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Abstract 

New technology demands the improvement of measuring techniques, developing 

tapered anechoic chambers, compact and extrapolation ranges, near-field testing 

techniques, improved polarization techniques and swept-frequency measurements, 

indirect measurements of antenna characteristics and automated test systems. The 

accurate determination of a physical quantity or performance by measurements is a 

challenging task. For microwave antennas there are some established measurement 

techniques based on far-field and near-field methods for antenna parameters. However, 

established protocols for the determination of measurement errors bounds or overall 

measurement accuracy are still to be implemented and widely accepted among the 

antenna measurement community. The current methods and approaches are continually 

being refined and updated although Newell’s “18 terms” paper for planar near field 

systems and Hansen’s book for spherical near-field measurements represent de-facto 

references for the antenna measurement community. 

Results of measurements and conclusions derived from them constitute much of the 

technical information produced by an antenna test facility. It is generally agreed that the 

usefulness of the measurement results, and thus, much of the information that it is 

provided by the laboratory, is clearly determined by the quality of the statements of 

uncertainty that go along with them. Therefore, in general, the result of a measurement 

is only an approximation or estimation of the value of the specific quantity subject to 

measurement, and thus, the result is only complete when accompanied by a quantitative 

statement of its uncertainty. Actually, the uncertainty constitutes the quantitative 

measure of the quality of a measurement, which allows comparing the measurement 

results with other outcomes, references, specifications or standards and therefore it is 

the range over which the error can be expected to lie. 

Nowadays, since the demand of accuracy in antenna measurement has increased, the 

need to properly estimate and to reduce the uncertainty in antenna measurements has 

become a requirement to fulfil. This requirement was detected by the Radiation Group 

(GR) of the Technical University of Madrid (UPM), which has a long experience in 

antenna measurements and that actively participates in European Antenna Measurement 

Networks. In the past years, the GR has tried to investigate this topic in depth. The 

proper estimation of the uncertainty is one of the challenges for any institution that 

measures antennas, because up to now it is a problem only partially solved.  
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The fact is that up to now there are no international norms or international accepted 

procedures to evaluate the measurement uncertainties. Therefore, the purpose of this 

study is to establish different techniques for the determination of uncertainties in 

antenna measurement systems, and to investigate how these uncertainties may affect the 

antenna measurement parameters for different scanners and Antennas Under Test 

(AUT). In addition, once the uncertainties have been estimated, the errors can be 

minimized and as a result the measurement systems can be improved.  

In order to fulfil this task, an extensive analysis of representative uncertainty guides 

has been performed. Additionally, the main uncertainty sources for the different antenna 

parameters are described following the criteria investigated in the Antenna Centre of 

Excellence, where I have collaborated. This analysis is extended with a practical 

approach of the uncertainty sources involved in the measurements that implies 

analyzing three different measurement facilities: the LEHA-UPM Antenna Test 

Facilities (“LEHA”, Laboratorio de Ensayos y Homologación de Antenas), the DTU-

ESA Spherical Near Field Antenna Test Facility (Technical University of Denmark) and 

the Outdoor Cylindrical Near Field System for RADAR Antennas located in CEAR 

Installations (Guadalajara – Spain).  

In addition, this investigation includes the advantages and drawbacks of several 

methodologies for the establishment of uncertainties in antenna measurement terms and 

their effects on the antenna measurement parameters. These methodologies are based on 

analytical studies, simulations, measurements or simulations combined with 

measurements. Although these techniques are applied to specific antennas and 

measurement systems, statistical analyses are performed over the results to get general 

conclusions. 
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Resumen 

Con la aparición de una tecnología más moderna, una mejora de la instrumentación y de 

las técnicas de medida se hace necesaria. Ésta incluye la implementación de cámaras 

anecoicas, rangos compactos y de extrapolación, técnicas de medida en campo cercano, 

métodos de polarización mejorados, medidas de barrido en frecuencia, medidas de 

antena indirectas y sistemas de medida automáticas.  

El establecimiento preciso de una cantidad física y la evaluación de su 

correspondiente rendimiento son tareas que constituyen aún un reto si se requiere una 

gran exactitud. Para antenas de microondas, existen algunas técnicas de medida de los 

parámetros de antena basadas en métodos de medida en campo cercano o lejano. Sin 

embargo, aún están por desarrollar protocolos internacionalmente aceptados en la 

comunidad científica de medida de antenas para determinar los límites de los errores de 

medida y la precisión global de la medida. Las técnicas y los enfoques que existen 

actualmente se están refinando y actualizando constantemente, aunque bien es cierto 

que el artículo de Newell que introduce los 18 términos para el análisis de la 

incertidumbre en sistemas de medidas planos y el libro de Hansen para las medidas en 

campo esférico cercano representan referencias de facto para la comunidad científica de 

medida de antenas.  

Las conclusiones extraídas de los resultados constituyen la mayor parte de la 

información técnica producida por un laboratorio de medida de antenas. Está 

comúnmente aceptado que la utilidad de los resultados de las medidas, y por lo tanto, 

gran parte de la información porporcionada por el laboratorio depende de la calidad del 

establecimiento de la incertidumbre que acompaña las medidas. Por este motivo, en 

general, el resultado de una medida sólo es una aproximación o una estimación del valor 

de una cantida específica sujeta a la medida y por lo tanto sólo se considera que el 

resultado está completo cuando viene acompañado por la expresión de su incertidumbre.  

De hecho, la incertidumbre constituye la medida cuantitativa de la calidad de una 

medida, que permite comparar los resultados obtenidos con diferentes resultados, 

referencias, especificaciones o estándares y por lo tanto resulta ser el margen dentro del 

cual se espera que esté el error de la medida. En la actualidad, dado que la exigencia de 

precisión en la medida de antenas ha aumentado, la necesidad de estimar de manera 

precisa y de reducir la incertidumbre en las medidas de antena se han convertido en 

requisitos necesarios.  
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El Grupo de Radiación de la Universidad Politécnica de Madrid (UPM), que posee 

una gran experiencia en medida de antenas y que ha participado en Redes Europeas de 

Medida de Antenas, detectó dicha necesidad hace ya algún tiempo y ha estado 

trabajando durante estos últimos años investigar en este campo. La estimación correcta 

la incertidumbre es uno de los retos de cualquier institución que mida antenas, ya que en 

la actualidad dicho problema sólo se ha solucionado parcialmente. 

La cuestión es que hasta ahora no existe ninguna norma internacional o 

procedimiento aceptado internacionalmente para evaluar las incertidumbres en medida 

de antenas. Así pues, el objetivo de este estudio es el de establecer diferentes técnicas 

para el establecimiento de incertidumbres en los sistemas de medida de antenas y el de 

investigar cómo dichas incertidumbres son susceptibles de afectar a los parámetros de 

medida de antena en distintos sistemas de medida y para diferentes tipos de antenas. 

Además, una vez estimadas las incertidumbres, se pueden minimizar los errores y, de 

este modo, mejorar los sistemas de medida. 

Para llevar a cabo dicha tarea, se ha realizado un extenso análisis de las guías de 

incertidumbres más representativas. Asimismo, se han descrito las principales fuentes 

de incertidumbre para los diferentes parámetros de antena, siguiendo el criterio 

establecido en la Red de Excelencia de Antenas (ACE), en la que he colaborado. Cabe 

resaltar que se ha extendido este estudio, añadiéndole una visión práctica a las fuentes 

de incertidumbres que están presentes en las medidas en tres sistemas distintos: el 

Laboratorio de Ensayos y Homologación de Antenas de la Universidad Politécnica de 

Madrid (LEHA-UPM), las instalaciones de campo próximo esférico de la Universidad 

Técnica de Dinamarca (DTU-ESA Spherical Near Field Antenna Test Facility) y el 

sistema próximo cilíndrico en campo abierto de las instalaciones de medida de antenas 

de RADAR en banda L del CEAR en Guadalajara. 

Por otra parte, esta Tesis incluye las ventajas e inconvenientes de varias 

metodologías para el establecimiento de incertidumbres en términos de medida de 

antenas y sus efectos en los parámetros de medida de antena. Estas metodologías están 

basadas en estudios analíticos, simulaciones, medidas y una combinación de medidas y 

simulaciones. A pesar de que estas técnicas se han aplicado para antenas y sistemas de 

medida específicos, se han analizado los resultados para extraer conclusiones de 

carácter general. 
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I.1- Introducción, objetivos 

y organización del 

documento 
 

 

 

 

I.1.1- Introducción 

El cálculo de la incertidumbre en la medida de antenas es un proceso complejo ya que 

entran en juego sistemas mecánicos, de radiofrecuencia y de procesamiento de datos. La 

medida exacta de una cantidad es un concepto teórico, que no se puede obtener en la 

práctica. Por lo tanto, en toda medida existe una diferencia entre el valor real y el valor 

medido. La incertidumbre es esa parte de la expresión del resultado que establece el 

rango de valores entre los que se estima que esté el valor real. 
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El Grupo de Radiación (GR) de la Universidad Politécnica de Madrid (UPM) tiene 

una gran experiencia en el ámbito de medida de antenas, disponiendo de un conjunto de 

cámaras anecoicas para la medida de antenas, que permiten medir la mayor parte de las 

antenas en el margen de frecuencias de 900 MHz a 60GHz.   

I.1.2- Motivación 

El diccionario de la Real Academia Española define una antena como un “dispositivo de 

los aparatos emisores o receptores que, con formas muy diversas, sirve para emitir o 

recibir ondas electromagnéticas”. Por su parte el estándar del IEEE [1] especifica que 

una antena es “un medio para radiar o recibir ondas radio”. Esto implica que la antena 

es una estructura de transición entre el espacio libre y un dispositivo de guía [2]. Para 

estudiar una antena, se han de evaluar sus características de radiación.  

En los últimos años, se han implementado numerosos métodos analíticos para 

analizar, sintetizar y calcular numéricamente las características de radiación de las 

antenas. Sin embargo, a menudo existen antenas que no pueden estudiarse 

analíticamente debido a su compleja configuración o excitación. En estos casos se 

recurren a resultados experimentales para validar los resultados teóricos a través de 

investigaciones. A pesar de que estos procedimientos experimentales presentan ciertas 

limitaciones, éstas se pueden solventar mediante técnicas especiales como son las 

medidas en entornos cerrados, las transformaciones de campo cercano a campo lejano 

[3], las medidas con modelos a escala y los equipos comerciales automatizados.  

Con el progreso acelerado de la tecnología aeroespacial y de defensa, nace la 

necesidad de medir con métodos más precisos. Para satisfacer dichos requisitos, se han 

desarrollado técnicas de medida e instrumentación mejorada incluyendo cámaras 

anecoicas [4], rangos compactos y de extrapolación [5], técnicas de medida en campo 

cercano [5] – [7], métodos mejorados de polarzación y medidas de barrido en frecuencia 

[8] y por último medidas indirectas de antenas. 

En la actualidad, dado que es mayor la exigencia de precisión en medida de antenas, 

la necesidad de reducir la incertidumbre en la medida de antenas se ha convertido en un 

requisito a cumplir. Esto fue la causa de que el Grupo de Radiación de la UPM iniciara 

estudios sobre este respecto y se participara activamente en Redes Europeas de Medida 

de Antenas.  
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Por todo esto, la estimación de la incertidumbre es uno de los retos de cualquier 

laboratorio de medida de antenas, ya que es un problema sólo parcialmente solventado 

en la actualidad. De hecho, hasta ahora no existe ninguna norma internacionalmente 

aceptada como estándar. Por lo tanto, el objetivo de esta Tesis es el de analizar las 

incertidumbres y sus efectos en los parámetros de antena con el fin de poder establecer 

el nivel de precisión de los resultados y así poder minimizar los errores para mejorar los 

sistemas de medidas. 

I.1.3- Objetivos 

El establecimiento preciso de la medida de una cantidad física sigue siendo hoy en día 

un desafío. De hecho, aún están por desarrollar protocolos, que estén aceptados por toda 

la comunidad de medida de antenas, establecidos para la obtención tanto de los límites 

de los errores en las medidas como de la precisión global de las medidas. A pesar de que 

se están revisando y actualizando las técnicas actuales de medida, el libro de Hansen [9] 

representa una referencia para las medidas en campo cercano esférico.  

Las medidas y las conclusiones sacadas de ellos constituyen gran parte de la 

información técnica producida por un laboratorio de medida. Además, se ha aceptado 

comúnmente que la utilidad de los resultados de las medidas y su calidad viene 

determinada por la incertidumbre que los acompaña. Esto se debe a que el resultado de 

una medida es sólo una aproximación o estimación del valor del mesurando y sólo está 

completo cuando viene acompañado por la expresión de su incertidumbre [10] – [13]. 

Por lo tanto, la incertidumbre consituye el grado de calidad de la medida, el cual 

permite comparar unos resultados con otros, con referencias, especificaciones o 

estándares. En [14], se establece para un sistema en campo cercano plano un método de 

evaluación basado en simulaciones, un segundo basado en medidas y un tercero basado 

en ecuaciones de error. Sin embargo, para sistemas cilíndricos o esféricos, las 

ecuaciones de error son bastante más complejas, por lo que normalmente se recurren a 

simulaciones o medidas, tal y como se ilustra en [9]. Así pues, el objetivo de este 

estudio es el de establecer diferentes técnicas para el cálculo de la incertidumbre en 

sistemas de medida de antena e investigar como dichas incertidumbres afectan a los 

distintos parámetros de antena de acuerdo con el tipo de sistema de medida y de antena 

bajo prueba (ABP).  
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Esta Tesis comienza con la revisión de la metodología existente para evaluar las 

incertidumbres en la medida de antena. Para llevar a cabo esta tarea, se ha realizado un 

extenso estudio de las guías sobre análisis de incertidumbres más representativas como 

son [10] – [13].  

Además, se han descrito las principales fuentes de incertidumbres que se acordaron 

en el grupo de trabajo de medida de antenas de la Red de Excelencia de Antenas 

(Antenna Centre of Excellence), donde la doctoranda ha participado. Cabe resaltar que 

se ha extendido este análisis dándole un punto de vista más práctico al estudio de 

fuentes de incertidumbres presentes en las medidas llevadas a cabo en el  Laboratorio de 

Ensayos y Homologación de Antenas (LEHA) del Grupo de Radiación de la UPM. 

Asimismo, esta memoria incluye las ventajas e inconvenientes de varias 

metodologías para el establecimiento de las incertidumbres en medida de antenas y sus 

efectos en los parámetros de antenas. Estos procedimientos están basados en el análisis 

teórico de fuentes de error, simulaciones, medidas o una combinación de medidas y 

simulaciones. A pesar de que estas técnicas estén aplicadas a antenas y sistemas de 

medidas específicos, los estudios estadísiticos han permitido extraer algunas 

conclusiones generales.  

En este estudio, se ha extraido la incertidumbre de los parámetros de antena 

relacionados con los diagramas de radiación en campo lejano (directividad, posición del 

máximo, ancho de haz, nivel de lóbulos secundarios…) y de la ganancia y dichos 

análisis se llevaron a cabo en las instalaciones de medida de campo cercano esférico de 

la Universidad Técnica de Dinamarca (DTU-ESA Spherical Near-Field Antenna Test 

facility) y en las instalaciones de campo esférico del LEHA de la UPM y en el sistema 

de campo próximo cilíndrico de medida de antenas RADAR del CEAR. En la parte 

final de esta memoria se han recopilado las principales conclusiones, observaciones y 

recomendaciones extraídas de las diferentes investigaciones.  

En resumen, los principales objetivos de esta Tesis son los siguientes: 

- Repasar los factores de incertidumbre y establecer una lista de fuentes de 

incertidumbres aceptada por otras instituciones europeas. Esto se ha llevado 

a cabo tras la realización de diferentes campañas de intercomparación de 

medidas con otras universidades o empresas europeas.  
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- Detectar cuáles son las componentes más relevantes dependiendo del sistema 

de medida, el procedimiento de medida, el tipo de antena y el rango de 

frecuencias evaluado. 

- Determinar unos procedimientos de estimación de incertidumbres a priori, es 

decir antes de realizar las medidas o incluso en la fase de diseño del sistema 

de medida, y establecer una incertidumbre a posteriori, es decir basada en 

medidas recientes. 

- Validar los procedimientos con campañas de medida o simulación extensiva, 

que han de llevarse a cabo pensando en la aplicación práctica de los 

escenarios de medida o de simulación. 

- Establecer la validez de cada sistema de medida o los procedimientos de 

medida. 

- Extraer observaciones, conclusiones y recomendaciones a partir de la 

aplicación de los métodos para hallar las incertidumbres en la medida de 

antenas. 

I.1.4- Índice de desarrollo y metodología 

Para llevar a cabo estos objetivos, la metodología adoptada en esta Tesis doctoral se 

compone en un repaso del estado del arte, simulaciones y/o medidas realizadas en el 

LEHA de la UPM, en el sistema de medida de antenas RADAR del CEAR y las 

instalaciones de la DTU. Así, mediante el análisis de los resultados obtenidos de las 

simulaciones y las medidas, se han podido extraer algunas observaciones, conclusiones 

y recomendaciones.  

Teniendo en cuenta todos los aspectos comentados anteriormente, la Tesis doctoral 

se estructura de la siguiente forma: 

1. En primer lugar, se presenta una breve introducción y el estado del arte del tema de 

Tesis aquí tratado.  

2. A continuación, se ha llevado a cabo un extenso estudio de análisis de 

incertidumbres. Esta sección incluye una revisión de la teoría de incertidumbres 

necesaria para analizar la precisión de las medidas.  
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También contiene una completa descripción de las principales fuentes de 

incertidumbres que han de ser tenidas en cuenta en la medida de la directividad y de 

la ganancia. Además, se han descrito los procedimientos de estimación de 

incertidumbres para establecer la precisión de las medidas y para determinar los 

márgenes de error del sistema de medida. Cabe resaltar que se pueden aplicar estos 

procedimientos a priori o a posteriori dependiendo de si se utilizan antes o después 

de la medida. Asimismo, éstos pueden basarse en análisis, en simulaciones o en 

medidas. Esta última parte de la sección incorpora diferentes formas para hallar un 

valor de referencia.  

3. Después, se ha detallado la primera evaluación de incertidumbres basada en un 

simulador de errores de campo próximo cilíndrico. Añadiendo desviaciones 

mecánicas y eléctricas a adquisiciones virtuales cilíndricas en campo próximo, esta 

herramienta permite evaluar la influencia que tienen dichas desviaciones en los 

parámetros de antena tales como los diagramas de radiación en campo lejano, la 

directividad, el ancho de haz, el nivel de lóbulos secundarios, etc. En este caso, el 

análisis de incertidumbres incluye estudios de simulaciones individuales y de 

Monte-Carlo teniendo en cuenta antenas de distintos tamaños y combinando o no 

varias fuentes de error.  

4. A continuación, se ha comentado el segundo estudio de incertidumbres. Éste se basa 

en un número elevado de adquisiciones esféricas completas, en las cuales se 

emplearon diferentes configuraciones. En total, se realizaron 18 adquisiciones de 

unas seis horas cada una. Así, promediando ciertas configuraciones, se pueden llegar 

a minimizar algunas fuentes de error y por lo tanto, mediante comparación, se 

pueden estimar las incertidumbres.  

5. Posteriormente, se ha descrito una investigación exhaustiva de incertidumbres 

comparando diferentes técnicas para el establecimiento de ganancia en campo 

esférico cercano. En concreto, se estudiaron cuatro métodos para determinar la 

ganancia: el de comparación en campo próximo y en campo lejano, el de las tres 

antenas y el de las pérdidas de inserción.  

6. Por último, se han extraído observaciones, conclusiones y recomendaciones a partir 

de estas investigaciones. Además, también se proponen algunas posibles líneas 

futuras de investigación que surgen a partir de este trabajo. 
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I.1.5- Contribuciones de la Tesis 

En estos últimos años, se ha estado investigando el análisis de incertidumbres en la 

medida de antenas [14], [16] – [34]. A pesar de que el NIST (“National Institute of 

Standards and Technology”) [10], el Comité Internacional de Pesos y Medidas (“the 

International Bureau of Weights”) [11], [12] y el NPL (“National Physical Laboratory”) 

[13] han resumido algunas pautas para evaluar y expresar la incertidumbre en sus guías, 

no existe ningún estándar internacional que describa el proceso completo y que sea 

reconocido por todas las instituciones.  

