesta

Los resultados de este estudio resultan prometedores para aplicaciones de
imagenes médicas dentro del rango de los Terahercios. Se realiza una primera
comparacion de la antena propuesta con grafeno no dopado y de la misma estructura
pero sustituyendo el grafeno por metal.

La Figura 28 muestra la pérdida de retorno para las dos configuraciones
simuladas, se observa que los coeficientes de reflexiéon de la antena basada en metal
se adaptan menos que los de grafeno. Ademads se puede observar que el grafeno
ofrece un mejor rendimiento en términos del coeficiente de reflexion puesto que las
pérdidas de retorno se reducen de -6.440dB hasta -15.125dB.

dB

T T
4.0 4.5 50 55 8,0
Frequency (THz)

Figura 28. Pérdidas de retorno para antena de grafeno y antena metalica
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En la Figura 29 se pueden observar los resultados del coeficiente de reflexion
con la variacién del potencial quimico. Se pueden observar tres bandas de frecuencia
de resonancia para los tres valores de [, que cubren el rango de 4,667 THz hasta 5,055
THz. Para obtener estas tres reconfiguraciones del ancho de banda de la antena, es
necesario variar el potencial quimico.

g 0] \\//
25 \ ]
-30 4 U
Ll
f—— 0,4 eV
5
33 l—02ev
0e\
=40 T T T T
4.0 4.5 8,0 55 60

Frequency (THz)

Figura 29. Pérdida de retorno para los diferentes valores de los potenciales quimicos

En la siguiente tabla se indican los distintos parametros del rendimiento de la antena
para varios valores del potencial quimico:

pe (eV) | fr (THz) | BW (GHz) | VSWR | Gain (dB) | Return loss (dB)
fte =0 4.854 255 4.860 6.66 —15.125

pe =02 4.862 204 4.866 8.13 —20.896

pe =04 4.878 406 4.852 8.6 —33.288

Figura 30. Rendimiento de la antena propuesta para varios valores de potencial quimico

Segln los resultados obtenidos para un valor de i, = 0.4 eV, la antena
presenta una mejor adaptacidn. Se puede observar el diagrama de radiacién de la
antena propuesta para un valor de i, = 0.4 eV, donde (a) Plano E y (b) Plano H:

Figura 31. Diagrama de radiacién

La antena anular de grafeno disefiada se puede destinar a aplicaciones médicas.
Como conclusidon de observa de las simulaciones que el grafeno muestra mejores
resultados que el metal en términos de rendimiento con una frecuencia de resonancia
bien adaptada. La antena disefiada permite reconfiguracién del ancho de banda entre
los 255 GHz y 406 GHz y dicha reconfiguracidn se puede realizar mediante la variacién
del potencial quimico del grafeno (). [19]
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2.4.5 Trabajo: “A Duo of Graphene-Copper Based Wideband Planar Plasmonic
Antenna Analysis for Lower Region of Terahertz (THz) Communications”

En el trabajo "Andlisis de un duo de antenas plasmdnicas planas de banda
ancha basadas en grafeno y cobre para la region inferior de las comunicaciones en
terahercios(THz)" [20], se plantea una idea de disefio para una antena de parche
plasmodnica planar basada en grafeno que funcionaria en el rango de los 0.1-10THz.

El disefio de la antena estd compuesto por una sola capa de grafeno y cobre
como material radiante sobre un sustrato de Silicio y con una masa parcial de cobre.
También se utiliza Uunicamente el grafeno como material radiante para realizar la
comparacion entre ambas antenas.

En este trabajo se modela la conductividad del grafeno mediante la férmula de
Kubo que describe dos partes: la conductividad intrabanda y la conductividad
interbanda. La primera, se debe principalmente a los fendmenos de generacién y
recombinacién de pares electrén-hueco y la segunda, se corresponde a la
conductividad de los portadores libres. Es sabido que si el rango de frecuencias esta
por debajo de la banda de los infrarrojos, en el rango inferior de los terahercios, la
conductividad intrabanda es la dominante.

En la Figura 32 se observa el comportamiento decreciente de las partes real e
imaginaria de la conductividad superficial del grafeno conforme aumenta la frecuencia,
para un potencial quimico de 0.4eV. Por esta razon, es esperable que con este
potencial quimico se produzcan menores pérdidas y por ello, se pueda lograr una alta
eficiencia.

0.03
0.025
002
0.015
0.01
0.005
0
-0.005
-0.01 \/
0.015
-0.02

a(real,img)

0 1 2 3 4 5 6 7 8 9 10
Frequency (T'Hz)

Re — g
Figura 32. Parte real e imaginaria de la conductividad superficial del grafeno

En las ldminas de grafeno se produce la propagacion de las ondas SPP (ondas de
plasmén superficial) cuyas propiedades de propagacion se pueden determinar
mediante la ecuacién de dispersion del modo TM SPP. En este trabajo aparece la
novedad de un disefio de antena basado en el efecto de aumentar el parche de arriba
a abajo y viceversa con la intencion de variar las impedancias y ademads generar bordes
adicionales, ya que en el grafeno la radiaciéon de los plasmones se produce en los
bordes de la superficie radiante. La razén de introducir parches de cobre es para
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reducir la velocidad de los electrones ya que es mayor en el grafeno que en el cobre y
este efecto provoca un efecto condensador con una velocidad de carga mas lenta.

We

Figura 33. Disefio de antena de parche plasmodnico de grafeno PPP

En la Figura 34 podemos ver el coeficiente de reflexién 511(dE) simulado de
una capa de grafeno como parche con el disefo propuesto que tiene un parche
radiante combinando grafeno y cobre:

S11 (dB)

0 1 2 3 4 5 6 7 8 9 10
Frequency (THz)

Gr/Cu (Prop) e (Groverall

Figura 34. Comparacion del S11 simulado

En la Figura 35 se observa el efecto de sintonia de la conductividad compleja
del grafeno con respecto a la variacién del potencial quimico, y se puede verificar que
los resultados mejoran cuanto mayor es el potencial quimico:
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Figura 35. Efecto del potencial quimico

En la Figura 36 se observa la Eficiencia de radiacién de la antena es superior al
() AXi i o.
40% con un valor maximo es de casi el 48%

Rad Efficiency (%)

1] 1 2 3 4 5 6 7 8 9 10
Frequency (THz)

Figura 36. Eficiencia de radiacién

Por dltimo indicar que la radiacién en la banda inferior de los terahercios o
también denominada brecha de los THz, que iria hasta las frecuencias de los 0.310 THz,
se pueden utilizar de forma segura en aplicaciones de imagen médica. La radiacion
procedente de los THz no resulta perjudicial para los tejidos vivos puesto que sélo es
capaz de penetrar unos milimetros en la piel. [20]

25



2.5 Las antenas fractales de grafeno

No existen muchos trabajos de investigacién sobre antenas fractales de
grafeno, no obstante estos dos que se presentan se han considerado de interés y como
punto de partida para el presente trabajo.

2.5.1 Trabajo: “Design of a Novel Reconfigurable Sierpinski Fractal Graphene
Antenna Operating at THz Band”

En el trabajo de investigacién "Disefio de una novedosa antena reconfigurable
de grafeno fractal de Sierpiniski que opera en la banda de THz" [23] se presenta la
simulacién del primer modelo de antena fractal de grafeno que permite sintonizacion
en frecuencia gracias a la dependencia que tiene la frecuencia con la conductividad del
grafeno.

Para obtener el modelo de conductividad del grafeno se deposita una hoja de
grafeno en un sustrato compuesto por diéxido de silicio y silicio de alta resistividad. La
forma de obtener la modulacion de la conductividad es aplicar una tensién entre el
grafeno y el electrodo inferior. Puesto que el potencial quimico del grafeno varia con el
voltaje aplicado, esto se traduce en un cambio en la conductividad superficial del
grafeno, que se puede obtener mediante la ecuacién de Kubo, y por lo tanto, un
cambio en la frecuencia de resonancia de la antena.
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Figura 37. Conductividad superficial del grafeno vs potencial quimico o frecuencia

Se observa que a mayores frecuencias de terahercios, el grafeno se comporta
como semiconductor, mientras que a menor frecuencia muestra propiedades similares
a las de un material metalico. Las antenas fractales simuladas en este trabajo son de
tipologia tapiz de Sierpifski hasta tercer orden y la capa de grafeno se deposita bajo la
de cobre y todo el conjunto se simula mediante el software CST.
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Figura 38. Esquemas antenas fractales de Sierpinski desde el orden cero al tercero

En la simulacion del parametro Si1 se observa que cuanto mayor es el valor del
potencial quimico del grafeno . mayor sera la frecuencia de resonancia de la antena.
Para pc =0,55 eV tenemos las frecuencias de resonancia f; = 0.802 THz,

f, = 0.822 THz, f; = 0.836 THzy f, = 0.843 THz para los érdenes del fractal de cero
a tres, respectivamente.
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Figura 39. Simulacién del pardmetro Su1 para diferentes valores de uc
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En la simulacidn de los diagramas de radiacion de la antena de grafeno donde
f = 0.8 THzy ¢ = 90° para los distintos 6rdenes del fractal se observa que la ganancia
de la antena se incrementa con el valor del potencial quimico pc. Se determina que la
antena Sierpinski de segundo orden es la que tiene la ganancia mas alta y por lo tanto,
presentaria un rango de reconfiguracién mas amplio.

Se observa que el valor maximo de la ganancia es 2.1, 3.7, 4.1 y 3.7dB para los
ordenes de cero a tres, respectivamente.
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Figura 40. Diagramas de radiacién para diferentes valores de pc

El trabajo concluye con la demostracidn y comparacion de la caracteristica
reconfigurable de la antena de grafeno fractal para diferentes drdenes mediante
simulacidn con el software CST y por lo tanto, la antena fractal de Sierpinski planteada
podria funcionar bien en la banda de terahercios y lograr una mayor ganancia que las
antenas de parche convencionales. Ademas su rango configurable podria ser mas
amplio. [23]
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2.5.2 Trabajo: “A Preliminary Study of a Graphene Fractal Sierpinski Antenna”

Dentro de los ultimos trabajos de investigacion realizados en el disefio de
antenas fractales de grafeno destaca el "Estudio Preliminar de una Antena de Grafeno
Fractal de Sierpinski" [24] ya que presenta unos resultados muy prometedores. Se
trata de un estudio inicial del comportamiento de una antena fractal de grafeno que
opera en el rango de frecuencias de los terahercios con la posibilidad de modular la
emision, de modo que al tratarse de una antena sintonizable de alta frecuencia se
posibilita su uso en comunicaciones de radio en el ambito militar.

En dicho trabajo se estudia por primera vez la combinacién de la plasmdnica del
grafeno y los fractales de tipo Sierpinski en una antena de banda ancha en el rango de
frecuencias de los terahercios, con la intencién de darle aplicacién en las
comunicaciones inaldmbricas nanoelectrdnicas. Se estudia una antena monopolo con
topologia de tridangulo fractal de Sierpiniski e implementada con oro, grafeno, silicio y
didxido de silicio mediante la resolucion de la ecuacién de Maxwell para un indice de
refraccion complejo en el dominio de la frecuencia en el rango de los 10-750 THz. La
antena se construye depositando unas cuantas capas de grafeno sobre una capa
nanométrica de silicio sobre un sustrato de didxido de silicio y se realiza el modelado
de cada material de la nanoestructura mediante el indice de refraccién complejo. Los
valores de n y k, que son la parte real e imaginaria del indice de refraccién complejo se
obtienen a partir de datos experimentales y modelos tedricos. La conductividad 6ptica
del grafeno en la regiéon de operacién de 10-300 THz se puede modificar mediante la
variacion del voltaje de puerta y este diseiio lo permite. De este modo, se comparan
las prestaciones de la antena disefiada con grafeno y la antena disefiada con oro para
diferentes voltajes de puerta.

Este disefio proporciona el control de la frecuencia de resonancia de la antena
ya que una de las propiedades plasménicas de las nanoantenas de grafeno es que
proporcionan sintonizacién en el rango de frecuencias de los terahercios debido a que
la conductividad superficial del grafeno puede modificarse aplicando un sesgo
electrostdtico, que cambia el potencial quimico (nivel de Fermi).

s e 7

Figura 41. Modelo de antena Sierpinsky
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En este trabajo se modelan las propiedades del material para longitudes de
onda de 30-0.41m (10-750 THz), se realizan simulaciones preliminares para una antena
fractal monopolo de Sierpiisky de tercer orden de dimensiones nanométricas y se
obtienen tres frecuencias de resonancia f; = 35 THz, f, = 110 THzy f; = 215 THz.

B O R R R R

040608 112141618 2 22
Frequency (x10° THz)

Figura 42. Parametro Su1 global de Sierpiriski vs la frecuencia con tres resonancias a 35, 110y 215 THz

En el resultado de la simulacién, la emision en campo lejano es similar a la que
se podria conseguir un elemento radiante modelado como un PEC.

(¢) Far Field norm (dB)

105° %0° 75 30 TH
5

W -~ §8 THe
138 / 8¢ THz
108 TH:z
30 130 THz
158 THz
15 180 THz
J — 205 THz
o A ) 0" — 230 THz

[

165" /
180

1957\

\
210 \ ‘Nn
/

225* \\ /s
s

-

240° » S 300
265° 370 285°

Figura 43. Patrones de coordenadas polares de campo lejano en las frecuencias de resonancia
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(d) 3D Radiation patterns at different frequencies

Frequency 35 THz Frequency 110 THz Frequency 215 THz
D=3.95 dB D=8.18 dB D=8.34 dB
5 -5 0.045 s
0.04 :
‘ 5 || 0.035 0.8
0.03 105
0 j 0.025 0.4
0.02 0.2
i 5 0.015 0
wWlex -5 AN -10 d

Figura 44. Diagrama de radiacién en 3D
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Figura 45. Campos E superficiales de Sierpinski en las frecuencias de resonancia

(f) Mid Section E-field at different frequencies x10°7

-7 ‘]0 2, xl() xIO 4, nlg
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Figura 46. Campos E de la seccién media de Sierpinski en las frecuencias de resonancia

El trabajo concluye indicando que se trata de un estudio preliminar de una
antena fractal de grafeno que trabaja en las frecuencias de terahercios y que tiene la
posibilidad de modular la emisién. Pero se indica que el modelo debe ser
cuidadosamente revisado para simular la antena propuesta. [24]
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3. Diseno

3.1 Enfoque de la solucion

El presente trabajo consta de varias partes:
En primer lugar se plantea el disefio de antena propuesta.

En segundo lugar se implementa una interfaz en Matlab que permite la
comunicacion con CST Studio Suite SE utilizando la tecnologia Windows COM. De
modo que se genera una funcidn principal en cédigo Matlab y las funciones adicionales
necesarias para poder crear un modelo de antena fractal completo en CST lanzando
una instruccion con la parametrizacién desde la consola de comandos de Matlab.

En tercer lugar, una vez se ha conseguido automatizar la generacidon de
modelos en CST, se realizan simulaciones de diversos drdenes del diseiio fractal para
material grafeno con distintos substratos para el rango de frecuencias de terahercios.

En ultimo lugar se realiza la comparacién entre los distintos modelos obtenidos
para finalmente elegir los dos mejores modelos.

3.2 Antena propuesta

El modelo de antena propuesto consiste en una antena fractal de grafeno
basada en el triangulo de Sierpinski para distintos érdenes sobre dos tipos de sustrato:
didxido de silicio y fibra de vidrio. La antena es tipo microstrip y el parche estd
compuesto de grafeno y el plano de masa es un conductor perfecto. El disefio se basa
en el modelo de antena planteado en [24] modificado.

,,,,,, 4000 nm ! 20.00 nm

..........

Figura 47. Dimensiones antena propuesta
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Silicon (lossy)

I_:_lﬁI Componerts Type Mormal
EIE}' component Epsilon 11.9
- [ groundplane Wu 1
----- ﬁ sierpinski Electric cond. 0.00025 [5/m]
b ﬁ substrate Rho 2330 [kg/m*3]
- Groups Thermal cond. 148 [W/K/m]
=~ Materials Specifc heat 700 [MK/ kgl _
. P Graphene_Eps Diffusivity 0.07419e-05 [m"2/<] -
..... @ PEC Young's modulus 112 [kN/mm*2] 1
e & Siicon (ossy) Thermal expan. 5.1 [1e-6/K]

~ component:sierpinski

FR-4 (glass epoxy) i
Matenal Graphene_Eps
Type Mormal T N |
Epsilon 4.4 pE orma Ano NN
Mu 1 Dispersive eps  MNth order model, N=4 (fit)
Rho 19000 [kg/m~3] Mu 1
1 T=4+ = A |

PEC

Type PEC

Thermal cond. PTC

Figura 48. Materiales del componente

3.3 Creacion de material grafeno

A continuacién se detalla la forma de generar el material grafeno en CST para
poder utilizarlo en los disefios. La forma de proceder es mediante la creacién de la
siguiente Macro en CST:

CST Studio Suite
Cj Student Edition

Figura 49. Macro CST material grafend

Los parametros que se deben especificar son los indicados en la siguiente
imagnen, donde el potencial quimico del grafeno se ha ido modificando para obtener
los tres tipos de material grafeno presentados en la memoria.
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M aterial name: ,GIaDPneneéi—

Temperature [K]: 293

Chemical potential [ev]: 043

Relaxation time [ps]: Q |
Thickness [mm] (for eps only): c
Min Frequency [THz): Q
I ax Frequency [THz]: D
MNumber of Paints [1]: D

Cancel

_Figura 50. Pardmetros material grafeno_

Se generan dos materiales grafeno, uno sin espesor (Graphene4) y el otro con
la especificada (Graphene4_Eps). Este ultimo serd el que se utilizara en los calculos.

-5 Materials

. . @ Graphened
@ Graphened_Eps
& Graphene_Eps
& PEC

@ Silicon (ossy)

HFigura 51. Material grafeno

Se hace doble click sobre cada uno de ellos y se aifaden a la libreria de
materiales.

E %‘:"’”‘ Tabulated surface impedance: Nth Order Model, N=6 (Fit)
o
Problem type:  Default ~ T " )
A — Z" (Data list.
| General Themal Mecharics Densty — ' (Ft)
T8 GoP  Goneral properties I —— 7' (Data list)
@ Materi W
p aterial name:
. Graphened
[ Matenal folder h
L
: )
8 Faces Type:
% Gorve [ sufecome. tatle) Propettes l
6@ fochd | Epsbon e [T )
g Wies 3 —t
8 vexel
8. Dime
G lmpt | Colr
0% Transparency  100% /
5§ Flane —
G Farfiel — 1
g Fied _
Gg Potts () Draw as wireframe 8 Alow outine display
G Bxcta () Draw reflective suface ] Draw outline for transparent shapes 100 200 300 400 500 600 700 800 900 1000
5@ Fed |
Frequen THz
G Votag (@ Add to material brary _— quency /
38 Probe atic 1D Results\Materials\Graphene4\Surface Impedance [
(E Mesh x
[L_'I] 5 ession Value
o 599950509
@R 60000000
g EK 599999999...
EM
55" |
[
| ample 20 (61.878 THz)
&
& ok Cancel Apply Help tion: port 1, mode 1
F-F o wossy

Figura 52. Afiadir grafeno a la libreria de materiales

Una vez creado el material grafeno, se extrae el fichero de configuracion del
mismo y se utiliza para programar la funcién de Matlab que genera dicho material de
forma automatica.
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3.4 Creacion de sustrato glass_epoxy
Este sustrato tiene la siguiente configuracion:

Sustrato FR4 glass epoxy
Constante dieléctrica &= 4.4,
Tangente de pérididas 6. = 0.02
Densidad de masa de 19,000 kg/m?3

Al igual que con el material grafeno, una vez creado el sustrato FR4 glass epoxy,
se extrae el fichero de configuracién para crear la funcion de Matlab que genera dicho
material de forma automatica.

3.5 Ejemplo de funcionamiento

La interfaz de Matlab esta compuesta de una funcién principal que llama al
resto de funciones adicionales:

fractal sierpinski(it, materialpatch,substrato, groundplane)

Dado el nimero de iteraciones genera la antena de parche fractal de Sierpinski
de orden n en CST, con el material, substrato y plano de masa indicados.
El programa genera un nuevo proyecto de CST con la parametrizacion: unidades, rango
de frecuencia, dimensiones del elemento, puerto, monitores y realiza la simulaciéon con
el “FD Solver”.

Las funciones adicionales creadas son las indicadas con una breve descripcién
de lo que realizan:

addmonitor.m: funcidn para definir el e-field, h-field y farfield monitor.
boolean add.m: funcidn para realizar la adicion booleana.

boolean subs.m: funcidn para realizar la substraccion booleana.
brick.m: funcidén para crear un bloque.

fdsolver.m: funcidn para configurar el tipo de solver y lanzar simulacién.
frecuency range.m: funcidn para seleccionar el rango de frecuencias.
ground gold.m: funcion para definir el material oro.

mat cooperpurelossy.m: funcidn para definir el material cobre.

mat grapehe eps.m: funcion para definir el material grafeno p.=0.1 eV
mat grapehe2 eps.m: funcidn para definir el material grafeno pc=0.2 eV
mat grapehe4 eps.m: funcion para definir el material grafeno p.=0.43 eV
pickface.m: funcidn para seleccionar una cara del objeto.
rectanglefeed.m: funcidén para dibujar un rectangulo.

subs FR4lossy.m: funcion para definir el material FR4.

subs glassepoxy.m: funcién para definir el material resina de vidrio.
subs siliconlossy.m: funcion para definir el material dioxido de silicio.
transform.m: funcién para realizar la transformacién de un componente.
triangle.m: funcién para dibujar un rectangulo.
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units.m: funcién para definir las unidades del proyecto.
waveguideport.m: funcidn para un puerto tipo guia de onda.

Para ver el funcionamiento se generan dos antenas:

1)

Antena fractal de orden 2, con material grafeno, sustrato silicio y plano de
masa conductor perfecto.

Desde Matlab se invoca a la funcién principal con los parametros indicados:

4

TN - T o pﬁ

':E:' 3 ﬁ ] Compare ~ A b @ % % @ &1 Profiler E Ele=miiet: D &

New Open Save =pint v GoTo AP Refactor iz (& Anslyze  Run e jmmntite Step  Stop
A A * [ Bookmark *  ~ - Section P} Runto End -

FILE NAVIGATE CoDE ANALYZE SECTION RUN =
fpEHPHE P C: o UOC b TFG » -0
Current Folder [CI ¥ Editor - CAUOC\TFGACST Matlab_TFGifractal sierpinski.m |

Name = | fractal sierpinskim 3 | + |
_Ejemplos [ 1 function fractal_sierpinski(it,materialpatch,substrato,groundplane)
Backup_API 2
CST_Ejemplos 3 % Script to create a new CST project to simulate a Fractal Sierpinski
= 7 ST Matlab_TFG 4
® " sierpinski_0_grafeno_silicon_pec 5
sierpinski_1_grafeno2_glass_epory_pec 6 % Material patch: cobre, grafeno, grafeno2, pec
sierpinski_|_grafeno2_silicon_pec 7 % substrato: silicon, glass_epoxy, fra
® " sierpinski__grafenod_silicon_pec 8 % Groundplane: pec, gold
@ sierpinski_l_grafeno_glass_epoxy_pec 9
sierpinski_1_grafeno_silicon_pec 18 % Start a new (ST project
sierpinski_I_grafeno_silicon_pec_40_50 1 est = actxserver(CsTstudio.applicstion’);
® " sierpinski_l_grafeno_silicon_pec_400_450 12 mus = cst.invoke( "N )
® 7 sierpinski_]_pec_silicon_pec 13
sierpinski_2_grafeno?_glass_epoxy_pec 14 % Define units
sierpinski_2_grafeno?_silicon_pec 15 geometry =
® 7 sierpinski_2_grafenod_glass_epoxy_pec 16 frecuency = "THz';
® = sierpinski_2_grafenod silicon_pec 17 units(mus, geometry, frecuency);
sierpinski_2_grafenc_glass_epoxy_pec 18
sierpinski_2_grafeno_silican_pec 19 % Define Frequency Range
® " sierpinski_3_grafeno2_glass._epoxy_pec 20 f1=1;
® = sierpinski_3_grafeno_silicon_pec 1 2 = 580;
sierpinski_3_grafenc_glass_epoxy_pec 22 frecuency_range(mus, f1,2);
sierpinski_3_grafeno_silican_pec 23
) addmonitorm 24 % Antenna microstrin dimensions o
) boolean_add.m U
4] boolean_subs.m Command Window ]
] brickm o
f;j cobre_fractal_sierpinski.m ﬁg >> fractal sierpinski(2,'grafenc’','silicon’,'pec')
7] fdsolver.m

#) fractal_sierpinski.m

] frecuency_rangem

] ground_gold.m

] mat_cooperpurelossy.m
f;! mat_graphene?_eps.m

Figura 53. Funcién fractal_sierpinski ejemplo 1

Se inicia la ejecucién y se abre una nueva instancia de CST en la que se genera
el nuevo proyecto con los parametros indicados:

CST Studio Suite
Student Edition

5

—yE ————

Figura 54. Nuevo proyectb CST ejemplo 1
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La funcidn principal muestra un log de los pasos que va ejecutando. Se asignan
las unidades, se asigna el rango de frecuencias para la simulaciéon, crea el
disefio de fractal con el orden, material del parche, material del sustrato y
material del plano de masa indicados. Le asigna el puerto para la simulacién de
tipo guia de onda y asigna el tipo de solucionador para la simulacién, que en
este caso es “HF Frequency Domain”.

Una vez generado el modelo, lanza la simulacidn:

. oD

‘Fig.ura 55. Simurlacic'm CET ejemplro 1

Una vez finalizada la simulacion, la ejecucién del programa termina y se puede
ver el resultado de la misma.

Con esta ejecucidn se proporcionan: componente completamente disefiado,
grafica del pardmetro Si1, diagramas de radiaciéon para campo lejano a las
frecuencias de resonancia y todos los parametros que por defecto proporciona
CST en este tipo de simulacion.

CST Studio Suite.
5] Xt Eakon

Figﬁré'56. évi‘fnu‘l'aci‘én'final‘izada ejemplo 1
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Figura 57. Pardmetro Sii ejemplo 1
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Figura 58. Diagrama de radiacién ejemplo 1
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plano de masa pec.

2) Antena fractal de orden 3, con material grafeno4, sustrato glass_epoxy y

Nuevamente desde Matlab se invoca a la funcidn principal con los parametros:

4 MATLAB R2022 emic use - o
EDITOR Hse ulhoebde |55mm Documentation »

7 %
E}‘ | ﬁ 5] compare ~ 2 Jﬁﬂ % W?] & Profiler [é /St (€

- o &=
New Open Save [y print = GoTo A Find Refactor = BET [0, e Run B RunandAdince | o Step  Stop
- v v v W Bookmaik ¥~ - Section [Z} Runto End -
FILE NAVIGATE coDE ANALYZE SECTION RUN =
G HalE T coruoc TG -0
5 [ Editor - CAUOCNTFG\CST Matlab_TFG\fractal_sierpinski.m ® x
5 | [ractalsiepinskim % | + |
§ 1E] function fractal_sierpinski(it,naterialpatch,substrato, groundplane)
4 s % Script to create a new CST project to simulate a Fractal Sierpinski
o .
5
HE
s |
9
10
1 cst = actuserver( .application’);
12 mis = cst.invoke( Newthis');
13
14
15
16
17
18
19 % Define Frequency Range
20 fl=1;
21 f2 = 5003
2 Frecuency_range (mus, F1,12);
23
24 % Antenna microstrip dimensions
25 % PATCH: W = Midth - | = t_-_ht = heicht v
Command Window @
fi >> £ractal _sierpinski(3,'czafencd’,'glass_spoxy’, 'pec’)
Zoom: 100% UTF-8 CRUF | fractal_sierpinski ln 1 Col 1

- Ready

Figura 59. funcidn fractal_sierpinski ejemplo 2

Se inicia la ejecucién y se abre una nueva instancia de CST en la que
el nuevo proyecto con los parametros indicados:

se genera

CST Studio Suite
C bt

Figura 60. Nuévo proyecto CST ejemplo 2
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Una vez generado el modelo, se lanza la simulacién:

i
= B ORY So D, 8 townms | vesebsrsr

Figura 61. Simulaéién CST ejemplo 2

Una vez finalizada la simulacion, se puede observar tanto el componente
disefiado como los distintos pardmetros que proporciona este tipo de
simulacién en CST.

T -
L E+ORY TN D. 1B s | sevesen

Figura 62. Simulacién finalizada ejemplo 2

= QA B D B et | st 108 | e | o 5 e

Figura 63. Diagrama de radiacién ejemplo 2
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3.6 Calculos y simulaciones realizadas

Como idea inicial se parte de una antena de parche rectangular de dimensiones
W x L x h sobre un sustrato dieléctrico de constante & de la que se obtiene la
frecuencia de resonancia para el modo fundamental.

X A
< w >
/ :
Parche z
h I Material dieléctrico &,
¥ Plano de masa

Figura 64. Parche rectangular sobre sustrato dieléctrico

Se pretende tener una aproximacién de las frecuencias de resonancia que se
obtendrdn con la antena de parche fractal para las dimensiones de nandmetros
propuestas. Posteriormente se comprueba que efectivamente se corresponden:

1 T

T 2myE L
L = 960nm

Modo TM;, : f;

Sie, =11.9= f. = 45.2 THz
Sie, = 44 = f. = 74.34THz

Los distintos parametros obtenidos para cada modelo se consiguen de dos
maneras: en primer lugar se lanza una simulacién en el dominio de la frecuencia desde
el cédigo de Matlab y en segundo lugar se realiza una parte de post-procesado desde
el propio programa CST. A continuacién se detallan los parametros obtenidos con cada
uno de los métodos:

Se calcula mediante la funcidn fractal_sierpinski:

S11

Farfields para las frecuencias de resonancia.
Directividad

Eficiencias de Radiacion

PwwnNE

Se calcula con post-procesado en CST:
5. Ganancia.

6. Ganancia Realizable.
7. Potencia Total radiada (TRP)
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3.6.1 Post-procesado en CST de Ganancia, Ganancia Realizable y Directividad

En los tres casos los parametros se obtienen de la misma forma, mediante una
template de post-processing en CST. Los pasos a seguir son los siguientes:

Después de la simulacién para obtener la "Realized Gain" de la antena: En Post-

Processing ->Template Based Postprocessing -> Farfield and Antenne Properties ->
Farfield Results:

=

st
4 General Results

Farfield and Antenna Properties ~
Farfield Resu ~
Rest
1 | Total

Please specify simulation project, farfield name and desired resolution,

D Tab [automatic ffirt Farfeld resultin navigation tree] &
=
Step size [deg] |20 Browse Resulls.. | Browse Monitors... [

Please sslect  quick configuration from the list below. If the exact aption you are looking for is not

available, select the most similar option and then click. on "4l Settings' to fine-tune the settings: [T
Angular 3dB width for const phi = 0 over fisquenc: "I'
) ant Phi=0 b

constant Theta=30 H
Estinction cross section over frequency r
Front-to-back ratio over frequency 'S
Gain (IEEE) at const phi=0 for 545 array [anay factor] Ir

Maw E-field at 1m distance over time

Max Gain at selected Frequency

Max Gain over Frequency

MIMD Diversity gain ower hequency

|| MIMO Erwelope conelation coefficient

MIMD Multiplexing sfficiency over frequency

Monostatic RCS for parameterized plane wave

Multiple polar plots [Directivity plot at each frq, const Phi=0)
Multiple: polar plots [Directivity plot at sach frq, const Theta=30]
Radiometric: Neise Temperature over Frequency

Total isotropic sensitivity [TIS, full sphere] over frequency
“ap [ |Total adisted power [TRP. full sphere] over frequency
—_— Total radiated power (TRP, upper hemisphere] over frequency

eter List

dame

1

1

Al Setings... | JCancel | Dekte | Hep |

e = —"

Figura 65. Template Based Postprocessin
dEM Combine nder  mmWave

g = b Parametr
Signal Post-Procest bls Manage

x Esu General Results

Farfield and Antenna Properties v
| Farfield Resut 4

Farfield Fiesult [ incl. SP. Excitation Stiing [.]) Farfield Setlings
a0 Tab |atic: fist Farfield resultin navigation tree] Plot Mode. Directivity - | —
— & Manitors...
Browss Results. {_ Brovse Monitors .| 38 Fart Approx. dist=Tm |
Q 3 foris ot
Frequency and Dutput Type Settings E - sttings:
Frequercy settings: O single fia/i |
Far maritor type ‘broacband]: Faficld (=195 &)
Farfield =431.5] v
Output deta pe: I
Evaluation Frange
O Stepsiz
) polar - cont theta 5| Excitation String (111, 2] [pwl. ..}
1
© polar - const phi pri | 0
(O single direction Cancel T
N ResulVale: Ve —
ok Cancel | StoreSetup| Help =
|
1
|
1
oK. Al Settings. Cancel || Delete Help Eergencec
BmW at Por onitors.

