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Resumen

1. Contexto de investigacion y motivacion

La creciente complejidad de los sistemas electronicos modernos, impulsada por el
desarrollo de tecnologias de comunicacion avanzadas como el 5G, ha generado nuevos
retos en materia de compatibilidad electromagnética (EMC). Entre ellos, destaca la
necesidad de asegurar niveles adecuados de apantallamiento frente a interferencias
electromagnéticas (EMI), especialmente en entornos de alta frecuencia o dispositivos con
alta densidad de integracion. Esta situacion plantea una presion creciente sobre las
metodologias de caracterizacion disponibles, que deben adaptarse a las nuevas
exigencias de frecuencia, geometria, precision y representatividad.

Los métodos de medida estandarizados, como los definidos en la norma ASTM D4935-
18 0 IEEE 299-2006, constituyen una base sdlida para la caracterizacion de la efectividad
de apantallamiento electromagnético (SE). No obstante, en muchos casos, estos
procedimientos no pueden ser utilizados debido a las restricciones en el tamafio de
muestra, la sensibilidad a errores, o la limitada operabilidad en el rango de frecuencia.
Esto hace necesario explorar nuevas metodologias que permitan obtener la SE en
contextos donde los métodos estandar resultan inaplicables.

En este sentido, la presente tesis doctoral se sitlia en la interseccion entre la investigacion
académica en EMC y las necesidades practicas del entorno industrial. Su desarrollo ha
sido llevado a cabo en el marco del grupo de investigacion Disefio de Sistemas de
Comunicaciones (DSDC) de la Universitat de Valéncia, y esta vinculada a la Catedra EMC
WE-UV, orientada a la transferencia de conocimiento y desarrollo de soluciones aplicadas
en el ambito de la compatibilidad electromagnética. Asimismo, parte del trabajo
experimental se ha realizado en el marco del proyecto estratégico SMART5G, financiado
por el Ministerio de Ciencia e Innovacion y centrado en tecnologias habilitadoras para
sistemas de comunicacion de nueva generacion, en colaboracion con el centro
tecnologico AIMPLAS. EI enfoque metodoldgico se complementa con colaboraciones
internacionales, como la establecida con la Universidad de Roma “La Sapienza” para el
desarrollo de configuraciones de medida especializadas.

La motivacion principal de esta investigacion reside en la necesidad de establecer
métodos de medida alternativos que permitan evaluar de manera fiable la efectividad de
apantallamiento en materiales reales, bajo condiciones que reflejen su aplicacion final.
Este objetivo responde tanto a una necesidad cientifica, relacionada con la validez fisica
de las medidas, como a una necesidad tecnoldgica, vinculada a la versatilidad, a rapidez
y la aplicabilidad industrial de los ensayos.
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De este planteamiento se deriva la hipdtesis central de la tesis:

En contextos en los que los métodos estandarizados no pueden
aplicarse debido a restricciones de frecuencia, geometria o naturaleza
del material;

¢es posible estudiar un enfoque alternativo de medida que permita una

evaluacion rigurosa de la efectividad de apantallamiento, coherente con

los principios fisicos que rigen el comportamiento electromagnético del
sistema?

Para validar esta hipotesis, se han disefiado y evaluado distintas estrategias
metodoldgicas, incluyendo adaptaciones de configuraciones coaxiales basadas en
estandares existentes, asi como el desarrollo completo de un sistema de medida no
estandarizado de tipo Absorber Box. Este ultimo método ha sido complementado con
simulaciones electromagnéticas mediante el método de los elementos finitos (FEM), con
el fin de crear modelos equivalentes que actuen como gemelos digitales de los sistemas
experimentales y permitan analizar su comportamiento bajo distintas condiciones.

Ademds de su contribucion al conocimiento académico, esta tesis tiene una clara
vocacion de transferencia tecnoldgica. Los resultados obtenidos, tanto en términos de
configuraciones experimentales como de estrategias de validacion, pueden integrarse en
entornos de ensayo industriales, servir de base para nuevas guias técnicas, o contribuir
en procesos de normalizacion y estandarizacion. En este sentido, parte de los desarrollos
han sido ya compartidos en congresos nacionales e internacionales y estan siendo
aplicados en entornos de caracterizacion, lo que refuerza la aplicabilidad practica del
trabajo.

2. Objetivos

Teniendo en cuenta el contexto de la investigacion, la motivacion y la hipdtesis
anteriormente definidos, el objetivo general de la presente tesis doctoral se define de la
siguiente manera:

Estudiar, desarrollar y valioar metodologias alternativas para la caracterizacion de la
efectividad de apantallamiento electromagnético en materiales planos, especialmente en
aquellos casos en los que los procedimientos estandarizados existentes no resuitan
aplicables o presentan limitaciones  significativas. — £stas nuevas — estrategias
experimentales deben garantizar resultados fiables, reproducibles y  fisicamente
interpretables, incluso en configuraciones no convencionales, rangos extendiaos de
frecuencia o materiales complejos.
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En este sentido, se proponen los siguientes objetivos especificos (0.E.) para realizar la
investigacion de estos estudios doctorales que permitan dar solucion a las dificultades
previamente planteadas:

= 0.E.1: Analizar las limitaciones técnicas y practicas de los métodos estandarizados
de medida de la efectividad de apantallamiento, particularmente en contextos de
alta frecuencia, geometrias complejas o materiales dificiles de mecanizar.

= 0.E.2: Aplicar y evaluar métodos de medida basados en sondas coaxiales
derivadas de estandares existentes, adaptando el sistema a la caracterizacion de
materiales planares utilizados en entornos de alta frecuencia.

= (0.E.3: Estudiar y aplicar métodos de medida no estandarizados que permitan
evaluar muestras con geometrias complejas o dimensiones incompatibles con los
métodos convencionales, con el fin de ampliar el rango de aplicabilidad
experimental.

= 0.E.4: Caracterizar experimentalmente distintos tipos de materiales compuestos,
tanto en configuraciones derivadas del estdndar como en configuraciones
alternativas, y analizar su comportamiento en términos de efectividad de
apantallamiento en funcion de su composicion, estructura y frecuencia.

= 0.E.5: Realizar un estudio tedrico de la efectividad de apantallamiento para
configuraciones ideales, que proporcione una referencia tedrica con la que
interpretar los resultados obtenidos y para su comparacion y validacion.

= 0.E.6: Desarrollar un modelo de simulacion basado en el método de los elementos
finitos que actlie como gemelo digital del sistema experimental, permitiendo
simular el comportamiento y predecir la respuesta del material.

= 0.E.7: Validar el modelo de simulacion mediante comparacion con resultados
tedricos y datos experimentales, evaluando su precision y utilidad como
herramienta de apoyo en el disefio y andlisis de materiales de apantallamiento.

= (.E.8: Contribuir a la definicion de un marco metodoldgico que respalde el uso de
técnicas alternativas de medida de la efectividad de apantallamiento, garantizando
resultados fiables y representativos en escenarios de medida orientados a la
aplicacion.
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3. Metodologia

La presente tesis doctoral se desarrolla en formato de compendio de publicaciones
cientificas, cuya estructura ha sido disefiada para abordar de forma progresiva los
objetivos planteados en este trabajo. A lo largo del proceso de investigacion, se han
publicado y presentado tres trabajos en revistas cientificas indexadas en el Journal
Citation Reports (JCR) y un articulo presentado en un congreso internacional de
relevancia, todos ellos sometidos a procesos de revision por pares. Cada uno de estos
trabajos esta incluido como parte estructural del cuerpo de la tesis y contribuye a dar
respuesta a los objetivos especificos definidos en el Capitulo 1.

Tras una revision del contexto de este dmbito de investigacion realizado en el Capitulo 2,
la tesis se articula a través de los Capitulos 3, 4, 5y 6, cada uno de los cuales presenta
un trabajo cientifico individual. La metodologia se construye en torno al andlisis, disefo,
implementacion y validacion de métodos de medida de la efectividad de apantallamiento
electromagnético de materiales planos. Finalmente, el Capitulo 7 recoge las conclusiones
generales del trabajo y analiza las principales vias de transferencia tecnoldgica,
resaltando el potencial de los métodos desarrollados para su aplicacion en entornos
industriales y su integracion en futuras normativas o protocolos de medida. A
continuacion, se describe de manera detallada el contenido de los Capitulos 3, 4, 5y 6,
incluyendo el enfoque metodoldgico, el contexto tecnoldgico y experimental, y la
colaboracion con instituciones académicas y centros tecnoldgicos relevantes.

Capitulo 3 — Articulo de contribucion a congreso I: Analysis of EMI Shielding
Effectiveness for plastic fiber composites in the 5G sub-6 GHz band

El primer trabajo incluido en esta tesis, presentado en el 2021 IEEE International Joint
EMC/SI/PI and EMC Europe Symposium, analiza la aplicabilidad de configuraciones
coaxiales derivadas del estandar ASTM D4935-18 para la medida de la efectividad de
apantallamiento electromagnético en materiales compuestos utilizados en aplicaciones
en la banda sub-6 GHz, que forma parte del espectro FR1 empleado en tecnologias 5G.
El contexto de este estudio se enmarca en las necesidades impuestas por los desarrollos
tecnoldgicos actuales en el ambito de las comunicaciones inaldmbricas, concretamente
en entornos 5G, donde se emplean frecuencias elevadas y materiales ligeros que deben
integrarse en estructuras de dimensiones reducidas.

En este escenario, los métodos tradicionales de medida, como el basado en la norma
ASTM D4935-18, encuentran limitaciones tanto en el rango de frecuencias como en las
exigencias geomeétricas de las muestras. En concreto, el método estandar requiere un
didmetro de muestra superior a 13 ¢cm de una geometria muy especifica, lo que impide
su aplicacion a compuestos complejos con estructuras rigidas dificiles de mecanizar.
Ademas, cuando se trabaja a frecuencias del orden de gigahercios, aparecen efectos
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parasitos y modos superiores que pueden comprometer la validez de la medida. Estas
limitaciones motivan la necesidad de adaptar las configuraciones experimentales
existentes para mantener la compatibilidad con las nuevas demandas del sector.

Para abordar esta problematica, se propone una adaptacion del método ASTM D4935-
18 que permita trabajar con muestras mas pequefias y que mantenga un comportamiento
monomodo en el rango sub-6 GHz. La solucion se basa en una sonda coaxial derivada
de esta norma, con dimensiones reducidas y caracteristicas optimizadas para operar en
ese rango de frecuencia. Esta configuracion fue seleccionada por su versatilidad y porque
mantiene una continuidad con método estandarizado, lo que permite la comparacion de
los resultados obtenidos con otras instituciones.

El estudio se desarrolld en colaboracion con el centro tecnoldgico AIMPLAS, encargado
de la fabricacion de los materiales compuestos. Se utilizaron distintas configuraciones de
laminas compuestas de matriz polimérica reforzada con fibras plasticas, que incorporan
elementos conductores tales como grafito niquelado, malla de cobre y nanotubos de
carbono de paredes multiples (MWCNT). Cada una de estas variantes fue caracterizada
en términos de su respuesta electromagnética frente a una onda incidente utilizando un
analizador de redes vectoriales (VNA) y una sonda coaxial adaptada.

Ademas de la caracterizacion de los materiales, se estudio la sensibilidad del método a
variables como la alineacion de la muestra, el tipo de contacto eléctrico, la repetibilidad
de las medidas y la estabilidad del sistema en frecuencia. Este andlisis permitio identificar
los factores que influyen de forma critica en la fiabilidad del método, asi como sus
limitaciones practicas en cuanto al tipo de materiales que pueden caracterizarse con
precision.

Los resultados mostraron diferencias significativas en la efectividad de apantallamiento
segun el tipo de fibra utilizada como refuerzo y el material conductor incorporado. En
particular, se observo que la presencia de nanotubos de carbono dispersos en el interior
de la matriz mejora la atenuacion, mientras que el uso de estructuras tipo malla generd
variaciones dependientes de la frecuencia que podrian limitar la estabilidad del
apantallamiento en ciertas bandas. Asimismo, el estudio permitio verificar que el método
adaptado mantiene su validez en el rango sub-6 GHz, siempre que se asegure la
continuidad eléctrica entre la muestra y la sonda coaxial.

Estos resultados permiten concluir que es viable extender el uso de configuraciones
derivadas del estandar ASTM D4935-18 a contextos no contemplados inicialmente,
siempre que se realicen adaptaciones geométricas adecuadas y se controle
cuidadosamente el procedimiento experimental. Este trabajo representa, por tanto, un
primer paso hacia el desarrollo de metodologias flexibles y fundamentadas fisicamente
para la medida de SE, en linea con los objetivos generales de esta tesis doctoral.
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Capitulo 4 — Articulo cientifico I: EMI Shielding Effectiveness Study for Innovative
Carbon Nanotube Materials in the 5G Frequency Region

El segundo trabajo incluido en esta tesis se centra en la extension y validacion de un
método de medida basado en linea coaxial, adaptado especificamente para alcanzar la
frecuencia de 18 GHz. Este trabajo representa una evolucion metodoldgica respecto al
capitulo anterior, con el objetivo de ampliar el rango de aplicabilidad de los sistemas
coaxiales derivados del estandar ASTM D4935-18 hacia la region de microondas, cada
vez mas relevante en aplicaciones vinculadas a tecnologias inalambricas avanzadas,
como el 5G o el radar automotriz.

A frecuencias superiores a 1.5 GHz, los métodos de medida estandar dejan de ser
adecuados debido a la aparicion de modos de propagacion superiores en la guia de onda,
asi como a restricciones derivadas del tamafio minimo de la muestra, que en
configuraciones convencionales supera los 13 cm. Estos factores comprometen la validez
fisica de la medida y limitan la caracterizacion de materiales funcionales con geometrias
reales. Ante esta situacion, se propone y evalia una sonda coaxial miniaturizada,
disefiada para operar en condiciones monomodo hasta 18 GHz, cuya geometria permite
reducir significativamente las dimensiones requeridas de la muestra sin comprometer la
calidad de la medida.

La sonda fue disefiada y desarrollada por la Universidad de Roma “La Sapienza”, con
quien se llevo a cabo una colaboracion. Esta sonda mantiene los principios fundamentales
del método estandarizado, pero permite aplicar este método de medida en un rango de
frecuencia mucho mas amplio, concretamente hasta alcanzar los 18 GHz.

A nivel experimental, se caracterizaron diferentes composiciones de materiales
innovadores con nanotubos de carbono (CNTs) como material funcional. Se utilizaron
tanto peliculas delgadas como compuestos multicapa, y se analizd la influencia de la
concentracion de CNT, la morfologia superficial y la estructura de capas en la respuesta
electromagnética de los materiales. Las medidas se realizaron mediante un sistema
basado en analizador vectorial de redes en configuracion de dos puertos, con calibracion
completa para minimizar errores sistematicos.

Ademas del comportamiento de los materiales, se estudio la fiabilidad del sistema de
medida: se analizd la sensibilidad a la alineacion de la muestra, el nivel de repetibilidad
entre medidas consecutivas y el efecto de errores de contacto. También se exploro la
relacion entre las propiedades electromagnéticas de los materiales (como la
conductividad superficial) y su respuesta en términos de SE en funcion de la frecuencia.

Los resultados demostraron que la sonda miniaturizada permite realizar medidas estables
y reproducibles en todo el rango considerado, con niveles de sensibilidad suficientes para
distinguir pequefias variaciones en la estructura del material. Se observo, ademas, que
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el apantallamiento electromagnético mejora de forma significativa con el incremento de
la concentracion de nanotubos de carbono, debido al aumento de la conductividad
efectiva y a la mejora en los mecanismos de reflexion y absorcion.

Este trabajo valida el uso de métodos coaxiales miniaturizados como herramienta eficaz
para la caracterizacion electromagnética de materiales funcionales en el rango de
microondas. A nivel metodoldgico, supone una demostracion practica de que es posible
extender el alcance de las metodologias derivadas del estandar ASTM D4935-18 mas
alla de los limites frecuenciales originalmente contemplados, mediante adaptaciones
estructurales que preservan la fisica del sistema. Este enfoque encaja plenamente con el
objetivo central de esta tesis: establecer métodos de medida alternativos aplicables en
contextos reales, mas alla de los métodos convencionales.

Capitulo 5 — Articulo cientifico Il: Shielding Effectiveness Measurement Method for
Planar Nanomaterial Samples Based on CNT Materials up to 18 GHz

El tercer trabajo incluido en esta tesis doctoral introduce un nuevo enfoque metodoldgico
para la caracterizacion de la efectividad de apantallamiento electromagnético mediante
el desarrollo de un método de medida no estandarizado, basado en una configuracion de
tipo Absorber Box. A diferencia de los capitulos anteriores, en los que se trabajo con
adaptaciones de métodos coaxiales normativos, este estudio se centra en una
metodologia alternativa que permite superar limitaciones estructurales y geomeétricas
impuestas por configuraciones convencionales.

La necesidad de este enfoque surge al enfrentarse a la caracterizacion de materiales
compuestos que, por su rigidez o geometria final, no pueden ser mecanizados ni
adaptados a las configuraciones coaxiales tradicionales. Este es el caso de ciertos
laminados reforzados con fibras, ampliamente utilizados en sectores como el transporte
0 la electronica estructural, donde las dimensiones, curvaturas o capas funcionales del
material impiden su integracion en sondas estandarizadas sin alterar su integridad o
funcionalidad. Como alternativa, se propone un método basado en una configuracion tipo
Absorber Box, en la que la muestra se coloca sobre una abertura y el campo se transmite
a través de ella desde una antena emisora situada en el exterior de una cavidad
absorbente hacia una antena receptora alineada en el interior. Esta disposicion elimina
la necesidad de adaptar mecanicamente el material al sistema de medida, y permite una
caracterizacion efectiva de muestras planas sin requerir preparacion especifica. A
diferencia de otros métodos, no se necesita mecanizar ni cortar la muestra a una forma
concreta, siendo suficiente con una ldmina plana del material. Ademas, el sistema no
requiere contacto directo entre la muestra y los elementos de medida, lo que facilita el
ensayo de materiales fragiles, rigidos o de geometrias no normalizadas.
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La metodologia fue desarrollada en el marco del proyecto de lineas estratégicas
SMART5G, cuyo objetivo general es la investigacion de materiales alternativos para la
construccion de carcasas de baterias para vehiculos eléctricos ligeros compatibles con
sistemas de comunicacion de nueva generacion. En este contexto, el método de Absorber
Box se planted como una herramienta flexible para evaluar materiales funcionales en
condiciones representativas de aplicacion real, sin depender de cdmaras anecoicas
completas. El desarrollo experimental se llevd a cabo en colaboracion con el centro
tecnoldgico AIMPLAS, que proporciono los materiales compuestos.

Desde el punto de vista estructural, el sistema consiste en una caja metdlica recubierta
internamente con material absorbente de banda ancha, en cuyo interior se sitia una
antena receptora. La muestra se coloca sobre una abertura en la parte superior de la
caja, y una antena emisora se sitta justo por encima, permitiendo asi medir el nivel de
transmision vertical a través del material. La configuracion es altamente versatil,
compatible con muestras planas de diferentes tamarios y aplicable a frecuencias de hasta
18 GHz, dependiendo del diserio de las antenas y del material radio-absorbente (RAM)
que recubre el interior de la cavidad.

Los ensayos se realizaron sobre una serie de composites reforzados con CNTs, fabricados
mediante técnicas de laminacion y consolidacion en matrices poliméricas. Se estudiaron
distintas concentraciones de nanotubos, geometrias de refuerzo y orientaciones de fibra,
analizando la respuesta electromagnética global de cada configuracion. Las medidas
experimentales pusieron de manifiesto la sensibilidad del sistema a cambios en la
composicion y estructura interna de las muestras, validando su utilidad para evaluar
materiales con estructuras complejas y no homogeéneas.

Desde el punto de vista metodoldgico, se realizd un andlisis de la repetibilidad y
estabilidad del sistema, incluyendo la sensibilidad a la colocacion de la muestra, la
calidad del material radio-absorbente del interior de la cavidad y el alineamiento de las
antenas. Se verifico que, con un disefio adecuado y un procedimiento de medida bien
definido, el método proporciona resultados coherentes y reproducibles a lo largo del
rango de frecuencias evaluado.

Este trabajo representa una contribucion clave a los objetivos de esta tesis, al demostrar
que es posible implementar métodos de medida no estandarizados que mantengan una
base fisica solida y que sean capaces de caracterizar materiales avanzados en
condiciones reales. El enfoque de caja absorbente propuesto proporciona una alternativa
practica a los métodos normativos, especialmente en contextos donde la mecanizacion
de muestras o el uso de camaras anecoicas completas no es viable. Este estudio refuerza
la tesis central de este trabajo: la validez de métodos experimentales alternativos para la
evaluacion de SE, siempre que estén correctamente disefiados, controlados y justificados
a nivel fisico.
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Capitulo 6 — Articulo cientifico lll: Determination of Electromagnetic Shielding
Effectiveness Using an Enhanced Absorber Box Method: Theoretical, Simulation, and
Experimental Approaches

El cuarto y Ultimo trabajo incluido en esta tesis doctoral se centra en desarrollo y
validacion de una version mejorada del método Absorber Box, mediante un enfoque
combinado que integra teoria, simulacion y verificacion experimental. Este estudio
constituye un paso metodoldgico esencial para confirmar que este tipo de
configuraciones no estandarizadas pueden proporcionar resultados fiables y trazables,
siempre que estén correctamente disefiadas y calibradas.

Mientras que en el capitulo anterior se presentaba el desarrollo experimental del sistema
Absorber Box y su aplicacion practica en la caracterizacion de materiales compuestos
reforzados, este trabajo complementa dicho desarrollo con una validacion mas profunda
basada en modelos de simulacion y fundamentos teoricos. El objetivo principal es
establecer una correspondencia clara entre los resultados experimentales obtenidos y 1as
predicciones tedricas basadas en modelos fisicos, asi como estudiar en detalle el
comportamiento del campo electromagnético en el interior del sistema.

Para ello, se desarrolld un modelo tridimensional de la configuracion experimental
utilizando el software ANSYS HFSS, basado en el método de los elementos finitos. El
modelo reproduce con alta fidelidad la geometria de la caja absorbente, las propiedades
del material absorbente, las antenas de transmision y recepcion, asi como la colocacion
de la muestra bajo prueba. Esta aproximacion permite generar un gemelo digital del
sistema, con el que se pueden explorar multiples escenarios, ajustar parametros criticos
del disefio y obtener informacion detallada del comportamiento del campo eléctrico
dentro de la cavidad.

Como parte del proceso de validacion, se disefiaron modelos ideales de materiales con
propiedades electromagnéticas conocidas (permeabilidad, permitividad y conductividad),
para los cuales se calcularon tedricamente los niveles de atenuacion por reflexion y
absorcion. A continuacion, se simuld el comportamiento en términos de SE de estos
materiales y los resultados obtenidos se compararon directamente con los calculos
analiticos. Este enfoque permitio evaluar el grado de acuerdo entre teoria y simulacion, y
detectar posibles desviaciones asociadas a efectos geomeétricos 0 numericos.

Ademas de los resultados globales de transmision (S,;), el modelo permitio observar la
distribucion del campo eléctrico en el interior del sistema, revelando fendmenos como la
difraccion en los bordes de la muestra, la concentracion de energia en regiones
especificas y el efecto del tamafio de la muestra sobre la atenuacion medida. Este andlisis
resultd especialmente Util para explicar ciertas discrepancias observadas en medidas
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reales, asi como para optimizar la configuracion del sistema desde el punto de vista del
diseno fisico.

En la fase experimental, se utilizaron materiales comerciales avanzados suministrados
por Wirth Elektronik, cuyas propiedades electromagnéticas fueron caracterizadas
previamente por el fabricante. Estas muestras se utilizaron para evaluar el
comportamiento del sistema Absorber Box en condiciones reales de medida. Los
resultados experimentales obtenidos mostraron un buen nivel de consistencia en el rango
de frecuencias evaluado (0.7-18 GHz), especialmente en las bandas media y alta. Las
desviaciones observadas en las frecuencias mas bajas se atribuyeron principalmente a
fenomenos de difraccion y a las limitaciones fisicas impuestas por el volumen de la
cavidad.

Este trabajo representa una culminacion del enfoque metodoldgico propuesto en esta
tesis. No solo confirma que los métodos no estandarizados como el basado en la Absorber
Box pueden proporcionar resultados validos y representativos, sino que ademas
demuestra que el uso de herramientas de simulacion numérica de alta fidelidad puede
actuar como soporte técnico fundamental para su disefo, calibracion y analisis. A través
de esta validacion, se consolida el valor del método Absorber Box como una herramienta
fiable para la caracterizacion de materiales en entornos de alta frecuencia, reforzando asi
la hipotesis central de esta tesis doctoral: que los métodos alternativos, tedricamente vy
experimentalmente  bien fundamentados, son viables para la caracterizacion
electromagnética en aplicaciones modernas que exceden los limites de los
procedimientos normativos convencionales.

4. Conclusiones

Esta tesis doctoral se ha centrado en el estudio, desarrollo y validacion de metodologias
alternativas para la caracterizacion de la efectividad de apantallamiento electromagnético
en materiales planos, en respuesta a las limitaciones de los métodos estandarizados ante
nuevas demandas tecnoldgicas, especialmente en contextos de altas frecuencias y
geometrias no convencionales.

Partiendo de la hipotesis de que métodos no estandarizados pueden proporcionar
resultados validos y fiables si estan justificados, experimentalmente demostrados y
acompafiados de una validacion tedrica/simulada, se han definido y cumplido una serie
de objetivos que estructuran el conjunto del trabajo.

En primer lugar, se ha llevado a cabo un andlisis critico de los métodos estandarizados
existentes, identificando sus restricciones principales en cuanto al rango de frecuencias
operativo, el formato de las muestras y las condiciones de medida. Este andlisis, junto
con la revision tedrica y normativa recogida en el Capitulo 2, ha permitido establecer el
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marco técnico en el que se justifican los métodos alternativos propuestos, cumpliendo
asi el objetivo especifico 0.E.1.

A continuacion, se han implementado dos enfoques metodoldgicos diferenciados. Por un
lado, se han desarrollado adaptaciones de métodos derivados del estandar ASTM D4935-
18, orientadas a mantener la validez fisica del procedimiento original en rangos de
frecuencia y condiciones no previstas inicialmente (0.E.2). En el Capitulo 3 se aplicd una
sonda coaxial adaptada para operar en la banda sub-6 GHz con muestras de pequefio
tamafo, mientras que en el Capitulo 4 se utilizd una sonda miniaturizada que permite
extender el rango hasta 18 GHz. En ambos casos, 10s sistemas se calibraron y aplicaron
a materiales compuestos reales, verificando su fiabilidad, sensibilidad y estabilidad.

Por otro lado, se ha propuesto y evaluado un método no estandarizado (0.E.3), basado
en la configuracion Absorber Box, cuyo desarrollo y validacion se recogen en los Capitulos
5y 6. Este método ha demostrado ser especialmente Util para caracterizar materiales
rigidos 0 con geometrias dificiles de mecanizar, al no requerir contacto directo ni
preparacion especifica de la muestra. El sistema permite medidas reproducibles en un
rango amplio de frecuencias y con buena discriminacion entre distintos niveles de
apantallamiento. Su aplicacion se ha llevado a cabo sobre muestras reales en
colaboracion con el centro AIMPLAS y en el contexto del proyecto estratégico SMART5G,
lo que refuerza su validez en entornos reales.

En cuanto al objetivo O.E.4, se ha caracterizado experimentalmente un conjunto de
materiales funcionales mediante ambos enfoques metodoldgicos, observando coherencia
en los resultados y permitiendo analizar la respuesta electromagnética de distintas
configuraciones de nanocompuestos y refuerzos.

Para proporcionar una base solida al comportamiento observado, se ha realizado un
estudio tedrico de los mecanismos electromagnéticos involucrados en los métodos de
medida utilizados, con especial atencion a los procesos de reflexion, absorcion y
propagacion en estructuras reales, cumpliendo asi el objetivo 0.E.5. Este estudio ha
permitido interpretar de forma mas rigurosa los resultados experimentales y orientar el
disefio del modelo de simulacion que se describe a continuacion.

Con el objetivo de dotar de mayor trazabilidad al método Absorber Box y profundizar en
su comprension fisica, se ha desarrollado un modelo de simulacion basado en el método
de los elementos finitos, cumpliendo el objetivo O.E.6. El modelo reproduce fielmente la
geometria del sistema de medida, las propiedades del absorbente, las condiciones de
excitacion y las caracteristicas del material bajo prueba. Mediante este modelo se han
simulado parametros de transmision (S,,), distribuciones del campo eléctrico y
fendmenos como la difraccion en bordes de muestra.
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Posteriormente, se ha validado el modelo mediante su comparacion con calculos tedricos
y datos experimentales (0.E.7), observandose un alto grado de coincidencia,
especialmente en bandas de frecuencia medias y altas. Las desviaciones detectadas en
frecuencias bajas han permitido identificar y analizar las limitaciones inherentes del
sistema de medida, como el tamario de la cavidad y los efectos geométricos en la zona
de transicion muestra-aire.

