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RESUMEN 

 

Las frecuencias de ondas milimétricas (mmW) y terahercios ofrecen 

características únicas para obtener simultáneamente una buena resolución espacial y 

penetrabilidad. Los radares de onda continua de frecuencia modulada (FMCW) 

forman parte de los nuevos dispositivos de detección instalados en vehículos para 

explorar el entorno. La próxima generación de vehículos conectados y autónomos 

estará equipada con un elevado número de antenas que operan en una amplia gama 

de frecuencias para las comunicaciones y la detección del entorno ambiental. El 

estudio de las respuestas angulares espaciales en 3D y los patrones de radiación 

modificados por la estructura del vehículo permitirá una mejor integración de las 

antenas de comunicación y detección asociadas. El algoritmo de imagen 

multifrecuencia bifocalizada (MFBF) en la banda W utilizando el radar FMCW tiene 

una aplicabilidad directa en la mejora de la detección de armas ocultas, como 

sensores de proximidad para evitar colisiones y la localización de peatones en 

vehículos. Esta tesis doctoral evalúa la viabilidad de utilizar la señal de frecuencia 

intermedia (FI) proporcionada por un radar FMCW homodino que opera en 77 GHz 

como entrada al algoritmo monostático-bistático MFBF de mmW desde un punto de 

vista teórico y mediante simulación. Los resultados del algoritmo MFBF utilizando el 

radar FMCW se comparan con los obtenidos utilizando FSCW, equivalente al 

parámetro S21 obtenido a partir de un analizador vectorial de redes (VNA). 

Adicionalmente, también se ha investigado la capacidad de este sistema de radar 

utilizando el algoritmo de “imaging” MFBF para obtener imágenes desde un punto de 

vista analítico y experimental. Se realizaron dos conjuntos de mediciones, utilizando 

objetivos de referencia, en la banda W a 100 GHz y en la banda de terahercios a 300 

GHz. Finalmente, esta tesis ha estudiado de forma teórica, mediante simulación 

electromagnética y experimental, el método de obtención de corrientes producidas por 

una antena que irradia sobre una plataforma vehicular utilizando imágenes 

diferenciales (“differential imaging”). La parte de simulación y experimental del estudio 

se centra en la medición de un objetivo a escala utilizando un sistema de imágenes 

que opera en una banda de terahercios -de 220 a 330 GHz- que coincide con una de 

las bandas de frecuencias de 5G. Se concluye que es viable la utilización de las 

señales FI proporcionadas por un radar FMCW homodino como entrada para el 

algoritmo monostático-biestático MFBF. Además, se ha demostrado la robustez del 

sistema “ultrawideband” (UWB) de ondas milimétricas y terahercios monostático de 

campo cercano en el dominio de la frecuencia, a 100 GHz y 300 GHz, utilizando el 

algoritmo de imaging. Finalmente, mediante el sistema UWB, se han demostrado las 

prestaciones del concepto de “differential imaging” para estimar las corrientes 

superficiales generadas por una antena sobre un vehículo. 

  



 

2 

ABSTRACT 

 

Millimeter-wave (mmW) and terahertz frequencies offer unique characteristics 

for simultaneous good spatial resolution and penetrability. Frequency modulated 

continuous wave (FMCW) radars are part of the new sensing devices installed in 

vehicles to scan the environment. The next generation of connected and autonomous 

vehicles will be equipped with a high number of antennas operating over a wide range 

of frequencies for communications and sensing of the ambient environment. The study 

of 3D spatial angular responses and radiation patterns modified by the radiation 

structure and by the vehicle structure will enable better integration of the associated 

communication and sensing antennas. The W-band multi-frequency bifocused imaging 

(MFBF) algorithm using FMCW radar has direct applicability in improving concealed 

weapon detection, such as proximity sensors for collision avoidance and pedestrian 

detection in vehicles. This thesis evaluates the feasibility of using the intermediate 

frequency (IF) signal provided by a homodyne FMCW radar operating at 77 GHz as 

input to the mmW monostatic-bistatic MFBF algorithm from a theoretical and simulation 

point of view. The results of the MFBF algorithm using the FMCW radar are compared 

with those obtained using FSCW, equivalent to the S21 parameter obtained from a 

vector network analyzer (VNA). Additionally, the capability of this radar system using 

the MFBF imaging algorithm to obtain images from an analytical and experimental 

point of view has also been investigated. Two sets of measurements were performed, 

using reference targets, in the W-band at 100 GHz and in the terahertz band at 300 

GHz. Finally, this thesis has studied theoretically, by means of electromagnetic 

simulation and experimental, the method of obtaining currents produced by an antenna 

radiating on a vehicular platform using differential imaging. The simulation and 

experimental part of the study focuses on the measurement of a scaled target using 

an imaging system operating in a terahertz band - from 220 to 330 GHz - which 

coincides with a 5G frequency band. It is concluded that it is feasible to use the IF 

signals provided by a homodyne FMCW radar as input to the monostatic-bistatic MFBF 

algorithm. Furthermore, the robustness of the near-field monostatic millimeter-wave 

and terahertz near-field ultrawideband (UWB) system in the frequency domain at 100 

GHz and 300 GHz using the imaging algorithm was demonstrated. Finally, the concept 

of differential imaging using the UWB system has been demonstrated to estimate the 

surface currents generated by an antenna on a vehicle. 
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1 MODALIDAD DE TESIS POR “COMPENDIO DE 

PUBLICACIONES” 

La presente tesis doctoral se encuadra bajo la modalidad de “Compendio 
de Publicaciones”. Se hace constar las referencias completas de los artículos que 
conforman y constituyen el cuerpo de la tesis doctoral (trabajos posteriores al 
inicio de los estudios de doctorado), especificando el cuartil JCR y los puntos 
asociados por factor de impacto de las revistas científicas en las que han sido 
publicados los mismos: 

1. José Antonio Solano-Pérez, Jose-Maria Molina-Garcia-Pardo, José-Víctor 

Rodríguez, Lluís Jofre, Antonio Mateo-Aroca, Comparison of using mm-wave 

FMCW radar IF signals against frequency-domain VNAs in the application of 

the multifrequency bifocusing (MFBF) imaging algorithm, AEU - International 

Journal of Electronics and Communications, Volume 117, 2020, 153103, 

ISSN 1434-8411, https://doi.org/10.1016/j.aeue.2020.153103.   

Q2 - Cuartil 2 (3 puntos) – Category name: Telecommunications. 

 

2. Solano-Perez, J.A.; Martínez-Inglés, M.-T.; Molina-Garcia-Pardo, J.-M.; 

Romeu, J.; Jofre, L.; Rodríguez, J.-V.; Mateo-Aroca, A. Linear and Circular 

UWB Millimeter-Wave and Terahertz Monostatic Near-Field Synthetic Aperture 

Imaging. Sensors 2020, 20, 1544. https://doi.org/10.3390/s20061544  

Q1- Cuartil 1 (4 puntos)  – Category name: Instruments&Instrumentation. 

 

3. Solano-Perez, J.A.; Martínez-Inglés, M.-T.; Molina-Garcia-Pardo, J.-M.; 

Romeu, J.; Jofre-Roca, L.; Ballesteros-Sánchez, C.; Rodríguez, J.-V.; Mateo-

Aroca, A. Terahertz Frequency-Scaled Differential Imaging for Sub-6 GHz 

Vehicular Antenna Signature Analysis. Sensors 2020, 20, 5636. 

https://doi.org/10.3390/s20195636   

Q1- Cuartil 1 (4 puntos) – Category name: Instruments&Instrumentation. 

 

4. Solano-Perez, J.A.; Martínez-Inglés, M.-T.; Molina-Garcia-Pardo, J.-M.; 

Romeu, J.; Jofre-Roca, L.; Ballesteros-Sánchez, C.; Rodríguez, J.-V.; Mateo-

Aroca, A.; Guzmán-Quirós, R. On Differential Imaging Using Electromagnetic 

Simulation for Vehicular Antenna Signature Analysis. Sensors 2021, 21, 3796. 

https://doi.org/10.3390/s21113796  

Q1- Cuartil 1 (4 puntos) – Category name: Instruments&Instrumentation. 
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2 OBJETIVOS 

 

Los objetivos de esta tesis son los siguientes: 

 

- Desarrollo del concepto teórico de uso de radar FMCW utilizando algoritmo 
multifrecuencia de bienfocado (bi-focusing) (“Near Field Imaging”). 
 

 

- Simulación en Matlab de radar FMCW y de “scattering fields” obtenidos por 
Analizador de Redes (VNA) combinados con algoritmo de bienfocado 
multifrecuencia (“Near Field Imaging”).  
 

 

- Evaluación y comparación de los resultados obtenidos mediante simulación 
en Matlab de radar FMCW utilizando algoritmo multifrecuencia de bienfocado 
(bi-focusing) (“Near Field Imaging”) frente a la simulación del algoritmo de 
bienfocado multifrecuencia de forma teórica.  
 

 

- Medidas experimentales de objetos en laboratorio mediante un VNA en la 
banda de terahercios utilizando técnicas de “imaging” basadas en el algoritmo 
multifrecuencia de bienfocado (“Near Field Imaging”) para demostrar las 
capacidades y prestaciones de dicho algoritmo.  

 
 

- Desarrollo del concepto de “differential imaging” mediante la realización de 
medidas y simulaciones electromagnéticas que permitan validar el concepto. 
Evaluación y comparación de resultados y prestaciones obtenidas. Medidas 
de corrientes, “differential imaging”. 
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3 ESTADO DEL ARTE 

 

La incorporación de las frecuencias milimétricas y submilimétricas está abriendo 

nuevas posibilidades para el uso de ondas electromagnéticas con la intención de 

explorar el entorno y reconstruir la forma de objetos metálicos, así como de objetos 

penetrables no metálicos. El uso de los radares de onda continua tipo Frequency 

Modulated Continuos Wave (FMCW) se ha generalizado en el mundo del automóvil, 

en sistemas de seguridad y en sistemas de detección de objetos peligrosos. La 

utilización de este tipo de radares en la banda de frecuencia milimétrica (de 40 GHz a 

300 GHz) ofrece la posibilidad de obtener una gran resolución de imagen sin utilizar 

técnicas invasivas, ya que hasta ahora los radares de onda continua tipo FMCW 

operaban en la banda X, Ku, K y Ka. Actualmente, existen radares FMCW compactos 

en banda milimétricas de buenas prestaciones y a un coste bastante ajustado, como 

RADARBOOK, de la empresa INRAS, que podrían usarse para la obtención de 

imágenes mediante técnicas de escaneo en campo cercano (“Near Field Imaging”). 

Este hecho permitiría comparar sus prestaciones y aplicación frente a las obtenidas 

por un Analizador de Redes Vectorial (VNA), cuyo coste es muy alto y su uso está 

orientado a laboratorio. Se considera una línea de investigación innovadora el uso de 

radares compactos comerciales en banda milimétricas (RADARBOOK) para 

aplicaciones de apertura sintética (“synthetic aperture imaging”) aplicando técnicas de 

“Near Field Imaging” que proporcionarían una resolución bastante elevada.  

 

Para explorar las capacidades de “imaging” en la banda submilimétrica se 

realizarán medidas −utilizando un VNA− de objetos de baja permitividad, y utilizando 

distintas geometrías, para comprobar las prestaciones en esta banda de frecuencias. 

Además, se realizarán medidas de objetos con el objetivo de desarrollar un sistema 

de imagen diferencial (differential imaging). 

 

Esta tesis representa un esfuerzo para abordar algunos de los retos asociados al 

uso de radares compactos FMCW de bajo coste combinados con técnicas de “Near 

Field Imaging” para la obtención de imágenes de alta resolución de objetos metálicos 

y no metálicos. Se centra en la simulación y realización de medidas experimentales 

para estudiar el problema asociado al uso de las técnicas de imaging en este tipo de 

radares. Además, se trabaja desde un punto de vista experimental en la realización 

de medidas en la banda de 110 GHz y 300 Ghz con objetos de baja permitividad para 

demostrar la capacidad de “imaging” del algoritmo para distintas geometrías de 

medida.  

 

Complementariamente, se pretende profundizar en el desarrollo de sistemas de 

“differential imaging” con el objetivo de reconstruir las corrientes asociadas a la 
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dispersión del modo de radiación de una antena. Por tanto, resulta de interés 

investigar la distribución de las corrientes inducidas por la antena en la superficie del 

vehículo mediante procesos de reconstrucción de imágenes diferenciales, y utilizando 

un sistema de “imaging” de bienfocado multifrecuencia que opera en la banda de 

frecuencias de terahercios. Este método experimental sería una forma no invasiva de 

obtener las corrientes inducidas sin colocar la antena en la estructura de soporte. 

Además, el escalado dimensión-frecuencia simplificaría los “set up” de 

experimentación. 

 

El uso de los radares FMCW compactos en la banda milimétrica se está 

generalizando debido a las posibilidades que ofrece esta banda de frecuencia, que 

nos permite obtener información de los objetos detectados de forma muy precisa, 

siendo el sector de la  automoción uno de los que ha generalizado su utilización [1]  Si 

este tipo de hardware se combina con técnicas “Near Field Imaging” y un procesado 

de Apertura Sintética (SAR), podríamos reconstruir la información espacial con unos 

niveles de resolución mejorados y compatibles con aplicaciones de seguridad 

(detección de objetos peligrosos) y sensores de proximidad o de colisión en 

automóviles [2]. Actualmente, las medidas utilizando las técnicas de “Near Field 

Imaging” usando un sistema de enfocado doble biestático con barrido en frecuencia 

independiente vienen descritas en [3]-[5]. Estas medidas se realizan normalmente 

mediante la utilización de un VNA [6], pero resultaría bastante más práctico utilizar 

otros medios equivalentes −y más económicos− que nos permitieran obtener el 

parámetro de scattering (S21) del objeto representado que, a su vez, es el parámetro 

de entrada para el algoritmo biestático multifrecuencia en campo cercano [7]-[8]. 

 

El uso de señales FMCW para la caracterización de la propagación radio en la 

banda de milimétricas ha demostrado que las señales de frecuencia intermedia (IF) o 

señales de batido entregadas por un radar FMCW se pueden considerar como señales 

en el dominio del tiempo y de la frecuencia debido a las propiedades únicas que 

proporcionan las modulaciones lineales en frecuencia (LFM) [9]. En [9], se demuestra 

la relación existente entre la Señal de Frecuencia Intermedia (IF) entregada por un 

Radar FMCW y el parámetro de scattering (S21). Esta relación permite demostrar la 

posibilidad del uso de radares FMCW para técnicas de “imaging” que exploten el 

campo de scattering como parámetro de entrada.   

 

Los radares FMCW comerciales compactos en banda milimétricas son sistemas 

de medida homodinos, que proporcionan el valor real de la señal de batido o señal de 

Frecuencia Intermedia (IF), la cual, es una señal limitada en banda y que tiene una 

respuesta al impulso causal. La señal IF es considerada como la parte real de la señal 

analítica compleja [10]-[11]. El uso de la transformada Hilbert permitirá obtener la 
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señal IF compleja requerida para obtener el parámetro S21 como señal compleja 

(módulo y fase). 

 

Los algoritmos multifrecuencia bienfocados [4]-[8] permiten realizar un enfocado 

del objeto a partir de los campos de scattering obtenidos del parámetro S21, bien 

medido en el dominio de la frecuencia por un VNA o en el dominio frecuencia/tiempo 

por un radar FMCW, siendo esto último un aspecto bastante novedoso por el momento 

y que evitaría los problemas de uso del VNA relativos a los cambios de impedancia 

debidos a curvaturas de los cables o a la longitud del cableado, según se describe en 

[12,13]. A partir de la revisión bibliográfica realizada, se puede suponer que, al utilizar 

un radar FMCW, desaparecerán las limitaciones comentadas anteriormente de un 

VNA, pero, por el contrario, cabe señalar que se obtendrá un rango dinámico limitado, 

en el entorno de los 60 dB aproximadamente [10], que se deberá estudiar si es 

suficiente para aplicaciones de “imaging”. 

 

Dentro del campo de los sistemas de “imaging” resulta de gran interés el realizar 

medidas en la banda submilimétrica de terahercios (100 GHz y 300 GHz) utilizando 

algoritmos de multifrecuencia bienfocados [4]-[8] en campo cercano para ver el 

comportamiento y prestaciones para distintos tipos de objetos.  

 

En relación con el concepto de “differential imaging”, existe un amplio debate que 

se ha centrado en la dispersión estructural y en la dispersión del modo de radiación 

de una antena [14]. Los estudios de “differential imaging” se podrían aplicar a la 

optimización de la co-ubicación de varios sistemas de antenas en vehículos, 

resultando un aspecto bastante novedoso. 
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4 RESUMEN DE LOS ARTÍCULOS PUBLICADOS. 

