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Resumen 

El estudio y la monitorización de la superficie terrestre son ejemplos de los principales 

usos de la teledetección. Actualmente existen múltiples misiones que trabajan con sensores 

activos de microondas y que se encargan de recabar datos para diferentes aplicaciones, tal es 

el caso de COSMO-Skymed, un conjunto de satélites que se encargan de trabajos tan diversos 

como la vigilancia de las costas o el estudio de los recursos forestales, u otros satélites como 

Alos que se dedica a materias tan diversas como estudios cartográficos o evaluación de 

recursos.  

El uso de sensores activos de microondas, presentes en esas misiones, permite recabar 

información durante todo el día ya que estos sensores no se ven afectados ni por la luz ni 

por la climatología. La información recabada ha de ser procesada y estudiada, esto requiere 

el desarrollo de modelos electromagnéticos que permitan entender con la mayor precisión 

posible esta información y que puedan aplicarse a algoritmos de inversión que permitan 

obtener los parámetros de interés. Uno de los estudios más extendidos dentro del campo de 

la teledetección es el estudio de masas vegetales, bien sea masas forestales o zonas de cultivo, 

la obtención de los parámetros biofísicos es clave para numerosas aplicaciones que se dedican 

al estudio y control medioambiental del planeta. 

Hay dos factores que determinan la precisión de los parámetros obtenidos; el algoritmo 

de inversión y la veracidad del modelo electromagnético a invertir. El objetivo es desarrollar 

un modelo electromagnético que sea computacionalmente sencillo para facilitar la inversión 

pero que sea preciso modelando la interacción de la onda electromagnética con la zona 

iluminada. Con este objetivo se han desarrollado a lo largo de los años números modelos de 

dispersión que tratan de explicar la interacción de las ondas electromagnéticas con las masas 

vegetales.  

Dentro de los métodos para la estima de la dispersión electromagnética  se distinguen 

dos problemas bien diferenciados. Por una parte el modelado del medio vegetal. Por otro el 

modelado de la propagación y dispersión de las ondas electromagnéticas. Dentro de los 

modelos  desarrollados para el medio pueden distinguirse dos grandes grupos: aquellos que 

modelan el entorno como un medio continuo y los que lo hacen como un medio discreto. 

Debido a la complejidad de las zonas vegetales la primera de las aproximaciones se ha 

desestimado y hoy en día casi todos los investigadores optan por modelar el medio de forma 

discreta. Esto implica estudiar la contribución que se produce por cada uno de los 

componentes de las masas vegetales como pueden ser las ramas, las hojas, los troncos o el 

suelo, y las contribuciones debidas a las interacciones entre los mismos. Además ha de tenerse 

en cuenta la atenuación de la onda electromagnética en su propagación a través del entorno 

vegetal.  

Para el cálculo de la dispersión electromagnética se han considerado dos métodos 

fundamentalmente: 
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1. El método de la transferencia radiativa. 

2. La aproximación de Born corregida. 

En este último método el campo dispersado total se calcula como la suma coherente de 

las diferentes contribuciones procedentes de los elementos discretos que componen el 

medio. Este es precisamente el tipo de modelo que se ha desarrollado en esta tesis. 

Los primeros modelos de estima de la dispersión electromagnética que se desarrollaron 

no tenían en cuenta la estructura de la vegetación, es decir, no tenían en cuenta la posición y 

orientación relativa de los distintos dispersores. El medio se dividía en capas, cada capa se 

consideraba formada por elementos dispersores con similares características 

electromagnéticas y una densidad determinada. La dispersión electromagnética se obtenía 

como la suma incoherente de las contribuciones debidas a los dispersores de cada capa 

[Rich1987] [Durd1989].  

Sin embargo, en estudios posteriores se demostró la importancia de la estructura de la 

vegetación en el campo dispersado. En concreto esto estudios demostraron que dependiendo 

del tamaño de los dispersores y de sus posiciones relativas con respecto a la longitud de onda 

era fundamental considerar los efectos coherentes debidos a la estructura de la vegetación 

para obtener buenos resultados [Yueh1992] [Imho1995]. 

En este sentido, resultó clave el trabajo publicado por Benoit Mandelbrot en 1987 en el 

libro “Fractal Geometry of Natura” donde se desarrollaron los modelos fractales para la 

descripción de la arquitectura de la vegetación. Muchos de los modelos actuales utilizan 

fractales para la generación de árboles [Lin1999][Tsang2001]. Un fractal se puede definir 

como un objeto geométrico que se puede crear replicando estructuras básicas a distintas 

escalas. La teoría fractal fue desarrollada por Benoit Mandelbrot en 1975 y usada 

posteriormente por Asistid Lindenmayer para crear los L-system. Aunque en principio se 

crearon para reproducir el crecimiento de especies muy sencillas, más tarde se aplicaron a 

estructuras más complicadas como los árboles. Tanto los  modelos basados en el modelado 

del entorno vegetal mediante fractales como los que utilizan L-system para la generación de 

los árboles consideran la simulación de numerosos entornos vegetales. Para cada uno de 

estos entornos se estima la dispersión electromagnética y posteriormente se utilizan técnicas 

de Monte Carlo para obtener los campos dispersados. De esta manera la variabilidad del 

medio se tiene en cuenta al haber generado numerosas “realizaciones” del mismo. A pesar 

de los buenos resultados, estos métodos tienen la desventaja de no poder ser directamente 

aplicados a algoritmos de inversión debido al elevado coste computacional y a la cantidad de 

parámetros que necesitan, esto obliga a hacer simplificaciones sobre el modelo que no 

permiten un modelado preciso de la estructura vegetal.  

Para evitar simulaciones de Montecarlo se ha definido un modelo estadístico que describe 

las diferentes tipologías que presentan las estructuras vegetales. Dicho modelo no solo 

permite obtener los estadísticos de primer orden de tamaño y orientación de los distintos 

dispersores sino que permite obtener los estadísticos de segundo orden que son los que 

determinan la correlación entre las posiciones, orientaciones y tamaños de los elementos y 

que son los responsables de los efectos coherentes. 
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El modelo de dispersión desarrollado está alimentado por este modelo estadístico 

[Sant2010] [Abal2011]. Se trata de un modelo discreto en el que se consideran un conjunto 

de dispersores en espacio libre que modelan los diferentes elementos de las plantas o árboles. 

El campo dispersado se calcula como la suma coherente de las contribuciones de todos y 

cada uno de los dispersores.  Se consideran cuatro tipo de contribuciones debidas a las 

interacciones de la onda electromagnética: dispersión directa, dispersión-reflexión planta-

suelo, reflexión-dispersión suelo-planta y reflexión-dispersión-reflexión suelo-planta-suelo. 

Las dispersiones múltiples entre los elementos de la planta no se tendrán en cuenta. 

 

Figura 1. Escenario típico 

En la Figura 1 se puede ver un escenario típico. La posición de cada elemento se define 

con respecto al origen de coordenadas. Estos vectores de posición determinan las diferencias 

de fase entre la dispersión de los distintos elementos y su correlación está directamente 

relacionada con los efectos coherentes. 

El método de cálculo electromagnético que se ha desarrollado es flexible de modo que 

puede aplicarse tanto a estructuras vegetales sencillas como plantas, como a estructuras más 

complejas como pueden ser los árboles. Si aplicamos el modelo a una estructura vegetal con 

un nivel de ramificación 𝑛, la amplitud de dispersión se puede expresar como está definido 

en la ecuación (1). 

Donde 𝑆0 representa la amplitud de dispersión de un tronco o rama para cualquier 

polarización transmitida y recibida. El subíndice 𝑘 representa el árbol 𝑘. Los subíndices 𝑘𝑟1𝑟2 

indican la rama 𝑟2 del segundo nivel de ramificación que nace de la rama 𝑟1 del primer nivel 

de ramificación del tronco del árbol 𝑘. Los superíndices nos indican el camino recorrido, de 

modo que 𝑔𝑝 significa suelo-planta, 𝑝𝑔 planta-suelo y 𝑔𝑝𝑔 suelo-planta-suelo. Los 

incrementos de fase definidos por los dispersores se representan con 𝛷(.), los subíndices 

determinan el desplazamiento del vector que causa el cambio de fase y los superíndices 

representan el camino recorrido del mismo modo que lo hace para la amplitud de dispersión. 



iv 
 

𝑆𝑘 = 𝑆0𝑘 · 𝑒
𝑗0𝑘 · 𝑒𝑗𝑘 + 𝑒𝑗𝑘∑𝑆0𝑘𝑟1 ·

𝑟1

𝑒𝑗0𝑘𝑟1 · 𝑒𝑗𝑘𝑟1 +⋯

+ 𝑒𝑗𝑘∑…∑𝑆0𝑘𝑟1…𝑟𝑛 · 𝑒
𝑗0𝑘𝑟1···𝑟𝑛 · 𝑒𝑗𝑘𝑟1 . . . 𝑒𝑗𝑘𝑟1···𝑟𝑛

𝑟𝑛𝑟1

+ 𝑅(𝜃𝑠) · 𝑆0𝑘
𝑝𝑔 · 𝑒𝑗0𝑘

𝑝𝑔

· 𝑒𝑗𝑘
𝑝𝑔

+ 𝑒𝑗𝑘
𝑝𝑔

∑𝑅(𝜃𝑠) · 𝑆0𝑘𝑟1
𝑝𝑔 · 𝑒𝑗0𝑘𝑟1

𝑝𝑔

· 𝑒𝑗𝑘𝑟1
𝑝𝑔

𝑟1

+⋯

+ 𝑒𝑗𝑘
𝑝𝑔

∑…∑𝑅(𝜃𝑠) · 𝑆0𝑘𝑟1…𝑟𝑛
𝑝𝑔 · 𝑒𝑗0𝑘𝑟1…𝑟𝑛

𝑝𝑔

𝑟𝑛𝑟1

· 𝑒𝑗𝑘𝑟1
𝑝𝑔

…𝑒𝑗𝑘𝑟1…𝑟𝑛
𝑝𝑔

+ 𝑅(𝜃𝑖) · 𝑆0𝑘
𝑔𝑝 · 𝑒𝑗0𝑘

𝑔𝑝

· 𝑒𝑗𝑘
𝑔𝑝

+ 𝑒𝑗𝑘
𝑔𝑝

∑𝑅(𝜃𝑖) · 𝑆0𝑘𝑟1
𝑔𝑝 · 𝑒𝑗0𝑘𝑟1

𝑔𝑝

· 𝑒𝑗𝑘𝑟1
𝑔𝑝

𝑟1

+⋯

+ 𝑒𝑗𝑘
𝑔𝑝

∑…∑𝑅(𝜃𝑖) · 𝑆0𝑘𝑟1…𝑟𝑛
𝑔𝑝 · 𝑒𝑗0𝑘𝑟1…𝑟𝑛

𝑔𝑝

𝑟𝑛𝑟1

· 𝑒𝑗𝑘𝑟1
𝑔𝑝

…𝑒𝑗𝑘𝑟1…𝑟𝑛
𝑔𝑝

+ 𝑅(𝜃𝑖) · 𝑅(𝜃𝑠) · 𝑆0𝑘
𝑔𝑝𝑔 · 𝑒𝑗0𝑘

𝑔𝑝𝑔

· 𝑒𝑗𝑘
𝑔𝑝𝑔

+ 𝑒𝑗𝑘
𝑔𝑝𝑔

∑𝑅(𝜃𝑖) · 𝑅(𝜃𝑠) · 𝑆0𝑘𝑟1
𝑔𝑝𝑔 · 𝑒𝑗0𝑘𝑟1

𝑔𝑝𝑔

𝑟1

· 𝑒𝑗𝑘𝑟1
𝑔𝑝𝑔

+⋯

+ 𝑒𝑗𝑘
𝑔𝑝𝑔

∑…∑𝑅(𝜃𝑖) · 𝑅(𝜃𝑠) · 𝑆0𝑘𝑟1…𝑟𝑛
𝑔𝑝𝑔 · 𝑒𝑗0𝑘𝑟1…𝑟𝑛

𝑔𝑝𝑔

𝑟𝑛𝑟1

· 𝑒𝑗𝑘𝑟1
𝑔𝑝𝑔

…𝑒𝑗𝑘𝑟1…𝑟𝑛
𝑔𝑝𝑔

 

(1) 

 

En la ecuación (1) los tres primeros términos representan la contribución del rayo directo, 

los tres siguientes la contribución debida a los rayos que rebotan en la planta y después en el 

suelo, los tres siguientes la contribución debida a los rayos que rebotan primero en el suelo 

y después en la panta y los tres últimos representan la contribución debida a los rayos que 

rebotan primero en el suelo, después en la planta y por último en el suelo. 

El coeficiente de dispersión, debido a la naturaleza del entorno, se define como el valor 

esperado de la potencia recibida y se calcula tal como se muestra en la ecuación (2) 

𝜎 = 𝐸 {∑𝑆𝑘∑𝑆𝑙
∗} (2) 

Tanto los troncos como las ramas o tallos han sido modelados con cilindros. El tamaño 

de cada cilindro se define a través del radio y la longitud, la posición y orientación quedan 

determinadas por la distancia al origen y la orientación de los ángulos en el sistema local de 

coordenadas de la rama madre. 

Para el cálculo de dispersión en cilindros finitos se ha desarrollado una nueva 

aproximación válida tanto para campo cercano como para campo lejano. El cilindro se ha 
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supuesto en espacio libre con longitud L, radio a y constante dieléctrica 𝜀𝑟 con el sistema de 

referencia mostrado en la Figura 2.  

 

Figura 2. Sistema de referencia del cilindro 

Las aproximaciones propuestas hasta el momento para el cálculo del campo dispersado 

por un cilindro finito proponían enventanar el campo interno de un cilindro infinito para 

calcular el campo dispersado por un cilindro finito, es decir, se descartaba el campo interno 

que quedaba fuera del cilindro finito actual. En la aproximación propuesta en este estudio se 

pretende enventanar el campo incidente en la superficie del cilindro infinito antes de calcular 

los campos interno y dispersado del cilindro finito, de manera que cualquier campo incidente 

en la superficie del cilindro infinito fuera de la superficie del actual cilindro finito será 

descartada. Esta aproximación supone descartar la dispersión/radiación en los extremos del 

cilindro y los campos difractados donde la superficie cilíndrica limita con el cilindro finito, a 

pesar de que estas limitaciones pueden ser inadecuadas para ciertas aplicaciones para el caso 

de estructuras vegetales son adecuadas ya que tantos las ramas como los troncos están 

conectados en sus extremos a troncos u otras ramas. Esta nueva aproximación fue presentada 

en [Sant2012] y publicada en [Sant2015]. 

Para validar la nueva aproximación se obtuvo el campo dispersado en campo cercano 

para diferentes cilindros y se comparó el resultado con el obtenido usando el método de los 

momentos, se hizo lo mismo en campo lejano utilizando la aproximación de cilindro finito 

utilizada por Karam y Tsang en estudios previos [Karam1988] [Tsang2001]. Los resultados 

demostraron que la aproximación es válida siempre y cuando no sea necesario tener en 

cuenta los extremos del cilindro, lo cual es razonable para cálculos de dispersión en masas 

vegetales. 

El hecho de que la aproximación sea adecuada para campo cercano permitiría adaptar el 

modelo de dispersión desarrollado para añadir las múltiples dispersiones entre elementos 

vegetales que se encuentran en la región de campo cercano el uno del otro. 
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Teniendo ya una aproximación para el cálculo del campo dispersado por los cilindros es 

necesario modelar las características de los elementos de la vegetación y su posible 

correlación, es necesario conocer las funciones de densidad de probabilidad y las funciones 

de densidad de probabilidad conjuntas de posiciones y orientaciones entre cada par de 

dispersores. 

El modelo estadístico desarrollado para la definición de la vegetación se ha definido con 

varios objetivos: 

- Que sea simple y pueda incluirse en el modelo de dispersión de forma sencilla. 

- Que asegure las propiedades geométricas de la tierra o planta estudiada.  

- Que los resultados obtenidos del modelo coincidan con las medidas obtenidas en un 

entorno real. 

La posición y orientación de los distintos elementos se ha generado utilizando simples 

procesos de Markoff, lo que permite determinar los estadísticos conjuntos fácilmente. El 

hecho de tener las funciones de distribución de probabilidad permite obtener el coeficiente 

de dispersión sin simulaciones de Montecarlo. El modelo, además, permite describir los 

patrones de la vegetación. Estudios botánicos han demostrado la existencia de simetría en 

plantas, en algunas los patrones son obvios. Para los árboles es diferente ya que pierden su 

patrón regular durante su vida en entornos naturales debido a la influencia de factores 

externos, debido a esto la ramificación regular es mucho más evidente en plantaciones de 

árboles jóvenes.  

 

Figura 3. Sistema de coordenadas local para el árbol i y la rama primaria k 

En la Figura 3 se puede observar estructura definida para el modelo. Se asume que la 

planta o árbol tiene varios niveles de ramificación, de modo que las ramas primarias parten 

del tronco, las ramas secundarias de las ramas primarias y así continuamente. 

El modelo supone que la longitud y radio de las ramas de un árbol están correladas entre 

sí y son independientes de la longitud y posición. Además, se considera que la posición y 
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orientación de las ramas que crecen del mismo tronco o rama están correladas pero las que 

lo hacen desde diferentes troncos o ramas no lo están. 

Debido a previos estudios botánicos se exige que los procesos describiendo la estructura 

de la planta aseguren la simetría azimutal, esto implica que independientemente de la 

dirección tomada para ir de una rama a otra, la probabilidad de llegar a una segunda rama 

separada alfa grados de la primera será la misma. La simetría azimutal se ha aplicado a 

longitudes, orientaciones y posiciones de los diferentes dispersores. 

La longitud (𝑙) y la posición (𝑑, 𝜃, 𝜙) de las ramas se ha modelado a través de procesos 

de Markoff [Papou2002]. Siendo 𝑝 un proceso estocástico aplicable a cualquiera de las 

variables 𝑙, 𝑑, 𝜃, 𝜙, su definición es 

𝑝𝑘 = 𝑎𝑘−1𝑝𝑘−1 + ∆𝑘−1 + 𝜖𝑘−1 (3) 

donde ∆𝑘−1 y 𝑎𝑘−1 son variables que describen el proceso en el paso k y 𝜖𝑘−1 es una variable 

aleatoria de media cero que representa el error residual. 

La media y varianza de cualquier parámetro de la rama se puede obtener fácilmente y lo 

mismo ocurre con las funciones de densidad de probabilidad conjunta de cualquier 

parámetro entre dos ramas. Para plantas con patrones radiales la adecuada combinación lineal 

de varios procesos independientes como los descritos asegura la simetría azimutal. 

En las figuras 4 y 5 se pueden ver ejemplos de pinos y plantas de maíz generados a través 

de este proceso. Visualmente las estructuras generadas se parecen a las plantas o árboles que 

queremos simular pero para validar el modelo es necesario realizar medidas de campo. 

Trabajando en este sentido se hicieron medias de 150 plantas de maíz y se usaron técnicas 

de fotogrametría para obtener las posiciones de los nodos de las hojas (procesos 𝑑) y los 

ángulos de inserción de las hojas en el tronco (procesos 𝜃).  

 

Figura 2. Ejemplo de plantas de maíz generadas con el modelo estadístico 

-100
0

100 -100 10

0

50

100

150

200

250

300

-100
0

100 -200 20

0

50

100

150

200

250

300



viii 
 

 
Figura 3. Ejemplo de pinos generados con el modelo estadístico. 

En la Figura 6 se pueden observar algunos resultados para diferentes nodos y ángulos. 

Los puntos representan las medidas y las líneas la estimación de mínimos cuadrados. Se 

comprobó que los procesos podían ajustarse mediante el modelo descrito. 

 

Figura 4. Resultados del estudio estadístico de las plantas de maíz 

Para validar el modelo se realizó un análisis residual que demostró que la media de los 

errores residuales para los procesos 𝑑 y 𝜃 era siempre cero y que los errores en el paso k 
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estaban incorrelados con las variables k del modelo. Además, se probó que una distribución 

normal era una opción razonable para los parámetros. 

 

Figura 5. Comparativa entre la simulación de Montecarlo usando L-system y los resultados 
obtenidos del modelo de dispersión/estadístico desarrollado en esta tesis. 

El modelo estadístico se integró con el modelo coherente de dispersión. Para validarlo se 

utilizaron resultados previamente publicados por Karam y Tsang [Karam1988] [Tsang2001], 

se obtuvo el coeficiente de dispersión incoherente para la polarización hh para una 

distribución uniforme de cilindros verticales. El campo dispersado se calculó usando 

Montecarlo sobre diferentes realizaciones de cilindros distribuidos uniformemente y con el 

modelo de esta tesis. Como se puede ver en la Figura 7 las gráficas encajan perfectamente, la 

línea roja representa los resultados obtenidos con Monte Carlo y la línea azul el modelo 

desarrollado en esta tesis. Coinciden también con los resultados de [Karam1988] y 

[Tsang2001] 

Además, se obtuvieron resultados para cilindros verticales y orientados modificando los 

parámetros de entrada. Al pasar de cilindros verticales a orientados se pudo observar que a 

medida que aumentaba la aleatoriedad de la orientación, el coeficiente de dispersión 

incoherente disminuía en las direcciones de backscattering mientras que alrededor de la 

dirección especular no se apreciaba el cambio. 

El modelo de dispersión expuesto en esta tesis, gracias a su simplicidad y escalabilidad, 

puede ser fácilmente adaptable a diferentes estructuras vegetales. Teniendo en cuenta que la 

monitorización de la agricultura es una de las aplicaciones en teledetección por microondas 

se ha adaptado el modelo a dos de los cultivos más extendidos en el planeta: el maíz y el 

arroz. 

La planta de maíz sigue una estructura sencilla formada por un tallo del que parten las 

hojas. Para modelarla se ha supuesto un cilindro vertical para el tallo y cilindros orientados 

para las hojas que se han modelado como si se tratara de las ramas primarias de una planta, 

la estructura puede observarse en la Figura 8. 
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Figura 6. Esquema para una plantación de maíz 

Para el esquema presentado la amplitud de dispersión se puede calcular siguiendo la 

ecuación (3), el coeficiente de dispersión se calcularía aplicando la ecuación (2).  

𝑆𝑘 = 𝑆0𝑘 · 𝑒
𝑗0𝑘 · 𝑒𝑗𝑘 + 𝑒𝑗𝑘∑𝑆0𝑘𝑟 ·

𝑟

𝑒𝑗0𝑘𝑟 · 𝑒𝑗𝑘𝑟 + 𝑅(𝜃𝑠) · 𝑆0𝑘
𝑝𝑔 · 𝑒𝑗0𝑘

𝑝𝑔

· 𝑒𝑗𝑘
𝑝𝑔

+ 𝑒𝑗𝑘
𝑝𝑔

∑𝑅(𝜃𝑠) · 𝑆0𝑘𝑟
𝑝𝑔 · 𝑒𝑗0𝑘𝑟

𝑝𝑔

𝑟

+ 𝑅(𝜃𝑖) · 𝑆0𝑘
𝑔𝑝 · 𝑒𝑗0𝑘

𝑔𝑝

· 𝑒𝑗𝑘
𝑔𝑝

+ 𝑒𝑗𝑘
𝑔𝑝

∑𝑅(𝜃𝑖) · 𝑆0𝑘𝑟
𝑔𝑝 · 𝑒𝑗0𝑘𝑟

𝑔𝑝

𝑟

 

(3) 

La planta del arroz podría ser representada a través de un conjunto de tallos orientados, 

el esquema podría ser el expuesto en la Figura 9, cada planta se modelaría como un conjunto 

de cilindros orientados representando los tallos de la planta. 

 

Figura 7. Esquema para la planta de arroz 
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 Una posible función de distribución para la planta del arroz sería la mostrada a 

continuación  

𝑓(
𝑥𝑙
𝑥𝑘⁄ ) =

{
 
 

 
 

1

𝐿𝑥 − 4𝐷
0 < 𝑥𝑙 < 𝑥𝑘 − 2𝐷, 𝑥𝑘 + 2𝐷 < 𝑥𝑙 < 𝐿𝑥

1

2𝐷 − 4𝑑
𝑥𝑘 − 𝐷 < 𝑥𝑙 < 𝑥𝑘 + 𝐷

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (4) 

donde D representaría la distancia entre las plantas, d la distancia entre los tallos dentro de 

la planta y Lx la longitud del campo de cultivo. Teniendo en cuenta el esquema representado 

en la Figura 8 la amplitud podría definirse como 

𝑆𝑘 =∑𝑆0𝑘𝑗𝑒
𝑗𝑘𝑒𝑗𝑘𝑗𝑒𝑗0𝑘𝑗

𝑁

𝑗

+∑𝑅(𝜃𝑠)𝑆0𝑘𝑗
𝑝𝑔 𝑒𝑗𝑘𝑒𝑗𝑘𝑗

𝑝𝑔

𝑒
𝑗0𝑘𝑗

𝑝𝑔
𝑁

𝑗

+∑𝑅(𝜃𝑖)𝑆0𝑘𝑗
𝑔𝑝 𝑒𝑗𝑘𝑒𝑗𝑘𝑗

𝑔𝑝

𝑒
𝑗0𝑘𝑗

𝑔𝑝
𝑁

𝑗

 

(5) 

 

donde  𝑒𝑗𝑘  representaría la posición de la planta con respecto al origen de coordenadas,   

𝑒𝑗𝑘𝑗 la posición relativa de los tallos dentro de cada planta y 𝑒𝑗0𝑘𝑗 la posición relativa del 

centro de dispersión del tallo. El coeficiente de dispersión se calcularía aplicando la ecuación 

(2).  

El modelo presentado ha sido desarrollado teniendo en cuenta que los elementos 

vegetales se encuentran en espacio libre, sin embargo, en un entorno real habría que evaluar 

la atenuación del campo, para ello se podría aplicar fácilmente la aproximación de Foldy que 

ha sido ampliamente utilizada en modelos similares [Chiu2000], [Lang1983]. Además, si fuese 

necesario podría incluirse la dispersión causada por las hojas. Esta contribución puede 

sumarse de forma incoherente ya que en general se considera que las hojas se encuentran 

orientadas y distribuidas en el espacio de forma uniformemente aleatoria. 
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CHAPTER 1: INTRODUCTION 

In the last decades, a large number of missions for earth remote sensing and observation, 

at different frequency bands within the microwave spectrum, have been conducted. Those 

missions have been acquiring information useful in different areas like oceanography, 

cartography, logging …They are aimed at understanding the changes that occur throughout 

the world so, in the future, it will be possible to predict such changes, to detect and monitor 

disasters or to study the actual situation of some areas. 

Those mission have provided a huge amount of information that must be interpreted 

with the greatest possible accuracy. A great part of that information is in the form of SAR 

images. So it is of interest to have electromagnetic models that explain how electromagnetic 

waves interact with the earth surface in order to be able of understanding and getting 

information form the SAR images. The information obtained from the study of those images 

is used in such diverse applications as cloud analysis or mapping of vegetable soil coverage. 

For accurate results, it is as important the inversion algorithm as the electromagnetic model. 

In last decades there has been many studies in order to obtain an electromagnetic model 

useful to study vegetated areas. Most of the current studies use discrete models, such models 

study the contribution made by each one of the existing elements in the vegetal area such as 

the trunk, branches, leaves and soil and the contributions due to the interactions between 

them. To do this it is necessary to study the electromagnetic wave propagation and scattering 

in the medium. The scattered field is calculated as the result of adding the different 

contributions. 