Finalmente, el conjunto del trabajo ha permitido establecer un marco metodoldgico
flexible y fundamentado para la caracterizacion de la efectividad de apantallamiento en
materiales planos, cumpliendo el objetivo 0.E.8. Dicho marco combina la robustez de los
métodos estandarizados con la versatilidad de métodos de medida alternativos, y se
apoya en la simulacion como herramienta de validacion y optimizacion. Esta propuesta
metodoldgica no solo amplia el rango de aplicacion de las técnicas de medida de SE, sino
que también facilita su transferencia al entorno industrial y su aplicacion en un entorno
real.
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Abstract

The rapid expansion of telecommunications technologies, particularly the global
deployment of 5G, has heightened concerns about electromagnetic interference (EMI) and
its impact on electronic devices. Accurate characterization of shielding effectiveness (SE)
at high frequencies is crucial. However, traditional measurement methods, such as ASTM
D4935-18 and IEEE 299-2006, exhibit limitations that hinder the evaluation of shielding
materials in the frequency range used by 5G and other emerging applications.

In particular, ASTM D4935-18 is limited to 1.5 GHz, while IEEE 299-2006 requires
anechoic chambers and large samples, making it unsuitable for advanced materials with
reduced dimensions. To address these limitations, alternative methods have been
explored, including specialized coaxial probes, which allow for the evaluation of small
samples containing carbon nanotube (CNT) fillers. However, when working with full
composite materials reinforced with fibers, manufacturing constraints prevented the
fabrication of samples compatible with this method. This led to the development of an
alternative methodology based on the use of an Absorber Box for SE measurement at
high frequencies.

This research aims to develop, validate, and optimize a measurement method based on
an Absorber Box, overcoming the limitations of traditional methodologies. The proposed
approach enhances accuracy and extends the frequency range, reducing diffraction
effects and other errors associated with conventional techniques. The methodology
includes an analysis of existing measurement techniques, an experimental evaluation of
the coaxial probe method, and the design and optimization of the Absorber Box. Finite
element method (FEM) simulations and laboratory experiments validate the precision and
reproducibility of the new measurement system.

The findings of this research will make a significant contribution to the field of
electromagnetic compatibility (EMC) by providing innovative tools for evaluating shielding
effectiveness in high-frequency applications, particularly in the 5G spectrum.

Keywords: Electromagnetic Interference (EMI), Shielding Effectiveness (SE), high-
frequency measurement, 5G technology, ASTM D4935-18, IEEE 299-2006, coaxial
probe, Absorber Box, Finite Element Method (FEM), Electromagnetic Compatibility (EMC).
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Chapter 1. Introduction

This infroductory chapter outlines the context and unresolved challenges of
the research topic addressed in this doctoral thesis. Therefore, the inifial
hypothesis and the expected achievements in relation to the thesis objectives
are presentea.

1.1 Research context and motivation

As the electromagnetic scenario of modern technology continues to expand, driven by the
deployment of high-frequency communication systems, advanced driver-assistance
platforms, and densely integrated electronics, the ability to characterize electromagnetic
interference (EMI) and evaluate the shielding performance of devices and materials has
become increasingly critical. Ensuring electromagnetic compatibility (EMC) in this context
is not only a regulatory requirement but also a design necessity in sectors such as
telecommunications, transport, and aerospace.

To quantify shielding effectiveness (SE), various measurement techniques have been
developed, many of which are codified in international standards, such as ASTM D4935-
18 or IEEE 299-2006 [1], [2]. These methods offer well-defined procedures for
measuring the attenuation of electromagnetic fields by a material under specific
geometrical and boundary conditions. However, as technologies evolve and applications
push into new frequency bands and structural formats, the limitations of standardized
measurement methods become apparent. Sample geometry constraints, fixture
compatibility, and limited bandwidth are among the practical challenges that arise when
attempting to characterize modern materials or integrated shielding solutions [3].

This challenge is not merely technical but methodological. Whereas new shielding
materials continue to be developed, the measurement frameworks used to evaluate them
have not always kept pace. In many cases, researchers adapt existing methods or develop
new ones entirely, often without a clear reference to a standard or a validation procedure.
This evolving scenario creates not only a technical challenge but also a methodological
demand:; in many practical situations, it is often impossible to meet the conditions
specified by standard procedures. As new material formats and system constraints
emerge, researchers are increasingly required to adapt existing methods or develop
entirely new ones, tailored to the specific characteristics of the application at hand.
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From this context emerges a central question that frames the hypothesis of this thesis:

In contexts where standaradized methods cannot be applied due to frequency,
geometry, or material constraints.

/s it possible to stuay an alternative measurement approach that enables a
rigorous evaluation consistent with the physical principles of electromagnetic
shielding?

In line with this hypothesis, the thesis emphasizes not the materials themselves but the
methods used to characterize their shielding performance. It investigates how
measurement techniques can be adapted or developed to meet the practical and
technical demands of modern applications, particularly where standard procedures are
insufficient. By combining experimental development with simulation-based validation,
this work aims to contribute to a more comprehensive and flexible methodological
framework for evaluating electromagnetic shielding effectiveness.

1.2 Research objectives

Taking into account the context of the research, motivation, and the previously defined
hypothesis, the general objective of this doctoral thesis is as follows:

The research focuses on the stuay, implementation, and valioation of alternative methods
for measuring the shielding effectiveness of planar materials, with the aim of ensuring
their suitability for moadermn electromagnetic compatibility applications that extena beyond
the scope of standardized proceaures.

In this regard, the following specific objectives (S.0.) are proposed to guide the research
and address the methodological and technical challenges identified:

= S.0.1: Analyze the limitations of conventional standardized methods for shielding
effectiveness measurements in the context of new material formats, frequency
ranges, and test conditions.

= S.0.2: Apply alternative measurement methods derived from standardized coaxial
transmission line procedures, adapted to extend their usability to a broader range
of frequencies and sample types.

= S.0.3: Explore and apply non-standardized measurement approaches suitable for
characterizing planar materials in scenarios where conventional methods cannot
be applied due to their limitations.
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S.0.4: Characterize the shielding performance of various alternative materials
using both the adapted and the non-standardized methods, in order to assess their
measurement range and reliability.

= S5.0.5: Perform a theoretical study of shielding effectiveness for ideal
configurations, in order to provide a reference framework for interpreting,
comparing, and validating the obtained results.

= S.0.6: Develop a Finite Element Method simulation model of the developed non-
standardized method, serving as a digital twin of the experimental setup, to enable
analysis of field distribution and transmission behavior.

= S.0.7: Validate the simulation model by comparing its results with theoretical
predictions and experimental data, thus evaluating its accuracy and suitability for
supporting measurement interpretation.

= S.0.8: Contribute to the definition of a methodological framework that supports
the use of alternative shielding effectiveness measurement techniques under
realistic, application-driven conditions.

1.3 Thesis structure

This doctoral thesis is organized into seven chapters covering the evolution of the
implemented research work. The main body comprises a collection of three peer-
reviewed scientific articles and one peer-reviewed scientific conference article that
address the research objectives listed in Section 1.2.

Chapter 1 introduces the general context of the work, the motivation behind the study,
and the hypothesis that drives the research. It also defines the main objectives and
outlines the organization of the thesis.

Chapter 2 provides the theoretical foundation and literature review necessary to
understand the scope and relevance of the research. It introduces the fundamentals of
electromagnetic compatibility, shielding mechanisms, and the concept of shielding
effectiveness. The chapter also reviews standardized, derived, and non-standardized
measurement methods, and presents the simulation framework developed for absorber-
based test systems.

Chapter 3 presents the first experimental study, which explores the limitations of the
ASTM D4935-18 standard for shielding effectiveness measurements in the sub-6 GHz
range. While the method is well-established, as frequency increases, the dimensions of
the coaxial fixture must be reduced, which in turn requires smaller and more precisely
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machined samples. This chapter, developed in the context of Conference Paper |,
proposes an adapted coaxial configuration that facilitates more practical and versatile
measurements.

Chapter 4 expands the frequency range of the coaxial methodology up to 18 GHz. In this
chapter, a miniaturized coaxial probe is used to characterize novel alternative materials,
with results published as Scientific Article /. This chapter explores the trade-offs in fixture
design and calibration when pushing coaxial systems beyond their conventional limits.

Chapter 5 introduces an alternative measurement strategy based on an Absorber Box
configuration. This method is particularly suited for evaluating fiber-reinforced composites
that cannot be tested using coaxial fixtures. The chapter, corresponding to Scientific
Article I/ highlights the flexibility and performance of this non-standardized setup over a
wide frequency range.

Chapter 6 complements the experimental work with the development of a Finite Element
Method simulation model of the Absorber Box system. The model serves as a digital twin
of the real setup, allowing validation against theoretical predictions and experimental
results. This study, detailed in Scientific Article /i, reinforces the physical consistency
and reliability of the proposed method.

Finally, Chapter 7 summarizes the main conclusions drawn from the research,
highlighting the contributions to the field and the potential for technological transfer. It
also discusses the application of the developed methods in measurement system design,
education, and product development.

This structure reflects the progression of the research from theoretical grounding and
experimental implementation to simulation-based validation, offering a comprehensive
and integrated perspective on the measurement of electromagnetic shielding
effectiveness.

1.4 Thesis framework

The present doctoral thesis summarizes the author's research efforts from 2021 to 2025
as a Ph.D. candidate at the University of Valencia.

Specifically, this doctoral thesis has been developed within the framework of academic
research carried out at the Universitat de Valencia, in the context of the DSDC (Disefio
de Sistemas Digitales y de Comunicaciones) research group. The group has broad
expertise in high-frequency systems, electromagnetic compatibility, and instrumentation
for characterization and measurement in advanced electronic environments, providing the
technical and scientific foundation for the research activities undertaken in this work.
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Figure 1.7 DSDC (Diserio de Sistemas Digitales y de Comunicaciones).

In parallel, the research has been supported by the Catedra EMC-Wiirth Elektronik, a
long-term academic collaboration between the Universitat de Valéncia and Wirth
Elektronik that promotes education, research, and innovation in the field of EMC. The
Catedra complements the activity of the university by fostering initiatives that connect
academic knowledge with industrial practice. Within this framework, the research has
benefited from technical discussions, access to resources, and opportunities for
collaboration oriented towards real-world EMC applications.

WURTH S
VE ELEKTRONIK VN IVER ITAT
MORE THAN D VALENCIA
YOU EXPECT  CATEDRA WE EMC
Figure 1.2 Cateara EMC - Wiirth Elektronik.

Part of the research presented in this thesis was carried out within the SMART5G project,
which was founded in 2021 under the Spanish Strategic Lines program for public-private
collaboration. The project, titled “Research and Development of Smart Stations and New
Materials for Optimizing Urban Mobility through Energy Management and 5G
Applications,” focuses on enabling technologies for connected and sustainable mobility.
lts overarching goal is the investigation of alternative materials for the construction of
battery enclosures for light electric vehicles, ensuring compatibility with next-generation
5G communication systems.

"\
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Figure 1.3 SMART5G project.
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The consortium includes the Universitat de Valencia, AIMPLAS - Plastics Technology
Center, ELIX Polymers, and ITERA Engineering, combining expertise in materials,
electronics, and intelligent systems. Within this context, the Universitat de Valéncia,
through the DSDC research group, contributes to the electromagnetic characterization
and simulation of shielding materials designed for high-frequency 5G environments. This
role is essential within the project, which provides a highly relevant technological
framework for addressing critical EMC challenges, particularly those involving the design,
evaluation, and validation of shielding strategies suited to the stringent demands of next-
generation communication systems.

ITERA -8

MOBILITY ENGINEERING
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Figure 1.4 Consortium partners.

As part of the activities conducted under SMART5G, the research has also included a
collaboration with AIMPLAS — Plastics Technology Center, which supported the design
and fabrication of composite materials evaluated during the experimental campaigns. This
collaboration enabled the integration of material development with electromagnetic
performance testing, aligning with the project’s multidisciplinary approach and
application-driven goals.

The doctoral research has been supported by a predoctoral research grant (ACIF -
Grants for the hiring of predoctoral research personnel) awarded by the Generalitat
Valenciana, which provided the necessary financial and institutional backing for the
execution of experimental and simulation tasks, as well as for dissemination activities and
participation in scientific collaborations.
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Figure 1.5 Generalitat Valenciana and European Union.
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This framework has enabled the development of a doctoral study with a strong
experimental foundation, supported by theoretical modeling, collaborative partnerships,
and alignment with current research priorities in the field of electromagnetic compatibility
and high-frequency characterization.

The first stay was carried out at the University of Granada, within the SWAT (Smart
Wireless Applications and Technologies) research group. During this period, a joint
experimental campaign was conducted in collaboration with Wirth Elektronik, focused on
the shielding characterization of different commercial and experimental materials. This
initiative led to the proposal and coordination of an interlaboratory comparison project,
aimed at evaluating the reproducibility and variability of shielding effectiveness
measurements across different setups and institutional facilities. The comparison involved
the SWAT group at the University of Granada, the Universitat de Valéncia, and the National
Institute for Aerospace Technology (INTA).

UNIVERSIDAD
DE GRANADA

Figure 1.6 SWAT (Smart Wireless Applications and Technologies) group.

As part of this collaborative effort, a second stay was carried out at INTA, where the same
material samples were measured using their fully characterized measurement systems.
This allowed for a direct and systematic comparison of results obtained under different
methodologies and experimental conditions, contributing to the broader validation of the
alternative measurement approaches explored throughout this thesis.

Figure 1.7 INTA (Instituto Nacional de Técnicas Aeroespaciales).
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Chapter 2. Background

This chapter infroduces the theoretical background and literature review fo
provide the basis on which this Ph.D. study has been aevelopead. Firstly, an
overview of Electromagnetic Compatibility and Shielding Funaamentals,
mncluding its challenges. Then, a review of the current electromagnetic
Shielaing strategies and a discussion of the main standardized and alternative
SE measurement methods are presented.

2.1 Electromagnetic Compatibility and Shielding
Fundamentals

Electromagnetic compatibility is defined as the ability of an electrical or electronic system
to operate in its electromagnetic environment without introducing unwanted
electromagnetic disturbances to other systems. This definition implies two essential
requirements: on the one hand, the system must tolerate the electromagnetic
disturbances present in its environment; on the other, it must not emit levels of
electromagnetic energy that interfere with the operation of nearby equipment [4].

The growing complexity of electronic devices, combined with increased signal speeds,
system integration, and high-frequency technologies, has significantly increased the
likelihood of electromagnetic interactions. In many applications, these interactions can
compromise signal integrity, degrade performance, or even cause system failure. As a
result, ensuring electromagnetic compatibility has become a critical design objective in
sectors such as communications, transportation, healthcare, and industrial automation
[5].

A widely used conceptual framework to understand electromagnetic interactions is the
source — coupling path — victim model (Figure 2.1). In this model, a system or
component acts as a source of unwanted electromagnetic energy. This energy is
transferred through a coupling path, which can be conductive, capacitive, inductive, or
radiated, until it reaches a susceptible system, known as the victim. The coupling may
occur through shared power or ground lines, electric or magnetic fields between
conductors, or as propagating waves through free space. The model emphasizes that
interference can be controlled by reducing emissions at the source, interrupting or
attenuating the coupling path, or increasing the immunity of the victim system [4], [5].
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Figure 2.1 EMC coupling model: source — coupling Path — victim.

Electromagnetic interference refers to any electromagnetic phenomenon that results in
the degradation of the performance of an electrical or electronic system. This degradation
may manifest as signal distortion, data corruption, communication errors, or functional
failure. Interference can originate from external sources, such as nearby transmitters or
industrial equipment, or from internal components within the same system [6].

Modern electronic systems are particularly vulnerable to interference. In environments
where reliability and safety are critical, such as in vehicles, aircraft, medical equipment,
and industrial control systems, managing interference is not only a functional requirement
but also a matter of regulatory compliance.

One of the most effective strategies to mitigate interference is electromagnetic shielding.
It involves placing a barrier between the source and the susceptible system to reduce or
block the transmission of electromagnetic energy (Figure 2.2 and Figure 2.3). This barrier
is typically made of a material with suitable electrical conductivity or magnetic
permeability, depending on the frequency and type of interference to be attenuated [4].

EMI SOURCE
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Figure 2.2 EMI Shielding of Source to Prevent Coupling to External Fquijpment,
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Figure 2.3 EMI Shielding of Receptor to Prevent Coupling to Intermal Equipment.

When an electromagnetic wave encounters a shielding material, part of its energy is
reflected at the surface, part is absorbed as it propagates through the material, and the
remainder may be transmitted beyond it. The relative contribution of these mechanisms
depends on several factors, including the electrical and magnetic properties of the
material, its thickness, the frequency of the wave, and the angle of incidence.

These interactions are governed by the physical properties of the material and the
characteristics of the incident field. Understanding how the shield modifies the field
distribution is essential for evaluating its performance. The first mechanism that
contributes to shielding is reflection. Absorption is the second major mechanism and
becomes increasingly relevant when the wave penetrates the shield. The third
mechanism, internal reflection, arises when part of the wave that has entered the material
reflects back and forth within the shield due to its finite thickness. Together, these three
contributions define the shielding effectiveness of a material [7].

2.2 Shielding Effectiveness

Electromagnetic shielding is used to reduce or prevent the transmission of
electromagnetic energy from one region of space to another. The concept of shielding
effectiveness provides a framework for evaluating this attenuation. It serves as the
primary parameter used to describe the performance of a shielding material or structure,
and it is widely applied in both material development and system-level electromagnetic
compatibility assessment. Shielding effectiveness enables the comparison of different
materials, geometries, and configurations on a common basis, and is used to establish
technical specifications and regulatory thresholds across various industries [8].

Several factors influence the shielding behavior of a material, including its electrical
conductivity, magnetic permeability, thickness, and the frequency of the incident field.
These parameters affect how much of the electromagnetic energy is reflected, absorbed,
or transmitted. A comprehensive analysis of shielding performance requires the ability to
express this behavior in measurable terms. The following section presents the



42 Chapter 2. Background

mathematical formulation of shielding effectiveness and the primary physical
mechanisms underlying electromagnetic attenuation.

For a plane electromagnetic wave incident normally on an infinite, homogeneous shielding
material, the shielding effectiveness SE can be expressed as:

Eincident Pincident

E transmitted I transmitted

€Y)
where Eingicent ANd Erransmittea @€ the magnitudes of the electric field before and
after the shield, respectively, and P represents power.

In practical scenarios, the total shielding effectiveness is the cumulative result of three
main contributions:

SE=R+A+B )

where R is the reflection loss (dB), A is the absorption loss (dB), and B is the multiple
internal reflection correction (dB).

Each of these terms is associated with a distinct physical phenomenon that contributes
to the attenuation of the incident wave (Figure 2.4).

Absorption (A)

2 177}_8
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SHIELD

Figure 2.4 Flectromagnetic wave interaction with shielding material.




Chapter 2. Background 43

Reflection Loss (R)

Reflection is the primary mechanism through which electromagnetic shielding is achieved
at low frequencies, especially in materials with high conductivity. When a plane wave
impinges on a conductive surface, a portion of the wave is reflected due to the impedance
mismatch between the incident medium (usually air, with impedance Z, =~ 3771 and
the shielding material, which typically has much lower impedance.

The reflection loss for an electric field can be approximated by:

N

where Z, is the surface impedance of the shield. For good conductors, the surface

impedance is given by:
/iwu
Zs= |/ €))

where w is the angular frequency, p is the magnetic permeability of the material, and o
is its electrical conductivity. Reflection is particularly effective for electric fields and plane
waves at high frequencies. However, for magnetic fields at low frequencies, especially
below a few kilohertz, reflection is significantly less efficient unless the shield has high
magnetic permeability (e.g., mu-metal).

Absorption Loss (A)

Absorption occurs as the wave propagates through the shielding material and is
attenuated due to resistive losses. This attenuation is described by the skin effect, which
causes electromagnetic waves to decay exponentially with depth inside conductive
materials. The skin depth & represents the distance at which the field strength is reduced
to 1/e of its value at the surface and is given by:

2
5= |— (5)

WUT

The absorption loss is directly proportional to the thickness t of the shield relative to the
skin depth:
t

A=8686 (6)
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This shows that materials with high conductivity and permeability, as well as sufficient
thickness, are more effective in absorbing electromagnetic energy. Unlike reflection,
absorption becomes the dominant mechanism at higher frequencies and in thicker
shields.

Multiple Internal Reflections (B)

When the shield is relatively thin compared to the skin depth or when it comprises porous
or layered materials (as in many composites), multiple reflections can occur within the
material. These internal reflections can partially re-radiate energy toward the source or
forward into the shielded region, thereby reducing the overall effectiveness of the shield.

The multiple reflection term B is often negative, meaning it reduces the total SE. However,
for sufficiently thick or highly absorptive materials where A > 10dB, the effect of multiple
reflections becomes negligible and can often be ignored. The correction term is given by:

B = 20log;o(1 — e~2t/9) (7)

This term becomes significant for thin, low-conductivity materials, such as some
polymeric composites or fabrics, and must be considered carefully when analyzing
shielding at high frequencies or in lightweight applications.

In real-world applications, shields are rarely ideal. They contain seams, joints, apertures,
and discontinuities, all of which can significantly degrade SE by introducing leakage
paths. Moreover, the electromagnetic field may not always be normally incident, and
materials are often heterogeneous and anisotropic. These complexities necessitate the
use of empirical measurements and simulation tools, in addition to theoretical models.
Furthermore, the type of electromagnetic field influences the shielding behavior. For
instance, low-frequency magnetic fields are particularly difficult to shield and often
require materials with very high magnetic permeability. Conversely, high-frequency plane
waves are more readily attenuated by conductive materials due to reflection and the skin
effect.

The electromagnetic field surrounding a source is divided into two primary regions: the
near-field and the far-field. The near-field region exists close to the source, typically within
a distance of r < 2D 2/A. In this region, the electric and magnetic components of the
field can exist independently and may not exhibit a fixed relationship. Depending on the
nature of the source, either the electric or magnetic field may dominate. Conversely, the
far-field region lies beyond the near-field, at distances greater than 2D 2/A from the
source. Here, the electromagnetic fields combine to form propagating waves with electric
(ﬁ) and magnetic (ﬁ) components that are orthogonal and have a fixed relationship. In
this region, the field impedance approaches that of free space (= 3772), and the
behavior of the fields becomes more predictable [9].
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The distinction between near-field and far-field regions is crucial when designing
shielding solutions (Figure 2.5). In the near-field, the characteristics of the source dictate
the shielding approach. For sources with strong electric fields, materials with high
electrical conductivity, such as copper or aluminum, are effective because they reflect the
electric fields. Conversely, for sources with strong magnetic fields, materials with high
magnetic permeability, like mu-metal, are preferred, as they can absorb and redirect
magnetic flux lines. In the far-field, where plane-wave conditions prevail, the shielding
effectiveness is influenced by the material's ability to reflect and absorb electromagnetic
waves. Conductive materials are generally effective due to their reflective properties and
the skin effect, which confines currents to the surface layer, enhancing absorption losses.
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Figure 2.5 Definition of Near-Field and Far-Field Regions in Antenna Theory.

Understanding these regions helps in selecting suitable materials and designing shield
geometries to effectively reduce electromagnetic interference.
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2.3 Shielding Materials: From Metals to Nanocomposites

The performance of an electromagnetic shield depends not only on its geometry or
mounting configuration, but also on the electromagnetic properties of the material used.
In any shielding scenario, the material determines the attenuation mechanisms involved,
particularly reflection and absorption, and ultimately governs the overall effectiveness of
the solution. For this reason, even when the primary focus is on evaluating or improving
measurement methods, it is essential to understand the types of materials typically
involved in electromagnetic shielding applications and their implications for testing.

Traditionally, electromagnetic shielding has been implemented using metals such as
copper, aluminum, steel, and their alloys. These materials are characterized by their high
electrical conductivity and are especially effective in reflecting incident electromagnetic
waves at the interface due to the resulting impedance mismatch. Metallic shields also
exhibit low surface resistance, making them suitable for broadband protection,
particularly in enclosures and connectors where continuous electrical paths can be
maintained [10]. However, as technological applications have evolved, particularly in
fields such as aerospace, automotive systems, wearable electronics, and high-frequency
communications, the limitations of traditional metallic solutions have become increasingly
apparent. Their relatively high density, mechanical rigidity, and susceptibility to corrosion
can conflict with the design and functional requirements of modern systems. Moreover,
their lack of flexibility and incompatibility with complex or layered structures restricts their
use in some emerging technologies.

These challenges have led to the development of alternative shielding materials, often
based on composite structures that aim to strike a balance between electromagnetic
performance and other design constraints. Among these, polymer-based
nanocomposites have become one of the most explored solutions. These materials
typically consist of a dielectric matrix, such as polyethylene, polypropylene, epoxy, or other
engineering polymers, combined with conductive or magnetic fillers (Figure 2.6).
Depending on the formulation, such composites can attenuate electromagnetic waves
through a combination of reflection, absorption, and in some cases, multiple scattering
effects [11], [12], [13].

MATERIAL
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Figure 2.6 Typical Components Used in the Formulation of Composite Structures.
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Conductive fillers, such as carbon nanotubes (CNTs), graphene, carbon black, metal
nanoparticles, or silver-coated fibers, are used to enhance the composite's electrical
conductivity and improve shielding through reflection [14], [15]. On the other hand,
magnetic fillers, such as ferrites, iron oxides, or microwave absorbing ceramics,
contribute to attenuation through magnetic losses and are particularly relevant at lower
frequencies [16], [17], [18]. Among these materials, CNTs are of particular interest due
to their high aspect ratio, intrinsic conductivity, and ability to form conductive networks at
relatively low concentrations. CNTs can be classified as single-walled (SWCNTs) or multi-
walled (MWCNTS), each with distinct electrical, mechanical, and morphological properties
that influence their effectiveness as shielding fillers (Figure 2.7). Their versatility and
performance make them especially attractive for developing lightweight, high-
performance shielding composites, and they are featured in several of the experimental
studies presented in this thesis.

Figure 2.7 Carbon nanotubes. (a) Single-walled CNTSs. (b) Multi-walled CNTS.

The flexibility of nanocomposite design enables a tunable response, where the shielding
effectiveness can be optimized for a specific application by adjusting the filler
concentration, dispersion, orientation, or by incorporating hybrid filler systems. Moreover,
these materials are often lightweight, flexible, and compatible with industrial
manufacturing processes, which makes them attractive for integration into structural or
functional components.

In addition to nanocomposites, fiber-reinforced composites are increasingly used when
mechanical integrity and dimensional stability must be preserved (Figure 2.8). Carbon
fiber composites (CFC), in particular, offer moderate electrical conductivity along the fiber
axis and can provide directional shielding performance. Glass fiber composites (GFC) are
also used, especially when combined with conductive coatings or interleaved shielding
layers. These materials are particularly relevant in transportation and aerospace
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industries, where structural and EMI requirements must be met simultaneously [19], [20],
[21].

Figure 2.8 Reinforcement fibers. (@) Biaxial carbon fiber. (b) Biaxial glass fiber.

Table 2.1 Comparison of Shielding Materials

, ", Dominant . Mechanical
Material Type Conductivity Mechanism Weight Properties
Metals High Reflection High Rigid, strong
Polymer-based Moderate to low Reflection - Low Flexible, tunable

Nanocomposites  (depends on filler) Absorption

Reflection
Fiber-Reinforced (Ldo(;/vé?]dn;%dne][iabtgr (directional) + Moderate High strength,
Composites ) g) Absorption (if structural integrity
P hybridized)

Despite their advantages, characterizing the shielding properties of these advanced
materials presents specific challenges. Their electromagnetic response is often
anisotropic, heterogeneous, and sensitive to frequency and sample preparation. These
characteristics make them ideal test cases for evaluating the robustness and adaptability
of measurement methods, especially when standard fixtures are not easily applicable.
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Although this thesis does not focus on the design or optimization of shielding materials
as a primary objective, several of the experimental campaigns involve nanocomposites
and reinforced laminates. Their use reflects the current trends in EMI research and serves
to validate the flexibility and reliability of the measurement setups under realistic material
conditions. The choice of such materials reinforces the need for alternative or adapted
measurement techniques, particularly when traditional standards cannot accommodate
non-metallic samples or when broader frequency coverage is required.

2.4 Shielding Effectiveness Measurement Methods

The characterization of shielding effectiveness is essential for assessing how materials
interact with electromagnetic fields and how efficiently they attenuate unwanted energy.
As electromagnetic interference becomes more critical in modern systems, reliable
measurement techniques are necessary to guide material selection, validate
performance, and ensure compliance with technical specifications.