(5) Runnina postorocessina.

Figura 66. Template Based Postprocessing monitor
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Farfield Result [ incl. 5P, Excitation String [...] 1 Farfield Settings
30 Tab |Farfield [f=44.9[1] Flat Mode. .. Reslized Gain ~
Browse Results... || Browse Monitars. .. |dB,Farf.Approx.,dist=1 m

Frequency and Output Type Settings Auiz/Polarization...  Abs ~
Frequency seftings: () single frgftime @) broadband |Spherical, Linear
Far monitor type ‘[broadband]” SetFrg / Time...

Anray Factor... Mone e

Output data type: 10 Palar w

|Array factor not uzed
Ewaluation R ange

[+ oo Stepsize: |30 MIMO ..
O polar - const theta O] [{PR=0dB, isotrapic pdf
() polar - const phi 0.0 -
Specials.. ]
@ ehgotesln [Bngw 3dB. 5ol 0. 180/0 360, 05w I
Result Value:  Max Value [Solid Angle] w i
ak Cancel Store Setup Help
nee m T T

Figura 67. Template Based Postprocessing pardmetros

Es necesario aclarar también el método utilizado para obtener el % de Eficiencia
de Radiacidn. Se realiza con los tres pasos indicados a continuacion:

1. Se define el farfield monitor para la frecuencia deseada.
2. Al dibujar el diagrama de radiacion de campo lejano en 3D obtenemos la
eficiencia radiada y la total en dB.

3. Se realiza la conversion de dB a porcentaje:

p = (1010) . 100 = %

Donde X es la eficiencia en dB.

Por ultimo, se ha considerado interesante incluir las definiciones del manual de
CST para la Eficiencia de Radiacidn, la Eficiencia total y la Directividad:

Farfield Definitions

Approximation:

Exslenabled = [E[ +|Ef TR To s o G T
Monitor Farfield (F=2000) [1]
Abs

Ejou(disabled) = |E[ +E.f +|E[

Output Directivity
Frequenc: 2000

Radiation efficiency:

radiated power

e

™" accepted (input) power

Total efficiency:

radiated power

“'" stimulated power’

Directivity: (qump(?nent definition:

er radiated per lid angle
D(.0)= 47 power rad "”fi!“' unit solid angle

radiated power

I I
Figura 68. Farfield definiciones de CST
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4. Modelos simulados

4.1. Modelo 1: Fractal orden 1 con grafeno y sustrato de silicio

4.1.1. Componente
Nombre proyecto: sierpinski_1_grafeno_silicon_pec.cst
Orden fractal: 1
Materiales:
Parche grafeno: pc=0.1 eV
Sustrato silicio: r=11.9

Figura 69. Modelo 1: Componente

4.1.2. Coeficiente de Reflexion S11

Frecuencias (THz) S11 (dB)
Frl 44.9 -6.11
Fr2 196.6 -2.23
Fr3 422.2 -10.87

Tabla 1. Modelo 1 Coeficiente de Reflexion Si1

S-Parameters [Magnitude]

— 51,1

dB

i i i i i i i P \37
@ (44.90179, 6.111897 ) : : : | : ! : !

G (196.5937, -2.231837 ) |1n9 150 200 250 300 350 400 450 500
§ (422212, -10.87107 ) Frequency / THz
3D Schematic 1D Results\S-Parameters\S1,1

Figura 70. Modelo 1: Su1
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4.1.3. Farfields para las frecuencia de resonancia

IS sierinski_1_grafeno_siicon_pec @ |

Farfield (f=44.9) [1]
Type Farfield
Approximation enabled (kR >> 1)

Component  Abs Y
Output Directivity
Frequency 449 THz
Rad. Effic. -0.2793 dB %
Tot, Effic. -1551d8 z
TRP 1148 dBmW
Dir. -7.888 dBi
30 [~ Schematic | Farhelds\Farfield (-=44.9) [1] J |

Figura 71. Modelo 1: Diagrama radiacién 3D fr1

S sierpinski_1_grafeno_siicon_pec [ i

4.85

-0.000175
-4.85
97
-14.5
-19.4
242
-29.1
-35.2
Farfield (f=196.6) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component  Abs ¥
Output Directivity
Frequency 1966 THz
Rad. Effic. -1750dB o
Tot. Effic. -5.694 dB Z
TRP 2130 dBmW
Dir. 4848 dBi
3D Schematic | Farfields\Farfield (f=44.9) (1] & |

Figura 72. Modelo 1: Diagrama radiacién 3D fr.

S sierpinski_1_grafeno_silicon_pec [

Farfield (f=422.2) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component  Abs

Output Directivity
Frequency 4222THz
Rad. Effic. -3375dB .
Tot. Effic. 374148 z
TRP 23.25 dBmW
Dir. 9,645 dBi
L‘ Schematic | Farfields\Farfield (f=44.9) [1] ] |

Figura 73. Modelo 1: Diagrama radiacién 3D fi3
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4.1.4. Directividad

Frecuencias (THz) Dlre(zt;\il;dad
Frl 44.9 -7.888
Fr2 196.6 4.848
Fr3 422.2 9.645

Tabla 2. Modelo 1: Directividad

Directivity,3D,Max. Value (Solid Angle)

10
—&— Directivity,3D,Max. Value (...

0 50 100 150 200 250 300 350 400 450
Frequency / THz
Figura 74. Modelo 1: Directividad

4.1.5. Eficiencias de Radiacion

Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)
Fri 449 -0.2793 93.77 -15.51 2.82
Fr2 196.6 -1.750 66.83 -5.694 26.95
Fr3 422.2 -3.375 45.97 -3.741 42.26

Tabla 3. Modelo 1: Eficiencias de Radiacion

Radiation Efficency in dB [Magnitude]

—&— Rad. Efficency [1]

B

0 50 100 150 200 250 300 350 400 450
Frequency / THz

Figura 75. Modelo 1: Eficiencia de Radiacion
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Total Efficiency in dB [Magnitude]

—&— Tot. Efficency [1]

dB

-10 +

12

-14

-16 t t t t t t t t
0 50 100 150 200 250 300 350 400 450

Frequency [ THz
Figura 76. Modelo 1: Eficiencia Total

4.1.6. Ganancia

Frecuencias (THz) Gain (dB)
Frl 44.9 -8.130
Fr2 196.6 3.059
Fr3 422.2 6.266

Tabla 4. Modelo 1: Ganancia

Gain (IEEE),3D,Max. Value (Solid Angle)

—&— Gain (IEEE),3D,Max. Value (...

0 50 100 150 200 250 300 350 400 450
Frequency [ THz
Figura 77. Modelo 1: Ganancia

4.1.7. Ganancia Realizable

Frecuencias (THz) Gain Realized (dB)
Frl 449 -23.21
Fr2 196.6 -0.805
Fr3 422.2 5.856

Tabla 5. Modelo 1: Ganancia Realizable
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Realzed Gain,3D,Max. Value (Solid Angle)

10 ;
s
-10 1
15 1
-20 1
-25 f ; ; ‘ ; ; ; ;
0 50 100 150 200 250 300 350 400 450
Frequency / THz
Figura 78. Modelo 1: Ganancia Realizable
4.1.8. Potencia Total Radiada (TRP)
. TPR TPR
Frecuencias (THz) (3dBm) (13dBm)
Frl 44.9 -12.51 -2.51
Fr2 196.6 -2.694 7.31
Fr3 422.2 -0.741 9.26

Tabla 6. Modelo 1: Potencia Total Radiada
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4.2,

Modelo 2: Fractal orden 1 con grafeno y sustrato fibra de vidrio

4.2.1. Componente
Nombre proyecto: sierpinski_1_grafeno_glass_epoxy_pec.cst
Orden fractal: 1

Materiales:
Parche grafeno: uc=0.1 eV
Sustrato glass_epoxy: €r=4.4

4.2.2. Coeficiente de Reflexion Si1

Frl

74.35

-21.16

Fr2

291.5

-2.99

Tabla 7. Modelo 2: Coeficiente de Reflexion Si1

S-Parameters [Magnitude]
- L

dB

____________________________________________________________________________________________________

2 d

§ (7435253, 21.1633)
6 (291418, 2.993149)

100

St Y : e | | : : |
L Rt S

150 200 250 300 350 400 450 500

Frequency / THz

Figura 80. Modelo 2: S11
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4.2.3. Farfields para las frecuencia de resonancia

Farfield (f=74.3) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component  Abs

Output Directivity
frequency 743 THz
Rad. Effic. 02943 d8
Tot. Effic. -11.2748
TRP 1572 dBmW.
Dir. -3.020 dBi

Figura 81. Modelo 2: Diagrama radiacion 3D fr1

Farfield (f=291.5) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Directivity
Frequency ~ 291.5THz
Rad. Effic. -1.081dB
Tot. Effic. -4127 dB
P 22,86 dBmW
Dir. 7.860 dBi

Figura 82. Modelo 2: Diagrama radiacidon 3D fr2

4.2.4. Directividad

Frl 74.35 -3.02

Fr2 291.5 7.87
Tabla 8. Modelo 2: Directividad

2
Directivity,3D,Max. Value (Solid Angle) \/

I e

Gﬁ (291.4732, 7.867399 ) Frequency / THz

Figura 83. Modelo 2: Directividad
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4.2.5. Eficiencias de Radiacion

Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)
Frl 74.35 -0.2942 93.45 -11.27 7.46
Fr2 291.5 -0.1081 97.542 -4.127 38.66

d&

d&

0.6 1

0.7 4

0.8 1

0.9 1

-1.1

Tabla 9. Modelo 2: Eficiencias de Radiacion

0.2

Radiation Efficiency in dB [Magnitude]

0.3+

0.4

0.5 4

60

100

150

200

Frequency / THz
Figura 84. Modelo 2: Eficiencia de Radiacién

Total Efficiency in dB [Magnitude]

250

4.2.6. Ganancia

60 100

150

300

200 250

Frequency / THz

Figura 85. Modelo 2: Eficiencia Total

Frecuencias (THz) Gain (dB)
Frl 74.35 -3.314
Fr2 291.5 6.776
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Tabla 10. Modelo 2: Ganancia

300

—8— Rad. Effidency [1]



Gain (IEEE),3D,Max. Value (Solid Angle)

—&— Gain (IEEE),3D,Max. Value

(74.3, 3.314563 )
@ (291.2453,6.775992 )

4.2.7. Ganancia Realizable

150 200 250 300
Frequency / THz

Figura 86. Modelo 2: Ganancia

Frecuencias (THz)

Gain Realized (dB)

Fri

74.35 -14.286

Fr2

291.5 3.731

Tabla 11. Modelo 2: Ganancia Realizable

Realized Gain,3D,Max. Value (Solid Angle)

—— Realzed Gain,3D,Max. Value

g (
g (

74.3, -14.28643 )
290.9696, 3.698057 )

150 200 250 300
Frequency / THz

Figura 87. Modelo 2: Ganancia Realizable

4.2.8. Potencia Total Radiada (TRP)

. TPR TPR
Frecuencias (THz) (3dBm) (13dBm)

Frl 74.35 -8.266 1.734

Fr2 295.1 -1.127 8.873

Tabla 12. Modelo 2: Potencia Total Radiada
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4.3. Modelo 3: Fractal orden 1 con grafeno y sustrato de silicio

4.3.1. Componente

Nombre proyecto: sierpinski_1 grafeno2_silicon_pec.cst
Orden fractal: 1

Materiales:

Parche grafeno: p.=0.2 eV
Sustrato silicio: &r = 11.9

4.3.2. Coeficiente de Reflexion Si1

Frl 44.9 -6.27
Fr2 196.6 -2.05
Fr3 422.2 -7.64

Tabla 13. Modelo 3: Coeficiente de Reflexion Si1

S-Parameters [Magnitude]

— 511

Gi ( 44.91314, -6.270503 ) . . . ‘ ‘ Y
)

( 196.4845, -2.050696 ) | 150 200 250 300
Q (4226719, -7.645153 ) Frequency / THz

Figura 89. Modelo 3: S11

350 400 450 500
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4.3.3. Farfields para las frecuencia de resonancia

Farfield (f=44.9) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component Abs.

Output Directivity
Frequency ~ 449THz
Rad. Effic. -0.4894 dB
Tot. Effic. -15.54 dB
TRP 1145 dBmW
Dir. -7.886 dBi

Figura 90. Modelo 3: Diagrama radiacion 3D fr1

Farfield (f=196.6) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component  Abs

Output Directivity
Frequency 1966 THz
Rad. Effic. -2074dB
Tot. Effic. -6.203 B
TRP 20.79 dBmW
Dir. 4600 dBi

Figura 91. Modelo 3: Diagrama radiacidon 3D fr2

Farfield (f=422.2) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Directivity
Frequency  4222THz
Rad. Effic. -2.806 dB
Tot, Effic. -42324d8
TRP 2276 dBmW
Dir. 10.07 dBi

Figura 92. Modelo 3: Diagrama radiacidon 3D fis

4.3.4. Directividad

Frl 44.9 -7.886
Fr2 196.6 4.600
Fr3 422.2 10.07

Tabla 14. Modelo 3: Directividad
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Directivity,3D,Max. Value (Solid Angle)

L e o oo e Ll

P R S A U S i |g (a9 7eesse) |

i i i i i G (196.4148, 4.584911 )
6 W A AR o P Q (4222, 10.07123) [

Frequency / THz
Figura 93. Modelo 3: Directividad

4.3.5. Eficiencias de Radiacion

0 50 100 150 200 250 300 350 400 450

\3/
12 . . . . . . . .
: : : : : : : : —8— Directiviy,3D,Max. Value

Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)
Frl 44.9 -0.4894 89.34 -15.54 2.8
Fr2 196.6 -2.074 95.34 -6.203 23.97
Fr3 422.2 -2.806 52.41 -4.232 37.74

Tabla 15. Modelo 3: Eficiencias de Radiacion

Radiation Efficency in dB [Magnitude]

-1.5

dB

-2.5

0 50 100 150 200 250 300 350 400 450
Frequency / THz

Figura 94. Modelo 3: Eficiencia de Radiacién

Total Efficiency in dB [Magnitude]

dB

10 - R E L e S R

R S S R

A e e S S

-16

Frequency / THz

Figura 95. Modelo 3: Eficiencia Total
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4.3.6. Ganancia

N T - -

-10

Frecuencias (THz) Gain (dB)
Frl 44.9 -8.300
Fr2 196.6 2.540
Fr3 422.2 7.239

Tabla 16. Modelo 3: Ganancia

Gain (IEEE),3D,Max. Value (Solid Angle)_1

b

—&— Gain (IEEE),3D,Max. Value

Vo

J:

L

/

q (44.92621, 8.373293)
(196.6, 2.525671 )
Q (422.2,7.265345)

50

Figura 96. Modelo 3: Ganancia

100 150 200 250 300 350

Fre

4.3.7. Ganancia Realizable

quency [ THz

400 450

Frecuencias (THz)

Gain Realized (dB)

Frl 44.9 -23.280
Fr2 196.6 -1.591
Fr3 422.2 5.799

Tabla 17. Modelo 3: Ganancia Realizable

Realized Gain,3D,Max. Value (Solid Angle)

—&— Realzed Gain,3D,Max. Value...

50

100 150 200
Frequency / THz

Figura 97. Modelo 3: Ganancia Realizable

250 300 350

4.3.8. Potencia Total Radiada (TRP)

400 450

Frecuencias (THz) TPR (3dBm) (1;-::m)
Frl 44.9 -12.54 -2.536
Fr2 196.6 -3.203 6.797
Fr3 422.2 -1.232 8.768

Tabla 18. Modelo 3: Potencia Total Radiada
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4.4. Modelo 4: Fractal orden 1 con grafeno 2 y sustrato fibra de vidrio

4.4.1. Componente

Nombre proyecto: sierpinski_1_grafeno2_ glass_epoxy_pec.cst
Orden fractal: 1

Materiales:

Parche grafeno: p.=0.2 eV
Sustrato glass_epoxy: er=4.4

A

Figura 98. Modelo 4: Componrente

4.4.2. Coeficiente de Reflexion Si1

Frecuencias (THz) S11 (dB)
Frl 74.35 -21.36
Fr2 292.3 -2.56

Tabla 19. Modelo 4: Coeficiente de Reflexion Si1

S-Parameters [Magnitude ]
0 . — - . : \2/

dB

100 150 200 250 300 350 400 450
€ (292.2854, -2.560325 ) Frequency / THz

Figura 99. Modelo 4: S11
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4.4.3. Farfields para las frecuencia de resonancia

Farfield (f=74.3) [1]
Type Farfield
Approximation enabled (kR >> 1)

Component Abs y
Output Directivity

Frequency 743 THz X
Red.Effic.  -0.3006 B Z

Tot. Effic. -11.29d8

TRP 15.70 dBmW

Dir. -3.030 dBi

Figura 100. Modelo 4: Diagrama radiacién 3D fr1

Farfield (f=292.3) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Directivity

Frequency 2923 THz e
Rad. Effic. 146548 z

Tot. Effic. -4.985dB

TRP 22,01 dBmW

Dir. 7.660 dBi

Figura 101. Modelo 4: Diagrama radiacién 3D frz

4.4.4. Directividad

Frl 74.35 -3.029

Fr2 292.3 7.647
Tabla 20. Modelo 4: Directividad
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Directivity,3D,Max. Value (Solid Angle)

§ (743, 3.020502)

150 200 250

—&— Directivity,3D,Max. Value

8 (292048, 7.647529) Frequency / THz -
Figura 102. Modelo 4: Directividad
4.4.5. Eficiencias de Radiacion
Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)
Fri 74.35 -0.3906 91.40 -11.29 7.43
Fr2 292.3 -1.465 71.37 -4.985 31.73

dB

dB

0.3
0.4 -,

0.6 -

1T 3 S

I ,,,,,
-1.5

Tabla 21. Modelo 4: Eficiencias de Radiacidon

Radiation Efficiency in dB [Magntude]

200 250

Frequency / THz

Figura 103. Modelo 4: Eficiencia de Radiacién
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Total Efficiency in dB [Magnitude]

300

200 250
Frequency / THz

Figura 104. Modelo 4: Eficiencia Total

60 100 150
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4.4.6. Ganancia

Frecuencias (THz) Gain (dB)
Frl 74.35 -3.342
Fr2 292.3 6.195
Tabla 22. Modelo 4: Ganancia
Gain (IEEE),3D,Max. Value (Solid Angle) 5
: : : : v —&— Gan (IEEE),3D,Max. Value
S S SO Y S
N U AU BT~ S
O S S IO .
P S O OO =g
T Tmr
0 e
,1 T T
24- v ....... / ..................
3 S
a
(743, -3.420071 ) 150 200 250 300
@ (2923, 6.194948 ) Frequency / THz

Figura 105. Modelo 4: Ganancia

4.4.7. Ganancia Realizable

Frecuencias (THz) Gain Realized (dB)
Frl 74.35 -14.296
Fr2 292.3 2.675

Tabla 23. Modelo 4: Ganancia Realizable

Realzed Gain,3D,Max. Value (Sold Angle) 12 ?

—— Realzed Gain,3D,Max. Value

§ (74.57477, -14.29628 ) 150 200 250 300
9 (2923, 2.675312) Frequency / THz

Figura 106. Modelo 4: Ganancia Realizable

4.4.8. Potencia Total Radiada (TRP)

. TPR TPR
Frecuencias (THz) (3dBm) (13dBm)
Fri 74.35 -8.288 1.712
Fr2 292.3 -1.985 8.015

Tabla 24. Modelo 4: Potencia Total Radiada
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4.5. Modelo 5: Fractal orden 2 con grafeno y sustrato silicio

4.5.1. Componente
Nombre proyecto: sierpinski_2_grafeno_silicon_pec.cst

Orden fractal: 2

Materiales:
Parche grafeno: uc=0.1 eV
Sustrato silicio: er = 11.9

4.5.2. Coeficiente de Reflexion S11

Tabla 25. Modelo 5: Coeficiente de Reflexion S11

Frl 44.9 -7.45
Fr2 191.6 -3.87
Fr3 250.3 -0.33

dB
iS

( 44.9091, -7.455813 )

& (250.3, 0.3323913)

S—Paramet&ﬁ EMagnrtude]

e mmas

{ 191.6026, -3.875835 ) | ¢

0 2% 30 3%
Frequency / THz
Figura 108. Modelo 5: S11
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4.5.3. Farfields para las frecuencia de resonancia

Farfield (f=44.9) [1]
Type Farfield
Approximation enabled (kR >> 1)

Component  Abs
Output Directivity

Frequency  449THz

Rad. Effic. 03203 dB z x
Tot. Effic. -15.93dB

TRP 001276 W

Dir. -7.920 dBi

Figura 109. Modelo 5: Diagrama radiacién 3D fr1

Farfield (f=191.6) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component  Abs

Output Directivity
Frequency ~ 1916THz

Rad. Effic. -2224dB
Tot. Effic. -4.507 dB
TRP 01771 W
Dir. 4.924 dBi

Figura 110. Modelo 5: Diagrama radiacién 3D fr2

Farfield (f=250.3) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component  Abs

Output Directivity
Frequency 2503 THz

Rad. Effic. -04327 dB
Tot. Effic. -11.76 dB
TRP 003335 W
Dir. 7.184 dBi

Figura 111. Modelo 5: Diagrama radiacién 3D fi3

4.5.4. Directividad

Frl 44.9 -7.920

Fr2 191.6 4.924

Fr3 250.3 7.184
Tabla 26. Modelo 5: Directividad

62



Directivity, 3D, Max.

Value (Solid Angle)

60 80

100 120 140

160 180 200

220 240

—— Directivity,3D,Max. Value

Frequency / THz “
Figura 112. Modelo 5: Directividad
4.5.5. Eficiencias de Radiacion
Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)

Frl 449 -0.3203 92.89 -15.93 2.553
Fr2 191.6 -2.224 59.924 -4.507 35.424
Fr3 250.3 -0.4327 90.517 -11.76 6.668

Tabla 27. Modelo 5: Eficiencias de Radiacion

Radiation Efficiency in dB [Magnitude]

—— Rad. Efficency [1]

dB

2.4

140 160 180 200 220
Frequency / THz

Figura 113. Modelo 5: Eficiencia de Radiacién

40 60 80 100 120

Total Efficency in dB [Magnitude]

—&— Tot. Effidency [1]

B
=]

140 160 180 200 220 240

Frequency / THz

Figura 114. Modelo 5: Eficiencia Total

40 60 80 100 120 260
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4.5.6. Ganancia

Frecuencias (THz) Gain (dB)
Frl 44.9 -8.236
Fr2 191.6 2.702
Fr3 250.3 6.714

Tabla 28. Modelo 5: Ganancia

Gain (IEEE),3D,Max.

Value (Solid Angle)

—&— Gain (IEEE),3D,Max. Value
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Figura 115. Modelo 5: Ganancia

4.5.7. Ganancia Realizable

Frecuencias (THz)

Gain Realized (dB)

Frl 44.9 -23.737
Fr2 191.6 0.408
Fr3 250.3 -4.529

Tabla 29. Modelo 5: Ganancia Realizable

Realzed Gain,3D,Max. Value (Sold Angle)

-20

—&— Realzed Gain,3D,Max. Value

-25
40

60 80

100 120 140
Frequency

160 180 200 220 240 260
/ THz

Figura 116. Modelo 5: Ganancia Realizable

4.5.8. Potencia Total Radiada (TRP)

Frecuencias (THz) ( 3.:-1I:3|:n) ( 1;::m)
Frl 44.9 -12.93 -2.932
Fr2 191.6 -1.507 8.493
Fr3 250.3 -8.759 1.241

Tabla 30. Modelo 5: Potencia Total Radiada
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4.6. Modelo 6: Fractal orden 2 con grafeno y sustrato fibra de vidrio

4.6.1. Componente

Nombre proyecto: sierpinski_2_grafeno_glass_epoxy_pec.cst
Orden fractal: 2

Materiales:
Parche grafeno: uc=0.1 eV
Sustrato glass_epoxy: €r=4.4

N u
] ]

Figura 117. Modelo 6: Componente

4.6.2. Coeficiente de Reflexion Si1

Frl 74.35 -20.58

Fr2 287.95 -3.61
Tabla 31. Modelo 6: Coeficiente de Reflexion Si1

S-Parameters [Magnitude]

— 511

( 74.353, -20.5845 )
G (287.9775, -2.612424)

100 150 20 250 300
Frequency / THz
Figura 118. Modelo 6: Su1
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4.6.3. Farfields para las frecuencia de resonancia

Type
Approximation
Component
Output
Frequency
Rad. Effic.

Tot. Effic.

TRP

Dir.

Type
Approximation
Component
Output
Frequency
Rad. Effic.

Tot. Effic.

TRP

Dir.

Farfield (f=74.35) [1]

Farfield (f=287.9) [1]

Farfield

enabled (kR >> 1)
Abs

Directivity
7435THz

-02913 dB
-11.07dB

1592 dBmW
-3.084 dBi

Figura 119. Modelo 6: Diagrama de radiacion 3D fr1

Farfield
enabled (kR >> 1)
Abs

Directivity
287.9THz
-1.128d8
-3.581d8

23.41 dBmW
7.873 dBi

Figura 120. Modelo 6: Diagrama de radiacion 3D fr2

4.6.4. Directividad

Frl 74,35 -3,084

Fr2 287,95 7,873
Tabla 32. Modelo 6: Directividad

Directivity,3D,Max. Value (Solid Angle)

—— Diectivity,3D,Max. Value

60 100 150 200 250 300
Frequency / THz

Figura 121. Modelo 6: Directividad
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4.6.5. Eficiencias de Radiacion

Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)
Frl 74,35 -0,2913 93,513 -11,070 7,816
Fr2 287,95 -1,128 77,126 -3,581 43,843

d&

Tabla 33. Modelo 6: Eficiencias de Radiacion

Radiation Efficency in dB [Magnitude]

100

150 200
Frequency | THz

Figura 122. Modelo 6: Eficiencia de Radiacién

250

Total Efficiency in dB [Magnitude]

300

B

4.6.6. Ganancia

100

150

Frequency / THz

250

Figura 123. Modelo 6: Eficiencia Total

Frecuencias (THz)

Gain (dB)

Frl

74,35

-3,370

Fr2

287,95

6,744

Tabla 34. Modelo 6: Ganancia
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2
Gain (IEEE),3D,Max. Value (Solid Angle) \/

—8— Gain (IEEE),3D,Max. Value

q (7435, 3.374923 ) 150 200 250 300
G (2879, 6.744949 ) Frequency / THz

Figura 124. Modelo 6: Ganancia

4.6.7. Ganancia Realizable

Frecuencias (THz) Gain Realized (dB)
Frl 74,35 -14,156
Fr2 287,95 4,232

Tabla 35. Modelo 6: Ganancia Realizable

Realized Gain,3D,Max. Value (Solid Angle) v
6 T T T T
: : : : —d— Realzed Gain,3D,Max. Value

( 74.35, -14.15658 ) 150 200 250 300
9 (287.2063, 4.232138) Frequency / THz

Figura 125. Modelo 6: Ganancia Realizable

4.6.8. Potencia Total Radiada (TRP)

. TPR TPR
Frecuencias (THz) (3dBm) (13dBm)
Frl 74,35 -8,073 1,927
Fr2 287,95 -0,581 9,419

Tabla 36. Modelo 6: Potencia Total Radiada
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4.7. Modelo 7: Fractal orden 2 con grafeno 2 y sustrato silicio

4.7.1. Componente

Nombre proyecto: sierpinski_2_grafeno2_silicon_pec.cst
Orden fractal: 2

Materiales:

Parche grafeno: uc=0.2 eV
Sustrato silicio: - = 11.9

4.7.2. Coeficiente de Reflexion Si11

Frl 44,9 -7,48
Fr2 191,6 -3,85
Fr3 250,2 -0,29
Tabla 37. Modelo 7: Coeficiente de Reflexion Si1
S-Parameteks Magnitude]
0 F; H H H W T

o —5s1,1

( 44.91212, -7.479574 )| |
& (1915551, 3.851713 ) jog
§ (250221, -0.2934305 )

150 200 250 300 350 400 450
Frequency [ THz
Figura 127. Modelo 7: Su1
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4.7.3. Farfields para las frecuencia de resonancia

Farfield (f=44.9) [1]
Type Farfield
Approximation enabled (kR >> 1)

Component Abs. y

Output Directivity

Frequency  449Thz

Rad. Effic. 05392 4B X
Tot. Effic. -15.93dB ®

TRP 11.06 dBmW

Dir. 7919 dBi

Figura 128. Modelo 7: Diagrama radiacion 3D fr1

Farfield (f=191.6) [1]
Type Farfield
Approximation enabled (kR >> 1)

Component  Abs ¥

Output Directivity

Frequency  1916THz

Rad.Effic.  -2179.d8 X
Tot. Effic. 444108 z

TP 2255 dBmW

Dir. 4923 dBi

Figura 129. Modelo 7: Diagrama radiacién 3D fr2

Farfield (f=250.3) [1]
Type Farfield
Approximation enabled (kR >> 1)

Component  Abs b4

Output Directivity

Frequency 2503 THz

Red.Effic. 04202 dB X
Tot. Effic, 11718 ®

TRP 1528 dBmW

Dir. 7.195 dBi

Figura 130. Modelo 7: Diagrama radiacién 3D frs
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4.7.4. Directividad

Frecuencias (THz) Dwe(ztlls\;;dad
Frl 44,9 -7,919
Fr2 191,6 4,923
Fr3 250,2 7,195

Tabla 38. Modelo 7: Directividad

Directivity,3D,Max. Value (Solid Angle)

e & b N o N & o @

e

40 60 80 100 120 140 160 180 200 220 240 260
Frequency / THz

Figura 131. Modelo 7: Directividad

4.7.5. Eficiencias de Radiacion

|_m | —®— Diectivy,3D,Max. Vale

Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)
Frl 44,9 -0,539 88,324 -15,930 2,553
Fr2 191,6 -2,179 60,548 -4,441 35,967
Fr3 250,2 -0,420 90,778 -11,710 6,745
Tabla 39. Modelo 7: Eficiencias de Radiacion
Radiation Efficiency in dB [Magnitude]
o4 N / —e— Rad. Efficency [1]
. N/

40 60 80 100 120 140 160 180 200 220 240 260
Frequency / THz

Figura 132. Modelo 7: Eficiencia de Radiacion

Total Efficency in dB [Magnitude]

dB
S

40 60 80 100 120 140 160 180 200 220 240 260
Frequency / THz

Figura 133. Modelo 7: Eficiencia Total
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4.7.6. Ganancia

Frecuencias (THz) Gain (dB)
Frl 44,9 -8,402
Fr2 191,6 2,748
Fr3 250,2 6,736

Tabla 40. Modelo 7: Ganancia

Gain (IEEE),3D,Max. Value (Solid Angle)