First developed methods did not take into account the relative position and orientation 

of the different scatterers, so the vegetation structure was neglected. However, some studies 

and analysis of data proved the importance of considering the vegetation structure in the 
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electromagnetic models. Specially, at certain frequencies, the coherent effects produced by 

the vegetation structure can no longer be neglected. 

Coherent scattering models provide estimates of the scattered field from vegetated areas 

by coherently adding the scattered field from all elemental scatterers in the area. Therefore, 

they require a model for the plants structure within the illuminated scene. The scattering 

models considered that elemental scatterers, as cylinders and discs, that represent the trunk, 

branches and leaves, form the plants. Since the plant structure has to be considered in order 

to account for coherent scattering, plant examples were obtained using fractals or L-systems. 

Then, simulation of a large number plants examples allows to estimate the second order 

scattering statistics using Monte Carlo methods.  

Obviously, the use of Monte Carlo methods requires a huge computational capacity. 

Besides, it is important to point out that the methods used to generate the deterministic plant 

examples (fractals and L-systems) do not consider the actual second order joint statistics of 

positions, sizes and orientations of the elemental parts (trunk, branches…) of the plant. 

 

1. The Remote Sensing System 

 Remote Sensing is a process which allows acquiring and analysis data from objects 

without any direct contact. It operates at different regions of the electromagnetic spectrum, 

from the ultraviolet to the microwave region. In Figure 1.1. a typical remote sensing system 

is shown. 

 

Figure 1. 1. Remote Sensing System 

In a remote sensing system there is always a source that generates the electromagnetic 

radiation that interacts with the earth or any other target of interest. This source can be 

external to the system, e.g. the sun, or the system may have its own source (In Appendix A 

different types of sensors and remote sensing systems are briefly reviewed). The scattered 

power is then captured. The power received at the sensor can be modelled by: 

𝑃𝑟0 = (𝐺
2 · 𝜆2 · 𝑃𝑡 ·

𝜎0(𝑘𝑖⃗⃗  ⃗, 𝑘𝑠⃗⃗  ⃗)

(4 · 𝜋)3 · 𝑅4
) 
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where 𝑃𝑟𝑜 is the received power per unit area, G is the gain of the antenna, λ is the 

wavelength, 𝑃𝑡 is the transmitted power, R is the range from the sensor to the object and 

𝜎0(𝑘𝑖⃗⃗  ⃗, 𝑘𝑠⃗⃗  ⃗) is the radar cross section per unit area or the differential scattering coefficient for 

an incident wave direction 𝑘𝑖⃗⃗  ⃗ and a scattered wave direction 𝑘𝑠⃗⃗  ⃗. This parameter depends on 

the physical and electromagnetic properties of the illuminated area. Obtaining this parameter 

from the received power is the first step in order to get the biophysical parameters that may 

be of interest from the observed area. 

 In earth observation, one of the most important objectives is the study and monitoring 

of vegetation-covered areas. The changes and evolution of these areas is fundamental to 

understand changes on our planet globally. Obtaining biophysical parameters of vegetation 

allows developing applications for the environmental study and control of the planet. Three 

methods deserve mention in calculating biophysical variables from remote sensing data: 

1. Empirical methods. The curves to obtain the parameters of interest from the received 

data have been obtained by fitting the data from many sensor measurements 

corresponding to known values of the parameters of interest. To obtain accurate 

results it is necessary to have certain previous knowledge of the sensed area. Besides, 

the calculated curves are only valid for the acquisition conditions and their predictive 

value is usually poor. 

2. Inversion methods. They consist in adjusting or finding the biophysical parameters 

of interest that, when used as inputs to the electromagnetic model considered to 

estimate the scattering coefficient, minimize the difference between the estimated 

and the measured scattering coefficients. The results with this method depend on the 

accuracy of the model considered. The main disadvantages are the computational 

load and the difficulty of obtain global results. 

3. Neuronal networks. Though based on an electromagnetic model, these methods use 

the received data to continuously improve the estimation of the biophysical 

parameters of interest. The main disadvantage is that each model is unique to the 

case it applies. Also they are highly demanding in terms of computational time and 

resources. 

2. Objective 

The objective of this thesis is to contribute to improve the accuracy of the scattering 

models used for inversion algorithms. In this sense, it has focused on developing and 

implementing a statistical scattering method for vegetation that will prevent the high 

computational loads of previous methods while taking into account the coherent effects due 

to the plant structure, which will be described by the joint statistics of the positions, sizes 

and orientations of its elemental components.  

A discrete coherent scattering model will be implemented. For the electromagnetic 

calculations, it is considered that the environment is composed of elemental discrete 

scatterers like cylinders and discs. The model considers direct and ground reflected 



Chapter 1 Introduction 

 

4 
 

contributions to obtain the scattered field.  For the medium description, a statistical 

description of the plant structure, based on Markoff processes is presented. This statistical 

model for the plant allows determining the pair distribution functions required to 

characterize the relative positions and orientations of the elemental scatterers.  

Besides, since some studies have shown the need to consider near-field effects at some 

frequencies, a new method to obtain the scattering amplitude of cylinders valid in the near- 

and far-field regions is proposed. The method is proposed for cylinders as these are most 

often used to model trunks, branches and some leaves. Having a semi-analytical approach 

for the near field computations avoids the computational costs of numerical methods. 

3. Thesis structure  

Chapter 2 is devoted to review the main results achieved by the principal research groups, 

their beginnings and the evolving of their studies. That chapter will end with a discussion of 

the improvements to those studies attempted in this thesis. 

In order to avoid Montecarlo simulations a statistical model to characterize the vegetation 

structures is developed in Chapter 3. The model proposed provides easy calculation of 

second order statistics of individual scatterers positions, sizes and orientations. It is based on 

simple Markoff processes. To validate the method measurements of the maize plant structure 

were obtained using photogrammetry techniques. Results are presented and discussed. 

Chapter 4 describes the discrete coherent scattering method implemented. It also shows 

how the integration of the pair distribution functions provided by the plant structure 

statistical model within the model avoids using Monte Carlo techniques. Some results of the 

scattering field for vertical and oriented cylinders will be shown. How the model can be 

applied to calculate scattering from specific vegetation structures as maize and rice is also 

discussed. 

Finally, though the model developed does not currently consider multiple scattering 

between elements that may be in the near-field of each other, , this may be of interest to 

improve the accuracy of the model for some vegetation covers at some frequencies. Then, a 

semi-analytical approach to calculate the near- and far-field electromagnetic scattering for 

vegetation cylindrical components will be described in Chapter 5. 

Finally in Chapter 6 conclusions and future lines of this study will be discussed. 
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CHAPTER 2: SCATTERING VEGETATION MODELS – 

STATE OF ART 

1. Introduction 

Remote Sensing offers the opportunity of monitoring the earth surface. Forest and other 

kind of vegetation structures cover most of the land surface of the planet playing an 

important role in the global carbon cycle. The understanding of forest dynamics through 

certain parameters like biomass, vegetation density, tree height… helps in predicting 

climatology, assessing hydrology parameters, crop monitoring, etc. 

Microwave remote sensing has become widely used in the last decades to estimate 

vegetation parameters. It allows monitoring of the land surface of interest independently of 

the weather conditions, it can be used 24 hours a day and it has the ability to penetrate the 

vegetation, providing information about its geometry and moisture. To use this technique it 

is necessary to be able to understand and to process the received information. For that, 

vegetation scattering models are required. 

Many models have been developed to estimate the backscattered signal from vegetation 

covers. There are two main approximations for the medium modelling: the continuous and 

the discrete random medium. The first one models the canopy as a continuous medium with 

a permittivity function defined depending on the vegetation cover. The second one models 

the medium as a set of discrete scatterers that represent the forest components, these 

scatterers are sometimes grouped into different layers with different characteristics as for 

example a trunk layer and a crown layer composed mainly of leaves. 
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The discrete random medium approach has become widely used, mainly for its flexibility 

to model different vegetation canopies. Two main scattering methods have been used in the 

study of the electromagnetic interaction with the scatterers: 

- The Radiative Transfer Theory (RT) [Ulaby1986], [Tsang2001], [Fung1994]. 

- The Distorted Born Approximation (DBA) [Lang1983], [Kong1990]. 

The radiative transfer theory was one of the most used approaches in the early years, 

however it had certain limitations, for example, the impossibility of obtaining the absolute 

phase. In spite of this, it has been and it is used for many authors in studies when coherent 

effects are not of importance. 

Although most current studies are based on RT or DBA, they use different methods to 

solve the equations, these methods depend on the frequencies considered and the 

characteristics of the scatterers. 

Every scattering model consider a way to model the medium, most researches use 

canonical geometric forms to model the scatterers, so that, trunks, branches and stems are 

modelled as cylinders, leaves are modelled as circular disks. The medium is usually divided 

in two or more different layers of homogeneous characteristics. The ground is usually 

modelled as a rough surface [Texas1992] [McD1990].  

In recent studies, to get more realistic models of the vegetation covers, some researchers 

used fractal theory to generate the vegetal structures modelling the vegetation. A fractal can 

be defined as a geometric object that can be created by replicating its basic structure at 

different scales. Fractal theory was developed by Benoit Mandelbrot in 1975, and was used 

by Asistid Lindermayer to develop L-systems in 1968. Initially L-systems were developed for 

studying certain algae and model their growing, later they were used in the generation of 

complex plant structures [Tsang2001] and become quite popular for modelling complex 

vegetation canopies. 

L-systems rules consist of a set of rules and recursive processes. The simplest L-systems 

are known as DOL-systems (Deterministic 0-context L-systems) and are built by an alphabet 

(characters used), an axiom (a start) and a set of rules. For example, let us imagine that there 

is an alphabet with "a" and "b" letters, “b” is the axiom and the rules are that "b" becomes 

"a" and "a" becomes "ab", the process would be: 

 Axiom:  b 

 Step 1:  a 

 Step 2:  ab 

 Step 3:  aba 

 Step 4:  abaab 

 These type of rules can be applied to any element on the nature, so the vegetal 

structures are created based on botanical characteristics [Tsang1994]. When either fractals or 

L-systems are used to model the vegetation canopy, several sceneries are simulated. For each 
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scenery, the scattered field is estimated. Then, using Monte-Carlo, the mean scattered power 

and the mean scattering coefficient are estimated. 

The models developed by some of the leading research groups are summarized in the 

next sections, all of them focus on microwave scattering calculation. Published studies will 

be presented in chronological order. These groups have been developing complete scattering 

models and improving or studying specific aspects of them as more data was available to 

validate the results. 

2. Research at Jet Propulsion Laboratory and Massachusetts Institute 

of Technology [Yueh1992] 

The model developed by Simon H. Yueh et al. in 1992 was one of the first models to 

consider the coherent effects due to the plant structure. Its objective was to prove that the 

plant structure has a significant impact in scattering calculations. The model developed 

considered a two scale structure, a trunk with primary branches where the trunk and branches 

were modelled by cylinders (Figure 2.1). 

The scattered power for each plant was estimated as 

where S0 was the return from the trunk and Si from the 𝑖-th branch, 𝑁 was the number of 

branches and i was the phase delay with respect to the reference origin. 

 

Figure 2. 1. Model structure 

|𝑆|2 = |𝑆0|
2 +∑|𝑆𝑗|

2
+ 2∑𝑅𝑒 [𝑆0

∗𝑆𝑗𝑒𝑥𝑝 (𝑖𝑗)]

𝑁

𝑗=1

𝑁

𝐽=1

+∑∑ 𝑒𝑥𝑝 [𝑖 (𝑗 − 𝑖)]
𝑖≠𝑗

𝑁

𝑗=1

 

(1) 
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The sample average scattered power was calculated as 

because branches were statistically identical, mutually independent and uniformly positioned 

along the trunk. The third and fourth terms used to be neglected in previous models since 

the first two terms were significantly higher than last two when 〈𝑒𝑥𝑝 (𝑖𝑗)〉 was small.  

However, this last approximation was not necessarily valid for low frequencies, certain 

incident angles or when the number of branches is large.  

In this study, the HH and VV backscattering responses were calculated for different 

frequencies and incident angles. Calculations were performed considering the coherent 

contribution and without considering it. As a result it was proved that the coherent 

contribution should be included in the calculations. 

 

Figure 2. 2. Soybean Plant 

With this in mind a branching model for the Soybean plant was proposed. Each plant 

was composed of a stem (cylinder), branches (cylinders) and fruits (discs) as it is shown in 

the Figure 2.2.  

The scattering from each elemental scatterer was obtained as the sum of four 

contributions: the direct-ray, the scatterer-ground ray, the ground-scatterer ray and ground-

scatterer-ground ray contributions. Scattering was calculated for all combinations of 

transmitted and received polarizations (HH, HV, VH, VV). 

For the soybean plant the scattering contribution for a p-polarization was expressed as 

the sum of the contributions from all scatterers (stem, leaves and fruits), so 𝑆𝑝 = 𝑆0𝑝 +

∑ 𝑆𝑗𝑝
𝐿𝑁𝑙

𝑗=1 + ∑ 𝑆𝑗𝑝
𝐹𝑁𝑓

𝑗=1
, where 𝑆0𝑝 represented the contribution from the stem, 𝑆𝑗𝑝

𝐿  

corresponded to the contribution from the j-th leave and 𝑆𝑗𝑝
𝐹  was the contribution from the 

j-th fruit. 𝑁𝑙 and 𝑁𝑓 were the number of leaves and the number of fruits respectively.  

〈|𝑆|2〉 = 〈|𝑆0|
2〉 + 𝑁 〈|𝑆𝑗|

2
〉 + 2𝑁𝑅𝑒 [〈𝑆0

∗〉〈𝑆𝑗〉𝑒𝑥𝑝 (𝑖𝑗)]

+ 𝑁(𝑁 − 1)〈𝑆0
∗〉〈𝑆𝑗〉〈𝑒𝑥𝑝(−𝑖𝑖)〉 〈𝑒𝑥𝑝 (𝑖𝑗)〉 

(2) 
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The mean scattered field for the soybean plant was expressed as 𝑆𝑠𝑜𝑗𝑎,𝑝 ≝ 〈𝑆𝑝〉 =

〈𝑆0𝑝〉 + 𝑁𝑙𝑆𝑙𝑒𝑎𝑓,𝑝 +𝑁𝑓〈𝑆𝑗𝑝
𝐹 〉 with 𝑆𝑙𝑒𝑎𝑓,𝑝 = 𝑆0𝑝 + 𝑆𝑗𝑝 where 𝑆0𝑝 was the scattering from 

the branch and 𝑆𝑗𝑝was the scattering from the disc. Each term including the fourth 

contributions, so 𝑆0𝑝 = ∑ 𝑆0𝑚𝑝
4
𝑚=1  and 𝑆𝑗𝑝 = ∑ 𝑆𝑗𝑚𝑝𝑒

𝑖𝜃𝑚4
𝑚=1  where m was the phase that 

accounts for the displacement of the leaf with respect to the branch. It depended on the 

length and orientation of the branch. The mean scattered field from the leave was expressed 

as  𝑆𝑙𝑒𝑎𝑓,𝑝 ≝ 〈𝑆𝑝〉 = ∑ 〈𝑆0𝑚𝑝〉
4
𝑚=1 + ∑ 〈𝑆𝑗𝑚𝑝〉〈𝑒

𝑖𝜃𝑚〉4
𝑚=1 .  

The correlation between 𝑝 and 𝑞 polarization scattering, and therefore, for 𝑝 = 𝑞, the 

mean scattered power, was expressed as 

𝐶𝑠𝑜𝑦𝑏𝑒𝑎𝑛,𝑝𝑞 = 〈𝑆0𝑝𝑆0𝑞
∗ 〉 + 𝑁𝑙𝐶𝑙𝑒𝑎𝑓,𝑝𝑞 + 𝑁𝑓〈𝑆𝑗𝑝

𝐹 𝑆𝑗𝑝
𝐹∗〉 + 〈𝑆0𝑝〉(𝑁𝑙𝑆𝑙𝑒𝑎𝑓,𝑞

∗ +𝑁𝑓〈𝑆𝑗𝑞
𝐹∗〉)

+ (𝑁𝑙𝑆𝑙𝑒𝑎𝑓,𝑝 +𝑁𝑓〈𝑆𝑗𝑝
𝐹 〉)〈𝑆0𝑞

∗ 〉 + 𝑁𝑙𝑁𝑓(𝑆𝑙𝑒𝑎𝑓,𝑝〈𝑆𝑗𝑞
𝐹∗〉 + 𝑆𝑙𝑒𝑎𝑓,𝑞

∗ 〈𝑆𝑗𝑝
𝐹 〉)

+ 𝑁𝑓(𝑁𝑓 − 1)〈𝑆𝑗𝑝
𝐹 〉〈𝑆𝑗𝑞

𝐹∗〉 + 𝑁𝑙(𝑁𝑙 − 1)𝑆𝑙𝑒𝑎𝑓,𝑝𝑆𝑙𝑒𝑎𝑓,𝑞
∗  

(3) 

where 

𝐶𝑙𝑒𝑎𝑓,𝑝𝑞 ≝ 〈𝑆𝑝𝑆𝑞
∗〉 = 〈𝑆0𝑝𝑆0𝑞

∗ 〉 + 〈𝑆𝑗𝑝𝑆𝑗𝑞
∗ 〉 + 〈𝑆0𝑝𝑆𝑗𝑞

∗ 〉 + 〈𝑆𝑗𝑝𝑆0𝑞
∗ 〉

= ∑ ∑〈𝑆0𝑚𝑝𝑆0𝑛𝑞
∗ 〉

4

𝑛=1

4

𝑚=1

+ ∑∑〈𝑆𝑗𝑚𝑝𝑆𝑗𝑛𝑞
∗ 〉𝑒𝑖𝜃𝑚𝑒−𝑖𝜃𝑛

4

𝑛=1

4

𝑚=1

+ ∑∑〈𝑆0𝑚𝑝𝑒
−𝑖𝜃𝑛〉〈𝑆𝑗𝑛𝑞

∗ 〉

4

𝑛=1

4

𝑚=1

+ ∑∑〈𝑆𝑗𝑚𝑝〉〈𝑆0𝑛𝑞
∗ 𝑒𝑖𝜃𝑚〉

4

𝑛=1

4

𝑚=1

 

(4) 

and it has been assumed that scattering properties of the elements were independent of their 

positions. Besides, scattering from different elements were independently distributed. 

The model was validated with experimental data. Its advantage lied in the fact that 

considering the coherent contribution it was suitable for using in a wide range of frequencies 

and angles of incidence. Furthermore, the model was scalable to other branching levels so, 

it could be used for more complicated structures such as trees. 

This model was the basis of the scattering model for vegetal structures developed in this 

thesis. 

3. Research at the University of Texas at Arlington 

Some of the more influential papers on estimation of microwave scattering from 

vegetation canopies are due to Mostafa A. Karam and Adrian K. Fung at the University of 

Texas. They modelled the medium as a set of discrete scatterers and based their studies in 

the Radiative Transfer Theory (RT). They considered and analyzed the performance of 

different methods to solve the transfer equations.  

In 1988 they published a fundamental contribution on the electromagnetic wave 

scattering from some vegetation samples [Texas1988]. It was based on modelling the leaves 
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as circular discs or needles and branches as finite cylinders.  The scattered field from the 

discs and cylinders was obtained using different approximations: the generalized Rayleigh-

Gans and the infinite cylinder. Then the backscattering cross section of disks, needles and 

cylinders was calculated and compared with real measurements showing that the 

approximations used were suitable for calculating the scattered field in the microwave region. 

In 1989 they published another paper focusing on leaf-shape effects in electromagnetic 

wave scattering from vegetation [Texas1989]. The objective was to study the scattering 

characteristics as the leaves model varies from circular to elliptic shapes. The scattering 

amplitudes were calculated using the generalized Rayleigh-Gans approximations. The 

backscattering coefficient was calculated as a function of the frequency for different 

orientation distributions, different ellipticities and incidence angles.  

 

Figure 2. 3. The Eulerian angle of orientation 

Interestingly, it was found that the distribution of the orientation angles of the leaves 

(Figure 2.3) and their ellipticities have significant effects on the backscattering coefficients. 

The results showed that when the ellipticity is small the backscattering changes significantly 

with different distributions between for  and . For elliptic leaves, when they are nearly 

vertically oriented there is a strong dependence with  in like- and cross-polarized coefficients 

but in nearly horizontally oriented leaves there is only a strong dependence with  and the 

ellipticity only for cross-polarized coefficients. They also showed that different frequencies 

lead to differences in like- and cross-scattering coefficients 

Later, in 1992, they published another paper developing a microwave scattering model 

for layered vegetation [Texas1992]. The vegetation canopy was modelled as two consecutive 

layers: the crown layer and the trunk layer over an irregular surface. The crown layer was 

formed up of scatterers with similar characteristics and sizes, for example branches of the 

same size and leaves with the same shape were considered in this layer. As in previous studies 

they used canonical shapes to model the branches and the leaves: cylinders, circular disks ... 
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The trunk layer was modeled as a collection of randomly placed vertical cylinders over the 

surface. For the ground, a rough surface characterized by Gaussian correlation function was 

considered. 

The infinite cylinder approximation was used to calculate the scattering from cylinders 

and the Generalized-Rayleigh-Gans approximation was used to estimate the scattering from 

circular disks and needles. In this case, only the zero order and first order solutions of the 

radiative transfer equation were considered. The second-order solution was partially 

considered since some of the terms that showed up in this solution were very small compared 

to zero and first-terms. Neglecting these terms, however, is not possible at low frequencies. 

The zero order contribution takes into account the ground scattering contributions. The first 

order is due to crown-ground, trunk and trunk-ground scattering contributions and the 

second order significant contributions considers the scattering between forest components, 

the only components used in the calculation were the ones due to scattering inside the crown 

layer. The backscattering coefficient was calculated for L- and X-band frequencies. Results 

were compared with measurements proving that the structure of a forest significantly affects 

the results. Besides, they proved that the contribution of the trunk-ground scattering had a 

heavy dependence on soil characteristics. 

More theoretical and empirical measurements were made in 1993 and published 

[Texas1993] proving the method was suitable for frequencies between P and X-band. This 

study made clear the importance of finding the right distribution to model the various 

scatterers.  

Finally, another important contribution from this research group was published in 1995. 

This work analyzed the frequency dependence of the backscattered signal on the forest 

components [Texas1995]. It was proved that branches produce the greatest contribution to 

the scattering at low frequencies and leaves at high frequencies. At intermediate frequencies 

both contributions are similar. 

4. Research at the Universities of Washington and Hong Kong 

Leung Tsang proposed a method to obtain the scattering coefficient using vegetable 

structures modelled using Stochastic Lindenmayer systems (L-systems) and Montecarlo 

simulations. The proposed method was based in the previous results [Yueh1992] that proved 

the importance of vegetal the structure. 

To obtain the tree structures for the scattering calculations an L-systems process was 

used. This technique consist in applying a growth pattern to a simple object. The initial object 

is rewritten replacing certain parts according to the defined rules, this is repeated several 

times. The growth pattern is defined by parameters like branching angle, elongation rate, 

radius increasing rate ... [Tsang1994]. For example, a tree is built starting with a cylinder, 

adding to the cylinder primary branches, then primary and secondary branches and so on. 

With this technique there is no need to know the pair distribution functions or joint 

probability density functions of the different elements of the structure because all the process 

is governed by the growth pattern, random choices at different steps of the growth pattern 
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lead to different realizations of the process, that is, different though similar trees. The 

appearance of the trees developed is similar to the appearance of real trees [Tsang2001] 

 

Figure 2. 4. Growth process of a tree 

To study the scattering from the trees obtained with L-systems the trunks, branches and 

stems were modelled as cylinders, and the scattering from these single elements was 

calculated using the infinite cylinder approach. Leaves were not considered in the model. The 

coherent effects due to the correlated positions of branches were considered as the relative 

positions of the branches are known [Tsang2001]. Instead of using an analytical calculation 

of the average intensity of the scattered wave, which depends on the pair distribution 

function of the branches, a Monte Carlo simulation was used, i.e., the results from many 

realizations were averaged.  

The backscattering coefficient was then calculated by coherently adding all contributions 

from trunks and branches. The results obtained were compared with two other 

approximations: independent trees (the backscattering from each tree is calculated 

considering coherent effects between its branches and trunk, but scattering from different 

trees is considered independent) and independent scattering from all branches and trunks 

(intensities from all scatterers are added up without considering their phases) The results 

showed that, in general, the tree independent approximation gives results similar to those 

given by the coherent addition approximation, this is due to the fact that the distances 

between trees were large compare to wavelength. The independent scattering approximation, 

provides similar results at high frequencies.  

5. Research at the University of Maryland and NASA’s Goddard Space 

Flight Center 

In 1987 John A. Richards and Guoqing Sun published an L-Band radar backscatter model 

for forest stands [Sun1987]. The model developed in this paper can be classified as a 

phenomenological model, meaning that, based in previous studies and results, it is decided 

which scattering phenomena result in significant contributions to the final scattering 

coefficient and only this scattering contributions are calculated to obtain the final scattering 

coefficient.  
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The main objective was to develop a simple model to allow faster calculations. The forest 

stand was divided in several levels; foliage, trunks and the ground. The backscattering 

contributions considered were:  

1. direct scattering from the foliage 

2. direct scattering from the ground,  

3. trunk-ground scattering. 

4. foliage-ground scattering.  

 

Figure 2. 5. Backscatter components taken into account  

All these components were incoherently added to obtain the total backscattering 

coefficient. 

The foliage volume scattering was calculated as a function of the local angle of incidence, 

the effective depth of the canopy, the volume scattering coefficient and the canopy 

attenuation coefficient, using a simple function that provides simplicity and speed. For the 

surface scattering a simple exponential empirical model was considered. The canopy-ground 

forward scattering contribution was included in the model because, though weaker that the 

direct contribution for the ground, there was evidence of its relative importance in the final 

result, to estimate this scattering contribution the method proposed in [Engheta1982] was 

considered. Scattering from the trunks was calculated as scattering from vertical cylinders. 

The trunk-ground scattering was modelled as the scattering from a dihedral corner reflection 

where the reflected surfaces were defined by the height of the trunk, its image on the ground 

and the radar cross section of the cylinder. To implement the model the density and height 

of the trees were assumed to be a constant calculated from field measurements. 

The backscattering coefficient was calculated and the results showed that the L-band HH 

radar response was increased were the undersurface was flooded instead of dry. Besides, 

although trunks contributions decreased in sloped grounds their contribution to forest 

backscatter keep significant, in the proposed model the dihedral corner reflector seemed not 

to be appealing with sloped surfaces, so a term to decrease the effect of the trunks seemed 
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to be necessary. This model was a very simple approximation, and to be used in the future 

needed a better modeling of ground, trunk and foliage. 

Later, in 1991, Guoqing Sun and David S. Simonett published a radar backscatterer 

model for discontinuous forested areas. This model was applied for low to medium density 

woodland. Each tree was treated like an individual scatterer consisting of the crown and the 

trunk. The crown was modeled by an ellipsoid composed by cylinders and needles with 

different sizes and orientations and the trunk was modelled by vertical or oriented cylinders.  

They defined five types of backscattering components for the radar beam that will occur 

with different probabilities depending on the forest density and incidence angle:  

1. direct scattering from the crowns,  

2. direct scattering from the ground,  

3. ground – crown – ground scattering,  

4. ground – crown scattering and  

5. crown – ground scattering.  

It was supposed that these components were phase independent so the Stokes matrices 

of each component were summed up to obtain the total Stokes matrix. The probabilities 

provided each component the appropriate extinctions. 