Estos factores hacen difícil extraer aspectos realmente novedosos en el tema de 

Tesis escogido. Sin embargo, las contribuciones más importantes de esta Tesis doctoral 

se pueden resumir en los siguientes aspectos: 

− Revisión de las principales fuentes de incertidumbre presentes en el 

establecimiento de la directividad y de la ganancia – en el Apartado I.2 se 

presenta un resumen de dicha revisión, pero en la Sección 3.2 de la parte en 

inglés se detalla en profundidad –. Este trabajo se realizó dentro del proyecto 

europeo “Antenna Centre of Excellence” durante los años 2006 a 2008 grupo de 

investigación donde la doctoranda colaboró, por lo que los resultados 

pertenecen a la red entera. En esta Tesis se han resumido las conclusiones y se 

ha completado dicho estudio añadiendo una visión práctica gracias a la 

experiencia del laboratorio de medidas del LEHA de la UPM.  

− Evaluación de los procedimientos de incertidumbre – esto se encuentra 

resumido en el Apartado I.2 y con más detalle en la Sección 3.3 de la parte en 

inglés –. Aquí, se han propuesto procedimientos diferentes para la evaluación de 

incertidumbres y también se han explicado otros ya existentes y comúnmente 

aceptados como válidos. En cualquier caso, se han implementado dichos 

procedimientos para diferentes casos y se han evaluado los resultados obtenidos 

a partir de ellos.   

− Establecimiento de un diagrama de referencia. En el Apartado I.2 y en la 

Sección 3.4 de la parte en inglés se comentan diferentes procedimientos para 

determinar dicha referencia.  
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− Se han analizado varios ejemplos usando tanto simulaciones como medidas o la 

combinación de ambas en sistemas de adquisición de campo cercano cilíndricos 

o esféricos y para distintos tipos de antenas bajo prueba. Esta Tesis analiza por 

lo tanto diferentes aplicaciones para ser capaces de obtener algunas 

conclusiones que puedan ser generalizadas y empleadas en otros casos. Los 

resultados se presentan en los Apartados I.3, I.4 e I.5 y en las Secciones 4, 5 y 6 

de la parte en inglés. 

− Con todo esto, el último apartado (Apartado I.6 o Sección 7 de la parte en 

inglés) representa la contribución más importante ya que en él se inducen 

conclusiones extraídas de los ejemplos analizados. 
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I.2- Análisis de 

incertidumbres 
 

 

 

 

 

I.2.1- Teoría de incertidumbres y procedimientos de  evaluación 

La incertidumbre global de una medida expresa que el valor medido es sólo uno de los 

posibles valores distribuidos, de forma dispersa, alrededor del valor medido. El método 

empleado para estimar los límites de la incertidumbre y para proporcionar el nivel de 

confianza asociado está basado en el análisis estadístico, y depende de la magnitud y la 

distribución de las incertidumbres individuales de las componentes.  
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Como se recoge en [12], el término ‘incertidumbre’ significa duda. Así, en su 

sentido más amplio, ‘incertidumbre de medida’ significa duda sobre la validez del 

resultado de una medición. De hecho, formalmente se define la ‘incertidumbre de 

medida’ como el parámetro asociado al resultado de una medición, que caracteriza la 

dispersión de los valores que podrían ser razonablemente atribuidos al mensurando.  

La incertidumbre del resultado de una medición refleja la imposibilidad de conocer 

exactamente el valor del mensurando. El resultado de una medición tras la corrección de 

los efectos sistemáticos identificados es aún una estimación del valor del mensurando, 

dada la incertidumbre debida a los efectos aleatorios y a la corrección  imperfecta del 

resultado por efectos sistemáticos. En la práctica existen numerosas fuentes posibles de 

incertidumbre en una medición, entre ellas: 

a) definición incompleta del mensurando, 

b) realización imperfecta de la definición del mensurando, 

c) muestra no representativa del mensurando – la muestra analizada puede no 

representar al mesurando definido –, 

d) conocimiento incompleto de los efectos de las condiciones ambientales sobre la 

medición, o medición imperfecta de dichas condiciones ambientales, 

e) lectura sesgada de instrumentos analógicos por parte del personal técnico, 

f) resolución finita del instrumento de medida o umbral de discriminación, 

g) valores inexactos de los patrones de medida o de los materiales de referencia, 

h) valores inexactos de constantes y otros parámetros tomados de fuentes externas 

y utilizados en el algoritmo de tratamiento de datos, 

i) aproximaciones e hipótesis establecidas en el método y en el procedimiento de 

medida, 

j) variaciones en las observaciones repetidas del mensurando, en condiciones 

aparentemente idénticas. 

Estas fuentes no son necesariamente independientes y, algunas de ellas, como por 

ejemplo, “a)” e “i)”, pueden contribuir a la j). Por supuesto, un efecto sistemático no 

identificado puede ser tenido en cuenta en la evaluación de la incertidumbre del 

resultado de una medición, aunque contribuirá a su error. Para la estimación de 

incertidumbres, se han agrupado las componentes de la incertidumbre en dos categorías, 

según su método de evaluación, ‘A’ y ‘B’: 
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A. método de la evaluación de la incertidumbre mediante análisis estadístico de 

series de observaciones. 

B. método de evaluación de la incertidumbre por medios distintos al análisis 

estadístico de series de observaciones. 

Las componentes de la categoría A se caracterizan por medio de varianzas estimadas 

2
is (o ‘desviaciones típicas’ estimadas is ) y el número de grados de libertad iv . Cuando 

sea necesario se darán las covarianzas. Las componentes de la categoría B deben 

caracterizarse por medio de varianzas estimadas 2
ju , las cuales pueden considerarse 

como aproximaciones a varianzas, cuya existencia se presupone. Las cantidades 2
ju  

pueden tratarse como varianzas y las ju  como desviaciones típicas. Si es el caso, las 

covarianzas se tratarán de forma similar. 

La incertidumbre combinada debe caracterizarse por el valor numérico obtenido al 

aplicar el método habitual de combinación de varianzas: ley de propagación de 

incertidumbres. La incertidumbre combinada y sus componentes deben expresarse en 

forma de ‘desviaciones típicas’. Si, en aplicaciones particulares, es necesario multiplicar 

la incertidumbre combinada por un factor dado para obtener una incertidumbre global, 

se hará constar siempre el valor de dicho factor multiplicador.  

La incertidumbre de una corrección por efecto sistemático conocido puede obtenerse 

en algunos casos mediante una evaluación de Tipo A, mientras que en otros casos puede 

obtenerse mediante una evaluación de Tipo B; lo mismo puede decirse de una 

incertidumbre que caracteriza a un efecto aleatorio.  

El propósito de la clasificación en Tipo A y Tipo B es indicar las dos formas 

diferentes de evaluar las componentes de incertidumbre, a efectos únicamente de 

clarificar; la clasificación no trata de indicar que exista alguna diferencia de naturaleza 

entre las componentes resultantes de ambos tipos de evaluación. Los dos tipos de 

evaluación se basan en distribuciones de probabilidad, y las componentes resultantes 

tanto de uno como del otro tipo de evaluación se cuantifican mediante varianzas o 

desviaciones típicas. La varianza estimada 2u que caracteriza a una componente de la 

incertidumbre obtenida mediante una evaluación de Tipo A se calcula a partir de una 

serie de observaciones repetidas y es la conocida varianza estimada estadísticamente 

2s .  
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La desviación típica estimada u , raíz cuadrada positiva de 2u , es pues su =  y por 

conveniencia, a veces es denominada incertidumbre típica de Tipo A. Para una 

componente de incertidumbre obtenida a partir de una evaluación de Tipo B, la varianza 

estimada 2u  se evalúa a partir de información existente y la desviación típica estimada 

u  a veces se denomina incertidumbre típica de Tipo B.  

Así, la incertidumbre típica de Tipo A se obtiene a partir de una función de densidad 

de probabilidad (o simplemente densidad de probabilidad) derivada de una distribución 

de frecuencia observada, mientras que una incertidumbre típica de Tipo B se obtiene a 

partir de una función de densidad de probabilidad supuesta o asumida, basada en el 

grado de confianza que se tenga en la ocurrencia del suceso (a menudo se denomina 

probabilidad subjetiva). Ambas aproximaciones se basan en interpretaciones admitidas 

de la probabilidad.  

Cuando el resultado de una medición se obtiene a partir de los valores de otras 

magnitudes varias, la incertidumbre típica de este resultado se denomina incertidumbre 

típica combinada, y se representa por cu . Se trata de la desviación típica estimada 

asociada al resultado, y es igual a la raíz cuadrada de la varianza combinada, obtenida a 

partir de todas las varianzas y covarianzas, como quiera que hayan sido evaluadas, 

utilizando la ley de propagación de la incertidumbre.  

Para satisfacer las necesidades de determinadas aplicaciones industriales y 

comerciales así como las exigencias de los campos de la salud y la seguridad, la 

incertidumbre típica combinada cu  se multiplica por un factor de cobertura k, 

obteniéndose la denominada incertidumbre expandida U. El propósito de esta 

incertidumbre expandida U es proporcionar un intervalo en torno al resultado de 

medida, que pueda contener una gran parte de la distribución de valores que 

razonablemente podrían ser atribuidos al mensurando. La elección del factor k, 

habitualmente comprendido entre los valores 2 y 3, se fundamenta en la probabilidad o 

nivel de confianza requerido para el intervalo.  

Si se hacen variar todas las magnitudes de las que depende el resultado de una 

medición, su incertidumbre puede evaluarse por métodos estadísticos. En la práctica, sin 

embargo, esto no es posible, por limitaciones de tiempo y recursos; por ello, la 

incertidumbre de un resultado de medida habitualmente se evalúa acudiendo a un 

modelo matemático de la medición, y a la ley de propagación de incertidumbre.  
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Dado que el modelo matemático puede ser incompleto, todas las magnitudes 

relevantes deben hacerse variar de forma práctica, hasta el grado máximo posible con 

objeto de que la evaluación de la incertidumbre esté basada tanto como sea posible en 

los datos observados. Cuando sea factible, la utilización de modelos empíricos de la 

medición, basados en datos cuantitativos observados durante un largo plazo, así como el 

uso de normativas de verificación y gráficos de control que indiquen que la medición 

está bajo control estadístico, debe ser parte del esfuerzo para obtener evaluaciones 

fiables de la incertidumbre. El modelo matemático debe revisarse cuando los datos 

obtenidos, incluyendo aquí los resultados de determinaciones independientes del mismo 

mensurando, demuestren que el modelo es incompleto. Un ensayo bien concebido 

puede facilitar grandemente la consecución de evaluaciones fiables de la incertidumbre, 

siendo ésta una parte importante del arte de la medición. 

En el caso que se trata aquí, básicamente se tratan evaluaciones de tipo B de la 

incertidumbre. La varianza estimada asociada ( )ixu2  o la incertidumbre típica 

( )ixu  se establecen mediante decisión científica basada en toda la información 

disponible acerca de la variabilidad posible de Xi. El conjunto de la información puede 

comprender: 

• resultados de medidas anteriores, 

• la experiencia o el conocimiento general del comportamiento y propiedades de los 

materiales y los instrumentos utilizados, 

• las especificaciones del fabricante, 

• los datos suministrados por certificados de calibración u otros certificados, 

• la incertidumbre asignada a valores de referencia procedente de libros y manuales. 

La utilización correcta del conjunto de informaciones disponibles para una 

evaluación de Tipo B de la incertidumbre típica se fundamenta en la intuición adquirida 

mediante la experiencia, y en los conocimientos generales, siendo en cualquier caso una 

disciplina que puede aprenderse con la práctica.  

No debe olvidarse que una evaluación de Tipo B de la incertidumbre típica puede 

ser tan fiable como una evaluación de Tipo A, principalmente en una situación de 

medida en la que una evaluación de Tipo A se basa en un número relativamente 

pequeño de observaciones estadísticamente independientes.  
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Si la estimación ix  se obtiene a partir de una especificación del fabricante, de un 

certificado de calibración, de una publicación o de otra fuente, y su incertidumbre viene 

dada como un múltiplo específico de una desviación típica, la incertidumbre típica 

)( ixu  es simplemente igual al cociente entre el valor indicado y el factor multiplicador, 

y la varianza estimada )(2
ixu es igual al cuadrado de dicho cociente.  

La incertidumbre de ix  no siempre viene expresada como un múltiplo de una 

desviación típica. La incertidumbre dada puede definir un intervalo correspondiente a 

un nivel de confianza del 90%, 95% o 99%. Salvo indicación en contra, puede 

suponerse que se ha utilizado una distribución normal para calcular la incertidumbre, 

obteniendo la incertidumbre típica de ix  mediante simple división del valor dado de 

incertidumbre por el factor apropiado de la distribución normal. Los factores 

correspondientes a los tres niveles de confianza citados son 1,64; 1,96 y 2,58 

respectivamente.  

Es importante no contabilizar dos veces las mismas componentes de incertidumbre. 

Si una componente de incertidumbre procedente de un efecto particular se obtiene 

mediante una evaluación de Tipo B, no debe introducirse como componente 

independiente en el cálculo de la incertidumbre típica combinada del resultado de 

medida, salvo, si acaso, la parte de efecto que contribuye a la variabilidad de las 

observaciones. La incertidumbre debida a la parte del efecto que contribuye a la 

variabilidad observada está ya incluida en la componente de incertidumbre obtenida por 

el análisis estadístico de las observaciones.  

Por otra parte, la desviación típica experimental para una serie de n mediciones de 

un mismo mensurando, se representa mediante la magnitud ( )kqs  que caracteriza la 

dispersión de los resultados, dada por la fórmula: 

( )
( )

1

2

1

−

−
=
∑

=

n

qq
qs

n

k
k

k

    (I.2.1) 

siendo qk el resultado de la k-ésima medición y q la media aritmética de los n resultados 

considerados. 

Debido a que los términos ‘mensurando’, ‘error’ e ‘incertidumbre’ se malinterpretan 

frecuentemente vamos a ver su diferencias a continuación. 
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• Mensurando: es la magnitud objeto de medición y se define mediante la descripción 

de una magnitud. La definición incompleta del mensurando introduce en la 

incertidumbre del resultado de una medición una componente de incertidumbre que 

puede ser o no significativa dependiendo de la exactitud requerida en la medida. 

• Magnitud obtenida: idealmente, la magnitud obtenida mediante la medición debería 

ser totalmente coherente con la definición del mensurando. Frecuentemente, tal 

magnitud no puede obtenerse y la medición se lleva a cabo sobre una magnitud que 

es una aproximación del mensurando. 

• El valor ‘verdadero’ y el corregido: el resultado de la medición de la magnitud 

realizada se corrige por la diferencia existente entre dicha magnitud y el 

mensurando, con objeto de predecir el resultado que se obtendría si la magnitud 

realizada cumpliera totalmente la definición del mensurando. El resultado de la 

medición de la magnitud realizada se corrige también por todos los efectos 

sistemáticos significativos identificados. A pesar de que el resultado final corregido 

es considerado a veces como la mejor estimación del valor ‘verdadero’ del 

mensurando, en realidad el resultado es simplemente la mejor estimación del valor 

de la magnitud que se pretende medir. 

• Error: un resultado de medida corregido no es el valor del mensurando – es decir, 

existe un error – debido a imperfecciones en la medición de la magnitud realizada, 

desde variaciones aleatorias de las observaciones (efectos aleatorios), hasta la 

determinación inadecuada de las correcciones por efectos sistemáticos, y el 

conocimiento incompleto de ciertos fenómenos físicos (efectos sistemáticos). Ni el 

valor de la magnitud realizada, ni el valor del mensurando, pueden conocerse jamás 

con exactitud; todo lo más que puede conocerse son sus valores estimados. 

• Incertidumbre: mientras que los valores exactos de las contribuciones al error de un 

resultado de medición son desconocidos, las incertidumbres asociadas a los efectos 

aleatorios y sistemáticos que dan lugar al error sí pueden evaluarse. La 

incertidumbre de medida es pues una expresión del hecho de que, para un 

mensurando y un resultado de medida del mismo dados, no existe un único valor, 

sino un infinito número de valores dispersos en torno al resultado, que son 

compatibles con todas las observaciones, datos y conocimientos que se poseen del 

mundo físico, y que, con diferentes grados de credibilidad, pueden ser atribuidos al 

mensurando. 
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En la figura siguiente, se observa de forma gráfica, los pasos a seguir en el proceso 

completo de análisis de incertidumbres. 

 

Figura I.2.1: Proceso completo de análisis de incertidumbres 

Para evaluar el efecto de las incertidumbres en los parámetros de antena, existen 

fundamentalmente tres procedimientos de evaluación de incertidumbres: 

1. Análisis: las fuentes de incertidumbre que normalmente se suelen evaluar de 

forma analítica son el ruido y los errores de truncamiento en las medidas de 

campo cercano en el sistema plano. 

2. A partir de simulaciones: este estudio resulta interesante en los diseños de 

sistema de medida donde se necesitan conocer a priori los efectos de posibles 

desviaciones en los parámetros de antena. Esto es especialmente interesante en 

la etapa de diseño de sistemas de medida. De esta forma, por ejemplo, a partir de 

la modificación de adquisiciones virtuales y su posterior transformación a 

campo lejano, se puede analizar la influencia de dichos cambios en los 

resultados finales y así poder diseñar correctamente el sistema de medida. 

3. A través de medidas: este tipo de análisis se utiliza cuando se puede estimar el 

efecto de las incertidumbres en los parámetros de antena a posteriori, es decir, 

una vez realizadas las medidas. Así, mediante la comparación de medidas con 

configuraciones concretas (por ejemplo con barridos en θ o en φ, medidas con o 

sin atenuador…) se pueden extraer las incertidumbres asociadas a la medida. 
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Cabe destacar que, en las medidas en campo lejano, las incertidumbres se transfieren 

directamente, por lo que es posible evaluar dichas incertidumbres analíticamente o 

mediante medidas. Sin embargo, cuando se trata de medidas obtenidas a partir de una 

transformación de campo cercano a campo lejano, se han de evaluar las incertidumbres 

vía simulación ya que el método analítico resulta excesivamente complicado. 

I.2.2- Revisión de las principales Fuentes de incer tidumbres 

presentes en la medida de la directividad y de la g anancia 

Lo que aquí se presenta nace de los estudios realizados en el seno de la Red de 

Excelencia Europea sobre el tema de Antenas, financiada por el VI Programa Marco de 

la Unión Europea, “Antenna Centre of Excellence”, que juntó durante el periodo 2004-

2007 a las instituciones (Universidades, Empresas y Centros de investigación) más 

destacados en temas de antenas. Una de las actividades de dicha red estaba dedicada a la 

Medida de Antenas y, además de llevar a cabo intercomparaciones, se propuso un 

procedimiento común de evaluación de incertidumbres en medida de antenas. LEHA de 

la UPM participó en dicho grupo de trabajo, y algunos de sus frutos están recogidos en 

[41] y [48]. Según el exhaustivo estudio presentado en [41], las fuentes de 

incertidumbre en el cálculo del diagrama de radiación y sus parámetros son las 

siguientes: 

Categoría Incertidumbre Descripción 

1.   Intersección de ejes 
Desplazamiento lateral entre los ejes 
horizontal y vertical. 

2.   Ortogonalidad de Ejes 
Desviación de los 90º del ángulo entre los 
ejes horizontal y vertical. 

3.  Apuntamiento 
horizontal 

Para θ = 0°, desapuntamiento horizontal del 
eje horizontal con respecto al punto de 
referencia de la sonda. 

4.   Posición vertical de la 
sonda 

Desplazamiento vertical del punto de 
referencia de la sonda con respecto al eje 
horizontal. 

5. Apuntamiento 
horizontal y vertical de la 
sonda 

Desapuntamiento horizontal o vertical del 
eje z de la sonda con respecto al punto de 
intersección entre los ejes horizontal y 
vertical. 

Mecánicos 

6.   Distancia de medida 

Conocimiento de la distancia entre el punto 
de intersección entre los ejes horizontal y 
vertical y el punto de referencia de la sonda. 
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Categoría Incertidumbre Descripción 

7.   Variación de amplitud 
y fase por deriva térmica 

Cambio sistemático en amplitud y fase con 
la ABP inmóvil. 

8.   Ruido (amplitud y 
fase) 

Cambio aleatorio en amplitud o fase debido 
al ruido. 

9. Diafonía 
Nivel de señal captado por los cables y otros 
componentes del sistema. 

10. No linealidad del 
receptor 

Variaciones sistemáticas de nivel por el 
comportamiento no lineal del receptor. 

Eléctricos 

11. Variación en la 
amplitud y fase de las 
juntas rotatorias 

Cambio sistemático de amplitud y fase 
debido al efecto de las juntas rotatorias. 

12. Desequilibrio de 
amplitud y fase en las 
puertas de la sonda 

Diferencia de amplitud y fase entre las 
señales de los dos canales del receptor. 

13. Incertidumbre en la 
medida de la polarización 
de sonda 

Incertidumbre en la amplitud y fase de los 
coeficientes de polarización de la sonda. 