Standardized methods have long provided a solid foundation for this purpose. Protocols
developed by organizations such as ASTM and IEEE define procedures that are widely
accepted in industry and regulatory environments. These methods offer clear criteria for
sample preparation, fixture geometry, calibration, and data interpretation, ensuring
repeatability and comparability across laboratories and applications.

However, the technological landscape has undergone considerable evolution in recent
years. The emergence of high-frequency communication systems, such as 5G and
automotive radar, has extended the operational spectrum into the millimeter-wave
domain [22]. At the same time, the development of new shielding materials has
introduced practical limitations that conventional standardized methods cannot always
address. Many of these materials cannot be shaped into the sample geometries required
by standard fixtures, and their performance must often be evaluated at frequencies well
beyond the range originally specified in those protocols.

In this context, there is a growing need to adapt the measurement strategies. On the one
hand, researchers have proposed modifications to existing standardized methods, such
as extending their frequency range or adapting their geometry. On the other hand, entirely
non-standardized measurement methods have been developed to provide flexible,
application-specific solutions. These methods preserve the underlying principles of
electromagnetic field measurement but introduce alternative setups that allow
characterization of advanced materials under conditions closer to real-world use [3].

The following sections outline the primary techniques employed to measure shielding
effectiveness. First, the standardized methods are described, focusing on their
configuration, applicability, and limitations. Then, non-standardized approaches are
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introduced, with an overview of their operating principles and relevance to current
technological challenges.

Figure 2.9 illustrates the classification of shielding effectiveness measurement methods
discussed in this chapter, including both standardized procedures, variants derived from
them, and non-standardized alternatives developed to address the needs of advanced
technologies.
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variants

Reverb
chambers

Figure 2.9 Ciassification of SE Measurement Methods.

2.41 Standardized Measurement Methods

Standardized methods provide a well-defined framework for measuring the shielding
effectiveness of materials and enclosures. These methods are developed by international
standardization bodies such as ASTM and IEEE, and they define not only the measurement
principle but also the test fixture geometry, calibration procedures, and data interpretation
protocols. Their widespread acceptance makes them essential for certification and
benchmarking of commercial materials and systems. Among the most established are
the ASTM D4935-18 coaxial transmission line method and the IEEE 299-2006 free-
space method, each suited to specific frequency ranges, sample types, and application
scenarios [1].

The ASTM D4935-18 standard defines a test procedure based on a coaxial transmission
line fixture operating in transverse electromagnetic (TEM) mode. The shielding material is
cut into a circular sample and mounted between two precisely machined coaxial flanges.
A vector network analyzer (VNA) is used to measure the transmitted signal with and
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without the sample in place, allowing the shielding effectiveness to be determined over a
frequency range from 30 MHz to 1.5 GHz. The SE of the material under test can be written
as:

SE(dB) = SZl,ref - SZl,load (9)

where S,4 e 5 IS the transmission scattering parameters between the port 1 and port 2
measured when the coaxial fixture is loaded with the reference, and the Sz 10aq IS the

transmission scattering parameters between the port 1 and port 2 measured when the
coaxial sample holder (CSH) is loaded with the load specimen.

This method is widely used for planar, homogeneous materials due to its compact
configuration, simplicity of implementation, and good measurement repeatability.
However, it is constrained by the physical geometry of the fixture, which requires the
sample to be a rigid, flat disk of standardized dimensions, and by its upper-frequency
limit, which may be insufficient for modern high-frequency applications. The general
measurement setup of the ASTM D4935-18 standard is shown in Figure 2.10.
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Figure 2.10 ASTM D4935-18 Measurement method and sample geometry.

In contrast, I[EEE 299-2006 describes a free-space measurement method based on the
use of a transmitting and a receiving antenna positioned on opposite sides of the test
sample. The sample is typically mounted vertically and placed in an anechoic or shielded
chamber to ensure controlled propagation conditions. The shielding effectiveness is
calculated by comparing the received field strength or power level in the absence of the
sample with that in its presence. This approach supports a wide frequency range,
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extending from 9 kHz to 18 GHz depending on the antenna system used, with provisions
to extend this range down to 50 Hz and up to 100 GHz, accommodating various testing
requirements.

This standard is particularly suited for evaluating large panels, enclosures, or complex
shielding structures with apertures and seams. It provides valuable insights into system-
level shielding performance, but requires a large test environment and is more susceptible
to measurement uncertainties arising from diffraction at sample edges, alignment issues,
and the effectiveness of the absorber [2]. The general measurement setup of the IEEE
299-2006 standard is shown in Figure 2.11.
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Figure 2,11 IEEE 299-2006 Measurement Methoa.

Both ASTM D4935-18 and IEEE 299-2006 are foundational in the field of electromagnetic
shielding characterization. They provide robust methodologies for assessing material
performance under well-defined conditions, serving as reference points for comparing
experimental results. However, the evolving demands of electronic technologies,
particularly in terms of frequency range, material flexibility, and sample geometry, have
highlighted the need to go beyond the scope of these standardized protocols. This need
has led to the development of measurement methods derived from these standards,
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which aim to extend their applicability while preserving their core physical and
methodological principles.

Table 2.2 Stanaardized Measurement Method's

Method Frequency L Advantages Limitations
Setup
i . - Compact, Requires rigid, flat
g%’\aﬂ5_1 8 E%ZMHZ 15 I(fﬁs)E?Ell\t/Tf nsmission repeatable, easy to samples, limited to
implement 1.5 GHz
9KHz - 18 GHz . Susceptible to
FEE299-  (extendableto  leespace o Sutableforlarge e ion issies,
measurement with and complex !
2006 50 Hz - 100 antennas structures requires large
GH2) samples

2.4.2 Methods Derived from Standards

As electromagnetic technologies advance and new material systems emerge, the
limitations of standardized measurement methods have become increasingly apparent.
Procedures such as ASTM D4935 and IEEE 299-2006 provide a robust foundation for
the evaluation of shielding effectiveness, but their implementation is often constrained by
factors such as frequency bandwidth, fixture geometry, or sample preparation. To address
these challenges, several derived methods have been developed that retain the
measurement philosophy of the standards while introducing structural or procedural
modifications. These adaptations allow for greater experimental flexibility and have been
successfully implemented in both academic research and industrial validation campaigns,
including the experimental studies presented in this thesis.

One of the most widely adopted derived approaches involves the miniaturization of coaxial
transmission line fixtures originally based on the ASTM D4935-18 standard. In the
standard configuration, the fixture is designed to operate reliably up to approximately 1.5
GHz under single-mode conditions. By reducing the transverse dimensions of the inner
and outer conductors, the cutoff frequency of higher-order modes is increased, extending
the usable bandwidth well into the gigahertz range, up to 8 GHz, 12 GHz, or even 18 GHz,
depending on the fixture design and calibration (Figure 2.12).

These adaptations enable the characterization of small, planar samples, typically circular
with diameters ranging from 7 to 18 mm. In Conference Paper | (Chapter 3), a reduced-
size coaxial sample holder is used to measure the shielding effectiveness of fiber-
reinforced polymer composites containing conductive fillers. Later, in Scientific Article |
(Chapter 4), a further miniaturized fixture developed by La Sapienza University is employed
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to characterize CNT-based thermoplastics up to 18 GHz, covering part of the 5G spectrum
[23], [24], [25].

Figure 2. 12 Sections of two different ASTM-derived coaxial sample holaers.

While these adaptations preserve the measurement principle based on insertion loss in a
coaxial line, they require precise mechanical tolerances, meticulous calibration, and
careful flange alignment to ensure signal integrity. The method is highly reproducible
when properly implemented, as demonstrated in interlaboratory studies involving
institutions such as the Wroclaw University of Science and Technology, and provides
excellent resolution for thin or conductive materials in broadband applications.

Another important family of derived techniques stems from modifications to the free-
space setup described in IEEE 299-2006. In these configurations, the material under test
is mounted over an aperture between two shielded or absorber-lined enclosures, and
horn antennas are used to measure the transmitted field. These compact adaptations are
particularly useful when testing large-area, flexible, or irregular samples that are
incompatible with standardized holders [26]. Frequency coverage typically ranges from
1 GHz to 18 GHz, depending on antenna geometry and chamber design. One of the key
advantages is the ability to carry out non-contact measurements, which reduces the
influence of imperfect sample mounting or mechanical deformation. However, care must
be taken to control unwanted reflections, diffraction, and leakage at the aperture edges.
These methods retain the conceptual basis of the free-space approach while allowing
measurements in more accessible and compact laboratory environments.

Reverberation-based adaptations represent another derived approach, particularly
suitable for the broadband evaluation of complex or anisotropic materials. In the dual-
chamber configuration showed in Figure 2.13, the sample is placed over an aperture
between two coupled metallic enclosures, and the shielding effectiveness is determined
by comparing the average field levels or transmitted power across the barrier [27], [28].
These systems support operation from around 500 MHz up to several gigahertz and
enable measurements that incorporate angular and polarization diversity. The method
approximates realistic electromagnetic environments and offers statistical stability across



Chapter 2. Background 55

a wide frequency band. Nonetheless, it requires large physical enclosures and robust
electromagnetic isolation to prevent coupling artefacts. This approach has been adopted
by institutions such as the Universita Politecnica delle Marche and Cisco Systems for
evaluating textile and multilayer composites, particularly in the context of system-level
applications [29].
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Figure 2. 13 Nested reverberation chamber measurement method,

These derived methods show how the core structure of standardized techniques can be
preserved while adapting the physical configuration to suit new demands. By adjusting
geometry, extending frequency coverage, or modifying the test environment, it becomes
possible to evaluate advanced shielding materials that cannot be measured using
conventional fixtures. Their implementation by research institutions and their use in this
thesis demonstrate their importance in the current landscape of electromagnetic
characterization.
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Table 2.3 Methods Derived from Standarads

Measurement

Method Frequency Advantages Limitations
Setup
Allows measurement  Sensitive to
Extended . o
coaxial Upto 18 GHz Beduceq coaxial of smaller samples m|sa||gnment,l
method fixture size and broadband reduced coupling
characterization at low frequencies
Does not require full . .
Compact free- 1 GHz- 18 Uses aperture and anechoic chamber, El?q%i‘;tp;%'se
space method  GHz horn antennas flexible for large or abgs orber control
flat samples
Averages multiple
Reverberation- 500 MHz - Uses nested or angles and Bulky setups,
based several GHz vibrating metallic polarizations, difficult to shield
environments enclosures suitable for large- and isolate

area materials

2.4.3 Non-Standardized Measurement Methods

In many research and development contexts, shielding effectiveness must be evaluated
in situations where neither standardized nor derived methods are applicable. These cases
often involve unconventional sample geometries, material formats incompatible with
fixture-based testing, or frequency ranges that exceed those covered by traditional
techniques. To address these scenarios, several non-standardized measurement
methods have been developed. Although not formally regulated, these techniques are
widely used due to their versatility and their ability to adapt to specific experimental
requirements. Their reliability depends on careful calibration, mechanical stability, and
validation, but they provide valuable alternatives in cases where established methods fall
short.

One widely used approach is the miniaturized coaxial airline method, which consists of a
short, air-filled transmission line formed between two coaxial connectors. The sample is
inserted as a discontinuity in the line, and the transmission and reflection parameters are
measured using a vector network analyzer (Figure 2.14). This setup enables broadband
characterization, ranging from several hundred megahertz to tens of gigahertz, depending
on the connector design and the electromagnetic properties of the sample. The method
is simple to implement and well suited for small, flat, and highly conductive materials.
However, it is sensitive to edge effects, fixture leakage, and poor contact, particularly
when working with non-metallic samples or materials that have low shielding levels.
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Because the sample is not enclosed in a shielded structure, the method may also be
susceptible to external coupling and environmental interference, which can limit its
reproducibility [16].
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Figure 2.14 7 mm Coaxial airline measurement method and sample geometry.

Waveguide-based methods represent another widely accepted class of non-standard
techniques for high-frequency characterization. In this configuration, the sample is
mounted in the cross-section of a rectangular waveguide, and the shielding effectiveness
is determined by measuring the insertion loss across the structure (Figure 2.15). The
method operates in well-defined frequency bands, typically in the X-band (8.2—12.4 GHz),
Ku-band (12.4—18 GHz), or K-band (18-26.5 GHz), depending on the dimensions of the
waveguide. It is especially useful for coatings, thin films, and planar composites with
uniform surface characteristics. The University of Twente, for example, has employed
waveguide setups in interlaboratory comparisons organized under the IEEE P2715
initiative. The primary limitations of this method are its narrowband nature and the
stringent machining requirements of the sample, which must match the waveguide
aperture precisely to prevent leakage or excitation of higher modes [30].
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Figure 2. 156 Waveguide measurement method and sample geometry.

A further non-standard method is the use of dual TEM cells, where the test material is
placed over an aperture shared between two matched TEM enclosures (Figure 2.16). The
shielding effectiveness is calculated from the transmitted power or voltage across the
interface, often using a transfer impedance or insertion loss formulation. This
configuration enables relatively broadband measurements, typically spanning a frequency
range of a few megahertz to over 1 GHz, and provides a controlled electromagnetic
environment with a uniform field distribution in the test region [31], [32]. The University
of Twente has applied this method to characterize polymer-based laminates and other
planar materials. Its compact structure and well-defined geometry make it an attractive
alternative to coaxial or reverberation-based methods, although its frequency range is
limited by the cell size and termination quality, and it may be sensitive to mismatches and
edge coupling at the aperture.
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Figure 2,16 Dual TEM Cell Measurement method.

Among the most flexible and increasingly adopted non-standard methods is the Absorber
Box configuration. In this setup, a transmitting antenna is placed inside a metallic or
absorber-lined chamber, and the sample is positioned over an aperture through which
the signal propagates vertically to a receiving antenna placed above. The enclosure is
designed to suppress reflections and external coupling, approximating a quasi-free-space
environment without the need for a full anechoic chamber. The system enables large-
area sample testing, accommodates moderate mechanical tolerances, and operates
effectively across a frequency range of 700 MHz to 18 GHz, depending on the antenna
type and absorber performance. It is particularly useful for materials that are difficult to
machine or clamp into conventional fixtures [33].

Figure 2.17 shows the schematic diagram of the Absorber Box measurement system.
The setup consists of a transmitting and a receiving horn antenna placed on opposite
sides of the material under test (MUT), which is mounted horizontally over a central
aperture. The antennas are connected to the ports of a vector network analyzer, enabling
the measurement of the transmitted signal (S,4) across the MUT. The entire enclosure is
lined with absorbing material to suppress internal reflections and emulate quasi-free-
space conditions. This simple yet effective configuration enables vertical wave
propagation through planar samples without requiring precision clamping or adapting to
a standard fixture.

The measurement procedure consists of two steps: first, a reference transmission
measurement is performed with the aperture left open (air), and the corresponding
S21.qir Parameter is stored. Then, the MUT is placed over the aperture and a second

transmission measurement is taken, resulting in S, sampie- The shielding effectiveness
of the material is computed from the difference in transmission levels between both
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measurements, quantifying the attenuation introduced by the sample as shown in
equation 10. This simple yet effective configuration enables vertical wave propagation
through planar samples without requiring precision clamping or adaptation to a standard
fixture.

SE(dB) = S21sampre — S21air (10)

Vector Network Analyzer Material Under Test
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©)
©
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©

Absorber Box
Figure 2.17 Schematic of the Absorber Box measurement setup.

This method is applied in Scientific Article Il (Chapter 5) to characterize fiber-reinforced
CNT composites whose rigidity and size make them incompatible with coaxial holders. In
Scientific Article Il (Chapter 6), the setup is further validated through full-wave
electromagnetic simulations, which enable a detailed analysis of the field distribution,
diffraction effects, and sample positioning. The configuration developed in this thesis
builds upon Absorber Box designs used by the University of York, which implemented a
dual-polarized version in the IEEE P2715 round robin campaign. The method offers a high
dynamic range, good repeatability, and structural simplicity, making it an effective tool for
characterizing planar shielding in applied research.

These non-standardized methods, when carefully implemented and calibrated, provide
essential capabilities for evaluating the shielding behavior of materials that fall outside
the scope of traditional techniques. Their adaptability, frequency reach, and ability to
accommodate complex sample formats make them indispensable in the development of
advanced electromagnetic shielding technologies.
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Table 2.4 Non-Standardized Measurement Methods

Measurement

Method Frequency Advantages Limitations
Setup
Broadband, fastto  Sensitive to
Miniaturzed @0 MU Sportairfiled  implement, suitable  leakage and
coaxial airline GHz coaxial line for thin and fringing, open
conductive samples  structure
Sample placed in  High precision Requires tight
Waveguide Band-specific rectangular within narrow machining
method (X, Ku, K, Ka) waveguide bands, well-defined  tolerance,
section modes narrowband
Two matched Controlled field, Limited
Dual TEM cel Few MHz - TEM enclosures ~ compact geometry,  frequency range,
1 GHz within shared suitable for planar  sensitive to
aperture samples mismatches
;/rzrr;“scrﬁlission Flexible setup, no Requires high
700 MHZ - 18 sample machining absorber quality,
Absorber Box GHz through sample needed, quasi free-  susceptible to

2.5

in absorber-lined
box

space environment

Absorber Box Simulation Model Definition

diffraction effects

As discussed throughout this chapter, the accurate measurement of shielding
effectiveness depends not only on the choice of experimental method but also on a clear
understanding of the physical phenomena involved in wave-material interactions. In non-
standardized methods, such as the Absorber Box configuration described in Section
2.4.3, numerical simulation becomes a powerful tool to complement and extend
experimental data. It enables the analysis of complex electromagnetic effects that are
challenging to isolate through measurements alone, including edge diffraction, wave
coupling, and non-uniform field distributions within the test system.

To investigate and validate the electromagnetic behavior of this setup, a Finite Element
Method (FEM) simulation model was developed using the finite element method. Figure
2.18 illustrates the 3D geometry used in the simulation, where the enclosure, aperture,
absorber layout, and horn antennas are modelled in detail. The sample under test is
positioned between the antennas, and its interior surfaces are covered with radio-
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absorbing material (RAM), which is accurately defined using complex permittivity and
permeability data provided by the manufacturer. The simulated model serves as a digital
twin of the physical system, enabling parametric studies and theoretical validation under
controlled conditions.
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Figure 2.18 3D simuiation moael of the Absorber Box setup.

One of the key contributions of the simulation model is its ability to visualize and analyze
the electric field distribution within the enclosure. This spatial information reveals how the
electromagnetic wave interacts with the sample, how the field is shaped by the geometry
of the cavity and aperture, and how potential sources of uncertainty, such as standing
waves, edge effects, or absorber quality, may influence the final measurement. These
insights are essential for improving field uniformity, minimizing unwanted reflections, and
ensuring that the region where the sample is located approximates a plane-wave
excitation as closely as possible.

The complete development and application of this simulation model are presented in
detail in Scientific Article lll (Chapter 6). There, the model is used to evaluate not only the
transmission characteristics of the system but also its capacity to represent real-world
measurement scenarios. The comparison with analytical predictions and the field-level
simulation data collectively reinforces the method’s validity and highlights the role of
numerical modelling as a cornerstone of accurate and reproducible shielding
effectiveness assessment.
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2.6 Summary

This chapter introduces the fundamental concepts related to electromagnetic
compatibility and interference, emphasizing the importance of shielding in electronic
systems. The mechanisms that govern shielding behavior have been described, along
with the definition and formulation of shielding effectiveness. Then, an overview of
conventional and advanced shielding materials is presented. The chapter concludes with
an exhaustive bibliographic review of the different measurement methods reported in
previous studies conducted by various research institutions, including standardized
procedures, derived variants, and non-standardized approaches.
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Chapter 3. ASTM-derived
Method for Sub-6 GHz Shielding
Characterization

n this chapter, the experimental application of a coaxial measurement
method, aerived from ASTM D4935-18, for characterizing shielding
effectiveness in the sub-6 GHz band, are presented. The work was carried out
in collaboration with AIMPLAS, who proviged the composite material samples
and the coaxial test fixture used for this stuay.
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Synopsis:

The transition toward connected, lightweight, and electrically autonomous platforms has
created a growing demand for polymer-based shielding materials that can operate
effectively in high-frequency environments. In particular, the sub-6 GHz band (FR1) used
in 5G communications presents new challenges in terms of shielding performance, as
existing solutions based on metallic materials are often incompatible with the mechanical,
thermal, and integration requirements of next-generation electronic systems. Within this
context, this chapter examines the development and characterization of fiber-reinforced
composite laminates incorporating various conductive fillers, with a focus on applications
in the automotive and aerospace sectors where both electromagnetic compatibility and
weight reduction are crucial.

The study investigates eight composite structures based on an epoxy matrix reinforced
with biaxial carbon or glass fiber fabrics, combined with different conductive additives:
multi-walled carbon nanotubes, nickel-coated graphite, and copper mesh. These
combinations were selected to evaluate the relative contribution of both the reinforcement
and the conductive phase to the overall shielding effectiveness in the sub-6 GHz range.
All samples were manufactured using a hand lay-up and vacuum bagging process, and
precisely machined for measurement.

A coaxial transmission line holder inspired by the ASTM D4935-18 standard was used to
characterize the shielding performance. Although this method was originally intended for
operation up to 1.5 GHz, the fixture was adapted and combined with a high-dynamic-
range vector network analyzer to extend the frequency range. The coaxial configuration
enabled a controlled and repeatable environment for assessing the transmission
parameters of each material. Additionally, simulations were used to support the analysis
and to understand the behavior of the materials beyond the standard frequency range,
providing qualitative insight into the interaction between the test specimens and the
electromagnetic field in the GHz region.

The results demonstrate significant differences between the various combinations,
particularly between glass fiber and carbon fiber-based laminates. The addition of
conductive materials improved the performance of glass-fiber composites, with copper
mesh achieving the highest attenuation. In contrast, carbon fiber composites already
exhibited strong intrinsic shielding performance, and the effect of the conductive additives
was less pronounced. The data confirm the potential of plastic composites to replace
traditional metallic shields in applications where mechanical constraints and weight are
limiting factors.
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Abstract— The study and modeling of EMC are becoming
more critical than ever due to the ubiquitous presence of
electronic circuits in all aspects of our lives. Specifically, it is
crucial to extend these studies to the new frequencies that, in a
few years, will be a reality in modern telecommunications
systems, such as 5G and its derived technologies. A specific
critical field where the proper EMI shielding has been ensured
to avoid EMC problems is the electric autonomous vehicles
(EAVs). The huge number of electronics systems in new vehicles
will dramatically extend the demands on the EMI shielding
solutions used to attenuate the radiated emissions that could
affect circuits in the vehicle. Metals or metal alloys are the most
common EMI shielding materials since they demonstrate

dequate shielding capacity against EMI. However, polymers
have become up-and-coming materials for EMI shielding with
the characteristics of lightweight, flexibility, cost-effective, easy
processing, and resistance to corrosion. Consequently, it is
necessary to develop EMI shielding materials based on
polymers, plastic materials, and fiber composites that ensure
compliance with the different standards that regulate 5G and
the proper operation of possible systems susceptible to the
intentional and unintended signals generated by this new
technology. This contribution focuses on characterizing
different composite structures' performance based on fibers
combined with conductive materials in terms of shielding
effectiveness, covering the 5G sub-6 GHz frequency range.

Keywords—Shielding effectiveness, shielding materials, fiber
composites, housing, sub-6 GHz, 5G technology, -electric
autonomous vehicles

I. INTRODUCTION

Electronic devices continually integrate more complex
and more advanced functionalities. This involves increasing
operating frequencies, the miniaturization of the electronic
design, high component integration, reduction of the device
housing, and using very low voltage signals [1], [2]. These
design principles are often used to achieve a device with better
performance and features; however, they increase the
likelihood of  generating complex electromagnetic
interference (EMI) problems. The electronics can be sensitive
to the surrounding electromagnetic environment, and it can
also act as a noise source. Thus, it is essential important to
manage electromagnetic noise for avoiding unwanted
electromagnetic interactions with nearby systems [3], [4].
Therefore, the ability to control complex EMI problems by
eliminating or reducing them is in high demand [5].

The ideal EMI shield is an infinitely conductive enclosure
with no apertures or penetrations of any kind. From this
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perspective, solutions based on metallic shielding are widely
used by designers, because they allow mitigating the effects
of EMI that have not been foreseen in the design and/or
manufacturing phases, and that could not be mitigated
otherwise without having to redo the design and/or
manufacturing processes [6]. However, the fact is that metals
have many shortcomings, such as high density, poor corrosion
resistance, and high processing costs, that has restricted their
development.

With the emergence of 5G communications, it is necessary
to design new EMI shielding materials and techniques in the
direction of higher shielding effectiveness, wider shielding
frequency, and better performance. In this context, plastic
materials and conductive polymer composites have emerged
from a continuous search for better performance in shielding
applications, and they are more attractive in the field of
electromagnetic shielding [7], [8]. Conductive polymer
composites present an excellent alternative because of their
low density, good chemical stability, flexibility, and easy
processing, compared with metal-based materials. These
materials provide an outstanding combination of electrical,
thermal, and mechanical performance. Plastic materials make
it possible a free design and weight reduction by about 40%,
critical factors in the automotive sector that can allow a
reduction of energy consumption, a key important role in
electrically and autonomous driven vehicles [9]-[11].

Until recently, the main frequencies of interest were the
AM and FM bands used by radio and frequencies below 3
GHz used by Bluetooth radio, Wi-Fi, and mobile phone
networks. One of the 5G challenges is designing of new EMI
shielding techniques that allow 5G to coexist with other
technologies. In this way, it is necessary to develop EMI
shielding materials that ensure compliance with the different
standards that regulate 5G and the proper operation of possible
systems susceptible to the intentional and unintended signals
generated by this new technology.

A specific critical field where the proper EMI shielding
has been ensured in order to avoid EMC problems is the
electric autonomous vehicles (EAVs). EAVs are a growing
registering a compound annual growth rate (CAGR) of
39.47% from 2019 to 2026, according to Allied Market
Research [12]-[14]. The increase of electronics systems in the
vehicles will extend the demands on the EMI shielding
devices used to attenuate the radiated emissions that could
affect circuits in the vehicle and their interconnectivity. The
huge number of electronics systems in new vehicles will
dramatically extend the demands on the EMI shielding
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solutions used to attenuate the radiated emissions that could
affect circuits in the vehicle. EMI shielding materials will
need to perform over a wide range of frequencies in more
applications as electronic systems take over more and more
aspects of the vehicle’s driving operations while adding as
little as possible to the weight of the vehicle.

Moreover, these innovative materials will meet the
requirements in terms of shielding effectiveness (SE) and
frequency range to adapt to 5G technologies [15]. Composite
materials combine lightweight with high mechanical
performance.  Nevertheless, their interaction  with
electromagnetic radiation has to be studied in order to adapt to
new 5G frequencies without compromising density and
mechanical performance. Different composite structures will
be analyzed in the present study, comparing the reinforcing
fiber and the addition of carbon nanotubes (MWCNT) and
nickel-coated graphite as additives to improve EMI shielding
effectiveness of epoxy matrix. The results could be applied in
autonomous vehicles and drones for reducing platforms'
electromagnetic signature.

Consequently, this contribution is focused on
characterizing new plastic shielding materials in the
Frequency Range 1 (FR1) of 5G technology that includes sub-
6 GHz frequency bands. Some of these are bands traditionally
used by previous standards, but they have been extended to
cover potential new spectrum offerings from 410 MHz to
7125 MHz [15].

II. SHIELDING COMPOSITE STRUCTURES

For the development of composites with electromagnetic
shielding properties, materials have been selected, including
matrix, reinforcement, and conductive materials. Table I
summarizes the materials used to manufacture the eight
composite samples evaluated in this contribution. Each of
these samples consists of a polymer (epoxy resin) matrix
reinforced with fiber fabric layers. Two different fibers fabric
are used as reinforcement in order to evaluate its contribution
in terms of SE. This structure is combined with a conductive
material with the aim of improving the SE. The conductive
materials analyzed corresponds to a copper (Cu) mesh from
Goodfellow, multi-walled carbon nanotubes (MW-CNT)
nanoparticles from Nanocyl, and nickel-coated graphite
particles from Hart Materials.

TABLE L. MATERIALS USED TO FORM THE COMPOSITE STRUCTURES
Material type Description
Matrix Cycloaliphatic epoxy system - Resoltech

Reinforcement Biaxial carbon fiber fabric - SGL
Reinforcement Biaxial glass fiber fabric - Metyx

Conductive Copper mesh - Goodfellow

Conductive MW-CNT - Nanocyl

Conductive Graphite-Nickel - Hart Materials

The selected reinforcements and conductive materials
employed for the manufacturing of composites with EMI
shielding properties are shown in Fig. 1. The biaxial carbon
fiber fabric and biaxial glass fiber fabric selected as
reinforcements are shown in Fig. 1(a) and Fig. 1(b),
respectively. The selected conductive materials are shown in
Fig.1(c)-(e)).