4.1 ARTÍCULO 1. 
 

El artículo 1 tiene la siguiente referencia: 

José Antonio Solano-Pérez, Jose-Maria Molina-Garcia-Pardo, José-Víctor Rodríguez, 

Lluís Jofre, Antonio Mateo-Aroca, Comparison of using mm-wave FMCW radar IF 

signals against frequency-domain VNAs in the application of the multifrequency 

bifocusing (MFBF) imaging algorithm, AEU - International Journal of Electronics 

and Communications, Volume 117, 2020, 153103, ISSN 1434-8411, 

https://doi.org/10.1016/j.aeue.2020.153103.   

Q2 - Cuartil 2 (3 puntos) – Category name: Telecommunications. 

 

4.1.1 RESUMEN 

 

Los radares de onda continua de frecuencia modulada (FMCW) forman parte 

de los nuevos dispositivos de detección instalados en vehículos para explorar el 

entorno. Las bandas de frecuencia de ondas milimétricas (mmW) proporcionan 

suficiente información para aplicar el algoritmo de obtención de imágenes.  

El algoritmo de imagen multifrecuencia bifocalizada (MFBF) en la banda W 

utilizando el radar FMCW tiene una aplicabilidad directa en la mejora de la detección 

de armas ocultas, como sensores de proximidad para evitar colisiones y la localización 

de peatones en vehículos.  

Este trabajo evalúa la viabilidad de utilizar la señal de frecuencia intermedia (FI) 

proporcionada por un radar FMCW homodino que opera en 77 GHz como entrada al 

algoritmo monostático-bistático MFBF de mmW desde un punto de vista teórico y 

mediante simulación.  

Los resultados del algoritmo MFBF utilizando el radar FMCW se comparan con 

los obtenidos utilizando FSCW, equivalente al parámetro S21 obtenido a partir de un 

analizador vectorial de redes (VNA). 

Relativo a las aportaciones más relevantes, este trabajo confirma que la señal 

de FI proporcionada por un radar FMCW homodino puede utilizarse como entrada 

para el algoritmo monostático-biestático MFBF. Las simulaciones realizadas en este 

trabajo verifican que señales FMCW de corta duración permiten establecer una 

relación lineal entre el dominio de la frecuencia y el dominio del tiempo. Por lo tanto, 

la señal de FI es aproximadamente equivalente al parámetro de dispersión S21 cuando 

se desprecia la componente RVP.  

https://doi.org/10.1016/j.aeue.2020.153103
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Además, se ha comprobado que el ruido gaussiano no perturba el enfoque del 

algoritmo de obtención de imágenes utilizando señales de FI proporcionadas por radar 

FMCW. Por último, se ha comprobado que se permite la detección de múltiples 

objetivos. 

La evaluación de la función de error CDF proporciona confianza sobre la 

viabilidad de utilizar el radar FMCW en aplicaciones de imagen y la explotación de las 

señales de FI como entrada a los algoritmos de enfoque para reconstruir imágenes. 

Así, el uso del radar FMCW puede superar los principales problemas de la utilización 

del VNA. 

A partir de las conclusiones anteriores, se demuestra que el sistema de radar 

FMCW es una solución de bajo coste para la obtención de imágenes utilizando un 

algoritmo MFBF basado en técnicas de imagen de campo cercano. Hay que tener en 

cuenta que no hay ninguna dependencia con la frecuencia de transmisión FMCW. Los 

parámetros más importantes son el ancho de banda (B) y la rampa de tiempo del chirp 

(T) que determinan la desviación de fase. 

El algoritmo de enfoque MFBF tampoco depende de la frecuencia. Además, se 

ha identificado una restricción específica asociada con la distancia máxima a la que 

se puede utilizar la FMCW, donde la condición de modulación lenta se cumple. 

Respecto al error frente a la distancia, los datos indican que el error es constante en 

amplitud (del 1% al 3%) hasta la distancia máxima entre el radar FMCW y el objeto, 

que sería de 10 m.  
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4.2 ARTÍCULO 2. 
 

El artículo 2 tiene la siguiente referencia: 

Solano-Perez, J.A.; Martínez-Inglés, M.-T.; Molina-Garcia-Pardo, J.-M.; Romeu, J.; 

Jofre, L.; Rodríguez, J.-V.; Mateo-Aroca, A. Linear and Circular UWB Millimeter-Wave 

and Terahertz Monostatic Near-Field Synthetic Aperture Imaging. Sensors 2020, 20, 

1544. https://doi.org/10.3390/s20061544  

 Q1- Cuartil 1 (4 puntos)  – Category name: 

Instruments&Instrumentation. 

 

4.2.1 RESUMEN 

 

Las frecuencias de ondas milimétricas y terahercios ofrecen características 

únicas para obtener simultáneamente una buena resolución espacial y penetrabilidad. 

En este trabajo se presenta una técnica robusta de enfoque monostático de campo 

cercano y se aplica con éxito para la obtención de imágenes internas de diferentes 

geometrías penetrables. Estas geometrías y entornos están relacionados con la 

creciente necesidad de dotar a los nuevos vehículos con dispositivos de detección por 

radar que puedan visualizar su entorno de forma clara y robusta. 

La detección por radar de ondas submilimétricas ofrece una mayor capacidad 

para proporcionar información con un alto nivel de precisión y calidad, incluso en 

condiciones meteorológicas adversas.  

El objetivo de este trabajo es investigar la capacidad de este sistema de radar 

para obtener imágenes desde un punto de vista analítico y experimental. Se realizaron 

dos conjuntos de mediciones, utilizando objetivos de referencia, en la banda W a 100 

GHz (75 a 110 GHz) y en la banda de terahercios a 300 GHz (220 a 330 GHz).  

Los resultados muestran resoluciones espaciales de milímetros tanto en el 

rango longitudinal como en el rango transversal para las dos geometrías de imagen 

diferentes en cuanto a la ubicación del transmisor y del receptor (vista frontal o lateral). 

Se investigó y optimizó la calidad de la imagen en términos de precisión espacial y del 

material del objetivo y la optimización del material objetivo. 

  Relativo a las aportaciones más relevantes, este artículo presenta un sistema 

lineal y circular UWB de ondas milimétricas y terahercios monostático de campo 

cercano para la exploración de objetivos no metálicos ópticamente opacos. El sistema 

desarrollado y aplicado demostró ser capaz de proporcionar imágenes utilizando 

geometrías de medición lineales y circulares que coinciden con las vistas frontal y 

lateral en los vehículos. 

Adicionalmente, en este trabajo se propuso y demostró la robustez del sistema 

UWB de ondas milimétricas y terahercios monostático de campo cercano en el 

https://doi.org/10.3390/s20061544
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dominio de la frecuencia como técnica de obtención de imágenes, utilizando 35 GHz 

y 38% de ancho de banda absoluto y fraccionado a 100 GHz, así como 110 GHz, y 

40% de ancho de banda absoluto a 300 GHz. La formulación del algoritmo MFBF tiene 

en cuenta el impacto de la frecuencia en la reconstrucción de imágenes coherentes, 

lo que demuestra tanto su precisión como su capacidad para tratar con superficies 

realistas. La principal contribución es la evaluación del efecto en geometrías de 

exploración, así como geometrías de barrido. Este trabajo desarrolla la posibilidad de 

tener dos bandas de frecuencia de interrogación de banda ancha separadas (100 y 

300 GHz) con el objetivo de proporcionar una capacidad única para probar su efecto. 

Según el conocimiento de los autores, no existen resultados experimentales 

publicados con anterioridad que demuestren la reconstrucción relativa dependiente de 

la frecuencia en estos rangos de frecuencia con objetos reales, con rugosidad 

superficial y utilizando materiales de bajo contraste. Estos materiales son objetos no 

metálicos de baja permeabilidad relativa, que se ajustan al enfoque realista en 

escenarios vehiculares. 

Para la geometría lineal, se probó la técnica para obtener imágenes internas de 

geometrías penetrables a 100 GHz (75-110 GHz) y a 300 GHz (220-330 GHz). Los 

resultados muestran que el radar es capaz de reconstruir las superficies expuestas al 

barrido del radar. Las mejores imágenes se obtuvieron en la banda de 300 GHz debido 

a su menor longitud de onda y al ancho de banda (barrido de frecuencia). 

Los resultados de los escenarios de medición lineal y circular para distintos 

tamaños de velas, que representan diferentes objetos urbanos, permiten confiar en la 

viabilidad del uso de este sistema y de las técnicas en aplicaciones de detección que 

operan en la banda de 100 GHz y en la de 300 GHz, dependiendo de la aplicación 

final. 
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4.3 ARTÍCULO 3. 
 

El artículo 3 tiene la siguiente referencia: 

Solano-Perez, J.A.; Martínez-Inglés, M.-T.; Molina-Garcia-Pardo, J.-M.; Romeu, J.; 

Jofre-Roca, L.; Ballesteros-Sánchez, C.; Rodríguez, J.-V.; Mateo-Aroca, A. Terahertz 

Frequency-Scaled Differential Imaging for Sub-6 GHz Vehicular Antenna Signature 

Analysis. Sensors 2020, 20, 5636. https://doi.org/10.3390/s20195636   

Q1- Cuartil 1 (4 puntos) – Category name: Instruments&Instrumentation. 

 

4.3.1 RESUMEN 

 

La próxima generación de vehículos conectados y autónomos estará equipada 

con un elevado número de antenas que operan en una amplia gama de frecuencias 

para las comunicaciones y la detección del entorno ambiental.  

El estudio de las respuestas angulares espaciales en 3D y los patrones de 

radiación modificados por la estructura del vehículo permitirá una mejor integración de 

las antenas de comunicación y detección asociadas. 

El uso del enfoque monostático de campo cercano, aplicado con la traslación 

de la escala de frecuencia-dimensión y diferencial, ofrece una novedosa aplicación de 

imagen.  

El objetivo de este trabajo es estudiar, teórica y experimentalmente, el método 

de obtención de corrientes producidas por una antena que irradia sobre sobre una 

plataforma vehicular utilizando imágenes diferenciales. La parte experimental del 

estudio se centra en la medición de un objetivo a escala utilizando un sistema de 

imágenes que opera en una banda de terahercios -de 220 a 330 GHz- que coincide 

con una de las bandas de frecuencias de 5G según la traslación de la escala 

frecuencia-dimensión. 

Los resultados muestran que las corrientes inducidas se estiman correctamente 

utilizando esta metodología, y que se evalúa la influencia del ancho de banda. 

Relativo a las aportaciones más relevantes, este trabajo es una aplicación del 

enfoque en la exploración de campo cercano de objetos metálicos del Artículo 2, que 

se utiliza para realizar el enfoque de un coche metálico con y sin antena monopolo 

con el fin de estimar las corrientes inducidas en la superficie del vehículo utilizando 

una metodología diferencial. 

Este método permite estimar la distribución de las corrientes inducidas por la 

antena en la superficie del vehículo mediante un método muy sencillo, que además 

se combina con la traslación de escala frecuencia-dimensión. 

https://doi.org/10.3390/s20195636
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La técnica presentada en el Artículo 2 se ha extendido a un escenario de 

medición diferente en un escaneo 3D en la banda de terahercios y utilizando el 

concepto de corriente diferencial como una forma novedosa y una contribución 

importante. 

Los resultados verifican que, mientras que la discriminación de la distancia 

aumentaba con el ancho de banda, la resolución transversal (plano XY) no cambiaba 

significativamente. 

Finalmente, cabe concluir que los resultados muestran un rendimiento 

prometedor de esta técnica que utiliza corrientes diferenciales, como se representa en 

la banda de 300 GHz. El conocimiento de estas corrientes creadas por las antenas de 

los vehículos puede dar pistas sobre el impacto producido por las formas (bordes y 

esquinas), discontinuidades (ranuras y ventanas) o materiales (composición o 

rugosidad) introducidos en la plataforma del vehículo. 
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4.4 ARTÍCULO 4. 
 

El artículo 4 tiene la siguiente referencia: 

Solano-Perez, J.A.; Martínez-Inglés, M.-T.; Molina-Garcia-Pardo, J.-M.; Romeu, J.; 

Jofre-Roca, L.; Ballesteros-Sánchez, C.; Rodríguez, J.-V.; Mateo-Aroca, A.; Guzmán-

Quirós, R. On Differential Imaging Using Electromagnetic Simulation for Vehicular 

Antenna Signature Analysis. Sensors 2021, 21, 3796. 

https://doi.org/10.3390/s21113796  

Q1- Cuartil 1 (4 puntos) – Category name: Instruments&Instrumentation. 

 

4.4.1 RESUMEN 

 

La tendencia actual en los vehículos es integrar un amplio número de antenas 

y sensores que operan en una variedad de frecuencias para la detección y las 

comunicaciones. La integración de estas antenas y sensores en la plataforma del 

vehículo es compleja debido a la forma en que los patrones de radiación de las 

antenas interactúan con la estructura del vehículo y otras antenas/sensores.  

En consecuencia, es necesario estudiar el patrón de radiación de cada antena 

o, alternativamente, las corrientes inducidas en la superficie del vehículo para 

optimizar la integración de múltiples antenas. El novedoso concepto de imagen 

diferencial representa un método mediante el cual es posible obtener la distribución 

de la corriente en la superficie sin introducir ninguna sonda perturbadora.  

El objetivo de este estudio fue desarrollar y confirmar los supuestos en los que 

se basa la imagen diferencial mediante una simulación electromagnética de onda 

completa, proporcionando así una verificación adicional del concepto.  

El entorno de simulación y los parámetros se seleccionaron para replicar las 

condiciones en las que se realizaron las mediciones reales en estudios anteriores. Las 

simulaciones se realizaron con el software de simulación Ansys HFSS.  

Los resultados confirman que las aproximaciones son válidas y que las 

corrientes diferenciales son representativas de las corrientes superficiales inducidas 

generadas por un monopolo colocado en la parte superior de un vehículo. 

Relativo a las aportaciones más relevantes, cabe destacar que las simulaciones 

electromagnéticas de onda completa (“full wave”) realizadas en el presente estudio 

demuestran la fiabilidad del nuevo concepto de imagen diferencial presentado en el 

Artículo 3. Las corrientes diferenciales proporcionan una herramienta para estimar la 

firma de la antena mediante la medición del vehículo con y sin antena y el cálculo de 

la imagen diferencial o de las corrientes diferenciales mediante la medición de los 

campos dispersos. Las simulaciones electromagnéticas de onda completa de las 

corrientes superficiales y los campos eléctricos cercanos generados por una 
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estructura de vehículo metálica de 10 cm de longitud en miniatura que recibe el 

impacto de una onda plana normal pueden generar información que contribuya a 

confirmar el concepto de imagen diferencial y las aproximaciones asumidas. El 

método de los momentos que ofrece el software comercial Ansys HFSS se utilizó 

eficazmente para modelar y resolver este problema, optimizando el tiempo de 

procesamiento de las simulaciones. La comparación de los resultados de las 

mediciones del Artículo 3 y de la simulación se realizó y evaluó en términos de CDF y 

RMSE para tener una estimación del error, confirmando que los resultados son lo 

suficientemente buenos para su explotación en términos de proporcionar una forma 

de la distribución de la corriente superficial en el coche. 

Los hallazgos descritos en este trabajo proporcionarán una contribución 

significativa a la comprensión existente y a la visión del método de imagen diferencial 

que permite a los investigadores obtener y observar la distribución de corriente 

inducida en el objeto sin sondas de medición que influyan e induzcan error en la 

medición del campo. Por lo tanto, este trabajo proporciona una verificación adicional 

del concepto de imagen diferencial a través de una simulación electromagnética de 

onda completa. 

Después de la simulación electromagnética de onda completa, el enfoque de 

las corrientes diferenciales como medio para estimar las corrientes inducidas por el 

monopolo es un paso adelante. Posteriormente, el concepto diferencial podría 

utilizarse para revisar y optimizar el emplazamiento conjunto de diferentes sensores y 

antenas en un vehículo. 
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5 CONCLUSIONES 

 

Las conclusiones principales del trabajo de tesis son las siguientes: 

- La señal de FI proporcionada por un radar FMCW homodino puede utilizarse como 

entrada para el algoritmo monostático-biestático MFBF. Las simulaciones 

realizadas en este trabajo verifican que señales FMCW de corta duración permiten 

establecer una relación lineal entre el dominio de la frecuencia y el dominio del 

tiempo. Por lo tanto, la señal de FI es aproximadamente equivalente al parámetro 

de dispersión S21 cuando se desprecia la componente RVP. Además, se ha 

comprobado que el ruido gaussiano no perturba el enfoque del algoritmo de 

obtención de imágenes utilizando señales de FI proporcionadas por radar FMCW. 