Relacionados 
con la sonda 

14. Diagrama de radiación 
de la sonda de medida 

Desviación del diagrama de radiación 
supuestamente conocido con respecto al 
valor real. 

15. Reflexiones múltiples 
Contribución a la señal recibida debido a 
interacciones entre la ABP y la sonda. 

16. Reflexiones de la 
cámara 

Contribución a la señal recibida debido a las 
reflexiones en las paredes, suelo y techo. Señales 

reflejadas 

17. Reflexiones del 
soporte de la ABP 

Contribución a la señal recibida debido a 
reflexiones procedentes de la estructura del 
soporte de la ABP. 

18. Truncamiento del área 
de barrido 

Errores debidos a la adquisición parcial de 
una esfera. Definición de 

adquisición 19. Error en el punto de 
muestreo 

Errores debidos a la rotación continúa del 
posicionador. 

20. Truncamiento de los 
modos en el proceso de 
transformación 

Cambios en el campo lejano debidos a un 
truncamiento de modos en la transformación 
de campo cercano a campo lejano. Transformación 

21. Potencia total radiada 
Error en el cálculo de la potencia total 
radiada. 

Tabla I.2.1: Incertidumbres y errores en la medida del diagrama de radiación 
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En este apartado se ha presentado un breve resumen de la evaluación de 

incertidumbres, es decir de la teoría de incertidumbres, de los procedimientos para 

evaluarla y de las principales fuentes de error presentes en la medida de la directividad y 

de la ganancia. En la Sección 3 de la parte en inglés (“Chapter 3: Uncertainty analysis”) 

se incluye una explicación bastante más detalla del análisis de incertidumbres, 

presentando por ejemplo un análisis detallado de cómo evaluar el efecto de cada una de 

las fuentes en los parámetros de antena y exponiendo con mayor profundidad los 

conceptos enunciados en este apartado. 
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I.3- Primera aplicación 

práctica: sistema cilíndrico 
 

 

 

 

La primera aplicación para evaluar las incertidumbres en los principales parámetros de 

medida de antena está basada en una herramienta de simulación de campo próximo 

cilíndrico a campo lejano [49] – [53]. Se diseñó un sistema cilíndrico ya que las antenas 

de grandes dimensiones necesitan sistemas de medida especiales. Típicamente, los 

sistemas cilíndricos de campo próximo son adecuados para las medidas de antenas 

RADAR de dimensiones considerables, ya que éstos pueden ser medidos moviendo 

acimutalmente su posicionador mientras que la sonda se traslada fácilmente  a lo largo 

de su eje vertical. En este estudio se han analizado fuentes de error de tipo eléctricas y 

mecánicas.  
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Los aspectos mecánicos del sistema de medida son especialmente importantes, 

puesto que errores en la configuración mecánica del sistema de medida pueden afectar 

considerablemente a los diagramas de radiación en campo lejano. En esta parte de la 

Tesis se ha implementado una herramienta para la estimación de errores para analizar 

las fuentes de error más importantes para antenas RADAR en banda L de grandes 

dimensiones en un sistema de adquisición cilíndrico de campo próximo. Con este 

simulador se prestende analizar el efecto que dichas desviaciones tienen sobre los 

diagramas de radiación y los principales parámetros de antena tales como la directidad, 

nivel de lóbulos secundarios, posición del máximo o nulo, etc. 

Para lograrlo, el simulador calcula el campo lejano a partir de un array de dipolos 

sobre un plano de masa y compara el campo lejano en el infinito ideal (calculado a 

partir del factor de array y el diagrama del elemento) con el campo lejano obtenido a 

partir de una transformación de campo cercano a campo lejano de la adquisición virtual 

cilíndrica. A continuación, se evalúa la influencia de las inexactudes en los resultados 

finales introduciendo fuentes de error sistemáticas o aleatorias y analizando las 

variaciones producidas en los digramas de radiación y parámetros de antena.  

Uno de los objetivos de esta investigación es pues la de analizar cómo las 

imprecisiones mecánicas y eléctricas pueden afectar a los resultados del sistema 

cilíndrico de medida de antenas para minimizarlos al máximo en la medida de lo 

posible. Esto resulta especialmente importante no sólo para cumplir especificaciones 

sino también para alcanzar un alto nivel de precisión en los resultados. Otro propósito es 

el análisis de incertidumbres a-priori para medidas de antenas RADAR en banda L con 

el fin de detectar aquellas que son más relevantes y poder así establecer los rangos en 

los que se puede considerar que la medida es válida y precisa. 

En la Sección “Chapter 4: Uncertainty evaluation based on simulations in a 

cylindrical system” de la parte en ingles se detalla el simulador y todos los resultados 

conseguidos a partir de él. Aquí se pasa a resumir las principales conclusiones extraídas 

a partir de este primer estudio de incertidumbres. Mediante los resultados obtenidos, se 

ha demostrado que el simulador implementado permite caracterizar las incertidumbres 

en los parámetros de medida de antenas (como son por ejemplo los diagramas de 

radiación, la directividad, el nivel de lóbulos secundarios SLL...) de acuerdo con el tipo 

de antena bajo prueba y los rendimientos mecánicos y eléctricos del sistema de medida.  
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Cuando se consideran errores aleatorios, si se llevan a cabo varias iteraciones, se 

pueden calcular la media y la desviación estándar producidas por las desviaciones, que 

respectivamente dan una estimación del error cometido y de la incertidumbre originada. 

Además, como la antena bajo prueba está alineada con la sonda a lo largo del eje x, los 

errores aleatorios en dicha dirección son los que tienen mayor influencia en los 

resultados.  

Por otra parte, las simulaciones y las medidas de intercomparación probaron 

claramente que la precisión del programa de transformación de campo próximo a campo 

lejano era elevada y que la validez de los márgenes obtenidos a partir del estudio 

geométrico de rayos difractados era adecuada.  

En este estudio, se comprobó que la incertidumbre del error en directividad 

disminuye si la dimensión de la antena aumenta cuando se considera una desviación 

aleatoria en la dirección x de la sonda, un error en fase o un ruido blanco gaussiano. 

Asimismo, la media (error de medida) y la desviación estándar (incertidumbre en la 

medida) del valor del SLL en los planos vertical y horizontal son mayores para las 

antenas de dimensiones menores y menos significativas para las antenas de mayores 

dimensiones cuando se consideran cambios aleatorios en la dirección x de la sonda, 

errores en fase y ruido blanco gaussiano. 

Por otro lado, se llevaron a cabo simulaciones de Monte-Carlo con cien iteraciones 

para verificar el efecto de la suma de diferentes fuentes de error en los parámetros de 

antena. Los resultados mostraron que mientras que los errores en directividad o en SLL 

eran mayores con antenas mayores, casi todo el resto de parámetros obtenidos eran 

menores con ese tipo de antenas. Asimismo, las cien iteraciones permitieron verificar 

que se cumplía la Ley de Grandes Números y el Teorema del Límite Central.  

Por último, cabe resaltar que en esta parte de la Tesis se han evaluado 

incertidumbres empleando únicamente simulaciones como procedimiento de análisis. 

Con el fin de comparar este tipo de método de estimación de incertidumbres con uno en 

el que se empleen medidas, la siguiente sección incluye un exhaustivo análisis de 

incertidumbres basado en medidas realizadas en las instalaciones del LEHA de la UPM. 
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I.4- Segunda aplicación 

práctica: sistema esférico 
 

 

 

 

 

La segunda implementación práctica para evaluar las incertidumbres en los parámetros 

de medida de antenas está basada en adquisiciones completas de campo cercano en un 

sistema esférico. El objetivo de esta parte de la Tesis es el de obtener las componentes 

de la incertidumbre global a partir de medidas o a partir de la combinación de medidas y 

simulaciones de Monte-Carlo para diferentes antenas.  
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Para ello, se han empleado dos antenas bajo prueba: la antena VAST12 (“12 GHz 

Validation Standard Antenna”) diseñada por la DTU y una bocina rectangular de 

ganancia patrón de FMI (Flann Microwave Inc). En el caso de la bocina de FMI, se 

midió la bocina de ganancia patrón con una configuración y se añadió un nivel de ruido 

fijo para analizar el efecto de éste en la transformación de campo cercano a campo 

lejano. En este caso, los parámetros de antena analizados fueron la directividad de pico 

y los diagramas de radiación. 

En el caso de la antena VAST12, se llevó a cabo una extensa campaña de medidas 

en la que se midió la antena con 18 configuraciones diferentes (barridos en theta, en phi, 

medidas añadiendo un absorbente o un atenuador, moviendo la posición de la sonda o 

de la ABP) con el fin de extraer los diferentes factores de la incertidumbre global. A 

partir de dichas medidas y de las correspondientes incertidumbres estimadas, se ha 

obtenido  un diagrama de referencia ponderado para la antena VAST12. Además de la 

incertidumbre, con estas medidas también se analizaron parámetros como la ganancia, 

la directividad, el campo adquirido y los diagramas de radiación en campo lejano, 

analizando los parámetros más críticos para cada factor. 

El análisis de incertidumbre de la VAST12 está basado en la hipótesis que el 

promediado ponderado de medidas con ciertas configuraciones de medida particulares 

puede minimizar ciertas fuentes específicas de incertidumbre de una forma más 

eficiente que con la simple repetición de las medidas con la misma configuración, de 

manera que se compensen las distintas fuentes de error. El establecimiento del diagrama 

de referencia y el procedimiento de evaluación de incertidumbre aplicado para la antena 

VAST12 empleando adquisiciones esféricas completas llevadas a cabo en las 

instalaciones del LEHA de la UPM, se divide en las siguientes etapas: 

1. Procesamiento de todas las adquisiciones individuales esféricas de campo 

cercano: transformación de campo cercano a campo lejano, cálculo de la 

directividad, establecimiento de la ganancia y de los diagramas de radiación de 

los planos principales. 

2. Selección de la técnica de promediado: promedio en campo lejano considerando 

sólo la amplitud, promedio en campo lejano teniendo en cuenta la amplitud y la 

fase, promedio en campo cercano teniendo en cuenta la amplitud y la fase.  
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Tras evaluar los resultados proporcionados por cada uno de estos promedios, se 

escogió el procedimiento más adecuado que resultó ser el promediado en campo 

lejano considerando la amplitud y la fase. 

3. Establecimiento de cinco conjuntos de cuatro adquisiciones para compensar los 

efectos de ciertas fuentes de incertidumbres.  

4. Establecimiento del primer diagrama de referencia creado promediando los 

cinco conjuntos de cuatro adquisiciones en campo lejano teniendo en cuenta la 

amplitude y la fase.  

5. Comparación ponderada entre el diagrama de referencia y cada uno de las 

adquisiciones o conjunto de adquisiciones. A partir de dicha comparación se 

pueden obtener las varianzas de las adquisiciones. 

6. Evaluación de las desviaciones estándar de las fuentes de incertidumbre a partir 

de la comparación las adquisiciones individuales con los conjuntos de medidas 

promediados. 

7. Establecimiento del diagrama de referencia y de su incertidumbre empleando las 

desviaciones estándar de cada fuente de incertidumbres.  

En la Sección “Chapter 5: Uncertainty analysis derived from spherical near-field 

measurements” de la parte en inglés se detalla el análisis de incertidumbres basadas en 

las medidas realizadas en las instalaciones del LEHA de la UPM. Aquí se pasa a 

resumir las principales conclusiones extraídas a partir de este segundo estudio de 

incertidumbres. 

Mediante los resultados obtenidos, se ha demostrado que el promediado en amplitud 

y en fase de varias medidas en campo lejano proporciona mejores resultados (media, 

desviación estándar, mediana, directividad) que los que se obtuvieron promediando sólo 

la amplitud en campo lejano. Cabe destacar que los resultados obtenidos promediando 

la amplitud y la fase en campo lejano o en campo cercano produjeron resultados 

similares. Esto se debe a la linealidad de la transformación de campo cercano a campo 

lejano, por lo que el efecto puede ser estudiado tanto en campo cercano como en campo 

lejano. Sin embargo, como es bastante más sencillo procesar los resultados en campo 

lejano, porque el efecto del desplazamiento de la ABP corresponde a un desplazamiento 

en fase del diagrama de radiación, se eligió esta última estrategia para la obtención del 

diagrama de referencia.  
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Por comparación se estimaron las contribuciones de las fuentes de incertidumbres 

involucradas en las medidas. Para el cálculo de incertidumbres, se asumió que algunas 

de las contribuciones eran despreciables. Hay que notar que el primer diagrama de 

referencia se obtuvo promediando cinco conjuntos de cuatro adquisiciones con el fin de 

compensar ciertas fuentes de incertidumbres. Con las incertidumbres de las fuentes de 

error, se estimó la incertidumbre de cada promedio de medidas. Así, con dichas 

incertidumbres, se obtuvo el diagrama de referencia ponderado y su correspondiente 

incertidumbre total.  

Así, la hipótesis que considera que la combinación de diagramas de radiación 

empleando diferentes configuraciones proporciona resultados más precisos que un 

simple promedio de diferentes adquisiciones con la misma configuración se ha 

verificado con el test de repetición. El diagrama ponderado se ha calculado usando 

distintas adquisiciones y alguna de ellas se ha considerado varias veces. Este 

procedimiento no cancela todas las contribuciones de incertidumbres pero reduce 

algunos de los términos. Finalmente, la incertidumbre total se ha calculado empleando 

la incertidumbre de cada fuente de error. En este caso, esta incertidumbre se ha 

estimado para el valor de pico del diagrama, donde el efecto del ruido puede 

considerarse despreciable. De hecho, para este caso, se podría haber optado por un 

enfoque diferente usando un número más reducido de adquisiciones. Sin embargo, para 

valores bajos de campo, la maximización del número de adquisiciones reduce el efecto 

de la incertidumbre debido al ruido.  

Por otra parte, se ha estudiado el efecto del número de modos en la transformación 

de campo cercano a lejano mediante las medidas realizadas con la bocina de ganancia 

patrón. Con este estudio se ha observado que la reducción del número de modos 

provoca una mejora de la incertidumbre que va acompañado con un incremento del 

error sistemático debido al truncamiento del número de modos esféricos. Además, se ha 

comprobado que se cumple la Ley de Grandes Números utilizando un simulador de 

Monte-Carlo basado en medidas alteradas con errores eléctricos.  

En esta parte de la Tesis se ha realizado un análisis de incertidumbres en los 

parámetros de antenas tales como la directividad, ancho de haz, máximo, diagrama de 

radiación. En el siguiente apartado se incluye un estudio detallado del análisis de 

incertidumbres en la ganancia a partir de medidas realizadas en las instalaciones de la 

Universidad Técnica de Dinamarca (DTU). 
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I.5- Tercera aplicación 

práctica: establecimiento 

de la ganancia en un 

sistema esférico 
 

 

 

En la tercera evaluación de incertidumbres, se ha estimado la incertidumbre en la 

ganancia. En [15] se detalla este estudio ampliamente y en esta Tesis se han recogido 

los resultados más relevantes, que aquí se pasan a resumir.  
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Se ha escogido como parámetro a evaluar la ganacia ya que constituye a una de las 

figuras de mérito que describen el rendimiento de las antenas. Tal y como se define en 

[1], la ganancia es una medida de la distribución espacial de la intensidad de radiación 

que incluye las pérdidas disipadas dentro de la antena. Cabe resaltar que el hecho de 

incluir las pérdidas disipadas es lo que diferencia la directividad de la ganancia. De 

hecho, el cociente entre la ganancia en potencia y la directividad en la misma dirección 

es la eficiencia de radiación de la antena.  

Para la medida de la ganancia, existen dos grandes tipos de técnicas para el 

establecimiento de la ganancia: las medidas de ganancia absolutas y los métodos de 

comparación de ganancia. Normalmente, los métodos de medida de ganancia absolutos 

se utilizan para calibrar antenas que después pueden ser utilizadas como bocinas patrón 

para medidas por comparación. En este caso, no se requiere información a priori de 

ninguna de las ganancias de las antenas. En el caso de los métodos de comparación de 

ganancia, al contrario, se requiere el uso de una antena cuya ganancia se conozca de 

forma precisa. Típicamente, se emplea este tipo de métodos para la medida de ganancia 

de ABP [1], [2], [56]. Los dos tipos de antenas que están universalmente reconocidos 

como bocinas patrón son los dipolos resonantes λ/2 (con una ganancia de unos 2.1dB) y 

las bocinas piramidales (con una ganancia entorno a 12 – 25dB), teniendo ambas 

polizaciones lineales. En esta parte de la Tesis, se ha llevado a cabo una investigación 

de incertidumbres comparando los rendimientos de diferentes métodos para el 

establecimiento de la ganancia, tal y como se ha detallado en [15].  

Las técnicas evaluadas fueron la técnica de sustitución en campo cercano y en 

campo lejano, el método de las tres antenas y la técnica de pérdidas de inserción. Para 

cada una de estas cuatro técnicas se emplearon varias implementaciones. En el caso de 

la técnica en campo cercano se compararon niveles de campo o potencias. En cuanto a 

los métodos en campo lejano, se tomaron tres implementaciones: considerando que la 

distancia entre las antenas se medía desde la apertura de las antenas, considerando que 

la separación entre las antenas era entre centros de fase y por último considerando un 

factor de corrección debido a efectos de proximidad. Así, en total se compararon once 

procedimientos para el establecimiento de la ganancia. Una vez calculada la ganancia 

para cada una de las técnicas y para varias frecuencias, se estimaron las incertidumbres 

en cada uno de los métodos de establecimiento de la ganancia.  
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Una vez halladas dichas incertidumbres, se calculó un valor de referencia ponderado 

con estas incertidumbres y se comparó cada una de las ganancias con dicho valor de 

referencia para poder determinar el rendimiento del método de establecimiento de 

ganancia. Cabe mencionar que las medidas utilizadas para este estudio fueron realizadas 

en las instalaciones de la DTU (“DTU-ESA Near-Field Antenna Test Facility of the 

Technical University of Denmark”).  

En la Sección “Chapter 6: Uncertainty estimation for gain determinations in 

spherical system” de la parte en inglés se detalla el estudio de incertidumbres para las 

técnicas para la medida de la ganancia mencionadas. Aquí se pasa a resumir las 

principales conclusiones extraídas a partir de este primer estudio de incertidumbres. 

A partir de este análisis de comparación de ganancias, se ha visto como la 

desviación estándar de los métodos de pérdidas de inserción con distancia entre 

aperturas de las antenas y con distancia entre centros de fase y el método de sustitución 

en campo lejano con distancia entre aperturas están ligeramente sobreestimada en la 

primera evaluación. Por otra parte, el método de las tres antenas con distancia entre 

aperturas y con el factor de corrección por proximidad está levemente subestimado en la 

primera valoración. Las sub- y sobreestimaciones pueden deberse a una estimación 

imprecisa de las incertidumbres de las variables implicadas en el cálculo de la ganancia 

de la ABP o bien a una elección inadecuada de la distribución de las incertidumbres. 

Por otra parte, el análisis de la técnicas de establecimiento de la ganancia en campo 

lejano revelaron que la corrección por proximidad es bastante significativa para la 

bocina patrón con distancias de medidas iguales a (2...3) × 2D2/λ. Esto se debe 

fundamentalmente al “tapering” de fase en la apertura de la bocina patrón.  

Además, el conocimiento de las dimensiones de la sonda para la técnica de 

sustitución en campo lejano no es estrictamente necesaria, ya que los factores de 

corrección por proximidad, que dependen tanto de la bocina patrón como de la sonda, 

son pequeños en comparación con el factor de corrección por proximidad, que depende 

solamente de la bocina patrón. Esto es válido sólo en el caso en el que la ganancia de la 

ABP es comparable a la ganancia de la bocina patrón. Los efectos son mayores de lo 

esperados en los casos en los que la ganancia de la ABP sea bastante mayor que la 

ganancia de la bocina patrón.  
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Cabe resaltar que el cálculo exacto del factor de corrección de proximidad para la 

bocina patrón puede realizarse con la transformación de campo próximo a campo lejano 

si la información de la adquisición completa está disponible.  

Además, se comprobó que la corrección por proximidad está basada en una 

distribución asumida de amplitud y de fase de la bocina patrón. La distribución real 

puede llevar a un valor diferente del factor de corrección por proximidad. Por lo tanto, 

la precisión de dicho factor es algo cuestionable. También se apreció que si no se 

conocen las distribuciones de amplitud y de fase del campo de la ABP, la corrección por 

proximidad no se puede hallar y el error debido a despreciar dicho efecto puede ser 

significativo. 