279

Fig. 1. Selected materials for the manufacturing of composites with EMI
shielding properties. (a) Biaxial carbon fiber fabric. (b) Biaxial glass fiber
fabric. (c) Copper mesh. (d) Graphite-Nickel. (¢) MW-CNT.

Composite laminates have been manufactured by hand
lay-up and vacuum bagging process. Hand lay-up is the
simplest composite manufacturing method, as shown in Fig.
3. The methodology consists of placing the reinforcement
layers on the mould and impregnating them manually with the
thermosetting resin. Consolidation rollers are used to
thoroughly wetting the reinforcement and removing entrapped
air. Subsequent layers of reinforcement are added and
impregnated to build laminate thickness.

Dry Reinforcement

Optional
Fabric

/_ Gel Coat

Consolidation

Roller—\

Mould Tool

Fig. 2. Hand lay-up composite manufacturing process.

Vacuum bagging is applied to consolidate the composite
laminate, as shown in Fig. 3. After hand lay-up, the uncured
laminate is covered with a peel ply (a synthetic fabric with a
fine weave that assists with demoulding and surface finish), a
release film (a perforated film that helps to evacuate entrapped
air uniformly. At the same time it evacuates any resin excess
that bleeds out of the composite) and a breather fabric (a
relatively thick non-woven fabric that absorbs the resin that
passes through the release film). After this, the entire lay-up is
then covered with a vacuum bag and sealed around the edges,
apart from the connection to the vacuum pump. Activating the
pump sucks all the air out of the space between the vacuum
bag and the mould, causing the composite to be consolidated
under 1 bar of pressure and at room temperature. Once the part
is fully cured, the vacuum pump can be disconnected, the
vacuum bag, breather fabric, release film, and peel ply
removed and discarded, and the part removed from the mould.

Authorized licensed use limited to: Universidad de Valencia. Downloaded on March 04,2025 at 11:20:01 UTC from IEEE Xplore. Restrictions apply.



To Vacuum Pump To Vacuum Gauge

Breather/Bleeder
Fabric

Vacuum
Bagging Film

L |

Pecl Ply

Sealant
Tape

Release Film ol

(Perforated)

Release Coated Laminate
Mould

Fig. 3. Hand lay-up composite manufacturing process.

Within this processing methodology, the selected
conductive materials have been included in their respective
composite laminates following different methods:

1) MW-CNT: Dispersion of nanoparticles in the matrix
using high-speed dispersing equipment. The mix has been
used in the impregnation of all reinforcement layers of the
composite laminates.

2) Graphite-Nickel: Manual mixing in the matrix. The
mix has been applied between layers 3 and 4 of the composite
laminates.

3) Cooper mesh: Placement of the mesh between layer 3
and 4 of the composite laminates, obtaining a sandwich
structure.

Following the different described methodologies, eight
composite laminates have been obtained. Their composition
and thicknesses are summarized in Table II:

TABLE II. OBTAINED COMPOSITES AND THEIR REAL THICKNESSES
Reference Reinforcement Conduc.tlve Thickness
material (mm)
CF 6 x Carbon Fiber - 2.30
CF + Cu 6 x Carbon Fiber Copper 245
CF + MW- .
ONT 6 x Carbon Fiber MW-CNT 2.30
CF+Gr-Ni | 6x Carbon Fiber Graphite- 245
Nickel
GF 6 x Glass Fiber - 231
GF + Cu 6 x Glass Fiber Copper 245
GF + MW- .
CNT 6 x Glass Fiber MW-CNT 2.26
GF+Gr-Ni |  6x Glass Fiber Graphite- 2.62
Nickel

Finally, these composite laminates have been machined
using a CNC machining equipment to obtain specimens with
the appropriate dimensions for subsequent analysis. Fig. 4
shows an example of the specimens obtained after the
machining tasks.

Fig. 4. Example of machined composite specimens for the EMI shielding
test.

III. MEASUREMENT SETUP

There are multiple methods to measure electromagnetic
shielding, but one of the most widely accepted is the ASTM
4935-18 standard. As for frequency range limitations, this
method allows measuring planar samples in a narrow
frequency range from 30 MHz to 1.5 GHz. These limits are
based on the decrease in current displacement due to
capacitive coupling at very low frequencies and
overmodulation at higher frequencies where the wavelength is
comparable to the size of the sample used in this method [16].

The method consists of the measurement of the insertion
loss (IL) that results when introducing test samples in a
coaxial two-conductor transmission line holder, supporting
transverse electromagnetic (TEM) propagation mode. The
Keysight E7051B Vector Network Analyzer (VNA) has been
used to obtain the measurements. It allows measurements
from 300 kHz to 8.5 GHz. It also has a dynamic range of 100
dB, which is sufficient to measure the SE of the selected
materials and four Type-N female connectors with a
characteristic impedance of 50 Q [17]. The specimen holder
is a coaxial transmission line with special taper sections and
notched matching grooves to maintain a characteristic
impedance of 50 Q throughout the entire length of the holder
as shown in Fig. 5. Note that the transmission line holder is
based on the ASTM 4935-18 standard and it has been used to
characterize samples beyond the frequency range defined by
this. Thereby, the results obtained in the high frequency region
should be considered as a qualitative approach.

Fig. 5. Coaxial transmission line holder with a test sample introduced.

The procedure requires two types of specimens that must
have the same thickness in order to make SE measurements,
the reference, and the load specimens. The difference between
the measurements of the load and the reference specimen
provides the measurement of the SE, caused by the reflection
and absorption of the material between the two flanks of the
coaxial probe. The use of two different specimens is justified
by the fact that the use of the reference specimen can
compensate the effects of capacitive coupling by establishing
a frequency-dependent reference level [18], [19].

The load specimen has a disk-like shape with a diameter
equal to that of the outer flange. On the other hand, the
reference specimen consists of two parts: a washer and a disk-
shaped sample, matching the dimensions of the outer and
inner conductors, respectively. Fig. 6 shows the measurement
setup described previously and the dimensions of the
specimens, both the reference and the load:
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Fig. 6. Measurement test setup following the ASTM D4935-18 procedure.

Fig. 7 shows the experimental setup implemented to
characterize the samples under test.

Fig. 7. Measurement test setup following the ASTM D4935-18 procedure.

The SE measurement (dB) can be expressed as the
difference between the IL expressed in dB of the load
specimen (ILgg; and the IL of the reference one ILgg;):

SEqp = ILapi — ILapy- (1)

The ILgp;e ILag, measurements can be done directly from
the VNA due to the measurement method used, by placing the
probe terminals between ports 1 and 2 of the network analyzer
and selecting the measurement of S21, both for the reference
and the load. Therefore, SEqs can be expressed as

. @)

Whereas the frequency range established by the ASTM
4935-18 standard is limited to frequencies below 1.5 GHz,
measures have been carried out from 0 Hz to 8.5 GHz, to
observe the tendency of the behavior of the different materials
in the FR1 frequency range (410 MHz — 7125 MHZ) [20].

SE4p = 20log,

Saui
Sa1r

Fig. 8 shows the measurement of reference specimens of
the different materials. These measurements provide an
approximate representation of the behavior of these materials
in a higher frequency range. It can be seen that the method
provides flat responses, although it can be noted that there is
an uncertainty range between 4 GHz and 5 GHz, which has
not been considered large enough to discard measurements
made at these frequencies.
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Fig. 8. S, parameters obtained from the different reference specimens
under test.

Copper mesh conductive material has been evaluated in
terms of SE by obtaining the reference and load transmission
parameters. This material can provide a significant SE
performance and can be considered as a reference in order to
determine composite laminates' performance evaluated in this
contribution. Fig. 9 shows the SE for this conductive material.

S21 Power (dB)
IS
s

-60

-70

]
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Frequency (MHz)

—Cu mesh (SE) —Cu mesh (REF) Cu mesh (Load)

Fig. 9. Reference, Load and Shielding Effectiveness obtained for the copper
mesh conductive material.

IV. RESULTS AND DISCUSSION

This section is focused on showing the results
corresponding to the measurement of eight sample composites
under test. A comparison between the carbon fiber and glass
fiber's SE performance is carried out by combining them with
the three conductive materials.

Firstly, the different materials' shielding effectiveness is
evaluated by considering the frequency range defined in the
ASTM 4935-18 standard (30 MHz to 1.5 GHz). Fig. 10 shows
the shielding effectiveness provided by the composite
laminates samples based on CF reinforcement (dashed traces)
and GL reinforcement (solid traces). It can be observed that
the GF samples without any conductive material do not
provide attenuation, whereas the CF sample can provide
significant SE. The CF sample provides an attenuation
between around -55 dB to -75 dB, considering the frequency
range from 100 MHz to 1.5 GHz. When a conductive material
is added to the CF reinforcement, a similar SE is obtained. The
addition of the MW-CNT conductive material results in
improving the SE response by about 3 dB. Specifically, if the
1 GHz frequency point is considered, the CF+MW-CNT
sample shows an attenuation of -73.6 dB, whereas the CF
sample of -70.3 dB. Regarding the CF+Gr-Ni and CF+Cu
samples, the original CF material is able to provide a better
response. If these two combinations are compared, the
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CF+Gr-Ni is able to show higher SE values than CF+Gr-Ni
from 550 MHz.

Nevertheless, the influence of the conductive materials
analyzed for the CF sample is not correlated in the case of
being combined with GF. Thereby, the GF+Cu is the GF-
based combination that represents the best performance.
However, the opposite of what happens with CF, GF's
combination with the conductive material based on MW-CNT
provides higher shielding effectiveness. The GF+Gr-Ni
sample provides a similar response to GF+Cu up to 450 MHz,
but its effectiveness is reduced from that frequency point.

Shielding Effectiveness (dB)

500

750
Frequency (MHz)
—CF+Cu CF + MW-CNT
==-GF +Cu GF + MW-CNT

1000 1250 1500

—CF
---GF

~CF + Gr-Ni
= ==GF + Gr-Ni
Fig. 10. Shielding effectiveness results for different composites materials
under test in the frequency range defined in the ASTM 4935-18 standard.

As mentioned in section III, although the range defined in
the standard is between 30 MHz and 1.5 GHz, measurements
have been carried out in the frequency range from 300 kHz to
8.5 GHz. This is because the aim of the study is to observe the
behavior at higher frequencies and get an approach of the SE
value in frequencies above 1.5 GHz. Fig. 11 shows the SE of
these materials covering the frequency range of FR1 sub-6
GHz (410 MHz — 7125 MHz).

In contrast with the results presented in Fig. 10, Fig. 11
shows the shielding effectiveness provided by the same
composite laminates samples, but considering the sub-6 GHz
bandwidth. It is observed that the trend of the SE response is
maintained, so it is possible to obtain an approximation of the
performance of the materials at higher frequencies.

By extending the frequency range beyond that described
in the ASTM 4935-18 standard, it can be observed how certain
parasite resonances become evident, particularly in the traces
of the GF+Cu combination specimen, reaching values of
approximately -10 dB at frequencies around 4.2 GHz. Note
also an uncertainty bandwidth between 3.1 GHz and 4.0 GHz
in the responses of the CF samples, where the resonance of the
GF+Cu composite, reaches a value of -42 dB. This means that
the most significant variations in the responses are found in
those materials whose conductive material is copper.
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Fig. 11. Shielding effectiveness results for different composites materials
under test in the sub-6 GHz (FR1) frequency range.

V. CONCLUSIONS

EMI shielding effectiveness in the FR1 frequency range of
5G has been studied. Two types of materials based on carbon
fiber and glass fiber have been compared, adding to both three
types of conductive materials to give them metallic properties.
It has been observed how the different materials perform in
the specified frequency range, giving a preliminary idea of
how they might work at higher frequencies for applications
requiring EMI shielding against the ever-increasing 5G
technologies.

Firstly, it has been concluded that the CF presents a higher
attenuation than the GF without introducing any conductive
material. Furthermore, it has been observed that combining
conductive materials with the CF composite gives very similar
results to the original response, regardless of the material
introduced. Concerning this, it would be concluded that the
combination that provides the best results to CF composites is
CF+MW-CNT, while for GF, the best combination is GF+Cu.

It has to be remarked that these types of characterizations
are very relevant from a technological and industrial point of
view. Specifically, for automotive and related sectors, the use
of EMI shielding based on plastic materials has many
advantages such as the manufacturing cost reduction.

Considering this, in the automotive sector, particularly the
vehicle of the future, the weight of those elements in which
specific structural characteristics of rigidity, protection against
impact as well as vibration absorption are not required, is a
frequent area of work, aimed above all at reducing the
consumption of vehicles. This is why developing these types
of plastic materials with metallic properties is very important
nowadays.

Consequently, the selection of these plastic materials and
their conductive composite polymers is not arbitrary, as it has
been demonstrated. Some of the samples analyzed and,
specifically, those based on CF composites, present a
considerable attenuation to be able to replace metallic
materials, thus eliminating the disadvantages that these
materials entail.
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3.2 Summary

This chapter highlights the practical limitations of applying ASTM D4935 directly to
modern shielding materials and operating frequencies. While the standard remains robust
in its principle, its physical constraints, in terms of required sample geometry and
restricted frequency range, make it incompatible with the testing of many composite
structures intended for 5G or automotive use. By adapting the measurement fixture and
using more compact samples, the methodology was successfully extended beyond 1.5
GHz, offering qualitative insights in the sub-6GHz (FR1) frequency range. These findings
justify the continued refinement of coaxial-based methods and serve as the foundation
for the next chapter, where a miniaturized probe is introduced to further increase the
usable frequency range and reduce sample size requirements.

This study directly addresses S.0.1 and S.0.2, by identifying the limitations of
standardized methods and applying a derived configuration adapted to new test
conditions. Furthermore, it sets the foundation for S.0.4, by beginning to explore the
applicability of adapted methods to advanced composite materials, a topic that is
developed in subsequent chapters.
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Chapter 4. Miniaturized Coaxial
Probe for Shielding Measurements
up to 18 GHz

This chapter presents the extension of the coaxial transmission line method
for shielding effectiveness measurements up to 18 GHz using a miniaturized
probe  configuration.  This — adaptation allows  shielding  effectiveness
measurements of planar samples in the upper microwave range, where
Standard fixtures are no longer Suitable aue fo mode propagation and
geometric limitations. The measurement fixture used in this Stuay was
provided by the University of Rome “La Sapienza’, as part of a collaborative
effort developed within the framework of this work.
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Synopsis:

The integration of 5G technologies into high-density electronic systems, particularly in
sectors such as autonomous electric vehicles, has introduced new challenges in
mitigating electromagnetic interference. As operating frequencies increase and traditional
shielding solutions based on metallic enclosures become less viable due to weight and
rigidity, there is growing interest in alternative materials that are lightweight, processable,
and effective over a broad frequency spectrum. Among these, polymer nanocomposites
with conductive fillers such as carbon nanotubes offer a promising solution, combining
electrical functionality with mechanical versatility.

This chapter presents the electromagnetic characterization of polypropylene-based
composites containing multi-walled CNTs at three different concentrations. The materials
were fabricated via melt mixing, and their electrical conductivity was evaluated to
establish the relationship between shielding performance and electrical conductivity in
the gigahertz range. One of the most relevant aspects of this study lies in the
measurement approach. A coaxial transmission line holder was specifically designed and
manufactured by modifying the dimensions of the fixture defined in the ASTM D4935-18
standard. This adaptation enables the extension of the measurement range up to 18 GHz
while preserving the transverse electromagnetic propagation mode. This frequency range
includes part of the 5G spectrum, including sub-6 GHz band, which is gaining increasing
importance in practical applications.

The use of this adapted coaxial holder allows for the precise evaluation of the shielding
effectiveness of small, planar samples with high reproducibility and spectral resolution.
The results show that shielding performance improves with increasing CNT concentration,
with the highest-loading sample reaching mean attenuation values around 24 dB and
peaking at 25.6 dB at 10 GHz. While the increase in effectiveness with filler content is
evident, the relationship is not strictly linear, indicating the influence of factors such as
filler dispersion, network formation, and material saturation.

The outcomes reported in this work validate the potential of CNT-based nanocomposites
as effective electromagnetic shielding materials for high-frequency applications.
Moreover, the use of a derived high-frequency coaxial method highlights the importance
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of adapting measurement techniques to meet the demands imposed by emerging
technologies and new material systems.
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Abstract—TIt is crucial to extend the electromagnetic compati-
bility (EMC) studies to the new frequency regions where modern
telecommunication systems operate, specifically those related to the
fifth-generation (5G) technology standard for broadband cellular
networks. Electric autonomous vehicles (EAVs) are systems that
feature 5G technology on board and for which it is essential to
ensure the proper management of EMC to prevent malfunctions.
Given the considerable development of the EAV-related sector,
new materials and solutions for EMI shielding with properties
that reduce interference in the frequency regions of 5G technology
are being investigated. Today, meatal-based solutions are the most
common EMI shielding materials used to mitigate EMC problems.
Nevertheless, with the appearance of EAVs, it is needed the design
of novel materials that provide a significant balance in terms of
shielding effectiveness (SE) and mechanical properties. Thereby,
carbon nanotubes (CNTs) are an attractive alternative to conven-
tional EMI shielding materials due to their characteristics. The
lightweight condition, flexibility, cost-effectiveness, easy process-
ing, and resistance to corrosion made this new type of material
perfect to be used in the field of EAVs. This contribution focuses
on describing and characterizing three nanocomposite materials
manufactured by loading a polymer matrix with 5%, 7 %, and 10 %
CNT concentrations, respectively. The SE measurement is carried
out with a coaxial sample holder based on the standard ASTM
D4935-18. This measurement setup makes it possible to determine
the performance of the three materials under test up to 18 GHz,
covering part of the operation frequencies of 5G systems.
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I. INTRODUCTION

HE importance of electromagnetic interferences (EMI)
T shielding relates to the high demand of today’s society
for the reliability of electronics and the rapid growth of the
development of new telecommunications systems [1], [2], [3].
Nowadays, due to the ubiquitous presence of electronic circuits
in all aspects of life, the study and modeling of electromagnetic
compatibility (EMC) are more important than ever, especially
in relation to extending these studies to the new frequencies.

The new fifth-generation (5G) standard has a significant im-
pact on the communication industry since a great variety of
innovate technologies are derived from it. The main difference
between 5G and previous generations is the operating frequency.
The 5G spectrum is divided into two regions: FR1, also known
as the sub-6 GHz frequency range, and FR2, also called the
millimeter-wave frequency range. Thereby, 5G technology faces
the challenge of the environmental problems arising from the
EM field generated by its antennas and how to prevent this
from affecting other sensitive systems [4]. Therefore, one current
challenge concerns the design of new EMI shields to promote
the coexistence of 5G with other technologies.

One of the possible victim systems is the electric autonomous
vehicle (EAV). The trend to develop a safe EAV is growing
up, especially as the 5G network becomes more widespread
worldwide. 5G, at least ten times faster than 4G, will improve
communications between vehicles with innovative driving tech-
nologies [5]. Nevertheless, the massive number of electronic
systems in new 5G operating vehicles will dramatically increase
the demand for electromagnetic (EM) shielding materials with
properties suitable to ensure low EMI in 5G radiation frequen-
cies [6], as the use of devices for the attenuation of radiated
emissions could affect car circuits, provoke interferences and
resulting in traffic accidents [7].

EM shielding materials present the ability to obstruct and
minimize the signal emitted through backward reflection of the
field waves or by means of the absorption and dissipation of the
radiation inside the material [8], [9]. Traditional metal shields

0018-9375 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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can effectively attenuate EMI generated by 5G applications, but
they have generally some drawbacks, such as lack of flexibility
[8], bulkiness, weight, volume [10], or low corrosion resistance.
Conductive polymer composites are a good alternative due to
their properties, such as low density, good chemical stability,
flexibility, and easy-processing compared with metal-based ma-
terials [11]. This is why polymer-based materials are taking
on a special relevance, showing a good performance when
loaded with fillers that enhance their properties, such as car-
bon nanotubes (CNTs), thus eliminating the disadvantages of
metal-based materials [11], [12].

In order to avoid the limitations of using metal shields in
EAV systems and other applications with similar requirements
on weight, significant scientific efforts have been devoted to
study polymer-based EMI composite performance [13], [14],
[15], [16], [17]. These alternative shields are generally based
on polymeric materials loaded with additives in such a way
as to enable them to absorb EM energy. The additives can
be electrically conductive and/or can have dielectric/magnetic
properties significantly different from those of the polymeric
matrix.

Thereby, the incorporation of either conducting or fer-
romagnetic particles can modify the electrical conductiv-
ity/permeability of the composite to obtain an effective reflec-
tion/absorption shield. Depending on the nature of the filler,
the material response to incident EM waves can be linked to a
specific mechanism or to a combination of many [16]. Different
types of additives such as metal flakes, silicon carbide, titanium
dioxide, zinc oxide, or talc particles have been reported in the
literature, showing the effect of their size, shape, concentration,
electrical resistivity, and dispersion degree in the host matrix
on the EM properties. The investigation of lightweight EMI
shielding materials will allow the possibility of increasing the
safety of 5G communications in autonomous driving as well as
improving the vehicle’s consumption and autonomy [17].

Currently, there are many studies on the measurement and
behavior of CNTs in which it is possible to see how the SE can
vary depending on the frequency range and the selected material.

Several studies show measurements of about 13 dB at 10 wt%
CNF loading [18]. Yang et al. [19] obtained a value of approxi-
mately 20 dB of MWCNT/PS (multiwalled CNTs/polystyrene)
composites with an MWCNT loading of 7 wt%.

Other studies show the EMI SE of MWCNT/PP (multiwalled
CNTs/polypropylene) composite as a function of MWCNT con-
tent and shielding plate thickness, where for a sample thickness
of 1 mm and an MWCNT content of 5% and 7.5%, achieves an
average SE value of 7.7 dB and 22.3 dB, respectively. The latter
shows an increase with frequency, reaching the value of 19.7 dB
at a frequency of 10 GHz [20]. In another work from 2013, there
is a comparison of MWCNT/portland cement composites as a
function of the concentration of MWCNTSs in the X-band. In it,
an SE between 7 and 10 dB is achieved for a sample of 3 wt%,
and an SE greater than 27 dB is reported for a concentration of
15 wt% [21].

This contribution studies the shielding effectiveness (SE) pro-
vided by nanocomposites based on CNTs, one of the most com-
monly investigated additives in literature in the last few years.

Thereby, this article describes the manufacturing procedure used
in order to obtain the best dispersion in the material under test
(MUT) [22], [23], [24]. Moreover, how the CNTs concentration
modifies the electrical conductivity of the MUT and how this
is related to SE is also analyzed. In particular, the performance
of three CNT samples with different particles concentration is
investigated, considering a portion of the 5G frequency region
(up to 18 GHz), including the FR1 and part of the FR2 spectrum.
The measurement procedure consists on measuring the SE of the
different planar material specimens with a coaxial sample holder
(CSH) based on the standard ASTM D4935-18 [25], [26].

This manuscript is organized as follows. First, Section II
illustrates the selected shielding materials that are studied in this
research. This section also describes the manufacturing process
of the three samples. Section III defines the measurement setup
used to determine the SE. Subsequently, the results obtained
from the measurements are presented in Section I'V. This section
also analyses and discusses the performance of the three samples
up to 18 GHz. Finally, the main conclusions of the research are
summarized in Section V.

II. SHIELDING MATERIALS CHARACTERIZATION

The selected materials and their manufacturing procedure are
described in this section. CNT dispersion within the polymer
matrix has a significant influence on the nanocomposite’s final
properties, including the electrical properties and the microwave
susceptor capacity [27], [28]. Different processing parameters
have been considered and which combination of them provides
the best degree of dispersion in each sample. Finally, the elec-
trical conductivity of the extruded samples is analyzed since
higher electrical conductivity indicates a better ability to reduce
interferences in the microwave frequency region [29], [30].

A. Definition of CNT Selected Materials

Graphene, graphite, and CNTs are the main allotropic struc-
tures of carbon used for the absorption of EM radiation [31].

CNT is a unique form of carbon filament/fiber, conceivable as
atwo-dimensional hexagonal lattice of carbon atoms rolled up to
form a tubular structure with diameter in the scale of nanometers.
The introduction of CNTs into a polymeric matrix increases the
electrical conductivity as well as the permittivity of the material
[32], [33]. This, in turn, results in an increase in the number of
conductive links and, thus, to an improvement of the SE.

Since their discovery [34], the exceptional mechanical, elec-
trical, and thermal properties of CNTs [35], [36] have made them
potential candidates for high-tech applications. These structures
are divided into two groups: single-walled CNTs (SWCNT) with
a diameter even less than 1 nm and MWCNT, consisting of
nested SWCNT weakly bound together by van der Waals forces,
having an external diameter increasing with the number of shells
and even on the order of several tens of nanometers [30], [37],
[38]. The latter type has been selected for the current study.

Notice that carbonaceous particles-based materials are excel-
lent for absorbing EM radiation, and then converting that energy
into thermal one. These materials can show high values of the
imaginary part of complex permittivity (¢”) and, therefore, also
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TABLE 1
LIST OF SAMPLES PRODUCED

Sample code Description
CNTS Sheet of polymer matrix + 5% CNT
CNT7 Sheet of polymer matrix + 7% CNT
CNT10 Sheet of polymer matrix + 10% CNT

high values of the loss tangent (tan §). Carbonaceous particles
absorb EM radiation due to the presence of delocalized 7 elec-
trons, which can move freely [39], [40].

The samples manufactured for this research are based on
polypropylene copolymer (coPP Moplen RP210G), properly
selected due to its nonpolar nature and microwave transparency.
The CNT nanocomposites were prepared by melt mixing proce-
dure using a co-rotating twin-screw extruders. The effectiveness
of the heating process was tested by paying particular attention
to the filler dispersion [29], [41], [42].

Table I lists the three different samples evaluated in this
contribution.

The intrinsic properties of the polymer nanocomposites de-
pend directly on the number of microcapacitors and the polar-
ization centers of the material.

An increase in CNT loading results in an increase in the
relative permittivity and thus, in the number of these microca-
pacitors. In turn, the increase in CNTs increases the amount and
mobility of charge carriers improving the electrical conductivity
of the material, which is related to the improvement of the SE.
Therefore, three samples with increasing CNT concentration
have been chosen to observe how the amount of filler affects the
SE [33], [43].

B. Sample Manufacturing and Processing Parameters

The manufacturing procedure is based on microwave technol-
ogy, a high-energy-efficient fabrication method for producing
plastic materials. The use of CNT as processing additive has
a double functionality as they act as mechanical reinforcement
and electrically conductive fillers.

The nanocomposites were obtained in a co-rotative twin screw
extruder COPERION W&P ZSK25 as shown in Fig. 1. This
extruder has a diameter of 25 mm and an L/D ratio of 40.
Samples with different dispersion grades were produced by
varying several processing parameters.

CNT dispersion within the polymer matrix has a significant
effect on the final properties of the nanocomposite. For this
reason, it is essential to reduce the presence of agglomerates,
which could decrease the performance of the final nanocompos-
ite in terms of mechanical, electrical, and thermal properties.
The dispersion of CNTs highly depends on the nature of the
polymer matrix. In some polar polymers such as polycarbonate
[44], polyvinyl alcohol [45], and polyamide [46] CNTs are easily
dispersed. However, polyolefins are considered the less suitable
matrices to disperse CNTs. Despite that, good properties can be
achieved by optimizing the processing conditions.

Fig. 1.

Pilot plant cast-sheet coextrusion line.

TABLE II
PROCESSING PARAMETERS FOR CNT-BASED FORMULATIONS
Sample code CNT5 CNT7 CNT10
Melt T (°C) 212 211 212
Pressure (bar) 72 82 100
rpm 85 90 90
Torque (N/m2) 4.9-25% 5.0-26% 53-26%
Drawing (%) 1.25 1.25 1.3
Die Gap (pm) 900 900 900
Rolls T (°C) 80 80 80
Sheet thickness (pm) 900 950 950

All the samples are processed through the same technology,
sheet extrusion, and under the same conditions. Output param-
eters are differed due to the higher content of CNT, which
increases the compound viscosity.

Table II summarizes the processing parameters of the ex-
truder, optimized to maximize the degree of dispersion in the
different CNT samples. The good quality of the resulting mate-
rial based on CNT is observed in Fig. 2, where the sheet shows
high homogeneity and a gleaming black piano surface.

C. Electrical Conductivity of Extruded Sheets at Pilot Plant

Nanocomposites characterized by a better filler dispersion
generally exhibit more significant electrical properties than com-
pounds in which MWCNT form bundles. The measurement of
the dc electrical resistance is not only fundamental for evaluating
the effect of the concentration of filler on the electrical properties
of the material and therefore obtaining the percolation curve, but
it is also useful for providing indications regarding the state of
particle aggregation.