80

100 120

140 160 180

Frequency / THz

200 220 240 260

Figura 134. Modelo 7: Ganancia

4.7.7. Ganancia Realizable

Frecuencias (THz) Gain (Z:a)"zed
Frl 44,9 -23,811
Fr2 191,6 0,475
Fr3 250,2 -4,469

Tabla 41. Modelo 7: Ganancia Realizable

Realized Gain,3D,Max. Value (Solid Angle)

e

e

-10

yd

-15

-20

b

-25
40

60

80 100 120 140 160 180

Frequency / THz

200 220 240 260

Figura 135. Modelo 7: Ganancia Realizable

4.7.8. Potencia Total Radiada (TRP)

—#— Gain (IEEE),3D,Max. Value

—&— Realzed Gain,3D,Max. Value

. TPR
Frecuencias (THz) (3dBm) TPR (13dBm)
Frl 44,9 -12,930 -2,930
Fr2 191,6 -1,441 8,559
Fr3 250,2 -8,712 1,288

Tabla 42. Modelo 7: Potencia Total Radiada
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4.8. Modelo 8: Fractal orden 2 con grafeno y sustrato fibra de vidrio

4.8.1. Componente

Nombre proyecto: sierpinski_2_grafeno2_glass_epoxy_pec.cst
Orden fractal: 2

Materiales:
Parche grafeno: uc=0.2 eV
Sustrato glass_epoxy: €= 4.4

4.8.2. Coeficiente de Reflexion Si1

Frl

74,35

-20,70

Fr2

287,9

-3,68

Tabla 43. Modelo 8: Coeficiente de Reflexion S11

S-Parameters [Magnitude]

§ (7435385, -20.69904 )

& (287.9,-3.684203)

00 250
Frequency / THz
Figura 137. Modelo 8: Su1
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4.8.3. Farfields para las frecuencia de resonancia

Farfield (f=74.35) [1]
Type Farfield
Approximation enabled (kR >> 1)

Component Abs. y
Output Directivity

Frequency  7435THz %
Rad. Effic, -0.2893 d8 Z

Tot. Effic. -11.08 dB

TRP 1591 dBmW

Dir. -3072 dBi

“Fig"uré 138ModeloM8 Diagrama radiacion 3D fr1

dBi
7.83
2.98
-1.87
-6.72
116
-16.4
213
-26.1
322

Farfield (f=287.9) [1]

Type Farfield

Approximation enabled (kR >> 1)

Component Abs b4

Output Directivity

Frequency 2879 THz >

Rad, Effic. -0.9962 dB z

Tot. Effic. -3.423d8

TRP 23,57 dBmW

Dir. 7.828 dBi

Figura 139. Modelo 8: Diagrama radiacidn 3D fr

4.8.4. Directividad

Frl 74,35 -3,072

Fr2 287,9 7,828
Tabla 44. Modelo 8: Directividad

Directivity,3D,Max. Value (Solid Angle)

—— Directivity,3D,Max. Value

60 100 150 200 250 300
Frequency / THz

Figura 140. Modelo 8: Directividad
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4.8.5. Eficiencias de Radiacion

Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)
Frl 74,35 -0,289 93,556 -11,080 7,798
Fr2 287,9 -0,996 79,502 -3,423 45,467
Tabla 45. Modelo 8: Eficiencias de Radiacién
Radiation Efficiency in dB [Magnitude]

02 —e— Rad. Efficency [1]
'0.3 4

,D4 4

'0.5 4

L 0.6

'0.7 4

'D.B 4

-0.9 4

-1 t t t t
60 100 150 200 250 300
Frequency / THz
Figura 141. Modelo 8: Eficiencia de Radiacién
Total Efficiency in dB [Magnitude]

3
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_9 4
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-11 4
-12

4.8.6. Ganancia

100

150

200

Frequency / THz
Figura 142. Modelo 8: Eficiencia Total

Frecuencias (THz) Gain (dB)
Frl 74,35 -3,365
Fr2 287,9 6,831

Tabla 46. Modelo 8: Ganancia
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2
Gain (IEEE),3D,Max. Value (Sold Angle) \/

—&#— Gain (IEEE),3D,Max. Value

g (7435, -3.361020) 150 200 250 300
& (287.9,6.831772 ) Frequency / THz

Figura 143. Modelo 8: Ganancia

4.8.7. Ganancia Realizable

Frecuencias (THz) LGP
(dB)
Frl 74,35 -14,151
Fr2 287,9 4,336
Tabla 47. Modelo 8: Ganancia Realizable
Realzed Gain,3D,Max. Value (Sold Angle) 7
j v —&— Realzed Gain,3D,Max. Value
S A S
S S A POt A
L S N S~
P S S A A N
S R
o
T NN
B T e U S AU
0 U U S AU
(74.35, -14.15183 ) 150 200 250 300
@ (287.1081, 4.335905 ) Frequency / THz

Figura 144. Modelo 8: Ganancia Realizable

4.8.8. Potencia Total Radiada (TRP)

) TPR
Frecuencias (THz) TPR (3dBm) (13dBm)
Fri 74,35 -8,080 -3,072
Fr2 287,9 -0,581 9,577

Tabla 48. Modelo 8: Potencia Total Radiada
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4.9. Modelo 9: Fractal orden 2 con grafeno y sustrato silicio

4.9.1. Componente

Nombre proyecto: sierpinski_2_grafeno4_silicon_pec.cst

Orden fractal: 2
Materiales:

Parche grafeno: uc=0.2 eV
Sustrato silicio: - = 11.9

4.9.2. Coeficiente de Reflexion Si1

Frl

44,9

-7,78

Fr2

192,1

-4,39

Tabla 49. Modelo 9: Coeficiente de Reflexion S11

S-Parameters [Magnitude]

R S A S N N N S S —

L T T Tt T ¥ T T
% R | S S— AN A S S S S
S
I N T AN S N N PR SRS S S

Gi ( 44.91431, -7.78779 ) 100 150 200 250 350

6 (192117, 4391643 )

Frequency / THz

—s1,1
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4.9.3. Farfields para las frecuencia de resonancia

Farfield (f=44.9) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Directivity
Frequency  449THz
Rad. Effic. 22448
Tot. Effic. -16.04 dB
TRP 10.95 dBmW
Dir. 7918 dBi

Figura 147. Modelo 9: Diagrama radiacién 3D fr1

Farfield (f=191.6) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component  Abs

Output Directivity
frequency  1916THz

Rad. Effic. -0.2073 dB
Tot. Effic. -5482dB
TRP 21.51 dBmW
Dir. 5710dBi

Figura 148. Modelo 9: Diagrama radiacion 3D fr2

4.9.4. Directividad

Frl 44,9 -7,918
Fr2 192,1 5,710
Tabla 50. Modelo 9: Directividad

Directivity,3D,Max. Value (Solid Angle)

40 60 80 100 120 140 160 180 200 220 240 260
Frequency / THz

Figura 149. Modelo 9: Directividad
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4.9.5. Eficiencias de Radiacion

Frecuencias (THz) Rad.Effic | Rad.Effic | Tot.Effic | Tot.Effic
(dB) (%) (dB) (%)
Frl 44,9 -2,244 59,649 -16,04 2,489
Fr2 192,1 -0,207 95,345 -5,482 28,301
Tabla 51. Modelo 9: Eficiencias de Radiacion
Radiation Efficiency in dB [Magnitude]
0
’0.5 4
_1 4
_15 4
_2 4
-2.4 t + + + : ; + + +
40 60 80 100 120 140 180 200 220 240 260
Frequency / THz
Figura 150. Modelo 9: Eficiencia de Radiacidon
Total Efficiency in dB [Magnitude]
5
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-16 +-

-17

40 60 80

100 120 140
Frequency / THz

180 200 220

Figura 151. Modelo 9: Eficiencia Total

4.9.6. Ganancia

Frecuencias (THz) Gain (dB)
Frl 44,9 10,156
Fr2 192,1 5,506

Tabla 52. Modelo 9: Ganancia

79

—&— Rad. Efficiency [1]



Gain (IEEE),3D,Max.

Value (Solid Angle)

& (1917515, 5.505672)

( 44.96171, -10.15624 )

00 120 140

160 180 200 220

Frequency / THz

Figura 152. Modelo 9: Ganancia

240

4.9.7. Ganancia Realizable
. Gain Realized
Frecuencias (THz) (dB)
Frl 44,9 -23,927
Fr2 192,1 0,213

Tabla 53. Modelo 9: Ganancia Realizable

Realized Gain,3D,Max. Value (Solid Angle)

i

—&— Gain (IEEE),3D,Max. Value

260

—&— Realzed Gain,3D,Max. Value.

(4510073, 239267 fioo 120 140 160 180 200 220 240 260
g (191.726,0.2134195) Frequency / THz
Figura 153. Modelo 9: Ganancia Realizable
4.9.8. Potencia Total Radiada (TRP)
. TPR TPR
Frecuencias (THz) (3dBm) (13dBm)
Frl 44,9 -13,04 -3,041
Fr2 192,1 -2,482 7,518

Tabla 54. Modelo 9: Potencia Total Radiada
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4.10. Modelo 10: Fractal orden 2 con grafeno 4 y sustrato fibra de vidrio

4.10.1.Componente

Nombre proyecto: sierpinski_2_grafeno4_glass_epoxy_pec.cst

Orden fractal: 2
Materiales:

Parche grafeno: uc=0.43 eV

Sustrato glass_epoxy: €r=4.4
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Flgura 154 Modelo 10: Componente

4.10.2.Coeficiente de Reflexion S11

Frecuencias (THz) S11 (dB)
Frl 74,35 -20,44
Fr2 289,8 -2,102

Tabla 55. Modelo 10: Coeficiente de Reflexion Siz

i uﬁ%ﬂ

d&

S-Parameters [Maggﬁ#]

_________________________________________________________________________________________________________
_________________________________________________________________________________________________________

— 511

Q (74.3555, 2043835) 100
@ (289.8433, 2.101783 )

150 200

250

300

Frequency [ THz

Figura 155. Modelo 10: S11
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4.10.3.Farfields para las frecuencia de resonancia

Farfield (f=74.35) [1]
Type Farfield
Approximation enabled (kR >> 1)

Component.  Abs y
Output Directivity

Frequency  7435THz z x
Rod.Effic.  -01096 dB

Tot, Effic. -11.07dB

RP 15.91 dBmW

Dir. -3,130 dBi

Figura 156. Modelo 10: Diagrama radiacion 3D fr1

Farfield (f=289.8) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Directivity

Frequency  2898THz

Rad. Effic, -0.3078 dB Z
Tot. Effic. -4499 dB

TRP 2249 dBmW

Dir. 2392 dBi

Figura 157. Modelo 10: Diagrama radiacion 3D fr2

4.10.4.Directividad

Frl 74,35 -3,130

Fr2 289,8 8,398
Tabla 56. Modelo 10: Directividad

Directivity,3D,Max. Value (Solid Angle)

—— Directivity, 3D,Max. Value

4 i i : i
60 100 150 200 250 300
Frequency / THz

Figura 158. Modelo 10: Directividad
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4.10.5.Eficiencias de Radiacion

Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)
Frl 74,35 -0,110 97,499 -11,070 7,816
Fr2 289,8 -0,308 93,154 -4,500 35,481
Tabla 57. Modelo 10: Eficiencias de Radiacién
Radiation Efficiency in dB [Magntude]
008 ; ; ; ; —s— Rad. Efficiency [1]
0.04 4----osoroeee R R — b broeeeeees
0.02 I ‘ I ‘
ol
-0.02 +
L -0.04
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-0.08
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-0.14 + t + t
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Frequency / THz
Figura 159. Modelo 10: Eficiencia de Radiacién
Total Efficency in dB [Magnitude]
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Figura 160. Modelo 10: Eficiencia Total
4.10.6.Ganancia
Frecuencias (THz) Gain (dB)
Frl 74,35 -3,240
Fr2 289,8 8,062

Tabla 58. Modelo 10: Ganancia
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2
Gain (IEEE),3D,Max. Value (Solid Angle) \/

—&— Gain (IEEE),3D,Max. Value

q (74.35,-3.239737) 150 200 250 300
8 (289.8,7.820973) Frequency / THz

Figura 161. Modelo 10: Ganancia

4.10.7.Ganancia Realizable

Frecuencias (THz) Gain Realized (dB)
Frl 74,35 -14,205
Fr2 289,8 3,899
Tabla 59. Modelo 10: Ganancia Realizable
Realized Gain,3D,Max. Value (Solid Angle) 2
! v —— Realized Gain,3D,Max. Value
S U U SO S
Qe
P N S— A— S S
e S
O R — e S —
13 -~ —————————————————— R ————————————————————
14 1% -------------------- fronreeesse s --------------------
Gi‘ (7435, '14‘204“39) 150 200 250 300
& (288.8849, -7.575492 ) Frequency { THz

Figura 162. Modelo 10: Ganancia Realizable

4.10.8.Potencia Total Radiada (TRP)

: TPR TPR

Frecuencias (THz) (3dBm) (13dBm)
Frl 74,35 -8,075 1,925
Fr2 289,8 -12,320 -2,317

Tabla 60. Modelo 10: Potencia Total Radiada
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4.11. Modelo 11: Fractal orden 3 con grafeno y sustrato silicio

4.11.1.Componente

Nombre proyecto: sierpinski_3_grafeno_silicon_pec.cst

Orden fractal: 3

Materiales:
Parche grafeno: uc=0.2 eV
Sustrato silicio: &, =11.9
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Figu'ré 163. Modelo 11: Corﬁboﬁeﬁte

4.11.2.Coeficiente de Reflexion S11

T

S

I 1 O

Fr1 44,90

-7,620

Fr2 193,60

-3,530

e
H 55 S

I 0 O
Eik

Tabla 61. Modelo 11: Coeficiente de Reflexidn Si1

S-Parameters [Magnitude]

G (44.91405, -7.621819 ) [ oo
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Figura 164. Modelo 11: S11
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4.11.3.Farfields para las frecuencia de resonancia

Type
Approximation
Component
Output
Frequency
Rad. Effic.

Tot. Effic.

TRP

Dir.

Type
Approximation
Component
Output
Frequency
Rad. Effic.

Tot. Effic.

TR

Dir.

Farfield (f=44.9) [1]

Farfield
enabled (kR >> 1)

Abs.

Directivity
449THz
02854 dB
-1599d8
11.00 dBmW
7921 dBi

Farfield (f=193.6) [1]

Figura 165. Modelo 11: Diagrama radiacion 3D fr1

Farfield
enabled (kR >> 1)
Abs

Directivity

1926 THz

-1704 dB
-4283de

2271 dBmW
5348 dBi

Figura 166. Modelo 11: Diagrama radiacion 3D fr»

4.11.4.Directividad

Frl

44,90

-7,921

Fr2

193,60

5,348

Tabla 62. Modelo 11: Directividad

Directivity,3D,Max. Value (Solid Angle)

100

120
Frequency / THz

160

Figura 167. Modelo 11: Directividad
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4.11.5.Eficiencias de Radiacion

Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)
Frl 44,9 -2,244 59,649 -16,04 2,489
Fr2 192,1 -0,207 95,345 -5,482 28,301

Tabla 63. Modelo 11: Eficiencias de Radiacion

Radiation Efficiency in dB [Magnitude]

—&— Rad. Efficiency [1]

&

40 60 80 100 120 140 160 180 200
Frequency / THz

Figura 168. Modelo 11: Eficiencia de Radiacién

Total Efficiency in dB [Magnitude]
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Figura 169. Modelo 11: Eficiencia Total
4.11.6.Ganancia
Frecuencias (THz) Gain (dB)
Frl 44,90 -8,205
Fr2 193,60 3,588

Tabla 64. Modelo 11: Ganancia
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Gain (IEEE),3D,Max. Value (Solid Angle)_1

—8— Gain (IEEE),3D,Max. Value

-10 t t t t t t t
40 60 80 100 120 140 160 180 200

Frequency / THz
Figura 170. Modelo 11: Ganancia

4.11.7.Ganancia Realizable

Frecuencias (THz) Gain Realized (dB)
Fri 44,90 -23,870
Fr2 193,60 0,947

Tabla 65. Modelo 11: Ganancia Realizable

Realized Gain,3D,Max. Value (Sold Angle)

—&— Realzed Gain,3D,Max. Value

-10 4

15 <

=20 +

-25 t t t t t t t
40 60 80 100 120 140 160 180 200

Frequency / THz
Figura 171. Modelo 11: Ganancia Realizable

4.11.8.Potencia Total Radiada (TRP)

: TPR TPR

Frecuencias (THz) (3dBm) (13dBm)
Frl 44,90 -12,990 -2,993
Fr2 193,60 -1,283 8,717

Tabla 66. Modelo 11: Potencia Total Radiada
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4.12. Modelo 12: Fractal orden 3 con grafeno y sustrato fibra de vidrio

4.12.1.Componente
Nombre proyecto: sierpinski_3_grafeno_glass_epoxy_pec.cst

Orden fractal: 3

Materiales:
Parche grafeno: uc=0.1 eV
Sustrato glass_epoxy: €= 4.4

4.12.2.Coeficiente de Reflexion Si11

Frl 74,35 -19,825

Fr2 287,70 -2,571
Tabla 67. Modelo 12: Coeficiente de Reflexion Siz

S-Parameters [Magnitude]

— 11

dB

42 4
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Figura 173. Modelo 12: S11
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4.12.3.Farfields para las frecuencia de resonancia

Farfield (f=74.35) [1]
Type Farfield
Approximation enabled (kR >> 1)

Component Abs ¥
Output Directivity

Frequency 7435 THz X
Rad. Effic. -0.2609 dB z

Tot. Effic, -10.97 dB

TRP 16.02 dBmW

Dir. -3.029 dBi

Figura 174. Modelo 12: Diagrama radiacién 3D fr1

Farfield (f=287.7) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Directivity

Frequency 287.7 THz %
Rad. Effic. -1.009 dB z

Tot. Effic. -4.503 dB

TRP 22.49 dBmW

Dir. 7.680 dBi

Figura 175. Modelo 12: Diagrama radiacidén 3D fr2

4.12.4.Directividad

Frl 74,35 -3,029

Fr2 287,70 7,680
Tabla 68. Modelo 12: Directividad
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Directivity,3D,Max. Value (Solid Angle)

—&— Directivity, 30,Max. Value

* 60 160 15ID 260 2!::0 300
Frequency / THz
Figura 176. Modelo 12: Directividad
4.12.5.Eficiencias de Radiacion
Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)

Fri 74,35 -0,261 94,169 -10,970 7,998
Fr2 287,70 -1,009 79,268 -4,503 35,457

Tabla 69. Modelo 12: Eficiencias de Radiacion

4.12.6.Ganancia
Frecuencias (THz) Gain (dB)
Frl 74,35 -3,290
Fr2 287,70 6,641
Tabla 70. Modelo 12: Ganancia
Gain (IEEE),3D,Max. Value (Solid Angle)
, v/

( 74.35, -3.290026 )
@ (287.0607, 6.641382 )

150 200

Frequency / THz

Figura 177. Modelo 12: Ganancia
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4.12.7.Ganancia Realizable
Frecuencias (THz) Gain Realized (dB)
Frl 74,35 -13,991
Fr2 287,70 3,177

Tabla 71. Modelo 12: Ganancia Realizable

Realized Gain,3D,Max. Value (Solid Angle)

-10 1
-12 +---

-14 +

g (7450427, -13.99111)
G (287.7,3.177183 )

4.12.8.Potencia Total Radiada (TRP)

150

200 250

Frequency / THz
Figura 178. Modelo 12: Ganancia Realizable

. TPR TPR
Frecuencias (THz) (3dBm) (13dBm)
Frl 74,35 -7,974 2,026
Fr2 287,70 -1,503 8,497

Tabla 72. Modelo 12: Potencia Total Radiada
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4.13. Modelo 13: Fractal orden 2 con grafeno 2 y sustrato silicio

4.13.1.Componente
Nombre proyecto: sierpinski_3_grafeno2_silicon_pec.cst
Orden fractal: 3
Materiales:
Parche grafeno: uc=0.2 eV
Sustrato silicio: r=11.9

4.13.2.Coeficiente de Reflexion Si1

Frl

44,90

-7,650

Fr2

194,10

-3,490

Tabla 73. Modelo 13: Coeficiente de Reflexidn Si1

S-Parameters [Magnitude]

dB
IS

( 44.9097, -7.655966 ) | 100
§ (194.0979, -3.49623 )

200
Frequency / THz
Figura 180. Modelo 13: S11
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4.13.3.Farfields para las frecuencia de resonancia

Farfield (f=44.9) [1]
Type Farfield
Approximation enabled (kR >> 1)

Component Abs y
Output Directivity

Frequency 449THz

Rad. Effic. -0.4668 dB z

Tot. Effic. -16.00dB

TRP 10.99 dBmW

Dir. -7.921 dBi

Figura 181. Modelo 13: Diagrama radiacion 3D fr1

Farfield (f=193.6) [1]

Type Farfield
Approximation enabled (kR >> 1)

Component Abs. ¥
Output Directivity

Frequency 193.6 THz

Rad. Effic. -1.649dB z

Tot. Effic. -4.606 dB

TRP 2238 dBmW

Dir. 5.503 dBi

Figura 182. Modelo 13: Diagrama radiacion 3D fr2

4.13.4.Directividad

Frl 44,90 -7,921

Fr2 194,10 5,503
Tabla 74. Modelo 13: Directividad

4.13.5.Eficiencias de Radiacion

Frl 44,90 -0,467 89,809 -16,000 2,512

Fr2 194,10 -1,649 68,407 -4,606 34,626
Tabla 75. Modelo 13: Eficiencias de Radiacién
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4.13.6.Ganancia

Frecuencias (THz) Gain (dB)
Frl 44,90 -8,390
Fr2 194,10 3,853

Tabla 76. Modelo 13: Ganancia

Gain (IEEE),3D,Max. Value (Solid Angle)

—— Gain (IEEE),3D,Max. Value

g (44.9,-8387779) g 100 120 140 160 180 200
@ (193.6,3.853347 ) Frequency / THz

Figura 183. Modelo 13: Ganancia

4.13.7.Ganancia Realizable

Frecuencias (THz) Gain Realized (dB)
Frl 44,90 -23,923
Fr2 194,10 0,871

Tabla 77. Modelo 13: Ganancia Realizable

Realized Gain,3D,Max. Value (Solid Angle)

5 : : : : : : X2/
: : : : : : : 2 —k— Realized Gain,3D,Max. Value...

§ (44.9,-23.92321) 100 120 140 160 180 200
@ (193.4443, 0.870863 ) Frequengy / THz

Figura 184. Modelo 13 Ganancia Realizable

4.13.8.Potencia Total Radiada (TRP)

: TPR TPR

Frecuencias (THz) (3dBm) (13dBm)
Frl 44,90 -13,000 -3,002
Fr2 194,10 -1,606 8,394

Tabla 78. Modelo 13: Potencia Total Radiada
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4.14. Modelo 14: Fractal orden 3 con grafeno 2 y sustrato fibra de vidrio

4.14.1.Componente
Nombre proyecto: sierpinski_3_grafeno2_glass_epoxy_pec.cst
Orden fractal: 3
Materiales:
Parche grafeno: p.=0.2 eV
Sustrato glass_epoxy: €= 4.4

4.14.2.Coeficiente de Reflexion S11

Frecuencias (THz) S11 (dB)
Frl 74,35 -20,170
Fr2 287,95 -2,702

Tabla 79. Modelo 14: Coeficiente de Reflexidn Si1

S-Parameters [Magnitude]

dB

( 74.36076, -20.17757 ) | 100
8 (286.8764, -2.701766 )

200

Frequency [ THz
Figura 186. Modelo 14 S11
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4.14.3.Farfields para las frecuencia de resonancia

Farfield (f=74.35) [1]

Type Farfield
Approximation enabled (kR >> 1)

Component  Abs y
Output Directivity

Frequency 7435THz

Rad, Effic. -0.3118dB z X
Tot. Effic. -11.05dB

TRP 15.94 dBmW

Dir. -3.054 dBi

Figura 187. Modelo 14: Diagrama radiacién 3D fr1

Farfield (f=287.7) [1]
Type Farfield
Approximation enabled (kR >> 1)

Component Abs Y
Output Directivity

Frequency 287.7 THz

Rad, Effic. -1.160 dB z o
Tot. Effic. -4678 dB

TRP 22,31 dBmW

Dir. 7.605 dBi

Figura 188. Modelo 14: Diagrama radiacién 3D fr

4.14.4.Directividad

Frl 74,35 -3,054

Fr2 287,95 7,605
Tabla 80. Modelo 14: Directividad
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4.14.5.Eficiencias de Radiacion

Frecuencias (THz) Rad.Effic Rad.Effic Tot.Effic Tot.Effic
(dB) (%) (dB) (%)
Frl 74,35 -0,312 93,072 -11,050 7,852
Fr2 287,95 -1,160 76,560 -4,678 34,056

Tabla 81. Modelo 14: Eficiencias de Radiacion

4.14.6.Ganancia
Frecuencias (THz) Gain (dB)
Frl 74,35 -3,361
Fr2 287,95 6,438
Tabla 82. Modelo 14: Ganancia
4.14.7.Ganancia Realizable
Frecuencias (THz) Gain Realized (dB)
Fri 74,35 -14,035
Fr2 287,95 2,916
Tabla 83. Modelo 14: Ganancia Realizable
4.14.8.Potencia Total Radiada (TRP)
: TPR TPR
Frecuencias (THz) (3dBm) (13dBm)
Frl 74,35 -8,048 1,952
Fr2 287,95 -1,678 8,322

Tabla 84. Modelo 14: Potencia Total Radiada
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4.15 Resumen comparativo modelos

A continuacion se detalla una tabla comparativa de los parametros obtenidos
en los distintos modelos disefiados y simulados:

Gain
‘ORDEN irectivi Rad.Effic Rad.Effic Tot.Effic TPR
Frecuencias (THz} A
FRACTAL MATERIALES Modelo (THz) $11(dB) ) ) o0 | Effic (%)| TPR (3dBm) (13d8m) | &7 (dB) Re(a(:laz)ed
Frl 44,90 -6,110 7,888 -0,279 93,77 -15,510 2,82 -12,510 2,510 -8,130 -23,210
sierpinski_1_grafeno_silicon_pec.cst Fr2 196,60 -2,230 4,848 -1,750 66,83 -5,694 26,95 -2,694 7,310 3,059 -0,805
Fr3 422,20 -10,870 9,645 3,375 45,97 -3,741 42,26 -0,741 9,260 6,266 5,856
glass_epoxy:e=4,4| . . . Frl 74,35 -21,160 -3,020 0,294 93,45 -11,270 7,46 -8,266 1,734 -3,314 -14,286
sierpinski_1_grafeno_glass_epoxy_pec.cst
1 Fr2 291,50 -2,990 7,870 -0,108 97,54 -4,127 38,66 -1,127 8,873 6,776 3,731
Frl 44,90 -6,270 7,886 -0,489 89,34 -15,540 2,80 -12,540 2,536 -8,300 -23,280
grafeno:uc=0,2eV sierpinski_1_grafeno2_silicon_pec.cst Fr2 196,50 -2,050 4,600 -2,074 95,34 -6,203 23,97 -3,203 6,797 2,540 -1,591
silicio: e =11,9 Fr3 422,70 -7,640 10,070 2,806 52,41 -4,232 37,74 -1,232 8,768 7,239 5799
glass_epoxy:e=44| . . . Frl 74,35 -21,360 -3,029 0,391 91,40 -11,290 7,43 -8,288 1,712 3,342 14,290
sierpinski_1_grafeno2_glass_epoxy_pec.cst
Fr2 292,30 -2,650 7,647 -1,465 71,37 -4,985 31,73 -1,985 8,015 6,195 2,675
Frl 44,90 7,450 7,920 -0,320 92,89 -15,930 2,55 -12,930 2,932 -8,236 23,737
grafeno:uc=0,1eV sierpinski_2_grafeno_silicon_pec.cst Fr2 191,60 -3,870 4,924 -2,224 59,92 -4,507 35,42 -1,507 8,493 2,702 0,408
silicio: e =11,9 Fr3 250,30 -0,330 7,184 -0,433 90,52 -11,760 6,67 -8,759 1,241 6,714 -4,529
glass_epoxy:e=44( _ . . Frl 74,35 -20,580 3,084 0,291 93,51 -11,070 7,82 -8,073 1,927 3,370 14,156
sierpinski_2_grafeno_glass_epoxy_pec.cst
Fr2 287,95 -3,610 7,873 -1,128 77,13 -3,581 43,84 -0,581 9,419 6,744 4,232
Frl 44,90 7,480 7,919 -0,539 88,32 -15,930 2,55 -12,930 2,930 -8,402 23,811
. grafeno:uc=0,2eV| sierpinski_2_grafeno2_silicon_pec.cst Fr2 191,60 -3,850 4,923 2,179 60,55 4,441 35,97 -1,441 8,559 2,748 0,475
silicio: e =11,9 Fr3 250,20 -0,290 7,195 -0,420 90,78 -11,710 6,75 -8,712 1,288 6,736 -4,469
glass_epoxy:e=4,4| _ . . Frl 74,35 -20,70 -3,072 0,289 93,56 -11,080 7,80 8,080 -3,072 -3,365 14,151
sierpinski_2_grafeno2_glass_epoxy_pec.cst
Fr2 287,90 -3,68 7,828 -0,996 79,50 -3,423 45,47 0,581 9,577 6,831 4,336
grafeno: uc=0,43 - . Frl 44,90 7,780 7,918 2,244 59,65 -16,040 2,49 13,040 3,041 10,156 23,927
sierpinski_2_grafenod_silicon_pec.cst
eV Fr2 192,10 4,390 5,710 -0,207 95,35 5,482 28,30 2,482 7,518 5,506 0,213
silicio: e =11,9 PR Frl 74,35 -20,440 -3,130 -0,110 97,50 -11,070 7,82 -8,075 1,925 -3,240 14,205
sierpinski_2_grafenod_glass_epoxy_pec.cst
glass_epoxy: e =4,4 Fr2 289,80 -2,102 8,398 0,308 93,15 -4,500 35,48 12,320 -2,317 8,062 3,899
P ™ Frl 44,90 -7,620 -7,921 0,285 93,64 -15,990 2,52 12,990 -2,993 8,205 23,870
grafeno:uc=0,1eV| sierpinski_3_grafeno_silicon_pec.cst
silicio: e =11,9 Fr2 193,60 -3,530 5,348 -1,704 67,55 -4,283 37,30 -1,283 8,717 3,588 0,947
’ . BT Frl 74,35 -19,825 -3,029 -0,261 94,17 -10,970 8,00 -7,974 2,026 -3,290 13,991
glass_epoxy: e =4,4| sierpinski_3_grafeno_glass_epoxy_pec.cst
3 Fr2 287,70 -2,571 7,680 -1,009 79,27 -4,503 35,46 -1,503 8,497 6,641 3,177
PR . Frl 44,90 -7,650 -7,921 0,467 89,81 -16,000 2,51 13,000 -3,002 -8,39 23,923
sierpinski_3_grafeno2_silicon_pec.cst
Fr2 194,10 -3,490 5,503 1,649 68,41 -4,606 34,63 1,606 8,394 3,853 0,871
. Frl 74,35 -20,170 -3,054 -0,312 93,07 -11,050 7,85 -8,048 1,952 -3,361 14,035
sierpinski_3_grafeno2_glass_epoxy_pec.cst
Fr2 287,95 2,702 7,605 1,160 76,56 4,678 34,06 1,678 8,322 6,438 2,916

Tabla 85. Resumen comparativo modelos

Como se puede observar no existe un modelo que destaque mas en cuanto a
prestaciones y tampoco existe demasiada variabilidad entre los distintos modelos. Aun
asi, se han seleccionado dos modelos que en base al valor del coeficiente de reflexién
S11y la ganancia, se pueden considerar los dos mejores.
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4.16 Mejor modelo orden 1

Se considera como mejor modelo de orden 1 de los obtenidos el siguiente del
que se detallan las dimensiones los cortes de los diagramas de radiacion:

Gain
b
MATERIALES Modelo Frecuencias (THz) 511(dB) e Ra(d‘;;;f" Ra‘(’;:;f" TT;T:" Tot.Efic (%) PR (3d8m) | | 131:;“) Gain (dB) Re(e:‘:)ed
rafeno: uc=0,1eV Frl 44,90 -6,110 -7,888 -0,279 93,77 -15,510 2,82 -12,510 -2,510 -8,130 -23,210
8 silicio“ 8 :ﬁ 9 sierpinski_1_grafeno_silicon_pec.cst Fr2 196,60 -2,230 4,848 -1,750 66,83 -5,694 26,95 -2,694 7,310 3,059 -0,805
T Fr3 422,20 -10,870 9,645 -3,375 45,97 -3,741 42,26 -0,741 9,260 6,266 5,856

Tabla 86. Mejor modelo orden 1: Pardmetros

CST Studio Suite T T T T T Tt
Student Edition |
g
,g — s 393939 O ———— ]
3
5008 nm y
|
40.00 nm - X

Figura 189. Mejor modelo orden 1: Componente

S-Parameters [Magnitude]

— 11

m
o
(44.90179, -6.111897 )
9, (1965937, -2.231837 )| 4 150 200 250 300 350
4 (422.212, 10.87107 ) Frequency / THz

Figura 190. Mejor modelo orden 1: Si1

Farfield Directivity Abs (Phi=90)

Farfield (f=44.9) [1]

Phi=270

90
120
Frequency = 44.9 THz
Main lobe magntude =  -7.89 dBi
Main lobe direction = 94.0 deg.
Theta / Degree vs. dBi Angular width (3 dB) = 291.0 deg.