Por último, se ha comprobado que se permite la detección de múltiples objetivos. 

La evaluación de la función de error CDF proporciona confianza sobre la viabilidad 

de utilizar el radar FMCW en aplicaciones de imagen y de imágenes y la 

explotación de las señales de FI como entrada a los algoritmos de enfoque para 

reconstruir imágenes. Así, el uso del radar FMCW puede superar los principales 

problemas de la utilización del VNA. 

 

- La viabilidad del sistema lineal y circular UWB de ondas milimétricas y terahercios 

monostático de campo cercano para la exploración de objetivos no metálicos 

ópticamente opacos ha sido confirmada. El sistema desarrollado y aplicado 

demostró ser capaz de proporcionar imágenes utilizando geometrías de medición 

lineales y circulares que coinciden con las vistas frontal y lateral en los vehículos. 

La principal conclusión es la evaluación del efecto en geometrías de exploración, 

así como geometrías de barrido. Así, se desarrolla la posibilidad de tener dos 

bandas de frecuencia de interrogación de banda ancha separadas (100 y 300 GHz) 

con el objetivo de proporcionar una capacidad única para probar su efecto, 

permitiendo confiar en la viabilidad del uso de este sistema y de las técnicas en 

aplicaciones de detección. 

 

- Se ha comprobado la viabilidad del concepto de “differential imaging” (imagen 

diferencial) mediante la aplicación del enfoque en la exploración de campo cercano 

de objetos metálicos del Artículo 2, que se utiliza para realizar el enfoque de un 

coche metálico con y sin antena monopolo con el fin de estimar las corrientes 

inducidas en la superficie del vehículo utilizando una metodología diferencial. Esta 

viabilidad se ha confirmado a través de los resultados de las medidas. 

 

- Las aproximaciones realizadas para desarrollar el concepto de “differential 

imaging” han sido validadas a través de los resultados obtenidos mediante 

simulación electromagnética. 
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1. Introduction

Continuous Wave (CW) radar has been used for detecting static
and dynamic targets in different applications for a long time [1].
The FMCW is a CW radar where the instantaneous frequency of
the transmit signal is modulated according to a known character-
istic. Although the FMCW technique has a very long history, its
breakthrough in the field of modern radar systems was twenty
years ago when the implementation limitations of the electronic
circuitry were overcome [2]. Nowadays, the electronic industry
related to FMCW radar sensing solutions for the automobile indus-
try [3] has developed single-chip mmW products at very low cost
that are being used extensively in vehicles as proximity sensors or
to avoid collisions and they are being assessed for use in pedestrian
detection and detection of concealed weapons in vehicles [4].

The incorporation of millimeter frequencies is opening new
possibilities for the use of electromagnetic waves with the
intention of exploring the environment and reconstructing the
form of metallic objects as well as non-metallic penetrable objects.
The use of FMCW radar in the millimeter frequency band (from 40
to 300 GHz) offers the possibility of obtaining a high resolution
image without using invasive techniques or disturbing the object
under test. Until now, FMCW radar operated in the X, Ku, K and
Ka bands [5,6].

The MFBF algorithms [7,8] allow focusing of the object from
scattering fields obtained from parameter S21 [9], usually mea-
sured in the frequency domain by a VNA. This type of imaging algo-
rithm is commonly used like the algorithm described in [10].
However, in this paper, the possibility of measuring the parameter
S21 in the frequency/time domain by means of a FMCW radar is
proposed as an innovative aspect—to the best of the author’s
knowledge—that would avoid the problems of using the VNA rela-
tive to the impedance changes due to cable curvatures or the
length of wiring as described in [11], as well as the cost of the
VNA equipment. Additionally, the VNA cost and maintenance (cal-
ibration) is very high compared with the cost of commercial FMCW
radar. Another consideration is that modern FMCW radar operating
in millimeter frequencies are very compact and portable compared
to a VNA. Low cost mmW FMCW radar applications has been
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developed [12]. Existing mmW radars using FMCW used in differ-
ent applications as cited in [13–16] shows the good performances
in terms of high resolution and feasibility of implementation.
These applications use IF signal processing to obtain range and
doppler frequency. Another step forward is to evaluate the use of
MFBF algorithm for high resolution imaging in short range
applications.

Additionally, it has to be taken into account that frequency
stepped continuous wave (FSCW) modulation utilized by the
VNA and the FMCW are closely related. The short time of the
FMCW is linearly related to the frequency domain. Hence, the IF
signal is approximately the S21. Then, it can be assumed that both
elements (VNA and FMCW) are equivalent, as it will be demon-
strated in Formulation section of this paper.

Then, it is intended to demonstrate, from a theoretical point of
view, the feasibility of using FMCW radar IF signal as input to the
MFBF algorithm [13] for imaging applications. The theoretical basis
comes from the specific property of linear frequency modulation
(LFM) [18].

This paper is organized as follows. Section 2 explains the theo-
retical formulation related to FMCW radar, VNA as a measurement
device to obtain S21 and the MFBF imaging algorithm. Section 3
presents simulation results for different simulation cases. Section 4
discuss the results in terms of error. Section 5 states conclusions.
2. Formulation

2.1. FMCW theory

The FMCW radar is characterized by transmitting a CW signal as
defined in Eq. (1) and a LFM, called chirp. CW radar continuously
transmits electromagnetic waves, with the transmitting and
receiving process being performed simultaneously.

stxðtÞ ¼ ej2pðf cþkf tÞt ð1Þ

where stx is the signal transmitted for each instant, f c is the central
frequency and kf is defined as kf ¼ B

T; defining B as the total band-
width of the FMCW transmission and T as the FMCW chirp duration.

FMCW radar receives transmitted signals with a delay (s) corre-
sponding to the time required to reach the target from the radar
transmitter and reflected back to the radar receiver. Then, the
FMCW transmitted signal and the FMCW received signal have
the same shape, but different amplitude and phase (shifted in time
and phase) due to propagation loss. The received signal can be
written as a function of the scattering parameter in the time
domain as there is a relationship between the received signal
(srx) and transmitted signal (stx) in free space [19]:

srxðtiÞ ¼ s21ðtiÞ � stxðtiÞ;0 6 i 6 T ð2Þ
and in the frequency domain:

SrxðFiÞ ¼ S21ðFiÞ � StxðFiÞ; 0 6 i 6 ðN - 1Þ ð3Þ
with N-1 being the number of total frequencies transmitted by the
FMCW radar during the pulse duration defined by T. For each time
instant, the FMCW radar transmits a different frequency. Then,
there is a relationship between ti and Fi. This is a unique property
of LFM to be reviewed in this section.

The delay between both signals can be written as:

s ¼ Rtx - target þ Rtarget�rx
� �

c
ð4Þ

with Rtx�target being the distance from the radar transmitter to the
target, Rtarget�rx being the distance from the target to the radar recei-
ver and c being light speed in a vacuum.
The propagation delay of a signal reflected from a target is pro-
portional to the frequency difference between the transmitting and
receiving wave at any given point in time. The frequency difference
between transmitting and receiving signals is called the beat fre-
quency (f b) or IF (sIF).

In FMCW radar homodyne reception, the transmitted signal is
created by a chirp generator that synthetizes a linear sawtooth
FMCW signal. During reception, the transmitted signal is mixed
with the received signal. The mixer output provides a signal called
IF with a frequency equal to the frequency difference between the
transmitted and received signals. The IF signal is obtained after
using a low-pass filter having the following expression [2]:

sIFðtÞ ¼ ej2pðf btþf csþ1
2ls

2Þ ð5Þ
There are three different parts in Eq. (5): the beat frequency

(term f bt), the azimuth phase history (term f cs), and the residual
video phase (RVP) (term 1

2 � l � s2). The azimuth phase history rep-
resents the phase variation between adjacent chirps. This term can
be removed by means of processing for static imaging. The RVP can
be ignored and easily removed, if m is small enough. In a short-
range imaging system—one of the main potential practical applica-
tions of this paper—the round trip delay time (RTDT) or s is small
compared to the chirp’s duration (T). Hence, the duration of the IF
signal can be approximated by that of the transmit signal. The RVP
has a subsidiary influence in short-range applications only and, is
therefore, neglected.

The IF signal frequency or beat frequency (f b) has a direct rela-
tionship with the propagation delay. Using similar triangles, f b is
written as:

fb ¼ l s ¼ B
T
s ð6Þ

with m being the LFM coefficient, B the FMCW signal bandwidths; T
the chirp duration and s the round trip time delay. Based on Eq. (7),
the range can be obtained through the slope of the linear ramp:

R ¼ fb
c T
2 B

ð7Þ
2.2. FSCW and FMCW radar characterization

The aim is to performmeasurements for imaging applications in
the time domain instead of the frequency domain. VNA obtains the
scattering parameter (S21) measured in the frequency domain. It is
intended to use FMCW radar, which operates in the time domain,
instead of VNA, for imaging applications. The first approach is to
compare the type of modulation of a VNA with the FMCW radar
modulation. The VNA can be approached by a FSCW system or a
SFCW system where the transmitted signal frequency is constant
for a time interval [20].

The VNA is configured with a sweep time that is called Tdwell.
Tdwell is the time interval that the transmitted frequency is held.
The fstep is the frequency separation among transmitted frequen-
cies and N is the total number of transmitted frequencies.

In FSCW systems, the IF signal for P ideal point targets placed at
rp with ru being the range illuminated by the radar, is given by [2]:

sfsIFðkr; ruÞ ¼ rect
kr - kc
Kr

� �XP�1

p¼0

A0cpðkrÞxAðrp; ru; krÞe�j2kr rp�ruj j ð8Þ

This IF signal has been written as a continuous function of kr
being defined in the wavenumber domain, although in real sys-
tems, there is a finite set of wavenumbers. The f s is the sampling
frequency of the IF signal. The kr wavenumber is defined as

kr mk½ � ¼ 2pf t mk½ �
c0

with mk being the k-equidistant spaced transmit
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frequency centred on the frequency f c . kc is defined as kc ¼ 2pf c
c0

. The

transmitted frequency is defined in each step as f t ¼ f c þmkDf . The
separation between frequencies is defined as Df ¼ B

Mk�1, with B

being the total bandwidth. The extension of the signal in the krdo-
main is limited by the rect function with the constant Kr ¼ 2pB

c0

being related to the signal’s bandwidth. The reflectivity, cpðkrÞ, of
the target and the antenna pattern, xAðrp; ru; krÞ, are a function of
the wavenumber measured at multiples frequencies. A0is the
amplitude of the sIF signal.

In the FMCW system, for a single up-chirp the received IF signal
for P stationary point targets and a non-moving radar located at ru
is given by [2]:

sfmIF ðt; ruÞ ¼
XP�1

p¼0

rect
t � sp

2

T � sp

� �
A0cpxAðrp; ruÞe�j2pf csp e�j2pkf sptejpkf s

2
p

ð9Þ
defining sp ¼ rp � ru

�� ��=c0 as Round Trip Delay Time (RTDT) for pth
ideal point scatterer. RTDT is constant during measurements and
it could be neglected in short range imaging systems, due to the
fact the RTDT is small compared to the chirp duration. Additionally,
the duration of IF signal is approximated equal to the transmit sig-
nal. Another consideration is related to the last exponential term in
(9), with a quadratic dependence on RTDT, defined as Residual
Video Phase (RVP). RVP is neglected based on the null influence
in short range applications, as in imaging applications. Based on
the previous approximations, the IF signal for P stationary point
targets at rp and the non-moving radar as a function of kr , is given
by the following Eq. (2):

sfmIF ðkr; ruÞ ¼ rect
kr - kc
Kr

� �XP�1

p¼0

A0cpxAðrp; ruÞ � e�j2kr rp�ruj j ð10Þ

with the wavenumber being krðtÞ ¼ 2pðf cþkf tÞ
c0

, f m the sampling fre-

quency of the IF signal, ru the range illuminated by the radar, and

Kr ¼ 2pkf T
c0

¼ 2pB
c0

with kf ¼ B
T. kc is defined as kc ¼ 2pf c

c0
.

Based on Eqs. (8) and (10), the FSCW modulation used in the
VNA and the FMCWare closely related. The short time of the FMCW
is linearly related to the frequency domain. Hence the IF signals are
approximately the S21 when the RVP component is neglected [21].
Then, the same reconstruction algorithms can be utilized for FSCW
radar and FMCW radar, due to the fact that IF signals are identical, if
they are written as a function of the wavenumber, kr .

The IF signals can be considered as a time domain signal as well
as a frequency domain signal based on the unique property of the
LFM used in FMCW radar. This means that the LFM characteristics
allow us to use the IF signal as a time domain signal and as a fre-
quency domain signal without using Fourier transform. This is
because of the LFM sweep time corresponds to the change in the
modulated frequency for slow modulation conditions. Then, the
scattering parameter S21 is proportional to the conjugate of the
FMCW radar IF signal [18] under slow modulation conditions:

S21 Fð Þ ¼ k SIF Ftð Þ½ �� ð11Þ
with S21 being the scattering parameter, k an arbitrary constant, and
SIF Ftð Þ the t-th frequency of the IF signal.

The slow modulation condition states that B=T (LFM coefficient)
has to be small enough to allow us to ignore the phase deviation or
RVP:

p B
T
s2 << 1 ð12Þ

Reviewing the following values for the FMCW radar simulation
of our case study, i.e., B ¼ 6 GHz; T ¼ 512 ls and a target posi-
tioned at 1 m (R). The evaluation of the formula (12) is performed,
obtaining a value that complies with the condition: 0.0016 � 1.
Then, it is verified the slow modulation condition for our case
study.

Considering the slow modulation condition, it is verified that
the IF signal (SIF) provided by a FMCW radar is equivalent to the
scattering parameter S21. If the slow modulation condition mean-
ing is reviewed, it is realized that the IF bandwidth is close to zero
or with modulation close to zero bandwidth. This means that the IF
signal is analogous to the VNA operating at a specific frequency
(VNA sweep step).

The IF signal provided by the homodyne reception is a real sig-
nal without the imaginary part. In other words, this type of FMCW
radar provides a real valued beat frequency or IF signal, i.e., a band
limited signal that complies with a casual impulse response. Then,
considering that the IF signal is a wide band signal, the analytic
signal can be obtained using the Hilbert transform of this signal
[22–25]. The analytic signal from the IF signal provides the phase
information required for imaging. After the Hilbert transform, the
IF signal (analytic signal) is a complex sequence with phase infor-
mation. The IF signal’s Hilbert transform is conjugated to get the
scattering parameter S21 according to [18].
2.3. MFBF imaging algorithm [22]

According to Martinez-Ingles, et al. [17], the basic idea of the
near-field imaging system [26] consists of configuring an almost
monostatic radar system with a set of Tx-Rx elements situated
close together and moving through a circular (quasi-circular) or a
linear geometry. The objective is to obtain the spatial and electrical
information of an extensive object in electrical terms. Under the
Born hypothesis or a point-like distribution of scatterers, the illu-
minating field within the target can be approximated by the inci-
dent field and, by using low directivity antennas (uniformly
illuminating the target), the scattered field measured at each posi-
tion can be approximated by:

Es
!

r!Rj; f ; r
!

T

� �

¼�k2b fð ÞAd

Z
V
cð r!; f ÞG rT

!� rTi
	!�� ��; f� �

G rRi
	!� rt

!�� ��; f� �
dV ðV=mÞ

ð13Þ

where Ad is a complex constant that considers the different constant
parameters of Tx and Rx. G is the Green function [8] for the defined
geometry. For the case of a 3D geometry, GðrÞ ¼ e�jkbr=ð4prÞ, where
kb ¼ x ffiffiffiffiffiffiffiffiffiffiffiffiffiffil0e0eb

p
.

The reconstruction process is based on an extension to the mul-
tifrequency case of the monofrequency bifocusing technique pre-
sented in Refs. [7,8], expressing the contrast factor c(r)averaged
over the ultra-wide band (UWB) frequency band and over the
whole reconstruction space, such as:

c r!
� �

¼ Ai

Xf max

fmin

XNT�R

i¼1

Es
!

r!Rj; f ; r
!

T

� �
k2b fð Þ

e
jkb fð Þ r!T� r!Ti

�� ��þ r!Ri� r!Ti

�� ��� �
ð14Þ

Again, Ai is a complex constant that takes into account all fac-
tors of the system’s Tx-Rx chain.
3. Simulation results

MATLAB has been used to simulate the FMCW radar and the
FSCW (VNA) through the scattered field calculation. The mmW
MFBF monostatic-bistatic algorithm is implemented in Matlab
too. The input to the MFBF algorithm will be the scattered param-
eter S21 obtained by the FMCW radar and FSCW.
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3.1. FMCW radar simulation

The key item for the FMCW radar simulation is the IF signal
generation in time domain. Simulator models the ideal IF signal
as a sinusoidal function with a frequency that matches the distance
to the target according to the following equation:

SIF tð Þ ¼ A � cos k rð Þ þ Noise ð15Þ
Table 1
FMCW radar parameters for the simulation.