The manufactured sheets were cut to lower dimensions of 15
x 15 cm. The resistance between electrodes of all the sheets is
studied in order to evaluate the relation between the electrical
properties of the samples and their attenuation factor.
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Fig. 2. Sheet production of coPP Moplen 210G + 7% CNT.

Tests on samples CNTS, CNT7, and CNTI10 provided an
electrical resistance of 540 €2, 110 €, and 20 €, respectively.
Then, based on the standard ISO 3915, the resistivity (p) of the
samples is calculated according to the following equation:

b
p = R; 6

where b is the width of the electrodes in centimeters and [ is
the distance between them. It follows that CNT5, CNT7, and
CNT10 have a conductivity of 0.0018 S/sq, 0.009 S/sq, and 0.05
S/sq, respectively.

III. SE MEASUREMENT SETUP

There are several methods to measure the SE of planar ma-
terials, among which are the shielded-room variations derived
from the standard MIL-STD 285 [47] and de IEEE 299 [48],
the coaxial transmission line based-on methods [49], [50], time-
domain measurements [51], transverse EM (TEM), and dual
TEM approaches [52], [53], [54]. Currently, all these methods
have different limitations when it comes to the measurement
of planar materials, especially in terms of frequency limitation,
but one of the most widely used is that described by ASTM
D4935-18 [25].

The measurement method employed in this study is based
on the test method described in ASTM D4935-18 standard that
defines a procedure for measuring the EM SE of a planar material
for a plane, far-field EM wave. The frequency range limits are
based on decreasing displacement current as aresult of decreased
capacitive coupling at lower frequencies and on excitation of
modes other than the TEM at higher frequencies for the size of
the CSH. This procedure applies to the measurement of SE of
planar materials under normal incidence, far-field, plane-wave
conditions, considering E and H tangential to the surface of the
material. Therefore, according to the ASTM D4935-18 standard,
the measurement setup described in this contribution makes
it possible to determine the net SE caused by reflection and
absorption.

The method consists of measuring the insertion loss that
results when introducing test samples in a coaxial two-conductor

Vector Network Analyzer

Z N\
= ogo
= oo Reference sample
oo oo
oo o o
oo o =le
oo o ]S g
oo oo = oo oo : E
= 900

Load sample

(b)

Coaxial Sample Holder

15.00 mm

Port1

™ sample

Fig. 3. Measurement procedure with the high-frequency CSH. (a) Sketch of
the measurement test setup based on the ASTM D4935-18 procedure. (b) Shape
and size of samples required for the SE measurement with the high-frequency
CSH. (c) CSH with the MUT (load and reference specimens) for the SE
measurements up to 18 GHz [26].

transmission line holder, supporting TEM propagation mode.
Test methods based on the use of coaxial TEM cells for eval-
uating the SE of a material are based on the mathematical
equivalence between the ideal case of an infinite planar shield
placed in free space and illuminated orthogonally by a plane
wave, and the case of a material sample inserted in a transmission
line [55].

The test fixture of the ASTM D4935-18 consists of a two-port
flanged CSH with a characteristic impedance of 50 2. Notice
that the major limit of the standard’s CSH concerns its operating
frequency range, as the method allows the characterization of
planar samples in a narrow band from 30 MHz to 1.5 GHz.
The frequency limits are based on the decrease in current dis-
placement due to capacitive coupling at very low frequencies
and overmodulation at higher frequencies where the wavelength
becomes comparable to the sample size [25].

A smaller and modified versions of the CSH based on the
measurement procedure described in ASTM D4935-18 have
been manufactured and described in [56], [26] to extend the
measurements up to 18 GHz. Therefore, the coaxial sample
holder of [26] has been used to evaluate the performance of
the materials sample of Table I in part of the frequency region
employed by 5G technologies.

The two halves of the CSH have been connected through coax-
ial cables to the two-ports of a vector network analyzer (VNA)
for the measurement of the scattering parameters [Fig. 3(a)].
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The used VNA (Anritsu VectorStar MS4647A, [57]) allows tests
from 10 MHz up to 70 GHz with a dynamic range between 85 and
100 dB (depending on the frequency), but sufficient to measure
the SE of the MUTs.

The sample holder is a coaxial probe with a characteristic
impedance of 50 €. The diameter of the central conductor is 3
mm. The outer conductor has an inner diameter of 7 mm and
an outer diameter of 15 mm, where it goes into contact with the
MUT. The total contact area between the sample and the external
conductor is only 138.23 mm?.

The two cell sections are inserted into PVC supporting rings.
To tighten the two halves together, either dielectric or metal
screws can be used because being not electrically in contact
with the cell’s outer conductor [26].

The test requires two specimens of the same material and
thickness, the reference, and the load. In particular, the load
specimen has a disk-like shape with a diameter equal to that of
the outer CSH flange; the reference specimen has two parts: a
washer and a disk-shaped sample, matching the dimensions of
the outer and inner conductors, respectively. Their dimensions
are reported in Fig. 3(b). The use of two different specimens
is justified because the reference one can partially compensate
the effects of capacitive coupling by establishing a frequency-
dependent reference level [15], [58].

The difference between the measurements of the load and the
reference specimen provides the SE, caused by the reflection and
absorption of the material sandwiched between the two flanges
of the coaxial cell [Fig. 3(c)]. Hence, the SE in decibels can be
expressed as follows:

Sa1.R

SE = 20[0{]10 (2)

So1.L

where Sy1 g and Sg; 1, are the measured transmission scattering
parameter of the reference and load specimen, respectively.

IV. RESULTS AND DISCUSSION

This section is focused on showing the results and comparison
of the SE measurements carried out for the three CNT-based
samples having different filler percentage compositions.

The sample manufacturing process can result in samples with
different dispersion grades and homogeneities. Several samples
have been taken from the same sheet to check how the dispersion
grade affects the SE. In this way, is possible to verify that the
dispersion of the material is good if the traces are similar to
each other. Note that it has not been possible to take the same
number of samples from all of the sheets, given the complexity
of the mechanization to prepare the samples with the required
dimensions when the CNT loading is increased.

First, Fig. 4 shows the SE provided by the CNTS samples.
It is observed that the traces are very close, indicating the good
homogeneity of the composite and the reliability of the measure-
ment system. The mean value obtained from the measurement
of the CNTS5 samples is 8.32 dB. In particular, at the frequency
of 10 GHz, assumed from now on as a reference frequency, we
have a SE value of 8.75 dB.

Shielding effectiveness (dB)
5

0 T T T T T T

0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

—CNT 5%_s2  —CNT_5%_s3

—CNT_5%_s1 —CNT_5%_s4

Fig. 4. SE results for different samples of the 5% CNT MUT.

2 W

Shielding effectiveness (dB)

0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)
—CNT_7%_s2

—CNT_7%_s1 —CNT_7%_s3

Fig. 5.  SE results for different samples of the 7% CNT MUT.

Shielding effectiveness (dB)
o
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0 2 4 6 8 10 12 14 16 18 20

Frequency (GHz)
—CNT_10%_sl —CNT_10%_s2

Fig. 6. SE results for different samples of the 10% CNT MUT.

Fig. 5 shows the results obtained by measuring three samples
of the CNT7. As it can be observed, the responses of the different
samples of this material are in good agreement with respect to
each other. The most appreciable difference of about 6 dB can
be observed in the low-frequency region. Above 8.50 GHz, the
difference is negligible. In this case, the mean value is 19.29 dB;
at the reference frequency of 10 GHz the SE value is 20.82. dB.

Fig. 6 shows the CNT10 SE results. In particular, two samples
are measured: the two traces are significantly coincident and
do not present considerable variations throughout the entire
frequency range. The most notorious difference is appreciated
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Fig. 7.  SE results for CNT samples with the three different concentrations.

at the minimum frequency of 30 MHz, where the two traces
differ by approximately 2 dB. The mean value obtained from the
measurement of the CNT10 samples is 23.98 dB. A SE value of
25.60 dB is obtained at 10 GHz.

Fig. 7 shows the average curves, calculated using the dif-
ferent samples. response, for each CNT concentration. It can
be clearly observed that as the CNT loading increases also the
SE provided by the material increases. Moreover, excluding the
low frequency data (i.e. up to a few hundreds of MHz) where
generally, as known in the literature, the reference sample is
not able to perfectly correct the measurement, and those close
to the cut-off frequency of the guide, the general trend of the
curves shows that the SE increases with increasing frequency
due to absorption phenomena. The mean value obtained for the
CNTS5 trace corresponds to 7.95 dB and the difference between
the global extrema (the maximum and minimum values of the
curve in the considered frequency range) is 5.99 dB. For CNT7
sample the mean value is 19.21 dB and 5.63 dB is the maximum
SE variation, lower than the one obtained for CNTS sample. The
mean for the CNT10 sample is 23.88 dB, with a variation of 6.16
dB between the global extrema.

The difference in CNT concentration between the CNT5
and CNT7 nanocomposite samples, which is 2%, results in an
average SE increase of 11.26 dB. Instead, although the difference
in concentration between the CNT7 and CNT10 samples is more
significant (3% of CNT), the difference in SE is only 4.67 dB.
This means, as expected that the SE does not increase linearly
with the increase in concentration of CNTs. Nevertheless, it
is confirmed that with a higher filler loading (CNT10), the
electrical conductivity is improved and, therefore, the shielding
effectiveness of the material increases.

Martinez et al. [4] compared in the frequency range of 300
kHz . 8 GHz several samples of a carbon fiber (CF) reinforced
composite, changing the type of the inner layer of the material. In
particular, the comparison between a sample with a multi-walled
carbon nanotube (MWCNT) based-layer and a sample with a
copper mesh layer is performed and the effects on the SE is
analyzed. The samples were measured according to the ASTM
D4935-18 standard. The results show that in the lower frequency
range (up to 3 GHz), the MWCNT-based sample shows a better
performance, resulting in a higher attenuation than that provided

by the material with the copper mesh. At the frequency of 8 GHz,
the latter sample provides an attenuation of 46.53 dB, whereas,
the one with MWCNT fillers shows a value of 55.55 dB. In the
intermediate frequency range, the responses are very similar, and
the values are comparable. Those results suggest that MWCNT's
are a good alternative to copper in EM shielding applications.
In this contribution, for the CNT10 sample it is obtained an
SE of 22.44 dB at 8 GHz. Notice that, since in this paper only
the CNT-based load has been characterized, and not the final
CF reinforced material, which alone, without the contribution
of nanocomposite layer provides a significant attenuation, the
result here obtained can be considered important and significant
for many applications in the field of shielding.

The values obtained in other previous studies on the EM
behavior of CNT-based materials are very different because
the manufacturing process, and then, the obtained properties
of the samples, have a significant influence on the final SE
measurement. For example, it has been demonstrated that for
a final MWCNT/PS composite sample loaded with 7wt% of
MWCNT, a SE of 20 dB @ 10 GHz is obtained [21], whereas
for a MWCNT/PP material with a concentration of 7.5wt% of
MWCNTSs the SE is 22.3 dB at the same frequency [22]. Com-
paring those values with the mean SE of 23.98 dB @ 10 GHz
measured in this study for the CNT10 sample, it confirms that
the obtained results present a considerable EM attenuation for
the coPP + 10% CNT material. This improvement demonstrates
that the manufacturing process employed allows to increase the
amount of CNT in the final material while providing a good
dispersion.

V. CONCLUSION

The performance of three nanocomposites based on the dis-
persion of nanotubes within a polymer matrix has been analyzed
in terms of EMI shielding effectiveness. The characterization
has been carried out covering the frequency range up to 18
GHz with the aim of investigating the behavior of this kind of
materials to reduce EMI in systems sensitive to 5G technologies.
The materials studied have been manufactured by introducing
three different concentrations of CNTs in order to evaluate their
performance by using a measurement setup based on the ASTM
D4935-18.

It has been concluded that the amount of carbon nanotubes
dispersed significantly influences the effective electrical conduc-
tivity of the composite, and consequently the SE of the material.
If the electrical conductivity results are compared with the results
obtained in terms of SE, it is possible to observe that higher
electrical conductivity results in higher attenuation. In particular,
the CNT7 and CNT10 nanocomposites have demonstrated to
provide a significant SE in a wide frequency range. Nevertheless,
there is no proportional relationship between the increase of the
concentration of CNTs and the electrical conductivity, and then
the mean value of SE.

It was also shown that, given the values obtained from previ-
ous studies on the measurement of SE of CNT-based composites,
significant SE results were obtained in this study, which makes
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these materials a suitable alternative to conventional solutions
for the 5G frequency region in the EMC field.

Consequently, it should be noted that these types of charac-
terizations are very relevant from a technological and industrial
point of view. In particular, EMI shielding based on innovative
nanocomposite materials has many advantages for automotive
and related sectors, such as the manufacturing cost and weight
reduction compared to traditional shielding.
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4.2 Summary

The results presented in this chapter confirm that coaxial transmission line methods can
be successfully adapted to operate in the microwave frequency range through
miniaturization of the test fixture. The configuration used enabled accurate and repeatable
shielding effectiveness measurements up to 18 GHz with small planar samples. This
approach offers a practical alternative for materials that cannot be characterized with
standard ASTM-based setups due to sample geometry constraints. However, the method
remains restricted to flat and relatively rigid materials that can be shaped to fit the fixture.
For more complex geometries or flexible composites, alternative measurement
approaches are required. The following chapter introduces a non-standard method based
on an Absorber Box configuration, aimed at addressing these challenges.

This chapter contributes directly to S.0.2 and S.0.4, by applying a derived method to the
characterization of nanostructured materials and validating its performance in terms of
sensitivity, repeatability, and traceability. Additionally, the analysis of the electromagnetic
behavior across the frequency range and the physical rationale for the probe
miniaturization support the S.0.5, by providing insights into the underlying mechanisms
that govern the method’s performance. The limitations encountered in coaxial
configurations also support the motivation for exploring non-standardized approaches for
cases where coaxial geometries are no longer feasible, paving the way for the method
introduced in Chapter 5.
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Chapter 5. Non-Standardized
Shielding Characterization of
Complex Planar Materials

This chapter presents the implementation of a non-stanoardized shielding
effectiveness measurement method based on an Absorber Box configuration.
The approach is apolied to fiber-reinforced nanocomposites with rigid and
complex geometries, which cannot be reliably characterized using coaxial
fixtures. The work was developed in collaboration with AIMPLAS within the
framework of the SMART5G project.

5.1 Scientific article Il

Title: Shielding Effectiveness Measurement Method for Planar Nanomaterial Samples
Based on CNT Materials up to 18 GHz

Authors: Andrea Amaro, Adrian Suarez, Jose Torres, Pedro A. Martinez, Roberto Herraiz,
Antonio Alcarria, Adolfo Benedito, Rocio Ruiz, Pedro Galvez and Antonio Penades

Published in; Magnetochemistry 2023, 9(5), 114. Special Issue: Magnetic Materials,
Thin Films and Nanostructures. 25 April 2023

DOI: 10.3390/magnetochemistry9050114

Impact factor (2023): JCR: 2.6

Quartile (2023): JCR: Q2 (20/44) (CHEMISTRY, INORGANIC & NUCLEAR)
Citations: 7 (WoS, accessed on 14 July 2025).

Description: Magnetochemistry (ISSN 2312-7481; CODEN: MAGNCZ) is a peer-
reviewed, open-access journal covering all areas of magnetism and magnetic materials.
It is published monthly online by MDPI since 2015, accepting research articles, short
communications, and reviews. The journal focuses on fundamental and applied aspects
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Synopsis:

The increasing demand for electromagnetic shielding materials compatible with high-
frequency applications, particularly in the context of 5G communications, has motivated
the development of multifunctional polymer-based composites reinforced with carbon
nanotubes. These materials offer a compelling alternative to traditional metal-based
shielding, as they enable the design of lightweight, corrosion-resistant, and easily
processable components. However, as the complexity of the composite systems
increases, particularly with the addition of structural reinforcements such as carbon or
glass fibers, the fabrication and characterization of test specimens becomes more
challenging. In particular, the sample geometries required by standard or modified coaxial
test fixtures are often incompatible with rigid or fiber-reinforced compounds, due to
difficulties in precise machining and geometric tolerances.

In this context, this chapter presents the evaluation of the electromagnetic shielding
performance of a series of CNT-based composites, manufactured using acrylonitrile
butadiene styrene (ABS) as the matrix material and incorporating different concentrations
of multi-walled carbon nanotubes, as well as carbon and glass fiber reinforcements. To
overcome the limitations of conventional measurement methods, a dedicated Absorber
Box setup was developed. This system enables the characterization of shielding
effectiveness over a frequency range of 700 MHz to 18 GHz using standard-size, flat
samples, eliminating the need for complex shaping or edge conditioning. The
measurement principle is based on a vertical transmission configuration with horn
antennas and internal absorbers, offering a controlled environment with a dynamic range
suitable for high-attenuation materials.

The study demonstrates that the shielding effectiveness improves with CNT
concentration, reaching values above 80 dB at 7.125 GHz for the most heavily loaded
sample. More importantly, the results confirm that the incorporation of carbon fiber
reinforcement significantly enhances shielding performance even at lower filler contents,
due to the intrinsic conductivity of the fibers and their synergistic interaction with the
polymer matrix. The Absorber Box method proved to be a robust and repeatable technique
for evaluating complex samples that cannot be assessed using traditional coaxial fixtures.
The findings underscore the importance of selecting appropriate measurement methods
based on material characteristics and reinforce the potential of hybrid composites as
practical shielding solutions for next-generation electronic platforms.
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Abstract: The study and measurement of the shielding effectiveness (SE) of planar materials is
required to predict the suitability of a certain material to form an enclosed electromagnetic shield. One
of the most widely used standards for measuring the SE of planar materials is ASMT D4935-18. It is
based on a coaxial sample holder (CSH) that operates up to 1.5 GHz. Due to this standard’s frequency
limitations, new variants with higher frequency limits have been developed by decreasing the size
of the CSH conductors and the samples. However, this method and its high-frequency variants
require two types of samples with very specific geometries and sizes. This method is unsuitable for
certain types of nanomaterials due to their complex mechanization at such undersized scales. This
contribution proposes an alternative SE measurement method based on an absorber box that mitigates
the problems presented by the ASTM D4935-18 standard. The SE of rigid nanomaterial samples
based on several concentrations of multi-walled carbon nanotubes (MWCNT) and two different fiber
reinforcements have been obtained.

Keywords: shielding effectiveness (SE); nanomaterials; absorber box; electromagnetic compatibility
(EMC)

1. Introduction

The fast-paced advancements in electronic devices, information technology, wearable
devices, and 5G technology have significantly increased electromagnetic interference (EMI)
and radiation pollution [1]. This has required developing new materials with advanced
shielding capabilities to reduce the effects of EMI. Developing this kind of material aims
to increase the security of sensitive devices or systems that can be susceptible to EMI.
Moreover, new advanced materials must ensure the protection of human health to reduce
the risk of problems derived from exposure to electromagnetic radiation. Consequently,
there is a high demand for advanced materials that can significantly address the challenges
posed by EMI.

The investigation of lightweight EMI shielding materials will allow the possibility of
increasing safety in 5G communications. When it comes to shielding materials, one of the
most determining parameters for the application of the material is shielding effectiveness
(SE). The SE indicates the attenuation intensity experimented by an electromagnetic wave
traveling through a medium, A, after interacting with a medium, B (shield).

Magnetic materials, which are the main ones responsible for magnetic losses, achieve
electromagnetic wave (EMW) absorption through magnetic hysteresis loss, eddy current
effects, and ferromagnetic resonance [2—4]. Ferrites are widely used as EMW absorbers due
to their high magnetic permeability, saturation magnetization (Ms), and resistivity ((}), as
well as a significant flexibility that allows the modification of their chemical composition to
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adapt their magnetic properties to specific applications [5-7]. A recent study evaluated the
efficiency of magnetostatic protection using nanostructured permalloy shielding coatings,
demonstrating their potential for enhancing the shielding efficiency of electronic devices
achieving a maximum SE value of 29 dB [8]. On the other hand, carbonaceous materials
(e.g., carbon nanotubes (CNT), MXenes, or graphene foams) are excellent candidates for
enhancing the absorption of the incident EMW due to their interesting electromagnetic
and molecular properties, such as a unique combination of high conductivity and low
density [9,10]. Specifically, multi-walled carbon nanotubes (MWCNTs) possess a shielding
effect against EMI owing to their conductivity and unique internal porous structure and
morphology. Consequently, they are an excellent and cost-effective choice for the primary
material in composites. Moreover, the availability of specific heteroatomic groups in
MWCNTs makes them suitable for convenient modification in subsequent applications. The
combination of high conductivity and the presence of numerous internal interfaces because
of either their porous structure or molecular arrangement enhances the dielectric loss
through interfacial polarization. This also introduces an additional absorption mechanism
based on multiple reflections, consisting of the continuous reflection of the incident wave
in the different interfaces of the particle; thus, enhancing the attenuation of the EMW
reflections [9,11]. The dispersion of carbonaceous particles in a polymer matrix, either
thermoplastic or thermosetting, entails the improvement of the SE capabilities of the
matrix [12] This allows the obtaining of specific compounds for lightweight applications
overcoming the limitations of metals in terms of high density and corrosion susceptibility.
Increasing the content of carbonaceous particles was found to have a positive effect on the
SE of the resulting compound, achieving a maximum absorption of —38 dB in the X-band
with 5% wt MWCNTs [13] and —66 dB for a polystyrene (PS) compound containing 20%
wt MWCNT obtained via compression molding [14].

However, further increasing the content of carbon fillers also entails the increment of
the compound viscosity and, therefore, hinders its processability, as noted in [15]. Fiber-
reinforced polymer (FRP) composite materials are characterized by their heterogeneity and
anisotropy, which imparts to them the property of not exhibiting plastic deformation. FRP
composites have found widespread use in a diverse range of contemporary applications,
such as space, aviation, and automotive. Carbon-fiber-reinforced polymer (CFRP) and
glass-fiber-reinforced polymer (GFRP) composite materials, among other fiber-reinforced
materials, have gained increasing popularity due to their outstanding strength and low
specific weight properties, leading them to replace conventional materials in various ap-
plications [16]. The use of CFRP is a prominent alternative to address the manufacturing
problems derived from the use of particle-based composites [17]. Although recent studies
have demonstrated the feasibility of using woven prepreg laminates to produce shielding
effectiveness of more than 100 dB at low frequencies (<1 GHz) [18], the specific contribution
of each type of shielding mechanism and the effect of the typology of the fibers at higher
frequencies remains an open question. Suitable compositions and orientation of fibers
made desired properties and functional characteristics of some GFRP composites equal
to steel, had higher stiffness than aluminum, and the specific gravity was one-quarter
of the steel [19]. Martinez et al. performed SE measurements in the frequency range of
300 kHz-8 GHz on GF composites in combination with different conductive materials, such
as MWCNT and copper mesh, reporting an attenuation of approximately —40 dB up to
1.5 GHz for the copper mesh case [20]. Another study investigated the EMI shielding perfor-
mance of carbon-nanomaterial-embedded fiber-reinforced polymer composites, revealing
that the EMI shielding effectiveness of the composites was significantly improved with
the addition of carbon nanomaterials. A sample with 3% CNT-GNP CFRP composition
demonstrated an EMI shielding effectiveness higher than 15 dB [21].

To evaluate the suitability of these novel shielding materials for integration into a 5G
system or other high-frequency applications, it is necessary to perform a characterization
of their SE. Due to the wide variety of applications and shapes that a shielding material
can adopt, this is generally characterized as a planar material. Depending on the frequency
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range where the material will operate, there are various measurement methods to deter-
mine their shielding effectiveness. Currently, the most widely used standard for measuring
the effectiveness of shielding of planar materials is the ASTM D4935-18 standard [22].
However, this standard is limited in frequency to 1.5 GHz, making it significantly restricted
when considering 5G technology that operates at much higher frequencies. Alternative
measurement methods based on free-space measurements, such as the IEEE 299 standard,
are available but are hindered by the complexity of measurement due to the dimensions
of the material sample required and the infrastructure required to perform the measure-
ments [23]. Considering these limitations, alternative measurement methods derived from
existing standards are currently being developed to address these issues.

In this work, the proposed measurement method is based on an absorbing box that
overcomes the limitations that standard methods present. This method eliminates the
sample size and mechanization issue, as it does not require a sample that is either too
large or too small. Additionally, it makes it possible to measure in a frequency range
that goes further than the region defined by the method presented in the ASTM D4935-18
standard. Furthermore, this method mitigates the problems of surrounding influences
as measurements are taken within a controlled, absorbing environment. The results of
EMI shielding effectiveness of the developed samples are reported in the frequency range
of 700 MHz-18 GHz, covering the sub-6 GHz band of the 5G spectrum and part of the
mmWave band.

This manuscript is organized as follows. First, Section 2 describes the manufacturing
process of the five samples and their most relevant characteristics. Section 3 illustrates
the main planar material measurement methods. This section also describes the current
standard methods, their limitations, and the non-standardized measurement techniques.
In this section, it is described the measurement setup to determine the SE of the different
samples. Subsequently, the obtained results are presented in Section 4. This section also
discusses the performance of the samples in the entire frequency range in terms of the
attenuation that they provide. Finally, the main conclusions obtained in this research are
summarized in Section 5.

2. Material Characterization
2.1. Material Selection

Before thermoplastics were extended, thermosets were widely used for various appli-
cations. However, as the industry evolves, thermosets have some serious limitations. When
heating a thermoset once, it becomes irreversibly hardened when cured due to heating.
Once cured, a thermoset plastic cannot be modified in shape by applying heat or pressure
because the curing process has set a permanent chemical bond. The only way to break that
chemical bond is by exposing it to a high-temperature source where the thermoset plastic
is burned off. Hence the recyclability is zero compared to thermoplastic polymers, which
can be repeatedly heated and remolded into desired shapes or forms [24].

Acrylonitrile butadiene styrene (ABS) is an amorphous thermoplastic copolymer
built by polymerizing styrene and acrylonitrile in the presence of polybutadiene. The
combination of the three confers to ABS a wide range of characteristics, such as impact
resistance, toughness, heat resistance, or weather and chemical resistance [24]. ABS is
widely used in the plastic industry for modern processes such as plastic injection molding
for end products such as protective housings, stiff packaging, and structurally robust
parts, as well as in the production of polymer blends, such as polycarbonate + ABS or
polyamide + ABS, and can be regularly found in the automotive sector [25-27]. Additionally,
the use of ABS has also been reported for EMI shielding applications throughout the
manufacturing of ABS/MWCNT compounds, due to its processability and dimensional
stability [28,29]. Raw ABS 118HF pellets supplied by Elix Polymers are used in this study
in the production of seven samples containing different MWCNT concentrations and
reinforcements. These samples are summarized in Table 1. A CNT Masterbatch from
Nanocyl, the Plasticyl ABS1501, is used to manufacture Sample 7.
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Table 1. List of samples.
Sample ID Description Particle Type Particle Percentage
1 ABS NA'! NA
2 ABS + 5% CNT MWCNT 5%
3 ABS +10% CNT MWCNT 10%
4 CF LFP ABS + 3% CNT MWCNT 3%
5 GF LFP ABS + 3% CNT MWCNT 3%
6 2 x CF LFP ABS + 3% CNT MWCNT 3%
7 MB 2 ABS + 15% CNT MWCNT 15%

1 NA: Not applicable. 2 MB: Masterbatch

2.2. Samples Manufacturing

The samples studied to determine their SE to prevent EMI has been manufactured
following a two-step process encompassing the production of the raw thermoplastic com-
pounds and the subsequent obtention of the testing samples. The compounding stage
included using an extruder setup with ABS/CNT pellets and a thermoplastic pultrusion
line for LFP production. Finally, the samples underwent compression molding to produce
the final rectangular specimens.

2.2.1. Compounding

The initial stage consists of obtaining the raw compounds used in manufacturing the
testing samples. These initial compounds carry diverse concentrations of multi-walled
carbon nanotube (MWCNT) particles. Furthermore, a sample consisting of 100% raw ABS
(Sample 1) allowed the definition of a minimum reference value of EMI shielding. The
compounds are obtained following three different and independent techniques.

The compounds used in the manufacturing of Samples 2 to 5 are produced by means
of a PRISM 16 L/D 25 twin screw extruder and located at the compounding facilities
at AIMPLAS (Figure 1a). In this process, ABS pellets and particles are fed together into
the extruder via a specific hopper. During the extrusion process, the raw materials are
mixed due to the effect of temperature and the shearing forces exerted by the twin screws.
Taking into consideration 240 °C as the processing temperature of the ABS matrix used,
a flat temperature profile of 260 °C is settled to process the compounds to ensure good
processability of the materials (Table 2). Then, at the end of the extruder, a continuous
filament with a pre-defined diameter is obtained and cooled down. Finally, a cutting unit
located at the end of the setup generates the ABS/CNT pellets with the desired length.

@)

Figure 1. Cont.



Magnetochemistry 2023, 9, 114

50f17

(b)

Figure 1. Compounding process. (a) Schematic of the extruder setup. (b) Schematic of the LFP
production line.