Por otra parte, el uso de la distancia entre centros de fase aporta una nueva 

implementación. Sin embargo, la validez de este enfoque se ha de probar. Pautas 

prácticas para el establecimiento del centro de fase son necesarias ya que el 

emplazamiento del centro de fase depende básicamente de muchos parámetros, por 

ejemplo de la frecuencia, cortes de diagrama elegidos, rangos angulares, información de 

campo cercano o de campo lejano y de la calidad de los datos.  

Finalmente, entre las técnicas consideradas, la alternativa más adecuada es el 

método de sustitución en campo lejano. Las ventajas de esta técnica son que por un lado 

la información requerida ya está medida. Además, no hay necesidad de realizar una 

medida adicional con un cable que conecte el generador con el receptor (tanto el método 

de las tres antenas como la técnica de pérdidas de inserción requieren de dicha medida). 

Asimismo, los datos de adquisición completa están disponible a partir del barrido de 

esfera completa tanto para la ABP como la bocina patrón, por lo que el factor de 

corrección por proximidad puede calcularse fácilmente usando la expansión de onda 

esférica. De manera alternativa, se podría utilizar el conocimiento del centro de fase. 

Además, el concocimiento de las dimensiones de la sonda no es estrictamente necesario, 

pero si se desea, los datos de la sonda están también disponibles de la calibración de la 

sonda. Finalmente, la estimación de incertidumbre de esta técnica es bastante pequeña y 

es del mismo orden de magnitud que la incertidumbre del método de sustitución en 

campo cercano. La única desventaja de este método es que la ganancia de la bocina 

patrón debe ser conocida, pero esto normalmente se puede hallar a partir de las medidas 

de esfera completa y de la estimación de las pérdidas.  
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I.6- Recomendaciones y 

líneas futuras 
 

 

 

 

I.6.1- Observaciones, conclusiones y recomendacione s 

Como ya se ha comentado, el objetivo principal de esta Tesis es el análisis y el estudio 

del efecto de algunos errores eléctricos y mecánicos en la incertidumbre de la medida de 

los parámetros de antena. El proceso de medida de antena es suficientemente complejo 

como para involucrar un gran número de factores, algunos de ellos difíciles de tener en 

cuenta especialmente cuando un proceso de transformación de campo cercano a campo 

lejano está involucrado, sobre todo cuando se tratan de expansiones de ondas esféricas y 

cilíndricas.  
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La Tesis doctoral empezó con una revisión del estado del arte de la evaluación de 

incertidumbres, seguida de la definición de las contribuciones de incertidumbres más 

importantes. Cabe destacar que la mayor parte de este trabajo de definición fue 

desarrollado dentro de la Actividad de Medida de Antenas dentro de la Red Europea de 

Antenas “Antenna Centre of Excellence ACE”, donde la doctoranda ha participado. En 

esta Tesis, la doctoranda ha resumido los principales resultados y ha aportado una 

visión práctica a la evaluación de incertidumbres. Se ha preferido no modificar esta 

parte del trabajo ya que pretende ser unas pautas de-facto dentro de la comunidad 

europea de medida de antenas. 

A pesar de que está claro que la incertidumbre es diferente dependiendo de la 

configuración de la medida, los parámetros de antena medidos, la frecuencia y la ABP, 

este trabajo intenta investigar diferentes situaciones de medida con el fin de extraer 

algunas conclusiones generales. Para ello, se ha llevado a cabo la evaluación de 

incertidumbres empleando medidas o simulaciones. Además, en este trabajo se han 

empleado diferentes tipos de antenas (arrays RADAR, bocinas, reflectores), de sistemas 

de medida (rangos esféricos, cilíndricos o de campo lejano) y de parámetros de antenas 

(directividad de pico, ganancia, ancho de haz, dirección del máximo, etc.). El objetivo 

de este trabajo no es simplemente el de analizar situaciones individuales, sino también 

el de extraer conclusiones globales a partir de estudios complementarios.  

Aunque está claro que la incertidumbre es diferente dependiendo de diversos 

factores: sistema de medida, antenna bajo prueba, frecuencia de medida y parámetro de 

antena medido, este trabajo ha cubierto diferentes casos con el fin de extraer algunas 

conclusions generales. Se ha evaluado la incertidumbre utilizando medidas 

(fundamentelemente en los capítulos 5 y 6) o simulaciones (en los capítulos 4 y 5). Se 

han empleado diferentes antenas (arrays en banda L para aplicaciones RADAR, 

bocinas, reflectores), diferentes configuraciones de meida (sistema de campo próximo 

esférico, cilíndricos o de campo lejano) y distintos parámetros de antena (directividad, 

ganancia, ancho de haz, dirección de apuntamiento…). Los factores de incertidumbre 

analizados en esta Tesis son los siguientes: 

- Errores mecánicos en los tres sistemas de medida: vía simulación en el sistema 

de campo próximo cilíndrico, y mediante medida en los sistemas del LEHA-

UPM y de DTU-ESA.  
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En el primer caso, se han analizado por separado la influencia del error en cada 

uno de los ejes, más un error de inclinación, mientras que en los otros dos, se 

han considerado el conjunto de los errores mecánicos como una única 

contribución a calcular. 

- Errores eléctricos en los tres sistemas: en las simulaciones llevadas a cabo para 

el sistema cilíndrico se analizó el efecto del ruido y el error de fase debido a 

desviaciones térmicas. En el caso del sistema del LEHA-UPM también se tuvo 

en cuenta la no linealidad de amplitud y el efecto de las variaciones de fase y 

amplitud debidas a las juntas rotatorias. 

- Señales reflejadas: la incertidumbre debida a las señales reflejadas ha sido 

analizada tanto para las medidas realizadas sobre la VAST12 como par alas 

medidas de ganancia realizadas en la DTU-ESA. 

- Efectos de la sonda: para este caso, sólo se ha tenido en cuenta el efecto del 

diagrama de la sonda en la transformación de campo próximo a campo lejano 

sobre la VAST12, analizando los resultados en la medida de ganancia y 

directividad cuando se aplica la corrección de sonda y cuando no se aplica 

(considerando la sonda como un dipolo de Hertz). 

- Errores en la adquisición: se ha analizado el efecto del truncamiento de medida 

en el sistema cilíndrico, mediante simulaciones. 

- Errores de procesado: se ha analizado el efecto del truncamiento de modos 

esféricos en la transformación de campo próximo a campo lejano con las 

medidas llevadas a cabo sobre la bocina patrón de FMI.  

Finalmente, se han extraído algunas observaciones, conclusiones y recomendaciones 

a partir de esta investigación, que se han ido recopilando en los apartados anteriores. 

Algunas de estas observaciones pueden resultar bastante obvias para un experto de 

medida de antenas, pero esta Tesis ha intentado validarlas con medidas y simulaciones.  

Cabe comentar que los análisis de incertidumbres calculados para la antena 

VAST12 en las instalaciones del LEHA de la UPM y para la bocina patrón en las 

instalaciones de la DTU son consistentes. Por ejemplo, en ambos casos, la contribución 

debida a las reflexiones múltiples es pequeña. En las medidas en el LEHA, la 

contribución de las errores mecánicos y las reflexiones de la cámara son mayores 

debido a los posicionadores y las dimensiones de la cámara utilizada.  
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I.6.2- Líneas futuras 

Durante estos últimos años, se ha llevado a cabo un estudio de evaluación de ciertos 

factores de incertidumbres, evaluando diferentes sistemas de medidas y antenas. Este 

estudio no está completo y puede ser mejorado con un análisis más exhaustivo de 

ciertos factores de incertidumbres u otras situaciones. 

Por supuesto, este trabajo puede ser completado con un análisis de diferentes 

antenas, procedimientos y rangos de medida en la UPM o en otras instalaciones, 

estudiando un número limitado de medidas. También, se pueden comparar con otros 

estudios publicados relacionados con este tema de investigación. Este trabajo puede 

llevarse a cabo en el futuro.  

Sin embargo, el objetivo más importante consiste en llegar a un acuerdo para 

establecer un procedimiento de evaluación de incertidumbres que pueda usarse como 

referencia para la comunidad de antenas. Los esfuerzos futuros deberían concentrarse en 

llegar a la estandarización de un procedimiento para la estimación de incertidumbres. 

Así, se podría emplear dicho método para la evaluación de diagramas de referencia, 

para la validación de instalaciones de medida, para fines de acreditaciones y, 

definitivamente, para mejorar las capacidades de medida de la comunidad de antenas.  

Finalmente, en este documento se han establecido algunos procedimientos, enfoques 

y observaciones. Sin embargo, se requiere de un trabajo de ingeniería para transformar 

todas estas conclusiones en pautas o incluso en algoritmos y ser capaces así de evaluar 

de manera más fácil y automática la incertidumbre en las instalaciones de medida. En 

este sentido, aún hay bastante trabajo por realizar. 

Como puede observarse, esta Tesis abre varias líneas de investigación y desarrollo. 

Algunas de ellas pueden ser llevadas a cabo por un solo laboratorio de medidas pero la 

mayoría de ellas requieren el trabajo conjunto de varias instituciones para lograr 

acuerdos internacionales.  
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Chapter 1 

 Introduction 
 

 

 

 

1.1- Motivation 

An antenna is defined by Webster’s Dictionary as “a usually metallic device for 

radiating or receiving radio waves”. In addition, the IEEE Standard [1] specifies the 

antenna or aerial as “a mean for radiating or receiving radio waves”. That implies that 

the antenna is the transitional structure between free-space and a guiding device [2].  
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In order to describe an antenna, its radiation features – i.e. radiation pattern, 

directivity, gain, impedance, beamwidth, efficiency, polarization, bandwidth – could be 

evaluated. In the past years, many analytical methods have been implemented to 

analyze, synthesize and numerically compute the antenna radiation characteristics. 

However, often many antennas cannot be investigated analytically, because of their 

complex structural configuration and excitation method. As a result, experimental 

results are normally needed to validate theoretical data, though experimental 

investigations usually suffered from a number of drawbacks: 

o for pattern measurements, the distance to the far-field region (r > 2D2/λ) is too 

long even for outside ranges. It also becomes difficult to keep below acceptable 

levels unwanted reflections from the ground and the surrounding objects. 

o in many cases, it may be impractical to move the antenna from the operating 

environment to the measuring site.  

o for some antennas, such as phased arrays, the time required to measure the 

necessary characteristics may be enormous. 

o outside measuring systems provide an uncontrolled environment, and they are 

not suitable for all-weather conditions. 

o enclosed measuring systems usually cannot accommodate large antenna 

systems, i.e. ships, aircraft, large spacecraft, etc. 

o measurement techniques, in general, are expensive.  

Some of the above limitations can be overcome by using special techniques, such as 

indoor measurements, near-to-far-field transformation [3], scale model measurements 

and automated commercial equipment specifically designed for antenna measurements 

utilizing computer assisted techniques. 

Besides, with the accelerated progress made in aerospace and defence systems, more 

precise measurement methods were necessary. To accommodate these requirements, 

improved instrumentation and measuring techniques were developed including tapered 

anechoic chambers [4], compact and extrapolation ranges [5], near-field testing 

techniques [5] – [7], improved polarization techniques and swept-frequency 

measurements [8], indirect antenna measurement characteristics and automated test 

systems.  
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 Nowadays, since the demand of accuracy in antenna measurement has increased, 

the need to reduce the uncertainty in antenna measurements has become a requirement 

to fulfil. This issue was detected by the Radiation Group of the Technical University of 

Madrid (UPM), which has a long experience in antenna measurements and that actively 

participates in European Antenna Measurement Networks. 

The proper estimation of the uncertainty is one of the challenges of any facility that 

measures antennas, because it is a problem only partially solved for the time being. In 

fact, up to now no intermational norm has been created: no international accepted 

procedure exists to evaluate the measurement uncertainties. Thus, the aim of this 

research is to analyze the uncertainties and their effect in the main antenna parameters, 

in order to establish the level of accuracy of the results. Furthermore, if uncertainties 

could be estimated, the errors could be minimized and so the measurement systems 

could be improved.  
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1.2- Objectives and general methodology of the Thes is 

The accurate determination of a physical quantity or performance by measurements is a 

challenging task. In the past, some established measurement techniques for microwave 

antennas have been found. These procedures were based on far-field and near-field 

methods and helped to determine parameters like gain, directivity, polarisation, axial 

ratio, etc. [1]. However, established protocols for the determination of the measurement 

errors bounds or overall measurement accuracy are still to be developed and widely 

accepted among the antenna measurement community. The current methods and 

approaches are continually refined and updated although Newell’s [14] 18 terms paper 

for planar near field systems and Hansen’s book [9] for spherical near-field 

measurements represent de-facto references for the antenna measurement community. 

Measurement results and conclusions derived from them constitute much of the 

technical information produced by an antenna test facility. Additionally, it is generally 

agreed that the usefulness of the measurement results, and thus much of the information 

that it is provided by the laboratory, is clearly determined by the quality of the 

uncertainty statements that go along with them. Therefore, in general, the result of a 

measurement is only an approximation or estimation of the value of the specific 

quantity subject to measurement, that is, the measurand, and thus the result is complete 

only when accompanied by a quantitative statement of its uncertainty [10] – [13]. 

Therefore, the uncertainty constitutes the degree of the measurement quality, which 

allows comparing the measurement output with other outcomes, references, 

specifications or standards. In past studies, several procedures have been applied for the 

uncertainty determination in an antenna measurement, and summarized in [14]. That 

paper establishes for a planar near-field system one method of uncertainty evaluation 

based on computer simulation, a second one based on tests and a third one based on 

error equations. However, for spherical or cylindrical scanners, the error equations are 

far more complicated and usually simulations or measurements are employed. This is 

illustrated for spherical near-field systems in [9]. 

Taking this into account, the purpose of this study is to establish different techniques 

for the uncertainty determination in antenna measurement systems, and investigate how 

the uncertainties may affect the antenna measurement results for different scanners and 

Antennas Under Test (AUT). This Thesis then begins with the review of the existing 

methodology to evaluate the uncertainties in measurement results.  
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In order to fulfil this task, an extensive representative uncertainty guides analysis 

has been performed [10] – [13]. Additionally, the main uncertainty sources for the 

different antenna parameters are described, following the criteria investigated in the 

Antenna Centre of Excellence, where I have collaborated. This analysis is extended with 

a practical point of view of the uncertainty sources involved on the measurements at the 

LEHA-UPM Antenna Test Facilities (“LEHA”, Laboratorio de Ensayos y 

Homologación de Antenas). 

Furthermore, this investigation includes the advantages and drawbacks of several 

methodologies for the establishment of uncertainties in antenna measurement terms and 

their effects on the antenna measurement parameters. These methodologies are based on 

analytical analysis, manufacturer specification use, simulations, measurements or 

simulations combined with measurements. Although these techniques are applied to 

specific antennas and measurement systems, statistical analyses are performed on the 

results to try to get some general conclusions. 

This study is focused on the antenna parameters related to the far-field radiation 

pattern (directivity, position of the maximum, beamwidth, side lobe levels) and gain; 

and it was performed in the facilities of the Technical University of Danmark (DTU-

ESA Spherical Near-Field Antenna Test facility), the Technical University of Madrid 

(LEHA-UPM Antenna Test Facilities) and the L-band RADAR Outdoor Cylindrical 

Near-field system located in the CEAR facilities (Guadalajara-Spain). Thus, either by 

means of measurements or through simulations, several acquisitions for the same 

antenna were performed (simulated or measured) in order to establish the uncertainty. In 

some cases, this allows improving the accuracy of the measurement, so some techniques 

for enhance the accuracy are described [15].  

The final part draws some conclusions, observations and recommendations derived 

from the different investigations. Although, the studies have been performed on a 

discrete number of facilities and antennas under test, some general deductions valid for 

any facility or antenna can be drawn. 

Therefore, the goals of this Thesis are: 

- To review the uncertainty factors and to establish a common list of 

uncertainty sources in agreement with other European institutions. This can 

be performed by carrying out intercomparison campaigns with other 

European universities and companies. 
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- To detect which are the most relevant components depending on the 

measurement system, measurement procedure, type of antenna and 

frequency range evaluated.  

- To determine uncertainty estimation procedures a priori – i.e. before 

performing the measurements or even in the antenna measurement system 

design stage – and to establish the uncertainty a posteriori – based on actual 

measured data –. 

- To validate these procedures with extensive measurement or simulation 

campaigns, which have to be carried out thinking in the practical application 

of the measured or simulated scenarios. 

- To ascertain the validity of each measurement system or measurement 

procedure. 

- To establish a number of observations, conclusions and recommendations of 

the methods to calculate the measurement uncertainties, that can be applied 

in the antenna test facilities.  
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1.3- Outline of the Thesis 

To carry out these objectives, the methodology adopted in this doctoral Thesis project 

consists of a review of the state of the art, simulations and measurements carried out in 

two different facilities: the DTU-ESA antenna test facility and the LEHA-UPM antenna 

test facilities. Then, through the analysis of the results achieved from both simulations 

and measurements, some observations, conclusions and recommendations could be 

stated. 

Summarizing all the aspects commented in the previous section, the doctoral Thesis 

project could be structured as follows: 

1. First, a short introduction and the state of the art will be presented.  

2. Then, an extensive study of the uncertainty analysis is carried out. This section 

includes a review of the uncertainty theory needed to analyze the accuracy of the 

measurements. It also contains a complete description of the main uncertainty 

sources to be considered in the directivity and gain determinations. In addition, the 

uncertainty estimation procedures to establish the accuracy of the measurement and 

to determine the error budget of the measuring system are described. It should be 

noted that these procedures could be a priori or a posteriori, depending if it is 

achieved before or after the measurement. Furthermore, it could be based on an 

analytical studies, on simulations or on measurements. The last part of this section 

incorporates different ways to establish a reference value. 

3. Afterwards, the first uncertainty evaluation based on a cylindrical near-field error 

simulator will be explained. By adding mechanical and electrical deviations to the 

virtual cylindrical near-field acquisitions, this tool allows evaluating the influence, 

which these deviations have in the antenna parameters (far-field radiation pattern, 

directivity, beamwidth, Side Lobe Levels…). In this case, the uncertainty analysis 

includes the study of individual and Monte-Carlo simulations taking into account 

antennas with different sizes and combining or not the error sources.  

4. Next, the second uncertainty investigation will be commented. This examination is 

based on a large number of spherical near-field acquisitions (full-sphere) carried out 

with different measurement configurations. Thus, by averaging particular 

configurations, some uncertainty sources could be minimized and so, by 

comparison, the uncertainties could be estimated.   
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5. After that, an exhaustive uncertainty investigation comparing different gain 

determination techniques (near-field and far-field substitution techniques, three-

antenna technique and insertion loss technique) in a spherical near-field system is 

described.  

6. Finally, the observations, conclusions and recommendations derived from this 

research will be drawn. Additionally, the contributions and possible future work 

derived from this research are presented. 
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1.4- Contributions of the Thesis 

The analysis of the uncertainty for antenna measurement systems has been investigated 

in the recent years [14], [16] – [34]. Although, NIST [10], the International Bureau of 

Weights [11], [12] and NPL [13] have summarized some guidelines for evaluating and 

expressing the uncertainty in their guides, there is not any international standard that 

describes the whole process and that it is recognized by all institutions. 

These factors make difficult to extract novel aspects in the selected topic. However, 

the most important contributions of the Thesis can be summarized in the next aspects: 

• Revision of the main “uncertainty sources involved in the directivity and gain 

determinations” – Section 3.2 –. This work was done in the framework of the 

Antenna Centre of Excellence, during 2006-2007, where I collaborated in that 

research group, so the results belong to the complete network. However, I prefer 

to insert all the conclusions, in order to complete the Thesis overview. 

• Evaluation of “uncertainty estimation procedures” – Section 3.3 –. Here, some 

new procedures are proposed, whereas other ones are taken from the literature. 

In any case, these procedures have been implemented, applied to different cases 

and then evaluated. For that, a reference value– Section 3.4 – has been 

established: in the case of simulations, the reference value is the ideal pattern, 

while in the case of measurement a combination of  different acquisitions have 

been established. 

• Several examples have been analyzed using either simulations, measurements 

or combination of both; cylindrical, spherical near-field or far-field systems, and 

different antenna under test types. This Thesis has analyzed these different 

applications in order to be able to obtain some conclusions that could be 

generalized to other cases. The results are presented in Sections 4 to 6. 

• All in all, “Observations, conclusions and recommendations” – Section 7 –. The 

last section of the Thesis is the induction of some conclusions from the 

examples analyzed. 
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Chapter 2 

 State of the art  
 

 

 

 

Before detailing the investigation that was performed for this Thesis, it is convenient to 

carry out a historical review of the uncertainty and error evaluations accomplished up to 

now. In [16], Newell and Yaghjian published a study of errors in planar near-field 

measurement, where they evaluated how errors in measured near-field quantities affect 

the accuracies of far-field parameters such as gain, side lobe levels (SLL), monopulse 

difference level, beamwidth, etc. Their strategy was to derive error expressions from the 

equations relating near- and far-field measured data.  
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In this case, the errors investigated were the next ones: 

− truncation of the measurement area, 

− x-, y- and z-position errors of the probe,  

− amplitude and phase uncertainties of the measured data, 

− multiple reflections between the probe and the AUT.  