Parameter Value

Central frequency 77 GHz
Bandwidth 6 GHz
Time ramp up of the chirp 512 ls
Number of sweep frequencies per pulse 1024
Number of positions to observe the object 45
Sampling rate 2 MHz
Number of points in chirp modulation 1024

Table 2
Initial parameters for mmW MFBF monostatic-bistatic algorithm.

Parameter Value

Central frequency 77 GHz
Bandwidth 6 GHz
Number of frequencies points 1024
Number of positions to observe the object 45
Number of focusing points in x-axis and y-axis 128
Focusing area step along x-axis and y-axis 0.00075 m
Offset distance between Tx and Rx along the x-axis 0.150 m
The IF signals include two terms. The first term is the ideal point
target simulated by means of a cosine defined as: cos k rð Þwhere

k ¼ 2 p f t
c with f t being the frequency transmitted by the radar in

each instant (r ¼ dtx�target þ dtarget�rx) in meters. This term corre-

sponds to the e�j2kr rp�ruj j in Eq. (10). The Noise is defined as Gaus-
sian noise with a standard deviation of sigma to simulate real
environments. Table 1 includes the simulation parameter for
FMCW radar.

Table 1 simulation parameters has been selected based on
the state of the art of low cost FMCW radar in mmW. The cen-
Fig. 1. Normalized focused field amplitude ob
tral frequency is the typical frequency in mmW for commercial
FMCW radar. Bandwidth has been maximized in order to
enhance distance resolution. Time ramp up of the chirp has
been selected as long as possible, due to provide benefits in
imaging applications. This time allows to illuminate the object
during more time for the range of frequencies defined by the
Bandwidth. Number of sweep frequencies and number of points
in chirp modulation has the same value and it was selected to
provide enough frequencies for the MFMF algorithm. The num-
ber of frequencies has a direct relationship with the sampling
rate. Sampling rate greater than 2 MHz are difficult to reach
for the state of the art FMCW radars. Number of observations
points is a parameter to be selected based on the required
resolution.

Table 2 includes the simulation parameters for mmW MFBF
algorithm. These parameters has been selected to be the same as
the parameter included in Table 1, in order to allow us to compare
the simulation results. The focusing area is a square of 128 points
by 128 points in steps of 0.00075 m. Focusing area and focusing
steps could be selected based on the required area to explore
and/or in the required resolution. The focusing area coordinates
are defined by the user.

After applying the MFBF imaging algorithm, the radiation pat-
tern is obtained. Fig. 1 displays the amplitude of the normalized
focused field based on the S21 scattering parameter obtained as
the conjugate from the complex IF signal calculated using the Hil-
bert transform to get the analytic signal with the phase informa-
tion. Then, Fig. 1 depicts the focused image and the yellow dot is
the ideal point target located by the imaging algorithm.
3.2. FSCW simulation

The calculation of the scattered field is performed by doing a
simplification in the sense that, for the spherical waves, just the
exponential term is considered [10]. Then, it is expressed for each
frequency (fi) and each position (nms_x) as:

Esc f i; nms xð Þ ¼ e�i kms dTx�ob e�ikms dob�Rx ðV=mÞ ð16Þ

where kms ¼ 2 p fms
c and f ms ¼ f initial þ ðN � 1ÞDf , Df is the frequency

step, and N is the total number of frequencies. The distance between
tained from IF signal from FMCW radar.
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Tx and the object, and the object and the Rx, is stated as dTx-ob and
dob-Rx, respectively. The scattered field calculation simulates the
data provided by a VNA. In other words, the scattered field is equiv-
alent to the scattering parameter S21 measured by a VNA connected
to a Tx antenna and Rx antenna in front of the object under study
for imaging purposes. The number of frequencies swept by the
VNA will be 1024, equal to the number of frequencies swept by
the FMCW radar.

The initial parameters for the mmW MFBF monostatic-bistatic
algorithm has been established for the same parameter as stated
in the previous section.

Fig. 2 displays the amplitude of the focused field after applying
the MFBF algorithm to the scattered field.
Fig. 2. Normalized focused field amplitude ob

Fig. 3. Percentage error surface of focused fie
4. Discussion

The next step is to compare the results obtained from the
FMCW radar simulation with the results provided by the scattered
field theoretical calculation after applying the MFBF imaging algo-
rithm in both cases. This comparison is performed in terms of
amplitude (module) and phase. To perform this comparison, the
focused field calculated by both methods has been normalized con-
sidering the maximum focused field obtained for each method. The
percentage error formula is the:

Percentage error %ð Þ¼ Efc scattered normalized�Efc FMCW normalizedj j
Efc scattered normalized

100

ð17Þ
tained from theoretical scattered fields.

ld (amplitude) – FSCW vs. FMCW radar.
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Percentage error surface of focused field (amplitude) is shown
in Fig. 3. The x-axis and y-axis represent the 128 � 128 points (pix-
els) of focusing area and the associated error.

The percentage error surface shows very large areas with dark
blue colour that indicate a percentage error lower than 3%. The
light blue colour shows that there are small differences in module
between the focused field calculated by the scattered field theoret-
ical calculation and that obtained from the IF signal provided by
the FMCW radar. This could mean that both methods used to
obtain the S21 parameter are equivalent. Additionally, Fig. 3 shows
some outlier data indicated by yellow spots that depict a maxi-
mum error of around 80%. Due to the spatial position of these
points (very far from the target), they could be identified and dis-
carded using Standard Deviation methods, considering criteria of 3
times the standard deviation.

The Cumulative Distribution Function (CDF), assuming normal
distribution of error, can be calculated as:

/ðxÞ ¼ 1
2

1þ erf
x� l
r

ffiffiffi
2

p
� �� �

ð18Þ
Fig. 4. CDF percentage error of focused field (

Fig. 5. Percentage error of focused field (
Eq. (18) is evaluated using the percentage error as x, l is the
mean value of percentage error and r is standard deviation of per-
centage error.

Fig. 4 shows the CDF of the percentage error of focused field in
amplitude without outliers, indicating that there is a probability
that 90% of the points have an error less than the 2.53%. The CDF
provides a good indicator about the error. This percentage error
in amplitude is a good indication about performances.

After the evaluation of errors in terms of amplitude, it is evalu-
ated phase error of focused field calculated from FSCW and from
FMCW radar.

Fig. 5 shows the focused field phase percentage error in the
focusing area of 128x128 points (pixels), depicting a set of outlier
values with a very high percentage error. Fig. 6 displays the CDF of
normal distribution of the percentage error of the focused field
(phase). As mentioned above, the outliers disturb the CDF repre-
sentation and it has been discarded using Standard Deviation
methods.

Fig. 6 shows that there is a probability that 90% of the points
have an error less than the 10.1%, removing outliers. In any case,
the evaluation of the error surface and error CDF function, in terms
amplitude)—FSCW vs. FMCW simulation.

phase)—FSCW vs. FMCW simulation.
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of amplitude and phase, provides confidence in the results
obtained using the MFBF imaging algorithmwith the data gathered
from the FMCW radar simulation.

Another important consideration is the error versus distance to
object under evaluation in terms of amplitude and phase presented
in Table 3. This evaluation should consider that there would a max-
imum distance to the object based on the maximum phase devia-
tion criteria defined in Eq. (12).
Fig. 6. CDF percentage error focused field

Fig. 7. Amplitude of normalized focused

Table 3
Error vs. Distance to object evaluation.

Distance to
the object
0.5 m

CDF of Normal Distribution of the Percentage Error of Focused
Field (amplitude) – FSCW vs. FMCW simulation without outliers

1.49%

CDF of Normal Distribution of the Percentage Error of Focused
Field (phase) – FSCW vs. FMCW simulation without outliers

7.17%
If the distance to the object is greater than 10 m, the phase error
increased quickly. Then, the maximum phase deviation is around
0.16 rad. This is the practical value that it could be used for other
FMCW radars operating under phase deviation �1.

In order to verify if the IF signal provided by the FMCW radar
withstands a noise environment close to the real, a Gaussian noise
has been added with a standard deviation equal to 1. Fig. 7 shows
that MFBF algorithm focuses properly.
(phase)—FSCW vs. FMCW simulation.

field with Gaussian noise in FMCW.

Distance to
the object
1 m

Distance to
the object
2 m

Distance to
the object
4 m

Distance to
the object
8 m

Distance to
the object
10 m

2.53% 2.67% 1.31% 0.98% 1.05%

10.1% 21.4% 13.44% 3.85% 5.06%



Fig. 8. Amplitude of normalized focused field including 4 objects using FMCW.
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From a theoretical point of view, Gaussian noise would not be a
problem for focusing in imaging applications using IF signals
provided by FMCW radar. Fig. 7 states that the object is located
without any doubt by the algorithm, showing the exact position
in the focusing area.

To conclude this sections, four targets has been simulated in
order to verify if the FMCW simulations or the MFBF algorithm
have any limitation. Fig. 8 shows the four objects in yellow for
FMCW radar case.

The CDF of the error between FMCW radar and FSCW (VNA) has
been calculated in terms of amplitude and phase for 4 objects
placed around 1 m. The CDF percentage error in amplitude is
1.23% and in phase is 5.27%. These results provide confidence ver-
ifying that there is not any dependence or problem with
multitargets.
5. Conclusions

This paper states that the IF signal provided by a homodyne
FMCW radar can be used as input to the MFBF monostatic-
bistatic algorithm. The simulation performed in this work verifies
that the short time of the FMCW is linearly related to the frequency
domain. Hence, the IF signal is approximately equivalent to the S21
scattering parameter when the RVP component is neglected. In
addition, it has been verified that Gaussian noise does not disturb
the focusing of the imaging algorithm using IF signals provided by
FMCW radar. Finally, multitarget detection is allowed.

The CDF error function evaluation provides confidence about
the feasibility of using FMCW radar in imaging applications and
exploiting the IF signals as input to focusing algorithms to recon-
struct images. Thus, the use of FMCW radar can overcome the main
problems of using VNA [11].

Based on the previous conclusions, it is demonstrated that the
FMCW radar system is a low cost solution for imaging using a
MFBF algorithm based on near-field imaging techniques. The next
phase of our research is to perform measurements of objects in the
laboratory using RADARBOOK [27] operating at 77 GHz. It has to be
taken into account that there is not any dependence with the
FMCW transmission frequency. Then, other frequency band could
be used. The important parameters are the bandwidth (B) and
the Time ramp up of the chirp (T) that determine the phase devia-
tion. The focusing algorithm is not frequency dependant too.

Additionally, specific constraint has been identified associated
with the maximum distance where FMCW could be used, where
the slow modulation condition is complied. The error vs. distance
data states that error is constant in amplitude (from 1% to 3%) up
to the maximum distance between the FMCW radar and the object,
that would be 10 m. It is obtained from an experimental point of
view that limit of phase deviation is 0.16 rad. The maximum range
is directly proportional FMCW ramp up pulse duration T and inver-
sely proportional to FMCW Bandwidth B.
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Abstract: Millimeter-wave and terahertz frequencies offer unique characteristics to simultaneously
obtain good spatial resolution and penetrability. In this paper, a robust near-field monostatic focusing
technique is presented and successfully applied for the internal imaging of different penetrable
geometries. These geometries and environments are related to the growing need to furnish new
vehicles with radar-sensing devices that can visualize their surroundings in a clear and robust way.
Sub-millimeter-wave radar sensing offers enhanced capabilities in providing information with a high
level of accuracy and quality, even under adverse weather conditions. The aim of this paper was to
research the capability of this radar system for imaging purposes from an analytical and experimental
point of view. Two sets of measurements, using reference targets, were performed in the W band
at 100 GHz (75 to 110 GHz) and terahertz band at 300 GHz (220 to 330 GHz). The results show
spatial resolutions of millimeters in both the range (longitudinal) and the cross-range (transversal)
dimensions for the two different imaging geometries in terms of the location of the transmitter and
receiver (frontal or lateral views). The imaging quality in terms of spatial accuracy and target material
parameter was investigated and optimized.

Keywords: imaging; millimetric wave; terahertz; measurements

1. Introduction

The progressive shift toward millimetric and terahertz frequencies is opening up new possibilities
for the use of electromagnetic waves to optically explore opaque metallic or non-metallic objects
and recover their shape, as well as provide the characteristics of penetrable non-metallic objects.
The applications cover two main areas. The first is as a high-resolution synthetic aperture radar
with imaging capabilities for use as a new sensing device in the next generation of vehicles [1].
The second area is related to imaging applications for object characterization, such as the non-destructive
visualization of structures, the composition of chemical compounds, the identification of dangerous
products, and the identification of hidden objects or pathological parameters in biological tissues.
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Although the resolution can be exceeded by optically based systems, the terahertz frequency provides
resolutions on the order of millimeters, which is enough for many applications, with the advantage of
a better penetrability in certain cases [2].

Considering the applications identified previously, the contribution of the following works that
provided background about the state of the art is relevant. In Reference [3], a synthetic aperture radar
(SAR) was used for an imaging system using a specific algorithm, demonstrating the capability of
recovering scattering information from a system operating at 36.5 GHz. In Reference [4], a terahertz
inspection system for radome polymer object inspection operating from 70 to 110 GHz and from 110 to
170 GHz was presented with very good resolution results, proposing the use of higher frequencies
around 300 GHz for better resolution. In Reference [5], a terahertz three-dimensional (3D) linear
frequency modulated (LFM) SAR imaging system for security detection at the 340 GHz band was
tested using a two-dimensional (2D) Fourier transform. In Reference [6], a radar operating at 522 GHz
was presented in order to explore this band. Finally, in Reference [7], a new reconstruction technique
operating in the time domain and in the microwave and millimeter wave band was presented.

In this context, imaging radars are capable of obtaining the spatial distribution of the reflectivity
of an object. This technique enables the material characterization and non-destructive evaluation of
objects. Additionally, this radar system can also capture the image of an object that may be optically
blocked by one or more barriers, such as in radars penetrating the ground, the visualization of hidden
objects, and vision through walls. Millimeter-wave (mmW) systems, that is, systems operating in the
W band and terahertz frequency band, combine the penetrability potential and the required resolution
to accomplish the exploration of opaque metallic or non-metallic objects, as well as recover the shape
and characteristics of non-metallic objects. The measurements were performed using a vector network
analyzer (VNA), connecting each port to specific antennae operating as the transmitter (Tx) and the
receiver (Rx), with the aim of obtaining the scattering parameters, working in the frequency domain [8].

Most of the current mmW automotive radar systems work in the W band (70–110 GHz), while
future systems may extend to the upper part of the extremely-high-frequency (EHF) (30–300 GHz)
region. In order to explore the capabilities of operative radar systems at those high frequencies, it
becomes necessary to study the scattering and imaging performance of some of the basic geometries
found in vehicular scenarios. In terms of scattering, when moving toward these higher frequencies,
such as 300 GHz, the smooth surface requirements of λ/32 may represent 30 microns, and sensitivity to
low-contrast material is a key item to test for imaging systems. Subsequently, material rugosity and
low-permittivity materials should be tested in order to approach realistic conditions in the experiments.

This paper presents the principle of operation of a mmW imaging radar system that allows the
analytical and experimental assessment of very flexible geometries adaptable to different possible
realistic situations, as well as an image reconstruction from the frontal and lateral views of moving
vehicles using low-permittivity targets. Then, the use of a double focal system is proposed that is
independent of the transmitter and receiver. This scanning system can be used in a wide variety of
geometries applying near-field techniques with synthetic aperture processing.

The aim of this work is to perform a detailed review of the use of a monostatic geometry as
opposed to previous systems, such as those based on the approximation of multiple plane waves [8].
To achieve this goal, a single-frequency system developed previously [9] is extended to the mmW and
terahertz frequency band to exploit the benefits of these new frequencies.

This paper is organized as follows: Section 2 explains the theoretical formulation related to imaging
techniques using a near-field approach and synthetic aperture. Section 3 presents the experimental
results for the test cases. Section 4 discusses the results. Section 5 states the conclusions and summarizes
the contribution.
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2. Materials and Methods

2.1. Formulation

The near-field imaging system presented here is based on a flat synthetic aperture radar system
that combines a Tx (transmitter) antenna and an Rx (receiver) antenna placed close together. There are
two different arrangements for the movement of the Tx–Rx set around the object, as shown in Figure 1.
The measurement geometry is based on the Tx antenna and the Rx antenna maintaining a fixed relative
position relative to the other during the exploration process. This is a monostatic measurement with
a certain bi-static angle. In the linear geometry, the Tx–Rx set explores in the vertical plane, i.e., the
zx plane in Figure 1, while, in the circular geometry, the Tx–Rx set is moved around the object at a
constant distance rt.
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0 , i.e., the coordinate origin.