The scattering from the crown was calculated integrating the scattering and extinction 

properties of an oriented dielectric cylinder over its size and orientation distributions 

[Sun1991] and then multiplying by the number of cylinders per unit volume. For the trunks, 

scattering from oriented cylinders with a random position following a Poisson distribution 

and a log-normal distribution for the orientation was calculated. For the ground, scattering 

from a slightly rough surface was considered. 

The backscattering coefficient was validated at L-band comparing the model results with 

SAR measurements, however there were significant differences in other frequencies bands, 

like C-band. 

Later, in 1995, Guoqing Sun and K. Jon Ranson improved the last study developing a 

three-dimensional radar backscattered model [Sun1995]. A forest area was divided into cells, 

and each cell could correspond to crown, trunk, ground or air (gap). The crown was assumed 

to be composed of scatterers of different shapes and sizes in accordance with the tree species; 

leaves (needles) and branches (cylinders) were considered, and different distributions for 

their orientation and sizes were assumed. The trunks were modelled as oriented cylinders 

and the ground as a rough surface. As in the previous model different backscattering 

components were considered: direct scattering from crown cells, direct scattering from trunk 

cell, direct scattering from ground-cell, crown-ground scattering, ground-crown scattering, 

ground-crown-ground scattering, trunk-ground scattering and ground-trunk scattering.  
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In this model there was added information about spatially distributed gaps and clustering 

of trees. To build the SAR image Gaussian noise was added. The image was built calculating 

each image pixel as the sum of the backscattering Mueller matrices corresponding to the 

different components. Real and estimated SAR images of the same area were correlated 

obtaining good results, the studies were done in P, L and C-band and for HH, VV and HV 

polarizations. 

In 2004 Sun published another study using the previous 3D model but changing the 

vegetation model. In previous models tree crown was simplified using canonical shapes but 

in this case an L-System was used to develop the forest [Sun2004]. The objective was to 

achieve a realistic geometry of trees, so, different growth patterns were applied to develop 

different species. Larch stands of different ages were simulated, the backscattering 

coefficients were calculated and compared to JERS-1 data. The discrepancies from 10- and 

30-years stand were about 4 dB and from 30- and 80-years 2.5 dB. The discrepancies were 

assumed to be caused from the parametrization of the crown structure and the ground 

surface. Even so, the results were reasonably accurate. 

 In further studies [Sun 2007] [Sun2010] the model was refined to estimate the scattered 

phase centre of the illuminated area. For that, the direct backscattering contribution from 

the surface was added to the model. In these studies different forest stands were simulated 

using L-systems, then the scattering was calculated and the InSAR signals were simulated. 

From these, the height of the scattering phase centres was estimated. The results showed 

that different spatial stand structures had an impact on the height of scattering phase, for 

example, in a stand formed by clumped trees the height scattering phase was lower than with 

random distribution because in that case it was of particular importance the direct 

backscattering from surface and scattering-ground bounces.  

6. Research at the University of Michigan 

In 1990, Kyle C. McDonald and Myron C. Dobson published an article where they 

compared the backscattering measurements obtained at L-band from  a walnut orchard with 

the results obtained using MIMICS to calculate the backscattering from a simulated walnut 

orchard [McD1990]. MIMICS is based on the radiative transfer theory. The forest is 

modelled as two consecutive layers, one corresponding to the tree crowns and another to 

the tree trunks. K different groups of scatterers corresponding to the different classes of 

vegetation: leaves, stems … are determined. Each class is characterized with a probability 

density function for the sizes and orientations of its components. Branches are modelled as 

dielectric cylinders and leaves as flat disks. 

Since MIMICS is based on the first order solution of the radiative transfer equation the 

following scattering contributions are taken into account: Direct crown scattering, direct 

trunk scattering and direct ground scattering, and Crown-Ground and Trunk-Ground 

scattering. It was verified that the vegetation architecture and dielectric characteristics had a 

significant impact on the backscattering coefficient. It was shown that MIMICS was useful 

to predict vegetation changes over time. 
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Figure 2. 6. Contributions taken into account in [McD1990] 

The MIMICs method was used and improved in several further studies. Pan Liang, 

Leland E. Pierce and Mahta Moghaddam developed in 2005 a bistatic scattering calculation 

method based on MIMICS. In this case the scattering contributions considered are shown 

in Figure 2.7. 

 

Figure 2. 7. Scattering mechanism for Bi-MIMICS (G-Ground, T-Trunk, D-Direct, d: crown 
layer depth, H: trunk layer height) 

The method was useful to study the changes in biomass and to obtain the scattering 

coefficient though different canopy structures and different observation angles. The 

objective was to develop a bistatic model that could be useful for the future bistatic radar 

systems. 

In the same year Pan Liang, Mahta Moghaddam and Richard M. Lucas presented a new 

method based on the Multilayer Michigan Microwave Canopy Scattering model (MIMICS), 

they called it Multi-MIMICS [Liang2005B]. The main goal of this method was to take into 

account the coexistence of different species with different heights and densities in one forest. 

In this model the canopy was divided in multiple layers. For each layer four scattering 

contributions were considered: direct scattering, ground-layer-ground scattering, ground-

layer scattering and layer-ground scattering. That is, scattering due to interactions between 
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different layers was neglected. To have into account the existence of multiple species the 

layers were allowed to be overlapped. When two layers were overlapped they were redefined 

as three layers so the first-order solution of the MIMICS model can be applied. It was proved 

that for complex forest this was a better approximation than the original MIMICS. 

 

Figure 2. 8. Four scattering contribution for each layer m in Multi-MIMICS solution 

In a paper published in 1995, Kyle C. McDonald and Sasan S. Saatchi study the coherent 

effects in the total backscattering from forest areas at microwave frequencies [Saatchi1997]. 

For that, they carefully compared results obtained with the Distorted Born Approximation 

(DBA) and the Radiative Transfer Theory (RT) for P-, L- and C-bands, since they 

demonstrate that the only difference between these two first order scattering solutions was 

the coherent component due to crown-ground and trunk ground interaction.  

The forest canopy was modelled as two layers, one for the trunks and another for the 

branches and leaves over a rough surface. Trunks and branches were defined as dielectric 

cylinders and leaves as dielectric discs, the distribution and characteristics of the elements 

and the height of each level were used as inputs in each method.  

It was found that at L- and P-band the coherent effect was significant but at C-band there 

was no difference between the two methods results because at C-band the greatest 

contribution was the crown scattering, penetration was low and so it was the crown-ground 

contribution.  It was also proved that as the surface roughness increased the coherent factor 

decreases. Finally it was concluded that at lower frequencies it is necessary to include the 

coherent effects in the models to invert/analyze the measurements so the physical 

parameters estimated are accurate. 

In 1999, Yi-Cheng Lin and Kamal Sarabandi presented a scattering method for forest 

canopies (the Fractal-Based Coherent Scattering Model (FCSM)) [Lin1999J]. This model 

takes into account the coherent effect due to the tree structure and, as an improvement to 

previous methods using the Distorted Born Approximation (DBA), it is able to provide 

absolute phase information. The tree structures were developed using Lindenmayer systems, 
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botanical information was included in the process to achieve realistic trees. To calculate the 

electromagnetic scattering each tree was considered a cluster of scatterers: trunks, branches 

and leaves with known positions, orientations and shapes. Trunks and branches were 

modelled as dielectric cylinders and leaves as dielectric discs. For each scatterer direct, 

ground-scatterer, scatterer-ground and ground-scatterer-ground scattering were considered.  

The scattering from a tree was calculated coherently adding the scattered fields of all its 

elements 

The total scattered field was calculated as the incoherent sum of the scattering from all 

trees (that is, trees were supposed statistically independent of each other).  

The model was validated using the information provided by the Spaceshuttle Imaging 

Radar-C (SIR-C) from a maple stand in L-band and C-band at different incident angles.  

This method was lately applied with a genetic algorithm to obtain the physical parameters 

of a forest stand. For that, Fractal-Based Coherent Scattering Model (FCSM) had to be run 

many times. Every run required easily about 30 vegetal parameters and at least 100 repetitions 

for the Monte-Carlo simulation. This leaded to a huge computational load. In order to get 

more reasonable computational loads, an empirical model was developed based on this 

method [Lin1999M]. 

The FCSM provided results for different values of the parameters characterizing the 

forest, then least squares was used to obtain the function to estimate the backscattering 

coefficient, the scattering matrix, the scattering phase center height and the interferogram 

correlation. However, for the empirical models to provide reasonable results they have to be 

calculated for many different classes of vegetation with a narrow parameter range. 

The range of each input parameter was chosen and then the backscattering coefficient 

and the scattering phase center were simulated over different incident angles changing the 

rest of the parameters, with each simulation a least-square method was used to obtain the 

empirical function. The empirical model was the set of all this calculated functions. 

Defining the empirical model as M=L̃(𝑥), where M is the output of the of the Monte 

Carlo simulation and x is the input vector of parameters, like the incidence angle or the tree 

height, the inversion process consisted on finding the best x in the sense that the next error 

function was minimized 𝜀(𝑥) = ‖L(𝑥) − �̃�‖
2
 where 𝑴 were the obtained measurements. 

To find the x that minimizes the error function genetic algorithms (GA) were used. These 

algorithms are interesting when the number of input parameters is large (in this case six 

parameters were estimated) and the objective function is not lineal. 

The inversion algorithm was tested with real data obtained from TOPSAR proving the 

potential of the method. 

Kamal Sarabandi and Tsenchieh Chiu presented another important contribution in 2000 

[Chiu2000]. It was on the characterization and modelling of short branching vegetation 

scattering. The model was based on the one developed by Yueh in 1992 [Yueh1992]. A 

vegetation model for soybean plants was proposed. Each element was modelled as simple 
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shapes; branches and stems were modeled as cylinders and leaves as disks. The orientation 

and size of each element was characterized by a probability distribution function (p.d.f.), the 

plant structure was defined by a simple algorithm that allowed to generate many different 

plants with the same characteristics. 

In obtaining the scattering coefficients second order scattering effects and near field 

interactions between adjacent scatterers were considered. Attenuation through the medium 

was considered using the Foldy approximation.  

The mean scattered field was calculated using Monte Carlo simulations. 

The scattering model was validated using the data collected by POLARSCAT at C- and 

L–band. Besides, the model was also used to estimate parameters from AIRSAR data. 

This study proved that coherent effects were significant not only at low frequencies but 

they could be also significant at C-band. It was also proved that second order near field 

scattering was important at C-band for completely grown plants, due to the high vegetation 

particle density. 

7. Research at George Washington University  

In 1983 Roger H. Lang and Jagjeet S. Sidhu presented a simple model for scattering 

calculation from vegetated areas [Lang1983]. The objective was to relate the data obtained 

with the radar with the characteristics of the vegetation and the ground. 

 

Figure 2. 9. Slab geometry with incident plane wave 

 

The model considered a layer of vegetation over a smooth surface. The vegetation layer 

was assumed to be composed of lossy circular dielectric discs. The orientation of the discs 

was described by means of a probability distribution function. The discs represented the 

leaves. The mean field in the layer was calculated using the Foldy approximation and then, 
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the distorted Born approximation was used to find the correlation of the scattered field. In 

the calculation of the backscattered field, four backscattering mechanisms were taken into 

account: direct scattering from the vegetation layer, ground-vegetation scattering and 

vegetation-ground scattering and ground-vegetation-ground scattering. The backscattering 

coefficients were compared with real measurements showing the importance of considering 

both the coherent and incoherent effects, it was also proved the importance of the 

backscattering from the ground. 

In 2010, Qianyi Zhao and Roger H. Lang presented an article with the study of the 

scattering properties from a cluster of tree/plant components [Zhao2010]. In this study they 

compared the results obtained for the backscattered field considering and not considering 

the mutual interaction between adjacent particles. To calculate the scattering amplitude a 

numerical approach, the Discrete Dipole Approximation was used. The objective was to 

evaluate the importance of inter-leaf or inter-branch interactions when the distance between 

them was lower than a few wavelengths. 

A cluster of leaves was modelled as three circular discs with arbitrary position and 

orientation. A cluster of branches was simulated with two cylinders. For both clusters the 

scattering amplitude was obtained in three ways: 

- Cluster approach: Each cluster was a whole scatterer and the coupling interaction was 

included 

- Incoherent approximation: Each leaf was an independent scatterer and the phase 

shifts due to the different locations were ignored. The backscattering coefficient was 

calculated as the sum of the individual backscattering coefficients. 

- Coherent approximation: Calculated as the sum of the scattering amplitudes of all 

leaves, in this case the phase shifts were taken into account but the coupling 

interactions were ignored. 

In both sceneries the incoherent approximation did not achieve good results.  Interaction 

effects between cylinders were much more significant than for discs. The effects of the 

interaction varied significantly with the incident polarizations. This study proved that the 

effect of the interaction between elements in the backscattering directions at L-band should 

be considered. 

In 2011, they published another study in L-band for a cluster of branches [Zhao2011A]. 

In this case, two branches, with sizes comparable with the wavelength, were supposed to be 

in the Fresnel zone of each other. A new method to obtain the scattering amplitude was 

presented, the Fresnel Double Scattering approximation, this method allows to divide the 

problem in small problems that can be solved faster while having into account the mutual 

interaction between the branches. The results obtained with this method were compared 

with the coherent single scattering approximation results and with the exact results obtained 

numerically. The coherent approximation takes into account the phase difference due to the 

positions and orientations of the branches but does not take into account the multiple 

scattering interaction between scatterers. The results showed that for small distances between 

the targets, the coherent approach results significantly differ from the exact results, while 
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results obtained with the Fresnel Double Scattered Approximation (FDS) are in good 

agreement with the exact results. 

Later, the FDS method was generalized to obtain the backscattering coefficient for a 

cluster of N scattering elements [Zhao2012B]. 

Then, to further analyze the importance of the mutual interaction between close elements 

the moment method was used to calculate the backscattering from simulated trees.  

[Zhao2012A]. The results were compared with the results obtained with the coherent single 

scattering (CSS) calculation and with the incoherent single scattering (ISS) approximation. 

The results showed that the MoM method achieved similar results than CSS method though 

for L-band the multiple scattering effects between elements become important and should 

be taken into account when developing scattering models for this frequency band. 

8. Other researchers 

There has been many other contributions to the research and study of the scattering from 

vegetated areas.  

In 1988 David E. Pitts and Gautham D. Badhwar studied the scattering and attenuation 

characteristics of tree crown elements at X band. It was found that leaves were strong 

attenuators as well as scatterers while limbs were strong attenuators but weak scatterers. [Pitts 

1988]. 

A very well-known work was published in 1989 by Stephen L. Durden and Jakob J. van 

Zyl [Durden1989]. A forest model to estimate the scattering at L-band was developed. The 

forest model was kept simple, with two layers over a rough surface (the ground). A first layer 

of trunks (nearly vertical cylinders) and a second layer of branches (randomly oriented 

cylinders). Stems and leaves were neglected, results confirmed that at this frequency their 

contribution is insignificant. 

 To calculate the backscattering five different scattering mechanisms were considered: 

backscattering from trunks, branches and ground, and from trunks-ground and branches-

ground interactions. 

To calculate the scattering, trunks and branches were modelled as cylinders. The Stokes 

matrix corresponding to each one of the scattering mechanisms was calculated considering 

the probability density function of the orientation of the branches in the branch layer. Trunks 

in the trunk layer were assumed vertical. Besides, Stokes transmission matrices for each layer 

were computed. So, the total Stokes matrix was expressed as 𝑀𝑡𝑜𝑡𝑎𝑙 = 𝑀𝑏  +  𝑇𝑏𝑀𝑡𝑇𝑏  +

 𝑇𝑏𝑇𝑡𝑀𝑏𝑔𝑇𝑡𝑇𝑏  + 𝑇𝑏𝑇𝑡𝑀𝑡𝑔𝑇𝑡𝑇𝑏  + 𝑇𝑏𝑇𝑡𝑀𝑔𝑇𝑡𝑇𝑏 where M was the Stokes matrix for the 

backscattering associated with each scattering mechanism, T was the Stokes matrix for 

transmission, b was from branches, t from trunks and g for ground. 

Having obtained the Stokes matrix, the polarization signatures could be readily calculated. 

They were compared with observed data showing that the use of the Stokes matrix instead 

of more cumbersome analytical and radiative transfer calculations is appropriate at L-band.  
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In the study published by M. O. Al-Nuaimi and A. M. Hammoudeh [Nuaimi1995] of the 

attenuation of radiowave signals at 11.2 GHz when propagating through forested areas it 

was found that with a small number of trees the signal decayed faster than with a higher 

number of trees in the path. This effect was also predicted by the simulations performed 

with a method based on the radiative transfer theory and it is well explained by the interplay 

between the coherent and incoherent components. 

In 1995 Marc L. Imhoff did a research about the impact of vegetal structures on Synthetic 

Aperture Radar (SAR) Backscatter [Imhoff1995]. The goal was to assess the influence that 

the structure of the vegetation has on the backscattered power. It was considered that all 

vegetation stands had the same biomass. The Michigan Microwave Canopy Scattering 

(MIMICS) model was used to obtain the backscattered coefficient for P-, L- and C-band of 

different stands with the same biomass. Results showed significant differences of the 

backscattered coefficients for different vegetation structures. The differences were 

significant for all incidence angles. 

In 2004, Ghislain Picard and Thuy Le Toan developed a scattering model based on 

radiative transfer theory. The objective was to improve the previous methods which used 

simplifications on the resolution of the scattering calculations based on radiative transfer 

theory or the Distorted Born Approximation. So this model had into account multiple 

scattering in any order, multiple scattering between the vegetal elements and with the ground 

and the incoherent canopy-ground scattering [Picard2014]. 

To solve the radiative transfer equation they used an approach based on the Discrete 

Ordinate and Eigenvalue method (DOEM). The medium was divided in layers and the RT 

equation was resolved for each layer. For the simulation of the tree architecture an 

architectural tree growth model AMAP (Atelier de Modélization et d’Architecture des 

Plantes), developed by the French Agricultural Research Centre for International 

Development (CIRAD) was used. The results were compared with real calculations of 

biomass in a pine forest for L-band and C-band showing the importance of soil backscatterer. 

First-order soil backscatterer models did not predict HV backscatterer which was important, 

especially in C-band. The importance of multiple scattering, especially at C-band was also 

demonstrated. 

9. Summary 

The need for the correct interpretation of remote sensing data from vegetation areas has 

motivated the development of scattering models. Most of them are based on radiative 

transfer equations or in the Distorted Born Approximation, how to model the environment 

or to calculate scattering parameters defines the different methods. Some researchers divide 

the environment in layers with randomly distributed scatterers, other generate trees based on 

botanical properties to calculate their scattering parameters. In any case, they all are looking 

for getting models of the scattering as accurate as possible. 

The increase of the computing capacity has allowed to develop new methods for solving 

the electromagnetic equations, therefore opening new research lines. The first developed 
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methods were very simple, but they have considerably evolved along the years. On one had 

they have improved the description of the vegetation canopy, on the other they have 

increased the complexity of the electromagnetic scattering methods. 

Depending on the frequency and the type of vegetation researchers have been focusing 

their efforts on those improvements that posed a difference within the study area. Some 

focused on studying the attenuation of the scatterers and at what frequency it was significant, 

others on the effect of the coherent contribution to the scattered field, others on the effect 

of soil contributions… But all of them with the same goal, getting a scattering model as 

accurate as possible while keeping the balance between model complexity and accuracy of 

the results, because, increasing the complexity of a model, increases its computational load 

and makes the inversion process more difficult. 

As long as some studies showed that the vegetation structure clearly affects the scattering 

coefficient and therefore the estimation of the parameters of interest as mean humidity or 

biomass, current scattering models are based on thorough vegetation models. Vegetation 

canopies are modelled using fractals or L-systems, then scattering coefficients are estimated 

using Montecarlo methods. Electromagnetic models are also more complex as they intend 

to consider most scattering mechanisms and to take into account coherent effects that have 

also shown to be significant. The use of these techniques requires a high computational 

capacity. To avoid Montecarlo techniques while considering the coherent effects as well as 

taking into account the plant structure it is required to know the joint statistics of the 

positions, sizes and orientations of the scatterers. For this, in this thesis it is proposed a 

statistical model for plant generation. The model is based in Markov processes and it allows 

the calculation of second order statistics of individual scatterers positions, sizes and 

orientations. These statistics can then be used in the coherent discrete scattering model to 

estimate the required second order statistics of the scattered field 

Three aspects will be considered in the model proposed 

1. It has to be as simple as possible 

2. The geometrical properties of the tree or plant under study must be ensured. 

3. The results obtained from the model must agree the measurements obtained from a 

real environment. 

The model is defined to be valid for most plants or trees with any branching order. Then, 

it is shown how knowledge of the joint statistics of positions, sizes and orientations allows 

calculation of the scattering coefficients without using Monte Carlo techniques. Examples 

for specific crops like corn and rice are shown. 

On the other hand, recent studies have indicated that in dense media, when the scatterers 

are in the Fresnel zone of each other near-field effects can be important. Most scatterers 

within a vegetation canopy can be described as cylinders. To calculate their near-field 

interaction, numerical techniques are required. These are highly costly from a computational 

point of view. So, a new approximation to calculate the scattering from finite cylinders in the 

near- and far-field has been developed. 
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CHAPTER 3: STATISTICAL MODEL 

1. Introduction 

Correct interpretation of remote sensing data from vegetated land requires 

electromagnetic scattering models to be as accurate as possible. The randomness of the 

media considered requires a statistical characterization of the scattering, second order 

statistics of scattered fields are of interest. Then, the scattering models need to take into 

account the statistics describing the scene. 

Actual scattering models are based on vegetation generated using fractals or L-

systems; second order statistics of the scattering are obtained through Montecarlo 

methods [Tsang2001, [Lin1999]. The use of these techniques requires a high computational 

load. On the other hand, how well generated trees match the reality is verified just visually 

and it has not been provided any measure that allows statistical comparison of real and 

generated trees. If statistics of real and generated trees are different, the scattering 

statistics calculated may present significant bias. Besides, the large computation time 

prevents for using this approach in the development of inversion algorithms. 

To avoid Montecarlo simulations while obtaining the required second order statistics 

of the scattered fields a statistical model for plant structure has been developed. This 

model, based on simple Markoff processes, allows easy calculation of second order 

statistics of individual scatterers positions, sizes and orientations. Then, these statistics 

are used in a coherent discrete scattering model to estimate the required second order 

statistics of scattered field 
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The model has been developed considering that it must accurately describe the plant 

structure while being as simple as possible in order to keep computational load within 

affordable limits. 

In this chapter it will be explained the existence of vegetal patterns and how these 

patterns can be applied to generate plant/tree structures. A generic statistical model will 

be introduced and some species like maize plants and fir trees will be simulated. 

      Validation of the model will be discussed based on measurements of maize plants 

structure. Measurements of internode distances and insertion angles of the leaves were 

obtained with photogrammetry. 

2. Vegetal Patterns 

From a morphology point of view, many different elements as branches, stems, leaves, 

flowers, fruits… can be distinguished in a plant. The relative distribution in space of all these 

elements determines the plant structure. This structure presents, in many cases, some kind 

of symmetry [Barabe1998]. Symmetry is also identified in most of the single elements of 

plants. Two types of symmetries are most usually recognised, either at the plant level or the 

element level: radial and bilateral. Radial is a circular or wheel-like symmetry, such as found 

in most fruits as oranges and apples. They could be cut in half at different angles and the two 

halves would always be essentially identical.  The only requirement is that the cut go through 

the axis of symmetry.  Bilateral, means that the plant or the plant element has two sides that 

are mirror images, in this case the cut to divide the plant has to be made a certain way. This 

is the case of most leaves.  

 

Figure 3. 1. Examples of fir trees 
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Figure 3. 2. Example of corn field 

 

 

Figure 3. 3. Example of rice field 

Related to the symmetry in plants one of the most noticeable aspects is in phyllotaxis, 

that is, in the arrangement of elements around another one, e.g, the arrangement of leaves 

on a stem, petals on a corolla or primary branches on a trunk. This is certainly, a fundamental 

aspect to consider in the problem of interest here. Then, the following definitions are of 

interest: 

1. Branching order: number of times the plant has branched. Plants with only trunk and 

leaves have a 0-th branching order, plants with trunk, primary branches and leaves 

have a 1-st branching order... 

2. Whorl: the point of attachment of sepals, petals, leaves, or branches in its mother 

branch/trunk. 

3. Branching number, m: number of branches in a whorl. The branching number can 

be different for different branching orders in the same plant. 

4. Node: point where we find a whorl. 

5. Internode: separation between nodes 

These definitions are of interest for the definition of the plant structure at a given stage. 

Though most branching models consider how plants grow and develop, to compute 

scattering at a given instant, plant growing and development are not of interest, only the 

plant structure reached at that instant is needed. 

Besides, in the microwave region, the coherent effects due to the plant structure will be 

due mainly to the distribution of the hard part of the plant like the trunk, the branches or the 

stem. Usually, leaves and other elements can be considered randomly distributed.  

3. Tree/Plant Structure Definition 

The tree structure is generally defined by the trunk, primary and secondary branches 

while the plant structure is defined by the stem, branches and/or leaves. In either case, it is 

required to clearly define the relative positions of all its elements. For each element its 

orientation angles, the position of a reference point and its dimensions (generally length and 

diameter) must be specified (dimensions to specify will depend on shape element). 
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Trunks, branches and stems will be modelled as cylinders. These elements will be defined 

by its length (l), diameter (c) and position of one end (d) and orientation angles 𝜙 and  in 

their local reference system. Leaves will be modelled as cylinders or ellipsoids. 

 

Figure 3. 4. Pixel coordinate system and local coordinate system for i-th tree 

Trunks’ positions will be given in the pixel general coordinate system. Position of the 

trunk base will be determined by its distance to the coordinate origin and its azimuthal angle, 

that is by 𝜌 𝑖 = |𝜌 𝑖| · cos 𝜙𝑖�̂� + |𝜌 𝑖| · sin𝜙𝑖�̂�.  

For each tree a local coordinate system is defined. It is just a translation of the pixel 

reference system, with its center at 𝜌 𝑖. Primary 

branches’ positions will be provided in the 

local coordinate system of their respective 

tree. Branch position will be specified in terms 

of its distance 𝑑𝑖𝑘 to the coordinate center in 

the z-axis and its orientation angles 𝜙𝑖𝑘 and 

𝜃𝑖𝑘, where subscript i refers to the i-th tree and 

subscript k refers to k-th primary branch (at i-

th tree). Then each primary branch position 

will be specified by 𝑑𝑖𝑘, 𝜙𝑖𝑘 and 𝜃𝑖𝑘 in this 

local system of reference. 