Table 2. Extrusion parameters.

EXTRUSION PARAMETERS
FEEDER EXTRUSION ZONE TEMPERATURE PROFILE
SET POINT SCREW PRESSURE ZONE1 ZONE2 ZONE ZONE4 ZONE ZONE6 ZONE ZONES
(Kg/h) (RPM) (bar) (W] (W) 3(°C) (W) 5(°C) (@) 7(°0) (@)
1 200 8.2 260 260 260 260 260 260 260 260

Long fiber pellets (LFP) are produced in a thermoplastic pultrusion line developed by
AIMPLAS, allowing &4 mm unidirectional threads of glass or carbon fiber impregnated
by the ABS/CNT compounds previously developed (Figure 1b). In this process, the
pellets produced in the previous step are fed to the same extruder described previously
in order to melt the polymer and facilitate the subsequent impregnation of the fiber. A
temperature profile of 270 °C is used to process the ABS/CNT compound in the extruder to
ensure good processability and further fiber impregnation. The resulting melted polymer
matrix compound is then transferred to the impregnation die to impregnate the fiber
thread effectively. The continuous thread of thermoplastic impregnated fiber leaving the
impregnation die at a rate of 600 g/h is cooled down and cut into 12 mm pellets reinforced
with oriented and continuous either carbon or glass fiber. The resulting carbon and glass
LEFP are used to manufacture Samples 4 and 5, respectively.

2.2.2. Compression Molding

Following the production of the pellets, rectangular specimens of dimensions 210 mm
x 297 mm x 2 mm are obtained (Figure 2) via compression molding using a CUYMA
PH1000 hot press. In this process, the pellets obtained in Section 2.2.1 are placed in a mold
of pre-defined dimensions and located between two rigid and hot plates. The effect of the
temperature and pressure upon the closure of the mold induced the melting of the pellets
and obtaining testing samples with the required dimensions (Figure 3). For all specimens,
the temperature is kept constant at 250 °C through the entire compression cycle, which
accounted for an initial force of 60 kN for 5 min, followed by an increase in the force to
100 kN and holding for 10 min (Table 3).

Seven testing samples are produced, one per each type of compound. An additional
specimen is produced with the same formulation as used for the manufacturing of Sample
6. Coupling these two specimens together (Sample 7) would shed light on the relationship
between the increase in the thickness by a factor of 2 and the EMI shielding.



Magnetochemistry 2023, 9, 114

60f 17

Figure 2. Schematic of the hot press molding process.

() (b)
Figure 3. CF LFP ABS + 3% CNT sample. (a) Front side. (b) Back side.

Table 3. Hot press molding parameters.

Time (min) Pressure (kN) Temperature (°C)
5 60 250
10 100 250

2.3. Dispersion Analysis

Following the preparation of the samples, an analysis of the dispersion of the EMI
shielding particles in the polymeric matrix is deemed necessary to assess the quality of the
manufacturing process. Scanning electron microscopy (SEM) imaging is performed using a
Hitachi 5-4800 Scanning Electron Microscope which allowed the characterization of the
surface of Samples 2, 4, and 7, generated in Section 2.2 (Figure 4). The selected samples
are representative of each of the three manufacturing processes and materials described
previously.

CNTs appear as thin and elongated structures and are homogeneously distributed
across the three samples, indicating a high-quality manufacturing process. Sample 7
contains the highest concentration of CNTs after visual assessment, confirming the nominal
specifications of this sample (Figure 4a,b). It is worth noting that the combined effect of
the low apparent density of the CNTs (~0.23 g/cm?®) and the high weight percentage of
CNTs (15%) contained by this sample, results in a dense network of CNT that hinders the
visualization of the polymeric matrix.
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Figure 4. SEM images of three of the developed samples. General view (left). Detailed view (right).
(a,b) MB ABS + 15% CNT (c,d) ABS + 5%CNT (e,f) CF LFP ABS + 3% CNT.

As the concentration of CNT decreases (Samples 2 and 4), the polymeric matrix is
rendered visible, and the network of CNT becomes less dense (Figure 4c,d). Additionally,
the correct impregnation of the carbon fibers by the polymer matrix can be observed in
Figure 4e, ruling out the delamination of the fibers produced by the sample preparation.

Regarding the CNT distribution, it can be observed that a similar distribution is
obtained across the samples included in Figure 4. This effect indicates a high level of
reproducibility of the manufacturing process. Following a visual examination, empty
spaces and aggregates are not appreciated, and CNTs are homogeneously dispersed in the
polymer matrix.

3. Planar Material Measurement Methods

The current standard method that defines the measurement procedure to determine
the shielding effectiveness of planar materials is the ASTM 4935-18. Nevertheless, the
frequency region of this measurement method is limited in frequency (up to 1.5 GHz).
Other measurement techniques used to analyze the performance of planar materials are
based on the IEEE 299 standard. Due to the wide variety of applications that need to be
shielded by using housing with a specific size and shape, planar materials are generally
characterized, considering different field conditions. Thereby, depending on the frequency
range and the sample features, different measurement techniques may be used to cover the
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entire frequency range of interest. The 5G operates in a wide range of frequencies. Currently,
two different frequency ranges are available for the 5G technology, FR1 and FR2. The bands
in the FR1 spectrum are envisaged for the operation of traditional cellular communication,
whereas FR2 bands aim to provide short-range very high data rate capability. The 5G
FR1 range covers frequencies up to 7.125 GHz, and FR2 encompasses frequencies above
24.5 GHz.

3.1. Standard Measurement Methods

The main techniques for the measurement of the SE of planar materials are based on
using mono-mode coaxial TEM cells, according to the standard ASTM D4935-18, or the
use of emitting and receiving antennas as in the IEEE 299 standard. The first method has a
frequency limit of about 1.5 GHz; the last one applies for higher frequencies, but it requires
large sheet samples, which is a disadvantage when dealing with novel materials that rely on
rare raw materials. The cost of the shielding particles can be very high, making unfeasible
the manufacturing of large-scale samples. Consequently, measuring these materials using a
method that requires covering the entire door of an anechoic chamber becomes impractical.

The ASTM D4935-18 is the standard test method for measuring the electromagnetic
shielding effectiveness of planar materials. This method allows measuring planar samples
in a narrow frequency range from 30 MHz to 1.5 GHz. The technique measures the
insertion loss (IL) that results when introducing test samples in a coaxial two-conductor
transmission line holder, supporting transverse electromagnetic (TEM) propagation mode.
The procedure requires two types of specimens with the same thickness to make SE
measurements: the reference and the load specimens (Figure 5). The difference between
the measurements of the load and the reference specimen provides the measurement of the
SE, caused by the reflection and absorption of the material between the two flanks of the
coaxial probe. The upper-frequency limit that can be measured with this method depends
on the cut-off frequency for the transverse electric propagation mode of the coaxial cell
holder. At frequencies higher than the cut-off, higher-order modes other than TEM can
propagate, changing the field distribution inside the cell and causing resonances in the
measured results, which have an adverse effect on the accuracy of the measured results.
Therefore, the main disadvantage of the fixture is the narrow frequency band of operation,
which is limited, considering the operating frequencies of current electronic devices and
systems.

Figure 5. Measurement test setup based on the ASTM D4935-18 procedure and sample geometries
and dimensions.

The IEEE 299 standard defines how to measure the effectiveness of electromagnetic
shielding enclosures. This method is carried out by placing a sample of the material under
test between two antennas connected to a vector network analyzer equipment (VNA) that
provides the emitting signal to one of the antennas and receives the field measured by the
receiving antenna (Figure 6). Thereby, it is possible to obtain the shielding effectiveness
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of the material under test by analyzing the S-parameters obtained through a reference
measurement (without the material sample) and a load measurement (by placing the
material between the two antennas). The reference can be taken in free space or through an
open aperture in an anechoic chamber wall. The SE is obtained by taking the difference
between the received field strength (in dB units) with the sample absent and with the
sample present. The nature of the illuminating field varies with frequency and the type of
antenna used.

Figure 6. Measurement test setup based on the IEEE 299 standard procedure.

To these limitations is added the high influence between the characteristics of the
anechoic chamber as well as the proper location/orientation of the antennas and the sample
in the space.

3.2. Non-Standardized Measurement Methods

Due to the increase in operating frequencies and the evolution of 5G towards FR2, it is
important to develop non-standardized measurement methods through setups, fixtures,
and techniques compatible with the operating frequencies of 5G technologies and the
samples manufactured.

From the standards, some derivative methods can be highlighted: nested reverberation
chambers [30], vibrating intrinsic reverberation chambers [31], TEM cell methods [32],
ASTM D4935-18 high-frequency variants [33-35], or absorber box methods [36,37]. The last
one proposes an alternative to free space measurements in an anechoic chamber, where
the sample size is significantly reduced, and no complex sample preparation is required.
Moreover, the equipment and the sample size determine the cutoff frequency, so the
method is considerably adaptable to the type of material to be measured. This alternative
also eliminates the main problems that the other techniques present, making this method
suitable for this study.

As some bibliographic sources indicate, extending the upper-frequency limit of the
ASTM D4935-18 standard could be possible. Some institutions have modified this standard
coaxial cell holder to perform SE measurements at higher frequencies and on smaller-size
materials under test [34,35]. Basically, as the cut-off frequency, and consequently the upper-
frequency limit, depends on cell dimensions, new versions of coaxial sample holders can be
designed and fabricated, reducing the inner radius of the outer conductor and the radius of
the center one.

On the other hand, the measurements based on the IEEE 299 standard are another in-
teresting line of research since they can be performed with RF antennas (inside an anechoic
chamber), extending the frequency region defined by the ASTM D4935-18 standard. The
upper frequency for IEEE 299 methods is limited by the chamber leakage and the need for
the sample to be large enough to minimize edge diffraction effects. Nevertheless, test-to-test
variations arise from normal differences between instruments, from discrepancies between
transmitting and receiving antennas, including their positions, and primarily from differ-
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ences between test techniques. Most of the methods based on free space require sample
dimensions too large, in addition to being strongly conditioned by the environmental
conditions and the directivity of the antennas. Consequently, the proposed alternative
method is based on an EMI absorber box lined with absorbent material and two antennas:
one transmitter and one receiver.

3.3. Proposed Shielding Effectiveness Measurement System

The proposed measurement method is an adaptation of one of the methods included
in the P2715 standard, a guide for the characterization of the shielding effectiveness of
planar materials. This method provides the SE of planar materials, adapting to the specific
requirements of the study. The main advantage is that the sample machining is simple,
which represents a significant breakthrough when dealing with rigid and delicate materials
that cannot be machined with very specific geometries or tiny dimensions. Furthermore, no
electrical connection to the sample is required, which allows the measurement of samples
with low conductivity, contrary to the measurement method proposed in the ASTM D4935
standard. These facts mean that a wide range of measurements can be made with reasonable
speed due to the easiness of the measurement procedure. Another notable advantage is the
elimination of frequency limitation, making it a suitable method for measurements in the
frequency range where 5G technology operates.

The scheme of the proposed prototype is shown in Figure 7. The receiving antenna
embedded in the absorber and the receiving antenna are commercial 700 MHz to 18 GHz
A-Info LB-7180 ridged waveguide horns. The dimensions of the cavity are 300 x 500 mm,
thus, adapting to the rectangular shape of the horn antennas [38]. In one of the sides of the
box, a hole has been drilled where an SMA-type connector is placed and connected to the
transmitting antenna inside the cavity. The laminated absorber is arranged inside the cavity
of the absorber box cut to fit the geometry and dimensions of the antenna. The absorber
material is a commercial series made from polyurethane foam that is treated with carbon
and assembled in a laminate construction to generate a controlled conductivity gradient.
The upper layers above the emitting antenna have a square opening of 100 x 100 mm
where the sample is placed to measure the SE of the sample. Assuming no contact exists
between the equipment and the sample, two more sheets of absorbent material are placed
on top of the sample to mitigate diffraction losses due to the edge effect and to flatten the
sample in case it has a concave or convex shape due to the manufacturing process. These
top layers of absorbers have an opening of the same dimensions as the sample layer to
illuminate the sample as uniformly as possible.

Figure 7. Cross-sectional view of the prototype system.
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(a)

The selected size of the developed samples is 210 x 297 mm. These dimensions
correspond to a fairly standard size for sample prototyping, although it is possible to
perform measurements with samples up to 300 x 500 mm, which corresponds to the
maximum dimensions of the cavity. Furthermore, with this size, the samples aim to be
large enough to reduce the edge effect previously mentioned, but at the same time, small
enough to ensure that production is simple and cost-effective.

The antennas are connected to port 1 (emitting channel) and port 2 (receiving chan-
nel) of a VNA measuring equipment through an SMA-type connector and two cables
Megaphase KB18-5151-48 SMA. The frequency range of the final system is 700 MHz-
18 GHz, limited by the maximum and minimum operating frequencies of the antennas.

The procedure to obtain the shielding effectiveness of the different samples is based
on measuring the scattering parameter Sy; by taking the transmission ratio through the
system without any sample (S ref), and with the sample present in the cavity (Sx1,sample)-
Subsequently, the SE is calculated according to Equation 1:

SE (dB) = SZl,sample - le,ref (1)

The prototype and the final measurement setup are shown in Figure 8, where the
receiving horn antenna is situated above a material under test and connected to the VNA
equipment.

(b)

Figure 8. Experimental measurement setup. (a) Sample window layer. (b) Experimental setup
performing a sample measurement.

To characterize the system, the measurement of the dynamic range of the proposed
method has been carried out. The SE of the cavity without a sample has been compared
with the SE resulting from placing a perfect electric conductor (PEC) with the maximum
size of the cavity (300 x 500 mm) to avoid the effect of diffraction at the edges. In this case,
the sample is an aluminum sheet with a thickness of t = 2 mm. Figure 9 shows the resulting
dynamic range of the system, which is approximately -100 dB and is expected to be suitable
to measure the SE of the developed materials according to the values obtained in previous
studies of composites with similar characteristics [20,39].

The most notable features of the measurement method used to evaluate the developed
samples are summarized in Table 4.
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Figure 9. Measured dynamic range of the system with a 2 mm thick aluminum sample.

Table 4. Hot press molding parameters.

Measured Unit of Cavity . Frequency Measure'd
. ; Sample Size Dynamic
Parameter Measure Dimensions Range
Range
Shielding 300 x 210 x 700 MHz-
effectiveness dB 500 mm 297 mm 18 GHz —1004B

4. Results and Discussion

This section is focused on showing the results corresponding to the measurement of
seven sample composites under test. Firstly, it is compared the different composite samples
based on ABS (samples 1, 2, 3, and 7) to analyze how the increase in the concentration of
CNT is turned into an improvement of the SE parameter. Subsequently, the influence of
the reinforcement material used to manufacture the composite is studied by comparing
the samples based on glass fiber and carbon fiber (samples 4 and 5). Finally, the effect of
introducing a thicker carbon fiber reinforcement in the composite is analyzed (samples 4
and 6).

Figure 10 shows the results obtained in terms of SE of different composites with an
ABS matrix without fiber reinforcement and three different concentrations of %w CNT. The
ABS trace represents the outcome of the SE measurement conducted on the ABS matrix
without any filler material. This particular measurement is used as a reference to compare
the SE values obtained from the other samples. It can be observed how this trace does
not provide considerable attenuation but the increase in CNT filler leads to a rise in the
SE provided by the material. If we take the value of 7.125 GHz as a reference, which
corresponds to the upper limit of the FR1 band in the 5G spectrum, a value of —24.75 dB
is obtained for the trace with a concentration of 5w%CNT. For the sample with twice the
weight concentration of CNT, the SE value increases to —39.65 dB. In the last case, for the
15w%CNT sample at the reference frequency, the SE value obtained is —81.30 dB.

Below the reference frequency, the behavior of the traces is slightly different. The red
trace corresponding to sample 2 shows a linear behavior, whereas the traces corresponding
to the samples with the highest CNT concentration (samples 3 and 7) show an increase in
SE as the frequency increases. On the other hand, starting at approximately 14 GHz, it can
be observed that the red trace (sample 2) continues to exhibit a flat behavior, whereas the
blue trace (sample 3) continues to decrease. However, the black trace (sample 7) shows a
change in slope, taking an ascending trend. This fact leaves the door open for further study
at higher frequencies to determine if, at a given frequency, the sample with the highest
concentration of CNT may not necessarily present the greatest attenuation.
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Figure 10. Comparison of ABS polymer samples with three different w%CNT concentrations.

It has been observed that to achieve higher levels of attenuation, it is necessary to
increase the concentration of CNT. However, this presents a challenge during the machining
process as the addition of CNT increases the viscosity of the composite. To address this
issue, two compounds have been developed with the addition of different reinforcements,
one based on CF and the other based on GF. These reinforcements provide rigidity to the
material, thereby improving its mechanical properties.

Figure 11 shows the shielding effectiveness provided by the CF reinforcement sample
comparing it with the GF reinforcement sample (samples 4 and 5, respectively) with a
3w%CNT. It can be observed that the CF sample exhibits considerably higher attenuation
compared to the GF sample when the same %w filler is introduced. Quantitatively com-
paring the results, for the selected reference frequency of 7.125 GHz, it can be observed
that the SE value of the CF sample is —60.03 dB. In contrast, the SE value obtained for the
GF sample is —14.24 dB, which significantly differs from the CF sample, even though the
weight percentage of CNT is the same for both samples. This is attributed to the nature
of the fiber reinforcements, as carbon fiber alone exhibits a certain level of shielding de-
pending on the fiber density due to the highly conductive nature of carbon fibers, whereas
fiberglass does not cause significant attenuation.

Figure 11. Carbon-fiber- and glass-fiber-reinforced polymers.
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Although GF does not provide a significant attenuation by itself, these two compounds
have been compared due to the fact that GF provides some advantages in terms of cost,
production, and machining. GF is generally more affordable because the materials used
to produce it are widely available. Additionally, the manufacturing of GF is simpler and
requires fewer processing steps. On the other hand, this type of reinforcement is easier
to manipulate and has a longer lifespan than CF reinforcement. Therefore, the type of
reinforcement chosen will depend on the final application of the composite and the required
level of attenuation.

Figure 12 shows the influence of the sample thickness in the measurement of the SE.
To achieve this, a CF reinforcement sample (sample 4) with a thickness of t = 2 mm and
3w%CNT filling is compared with two stacked sheets of the sample (sample 6). On the
other hand, the red trace shows the measurement result of the two overlapping sheets.
These observations suggest that the sample thickness significantly affects the shielding
capability of the material. Below the reference frequency, the behavior of the traces is
similar up to approximately 3.5 GHz, where the two traces diverge. It can be observed how
the CF sample (black trace) presents considerable attenuation, particularly from 4 GHz.
From this point up to 7.125 GHz, the black trace (sample 2) shows a linear behavior with a
slightly decreasing slope, whereas the red trace (sample 6) shows a more abrupt decrease
until the reference frequency, where it flattens out. Comparing the results for the selected
frequency of 7.125 GHz, it can be observed that the SE value of the single-layer CF sample
is —60.03 dB, whereas the SE value of the double-layer CF sample shows an increase of
21.29 dB, reaching a SE value of —81.32 dB. Moreover, it is noted that the red trace shows
an increase in slope starting at approximately 16 GHz. This phenomenon may be attributed
to multiple reflections that occur between the two sheets of material.

Figure 12. Carbon-fiber-reinforced polymers. Comparison of one sample (black trace) and two
superposed samples (red trace).

The following Table 5 provides a summary of the most representative results for each
of the seven samples in three different frequency ranges. This table shows the maximum
and minimum SE values in decibels.

The ability to detect these variations is essential for optimizing the performance of
shielding materials in a given application. By identifying the frequency ranges in which a
material provides the most significant attenuation in terms of attenuation, it is possible to
design more effective shielding systems. These results demonstrate how this method is
capable of detecting variations in the shielding performance of the material across different
frequency ranges.
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Table 5. Summary of the most representative results in three different frequency ranges.

Frequency Ranges

700 MHz to 6 GHz 6 GHz to 12 GHz 12 GHz to 18 GHz
Sample ID Min SE Max SE Min SE Max SE Min SE Max SE
(dB) (dB) (dB) (dB) (dB) (dB)
1 —0.12 —0.25 —0.21 —0.54 —0.43 —1.30
2 —21.87 —28.62 —24.28 —27.36 —27.17 —30.11
3 —24.16 —37.41 —37.41 —56.35 —51.81 —60.44
4 —34.92 —59.89 —59.78 —65.40 —63.56 —71.76
5 —14.25 —15.89 —14.19 —14.67 —14.60 —17.62
6 —34.78 —77.53 —77.23 —82.61 —68.19 —80.49
7 —36.24 —77.99 —77.99 —83.84 —69.58 —80.95

5. Conclusions

The proposed measurement methodology shows significant advantages, including
the simplicity of the sample machining, which means that very specific geometries or
tiny dimensions are not required. This method allows the measurement of samples with
low conductivity, contrary to the measurement method proposed in the ASTM D4935
standard. The sample insertion and removal process can be completed within a matter of
seconds, which supposes that a wide range of measurements can be made with reasonable
speed due to the easiness of the measurement procedure. The measured dynamic range is
approximately —100 dB, allowing us to analyze the samples developed in this study in the
frequency range where 5G technology operates.

On the other hand, EMI shielding effectiveness in the 700 MHz-18 GHz frequency
range has been studied. Two types of materials have been compared, depending on the
presence of fiber reinforcement. It has been observed the performance of the materials
studied in a wider frequency spectrum than specified by ASTM4935-18 standard and
controlling the surrounding effects by using the absorber box method.

Some of the samples analyzed have demonstrated to provide a significant attenuation.
For those composites based on a polymer matrix with different concentrations of CNT, a
value of —81.30 dB has been obtained for the frequency of 7.125 GHz for the 15w%CNT
composite, which is a very significant SE value considering the nature of these materials.
Whilst it is true that an increased volume fraction of filler may lead to a decrease in
the mechanical performance of the host matrix by means of deterioration of its inherent
morphology, it is necessary to incorporate a higher filler content in order to achieve higher
SE. It is desirable to employ CNT/polymer composites at low filler loadings to produce
cost-effective and versatile conductive composites.

The inclusion of a carbon fiber reinforcement has proven to be an effective strategy for
achieving significant attenuation in composite materials, providing higher attenuation than
the GF-reinforced composite with the same CNT concentration. This approach offers an
advantage over using a high percentage of filler, which may lead to undesirable mechanical
properties. This is due to the highly conductive nature of carbon fibers, which can effectively
attenuate electromagnetic radiation. Furthermore, using CF reinforcement can also provide
additional benefits such as increased stiffness and strength, as well as reduced weight.
This, in turn, makes these materials an excellent alternative to replace traditional shielding
materials.

It has to be highlighted that these types of characterizations are very relevant from
a technological and industrial point of view. Specifically, for those sectors related to 5G
technology, since the use of EMI shielding based on plastic materials has many advantages,
such as manufacturing cost reduction.
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5.2 Summary

The results presented in this chapter demonstrate that the Absorber Box method is a
reliable and flexible alternative for the shielding effectiveness characterization of structural
composite materials. Unlike coaxial or waveguide-based approaches, the configuration
enables testing of large and rigid samples that are representative of real-world application
formats. The ability to evaluate industrially produced laminates reinforces the applicability
of the method in realistic EMC scenarios. These findings motivate the further refinement
and validation of the Absorber Box setup, which is explored in the next chapter through
the development of a simulation model to analyze field behavior and benchmark
experimental results.

This work fulfills S.0.3 and S.0.4, by implementing and validating a non-standardized
measurement method and demonstrating its suitability for complex composite materials.
The robustness of the setup also supports its subsequent extension into numerical
modeling, which is addressed in Chapter 6.
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Chapter 6. Improved Absorber
Box Method with Simulation-Based
Validation

This chapter presents an enhanced version of the Absorber Box methoa,
supported by a finite element simulation moadel developed to analyze field
behavior and validate measurement results. The work involves the
characterization of shielding properties of advanced materials from Wiirth
Elektronik, exploring physical effects such as diffraction and cavity interactions
that influence shielaing performance, particularly at lower frequencies.
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Synopsis:

Accurate measurement of shielding effectiveness is critical for evaluating the
performance of materials designed to suppress electromagnetic interference in high-
frequency applications. However, conventional standardized methods often present
practical and technical limitations when applied to emerging shielding solutions.
Frequency constraints, sample geometry requirements, and the need for complex
facilities can hinder their application, especially in the characterization of novel materials
used in advanced sectors such as telecommunications, automotive electronics, and
aerospace systems.

This chapter presents the development, optimization, and validation of an enhanced
Absorber Box method for measuring shielding effectiveness. Unlike previous studies
focused solely on applying existing techniques, this work proposes a custom-built
measurement system, specifically designed to improve field uniformity, reduce diffraction
effects, and allow reliable characterization across a wide frequency range, from 700 MHz
to 18 GHz. The system features a fully enclosed metallic box with optimized absorber
placement and antenna configuration, enabling reproducible measurements without the
need for large anechoic chambers or precise sample machining.

To assess the behavior and limitations of the system, a complete simulation model was
implemented using the finite element method. This digital twin allowed the evaluation of
electromagnetic field distribution, the influence of sample size, and the optimization of
antenna positioning. The simulations were validated experimentally by comparing
measured transmission parameters and shielding effectiveness values for a range of
materials with different electromagnetic properties. The results showed strong agreement
between simulated and measured data, confirming the reliability of the model and the
robustness of the proposed setup.

The study also investigates the influence of sample size and edge diffraction on shielding
effectiveness measurements, showing that under certain conditions, geometric effects
can significantly distort the results. Based on this analysis, optimal sample dimensions
and frequency thresholds are established to ensure reliable characterization.

This contribution provides not only a functional and validated measurement methodology,
but also an in-depth theoretical and simulation understanding of its operating principles.
The method represents a flexible and precise alternative to conventional techniques and
is especially valuable for the evaluation of planar materials in research, development, and
pre-certification stages.
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Abstract
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1. Introduction

The characterization of electromagnetic shielding materials
has become a fundamental aspect of electromagnetic com-
patibility (EMC) research due to the growing complexity of
electronic systems and the increasing prevalence of high-
frequency electromagnetic interference (EMI) [1, 2].

The rapid expansion of 5G technology, which operates
across both the sub-6 GHz and millimeter-wave frequency
bands, has significantly heightened concerns about EMI, as
wireless communication, automotive radar, aerospace elec-
tronics, and industrial applications demand robust shielding
solutions [3, 4]. Effective electromagnetic shielding is crit-
ical for ensuring system reliability, reducing signal degrad-
ation, and preventing interference between components in
densely packed electronic environments. Given these chal-
lenges, accurate measurement techniques are essential for
evaluating the shielding effectiveness (SE) of materials, par-
ticularly at high frequencies where standard methods face sig-
nificant limitations [5].

Standardized methods for measuring SE, such as ASTM
D4935-18 and IEEE 299-2006, provide well-established
frameworks for evaluating electromagnetic shielding
performance [6, 7]. However, these methods present limit-
ations that can hinder their applicability in specific measure-
ment scenarios. The assumptions and conditions under which
these standards were originally developed may not always
align with the characteristics of emerging shielding materials
or novel application contexts.

As shielding technologies continue to evolve, these con-
straints highlight the need for alternative methodologies that
offer greater flexibility and adaptability to modern measure-
ment requirements.

One of the main constraints of ASTM D4935-18 is
its restricted frequency range, which is inherently limited
by the coaxial transmission line geometry to frequencies
below approximately 1.5 GHz. This frequency limit renders
ASTM DA4935-18 inadequate for assessing materials inten-
ded for millimeter-wave 5G systems, where adapted measure-
ment techniques are required to evaluate frequency-dependent
shielding materials [8]. Furthermore, this method needs pre-
cise circular sample geometries, typically of rigid or uni-
form composition, which are incompatible with flexible,
non-homogeneous, or nanostructured materials frequently
encountered in novel EMI shielding solutions.

On the other hand, IEEE 299-2006 offers broader frequency
coverage through free-space measurement techniques, but its
implementation introduces significant practical challenges.
The method requires large planar samples or shielding enclos-
ures and typically requires specialized anechoic chambers,
limiting its accessibility for researchers without such infra-
structure. Moreover, although sometimes applied to individual
material samples, this standard is primarily intended to evalu-
ate complete shielding enclosures, reducing its suitability for
early-stage material screening or miniaturized applications.

In both cases, traditional techniques often face limita-
tions when dealing with specific sample geometries, especially

when these are difficult to implement with certain materi-
als, due to limited material availability or budget constraints,
which are common in developing advanced shielding materi-
als. All these factors underscore the need for compact, cost-
effective, and versatile alternatives, such as the improved
Absorber Box methodology proposed in this study, which
maintains measurement accuracy while adapting to research
aligned with current industrial realities.