The goal is to obtain an image of the spatial distribution of the contrast of the object being tested,
defined as c(

→
r ) = (εt(

→
r ) − εb)/εb, where εt(

→
r ) is the dielectric permittivity of the object and εt(

→
r )

corresponds to the background.
Let us consider an incident or illuminating field polarized along the y-axis (vertical axis) on a

cylindrical object that is invariant along the vertical axis. In this way, the problem can be treated as
a scalar problem. We denote the field produced by a transmitting element located at r →_(t_i) at a

frequency f in the field point
→
r ti as

→

E(
→
r , f ;

→
r ti). According to the principle of equivalence [5], the

illuminating field induces in the object a current distribution proportional to the electric contrast, which
can be expressed as

→

J eq(
→
r , f ;

→
r ti) = jωεbc(

→
r )
→

E(
→
r , f ;

→
r ti) (1)

This equivalent current can be understood as the source of the scattered field produced by the
object and as a “trace” or image of the original object.

As shown in Figure 1, a Tx antenna, an Rx antenna, and the frequency converters are moved using
a circular geometry around a circle of radius rt, or using a linear geometry, along a set of positions
(Nx, Nz) along the x- and z-axes, respectively, by collecting a two-dimensional array of monostatic
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measurements. Linear geometry is one approach of the configurations used for a radar system placed
in a vehicle.

The scattered field generated by the equivalent current
→

J eq(
→
r t, f ;

→
r ti) at each point

→
r ti . of the

target and measured in the Rx antenna at each position is written as

→

Es(
→
r R j , f ;

→
r ti) = − jωµ0

∫
V0

→

J eq(
→
r t, f ;

→
r ti)G (

∣∣∣∣→r Ri −
→
r t

∣∣∣∣, f
)
dV (2)

where G(
∣∣∣∣→r Ri −

→
r t

∣∣∣∣, f ) is Green’s function for the corresponding geometry. In the case of a 3D geometry,

G(r) = e− jkbr

r , where kb = ω
√
µ0ε0εb. Under the Born hypothesis or a point-like distribution of scatterers,

the illuminating field within the target is approximated by the incident field. Using low-directivity
antennas that uniformly illuminate the target, the scattered field measured by the Rx antenna at each
position is found as

→

Es(
→
r R j , f ;

→
r ti) = −k2

b( f )Ad

∫
V0

c (
→
r , f )G(

∣∣∣∣→r t −
→
r ti

∣∣∣∣, f ) G(
∣∣∣∣→r Ri −

→
r t

∣∣∣∣, f )dV (3)

where Ad is a complex constant that considers the different constant parameters of the Tx antenna and
the Rx antenna.

The reconstruction process is based on an extension of the multi-frequency case of the bi-focusing
technique presented in References [10–12]. The contrast factor c(

→
r ), averaged over the mmW and

terahertz frequency bands and over the whole reconstruction space, is written as

c(
→
r ) = Ai

fmax∑
fmin

NT−R∑
i=1

→

Es(
→
r R j , f ;

→
r ti)

k2
b( f )

e jkb( f )(|
→
r t−
→
r ti |+|

→
r Ri−

→
r t |) (4)

where Ai is a complex constant that considers all factors of the system’s Tx–Rx chain. The use of fast
Fourier transform (FFT) to perform the summations in Equation (4) enables the calculation times to
be reduced.

2.2. Measurement Equipment

The measurements were performed using a commercial network analyzer model ZVA 67
manufactured by Rohde Schwarz. Additionally, the VNA ports were connected to the Tx antenna and
Rx antenna through frequency converters operating from 75 to 110 GHz and from 220 to 330 GHz [13]
to allow us to extend the frequency band. The set-up was based on that developed in Reference [14],
where a bi-static radar was implemented, using one of the heads to transmit and one of the heads to
receive, and measuring the scattering parameter or S21. Each head was composed of one antenna and
one frequency converter.

2.3. Measurement Scheme

The aim of this work is to evaluate the capabilities of a millimeter-wave near-field synthetic
aperture imaging radar to accurately reconstruct reference targets under the circular and linear scenarios
presented in Figure 1.

The linear measurement geometry simulates the point of view of an ultrawide-band (UWB)
millimeter-wave and terahertz monostatic near-field synthetic aperture imaging system installed in a
vehicle in movement. The linear geometry matches the lateral view of the vehicle when moving parallel
to a sidewalk or parking area. The object is placed atop a tripod located 1 m from the Tx antenna and
Rx antenna. The Tx antenna and its frequency converter are separated from the Rx antenna and its
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frequency converter by 0.112 m, and both elements are mounted on a tray that moves together using a
linear positioner [15].

The circular measurement geometry simulates when the vehicle partially turns around an object,
such as at a corner or a roundabout. It is approached with a partial rotation of 340◦.

2.4. Measurement Configuration

The measurements were performed by sweeping the frequency band from 75 GHz to 110 GHz
and from 220 GHz to 330 GHz with the two different heads as frequency converters. The models
were an R&S (Germany)®ZVA-Z110E Converter, W-Band WR-10, and an R&S (Germany)®ZVA-Z325
Converter, J-Band WR-03 [13].

Tables 1 and 2 summarize the vector network analyzer configuration values for 100 GHz and
300 GHz, respectively.

Table 1. The 100 GHz parameters. IF—intermediate frequency.

Parameter Value

Initial frequency 75 GHz
Final frequency 110 GHz

Number of sampling points 8192
IF bandwidth 1 kHz
Output power 0 dBm

Table 2. The 300 GHz parameters.

Parameter Value

Initial frequency 220 GHz
Final frequency 330 GHz

Number of sampling points 8192
IF bandwidth 30 Hz
Output power 0 dBm

For 100 GHz, commercial horn antennas (model 27240-20, manufactured by Flann Microwave
LTD [16]) were used as the Tx and Rx antennae (one for each purpose). Their frequency range is
from 73.8 GHz to 112 GHz, with a gain and E and H plane beamwidth of 18.12 dBi, 22.9◦, and 22.3◦,
respectively, at 73.8 GHz, and 21.41 dBi, 15.1◦, and 14.7◦ at 112 GHz.

For 300 GHz, the 32240-25 model was used, with a frequency range between 217 GHz and
330 GHz, with a gain and E and H plane beamwidth of 23.70 dBi, 11.9◦, and 11.9◦, respectively, at
217 GHz, and 26.99 dBi, 7.8◦, and 7.8◦ at 330 GHz.

The measurement time, sweeping 8192 frequencies, was 5 s per scanning point. The separation
between each frequency complied with the sampling criteria defined in Reference [12].

2.5. Measured Objects

The linear measurement geometry was tested using four objects: a “post-it” pack (made of paper),
a green cube (non-solid and made of plastic), an empty cardboard box (made of paperboard), and the
same cardboard box with a plastic ball inside. The objects were made of non-metallic materials to
allow us to check the performance in terms of the sensitivity of this imaging system under the worst
conditions at different frequencies. Then, objects made of low-contrast material were selected, such
as wax candles ε′r = 2.5, paper ε′r = 3.7, and a plastic ball ε′r = 2.2 to 2.6 [17]. Table 3 identifies the
respective objects at both frequencies, the distance d in the x-axis used to explore the object at both
frequencies, the number of observed positions in the x-axis, and the object size.



Sensors 2020, 20, 1544 6 of 12

Table 3. Measurement configuration for linear geometry.

Distance d (cm) in
x-Axis

Positions in x-Axis
100 GHz

Distance d (cm) in
x-Axis

Positions in x-Axis
300 GHz

Size (cm)
Height ×Width

Post-it 21.1 24.5 7.8 × 7.8
Green cube 21.1 24.5 7 × 7
Box (empty) 240 501 6.5 × 8.8
Box with ball 240 501 6.5 × 8.8

Figure 2 shows the arrangement for the linear measurement of the three objects.

Sensors 2020, 20, x FOR PEER REVIEW 6 of 12 

 

Table 3. Measurement configuration for linear geometry. 

 
Distance d (cm) in x-Axis 

Positions in x-Axis 
100 GHz 

Distance d (cm) in x-Axis 
Positions in x-Axis 

300 GHz 

Size (cm) 
Height × Width 

Post-it 21.1 24.5 7.8 × 7.8 
Green cube 21.1 24.5 7 × 7 
Box (empty) 240 501 6.5 × 8.8 
Box with ball 240 501 6.5 × 8.8 

Figure 2 shows the arrangement for the linear measurement of the three objects. 

  
(a) (b) 

 
(c) 

Figure 2. Linear measurement arrangements: (a) green cube; (b) post-it; (c) box. 

Additionally, to complete the linear measurements, cylindrical wax candles of different sizes 
were used as targets. Wax candles with = 	2.5, = 0.02	[17]  were placed 100 cm from the 
measuring array, as depicted in Figure 3. The number of scanning points was 940 points, with a 
separation between each scanning point of 1 mm. 

Figure 2. Linear measurement arrangements: (a) green cube; (b) post-it; (c) box.

Additionally, to complete the linear measurements, cylindrical wax candles of different sizes were
used as targets. Wax candles with εr = 2.5, tgδ = 0.02 [17] were placed 100 cm from the measuring
array, as depicted in Figure 3. The number of scanning points was 940 points, with a separation
between each scanning point of 1 mm.

The circular measurement geometry was tested using candles as targets due to their geometry.
Figure 4a depicts the two different schemes used for measuring. Figure 4b shows an image of the two
candles installed in the supporting systems. The number of scanning points was 340 points with a
separation of 1◦. Then, there was a partial rotation with the aim of checking this lack of information
about the object and the final performance.
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3. Results

Related to the tested objects and the results to be presented, it is clarified that each object was
selected to be measured in one specific measurement geometry due to its specific characteristics.
The rationale for assigning each object to a specific measurement geometry was the following:

- Linear measurement using cardboard box with a ball, green cube, and post-it. The most
representative result was the cardboard with a ball inside. The main idea of the linear measurement
of the box with a ball inside was to confirm that this imaging system is capable of detecting and
displaying the box, as well as the presence of something inside (Figures 5, 8 and 9). The other two
objects were measured but they were considered not so relevant to include in this section.

- Linear measurement of four wax candles (Figure 6). Wax candles are low-permittivity objects, and
the sensitivity of the imaging system was tested. The linear measurement is one of the potential
geometries when the imaging system is installed in a vehicle.

- Circular measurement of wax candles (Figure 7). The reason for testing the circular measurement
of candles is to test the approach of gathering information around the object to be reconstructed
using the imaging algorithm.
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For the linear measurement geometry, the obtained results are presented for the box with a ball
inside (Figure 5) and the four candles (Figure 6).

Figure 8 shows the box-focused power map for 100 GHz, and Figure 9 shows the same for
300 GHz, with the raw image and the image identifying the box.

Figure 7 displays the reconstructed image for the circular geometry using a single candle with a
diameter of 4 cm and another measurement of two candles close together.

4. Discussion

For the imaging geometries, real vehicular movements may be linear (straight streets) or circular
(i.e., intersections or roundabouts). In order to approach realistic conditions, a set of experimental
measurements was performed with low-permittivity targets (wax ε′r = 2.5, paper ε′r = 3.7, plastic
ball ε′r = 2.2 to 2.6, surface roughness ∼ 100 µm) for the two basic linear and circular geometries.
The sensitivity of the imaging system to low-contrast materials was tested in these measurements.
The objects were non-metallic low-relative-permittivity-environment objects, whereby the permittivity
was in the 2–4 range. In order to obtain a good resolution and good performance with low-permittivity
objects, an absolute bandwidth of 35 GHz was utilized, corresponding to a fractional bandwidth of
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38% at 100 GHz. At 300 GHz, the absolute bandwidth was 110 GHz with a fractional bandwidth of
40%. These figures of absolute and fractional bandwidth confirm the ultrawide-band characteristic of
the tested imaging system [12].

Figures 8 and 9 show that the imaging algorithm accurately reconstructs the box faces parallel
to the x-dimension. It is not possible to obtain images from the box faces parallel to the y-axis as
this area was not illuminated by the measurement heads. The box dimensions were measured, as
shown in Figures 8 and 9, and the values matched the actual dimensions of the box. As expected,
the measurement conducted at 300 GHz system showed better performance in terms of resolution,
providing a more accurate image, as seen in Figure 9. The improved performance for the transverse
resolution, along the x-axis, of the system operating at 300 GHz versus the system operating at 100 GHz
was due to the shorter wavelength in the upper frequency, but the most important difference was the
bandwidth, defined as the difference between the final frequency and the initial frequency for each
case. In the 100 GHz measurements, the bandwidth was 35 GHz, meaning that the radar swept 35 GHz
to obtain the scattered fields of the object. Meanwhile, in the 300 GHz measurements, the bandwidth
was 110 GHz, improving the resolution.

Concerning the identification of the ball inside the box, the reconstructed image (see Figure 8)
showed spots/lines inside the box for the 100 GHz and 300 GHz systems. These spots represent the
front view of the ball. The ball geometry scattered the energy in all directions, and the measurement
system only captured the energy that returned to the bi-static radar. It was not possible to reconstruct
the circular shape using a linear measurement geometry.

Continuing with the linear measurement geometry, Figure 6 shows the image of the four candles.
For this linear lateral case, the four candles were identified in the image, obtaining an image that shows
the faces exposed to the radar system.

Figure 7 displays the reconstructed image for the circular geometry using a single candle with
a diameter of 4 cm and another measurement of two candles close together. For the two circular
measurement geometry cases shown in Figure 7, it was possible to identify the candle contour through
the image provided by the radar at 100 GHz. The quasi-monostatic geometry improved the image
contour accuracy. The image of the inside part of the candle was rough because the penetrability of
wax at mmW frequencies is around several wavelengths, giving a penetrability of 2 mm at 100 GHz.
The image resolution was consistent with the wavelength used in the measurements, as could be
observed here.

Comparing the results obtained for the linear lateral view and the circular frontal view, the objects’
contours were detected with a higher level of accuracy for the circular frontal measurement scenario
because the target was observed from a different angle of view, thereby obtaining more information.

5. Conclusions

This paper presented a linear and circular UWB millimeter-wave and terahertz monostatic
near-field synthetic aperture imaging system for the exploration of optically opaque non-metallic
targets [12,18]. The developed and applied system was shown to be capable of providing images using
linear and circular measurement geometries that match the frontal and lateral views in vehicles.

Subsequently, this paper proposed and proved the robustness of the UWB millimeter-wave and
terahertz monostatic near-field synthetic aperture imaging system in the frequency domain [8–12]
(Equation (4)) as an imaging technique, using 35 GHz and 38% absolute and fractional bandwidths at
100 GHz, as well as 110 GHz, and 40% absolute and fractional bandwidths at 300 GHz. The proposed
expression (Equation (4)) takes into account the impact of the frequency ( f 2 is introduced) on the
coherent imaging reconstruction, which proves both its accuracy and its capability to deal with realistic
surfaces (with a roughness above λ/10). While the introduction of the frequency dependence k2

b( f ) in
the denominator of Equation (4) may be proven from a wrapping geometry [10], its effect on more
limited scanning geometries was not properly studied previously in detail with the approach presented



Sensors 2020, 20, 1544 11 of 12

in this paper. Thus, this paper develops the possibility to have two separated broadband interrogating
frequency bands (100 and 300 GHz) with the aim of providing a unique capability to test for its effect.

To the authors’ best knowledge, there are no previous experimental results that proved
a high relative frequency-dependent reconstruction at these frequency ranges with real
surface roughness objects using low-contrast materials. These materials are non-metallic
low-relative-permittivity-environment objects that match the realistic approach in vehicular scenarios.

For the linear geometry, the technique was tested to obtain internal images of penetrable geometries
(Figures 8 and 9) at 100 GHz (75–110 GHz) and at 300 GHz (220–330 GHz). The results show that the
radar is capable of rebuilding the surfaces exposed to the radar sweep. The best images were obtained
at the 300 GHz band due to its shorter wavelength and the bandwidth (frequency sweep).

The linear and circular measurement scenario results for different sizes of candles, representing
different urban objects, provide confidence regarding the feasibility of using this system and techniques
in sensing applications operating at the 100 GHz band and the 300 GHz band, depending on the
final application.
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Abstract: The next generation of connected and autonomous vehicles will be equipped with high
numbers of antennas operating in a wide frequency range for communications and environment
sensing. The study of 3D spatial angular responses and the radiation patterns modified by vehicular
structure will allow for better integration of the associated communication and sensing antennas.
The use of near-field monostatic focusing, applied with frequency-dimension scale translation and
differential imaging, offers a novel imaging application. The objective of this paper is to theoretically
and experimentally study the method of obtaining currents produced by an antenna radiating on
top of a vehicular platform using differential imaging. The experimental part of the study focuses
on measuring a scaled target using an imaging system operating in a terahertz band—from 220 to
330 GHz—that matches a 5G frequency band according to frequency-dimension scale translation.
The results show that the induced currents are properly estimated using this methodology, and that
the influence of the bandwidth is assessed.