For each primary branch a local 

coordinate system is also defined. It is 

obtained by means of a translation of the local 

tree coordinate centre by 𝑑𝑖𝑘�̂� and an axis 

rotation determined by the orientation angles 

of the branch 𝜙𝑖𝑘, 𝜃𝑖𝑘 such that the y-axis 

remains horizontal (parallel to the ground 

plane). This coordinate axis rotation is 

determined by the rotation matrix 

Figure 3. 5. Local coordinate systems for i-th 
tree and k-th primary branch 
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𝑅(∅𝑖𝑘, 𝜃𝑖𝑘) = [
cos 𝜃𝑖𝑘 0 − sin 𝜃𝑖𝑘
0 1 0

sin 𝜃𝑖𝑘 0 cos 𝜃𝑖𝑘

] [
cos 𝜙𝑖𝑘 sin𝜙𝑖𝑘 0
− sin𝜙𝑖𝑘 cos 𝜙𝑖𝑘 0

0 0 1

] (1) 

Secondary branches’ position will be given in the local coordinate system of their 

respective primary branches. Their position will be specified through 𝑑𝑖𝑘𝑙 (distance to the 

coordinate centre along the z-axis), 𝜙𝑖𝑘𝑙 and 𝜃𝑖𝑘𝑙 where the added subscript l refers to l-th 

secondary branch of k-th primary branch of i-th tree. A local coordinate system could be 

defined for each secondary branch (if third-order branches have to be considered), in this 

case translation will be given by 𝑑𝑖𝑘𝑙𝑧′̂ and rotation by: 

𝑅(∅𝑖𝑘𝑙, 𝜃𝑖𝑘𝑙) = [
cos 𝜃𝑖𝑘𝑙 0 − sin 𝜃𝑖𝑘𝑙
0 1 0

sin 𝜃𝑖𝑘𝑙 0 cos 𝜃𝑖𝑘𝑙

] [
cos 𝜙𝑖𝑘𝑙 sin𝜙𝑖𝑘𝑙 0
− sin𝜙𝑖𝑘𝑙 cos 𝜙𝑖𝑘𝑙 0

0 0 1

] (2) 

The same method could be recursively applied for higher orders of ramification. 

4. The statistical model 

To define the structure of a plant it is required to define the position and orientation of 

every element of the plant. The position (𝑑) and orientation (𝜙, 𝜃) of any element are 

considered random variables with a given pdf. Positions of any two primary branches on the 

trunk are not independent, neither are their orientations. Positions and orientations of any 

two secondary branches on their mother primary branch are neither independent. Therefore, 

position and orientation of branches of any order on their mother branch/trunk will be 

modelled as a stochastic process. It will be considered that position 𝑑-processes, and 

orientation 𝜃- and 𝜙 -processes are independent. For any branched trunk, stem or branch 

the position and orientation processes will describe the positions and orientations of the 

ramifications (see Figure 3.6.). 

 

Figure 3. 6. Definition of positions and orientations 

Let us consider the following basic Markoff stochastic process [Papoulis2002], where 𝑝 

stands for either 𝑑, 𝜙 or 𝜃, will be considered: 
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𝑝𝑘 = 𝑎𝑘−1𝑝𝑘−1 + ∆𝑘−1 + 𝜖𝑘−1 (3) 

where 𝑝𝑘 , 𝑝𝑘−1 and 𝜖𝑘−1 are random variables. Besides 𝑝𝑘−1 and 𝜖𝑘−1 are independent 

variables. 

Let us define: 

𝜇𝜖𝑘−1 = 𝐸[𝜖𝑘−1] = 0 

𝜎𝜖𝑘−1 = 𝐸 [(𝜖𝑘−1 − 𝜇𝜖𝑘−1)
2
] = 0 

(4) 

As the mean and variance of 𝜖𝑘−1 and 

𝜇𝑝𝑘 = 𝐸[𝑝𝑘] 

𝜎𝑝𝑘 = 𝐸 [(𝑝𝑘 − 𝜇𝑝𝑘)
2
] 

𝜇𝑝𝑘−1 = 𝐸[𝑝𝑘−1] 

𝜎𝑝𝑘−1 = 𝐸 [(𝑝𝑘−1 − 𝜇𝑝𝑘−1)
2
] = 0 

(5) 

as the means and variances of 𝑝𝑘 and 𝑝𝑘−1. 

From equation (3) and the stated independence of variables 𝑝𝑘−1 and 𝜖𝑘−1 

𝜇𝑝𝑘 = 𝑎𝑘−1𝜇𝑝𝑘−1 + ∆𝑘−1 (6) 

𝜎𝑝𝑘 = 𝑎𝑘−1
2 𝜎𝑝𝑘−1 + 𝜎𝜖𝑘−1 (7) 

where 𝑎𝑘 = 𝑎𝑗 and 𝜎𝜖𝑘 = 𝜎𝜖𝑗 if ⌊
𝑘

𝑚
⌋ = ⌊

𝑗

𝑚
⌋ and m is the number of elements in a whorl. 

There are some differences between 𝜃- and 𝑑-processes and 𝜙-processes. For 𝜃- and 𝑑-

processes ∆𝑘= 0 if 𝑘 𝑚𝑜𝑑 𝑚 ≠ 1. For 𝜙-processes ∆𝑘= ∆𝑗 if ⌊
𝑘

𝑚
⌋ = ⌊

𝑗

𝑚
⌋ 

Covariance between any two random variables of the process will be given by: 

cov[𝑝𝑘𝑝𝑗] = 𝜎𝑝𝑗∏𝑎𝑛

𝑘−1

𝑛=𝑗

 (8) 

As most plants clearly present rotational symmetry this property will be required for the 

stochastic model proposed. It can be stated as: 

𝑝(𝑝𝑘 , 𝑝𝑗) = 𝑝 (𝑝
𝑚𝑜𝑑(𝑘−1−∆𝑘𝑗,𝑚)+⌊

𝑗−1
𝑚

⌋𝑚+1
, 𝑝𝑘) 𝑘, 𝑗 > 0, 𝑗 > 𝑘, ∆𝑘𝑗= 𝑗 − 𝑘 (9) 
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It means that the probability of finding a branch, 𝑏 at a given position when we move in 

clockwise direction from any reference branch equals the probability of finding a reflected 

symmetric branch of 𝑏. Reflection symmetry is considered with respect to the plane defined 

by the axis of rotation (mother branch/trunk) and the reference branch. 

Evidently, this property should be met by all processes: orientation and position. 

The basic process proposed does not verify the rotational symmetry property required, 

but this can be achieved by a proper linear combination of 2𝑚 independent basic 𝑝-

processes as: 

𝑇𝑝𝑘 =∑𝑝
(𝑘−𝑗)𝑚𝑜𝑑𝑚+1+⌊

𝑘−1
𝑚

⌋𝑚

𝑗

𝑚

𝑗=1

+ ∑ 𝑝
(𝑗−𝑘)𝑚𝑜𝑑𝑚+1+⌊

𝑘−1
𝑚

⌋𝑚

𝑗

2𝑚

𝑗=𝑚+1

 (10) 

where 𝑗 denotes the process number and 𝑘 refers to the branch whose orientation or position 

is being calculated, 𝑇𝑝-process represents any process, either for determining the position or 

the orientation of the elements of a tree with azimuthal symmetry. 

The 2m processes to be added are enumerated from 1 to 2m in counter clock sense. All 

processes run from 1 to the number of branches on a given mother branch/trunk (see Figure 

3.7). 

 

Figure 3. 7. Example of branches and processes enumeration. m=5 

As an example some fir trees and maize plants generated with the stochastic processes 

described are shown. 
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Figure 3. 8. Example one of fir tree 

 

 

Figure 3. 9. Example two of fir tree 
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Figure 3. 10. Example one of maize plant 

 

Figure 3. 11. Example two of maize plant 

5. Model Validation  

In order to study the validity of the stochastical model proposed for plant generation and 

characterization, the structure of maize plants was measured. The structure of the maize 

plants is relatively easy to measure as the number of branches per whorl is 1. Then, in this 

case, the 𝑇𝑝-processes simplify to 𝑝-processes. 

Photographs of 150 maize plants were taken. Maize plants were all taken from the same 

plantation, 110 on august 31th, 2010, and 40 on September 13th, 2010. They were planted at 

the same time so their growth stage was almost the same. The photographs were processed 

with a photogrammetric software (PhotoModeler) to obtain the distance between nodes and 

the insertion angle of the leaves. 

 

Figure 3. 12 Internode distance measured in 
the maize plant 

 

Figure 3. 13. Insertion angle measured in 
the maize plant 

Figures 3.14 to 3.18 show internode distances 𝑛𝑑𝑘 versus internode distances 𝑛𝑑𝑘−1. 

Besides, the regression line and a plot of the residual errors are shown.  
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Figure 3. 14. Internode distances 𝒏𝒅𝟐 versus 𝒏𝒅𝟏 linear regression and residual error. 

  

Figure 3. 15. Internode distances 𝒏𝒅𝟑 versus 𝒏𝒅𝟐 linear regression and residual error. 

  

Figure 3. 16. Internode distances 𝒏𝒅𝟒 versus 𝒏𝒅𝟑 linear regression and residual error. 

  

Figure 3. 17. Internode distances 𝒏𝒅𝟓 versus 𝒏𝒅𝟒 linear regression and residual error. 

  

Figure 3. 18. Internode distances 𝒏𝒅𝟔 versus 𝒏𝒅𝟓 linear regression and residual error. 
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Figures 3.14 to 3.18 show a good agreement of the model assumed for the plant 

distribution of nodes and the data obtained. Furthermore, the t test conducted on the residual 

errors indicate, that with a 5% confidence level, the errors for different internode distances 

are independent zero mean normally distributed random variables. 

Similarly, Figures 3.19 to 3.23 show the orientation angles (insertion angles) 𝜃𝑘 versus 

𝜃𝑘−1, the regression line and the residual errors. 

  

Figure 3. 19. Orientation angles 𝜽𝟐 versus 𝜽𝟏, linear regression and residual error. 

  

Figure 3. 20. Orientation angles 𝜽𝟑 versus 𝜽𝟐, linear regression and residual error. 

  

Figure 3. 21. Orientation angles 𝜽𝟒 versus 𝜽𝟑, linear regression and residual error. 

  

Figure 3. 22. Orientation angles 𝜽𝟓 versus 𝜽𝟒, linear regression and residual error. 
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Figure 3. 23. Orientation angles 𝜽𝟔 versus 𝜽𝟓, linear regression and residual error. 

For the orientation angles, the measurements obtained from maize plants also validate 

the assumed model. In this case, results of the t test also show that with a 5% confidence 

level the residual errors corresponding to different 𝜃𝑘’s can be considered independent zero 

mean normally distributed random variables for most of the cases.  

However, when performing a Lilliefors test on the residual errors, of internode distances 

and orientation angles, some did not pass the test. Though, in general, the results of the 

maize plant measurements back up the model, the available data set was small and more 

measurements should be made to validate and refine the model. It would be of interest to 

measure the plants at the earlier stages of growth since in this case, external effects (wind, 

water stress, bugs...) would be minimized and the plant structure will be more cleanly seen. 

Follow up of the plant growth would be of help to identify areas or plants whose growth is 

being affected by external factors and should be discarded.  
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CHAPTER 4: THE SCATTERING MODEL 

1. Introduction 

The scattering from vegetated surfaces has been estimated using either the radiative 

transfer theory or analytical wave methods based on the distorted Born approximation. This 

approximation neglects all terms of the Born series but the first order one, what means only 

first order scattering is being considered. To account for multiple scattering higher orders of 

the Born series should be take into account. 

As reviewed in chapter two, many authors have studied and implemented methods for 

the estimation of the scattering based on the distorted Born approximation. This has been 

the option considered in this thesis too. In this chapter, the implementation of the method 

will be carefully described and explained. Special attention will be paid to coherent effects 

calculation. 

To apply the analytical wave method based on distorted Born approximation the 

vegetation cover is modeled as a set of canonical scatterers: finite length cylinders, discs and 

ellipsoids with known scattering functions. The scattered field is then obtained as the 

coherent sum of the scattered fields from all elemental scatterers. 

In obtaining the total scattered field it will be assumed that the vegetation is over a 

reflective surface. Therefore direct scattering from the vegetation elements, scattering from 

the vegetation elements of the ground reflected wave and ground reflection of the direct and 

ground-scattered waves in trunks and branches will be taken into account. Coherent effects 

between trunks, branches and stems (the hard structural part of the plants) will be considered. 

Trunks, branches and stems will be modelled as cylinders. It is assumed that leaves (soft 

parts) are randomly distributed and oriented. They contribute to the incoherent scattering. 

They can be modelled either as cylinders or discs.[Karam1988][Yueh1992] 
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2. Scattering Amplitude Calculation: the Distorted Born Approximation 

In the far field region electromagnetic waves may be considered locally plane, being 

defined by their amplitude, frequency, polarization and propagation direction. The incident 

field on the target from �̂�𝑖 direction may be expressed as: 

�⃗� 𝑖 = �̂�𝑖𝐸0𝑒
𝑗𝑘�̂�𝑖𝑟  (1) 

where �̂�𝑖 denotes the unit polarization vector that is perpendicular to the incident direction 

�̂�𝑖. 

When a wave encounters an object or a media discontinuity in its path, part of it is 

reflected and/or scattered in all space directions. In the far field from the target, the scattered 

field is that of a spherical wave, with dependence 𝑒−𝑗𝑘𝑟/𝑟, where 𝑟 is the distance from the 

target. In general, the target scatters waves in all directions. Let �̂�𝑠 be the scattering direction 

considered, then the field received at a distance 𝑟 from the target is 

�⃗� 𝑠 = �̂�𝑠𝑓(�̂�𝑠, �̂�𝑖)𝐸0
𝑒−𝑗𝑘𝑟

𝑟
 (2) 

where the unit polarization vector of the scattered wave, �̂�𝑠 is perpendicular to �̂�𝑠 and 

𝑓(�̂�𝑠, �̂�𝑖) is the scattering amplitude from direction �̂�𝑖 into direction �̂�𝑠, which depends on 

the incident polarization on the target and the polarization considered for the scattered wave. 

If extensive targets, as forested areas, are illuminated the total received power may be 

expressed as 

𝑃𝑟 =∬
𝑃𝑡𝐺𝑡𝐺𝑟𝜆

2𝜎0(�̂�𝑠, �̂�𝑖)

(4𝜋)3𝑑1
2𝑑2

2

 

𝐴0

𝑑𝑠 (3) 

where 𝐴0 is the total are illuminated and 𝜎0(�̂�𝑠, �̂�𝑖) is the radar cross section per unit area 

of surface or the differential scattering coefficient. 

Clearly, 

𝜎(�̂�𝑠, �̂�𝑖) = 𝜎0(�̂�𝑠, �̂�𝑖) · 𝐴0 

𝜎0(�̂�𝑠, �̂�𝑖) = |𝑓(�̂�𝑠, �̂�𝑖)|
2
 

(4) 

 

Using the distorted Born approximation to calculate the scattering amplitude of a 

vegetated area over a reflective boundary (the ground) means that the following 

contributions are taken into account [Tsang2001]:  

- Direct scattering from each elemental scatterer (trunks, branches, leaves). 

- Scattering from each elemental scatterer due to the reflected wave on the ground. 
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- Ground reflected waves of scattered waves from the elemental scatterers. 

- Ground reflected waves of scattering due to the ground reflected wave 

 

Figure 4. 1. Different kind of contributions 

Higher order contributions like multiple scattering between plants or plant elements are 

neglected. 

In the following development, just scattering from the hard structural part of the plant is 

considered. The contribution of leaves to the scattering is incoherent [Yueh1992] and has 

already being well studied and modelled. 

 

Figure 4. 2. Propagation vectors 

Figure 4.2 shows the reference system that is considered for the illuminated area. Also, 

the propagation vectors that may be involved in the scattering process are shown for future 

reference. 

�̂�𝑖 = �̂�𝑖𝑥�̂� + �̂�𝑖𝑦�̂� − �̂�𝑖𝑧�̂� = sen𝜃𝑖 cos ∅𝑖 �̂� + sen𝜃𝑖 sen∅𝑖 �̂� − cos ∅𝑖 �̂� 

�̂�𝑠 = �̂�𝑠𝑥�̂� + �̂�𝑠𝑦�̂� + �̂�𝑠𝑧�̂� = sen𝜃𝑠 cos ∅𝑠 �̂� + sen 𝜃𝑠 sen ∅𝑠 �̂� + cos ∅𝑠 �̂� 

�̂�𝑖𝑟 = �̂�𝑖𝑥�̂� + �̂�𝑖𝑦�̂� + �̂�𝑖𝑧�̂� 

�̂�𝑠𝑟 = �̂�𝑠𝑥�̂� + �̂�𝑠𝑦�̂� − �̂�𝑠𝑧�̂� 

(5) 

In general, for the k-th plant in the illuminated area, with an n-th order branching, the 

scattering amplitude will be obtained as: 
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𝑆𝑘 = 𝑆0𝑘 · 𝑒
𝑗0𝑘 · 𝑒𝑗𝑘 + 𝑒𝑗𝑘∑𝑆0𝑘𝑟1 ·

𝑟1

𝑒𝑗0𝑘𝑟1 · 𝑒𝑗𝑘𝑟1 +⋯

+ 𝑒𝑗𝑘∑…∑𝑆0𝑘𝑟1…𝑟𝑛 · 𝑒
𝑗0𝑘𝑟1···𝑟𝑛 · 𝑒𝑗𝑘𝑟1 . . . 𝑒𝑗𝑘𝑟1···𝑟𝑛

𝑟𝑛𝑟1

+ 𝑅(𝜃𝑠) · 𝑆0𝑘
𝑝𝑔 · 𝑒𝑗0𝑘

𝑝𝑔

· 𝑒𝑗𝑘
𝑝𝑔

+ 𝑒𝑗𝑘
𝑝𝑔

∑𝑅(𝜃𝑠) · 𝑆0𝑘𝑟1
𝑝𝑔 · 𝑒𝑗0𝑘𝑟1

𝑝𝑔

· 𝑒𝑗𝑘𝑟1
𝑝𝑔

𝑟1

+⋯

+ 𝑒𝑗𝑘
𝑝𝑔

∑…∑𝑅(𝜃𝑠) · 𝑆0𝑘𝑟1…𝑟𝑛
𝑝𝑔 · 𝑒𝑗0𝑘𝑟1…𝑟𝑛

𝑝𝑔

𝑟𝑛𝑟1

· 𝑒𝑗𝑘𝑟1
𝑝𝑔

…𝑒𝑗𝑘𝑟1…𝑟𝑛
𝑝𝑔

+ 𝑅(𝜃𝑖) · 𝑆0𝑘
𝑔𝑝 · 𝑒𝑗0𝑘

𝑔𝑝

· 𝑒𝑗𝑘
𝑔𝑝

+ 𝑒𝑗𝑘
𝑔𝑝

∑𝑅(𝜃𝑖) · 𝑆0𝑘𝑟1
𝑔𝑝 · 𝑒𝑗0𝑘𝑟1

𝑔𝑝

· 𝑒𝑗𝑘𝑟1
𝑔𝑝

𝑟1

+⋯

+ 𝑒𝑗𝑘
𝑔𝑝

∑…∑𝑅(𝜃𝑖) · 𝑆0𝑘𝑟1…𝑟𝑛
𝑔𝑝 · 𝑒𝑗0𝑘𝑟1…𝑟𝑛

𝑔𝑝

𝑟𝑛𝑟1

· 𝑒𝑗𝑘𝑟1
𝑔𝑝

…𝑒𝑗𝑘𝑟1…𝑟𝑛
𝑔𝑝

+ 𝑅(𝜃𝑖) · 𝑅(𝜃𝑠) · 𝑆0𝑘
𝑔𝑝𝑔 · 𝑒𝑗0𝑘

𝑔𝑝𝑔

· 𝑒𝑗𝑘
𝑔𝑝𝑔

+ 𝑒𝑗𝑘
𝑔𝑝𝑔

∑𝑅(𝜃𝑖) · 𝑅(𝜃𝑠) · 𝑆0𝑘𝑟1
𝑔𝑝𝑔 · 𝑒𝑗0𝑘𝑟1

𝑔𝑝𝑔

𝑟1

· 𝑒𝑗𝑘𝑟1
𝑔𝑝𝑔

+⋯

+ 𝑒𝑗𝑘
𝑔𝑝𝑔

∑…∑𝑅(𝜃𝑖) · 𝑅(𝜃𝑠) · 𝑆0𝑘𝑟1…𝑟𝑛
𝑔𝑝𝑔 · 𝑒𝑗0𝑘𝑟1…𝑟𝑛

𝑔𝑝𝑔

𝑟𝑛𝑟1

· 𝑒𝑗𝑘𝑟1
𝑔𝑝𝑔

…𝑒𝑗𝑘𝑟1…𝑟𝑛
𝑔𝑝𝑔

 

(6) 

 

where the right term of the first line of eq. (6) and the terms of the second line represent the 

direct contributions, the terms in lines 3 to 5 the ground-plant contributions, the terms in 

lines 6 to 8 the plant-ground contributions and, finally, the remaining terms correspond to 

the ground-plant-ground contributions. These last terms will be neglected in the following 

developments, since the ground-plant-ground contribution is significantly lower than the 

other three contributions. 

𝑆0 stands for the scattering amplitude of a cylinder. It may represent the scattering 

amplitude for any transmitted and received polarization: hh, hv, vh or vv, with h indicating 

the horizontal polarization and v the vertical. The rest of the subindexes indicate the plant 

element that it is being represented, for example, in 𝑆0𝑘 , subindex k indicates that is the 

cylinder corresponding to the k-th trunk, in 𝑆0𝑘𝑟1𝑟2subindex 𝑘𝑟1𝑟2 indicates the secondary 

branch 𝑟2 of the primary branch 𝑟1 of the k-th tree is under consideration. 

The superindexes indicate the ray path considered, no superindex means direct scattering, 

𝑝𝑔 stands for plant-ground scattering, 𝑔𝑝 for ground-plant scattering and 𝑔𝑝𝑔 for ground-

plant-ground scattering. Evidently, the ray path determines the local angles of incidence and 

scattering on the cylinder. For example, 𝑆0𝑘
𝑝𝑔

 means that the scattering amplitude of the k-th 

trunk is being considered for the plant-ground ray path, that is, incident ray is in the cylinder 

is from �̂�𝑖direction and scattering from the cylinder to the ground in the �̂�𝑠𝑟 direction. 
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Figure 4. 3. Position vectors of a plant structure 

Phase increments due to scatterers positions are denoted by 𝛷(.). Subindexes determine 

the vector displacement that is causing the phase shift, see Figure 4.3. For example, 𝛷0𝑘 

denotes the phase increment due to the 𝑘-th trunk scattering center position (𝑟 𝑜𝑘) with 

respect to the trunk base. 𝛷𝑘 is the phase increment due to the position vector of the k-th 

trunk base (𝑟 𝑘) from the coordinate origin. 𝛷𝑘𝑟 is the phase increment due to the position 

vector of the r-th branch in the k-trunk(𝑟 𝑘𝑟). Superindexes specified the ray path considered, 

as for the scattering amplitude. Therefore, they indicate the propagation vectors that must 

be considered to obtain the phase shift. 

Then, the scattering coefficient, due to the random nature of the environment, is defined 

as the expected value of the received power 

𝜎 = 𝐸 {∑𝑆𝑘∑𝑆𝑙
∗} (7) 

Where kS  and lS are the scattering amplitude of each tree. To evaluate the different 

terms the joint probability density functions of the positions and orientations of branches 

will be required. However, before proceeding to calculate the scattering coefficient, the 

different terms involved will be analysed in more detail. 

Since only first order scattering is being considered, it is not necessary to consider 

transpolarization when obtaining the scattering coefficients for any polarization (hh, hv, vh 

or vv). That is, there is no need to consider the complete scattering matrix of each scatterer 

to calculate the scattered field, e.g. to calculate the hh scattered field only hh scattering 

amplitudes are required.  
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If the contributions due to multiple scattering between elements were taken into account, 

then it would be necessary to consider possible increases in energy in a particular polarization 

due to successive polarization changes in the medium.  

2.1 PHASE DIFFERENCES 

It is important to review the calculation of the different phase increments. Considering a 

plane wave propagating along the �⃗�  direction, the phase variation between points P1 and P2 

is given by ∆ = −𝑒−𝑗�⃗�
 𝑟 . (Figure 4.4) 

Considering now a source point F and a receiving point R, the phase variation of the 

wave that travels from the source to the coordinate origin and back to the receiving point is 

∆0 = −𝑘𝑖
⃗⃗  ⃗(−𝑟𝑖⃗⃗ ) − 𝑘𝑠⃗⃗  ⃗ · 𝑟𝑠⃗⃗ = 𝑘𝑖⃗⃗  ⃗ · 𝑟𝑖⃗⃗ − 𝑘𝑠⃗⃗  ⃗ · 𝑟𝑠⃗⃗ . (Figure 4.5) 

 
 

 
 

Figure 4. 4. Phase difference. Basic 
scheme. 

Figure 4. 5. Phase difference between a source 
and a receiving point 

 

If a scatterer is added to the scheme (point P), Figure 4.6, the phase variation must be 

calculated as the sum of the phase variation caused by travelling to the coordinate origin and 

the phase increment caused by the position vector of point P. 

 

Figure 4. 6. Phase difference with a scatterer point. 



Chapter 4 The Scattering Model 

 

47 
 

The phase difference can be expressed as ∆𝑝 = −𝑘𝑖⃗⃗  ⃗(−𝑟𝑖𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ) − 𝑘𝑠⃗⃗  ⃗𝑟𝑠𝑝⃗⃗ ⃗⃗  = −𝑘𝑖⃗⃗  ⃗ (−(𝑟𝑖⃗⃗ −

𝑟𝑝⃗⃗⃗  )) − 𝑘𝑠⃗⃗  ⃗(𝑟𝑠⃗⃗ − 𝑟𝑝⃗⃗⃗  ) = 𝑘𝑖⃗⃗  ⃗𝑟𝑖⃗⃗ − 𝑘𝑖⃗⃗  ⃗𝑟𝑝⃗⃗⃗  − 𝑘𝑠⃗⃗  ⃗𝑟𝑠⃗⃗ + 𝑘𝑠⃗⃗  ⃗𝑟𝑝⃗⃗⃗   . Considering 𝑟𝑝⃗⃗⃗  = 𝜌𝑝⃗⃗⃗⃗ + 𝑟𝑝1⃗⃗ ⃗⃗  ⃗ where 𝜌𝑝⃗⃗⃗⃗  is a 

vector in XY plane, the phase increment (with respect to a point at the coordinate origin, 

which is taken as the reference point for the phase) due to the position of the scatterer in P 

is ∆𝑝0 = ∆𝑝 − ∆0 = −𝑘𝑖
⃗⃗  ⃗𝑟𝑝⃗⃗⃗  + 𝑘𝑠⃗⃗  ⃗𝑟𝑝⃗⃗⃗  = (𝑘𝑠⃗⃗  ⃗ − 𝑘𝑖⃗⃗  ⃗)𝜌𝑝⃗⃗⃗⃗ + (𝑘𝑠⃗⃗  ⃗ − 𝑘𝑖⃗⃗  ⃗)𝑟𝑝1⃗⃗ ⃗⃗  ⃗. 

Let us consider now that the incident ray reflects on the XY plane before reaching the 

target. Then, to calculate the plane increment, it is important to note that the total path 

followed by the incident wave to the XY plane and then reflected to the point P is the same 

as the path the incident wave would travel to a reflected point P (with respect the XY plane). 

So, considering again the target is at  𝑟𝑝⃗⃗⃗  = 𝜌𝑝⃗⃗⃗⃗ + 𝑟𝑝1⃗⃗ ⃗⃗  ⃗ , let us defined the reflected point as 

𝑟𝑝𝑟⃗⃗⃗⃗ = 𝜌𝑝⃗⃗⃗⃗ + 𝑟𝑝1
𝑟⃗⃗⃗⃗  ⃗, where 𝑟𝑝1

𝑟⃗⃗⃗⃗  ⃗ = 𝑟𝑝1⃗⃗ ⃗⃗  ⃗ − 2(𝑟𝑝1⃗⃗ ⃗⃗  ⃗�̂�)�̂�, superindex r is used to denote reflection of 

the vector with respect to plane XY.  