Figura 191. Mejor modelo orden 1: Farfield fr1
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Farfield Directivicy Abs (Phi=90)

Farfield (f=196.6) [1]

Phi=270

Frequency = 196.6 THz
Main lobe magnitude = 4.85 dBi

180 Main lobe direction = 29.0 deg.
Angular width (3 dB) = 71.3 deg.
Theta / Degree vs. dBi Side lobe level = -7.9 dB

Figura 192. Mejor modelo orden 1: Farfield fr2

Farfield Directivity Abs (Phi=90)

Farfield (f=422.2) [1]
Phi= 90 Phi=270

120 120
' ) Frequency = 422.2 THz
Main lobe magnitude = 9.66 dBi
180 Main lobe direction = 49.0 deg.
Angular width (3 dB) = 42.8 deg.
Theta / Degree vs. dBi Side lobe level = -1.8 dB

Figura 193. Mejor modelo orden 1: Farfield fr3

Con respecto a este modelo es necesario comentar que el valor de S11 no es
demasiado bueno y por esta razén se observa que el valor de la Eficiencia total es
menor del esperado, un 2,82% para la primera frecuencia de resonancia.

Una posible solucién a esta situacidon es conseguir una mejor adaptacion a la
primera frecuencia de resonancia f.= 44,9 THz. Esto se podria conseguir mediante una
red de adaptacién de impedancias o un transformador.

Asi pues, se observa que la tercera frecuencia f3 = 422,2 THz da mejores
valores para la eficiencia, con un valor del coeficiente de reflexiéon S11=-10,87 dB. Los
valores de directividad y ganancia que proporciona también serian buenos: D=9,6 dB y
G=6,3 dB. Como se puede observar, el valor de la ganancia realizable es de 5,86 dB,
hecho que nos indica que a esta frecuencia la antena estd mejor adaptada.
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4.17 Mejor modelo orden 2

Se considera como mejor modelo de orden 2 de los obtenidos el siguiente del
que se detalla mas informacién:

oy 1 1 3 Gain
MATERIALES Modelo Frecuencias (THz) | s11(dB) | e Ra(dd':;f" Ra‘:;;"" T‘Ei?" Tot.Effic (%)| TPR (3dBm) (13TdPBRm) Gain (dB) Re(adIiBz)ed
grafeno:uc=0,43eV ierpinski_2_grafeno Frl | 44,90 -7,780 -7,918 -2,244 59,649 -16,040 2,489 -13,040 -3,041 10,156 -23,927
silicio:e =11,9 4_silicon_pec.cst Fr2 | 192,10 -4,390 5,710 -0,207 95,345 -5,482 28,301 -2,482 7,518 5,506 0,213
Tabla 87. Mejor modelo orden 2: Pardmetros
|
\
y
A
Figura 194. Mejor modelo orden 2: Componente
S-Parameters [Magnitude]
—5s11

§ (44.91431, -7.78779 ) [ 199 150 200 250 300 350 400 450 500
8 (192.117, 4.391643) Frequency / THz

Figura 195. Mejor modelo orden 2: S11
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Farfield Directivity Abs (Phi=90)

Farfield (f=44.9) [1]

Phi=270

120

Frequency = 44.9 THz

Main lobe magnitude = -7.92 dBi
Main lobe direction = 93.0 deg.
Theta / Degree vs. dBi Angular width (3 dB) = 292.5 deg.

Figura 196. Mejor modelo orden 2: Farfield fr1

Farfield Directivicy Abs (Phi=90)

Farfield (F=191.6) [1]
Phi=270

Frequency = 191.6 THz
Main lobe magnitude = 5.72 dBi

180 Main lobe direction = 28.0 deg.
Angular width (3 dB) = €9.3 deg.
Theta / Degree vs. dBi Side lobe level = -9.3 dB

Figura 197. Mejor modelo orden 2: Farfield fr»

Al igual que con modelo anterior, es necesario puntualizar que se deberia tratar
de conseguir una mejor adaptacién para la primera frecuencia de resonancia.
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5. Conclusiones

Como conclusiones del presente trabajo, se han identificado determinados
pardmetros que al ser variados modifican los parametros de disefio de la antena como
son: frecuencia de resonancia, ganancia realizable, eficiencia de radiacién y
directividad.

A continuacion se detalla cada uno de ellos:

1) Potencial quimico del grafeno:
Con las variacion del potencial quimico del grafeno se observa que aumentan
ligeramente las frecuencias de resonancia para un mismo sustrato y un mismo
orden de fractal. Esta conclusién va en linea con los trabajos previos
investigados en los que se demuestra que el cambio de potencial quimico tiene
una implicacién en la frecuencia de resonancia de la antena.

2) Permitividad eléctrica del sustrato:
Con respecto a la variacion de la permitividad eléctrica del sustrato, se observa
que cuanto mayor es esta, menores son las frecuencias de resonancia.

3) Orden del fractal:
Conforme aumenta el orden del fractal, para un mismo sustrato y un mismo
material de grafeno, las frecuencias de resonancia bajan ligeramente ambos
sustratos.

4) Sustrato silicio:
Proporciona mayores ganancias realizables en la antena.

5) Sustrato fibra de vidrio:
Proporciona ligeramente mayores eficiencias de radiacidn en la antena.

6) Ganancia:
Se observan mejores ganancias para conforme aumenta el orden del fractal.

7) Directividad:
Mejores directividades para las segunda y tercera frecuencias de resonancia
que para la primera.

Se hace necesario reflexionar sobre si se ha conseguido lograr los objetivos
planteados inicialmente y la respuesta es afirmativa. El presente trabajo pretendia
llegar a obtener disefios funcionales de antenas fractales de grafeno y sobre todo
proveer de las herramientas para poder modificar de forma rapida y agil los distintos
parametros de construccién de un determinado modelo.
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Puesto que en todo momento se ha utilizado software con version de
estudiantes, se han presentado diversas limitaciones de la licencia de CST a nivel de
simulacién y disefio de Macros en la propia interfaz del programa, que en parte se han
podido subsanar con la automatizacién desde Matlab. En el caso de las limitaciones de
simulacién, no se ha podido llegar a simular modelos fractales de orden 5 por ejemplo:

-[@ Components
-Gg Groups

B Materials
£@ Faces
Fg Curves
&g wes
f-G@ Anchor Points
8 Wies ~1 1 T
[@ Vorel Data T Alne T T I~
£8 Dimensions 1] [T B | LT
(3% Lumped Hlements ame VAN - T Ny L T ||
3 Plane Wave W ] =TT L T T -
[ Farfield Sources T N T~ L T LT N
-G Field Sources T ~ =TT LT [
- Ports T el T T ]
(- Excitation Signals T “"--____‘ 1 T I | [ |
T Field Moritors T~ s | 11— T L T |
| ~ L - — -

- Vottage and Cument Montors ™~ — =L T M~ L]

[ Probes - || LT T
(-G Mesh B = T i ™ | T ™
(& 1D Resutts I~ 1] | | ~ I —

- 2D/3D Resuts —-| ] L T 1 -

[ Farfields —— L T~ | (| o ) e ey -

[ Tables it I e 1 ] LT - L [ %E
. l |
# Schematic |
Parameter List X Messages x
lame ression falue escription
Y N Expressi Val Descripti 04 @ &
~ (@) In order to get an optimal performance, hyperthreading is ignored for parallel computations.

(i) The length ratio between the shortest and the longest model edges is 1:15008. Short model
edges can be highlighted via Mesh:Mesh Control-> Check Mesh-Check Model Edge Length.... (It
may be advantageous to made! the metallizations s infinitely thin sheets.) More...

(@) Meshing successful

A\ This software s licensed for personal and educational purposes only.

0 This software is licensed for up to 500 CAD faces. The current model consists of 503 faces.

Please simplify the model accordingly.
€ 1 error and 1 warning occurred.
Parameter List ‘ Result Navigator | Messages | Progress |
Ready HeE@aew B D Raster=50.000 | Tetrahedrons=15715 | Normal | nm THz ns K

Figura 198. Modelo fractal orden 5
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6. Lineas futuras

Las lineas de trabajo futuro son numerosas puesto que se pueden explorar
distintos disefios de antenas fractales y con diversas combinaciones de materiales de
construccion basdndose en el presente trabajo como punto de partida.

Sin modificacién del trabajo actual se puede partir de los scripts de Matlab
creados y sin realizar ningin cambio en los mismos, generar las distintas
combinaciones de antena fractal tridngulo de Sierpiiski para diferentes drdenes,
distintos materiales del parche y de sustrato. Estan ya configurados y creados los
siguientes materiales:

» Material parche: cobre, grafeno (u.=0,1 eV), grafeno2 (uc=0,2
eV), grafeno4 (u.=0,43 eV) y PEC.

» Substrato: Didxido de Silicio, Fibra de Vidrio y FR4 estandar.

» Plano de masa: PECy Oro.

Si se tuviese acceso a una versidon de CST Studio Suite comercial se podrian
realizar simulaciones de fractales de orden 5 o superior. Con la versién de CST con
licencia de estudiante utilizada se presentaban ciertas limitaciones con la simulacién y
con el disefio de Macros.

Por otro lado, con la modificacién en la funcidn fractal _sierpinski de
algunos parametros, se podria crear la misma antena para distintos grosores del
sustrato y distintas dimensiones del parche. También se pueden crear otras formas
fractales, siempre y cuando se programe en Matlab el cddigo que genere el
componente en CST. Los entregables otorgan un punto de partida para disefiar
antenas con formas fractales diversas.

Se ha elegido un disefno de antena que trabajase en los terahercios, pero con la
modificacion de las dimensiones de esta y del material del parche, se podria trabajar
en las frecuencias de los gigahercios.

Se han creado tres tipos de material grafeno con distintos valores de potencial
guimico y en el trabajo se indica la forma de crear otros materiales grafeno con los que
investigar.

También es interesante mencionar que el proyecto facilita de una forma rapida
y eficiente la comprobacion del funcionamiento de un determinado disefio.

Por ultimo, hay que mencionar que dentro de los usos comerciales de las
antenas de grafeno en la banda de los terahercios, resulta muy interesante el posible
uso comercial en aplicaciones de imagen médica gracias a la caracteristica
reconfigurable o sintonizable de las antenas de grafeno mediante la variacidon del
potencial quimico.
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7. Glosario

API (Application Programming Interface): Interfaz de programacién de aplicaciones, es
un conjunto de funciones y procedimientos que permite que los programas puedan
comunicarse entre ellos.

Grafeno: Es un nanomaterial con una conductividad eléctrica muy alta y que aplicado
a una antena de dimensiones de nandmetros permite la propagacion de las ondas
electromagnéticas en las frecuencias de terahercios.

Polariton: Cuasiparticula resultado del fuerte acoplamiento de ondas
electromagnéticas con la onda de polarizacion eléctrica o magnética

Plasmoén: Cuasiparticula que describe al campo EM producido por las oscilaciones
colectivas de los electrones de conduccién en un material. Los plasmones de superficie
son aquellos que estan confinados a las superficies y que forman un polaritéon cuando
interacttan con la luz.

PPP (Planar Plasmonic Patch): Antena de parche plasmdnico de grafeno.

SPP (Polariton de plasmoén de superficie): Son ondas electromagnéticas que se
desplazan entre un metal-dieléctrico o entre metal-aire en la regién del espectro
electromagnético de los infrarrojos o visible. Son ondas que indican movimiento de
carga en el metal (plasmén de superficie) y ondas electromagnéticas en el aire o
dielectricas (polaritdn).
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9. Anexo |

Cadigo Matlab

Los scripts adjuntos se corresponden con las funciones implementadas en
Matlab para lanzar instrucciones en CST y generar los modelos de forma
automatica.

Funcidn principal
fractal sierpinski(it, materialpatch, substrato, groundplane)

Como pardametros de entrada tiene: el numero de iteraciones, material,
substrato y plano de masa.

La funcién genera la antena de parche fractal de Sierpinski de orden n en CST,
con el material, substrato y plano de masa indicados. También genera un nuevo
proyecto de CST con la parametrizaciéon: unidades, rango de frecuencia,
dimensiones del elemento, puerto, monitores y realiza la simulacién con el “FD
Solver”.

function fractal_sierpinski(it,materialpatch,substrato,groundplane)

Script to create a new CST project to simulate a Fractal Sierpinski

BN

% Material patch: cobre, grafeno, grafeno2, grafeno4, pec
% Substrato: silicon, glass_epoxy, fr4
% Groundplane: pec, gold

3R 3% ¥

% Start a new CST project
cst = actxserver('CSTStudio.application');
mws = cst.invoke('NewMWS"');

% Define units

geometry = 'nm’';

frecuency = 'THz';

units(mws, geometry, frecuency);

% Define Frequency Range
f1=1;

f2 = 500;
frecuency_range(mws,f1,f2);

% Antenna microstrip dimensions
% PATCH: W = Width - L = Lenght - ht = height
W = 600;

L = 600;

hp = 0.04;

%FEEDLINE: W = Width - L = Lenght

Wf = 20;

%GROUNDPLANE: Wg = Width - Lg = Lenght
Lg = 2*L;

Wg = 2*W;

%SUBSTRATE: hs = height

hs=20;

% Fractal dimensions e iterations
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% L is the triangle side too
namecount=0;

side = L;

it=it-1;

% Initialization iteration=0 - We paint the first triangle
sop_x = [@ L/2 L];
sop_y = [0 sqrt(3*(L*2)/4) @0];
triangle(mws, sop_x, sop_y,namecount,hp);
namecount = namecount + 1;
% Iteration>0
if (it>-1)
side=side/2;
escalate=3;
it@_x = [side/2 side 3*side/2];
ite_y = [sqrt(3*(side”2)/4)-escalate @ sqrt(3*(side”2)/4)-escalate];
triangle(mws,it®_x,it@_y,namecount,hp);
namecount = namecount + 1;
% Initialization the triangles coordinates
coor{l,1} = ito_x;
coor{2,1} = ito_y;
% Escalate
escalate = 0;
if (it == 1)
escalate = 2;
elseif (it == 2)
escalate = 2;
elseif (it > 2)
escalate = 3;
end

% Loop to iterations
for i = 1:1:it

temp = {};

side = side/2;

for n = 1:1:size(coor,2)
h = round(sqrt(3*(side~2)/4))-escalate;
% Right triangle
x_r = [coor{l,n}(2)+side/2 coor{l,n}(2)+side coor{1l,n}(2)+3*side/2];
y_r = [coor{2,n}(2)+h coor{2,n}(2) coor{2,n}(2)+h];
% Upper triangle
x_u = [coor{l,n}(1)+side/2 coor{l,n}(1l)+side coor{l,n}(1)+3*side/2];
y_u = [coor{2,n}(1)+h coor{2,n}(1) coor{2,n}(1)+h];
% Left triangle
x_1 = [coor{1l,n}(2)-3*side/2 coor{l,n}(2)-side coor{l,n}(2)-side/2];
y_1 = [coor{2,n}(2)+h coor{2,n}(2) coor{2,n}(2)+h];
% New triangles coordinates storage
1 = size(temp,2);
temp{1,1+1} = x_r; temp{2,1+1} =y r;
temp{1,1+2} = x_u; temp{2,1+2} =y u;
temp{1,1+3} = x_1; temp{2,1+3} =y 1;
% Paint relative triangles
triangle(mws,x_r,y_r,namecount,hp);
namecount = namecount + 1;
triangle(mws,x_u,y_u,namecount,hp);
namecount = namecount + 1;
triangle(mws,x_1,y_ 1,namecount,hp);
namecount = namecount + 1;

end
% Cleaning up temporal cells
coor = temp;
clear('temp');
end
end

% Reset View to Default
invoke(mws, 'ResetViewToStructure');

% Create feedline by poligon
% Feedline Wf=20
xr = [L/2-Wf L/2+Wf L/2+Wf L/2-Wf];
yr = [0 © -L/4-2*Wf+10 -L/4-2*Wf+10];
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% hr May be the same as hp = 0.04;
rectanglefeed(mws,xr,yr,hp)

% Boolean Addition t@ + feedline
componentl = 'component:to';
component2 = "component:feedlinel”;
boolean_add(mws,componentl, component2);

% Boolean Substraction
for j = 1:1:namecount-1

componentl = 'component:t@’;

component2 = "component:t"+int2str(j);

boolean_subs(mws, componentl,component2);
end

% Translate triangle
name="'component:t0";
type='Translate’;
transform(mws,name,type,-L/2,-L/2,hp+hs);

% Rename t@ -> sierpinski
Solid = invoke(mws, 'Solid");
invoke(Solid, 'Rename"’, 'component:t@_ 1", 'component:sierpinski');

% Delete to_1
Solid = invoke(mws, 'Solid");
invoke(Solid, 'Delete’, 'component:t0"');

% Asign material
switch materialpatch
case 'cobre'
mat_cooperpurelossy(mws);
Solid = invoke(mws, 'Solid"');
invoke(Solid, 'ChangeMaterial’, 'component:sierpinski', 'Copper
(annealed)');
case 'grafeno’
mat_graphene_eps(mws);
Solid = invoke(mws, 'Solid"');
invoke(Solid, 'ChangeMaterial’, 'component:sierpinski', 'Graphene_Eps');
case 'grafeno2’
mat_graphene2_eps(mws);
Solid = invoke(mws, 'Solid"');
invoke(Solid, 'ChangeMaterial’, 'component:sierpinski', 'Graphene2_Eps');
case 'grafeno4d'’
mat_graphene4_eps(mws);
Solid = invoke(mws, 'Solid");
invoke(Solid, 'ChangeMaterial’, 'component:sierpinski', 'Graphene4_Eps');
otherwise
disp('PEC")
end

% Create groundplane
Name = 'groundplane’;
component = 'component';
material = 'PEC';
Xrange = [-0.4*Wg 0.4*Wg];
Yrange = [-0.4*Lg 0.4*%Lg];
Zrange = [-hp/2 hp/2];
brick(mws, Name, component, material, Xrange, Yrange, Zrange);

% Asign material
switch groundplane
case 'gold'
ground_gold(mws);
Solid = invoke(mws, 'Solid"');
invoke(Solid, 'ChangeMaterial’, 'component:groundplane’, 'Gold"');
otherwise
%disp('PEC")
end

% Create substrate
subs_FR4lossy(mws);
Name = 'substrate’;
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component = 'component';

material = 'FR-4 (lossy)';

Xrange = [-0.4*Wg 0.4*Wg];

Yrange = [-0.4*Lg 0.4*Lg];

Zrange = [hp hp+hs];

brick(mws, Name, component, material, Xrange, Yrange, Zrange);

% Asign material
switch substrato
case 'glass_epoxy'
subs_glassepoxy(mws);
Solid = invoke(mws, 'Solid");
invoke(Solid, 'ChangeMaterial', 'component:substrate','FR-4 (glass
epoxy)');
case 'silicon'
subs_siliconlossy(mws);
Solid = invoke(mws, 'Solid");
invoke(Solid, 'ChangeMaterial', 'component:substrate','Silicon (lossy)');
otherwise
%disp('FR4")
end

% Print model properties

fprintf("Fractal Sierpinski\n");

fprintf("Order: "+int2str(it+1)+"\n"+"Patch Material:
"+materialpatch+"\n"+"Substrate: "+substrato+"\n"+"Ground Plane: "+groundplane+"\n");

% We assign a pickface in substrate
name = 'substrate’;
number = 3;
pickface(mws,name, number)

% Port to simulate THz
portnumber = 1;
Xrange = [-480 480];
Yrange = [-480 -480];
Zrange = [0 20];
XrangeAdd =[0 0];
YrangeAdd =[0 0];
ZrangeAdd =[0 0];
coordinates = 'Picks';
orientation = 'positive';
waveguideport(mws,portnumber, Xrange, Yrange, Zrange, XrangeAdd, YrangeAdd,

ZrangeAdd, coordinates,orientation)

% Print port properties
fprintf("Wave Guide Port to the Simulation\n");

% Reset View to Default
invoke(mws, 'ResetViewToStructure');

% Resonance Frecuencies
switch substrato
case 'silicon'
switch it
case -1 %Fractal orden ©
%mesh(mws) ;
frl = 44.9;
fr2 = 193.1;
% Define the monitors
addmonitor(mws, 'Efield',frl);
addmonitor(mws, 'Hfield',frl);
addmonitor(mws, 'Farfield',frl);
addmonitor(mws, 'Efield',fr2);
addmonitor(mws, 'Hfield',fr2);
case © %Fractal orden 1

frl = 44.9;
fr2 = 196.6;
fr3 = 422.2;

% Define the monitors
addmonitor(mws, 'Efield',frl);
addmonitor(mws, 'Hfield"',fril);
addmonitor(mws, 'Farfield',frl);
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end

case 1

case 2

addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,

frl = 44.9;
fr2 191.6;
fr3 = 250.3;

'Efield',fr2);
'Hfield',fr2);
'"Farfield',fr2);
'Efield’,fr3);
'Hfield',fr3);
'"Farfield',fr3);

%Fractal orden 2

% Define the monitors

addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,

'Efield’,fr1);
'Hfield',frl);
'Farfield',frl);
'"Efield’,fr2);
'Hfield',fr2);
'Farfield',fr2);
'"Efield’,fr3);
'Hfield',fr3);
'Farfield',fr3);

%Fractal orden 3
frl = 44.9;
fr2 = 193.6;

% Define the monitors

addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,

case 'glass_epoxy'

case 0

case 1

switch it
case -1

'"Efield’,frl);
'Hfield',frl);
'"Farfield',frl);
'"Efield’,fr2);
'Hfield',fr2);
'Farfield',fr2);

%Fractal orden ©
frl = 44.9;
fr2 = 193.1;

% Define the monitors

addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,

frl = 74.3;

'Efield',frl);
'Hfield',frl);
'Farfield',frl);
'Efield',fr2);
'Hfield',fr2);
'Farfield',fr2);

%Fractal orden 1

switch materialpatch

case 'grafeno' %Material grafenol

fr2 = 291.5;
% Define the monitors

addmonitor(mws, 'Efield',fri);
addmonitor(mws, 'Hfield',fril);
addmonitor(mws, 'Farfield',frl);
addmonitor(mws, 'Efield’',fr2);
addmonitor(mws, 'Hfield',fr2);
addmonitor(mws, 'Farfield',fr2);
case 'grafeno2' %Material grafeno2

fr2 = 292.3;
% Define the monitors

addmonitor(mws, 'Efield',fri);
addmonitor(mws, 'Hfield',fril);
addmonitor(mws, 'Farfield',frl);
addmonitor(mws, 'Efield’',fr2);
addmonitor(mws, 'Hfield',fr2);
addmonitor(mws, 'Farfield',fr2);

end

frl = 74.35;
fr2 = 287.9;

%Fractal orden 2

% Define the monitors

addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,
addmonitor(mws,

'Efield’,fr1);
'Hfield',fr1);
'Farfield',frl);
'Efield’,fr2);
'Hfield',fr2);
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addmonitor(mws, 'Farfield',fr2);

case 2 %Fractal orden 3
frl = 74.35;
fr2 = 287.7;
% Define the monitors
addmonitor(mws, 'Efield’,fril);
addmonitor(mws, 'Hfield',fril);
addmonitor(mws, 'Farfield',frl);
addmonitor(mws, 'Efield’',fr2);
addmonitor(mws, 'Hfield',fr2);
addmonitor(mws, 'Farfield',fr2);

end
end

%Save the project as a diferent name

invoke(mws, 'SaveAs',"C:\UOC\TFG\CST_Matlab_TFG\sierpinski_ "+int2str(it+1)+"_ "+materialpatch

+" _"+substrato+

+groundplane+".cst", "true');

% Simulate by Frequency Domain Solver
fdsolver(mws);

invoke(mws, 'Save');

end

Funciones adicionales
addmonitor.m: funcién para definir el e-field, h-field y farfield monitor.

function addmonitor(mws, montype, frequency)
% Function to define e-field, h-field and farfield monitors

switch montype

case 'efield’

name = ['e-field',' (f=',num2str(frequency),')'];
case 'hfield’

name = ["h-field',' (f=',num2str(frequency),')'];
otherwise

name = [montype,' (f=',num2str(frequency),')'];

end

mon = sprintf(['With Monitor\n',...
'.Reset\n',...

.Name "%s"\n',...

.Dimension "Volume"\n',...

.Domain "Frequency"\n',...

'.FieldType "%s"\n',...

.Frequency "%f"\n',...

'.UseSubVolume "False"\n',...

.Create\n',...

"End With'],...

name,montype, frequency);

invoke(mws, '"Monitor', mon);
invoke(mws, 'AddToHistory',['define field monitor: ',name],mon);

end

boolean add.m: funcidn para realizar la adicion booleana.
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function boolean_add(mws, componentl, component2)
% Function to do boolean addition

Solid = invoke(mws, 'Solid");
invoke(Solid, 'Add", componentl, component2);

end

boolean subs.m: funcidn para realizar la substraccion booleana.

function boolean_subs(mws, componentl, component2)
% Function to do boolean substration

Solid = invoke(mws, 'Solid");
invoke(Solid, 'Subtract',componentl, component2);

end

brick.m: funcidén para crear un bloque.

function brick(mws, name, component, material, Xrange, Yrange, Zrange)
% Function to create a brick

brick = invoke(mws, 'Brick"');

invoke(brick, 'Reset");

invoke(brick, 'Name',name);

invoke(brick, 'component', component);

invoke(brick, 'Material’,material);

invoke(brick, 'Xrange',int2str(Xrange(1)),int2str(Xrange(2)));
invoke(brick, 'Yrange',int2str(Yrange(1)),int2str(Yrange(2)));
invoke(brick, 'Zrange',int2str(Zrange(1)),int2str(Zrange(2)));
invoke(brick, 'Create");

release(brick);

end

fdsolver.m: funcidn para configurar el tipo de solver y lanzar simulacién.

function fdsolver(mws)
% Function to set the solver type and run the simulation

% Set the Solver
solvertype = invoke(mws, 'ChangeSolverType',"HF Frequency Domain");
fprintf('Solver Type: HF Frequency Domain\n")

% Run simulation

fprintf('Simulation Running...\n")

FDSolver = invoke(mws, 'FDSolver');

type = sprintf(['ChangeSolverType "HF Frequency Domain"']);
invoke(mws, "AddToHistory"', 'ChangeSolverType',type);
invoke(FDSolver, 'Start"');

fprintf('Simulation Finished\n');

end

frecuency range.m: funcion para seleccionar el rango de frecuencias.
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function frecuency_range(mws,f1,f2)

% Frequency range

range = sprintf(['Solver.FrequencyRange "%f", "%f"'],f1,f2);
solver = invoke(mws, 'Solver');

% Add to History

invoke(mws, 'AddToHistory', [ 'frequency range: f1
invoke(mws, 'AddToHistory', [ 'frequency range: f2
% Meshsettings

meshsettings = invoke(mws, 'MeshSettings');
invoke(meshsettings, 'SetMeshType', 'Hex');
invoke(meshsettings, 'Set','Version','1%');

% Mesh

mesh = invoke(mws, ‘Mesh');

invoke(mesh, 'MeshType','PBA');

',int2str(f1)],range);
',int2str(f2)],range);

fprintf("Frecuency Range: "+num2str(f1)+" - "+num2str(f2)+" THz\n");

end

ground gold.m: funcion para definir el material oro.

function ground_gold(mws)
% Define material: Gold

material = invoke(mws, '‘material');

invoke(material, 'Reset');

invoke(material, '"Name', 'Gold");

invoke(material, 'FrqType', "static");

invoke(material, 'Type',"Normal");

invoke(material, 'SetMaterialUnit',"Hz","mm");
invoke(material, 'Epsilon‘,"1");

invoke(material, 'Mu',"1.0");

invoke(material, 'Kappa',"4.561e+007");

invoke(material, 'TanD',"0.0");

invoke(material, 'TanDFreq',"9.0");

invoke(material, 'TanDGiven',"False");

invoke(material, 'TanDModel',"ConstTanD");

invoke(material, 'KappaM',"0");

invoke(material, 'TanDM',"0.0");

invoke(material, 'TanDMFreq',"0.0");

invoke(material, 'TanDMGiven', "False");

invoke(material, 'TanDMModel', "ConstTanD");

invoke(material, 'DispModelEps’, "None");

invoke(material, 'DispModelMu’, "None");

invoke(material, 'DispersiveFittingSchemeEps"', "General 1st");
invoke(material, 'DispersiveFittingSchemeMu',"General 1st");
invoke(material, 'UseGeneralDispersionEps',"False");
invoke(material, 'UseGeneralDispersionMu',"False");
invoke(material, 'FrqType',"all");

invoke(material, 'Type',"Lossy metal");

invoke(material, 'MaterialUnit',"Frequency","GHz");
invoke(material, 'MaterialUnit"', "Geometry","mm");
invoke(material, 'MaterialUnit',"Time","s");
invoke(material, 'MaterialUnit', "Temperature","
invoke(material, 'Mu',"1.0");

invoke(material, 'Sigma',"4.561e+007");
invoke(material, 'Rho',"19320.0");
invoke(material, 'ThermalType', "Normal™);
invoke(material, 'ThermalConductivity',"314.0");
invoke(material, 'SpecificHeat',"130","1/K/kg");
invoke(material, 'MetabolicRate',"0");
invoke(material, 'BloodFlow',"0");
invoke(material, 'VoxelConvection',"@");
invoke(material, 'MechanicsType',"Isotropic");
invoke(material, 'YoungsModulus',"78");
invoke(material, 'PoissonsRatio’,"0.42");
invoke(material, 'ThermalExpansionRate',"14");
invoke(material, 'ReferenceCoordSystem',"Global");
invoke(material, 'CoordSystemType',"Cartesian");
invoke(material, 'NLAnisotropy',"False");