Keywords: frequency-dimension scale; terahertz; measurements; differential imaging

1. Introduction

The future generation of connected vehicle, along with the autonomous vehicle it evolves into,
will require significantly increasing the number of antennas on its surface operating at different
frequency bands from sub-6 GHz to millimeter-wave (mmWave), as effective communication and
environment sensing are ensured in this way in respect of other vehicles and different base-stations [1].

The operation of these antennas and a focus on a 3D spatial angular response (3D radiation pattern)
may be significantly influenced (perturbed) by the nearby vehicular structure. The task of studying
these effects may require ascertaining the distribution of the currents induced by the antenna on the
vehicular surface by means of numerical or experimental methods. The process of obtaining these
currents for realistic vehicle geometries, especially when using experimental techniques, may require
complex and bulky setups.
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The new imaging systems operating in terahertz frequencies provide a very interesting tool that is
applicable for solving the stated problem in relation to the estimation of the induced currents on the
vehicular structure by the antenna. This imaging system provides the reconstructed image and shape
obtained via the scattered field of metallic or non-metallic targets [2].

The concept of using terahertz frequencies and imaging techniques has been reviewed in order
to confirm its applicability to the present problem. In [3], the ultrawide-band (UWB) imaging radar
system used in this paper is tested at mmWave and terahertz bands, validating the spatial resolution
on the order of millimeters and its imaging capabilities. The work presented in [4] is an imaging
system that inspects a polymer radome in the frequency range of 70–170 GHz, reporting good
performance in resolution and proposing to increase the frequency up to 300 GHz for improved
resolution. Continuing with frequencies around 300 GHz, the three-dimensional (3D) imaging system
presented in [5] is a synthetic aperture radar (SAR) operating at 340 GHz, utilizing the Fourier transform
in two dimensions for the reconstruction process. In [6], the operating frequency is increased to
522 GHz. Finally, to conclude the background review, a novel reconstruction process in time domain
operating in the microwave and mmWave frequency bands is presented in [7].

Extensive discussion has focused on the structural scattering and the scattering of an antenna’s
radiation mode [8]. It is intended to reconstruct the currents associated with scattering of the radiation
mode of an antenna.

The main objective of this paper is to investigate the distribution of currents induced by the antenna
on the vehicular surface by means of differential image reconstruction processes, and using a previously
developed multi-frequency system [3] operating in the terahertz frequency band and extending this
concept to explore an area. This experimental method is a non-invasive way of obtaining the induced
currents without placing the antenna in the supporting structure. A frequency-dimension scale
translation is applied to reduce complexity from an experimental point of view. As the defining aspect,
a differential imaging concept is exploited to process the images captured during the experiment. In this
specific case of measurements, it could be applied to the study and optimization of the co-location
of several antenna systems in vehicles. To the authors’ best knowledge, the uniqueness of this
paper concerns dealing with a differential imaging method to obtain the current distribution without
influencing the measure.

As discussed previously, the terahertz imaging radar system makes it possible to obtain the spatial
distribution of the reflectivity of an object for the analytical and experimental assessment of induced
currents in the vehicle structure. This system uses a double focal system with an independent transmitter
antenna and receiver antenna, being connected to both ports of a vector network analyzer (VNA) to
obtain the scattering parameters over a defined frequency range [3]. Using frequency-dimension scale
translation, and as a proof-of-concept, the behavior of a car with a length of 4.5 m operating at the
new 6 GHz (3.5 GHz) 5G frequency band was studied through a 1:43 scale metallic car prototype of
10.5 cm length, measured at the R-band (220 GHz–330 GHz). The 1:43 scale metallic car corresponds
with a frequency range from 2.5 to 3.8 GHz. The results are differential measurements calculated from
the difference between the scattering image reconstructed by the imaging system with the antenna
(ON state or short-circuited monopole antenna) and without the antenna (OFF state or open-circuited
monopole antenna). Then, an analysis of the differential image provides key information about the
current car surface distribution.

This paper is structured as follows: Section 2 jointly develops the theoretical formulation—related
to the total image and differential image reconstruction process with the measurement description.
Section 3 includes the total image reconstruction for the different measurement cases. Section 4 shows
the results related to differential imaging. Finally, Section 5 presents the conclusions.
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2. The Imaging Process

In this section, the two-step process of imaging is formulated, first in terms of total image, and then
in a novel differential form, to apply to the reconstruction of the currents created by a radiating antenna
on top of a vehicle.

2.1. Formulation of the Total Image Reconstruction Process

The ultrawide-band (UWB) near-field imaging radar system used for the measurement is a flat
SAR system composed of a transmitter antenna (Tx) and a receiver antenna (Rx) with fixed spatial
separation, named as X offset distance, being a monostatic configuration but with a bi-static angle.
The Tx–Rx system is fixed and explores the environment by moving the object in an XY plane using a
positioning table. The system points toward the target located at a distance rt in the Z-axis, as shown
in Figure 1.
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Figure 1 shows the Tx and Rx antennas fixed in position, and the object is moved using XY plane
geometry located at a distance of

→
r t, on a set of positions

(
Nx, Ny

)
across x-axis and y-axis, to gather a

2D array that includes monostatic measurements.
For targets with highly conductive behavior (σ� ωε0ε′r), like the metallic car used in this paper,

the equivalent currents tend to produce the conduction current
→

J eq = σ
→

E [9].

The equivalent current
→

J eq

(
→
r t, f ;

→
r ti

)
generates a scattered field (

→

Es) in the point
→
r ti of the object,

which is measured by the Rx antenna at each point of measurement.
→

Es has the following equation:

→

Es
(
→
r R j , f ;

→
r ti

)
= − jωµ0

∫
V0

→

J eq

(
→
r t, f ;

→
r ti

)
G
(∣∣∣∣→r Ri −

→
r t

∣∣∣∣, f
)
dV (2)

where ω is the angular frequency, µ0 is the magnetic permeability in vacuum,
→

J eq is the equivalent

current, and G
(∣∣∣∣→r Ri −

→
r t

∣∣∣∣, f
)

is the Green’s function that matches the geometry of the problem. For a

3D measurement geometry, Green’s function is written as G(r) = e− jkbr

r , where kb = ω
√
µ0ε0εb.

For the case where the object is uniformly illuminated using high-directivity antennas,
→

Es is
written as:

→

Es
(
→
r R j , f ;

→
r ti

)
= −k2

b( f )Ad

∫
V0

c
(
→
r , f

)
G
(∣∣∣∣→r t −

→
r ti

∣∣∣∣, f
)

G
(∣∣∣∣→r Ri −

→
r t

∣∣∣∣, f
)
dV (3)

where the parameters of the transmitter and receiver antennas are included in the complex constant
named Ad.

The total image reconstruction process introduced by the previous works [3,9–13] is applied,
characterized as a bi-focusing technique using multi-frequency. The contrast factor c

(
→
r
)

is averaged
through the complete terahertz band and to the entire reconstruction space, which can be expressed as

c
(
→
r
)
= Ao

∑ fmax

fmin

∑NT−R

i=1

→

Es
(
→
r R j , f ;

→
r ti

)
k2

b( f )
e jkb( f )(|

→
r t−
→
r ti |+|

→
r Ri−

→
r t |) (4)

where the parameters of the transmitter and receiver antennas are included in the complex constant
called Ao. In order to reduce the computation times, fast Fourier transform (FFT) is used to solve
Equation (4).

2.2. Formulation of Differential Image Reconstruction Process

The two-step process, described in the previous paragraph, is composed of a first step—the direct
problem of obtaining the scattering fields produced by the external illumination responsible for the
creation of the currents into the object—and a second step—an inverse problem focusing back on
the previously obtained scattered fields to obtain an image of the currents created by the nearby
illuminating geometry.

Here, the goal is to obtain the currents created not by the external illuminating geometry but
by the vehicle antenna close to the object, but still using the same external illuminating geometry.
These vehicular antenna currents, as described below, should be considered as a differential contribution
for two different states: an ON state, or short-circuited monopole antenna, installing monopole in
contact with vehicle surface, and an OFF state, or open-circuited monopole antenna, removing the
monopole antenna.

To extract the differential impact of in-vehicle antenna radiation, the scattering fields will be
collected and the corresponding image of the currents on the surface of the vehicle will be obtained for
two successive states of the vehicle antenna: short-circuited and open-circuited [14].
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In the first case (the vehicle antenna in the ON, short-circuited state), the total scattered fields
→

E
total

ant−on are produced by the combination of the scattered fields due to the currents created on the

surface of the object by the external illuminating geometry
→

E
ext−illun

ant−on , the scattered fields due to the

structural currents flowing into the vehicle antenna structure without interacting with its port
→

E
ant−str

ant−on ,

and the scattered fields due to the antenna’s radiating mode,
→

E
ant−rad

ant−on [15]:

→

E
total

ant−on =
→

E
ext−illun

ant−on +
→

E
ant−str

ant−on +
→

E
ant−rad

ant−on (5)

In the second case (vehicle antenna in the OFF, open-circuited state), the total scattered fields
→

E
total

ant−o f f are produced by the combination of the scattered fields due to the currents created on the

surface of the object by the external illuminating geometry
→

E
ext−illun

ant−o f f and the scattered fields due to the

structural currents flowing into the vehicle antenna structure without interacting with its port
→

E
ant−str

ant−o f f .

→

E
total

ant−o f f =
→

E
ext−illun

ant−o f f +
→

E
ant−str

ant−o f f (6)

For the compact vehicle antenna, resonant antennas are utilized in most vehicles. Then, it may
be considered: (i) that interactions of a high order, such as reflections among external illuminating
geometry and vehicle antenna or vehicular platform, may be neglected since they are much smaller
than the rest; and (ii) that the scattered fields produced by the unchanged parts, like the vehicular
platform and the structure of the antenna, are approximately the same for both states of the vehicle

antenna:
→

E
ext−illun

ant−on �
→

E
ext−illun

ant−o f f and
→

E
ant−str

ant−on �
→

E
ant−str

ant−o f f .
Based on the previous assumption, the reconstructed currents above the vehicle surface

reconstructed from the differential scattered fields
→

E
di f

ant can be established as:

→

E
di f

ant =
→

E
total

ant−on −
→

E
total

ant−o f f �
→

E
ant−rad

ant−on (7)

being related to the currents produced by the radiating mode of the vehicle antenna, and Equation (4)
becomes:

cdi f
ant

(
→
r
)
= f

(
→

E
di f

ant

)
� ctotal

ant−on

(
→
r
)
− ctotal

ant−o f f

(
→
r
)

(8)

2.3. Measurement Description and Configuration

The measurement device was a vector network analyzer (VNA) (Rohde Schwarz model ZVA 67).
One VNA port was connected to the frequency converter and the Tx antenna in which the converter
was mounted. In the same way, the other VNA port was connected to the frequency converter and the
Rx antenna was mounted in this converter as well. The frequency converters allow us to extend the
VNA operating frequency band up to 220–330 GHz [16]. The setup configuration developed in [3]
measured the S21 parameter (scattering parameter) in the terahertz band to reconstruct the image using
a UWB near-field multi-frequency bi-focusing algorithm.

The geometry for the measurement depicted in Figure 1 is used to estimate the distribution of
the induced currents on a metal car of 10 cm length—using a terahertz band for imaging—through
frequency-dimension scale translation to apply the novel concept of differential imaging.

The XY planar measurement geometry is used for illuminating the metallic vehicle using the
ultrawide-band (UWB) imaging radar system [3]. This illumination provides optimization of the
induced currents on the vehicular surface, although the vertical monopole antenna is installed
perpendicular but connected to the vehicle surface. One of the reasons for using a monopole antenna
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oriented in the direction of the Tx/Rx antennas is because, even when the excitation of the monopole
mode may be reduced, its mutual coupling with the Tx/Rx antennas is also reduced and so the multiple
reflections between them may certainly be neglected and, at the same time, the surface currents on top
of the vehicle due to the antenna should be visible—especially when the Tx/Rx antennas move out of
the perpendicular direction.

The object is placed on a radiofrequency-absorbing material located 0.5 m from the Tx/Rx antennas.
The separation between the Tx antenna with a frequency converter and the Rx antenna with a frequency
converter is 0.1 m, installed in a fixed position in order to avoid any perturbation in the measurement
associated with coaxial cables and converter movements. The object under measurement is placed on
a positioning table that is capable of moving in two axes (x-axis and y-axis) with steps of 1 mm [16].
Figure 2 displays the frequency converter with the horn antenna mounted and the positioning table
with the metallic car.

Sensors 2020, 20, x 6 of 13 

 

with steps of 1 mm [16]. Figure 2 displays the frequency converter with the horn antenna mounted and 
the positioning table with the metallic car. 

 

Figure 2. Measurement setup. 

The S21 parameter measurements were carried out by sweeping the frequency band from 220 
GHz to 330 GHz. The two-frequency converter equipment was manufactured by Rohde & Schwarz 
(Munich, Germany)®, with the model being the ZVA-Z325 Frequency Converter, J-Band WR-03 [17]. 

Table 1 includes the VNA configuration parameters. 

Table 1. Vector network analyzer (VNA) configuration parameters. 

Parameter Value 
Start frequency 220 GHz 
End frequency 330 GHz 

Sampling points 8192 
Intermediate frequency (IF) bandwidth 1 kHz 

Emitting power 0 dBm 

The Tx and Rx antennas were horns produced by Flann Microwave LTD (Cornwall, United 
Kingdom) [18]. The selected horn model was the 32240-25, with a bandwidth (BW) from 217 GHz to 
330 GHz. The E and H plane gain was 23.70 dBi at 217 GHz and 26.99 dBi at 330 GHz. The E and H 
plane beamwidth was 11.9° at 217 GHz and 7.8° at 330 GHz. 

The selected object is a metallic car with a 1:43 scale and 10 cm length. This is a good model for 
a real car, in terms of both shape and materials. The scale of the car corresponds with the frequency 
range between 2.5 and 3.8 GHz. A short 15 mm metal wire was placed on top of the car to act as an 
antenna, as shown in Figure 3. The measurement was performed with (ON state) and without the 
antenna (OFF state) mounted in the metallic car with the aim of estimating the induced current on the 
car after using the imaging system to illuminate. 

Figure 2. Measurement setup.

The S21 parameter measurements were carried out by sweeping the frequency band from 220 GHz
to 330 GHz. The two-frequency converter equipment was manufactured by Rohde & Schwarz
(Munich, Germany)®, with the model being the ZVA-Z325 Frequency Converter, J-Band WR-03 [17].

Table 1 includes the VNA configuration parameters.

Table 1. Vector network analyzer (VNA) configuration parameters.

Parameter Value

Start frequency 220 GHz
End frequency 330 GHz

Sampling points 8192
Intermediate frequency (IF) bandwidth 1 kHz

Emitting power 0 dBm

The Tx and Rx antennas were horns produced by Flann Microwave LTD (Cornwall,
United Kingdom) [18]. The selected horn model was the 32240-25, with a bandwidth (BW) from
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217 GHz to 330 GHz. The E and H plane gain was 23.70 dBi at 217 GHz and 26.99 dBi at 330 GHz.
The E and H plane beamwidth was 11.9◦ at 217 GHz and 7.8◦ at 330 GHz.

The selected object is a metallic car with a 1:43 scale and 10 cm length. This is a good model for a
real car, in terms of both shape and materials. The scale of the car corresponds with the frequency
range between 2.5 and 3.8 GHz. A short 15 mm metal wire was placed on top of the car to act as an
antenna, as shown in Figure 3. The measurement was performed with (ON state) and without the
antenna (OFF state) mounted in the metallic car with the aim of estimating the induced current on the
car after using the imaging system to illuminate.
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Figure 3. A metallic car with an antenna for differential imaging.

3. Results

In the first step, the total images were obtained based on the two-step process by measuring the
scattered fields first and then obtaining the focused field by application of Equation (4) for different
frequency ranges and focusing the car with (ON state, short-circuited monopole antenna) and without
the antenna (OFF state, open-circuited monopole antenna), as depicted in Figures 4–7.
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The bandwidth used to reconstruct the image is an important imaging parameter. The first image
is shown in Figure 4, which depicts the total image reconstruction without an antenna on top of the
metallic car with a frequency of 295 GHz–305 GHz. The top of the metallic car has a curvature that
generates a specific focused field distribution.