The results not only gave the effects of errors in a given quantity, but also specified 

the form of the error (i.e. linear, quadratic, periodic, etc) that will produce the largest 

effect. As a result, this work showed where the significant sources of error were, how to 

minimize their effect and how planar near-field measurements could be at least as 

accurate as conventional far-field approaches. 

Later, Newell extended this research in [14], where he performed an error analysis 

on planar near-field measurements. This study provided ways of estimating the 

magnitude of each individual source of error and then combining them to estimate the 

total uncertainty in the measurement. For that purpose, he employed mathematical 

analysis, computer simulations and measurement tests where appropriate.  

In this research, three primary applications for these tests were identified: 

1. By designing a new measurement facility, the requirements of each part of 

the measurement system could be specified in order to meet a given level of 

accuracy. 

2. During actual measurements, potential sources of error in the measurement 

could be reduced. 

3. When a measurement was completed, the estimated uncertainty in the 

measurement could be easily achieved with confidence.  

The latter application was used in many measurements to verify that the planar near-

field technique produced high accuracy results competitive with any other measurement 

techniques. Additionally, Newell and Stubenrauch published in 1988, a study of the 

effect of random errors in planar near-field measurement. In that research [17], 

expressions which relate the signal-to-noise ratio (S/N) in the near-field to the signal-to-

noise ratio in the far-field were developed. The formulation was then employed to 

predict errors in far-field patterns obtained from near-field data. Furthermore, a 

technique to measure the noise in the far-field pattern was also given.  
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Through this investigation, they demonstrated that random errors in antenna patterns 

computed form near-field data may be significant if accurate results were needed in 

regions where pattern amplitudes are very low. Besides, they showed that the effect on 

S/N from random amplitude errors was proportional to the number of points in the 

effective area of the antenna, but inversely proportional to the square root of the total 

number of data points. On the other hand, they found out that phase errors had an effect 

only in the region where the near-field amplitude was high and were proportional to the 

square root of the number of data points taken in that area.  

Various random errors were simulated by corrupting near-field data and computing 

the resulting far-field pattern. Comparison between the simulation and the errors 

estimated by the appropriate formulas demonstrated that the predicted error levels were 

within a few dB of the simulations. Based on this work, they concluded that the 

formulas presented in this analysis indeed provided a useful way of determining the 

effect of random near-field errors. Furthermore, a technique for measuring the noise in 

the calculated far-field pattern by computing the spectrum in the evanescent region from 

a single-dimensional oversampled scan was also validated with good results.  

Along the lines of this examination, Hoffman and Grimm established in [18] how 

the far-field pattern accuracy, which is based only on known or measured near-field 

error, could be certified with the available planar near-field error theory. To fulfil that 

purpose, they determined a new formulation for estimating the spectral S/N arising from 

no correctable near-field random measurement errors. The expressions derived applied 

to arbitrarily directive test antennas and probes – even nulling probes. Besides, a new 

near-field parameter, called the scan plane coupling factor ηS, could be computed 

directly from the near-field data, and then employed to form the spectral S/N.  

The accuracy of the spectral signal-to-noise ratio was confirmed by simulation and 

by actual tests with the low-side lobe AWACS (Airborne Warning and Control System) 

array antenna. 

So far [17], [18], expressions were derived to predict the effect of random errors in 

planar near-field measurements. Since similar equations for cylindrical near-field 

measurements were not available up to that moment, Romeu, Jofre and Cardama 

derived in [19] and in [20], a full characterization of the far-field noise obtained from 

cylindrical near-to-far-field transformation, for a white Gaussian, space stationary, near-

field noise. A possible source for such noise was the receiver additive noise.  
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The noise characterization was done by achieving the autocorrelation of the far-field 

noise, which was shown to be easily computed during the transformation process, 

because the near-to-far-field transformation was a linear operator and thus the effect of 

an additive noise could be analysed by superposition. In this analysis, the near-field 

noise was assumed to be a complex Gaussian noise, space stationary, with zero mean, 

and variance σ2. It is worth noting that even for this simple case, the far-field noise had 

complex behaviour dependent of the measurement probe. Thus, the expression 

considered the effect of the measurement probe and it was shown that the probe played 

an important role in the determination of the far-field noise variance. Furthermore, it 

was seen that the far-field noise variance was proportional to the number of sample 

points, and proportional to the square of the sampling space. Thus, in a real 

measurement situation where the dynamic range requirements may be critical, it was 

crucial to choose these parameters correctly.  

Once the statistical properties of the far-field noise were determined, it was possible 

to predict the effect of the noise on the radiation pattern. This required certain 

knowledge of the unperturbed radiation pattern. As the noise has a random nature, the 

far-field error was given in terms of an error with a chosen probability. Furthermore, 

after the far-field noise was characterized, it was also achievable to compute upper and 

lower bounds for the radiation pattern for a given probability. These bounds defined a 

strip within the radiation pattern with the desired probability.  

Another type of error that was examined is the probe displacement error. In [21], 

Muth evaluated the effects of probe displacement errors in the near-field measurement 

procedure on the far-field spectrum. He derived expressions for the displacement error 

functions that maximized the fractional error in the spectrum both for the on-axis and 

off-axis directions.  

The x-y and z-displacement errors in planar scanning were studied first and, then, 

the results were generalized to errors in spherical scanning. It is worth commenting that 

the treatment of the planar case was straightforward, but the spherical problem was 

complicated by the fact that an error in a spherical coordinate corresponds to both x- y- 

and z- errors in planar geometry. Hence, a more complex maximization procedure was 

adopted after the spherical data were transformed both in amplitude and phase onto the 

plane.  
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Some simple near-field models were employed to achieve the order of magnitude 

estimations for the fractional error as a function of relevant scale lengths of the near-

field, defined as the lengths over which significant variations occur. Precisely, the 

fractional errors could be expressed as functions of c(σ / l), where c was some constant 

of order unity, l was the relevant length scale either parallel or orthogonal to the 

direction in k-space under observation, and σ was an integral measure (constraint) to the 

total mean-square error of the measuring system. 

A year later, in 1989, Iigusa and Teshirogi performed a detailed study of estimation 

of errors due to imperfect alignment of a probe line in cylindrical near-field antenna 

measurement [22]. This investigation started from the knowledge that a good alignment 

in a measurement system could be reached when the antenna rotation axis and the line 

along which the probe moves was maintained strictly parallel. Therefore, to define the 

hardware specifications for the cylindrical scanning system, an error analysis on an 

imperfect alignment between the probe line and the antenna rotation axis (not exactly 

parallelism) was carried out in this paper. As a result, simple analytical expressions for 

the far-field radiation pattern with misalignment of the axes in terms of error-free 

pattern were obtained. In particular, the authors obtained the approximate expressions 

for the errors ∆E of calculated far-field pattern in terms of error-free pattern E, under 

limitation that E is stationary across Φ=0 and /or θ=π/2 planes, shown in Table 2.1: 
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Table 2.1: Approximate expressions for the errors ∆E of calculated far-field pattern 

Thus, in the horizontally polarized case, Eθ=0 and there was influence of a 

misalignment on the pattern of case-A in the vertical cut-plane, but none on the other 

patterns. Besides, in the vertically polarized case, EΦ=0 and it was observed that both 

misalignments in case-A and -B had their influences on the radiation pattern in both 

vertical and horizontal cut-planes.  
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However, the errors in case-B were purely imaginary, which affected the phase of a 

radiation pattern but not so much the amplitude, whereby the errors of a pattern were 

small. Besides, it could be said that the errors of a radiation pattern in case-A in the 

θ=π/2 plane were also small because they contained kρ0 in the denominator which was 

large for ordinary cylindrical near-field measurements. Therefore, under the limitation 

that the far-field pattern was stationary across the Φ=0 and/or θ=π/2 planes, the 

misalignment of the probe line as in case-B did not almost affect the far-field pattern 

calculated from near-field measurement, and the misalignment as in case-A had its 

influence on the far-field pattern in the Φ=0 cut-plane but almost no effect in the θ=π/2 

cut-plane.  

As an example, far-field patterns generated from a circularly symmetrical 

distribution with the misalignments as in case-A and –B were calculated and compared 

with an error-free far-field pattern. The misalignment brought about a shift of the whole 

pattern, increases of side lobe levels, a loss of the symmetry of the pattern, shallow nulls 

between lobes, etc. Furthermore, it was noticed that the shift was mainly caused by the 

term / θ∂ ∂ and increased proportionally with an inclination parameter α and with 

ka0sinθ. In addition, it could be said that the augmentation of side lobe levels was 

mainly due to / θ∂ ∂ in main beam region and by -jka0cosθ in off-beam region.  

Therefore, the side lobe levels augmented inversely to the square of its beamwidth 

Wi, proportionally to the square of αka0 near to the main lobe region, and proportionally 

to cylinder radius ρ0 and to inclination parameter α in the off-beam region. Physically, 

the latter feature came from the fact that as the radius of the cylinder became larger, the 

position error of a sample point became also larger for a ray outgoing in an arbitrary 

direction. Thus, it was better to choose the radius of a scanning cylinder as small as 

possible to avoid the increase of the side lobe levels caused by the axes misalignment. 

In the previous researches, the measurements were carried out in one of the three 

coordinate systems: spherical, cylindrical or planar. However, it is also possible to 

perform the measurements in a bi-polar near-field range, which is one of the planar 

measurement methods to acquire planar near-field data. In [23], Hojo and Rahmat-

Samii performed an error analysis for bi-polar near-field measurement techniques. In 

this case, the measurement system consisted of an antenna rotating table, a measurement 

probe and its support arm. The probe mounted on the arm was designed to move from 

antenna boresight toward off-centre on the arc.  
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By rotating the antenna, it was possible to measure planar data on the bi-polar grid. 

Then, Fast-Fourier Transform (FFT) generated far-field pattern from the near-field 

rectangular grid data, which were calculated from the bi-polar grid data by interpolation. 

Compared to plane-polar measurement, the bi-polar measurement made simpler to scan 

the probe because it was fixed on the arm. However, it was important to move the arm 

very accurately in order to position the probe at the right point. Actually, it was 

observed that the gain changed due to the arm angle errors or due to the arm z-position 

random errors. Thus, the accuracy of z-position must be less than 0.01λ, which 

demanded very careful alignment mechanism of the probe. Furthermore, the arm tilt 

caused systematic error of the probe z-position. This error may change measurement 

plane to the cone and the effect to far-field was dominantly to fill up the first null of the 

pattern. As a result, to avoid imprecision, the accuracy of the arm tilt angle must be less 

than 0.2 degrees.  

Another key source of error that has to be studied is the drift. The study [24] 

published in 2000 evaluated the reduction and characterization of a drift error in 

measurement of small antennas using a network analyzer. In this study, the radiation 

resistances of the monopole antenna and the dielectric load monopole antenna were 

precisely measured on the basis of the Weeler cap method. The precision of the 

measurement was proved to improve with the use of the stub tuner. To give a theoretical 

background for the improvement in the measured radiation resistance, the drift error of 

the network analyzer was mathematically characterized using the error vector model. 

Using this model, the enhancement of measurement precision was theoretically 

estimated when the antenna was matched to the transmission line. Therefore, the use of 

such impedance converters as the stud tuner could generally be applied to measure the 

radiation resistance of small antennas having a small resistance and a large reactance, 

where the drift error of the instrument gave a serious degradation of the measurement 

precision.  

In addition, in [25] V. P. Cable described the error margin for antenna gain 

measurements. In this investigation, it was stated that the specification of measured 

antenna gain was incomplete without knowing the measurement error. Also, if the gain 

was not measured repeatedly for a single antenna or over many identical antennas, the 

uncertainty or error in a single measurement was only an estimation.  
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In this paper, the development of an accurate error budget required evaluations from 

a wide variety of sources, e.g. equipment specifications, range geometry, user readings, 

etc. Some of the errors were rigorous in the sense that they could be derived from 

equations. Others were approximate order-of-magnitude calculations (aperture taper) or 

measured quantities (multipath, drift). Furthermore, errors like the mutual coupling or 

alignment were considered negligible based on the results achieved from simple 

calculations. Besides, the author concluded that a rigorous error budget was dependent 

on the antenna engineer’s expectations of what looked right about the measurement 

setup and the data and what did not. However, in the end, they perceived that it was the 

engineer’s range experience and engineering judgment that provided insight into 

identifying and controlling the sources of measurement error and their probable levels. 

In 2007, several error investigations in near-field measurements have been 

published. For instance, in the IEEE Antennas and Propagation Magazine, Hindman and 

Newell established and demonstrated a simple procedure for characterizing the 

performance of a spherical near-field range [26]. For planar near-field measurement, the 

“NIST” 18-term error budget, first described in [14], was fairly well accepted among 

experts, but there were relatively few documented results of its application to spherical 

near-field measurements. Hansen [9] included a chapter on error analysis, but this 

material was somewhat difficult to translate into practical tests.  

In [27], Hess identified quite a number of additional alignment related errors, and 

expanded the list to a total of 50 terms. Having to deal with 50 terms, or even 18 terms, 

could be intimidating. Thus, in this paper, all the possible error sources were not 

addressed, but it was reduced to a number of the largest contributors in the 18-terms list.  

In summary, this study had identified a number of fairly straightforward tests to help 

the engineer document the accuracy of a typical spherical near-field range. Besides, a 

number of unique self-comparison tests that were identified could reduce the effort 

required to get to an acceptable error budget. Furthermore, the authors pointed out that 

NSI’s (Near-Field Systems) Mathematical Absorber Reflection Suppression (MARS) 

could improve the reflection levels in a traditional anechoic chamber, allowing 

improved accuracy as well as being able to use existing chambers down to lower 

frequencies than the absorber size might indicate.  

N.B.: The 18-terms list and the primary method to evaluate them are shown in Table 

2.2:  
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  Primary Methods of Evaluation 

  
Computer 

Simulation 

Test on 

Measurement 

System 

Error 

Equations 

1 Probe relative pattern   × 

2 Probe polarization ratio   × 

3 Probe gain measurement   × 

4 Probe alignment error   × 

5 Normalization constant   × 

6 Impedance mismatch factor   × 

7 AUT alignment error  × × 

8 Data point spacing (aliasing)  × × 

9 Measurement area truncation ×  × 

10 Probe x, y-position errors ×  × 

11 Probe z-position errors ×  × 

12 Multiple reflections (Probe/AUT)  ×  

13 Receiver amplitude nonlinearity × × × 

14 

System phase error due to: 

receiver phase errors, flexing 

cables/rotary joints, temperature 

effects 

 × × 

15 Receiver dynamic range  ×  

16 Room scattering  ×  

17 Leakage and crosstalk  × × 

18 
Random errors in amplitude / 

phase 
× × × 

Table 2.2: Error Sources and their primary method of evaluation 
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Few months later, in the Second European Conference on Antennas and Propagation 

(EuCAP 2007), Hindman and Newell presented another research on errors in near-field 

antenna measurements [28]. This time, they proposed a number of techniques to provide 

means to reduce the effect of measurement errors without the need of special hardware 

or additional measurements in planar and spherical near-field ranges.  

These procedures often involved additional data processing steps to identify and 

reduce the presence of the error in the measured data, but the processing time was small 

and the improvement in some parameters could be very significant. In particular, such 

techniques were developed for deviations due to bias error leakage in the receivers, non-

ideal rotary joints, spherical rotator misalignment, and room scattering. Besides, further 

improvements could be achieved by making additional measurements to reduce 

multiple reflection effects, position errors and room scattering in spherical systems.  

In this Conference, there were also contributions dealing with uncertainties in 

spherical near-field measurements. The first one was performed by the National 

Institute of Standards and Technology (NIST) [29]. In this research paper, Francis and 

Wittmann described the sources of uncertainty in the near-field antenna measurements, 

their impact on far-field antenna parameters and they provided some indications of how 

uncertainties may be estimated.  

Furthermore, it is worth noting that they remarked that the methods for evaluating 

these uncertainties could be classified in three main categories: theoretical estimations 

(i.e. analytical study), computer simulations (i.e. assuming a numerical form for the 

error) and measurements (i.e. changing the measurement system in a systematic way). 

Aligned with this idea of analyzing the uncertainties through simulations goes the paper 

presented by Pivnenko in the First AMTA Europe (Antenna Measurement Techniques 

Association Europe) Symposium in 2006 [30].  

The last uncertainty investigation presented at this symposium was the one carried 

out by P. Miller [31], where he detailed a tutorial on the methods that can be used to 

analyse and predict the errors for near-field antenna measurements. This paper 

employed an 18-point uncertainty budget [14] for antenna gain measurements in a 

planar range and adapted it for other types of measurement, such as gain measurements 

in a spherical near-field range. By using the example of a gain measurement, each error 

was taken into account by turns and methods to estimate its value into an expanded 

uncertainty for the measurement were described.  
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Miller also indicated that there have been attempts to derive simple rules for 

predicting the likely magnitudes of the various error contributions. This was achieved 

with different success degrees. In fact, he remarked that the effect of the various 

measurement errors will depend on the measured antenna, and how close to the antenna 

the untreated data is collected. For Miller, it is relatively easy to estimate the error once 

the data is derived. However, he considered that more work should be required before 

the likely uncertainty could be predicted using simple rules. Besides, he supposed that 

until this is reached the best option is to rely on previous knowledge of the uncertainty 

involved with similar measurements.  

One year after, in the IEEE International Symposium on Antennas and Propagation 

2008 (IEEE AP-S 2008), since reflections in antenna test ranges can usually be the 

largest source of measurement errors, Newell and Hindman described an approach to 

reduce the influence of scattering on far-field pattern results: [32], [33]. The 

Mathematical Absorber Reflection Suppression (MARS) technique employed a 

combination of measurement geometry and a mathematical post processing technique 

that involved the measured data analysis and a filtering process to suppress the 

undesired scattered signals. Furthermore, it required a minimum amount of information 

about the AUT, probe, and range geometry. The processing was applied during regular 

near-field to far-field transformation and was general enough to apply to different types 

of spherical measurement geometries and to different antenna types. It was also 

appropriate to extend the useful frequency range of microwave absorber in an anechoic 

chamber and with this technique, typical improvements in pattern performance and 

directivity measurements were achieved.  

Furthermore, in this conference, Ishii proposed a method to evaluate the systematic 

uncertainty of efficiency by reflection [34]. In his paper, he derived and evaluated the 

systematic uncertainty of the efficiency obtained using Wheeler method with the help of 

the network analyzer uncertainty spreadsheet. In addition, he calculated the efficiency 

uncertainty considering the reflection method. Like for the Wheeler method, the 

uncertainty was assessed by using measured reflection coefficients in free space and the 

cavity. Furthermore, he found that the uncertainty was not always dominated by the 

measurement in the cavity.  
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A few moths later, in the Antenna Measurement Technique Association (AMTA) 

Symposium 2008, two contributions related to uncertainty evaluation through extensive 

measurement campaigns were presented [35], [36]. In [35], three possible approaches 

for definition of a highly accurate reference pattern were described and their pros and 

contras were discussed. Following the most reliable approach, a dedicated measurement 

campaign was planned and carried out in 2007-2008 for definition of the highly 

accurate reference pattern of the VAST12 antenna. When planning the campaign, 

conclusions from the first comparison campaign with the VAST12 carried out within 

the “Antenna Centre of Excellence (ACE)” network in 2004-2007 were taken into 

account and discussed. Some typical measurement errors and uncertainties were listed. 

Afterwards, their extensive investigation and effective compensation, including the 

residual uncertainty estimate, were presented in [36].  

The purpose of this second contribution was to evaluate the accuracy of the different 

facilities using a large number of acquisitions. The acquisitions were systematically 

varying their applied scanning scheme, measurement distances, signal level etc. The 

outcomes were analyzed by each institution combining the measurement results in near- 

or far-field and extracting from these measurements: a “best” pattern, an evaluation of 

possible sources of errors (i.e. reflections, mechanical and electrical uncertainties) and 

an estimation of the uncertainty budget items. 