 

Figure 4. 7. Phase difference. First reflection in XY plane 

Therefore, the phase increment experienced in this case by the wave, which is reflecting 

on the XY plane, then travelling to point P and finally going back to the receiver point, is  

∆𝑝0
rs = ∆𝑝

𝑟𝑠 − ∆0 = −𝑘𝑖
⃗⃗  ⃗𝑟𝑝𝑟⃗⃗⃗⃗ + 𝑘𝑠⃗⃗  ⃗𝑟𝑝⃗⃗⃗  = (𝑘𝑠⃗⃗  ⃗ − 𝑘𝑖⃗⃗  ⃗)𝜌𝑝⃗⃗⃗⃗ + 𝑘𝑠⃗⃗  ⃗𝑟𝑝1⃗⃗ ⃗⃗  ⃗ − 𝑘𝑖⃗⃗  ⃗𝑟𝑝1

𝑟⃗⃗⃗⃗  ⃗ . 

Analogously, in the case that the wave first goes to the point P and then is reflected in 

the XY plane, and taking into account that now is the scattered wave the one making the 

same path to the actual point P and to the reflected one, the phase increment is obtained as: 

∆𝑝0
sr = ∆𝑝

𝑠𝑟 − ∆0 = −𝑘𝑖⃗⃗  ⃗𝑟𝑝⃗⃗⃗  + 𝑘𝑠⃗⃗  ⃗𝑟𝑝𝑟⃗⃗⃗⃗ = (𝑘𝑠⃗⃗  ⃗ − 𝑘𝑖⃗⃗  ⃗)𝜌𝑝⃗⃗⃗⃗ + (𝑘𝑠⃗⃗  ⃗𝑟𝑝1
𝑟⃗⃗⃗⃗  ⃗ − 𝑘𝑖⃗⃗  ⃗𝑟𝑝1⃗⃗ ⃗⃗  ⃗) 

Therefore, in accordance with the criterion to define the positon of the scattering centre 

of the different trunks and branches, the phase increment, for direct scattering corresponding 

to the 𝑟2-th secondary branch of the 𝑟1-th primary branch of the trunk corresponding to the 

k-th plant, see figure 4.8 is ∆∅𝑘𝑟1𝑟2 = ∅𝑘 + ∅𝑘𝑟1 + ∅𝑘𝑟1𝑟2 + ∅0𝑘𝑟1𝑟2 = (�̂�𝑠 − �̂�𝑖)𝑟 𝑘 +

(�̂�𝑠 − �̂�𝑖)𝑟 𝑘𝑟1 + (�̂�𝑠 − �̂�𝑖)𝑟 𝑘𝑟1𝑟2 + (�̂�𝑠 − �̂�𝑖)𝑟 0𝑘𝑟1𝑟2 . 
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Figure 4. 8. Phase difference. Second reflection in XY plane 

If the plant-ground ray scattering path is considered, the phase increment would be: 

∆∅𝑘𝑟1𝑟2
𝑝𝑔 = ∅𝑘

𝑝𝑔 + ∅𝑘𝑟1
𝑝𝑔 + ∅𝑘𝑟1𝑟2

𝑝𝑔 + ∅0𝑘𝑟1𝑟2
𝑝𝑔

= (�̂�𝑠 − �̂�𝑖)𝑟 𝑘 + (�̂�𝑠 · 𝑟 𝑘𝑟1
𝑟 − �̂�𝑖 · 𝑟 𝑘𝑟1)

+ (�̂�𝑠 · 𝑟 𝑘𝑟1𝑟2
𝑟 − �̂�𝑖 · 𝑟 𝑘𝑟1𝑟2) + (�̂�𝑠 · 𝑟 0𝑘𝑟1𝑟2

𝑟 − �̂�𝑖 · 𝑟 0𝑘𝑟1𝑟2) 

(8) 

3. Amplitude scattering of elemental targets: cylinders 

Trunks, branches and stems, that represent the hard part of the plant structure, will be 

modelled as finite length cylinders. Though the scattering from finite length cylinders will be 

thoroughly discussed in chapter 5, where a new approach that allows calculation of the 

scattered field in the near-field region as well as in the far-field region is being presented, it 

is important to review here its general behaviour in terms of the incidence and scattered 

waves directions and the orientation of the cylinder. 

 

Figure 4. 9. Cylinder representation 

Let us consider a cylinder of length 2ℎ and radius 𝑎, as shown in Figure 4.9. In that figure 

is also shown the incident and scattering waves directions and the incident and scattering 

angles, 𝜃𝑖, 𝜃𝑠. In this case a vertical cylinder is considered, so its local coordinate system 

matches the global coordinate system. 
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The  Scattering amplitud is of the general form 

𝑆0 = 𝐶0(𝜃𝑖, 𝜃𝑠 , ∅𝑖 − ∅𝑠, 𝜀𝑟, 𝑎) · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝑘 · ℎ · (𝑐𝑜𝑠𝜃𝑖 + 𝑐𝑜𝑠𝜃𝑠)) (9) 

where k is the wave number, 𝜀𝑟 is the permittivity and the functional 𝐶0(), is discussed in 

section 4. For the purpose of this chapter it is enough to realise that it depends on the 

incident and scattering angles. 

In the case of plant-ground or ground-plant scattering the actual scattered or incident 

directions on the cylinder are given, respectively by 

�̂�𝑖𝑟 = �̂�𝑖𝑥�̂� + �̂�𝑖𝑦�̂� + �̂�𝑖𝑧�̂� 

�̂�𝑠𝑟 = �̂�𝑠𝑥�̂� + �̂�𝑠𝑦�̂� − �̂�𝑠𝑧�̂� 
(10) 

And, it is straightforward to find that the plant-ground and ground-plant scattering 

amplitudes are then given by 

𝑆0
𝑝𝑔 = 𝑆0(𝜃𝑖 , 𝜋 − 𝜃𝑠) 

𝑆0
𝑔𝑝
= 𝑆0(𝜋 − 𝜃𝑖, 𝜃𝑠) 

𝑆0
𝑝𝑔 = 𝐶0

𝑝𝑔(𝜃𝑖, 𝜃𝑠, ∅𝑖 − ∅𝑠, 𝜀𝑟 , 𝑎) · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝑘 · ℎ · (𝑐𝑜𝑠𝜃𝑖 − 𝑐𝑜𝑠𝜃𝑠))

= 𝐶0(𝜃𝑖, 𝜋 − 𝜃𝑠, ∅𝑖 − ∅𝑠, 𝜀𝑟 , 𝑎) · 𝑘 · ℎ

· 𝑠𝑖𝑛𝑐(𝑘 · ℎ · (𝑐𝑜𝑠𝜃𝑖 − 𝑐𝑜𝑠𝜃𝑠)) 

𝑆0
𝑔𝑝 = 𝐶0

𝑔𝑝(𝜃𝑖, 𝜃𝑠, ∅𝑖 − ∅𝑠, 𝜀𝑟 , 𝑎) · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝑘 · ℎ · (𝑐𝑜𝑠𝜃𝑠 − 𝑐𝑜𝑠𝜃𝑖))

= 𝐶0(𝜋 − 𝜃𝑖 , 𝜃𝑠, ∅𝑖 − ∅𝑠, 𝜀𝑟 , 𝑎) · 𝑘 · ℎ
· 𝑠𝑖𝑛𝑐(𝑘 · ℎ · (𝑐𝑜𝑠𝜃𝑠 − 𝑐𝑜𝑠𝜃𝑖)) 

(11) 

In the case of oriented cylinders the scattering amplitude is equally defined just taking 

into account that the incident and scattering angles, 𝜃𝑖𝑐, 𝜃𝑠𝑐 are to be calculated in the local 

coordinate system of the cylinder, see Figure 4.10 

 

Figure 4. 10. Local coordinate system of an oriented cylinder 

The scattering amplitudes can be defined as 

𝑆0
𝑝𝑔 = 𝑆0(𝜃𝑖𝑐, 𝜋 − 𝜃𝑠𝑐) 

𝑆0
𝑔𝑝 = 𝑆0(𝜋 − 𝜃𝑖𝑐, 𝜃𝑠𝑐) 

(12) 
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where 

𝑆0 = 𝐶0(𝜃𝑖𝑐, 𝜃𝑠𝑐, ∅𝑖𝑐 − ∅𝑠𝑐, 𝜀𝑟 , 𝑎) · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝑘 · ℎ · (𝑐𝑜𝑠𝜃𝑖𝑐 + 𝑐𝑜𝑠𝜃𝑠𝑐)) (13) 

Applying eq. (12) to (13) the scattering amplitudes can be expressed as 

𝑆0
𝑝𝑔 = 𝐶0

𝑝𝑔(𝜃𝑖𝑐, 𝜃𝑠𝑐, ∅𝑖𝑐 − ∅𝑠𝑐, 𝜀𝑟 , 𝑎) · 𝑘 · ℎ

· 𝑠𝑖𝑛𝑐(𝑘 · ℎ · (𝑐𝑜𝑠𝜃𝑖𝑐 − 𝑐𝑜𝑠𝜃𝑠𝑐))

= 𝐶0(𝜃𝑖𝑐, 𝜋 − 𝜃𝑠𝑐, ∅𝑖𝑐 − ∅𝑠𝑐, 𝜀𝑟, 𝑎) · 𝑘 · ℎ
· 𝑠𝑖𝑛𝑐(𝑘 · ℎ · (𝑐𝑜𝑠𝜃𝑖𝑐 − 𝑐𝑜𝑠𝜃𝑠𝑐)) 

𝑆0
𝑔𝑝 = 𝐶0

𝑔𝑝(𝜃𝑖𝑐, 𝜃𝑠𝑐, ∅𝑖𝑐 − ∅𝑠𝑐, 𝜀𝑟, 𝑎) · 𝑘 · ℎ

· 𝑠𝑖𝑛𝑐(𝑘 · ℎ · (𝑐𝑜𝑠𝜃𝑠𝑐 − 𝑐𝑜𝑠𝜃𝑖𝑐))

= 𝐶0(𝜋 − 𝜃𝑖𝑐, 𝜃𝑠𝑐, ∅𝑖𝑐 − ∅𝑠𝑐, 𝜀𝑟, 𝑎) · 𝑘 · ℎ
· 𝑠𝑖𝑛𝑐(𝑘 · ℎ · (𝑐𝑜𝑠𝜃𝑠𝑐 − 𝑐𝑜𝑠𝜃𝑖𝑐)) 

(14) 

The local angles of incidence and scattering can be calculated as 

- For direct scattering 

- The angles can be expressed as  

-  

-  

 

 

 

 

 

- Plant-Ground Scattering 

The angles can be expressed as  

 

 

 

cos 𝜃𝑖𝑐 = −�̂�𝑖�̂�𝑐 

cos 𝜃𝑠𝑐 = �̂�𝑠�̂�𝑐 
(15) 

cos 𝜃𝑖𝑐
𝑝𝑔
= cos 𝜃𝑖𝑐 = −�̂�𝑖�̂�𝑐 

cos 𝜃𝑠𝑐
𝑝𝑔 = �̂�𝑠𝑟�̂�𝑐 

(16) 

Figure 4. 11. Local angles direct 
scattering 

Figure 4. 12. Local angles, plant-
ground scattering 
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- Ground-Plant Scattering 

The angles can be expressed as  

 

 

 

 

 

Besides, to obtain the scattering amplitude, the local azimuth angles of incidence and 

scattering need to be calculated. They are given by: 

cos(𝜙𝑠𝑐
𝑝𝑔 − 𝜙𝑖𝑐

𝑝𝑔) =
�̂�𝑠𝑟 × �̂�𝑐

|�̂�𝑠𝑟 × �̂�𝑐|
·
�̂�𝑖 × �̂�𝑐

|�̂�𝑖 × �̂�𝑐|
 

sen(𝜙𝑠𝑐
𝑝𝑔 − 𝜙𝑖𝑐

𝑝𝑔) =
�̂�𝑠𝑟 × �̂�𝑐

|�̂�𝑠𝑟 × �̂�𝑐|
×
�̂�𝑖 × �̂�𝑐

|�̂�𝑖 × �̂�𝑐|
 

 

cos(𝜙𝑠𝑐
𝑔𝑝 − 𝜙𝑖𝑐

𝑔𝑝) =
�̂�𝑠 × �̂�𝑐

|�̂�𝑠 × �̂�𝑐|
·
�̂�𝑖𝑟 × �̂�𝑐

|�̂�𝑖𝑟 × �̂�𝑐|
 

sen(𝜙𝑠𝑐
𝑔𝑝 − 𝜙𝑖𝑐

𝑔𝑝) =
�̂�𝑠 × �̂�𝑐

|�̂�𝑠 × �̂�𝑐|
×
�̂�𝑖𝑟 × �̂�𝑐

|�̂�𝑖𝑟 × �̂�𝑐|
 

cos(∅𝑠 − ∅𝑖) =
�̂�𝑠 × �̂�𝑐

|�̂�𝑠 × �̂�𝑐|
·
�̂�𝑖 × �̂�𝑐

|�̂�𝑖 × �̂�𝑐|
 

sen(∅𝑠 − ∅𝑖) =
�̂�𝑠 × �̂�𝑐

|�̂�𝑠 × �̂�𝑐|
×
�̂�𝑖 × �̂�𝑐

|�̂�𝑖 × �̂�𝑐|
 

 
 

(18) 

Now, recalling the phase increment due to the cylinder scattering centre position vector 

can be expressed as 

- Direct scattering  

𝛷0(.) = 𝑘ℎ(�̂�𝑠�̂�𝑐 − �̂�𝑖�̂�𝑐) = 𝑘ℎ(cos 𝜃𝑖𝑐 + cos 𝜃𝑠𝑐)  (19) 

- Plant-Ground scattering 

𝛷0(.)
𝑝𝑔 = 𝑘ℎ(�̂�𝑠�̂�𝑐

𝑟 − �̂�𝑖�̂�𝑐) = 𝑘ℎ(�̂�𝑠𝑟�̂�𝑐 − �̂�𝑖�̂�𝑐) = 𝑘ℎ(cos 𝜃𝑠𝑐
𝑝𝑔 + cos 𝜃𝑖𝑐

𝑝𝑔)

= 𝑘ℎ(cos 𝜃𝑖𝑐 − cos 𝜃𝑠𝑐) 
(20) 

- Ground-Plant scattering 

cos 𝜃𝑖𝑐
𝑔𝑝
= −�̂�𝑖𝑟�̂�𝑐 

cos 𝜃𝑠𝑐
𝑔𝑝
= cos 𝜃𝑠𝑐 = �̂�𝑠�̂�𝑐 

(17) 

Figure 4. 13. Local angles, ground-
plant scattering 
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𝛷0(.)
𝑔𝑝 = 𝑘ℎ(�̂�𝑠�̂�𝑐 − �̂�𝑖�̂�𝑐

𝑟) = 𝑘ℎ(�̂�𝑠�̂�𝑐 − �̂�𝑖𝑟�̂�𝑐) = 𝑘ℎ(cos 𝜃𝑠𝑐
𝑔𝑝 + cos 𝜃𝑖𝑐

𝑔𝑝)

= 𝑘ℎ(cos 𝜃𝑠𝑐 − cos 𝜃𝑖𝑐) 
(21) 

where (. ) denotes by trunk, branch or stem, the scattering amplitude of the cylinders can be 

written as 

𝑆0 = 𝐶0(𝜃𝑖𝑐, 𝜃𝑠𝑐, ∅𝑖𝑐 − ∅𝑠𝑐, 𝜀𝑟 , 𝑎) · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝛷0) 

𝑆0
𝑝𝑔 = 𝐶0

𝑝𝑔(𝜃𝑖𝑐, 𝜃𝑠𝑐, ∅𝑖𝑐 − ∅𝑠𝑐, 𝜀𝑟 , 𝑎) · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝛷0
𝑝𝑔) 

𝑆0
𝑔𝑝 = 𝐶0

𝑔𝑝(𝜃𝑖, 𝜃𝑠, ∅𝑖 − ∅𝑠, 𝜀𝑟 , 𝑎) · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝛷0
𝑔𝑝)  

(22) 

3.1 GROUND REFLECTION COEFFICIENTS 

If waves reflected on the ground are going to be considered the reflection coefficients 

are needed. Fresnel reflection coefficients will be used in the case of plant-ground or ground-

plants paths, they are given by: 

- Plant-ground reflection coefficient is  

𝑅(𝜃𝑝𝑔) = 𝑅(
𝜋
2⁄ − cos−1(�̂�𝑠 · �̂�)) (23) 

- Ground-plant scattering reflection coefficient is. 

𝑅(𝜃𝑔𝑝) = 𝑅(𝜋 2⁄ − cos−1(�̂�𝑖 · �̂�)) (24) 

where R represents the Fresnel reflection coefficient for the polarization in use. 

Based on the general expression for the scattering amplitude presented, in next sections 

the scattering coefficient calculation of some simple cases will be discussed. 

4. Cylinders over reflective ground. Scattering coefficient. 

In this section it is considered that the illuminated area is composed of oriented cylinders 

over a reflective ground. This is a case of zero order branching. 

The scattering amplitude is then given by: 

𝑆 =∑𝑆0𝑘 · 𝑒
𝑗0𝑘 · 𝑒𝑗𝑘 + 𝑅(𝜃𝑠) · 𝑆0𝑘

𝑝𝑔 · 𝑒𝑗0𝑘
𝑝𝑔

· 𝑒𝑗𝑘
𝑝𝑔

+ 𝑅(𝜃𝑖) · 𝑆0𝑘
𝑔𝑝 · 𝑒𝑗0𝑘

𝑔𝑝

· 𝑒𝑗𝑘
𝑔𝑝

 

(25) 

 And the mean scattering coefficient is obtained as 

𝜎 = 𝐸 {∑𝑆𝑘∑𝑆𝑙
∗} (26) 

That is 
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𝜎 = 𝐸{∑∑𝑆𝑘 · 𝑆𝑙
∗}

= 𝐸{∑∑ [𝑆0𝑘 ·  𝑆0𝑙
∗ ·  𝑒𝑗0𝑘 · 𝑒−𝑗0𝑙 + 𝑆0𝑘 · 𝑅

∗(𝜃𝑠) · 𝑆0𝑙
∗𝑝𝑔

· 𝑒𝑗0𝑘 · 𝑒−𝑗0𝑙
𝑝𝑔

+ 𝑆0𝑘 · 𝑅
∗(𝜃𝑖) · 𝑆0𝑙

∗𝑔𝑝 · 𝑒𝑗0𝑘 · 𝑒−𝑗0𝑙
𝑔𝑝

+  𝑅(𝜃𝑠)

· 𝑆0𝑘
𝑝𝑔 · 𝑆0𝑙

∗ · 𝑒𝑗0𝑘
𝑝𝑔

· 𝑒−𝑗0𝑙 + 𝑅(𝜃𝑠) · 𝑆0𝑘
𝑝𝑔 · 𝑅∗(𝜃𝑠) · 𝑆0𝑙

∗𝑝𝑔 · 𝑒𝑗0𝑘
𝑝𝑔

· 𝑒−𝑗0𝑙
𝑝𝑔

+ 𝑅(𝜃𝑠) · 𝑆0𝑘
𝑝𝑔 · 𝑅∗(𝜃𝑖) · 𝑆0𝑙

∗𝑔𝑝 · 𝑒𝑗0𝑘
𝑝𝑔

· 𝑒−𝑗0𝑙
𝑔𝑝

+  𝑅(𝜃𝑖) · 𝑆0𝑘
𝑔𝑝 · 𝑆0𝑙

∗ · 𝑒𝑗0𝑘
𝑔𝑝

· 𝑒−𝑗0𝑙 + 𝑅(𝜃𝑖) · 𝑆0𝑘
𝑔𝑝 · 𝑅∗(𝜃𝑠)

· 𝑆0𝑙
∗𝑝𝑔 · 𝑒𝑗0𝑘

𝑔𝑝

· 𝑒−𝑗0𝑙
𝑝𝑔

+ 𝑅(𝜃𝑖) · 𝑆0𝑘
𝑔𝑝 · 𝑅∗(𝜃𝑖) · 𝑆0𝑙

∗𝑔𝑝

· 𝑒𝑗0𝑘
𝑔𝑝

𝑒−𝑗0𝑙
𝑔𝑝

] · 𝑒𝑗𝑘 · 𝑒−𝑗𝑙} 

(27) 

To evaluate the scattering coefficient the following assumptions are considered: 

- Scattering amplitude of a cylinder is independent of its position (determined by its 

position vector 𝑟𝑘⃗⃗  ⃗) 

- Cylinders can be oriented 

- Cylinders positions are randomly distributed in the illuminated area. A uniform 

distribution is assumed for the marginal probability. The joint probability of the 

positions of any two cylinders is described by their pair distribution function. 

- Probability density functions of orientations angles and cylinder lengths are known. 

Then, eq. (27) can be written as eq. (28). 

𝜎 =∑∑[𝐸{𝑆0𝑘 ·  𝑆0𝑙
∗ ·  𝑒𝑗0𝑘 · 𝑒−𝑗0𝑙} · 𝐸{𝑒𝑗𝑘 · 𝑒−𝑗𝑙} + 𝑅∗(𝜃𝑠)

· 𝐸 {𝑆0𝑘 · 𝑆0𝑙
∗𝑝𝑔 · 𝑒𝑗0𝑘 · 𝑒−𝑗0𝑙

𝑝𝑔

} · 𝐸{𝑒𝑗𝑘 · 𝑒−𝑗𝑙} + 𝑅∗(𝜃𝑖)

· 𝐸 {𝑆0𝑘 · 𝑆0𝑙
∗𝑔𝑝 · 𝑒𝑗0𝑘 · 𝑒−𝑗0𝑙

𝑔𝑝

} · 𝐸{𝑒𝑗𝑘 · 𝑒−𝑗𝑙} + 𝑅(𝜃𝑠)

· 𝐸 {𝑆0𝑘
𝑝𝑔 · 𝑆0𝑙

∗ · 𝑒𝑗0𝑘
𝑝𝑔

· 𝑒−𝑗0𝑙} · 𝐸{𝑒𝑗𝑘 · 𝑒−𝑗𝑙} + 𝑅(𝜃𝑠)

· 𝑅∗(𝜃𝑠) · 𝐸 {𝑆0𝑘
𝑝𝑔 · 𝑆0𝑙

∗𝑝𝑔 · 𝑒𝑗0𝑘
𝑝𝑔

· 𝑒−𝑗0𝑙
𝑝𝑔

} · 𝐸{𝑒𝑗𝑘 · 𝑒−𝑗𝑙}

+ 𝑅(𝜃𝑠) · 𝑅
∗(𝜃𝑖) · 𝐸 {𝑆0𝑘

𝑝𝑔 · 𝑆0𝑙
∗𝑔𝑝 · 𝑒𝑗0𝑘

𝑝𝑔

· 𝑒−𝑗0𝑙
𝑔𝑝

}

· 𝐸{𝑒𝑗𝑘 · 𝑒−𝑗𝑙} + 𝑅(𝜃𝑖) · 𝐸 {𝑆0𝑘
𝑔𝑝 · 𝑆0𝑙

∗ · 𝑒𝑗0𝑘
𝑔𝑝

· 𝑒−𝑗0𝑙}

· 𝐸{𝑒𝑗𝑘 · 𝑒−𝑗𝑙} + 𝑅(𝜃𝑖) · 𝑅
∗(𝜃𝑠)

· 𝐸 {𝑆0𝑘
𝑔𝑝
· 𝑆0𝑙

∗𝑝𝑔
· 𝑒𝑗0𝑘

𝑔𝑝

· 𝑒−𝑗0𝑙
𝑝𝑔

} · 𝐸{𝑒𝑗𝑘 · 𝑒−𝑗𝑙} + 𝑅(𝜃𝑖)

· 𝑅∗(𝜃𝑖) · 𝐸 {𝑆0𝑘
𝑔𝑝 · 𝑆0𝑙

∗𝑔𝑝 · 𝑒𝑗0𝑘
𝑔𝑝

𝑒−𝑗0𝑙
𝑔𝑝

} · 𝐸{𝑒𝑗𝑘 · 𝑒−𝑗𝑙}] 

(28) 

Therefore, to obtain the scattering coefficient it is needed to calculate the following 

terms: 

-  E{ejk · e−jl} 

-  E{Sok
a · ejΦ0k

a
} 

-  E{Sok
a · Sol

∗b · ejΦ0k
a
· e−jΦ0l

b
} 
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where the superindexes 𝑎 and 𝑏 stand for direct scattering, plant-ground scattering or 

ground-plant scattering. 

4.1 CALCULATION OF 𝐄{𝐞𝐣𝐤 · 𝐞−𝐣𝐥} 

ejk, e−jl  are the phase shifts due to the position of the trunks in the illuminated area, 

∅𝑘 = 𝑘𝑥𝑥𝑘 + 𝑘𝑦𝑦𝑘 

∅𝑙 = 𝑘𝑥𝑥𝑙 + 𝑘𝑦𝑦𝑙 
(29) 

where (𝑥𝑘, 𝑦𝑘) specifies the position of the k-th trunk and (𝑥𝑙 , 𝑦𝑙) corresponds to the 

position of the 𝑙-th trunk. 

It is assumed that the position of any trunk within the illuminated area follows a uniform 

distribution in both directions, x and y 

𝑓(𝑥, 𝑦) =
1

𝐿𝑥𝐿𝑦
{
−
𝐿𝑥

2⁄ < 𝑥 <
𝐿𝑥

2⁄

−
𝐿𝑦

2
⁄ < 𝑦 <

𝐿𝑦
2
⁄

 (30) 

If no correlation is assumed between the plant positions, which is a good approximation 

for most vegetation areas since the dimension of the trunk/stem is usually small compared 

to its distance to other plants, 𝐸{𝑒𝑗𝑘 · 𝑒−𝑗𝑙} can be expressed as: 

𝐸{𝑒𝑗𝑘 · 𝑒−𝑗𝑙} =
2 − 2 cos(𝑘𝑥𝐿𝑥)

kx2𝐿𝑥2
 
2 − 2 cos(𝑘𝑦𝐿𝑦)

k𝑦2𝐿𝑦2
 (31) 

In very dense vegetation areas, to account for the interdependence of different plant 

positions a pair distribution function can be used. Most usually, considering the whole 

correction approximation (that is, the probability of having plants closed than a given 

distance is zero) will be enough. Other pair distribution functions may be considered if 

required as the Percus-Yevick [Kong1990]. 

4.2 CALCULATION OF 𝐄{𝐒𝐨𝐤
𝐚 · 𝐞𝐣𝚽𝟎𝐤

𝐚
} 

In section 3 it was found that the scattering amplitude of a cylinder can be expressed in 

terms of the phase shift cause by its scattering centre position vector 𝛷0, 𝛷0
𝑝𝑔

  or 𝛷0
𝑔𝑝

 as: 

𝑆0 = 𝐶0(𝜃𝑖𝑐, 𝜃𝑠𝑐, ∅𝑖𝑐 − ∅𝑠𝑐, 𝜀𝑟 , 𝑎) · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝛷0) 

𝑆0𝑘
𝑝𝑔 = 𝐶0

𝑝𝑔(𝜃𝑖𝑐, 𝜃𝑠𝑐, ∅𝑖𝑐 − ∅𝑠𝑐, 𝜀𝑟 , 𝑎) · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝛷0
𝑝𝑔) 

𝑆0𝑘
𝑔𝑝 = 𝐶0

𝑔𝑝(𝜃𝑖𝑐, 𝜃𝑠𝑐, ∅𝑖𝑐 − ∅𝑠𝑐, 𝜀𝑟, 𝑎) · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝛷0
𝑔𝑝) 

(32) 

Then, for the case of interest here:  
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𝐸{𝑆𝑜𝑘
𝑎 𝑒𝑗𝛷𝑜𝑘

𝑎
} =∭𝐶0

𝑎 · 𝑘 · ℎ · sinc(𝛷0𝑘
𝑎 ) · 𝑒𝑗𝛷𝑜𝑘

𝑎
· 𝑓ℎ(ℎ) · 𝑓𝜃(𝜃𝑐) · 𝑓∅(∅𝑐) · 𝑑ℎ

· 𝑑𝜃𝑐 · 𝑑∅𝑐 
(33) 

where it has been assumed that the length of the cylinder is independent of the orientation 

angles of the trunk 𝜃𝑐 , ∅𝑐 and these orientation angles are also independent random variables 

with propability density functions 𝑓𝜃(𝜃𝑐), 𝑓∅(∅𝑐). 