Kelvin");
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invoke(material, 'NLAStackingFactor',"1");
invoke(material, 'NLADirectionX',"1");
invoke(material, 'NLADirectionY',"0");
invoke(material, 'NLADirectionz',"0");
invoke(material, 'Colour',"1","1","0");
invoke(material, 'Wireframe',"False");
invoke(material, 'Reflection’, "False");
invoke(material, 'Allowoutline’,"True");
invoke(material, 'Transparentoutline',"False");
invoke(material, 'Transparency',"e");
invoke(material, 'Create');
release(material);

end

mat cooperpurelossy.m: funcidn para definir el material cobre.

function mat_cooperpurelossy(mws)
% Define material: Copper (pure)

material = invoke(mws, ‘material');

invoke(material, 'Reset');

invoke(material, 'Name', 'Copper (pure)');

invoke(material, 'FrqType', 'all');

invoke(material, 'Type', 'Lossy metal');

invoke(material, 'MaterialUnit', 'Frequency', 'GHz');

invoke(material, '"MaterialUnit’', 'Geometry', 'mm');

invoke(material, '"MaterialUnit', 'Time','s");

invoke(material, '"MaterialUnit"', 'Temperature', 'Kelvin');

invoke(material, 'Mue','1.0");

invoke(material, 'Sigma', '5.96e+007");

invoke(material, 'Rho', '8930.0");

invoke(material, 'ThermalType', "Normal');

invoke(material, 'ThermalConductivity', '401.0");

invoke(material, 'HeatCapacity', '90.39");

invoke(material, 'MetabolicRate', '0");

invoke(material, 'BloodFlow','0");

invoke(material, 'VoxelConvection','0");

invoke(material, 'MechanicsType', 'Isotropic');

invoke(material, 'YoungsModulus', '120");

invoke(material, 'PoissonsRatio’, '0.33");

invoke(material, 'ThermalExpansionRate','17");

invoke(material, 'ReferenceCoordSystem', 'Global");

invoke(material, 'CoordSystemType', 'Cartesian');

invoke(material, 'NLAnisotropy', 'False');

invoke(material, 'NLAStackingFactor','1");

invoke(material, 'NLADirectionX',"'1");

invoke(material, 'NLADirectionY','9");

invoke(material, 'NLADirectionz','9");

invoke(material, 'ParticleProperty’, 'SecondaryEmission');

invoke(material, 'SeModel', 'Furman');

invoke(material, 'Sevaughan','175"','2.25"','9"','1.0"','7.5");

invoke(material, 'SePlotiD','True','0',"'100"','0"','1000");

invoke(material, 'SeMaxSecondaries', '10");

invoke(material, 'SeTsParam_T1','0.66");

invoke(material, 'SeTsParam_T2','0.80");

invoke(material, 'SeTsParam_T3','0.70");

invoke(material, 'SeTsParam_T4','1.00");

invoke(material, 'SeTsParam_SEY','2.25");

invoke(material, 'SeTsParam_Energy', '175");

invoke(material, 'SeTsParam_S',"'1.33");

invoke(material, 'SeTsParam PN','0",'1.

invoke(material, 'SeTsParam_PN', "1

invoke(material, 'SeTsParam_PN', "2

invoke(material, 'SeTsParam_PN', '3

invoke(material, 'SeTsParam_PN', 4",

invoke(material, 'SeTsParam PN','5",
6
7
8
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invoke(material, 'SeTsParam_EpsN','2"','13.00");
invoke(material, 'SeTsParam_EpsN',"'3','8.80");
invoke(material, 'SeTsParam_EpsN','4','6.25");
invoke(material, 'SeTsParam_EpsN','5"','2.25");
invoke(material, 'SeTsParam_EpsN','6','9.20");
invoke(material, 'SeTsParam_EpsN','7','5.30");
invoke(material, 'SeTsParam_EpsN','8','17.80");
invoke(material, 'SeTsParam_EpsN','9"','10.00");
invoke(material, 'SeRdParam_R',"'1.0");
invoke(material, 'SeRdParam_R1','0.26");
invoke(material, 'SeRdParam_R2"','2.0");
invoke(material, 'SeRdParam_Q','9.4");
invoke(material, 'SeRdParam_P1Inf','0.01");
invoke(material, 'SeRdParam_Energy', '40.0"');
invoke(material, 'SeBsParam_Sigma','1.9");
invoke(material, 'SeBsParam_E1','0.26");
invoke(material, 'SeBsParam_E2','2.0");
invoke(material, 'SeBsParam_PlHat','0.02");
invoke(material, 'SeBsParam_P1Inf','0.01");
invoke(material, 'SeBsParam_Energy', '0.0");
invoke(material, 'SeBsParam_P','0.9");
invoke(material, 'SeBsParam W', '100.0");
invoke(material, 'FrqType', 'static');
invoke(material, 'Type', '"Normal');

invoke(material, 'SetMaterialUnit', "'Hz"', 'mm");
invoke(material, 'Epsilon’', '1");

invoke(material, ‘Mue',"'1.0");
invoke(material, 'Kappa', '5.96e+007");
invoke(material, 'TanD','0");

invoke(material, 'TanDFreq', '0.0");

invoke(material, 'TanDGiven', 'False');
invoke(material, 'TanDModel"', 'ConstTanD");
invoke(material, 'KappaM','0.0");

invoke(material, 'TanDM','0.0");

invoke(material, 'TanDMFreq','0.0");
invoke(material, 'TanDMGiven', 'False');
invoke(material, 'TanDMModel', 'ConstTanD");
invoke(material, 'DispModelEps"’, 'None');
invoke(material, 'DispModelMue’, 'None');
invoke(material, 'DispersiveFittingSchemeEps', 'Nth Order');
invoke(material, 'DispersiveFittingSchemeMue', 'Nth Order');
invoke(material, 'UseGeneralDispersionEps', 'False');
invoke(material, 'UseGeneralDispersionMue’, 'False');
invoke(material, 'Colour','1','1','0");
invoke(material, 'Wireframe', 'False');
invoke(material, 'Reflection’, 'False");
invoke(material, 'Allowoutline’, 'True');
invoke(material, 'Transparentoutline', 'False"');
invoke(material, 'Transparency','0");
invoke(material, 'Create');

release(material);

end

mat grapehe eps.m: funcidn para definir el material grafeno pc=0.1 eV
mat grapehe2 eps.m: funcidn para definir el material grafeno pc=0.2 eV
mat grapehe4 eps.m: funcion para definir el material grafeno p.=0.43 eV

Se incluye sélo una funcién a modo de ejemplo:

function mat_graphene2_eps(mws)
% Define material: Graphene2_Eps

material = invoke(mws, '‘material');
invoke(material, 'Reset');
invoke(material, 'Name', 'Graphene2_Eps');
invoke(material, 'Rho',"0.0");
invoke(material, 'ThermalType',"Normal™);
invoke(material, 'ThermalConductivity',"e");
invoke(material, 'SpecificHeat',"@","J/K/kg");
invoke(material, 'DynamicViscosity',"@");
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invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material, 'MaterialUnit’,
invoke(material,
invoke(material,
invoke(material, 'Sigma’,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material, 'TanDMModel",
invoke(material,
invoke(material,
invoke(material,

'Emissivity',"@");
‘MetabolicRate',"0.0");
'VoxelConvection',"0.0");
'BloodFlow',"0");
'MechanicsType',"Unused");
'FrqType',"all");
'Type',"Normal");
'MaterialUnit', "Frequency”
'MaterialUnit', "Geometry","
“"Time","s");

"THZ");
mm");

'Epsilon’,"1");
Mu', "1y

‘TanD',"0.0");

'TanDFreq',"0.0");

'TanDGiven',"False");
'TanDModel',"ConstSigma");
'SetConstTanDStrategyEps', "AutomaticOrder");
'ConstTanDModelOrderEps',"3");
‘DjordjevicSarkarUpperFreqEps',"0");
'SetElParametricConductivity',"False");
'ReferenceCoordSystem',"Global");
'CoordSystemType', "Cartesian");
‘SigmaM’,"0");

‘TanDM',"@.0");

'TanDMFreq',"0.0");

'TanDMGiven',"False");

"ConstSigma");
'SetConstTanDStrategyMu', "AutomaticOrder");
'ConstTanDModelOrderMu', "3");

‘DjordjevicSarkarUpperFregqMu’,"e");

invoke(material, 'SetMagParametricConductivity',"False");

invoke(material, 'DispModelEps”’, "None");

invoke(material, 'DispModelMu’, "None");

invoke(material, 'DispersiveFittingSchemeEps',"Nth Order");

invoke(material, 'MaximalOrderNthModelFitEps',"10");

invoke(material, 'ErrorLimitNthModelFitEps',"0.001");

invoke(material, 'DispersiveFittingSchemeMu',"Nth Order");

invoke(material, 'MaximalOrderNthModelFitMu',"10");

invoke(material, 'ErrorLimitNthModelFitMu',"0.1");

invoke(material, 'DispersiveFittingFormatEps',"Real_Imag");

invoke(material, 'AddDispersionFittingVvalueEps',"0.1","-60475.3238682608","486221.764314867","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"@.2","-57825.8428757853","232355.964446948","1.0");
invoke(material, 'AddDispersionFittingValueEps',"0 3","-53830.7466458803", "144251.848648992","1.0");
invoke(material, 'AddDispersionFittingValueEps',"0.4","-49064.4481570552","98689.0944635927","1.0");
invoke(material, 'AddDispersionFittingValueEps',"0.5","-44038.7098205628","70948.5128078921","1.0");
invoke(material,'AddDispersionFittingValueEps',"0.6","—39129.582625602" "52614.647277344","1.0");
invoke(material, 'AddDispersionFittingValueEps',"0.7","-34566.0401660329","39914.9515868025","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"0.8","-30457.8732324289","30845.0994178177","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"0.9","-26834.2685852642","24220.5367510296","1.0");
invoke(material, 'AddDispersionFittingValueEps"' ,"1" "-23677.2977360297","19293.1565064866","1.0");
invoke(material, 'AddDispersionFittingValueEps',"1.1","-20945.6122071901","15570. 0139377376" "1.8");
invoke(material,'AddDispersionFittingValueEps',"1.2","—18589.1757055959" "12716.757280743","1.0");
invoke(material, 'AddDispersionFittingValueEps', "1 3","-16557.5046811435","10501.6630752001","1.0");
invoke(material, 'AddDispersionFittingValueEps',"1.4","-14803.7640208932","8761.30442299733","1.0");
invoke(material, 'AddDispersionFittingValueEps',"1.5","-13286.4364815126","7378.66697805012","1.0");
invoke(material, 'AddDispersionFittingvalueEps"', "1 6","-11969.6763195574","6268.81827560385","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"1.7","-10823.0110043002","5369.33053416748","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"1.8","-9827.76788861477","4633.77351369963","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"1.9","-8941.40575871746","4027.22962041835","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"2","-8166.90753196697","3523.16261509093","1.0");
invoke(material, 'AddDispersionFittingValueEps',"2.1","-7482.18117587023","3101.20503662901","1.0");
invoke(material, 'AddDispersionFittingValueEps',"2.2","-6874.57896594014","2745.57705046177","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"2.3","-6333.4769263557","2443.94435834998","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"2.4","-5849.92671828778","2186.58478704066","1.0");
invoke(material, 'AddDispersionFittingValueEps',"2.5","-5416.36799517421","1965.774175628","1.0");
invoke(material, 'AddDispersionFittingValueEps',"2.6","-5026.39180599628","1775.32962940715","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"2.7","-4674.54639360674","1610.2667859481","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"2.8","-4356.17785420901","1466.54044538429","1.0");
invoke(material, 'AddDispersionFittingValueEps',"2.9","-4067.29929737388","1340.84669438525","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"3", "—3786 89017920842","1230.47077511401","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"3.1","-3564.77288606981","1133.16925969","1.0");
invoke(material, 'AddDispersionFittingValueEps',"3.2","-3345.60886936655","1047.07815106541","1.0");
invoke(material, 'AddDispersionFittingValueEps',"3.3","-3144.76846189407","970.640723397633","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"3.4","-2963.97127895706","902.550498287988","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"3.5","-2790.55624589235","841.705905911957","1.0");
invoke(material, 'AddDispersionFittingValueEps',"3.6","-2635.73070979147","787.174025667382","1.0");
invoke(material, 'AddDispersionFittingValueEps',"3.7","-2489.36648593692","738.161425901924","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"3.8","-2355.48097635735","693.990587424235","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"3.9","-2231.33485267991","654.080744085357","1.0");
invoke(material, 'AddDispersionFittingValueEps',"4","-2116.02678321935","617.932236669682","1.0");
invoke(material, 'AddDispersionFittingValueEps',"4. 1" "-2008.75577220172","585.113675951967","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"4.2","-1889.98377389595","555.251363238643","1.0");
invoke(material, 'AddDispersionFittingValueEps',"4.3","-1815.54698444758","528.020533841765","1.0");
invoke(material, 'AddDispersionFittingValueEps',"4.4 .4016886956","503.13807942913","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"4.5 .86078892071","480.35647549172","1.0");
invoke(material, 'AddDispersionFittingValueEps' ,"4 6 .12406660447" ,"459.458695064006","1.0");
invoke(material, 'AddDispersionFittingValueEps',"4.7 .79842327479","440.253932915444","1.0");
invoke(material, 'AddDispersionFittingValueEps',"4.8 .48890684272","422.573998408798","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"4.9","-1368.19783325389","406.27026214304","1.0");
invoke(material, 'AddDispersionFittingVvalueEps"',"5","-1308.61894251828","391.211062926983","1.0");
invoke(material, 'AddDispersionFittingValueEps',"5.1 .47428164426","377.279498760126","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"5.2 .5111512963","364.371539249182","1.
invoke(material, 'AddDispersionFittingvalueEps',"5.3 .49942642607","352.394407973769","1.0");
invoke(material, 'AddDispersionFittingValueEps',"5.4 .22919991015", "341.265192284971","1.0");
invoke(material, 'AddDispersionFittingValueEps',"5.5 .50870583641", "330.909645307098","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"5.6 .16248546105","321.261150853712","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"5.7","-975.029764222137","312.259826829572","1.0");
invoke(material, 'AddDispersionFittingValueEps',"5.8","-936.310033732944","303.851746680789","1.0");
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invoke(material,
invoke(material,
invoke(material, 'AddDispersionFittingValueEps',"6.1","-833.
'AddDispersionFittingValueEps',"6.2","-802.
,"6.3","-773.
'AddDispersionFittingValueEps',"6.4","-744.
'AddDispersionFittingValueEps',"6.5","-718.
'AddDispersionFittingValueEps',"6.6","-692.
,"6.7","-668.
'AddDispersionFittingValueEps',"6.8","-645.
'AddDispersionFittingValueEps',"6.9","-622.
"7","-599.3283032308","235.341852985626","1.0");

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material, 'AddDispersionFittingValueEps"' ,

invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,

invoke(material,

'AddDispersionFittingValueEps',"5.9","-900.826668363321","295.988261742701","1.0");

'AddDispersionFittingValueEps"

'AddDispersionFittingValueEps

'AddDispersionFittingValueEps"'

'AddDispersionFittingValueEps',

856082187656", "281.
387901569855","275.
232576016164","269.
897925698862","263.
200970385801", "258.
031896334295","252.
114139231754","248.
363840010666", "243.
415081052787","239.

,"6","-864.77154642376","288.625410051484","1.0");

723399437527","1.
246154591012","1.
160919351713","1.
437906780889","1.
049990668318","1.
972433048413","1.

o)
o)
o)
o)
o)
o)
)

182643075679","1.0");

65996326598","1.0") ;

385479666023","1.0");

'AddDispersionFittingVvalueEps',"7.1","-580.622349905696","231.513168129301","1.0");
'AddDispersionFittingValueEps*,"7.2","-560.700499153061","227.884799906624","1.0");
'AddDispersionFittingValueEps',"7.3","-542.318148792177","224.443292994079","1.0");
'AddDispersionFittingValueEps',"7.4","-525.086465682684","221.176254472374","1.0");
'AddDispersionFittingVvalueEps*,"7.5","-507.138546016934","218.072257478982","1.0");
'AddDispersionFittingValueEps',"7.6","-490.600479042648","215.120754701326","1.0");
'AddDispersionFittingValueEps',"7.7","-474.765394486368","212.312000596085","1.0");
'AddDispersionFittingvalueEps*,"7.8","-459.652716511208","209.636981358391","1.0");
'AddDispersionFittingValueEps',"7.9","-444.919624774311","207.087351784304","1.0");
'AddDispersionFittingValueEps',"8","-430.521902974888","204.655378273757","1.0");

'AddDispersionFittingValueEps’,"8.1","-417.355652399996","202.333887311221","1.0");
'AddDispersionFittingVvalueEps*,"8.2","-404.656461323093","200.116218839795","1.0");
'AddDispersionFittingValueEps’, 8 3","-391.856693458739","197.996184012732","1.0");
*AddDispersionFittingvalueEps',"8.4","-379.699328173406" " 195 . 068026866097"  "1.0" )
'AddDispersionFittingValueEps',"8.5","-368.230824419639","194.026389508402","1.0");

'AddDispersionFittingValueEps

'AddDispersionFittingvalueEps',"9
'AddDispersionFittingValueEps', "9 1","-306.
9.2","-297.
9.3","-289.

'AddDispersionFittingvalueEps"',"

'AddDispersionFittingvalueEps"', "9 4","-281.
'AddDispersionFittingValueEps',"9.5","-272.
'AddDispersionFittingvalueEps"', 9 6","-265.

'AddDispersionFittingValueEps',"9.7","—257.
'AddDispersionFittingValueEps',"9.8","-250.
'AddDispersionFittingValueEps',"9.9","-243.
-236.148876590036","172.555723969023","1.0");

'AddDispersionFittingvalueEps',"10"

'AddDispersionFittingvalueEps',"10.1","-229.
'AddDispersionFittingValueEps',"10.2","-223.
invoke(material, 'AddDispersionFittingValueEps',"10.3","-216.
"10.4","-210.
-205.
'AddDispersionFittingValueEps',"10.6","-199.
194.
,"10.8","-188.
'AddDispersionFittingValueEps',"10.9","-183.

'AddDispersionFittingvalueEps"',
'AddDispersionFittingValueEps" ,"10 5",
'AddDispersionFittingvalueEps"',
'AddDispersionFittingValueEps

"10.7","-

,"8.6","-356.
'AddDispersionFittingValueEps',"8.7","-346.
'AddDispersionFittingValueEps',"8.8","-336.
'AddDispersionFittingvalueEps',"8.9","-325.
","-316.671379811696","185.452578947782","1.0");

817420688973","192.
307654442354","190.
047694271031","188
935504115336", "187

979004691563","183.
988560516004, "182
317047909957","181
348456556942","179.
841029263951","178.
055828337358","177.
453337817349","175
15750369415","174.7
066053912913","173.

59982278853","171.

150189239338","167
296595017805","166.
042725810227","165.
776206385772","164.
60680389043","164.

292224085645","170.
982877533803","169.
951190311109","168.

166280468774","1.0");
38304588529","1.8");

.672343250315","1.08");
.030117460673","1.0");

93618368695","1.0");

.477614906327","1.0");

418766362208","1.0");

5

5

5

.073766334842","1.0");
721726845125","1.0");

5

5

162322921972","1.0");

.94999077495","1.0");

79509441565","1.8") ;

648753634099","1.0");

498538400689","1.0");

484711219697","1.0"
524824000921","1.0"

.59427666504","1.0");

691666558335","1.0"
815669005526","1.0"
965032339331","1.0"
138573288446","1.0");

'AddDispersionFittingValueEps',"11","-178.735215603475","163.335172695148","1.0");

'AddDispersionFittingValueEps
'AddDispersionFittingvalueEps"',

Lr11.1m, -

'AddDispersionFittingvalueEps"',
'AddDispersionFittingvalueEps

"11.5","-

'AddDispersionFittingValueEps' ,"11 8
'AddDispersionFittingvalueEps',"11. 9" "

'AddDispersionFittingValueEps',"12.1","-132.
-129.

'AddDispersionFittingValueEps" ,"12 2

173.
"11.2","-168.
'AddDispersionFittingValueEps',"11.3","-164.
'AddDispersionFittingValueEps',"11.4","-160.

55825541653","161.

992703911006","161.

053010161759","

47542431401","1.0");

)5
)s
)s
)s
)s

793520799607","162.553771536266","1.0") ;
79336722358","1.08");

155.
,"11.6","-151.
'AddDispersionFittingValueEps',"11.7","-147.
-143

860228631991","159.628885366137","1. 0")
641787142414","158.94345564535","1.0");
662115401872","158.274743823367","1.8");
.781624056322","157.622021344896","1.0");
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.92970160827","156.

631579924001","155.
198192873037","155.

984596395534","1.0");
'AddDispersionFittingValueEps',"12","-136.306890652479","156.361811788268","1.0");

75304298757","1.0");
15769626109","1. 0")

5
'AddDispersionFittingvalueEps',"12. 3" "-125.738879706651", "154.575206949752","1.0");
'AddDispersionFittingValueEps',"12.4","-122.359299942505","154.005037847791" 1.0");
'AddDispersionFittingValueEps',"12.5","-119.225026649263","153.446677684936","1.0");
'AddDispersionFittingValueEps' ,"12 6","-116.166131957827","152.899639703547","1.0");
'AddDispersionFittingvalueEps',"12.7","-113.065528507838","152.363460324074","1.0");
'AddDispersionFittingValueEps',"12.8","-110.062738728717","151 837697892727","1.0");
'AddDispersionFittingvalueEps',"12.9","-107.237783729011","151.321931505691", "1. 0")'
'AddDispersionFittingvalueEps',"13","-104.629025223632","150.815759904676","1.0"
'AddDispersionFittingValueEps',"13.1","-101.720910229242","150.318800438954","1. o )5
'AddDispersionFittingValueEps',"13.2","-99.1580429214668","149.830688089432","1.0");
'AddDispersionFittingvalueEps',"13.3","-96.4955919417985","149.351074550597","1.0");
'AddDispersionFittingvalueEps',"13.4","-93.8687659754105","148.87962736653","1.0");
'AddDispersionFittingValueEps',"13.5","-91.5439410598725","148.416029117399","1.0");
'AddDispersionFittingValueEps',"13.6","-89.1985375917617","147 959976653165","1.0");

'AddDispersionFittingvalueEps"',

"13.7","-86.

8493741714227","147.51118037142","1.0");

'AddDispersionFittingvalueEps',"13.8","-84.4013277787211","147.069363536532","1.0");
invoke(material, 'AddDispersionFittingValueEps',"13.9","-82.3965007110314","146.634261637443","1.0");

'AddDispersionFittingValueEpS','14","—80.1909691692452","146.205621781681","1.0");

'AddDispersionFittingvalueEps',"14.1","-78.1710223516671","145.783202123295","1.0");

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

'AddDispersionFittingValueEps',"14.2","-76
'AddDispersionFittingValueEps
'AddDispersionFittingValueEps
'AddDispersionFittingValueEps

,"14.4" "

,"14.5","-70.

.264108506959" , "145.366771322592","1.0");
,"14.3","-74.
72.

1596421297548" ,"144.956108035705","1.0") ;
184365604935", "144.551000432148","1.0");
3499822443817","144.151245738634"

'AddDispersionFittingValueEps',"14.6","-68.5924080989201" ,"143.756649807579","1.0");
'AddDispersionFittingValueEps',"14.7","-66.7305095991397","143.367026708771","1.0");
'AddDispersionFittingvalueEps',"14.8","-64.9288185023354","142.982198342835","1.0");
'AddDispersionFittingvalueEps',"14.9","-63.2904682659539","142.60199407519","1.0");
'AddDispersionFittingValueEps',"15","-61.5248194887125","142.226250389266","1.8");

'AddDispersionFittingvalueEps',"15.1","-60.0198181466448","141.854810557875","1.0");
'AddDispersionFittingvalueEps',"15.2","-58.4626169939307","141.487524331646","1.0");
'AddDispersionFittingValueEps',"15.3","-55.9091791919746","141.124247643555" 1.0");
'AddDispersionFittingValueEps',"15.4","-55.4675108915388","140.764842328608","1.0")
'AddDispersionFittingValueEps',"15.5", .9497806112404" ,"140.409175857804","1.0")
'AddDispersionFittingValueEps',"15.6", .4791397757486" ,"140.057121085586","1.0")
'AddDispersionFittingvalueEps',"15.7","-51.133414569625", "139.70855600998","1.0");
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invoke(material,

'AddDispersionFittingValueEps',"15.8","-49.

8424071443339","139.363363544749","1.0");

invoke(material, 'AddDispersionFittingValueEps',"15.9","-48.4523939266741","139.02143130285","1.08");
invoke(material, 'AddDispersionFittingValueEps',"16","-47.1987960028873","138.682651390602","1.0");
invoke(material, 'AddDispersionFittingValueEps',"16.1","-45.8995136185923","138.34692021194","1.0");
invoke(material, 'AddDispersionFittingValueEps',"16.2","-44.7796977599817","138.014138282232"
invoke(material, 'AddDispersionFittingValueEps',"16.3","-43.4680153303555","137.684210051108",
invoke(material, 'AddDispersionFittingValueEps',"16.4","-42.3115476159636","137.35704373384","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"16.5","-41.1515551418318","137.083255115079","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"16.6","-39.926774415299","136.710647574501","1.0");
invoke(material, 'AddDispersionFittingValueEps',"16.7","-38.9441738657004","136.391251584033","1.0");
invoke(material, 'AddDispersionFittingValueEps',"16.8","-37.8753226240312","136.074284926148","1.0");
invoke(material, 'AddDispersionFittingValueEps',"16.9","-36.8402698247322","135.759672382984","1.0");
invoke(material, 'AddDispersionFittingValueEps',"17","-35.8279513146431","135.44734164589","1.0");
invoke(material, 'AddDispersionFittingValueEps',"17.1","-34.8345738422168","135.137223195088","1.0");
invoke(material, 'AddDispersionFittingValueEps',"17.2","-33.8163582054429","134.829250184871","1.0");
invoke(material, 'AddDispersionFittingValueEps',"17.3","-32.9221262426549","134.523358334046","1.0");
invoke(material, 'AddDispersionFittingValueEps',"17.4","-31.9818131733037","134. 219485821355" "1.0");
invoke(material, 'AddDispersionFittingValueEps',"17.5","-31.0982556804649","133.917573185625","1.0");
invoke(material, 'AddDispersionFittingValueEps',"17.6","-30.204515167536","133.6175632304","1.0");
invoke(material, 'AddDispersionFittingValueEps',"17.7","-29.3585596327937","133.319400932843","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"17.8","-28.411301546595","133.023033356675","1.0");
invoke(material, 'AddDispersionFittingValueEps',"17.9","-27.6988864088713","132.728409568976","1.0");
invoke(material, 'AddDispersionFittingValueEps',"18","-26.9021247318953","132.435480560629","1.0");
invoke(material, 'AddDispersionFittingValueEps',"18.1","-26.1153185428478","132.144199170254","1.0");
invoke(material, 'AddDispersionFittingValueEps',"18.2","-25.3504829750191","131. .0");
invoke(material, 'AddDispersionFittingValueEps',"18.3","-24.6041574500547","131.566399403142","1.0");
invoke(material, 'AddDispersionFittingValueEps',"18.4","-23.8363893172434","131.279795303036","1.0");
invoke(material, 'AddDispersionFittingValueEps',"18.5","-23.1619092381821","130.994667243774","1.0");
invoke(material, 'AddDispersionFittingValueEps',"18.6","-22.4477256033363","130.710976271921","1.0");
invoke(material, 'AddDispersionFittingValueEps',"18.7","-21.7852715752386","130.428684889484","1.0");
invoke(material, 'AddDispersionFittingValueEps' ,"18 8","-21.1223734091131","130.147756997913","1.0");
invoke(material, 'AddDispersionFittingValueEps',"18.9","-20.4711215254112","129.868157844446","1.0");
invoke(material,'AddDispersionFittingValueEps',"19" -19.7833587403932","129.589853970684","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"19.1","-19.2165042722641","129.312813163316","1.0");
invoke(material, 'AddDispersionFittingValueEps' ,"19 2","-18.6109997211566","129.037004406867","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"19.3","-18.0186226561687","128.762397838392","1.0");
invoke(material,'AddDispersionFittingValueEps',"19.4","-17 4571766720614","128.488964704024","1.0");
invoke(material, 'AddDispersionFittingValueEps',"19.5","-16.8748274595424","128.216677317286","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"19.6","-16.327104277888","127.9455090191","1.0");
invoke(material, 'AddDispersionFittingValueEps',"19.7","-15.7826083795161","127.675434139397","1.0");
invoke(material,'AddDispersionFittingValueEps',"19.8","-15.2782020428538","127.406427960275","1.6");
invoke(material, 'AddDispersionFittingValueEps',"19.9","-14.7395856330573","127.138466680628","1.0");
invoke(material, 'AddDispersionFittingValueEps',"20","-14.2385424326465","126.871527382178","1.0");
invoke(material, 'AddDispersionFittingValueEps',"20.1","-13.7435021444732","126.605587996849","1.0");
invoke(material, 'AddDispersionFittingValueEps',"20.2","-13.2606589275108","126.340627275436","1.0");
invoke(material, 'AddDispersionFittingValueEps',"20.3","-12.7922162696349","126.076624757489","1.0");
invoke(material, 'AddDispersionFittingValueEps',"20.4","-12.2983602001502","125.813560742383","1.0");
invoke(material, 'AddDispersionFittingValueEps',"20.5","-11.8836950152254","125.551416261508","1.0");
invoke(material, 'AddDispersionFittingValueEps',"20.6","-11.4583616361088","125.290173051538","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"20.7","-11.016007714947","125.029813528722","1.0");
invoke(material, 'AddDispersionFittingValueEps',"20.8","-10.6002855958139","124.770320764174","1.0");
invoke(material, 'AddDispersionFittingValueEps',"20.9","-10.1873201278548","124.511678460096","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"21","-9.82609157372247","124.253870926914","1.0");
invoke(material, 'AddDispersionFittingValueEps',"21.1","-9.39588892696499","123.996883061268","1.0");
invoke(material, 'AddDispersionFittingValueEps',"21.2","-9.00900629191961","123.740700324853","1.0");
invoke(material, 'AddDispersionFittingValueEps',"21.3","-8.64005654893068","123.485308724029","1.0");
invoke(material, 'AddDispersionFittingValueEps',"21.4","-8.27108361363389","123.230694790222","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"21.5","-7.91824637804653","122.976845561031","1.0");
invoke(material, 'AddDispersionFittingValueEps',"21.6","-7.57254305715638","122.723748562055","1.0");
invoke(material, 'AddDispersionFittingValueEps' ,"21 7","-7.22895824001609","122.471391789381","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"21.8","-6.89586234675929","122.219763692726","1.0");
invoke(material, 'AddDispersionFittingValueEps',"21.9","-6.57076418295372","121.96885315919","1.08");
invoke(material, 'AddDispersionFittingValueEps',"22","-6.2730029805769","121.718649497611", "1 6")
invoke(material, 'AddDispersionFittingValueEps',"22.1","-5.94230452489834","121.469142423487","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"22.2","-5.6732510847502","121.220322044442","1.0");

invoke(material, 'AddDispersionFittingValueEps',"22.3","-5.
'AddDispersionFittingValueEps',"22.4","-5.
'AddDispersionFittingVvalueEps"' ,"22 5","-4.

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

'AddDispersionFittingvalueEps',

'AddDispersionFittingValueEps',
'AddDispersionFittingvalueEps',
'AddDispersionFittingValueEps"' ,"22 9

'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps',

"22.6","-4.
"22.7","-4.
"2.8" 3.

W

"23.1","-3.
"23.2","-2.

o

"3.4mma,
"23.5","-2.