In this symposium, several publications concerning uncertainties were presented 

[37] – [40]. The first three [37] – [39] are specific uncertainty/error studies applied to 

radar cross-section measurements ([37], [38]) or to very large antennas were the solar 

radio source technique is employed [39]. On the other hand, [40] is a more general 

analysis about cross polarization uncertainty in near-field probe correction. The probe 

correction of near-field data can be considered as being composed of two parts. The first 

part is a pattern rectification that corrects the effects of the aperture size and shape of 

the probe. This can be analyzed in terms of far-field main component pattern of the 

probe. The second part is due to the non-ideal polarization properties of the probe. Since 

normally all probes have some response to one of the two orthogonal components, the 

polarization correction must be included.  
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In this study, equations have been developed to estimate the uncertainty in the main 

and cross pattern results for planar, cylindrical and spherical near-field measurements. 

These equations derived from previous studies are simplified for easier applications –

cover the cases where the AUT is either linear or circularly polarized – and measured 

with either linear or circularly polarized probes.  

The polarization properties of the AUT and the probes are determined form pattern 

data or from typical results on similar antennas. The results of analysis and 

measurements for planar, cylindrical and spherical near-field measurements are 

summarized in a form that is general, easily applied and useful. The outcomes for planar 

have been verified many times using measurements and simulations, and are very 

reliable. The results for spherical have been tested for a limited number of measurement 

situations where the AUT is within a few wavelength of the spherical origin. Cylindrical 

tests are also limited but the results should be valid to estimate uncertainties in the 

majority of measurement situations. 
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Chapter 3 

Uncertainty analysis 
 

 

 

 

 

3.1- Uncertainty theory 

The exact measurement of a quantity – called to as the “measurand” –is a theoretical 

concept that cannot be obtained in practical measurements. In every measurement, there 

is always a difference between the true value and the measured value. Thus, the 

uncertainty is that part of the expression of the measurement result that states the range 

of values, within which the true value is to lay [10], [12], [41].  
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In practice, many aspects of a measurement can be controlled and by analysing a 

particular measurement set-up, the overall uncertainty can be assessed, providing then 

upper and lower uncertainty bounds, within which the true value is expected to be. 

The overall uncertainty of a measurement is expressing the fact that the measured 

quantity is only one of an infinite number of possible values dispersed about that 

measured value. The method, used to estimate the overall uncertainty limits of a 

measurement and to provide an associated confidence level, is based on statistical 

analysis and depends on knowing the magnitude and distribution of the individual 

uncertainty components. Each individual uncertainty component that contributes to the 

overall measurement uncertainty is represented by an estimated standard deviation, 

usually called standard uncertainty. 

 

Figure 3.1: Measured value and its uncertainty 

The combined standard measurement uncertainty is calculated by combining the 

standard uncertainties for each of the individual contributions identified. This is done by 

applying the Root of the Sum of the Squares (RSS) method under the assumption that 

all contributions are stochastic, i.e. independent of each other. The resulting combined 

standard uncertainty can then be multiplied by a constant to give the uncertainty limits, 

named “expanded uncertainty”, at a confidence level fixed by the previous constant.  

 

Measured 
value 

Uncertainty 
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This is valid considering that one of the main assumptions when calculating 

uncertainty is that the combined standard uncertainty of a measurement has a Normal 

(or Gaussian) distribution with an associated standard deviation. The uncertainty 

components can be categorized either as "random" or "systematic". Such classification 

of uncertainty components can be ambiguous if applied too rigorously. For example, a 

"random" uncertainty component in one measurement may become a "systematic" 

uncertainty component in another measurement, for instance where the result of a first 

measurement is used as a component of a second measurement. Categorizing the 

methods to evaluate the uncertainty components rather than the components themselves 

avoids this ambiguity. Instead of "systematic" and "random" uncertainty the types of 

uncertainty contribution are grouped into two categories: 

- Type A: estimated by statistical methods applied to repeated measurements, 

- Type B: evaluated using available information and experience. 

3.1.1- Evaluation of the total uncertainty  

The uncertainty of the measurement result – [10], [11], [12], [13]– generally consists of 

several components which may be classified into two categories according to the 

method used to estimate their numerical values: 

o Type A evaluation (of uncertainty): an uncertainty component in Category A is 

represented by a statistically estimated standard deviation is , equal to the 

positive square root of the statistically estimated variance 2
is , and the associated 

number of degrees of freedom iυ . For such a component the standard 

uncertainty is i iu s= .  

o Type B evaluation (of uncertainty): an uncertainty component in Category B is 

represented by a quantity ju , which may be considered an approximation to the 

corresponding standard deviation.  

It is equal to the positive square root of 2
ju , which may be considered an 

approximation to the corresponding variance and which is obtained from an 

assumed probability distribution based on all the available information. Since 

the quantity 2
ju  is treated like a variance and ju  like a standard deviation, for 

such a component the standard uncertainty is simply ju . 
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3.1.1.1- Type A evaluation 

In most cases, the arithmetical mean of n independent observations qk is the best 

available estimation of the mathematical expectation qµ  of a variable q that randomly 

varies: 

1

1 n

k
k

q q
n =

= ∑                                                     (3.1) 

The values of the individual observations qk differ due to random variations of the 

influential magnitudes or random effects. The experimental variance of the 

observations, that estimates the variance σ
2 of the probability distribution q, could be 

expressed as follows: 

2 2

1

1
( ) ( - )

-1

n

k k
k

s q q q
n =

= ∑                                     (3.2) 

The experimental variance 2( )ks q  and its square root s(qk), the experimental 

standard deviation, characterize the dispersion of the values qk around q . The best 

variance estimation of the mean, that is 
2

2( )q
n

σσ =  is given by: 

 
2

2 ( )
( ) ks q

s q
n

=                                                    (3.3) 

The experimental mean variance 2( )s q and the experimental standard deviation 

( )s q quantify how properly q estimates the mathematical expectation qµ of q. Both of 

them could be employed to evaluate the uncertainty of the q . Thus, for a particular 

input magnitude Xi obtained through n repeated and independent observations Xi,k: 

o the uncertainty of their estimation designated xi = Xi is u(xi) = s(Xi), and is called 

type A uncertainty, 

o type A variance is u2(xi) = s2 (Xi). 

Besides, the number of freedom degrees iυ  of u(xi) is equal to n-1 when the mean 

and the experimental standard deviation of the measurement were achieved employing n 

independent observations. 

3.1.1.2- Type B evaluation 

For the estimation xi of an input magnitude Xi that was not obtained via repeated 

observations, the estimated variance associated u2(xi) or the uncertainty u(xi) could be 

established by means of scientific judgment based on all the relevant information 

available about the Xi variability, which may include: 
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� previous measurement data, 

� experience with, or general knowledge of, the properties and behaviours of 

relevant materials and the instruments used, 

� the manufacturer’s specifications, 

� the data provided in calibration  and other reports, 

� the uncertainty assigned to reference values taken from books and handbooks. 

The magnitudes evaluated following these criteria are the type B variance − u2(xi) − 

and the type B uncertainty − u(xi) −. It is worth noting that an evaluation type B could 

be as reliable as one type A, especially if the estimation type A was based in a small 

number of observations. 

In this case, the type B evaluation could be expressed as follows: 

� with an specific multiple of the standard deviation, 

� by means of a “confidence interval”, 

� with an specific probability that assures that the value of the quantity is 

located between two values, 

� considering that the magnitude lies between two limit values, a lower limit 

a− and an upper one a+. 

Whenever feasible, the use of empirical models of the measurement process founded 

on long-term quantitative data, and the use of check standards and control charts that 

can indicate if a measurement process is under statistical control, should be part of the 

effort to obtain reliable uncertainty components evaluations. Type A evaluations of 

uncertainty based on limited data are not necessarily more reliable than soundly based 

Type B evaluations. 

For a series of n measurements of the same measurand, the experimental standard 

deviation, s(qk) is the quantity characterizing the dispersion of the results and is given b 

the formula: 

 

2

1

( )
( )

1

n

k
k

k

q q
s q

n
=

−
=

−

∑
                                                   (3.4) 

being qk the result of the k-th measurement and q the arithmetic mean of the n results 

considered. The expression( )ks q n  is an estimate of the standard deviation of the 

distribution of q  and is called the “experimental standard deviation of the mean”. 
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3.1.2- Combined Standard Uncertainty  

The combined standard uncertainty of a measurement result, symbolized as uc, is taken 

to represent the estimated standard deviation of the result. It is obtained by combining 

the individual standard uncertainties uj (and covariances as appropriate), whether arising 

from a Type A evaluation or a Type B evaluation, using the usual method for 

combining standard deviations. This method is called the propagation of uncertainty law 

or best known as the “root-sum-of-squares” (“RSS” square root of the sum-of-the-

squares), method of combining uncertainty components estimated as standard 

deviations. 

3.1.2.1- Direct measurement 

When the value of a magnitude to be measured is obtained directly by a measuring 

instrument, by test equipment or by analysis, the combined standard uncertainty is given 

by the next expression: 

2 2

1 1

( )
i j

k m

c A B
i j

u y u u
= =

= +∑ ∑                                        (3.5) 

where uA and uB are the A- and B-type standard uncertainties of the corresponding 

uncertainty components. 

3.1.2.2- Indirect measurement 

When the value of a quantity to be measured is obtained using a mathematical formula 

of other sizes really measured (e.g. y = f (x1, x2, … xk) ), the combined standard 

uncertainty can be calculated as explained below depending if the quantities are 

correlated or not. 

A) When the input magnitudes are independent 

When the input magnitudes are independent, the combined standard uncertainty uc(y) is 

calculated as the square root of the combined variance )(2 yuc : 

 
2

2 2

1

( ) ( )
N

c i
i i

f
u y u x

x=

 ∂=  ∂ 
∑                                              (3.6) 

where: 

� each )( ixu denotes a standard deviation obtained via a Type A or a Type B 

evaluation, 
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� f represents to the functional relation between Y and the input magnitudes Xi, 

� the partial derivatives ixf ∂∂ / , calculated in xi, are usually called sensibility 

coefficients ci. These coefficients describe how the output magnitude y vary 

depending on small variations of the input magnitude xi. 

 

The previous equation is called the “propagation of uncertainty law”. Besides, it is 

worth noting that the sensibility coefficients ixf ∂∂ /  could be determined 

experimentally by measuring the variation of Y produced by the variation of Xi, 

maintaining the rest of input magnitudes constant.  

B) When the input magnitudes are correlated 

When the input magnitudes are correlated, the appropriate expression for the combined 

variance )(2 yuc , associated to the measurement result, is obtained as follows: 

2
-1

2 2

1 1 1 1 1

( ) ( , ) ( ) 2 ( , )
N N N N N

c i j i i j
i j i i j ii j i i j

f f f f f
u y u x x u x u x x

x x x x x= = = = = +

 ∂ ∂ ∂ ∂ ∂= = + ∂ ∂ ∂ ∂ ∂ 
∑∑ ∑ ∑∑   (3.7) 

being xi and xj the estimations of  Xi and Xj, and ( , ) ( , )i j j iu x x u x x=  the covariance 

associated to xi and xj. 

The degree of correlation between xi and xj could be evaluated with the estimated 

correlation coefficient: 

( , )
( , )

( ) ( )
i j

i j
i j

u x x
r x x

u x u x
=                                                 (3.8) 

where ( , ) ( , )i j j ir x x r x x= and -1 ≤ ( , )i jr x x  ≤ +1. 

It should be noted that a significant correlation between two input magnitudes could 

exist if its determination was performed employing the same measurement instrument, 

standard or reference data. When the correlations between the input magnitudes are 

noticeable, they should not be disregarded but: 

o Should be evaluated experimentally by varying the input correlated 

magnitudes. This kind of estimation represents a Type A evaluation. 

o Should be estimated employing a set of available information describing the 

correlated variability or the experience. This corresponds to a Type B 

evaluation. 
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o Fortunately, in many cases, the effects of the influence magnitudes 

(temperature, humidity, etc.) could be considered negligible. 

3.1.3- Expanded Uncertainty  

Normally, it is necessary to give the uncertainty as an interval, where it is expected to 

find most of the value distribution attributable to the mesurand. This way of expressing 

the uncertainty is called “expanded uncertainty”, denoted “U”. This magnitude could be 

obtained by multiplying the combined standard uncertainty by the coverage factor “k”: 

U = k · uc(y).  

The way of specifying the measurement result as Y=y±U means that y is the best 

estimation of the mesurand Y and that most of the Y value distribution belong to the 

interval that goes from y – U to y + U. However, it should be noticed that the expanded 

uncertainty is not a confidence interval, since U considers both Type A and B 

evaluations and the confidence interval only take into account type A estimation. 

Whenever possible, the confidence level p associated to the interval defined by U 

should be determined. 

Concerning the coverage factor k, it should be remarked that this magnitude is 

chosen to attain the confidence level required by the interval from y – U to y + U. 

Ideally, by setting a value to k, an interval Y = y ± U and its respective confidence level 

p should be derived; and vice versa, given the value of k, the associated p quantity 

associated to this interval should be achieved. In practice, this is not always possible 

because a detailed knowledge of the probability distribution of y and uc(y) are required. 

It should be mentioned that the detailed calculation of the value of k could be 

complicated.  

In some situations, if the following conditions are fulfilled, a Gaussian probability 

distribution could be considered: 

o The estimation y is achieved by means of a significant number of input 

magnitudes with “reasonable” distribution (Gaussian, Rectangular, etc). 

o None of the standard uncertainties u(xi) are predominant over the others, 

o The implicit lineal approximation in the uncertainty propagation law seems 

adequate.  

o uc(y) is reasonably small because the effective degrees of freedom υeff (derived 

from the Welch-Satterthwaite formula) are significantly high (greater than 10). 
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Thus, it is usual to consider that y and uc(y) are characterized by a normal 

distribution. If the number of effective degrees of freedom is high, it is assumed that 

k=2 provides a confidence level of p≈95% and that k = 3 supplies a level in the region 

of p≈99%.  For υeff > 13, k = 3 gives a confidence level p > 99% (that is to say that the 

t-Student distribution could be approximated by a Gaussian). 

 

Figure 3.2: Normal distribution 

It is worth noting that the measurement result and its uncertainty should be 

expressed as complete as possible, including all the necessary details required in the 

measurement hierarchy.  



Uncertainty analysis 

70 

3.2- Revision of the uncertainty sources involved i n the directivity 

and gain determinations 

3.2.1- Background 

As commented before, the uncertainty constitute the measure of the quality of a 

measurement, which allows comparing the measurement results with other outcomes, 

references, specifications or standards. In order to determine how the uncertainties may 

influence the measurement results, it is worth reviewing the methodology that allows 

evaluating the uncertainties in the measured outcomes. [10], [11], [12] and [13] are 

good basic representative guides, where the general methods to estimate the uncertainty 

are widely explained. Actually, the above mentioned studies of Hansen in [9] and 

Newell in [14], published in 1988 and concerning the uncertainties in antenna 

measurements, settle the basis to evaluate the inaccuracies that may affect the results 

achieved from the antenna measurements. However, as the technology has incredibly 

evolved since then, an update of the uncertainty analysis is considered appropiate and 

therefore, this section will try to cover the uncertainty study of measurements that 

nowadays could be carried in indoor facilities. 

This topic has been studied in depth inside the actions under the “Antenna 

Measurement” activity of the “Antenna Centre of Excellence (ACE)” within the sixth 

framework research program of the European Union, where the Technical University of 

Madrid (UPM) has actively participated. In particular, this work pretended to establish 

common error calculation criteria in spherical near-field and far-field antenna 

measurement systems. Thus, the outcomes of this activity became important 

instruments to verify the measurement accuracies for each range and to investigate and 

evaluate possible improvements in measurement set-up and procedures.  

The results of this research were summarized in an exhaustive deliverable [41], 

which detailed the observations stated by several research institution, i.e. the National 

Center of Scientic Research “Demokritos” (NCSRD), the Technical University of 

Denmark (DTU), the Technical University of Madrid (UPM), SATIMO (Société 

d’Applications Technologiques de l’Imagerie Micro-Onde S.A.), Saabgroup, FTR&D 

(France Telecom Recherche & Développement), IMST GmbH. In this document, lists 

of the errors and uncertainties affecting the peak directivity and the peak gain for a near-

field measurement were described.  
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It was seen in this research that these errors depend not only on the gain 

determination technique applied to establish the antenna gain, but also on the AUT that 

will be measured and on the measurement range employed. Hence, a generic evaluation 

cannot be carried out and in each case the study has to be particularized and adapted to 

the AUT and measurement facility considered.  

Besides, it is noticeable that the procedure to evaluate the uncertainties has to be 

different in the near-field systems than in the far-field ranges. This is due to the fact that 

in the far-field systems the measurement is direct and thus, the uncertainty could also 

straightly be obtained. On the other hand, in near-field ranges the information and the 

uncertainties related to this data are processed and so the near-to-far-field 

transformation has an influence on the both magnitudes. Consequently, in [41] an 

equivalent analysis was performed to evaluate the gain uncertainty budget in a far-field 

measurement. In addition, each error contribution was thoroughly described and three 

different methods to determine the error term contributions were proposed: numerical 

simulations, analytical calculation and measurements.    

The sources of uncertainty present in the near-field measurements are either 

systematic or random quantities. The systematic errors can be characterized using the 

mean. On the other hand, for the random sources of uncertainties, the mean, the 

variance (σ2) and the probability distribution are employed to carry out the description 

of the magnitude studied.  To illustrate the influence of the different uncertainty sources 

in the gain, Section 6 will present an extensive analysis where different gain 

determination techniques are compared considering their uncertainty.  

3.2.2- Contributions to the uncertainty 

The first step to accomplish a complete uncertainty study is to identify all the sources of 

inaccuracies (uncertainties or errors) affecting the measurements. In the exhaustive 

deliverable carried out under the “Antenna Measurement” activity of the ACE [41], the 

observations, stated by the participant research institutions, were detailed. In [41], it was 

agreed that the causes of uncertainties and errors in a spherical near-field antenna 

measurement are divided in six categories: 

1. Mechanical uncertainties and errors: this group includes the axes intersection, 

the axes orthogonality, the horizontal pointing, the probe vertical position, the 

probe horizontal and vertical pointing and the measurement distances. The 

coordinate system of a spherical near-field measurement is defined in Figure 3.3. 
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Figure 3.4   illustrates how is defined a non-intersection error in a spherical 

coordinate system. 

Figure 3.3: Coordinate system definition 

 

Figure 3.4: Non-intersection error 

2. Electrical uncertainties and errors: this class contains the amplitude and phase 

drift, the amplitude and phase noise, the leakage and crosstalk, the amplitude 

non-linearity and the amplitude and phase shift in rotary joints. 

3. Probe-related uncertainties and errors: this kind of uncertainties takes into 

account the channel balance amplitude and phase, the polarization amplitude and 

phase and the pattern knowledge.  

                         

Figure 3.5: Ports of a dual-polarized probe 

Where “P1” and “P2” are the lineal polarization relations in each port and “Q1” 

and “Q2” the circular polarization relations in each port, 

4. Stray signals: this type of uncertainties consists of the multiple reflections, the 

room scattering and the AUT support scattering. Figure 3.6 shows a schematic 

representation of these types of reflections in an anechoic chamber. 
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Figure 3.6: Different reflections and scattering in an anechoic chamber 

5. Acquisitions errors: this group involves the scan area truncation and the 

sampling point offset.  

6. Processing uncertainties and errors: in this group the spherical mode truncation 

and the total radiated power are considered. 

Table 3.1 and Table 3.2 summarize all the uncertainties and errors related to peak 

directivity in spherical near-field measurement that contribute to the total uncertainty, 

assuming that the probe is not an array. This table has extended the results from 

spherical near-field systems to a more general acquisition. Some of the terms affect 

more spherical systems and other ones are more important for cylindrical or planar 

systems. 