Now, taken into account that 

∫𝑘 · ℎ · sinc(∅0𝑘
𝑎 ) · 𝑒𝑗∅0𝑘

𝑎
· 𝑓(ℎ) · 𝑑ℎ

= ∫
sen(𝑘 · ℎ · (cos 𝜃𝑖𝑐

𝑎 + cos 𝜃𝑠𝑐
𝑎 ))

(cos 𝜃𝑖𝑐
𝑎 + cos 𝜃𝑠𝑐

𝑎 )
𝑒𝑗𝑘ℎ(cos𝜃𝑖𝑐

𝑎+cos𝜃𝑠𝑐
𝑎 ) · 𝑓(ℎ)

· 𝑑ℎ =
𝛷𝐻(2𝑘(cos 𝜃𝑖𝑐

𝑎 + cos 𝜃𝑠𝑐
𝑎 )) − 1

2𝑗(cos 𝜃𝑖𝑐
𝑎 + cos 𝜃𝑠𝑐

𝑎 )
 

(34) 

where 𝛷𝐻(·) is the characteristic function of the heights, it is found that 

𝐸{𝑆𝑜𝑘
𝑎 𝑒𝑗𝛷𝑜𝑘

𝑎
} = ∬𝐶0𝑘

𝑎
𝛷𝐻(2𝑘(cos 𝜃𝑖𝑐

𝑎 + cos 𝜃𝑠𝑐
𝑎 )) − 1

2𝑗(cos 𝜃𝑖𝑐
𝑎 + cos 𝜃𝑠𝑐

𝑎 )
𝑓𝜃(𝜃𝑐)𝑓∅(∅𝑐)𝑑𝜃𝑐𝑑∅𝑐 (35) 

Some cases of interest are: 

1. Vertical cylinders 

𝐸{𝑆𝑜𝑘
𝑎 · 𝑒𝑗𝛷0𝑘

𝑎
} =

𝐶0𝑘
𝑎

2𝑗 (cos𝜃𝑖𝑐
𝑎+cos𝜃𝑠𝑐

𝑎 )
[ℎ(2𝑘 (cos 𝜃𝑖𝑐

𝑎 + cos 𝜃𝑠𝑐
𝑎 )) − 1] (36) 

2. Oriented cylinders 

𝐸{𝑆𝑜𝑘
𝑎 · 𝑒𝑗𝛷0𝑘

𝑎
} = ∬

𝐶0𝑘
𝑎

2𝑗 (cos𝜃𝑖𝑐
𝑎+cos𝜃𝑠𝑐

𝑎 )
[ℎ(2𝑘 (cos 𝜃𝑖𝑐

𝑎 + cos 𝜃𝑠𝑐
𝑎 ))

− 1] 𝑓(𝜃𝑐)𝑓(∅𝑐)𝑑𝜃𝑐𝑑∅𝑐 
(37) 

If a normal distributed height is supposed for the cylinders then:  

𝐸{𝑆𝑜𝑘
𝑎 · 𝑒𝑗𝛷0𝑘

𝑎
} =

∬
𝐶0𝑘
𝑎

2𝑗 (cos𝜃𝑖𝑐
𝑎+cos𝜃𝑠𝑐

𝑎 )
[𝑒−

𝜎ℎ
2(2𝑘 (cos𝜃𝑖𝑐

𝑎 +cos𝜃𝑠𝑐
𝑎 ))

2

2 𝑒𝑗(2𝑘 (cos𝜃𝑖𝑐
𝑎+cos𝜃𝑠𝑐

𝑎 ))𝜇ℎ −

1] 𝑓(𝜃𝑐)𝑓(∅𝑐)𝑑𝜃𝑐𝑑∅𝑐  

(38) 

In the case that 𝜙0𝑘
𝑎 = 0,  
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𝐸{𝑆𝑜𝑘
𝑎 · 𝑒𝑗𝛷0𝑘

𝑎
} = ∬∫ 𝐶0𝑘

𝑎 · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝑘 · ℎ · 𝜙0𝑘
𝑎 ) · 𝑒𝑗𝑘ℎ𝜙0𝑘

𝑎
 

ℎ

· 𝑓(ℎ)𝑓(𝜃𝑐)𝑓(∅𝑐)𝑑𝜃𝑐𝑑∅𝑐𝑑ℎ

=∬∫𝐶0𝑘
𝑎 · 𝑘 · ℎ · 𝑓(ℎ)𝑓(𝜃𝑐)𝑓(∅𝑐)𝑑𝜃𝑐𝑑∅𝑐𝑑ℎ

 

ℎ

=∬𝐶0𝑘
𝑎 · 𝑘 · 𝜇ℎ 𝑓(𝜃𝑐)𝑓(∅𝑐)𝑑𝜃𝑐𝑑∅𝑐 

(39) 

With 𝜇ℎ = 𝐸{ℎ}  for vertical cylinders simplifies to 𝐸{𝑆𝑜𝑘
𝑎 𝑒𝑗∅0𝑘

𝑎
} = 𝐶0𝑘

𝑎 · 𝑘 · 𝜇ℎ. 

4.3 CALCULATION OF 𝐄{𝐒𝐨𝐤
𝐚 · 𝐒𝐨𝐥

∗𝐛 · 𝐞𝐣𝚽𝟎𝐤
𝐚
· 𝐞−𝐣𝚽𝟎𝐥

𝐛
} 

It is being considered that the lengths and orientations are independent random variables, 

therefore: 

- If 𝑘 = 𝑙  and 𝑎 = 𝑏 then 𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑙

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑙

𝑏
} =  𝐸{|𝑆𝑜𝑘

𝑎 |2} 

That is 

𝐸{|𝑆𝑜𝑘
𝑎 |2}

=∭|𝐶0𝑘
𝑎 |2 · [𝑘ℎ

sen(𝑘ℎ(cos 𝜃𝑖𝑐
𝑎 + cos 𝜃𝑠𝑐

𝑎 ))

𝑘ℎ(cos 𝜃𝑖𝑐
𝑎 + cos 𝜃𝑠𝑐

𝑎 )
]

2

· 𝑓ℎ(ℎ) · 𝑓𝜃(𝜃𝑐) · 𝑓∅(∅𝑐) · 𝑑ℎ

· 𝑑𝜃𝑐 · 𝑑∅𝑐

=∬|𝐶0𝑘
𝑎 |2

·
𝛷ℎ(2𝑘(cos 𝜃𝑖𝑐

𝑎 + cos 𝜃𝑠𝑐
𝑎 )) + 𝛷ℎ(−2𝑘(cos 𝜃𝑖𝑐

𝑎 + cos 𝜃𝑠𝑐
𝑎 ))

−4(cos 𝜃𝑖𝑐
𝑎 + cos 𝜃𝑠𝑐

𝑎 )
· 𝑓𝜃(𝜃𝑐) · 𝑓∅(∅𝑐)

· 𝑑𝜃𝑐 · 𝑑∅𝑐 

(40) 

In the case of ∅0𝑘
𝑎 = 0 

𝐸{|𝑆𝑜𝑘
𝑎 |2} =∭|𝐶0𝑘

𝑎 |2 · 𝑘2 · ℎ2 · 𝑓ℎ(ℎ) · 𝑓𝜃(𝜃𝑐) · 𝑓∅(∅𝑐) · 𝑑ℎ · 𝑑𝜃𝑐 · 𝑑∅𝑐

=∬|𝐶0𝑘
𝑎 |2 · 𝑘2 · (𝜇ℎ

2 + 𝜎ℎ
2) · 𝑓𝜃(𝜃𝑐) · 𝑓∅(∅𝑐) · 𝑑𝜃𝑐 · 𝑑∅𝑐 

(41) 

Two cases are of interest: 

1. Vertical cylinders 

𝐸{|𝑆0𝑘|
2}

= |𝐶0𝑘|
2
𝛷ℎ(2𝑘(cos 𝜃𝑖𝑐

𝑎 + cos 𝜃𝑠𝑐
𝑎 )) + 𝛷ℎ(−2𝑘(cos 𝜃𝑖𝑐

𝑎 + cos 𝜃𝑠𝑐
𝑎 )) − 2

−4(cos 𝜃𝑖𝑐
𝑎 + cos 𝜃𝑠𝑐

𝑎 )
 (42) 
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2. Oriented cylinders 

𝐸{|𝑆0𝑘|
2}

= ∬|𝐶0𝑘|
2
𝛷ℎ(2𝑘(cos 𝜃𝑖𝑐

𝑎 + cos 𝜃𝑠𝑐
𝑎 )) + 𝛷ℎ(−2𝑘(cos 𝜃𝑖𝑐

𝑎 + cos 𝜃𝑠𝑐
𝑎 )) − 2

−4(cos 𝜃𝑖𝑐
𝑎 + cos 𝜃𝑠𝑐

𝑎 )

· 𝑓𝜃(𝜃𝑐) · 𝑓∅(∅𝑐) · 𝑑𝜃𝑐 · 𝑑∅𝑐 

(43) 

If a normal distributed heights is applied to the oriented cylinders the term can 

be expressed as 

𝐸{|𝑆0𝑘|
2}

= ∬|𝐶0𝑘
𝑎 |2 ·

[
 
 
 
 
𝑒−

𝜎ℎ
2(2𝑘(cos𝜃𝑖𝑐

𝑎+cos𝜃𝑠𝑐
𝑎 ))

2

2 𝑒𝑗2𝑘(cos𝜃𝑖𝑐
𝑎+cos𝜃𝑠𝑐

𝑎 )𝜇ℎ

−4𝑗(cos 𝜃𝑖𝑐
𝑎 + cos 𝜃𝑠𝑐

𝑎 )

+
𝑒−

𝜎ℎ
2(2𝑘(cos𝜃𝑖𝑐

𝑎+cos𝜃𝑠𝑐
𝑎 ))

2

2 𝑒−𝑗2𝑘(cos𝜃𝑖𝑐
𝑎+cos𝜃𝑠𝑐

𝑎 )𝜇ℎ − 2

−4𝑗(cos 𝜃𝑖𝑐
𝑎 + cos 𝜃𝑠𝑐

𝑎 )

]
 
 
 
 

· 𝑓𝜃(𝜃𝑐) · 𝑓∅(∅𝑐)

· 𝑑𝜃𝑐 · 𝑑∅𝑐 

(44) 

- If 𝑘 = 𝑙 and 𝑎 ≠ 𝑏,  

𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑘

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑘

𝑏
}

= ∬
𝐶0𝑘
𝑎 ·𝐶0𝑘

∗𝑏

−4𝜙0𝑘
𝑎 ·𝜙0𝑘

𝑏
[ℎ(2𝑘𝜙0𝑘

𝑎 ) +ℎ(−2𝑘𝜙0𝑘
𝑏 ) − 1 −

·ℎ(−2𝑘𝜙0𝑘
𝑎 − 2𝑘𝜙0𝑙

𝑏 )] · 𝑓𝜃(𝜃𝑐𝑘) · 𝑓∅(∅𝑐𝑘) · 𝑑𝜃𝑐𝑘
· 𝑑∅𝑐𝑘 

(45) 

In the case of normally distributed heights: 

𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑘

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑘

𝑏
}

= ∬
𝐶0𝑘
𝑎 ·𝐶0𝑘

∗𝑏

−4𝑗𝜙0𝑘
𝑎 ·𝜙0𝑘

𝑏
[𝑒−

𝜎ℎ
2(2𝑘𝜙0𝑘

𝑎 )
2

2 𝑒𝑗(2𝑘𝜙0𝑘
𝑎 )𝜇ℎ

+ 𝑒−
𝜎ℎ
2(−2𝑘𝜙0𝑘

𝑏 )
2

2 𝑒𝑗(−2𝑘𝜙0𝑘
𝑏 )𝜇ℎ − 1

− 𝑒−
𝜎ℎ
2(2𝑘(𝜙0𝑘

𝑎 −𝜙0𝑘
𝑏 ))

2

2 𝑒𝑗(2𝑘(𝜙0𝑘
𝑎 −𝜙0𝑘

𝑏 ))𝜇ℎ] 𝑓𝜃(𝜃𝑐𝑘)

· 𝑓∅(∅𝑐𝑘) · 𝑑𝜃𝑐𝑘 · 𝑑∅𝑐𝑘 

(46) 
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Now, some special cases must be considered 

 First case: 𝜙0𝑘
𝑎 = 0 

𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑘

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑘

𝑏
}

= ∬
𝐶0𝑘
𝑎 · 𝑘 · 𝐶0𝑘

∗𝑏

2𝑗 · ∅0𝑘
𝑏 · [𝜇ℎ + 𝑗

𝜕∅ℎ(𝑧)

𝜕(𝑧)
|
𝑧=−2𝑘∅0𝑘

𝑏

] · 𝑓𝜃(𝜃𝑐𝑘)

· 𝑓∅(∅𝑐𝑘) · 𝑑𝜃𝑐𝑘 · 𝑑∅𝑐𝑘 

(47) 

 Second case: 𝜙0𝑘
𝑏 = 0 

𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑘

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑘

𝑏
}

= ∬
𝐶0𝑘
𝑎 · 𝑘 · 𝐶0𝑘

∗𝑏

2𝑗 · ∅0𝑘
𝑎 · [𝜇ℎ + 𝑗

𝜕∅ℎ(𝑧)

𝜕(𝑧)
|
𝑧=−2𝑘∅0𝑘

𝑎

] · 𝑓𝜃(𝜃𝑐𝑘)

· 𝑓∅(∅𝑐𝑘) · 𝑑𝜃𝑐𝑘 · 𝑑∅𝑐𝑘 

(48) 

 Third case: 𝜙0𝑘
𝑎 = 0 and 𝜙0𝑘

𝑏 = 0 

𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑘

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑘

𝑏
} =

=∬𝐶0𝑘
𝑎 · 𝐶0𝑘

𝑏∗ · 𝑘2 · (𝜇ℎ
2) · 𝑓𝜃(𝜃𝑐𝑘) · 𝑓∅(∅𝑐𝑘) · 𝑑𝜃𝑐𝑘

· 𝑑∅𝑐𝑘 

(49) 

- If 𝑘 ≠ 𝑙 and the orientations of different cylinders are uncorrelated then 𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑙

∗𝑏 ·

𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑙

𝑏
} = 𝐸{𝑆𝑜𝑘

𝑎 · 𝑒𝑗𝛷0𝑘
𝑎
}𝐸{𝑆𝑜𝑙

∗𝑏 · 𝑒−𝑗𝛷0𝑙
𝑏
 }. The solution can be obtained using 

the results in section 4.2. 

- If 𝑘 ≠ 𝑙, considering that the orientation of the different cylinders might be correlated, 

it is found that: 

𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑙

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑙

𝑏
}

= ∬∬
𝐶0𝑘
𝑎 ·𝐶0𝑙

∗𝑏

−4𝜙0𝑘
𝑎 ·𝜙0𝑙

𝑏
[ℎ(2𝑘𝜙0𝑘

𝑎 ) +ℎ(−2𝑘𝜙0𝑙
𝑏 ) − 1

−ℎ(2𝑘𝜙0𝑘
𝑎 ) ·ℎ(−2𝑘𝜙0𝑙

𝑏 )] · 𝑓𝜃(𝜃𝑐𝑘, 𝜃𝑐𝑙)

· 𝑓∅(∅𝑐𝑘, ∅𝑐𝑙) · 𝑑𝜃𝑐𝑘 · 𝑑𝜃𝑐𝑙 · 𝑑∅𝑐𝑘 · 𝑑∅𝑐𝑙 

(50) 

In the case of normally distributed heights: 
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𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑙

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑙

𝑏
}

= ∬∬
𝐶0𝑘
𝑎 ·𝐶0𝑙

∗𝑏

−4𝑗𝜙0𝑘
𝑎 ·𝜙0𝑙

𝑏
[𝑒−

𝜎ℎ
2(2𝑘𝜙0𝑘

𝑎 )
2

2 𝑒𝑗(2𝑘𝜙0𝑘
𝑎 )𝜇ℎ

+ 𝑒−
𝜎ℎ
2(−2𝑘𝜙0𝑙

𝑏 )
2

2 𝑒𝑗(−2𝑘𝜙0𝑙
𝑏 )𝜇ℎ − 1

− 𝑒−
𝜎ℎ
2(2𝑘(𝜙0𝑘

𝑎 −𝜙0𝑙
𝑏 ))

2

2 𝑒𝑗(2𝑘(𝜙0𝑘
𝑎 −𝜙0𝑙

𝑏 ))𝜇ℎ] · 𝑓𝜃(𝜃𝑐𝑘, 𝜃𝑐𝑙)

· 𝑓∅(∅𝑐𝑘, ∅𝑐𝑙) · 𝑑𝜃𝑐𝑘 · 𝑑𝜃𝑐𝑙 · 𝑑∅𝑐𝑘 · 𝑑∅𝑐𝑙 

(51) 

Now, some special cases must be considered 

 First case: 𝜙0𝑘
𝑎 = 0 

𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑙

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑙

𝑏
}

= ∬∬∫ 𝐶0𝑘
𝑎 · 𝑘 · ℎ · 𝐶0𝑙

∗𝑏 · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝑘 · ℎ · 𝜙0𝑙
∗𝑏)

ℎ

· 𝑒−𝑗𝑘ℎ𝜙0𝑙
𝑏
· 𝑓(ℎ) · 𝑓𝜃(𝜃𝑐𝑘, 𝜃𝑐𝑙) · 𝑓∅(∅𝑐𝑘, ∅𝑐𝑙) · 𝑑ℎ · 𝑑𝜃𝑐𝑘

· 𝑑𝜃𝑐𝑙 · 𝑑∅𝑐𝑘 · 𝑑∅𝑐𝑙

=∬∬
𝐶0𝑘
𝑎 · 𝑘 · 𝐶0𝑙

∗𝑏

2𝑗 · ∅0𝑙
𝑏 · [𝜇ℎ + 𝑗

𝜕∅ℎ(𝑧)

𝜕(𝑧)
|
𝑧=−2𝑘∅0𝑙

𝑏

]

· 𝑓𝜃(𝜃𝑐𝑘, 𝜃𝑐𝑙) · 𝑓∅(∅𝑐𝑘, ∅𝑐𝑙) · 𝑑𝜃𝑐𝑘 · 𝑑𝜃𝑐𝑙 · 𝑑∅𝑐𝑘 · 𝑑∅𝑐𝑙 

(52) 

For a normal distribution of cylinder’s lengths 

𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑙

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑙

𝑏
}

= ∬∬
𝐶0𝑘
𝑎 · 𝑘 · 𝐶0𝑙

∗𝑏

2𝑗 · ∅0𝑙
𝑏

· [𝜇ℎ − 𝑗[𝑗𝜇ℎ − 𝜎ℎ
2(−2𝑘0𝑙

𝑏 )]𝑒−
𝜎ℎ
2(−2𝑘0𝑙

𝑏 )
2

2 𝑒𝑗(−2𝑘0𝑙
𝑏 )𝜇ℎ]

· 𝑓𝜃(𝜃𝑐𝑘, 𝜃𝑐𝑙) · 𝑓∅(∅𝑐𝑘, ∅𝑐𝑙) · 𝑑𝜃𝑐𝑘 · 𝑑𝜃𝑐𝑙 · 𝑑∅𝑐𝑘 · 𝑑∅𝑐𝑙 

(53) 

 Second case: 𝜙0𝑙
𝑏 = 0 

𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑙

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑙

𝑏
}

= ∬∬∫ 𝐶0𝑘
𝑎 · 𝑘 · ℎ · 𝑠𝑖𝑛𝑐(𝑘 · ℎ · ∅0𝑘

𝑎 ) · 𝑒𝑗𝑘∅0𝑘
𝑎
· 𝐶0𝑙

𝑏∗

ℎ

· 𝑘 · ℎ · 𝑓(ℎ) · 𝑓𝜃(𝜃𝑐𝑘, 𝜃𝑐𝑙) · 𝑓∅(∅𝑐𝑘, ∅𝑐𝑙) · 𝑑ℎ · 𝑑𝜃𝑐𝑘
· 𝑑𝜃𝑐𝑙 · 𝑑∅𝑐𝑘 · 𝑑∅𝑐𝑙

=∬∬
𝐶0𝑘
𝑎 · 𝐶0𝑙

𝑏∗ · 𝑘

2𝑗 · ∅0𝑘
𝑎 · [−𝑗

𝜕ℎ(𝑧)

𝜕𝑧
|
𝑧=2𝑘∅0𝑘

𝑎
− 𝜇ℎ]

· 𝑓𝜃(𝜃𝑐𝑘, 𝜃𝑐𝑙) · 𝑓∅(∅𝑐𝑘, ∅𝑐𝑙) · 𝑑𝜃𝑐𝑘 · 𝑑𝜃𝑐𝑙 · 𝑑∅𝑐𝑘 · 𝑑∅𝑐𝑙 

(54) 
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In the case of normal distribution of heights, 

𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑙

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑙

𝑏
}

= ∬∬
𝐶0𝑘
𝑎 · 𝐶0𝑙

𝑏∗ · 𝑘

2𝑗 · ∅0𝑘
𝑎

· [𝑗(𝜎ℎ
2(2𝑘∅0𝑘

𝑎 ) − 𝑗𝜇ℎ)𝑒
−
𝜎ℎ
2(2𝑘∅0𝑘

𝑎 )2

2 𝑒𝑗(2𝑘∅0𝑘
𝑎 )𝜇ℎ − 𝜇ℎ]

· 𝑓∅(∅𝑐𝑘, ∅𝑐𝑙) · 𝑑𝜃𝑐𝑘 · 𝑑𝜃𝑐𝑙 · 𝑑∅𝑐𝑘 · 𝑑∅𝑐𝑙 

(55) 

 

 Third case: 𝜙0𝑘
𝑎 = 0 and 𝜙0𝑙

𝑏 = 0 

𝐸 {𝑆𝑜𝑘
𝑎 · 𝑆𝑜𝑙

∗𝑏 · 𝑒𝑗𝛷0𝑘
𝑎
· 𝑒−𝑗𝛷0𝑙

𝑏
}

= ∬∬∫ 𝐶0𝑘
𝑎 · 𝑘 · ℎ · 𝐶0𝑙

𝑏∗ · 𝑘 · ℎ · 𝑓(ℎ) · 𝑓𝜃(𝜃𝑐𝑘, 𝜃𝑐𝑙)
ℎ

· 𝑓∅(∅𝑐𝑘, ∅𝑐𝑙) · 𝑑ℎ · 𝑑𝜃𝑐𝑘 · 𝑑𝜃𝑐𝑙 · 𝑑∅𝑐𝑘 · 𝑑∅𝑐𝑙

=∬∬𝐶0𝑘
𝑎 · 𝐶0𝑙

𝑏∗ · 𝑘2 · (𝜇ℎ
2 + 𝜎ℎ

2) · 𝑓𝜃(𝜃𝑐𝑘, 𝜃𝑐𝑙)

· 𝑓∅(∅𝑐𝑘, ∅𝑐𝑙) · 𝑑𝜃𝑐𝑘 · 𝑑𝜃𝑐𝑙 · 𝑑∅𝑐𝑘 · 𝑑∅𝑐𝑙 

(56) 

5 The scattering model applied to different sceneries 

The scattering model described can be applied to different vegetal structures. Given the 

importance of the monitoring of agriculture areas, next, it is shown, as an example, the 

models for the maize and rice plants. 

5.1 MAIZE PLANT 

To model the maize plant vertical trunks and oriented primary branches are considered. 

Both, trunks and branches could be defined by cylinders as shown in Figure 4.14 

 

Figure 4. 14. Scheme for crop field 
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With this structure, the scattering amplitude can be expressed as  

𝑆𝑘 = 𝑆0𝑘 · 𝑒
𝑗0𝑘 · 𝑒𝑗𝑘 + 𝑒𝑗𝑘∑𝑆0𝑘𝑟 ·

𝑟

𝑒𝑗0𝑘𝑟 · 𝑒𝑗𝑘𝑟 + 𝑅(𝜃𝑠) · 𝑆0𝑘
𝑝𝑔 · 𝑒𝑗0𝑘

𝑝𝑔

· 𝑒𝑗𝑘
𝑝𝑔

+ 𝑒𝑗𝑘
𝑝𝑔

∑𝑅(𝜃𝑠) · 𝑆0𝑘𝑟
𝑝𝑔 · 𝑒𝑗0𝑘𝑟

𝑝𝑔

𝑟

+ 𝑅(𝜃𝑖) · 𝑆0𝑘
𝑔𝑝 · 𝑒𝑗0𝑘

𝑔𝑝

· 𝑒𝑗𝑘
𝑔𝑝

+ 𝑒𝑗𝑘
𝑔𝑝

∑𝑅(𝜃𝑖) · 𝑆0𝑘𝑟
𝑔𝑝 · 𝑒𝑗0𝑘𝑟

𝑔𝑝

𝑟

 

(57) 

Then, the scattering coefficient can be calculated as 

𝜎 = 𝐸 {∑𝑆𝑘
𝑘

∑𝑆𝑙
∗

𝑙

} (58) 

and it is easy to check that all the resulting terms correspond to one of the terms analysed in 

sections 4.1, 4.2 and 4.3. 

5.2 RICE 

A rice plant can be represented by a set of oriented stems as it is shown in Figure 4.15. 

Each stem is modelled as an oriented cylinder. This scheme corresponds to the case of trunks 

with correlated orientation analysed in the previous sections. 

 

Figure 4. 15. Scheme for rice plant 

 

 The pair distribution function for the positions of the stems of the rice plants can be 

expressed as  
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𝑓(
𝑥𝑙
𝑥𝑘⁄ ) =

{
 
 

 
 

1

𝐿𝑥 − 4𝐷
0 < 𝑥𝑙 < 𝑥𝑘 − 2𝐷, 𝑥𝑘 + 2𝐷 < 𝑥𝑙 < 𝐿𝑥

1

2𝐷 − 4𝑑
𝑥𝑘 − 𝐷 < 𝑥𝑙 < 𝑥𝑘 + 𝐷

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (59) 

where D is the distance between plants, d is the distance between stems inside a plant and 

Lx is the length of the field. 

The direct scattering amplitude corresponding to the k-th can be expressed as  

𝑆𝑘 =∑𝑆0𝑘𝑗𝑒
𝑗𝑘𝑒𝑗𝑘𝑗𝑒𝑗0𝑘𝑗

𝑁

𝑗

 (60) 

where  𝑒𝑗𝑘   represents the position of the plant with respect to the coordinate origin,  𝑒𝑗𝑘𝑗 

defines the relative position of the stems inside each plant and 𝑒𝑗0𝑘𝑗 defines the relative 

position of the scattering centre of the stem. Finally, considering the plant-ground and 

ground-plant interactions, the scattering amplitude of the 𝑘-th plant becomes: 

𝑆𝑘 =∑𝑆0𝑘𝑗𝑒
𝑗𝑘𝑒𝑗𝑘𝑗𝑒𝑗0𝑘𝑗

𝑁

𝑗

+∑𝑅(𝜃𝑠)𝑆0𝑘𝑗
𝑝𝑔 𝑒𝑗𝑘𝑒𝑗𝑘𝑗

𝑝𝑔

𝑒
𝑗0𝑘𝑗

𝑝𝑔
𝑁

𝑗

+∑𝑅(𝜃𝑖)𝑆0𝑘𝑗
𝑔𝑝 𝑒𝑗𝑘𝑒𝑗𝑘𝑗

𝑔𝑝

𝑒
𝑗0𝑘𝑗

𝑔𝑝
𝑁

𝑗

 

(61) 

Then, the scattering coefficient could be calculated as in equation (62) using the results 

shown in sections 4.1, 4.2 and 4.3.  