.70080451979259","119.497051998414" , "
'AddDispersionFittingValueEps',"23", "-3.38758955010857","119.253411713383","1.
'AddDispersionFittingValueEps',
'AddDispersionFittingvalueEps"',

'AddDispersionFittingvalueEps',"23.3

34228414879076" ,"126.97217884623","1.0");
05094669130914","120.724703679227","1.0");
76946902738322","120.477887745427","1.0");
51614850656804" ,"120.23172258589","1.08");
2226829619329","119.986200068646","1.0");
95162420644365","119.741312377027"

1.0");
'1.0");
0"

2027641571747","119.010384585232","1.0");
98142499389164","118.767963949878","1.0") ;

-2.72754151441128","118.52614340611","1.0");

53123152326867","118.284916806182","1.8");
274162872006","118.044278246727","1.0");

"23.6","-2.

'AddDispersionFittingvalueEps',
'AddDispersionFittingValueEps" ,"23 7
'AddDispersionFittingValueEps', "23 8","-1.
'AddDispersionFittingvalueEps',"23.
'AddDispersionFittingvalueEps"',

AN

'
[

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps

,"24.3","

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps"',
'AddDispersionFittingValueEps"' ,"24
'AddDispersionFittingValueEps"',
'AddDispersionFittingValueEps',"

05039867506372","117.

.84169875666485","117.
74182488670607","117.
.42926168728842","117.
"24", "—l 22050166162416","116.849715466632","1.
'AddDispersionFittingValueEps' ,"24 1","-1.03600405167589","116.612493798062","
'AddDispersionFittingValueEps',"24.2","-0.76714732174842","116.375824989972"
0.661116105347927","116.139704802764"
5"24.4","-0.476221943061222","115.904129172413",
'AddDispersionFittingValueEps',"24.5","-0.303824084556203","115.669094204063","
invoke(material, 'AddDispersionFittingValueEps',"24.6","-0.248377347825877","115.434596165853","
,"24.7","3.66115739072251E—02","115.200631482946","

"25","0. 603254631128068" "114.501904053294","
'25.1","0.669711041704015","114.270039985922

804222060002","
564742805424"
325835261406"

1.0"
1.
1.
087494417469","1.
0
1.
1.

)s
0");
0");
0");

;s

,
'AddDispersionFittingvalueEps',"25.2","8.71796570613352" , "114.038693559874","1.0");
'AddDispersionFittingvalueEps',"25.3","0.963697634591593","113.807862027942","1.0");

'AddDispersionFittingValueEps',"25.4","1
'AddDispersionFittingValueEps',"25.5","1.
'AddDispersionFittingValueEps',"25.6","1.
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.10256077626137", "113.577542763437","1.0");
24347634782179","113.347733255653","1.0");
45168951776305","113.118431105476","1.0");



invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

'AddDispersionFittingValueEps',"25.7","1.
'AddDispersionFittingValueEps*,"25.8","2.
,"25.9","1.
,"26","1.79198978491312","112.206251770944","1.0");
,"26.1","2.
'AddDispersionFittingVvalueEps*,"26.2","2.
'AddDispersionFittingValueEps',"26.3","2.
'AddDispersionFittingValueEps',"26.4","2.
'AddDispersionFittingVvalueEps',"26.5","2.
invoke(material, 'AddDispersionFittingValueEps',"26.6","2.
'AddDispersionFittingValueEps',"26.7","2.
'AddDispersionFittingValueEps',"26.8","2.
'AddDispersionFittingVvalueEps',"26.9","2.

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps
'AddDispersionFittingValueEps"'

50963915901762", "112.889634021149","1.0");
12857283580594","112.661339814174","1.0");
76275263436106", "112.43354639535","1.0");

00335912779788","111.
11913540203004","111.
23197791640745","111.
34194815122273","111.
44910627577398","111.
55351117893775","110.
65522049894106","110.
89561847675472","110.
85077686229813","110.

979454038991","1.
753151385717","1.
527342082078","1.
302024480417","1.
077197011233","1.
852858180055", "1.
62900656442","1.0") ;

405640810952","1.0");
182759632542","1.0");

0");
0");
0");
0");
0");
0");

'AddDispersionFittingValueEps',"27","3.2308590951298","109.960361805612","1.0");

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps"',
'AddDispersionFittingValueEps

'AddDispersionFittingValueEps"',
'AddDispersionFittingValueEps"',

'AddDispersionFittingValueEps',"28.4","4

'AddDispersionFittingValueEps',"28.5","4.
'AddDispersionFittingValueEps',"28.6","4.
4.20216035618211","106.
4.25098691856386", "106.

'AddDispersionFittingValueEps" ,"28 7
'AddDispersionFittingvalueEps',"28. 8" "4

'AddDispersionFittingValueEps',"28.9","4.

,"27.1","3.
"27.2","3.
,"27.3","3.
'AddDispersionFittingValueEps',"27.4","3.
'AddDispersionFittingValueEps',"27.5","3.
'AddDispersionFittingValueEps',"27.6","3.
invoke(material, 'AddDispersionFittingvalueEps',"27.7","3.
'AddDispersionFittingValueEps',"27.8","3.
'AddDispersionFittingValueEps',"27 9","3.

'28","3.7488524266608","107.76273907859","1.0");
“28.1","3.
invoke(material,'AddDispersionFittingValueEps',"28.2","3.
'AddDispersionFittingValueEps',"28.3","3.
.04253865163243","106.

0362125415149","109.738446167483","1.0");
04342003000104","109.517011613817","1.
21194648043955","109.296057096155", "1.
27190162439427","109.075581619531","1.
37838021569135", "108.855584240166","1.
49298205568473","108.636064063244","1.
53589865949045", "108.417020240751","1.
72944787069378","108.1984519694”,"1.@"),
6848708431156","107.980358488616","1.0");

0");
0");
0");
0");
" )
o

82565062321779","107.5455930584" ,"1.0");

83032829497262","107.328919784196","1.0");
95857735308255","107.11271864744","1.0");
896989073213","1.0");
681730518576","1.
466942470983, "1.
252624446752","1.
038775989588","1.
825396669152", "1.

08397652080031", "106. 0");
12576724071702","106. 0");
0");
e" )
o"

31342840813939","105.

'AddDispersionFittingValueEps',"29","4. 38734768073491","105.612486079685","1.0")J

IS

'AddDispersionFittingvalueEps"* ,"29 1

'AddDispersionFittingValueEps',"29. 2" "4,
'AddDispersionFittingValueEps',"29 3","4.
'AddDispersionFittingValueEps',"29.4","4.
'AddDispersionFittingvalueEps',"29.5","4.
'AddDispersionFittingValueEps',"29.6","4.
'AddDispersionFittingValueEps',"29.7","4.
'AddDispersionFittingvalueEps',"29.8","4.
'AddDispersionFittingvalueEps',"29.9","4.
'AddDispersionFittingValueEps',"30","4.82061738696651","103.509086159215","1.0"
"30.1","4.
'AddDispersionFittingvalueEps',"30.2","4.
'AddDispersionFittingvalueEps',"30.3","4.
'AddDispersionFittingValueEps',"30.4","4.
'AddDispersionFittingvalueEps',"30.5","4.
'AddDispersionFittingvalueEps',"30.6","5.
'AddDispersionFittingValueEps',"30.7","5.
'AddDispersionFittingValueEps',"30.8","5.
'AddDispersionFittingvalueEps',"30.9","5.

'AddDispersionFittingValueEps',

.41806809414896", "105.40004383867","1.0") ;

449880444954","105.188069585553","1.0");

51635522331968","104.976562980495","1.08");
5525369910504","104.765523703172","1.0") ;
60855449448117","104.554951451622","1.0");
66843822646106", "104.344845941122","1.0");
69491997063938", "104.13520690311","1.0");
69557830013065", "103.926034084147","1.0");
77569553105484","103.717327244907","1.0" )

85111530212704","103.301310613103" "
86849730122249","103.094000403915", "
92140406819736","102.887155339436", "
95238067158408","102.680775237051", "
98677766332433","102.474859922942" ,"
01545027584425","102.269409231302", "
04744334500932","102.064423003592","
07176626332392","101.859901087815", "
1036001508103", "101 655843337816","1.0");

5
5

1.
1.
1.0" );
1.0");
1.0");
1.0");
1.0");
1.0");
1.0");
1.0");

'AddDispersionFittingvalueEps',"31","5.13243955149142","101.452249612619","1.0");

'AddDispersionFittingValueEps',"31.1","5.
'AddDispersionFittingValueEps',"31.2","5.
'AddDispersionFittingValueEps',"31 3","5.
'AddDispersionFittingvalueEps',"31.4","5.
'AddDispersionFittingValueEps',"31.5","5.
'AddDispersionFittingValueEps' ,"31 6","5.
'AddDispersionFittingvalueEps',"31.7","5.
"31.8","5.
'AddDispersionFittingValueEps',"31.9","5.
'AddDispersionFittingvalueEps',"32","5.34995097847646","99.4418051883813","1.0"
'AddDispersionFittingvalueEps',"32.1","5.
'AddDispersionFittingValueEps',"32.2","5.
'AddDispersionFittingValueEps',"32.3","5.
invoke(material, 'AddDispersionFittingValueEps' ,"32 4","5,
'AddDispersionFittingvalueEps',"32.5","5.
'AddDispersionFittingValueEps',"32 6","5.
'AddDispersionFittingvalueEps',"32.7","5.
'AddDispersionFittingvalueEps',"32.8","5.
'AddDispersionFittingValueEps',"32.9","5.

'AddDispersionFittingValueEps',

15543923871345","101.249119775776","1.0"

)s
18211474743888","101.046453694749" "1.0");
20314421209333","100.844251240309","1.0");
20967297891904","100.642512285966","1.0");
24689143003805","100.441236707413","1.0");
29361555018767", "100.240424381995","1.0");
28685030377413","100.040075188199","1.0");
H
)s

31655270289991", "99.840189005164","1.0");
32318357988623","99.6407657122088","1.

35604761098531", "99.2433073120238", );
35308138181868","99.0452719603575", );
38559261444486", "98.8476990090829" , " )
41107922698582","98.650588331998","1.0");
41196291978904" ,"98.4539398006325","1.08");
4431039735291","98.2577532838965","1.0");
43529720528519","98.0620286477455","1.8");
43549791120579","97.8667657548603","1.0");
45572872426625","97.6719644643393","1.0");

0"

)5
"1.0"
"1.0"
1.0"

'AddDispersionFittingValueEps',"33","5.44999468865948","97.4776246314068","1.0");

'AddDispersionFittingvalueEps',"33.1","5.
'AddDispersionFittingvalueEps',"33.2","5.
'AddDispersionFittingValueEps',"33.3","5.
"33.4","5.
'AddDispersionFittingvalueEps',"33.5","5.
'AddDispersionFittingvalueEps',"33.6","5.
'AddDispersionFittingValueEps',"33.7","5.
'AddDispersionFittingvalueEps',"33.8","5.
'AddDispersionFittingvalueEps',"33.9","5. "
'AddDispersionFittingValueEps',"34","5.51947886815928","95.5595713266646","1

'AddDispersionFittingValueEps',"34.1","5. "
,"34.2","5.
"34.3","5.
'AddDispersionFittingValueEps',"34.4","5.
'AddDispersionFittingValueEps',"34.5","5.
"34.6","5.
,"34.7","5.
'AddDispersionFittingValueEps',"34.8","5.
.52623566999185", "93.
'5.50502508317942","93.6874665352766","1.
"35,1","5,
'AddDispersionFittingValueEps',"35.2","5.
,"35.3","5,
,"35.4","5,
'AddDispersionFittingValueEps',"35.5","5.

'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps',
'AddDispersionFittingValueEps

wu

'AddDispersionFittingValueEps',"34.
'AddDispersionFittingValueEps',"35"
'AddDispersionFittingValueEps"',

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps

124

47338552167017","97.2837461071334","1.0");
4909825060614" ,"97.0903287381689","1.0");
48839064127432","96.8973723664895","1.0");
47609250562279","96.7048768291547","1.08");
50086232405855", "96.5128419580783","1. 0"),
50411198353424","96.3212675798087"," )5
51091419812067","96.1301535153221"," );
50252185913646","95.9394995798249" ," );
51865546054223","95.7493055825668", ),
3702966089348",

1814812197356","
993124942819",
8052275551902", "
6177888269766", "
4308085213044",

2442863941835",

0582221944002",

8726156634161",

52419105157729","95.
51694395269206", "95.
52762182152685","94.
54109299309674","94.
52904469062909", "94.
53063065015322","94.
52855280229586", "94.
53572638315523","94.

1.
1.
1.
1.
1.0"
1.
1.

52217931804998","93.5027745365237",

51372627165224","93.3185393861174","
51646641669691", "93.1347607953627","
50287084891312","92.9514384678433","
50917641154758","92.7685720993609" , "



invoke(material,

'AddDispersionFittingValueEps',"35.6","5.

50667480103524","92.5861613778809","1.08");

invoke(material, 'AddDispersionFittingValueEps',"35.7","5.50038564781824","92.4042059834835","1.0");
invoke(material, 'AddDispersionFittingValueEps',"35.8","5.50674245781649","92.22270558832","1.0");
invoke(material, 'AddDispersionFittingValueEps',"35.9","5.49016748949184","92.0416598565753","1.0");
invoke(material, 'AddDispersionFittingValueEps',"36","5.47387923253402","91.8610684444341","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"36.1","5.47859243366186","91.6809310000534","1.0");
invoke(material, 'AddDispersionFittingValueEps',"36.2","5.46365516841451","91.5012471635388","1.0");
invoke(material, 'AddDispersionFittingValueEps',"36.3","5.46572822026294","91.3220165669259","1.0");
invoke(material, 'AddDispersionFittingValueEps',"36 4","5.45869889682208","91.143238834166","1.0");
invoke(material, 'AddDispersionFittingValueEps',"36.5","5.4516399373967","90.9649135811159","1.0");
invoke(material, 'AddDispersionFittingValueEps',"36.6","5.45142185961017","90.787040415532","1.0");
invoke(material, 'AddDispersionFittingValueEps',"36.7","5.43639012243898","90.6096189370684","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"36.8","5.42948669534203","90.4326487372784","1.0");
invoke(material, 'AddDispersionFittingValueEps',"36.9","5.4200388591162","90.2561293996206","1.0");
invoke(material, 'AddDispersionFittingValueEps',"37","5.42122679521289","90.0800604994673","1.0");
invoke(material, 'AddDispersionFittingValueEps',"37.1","5.40264387072398","89.9044416041174","1.0");
invoke(material, 'AddDispersionFittingValueEps',"37.2","5.39621882472609","89.7292722728119","1.0");
invoke(material, 'AddDispersionFittingValueEps',"37.3","5.38426060965271","89.5545520567531","1.0");
invoke(material, 'AddDispersionFittingValueEps',"37.4","5.37353628322692","89.3802804991263","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"37.5","5.36494234338025","89.2064571351247","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"37.6","5.35876706666163","89.0330814919771","1.0");
invoke(material, 'AddDispersionFittingValueEps',"37.7","5.34474023708085","88.8601530889786","1.0");
invoke(material,'AddDispersionFittingValueEps',"37 8","5.31553582512223","88.6876714375227","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"37.9","5.32370343299637","88.5156360411379","1.0");
invoke(material, 'AddDispersionFittingValueEps',"38","5.31618114564532","88.3440463955246","1.0");
invoke(material, 'AddDispersionFittingValueEps',"38.1","5.30187912670265","88.1729019885957","1.0");
invoke(material, 'AddDispersionFittingValueEps',"38.2","5.3070808630906","88.0022023005189","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"38.3","5.27931264040618","87.8319468037607","1.0");
invoke(material, 'AddDispersionFittingValueEps',"38.4","5.26650526875694","87.6621349631334","1.0");
invoke(material, 'AddDispersionFittingValueEps',"38.5","5.25604749339194","87.4927662358432","1.0");
invoke(material, 'AddDispersionFittingValueEps' ,"38 6","5.25927498971984","87.32384007154" ,"1. 0"),
invoke(material, 'AddDispersionFittingvalueEps',"38.7","5.2321254697438","87.15535591237","1.0"
invoke(material, 'AddDispersionFittingValueEps',"38.8","5.22316178509603","86. 9873131930289" "1. 0")
invoke(material, 'AddDispersionFittingValueEps',"38.9","5.20758668344849","86.8197113408169","1.0");
invoke(material, 'AddDispersionFittingValueEps',"39","5.20124739251456","86.6525497756962","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"39.1","5.18246964099368","86.4858279103483","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"39.2","5.1726438624143","86.3195451502339","1.8");
invoke(material, 'AddDispersionFittingvalueEps',"39.3","5.15681130156178","86.153700893654","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"39.4","5.14827935964624","85.9882945318117","1.0");
invoke(material, 'AddDispersionFittingValueEps',"39.5","5.13064713491822","85.8233254488756","1.0");
invoke(material, 'AddDispersionFittingValueEps',"39.6","5.12067768661557","85.6587930220439","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"39.7","5.10401117708999","85.4946966216106","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"39.8","5.09578532455441","85.3310356110309","1.0");
invoke(material, 'AddDispersionFittingValueEps',"39.9","5.07693608392138","85.1678093469898","1.0");
invoke(material, 'AddDispersionFittingValueEps',"40","5.06529331145328","85.0050171794692","1.0");
invoke(material, 'AddDispersionFittingValueEps',"40.1","5.04945318259744","84.842658451818","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"40.2","5.02815778407106","84.6807325008211","1.0");
invoke(material, 'AddDispersionFittingValueEps',"40.3","5.02159252121159","84.5192386567706","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"40.4","5.01283890735543","84,.3581762435371","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"40.5","4.99338291646157","84.1975445786415","1.0");
invoke(material, 'AddDispersionFittingValueEps',"40.6","4.98306512887892","84.0373429733272","1.0");
invoke(material, 'AddDispersionFittingValueEps',"46 7","4.96485199954555","83.8775707326338","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"40.8","4.95284667897714","83.7182271554699","1.0");
invoke(material, 'AddDispersionFittingValueEps',"40.9","4.9360262603298","83.559311534688","1.0");
invoke(material, 'AddDispersionFittingValueEps',"41","4.92707392221787","83.4008231571581","1.0");
invoke(material, 'AddDispersionFittingValueEps',"41.1","4.90693108986046","83.2427613038429","1.0");
invoke(material, 'AddDispersionFittingValueEps‘,"41 2","4.89462526231731","83.0851252498732","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"41.3","4.87759082128036","82.9279142646229","1.0");
invoke(material, 'AddDispersionFittingValueEps',"41.4","4.85570268254428","82.7711276117847","1.0");
invoke(material, 'AddDispersionFittingValueEps' ,"41 5","4.84802876921706","82.6147645494468","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"41.6","4.83214320637867","82.4588243301682","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"41.7","4.81826726770138","82.3033062010554","1.0");
invoke(material, 'AddDispersionFittingValueEps',"41.8","4.8079792331401","82.1482094038389","1.0");
invoke(material, 'AddDispersionFittingValueEps' ,"41 9","4.78832770667432","81.9935331749498","1.0");
invoke(material, 'AddDispersionFittingValueEps',"42","4.77240929017601","81.8392767455964","1.0");
invoke(material,'AddDispersionFittingValueEps',"42.1","4.75823056713608" "81.685439341841", "1 0");
invoke(material, 'AddDispersionFittingValueEps',"42.2","4.75359889880641","81.5320201846765","1.0");
invoke(material, 'AddDispersionFittingValueEps' ,"42 3","4.7279954549942" ,"81.3790184901031","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"42.4","4.71588865836974","81.2264334692057","1.0");
invoke(material,'AddDispersionFittingValueEps',"42 5","4.69764113365507","81.0742643282293","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"42.6","4.6878655955709","80.9225102686569","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"42.7","4.66718555541341","80.7711704872851","1.0");
invoke(material, 'AddDispersionFittingValueEps',"42.8","4.65374671078516","80.6202441763011","1.0");
invoke(material, 'AddDispersionFittingValueEps',"42.9","4.63664589168335","80.4697305233584","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"43","4.62813838446001","80.3196287116534","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"43.1","4.60603856211599","80.1699379200009","1.0");
invoke(material, 'AddDispersionFittingValueEps',"43.2","4.59160301019727","80.0206573229103","1.0");
invoke(material,'AddDispersionFittingValueEps',"43.3","4.57537926264567" "79.8717860906603","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"43.4","4.56683835218486","79.7233233893752","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"43.5","4.5446829925077","79.5752683810991","1.0");
invoke(material, 'AddDispersionFittingValueEps',"43.6","4.53509692390573","79.4276202238712","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"43.7","4.51396408026473","79.2803780717997","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"43.8","4.49757180427591","79.1335410751365","1.0");
invoke(material, 'AddDispersionFittingValueEps',"43.9","4.48323620888109","78.9871083803512","1.0");
invoke(material, 'AddDispersionFittingValueEps',"44","4.46765990088261","78.841079130204","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"44.1","4.45251243988094","78.6954524638192","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"44.2","4.42690120646078","78.5502275167586","1.0");
invoke(material, 'AddDispersionFittingValueEps',"44.3","4.42180523662279","78.4054034210931","1.0");
invoke(material, 'AddDispersionFittingValueEps',"44.4","4.40162334029236","78.2609793054756","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"44.5","4.39112648672764","78.1169542952123","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"44.6","4.37208695489569","77.9733275123344","1.0");
invoke(material, 'AddDispersionFittingValueEps',"44.7","4.36048752369005","77.8300980756686","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"44.8","4.34405639155261","77.6872651009082","1.0");
invoke(material, 'AddDispersionFittingVvalueEps',"44.9","4.32989914770126","77.5448277006828","1.0");
invoke(material, 'AddDispersionFittingValueEps',"45","4.31492555137483","77.4027849846281","1.0");
invoke(material, 'AddDispersionFittingValueEps',"45.1","4.29937164571914","77.2611360594553","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"45.2","4.28573182705169","77.1198800290198","1.0");
invoke(material, 'AddDispersionFittingvalueEps',"45.3","4.26891481080662","76.9790159943895","1.0");
invoke(material, 'AddDispersionFittingValueEps',"45.4","4.25402367640162","76.8385430539129","1.0");
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invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
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invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material, 'AddDispersionFittingValueEps',"49.2","3.
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

'AddDispersionFittingvValueEps',"45.5","4.23853796077151","76.698460303286","1.0");
'AddDispersionFittingValueEps',"45.6","4.22134083392119","76.5587668356201","1.0");
'AddDispersionFittingValueEps',"45.7","4.20824995612951","76.4194617415073","1.0");
'AddDispersionFittingValueEps' ,"45 8","4.19787352047356","76.2805441090875","1.0");
'AddDispersionFittingvalueEps',"45.9","4.17805921741872","76.1420130241128","1.0");

'AddDispersionFittingValueEps"',"46
'AddDispersionFittingValueEps'

'AddDispersionFittingValueEps',"46 3","4

'AddDispersionFittingValueEps',"46.4","4.
'AddDispersionFittingValueEps',"46.5","4.
'AddDispersionFittingValueEps',"46.6","4.
'AddDispersionFittingValueEps',"46.7","4.

'AddDispersionFittingValueEps',"46.8","4

'AddDispersionFittingValueEps',"46.9","4.

'AddDispersionFittingValueEps"',"47

'AddDispersionFittingvalueEps',"47.1","3.
'AddDispersionFittingValueEps',"47.2","3.
'AddDispersionFittingValueEps',"47.3","3.
invoke(material, 'AddDispersionFittingValueEps',"47.4","3.
'AddDispersionFittingvalueEps',"47.5","3.
'AddDispersionFittingValueEps',"47.6","3.
'AddDispersionFittingValueEps',"47.7","3.
'AddDispersionFittingValueEps',"47.8","3.
'AddDispersionFittingvalueEps',"47.9","3.

,"46.1","4.
'AddDispersionFittingValueEps',"46.2","4.

4.9124759446036","1.

6","4.16561432285858","76.0038675700135","1.0");
14797374188673","75.
13339915171485","75.
4.11800111957608","75.
10681927181962","75.
08814854882837","75.
08125147606346","75.
05842285122975","75.
.04512327402801","74
02883048601641","74.
","4.02205628165901", "74.643419548948","1.0");
99937756396276","74.
98665829020348","74.
97006986076799","74.
94280888389793","74.
94091282996195","73.
92074171238068","73.
91191161534581","73.
88775903105434","73.
88307106298617","73.

8661068279619","1.0"
7287298769365","1.0"
5917357937854","1.0"
4551236532898","1.0"
3188925282255","1.0"
1830414894256","1.0"
0475696058414","1.0"
0"
0"

7777595710826","1.

5094549402282","1.
3758648053691","1.
2426482032923","1.
1098041914524","1.
9773318258947","1.
8452301613115","1.
7134982510979","1.
5821351474078","1.
4511399012085","1.

)s
)s
)s
)s
);
)s
)s
)s
)s

0");
0");
0");
0");
0");
0");
0");
e")
0")

'AddDispersionFittingValueEps',"48","3.8746793165593","73.3205115623351","1.0");

'AddDispersionFittingValueEps',"48.1","3.
"48.2","3.
'AddDispersionFittingValueEps',"48.3","3.
'AddDispersionFittingValueEps',"48.4","3.
'AddDispersionFittingvalueEps',"48.5","3.
'AddDispersionFittingvalueEps',"48.6","3.
'AddDispersionFittingValueEps',"48.7","3.
'AddDispersionFittingValueEps',"48.8","3.
'AddDispersionFittingvalueEps',"48.9","3.

'AddDispersionFittingValueEps"',

'AddDispersionFittingValueEps"',"49
'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps',"49.3","3.
'AddDispersionFittingValueEps',"49.4","3.
'AddDispersionFittingValueEps',"49.5","3.
'AddDispersionFittingvalueEps',"49.6","3.
'AddDispersionFittingValueEps',"49.7","3.
'AddDispersionFittingValueEps',"49.8","3.
'AddDispersionFittingValueEps',"49.9","3.
'AddDispersionFittingValueEps',"50","3.59976434201793", "70 7835242613152","1
'AddDispersionFittingvalueEps',"50.1","3.
'AddDispersionFittingValueEps',"50.2","3.
'AddDispersionFittingvalueEps',"50.3","3.
'AddDispersionFittingvalueEps',"50.4","3.
.5244939145389","70.1712516991711","1.0");

'AddDispersionFittingValueEps',"50.5","3

'AddDispersionFittingValueEps',"50.6","3.
'AddDispersionFittingvalueEps',"50.7","3.
'AddDispersionFittingvalueEps',"50.8","3.
'AddDispersionFittingValueEps',"50.9","3.

"49.1","3.

85439573277692","73.
84182576366196","73.

1902491795447","1.0");
0603518005693","1.0");
82588990958685 ", "72.9308184721687","1.0");
80743542886385", "72.8016482401831","1.0");
79755761400542" ,"72.6728401495843" ,"1.0") ;
77530230092747","72.544393244527","1.0");
76940261270302", "72.4163065683997","1.0");
75272554817302", "72.2885791638742","1.0");

74142842841912","72.1612100729558","1.0");
","3.75195383267379","72.0341983370316","1.0");
71363834959133","71.9075429969196","1.0");
69703800394824","71.7812430929162","1.0");
68603543963863","71.6552976648437","1.0");

7013145203865","71.5297057520972","1.0");
65862254591068", "71.4044663936907","1.0");
63648752385905","71.2795786283034","1.0");
63140230831665", "71.1550414943243","1.0");
64368726144744" ,"71.0308540298974","1.0");
60437716764223","70.9070152729658","1.0");
-0");

5775493735692","70.6603800326175", "1 0");
54819151544362","70.5375816244729","1.0");
55092099240579","70.4151280744524","1.0");
52983014464927","70.2930184201395","1.0");

52024012496485","70.0498269492779","1.0");
49826986161847","69.928743208325","1.0");
47768760728348","69.8079995143515","1.08");
4722503934831","69.6875949056088","1.0") ;

'AddDispersionFittingValueEps',"51","3.46879969776266", "69.5675284206002","1.0");

w

'AddDispersionFittingValueEps',"51 1","
'AddDispersionFittingvalueEps',"51.2","

w

'AddDispersionFittingValueEps',"51.3","3.
.39388248219674","69.
.39543280752077","68.
"51.6","3.
'AddDispersionFittingValueEps',"51.7","3.
'AddDispersionFittingvalueEps"' ,"51 8","3.
.34526591339184","68. "
'AddDispersionFittingValueEps',"52","3.32615393431617","68.3852491012124","1

.32049846068943","68.2688386275787","

w

'AddDispersionFittingvalueEps"' ,"51 4
'AddDispersionFittingvalueEps',"51. 5" "
'AddDispersionFittingValueEps',

w

w

'AddDispersionFittingvalueEps',"51.9","

'AddDispersionFittingValueEps',"52.1","3

'AddDispersionFittingValueEps' ,"52 2","3.
'AddDispersionFittingvalueEps',"52.3","3.
'AddDispersionFittingValueEps',"52 4","3,
'AddDispersionFittingvalueEps',"52.5","3.
'AddDispersionFittingvalueEps',"52.6","3.
'AddDispersionFittingValueEps',"52.7","3.
'AddDispersionFittingValueEps',"52.8","3.
'AddDispersionFittingvalueEps',"52.9","3.
'3.21166833777591","67.2357277808352","1.0");

'AddDispersionFittingVvalueEps',"53

'AddDispersionFittingValueEps',"53.1","3.
"53.2","3.
'AddDispersionFittingvalueEps',"53.3","3.

'AddDispersionFittingvalueEps',"53.4","3.
'AddDispersionFittingValueEps',"53.5","3.
'AddDispersionFittingvalueEps',"53.6","3.
'AddDispersionFittingvalueEps',"53.7","3.
'AddDispersionFittingValueEps',"53.8","3.
'AddDispersionFittingValueEps',"53.9","3.

'AddDispersionFittingValueEps',

5

'AddDispersionFittingValueEps',"5
'AddDispersionFittingValueEps

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps',"55"

'AddDispersionFittingValueEps"',
'AddDispersionFittingValueEps
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.44643691483593","69.
.43849382980699","69.

5"54.1","3.
'AddDispersionFittingValueEps',"54.2","3.
'AddDispersionFittingValueEps',"54.3","3.
,"54.4","3.
"54.5","3.
'AddDispersionFittingValueEps',"54.6","3.
,"54.7","3.
"54.8","3.
'AddDispersionFittingValueEps',"54.9","2.

,"55.2","2.
'AddDispersionFittingValueEps',"55.3","2.

4477990981184","1.0");
3284059772835","1.
2093480975796","1.

0"
42083068167987","69. 0"
0906244988919","1.0"

0"

0"

H

H

H
9722342215428","1. H
8541763063274","1.
736449794549","1.0
6190537280532","1.
5019871492632",

39283574420227","68.
37024426934696","68.

34405740633425","68.

)s
)s
)s
)s
)s
)5
RE
)s

1.0"

29505264386252", "68.1527547727168"

29594251242717", "68.0369965816909"

31979104121389", "67.9215631003065" , "
27159855510658", "67.806453375142","1.8") ;
2595061949488" , "67.6916664535795","1.8") ;
24746696551493","67.5772013838361","1.0");
2354808975466" , "67.4630572149929","1.0") ;
22354801551799", "67.3492329970261","1.0") ;

[
1.0"
)5
1.0");
1.0");
1.0");
1.0");

19984187667747", "67.1225406182725","1.0");
18211559322812", "67.0096705621713","1.0");
1763486247006" ,"66.8971166663739","1.0") ;
16468182979275", "66.7848779857593","1.0") ;
15306824372778", "66.6729535762703","1.0") ;
13578499011145", "66.5613424949404" ,"1.0") ;
13000063046347" , "66.4500437999199","1.0") ;
10732417558727", "66.339056550502","1.6") ;
10714559815608" , "66.2283798071486" ,"1.0" ) ;

'3.09029597958395","66.1180126315149","1.0");
08450288043217","66.0079540864745","1.0");
09646344168401","65.8982032361439","1.0");
06207213498992","65.788759145906","1. 0")
04564680486792","65. 679620882434", H

0524413470725", "65.462258109071" "1
01784483331808", "65.3540317391844","
01245679957217","65.2461074761175","
99604724421349","65.1384843933351", "

9588550363962", "64.8174129828256",
95308113390913","64.7109853846181","1.0");
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invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material, 'AddDispersionFittingValueEps
'AddDispersionFittingValueEps',"58.2","2.
'AddDispersionFittingValueEps',"58.3","2.
2.65131090296416","61.5543355748698","1.0");
2.63874691823228","61.4569512985331","1.0");
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invoke(material,
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invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material, 'AddDispersionFittingValueEps
'AddDispersionFittingValueEps',"64.8","2.
'AddDispersionFittingValueEps',"64.9","2.
,"65","2.14358417300096", "55.6640745500259","1.0

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,

'AddDispersionFittingValueEps',"55.4","2.
'AddDispersionFittingValueEps',"55.5","2.
'AddDispersionFittingvalueEps',"55.6","2.
'AddDispersionFittingValueEps',"55.7","2.
,"55.8","2.
2.