Category Uncertainty Description 

1.   Axes intersection 
Lateral displacement between the 
horizontal and vertical axes 

2.   Axes orthogonality Difference from 90° of the angle 
between the horizontal and vertical axes 

3.   Horizontal pointing 
For θ = 0°, horizontal mispointing of 
the horizontal axis to the probe 
reference point 

4.   Probe vertical position 
Vertical displacement of the probe 
reference point from the horizontal axis 

5. Probe horizontal and vertical 
pointing 

Horizontal or vertical mispointing of 
the probe z-axis from the intersection 
point of the horizontal and vertical axes 

Mechanical 

6.   Measurement distance 

Error in the measurement of the 
distance between the intersection point 
of the horizontal and vertical axes and 
probe reference point 
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Category Uncertainty Description 

7.   Amplitude and phase drift 
Systematic amplitude and phase change 
at still AUT 

8.   Amplitude and phase noise 
Random amplitude and phase change at 
still AUT 

9. Leakage and crosstalk Extraneous signal dependent on angle 

10. Amplitude non-linearity 
Difference from linear dependence of 
measured value versus input signal 
level 

Electrical 

11. Amplitude and phase shift in 
rotary joints 

Systematic amplitude and phase change 
with angle of rotary joints 

12. Channel balance amplitude 
and phase 

Amplitude and phase difference 
between the two polarization channels 

13. Polarization amplitude and 
phase 

Amplitude and phase of the probe 
polarization coefficients 

Probe-

related 

14. Pattern knowledge 
Deviation of the known or assumed 
probe pattern from the true one 

15. Multiple reflections 
Contribution to the received signal due 
to interactions between the AUT and 
the probe 

16. Room scattering 
Contribution to the received signal due 
to finite reflectivity of the anechoic 
chamber 

Stray 

signals 

17. AUT support scattering 
Contribution to the received signal due 
to scattering from the AUT support 
structure 

18. Scan area truncation 
Error due to partial sphere, cylinder or 
plane acquisition 

Acquisition 

19. Sampling point offset 
Error due to continuous positioner 
rotation 

20. Spherical mode truncation 
Changes in the far-field due to different 
number of modes included in the field 
calculation Processing 

21. Total radiated power 
Error in the calculation of the total 
power 

Table 3.1: Uncertainties and errors in near-field antenna measurement [41]
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Item Uncertainty Magnitudes 
Measurement 

procedure 
involved 

Probability 
distribution 

Most 
important 
antenna 

parameter 
affected 

Corrections techniques / Uncertainty estimation 

1 
Axes 

intersection 
x-,y-,z-position 

error 

Mechanical 
alignment 
procedure 

The residual 
uncertainty has a 

normal 
distribution error 
of zero mean and 
standard deviation 

equal to the 
residual 

uncertainty in the 
optical tool. 

Side Lobe 
Level(SLL), 
Directivity 

To estimate, reduce the intersection error, an electrical test 
called “flip-test” is suggested [9],[41], [42]. Two 
measurements within 0°<θ<360° are carried out for two 
AUT orientations (e.g. φ=0°, φ=180°). The amplitude and 
phase of the measured near-field signals are plotted on top 
of each other with the θ-axis reversed for the second 
measurement and the phase shifted by 180°for the second 
measurement. Phase patterns are observed. The symmetric 
distortion of the phase in the main beam region indicates 
an intersection error. 

2 
Axes 

orthogonality 
x-,y-position error 

Mechanical 
alignment 
procedure 

Normal 
probability 
distribution 

SLL, 
Directivity 

Optical measurement with the theodolite may help 
discover the error, if this is available. No clear procedure 
exists for estimating the uncertainty for heavy antennas. 
Several measurements or simulations for expected values 
of the uncertainty can be carried out and the effect of the 
uncertainty is estimated from statistics for the difference. 

3 
Horizontal 
pointing 

x-position error 
Mechanical 
alignment 
procedure 

Normal 
probability 
distribution 

Pointing 
error, SLL, 
Directivity 

Flip-test is recommended for estimating/reducing the 
horizontal pointing error [9]. Shift of the main beam in the 
horizontal plane indicates pointing error in the horizontal 
plane. From the estimation of this shift from the plot, the 
pointing can be corrected. Then, the flip-test is repeated 
and the amplitude is observed to see the effect of the 
corrections. Alternatively, curve-fitting can be applied to 
quantify the pointing error. The amplitude pattern is 
approximated within certain user-defined region by a 2nd 
order polynomial (parabola) and from the polynomial 
coefficients the pointing error can be determined. After 
correcting the pointing error, residual error is evaluated 
repeating the flip-test and again applying same correction. 
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Item Uncertainty Magnitudes 
Measurement 

procedure 
involved 

Probability 
distribution 

Most 
relevant 

parameter 
affected 

Corrections techniques / Uncertainty estimation 

4 
Probe vertical 

posit. 
y-position error 

Mechanical 
alignment 
procedure 

Normal 
probability 
distribution 

Pointing 
error, SLL 
Directivity 

The influence of the uncertainty can be approximated from 
the statistics of the difference between measurements / 
simulations with introduced expected uncertainty values. 

5 
Probe horiz. 
& vertical 
pointing 

x-,y-position error 
Mechanical 
alignment 
procedure 

Normal 
probability 
distribution 

Pointing 
error, SLL 
Directivity 

The uncertainty effect can be estimated from statistics of 
the difference between measurements/simulations with 
expected values of uncertainty. 

6 
Measurement 

distance 
z-position error 

Mechanical 
alignment 
procedure 

Uniform 
probability 
distribution 

Directivity, 
Gain 

The limits of the measurement distance uncertainty are 
evaluated from resolution of the measuring device (ruler or 
measuring tape). The uncertainty effect can be assessed 
from statistics of the difference between results of several 
processing runs with introduced values of uncertainty. 

7 

Amplitude & 
phase drift 
(thermal 

drift) 

Acquired signals 

Measured 
during a 

considerable 
period or 
during the 

measurement 
cycle 

Uniform 
probability 
distribution 

SLL, Gain, 
Directivity 

To evaluate this variation for a given measurement setup, 
amplitude and phase variation of received signal are 
measured during a large period with the antenna pointing 
to maximum. From acquired data, maximum and 
minimum are determined and mean calculated. The system 
drift can also be established directly during measurement 
cycle by acquiring the same point at different time 
intervals. The uncertainty is calculated as above. 

8 
Amplitude & 
phase noise 

Signal to noise 
level(S/N) 

Measurement 
in the actual 

system 

Normal 
probability 

distribution (3σ 
value = difference 

between 
maximum and 

average 
quantities) 

SLL 

The S/N is derived by directly measuring the level using a 
spectrum/network analyser. Peak error in the acquired field 
calculated with (3.9), (3.10) is shown. In this Thesis, the 
effect of the near to far-field transformation on the noise is 
studied:  
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Item Uncertainty Magnitudes 
Measurement 

procedure 
involved 

Probability 
distribution 

Most 
important 
antenna 

parameter 
affected 

Corrections techniques / Uncertainty estimation 

9 
Leakage & 
crosstalk 

Field level 
Measurement 
in the actual 

system 

Normal 
probability 

distribution (3σ 
value is the 
difference 

between the 
maximum and the 

average 
quantities) 

SLL 

Two measurements are performed to determine the error 
level. During 1st measurement, AUT is substituted with a 
matched load (50Ω) and full data set is acquired. The 2nd 
measurement is performed with AUT but with the field 
probe terminated in a matched load. Near-to-far-field 
transformation on the two measurements is performed and 
maximum field level in the 2 measurements recorded. The 
level is the maximum error due to leakage and crosstalk 
including random noise contribution. With successive 
assessment of noise, leakage and crosstalk can be found. 

10 

Amplitude 
non-linearity 

of the 
receiver 

Signal level 

Measurement 
of the field 
with a set of 
calibrated 

attenuators or 
using datasheet 

of 
manufacturer 

Systematic error, 
assimilable to a 

normal 
probability 
distribution 

SLL, Gain, 
Directivity 

The amplitude non-linearity can be found by measuring or by 
consulting the datasheet of manufacturer (less accurate 
estimation of the uncertainty and thus this line of attack is the 
last option). The measurement of the non-linearity is performed 
with a set of calibrated attenuators. A reference signal is 
measured. Then, after placing a calibrated attenuator (of certain 
dB level), signal is measured again. Difference between the 2 
measurements and attenuator level gives the systematic non-
linearity error. 

11 
Amplitude & 
phase shift in 
rotary joints 

Signal level 

Measurement 
of the field 
with a set of 
calibrated 

attenuators or 
using datasheet 

of 
manufacturer 

Systematic error, 
assimilable to a 

uniform 
probability 
distribution 

SLL, Gain, 
Directivity 

The measurement can be performed with two rotary joints back-
to-back with a rotating cable between them such that no other 
cable movement will impact the measurements. Data is acquired 
for a whole round. It is assumed that both rotary joints 
contribute with same error level. If only one rotary joint is 
available, antenna positioner can be turned one whole round 
while acquiring data. Normally, the effect is considered to be 
systematic but it can be assimilated to a uniform random 
distribution. In the case of the gain, the error in the rotary joint 
is translated directly to the gain uncertainty. 
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Item Uncertainty Magnitudes 
Measurement 

procedure 
involved 

Probability 
distribution 

Most 
important 
antenna 

parameter 
affected 

Corrections techniques / Uncertainty estimation 

12 

Channel 
balance 

amplitude & 
phase 

Difference 
between  probe 
ports, difference 
between channels 

of polarization 
switch,connecting 
cables, reflection 

coefficients 

Polarization 
measurement 

Normal 
probability 

distribution in 
amplitude and 

uniform 
probability 

distribution in 
phase 

Crosspolar 
pattern 

The channel balance value can be effectively determined 
with the single polarization scan made with a good linearly 
polarized antenna [9] (pp.161-162). The uncertainty of the 
channel balance value can be estimated from repeated 
polarization scan made with another antenna. The effect of 
the uncertainty can be estimated from statistics of the 
difference between the results of several processing runs 
with the introduced values of the uncertainty. 

13 
Polarization 
amplitude & 

phase 

Probe 
polarization 
coefficients 

Three-antenna 
technique [9], 
pp.157-161 

Normal 
probability 
distribution 

Crosspolar 
pattern 

If a single-polarized probe is used, the uncertainty of probe 
polarization coefficients can be estimated from repeated 
three-antenna measurement made with different antennas. 
When employing a dual-polarized probe, the uncertainty of 
the probe polarization coefficients is estimated from 
already available data, since for the two auxiliary antennas 
the polarization coefficients are already determined two 
times (with one probe port and another probe port). The 
uncertainty effect can be estimated from the statistics of 
the difference between the results of several processing 
runs with the introduced values of the uncertainty. 

14 
Pattern 

knowledge 
Probe patterns 

Additional 
processing 
using probe 
patterns with 

assumed 
deviations 

Normal 
probability 
distribution 

SLL, Gain, 
Directivity 

The dependence of the AUT pattern on probe pattern in 
spherical near-field measurements is complicated and thus 
no direct relation can be established. Thus, the effect of the 
probe pattern uncertainty can be estimated by making 
additional processing using probe patterns with assumed 
deviations, e.g. measured vs calculated data, measured/ 
calculated at one frequency vs measured/calculated at the 
neighbour frequency. The calculated statistics for the 
difference between results of several processing runs then 
provides estimates for the probe pattern uncertainty effect. 
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Item Uncertainty Magnitudes 
Measurement 

procedure 
involved 

Probability 
distribution 

Most 
important 
antenna 

parameter 
affected 

Corrections techniques / Uncertainty estimation 

15 
Multiple 

reflections 
Signal level 

Sliding 
measurement 

Uniform 
probability 
distribution 

SLL, Gain, 
Directivity 

The impact of multiple reflections can be evaluated by 
averaging several data sets with different AUT to probe 
distance (normally called “sliding measurements”) and 
compare the resulting pattern. The peak value of the 
difference for each angular direction is associated with 
stray signals error and other errors. For peak directivity or 
gain, the effect is mainly due to stray signals. If sufficient 
number of sliding measurements are performed – i.e. more 
than 30 measurements –, random probability distribution, 
average and standard deviation can be calculated and from 
these values the uncertainty can be achieved. 

16 
Room 

scattering 
Signal level 

Test with AUT 
and 

measurement 
system in 
different 

positions or 
several 

measurements 
of an AUT 

displacing the 
AUT with 

respect to the 
anechoic 
chamber 

Uniform 
probability 
distribution 

SLL, Gain, 
Directivity 

The impact of the room scattering effect can only be 
isolated from multiple reflection effect when tests can be 
carried out with the AUT and the measurement system in 
different positions within the measurement chamber (with 
a movable measurement system). Alternatively, if the 
measurement system is fixed within the chamber, several 
measurements of an AUT can be performed each time 
moving the AUT with respect to the anechoic chamber 
[43]. The influence can be measured by averaging sets of 
near-field data separated by λ/4 distance or multiple of λ/4 
and comparing them with a reference. The statistics for the 
difference between AUT patterns then provides an 
estimate for the uncertainty, but the estimated effects of 
the drift and noise should be subtracted. In general, several 
data sets are generated and procedure for studying this 
error contribution follows the lines of multiple reflection 
investigation. Uncertainty due to the finite reflectivity of 
the anechoic chamber can also be estimated.  
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Item Uncertainty Magnitudes 
Measurement 

procedure 
involved 

Probability 
distribution 

Most 
important 
antenna 

parameter 
affected 

Corrections techniques / Uncertainty estimation 

17 
AUT support 

scattering 
Signal level 

Measurements 
including 

absorbers, low 
directivity 
material, 

special flanges 
or plates of 
different 
thickness 

Uniform 
probability 
distribution 

SLL, Gain, 
Directivity 

Covering the AUT support structure with absorbers 
improves the situation, but illumination of the antenna 
tower/positioner either directly or by the field diffracted on 
the absorber edges still may represent some problem. To 
reduce the impact of this effect, another option can be to 
use a positioner with a low directivity material in order to 
limit the field perturbation. The limits of this uncertainty 
can be estimated from the level of the AUT back radiation 
outside the absorber area and from the assumed reflectivity 
of the absorbers covering the antenna tower/positioner. 
Better estimate of the uncertainty limits can be obtained 
from redundant AUT measurements with different distance 
from the AUT to the antenna tower/positioner, which can 
be changed by special flanges or plates of different 
thickness. The location of the AUT with respect to the 
anechoic chamber should remain the same, which means 
that is the antenna tower/positioner should be translated 
back by the amount of the plate thickness. 

18 
Scan area 
truncation 

Near-field 
measurement 

Comparison 
between 

measurements 
in a complete 

or reduced 
region 

Systematic source 
of uncertainty 

Directivity 

The uncertainty due to the scan area truncation only affects 
in the near-field measurements. To estimate its value, the 
comparison between the measurement in a complete 
region and in a reduced region is performed. If this cannot 
be achieved, the complete and incomplete AUT 
acquisitions are simulated and then compared. 

19 
Sampling 

point offset 
Pointing error 

Alignment and 
triggering 

Systematic source 
of uncertainty 

Pointing 
error 

The uncertainty caused by sampling point offset has an 
influence in near-field and far-field. In both cases, it 
corresponds to a pointing error and thus it can be estimated 
by measuring the pointing error (alignment and triggering).  
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Item Uncertainty Magnitudes 
Measurement 

procedure 
involved 

Probability 
distribution 

Most 
important 
antenna 

parameter 
affected 

Corrections techniques / Uncertainty estimation 

20 
Spherical 

mode 
truncation 

Number of modes 
of the mode 
expansion 

Mode 
expansion of 
the acquired 

field 

Systematic source 
of uncertainty 

Directivity, 
Gain 

The measured near-field is expanded using a finite set of 
spherical modes. The number of modes is directly linked 
to the number of measured samples. The finite set of 
modes generates a “filtering” effect that can improve 
measurement results by removing signals coming from 
outside the physical area occupied by the AUT. However, 
care must be taken because this “filtering” may also 
remove portions of the signals coming from the AUT. If 
care is taken, the spherical mode truncation errors if the 
error due to truncation can usually be neglected. 

21 
Total radiated 

power 
Power level 

Numerical 
computation 

Systematic source 
of uncertainty 

Directivity, 
Gain 

Since the directivity of the AUT is calculated by 
normalizing the far-field pattern by the total radiated 
power, the uncertainty of the latter should also be 
considered. The total radiated power is influenced by most 
of the uncertainty terms relevant for the directivity and 
thus all these terms should be considered. During 
investigations, changes in the total radiated power are 
noted along with the changes of the pattern. 

Table 3.2: Spherical near-field antenna measurement uncertainty characteristics 

 

Taking into account the activities of the “Antenna Centre of Excellence (ACE)” within the sixth framework research program of the European 

Union, the measurements performed at UPM facilities and the experience of the laboratory, Table 3.3 shows a practical point of view of the 

uncertainty terms of Table 3.2, assuming that the probe is not an array. 
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Category Uncertainty Evaluation / Practical estimation 

System 
Error type 

Term 
Estimation / 

Error 
measurement 

Spherical system I 

(σσσσ) 

Spherical system II 

(σσσσ) 

Planar system 

(σσσσ) 

Compact Range 

(σσσσ) 

Axis intersection <0.5 mm 
Axis ortogonality <0.5 mm 

Horizontal 
pointing 

<0.05º 

Probe vertical 
position (in the z-

plane) 
<0.5 mm 

Probe horiz. & 
vert. pointing (in 
plane position xy) 

< 0.5 mm 

0.03 dB 
(Calculated by 

measurement comparison 
and average) 

0.03 dB 
(Calculated by 
measurement 

comparison and average) 

0.02 dB 
(Characterization of the 
system by the company 

EADS-CASA) 

0.02 dB (Estimation) 

Mechanical 

Measurement 
distance 

< 1 cm 
Determined by 

simulation for each AUT 
Determined by 

simulation for each AUT 

Determined by 
simulation for each 

AUT 
Do not apply 

Amplitude and 
phase drift 

Measured 
Determined by 

simulation for each AUT 
Determined by 

simulation for each AUT 

Determined by 
simulation for each 

AUT 

Determined by 
simulation for each AUT 

T 

Amplitude and 
phase noise 

Measured 
Determined by 

simulation for each AUT 
Determined by 

simulation for each AUT 

Determined by 
simulation for each 

AUT 

Determined by 
simulation for each AUT 

Leackage and 
crosstalk 

Measured 
Determined by 

simulation for each AUT 
Determined by 

simulation for each AUT 

Determined by 
simulation for each 

AUT 

Determined by 
simulation for each AUT Electrical 

Receiver 
amplitude non-

linearity 

Manufacturer 
data 

0.01 dB 
(Calculated by 
measurement 

comparison&average and 
corroborated with the 

SW provided by  
Agilent) 

0.01 dB 
(Calculated by 
measurement 

comparison&average 
and corroborated with 
the SW provided by  

Agilent) 

0.01 dB 
(Calculated by 
measurement 

comparison&average 
and corroborated with 
the SW provided by  

Agilent) 

0.01 dB 
(Calculated by 
measurement 

comparison&average and 
corroborated with the 

SW provided by  
Agilent) 
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Category Uncertainty Evaluation / Practical estimation 

System 
Error type 

Term 
Estimation / 

Error 
measurement 

Spherical system I 

(σσσσ) 

Spherical system II 

(σσσσ) 

Planar system 

(σσσσ) 

Compact Range 

(σσσσ) 

Electrical 
Amplitude and 
phase shift in 
rotary joints 

0.1 dB / 0.8º 
Determined by 

simulation for each AUT 
Determined by 

simulation for each AUT 

Determined by 
simulation for each 

AUT 

Determined by 
simulation for each AUT 

Channel balance 
amplitude and 

phase 

Single 
polarized probe 

Do not apply Do not apply Do not apply Do not apply 

Polarization 
amplitude and 

phase 

Probes with 
49dB in axis 

Compact 
Range of 38dB 

Calculated for each 
cross-polar value for a 
noise level of -49 dB 

Calculated for each 
cross-polar value for a 
noise level of -49 dB 

Calculated for each 
cross-polar value for a 
noise level of -49 dB 

Calculated for each 
cross-polar value for 
noise level of -38 dB 

Probe-related 

Pattern 
knowledge 

Conical 
corrugated 

probes 
Negligible Negligible Negligible Negligible 

Multiple 
reflections 

 0.01 dB 0.01 dB 0.01 dB 0.01 dB 

Room scattering 
Material  
30-45 cm 

f>5 GHz 0.03 dB 
f<5GHz 0.04 dB 

f>5 GHz 0.01dB 
f<5 GHz 0.03 dB 

f>5 GHz 0.01dB 
f<5 GHz 0.03 dB 

0.01 dB 
Stray signals 

AUT support 
scattering 

 

0.01 dB 
(Calculated by 
measurement 

comparison&average) 

0.01 dB 
(Calculated by 
measurement 

comparison&average) 

0.01 dB 
(Calculated by 
measurement 

comparison&average) 

0.01 dB 
(Calculated by 
measurement 

comparison&average) 
Scan area 
truncation 

Depending on 
the acquisition 

Do not apply  for a small 
acquisition 

Do not apply for a 
complete acquisition 

0.05 dB Do not apply 
Acquisition 

Sampling point 
offset 

Depending on 
the acquisition 

Negligible 
Negligible. 

Multifreq. 0.01dB 
Negligible Negligible 

Mode truncation 

Transformation Total radiated 
power 

Depending of 
the type of 

transformation 

With SFIFT: 0.2 dB 
With SNIFTD: negligible 

Far-field: do not apply 

With SFIFT: 0.2 dB 
With SNIFTD: 

negligible 
Far-field: do not apply 

PNIFT 
0.01 dB 

Do not apply 

Table 3.3: Practical considerations for the uncertainty evaluation in the directivity / the radiation patterns at UPM facilities 
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N.B.1: 

− “PNIFT”: Computer tool to carry out the planar near-to-far-field transformation with probe correction [44]. 