𝜎 = 𝐸 {∑𝑆𝑘
𝑘

∑𝑆𝑙
∗

𝑙

} (62) 

6 Results 

For vertical cylinders some simple situations have been analysed to validate the results. 

Figure 4.16 shows the incoherent part of the bistatic scattering coefficient for a uniform 

random distribution of vertical dielectric cylinders.  Continuous line shows results obtained 

with the statistical/scattering method proposed, discontinuous line shows results obtained 

through Montecarlo simulations as in [Tsang2001].  

The results have been obtained for cylinders of average length of 60 cm and standard 

deviation of 1 cm, incidence direction of i=45.55o, i=0o, ground dielectric constant 

g=(15+5j)0, cylinder dielectric constant of c=(20+3j)0 and wavelength of 20 cm, these 

parameters are the same used in [Tsang2001] in order to validate the model. 
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Figure 4. 16. Comparison between L-System/MonteCarlo simulation results and 

statistical/scattering model results 

Figures 4.17 to 4.20, show how the cylinder length affects the scattering coefficient and 

the mean power. As the length of the cylinders increases the scattering amplitude increases 

slightly around specular and backscattering direction, besides, the number of secondary lobes 

increases. 

In Figures 4.21 to 4.24 it can be observed a more significant change in the scattering 

amplitude when the cylinder radius is increased. 

 

Figure 4. 17. Effects of cylinder length in the bistatic scattering coefficient. HH-polarization. 
Vertical cylinders 
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Figure 4. 18. Effects of cylinder length in the bistatic scattering coefficient.  VV-polarization. 
Vertical cylinders 

 

Figure 4. 19. Effects of cylinder length in the mean power. HH polarization 
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Figure 4. 20. Effects of cylinder length in the mean power. VV polarization 

 

Figure 4. 21. Effects of cylinder width in the bistatic scattering coefficient. HH-polarization. 
Vertical cylinders 
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Figure 4. 22. Effects of cylinder width in the bistatic scattering coefficient. VV-polarization. 
Vertical cylinders 

 

Figure 4. 23. Effects of width cylinder changes in the mean power. HH polarization. 
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Figure 4. 24. Effects of width cylinder changes in the mean power. VV polarization 

 

Figure 4. 25. Effects of height randomness in the bistatic coefficient. HH-polarization. Vertical 
cylinders 
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Figure 4. 26. Effects of height randomness in the bistatic coefficient. VV-polarization. Vertical 
cylinders 

 

Figure 4. 27. Effects of height randomness in the mean power. HH polarization 
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Figure 4. 28. Effects of height randomness in the mean power. VV polarization 

 

In Figures 4.25 to 4.28 it can be observed that, as the randomness of the cylinder heights 

increases, the secondary lobes disappear making the scattering signal more uniform in all 

directions. 

Now, results of the bistatic scattering coefficient and total power have been obtained  for 

oriented cylinders with an average length of 60 cm and a standard deviation of 1 cm, 

incidence direction of i=45.55o, i=0o, ground dielectric constant g=(15+5j)0, cylinder 

dielectric constant of c=(20+3j)0 and wavelength of 20 cm. A normal distributions is 

considered for θ orientation angle and a uniform distribution for orientation angle. 

Figures 4.29 and 4.30 shows the bistatic scattering coefficient and the mean scattered 

power for oriented cylinders as the randomness of the orientation is increased. When this 

happens the incoherent scattering coefficient decreases in the backscattering direction, but, 

as expected no variations can be observed in the specular direction. 
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Figure 4. 29. Effects of oriented cylinders randomness in the incoherent scattering coefficient 
for hh-polarization. 

 

Figure 4. 30. Effects of oriented cylinders randomness in the mean scattering power 

Keeping a constant orientation angle 𝜙 while increasing the orientation angle of the 

cylinders it can be observed that the scattering coefficient losses its principal lobe in the 

backscattering direction while the results stands around specular direction. The results can 

be observed in Figures 4.31 to 4.34. 
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Figure 4. 31. Bistatic scattering coefficient. HH-polarization.                                             

Randomly oriented cylinders in 

 

 

 

Figure 4. 32 Mean scattered power. HH-polarization.                                                         

Randomly oriented cylinders in 

 

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-55

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

Scattering angle 
s
 (rad)

 h
h

i
Incoherent bistatic scattering coefficient.HH-polarization

 

 



=10º, 


=2º



=15º, 


=2º



=25º, 


=2º

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-50

-40

-30

-20

-10

0

10

20

Scattering angle 
s
 (rad)

P
h
h
 (

d
B

)

Mean Scattered Power. HH polarization.

 

 



=10º, 


=2º



=15º, 


=2º



=25º, 


=2º



Chapter 4 The Scattering Model 

 

72 
 

 

Figure 4. 33. Bistatic scattering coefficient. VV-polarization.                                             

Randomly oriented cylinders in 

 

 

 

Figure 4. 34. Mean scattered power. VV-polarization.                                                        

Randomly oriented cylinders in 
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CHAPTER 5: ELECTROMAGNETIC SCATTERING FROM 

VEGETATION CYLINDRICAL COMPONENTS 

1. Introduction 

Accurate estimation of electromagnetic scattering from vegetation is of interest for 

remote sensing applications as well as for communications to improve attenuation 

calculations. Since many of the elemental scatterers found in vegetation media can be 

approximated by cylinders, computation of electromagnetic scattering from cylinders at 

oblique incidence is important. 

In 1955 Wait [Wait1955] presented a general solution for the electromagnetic scattering 

from a homogeneous infinite circular cylinder, at oblique incidence. No assumptions about 

the complex dielectric constant were made. The given solution is valid for the entire space. 

Recently, this solution was used in [Karam1988] to obtain the far-field scattering matrix of a 

finite dielectric cylinder at oblique incidence. Being based on the solution for an infinite 

cylinder the solution proposed is valid for cylinders with large length to radius ratios. This 

far field solution has been widely reviewed and validated in [Tsang2000], [Matth2005]. Also, 

it has been routinely used when developing vegetation scattering models [Karam1992], 

[Chau1994], [Lin1999]. However it cannot be used if vegetation elements are in the near field 

of each other and second order scattering contributions cannot be neglected [Yueh1992], 

[Zhao2012]. At low frequencies and/or for some dense vegetation fields, as most cultivated 

crop fields are, multiple scattering and near-field effects cannot be neglected. The solution 

provided in [Sarab1993] allows calculation of scattering in the near-field with respect to the 

cylinder length dimension but requires the cylinder length to be long with respect to the 

wavelength and, to be in the far-field region with respect to the cylinder diameter. In this 

study a new approach for finite cylinder scattering calculations is explored. It is valid in both 
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in the whole near-field and far-field regions making in it a good solution for high and low 

frequencies when the vegetation elements are close to each other and second order scattering 

must be taken into account. The approach to be presented considers an infinite cylinder 

illuminated by a plane wave. The incident field on the cylinder is “windowed”, so that, it is 

zero outside the actual finite length cylinder. Spectral decomposition of this field on the 

cylinder surface, and application of boundary conditions allow obtaining the scattered field. 

2. Problem and Approach Description 

Let us supposed a homogeneous finite length cylinder with length L, radius a and relative 

complex dielectric constant 𝜀𝑟 placed in free space. The reference system is defined in the 

figure 5.1. 

The incident homogeneous plane wave 

can be expressed as �⃗� 𝑖 = 𝐸0 · 𝑒
𝑗𝑘0�̂�𝑖𝑟 · �̂�𝑖 

where 𝑘0 = 𝜔√𝜇0𝜀0 is the free space 

wavenumber, �̂�𝑖 = sin 𝜃𝑖 cos 𝑖 �̂� +

sin 𝜃𝑖 cos 𝑖 �̂� + cos 𝜃𝑖 �̂� represents the 

incident direction and �̂�𝑖 the incident field 

polarization that can be horizontal ℎ̂𝑖 =
�̂�×�̂�𝑖

|�̂�×�̂�𝑖|
= −sin 𝑖 �̂� + cos 𝑖 �̂� or vertical 

�̂�𝑖 = ℎ̂𝑖 × �̂�𝑖 = cos 𝜃𝑖 cos 𝑖 �̂� +

cos 𝜃𝑖 sin 𝑖 �̂� − sin 𝜃𝑖 �̂�. It’s been 

supposed an angular frequency 𝜔 = 2𝜋𝑓 

and a tome harmonic dependence of the 

form 𝑒−𝑗𝜔𝑡.  

For the scattered field �̂�𝑠 can be expressed as �̂�𝑠 = sin 𝜃𝑠 cos 𝑠 �̂� + sin 𝜃𝑠 cos 𝑠 �̂� +

cos 𝜃𝑠 �̂�, its horizontal polarization vector as ℎ̂𝑠 =
�̂�×�̂�𝑠

|�̂�×�̂�𝑠|
= −sin 𝑠 �̂� + cos 𝑠 �̂� and its 

vertical polarization vector as �̂�𝑠 = ℎ̂𝑠 × �̂�𝑠 = cos 𝜃𝑠 cos 𝑠 �̂� + cos 𝜃𝑠 sin 𝑠 �̂� − sin 𝜃𝑠 �̂�. 

Let’s consider an infinite cylinder that contains the cylinder of interest shown in Fig. 5.1. 

The scattered field from this infinite cylinder can be calculated, as shown in [Wait1955], 

[Karam1988] by applying the boundary conditions on the cylinder surface and assuming that 

both, internal and scattered fields, can be expressed as a sum of cylindrical waves. By 

denoting the internal field inside the infinite cylinder as �⃗� 𝑖𝑛𝑡 and the scattered field outside 

it as �⃗� 𝑠 the boundary conditions lead to �̂�𝑥(�⃗� 𝑖𝑛𝑡 − �⃗� 𝑠)|𝜌=𝑎 = �̂�𝑥�⃗�
 
𝑖|𝜌=𝑎 and �̂�𝑥(�⃗⃗� 𝑖𝑛𝑡 −

�⃗⃗� 𝑠)|𝜌=𝑎 = �̂�𝑥�⃗⃗�
 
𝑖|𝜌=𝑎 

With the internal field inside the cylinder expressed as the sum of the ingoing cylindrical 

waves 𝑅𝑔�̅�𝑛(𝑘𝑧, 𝑘𝑐𝜌) and 𝑅𝑔𝑁𝑛(𝑘𝑧, 𝑘𝑐𝜌). So  

Figure 5. 1. Cylinder Reference System 
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�⃗� 𝑖𝑛𝑡 = ∫ ∑ (𝐶𝑛
𝑚(𝑘𝑧)𝑅𝑔�̅�𝑛(𝑘𝑧, 𝑘𝑐𝜌) + 𝐶𝑛

𝑛(𝑘𝑧)𝑅𝑔𝑁𝑛(𝑘𝑧, 𝑘𝑐𝜌)) 𝑑𝑘𝑧

∞

𝑛=−∞

 (1) 

where  

𝑅𝑔�̅�𝑛(𝑘𝑧, 𝑘𝑐𝜌) =(
𝑗𝑛

𝜌
𝐽𝑛(𝑘𝑐𝑝𝜌)�̂� − 𝑘𝑐𝑝𝐽𝑛

′ (𝑘𝑐𝑝𝜌)̂) 𝑒
𝑗𝑛𝑒𝑗𝑘𝑧𝑧  

𝑅𝑔𝑁𝑛(𝑘𝑧, 𝑘𝑐𝜌) = (
𝑗𝑘𝜌𝑘𝑧

𝑘
𝐽𝑛
′ (𝑘𝑐𝑝𝜌)�̂� −

𝑛𝑘𝑧

𝑘𝜌
𝐽𝑛(𝑘𝑐𝑝𝜌)̂+

𝑘𝑐𝜌
2

𝑘
𝐽𝑛(𝑘𝑐𝑝𝜌)�̂�) 𝑒

𝑗𝑛𝑒𝑗𝑘𝑧𝑧  

𝑘𝑐𝑝 = √𝑘𝑐2 − 𝑘𝑧2, 𝑘𝑐 = 𝜔√𝜇0𝜀0𝜀𝑟  

and 𝐽𝑛(·) is the n-th order Bessel function and 𝐽𝑛
′ (·) its corresponding derivative. 

The same way the scattering field can be calculated as a sum of the outgoing cylindrical 

waves �̅�𝑛(𝑘𝑧, 𝑘𝑐𝜌) and 𝑁𝑛(𝑘𝑧, 𝑘𝑐𝜌) replacing the Bessel funcions by the Hankel functions. 

So  

�⃗� 𝑠 = ∫ ∑ (𝑆𝑛
𝑚(𝑘𝑧)�̅�𝑛(𝑘𝑧, 𝑘𝑐𝜌) + 𝑆𝑛

𝑛(𝑘𝑧)𝑁𝑛(𝑘𝑧, 𝑘𝑐𝜌))𝑑𝑘𝑧

∞

𝑛=−∞

 (2) 

where  𝑘𝜌 = √𝑘2 − 𝑘𝑧2. 

The coefficients of the scattered cylindrical waves, 𝑆𝑛
𝑚(𝑘𝑧) and 𝑆𝑛

𝑛(𝑘𝑧) and those of the 

internal cylindrical waves 𝐶𝑛
𝑚(𝑘𝑧) and 𝐶𝑛

𝑛(𝑘𝑧) can be obtained from the boundary 

conditions if the tangential components of the surface fields on the cylinder due to the 

incident wave are known. For an incident plane wave, vertically polarized, these are: 

�⃗� 𝑖
𝑣(𝜌 = 𝑎) = 𝑒𝑗𝑘𝑖𝑧𝑧𝑒𝑗𝑘𝑖𝜌𝑎cos(𝑖−)(cos 𝜃𝑖 sin(𝑖 − ) ̂ − sin 𝜃𝑖 �̂�)

�⃗⃗� 𝑖
𝑣(𝜌 = 𝑎) =

𝑘

𝜔𝜇
𝑒𝑗𝑘𝑖𝑧𝑧𝑒𝑗𝑘𝑖𝜌𝑎cos(𝑖−) cos(𝑖 − ) ̂                            

 (3) 

with 𝑘𝑖𝑧 = 𝑘0 cos 𝜃𝑖 and 𝑘𝑖𝜌 = 𝑘0 sin 𝜃𝑖.  

And the surface fields for an incident wave horizontally polarized are 

�⃗� 𝑖
ℎ(𝜌 = 𝑎) = 𝑒𝑗𝑘𝑖𝑧𝑧𝑒𝑗𝑘𝑖𝜌𝑎cos(𝑖−)(cos(𝑖 − ) ̂)                                    

�⃗⃗� 𝑖
ℎ(𝜌 = 𝑎) =

−𝑘

𝜔𝜇
𝑒𝑗𝑘𝑖𝑧𝑧𝑒𝑗𝑘𝑖𝜌𝑎cos(𝑖−)(cos 𝑖 sin(𝑖 − ) ̂− sin 𝜃𝑖 �̂�)

 (4) 

with, 𝑘𝑖𝑧 = 𝑘0 cos 𝜃𝑖 and 𝑘𝑖𝜌 = 𝑘0 sin 𝜃𝑖.  

Now, 𝑆𝑛
𝑚(𝑘𝑧), 𝑆𝑛

𝑛(𝑘𝑧),  𝐶𝑛
𝑚(𝑘𝑧) and 𝐶𝑛

𝑛(𝑘𝑧) can be easily calculated from the linear 

equation systems that result if field expressions (1), (2) and (3) or (4) are substituted in the 

equations given by the boundary conditions on the cylinder surface. Thus, both the internal 

and scattered fields from an infinite cylinder are obtained as shown in [Wait1955]. Based on 

this solution, an approximation for obtaining the scattered field from a finite length cylinder 
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was proposed in [Karam1988]. This solution, valid in the far-field region, is based on 

integrating the internal field of the infinite cylinder inside the finite cylinder using the 

Helmholtz integral equation. Since the internal fields of the finite cylinder are approximated 

by the internal fields of the infinite cylinder, this approximation is valid for finite cylinders 

with large length to radius ratio. The same approach was considered in [Tsang2000] though 

here, the Helmholtz integral is performed only over the cylindrical surface of the finite 

cylinder, consequently neglecting radiation from the top ends. 

The approximation that is proposed here is different from those proposed in 

[Karam1988] and [Tsang2000]. In those cases, it was proposed “to window” the internal field 

in the infinite cylinder to calculate the scattered field from the finite cylinder, that is, the 

internal fields of the infinite cylinder that are outside the actual finite cylinder of interest are 

neglected. In here it is proposed “to window” the incident field on the infinite cylinder 

surface before calculating the scattered and internal fields of the infinite cylinder. That is, any 

incident field on the infinite cylinder surface, outside the cylindrical surface of the actual 

finite cylinder, will be neglected. Evidently, this approach implies neglecting the 

scattering/radiation from the cylinder top ends and the diffracted fields from the cylindrical 

surface limits of the finite cylinder. Neglecting these contributions may be unacceptable for 

some applications. However, if we consider the structure of most vegetation media, where 

the elemental scatterers are connected through their ends or to the ground, so scattering 

from these ends is not important as they are usually blocked by the ground, other branches 

or other smaller vegetation elements as leaves, it looks reasonable to neglect those 

contributions. In return, the scattered field solution will be valid in the near- and far-field 

regions. 

3. Approximation to the scattered field from a cylinder 

Considering the proposed approach, the boundary conditions to be met on the cylinder 

surface can be expressed as: 

�̂� × (�⃗� 𝑖𝑛𝑡 − �⃗� 𝑠) = {
�̂� × �⃗� 𝑖 |𝑧| ≤ 𝐿 2, 𝜌 = 𝑎⁄

0 |𝑧| > 𝐿 2, 𝜌 = 𝑎⁄
 (5) 

�̂� × (�⃗⃗� 𝑖𝑛𝑡 − �⃗⃗� 𝑠) = {
�̂� × �⃗⃗� 𝑖 |𝑧| ≤ 𝐿 2, 𝜌 = 𝑎⁄

0 |𝑧| > 𝐿 2, 𝜌 = 𝑎⁄
 (6) 

 

Since both, the internal and scattered fields of the cylinder surface are expressed in terms 

cylindrical functions, that is, in terms of exponential functions of 𝑧 and , to obtain the 

scattered field from solving for the boundary conditions equations (5) and (6), the fields on 

the cylinder surface can be expanded in terms of exponential functions on 𝑧 and  by means 

of the transformation pair 

 �⃗� (𝑧, ) = ∫ ∑ 𝐹 𝑛(𝑘𝑧)
∞
𝑛=−∞

∞

−∞
𝑒𝑗𝑘𝑧𝑧𝑒𝑗𝑛𝑑𝑘𝑧 (7) 
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 𝐹 𝑛(𝑘𝑧) =
1

4𝜋2
∫ ∫ �⃗� (𝑧, )

𝜋

−𝜋

∞

−∞
𝑒−𝑗𝑘𝑧𝑧𝑒−𝑗𝑛𝑑𝑧𝑑 

Doing so, for the approach proposed, the tangential components of the incident electric 

and magnetic fields on the cylinder surface can be expressed as 

�⃗� 𝑖
𝑣‖(𝜌 = 𝑎) = ∫ ∑ 𝐹 𝑛

𝑣

∞

𝑛=−∞

∞

−∞

(𝑘𝑧)𝑒
𝑗𝑘𝑧𝑧𝑒𝑗𝑛∅𝑑𝑘𝑧 (8) 

�⃗� 𝑖
ℎ‖(𝜌 = 𝑎) = ∫ ∑ 𝐹 𝑛

ℎ

∞

𝑛=−∞

∞

−∞

(𝑘𝑧)𝑒
𝑗𝑘𝑧𝑧𝑒𝑗𝑛∅𝑑𝑘𝑧 (9) 

�⃗⃗� 𝑖
𝑣‖(𝜌 = 𝑎) = ∫ ∑

𝑘

𝜔𝜇
𝐹 𝑛
ℎ

∞

𝑛=−∞

∞

−∞

(𝑘𝑧)𝑒
𝑗𝑘𝑧𝑧𝑒𝑗𝑛∅𝑑𝑘𝑧 (10) 

�⃗⃗� 𝑖
ℎ‖(𝜌 = 𝑎) = ∫ ∑

−𝑘

𝜔𝜇
𝐹 𝑛
𝑣

∞

𝑛=−∞

∞

−∞

(𝑘𝑧)𝑒
𝑗𝑘𝑧𝑧𝑒𝑗𝑛∅𝑑𝑘𝑧 (11) 

where 

𝐹 𝑛
𝑣(𝑘𝑧) = 𝑗𝑛𝑒−𝑗𝑛𝑖𝐽𝑛

 (𝑘𝑖𝜌𝑎)𝐿𝑠𝑖𝑛𝑐 (
(𝑘𝑧 − 𝑘𝑖𝑧)𝐿

2𝜋
)
1

2𝜋
(cos 𝜃𝑖

𝑛

𝑘𝑖𝜌𝑎
̂ − sin 𝜃𝑖 �̂�) (12) 

𝐹 𝑛
ℎ(𝑘𝑧) = 𝑗(𝑛+1)𝑒−𝑗𝑛𝑖𝐽𝑛

 
′ (𝑘𝑖𝜌𝑎)𝐿𝑠𝑖𝑛𝑐 (

(𝑘𝑧 − 𝑘𝑖𝑧)𝐿

2𝜋
)
1

2𝜋
̂ (13) 

Then, in the case of a vertically polarized incident wave, the application of the boundary 

conditions will lead to: 

𝑀𝐵𝐶

[
 
 
 
𝑆𝑛
𝑚(𝑘𝑧)

𝑆𝑛
𝑛(𝑘𝑧)

𝐶𝑛
𝑚(𝑘𝑧)

𝐶𝑛
𝑛(𝑘𝑧)]

 
 
 

=

[
 
 
 
 𝐹
 
𝑛
𝑣�̂�

𝐹 𝑛
𝑣̂

0

𝑗𝑘𝐹⃗⃗ ⃗⃗ ⃗⃗  𝑛
ℎ̂]
 
 
 
 

 (14) 

while if a horizontally polarized incident wave is considered, the system to solve will be: 

𝑀𝐵𝐶

[
 
 
 
𝑆𝑛
𝑚(𝑘𝑧)

𝑆𝑛
𝑛(𝑘𝑧)

𝐶𝑛
𝑚(𝑘𝑧)

𝐶𝑛
𝑛(𝑘𝑧)]

 
 
 

=

[
 
 
 
 

0

𝐹 𝑛
ℎ̂

−𝑗𝑘𝐹 𝑛
𝑣�̂�

−𝑗𝑘𝐹 𝑛
𝑣̂]
 
 
 
 

 (15) 

where   
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𝑀𝐵𝐶 =

[
 
 
 
 
 
 0
𝑘𝜌𝐻𝑛

′ (𝑘𝜌𝑎)

−𝑘𝜌
2𝐻𝑛

 (𝑘𝜌𝑎)

𝑛𝑘𝑧
𝑎
𝐻𝑛
 (𝑘𝜌𝑎)

 

−
𝑘𝜌
2

𝑘
𝐻𝑛
 (𝑘𝜌𝑎)

𝑛𝑘𝑧
𝑘𝑎

𝐻𝑛
 (𝑘𝜌𝑎)

0
𝑘𝑘𝜌𝐻𝑛

′ (𝑘𝜌𝑎)

 

0
−𝑘𝑐𝜌𝐽𝑛

′ (𝑘𝜌𝑎)

𝑘𝑐𝜌
2 𝐽𝑛

 (𝑘𝜌𝑎)

−
𝑛𝑘𝑧
𝑎
𝐽𝑛
 (𝑘𝜌𝑎)

 

𝑘𝑐𝜌
2

𝑘
𝐽𝑛
′ (𝑘𝜌𝑎)

−
𝑛𝑘𝑧
𝑘𝑐𝑎

𝐽𝑛
 (𝑘𝜌𝑎)

0
−𝑘𝑐𝜌𝑘𝑐𝐽𝑛

′ (𝑘𝜌𝑎)]
 
 
 
 
 
 

 (16) 

Once the coefficients 𝑆𝑛
𝑚(𝑘𝑧) and  𝑆𝑛

𝑛(𝑘𝑧) are calculated, the scattered field at any 𝜌 >

𝑎 can be calculated using   

�⃗� 𝑠 = ∫ ∑ (𝑆𝑛
𝑚(𝑘𝑧)�̅�𝑛(𝑘𝑧, 𝑘𝑐𝜌) + 𝑆𝑛

𝑛(𝑘𝑧)𝑁𝑛(𝑘𝑧, 𝑘𝑐𝜌))𝑑𝑘𝑧

∞

𝑛=−∞

 (17) 

where 𝑘𝜌 = √𝑘2 − 𝑘𝑧2. 

The scattering field in far-field region can be calculated assuming 𝑘𝑟
 
→∞. The outgoing 

cylindrical wave functions can be written as 

�̅�𝑛(𝑘𝑧, 𝑘𝜌)

= −𝑗 ksin√
2

𝜋𝑘 sin rsin 𝜃𝑠
𝑒−𝑗(

𝑛𝜋
2
+
𝜋
4
)𝑒𝑗𝑘𝑟 sin sin𝜃𝑠𝑒𝑗𝑘𝑟 cos cos𝜃𝑠𝑒𝑗𝑛𝑠 ̂ 

   

𝑁𝑛(𝑘𝑧, 𝑘𝜌) = −√
2𝑘 sin

𝜋 rsin 𝜃𝑠
𝑒−𝑗(

𝑛𝜋
2
+
𝜋
4
)𝑒𝑗𝑘𝑟 sin sin𝜃𝑠𝑒𝑗𝑘𝑟 coscos𝜃𝑠𝑒𝑗𝑛𝑠𝜃 

(18) 

where 𝑘𝜌 = 𝑘 sin, 𝑘𝑧 = 𝑘 cos, 𝜌 = 𝑟 sin 𝜃𝑠 , 𝑧 = cos 𝜃𝑠.  

And the scattered field 

�⃗� 𝑠 = ∫ ∑ (𝑆𝑛
𝑚(𝑘𝑧)̂

∞

𝑛=−∞

+ 𝑆𝑛
𝑛(𝑘𝑧)𝜃)√

2𝑘 sin

𝜋𝑟 sin 𝜃𝑠
𝑒−𝑗(

𝑛𝜋
2
+
𝜋
4
)𝑒𝑗𝑘𝑟 cos(−𝜃𝑠)𝑒𝑗𝑛𝑠𝑘 sin𝑑 

(19) 

 

Evaluating the integral using the stationary phase method the scattered field in the far-

field region would be 

�⃗� 𝑠
𝑘𝑟 → ∞

= ∑ (𝑆𝑛
𝑚(𝑘 cos 𝜃𝑠)̂+ 𝑆𝑛

𝑛(𝑘 cos 𝜃𝑠)𝜃)𝑒
−𝑗(

𝑛𝜋
2
)𝑒𝑗𝑛𝑠𝑘 sin 𝜃𝑠

𝑒𝑗𝑘𝑟

𝑟

∞

𝑛=−∞

 (20) 
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4.  Results 

Results of the proposed method, in both the near and far field regions have been obtained 

for different cylinders that approximate vegetation stalks, branches and trunks. In general, 

these vegetation elements are significantly longer than thicker, with trunks and primary 

branches much thicker than stalks or secondary branches. Three different cylinders with 

lengths 0.9 m, 0.16 m, 0.09 m and 0.14 m and radius 0.008 m, 0.002 m, 0.026 m and 0.026 

m, representative of vegetation elements, have been considered. The dielectric constant has 

significant variations depending on the growth stage of the plant and moisture [Ulaby1987]. 