'AddDispersionFittingValueEps

'AddDispersionFittingValueEps',"55.
'AddDispersionFittingValueEps"'
'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps',"56.

96378320110699","64.
93191121399752", "64.
.3934783370798","
91094902718159","64.
.1832776038596", "
89019374137064", "64.

91670335280772","64

91747382436104","64

6048543557905", "
4990189786579","

1.0
1.0
1.0
2882315164789","1.0
1.0
1.0

0786156878262", "

)
)
")
")s
)
)

,"56","2.87537352268728","63.9742448586009","1.0");
"56.1","2.
'AddDispersionFittingValueEps',"56.2","2.
'AddDispersionFittingValueEps',"56.3","2.
'AddDispersionFittingValueEps',"56.4","2.
'AddDispersionFittingValueEps',"56.5","2.
'AddDispersionFittingValueEps',"56.6","2.
'AddDispersionFittingValueEps',"56.7","2.
'AddDispersionFittingValueEps',"56.8","2.
2.

86964447621645","63.
86365622813153","63.
84930030564415","63.
84016995216782","63.
82916026028877","63.
82126543931268","63.
80922332983884","63.
79515173805568","63.
78948846529267","63.

8701642080411","1.0");
766372829657","1.0");

6628698186279","1.0");
5596542718194","1.0");
4567252877993","1.0");
3540819668537","1.0");
2517234110024","1.0");
1496487240146","1.0");
0478570114236","1.0");

'AddDispersionFittingValueEps',"57","2.77150065053017","62.9463473805417","1.0");

'AddDispersionFittingValueEps',"57.1","2.
'AddDispersionFittingValueEps',"57.2","2.
'AddDispersionFittingvalueEps',"57.3","2.
'AddDispersionFittingvalueEps',"57.4","2.
'AddDispersionFittingValueEps',"57.5","2.
'AddDispersionFittingValueEps',"57.6","2.
'AddDispersionFittingValueEps',"57.7","2.
'AddDispersionFittingvalueEps',"57.8","2.
'AddDispersionFittingValueEps',"57.9","2.

76995458112822", "62.8451189404746" ,"1.0") ;
76096522386566" , "62.7441708021356","1.0" ) ;
75062055739104" , "62.6435020782595","1.0" ) ;
75998226742912","62.5431118834158","1.0");
7314852417024" ,"62.4429993340226","1.0");
72585281759377","62.3431635483589","1.0");
7125474511904" ,"62.2436036465781","1.0");
70451858894816" , "62.1443187507197","1.0");
69380597434727","62.0453079847221","1.0");

'AddDispersionFittingValueEps',"58","2.68465510963499","61.946570474434","1.0");

'AddDispersionFittingValueEps" ,"58 4
'AddDispersionFittingvalueEps',"58. 5" "2

'AddDispersionFittingValueEps',"58.6","2.
'AddDispersionFittingValueEps',"58.7","2.
2.61905049626134","61.1664033390102","1.0");
2.6029991071544","61.0700861141117","1.0");

'AddDispersionFittingValueEps" ,"58 8
'AddDispersionFittingvalueEps',"58. 9" "2

,"58.1","2.

675259572815", "61.8481053476267","1.8");
65877094809751", "61.7499117340047","1.0");
6569069831018","61.6519887652174","1.0");

62272971210552","61.3598350737551","1.0");
62077806933257","61.2629860400704","1.0");

'AddDispersionFittingValueEps',"59" "2.59423804455651","60.9740335109281","1.0");

'AddDispersionFittingvalueEps',"59.1","2.
'AddDispersionFittingvalueEps',"59.2","2.
'AddDispersionFittingValueEps',"59.3","2.
'AddDispersionFittingValueEps',"59.4","2.
'AddDispersionFittingvalueEps',"59.5","2.
'AddDispersionFittingValueEps',"59.6","2.
'AddDispersionFittingValueEps',"59.7","2.
'AddDispersionFittingValueEps',"59.8","2.
'AddDispersionFittingValueEps',"59.9","2.
","2.50549061994549","60.0278751539163","1.0");
,"60.1","2.
'AddDispersionFittingvalueEps',"60.2","2.
'AddDispersionFittingvalueEps',"60.3","2.
'AddDispersionFittingValueEps',"60.4","2.
'AddDispersionFittingValueEps',"66 5","2.
'AddDispersionFittingValueEps',"60.6","2.
'AddDispersionFittingvalueEps',"60.7","2.
'AddDispersionFittingValueEps',"60.8","2.
'AddDispersionFittingValueEps',"60.9","2.
'AddDispersionFittingValueEpS',"61" "2.42660927508461","59.107254366664","1.0
'AddDispersionFittingvalueEps',"61.1","2.
'AddDispersionFittingValueEps',"61.2","2.
'AddDispersionFittingValueEps"* ,"61 3","2.
'AddDispersionFittingvalueEps',"61.4","2.
'AddDispersionFittingValueEps',"61.5","2.
'AddDispersionFittingValueEps',"61.6","2.
'AddDispersionFittingValueEps" ,"61 7","2.
'AddDispersionFittingvalueEps',"61.8","2.
'AddDispersionFittingValueEps',"61.9","2.
'AddDispersionFittingValueEps',"62","2.35007715124736","58.2113511871329","1.0
'AddDispersionFittingValueEps' ,"62 1","2.
'AddDispersionFittingvalueEps',"62.2","2.
'AddDispersionFittingValueEps',"62 3","2.
'AddDispersionFittingvalueEps',"62.4","2.
'AddDispersionFittingvalueEps',"62.5","2.
'AddDispersionFittingValueEps',"62.6","2. "
'AddDispersionFittingValueEps',"62.7","2.
'AddDispersionFittingvalueEps',"62.8","2. "
'AddDispersionFittingvalueEps',"62.9","2. "
'AddDispersionFittingValueEps',"63","2.28086330691422","57.3393672990132","1

'AddDispersionFittingValueEps"',"60
'AddDispersionFittingValueEps'

'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps',
'AddDispersionFittingValueEps',"

'AddDispersionFittingValueEps',"64.1","2.
'AddDispersionFittingValueEps',"64.2","2.
,"64.3","2.
"64.4","2.
'AddDispersionFittingValueEps',"64.5","2.
,"64.6","2.
,'64.7","2.

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps

'AddDispersionFittingValueEps'
'AddDispersionFittingValueEps',"65.1","2.
'AddDispersionFittingValueEps',"65.2","2.

127

58540868353876","60.
57652588270692","60.
56800543282145","60.
55837326952782","60.
55078797318374","60.
53906966423548","60.
53375490794847","60.
53003707962002","60.
51690482682466","60.

8782446770371","1.0");
7827187620504","1.0");
6874549176219","1.0");
5924522974567","1.
4977100573188","1.
4032273550394",
3090033505249",
2150372057641","
121328084836","1.0");

0");

0");
"1.0");
"1.0");
1.0");

50023630710183","59.9346775812853","1.08");
4859729072826","59.8417345373337","1.0");

48374791479659","59.7490451945698","1.0");
47263022098485","59.6566087276257","1.08");
46743820575128","59.5644243132632","1.08");
46302407144787","59.47249113038","1
45130572668931","59.3808083600152",
44047710464509","59.2893751853554",

.0");
"1.0");
"1.0");

43534901622616", "59.1981907917395","1.8");

Y

41956660583817","59.0165650997882",
41138027199197","58.9261221829392","
40395702079228","58.8359248101158" , "
39088018156437","58.7459721774938","
3885187810355","58.6562634834299","1.0
37824657218902", "58.5667979284656","1.
37325040204765","58.4775747153318","
36459289752076", "58.3885930489518", "
35815039565748", "58.2998521364456" , "

'1.0"
1.0"
1.0"
1.0"

')
1.
1.
1.
1.

34321727082407","58.1230894125366", "

34246301823379","58.
32844953438436","57.
32055311018609", "57.
31384569176846","57.

0
0"
0"
0"
)s
0"

035066026386","1.0
9472802446193","1.
8597312853873","1.
7724183690551","1.

3

"63.1","2.
'AddDispersionFittingvalueEps',"63.2","2.

'AddDispersionFittingvalueEps',"63.3","2.
'AddDispersionFittingValueEps',"63.4","2.
'AddDispersionFittingvalueEps',"63.5","2.
'AddDispersionFittingvalueEps',"63.6","2.
'AddDispersionFittingValueEps',"63.7","2.
'AddDispersionFittingValueEps',"63.8","2.
"63.9","2.
64","2.2090156957682","56.4905264229035","1.0");

6853407182053",
59849755764","1
5118881143833",
4255116176831",

)s
H
)s
")
i
30185480885078", "57. )s
29940424768334","57.
29184588500673", "57.
28512370676642", "57.

1.0"
);
);
1.0

2534543920752",
1677721327998",
0823197593486",
9970965121157",
9121016337281",
8273343690481",
7427939651729","
6584796714367","
5743907394106","

27100257421013","57.
26176042315848","57.
25703935635845", "57.
24572062513395","56.
24323256127599", "56.
23933024040598", "56.
22958069929139", "56.
22538163437953","56.
21608228351563","56.

0
[
0"
1.0
)s
1.0
1.0
)s
1.0"
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

)s
)s
)s
)s
)s
)s
)s
)s
)s

20273583033551","56. 1.
19519782919051", "56.
18953985988429", "56.
18572347068332","56.1573004665932", "
17649289649004", "56.0745481131674","
1661103893403","55.9920159451279","1.
16359346910151", "55.9097032319556","1.08");
15967426021055","55.82760924537","1.0");

15084011169373","55.7457332593283","1.0");

4068859779628",

0"
3234686628744","1.0"
2402737381632","1.0"

0"
0"

1.
1.

")s
13823136365336","55.5826323958945","1.0"
o

);
13013365235255", "55.5014060776024","1.0") ;



invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,

'AddDispersionFittingValueEps',"65.3","2.
'AddDispersionFittingValueEps',"65.4","2.
'AddDispersionFittingValueEps',"65.5","2.
'AddDispersionFittingValueEps',"65.6","2.
'AddDispersionFittingValueEps',"65.7","2.
'AddDispersionFittingValueEps',"65.8","2.
'AddDispersionFittingValueEps',"65.9","2.

'AddDispersionFittingValueEps"'

'AddDispersionFittingVvalueEps',"66.1","2.
'AddDispersionFittingValueEps',"66.2","2.
'AddDispersionFittingValueEps',"66.3","2.
'AddDispersionFittingValueEps',"66.4","2.
invoke(material, 'AddDispersionFittingValueEps',"66.5","2.
'AddDispersionFittingValueEps',"66.6","2.
'AddDispersionFittingValueEps',"66.7","2.
'AddDispersionFittingVvalueEps',"66.8","2.
'AddDispersionFittingVvalueEps',"66.9","2.

12576577014447","55. 1.
11889283794639","55. 1.
11344188245578","55. 1.
10697170474851","55. 1.
10125825832995", "55. 1.
09447322787305","55. 1.
08921346227533","54. 1.
,"66","2.08282019256251", "54.8592800388594","1.0"
07730606586145", "54. 1.
07554670501892", "54. 1.
06553464799781","54. 1.
05805405990837","54. 1.
05389779519784","54. 1.
04747636599149", "54., 1.
04239410182767","54. 1.
03875037587779", "54. 1.
03102217034055", "54.

4203948780531","
3395980823847","
2590149779685", "
1786448544083","
0984870035388", "
0185407194244","
9388052983581", "

7799642416734","
7008572097684", "
6219582483346","
5432666647825","
4647817687401","
3865028720518","
3084292887756","
2305603351815","
1528953297488","1.

0");
0");
0");
0");
0");
0");
0");

);

0");
0");
0");
0");
0");
0");
0");
0");
0");

'AddDispersionFittingValueEps',"67","2.0247068433872","54.075433593164","1.0");

'AddDispersionFittingValueEps

" "68"

'AddDispersionFittingValueEps

'AddDispersionFittingValueEps',"68.1","1.
'AddDispersionFittingValueEps',"68.2","1.
1.95499238304434","53.0866233962828","1.0");
1.9517044341299","53.0119373254752","1.0");

'AddDispersionFittingValueEps" ,"68 3
'AddDispersionFittingvalueEps',"68. 4" "1

'AddDispersionFittingValueEps',"68.5","1.
'AddDispersionFittingValueEps',"68.6","1.
1.9343777417809","52.7890365908848","1.0");
1.93006437963723","52.715120031237","1.0");

'AddDispersionFittingValueEps" ,"68 7
'AddDispersionFittingValueEps',"68. 8" "1

'AddDispersionFittingValueEps',"68.9","1.
'1.91873671182814","52.5678586090489", "1
.91423620472964","52.
90801598863474","52.
90433961479421","52.
89696693919992","52.
89455743832271","52.
89047481372445","52.
88488840876945","52.

'AddDispersionFittingValueEps"',"69
'AddDispersionFittingvalueEps',"69.1

iy

'AddDispersionFittingValueEps',"69. 2" "1.
'AddDispersionFittingValueEps',"69.3","1.
invoke(material, 'AddDispersionFittingvalueEps',"69.4","1.
'AddDispersionFittingvalueEps',"69.5","1.
'AddDispersionFittingValueEps',"69.6","1.
'AddDispersionFittingValueEps',"69.7","1.
'AddDispersionFittingvalueEps',"69.8","1.
'AddDispersionFittingvalueEps',"69.9","1.

'AddDispersionFittingvalueEps',"70.1","1.
'AddDispersionFittingvalueEps',"70.2","1.
'AddDispersionFittingValueEps',"70.3","1.
'AddDispersionFittingValueEps',"76 4","1.
'AddDispersionFittingvalueEps',"70.5","1.
'AddDispersionFittingvalueEps',"70.6","1.
'AddDispersionFittingValueEps',"70.7","1.
'AddDispersionFittingValueEps',"70.8","1.
'AddDispersionFittingvalueEps',"70.9","1.
'1.82259456387578","51.1361153547266","1.0");
82026908604606","51.
81481349237925","50.
81146087418075","50.
80682755604329","50.
80275487656598","50.
79744010726681","50.
79414993101556","50.

'AddDispersionFittingvalueEps',"71

'AddDispersionFittingValueEps',"71.1","1.
'AddDispersionFittingvalueEps"* ,"71 2","1.
'AddDispersionFittingvalueEps',"71.3","1.
'AddDispersionFittingValueEps',"71.4","1.
'AddDispersionFittingValueEps',"71.5","1.
'AddDispersionFittingvalueEps"' ,"71 6","1.
invoke(material, 'AddDispersionFittingvalueEps',"71.7","1.
invoke(material,
invoke(material,
invoke(material,
invoke(material,

'AddDispersionFittingValueEps',
'AddDispersionFittingValueEps" ,"71

'AddDispersionFittingvalueEps',"72.1","1.
'AddDispersionFittingValueEps',"72 2","1.
'AddDispersionFittingvalueEps',"72.3","1.
'AddDispersionFittingvalueEps',"72.4","1.
'AddDispersionFittingValueEps',"72.5","1.
'AddDispersionFittingValueEps',"72.6","1.
'AddDispersionFittingvalueEps',"72.7","1.
'AddDispersionFittingvalueEps',"72.8","1.
'AddDispersionFittingValueEps',"72.9","1.

,"67.1","2.
'AddDispersionFittingValueEps',"67.2","2.
'AddDispersionFittingValueEps',"67.3","2.
'AddDispersionFittingValueEps',"67.4","2.
'AddDispersionFittingValueEps',"67.5","1.
'AddDispersionFittingvalueEps',"67.6","1.
'AddDispersionFittingvalueEps',"67.7","1.
'AddDispersionFittingValueEps',"67.8","1.
'AddDispersionFittingvalueEps',"67.9","1.
'1.97044872510493","53.3118481380492","1.0");

01978061149772","53.9981744483184","1.0");
0138649757597","53.9211172203054","1.0");
00866804457559" , "53.8442612364183","1.0");
00253108117127", "53.7676058261472","1.0");
99768309756066" , "53.6911503211769","1.0");
99077193003328", "53.6148940553835","1.0");
98682440733197", "53.538836364832","1.0");
9808622268745" ,"53.4629765877733","1.0");
9760906198316" ,"53.3873140646411","1.0");

96548039022397","53.2365781527878","1.0");
964161880574","53.1615034558209","1.0");

94462527233654","52.9374445968631","1.0");
9368227052295","52.8631445660722","1.0");

92424848481246","52.6413942492144","1.0");
-0");

"71.8","1.
e

4945124771149","1.
4213552219257","1.
3483862141296","1.
2756048265059","1.
2030104339616","1.
1306024135268","1.
0583801443512","1.

0");
0");
0");
0");
0");
0");
0");

879652576607","51.9863430076998","1.0");
87533126980179","51.914490386949","1.0");
'AddDispersionFittingValueEps',"70","1. 86942943225398","51.8428216675826","1.0")J

86588477536758","51.
86089333743524","51.
85654768975575","51.
85272999345414","51.
84731878764948","51.
84054473024783","51.
83819685417298","51.

7713362371873","1.

7000334854488","1

6289128041476","1.
5579735871544","1.
4872152304261","1.
4166371320014","1.
3462386919964","1.

8325965443615","51.2760193126","1.08");
82918068493162", "51.2059783980696","1.0");

77618257370506", "50.
76892994385582", "50.
76468723662861", "50.
76071779668511","50.
75482988567539", "50.
75260104964938", "49.
74848809507666" , "49.
74457860414909","49.

0");
-0");
0");
0");
0");
0");
0");

066429590952","1.0");

9969205171813","1

7206394025157","1

-0");
9275875459007", "1.
8584300916418","1.
7894475709771","1.

0");
0");
0");

-0");

652005006898","1.0") ;
7895895424356","50.5835438067911","1.0");
78564488593861","50.5152552268846","1.0");
'AddDispersionFittingVvalueEps',"72", "l 78046715136141","50.4471386938847","1.0");

7772386003466","50.3791936365105","1.0");

3114194854883","1.
2438156735469","1.
1763816354133","1.
1091168078066","1.
0420206294342" ,"1.
9750925409861","1.

0");

0");
0");
0");
" )
0"

90833198513","1.0"),

8417384065066","1.

0");

'AddDispersionFittingValueEps',"73","1.7388526484209","49.7753112517239","1.0");

'AddDispersionFittingvalueEps',"73.1","1.
'AddDispersionFittingvalueEps',"73.2","1.
'AddDispersionFittingValueEps',"73.3","1.
'AddDispersionFittingvalueEps',"73.4","1.
'AddDispersionFittingvalueEps',"73.5","1.
'AddDispersionFittingValueEps',"73.6","1.
invoke(material, 'AddDispersionFittingValueEps',"73.7","1.
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

'AddDispersionFittingValueEps',
'AddDispersionFittingValueEps',"73.9",
'AddDispersionFittingValueEps',"74","1.

iy

'AddDispersionFittingValueEps',"74.1","1.
,"74.2","1.
"74.3","1.
'AddDispersionFittingValueEps',"74.4","1.
,"74.5","1.
,"74.6","1.
'AddDispersionFittingValueEps',"74.7","1.
'AddDispersionFittingValueEps',"74.8","1.
5"74.9","1.

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps

'AddDispersionFittingValueEps"'
'AddDispersionFittingValueEps"',
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73664937215556", "49.7090499693529","1.0");
73266267328417","49.642954009922","1.0");
7288122761928","49.577022825912","1.0");

"73.8","1.

72478859640353","49.
72106624931546","49.
71789156787203","49.
71341023508367","49.
70799411162721","49.
.70584318753431","49.
70204262088178","49.1200726656352","1.0
69836407114963","49.
69458695226557","48.
69097186082227","48.
68873990030717", "48.
68366554181813","48.
67995771019616", "48.
67644410973619","48.
67421724160088","48.
66930657046593", "48.
"75","1.66573837135792","48.4808821449731","1.
'AddDispersionFittingValueEps',"75.1","1.66225194014218","48.4178254874123","

5112558717508","1.
4456526038087","1.
.0");

3802124803928","1

o");
o");

314934961742","1.0");

2498195100216","1.
1848655893184","1.

0554402068858","1.
9909676828893","1.
9266545653652","1.
8625003279282","1.
7985044460823","1.
7346663972161","1.
6709856605972","1.
6074617173668","1.
5440940505346","1.



invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,

'AddDispersionFittingValueEps',"75.2","1.
'AddDispersionFittingValueEps',"75.3","1.
'AddDispersionFittingVvalueEps*,"75.4","1.
'AddDispersionFittingValueEps',"75.5","1.
'AddDispersionFittingvalueEps',"75.6","1.
'AddDispersionFittingVvalueEps',"75.7","1.
'AddDispersionFittingValueEps',"75.8","1.
invoke(material, 'AddDispersionFittingValueEps',"75.9","1.
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

'AddDispersionFittingValueEps

'AddDispersionFittingvalueEps',"76.1","1.
'AddDispersionFittingValueEps',"76.2","1.
'AddDispersionFittingValueEps',"76.3","1.
'AddDispersionFittingValueEps',"76.4","1.
'AddDispersionFittingvalueEps',"76.5","1.
'AddDispersionFittingValueEps',"76.6","1.
'AddDispersionFittingvalueEps',"76.7","1.
'AddDispersionFittingvalueEps',"76.8","1.
'AddDispersionFittingValueEps',"76.9","1.

'AddDispersionFittingValueEps'

'AddDispersionFittingvalueEps',"77.1","1.
'AddDispersionFittingvalueEps',"77.2","1.
'AddDispersionFittingValueEps',"77.3","1.
'AddDispersionFittingValueEps',"77.4","1.
invoke(material, 'AddDispersionFittingvalueEps',"77.5","1.
'AddDispersionFittingVvalueEps',"77.6","1.
'AddDispersionFittingValueEps',"77.7","1.
'AddDispersionFittingvalueEps',"77.8","1.
'AddDispersionFittingVvalueEps',"77.9","1.

'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps',"78.1","1.
1.56293596270626", "46.

'AddDispersionFittingValueEps" ,"78 2

invoke(material, 'AddDispersionFittingValueEps',"78. 3" "1

invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

'AddDispersionFittingValueEps',"78.4","1.
'AddDispersionFittingValueEps',"78.5","1.

'AddDispersionFittingvalueEps"* ,"78 6
'AddDispersionFittingValueEps',"78. 7" "1

'AddDispersionFittingValueEps',"78 8","1.

'AddDispersionFittingvalueEps',"78.9

'AddDispersionFittingValueEps'

'AddDispersionFittingvalueEps',"80.9","1.

iy

'AddDispersionFittingValueEps' ,"81 1

'AddDispersionFittingvalueEps',"81. 2" "1.
'AddDispersionFittingValueEps',"81.3","1.
'AddDispersionFittingValueEps',"81.4","1.
'AddDispersionFittingvalueEps"' ,"81 5","1.
'AddDispersionFittingvalueEps',"81.6","1.
'AddDispersionFittingValueEps',"81.7","1.
'AddDispersionFittingValueEps',"81.8","1.
'AddDispersionFittingvalueEps',"81.9","1.
invoke(material, 'AddDispersionFittingvalueEps',"82","1.46261967358875","44.4143332784709","1
'AddDispersionFittingValueEps',"82 1","1.
'AddDispersionFittingvalueEps',"82.2","1.
'AddDispersionFittingvalueEps',"82.3","1.
'AddDispersionFittingValueEps',"82.4","1.
'AddDispersionFittingValueEps',"82.5","1.
'AddDispersionFittingvalueEps',"82.6","1.
'AddDispersionFittingvalueEps',"82.7","1.
'AddDispersionFittingValueEps',"82.8","1.
'AddDispersionFittingValueEps',"82.9","1.

65941618254884","48.
65527924509811", "48.
65043030158938", "48.
64838752181546","48.
64495219165304", "48.
64157581687337","48.
63951405857152","47.
63484318689477","47.
,"76","1.63151211865824","47.8572179524214" ,"1.
62818869849114","47.
62740414887497","47 .
62161142820574","47.
61835208305375", "47.
61511046245479","47 .
61064497853593","47.
60868489746762","47 .
60553387462509", "47.
60233383922499","47.
,"77","1.59925715062647","47.2485768710213","1.0");

3549235664346","
2921758724691","
2295818977862","
1671411364925","
1048530845249","1.0"
0427172396456","1.0"

1.0"
1.
1.
1.
1.
1.
9807331014364","1.0"
1.
0"
1.
1.
1.
1

0"
0"
0"

9189001712934","1.0"

7956859498286" , "
7343036703211","
6730706224973","

9
0"
0"
6119863167427","1.0

)
)
);
)

551050265224","1.0");

4902619818841","1.0"
4296209824364","1.0"

3691267843591","1.0");

3087789068902","1.0"

)s
);
)

59605640339635", "47.188520199493","1.0") ;
59358922759885", "47.1286084167886","1.0");
5898517152755","47.068841049129","1.0");

,"79.1","1.
'AddDispersionFittingValueEps',"79.2","1.
'AddDispersionFittingvalueEps',"79.3","1.
'AddDispersionFittingvalueEps',"79.4","1.
'AddDispersionFittingValueEps',"79.5","1.
'AddDispersionFittingValueEps',"79.6","1.
'AddDispersionFittingvalueEps',"79.7","1.
'AddDispersionFittingvalueEps',"79.8","1.
'AddDispersionFittingValueEps',"79.9","1.
'AddDispersionFittingValueEps',"80","1.51342434489834","45.5080265027224","1
'AddDispersionFittingvalueEps',"80.1","1.
'AddDispersionFittingValueEps',"80.2","1.
'AddDispersionFittingValueEps',"86 3","1.
'AddDispersionFittingValueEps',"80.4","1.
'AddDispersionFittingvalueEps',"80.5","1.
'AddDispersionFittingValueEps',"80.6","1.
'AddDispersionFittingValueEps',"80.7","1.
'AddDispersionFittingValueEps',"80 8","1.

58682053738828","47.
58371890971559","46.
58071206601647","46.
57765713106248","46.
57354265048136", "46.
57166553308757","46.
"78","1.56933144996797","46.6544736616633","1.0"

56574327891912","46.

1.55988954097335","46.

0092176244672","1.0");

9497376724827","1.
8904007245759","1.
8312063138628","1.
7721539751695","1.
7132432450265","1.

5958447650029","1.
5373560966564","1

0"
2]
0"
0"
0"
)s
0"
1.0"

4790071999173","1.0"

556463698523","46.4207976197563","1.0");

55410350088421","46.
1.55244267491863","46.
1.54838434943262","46.
54504461988968","46.
1.54273128647508","46.
'AddDispersionFittingvalueEps',"79", "1 53893819026475", "46.0744405151961","1.
53714352087143","46.
53443939445708","45.
53162027041239","45.
52904631062212","45.
52616076174624","45.
52298637008008","45.
52076423030527","45.
51717022354373","45.
51542992023176","45.

51015708430346","45.
50770745796962","45.
50494498385922","45.
50346291478211","45.
49979288872365", "45.
49743578834756","45.
49470007713216","45.
49228195885936", "45.
48966583565561", "45.
'AddDispersionFittingValueEps',"81","1.48736113583824","44.9547970271324","1
.48468945912467","44.
48335566691453","44.
47977025055431","44.
47752931572138","44.
47490752106809", "44.
47210914625141","44.
47010058982243","44.,
46796797328303","44.
46534878393092","44.

46065143838874","44.
45855520441067","44.
45600789599677","44.
45430100950895", "44.
45141750728621","44.

44843562441455","44.,

4468796304434" ,"44.,0433875582059","1.0

44428353999781","43.
44239363123406","43.

3627269028152","1.0"
3047945974022","1.0"

247000253486","1.0");

1893434226901","1.0"
1318236582877","1.0"
0171935499712","
9600823208018", "
9031063875047",
8462653115185",
7895586558988",
7329859853124",
6765468660317",
6202408659297",
5640675544742" ,

H

-0");
4521172833158",
3963394704742" ,
3406926399908" ,
2851763692265",
2297902371045",
1745338241052",
1194067122605",
0644084851483",
0095387278875",
1.6");
9001829710675",
8456961494017",
7913361533636",
7371025756958",
6829950106494", "
629013053979","1.8");
5751563029374","1.
5214243562698",
4678168142093",

1

°

1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"
1.0"

.o"
3609733522465","
3077366401996","
2546227484603","
2016312846196","
1487618577243","

1.
1.
1.
1.
1.
1.
1.
0960140782721","1.

o
0"
0"
)5
0"
0"
0"
0"
0"
0"

RH
9908819109089","1.0
9384967511993","1.0"

'AddDispersionFittingVvalueEps',"83","1.4422605131594","43.8862316953251","1.0");

'AddDispersionFittingvalueEps',"83.1","1.
invoke(material, 'AddDispersionFittingValueEps',"83.2","1.
'AddDispersionFittingvalueEps',"83.3","1.
'AddDispersionFittingvalueEps',"83.4","1.
'AddDispersionFittingValueEps',"83.5","1.
'AddDispersionFittingValueEps',"83.6","1.
,"83.7","1.

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps',"83.8","
'AddDispersionFittingValueEps',"83.
'AddDispersionFittingValueEps"',
'AddDispersionFittingValueEps"',
'AddDispersionFittingValueEps',

iy

5
'AddDispersionFittingValueEps' ,"84 3","1.
,"84.4","1.
,"84.5","1.
'AddDispersionFittingValueEps',"84.6","1.
'AddDispersionFittingValueEps',"84.7","1.
,"84.8","1.
"84.9","1.

'AddDispersionFittingValueEps"'
'AddDispersionFittingValueEps

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps',

43795888292853","43.
43589356284192","43.
43357476622691","43.
43074613364631","43.
42924066918404","43.

8340863609588","1.0"
7820603671926","1.0"
7301533345329","1.0"
6783648848952","1.0"
6266946415991","1.0"

4267705875769","43.5751422293631","1. 0")

42495598713535","43.
.42310475018012","43.
.42072012262248","43.
"1.41921456146078", "43.3701034340636","1
.41653248531944","43,
.41558276270252","43.
41239249195896", "43.
41004179045348","43.
40829956625916", "43.
4056848581382","43.066017243366","1

40425313885059","43.
40238044026746","42.

40025264720354","42.

5237072742993","
4723894039087","
4211882470759","

3191345965084",
2682813674151",
2175433811516",
1669202734445","
1164116813733",

l—'l—‘(Dl—:l—'D—:l—:l—:Ql—‘l—'l—'

0157365991936", "
9655693899656", "
9155152581247","1.

'AddDispersionFittingValueEps',"85","1.3977052446194","42.8655738474419","1.0");
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)
)
3
);
)s
)s

)s
)s
)s

)5
)s
)s
)s

)s
)s
)s
)s
).
)s
)s
)s
)s
)s
)s
)s
)s
)s
)s
)s
)s
)s

)s
)s
)s
)s
)s
)s
)s
)s

3
3
3

3
3
3

)s
)s
)s
)s
)s
)s
0");
)s

)s
);
)5
)5
);



invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,

invoke(material, 'AddDispersionFittingValueEps' ,"88 5

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

invoke(material,

invoke(material,
invoke(material,

invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

'AddDispersionFittingValueEps',"85.1","1.
'AddDispersionFittingValueEps',"85.2","1.
,"85.3","1.
'AddDispersionFittingValueEps',"85.4","1.
'AddDispersionFittingValueEps',"85.5","1.
'AddDispersionFittingValueEps',"85.6","1.
'AddDispersionFittingValueEps',"85.7","1.
'AddDispersionFittingValueEps',"85.8","1.