Many modern materials, such as nanocomposites, flexible
shielding films, and metamaterials, do not conform to the strict
geometrical and dimensional requirements imposed by the
standards. These materials often exhibit non-uniform com-
positions, unconventional thicknesses, or structural charac-
teristics that hinder their compatibility with traditional test-
ing setups [9—11]. In response, alternative SE measurement
techniques have emerged, offering more flexible and adapt-
able approaches that accommodate a wider variety of mater-
ial configurations [12]. These alternatives enable the accurate
characterization of novel shielding solutions while address-
ing the geometric and environmental constraints that standard
methods may impose [13-16].

Among these emerging approaches, Absorber Box-based
methodologies have proven to be a promising alternative for
SE measurement [17]. By providing a controlled electromag-
netic environment, Absorber Box effectively reduces external
interferences, minimizes environmental variability, and offers
greater flexibility in sample preparation. These characterist-
ics make them particularly well-suited for evaluating shielding
materials across a broad frequency spectrum while maintain-
ing measurement reliability and reproducibility [16, 18, 19].
These systems are particularly advantageous when character-
izing materials in the gigahertz frequency range, where con-
ventional techniques struggle with precision due to their inher-
ent design limitations.

However, despite their advantages, traditional Absorber
Box methods present certain limitations. One of the most sig-
nificant challenges encountered in these setups is the edge dif-
fraction effect, a phenomenon that occurs when electromag-
netic waves interact with the boundaries of the sample of the
material under test (MUT), leading to diffraction, scattering,
and potential leakage of energy [20, 21]. The impact of this
effect depends on factors such as the wavelength of the incid-
ent wave, the size and shape of the sample, and the configur-
ation of the Absorber Box. At frequencies where wavelengths
become comparable to the sample dimensions, edge diffrac-
tion effects can introduce measurement inaccuracies, leading
to over or underestimation of its shielding performance.

This study presents a comprehensive study of an enhanced
Absorber Box methodology incorporating modifications
designed to improve measurement accuracy and optimize
key parameters, such as antenna distance and sample size, to
minimize diffraction effects. By refining the sample holder
configuration and ensuring a more uniform electromagnetic
field distribution within the measurement cavity, this approach
enhances the precision of SE evaluations over a broader
frequency spectrum. Additionally, it extends the measure-
ment capabilities beyond 1.5 GHz, addressing high-frequency
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requirements for emerging EMI shielding applications. The
system features a custom-fabricated, fully enclosed metallic
structure without structural slots or seams, eliminating leak-
age paths and improving field confinement. Internally, mul-
tilayer microwave absorbers are placed to suppress internal
reflections and stabilize wave propagation. The design also
allows modular and reproducible antenna placement, sup-
porting consistent measurement geometry without physical
modifications. These improvements directly address the main
limitations of standardized methods such as ASTM D4935-
18, which is restricted in frequency and geometry, and IEEE
299-2006, which requires large anechoic chambers and full
enclosure testing. To validate the proposed approach, ANSYS
HFSS, a widely used 3D finite element method (FEM) analysis
tool, is employed to create a digital twin of the measurement
system, enabling predictive analysis and iterative optimiza-
tion. Numerical simulations provide a detailed assessment
of electromagnetic wave interactions with shielding materi-
als, facilitating the identification of potential sources of error
before experimental testing. By comparing simulated results
with experimental data, this study ensures measurement accur-
acy and reliability while refining key system parameters for
enhanced precision.

The manuscript is structured as follows: first, the experi-
mental methodology is described, detailing the modifications
introduced to enhance measurement accuracy and minimize
the edge diffraction effect. Next, the simulation framework
developed using FEM analysis is outlined, illustrating how
computational modeling is used to refine the measurement
setup and predict shielding behavior. Subsequently, experi-
mental results are presented and compared with simulation
predictions, demonstrating the effectiveness of the proposed
method in characterizing high-frequency shielding materials.
Finally, the conclusions summarize the key findings of the
study, emphasizing the broader implications of the enhanced
measurement approach in the field of electromagnetic shield-
ing, highlighting, the capability of the absorber-based system
to measure materials with different SE levels and differentiate
them with precision and reliability.

2. Measurement method

Ensuring accurate and reproducible evaluation of SE requires a
well-defined measurement setup that minimizes external inter-
ferences and maintains consistency across experiments. This
study employs a structured enclosure to achieve these object-
ives, providing a controlled environment for electromagnetic
characterization.

The measurement system is enclosed within a 50
x 50 x 50 cm metal enclosure. This design provides flexib-
ility in experimental configurations, allowing for precise con-
trol over the distance between antennas and accommodating
larger samples. The cubic geometry ensures a directional elec-
tromagnetic field distribution within the cavity, minimizing
measurement inconsistencies that may arise from asymmetric
boundary conditions. Furthermore, the enclosure’s dimensions
enhance the system’s versatility, enabling compatibility with a

VNA

ABSORBER BOX

Figure 1. Schematic of the Absorber Box measurement setup.

broader range of materials and facilitating more comprehens-
ive evaluations of SE. These design considerations contribute
to a controlled and reproducible measurement environment,
improving accuracy in electromagnetic characterization.

2.1. Evaluation of the new approach: Absorber Box method

This study proposes a substantial improvement over the pre-
vious design of the measurement box by modifying its dimen-
sions to 50 x 50 x 50 cm. In conventional designs, the
presence of slots in the structure of the box can generate
slot-antenna effects, leading to electromagnetic field leakage
and affecting measurement accuracy [22]. In the current ver-
sion, the enclosure was fabricated by a specialized metal-
working company using folded aluminum panels with welded
edges, resulting in a continuous metallic surface with no struc-
tural slots. A single SMA port was included for the receiv-
ing antenna cable, carefully sized to minimize leakage. This
optimization of the cavity dimensions promotes a more homo-
geneous distribution of the electromagnetic field inside, allow-
ing for directional signal propagation and reducing unwanted
reflections that could affect the measurement.

The measurement procedure is carried out using a 26.5 GHz
Keysight P9375A vector network analyzer (VNA). For the
experimental setup shown in figure 1, port 1 of the VNA is
connected to the transmitting antenna, located outside the box.
The receiving antenna, positioned inside the cavity, is con-
nected to a coaxial cable with an SMA connector that passes
through the box via a drilled hole, establishing the connection
with port 2 of the VNA. This configuration enables accurate
characterization of the samples, ensuring reliable and repro-
ducible measurements.

Multilayer foam absorbent materials with a thickness of
25 mm and dimensions of 50 x 50 cm have been used to
minimize internal reflections and ensure that electromagnetic
waves are properly attenuated within the box. These absorbers,
based on carbon-loaded polyurethane foam (TFAL-Series),
are laminated to produce a graded conductivity profile suitable
for broadband operation [23]. They have been cut and arranged
to match the geometry of the receiving antenna. Additionally,
by adjusting the number of absorber layers placed inside
the cavity, the effective distance between the antennas can
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be modified, allowing different configurations to be studied
without altering the physical structure of the box.

Subsequently, the SE (dB) of the sample is calculated
according to equation (1):

SE (dB) = S21gumple — S21er (1)

where S21 .. is the transmission parameter of the air measured
between the two antennas without any sample, and S21umpre is
the transmission parameter of the sample placed between the
antennas.

Thanks to this optimized design, the proposed system
enables accurate measurements while avoiding errors caused
by signal dispersion or external interference. One of its key
advantages is that it eliminates the need for an anechoic cham-
ber, allowing measurements to be performed in a compact
space without requiring large-scale setups. Additionally, this
system does not necessitate large material samples, as meas-
urements can be conducted with samples only a few centi-
meters in size. This is particularly beneficial for evaluating
expensive or difficult-to-manufacture materials, where min-
imizing sample size in testing stages is essential for cost effi-
ciency and practicality. The reduced space requirements and
the simplicity of the experimental configuration also contrib-
ute to a lower overall measurement cost, as the setup can
be deployed in standard laboratory environments without the
need for specialized infrastructure. Compared to traditional
methods, the enhanced Absorber Box offers a portable and
accessible alternative that enables rapid and repeatable eval-
uations, making it suitable for iterative testing, early-stage
material screening, or comparative studies across a wide fre-
quency range.

This approach represents a significant advancement in the
characterization of materials and electromagnetic devices,
providing a robust and reproducible method for evaluating
electromagnetic properties in a controlled measurement envir-
onment. Furthermore, this system allows easy and efficient
sample measurement, facilitating its use in various research
and development applications.

The final experimental system is shown in figure 2, where
the emitting horn antenna is situated above a MUT and con-
nected to the VNA equipment.

2.2. Characterization of the Absorber Box method

To ensure the reliability and reproducibility of the measure-
ments in the experimental system, preliminary tests of the Sy,
parameter in air were carried out by varying the separation
between the transmitting and receiving antenna. Distances of
5cm, 10 cm, 15 cm and 22 cm were tested, the results of which
are presented in figure 3.

The analysis of the data obtained reveals that there is a rela-
tionship between the transmission coefficient S, and the dis-
tance between the antennas following a behavior that, under
far-field conditions, is described by the Friis transmission
equation [24]:

)\ 2
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Figure 2. Configuration of the real experimental system: Absorber

Box.
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Figure 3. Air S»; parameter between the antennas varying the
distance.
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where P; represents the received power, P; is the transmit-
ted power, A is the wavelength, d is the separation between
antennas, and G, and G, are the gains of the transmitting
and receiving antennas, respectively. This equation highlights
the inverse square dependence of received power on distance,
which explains the observed attenuation trend in the experi-
mental data.

However, in our case, the antenna separations place the sys-
tem in a regime where the far-field condition, typically defined
as d > 2D?/), is not satisfied, preventing the direct applica-
tion of the Friis equation, which assumes far-field propaga-
tion. Nevertheless, while near-field effects such as reflections
and diffraction could introduce additional complexities, these
are mitigated by the absorbers used inside the cavity and the
sample size, an aspect that is analyzed in detail later in this
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work. The use of absorbing materials within the cavity rep-
resents a controlled environment, minimizing reflected waves
and multipath propagation, which could otherwise affect the
near-field measurement accuracy.

Therefore, since the theoretical model cannot be directly
applied in this case, we adopt a balanced approach that com-
bines experimental reference measurements and numerical
simulations. Specifically, we use the S»; measurement of the
air between the two antennas as an experimental reference,
which serves as a baseline for comparison. Additionally, a
simulation model of the system will be developed in ANSYS
HFESS to validate the measurement setup and ensure consist-
ency between experimental results and theoretical expecta-
tions within the considered distance regime.

As shown in figure 3, the measured S, parameter decreases
as the antenna separation increases, following the theor-
etical free-space path loss model. Notably, the attenuation
becomes more pronounced for distances greater than 10 cm,
particularly at frequencies above 6 GHz, where the signal
reduction is significant. This behavior is consistent with the
wavelength dependence, as higher frequencies correspond to
shorter wavelengths, leading to increased propagation losses.
Additionally, at larger distances, diffraction effects and mul-
tipath interference become more relevant, causing fluctu-
ations in the received signal and compromising measurement
stability.

Based on these results, a distance of 5 cm was established
as the optimum condition for the measurements in this study.
This configuration provides an adequate balance between effi-
ciency in signal transmission and reduction of external disturb-
ances, thus minimizing the introduction of systematic errors
in the characterization of the samples. In this way, a con-
trolled and reproducible experimental framework is guaran-
teed, which allows for obtaining reliable and representative
results in analyzing the S,; parameter.

Once the optimal measurement distance was established,
an analysis was conducted to evaluate the influence of sample
size on SE. For this purpose, copper foil (EMC shielding tape)
with a thickness of 0.04 mm was used, varying its dimensions
as shown in figure 4. This analysis aims to determine how dif-
ferent sample sizes affect the measured attenuation across the
frequency range, ensuring that the SE characterization remains
consistent and reliable.

The results obtained from the measurement of samples of
different copper foil sizes with the Absorber Box measure-
ment method are presented in figure 5. The results reveal a
clear dependence of the SE on the dimensions of the sample.
Specifically, larger samples show higher attenuation levels
across the entire frequency range, with values below —40 dB,
even the largest samples showing attenuations below —80 dB.
In contrast, as the sample size decreases, the SE performance
is quite affected, decreasing to values of —10 dB for the smal-
lest sample of 12 x 12 cm. This trend is particularly evident at
lower frequencies, where the differences in SE become more
pronounced.

One of the main factors influencing electromagnetic shield-
ing measurements is the edge diffraction effect. In this phe-
nomenon, an incident wave interacts with the boundaries of a

Figure 4. Copper foil (EMC shielding tape) samples of various
dimensions.
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Figure 5. SE of the copper foil, varying the sample size.

conductive sample, leading to energy leakage beyond the geo-
metric shadow region. When an electromagnetic wave encoun-
ters a discontinuity, such as the sharp edges of a conductive
sheet, part of the energy is scattered in different directions,
contributing to diffraction losses. The extent of diffraction
depends on the relationship between the sample size (L) and
the wavelength (\):

1. If L > A: the diffraction effect is less significant.
2. If L < A: the diffraction effect is more significant.

In our specific case, the frequency range spans from
700 MHz to 18 GHz, corresponding to wavelengths ranging
from approximately 42.8 cm (at 700 MHz) to 1.67 cm (at
18 GHz). Since the sample dimensions in our setup are on the
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order of tens of centimeters, diffraction effects are more pro-
nounced at lower frequencies where L < A, leading to sig-
nificant energy leakage beyond the geometric shadow region.
As the frequency increases (L > \), the diffraction effect
becomes less significant, improving measurement accuracy.
This behavior underscores the need for an optimized measure-
ment configuration to mitigate diffraction-related errors, par-
ticularly in the lower-frequency range.

From an analytical perspective, the diffraction coefficient
Dyrp quantifies the fraction of the electromagnetic wave that
bends around the edges of a conducting sheet. This coefficient
is derived from the uniform theory of diffraction (UTD), which
extends the geometrical theory of diffraction to provide a more
accurate description of wave propagation near discontinuities.

The diffraction coefficient is expressed as:

e'T sin % T 60—« -1
D= —h. COS — — COS
n(2mk) ' “sinf n n
P —1
¢<cosz —cos m) } “4)
n n

where k = 2%/

-+ is the wavenumber, n = Z is the wedge para-
meter determined by the internal angle «, 6 represents the
incident wave angle, and (3 is the diffraction angle [25-27].

In the specific case of the experimental setup considered,
where the incident wave is normal to the sample (0 = 0°),
the diffraction wave propagates perpendicularly to the plane
(B =90°), and the distance between the antennas and the sheet
is small compared to the sample size (r; = r, < L), the dif-
fraction effect is primarily governed by the sample dimensions
rather than the distance between the antennas [28]. Under these
conditions, the diffraction coefficient simplifies to:

—jm
T

e
Dyrp = TV )

This expression reveals two fundamental characteristics of
the diffraction process. First, as the size of the sheet increases,
the diffraction effect diminishes since a larger sheet obstructs
wave propagation more effectively, reducing the amount
of energy diffracted beyond the geometric shadow region.
Second, at lower frequencies, diffraction losses become more
pronounced as longer wavelengths interact more significantly
with obstacles and tend to bend around edges more easily.
Consequently, at higher frequencies, the diffraction effect is
less significant, which increases the shielding performance of
the sample. This relationship underscores the importance of
considering diffraction effects when evaluating SE, particu-
larly for finite-sized samples, as they can introduce measure-
ment uncertainties that may lead to overestimating transmis-
sion losses if not properly accounted for.

From an experimental standpoint, as illustrated in figure 5,
edge diffraction effects significantly influence the SE of the
samples. In smaller samples, the interaction between the
incident electromagnetic waves and the sample boundar-
ies enhances diffraction, increasing wave leakage and con-
sequently reducing the overall shielding performance. This

effect is particularly noticeable at lower frequencies, where
the wavelength is comparable to the characteristic dimensions
of the sample, leading to a greater contribution of diffracted
energy to the transmitted field. A key observation is that the SE
curves for the 50 x 50 cm and 30 x 30 cm samples converge
in the 7-8 GHz frequency range, indicating that diffraction
effects become negligible beyond a specific sample size and
shielding performance stabilizes. In this range, the wavelength
becomes small compared to the sample size, reducing the rel-
ative influence of edge diffraction. In this frequency band, the
shielding behavior stabilizes, and the attenuation is mainly
governed by the material’s intrinsic properties, rather than by
geometric constraints. This suggests that increasing the sample
size beyond this point does not significantly enhance SE, as
the measured attenuation is primarily governed by the intrinsic
properties of the material rather than by geometric constraints.
Furthermore, larger samples exhibit a smoother attenuation
trend across the frequency range, whereas smaller samples
present more pronounced variations. This indicates that edge
diffraction not only reduces SE but also introduces fluctu-
ations in the measured values. These variations may affect the
accuracy of the characterization, underscoring the importance
of selecting an appropriate sample size to obtain reliable and
reproducible results.

These findings highlight the necessity of optimizing sample
dimensions to achieve meaningful SE measurements. The
sample size should be large enough to minimize diffraction-
related losses while ensuring that the measured SE corres-
ponds to the material’s inherent behavior. To achieve repres-
entative results, it is advisable to use sample dimensions larger
than the dominant wavelengths within the analyzed frequency
range. This minimizes edge diffraction effects and ensures a
more accurate evaluation of the shielding performance.

Based on these results, it is concluded that, for this system,
the optimal sample size corresponds to the maximum cavity
dimensions, 50 x 50 cm. However, due to practical limitations
related to the standard dimensions of commercially available
materials, 30 x 30 cm samples will be used in this study. Given
that the SE traces for 30 x 30 cm and 50 x 50 cm converge at
7-8 GHz, these frequencies will be considered as the threshold
above which diffraction effects no longer influence the SE val-
ues. By focusing the analysis on frequencies above this limit,
a more precise characterization of the SE can be achieved,
ensuring that the measured values reflect the intrinsic proper-
ties of the material rather than being affected by edge-related
phenomena.

3. Simulation model definition

In this study, a FEM simulation model was developed to val-
idate the behavior of the real system. The primary objective of
the model is to serve as a ‘digital twin’ of the physical setup,
allowing for a detailed analysis of the system’s performance
under various conditions. By recreating the real-world config-
uration as accurately as possible, this model allows for detailed
simulations that predict the system’s behavior and assist in
optimizing its design.
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Figure 6. 3D model of the Absorber Box method with a sample
under test.

The FEM simulation is created using the software ANSYS
HFSS Electronics Desktop. The experimental measurement
setup has been replicated to assess the scattering parameter Sy;
of the developed system. To accurately simulate the full-scale
system, broadband antennas were carefully designed and val-
idated to replicate the performance of real antennas within the
frequency range of 0.7-18 GHz. These antennas are excited
using wave ports to ensure precise electromagnetic field excit-
ation. The mesh density was optimized in both the anten-
nas and the sample under test to achieve reliable and con-
vergent simulation results. Additionally, the electromagnetic
properties of the microwave-absorbing material used to line
the interior of the enclosure were obtained directly from the
manufacturer, ensuring accurate modeling of wave absorp-
tion characteristics. The enclosure walls were modeled using
perfect electric conductor boundary conditions, while imped-
ance boundaries were applied to the absorbers based on their
frequency-dependent electromagnetic properties. Radiation
boundaries were also included in selected regions to minimize
reflections and simulate open-field propagation. The proposed
system of the simulation model is shown in figure 6:

To validate the accuracy of the simulation model, a com-
parative approach was implemented using theoretical SE cal-
culations. Instead of relying solely on experimental data, ref-
erence values were generated using analytical models based
on well-established electromagnetic shielding theory [29, 30].
This approach assesses whether the simulation model can reli-
ably reproduce theoretical predictions.

The validation process involved defining hypothetical
materials with known values of permittivity (e,), permeabil-
ity (), and conductivity (o).

The SE for these materials was initially computed using
analytical formulas, considering both reflection loss (SEg) and
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Figure 7. Simulation model of the Absorber Box method.

absorption loss (SEa) [31],

Zn+
SEg = 20log 4sz0 ‘ ()
T = | LE )
o+ jwe
SE, = 8.686ad (8)
a =R, (Vi (o +jwe)) ©

where Z, is the impedance of free space, typically 377 0, Z,,
is the intrinsic impedance of the material, « is the attenuation
constant and d is the thickness of the shielding material.

The total SE can be expressed as:

SEotal = SER + SEx. (10)

The developed simulation model for the SE analysis of the
Absorber Box method is shown in figure 7:

After obtaining theoretical SE values, the same mater-
ial parameters were implemented in the simulation environ-
ment, ensuring that boundary conditions and material proper-
ties were consistent with the analytical model. As established
in previous sections, the simulations were conducted using
30 x 30 cm samples, based on the conclusions drawn earlier
regarding optimal sample dimensions.

Figure 8 illustrates the general trend of SE values between
the two approaches: theoretical and simulated. The trends are
well-aligned, particularly at mid-frequencies and the minor
deviations observed at higher frequencies suggest potential
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Figure 8. Comparison of theoretical and simulated S»; parameters for materials with different conductivities.

Table 1. Comparison of the theoretical and simulated values of the hypothetical materials.

Theoretical Simulated Theoretical Simulated
D value @1 GHz value @1 GHz value @10 GHz value @10 GHz
01 -34.17 dB -22.34 dB -24.33 dB -22.11dB
02 -44.32 dB -41.51dB -40.92 dB -40.27 dB

numerical approximations or limitations in wave interac-
tions within the simulation environment. The discrepancies
between theoretical and simulated SE values become more
pronounced at lower frequencies, particularly below 7-8 GHz.
This effect can be attributed to the findings presented in
figure 5, which demonstrate that the SE of smaller samples
is significantly affected by diffraction effects in this frequency
range. Additionally, the simulation model has intrinsic limit-
ations that become more evident at lower frequencies, where
the cavity dimensions influence the accuracy of the computed
SE values.

The results of the simulations are compared with the theor-
etical calculations to evaluate their agreement in table 1.

The results confirm that the simulation model can replicate
the shielding behavior predicted by theoretical models, par-
ticularly at mid and high frequencies, where both approaches
exhibit great agreement. At lower frequencies, the simulated
SE values tend to underestimate the theoretical predictions.
Despite these differences, the overall correlation between the-
oretical and simulated values supports the reliability of the
simulation model. It is worth noting that the strong agreement
observed at higher frequencies, where the wavelength is com-
parable to or smaller than the structural features of the sys-
tem, validates the accuracy of the simulation geometry, mater-
ial modeling and boundary conditions. This consistency con-
firms that the digital twin developed using FEM can be used
not only to interpret experimental results, but also to optim-
ize the design of future measurement setups and to pre-assess
the performance of new materials under similar conditions.
Therefore, the simulation model serves as a robust predictive

tool, extending the applicability of the Absorber Box method-
ology to a wider range of configurations and frequency bands.

4. Results and discussion

This section presents the results of the transmission and SE
assessment, along with the analysis of the electric field distri-
bution in the tested materials. Initially, the measurement sys-
tem and numerical model are validated through a compar-
ative analysis of the Sy; scattering parameter in free space.
Subsequently, the SE of various materials is quantified to
establish their attenuation characteristics.

Furthermore, the E-field distribution is analyzed to provide
deeper insight into the interaction between electromagnetic
waves and the shielding materials. This evaluation enables the
identification of localized variations in field intensity, offering
a more comprehensive understanding of attenuation efficiency
and shielding performance across different materials.

4.1. Transmission and SE results

The first step in validating the system involved analyzing the
accuracy of the reference measurement (S21,;), which serves
as a baseline for comparison with the tested materials. This
measurement is crucial, as a considerable discrepancy between
the experimental and simulated values in the absence of a
sample could indicate errors in the system setup or equipment
calibration. The comparison of S21,; presented in figure 9
exhibited a strong correlation between the simulation model
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Figure 9. Comparison of the S»; parameter of the air obtained by
FEM simulation and experimentally measured.

and the experimental data, with both following similar trends
and closely matching the measured traces across the analyzed
frequency range.

While a significant agreement is observed, some differ-
ences between the simulation and experimental results are
expected due to the inherent complexity of accurately replic-
ating all elements of the physical setup in a numerical model.
To further investigate these variations and enhance the under-
standing of the measurement system, a more detailed analysis
is conducted using an alternative material.

Figure 10 presents a comparative analysis of two graphs:
the first illustrates the measured S; parameter for a dielectric
material (6 = 0, u ~ 1 and € ~ 19). In contrast, the second
depicts the SE, calculated as the difference between the mater-
ial’s S»>; measurement and the air reference. It is observed that
the agreement between measured and simulated traces is less
pronounced in the S; graph (figure 10(a)), primarily due to
approximations in the simulation model. These discrepancies
stem from the inherent tolerances in the characterization of the
absorber material, as well as the complexity associated with
accurately replicating the antenna model, particularly in terms
of radiation pattern and gain. However, when the air reference
is subtracted (figure 10(b)), the resulting SE traces exhibit a
significantly improved correspondence between measured and
simulated data. Given that SE is the key parameter for evaluat-
ing electromagnetic shielding performance, the strong agree-
ment in the SE graph provides validation for the accuracy and
reliability of the simulation model across the analyzed fre-
quency range.

In figure 10(a), the agreement between simulation and
experiment is strongest below 4 GHz, with the traces closely
matching, particularly at 2.7 GHz, where both take a value of
—10.23 dB. However, as frequency increases, the measured
transmission tends to be lower than the simulated data, with
the most significant discrepancies occurring above 12 GHz.
The largest error is found at the 18 GHz frequency, where
the difference between the measured and simulated traces is

—Dielectric material simulated
0 — Dielectric material measured
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Figure 10. Comparison of the measurements of a dielectric material
obtained by FEM simulation and experimentally measured. (a) Sz
(dB); (b) SE (dB).

—10.8 dB, primarily attributed to variations in the dielec-
tric properties of the real sample, additional losses introduced
by the experimental setup, or simplifications in the antenna
radiation pattern and cable transitions not fully captured in
the model. On the other hand, in figure 10(b), the agreement
between the two traces is more pronounced at lower frequen-
cies, particularly below 4 GHz. In this case, the largest error is
found at the 11.1 GHz frequency, being 2.5 dB, likely associ-
ated with residual cavity effects or small imperfections in the
absorber performance at higher frequencies.

After confirming the agreement between simulated and
experimental results, measurements were conducted on a set of
selected materials with different attenuation levels (figure 11).
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Table 2. Sample description.

Sample ID Description Dimensions (mm)
Composite material Glass fiber reinforced composite with 3%wt of 30 x 30 x 21
carbon nanotubes

Dielectric material High-performance dielectric material 30 x 30 x 6.0
Shielding textile Conductive shielding fabric 30 x 30 x 0.1
Absorber sheet 01 Flexible electromagnetic absorber sheet 30 x 30 x 1.0
Absorber sheet 02 Flexible electromagnetic absorber sheet 30 x 30 x 2.0
Thermal-shielding material 01 Thermally and electromagnetic shielding material 30 x 30 x 1.0
Thermal-shielding material 02 Thermally and electromagnetic shielding material 30 x 30 x 3.0
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Figure 11. Experimental SE results for the different samples,
measured using the Absorber Box method.

The materials were chosen to represent a wide range of SE,
from low to high attenuation, ensuring a comprehensive eval-
uation of the Absorber Box measurement system under vari-
ous shielding conditions. The analyzed samples included a
glass fiber-reinforced composite with 3%wt carbon nanotubes,
a high-performance dielectric material, a conductive shield-
ing fabric, a flexible electromagnetic absorber sheet in two
different thicknesses, and a thermally and electromagnetic-
ally shielding material, also tested in two thicknesses. Each
of these materials exhibits distinct electromagnetic proper-
ties and various levels of attenuation. All of the samples are
described in table 2.

The glass fiber-reinforced composite with 3%wt carbon
nanotubes is expected to provide moderate attenuation, as the
conductive fillers within the insulating matrix contribute to
partial electromagnetic wave absorption and reflection. The
high-performance dielectric material, being non-conductive,
is anticipated to exhibit minimal SE, primarily affecting wave
propagation rather than absorption or reflection. The flex-
ible electromagnetic absorber sheets, tested in two differ-
ent thicknesses, are specifically engineered for absorption,
with greater attenuation expected for the thicker variant.
Similarly, the thermal-electromagnetic shielding materials,
also evaluated in two thicknesses, combine thermal insulation

with electromagnetic shielding, with the thicker sample expec-
ted to provide enhanced attenuation. The conductive shield-
ing fabric is designed for lightweight EMI protection, offering
higher attenuation than the other materials due to its conduct-
ive nature. By analyzing these materials, this study aims to
evaluate the Absorber Box’s ability to differentiate between
varying shielding capabilities and validate its performance
across a diverse set of shielding materials.

Experimental results indicated that materials with higher
conductivity exhibited significantly greater SE values, with
attenuation levels exceeding —50 dB across the measured fre-
quency range. In contrast, materials with lower conductivity
provided a more moderate or negligible reduction in EMI. The
most notable trend is observed in the shielding textile, which
consistently maintains the highest attenuation, with SE values
below —50 dB across the entire frequency range, confirming
its efficiency as an EMI shielding material primarily due to
strong reflection mechanisms.