A complex dielectric constant, typical of vegetation, of 18+j6 [Matth2005] has been 

considered. Similar results were obtained for other values of permittivity and conductivity 

within the actual range for vegetation. As for the incident wave, a plane wave 3 GHz has 

been assumed and, vertical and horizontal polarizations have been considered. 

In the near field region the electric field has been calculated with the method proposed 

in this chapter and using the moment method (MM). The results were obtained for different 

cylinders with the following characteristics: 

- Cylinder one. r=18+j6, L=0.16 m and r=0.002 m 

- Cylinder two. r=18+j6, L=0.9 m and r=0.008 m 

- Cylinder three. r=18+j6, L=0.09 m and r=0.026 m 

- Cylinder four. r=20+j6, L=0.14 m and r=0.026 m 

Results for a cylinder one are shown in Figures 5.2 to 5.6. 

 

Figure 5. 2. The z-component of the scattered electric field magnitude in the near field for 

cylinder one with vertical polarization over . 

 

Figure 5. 3. The -component of the scattered electric field magnitude in the near field for 

cylinder one with horizontal polarization over . 
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Figure 5. 4. The z-component of the scattered electric field magnitude in the near field for 

cylinder one with vertical polarization over z/. 

 

 

Figure 5. 5. The -component of the scattered electric field magnitude in the near field for 

cylinder one with vertical polarization over z/. 
 

 

Figure 5. 6. Scattered electric field magnitude in the near field for cylinder one. 
Continuous lines, MM method. Dashed lines, this chapter approximation 
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Results for a cylinder two are shown in Figures 5.7 to 5.11 

 

Figure 5. 7. The z-component of the scattered electric field magnitude in the near field for 

cylinder two with vertical incident polarization over . 

 

Figure 5. 8. The -component of the scattered electric field magnitude in the near field for 

cylinder two with horizontal incident polarization over . 

 

Figure 5. 9. The z-component of the scattered electric field magnitude in the near field for 

cylinder two with vertical incident polarization over z/. 

 

Figure 5. 10. The -component of the scattered electric field magnitude in the near field for 

cylinder two with horizontal incident polarization over z/. 
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Figure 5. 11. Scattered electric field magnitude in the near field for cylinder two. 
Continuous lines, MM method. Dashed lines, this chapter approximation 

 

Results for cylinder three are shown in Figures 5.12 to 5.16. 

 

 

Figure 5. 12. The z-component of the scattered electric field magnitude in the near field for 

cylinder three with vertical incident polarization along . 

 

Figure 5. 13. The -component of the scattered electric field magnitude in the near field for 

cylinder three with horizontal incident polarization along . 
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Figure 5. 14. The z-component of the of the 
scattered electric field magnitude in the 
near field for cylinder three with vertical 

incident polarization along z/. 

Figure 5. 15. The -component of the 
scattered electric field magnitude in the 

near field for cylinder three with horizontal 

incident polarization along z/. 

 

Figure 5. 16. Scattered electric field magnitude in the near field for cylinder three. 
Continuous lines, MM method. Dashed lines, this chapter approximation 

 

Results for cylinder four are shown in Figures 5.17 to 5.21. 

  

Figure 5. 17. The z-component of the 
scattered electric field magnitude in the 
near field for cylinder four with vertical 

incident polarization along . 

Figure 5. 18. The -component of the 
scattered electric field magnitude in the 

near field for cylinder four with horizontal 

incident polarization along . 
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Figure 5. 19. The z-component of the 
scattered electric field magnitude in the 
near field for cylinder four with vertical 

incident polarization along z/. 

Figure 5. 20. The -component of the 
scattered electric field magnitude in the 

near field for cylinder four with horizontal 

incident polarization along z/. 

 

Figure 5. 21. Scattered electric field magnitude in the near field for a cylinder four. 
Continuous lines, MM method. Dashed lines, this chapter approximation 

Results at different frequencies, 1.5, 3 and 5 Ghz are shown in Figures 5.22 to 5.26. 

  

Figure 5. 22. Scattered electric field 
magnitude in the near field for cylinder one 

(H-polarization). Dark lines, MM method. 
Light lines, this chapter proposed 

approximation 

Figure 5. 23. Scattered electric field 
magnitude in the near field for a cylinder 

one (V-polarization). Dark lines, MM 
method. Light lines, this chapter proposed 

approximation 
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Figure 5. 24. Scattered electric field magnitude in the near field for cylinder four (H-
polarization). Dark lines, MM method. Light lines, this chapter proposed approximation 

 

Figure 5. 25. Scattered electric field magnitude in the near field for cylinder four (V-
polarization). Dark lines, MM method. Light lines, this chapter proposed approximation 

 

Figure 5. 26. Scattered electric field magnitude in the near field for cylinder two. Dark lines, 
MM method. Light lines, this chapter approximation 
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Analysis of the previous results show that though agreement is quite good, some 

differences are observed between the MM results and this chapter approach results. These 

differences are due to numerical problems that occur for very small cylinder radius to 

wavelength ratios since the matrix MBC becomes ill-posed. These numerical problems may 

limit the applicability of the method for very thin cylinders. More studies are required to 

establish more definite limits. 

Besides some significant differences are observed for the field calculated at z-values near 

the edge of the cylinder. These are due to the scattering/radiation from the cylinder top ends 

and the diffraction at the borders. The approach in here does not include these contributions 

while the MM does. This contributions become noticeable as the cylinder top-ends increase 

their size. Then, as already pointed out, the approach proposed should be used only when 

scattering from the cylinder top ends can or should be neglected, which is the case for most 

vegetation samples due to the plant structure. 

Results in the far field region are shown in Figs. 5.27 to 5.32. Bistatic scattering has been 

calculated with the method presented here (eq. (20)) and with the infinite cylinder 

approximation methods as derived in [Karam1988] and [Tsang2000]. Very good agreement 

is found, in all cases, for the specular scattering lobe, which is the most significant when 

analysing scattering from vegetation. 

  

Figure 5. 27. HH bistatic scattered 
coefficient for  cylinder one 

Figure 5. 28. VV bistatic scattered 
coefficient for  cylinder one 

  

Figure 5. 29. HH bistatic scattered 
coefficient for  cylinder two 

Figure 5. 30. HH bistatic scattered 
coefficient for cylinder four  
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Figure 5. 31. VV bistatic scattered 
coefficient for  cylinder two 

Figure 5. 32. VV bistatic scattered 
coefficient for cylinder four 

Finally, it is important to point out the main differences between the approximation 

proposed in here and the previous methods used for the calculation of the scattered field by 

a homogeneous circular cylinder. Different methods have been employed depending on the 

cylinder characteristics and the point where fields are required. If the scattered field in the 

far field is of interest, the semi-analytical infinite cylinder approximations as presented in 

[Karam1988] and [Tsang2000] has been widely used. These approximations require a large 

length/radius ratio. Computationally, they are very similar to the semi-analytical approach 

presented here, which, however, does not require a large length/radius ratio, though, it 

neglects the scattering from the cylinder top-ends. In the case that calculation of the scattered 

field in the near-field region were of interest, numerical methods (moment method, finite 

element method...) would be used. These methods have proven to provide accurate results, 

though at the expense of large computation times. 

The semi-analytical approach presented allows much faster calculations with comparable 

accuracy if cylinder top-ends scattering can be neglected. Besides, it may be of help to 

account for multiple scattering between elements in the nearfield of each other, if discrete 

coherent scattering models are to be used. 
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CHAPTER 6: CONCLUSIONS 

1. Conclusions 

It has already being discussed that, in order to get accurate estimates of the biophysical 

parameters of interest from remote sensing data, it is necessary to have electromagnetic 

models that are able to describe, as accurately as possible, the interaction between the 

electromagnetic waves and the vegetation canopy observed. Obtaining biophysical 

parameters of vegetation cover of the planet is vital for numerous applications such as 

monitoring crops or the environmental study and control. 

The accuracy of the calculated parameters relies on the inverse algorithm and the 

scattering models used. The scattering model must be computationally simple, to facilitate 

the inversion, and as faithful as possible to the real environment. 

The first developed models did not take into account the relative positions of the 

different elements of the vegetation canopy. They simply considered the existence of 

different scattering elements with different shapes and electromagnetic properties and, at 

most, they considered different layers with different number and different types of scatterers 

[Rich1987] [Durd1989]. Later many studies demonstrated the effect of the structure of the 

vegetation in the scattered field [Yueh1992] [Imho1995]. Depending on the sizes and relative 

positions of the scatterers in terms of the wavelength, it will be necessary to consider the 

plant structure for scattering calculations. 

Many current models use complex algorithms to make a deterministic description of the 

plants, for example that is the case for tree generation using fractals, which to reflect the 

natural variability use Monte Carlo simulations to estimate the scattered fields [Tsang2001] 

[Lin1999]. These methods provide good results but are difficult to apply together with 

inversion algorithms due to the number of parameters required to run the model and the 
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high computational cost they have. Thus, to be used together with inversion algorithms, the 

electromagnetic models are simplified at the expense of the accuracy of the final estimated 

parameters. 

This thesis has developed and validated a statistical scattering model that can take into 

account the different topologies that plant structures can present.  

The statistical model proposed to characterize the plant structure provides the first- and 

second-order statistics of sizes, orientations and relative positions of any two different 

scatterers. The integration of the statistical model into the scattering model avoids the high 

computational load that the use of Monte Carlo techniques implies. Furthermore, since the 

obtained results can be related to the statistical parameters that describe the vegetation cover 

geometry, the interpretation and analysis of data are easier. The model has been designed to 

be applied for any branching order, so it could be applied to simple structures like plants or 

more complex structures like trees. 

The statistical model for the plant structure and the measurement of the maize plant used 

to validate the model have been presented in [Sant2010] and [Abal2011].  

For the scattering model a discrete model was developed. The vegetation scatterers, trunk 

and primary branches, were modeled as cylinders. The statistical model provides the position 

and orientation pair distribution function of the different scatterers. Considering the pair 

distribution function of the relative positions and orientation of the scatterers means the 

coherent effects are included in the scattering calculations. The effect of the ground on the 

total scattering has also been taken into account, that is, direct scattering, ground-plant 

scattering, plant-ground scattering and ground-plant-ground scattering were coherently 

added to obtain the total scattering. 

The scattering model has been validated using the results obtained in [Tsang2001] for 

uniformly distributed vertical cylinders and Monte Carlo simulations. Then, results for 

vertical and randomly oriented cylinders have been obtained and discussed. This results have 

been presented with the statistical model for the plant structure in [Sant2010] and [Abal2011]. 

Finally, in order to be able to take into account multiple scattering between scatterers that 

are in the near-field of each other, a semi-analytical approach to calculate the scattered fields 

from a finite dielectric lossy cylinder has been proposed. The approach proposed is valid also 

to calculate the scattered fields in the far-field region. Results obtained in the near-field region 

have been compared with results obtained with the moment method. The agreement is very 

good. In the far-field region, the results were compared with the approaches for the far-field 

presented in [Karam1988], [Tsang2001]. The agreement for the far-field results is also very 

good. This approach has been presented in [Sant2012] and published in [Sant2015]. 

Comparison with real data has not been possible due to the lack of data. In order to make 

such comparisons the model has to include the scattering from the leaves and the attenuation 

through propagation. Scattering from leaves needs to be considered especially at high 

frequencies, since it was proved by [Chen1995] that at low frequencies branches produce the 

greatest contribution of scattering and the scattering from the leaves, if present, may be 
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neglected. Adding the scattering from the leaves is easy as their scattering can be added 

incoherently; leaves can be assumed to be randomly oriented and positioned. Then to 

consider the attenuation due to propagation through a lossy medium the well-known Foldy’s 

approximation can be applied [Chiu2000], [Lang1983] (See Appendix B). 
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APPENDIX A. REMOTE SENSING SENSORS AND 

SYSTEMS 

1. Sensors 

In a remote sensing system depending on the source from the electromagnetic radiation 

used it can be distinguish two types of sensors: 

- Passive sensors. Are those that depend on an external source of energy. Some 

examples are 

o Gamma ray spectrometer. It is used in mining exploitation. It measures the 

amount of gamma rays emitted from the ground and the rocks layers due to 

the radiative decay. 

o Aerial camera. It works in visible spectrum and near infrared. 

o Multispectral scanner. It measures the amount of reflected energy at different 

wavelength bands. 

o Thermal scanner. It is used in studies like meteorology, effects of drought … 

It measures the thermal radiation of targets between 8 µm and 14 µm.  

o Microwave radiometer. It is used in mining or for soil humidity estimation. It 

measures the electromagnetic energy emitted between 1 cm and 100 cm. 

 

- Active sensors. They have their own energy source. Some of the main sensors are: 

o Laser. It is the sensor used on LIDAR (Light Detection and Ranging). The 

LIDAR send laser light pulses and picked the same pulses reflected. Its great 

penetration capabilities make it useful in applications as biomass estimation, 

measurement of water depth or digital terrain model creation. 

o Imaging radar. This sensor works between 1 cm and 100 cm of wavelength. 

It transmits the signal and captures its backscattered response.  

o Radar Altimeter. It is used to measure the topographic profile below the 

platform. 

 

These sensors are in mobile or static platforms and have different kind of resolutions in 

the information provided. There are five types of resolutions: 

1. Space. Defined by the smallest objects that can distinguish 

2. Radiometric. Defined by the amount of bits used to measure reflectivity, more 

bits allow more radiance levels. 

3. Spectral. Defined by the number of spectral bands able to discriminate and its 

width, the smaller the width the better the resolution. 

4. Temporal. Defined by the time of passage above the point of observation. This 

permit studies about evolutionary changes. 
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5. Angular. Measure the capacity of obtaining oblique images. This can be useful to 

studies like rebuilding the relief. 

 

2. Microwave Remote Sensing Systems 

Microwave remote sensing systems operate within the microwave electromagnetic 

spectrum, mainly with wavelengths between 1 cm and 1 m. These wavelengths allow these 

systems to be independent of weather conditions. 

Microwave systems can be passive (they measure the microwave energy naturally emitted 

by the targets of interest) or active when they emit the microwave energy that will interact 

with target. Active systems have two main advantages, on one hand they can work at night 

and on the other they can adjust the characteristics of the emitted wave depending of the 

required measurement. 

In active radar systems the backscattered energy collected by the sensor depends on one 

hand on the radar parameters (wavelength, polarization …) and on the other, on the 

ground/target characteristics such: 

- Surface roughness. The rougher is the surfer the more energy is backscattered to the 

sensor. 

- Complex dielectric constant. Depends on the permittivity or conductivity of the 

materials in the illuminated area. It is related to the humidity of the elements in that 

area. 

- Surface orientation. The backscattered signal strength depends on the local angle of 

incidence, which is determined by the surface orientation. 

- Vegetation cover. The density and type of vegetation cover greatly affects the 

backscattered signal. The scattering will be mainly affected by the dielectric 

properties, shape and spatial distribution of the individual elements of the vegetation. 

- Specific objects. The presence of certain objects, especially manmade objects can lead 

to a strong radar echoes. For example, in urban zones where buildings can act as 

corner cube or dihedral reflectors.  

Since the backscattered radar signal properties depend on the characteristics of the 

illuminated area, it is possible to develop algorithms to extract information about the target 

from the radar signals received. To do this a good knowledge of the effects the targets have 

on the waves is required. 

a. RADAR APPLICATIONS 

As a result of the development of microwave radar systems and the increasing 

understanding and interpretation of the data, many applications in multiple areas like 

agriculture, oceanography, soil studies or geology have appeared. 
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In agriculture applications, the backscattering coefficient provide information about 

vegetation species, growth patterns or cultivation techniques among others. The radar signal 

is sensitive to the canopy structure and moisture content and these parameters can be related 

with other parameters of interest like the vegetal biomass, the leaf area index or information 

about vegetal diseases or natural damage. 

Applications in forest focus in mapping logged areas, deforestation or in identifying 

different types of vegetation and estimating the biomass.  

In hydrology, there are applications like soil moisture estimation or mapping the 

wetlands, flood or snow. 

In last years the number of applications has continuously increased thanks to the 

improvement of the sensors and the advancement in the analysis and interpretation of the 

data.  

b.  SAR SYSTEMS 

These are the most relevant airborne and spaceborne radar systems. In airborne radar 

systems are noteworthy: 

1. Convair – 580 C/X SAR. It operates in C-band and X-band, it was used in Canada 

for studies on oil spill detection and tracking and other environmental studies. 

[NRCw] 

2. Sea Ice and Terrain Assessment (STAR) systems. STAR-1 and STAR-2 operate in X-

band and were designed for monitoring sea ice and for terrain analysis. [NRCw] 

3. AirSAR system. It works in C-, L- and P-band. It has the capacity of collecting multi-

frequency and multi-polarization data over a diverse range of incident angles which 

makes it suitable for research experiments.[NRCw] 

4. F-SAR system. His first flight was in 2006 on DLR’s Dornier DO228-212 aircraft. It 

has characteristics like full polarimetric capability and full modular system in X-, C-, 

S-, L- and P-bands, single-pass polarimetric interferometry capability in X- and S-

Band or repeat-pass Pol-InSAR for ensure baseline flexibility [DLRw]. 

In spaceborne radar systems are noteworthy (in launching order): 

1. ERS-1. It was the first radar satellite put in orbit by the European Space Agency 

(ESA). Within the payload of the satellite there is an Active Microwave Instrument 

(AMI), a Radar Altimeter (RA), an Along Track Scanning Radiometer (ATSR), a 

Precise Range and Range-rate Equipment (PRARE) and a Laser Retro-reflector 

(LRR).  

The AMI comprises a Synthetic Aperture Radar (SAR) with a Wind Scatterometer 

(WS). The SAR is used to obtain images from oceans, polar regions … and small 

images which provides information about ocean waves, the WS provides wind speed 

and direction at the sea surface. 
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2. ERS-2. It was launched by ESA on 1995, four years after ERS-1. The long ERS-1 

life allowed these two satellites to operate together as a tandem for a few months. 

His characteristics are similar to ERS-1 except for the fact that incorporate a new 

sensor, a Global Ozone Monitoring Experiment (GOME) which allows study of 

ozone and other gases in the stratosphere and troposphere. 

3. Radarsat-1 [CSAw]. It was developed by the Canadian Space Agency (CSA) and put 

in orbit in 1995. It operates in C-band. It has polarimetric capabilities and seven 

working modes, each mode with different cover and resolution, it also has the ability 

of choosing different lateral vision angle. 

4. ENVISAT [EDSw]. It was launched by ESA in 2002. There are ten different optic 

and radar instrument in the satellite payload. His mission is to track the terrestrial 

surface, the oceans, and the atmosphere and ice sheets. Among the sensors on board 

is the Advanced Synthetic Aperture Radar (ASAR), this sensor works in five different 

modes, two of them provide the same the characteristics as AMI in ERS-1 and ERS-

2, the other three provide improvements on coverage, polarization capabilities and 

operation modes. 

5. SENTINEL-1 is the last SAR system launched by ESA in 2014. It carries a single C-

band synthetic aperture radar instrument operating at a centre frequency of 5.405 

GHz. It includes a right-looking active phased array antenna providing fast scanning 

in elevation and azimuth. It possess polarimetric capabilities. 

6. Alos [SICw]. It is a Japan satellite launched in 2006. It contains three sensors; a 

Panchromatic Remote-sensing Instrument for Stereo Mapping (PRISM) to obtain 

stereoscopic image along the trace of the satellite, an Advanced Visible and Near 

Infrared Radiometer type 2 (AVNIR-2) to obtain accurate information over earth 

surfer and a Phased Array type L-band Synthetic Aperture Radar (PALSAR) to earth 

observation. It has several operation modes and it was developed to be used in 

cartography, regional observation, disaster monitoring, resource evaluation and 

technological development. 

7. RadarSat 2 [CSAw]. It was launched in 2007 and has similar characteristics to 

Radarsat-1 with some improvements: Better resolution, capability to modify 

resolution and strip width of the image, it allows the fourth polarization modes, faster 

programming, faster processing and delivery, better geometric accuracy … 

8. Constellation of small Satellites for Mediterranean basin Observation – COSMO 

Skymed [CSKw]. It is a mission developed in Italy. It is composed of four satellites 

with SAR systems operating in the X-band. They were launched from 2007 to 2010, 

their mission covers such topics as prevention and management of environmental 

disasters, control of ocean and seacoasts, control of agricultural and forest resources 

or mapping.  

The SAR allows to work in several modes. Those modes allow obtaining images with 

metric resolutions, two polarization or larger swaths. 
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9. Radar Imaging Satellite - RISAT. There are two Indian satellites, RISAT 2 was 

launched in 2009 and RISAR 1 was launched in 2012. The RISAT -2 works in X-

band and uses a SAR sensor, it was developed with the main purpose of border 

surveillance. It has four operation modes with different polarization combinations. 

The RISAT-2 possess a SAR system working in C-band, it is used for natural 

resources management, agriculture planning or to predict and prevent flooding. 

10. TanDEM-X [DLRw]. This system was formed adding a second spacecraft to 

TerraSAR-X, both satellites flight within a controlled distance, in fact between 250 

and 500 m. Their main mission is to obtain accurate digital elevation models. The 

TanDEM-X started to operate in 2010. 

Both satellites have the same characteristics. TerraSAR X was launched in 2006, it 

works in X-band and can operate in three different modes that allow to obtain images 

10x10 Km with 1-2 m resolution, 30 km width images with 3-6m resolution and 100 

km width images with 16 m resolutions. 

11. PAZ [ESAw]. It is Spain’s first high-resolution X-band SAR mission. It has three 

operation modes: one for small images with metrical resolution, other for 30 x 30 km 

images with 3 m resolution and a third mode with 100 x 100 km with 6 x 18 m 

resolution. It also has several polarization modes. It was created to meet the needs of 

security and defence. The satellite is scheduled for 2015. 

12. SAOCOM. It is an Argentina’s mission. It consists of two satellites with SAR 

instruments working in L-band, these two satellites will work jointly with the 

constellation of the Italian COSMO SkyMed Satellites. Their mission is to prevent, 

monitor and asses natural or human disasters. SAOCOM 1A will be launched at the 

end of 2015 and SAOCOM 1B at the end of 2016. 
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APPENDIX B. VEGETAL CANOPY ATTENUATION 

1. Foldy’s Approximation 

In this thesis the scattering calculations have been performed considering the scatterers 

are in free space, however, in a vegetation canopy this is not the case. The vegetation canopy 

is a lossy random medium that affects wave propagation causing attenuation of the waves as 

they propagate through the medium. 

To account for this attenuation Foldy’s approximation is commonly used. With this 

approximation the mean field impinging on the targets is calculated from 

𝑑𝐸ℎ
𝑑𝑠

= 𝑗(𝑘0 +𝑀ℎℎ)𝐸ℎ + 𝑗𝑀ℎ𝑣𝐸𝑣 

𝑑𝐸𝑣
𝑑𝑠

= 𝑗(𝑘0 +𝑀𝑣𝑣)𝐸𝑣 + 𝑗𝑀𝑣ℎ𝐸ℎ 

(1) 

where 

𝑀𝑝𝑞 = 
2𝜋𝑛0
𝑘0

 〈𝑆𝑝𝑞(�⃗� 𝑖, �⃗� 𝑠)〉           𝑝, 𝑞 𝜖{ℎ, 𝑣} 𝑎𝑛𝑑 �⃗� = �⃗� 𝑖 = �⃗� 𝑠 (2) 

with 𝑛0 the number density of the scatterers in the médium and 〈𝑆𝑝𝑞(�⃗� , �⃗� )〉 the mean 

forward scattering amplitude. 

Furthermore, considering the vegetation canopy presents azimuthal symmetry 𝑀𝑣ℎ =

 𝑀ℎ𝑣 = 0 and the effective propagation constants reduce to 

𝑘ℎ = 𝑘0 + 𝑀ℎℎ 

𝑘𝑣 =  𝑘0 + 𝑀𝑣𝑣 

(3) 

Though the Foldy’s approximation works well in spare random media, it has been shown 

that as the density of the medium increases the estimated attenuation worsens, especially at 

high frequencies [Koh2003]. It was shown that the single scattering assumption of the 

Foldy’s approximation may lead to overestimation of the attenuation. Multiple scattering 

should be taken into account. 

Besides, though individual plants usually present azimuthal symmetry, the field 

illuminated may present some preferred orientation, and then the assumption of azimuthal 

symmetry may need to be reviewed. 



Appendix B Vegetal Canopy Attenuation 

 

102 

 

2. References 

[Koh2003] Il-Suek Koh, Feinian Wang, and Kamal Sarabandi Estimation of 
Coherent Field Attenuation Through Dense Foliage Including 
Multiple Scattering, IEEE TRANSACTIONS ON 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 


	Chapter 1: Introduction
	1. The Remote Sensing System
	2. Objective
	3. Thesis structure

	Chapter 2: Scattering vegetation models – State of art
	1. Introduction
	2. Research at Jet Propulsion Laboratory and Massachusetts Institute of Technology [Yueh1992]
	3. Research at the University of Texas at Arlington
	4. Research at the Universities of Washington and Hong Kong
	5. Research at the University of Maryland and NASA’s Goddard Space Flight Center
	6. Research at the University of Michigan
	7. Research at George Washington University
	8. Other researchers
	9. Summary
	10. References

	Chapter 3: Statistical model
	1. Introduction
	2. Vegetal Patterns
	3. Tree/Plant Structure Definition
	4. The statistical model
	5. Model Validation
	6. References

	Chapter 4: The Scattering Model
	1. Introduction
	2. Scattering Amplitude Calculation: the Distorted Born Approximation
	2.1 Phase differences

	3. Amplitude scattering of elemental targets: cylinders
	3.1 Ground reflection coefficients

	4. Cylinders over reflective ground. Scattering coefficient.
	4.1 Calculation of 𝐄{,𝐞-𝐣,(-𝐤.. ,𝐞-−𝐣,(-𝐥..}
	4.2 Calculation of 𝐄{,𝐒-𝐨𝐤-𝐚. ,𝐞-,𝐣𝚽-𝟎𝐤-𝐚..}
	4.3 Calculation of 𝐄{,𝐒-𝐨𝐤-𝐚. ,𝐒-𝐨𝐥-∗𝐛. ,𝐞-,𝐣𝚽-𝟎𝐤-𝐚.. ,𝐞-−,𝐣𝚽-𝟎𝐥-𝐛..}

	5 The scattering model applied to different sceneries
	5.1 Maize plant
	5.2 Rice

	6 Results
	7 References

	Chapter 5: Electromagnetic Scattering from Vegetation Cylindrical Components
	1. Introduction
	2. Problem and Approach Description
	3. Approximation to the scattered field from a cylinder
	4.  Results
	5. References

	Chapter 6: Conclusions
	1. Conclusions
	2. References

	Appendix A. Remote Sensing Sensors and Systems
	1. Sensors
	2. Microwave Remote Sensing Systems
	a. Radar applications
	b.  SAR Systems

	3. References

	Appendix B. Vegetal Canopy Attenuation
	1. Foldy’s Approximation
	2. References