'AddDispersionFittingvalueEps',"85.9","1.

'AddDispersionFittingValueEps

'AddDispersionFittingValueEps',"86

'AddDispersionFittingValueEps',"86.1","1.
'AddDispersionFittingValueEps',"86.2","1.
'AddDispersionFittingValueEps',"86.3","1.
'AddDispersionFittingValueEps',"86.4","1.
'AddDispersionFittingValueEps',"86.5","1.
invoke(material, 'AddDispersionFittingValueEps',"86.6","1.
'AddDispersionFittingVvalueEps',"86.7","1.
.36419699366301","41.985505492732","1.8");

'AddDispersionFittingValueEps',"86.8","1

'AddDispersionFittingValueEps',"86.9","1.
'1.36041688748524","41.889880037931","1.0");
35912474738398","41.
35856102797597","41.
35563399976914","41.
35628501920227","41.
35218246511227","41.
35074400197393","41.
34876966923848","41.
34664319906856", "41.
34539514377298","41.

'AddDispersionFittingValueEps',"87"

'AddDispersionFittingvalueEps',"87.1","1.
'AddDispersionFittingValueEps',"87.2","1.
'AddDispersionFittingValueEps',"87.3","1.
invoke(material, 'AddDispersionFittingValueEps',"87.4","1.
'AddDispersionFittingVvalueEps*,"87.5","1.
'AddDispersionFittingValueEps',"87.6","1.
'AddDispersionFittingVvalueEps',"87.7","1.
,"87.8","1.
'AddDispersionFittingValueEps',"87.9","1.

'AddDispersionFittingValueEps

39629753555586", "42.
39447650757888","42.
39238725484092","42.
39245460567858","42.
38852126261628","42.
38633798816551","42.
38469902299232","42.
38228058136729","42.
38092000656177","42.
"1.37923220166561", "42.3722819738116","1.0");

8157448030116","1.0
7660277712466","1.0
7164223998732","1.0
6669283379265","1.0
6175452357449","1.0"
5682727449661","1.0
5191105185213","1.0
4700582106309","1.0
4211154767996","1.0

3771836903295", "42.3235573597252","1.0");

37482701581134", "42.274941293869","1.0");
37348955764224" ,"42.2264334368361","1.0");
37141063115848", "42.1780334504801","1.0");
3698370981197", "42.1297409979097","1.0") ;
36846413100987", "42.0815557434845","1.0");
36622580758538", "42.0334773528098","1.0");

36265518799805", "41.9376398313342","1.08");

8422257830641","1.
7946767384976","1.
7472325772132","1.
6998929734057","1.0"
6526576024784","1.0"
6055261410381","1.0"

0"
o"
2]

)s
);
3

);
);
)5

558498266891","1.0");

5115736590378","1.0"
4647519976692","1.0"

'AddDispersionFittingValueEps',"88","1.34350887087239","41.4180329641612","1.0");

'AddDispersionFittingValueEps" ,"88 1
'AddDispersionFittingvValueEps',"88. 2" "1

'AddDispersionFittingValueEps',"88.3","1.
'AddDispersionFittingValueEps',"88.4","1.

'AddDispersionFittingValueEps',"88. 6" "1

'AddDispersionFittingValueEps',"88 7","1.

'AddDispersionFittingValueEps',"88.8
'AddDispersionFittingvalueEps',"88.9

'AddDispersionFittingValueEps',"89", "1 32711041391424","40.9564179026475","1
.9108070809232","

'AddDispersionFittingValueEps',

'AddDispersionFittingvalueEps',"89.7","1.
'AddDispersionFittingValueEps' ,"89 8","1.
.31365573660431", "40.5494553705941","1.0");

iy

'AddDispersionFittingvalueEps',"89.

);
)5

1.34205842607567", "41.3714162410709","1.0");
1.34205818009985", "41.3249015121314","1.0");

3387590591761","41.2784884622479","1.8");

"89.1","1.
'AddDispersionFittingvalueEps',"89.2","1.
'AddDispersionFittingvalueEps',"89.3","1.
invoke(material, 'AddDispersionFittingvalueEps',"89.4","1.
'AddDispersionFittingValueEps',"89.5","1.
'AddDispersionFittingValueEps',"89.6","1.

33795414097826","41.
1.33549659170888", "41.
1.33347579085662", "41.
33227057784977","41.
1.33153541798169", "41.
1.32908057725222","41.

32592615498426", "40

32417146568803","40.
32280688146628","40.
32088594851954","40.
31972233240908", "40.
31918947891613","40.

2321767774926","1.0"
1859661451007","1.
1398562534653","
0938467921338","
0479374518027","
0021279243133",

86529515439","1
8198818194246",
7745667735269","
729349715315","1.0

0"
0"
0"
[
[
)s
0"
)5
0"
0"
Y
6842303445212","1.0"

1.
1.
1.
1.
1.0"
1.
.o"
1.
1.

)s
)s
)s
)s
)s
)s

)s

)
)
)

3166720887524","40.6392083619878", "1. 0")
3147990206558","40.5942834696625","1.0") ;

'AddDispersionFittingvalueEps',"90", "1 31198312170202", "40.5047237689285","1.0");

'AddDispersionFittingValueEps',"90.1","1.
'AddDispersionFittingValueEps',"96 2","1.
'AddDispersionFittingvalueEps',"90.3","1.
'AddDispersionFittingvalueEps',"90.4","1.
'AddDispersionFittingValueEps',"90.5","1.
'AddDispersionFittingValueEps',"90.6","1.
'AddDispersionFittingValueEps‘,"90 7","1.
'AddDispersionFittingvalueEps',"90.8","1.
'AddDispersionFittingValueEps',"90.9","1.

31067286718075","40.
30884633870537","40.
30772307674595","40.
30608989736395","40.
30480596655302", "40.
30302469155133","40.
30192114278557","40.
30032637033939","40.
29906821649943","40.

4600883699042","1.0"
415548879848","1. 0")
3711050061708","1.0

3267564573635","1.0"
2825029429925","1.0"
2383441736957","1.0"
1942798611783","1.0"
1503097182087","1.0"
1064334586139","1.0"

);

RE
)s
)s
)s
)s
)s
)s

'AddDispersionFittingVvalueEps',"91","1.29733094671245","40.0626507972758","1.0");

'AddDispersionFittingvalueEps',"91.1","1.
'AddDispersionFittingValueEps',"91.2","1.
'AddDispersionFittingValueEps',"91.3","1.
'AddDispersionFittingValueEps" ,"91 4","1.
'AddDispersionFittingvalueEps',"91.5","1.
'AddDispersionFittingValueEps',"91.6","1.
'AddDispersionFittingValueEps',"91.7","1.
'AddDispersionFittingValueEps' ,"91 8","1.
'AddDispersionFittingvalueEps',"91.9","1.
'AddDispersionFittingValueEps',"92" "1.28378332466796","39.6299101079472","1
'AddDispersionFittingvalueEps',"92.1","1.
'AddDispersionFittingvalueEps',"92.2","1.
'AddDispersionFittingValueEps',"92.3","1.
'AddDispersionFittingValueEps',"92.4","1.
'AddDispersionFittingvalueEps',"92.5","1.
'AddDispersionFittingvalueEps',"92.6","1.
invoke(material, 'AddDispersionFittingValueEps',"92.7","1.
'AddDispersionFittingValueEps',"92.8","1.
'AddDispersionFittingvalueEps',"92.9","1.
'AddDispersionFittingvalueEps',"93","1.27231059578419","39.2062232884377","1
'AddDispersionFittingValueEps',"93.1","1.
'AddDispersionFittingvalueEps',"93.2","1.
'AddDispersionFittingvalueEps',"93.3","1.
'AddDispersionFittingValueEps',"93.4","1.
'AddDispersionFittingValueEps',"93.5","1.
"93.6","1.
,"93.7","1.
'AddDispersionFittingValueEps',"93.8","1.
'AddDispersionFittingValueEps',"93.9","1.
4","1.25853048848869","38.7913219887233","1
"94,1","1.
'AddDispersionFittingValueEps',"94.2","1.
,"94.3","1,
"94.,4","1,
'AddDispersionFittingValueEps',"94.5","1.
invoke(material, 'AddDispersionFittingValueEps',"94.6","1.
invoke(material,
invoke(material,
invoke(material,

'AddDispersionFittingValueEps',
'AddDispersionFittingValueEps

'AddDispersionFittingValueEps',"9
'AddDispersionFittingValueEps',
'AddDispersionFittingValueEps"'
'AddDispersionFittingValueEps',

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps',
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5"94.7","1.
"94.8","1.
'AddDispersionFittingValueEps',"94.9","1.

2962468035651" , "40.0189614501271","1.0");
29468943783911", "39.9753651341467","1.0") ;
29345652461069" , "39.9318615673561","1.0" ) ;
29176204851173", "39.8884504688148","1.0") ;
29069700496558" , "39.845131558617","1.0");
28917607331537", "39.8019045578865","1.0" ) ;
28796787460432","39.7587691887735","1.0");
28631501627859", "39.7157251744502","1.0" ) ;
28526876809137", "39.6727722391067","1.0");

28259932452613","39.5871385071858",

28098694258475","39.5444571640429" ,"
2799591874887","39.5018658067405","1.0");
27850831248401","39.4593641644991","1.0"
27734800498612","39.4169519675331","1.
27577499151379","39.3746289470472" ,
27476542939907","39.3323948352325",
27334822831224","39.2902493652622",
27221111742918","39.2481922712884",

1.0"
1.0"
1.0");
1.0");
1.0");

)s
)s
);
)s
)s
)s

1643421528073",
1225486014615",
0808423724278",
0392232046928",

26968473004696", "39. "
9976908381986", "

26830033297107", "39.
26718593244004","39.
26568846098592", "39.
26471439396218", "38.
26336195489071","38.
26226978808266", "38.
26257893420543","38.
25985179233616", "38.

3
3
3
3

9562450138392",
9148854734561",
8736119598355",

)s
)5
)5
)s
)s
)5
)s
)s
8324242167036, )s

1.
1.
1.
1.
.o"
1.
1.
1.
1.
1.
1.
1.
1.
1.
.0"
25746008827343","38.7503050214906","1.
25603410395337","38.7093730615307","1.
25509436141214","38.6685258562941","1.
25380339257897","38.6277631541535","1.
25275430118848", "38.5870847043996","1.
2513626132507","38.5464902572377","1. 0')
25043960090914", "38.5059795637838", " )

24917818881415","38.4655523760615", "
24814995770395","38.4252084469978","1.

0"
0"
0"
0"
0"
)5
0"
0"
0"
0"
0"
0"
0"
0"
0"
)5
0"
0"
0"
0"
0"

)s
)s
)s
)s
)s
)s
)s
)s

1.0");
1.0");
e");
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invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,
invoke(material,

'AddDispersionFittingValueEps',"95","1.24679163872675","38.3849475304198","1.0");

'AddDispersionFittingValueEps',"95.1","1.
,"95.2","1.
'AddDispersionFittingValueEps',"95.3","1.
'AddDispersionFittingValueEps',"95.4","1.
'AddDispersionFittingvalueEps',"95.5","1.
'AddDispersionFittingValueEps',"95.6","1.
'AddDispersionFittingValueEps',"95.7","1.
,"95.8","1.
'AddDispersionFittingvalueEps',"95.9","1.
,"96","1.23589005769451", "37.9868505297163","1.0");
,"96.1","1.
,"96.2","1.
'AddDispersionFittingvalueEps',"96.3","1.
'AddDispersionFittingValueEps',"96.4","1.
'AddDispersionFittingValueEps',"96.5","1.
'AddDispersionFittingValueEps',"96.6","1.
.22862259652577","37.7129786058604","1.0");

'AddDispersionFittingValueEps

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps

'AddDispersionFittingValueEps
'AddDispersionFittingValueEps

'AddDispersionFittingValueEps',"96.7","1

'AddDispersionFittingValueEps',"96.8","1.
'AddDispersionFittingValueEps',"96.9","1.
,"97","1.22536320448877","37.5967905338932","1.0");

'AddDispersionFittingValueEps

'AddDispersionFittingValueEps',"97.1","1.
'AddDispersionFittingValueEps',"97.2","1.
'AddDispersionFittingvalueEps',"97.3","1.
'AddDispersionFittingValueEps',"97.4","1.
'AddDispersionFittingValueEps',"97.5","1.
'AddDispersionFittingValueEps',"97.6","1.
'AddDispersionFittingvalueEps',"97.7","1.
'AddDispersionFittingValueEps',"97.8","1.
'AddDispersionFittingValueEps',"97.9","1.

24588507247894","38.
24465246016026", "38.
24364464986984","38.
24231879939511", "38.
24142839819629", "38.
24022384940448","38.
23923602941633","38.
24059734621356", "38.
23706725908155", "38.

3447693810512","1.0");
3046737545083","1.0");
264660407297","1.0");

2247290968089","1.0");
1848795813178","1.0");
1451116199763","1.0");
1054249728121","1.0");
0658194007247","1.0");
0262946654819","1.0");

23492180629262","37.
23365829523575","37.
23279939365544","37.

9474867569216","1.0");
9082031114495","1.0");
8689993585064","1.0");
23164884310998" , "37.8298752641492","1.0");
23069974723768","37.790830595283","1.0");
2294661570317","37.7518651196567","1.0");

23136067102149", "37.6741708233215","1.08");
22656767438264", "37.6354415423017","1.0");

22453471700544" ,"37.5582175700162","1.0" ) ;
22343545394225", "37.5197224234146","1.0" ) ;
22252346388435","37.4813048676535","1.0");
2213473368809", "37.4429646771155","1.0");
22053365776129", "37.4047016269973","1.0");
21945906775614" , "37.3665154933071","1.0");
21856504458949" , "37.3284060528605","1.0" ) ;
21741650547259" , "37.2903730832779","1.0");
21661737349342", "37.2524163629811","1.0");

'AddDispersionFittingVvalueEps*,"98","1.21556683284778","37.2145356711898","1.0");

'AddDispersionFittingvalueEps',"98.1","1.
'AddDispersionFittingValueEps',"98.2","1.
'AddDispersionFittingValueEps',"98.3","1.
AddDispersionFittingValueEps' ,"98 4","1.
'AddDispersionFittingvalueEps',"98.5","1.
'AddDispersionFittingValueEps',"98 6","1.
'AddDispersionFittingvalueEps',"98.7","1.
'AddDispersionFittingvalueEps',"98.8","1.
'AddDispersionFittingValueEps',"98.9","1.
'AddDispersionFittingValueEps',"99","1.20611449418972","36.8398623137514","1.0"
'AddDispersionFittingvalueEps',"99.1","1.
'AddDispersionFittingvalueEps',"99.2","1.
'AddDispersionFittingValueEps',"99.3","1.
'AddDispersionFittingValueEps',"99.4","1.
'AddDispersionFittingvalueEps',"99.5","1.
'AddDispersionFittingvalueEps',"99.6","1.
'AddDispersionFittingValueEps',"99.7","1.
'AddDispersionFittingValueEps',"99 8","1.

'AddDispersionFittingvalueEps',"99.9","1.

'AddDispersionFittingValueEps',"100","1.19737069050692","36.4725547533608","1.0

'UseGeneralDispersionEps',"True");
'UseGeneralDispersionMu',"False");
'NLAnisotropy',"False");
'NLAStackingFactor',"1");
'"NLADirectionX' "1")
'NLADirectionY"'
'NLADirectionZ"'
'Colour',"0.25","0. 25" "0.25");
'Wireframe',"False");
'Reflection',"False");

'Allowoutline',"True");
'Transparentoutline',"False");
'Transparency',"@");
'Create');

release(material);

end

function pickface(mws,name,number)
%Function to select a pickface

invoke(mws, 'Pick");
invoke(Pick, 'PickFaceFromId',strcat('component:
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21469039672903","37.1767307879187","1.0");
213568712235","37.1390014939746","1.0");

2127838696447","37.1013475709524","1.0");
21175677160843","37.0637688012328","1.
21089755064242","37.0262649679785","1.
20980200859114","36.9888358551315","1.
20903120113954","36.9514812474098","1.
20802695543235","36.9142009303043","1.
20718458553099", "36.8769946900757",

8028035891224",
7658183047404",
7289062499145",
6920672147086",
6553009899375",
6186073671651", "
5819861387002",

5454370975945",

5089600376389","

20535747115185", "36.
20437550349841","36.
20354962824041","36.
20265286256939","36.
20176082990162", "36.
20087350231725","36.
19999085207109", "36.
19911285159151","36.
19823947347936","36.

®®®®®®®Q®v®®®®®

1.
1.
1.
1.
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1.
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1.
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1.

-

pickface.m: funcidn para seleccionar una cara del objeto.

',name), num2str(number));

rectanglefeed.m: funcidén para dibujar un rectangulo.



function rectanglefeed(mws,x,y,h)
% Function to draw a rectanglefeed

rectanf = invoke(mws, 'Extrude');
invoke(rectanf, 'Reset');
invoke(rectanf, 'Name',"feedlinel");
invoke(rectanf, 'Component',"component");
invoke(rectanf, 'Material',"PEC");
invoke(rectanf, 'Mode',"Pointlist");
invoke(rectanf, 'Height',h);
invoke(rectanf, 'Point’,int2str(x(1)), int2str(y(1)));
invoke(rectanf, 'LineTo',int2str(x(2)), int2str(y(2)));
invoke(rectanf, 'LineTo',int2str(x(3)), int2str(y(3)));
invoke(rectanf, 'LineTo',int2str(x(4)), int2str(y(4)));
invoke(rectanf, 'LineTo',int2str(x(1)), int2str(y(1)));
invoke(rectanf, 'Create');
release(rectanf);

end

subs FR4lossy.m: funcion para definir el material FR4.

function subs_FR4lossy(mws)
% Define material: FR-4 (lossy)

material = invoke(mws, '‘material');
invoke(material, 'Reset');
invoke(material, 'Name', 'FR-4 (lossy)');
invoke(material, 'FrqType', 'all');
invoke(material, 'Type', 'Normal');
invoke(material, 'SetMaterialUnit', 'THz', 'um');
invoke(material, 'Epsilon’, '4.3");
invoke(material, 'Mue','1.0");
invoke(material, 'Kappa', '0.0");
invoke(material, 'TanD','0.025");
invoke(material, 'TanDFreq', '10.0");
invoke(material, 'TanDGiven', 'True');
invoke(material, 'TanDModel', 'ConstTanD");
invoke(material, 'KappaM','0.0");
invoke(material, 'TanDM','0.0");
invoke(material, 'TanDMFreq','0.0");
invoke(material, 'TanDMGiven', 'False');
invoke(material, 'TanDMModel", 'ConstKappa');
invoke(material, 'DispModelEps’, 'None');
invoke(material, 'DispModelMue’, 'None');
invoke(material, 'DispersiveFittingSchemeEps"', 'General 1st');
invoke(material, 'DispersiveFittingSchemeMue', 'General 1st');
invoke(material, 'UseGeneralDispersionEps', 'False"');
invoke(material, 'UseGeneralDispersionMue’, 'False"');
invoke(material, 'Rho','0.0");
invoke(material, 'ThermalType', "Normal');
invoke(material, 'ThermalConductivity', '0.3");
invoke(material, 'SetActiveMaterial', 'all');
invoke(material, 'Colour','9.94','0.82"','90.76");
invoke(material, 'Wireframe', 'False');
invoke(material, 'Transparency','0");
invoke(material, 'Create');
release(material);

end

subs glassepoxy.m: funcion para definir el material fibra de vidrio.
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function subs_glassepoxy(mws)
% Define material: FR-4 (glass epoxy)

material = invoke(mws, 'material');
invoke(material, 'Reset');
invoke(material, 'Name', 'FR-4 (glass epoxy)');
invoke(material, 'Rho', "19000");
invoke(material, 'ThermalType', "Normal");
invoke(material, 'ThermalConductivity', "0");
invoke(material, 'SpecificHeat', "@", "J/K/kg");
invoke(material, 'DynamicViscosity', "@");
invoke(material, 'Emissivity', "@");
invoke(material, 'MetabolicRate', "0.0");
invoke(material, 'VoxelConvection', "0.0");
invoke(material, 'BloodFlow', "0");
invoke(material, '"MechanicsType', "Unused");
invoke(material, 'MaterialUnit', "Frequency", "THz");
invoke(material, 'MaterialUnit', "Geometry", "nm");
invoke(material, 'MaterialUnit', "Time", "ns");
invoke(material, 'MaterialUnit', "Temperature", "Kelvin");
invoke(material, 'Epsilon’, "4.4");
invoke(material, 'Mu', "1");
invoke(material, 'Sigma', "0");
invoke(material, 'TanD', "0.02");
invoke(material, 'TanDFreq', "90.0");
invoke(material, 'TanDGiven', "False");
invoke(material, 'TanDModel', "ConstTanD");
invoke(material, 'SetConstTanDStrategyEps', "AutomaticOrder");
invoke(material, 'ConstTanDModelOrderEps', "3");
invoke(material, 'DjordjevicSarkarUpperFreqEps', "0");
invoke(material, 'SetElParametricConductivity', "False");
invoke(material, 'ReferenceCoordSystem', "Global");
invoke(material, 'CoordSystemType', "Cartesian");
invoke(material, ‘SigmaM', "@");
invoke(material, 'TanDM', "0.0");
invoke(material, 'TanDMFreq', "0.0");
invoke(material, 'TanDMGiven', "False");
invoke(material, 'TanDMModel', "ConstTanD");
invoke(material, 'SetConstTanDStrategyMu', "AutomaticOrder");
invoke(material, 'ConstTanDModelOrderMu', "3");
invoke(material, 'DjordjevicSarkarUpperFregMu’, "0");
invoke(material, 'SetMagParametricConductivity', "False");
invoke(material, 'DispModelEps', "None");
invoke(material, 'DispModelMu’, "None");
invoke(material, 'DispersiveFittingSchemeEps', "Nth Order");
invoke(material, 'MaximalOrderNthModelFitEps', "10");
invoke(material, 'ErrorLimitNthModelFitEps', "©.1");
invoke(material, 'DispersiveFittingSchemeMu', "Nth Order");
invoke(material, 'MaximalOrderNthModelFitMu', "10");
invoke(material, 'ErrorLimitNthModelFitMu', "0.1");
invoke(material, 'UseGeneralDispersionEps', "False");
invoke(material, 'UseGeneralDispersionMu', "False");
invoke(material, 'NLAnisotropy', "False");
invoke(material, 'NLAStackingFactor', "1");
invoke(material, 'NLADirectionx"', "1'
invoke(material, 'NLADirectionY', "0'
invoke(material, 'NLADirectionz', "0");
invoke(material, 'Colour', "@.501961", "©0.501961", "1" );
invoke(material, 'Wireframe', "False" );
invoke(material, 'Reflection', "False" );
invoke(material, 'Allowoutline’,"True" );
invoke(material, 'Transparentoutline', "False");
invoke(material, 'Transparency', "0");
invoke(material, 'Create');
release(material);

end

)
)

subs siliconlossy.m: funcién para definir el material didxido de silicio.
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function subs_siliconlossy(mws)
% Define material: Silicon (lossy)

material = invoke(mws, 'material');

invoke(material, 'Reset');
invoke(material, 'Name', 'Silicon (lossy)');
invoke(material, 'Rho',"2330.0");

invoke(material, 'ThermalType', "Normal™);
invoke(material, 'ThermalConductivity', "148");
invoke(material, 'SpecificHeat',"700","1/K/kg");
invoke(material, 'DynamicViscosity',"0");
invoke(material, "Emissivity',"0");

invoke(material, 'MetabolicRate',"0.0");
invoke(material, 'VoxelConvection',"0.0");
invoke(material, 'BloodFlow',"0");

invoke(material, 'MechanicsType',"Isotropic");
invoke(material, 'YoungsModulus',"112");
invoke(material, 'PoissonsRatio’,"0.28");
invoke(material, 'ThermalExpansionRate',"5.1");
invoke(material, 'FrqType',"all");

invoke(material, 'Type',"Normal™);

invoke(material, 'MaterialUnit', "Frequency","GHz");
invoke(material, 'MaterialUnit', "Geometry","mm");
invoke(material, 'MaterialUnit',"Time","s");
invoke(material, 'Epsilon’,"11.9");

invoke(material, ‘Mu',"1.0");

invoke(material, 'Sigma',"2.5e-004");

invoke(material, 'TanD',"9.0");

invoke(material, 'TanDFreq',"0.0");

invoke(material, 'TanDGiven',"False");

invoke(material, 'TanDModel',"ConstTanD");
invoke(material, 'SetConstTanDStrategyEps', "AutomaticOrder");
invoke(material, 'ConstTanDModelOrderEps',"3");
invoke(material, 'DjordjevicSarkarUpperFreqEps',"0");
invoke(material, 'SetElParametricConductivity',"False");
invoke(material, 'ReferenceCoordSystem’,"Global");
invoke(material, 'CoordSystemType', "Cartesian™);
invoke(material, 'SigmaM',"0.0");

invoke(material, 'TanDM',"0.0");

invoke(material, 'TanDMFreq',"0.0");

invoke(material, 'TanDMGiven', "False");

invoke(material, 'TanDMModel', "ConstTanD");
invoke(material, 'SetConstTanDStrategyMu', "AutomaticOrder");
invoke(material, 'ConstTanDModelOrderMu',"3");
invoke(material, 'DjordjevicSarkarUpperFreqMu’,"0");
invoke(material, 'SetMagParametricConductivity',"False");
invoke(material, 'DispModelEps ', "None");
invoke(material, 'DispModelMu’, "None");

invoke(material, 'DispersiveFittingSchemeEps',"1st Order");
invoke(material, 'DispersiveFittingSchemeMu',"1st Order");
invoke(material, 'UseGeneralDispersionEps',"False");
invoke(material, 'UseGeneralDispersionMu',"False");
invoke(material, 'NLAnisotropy',"False");
invoke(material, 'NLAStackingFactor',"1");
invoke(material, 'NLADirectionX',"1");

invoke(material, 'NLADirectionY',"0");

invoke(material, 'NLADirectionz',"@");

invoke(material, 'Colour',"0.501961","0.501961","0.752941");
invoke(material, 'Wireframe',"False");

invoke(material, 'Reflection’, "False");

invoke(material, 'Allowoutline',"True");
invoke(material, 'Transparentoutline',"False");
invoke(material, 'Transparency',"e");

invoke(material, 'Create’);

release(material);

end

transform.m: funcién para realizar la transformacién de un componente.
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function transform(mws,name,type,x,y,z)
% Function to realize a transform component

transform = invoke(mws, 'Transform');
invoke(transform, 'Reset');
invoke(transform, ‘Name',name);
invoke(transform, 'Vector',int2str(x), int2str(y),int2str(z));
invoke(transform, 'UsePickedPoints',"False");
invoke(transform, 'InvertPickedPoints',"False");
invoke(transform, ‘MultipleObjects',int2str(1));
invoke(transform, 'GroupObjects',"False");
invoke(transform, 'Repetitions’,"1");
invoke(transform, ‘MultipleSelection',"False");
invoke(transform, ‘Destination',"");
invoke(transform, ‘Material',"PEC");
invoke(transform, 'Transform',"Shape",type);
release(transform);

end

triangle.m: funcién para dibujar un rectangulo.

function triangle(mws,x,y,name,h)
% Function to draw a triangle

extrude = invoke(mws, 'Extrude’);
invoke(extrude, 'Reset');
invoke(extrude, 'Name',"t" + int2str(name));
invoke(extrude, 'Component',"component™);
invoke(extrude, '‘Material',"PEC");
invoke(extrude, 'Mode',"Pointlist");
invoke(extrude, 'Height',h);
invoke(extrude, 'Point’,int2str(x(1)), int2str(y(1)));
invoke(extrude, 'LineTo',int2str(x(2)), int2str(y(2)));
invoke(extrude, 'LineTo',int2str(x(3)), int2str(y(3)));
invoke(extrude, 'LineTo',int2str(x(1)), int2str(y(1)));
invoke(extrude, 'Create');
release(extrude);

end

units.m: funcién para definir las unidades del proyecto.

function units(mws, geometry, frecuency, varargin)
%Select de units nm and THz

%geometry = 'nm';
%frequency = 'THz';
geom = geometry;
fre = frecuency;

time = 'ns’;

temp = 'Kelvin';
voltage = 'V';

current = 'A’;
resistance = 'Ohm';
conductance = 'S’';
capacitance = 'PikoF';
inductance = 'NanoH';

p = inputParser;

p.addParameter('Geometry',geom);
p.addParameter('Frequency',fre);
p.addParameter('Time',time);
p.addParameter( ' Temperature',temp);
p.addParameter('Votlage',voltage);
p.addParameter('Current',current);
p.addParameter('Resistance’,resistance);

135



p.addParameter( ' Conductance',conductance);
p.addParameter('Capacitance',capacitance);
p.addParameter('Inductance',inductance);

p.parse(varargin{:});
[geom,freq,time, temp] =

deal(p.Results.Geometry,p.Results.Frequency,p.Results.Time,p.Results.Temperature);

units = sprintf(['With Units\n',...
'.Geometry "%s"\n',...
.Frequency "%s"\n',...
.Time "%s"\n',...
.TemperatureUnit "%s"\n',...
'.Voltage "V"\n',...
'.Current "A"\n',...
.Resistance "Ohm"\n',...
.Conductance "Siemens"\n',...
.Capacitance "PikoF"\n',...
.Inductance "NanoH"\n',...
"End With' ],geom,freq,time,temp);

invoke(mws, 'Units', units);
invoke(mws, "AddToHistory',['define units: ',geom],units);
invoke(mws, "AddToHistory',['define units: ',freq],units);
fprintf("Units: geometry = "+geom+"\n");
fprintf(" frequency = "+freg+"\n");

end

waveguideport.m: funcidn para un puerto tipo guia de onda.

function waveguideport(mws,number, Xrange, Yrange, Zrange, XrangeAdd, YrangeAdd,

ZrangeAdd, coordinates,orientation)
%Function to create a waveguide port

portw = sprintf(['With Port\n',...

'.Reset\n',...

' .PortNumber "%d"\n',...

'.Normal "Y"\n',...

'.Label ""\n',...

'.Folder ""\n',...

' .NumberOfModes "1"\n',...
.AdjustPolarization "False"\n',...
.PolarizationAngle "0.0"\n',...
.ReferencePlaneDistance "@"\n',...
'.TextSize "50"\n',...
'.TextMaxLimit "1"\n',...
.Coordinates "%s"\n',...
.Orientation "%s"\n',...

' .PortOnBound "False"\n',...
'.ClipPickedPortToBound "False"\n',...
.Xrange "%s", "%s"\n',...
.Yrange "%s", "%s"\n',...
.Zrange "%s", "%s"\n',...
'.XrangeAdd "0.0", "0.0"\n',...
'.YrangeAdd "0.0", "0.0"\n',...
'.ZrangeAdd "0.0", "0.0"\n',...
'.SingleEnded "False"\n',...
.WaveguideMonitor "False"\n',...
.Create\n', ...

"End With'],...

number, coordinates,orientation,int2str(Xrange(1)),int2str(Xrange(2)),int2str(Yrange(1)),

int2str(Yrange(2)),int2str(Zrange(1)),int2str(Zrange(2)));

invoke(mws, 'Port’,portw);

invoke(mws, '"AddToHistory',['define waveguide port: ',int2str(number)],portw);

end
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