Then, Figure 5 presents the total image reconstructed without an antenna using a bandwidth of
110 GHz, sweeping from 220 GHz to 330 GHz. This bandwidth provides better resolution performances,
meaning the top of the metallic car can be identified in the image as a very clear reconstruction.
Additionally, Figure 5b highlights the focused field amplitude value and the distribution due to the
reflection in the top of the car, including some minor contributions around the top of the car.
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Figure 6 shows the total image reconstructed with the antenna installed on the top and using a
bandwidth of 110 GHz, from 220 GHz to 330 GHz. The maximum of the focused fields is identified
around the center of the top of the metallic car, where the antenna is installed. The antenna provides
reflectivity, but it is masked with the reflectivity of the metallic car top in the graph.
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Figure 6. The focused field amplitude of a metallic car with an antenna. Frequency range: 220 GHz–
330 GHz (BW = 110 GHz).

Finally, Figure 7 depicts the total image with the antenna installed on the top, using a bandwidth
of 10 GHz around 300 GHz. The shape of the focused field is like that in Figure 4 due to the antenna
contribution being added to the reflectivity of the metallic car top.
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4. Discussion

The measured fields are focused on different image planes along the z-axis (z = 0.4787 m) where
the capability of the system for focusing on different longitudinal distances (along the z-axis) and
different frequency ranges and bandwidths, over different transversal planes (XY planes), may be
observed. The experimental results show that using a wide bandwidth (110 GHz) is not required
in order to obtain a good performance. The performance was of sufficient quality using 10 GHz
bandwidth around 300 GHz. The resolutions would be:

∆z ∼ 1/∆B (9)

∆x, ∆y ∼ λ0/(2 sinθ0) (10)

tanθ0 ∼ X0/Z0 or Y0/Z0 (11)

where ∆B is the frequency bandwidth of the measurement, λ0 is the central frequency wavelength, θ0 is
the target angle visualization seen from the measurement distance, and Z0 and X0, are the scanning
distances along the x-axis and y-axis, respectively.

Differential imaging is obtained by means of calculating the difference of the experimental data
(total image obtained from focused field amplitude) measured using the car, including with a monopole
antenna short-circuited (ON state) and without the antenna (OFF state or open-circuited antenna).
As stated in Section 2, the short-circuited antenna represents the antenna placed on the top of the car,
which is in contact with the car’s metal surface.

The objective is to obtain the currents created by the antenna over the surface of the vehicle
without getting dazzled (“flash-out”) by the higher intensity of the currents on the antenna itself.
A differential image may be produced due to the difference in module between the focused field
amplitude images with the antenna (see Figures 6 and 7) and without the antenna (see Figures 4 and 5),
resulting in the current distribution of the antenna that is shown in Figures 8 and 9.
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In Figure 8, it can be identified that the strong central spot corresponding to the antenna has
disappeared and, instead, the nearby currents to the antenna are visualized. The maximum can be
clearly identified.

Figure 9 depicts the current distribution calculated as a differential focused field amplitude using
a frequency range from 295 GHz to 305 GHz (BW = 10 GHz) to assess influence of bandwidth in
differential imaging.

The differential focused field amplitude is higher with a bandwidth of 10 GHz around 300 GHz
compared with a BW of 110 GHz from 220 GHz to 330 GHz. This effect is due to the gain variation
of the horns across the frequency range. The imaging system performs an averaging through all the
bandwidths, and the horn antenna gain variation generates this change in the amplitude, with higher
amplitude when the BW is lower. However, the image resolution is better when the BW is greater [3].
If the application requires high resolution, then the BW parameter should be maximized.

5. Conclusions

In this work, an application of the approach in the near-field exploration of metallic objects
explained in [3] is used to perform the focusing of a metallic car with and without a monopole antenna
in order to estimate the induced currents on the vehicle surface using a differential methodology.
This method makes it possible to estimate the distribution of the currents induced by the antenna on the
vehicle’s surface using a very simple method, which is also combined with the frequency-dimension
scale translation.

The technique presented in [3] has been extended to a different measurement scenario in a 3D
scan in the terahertz band and by using the differential current concept as both a novel form and a
major contribution.

The findings verify that, while distance discrimination increased with the bandwidth, the transverse
resolution (XY plane) did not change significantly.

The results show promising performance from this technique using differential currents, as depicted
in the 300 GHz band. Gaining knowledge of these vehicle-antenna-created currents may offer hints
regarding the impact produced by the shapes (borders and corners), discontinuities (slots and windows),
or materials (composition or roughness) introduced into the vehicular platform.
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Abstract: The current trend in vehicles is to integrate a wide number of antennae and sensors
operating at a variety of frequencies for sensing and communications. The integration of these
antennae and sensors in the vehicle platform is complex because of the way in which the antenna
radiation patterns interact with the vehicle structure and other antennae/sensors. Consequently,
there is a need to study the radiation pattern of each antenna or, alternatively, the currents induced
on the surface of the vehicle to optimize the integration of multiple antennae. The novel concept
of differential imaging represents one method by which it is possible to obtain the surface current
distribution without introducing any perturbing probe. The aim of this study was to develop and
confirm the assumptions that underpin differential imaging by means of full-wave electromagnetic
simulation, thereby providing additional verification of the concept. The simulation environment
and parameters were selected to replicate the conditions in which real measurements were taken
in previous studies. The simulations were performed using Ansys HFSS simulation software. The
results confirm that the approximations are valid, and the differential currents are representative of
the induced surface currents generated by a monopole positioned on the top of a vehicle.

Keywords: electromagnetic simulation; terahertz; differential imaging; differential currents

1. Introduction

Current vehicle design relies on the placement of different sensors and antennae
operating in frequency bands from 3 GHz up to millimetric waves (mmWave) for different
purposes such as communications, sensing, and/or positioning. It is anticipated that the
number of antennae and sensors installed on the vehicle surface will increase in future
generations of vehicles as 5G-generation capabilities come to the fore [1]. The integration
of sensors and antennae within the same vehicular platform is a complex task because the
radiation pattern of these elements is influenced by the platform structure, other sensors
and antenna installed, and how the induced surface current is distributed across the
structure of the vehicle. Consequently, there is a requirement to assess the effects that
the vehicular structure has on the radiation properties of the antennas and implement co-
location strategies that minimize mutual interaction between them. There are two methods
to achieve these objectives: Via a full-wave electromagnetic simulation or via experimental
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methods. In this context, experimental methods rely on complex measurement tests
in which non-invasive techniques that minimize the impact on the results during the
measurement process with the test probes are desired. Electromagnetic simulation methods
combine modeling and characterization with high-performance computational and time-
consuming processing; however, the resulting error depends on the simulation algorithm
and the accuracy of the electromagnetic model and its characterization.

Differential imaging represents an alternative to experimental and simulation methods.
This novel concept was presented in [2] as a measuring technique that is based on the
use of proven imaging systems [3] and prior measurements. The differential imaging and
differential currents concepts represent a novel approach by which it is possible to estimate
the antenna signature without influencing the measurements, in other words, without
altering the surface current distribution or electric field distribution generated by the
antenna. This study aimed to explore the approximations and assumptions that underpin
differential imaging and currents by performing full-wave electromagnetic simulations to
verify this novel concept.

Ansys HFSS has been employed for full-wave simulations of antenna and current
distribution in a variety of contexts and electromagnetic problems such as the one here
studied [4]; Ansys HFSS currently represents one of the most reliable tools in the market
of general purpose full-wave electromagnetic simulation. For example, in [5], Ansys
HFSS software was used to optimize a sensor, and the results indicated that the software
represented a reliable means of electromagnetic simulation. In another example, in [6], the
software was once again found to perform effectively in simulating the performance of a
dual-band antenna.

Between some of the main contributions that define the most recent state-of-the-art on
differential imaging is [7], where the differential imaging concept is used for observing a
scenario along a time interval for analyzing the images. Additionally, there is [8], where
the differential imaging approach is applied for providing 3D images using a microwave
system. Finally, in [9], the review presents time differential images as a method to exploit
imaging capture by ultra-wideband microwave imaging sensors.

The aim of the research outlined in this paper was to perform full-wave electromag-
netic simulations to verify the differential imaging concept when estimating the surface
current distribution generated by a monopole antenna placed on a vehicle surface and
near electric fields evaluated in a plane. The electromagnetic simulation was performed
on a metallic scale car with an electrical length of 100 wavelengths at 300 GHz, which
was externally illuminated by a plane wave from the top to replicate the conditions tested
in [2]. This simulation was designed to confirm the approximations and assumptions per-
formed in the development of the differential currents concept. Additionally, the analysis
of the differential in near electric field component simulations verified the surface current
distribution across the car structure metallic surface that was generated by the monopole.

The remainder of this paper is organized as follows. Section 2 explains the rationale
associated with differential imaging before progressing to outline the approximations
and assumptions that were applied in the current study to obtain the current distribution
associated with the antenna signature by means of full-wave electromagnetic simulation.
This section also outlines the simulation details and parameters. Section 3 presents the
simulation results in terms of the surface current distribution, near electric field represen-
tation, and differential currents and electric fields. Section 4 discusses the results related
to the different approximations and differential concept. Finally, Section 5 presents the
conclusions that can be drawn from the study and summarizes the contribution that the
research makes to the existing understanding of differential imaging.

2. The Differential Imaging Technique

This section presents an overview of the differential imaging process employed to
reconstruct and assess the currents generated by a radiating antenna placed on top of a
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vehicle. It explains the use of electromagnetic simulations to identify the key assumptions
that underpin differential imaging [2].

The decomposition of antenna scattering during structural scattering and the scat-
tering of the radiation mode of an antenna has been the subject of a previous study [10].
The goal of the current study was to reconstruct the currents associated with structural
scattering to develop the concept of differential imaging and differential currents with the
underlying intention of identifying methods to optimize the co-location of various antenna
systems across a vehicle surface.

The innovative differential imaging technique presented in [2] involves the use of
external illuminating geometry to obtain the currents created by a vehicle monopole
antenna on the vehicle surface, without invasive proof to obtain measurements. The
implementation of the external illumination geometry is performed by means of a Vector
Network Analyzer (VNA) connected to a horn antenna that works as a transmitter (Tx) and
another horn antenna that works as a receiver (Rx) to measure the scattering parameters at
specific frequencies [2,3]. The polarization of both Tx and Rx horn antennas is linear.

The currents created by the monopole antenna placed on the vehicle can be understood
as the differential contribution derived from two different states: vehicle antenna ON and
OFF states. The ON state arises when the antenna is in a closed circuit, i.e., the feed
point is connected to the metallic structure of the vehicle, while the OFF state arises when
there is no functioning antenna or when the antenna is in an open circuit. The differential
contributions of vehicle antenna radiation are obtained by evaluating the scattering fields
generated by the currents on the surface in the two different states: the ON state and the
OFF state [11].

When the vehicle antenna is in the ON state, the total scattered fields
→
E

total

antenna−ON are
produced by scattering fields composed of the three terms, as follows:

• Currents generated on the vehicle surface by external illuminating geometry
→
E

external−illumination

antenna−ON ,
• Structural currents generated into the vehicle antenna structure without interaction

with antenna port:
→
E

antenna−structural

antenna−ON ,

• Radiating mode of the antenna,
→
E

antenna−radiating

antenna−ON .

Then, the
→
E

total

antenna−ON is as follows [12]:

→
E

total

antenna−ON =
→
E

external−illumination

antenna−ON +
→
E

antenna−structural

antenna−ON +
→
E

antenna−radiating

antenna−ON (1)

The next state is when the vehicle antenna is in the OFF state. The total scattered fields
→
E

total

antenna−OFF are generated by the contributions of the scattered fields due to:

• Currents created on the vehicle surface by the external illuminating geometry
→
E

external−illumination

antenna−OFF
• Structural currents created into the vehicle antenna structure without interaction with

its port
→
E

antenna−structural

antenna−OFF .

Then, the
→
E

total

antenna−OFF is as follows:

→
E

total

antenna−OFF =
→
E

external−illumination

antenna−OFF +
→
E

antenna−structural

antenna−OFF (2)

Compact vehicle antennas are installed in the majority of vehicles that use resonant
antennas. As such, the following approximations should be taken into consideration:
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• Higher-order interactions, for instance, multiple reflections between the external
illuminating geometry and the vehicle antenna or the vehicular platform, may be
neglected since they are much smaller than the other interactions.

• The scattered field produced by the unchanged parts, such as the vehicular platform
and the structure of the antenna; for both states of the vehicle antenna is approxi-

mately the same:
→
E

external−illumination

antenna−ON
∼=
→
E

external−illumination

antenna−OFF and
→
E

antenna−structural

antenna−ON
∼=

→
E

antenna−structural

antenna−OFF .

Considering the previous approximation, it could be established that the reconstructed

currents above the vehicle surface obtained from the differential scattered fields
→
E

di f f erential

antenna ;

→
E

di f f erential

antenna =
→
E

total

antenna−ON −
→
E

total

antenna−OFF
∼=
→
E

antenna−radiating

antenna−ON (3)

The theoretical basis of the technique presented above relies on two approximations:
“multiple reflections between the external illuminating geometry and the vehicle monopole
antenna or the vehicular platform, may be neglected” and “the scattered field produced by
the unchanged parts like the vehicular platform and the structure of the monopole antenna,
for both states of the vehicle antenna are approximately the same.” Both statements are
reasonable. To assess the effect of such approximations, electromagnetic simulations in
combination with insights into the mutual impedance elements could make it possible to
demonstrate the concept by quantifying the effects.

In terms of the first assumption, “multiple reflections between the external illuminat-
ing geometry (Tx antenna) and the vehicle monopole antenna or the vehicular platform
may be neglected”, the measurement setup uses directive antennas that contribute to
the removal of reflections. The use of a monopole antenna in the vehicle oriented in the
direction of the Tx antenna is useful because even when the excitation of the monopole
mode may be reduced, its mutual coupling with the Tx antenna is also reduced. As such,
the multiple reflections may be neglected while the surface currents on top of the vehicle
due to the antenna are simultaneously visible, especially when the Tx moves away from
the perpendicular direction. The contributions of multiple reflections are already very
attenuated, as they lose almost all their energy; as such, the impact they have on the results
should be assumed to be negligible. In terms of the second assumption, “the scattered field
produced by the unchanged parts, like the vehicular platform and the structure of the an-
tenna, for both states of the vehicle antenna is approximately the same”, it entails ensuring
that these parts remained unaltered “on purpose” in both cases to ensure that the results
show the variation due to the presence or otherwise of the antenna. This study sought to
verify both assumptions that are part of the theoretical proof of the differential imaging
approach through the use of simulation techniques. It was anticipated that an electromag-
netic simulation based on both approximations would provide evidence to confirm these
assumptions and validate the theoretical approach that underpins differential imaging.

Another specific concern associated with the differential imaging setup defined in [2],
which was based on [3], is that Tx is positioned pointing from the top view of the car to the
vehicle vertical monopole antenna such that the end of the antenna appears perpendicular
to the polarization of the Tx antenna. This configuration may not be optimal for exciting the
resonant modes of the monopole antenna on top of the car. Consequently, this configuration
requires some discussion. The measurement configuration has been selected to improve
the detection of the surface currents. The difference in the polarization of the Tx and Rx
horns versus the polarization of the vehicle monopole antenna is clear. In any case, when
the car is illuminated by the Tx with the monopole antenna in contact with the vehicular
surface, the current distribution is perturbed by this antenna. It is difficult to implement
an alternative approach with measurements that detect the surface current on the vehicle
while simultaneously exciting the vehicle monopole antenna. The monopole antenna is
oriented perpendicular to the surface illuminated by Tx/Rx antennas. Considering that
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monopole antenna excitation mode would be reduced, the mutual coupling between the
Tx and Rx antenna with monopole is reduced too. Based on the previous consideration,
multiple reflections could be neglected. However, the surface currents that the monopole
antenna generates on the vehicle surface should be visible when Tx is illuminating from
a perpendicular direction. It is important that these factors are taken into consideration
when developing an electromagnetic simulation to verify the differential imaging concept.

Simulation Description and Configuration

The electromagnetic simulations were performed using the HFSS (Version 2021R1) [4]
commercial electromagnetic software provided by Ansys. The setup was based on that
developed in [2], where a bi-static radar was implemented using a Vector Network Analyzer
(VNA) connected to one head to transmit (Tx), generating the external illumination, and
one to receive (Rx), in order to measure the scattering parameter, or S21, of a metallic car
of 10 cm length (100 λ0 @ 300GHz). Using the frequency-dimension scale translation, the
10 cm long metallic car under measurement was equivalent to a real vehicle of 4.3 m in
length, corresponding with a frequency range between 2.5 and 3.8 GHz.