The glass fiber-reinforced composite with 3%wt carbon
nanotubes shows a gradual decrease in SE with increasing fre-
quency, ranging from approximately —10 dB at low frequen-
cies to nearly —30 dB at higher frequencies. This suggests
that while the presence of carbon nanotubes enhances shield-
ing performance, the material does not act as a perfect bar-
rier, likely due to its composite structure and partial conduct-
ivity. In contrast, the dielectric material demonstrates negli-
gible SE, remaining close to O dB in the low frequency range,
reinforcing its expected role in wave propagation rather than
attenuation.

A frequency-dependent behavior is evident in the flex-
ible electromagnetic absorber sheets, where Absorber Sheet
02 (thicker variant) outperforms Absorber Sheet 01, par-
ticularly above 8 GHz, where their SE values diverge
more significantly. This suggests that absorption mechan-
isms in these materials become more effective at higher fre-
quencies. A similar frequency-dependent trend is observed
in the thermal-electromagnetic shielding materials, where
Thermal-Shielding 02 exhibits slightly higher attenuation than
Thermal-Shielding 01, particularly in the mid-frequency range
(6-12 GHz). However, both thermal shielding materials show
less attenuation compared to the absorber sheets, indicat-
ing a combined but less dominant shielding mechanism. An
interesting behavior is seen in the composite material and
thermal-shielding traces, which show a clear dip in attenuation
around 8-12 GHz, suggesting possible resonance effects or
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Table 3. SE values of the different samples.

Sample ID SE value @1 GHz SE value @10 GHz
Composite material —18.51dB —14.19dB
Dielectric material —0.31dB —4.92dB
Shielding textile —49.10 dB —50.23 dB
Absorber sheet 01 —6.74 dB —20.26 dB
Absorber sheet 02 —13.29dB —33.67dB
Thermal-shielding material 01 —0.71dB —8.51dB
Thermal-shielding material 02 —3.81dB —17.39dB

frequency-dependent interactions within their structures. In
contrast, the shielding textile remains nearly constant, suggest-
ing a broadband shielding response with minimal frequency-
dependent variations.

Table 3 summarizes the shielding effectiveness values of all
tested materials at 1 GHz and 10 GHz.

Overall, these results emphasize the strong reflective
shielding capabilities of conductive textiles, the frequency-
dependent nature of absorbers, and the limitations of dielec-
tric and composite materials in providing significant shield-
ing. The findings highlight the importance of selecting shield-
ing materials based on the specific frequency range and
required attenuation levels for EMI protection applications.
Furthermore, the absorber-based measurement system demon-
strates high resolution in distinguishing SE variations across
different materials and frequency ranges. Its ability to pre-
cisely discern differences in attenuation mechanisms rein-
forces its reliability for comprehensive SE characterization in
diverse shielding applications.

4.2. Electric field distribution results

To further validate the accuracy of the measurement system,
simulations were performed to analyze the distribution of the
electric field within the Absorber Box method. These simula-
tions provide a detailed analysis of the wave propagation beha-
vior, allowing for a better understanding of how electromag-
netic waves interact with the system components, including
the antennas, the absorbing materials, and the samples.
Figure 12 pretends to evaluate the impact of the absorbing
material on minimizing the influence of unwanted effects in
the characterization of SE in the AIR reference measurement.
A comparison of the E-field distribution in AIR is presen-
ted, with and without the presence of the absorbing mater-
ial, at a frequency of 10 GHz. This frequency has been selec-
ted as a reference throughout the study to maintain consist-
ency with previous results. Figure 12(a) illustrates the ref-
erence measurement without the absorbing material. In this
setup, significant variability is observed due to reflections and
disturbances caused by the environment and the measurement
system configuration. These unwanted interferences affect the
accuracy of the measurement and can introduce inconsist-
encies in SE characterization, leading to unreliable results.
In contrast, figure 12(b) shows the reference measurement
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Figure 12. Analysis of the E-field distribution in dB. (a) The
reference AIR measurement without the absorbing material; (b) the
reference AIR measurement with the absorbing material.
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Figure 13. Analysis of the E-field distribution. (a) The 12 x 12 cm
MUT; (b) the 30 x 30 cm MUT.

of air with the absorbing material placed inside the cavity.
The absorbing material creates a controlled electromagnetic
propagation channel, significantly reducing unwanted effects
associated with antenna interference. The presence of the
absorbing material minimizes signal distortions and effect-
ively mitigates environmental reflections, leading to a more
stable and accurate measurement of the SE baseline.

These results justify the use of the absorbing material in the
measurement system, as its inclusion enables a more precise
evaluation of the material’s effect on electromagnetic radiation
attenuation, thereby ensuring a controlled and repeatable test-
ing environment.

On the other hand, figure 13 investigates the influence of
sample size on SE characterization by comparing two samples

of the previously mentioned material 02, with dimensions
of 12 x 12 cm and 30 x 30 cm, respectively. This com-
parison allows for a clearer understanding of how the size
of the sample affects the transmission of electromagnetic.
Figure 13(a) depicts the field distribution for the 12 x 12 cm
sample. In this case, the electromagnetic field manages to leak
into the receiving antenna due to pronounced edge diffraction
effects. This phenomenon results in a decrease in the meas-
ured attenuation, leading to an underestimation of the mater-
ial’s SE. The relatively small sample size allows a considerable
portion of the incident field to bypass the material, reducing
its apparent shielding performance. By contrast, figure 13(b)
presents the field distribution for the 30 x 30 cm sample. With
the increased sample size, the unwanted transmission through
the edges is significantly reduced, ensuring a more accurate
evaluation of the material. The larger sample better confines
the electromagnetic field, minimizing diffraction effects and
yielding a more representative measurement of the SE.

These findings align with the results presented in figure 5,
which demonstrate the impact of sample size on SE meas-
urements. As the sample size increases, edge diffraction
decreases, leading to a more accurate representation of the
material’s intrinsic electromagnetic behavior. This analysis
confirms the necessity of using appropriately sized samples
to ensure reliable SE measurements and to minimize errors
caused by geometric effects unrelated to the material’s inher-
ent shielding properties.

5. Conclusions

This study validated the accuracy and effectiveness of an
enhanced Absorber Box method for measuring SE in elec-
tromagnetic applications. Through a combined approach of
experimental, theoretical and simulation analysis, the pro-
posed system demonstrated reliable measurements across a
broad frequency range, addressing several limitations of exist-
ing standardized methods. The experimental and simulated
results exhibited strong overall agreement, supporting the reli-
ability of the proposed model. However, minor discrepancies
were identified in specific spectral regions that can be attrib-
uted to the interaction between sample geometry and the elec-
tromagnetic field distribution within the Absorber Box, as well
as localized interference and resonance effects.

A key finding of this study was the significant influence of
sample size on SE measurements. It was observed that smal-
ler samples exhibited stronger edge ditfraction effects, which
could lead to an underestimation of the material’s true atten-
uation capabilities. Conversely, appropriately sized samples
minimized these diffraction effects, resulting in more precise
and representative measurements.

Additionally, the inclusion of absorbing material within
the measurement box significantly enhanced system accuracy
by reducing unwanted interferences and minimizing internal
reflections. This optimized design enabled the effective char-
acterization of a wide range of shielding materials. The exper-
imental results confirmed the system’s capability to differen-
tiate materials with varying attenuation levels, demonstrating
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its precision and reliability in distinguishing SE across differ-
ent materials and frequency ranges. The ability to accurately
measure materials with different shielding performances rein-
forces the robustness of this method as a practical alternative
to conventional SE measurement techniques.

In conclusion, the proposed method represents an efficient
and flexible alternative for the characterization of electromag-
netic shielding materials. Its combination of accuracy, ease
of implementation, and compatibility with diverse materials
makes it a valuable tool for applications in telecommunica-
tions, automotive, aerospace, and other sectors where EMI is
a critical concern. Future research may focus on optimizing
the box geometry and analyzing materials with more com-
plex properties to further enhance the system’s precision and
applicability.
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6.2 Summary

This chapter illustrates the advantages of incorporating numerical simulation into the
evaluation of shielding effectiveness using the Absorber Box method. The development
of a validated digital twin enables deeper analysis of field propagation and material
response, strengthening the physical interpretation of experimental results. The
collaboration with Wirth Elektronik provided access to new shielding materials, the
characterization of which confirmed the method's applicability to real industrial products.
These outcomes reinforce the Absorber Box configuration as a versatile tool for both
measurement and simulation-driven EMI assessment, closing the methodological cycle
addressed throughout this thesis.

This work fulfills S.0.6 and S.0.7, by developing a numerical model of the measurement
system and validating its reliability and consistency with theoretical expectations. The
comparison between simulation and theoretical calculations directly supports S.0.5, by
establishing the analytical basis used for benchmarking the results. Moreover, the
combined use of experimental and simulation tools reinforces the general methodological
framework proposed in this thesis, thereby contributing to the fulfillment of S.0.8.
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Chapter 7. Conclusions and
technological transfer

This final chapter presents the general and specific conclusions drawn from
this doctoral thesis. Aaaitionally, this chapter presents the transfer of results
and knowledge aerived from this Ph.D. study to the industry.

7.1 Conclusions

This doctoral thesis was undertaken with the objective of developing, implementing, and
validating alternative methods for measuring shielding effectiveness in planar materials.
The work was motivated by the limitations of standardized methodologies when applied
to materials for emerging communication applications, complex sample geometries, or
extended frequency ranges, as increasingly required in complex electromagnetic
compatibility scenarios.

The research has been articulated around two main methodological strategies: the
adaptation of standardized coaxial transmission line methods, and the implementation of
a non-standardized measurement configuration based on an Absorber Box. These
approaches have been progressively developed, refined, and validated throughout the
different chapters, offering solutions tailored to specific material constraints and
measurement needs.

Chapters 3 and 4 addressed the first line of work, focused on coaxial probe methods
derived from the ASTM D4935-18 standard. In Chapter 3, a coaxial configuration was
adapted to allow the characterization of fiber-reinforced composite samples in the sub-6
GHz range. The study demonstrated that, even within the assumptions of the standard,
adaptations are required when the geometry and physical nature of the samples deviate
from ideal cases. In Chapter 4, a miniaturized version of the coaxial probe was
implemented in collaboration with the University of Rome “La Sapienza”, allowing single-
mode measurements up to 18 GHz. The reduced size of the fixture enabled the
characterization of small samples while preserving repeatability and sensitivity, making it
suitable for high-frequency shielding analysis.

The second methodological direction was addressed in Chapters 5 and 6, through the
development of a measurement setup based on an Absorber Box configuration. Chapter
5 introduced the physical implementation of the method, designed to evaluate large, rigid,
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or structurally reinforced samples that are incompatible with coaxial geometries. The
configuration was applied to a set of composite laminates provided by AIMPLAS in the
framework of the SMART5G project. The project’s focus on enabling technologies for
high-frequency communications offered a relevant and realistic scenario for validating the
applicability of the method in the context of future 5G electronic systems.

Chapter 6 extended this approach by introducing numerical simulation into the
measurement workflow. A finite element model of the Absorber Box was developed using
ANSYS HFSS to replicate the physical setup and simulate the electromagnetic field
distribution across the sample. This allowed for a detailed study of wave propagation,
diffraction phenomena, and measurement sensitivity, particularly in the low-frequency
region where cavity effects become more relevant. The agreement between simulated
and measured results provided validation for the model and reinforced the physical
consistency of the proposed methodology.

Beyond the experimental and simulation developments, this thesis has made a broader
methodological contribution by bridging the gap between standardized procedures and
real-world requirements. The work demonstrates that measurement methods can be
extended and adapted without compromising the results, as long as they are properly
validated through experiments and simulations. This is particularly relevant in the context
of technologies such as 5G, autonomous systems, and high-density electronics, where
the diversity of materials and designs continues to grow, and where reliable EMC
characterization becomes increasingly critical.

Additionally, the collaborative nature of this research has played a key role in the success
of the work. The partnerships established with AIMPLAS, Wrth Elektronik, and the
University of Rome “La Sapienza” enabled access to advanced materials, industrial
measurement challenges, and complementary expertise. The integration of this thesis
within the SMART5G strategic project framework has provided a technologically relevant
environment in which to develop and validate the proposed methods. These collaborations
have also facilitated the transfer of results into technical documentation and application
notes, contributing to the broader impact of the work beyond the academic domain.

In summary, this thesis contributes to the advancement of measurement methodologies
for electromagnetic shielding by proposing and validating practical alternatives to
conventional standards. The methods developed here are versatile and adaptable to a
wide range of materials and testing scenarios. They form the basis for ongoing research
and development in the field of shielding effectiveness, supporting the transition of
academic knowledge into industry-relevant solutions.
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7.2 Technological transfer

The knowledge generated through this research has been transferred beyond the
academic context through the implementation of experimental measurement setups, the
development of measurement guides, and the integration of selected findings and
material results into industrial documentation (Figure 7.1). This section summarizes the
main actions derived from the research, structured around three dimensions:
infrastructure development, methodological dissemination, and user guides for the
industry.

Technological transfer

]

Measurement Setups Measurement Guides User Guides

Figure 7.1 Technological transfer strateqy

7.21 Measurement Setups

As part of this work, two complete experimental measurement setups have been
designed, implemented, and validated to characterize the shielding effectiveness of
planar materials. The first corresponds to the adaptation of the coaxial transmission line
method, initially derived from ASTM D4935-18, and implemented in two configurations.
The first is designed for sub-6 GHz applications and was used to characterize fiber-
reinforced composite samples. The second is a miniaturized fixture developed in the
University of Rome “La Sapienza”, allowing single-mode operation up to 18 GHz. Both
setups were optimized for use with planar samples and integrated into laboratory
environments for routine material testing.

The second configuration corresponds to the Absorber Box method (Figure 7.2). This
setup was designed to evaluate materials that are incompatible with coaxial geometries
due to size, rigidity, or structural complexity. The method enables shielding effectiveness
measurements under quasi-free-space conditions and has been validated through both
experimental procedures and simulations. The Absorber Box system is currently in use
for evaluating industrial planar materials and has proven to be reliable and scalable.
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Figure 7.2 Absorber Box schematic measurement setup

7.2.2 Contribution to IEEE 2715-2023 standard document

The experimental methodologies developed during this thesis have contributed to the
definition of internal testing procedures and the practical interpretation of existing
guidelines. Notably, the measurements conducted as part of this work were included in
the IEEE P2715 standard (Guide for the Characterization of the Shielding Effectiveness of
Planar Materials) [3], as part of a multi-laboratory round robin exercise involving several
international institutions. The Universitat de Valencia, through the contributions of this
doctoral research, is explicitly represented in the comparative results shown in the
standard (Figure 7.3), alongside institutions such as Sapienza University of Rome.

The coaxial and absorber-based configurations explored in this thesis have been aligned
with the principles established in that guide, while also extending their application to new
materials and measurement conditions. The outcomes of this work have been presented
at national conferences (VIl Spanish EMC Conference) and in peer-reviewed publications,
contributing to ongoing discussions on the evolution of measurement standards and the
need for new measurement methods in high-frequency characterization.
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Abstract—An electromagnetic shielding materia is any material

apertures or penetrations of any kind. Functional requirements

used o make shielding enclosures, typically to

of materials, prevent

netic filds, and to reduce the emission of slectromagnetic waves
by a circuit or system. For most applications, the choice of the
materialfor designing and manufacturing the shiekling enciosure
is based on the characterization of planar samples of the shield-
ing material. everaltechnigues are available to measure the
shielding properties of materials. The “IEEE P2715 Guide for the
Characterization ofthe Shielding Effectiveness of Planar Materi
als” provides guidance on the use of recognized techniques for
the measurement of planar materialshielding effectiveness. The

this Penetrations for power,signals,
and venlation as well as access apertures for calibrations, con
trols, and adjustments must be incorporated into real enclosures
preventing them from being an ideal shield. In many practical
applications these imperfections can dominate the overal perfor-
mance of a shield,

In essence, the starting paint fo any shield design i the perfor-
mance of the material from which it s manufactured. However,
the final performance of the shielding enclosure will aiso depend

quide describes the features and limtations of p
ed techniques for characterizing the shielding effectiveness of
planar materials, and provides a basis for comparing the tech.
niques. This contribution ntroduces the P2715 standard and sum
marizes the methods currently available to measure the shikling
provided by a planar material

Index Terms—Electiomagnetic interference, electromagnstic

shielding, shielding effectiveness, characterizaton of planar
materials, shielding effoctiveness, shielding measurement

I. Introduction

onthe the
geometry, contents, apertures, the closing of different parts, the
use of an appropriate gasket, etc. Due to the high variety of vari
ables, including size and shape of the enclosures, ashielding
materialis normally characterized as a planar sample. Depanding
on the frequency range, different measurement tochniques may
be appropriate to cover the different part of the frequency range
of interest. The *IEEE P2715 - Guide for the Characterization of
the Shielding Effectiveness of Planar Materials” provides meth
ods and procedures for determining the shielding effectiveness of
planar materials such as metals, coated plastics, fiber-fled poly
mers, texies, etc. The purpose ofthe guide is o provide guid-
ance o the user on the selection of the appropriate test methods.
1o determine the level of shielding provided by a material. I iden.

The abily to prob.

tfies g

lems. g or by reducing

importance. Coupling may be reduced by the use of spatal sepa:
ration between the interference source and the victim circuitor
the orthogonalization of them. Iftis is not possible or suffcient
then an electromagnetic shiokd must be used (1] The ideal eloc
tromagnetic shield s an infinitely conducting enclosure with no

methods, i d of erors, and provides a basis
for comparing the various techniques by providing a review of
each method and it applications. In this aricle, we introduce the
P2715 Guids and summarize all the methads i contains.

Il Shielding Effectiveness

V1. Results and Discussion

The P2715 group carried out  round robin exercise where
the SE of a number of planar samples was measured, using
the SE measurement setups described in the previous sec-
tions. The results are summarized in this section. BAE Sys-
tems used a focused free-space measurement method with
two polarizations measured. The University of York (UoY)
used the Absorber Box method with two polarizations mea-
sured. Parker Chomerics used the IEEE 299 Standard meth-
od for enclosures, based on an enclosure with an aperture,
with only a single x-polarized measurement. Thales used a
dual VIRC method. Cisco and the Universita Politecnica
delle Marche (UPM) used a dual reverberation method. KU
Leuven (KUL) used TEM-t and H-t methods. The University
of Twente used a dual TEM and dual waveguide methods.
The Wroclaw University of Science and Technology
(WUST), La Sapienza Universita di Roma, and the University
of Valencia used the coaxial transmission line method,
Each method has some advantages and disadvantages and
with each technique there is a range of possible associat:
ed test equipment, again the choice may depend more on
budget and convenience than there being any particular
best choice.

Analyzing the dynamic range is a good practice to compare
the test results of the material to the dynamic range of the
test set-up. The dynamic range of SE measurements is
determined by several factors. First is the ratio of the trans-
mit power of the source and the noise floor of the receiving
element (instrument dynamic range), which might be consid-
ered independent of the technique used; and second is the
effect of any losses in the test jig (jig ss) which reduces
the measurement dynamic range from that of the instrument
dynamic range by an amount equivalent to the jig loss. A
third factor that can reduce the dynamic range of a mea-
surement is the leakage of energy around the sample; this is
hard to quantify as it depends on the surface condition of
the sample as well as the construction of the jig and care
with which it is assembled. Leakage may also occur due fo
coupling between cables. Fig 12. shows the dynamic range
interms of the maximum measureable SE provided by the
different measurement setups defined in the P2715 guide,
during the round robin. This is done by using a solid metal
plate as the sample as this would be expected, according to
(1), t0 have a SE much larger than any of the dynamic ranges
shown. The coaxial and waveguide jigs have very small

1
Frequency(GH2)

sed as masimum SE measurable for the

Another factor to consider when selecting a SE measurement
method s the frequency range which it is able to cover. The
coaxial jig methods are capable in theory of warking from de.
up t0 the point where higher order modes in the jg start to
cause problems, smaller jgs can be used to increase the upper
frequency limit but the sample fabrication may become more
difficul.In practice the low frequency limit of a coaxial jig
depends on the nature of the sample. Working down to dc.
requires excellent connectivity between the sample and the
Holder, and ths i difficult o achieve, particularly for the center
conductor. Samples with poor surface conductivity rely on the
capacitive coupling betwaen the sample, flanges and center
conductor.In this case the lower frequency depends on when
the capacitive reactance becomes negligible compared to the
sample impedance, though some compensation is possible [14].

The SE resuls obtained or a conductive fabric (Fig 13) by comparing
‘Some coaxial i methods based on ASTM DA335-18 procedure are

shownin Fig. 1. Forthis material t s possible observe a good match
betwoen the traces obtained by the diferent collaborators. The results:
rom WUST Coax0 and Coax 1 show a variaton o -10 68 was mea-

‘small (185 mm diameter g The resuls from La Sapienza, Coax 45
show a similartrend with decreasing jig diameter. Thiss beleved to be

insertion losses so the dynamic range is essentially that of
the instruments unless leakage occurs. TEM-UH-t, Reverber-
ation chamber, IEEE 299 absorber box and free-space meth
ods all have significant frequency dependent insertion loss-
es the exact details of which depend somewhat on the spe:
cific setup which means they have a dynamic range some-
what smaller than the instrumentation used. From the results (@
obtained in this round robin, typically, SE measurements of

up 10 80 0B 0 90 0B are possible but in some cases the jig

Shislding materials are often based on “good conductors”, thatis
materials with a high electrical conductivity. At low frequencies
this can be complemented by a high magnetic permeabilty. The
performance of the shield s determined both by the material rom
which the shieldis fabricated and the structure of the shiskd

- including it size, shape, the presence of structural features such
s seams, and jonts, and the presence of any apertures for dis
plays or ventiation. For shields fabricated from metal sheet the
structural features are the main determinants of the shield per- Tosses and other factors limit the maximum to much lower
formance as the shisld materialtself is effectively opaque to valuss.

w w5 Resiieiors 2.

Figure 7.3 Extract from the IEEE P2715 standard (DO 10.710YIEEESTD.2023. 10115252)

7.2.3 Technical dissemination through User Guides

Some of the results generated in this thesis are being prepared for inclusion in technical
User Guides aimed at designers and engineers working in the field of electromagnetic
compatibility. In particular, shielding effectiveness values obtained from the
characterization of the WE-EMIP product, will be featured in a User Guide issued by Wirth
Elektronik (Figure 7.4). This document is intended to support product selection and design
processes by providing validated measurement data obtained under controlled conditions
using the Absorber Box method.

The inclusion of these results in industrial documentation not only strengthens the
technical foundation of commercial design tools, but also exemplifies the effective
transfer of experimental knowledge from academic research to practical engineering
contexts. This form of dissemination contributes to closing the gap between laboratory-
scale developments and real-world EMC applications, reinforcing the societal and
technological relevance of the research.



132

Chapter 7. Conclusions and technological transfer

WURTH ELEKTRONIK MORE THAN YOU EXPECT

USER GUIDE

UGXXX | EMI Patch WE-EMIP

Antorvo Alcarria on behaf of
Catedra EMC Wirth Elekdronk - Universty of Valencia

Electronic designs, in every tme mre common wireless and
hgh froquency devies, challenge  eagineers with
electromagnetic interferences (EMI) from diferent sources
dminshing or altering the proner performance of such
devices. The development of new advanced functionalties,
minaturizaton, and the am of obtaiing optimized
performance in lectronic devices signficantly mpacts their
cloctromagnetic compatbily (MG, As  electonic
components becorme more densely packed ona printed crcut
board [PCB), untended coupling between components can
cause EM. These requirements result in design restrictons
that make using a boarcHlevel shield (BLS) essental in
reducing EMI, It is interesting to reduce electromagnetic
problems, such as undesied magnetc decoupling between

o nt components or drauts. One imovative
component solution s the EMI Patch which has the
advantage of providig a shickding option that does not
require any electronic redes g

1. WHAT IS THE EMI PATCH?

EMI Patch s a shelding soluon that combines a conductive
metal layer with a magnetc absocher material. An adnesive
non-conductive layer faes it o the EM source (Figure 11,

Metal () ayer
Magnetic layer -
Adnesive layer -
PETLiner -

Figure 1. €80 atch oer datribton
This combined solution provides higher attenuation levels
than using only a noise suppression sheet (NSS) by combining
the ahsorbing propertes of the magnetic matenal and the
loss mechanismof the metal

The attenuation of the EMI provided by the EMI Patch is
determined by the interaction of s constituent materials. The
magnetic materal primarly causes attenuation through the
losses determined by s magneti propertes, mainly defined
by its permeasiiy. On the other hand, the metal layer can
reduce nterforences through the reflecton mechansm.

VG0 | 2025
JURTH ELEKTRONIK iSos:

WE

The use of magnetc materal in the hybrd structure further
provents the occurrence of undesied stray fied through the
re-radiation mechan'sm (Fgure 2.

kr;ymu\id:vtwmu

W o’ ,
() )
sty fld £miPatch
reabsorbed by the

N Z
5 —

(@@ ,
Fipwe 2 Magnete fied generted by o sy IC. ) when a et fo s
addd and (c when combinin o conductve metoyer with o magnetc
absorer motec (M1 Pt
Thereby, this structure may extend the working bandwidth of
these materials and abtain a more sighficant attenuation
than each of these materias coud provide indickally
(Figure 31

17

USER GUIDE
UGXXX | EMI Patch WE-EMIP

Fawe's: Anoyss f the neor it (o) rferece. messrement
rtference scucel ] sting cobinet cppid o (J) EM) ot
P

It is possble to obsenve that the near-feld emssions
generated by the EMI source are signficantly reduced both
when theshiekding cabinet and EM Patch e appled.

Fgure 6 shows the companson between the shiclding
efectveness (SE) provided by both solutions when it is
determined.

0w

g 10w

S —

e ———

B 08

::-Snds

& -60d8

o
oow:  dcowre  oome 168

Frequenc

—ewiPuh o ShcdngCabiet

w6 Compurson of shling ffcuaness for the EMI Patch
Comparedtothe shetin cainet.

As can be seen in both studes, the shilding efectveness
provided by the shielding cabinet i scarcely higher than that
offeredby the EMI Patch.

EMI Patch Performance in Far-Field
Conditions

To further understand the shelding capabiites of the EMI
Patch t is aso important to consder how it bevaves under
eld condtions. This approach allows to evakate the
performance in a wider frequency range, incuding bands
elevant for moder communication systems such a5 5G.

UG0a| 202

Figure 7.4 User Guige of the WE-EMIP

A speciic test setup has been used to analyze the shielding
effectiveness of the EMI Patch up to 18 GHz'* ., The setup is
based on a controlled absorber box environment, where the
sample is placed between two antennas, one transmitting
and one recoving, inside a cavty Ined with absorbing
materal (Fgwe 7). This configwaton avads exteral
eflections and alows 2 stable measurement across a broad
Frequency range.

[

Figure 7: Absorer box meosurement seup used for forfied anoyss of
the bt et
Using this method, the EMI Patch demonstrates consistent
shicldng effectvencss over the full range, confirming ts
abilty to reduce EMI not only in near-feld stuations but also
when far-field emissions are present. As shown in Figue 8
the EMI Patch provides attenuation values sutable for
applcations where high-frequency operation o wircless
communication technologies are present, including parts of
the frequency spectrum used in modern 5G systerms.

3
“1048-

2008
048
4008

048

lelding Effectiveness.

2 5008
&

068

048
0GH: 4GHz 8GH: 12GHz 18GHz 20GHz
Frequency

Figure 8 Shikdng effctioness of the EV) Potch measured using the

absorber boxmethd fom 1 et

These resuts confrm that the EMI Patch is 2 vald solution to
reduce radated emssions over a wide frequency range,

reinforcing its sutabiity in high-Frequency and wireloss
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This section provides a list of all abbreviations used in this Ph.D. work,
organized in alphabetical oraer.

ABS
ASTM
CFRP
CNTs
CSH
EMC
EMI

FEM
GFRP
IEEE
JCR
MUT
MWCNTs
PP

RAM

SE

SJR
SWCNTs
TEM
VNA

Acrylonitrile Butadiene Styrene

American society for testing and materials
Carbon Fiber Reinforced Polymers

Carbon Nanotubes

Coaxial Sample Holder

Electromagnetic Compatibility
Electromagnetic Interference

Finite Element Method

Glass Fiber Reinforced Polymers

Institute of Electrical and Electronic Engineers
Journal Citation Reports

Material Under Test

Multi-walled Carbon Nanotubes
Polypropylene

Radio-Absorbent Material

Shielding Effectiveness

SCImago Journal Rank

Single-walled Garbon Nanotubes
Transverse Electromagnetic Mode

Vector Network Analyzer
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