The geometry of the car for the simulation is depicted in Figure 1. Figure 1a depicts
the 3D car model used for the simulation. Figure 1b presents the measurement geometry
used in [2]. The vehicle was simulated both with and without a monopole antenna of
15 mm in length placed on top of the car.
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Figure 1. Geometry of the problem: (a) electromagnetic simulation arrangement including the 3D model facets; (b)
measurement geometry arrangement used in [2].

To replicate these conditions, a frequency of 300 GHz with a metallic car with an
electric size of 100 wavelengths, or 10 cm in length approximately, were selected for the
purpose of this simulation. The electromagnetic simulation scenario emulates the Tx horn
antenna of the experiments through a plane wave excitation that impinges on perpendicular
to the car topside (z-direction). Evaluation of the near electric field in a specific XY plane
and the surface current distribution on the vehicle surface is then obtained for each one of
the monopole scenarios (with (ON state) and without (OFF state) monopole antenna).
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The object was placed on an XY plane located 0.5 m from a Tx horn antenna that emit-
ted a planar wave in far-field conditions at terahertz frequencies (300 GHz) to illuminate
the metallic vehicle as in [2]. The Tx horn antenna was considered in the far-field condition
because the excitation was placed 50 cm from the vehicle (500 wavelengths at 300 GHz).
The polarization of the planar wave was equivalent to that used for the pyramidal horn
in [2] (i.e., along the y axis for the coordinate system employed for measurement and
simulation setup).

The electromagnetic simulations involved a full-wave simulation of the surface cur-
rents and near electric field evaluated in a plane above the car with and without an antenna
mounted on top of the vehicle roof to verify the effects of both states under excitation at
300 GHz. The Method of Moments (MoM) technique was used to solve the integral form of
Maxwell’s equations. MoM is a full-wave numerical technique for solving open-boundary
electromagnetic problems. For the specific electromagnetic problem defined in this paper,
the boundary conditions on the surface of the vehicle were influenced by the fact that it
was metallic. The results provided by the MoM facilitated an estimation of the surface
current distribution and electric field in a defined plane. The MoM approach was selected
because it represents a very efficient technique in terms of processing resources and time,
compared with the time and frequency domain Finite Element Method (FEM) evaluated in
a box containing the vehicle. Adaptive meshing was used to solve the simulation problem
with 1,092,296 elements and an element length of between 0.0136 and 0.37 wavelengths.

A high-performance computer (HPC) with the following characteristics was used for
these simulations:

• Intel Xeon Gold 6146 3.2 GHz—12 cores. The processing was performed using 4 cores.
• 512 GB RAM memory. The total memory used for adaptive meshing was 43.5 GB.

Although MoM reduces the processing time, it does place a significant demand on
processing resources. The processing time for a 10 cm vehicle simulating at 300 GHz was
7 h using the HPC stated above for each simulation and each frequency.

3. Results

This section presents an overview of the results of the full-wave simulation together
with an interpretation of the surface current distribution and near electric field calculation in
the plane above the car, at the terahertz band. The surface current distribution is displayed
as the modulus of the current at a given instant, i.e., for a given phase, presenting the
maximum value. The first simulation was performed to identify the surface currents at
300 GHz on a vehicle without an antenna installed on the top. This simulation replicated
the OFF state. Figure 2 shows a current distribution that takes the form of a characteristic
shape that is useful for imaging purposes. The surface current distribution was uniform,
demonstrating that the external illuminations work properly.

The surface currents at 300 GHz across a vehicle with a monopole antenna installed at
the top were simulated (ON state). Figure 3 presents the current distribution across the car
surface and in the monopole after the car is illuminated.
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Figure 4 shows the surface currents induced along the short-circuited 15 mm monopole
stacked on top of the car. As expected, the surface currents induced on the surface of
the car because of the impinging 300 GHz plane wave excite the monopole from its
bottom, presenting a surface current distribution form along which present 30 peaks, i.e.,
15 wavelengths, typical of the monopole resonance with such electrical length. As such, the



Sensors 2021, 21, 3796 8 of 15

antenna should produce a radiation equivalent to a monopole of 15 λ0 length at 300 GHz
with minimum (null) at zenith and secondary lobes looking off-broadside.
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Figure 6 presents the position of the plane related to the car depicting the near electric 
field distribution in module, considering the three components of the electric field. 

Figure 4. Surface current imagery distribution generated by Ansys HFSS software in the monopole installed on a 10 cm
long vehicle illuminated at 300 GHz: (a) lateral view of the monopole antenna showing the surface current distribution; (b)
magnification of the monopole antenna to show the current distribution across the surface.

The difference between the simulated surface current across the two (ON / OFF state)
cases is presented in Figure 5. The differential surface current distribution shows the
antenna signature in a logarithmic scale to improve the current distribution differences.
As can be observed, maximum delta between the current distribution pattern is observed
around the currents induced around the position of the monopole location on top.
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Figure 5. Differential surface current distribution imagery between the two simulation cases on a logarithmic scale generated
by Ansys HFSS software and displayed using Ansys ENSIGHT: (a) distribution across the entire vehicle; (b) magnified view
of the distribution at the top of the vehicle where the monopole was installed.

The near electric field evaluated on a plane parallel to the car in contact on top of
the vehicle when the vehicle was illuminated at 300 GHz, both with and without antenna,
was simulated to observe the difference in the electric field generated between both cases.
Figure 6 presents the position of the plane related to the car depicting the near electric field
distribution in module, considering the three components of the electric field.
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Figure 8 shows how the near electric field was distributed when a car with a mono-
pole installed on top was illuminated. The antenna position is identifiable if the Figure 8 
is compared with Figure 7. Then, it can be observed just at the middle of Figure 8, close to 
(0,0), where there is a glowing point on top of the car roof where a peak on the antennae-
field diffraction pattern can be identified because of the surface currents around the mon-
opole contribution. 

Figure 6. Pictorial representation of the near electric field on a plane in contact with the top of the car for the two simulation
cases generated by Ansys HFSS software: (a) vehicle without an antenna installed at the top (OFF state); (b) vehicle with a
monopole installed on the top (ON state).

The simulations of the near electric fields provide three vectorial components of the
electric fields in complex format. The total electric field vector is the sum of the three
vectorial components for each point of the plane. After that, the modulus of the total
electric field that it is displayed in the different figures is calculated. For the following
figures, the electric field is represented in terms of the magnitude (module) of the three
components and in the logarithmic scale to improve the representation. Figure 7 shows the
total electric field vector (three components) in magnitude (vector module) evaluated in a
plane for the case without an antenna. It shows how the near electric field is distributed
when the car is illuminated. Scattered fields are presented in this figure as the main items
for imaging and differential imaging.
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Figure 7. Distribution of near electric field magnitude (in logarithmic scale) of the three components without antenna
(OFF state), evaluated in a plane in contact with the top of the car, illuminated at 300 GHz. Figure generated by MATLAB
software using the complex near electric field raw data obtained at each point of the plane based on a simulation using
Ansys HFSS software.

Figure 8 shows how the near electric field was distributed when a car with a monopole
installed on top was illuminated. The antenna position is identifiable if the Figure 8
is compared with Figure 7. Then, it can be observed just at the middle of Figure 8,
close to (0,0), where there is a glowing point on top of the car roof where a peak on
the antennae-field diffraction pattern can be identified because of the surface currents
around the monopole contribution.
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The differential contribution, evaluated in terms of electric field vector magnitude
(module of the three components of an electric field, in logarithmic scale for improving
the representation) between the car with and without antenna, is presented in Figure 9.
This figure confirms the differential contribution to identify the antenna signature, or in
other words, the current distribution associated with the near electric field generated by
the antenna in the vehicle surface. The representation of the near electric field replicated
the electric field generated by a monopole in a plane.
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Figure 9. Distribution of near electric field difference between a vehicle with and without antenna magnified (in logarithmic
scale) for the three components evaluated across a plane in contact with the top of the car, illuminated at 300 GHz.

Further simulations were performed to facilitate a qualitative comparison between
the differential imaging obtained by the simulation and the results obtained in [2]. The
measurements were taken using a VNA connected to a Tx pyramidal horn antenna and
Rx pyramidal horn antenna. The difference in the near electric field in the Y axis between
the car with antenna and without antenna, presented in Figure 10, was compared with
the previous experimental results, presented in Figure 11. The Y component of the electric
field was selected because the maximum response of the horns and polarization occurs in
that axis.
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Figure 11. Differential focused field amplitude between the metallic car with and without an antenna. Frequency range:
295 GHz to 305 GHz (BW = 10 GHz) [2].

Figure 10 presents a representation of the module electric field at 300 GHz in loga-
rithmic scale for the component in the Y axis. Figure 11 is the normalized electric field
calculated by the imaging multifrequency bi-focusing algorithm [3] using the scattering
fields measured by the VNA through a bandwidth of 10 GHz around a central frequency
of 300 GHz. After stating the nature of the condition of each figure in both figures, the
maximum radiation generated by the monopole and a secondary maximum on one side
were identified.

The error between the differential imaging measurements and the simulations is defined
in terms of the module of the difference in electric field. The differential imaging measure-
ments and the simulations have to be normalized to the maximum value before calculating
the difference. Then, the error is expressed in adimensional units. Figure 12 compares the
differential imaging measurements with the simulation measurements. The simulation
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error data were amplified, calibrated, and normalized to the maximum to enable this
comparison. The differential imaging measurements were normalized to the maximum too.
The error distribution shown in Figure 12 depicts the error in the position of the monopole
antenna. This error can be attributed to the misalignment between the 3D model and
the real measurement in combination with the effects associated with the multifrequency
imaging algorithm.
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Figure 12. Error between the differential imaging measurement and the differential imaging
simulations.

In order to provide a complete comparison of measurement [2] and simulation results,
the error evaluation in terms of the Cumulative Distribution Function (CDF) of Normal
Distribution of the Error of Electric Field calculated as the percentage error of the electric
field amplitude was included. Figure 13 shows the distribution of the percentage error,
depicting that the 90% of the points presents an error in amplitude less than 19.9%, after
adjusting the levels of the simulations to the measurements to be comparable.

Another important parameter to evaluate the error is the Root Mean Square Error
(RMSE) of the percentage error of the electric field amplitude. The RMSE value is 12%.



Sensors 2021, 21, 3796 13 of 15Sensors 2021, 21, x 13 of 15 
 

 

 
Figure 13. Cumulative Distribution Function (CDF) of Normal Distribution of the Percentage Er-
ror of Electric Field (amplitude) in logarithmic scale in X axis. 

Another important parameter to evaluate the error is the Root Mean Square Error 
(RMSE) of the percentage error of the electric field amplitude. The RMSE value is 12%. 

4. Discussion 
This section examines the extent to which the assumptions and approximations ap-

plied within differential imaging and differential current methods to estimate the currents 
induced by a monopole (or any antenna) in the car surface are valid. The aim of the full-
wave electromagnetic simulation described in this paper was to verify the differential cur-
rent approach for estimating the current distribution of an antenna with the underlying 
intention of demonstrating the reliability of the differential imaging concept. The differ-
ential current distribution presented in Figure 5 demonstrates that a differential current 
was obtained from the difference between the two simulation cases. This difference is rep-
resentative of the antenna signature. 

The first approach involves neglecting the multiple reflections among the illumina-
tion and vehicle structure. Figure 7 and Figure 8 depict the near electric fields representa-
tion for both states (OFF and ON states), confirming that the reflection in the borders 
caused some diffraction, but the position of Tx and Rx served to minimize and attenuate 
the reflections received when the scattered fields were measured. The shape of the vehicle 
could be identified. In addition, another concern relates to the position of the external 
illumination in relation to the monopole. This configuration could raise some doubts 
about whether it is possible to excite the monopole. Figures 3 and 4 confirm that the mon-
opole presented induced currents that generated electric fields. As such, the monopole 
was operating using external illumination. Moreover, the current distribution shown in 
Figures 2 and 3 confirm that the external illumination placed at 0.5 m at 300 GHz was 
enough to induce surface currents across all the exposed surfaces. 

The second assumption was that the scattered fields produced for both states (with 
and without antenna) would be approximately the same. Figures 7 and 8 present the mag-
nitude of the near electric field vectors (three components) for both states. As can be ob-
served, the shape was almost the same in both cases. Additionally, the difference in the 
near electric field is characteristic of the shape of the electric fields generated by a mono-
pole. The main difference is that the antenna could be seen in Figure 8. After the assump-
tions were evaluated, a qualitative comparison between the differential imaging obtained 
in [2] and the simulations presented in the current study was performed. Although the 
nature of both measurements was not the same, the shape of the differential imaging and 

Figure 13. Cumulative Distribution Function (CDF) of Normal Distribution of the Percentage Error of Electric Field
(amplitude) in logarithmic scale in X axis.

4. Discussion

This section examines the extent to which the assumptions and approximations ap-
plied within differential imaging and differential current methods to estimate the currents
induced by a monopole (or any antenna) in the car surface are valid. The aim of the
full-wave electromagnetic simulation described in this paper was to verify the differential
current approach for estimating the current distribution of an antenna with the underlying
intention of demonstrating the reliability of the differential imaging concept. The differ-
ential current distribution presented in Figure 5 demonstrates that a differential current
was obtained from the difference between the two simulation cases. This difference is
representative of the antenna signature.

The first approach involves neglecting the multiple reflections among the illumination
and vehicle structure. Figures 7 and 8 depict the near electric fields representation for
both states (OFF and ON states), confirming that the reflection in the borders caused some
diffraction, but the position of Tx and Rx served to minimize and attenuate the reflections
received when the scattered fields were measured. The shape of the vehicle could be
identified. In addition, another concern relates to the position of the external illumination
in relation to the monopole. This configuration could raise some doubts about whether it
is possible to excite the monopole. Figures 3 and 4 confirm that the monopole presented
induced currents that generated electric fields. As such, the monopole was operating using
external illumination. Moreover, the current distribution shown in Figures 2 and 3 confirm
that the external illumination placed at 0.5 m at 300 GHz was enough to induce surface
currents across all the exposed surfaces.

The second assumption was that the scattered fields produced for both states (with
and without antenna) would be approximately the same. Figures 7 and 8 present the
magnitude of the near electric field vectors (three components) for both states. As can be
observed, the shape was almost the same in both cases. Additionally, the difference in the
near electric field is characteristic of the shape of the electric fields generated by a monopole.
The main difference is that the antenna could be seen in Figure 8. After the assumptions
were evaluated, a qualitative comparison between the differential imaging obtained in [2]
and the simulations presented in the current study was performed. Although the nature of
both measurements was not the same, the shape of the differential imaging and differential
currents and fields were close to each other, thereby identifying the maximum area of the
induced currents and fields.
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Related to the error presented in Figure 12, the level of error was evaluated. This error
could be attributed to differences and misalignment between the measurements and the
simulations, combined with the use of an imaging algorithm that sums the contribution of
the wide frequency band.

To evaluate the error, the percentage error in terms of CDF and RMSE was evaluated.
The CDF, shown in Figure 13, states that error distribution and a value around 18%, giving
enough confidence to provide a distribution of the current distribution in a surface car.
The current distribution shape would not be affected or deformed by an error of 18%
in amplitude. Related to the RMSE, the value of 12% confirms that the error level is
controlled, and it allows us to use the measurement results for estimating the surface
current distribution on a car surface.

5. Conclusions

The full-wave electromagnetic simulations performed in the current study demon-
strate the reliability of the novel differential imaging concept presented in [2]. Differential
currents provide a tool for estimating the antenna signature by means of measuring the
vehicle with and without antenna and calculating the differential imaging or differential
currents by measuring the scattered fields. The full-wave electromagnetic simulations of
the surface currents and near electric fields generated by a 10 cm miniature length metallic
vehicle structure impinged by a normal plane wave can generate insights that contribute
to a confirmation of the differential imaging concept and the assumed approximations.
The Method of Moment approach offered by Ansys HFSS commercial software [4] was
used effectively to model and solve this problem, optimizing processing time of the simula-
tions. The comparison of the measurement [2] and simulation results were performed and
evaluated in terms of CDF and RMSE to have an estimation of the error, confirming that
the results are good enough for exploitation in terms of providing a shape of the surface
current distribution in the car.

The findings outlined in this paper will provide a meaningful contribution to existing
understanding and insight of the differential imaging method that allows researchers
to obtain and observe the current distribution induced on the object without measure-
ment probes that influence and induce error on the field measurement. Thus, this work
provides additional verification of the differential imaging concept through a full-wave
electromagnetic simulation.

After the full-wave electromagnetic simulation, the differential currents approach as a
means of estimating the currents induced by the monopole is a step forward. Subsequently,
the differential concept could be used to review and optimize the co-siting of different
sensors and antennae on a vehicle.
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