− “SNIFTD”: Computer program from TICRA to carry out a spherical near-to-far-field transformation with probe correction [45].  

− “SFIFT”: Computer software to perform the near-to-far-field transformation from an acquisition in Fresnel zone [46]. 

 

N.B.2: 

The UPM facilities are composed of three anechoic chambers: one for spherical near-field antenna measurements, a compact range and a planar-

cylindrical-spherical near-field system in order to measure large antennas and RCS and a chamber with a perfect conducting plane to measure 

scaled ship models. The three chambers share two complete radiofrequency and control systems, placed in two contiguous rooms. The anechoic 

chambers are equipped with air conditioning systems, with filters class 10000 (clean area), in order to measure on board satellite antennas. 

 

1. “Spherical system I”: 

The dimensions of the “Spherical system I” are 7.3meters by 4.3meters by 4.3meters and the frequency measurement range is from 1.5GHz to 

40GHz. The measurement system is equipped with 18” and 12” pyramidal Radiation Absorbing Material (RAM) to measure directly at 

frequencies above 3GHz (from 1.5GHz with Fast Fourier Transform (FFT) gating techniques). The AUT roll over azimuth positioner system 

allows supporting antennas up to 50kilograms and 2meters of diameter. The roll positioned is on a longitudinal table in order to allocate the 

antenna over the center of the measurement sphere, as shown in Figure 3.7. On the other hand, the probe polarization positioner system (roll) 

over a xyz-θφ manual positioned, illustrated in Figure 3.8, allows aligning the probe z-axe to the centre of the sphere. Alignment system is 

achieved with levels, mirrors and the autocollimating theodolite presented in Figure 3.9. In addition, rotary joints are employed over all 

positioners, the measurement probes are axial corrugated conical horns of high polarization purity and the Standard Gain Horns (SGH) are 

NARDA and self design horns to cover the complete frequency band. 



Uncertainty analysis 

85 

    

Figure 3.7: AUT positioner of the spherical near-field system. 
 

 

Figure 3.8: Spherical near-field 
system. Probe positioner 

 

 

Figure 3.9: Rear probe setup and autocollimating 
theodolite.Spherical near-field system. AUT 

positioner 
 

2. “Compact range”:  

The dimensions of the Gregorian Systems are 15.2meters by 7.9meters by 7.3meters for the main chamber and 6meters by 3meters by 2.4 meters 

for the subreflector chamber. The lower frequency limit – 6GHz – is due to the sewing depth and the upper frequency bound – 100GHz – is set 

by the surfaces quality. To measure above 6GH, pyramidal and wedges absorbing materials are employed. The main reflector is an offset 

parabolic reflector (aperture of diameter 4.5meters) with cosenoidal sawings 60centimeters deep and the elliptical subreflector has 2.2meters of 

diameter with triangular sawings, as shown in Figure 3.10. The accuracy of both surfaces is better than ±70mm peak. In addition, the quiet 

zone at X-band is of the order of 2.5meters of diameter (±0.25dB, ±3º) with crosspolar radiation lower than -35dB. For big antennas, the roll 

over elevation over azimuth is equipped with rotary joints up 40 GHz. For Radar Cross Section (RCS) and small antennas, the roll over 

azimuth positioner over low RCS metallic pylon of ogival section illustrated in Figure 3.11. The feed system presented in Figure 3.11 has low 

crosspolar level corrugated horns over polarisation positioner. 
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Elliptic Sub-reflector
feeder

Parabolic 
Reflector

Plane 
phase 
front

AUT

Double chamber 
Gregorian System

D=4.5 m

 

     

Figure 3.10: Gregorian Compact Range Elements: Main reflector, subreflector and feeder   

Figure 3.11:Low RCS ogival pylon 
 

3. “Planar-Cylindrical-Spherical Near-Field System”: 

The second anechoic chamber is a large one (15.2meters by 7.9meters by 7.3meters) and it is shared by the Gregorian Compact Range and the 

Planar-Cylindrical-Spherical Near-Field System, both for measuring large antennas in the band between 1GHz and 40GHz. The planar system 

was built to measure large satellite antennas. Three high precision linear elements assure the scanner planarity.  



Uncertainty analysis 

87 

The lower horizontal guide (6meters long) that supports the structure is filled with reinforced concrete to increase the rigidity of the scanner. 

Besides, the lower horizontal guide is a linear ball spline that allows a free  rotation of the vertical tower (5.5meters high). In that way, the tower 

leans on the upper horizontal guide. The scan area, shown in Figure 3.12, is 4.75 by 4.75meters. The maximum horizontal axis velocity is 

10centimetres per second and the maximum vertical axis velocity is 33centimetres per second. The structure weight is 240kilograms for the lower 

horizontal guide, 160kilograms for the upper horizontal guide and 240kilograms for the vertical tower. The positioner for the AUT allows a roll 

over azimuth movement and the positioned of the probe lets the polarization movement. The linear slide illustrated in Figure 3.13 allows the best 

position of the AUT in the system to be able to measure different antennas in the planar, cylindrical or spherical systems.  The errors of the planar 

scanner were measured by an independent company (EADS-CASA) with a laser tracker and it was found that the planarity of the planar scanner (z-

axis) was of the order of 170micrometers (peak to peak value for central area of 4000millimetres by 4500millimetres). 

  

Figure 3.12: Planar scanner 

 

Figure 3.13: Linear slide 
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3.3- Uncertainty estimation procedures 

3.3.1- General uncertainty investigation procedure 

In 1977, recognizing the lack of international consensus on the measurement uncertainty 

expression, the world’s highest authority in metrology, the “International Committee for 

Weights and Measures” (“Comité International des Poids et Mesures”) requested the 

“The International Bureau of Weights and Measures” (“Bureau International des Poids 

et Mesures”) to address the problem in conjunction with national standards laboratories 

and to make a recommendation. The “Guide to the expression of uncertainty in 

measurement (GUM)” [11] is the result of that work. When reporting the result of a 

measurement of a physical quantity, some quantitative indication of the result has to be 

given to assess its reliability and to allow comparisons to be made. The Guide to the 

expression of measurement uncertainty establishes general rules for evaluating and 

expressing uncertainty in measurement that can be followed at many levels of accuracy 

and in many fields. The steps to complete an exhaustive uncertainty analysis are the 

following: 

1. Preliminary uncertainty evaluation, 

2. Identification of tolerances, scatters and uncertainties from all other type of 

sources, 

3. Uncertainty evaluation, 

4. Uncertainty classification:  

a. Type A: when considering repeated measurements, an statistical analysis of 

the uncertainties can be carried out, 

b. Type B: in this case, a selection of the distribution model that implies the 

multiplication by a correction factor is needed, 

5. Calculation of the combined standard uncertainty: normally the RSS method is 

applied to bring together all the individual uncertainty contributions, 

6. Estimation of the expanded uncertainty – i.e. multiplication by a coverage factor 

of 2 if the level of confidence is approximately 95% –. 
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PRELIMINARY EVALUTION

List of tolerances, Scatter, 
Uncertainties from all Sources

EVALUATION

EXPANDED UNCERTAINTY
(Multiply by k=2 for approximately 

95% confidence level)

TYPE A
Repeated measurements 

and Statistics

TYPE B
Selection of distribution model: 

Multiply by correction factor

COMBINED STANDARD 
UNCERTAINTY

 

Figure 3.14: Scheme of a complete uncertainty analysis 

Figure 3.14 summarizes the procedures to complete an evaluation of uncertainties in 

the measurement results that includes the establishment of the uncertainty, its 

characterization, the effect on the antenna parameter evaluation and the combination of 

all the contributions.  

It is worth noting that the evaluation of the uncertainties could be performed just for 

one antenna parameter or for more depending on the characteristics of the measurement 

system, AUT… Next sections mainly concentrate on the “evaluation procedure” and 

they describe some of the aspects presented before, particularized to a certain kind of 

AUT and to a specific antenna measurement system. 

3.3.2- Establishment of the error term contributions 

To characterize the actual weigh of a specific error term, different methods can be 

applied. Typically, one of the next procedures is employed to evaluate the error term 

contribution: 

1. Numerical simulations assuming a form for the error, 

2. Data sheets from component suppliers, manufacturers or system vendors, 

3. Actual measurements, by changing for instance the measurement system in a 

systematic way. 
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3.3.2.1- By means of numerical simulations 

Numerical simulations allow studying the influence of a specific uncertainty term on the 

overall measurement uncertainty. The most common implementation of this technique 

is to perform Monte-Carlo type simulations using measured or simulated near-field data 

with an added error contribution to be investigated. The process could be achieved 

employing near-field or far-field data and their respective implementations are 

illustrated in Figure 3.15 and Figure 3.16. By comparing the pattern containing errors 

with the reference pattern, the resulting measurement uncertainty due to the error term 

can be determined with the required level of interest (peak, sidelobe level, etc). 

Error 

Measured or simulated 
data (near-field)

Near-To-Far-Field  
Transformation

+

Near-To-Far-Field  
Transformation

Far-Field Data 
Without Errors

Far-Field Data 
With Errors

Comparison
 

Figure 3.15: Error term contribution in the near-field employing simulations 

Error 

Measured or simulated 
data (far-field) +

Far-Field Data 
Without Errors

Far-Field Data 
With Errors

Comparison
 

Figure 3.16: Error term contribution in the far-field employing simulations 
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3.3.2.2- Employing manufacturer specifications 

The data sheets from component suppliers allow establishing the uncertainty 

contribution without having to use measurements. The values provided by the 

manufacturers are generally typical performances and so the error term contribution 

may be overestimated by relying exclusively on supplier information. Thus, as this 

method constitutes the less accurate way of estimating the uncertainty, it is 

recommended to use this approach as the last option. 

3.3.2.3- Through actual measurements 

Designing measurements to investigate the uncertainty contribution is a valuable tool to 

determine the impact of certain errors. In this case, the uncertainty could be found out 

directly thanks to the measurement or indirectly by means of an intermediate parameter. 

The drawback of this method is the difficulty to isolate and separate the uncertainty 

term to be investigated from the remaining terms. A classical example of this technique 

is performing multiple measurements with different AUT and probe distances to 

investigate the impact of multiple reflections. 

3.3.3- Effect of each uncertainty term in the antenna parameters 

As explained in [29], the procedures for estimating uncertainties in the antenna 

parameters can be classified into three categories: 

1. Theoretical analysis, 

2. Simulation evaluation, 

3. Measurement comparison. 

In the first theoretical approach, analytical expressions from general assumptions are 

employed. This method gives the “worst case” estimates since it considers a general 

situation not always well-adapted to special scenarios and, in some cases, these 

assessments are too large and give an overestimation of the uncertainty value.  

When considering simulations, a numerical expression for the error is assumed. 

After introducing the error in the near-field acquisition, the data is transformed into the 

far-field to evaluate its influence in the antenna parameters. The quality of the 

estimations achieved with this method depends on whether the simulated errors are 

sufficiently representative of the actual errors. As a result, the use of this procedure is 

limited to situations where the assumed error is valid.  
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The third procedure is based on the change of the measurement setup and the 

comparison of the results achieved from the two setups. Results from this method have 

limited application since they are significant only for the specified probe, test antenna, 

range, etc. In addition, it is difficult to isolate one error source at a time what is another 

drawback of this technique. 

3.3.3.1- Analytic strategy 

Two of the more representative sources of uncertainties that could be evaluated in an 

analytic way are the noise and the truncation error in near-field measurement. 

Regarding the noise, its effect on the far-field measurements can be estimated 

employing the following expressions, obtained by adding in phase or opposite phase the 

noise to the signal. 
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N.B.: In formula (3.13), the S/N is expressed in linear scale. 

In addition, as Francis and Wittmann stated in [29], the truncation error in planar 

near-field measurements could be expressed analytically as follows: 
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where: 

− η is the fractional error,  

− α represents a taper factor (ranging from 1-5),  

− Lmax stands for the maximum width of the scan area,  

− Bmax symbolize the largest amplitude of the probe output at the perimeter of the scan 

area relative to the maximum of the probe output at the perimeter of the scan area 

relative to the maximum amplitude over the entire scan area,  

− γmax denotes the maximum acute angle between the edge of the antenna aperture and 

the edge of the scan area,  

− A designates the area of the antenna aperture, 

− λ indicates the wavelength. 
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3.3.3.2- Through simulations 

Another option to evaluate the effects of the uncertainties in the final results is to run a 

simulation. An example of a computer simulation is given in Section 6.3 of Hansen’s 

book [9], where the mechanical inaccuracies of an elevation-over-azimuth setup are 

simulated. The effects of several mechanical inaccuracies were considered for a 

reflector antenna with diameter equal to 30λ and the variation on directivity, cross 

polarization, beamwidth, first null and first sidelobe were also determined (see Table 

6.1 of [9]). If a roll-over azimuth setup for an antenna of 10λ of diameter is chosen, it 

cannot be expected that these results fully applied. 

To illustrate how to determine the influence of the inaccuracies in the outcomes, 

Section 6 explains a simulation process in a particular measurement system, that is a 

cylindrical system. In this case, the uncertainties are introduced in the acquisition 

process and then, after performing a near-to-far-field transformation, the final results 

(i.e. radiation patterns, directivity, SLL, beamwidth of the main planes…) are achieved. 

As a result, through virtual acquisitions, the effect of the uncertainties could be 

evaluated.  

It should be noted that this is not the only way in which simulations can be 

employed as an instrument of uncertainties evaluation. Actually, simulations based on 

real data, i.e. measurements, can be run in order to observe their influence in the final 

results. In Section 7 the particularization of this procedure is detailed. In this case, 

thanks to some particular measurements, the uncertainties can be estimated and then 

they are introduced in the simulator to evaluate its effect on the outcomes. 

3.3.3.3- By means of measurements 

Another option to estimate the influence that the inaccuracies have on the main antenna 

parameter is through measurements. In this scenario, the repetition of full sphere 

measurements is carried out with different configurations – for instance, scan in θ or in 

Φ, scan with or without attenuator etc – in order to estimate the uncertainty related to 

the measurement. Another observation about the effect that the uncertainties may have 

in the results is that when the measurement is in near-field, the inaccuracies are directly 

transferred and thus, the uncertainties could be estimated analytically or through 

measurements.  
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On the other hand, while dealing with far-field measurements obtained via near-to-

far-field transformation, the uncertainties are evaluated via simulation or measurements 

since the analytical assessment is rather complicated. An example of the measurement 

method is presented by Francis, et al. [47], where the uncertainties due to probe-test 

antenna interactions were estimated by measuring the near-field over two spheres that 

differed in radius by one-quarter of wavelength. These results apply only to the 

particular test antenna and probe combination and for a separation selected for this 

specific scenario of about 150centimetres. 
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3.4- Reference value/pattern establishment and comp arison of the 

measurement respect the reference pattern 

The reference establishment is a key point in an uncertainty/error study since the 

measured or simulated data are compared with this value. This quantity can be derived 

from simulations or from measurements. When using simulations, the establishment of 

the nominal or ideal radiation pattern is straightforward. For instance, for the 

application based on simulated cylindrical near-field acquisitions explained in Section 

4, the reference value/pattern achieved employing simulations is implemented as a 

theoretical model. Thus, for the comparison of array far-field radiation pattern, a 

reference radiation pattern could be the infinite far-field calculated as the product 

between the array factor and the radiation element. 

On the other hand, when choosing measurements, there is no theoretical model and 

therefore approximations that minimize the errors are utilized. In this case, several 

approaches could be applied: 

− When sufficient measurements have been performed, the reference value/pattern 

could be achieved by averaging measurements with the same configuration. It 

should be noted that uncertainty evaluations based on repeated observations 

(Type A) are not necessarily superior to those obtained by other means. The 

relative uncertainty of the uncertainty, which arise from the purely statistical 

reason of limited sampling, can be surprisingly large. Table 3.4 shows the 

uncertainty of the uncertainty expressed in terms of percentage.  

Number of measurements “n” Uncertainty of the uncertainty (%) 

2 76 

3 52 

4 42 

5 36 

10 24 

20 16 

30 13 

50 10 

Table 3.4: Uncertainty of the uncertainty 

According to Table 3.4, for n=10 measurements, the uncertainty of the 

uncertainty is equal to 24 percent, which shows that the standard deviation of a 

statistically estimated standard deviation is not negligible for practical values of 

the number of measurements n. 
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 One may therefore conclude that Type A evaluations of standard uncertainty are 

not necessarily more reliable than Type B evaluations, and furthermore in many 

practical situations where the number of observations is limited, the components 

obtained from Type B evaluations may be better known than the components 

achieved from Type A evaluations. 

− When enough measurements have been performed, the reference data/pattern 

could be obtained by applying a weighted measurement averaging depending on 

their reliability, power level, noise level, leakage and crosstalk level etc. 

− If the number of measurements carried out is not large, the reference 

value/pattern could be established by first “correlating measurements to reduce 

uncertainties/errors” and then employing a weighted average. This means that 

the combination of measurements is carried out in order to minimize 

uncertainty/error sources and then the average taking into account the weighting 

factors is completed. 

Once the reference pattern has been established, it is necessary to compare the 

measurements with that reference pattern. To compare the measurements or simulation 

respect this reference pattern, the procedure used in the ACE has been followed, where 

a weighting function is applied. One possible weighting function, denoted “Wn”, could 

be a continuous weighting function to de-emphasize the influence from noise floor in 

the measurement results [48].  

Expressing the pattern function of the reference pattern “RF” in logarithmic scale 

“DRF”, the selected noise weighting function can be expressed as follows: 

( - ) / 20/ 201 10 -10 , 0

,
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 + ≤ ≤
=  ≤

→ = −    (3.15) 

This noise weighting function attribute a maximum weight at the maximum pattern 

level, while discarding differences at pattern level below the noise floor. Actually, “Wn” 

models a drop in confidence, which is inversely proportional to the signal-to-noise ratio 

so that full confidence is attributed to the difference at the peak pattern level and then 

dropping to zero when approaching the noise floor.  
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Another weighting function, designated by “Wp” and called pattern weighting 

function, can also be applied. This weighting function is employed to consider other 

sources of inaccuracies than a noise floor or special requirements to the pattern and is 

defined as: 

10

( ( , ))

log (1/ 4) 0.602

  

            
p RFW f βθ φ

β
=

→ = − ≈                        (3.16) 

where “β” determines the specific behaviour of “Wp”.  

For instance, a choice of the factor β could be β=-log10(1/2)=0.301, which reflects 

that the significance attributed to the difference is halved for every 20dB decrease in the 

pattern level. As a result, the expression employed to carry out the weighted comparison 

between the reference pattern (“fRF”) and an individual acquisitions (“fi”) is the 

following one: 

Wlog,i (θ,φ) = Wn · Wp · [20·log10fRF(θ,φ) -20·log10f i(θ,φ)]            (3.17) 

After the weighted comparison has been achieved, a particular measurement could 

be valued by calculating the statistical parameters such as mean, standard deviation, 

percentile could be achieved. This uncertainty estimation procedure will be detailed in 

section 5. 
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Chapter 4 

Uncertainty evaluation 

based on simulations in a 

cylindrical system 
 

 

 

The first practical application to evaluate the uncertainties in the main antenna 

measurement parameters is based on a cylindrical near-to far-field simulation tool [49] – 

[53]. Large antennas need special measurement systems due to their considerable 

dimensions. Typically, cylindrical near-field systems are appropriate measurement 

systems for sizeable RADAR antennas, because they can be measured on their 

azimuthal positioner and the probe can be easily translated through a vertical linear 

slide. Thus, mechanical aspects of measurement systems are rather important since 

errors in the mechanical set-up can directly affect far-field radiation patterns.  
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This chapter presents an error estimation tool to analyze the most important errors 

for large L-band RADAR antennas in an outdoor cylindrical acquisition system and the 

effect of these errors in the calculated far-field radiation pattern. This analysis was 

originally employed to evaluate the error budget of the AUT. 

 The simulator computes the far-field with an array of dipoles over a ground plane 

and compares an ideal infinite far-field with the electric field obtained using the 

cylindrical near-to-far-field transformation algorithm. The influence of the inaccuracies 

on the final results is evaluated by introducing random and systematic sources of errors 

and then, analyzing the variations produced in the principal far-field patterns, antenna 

parameters and in the side lobe levels (SLL). Finally, this simulator can be employed to 

analyze the errors for L-band RADAR antennas. 

One of the objectives of this investigation is thus to analyse how mechanical and 

electrical inaccuracies could affect the results of a cylindrical antenna measurement 

system, in order to minimize them as much as possible. This is highly important not 

only to meet the specifications, but also to reach high accurate results. There are several 

error sources studies for near-field patterns: the most complete are the ones developed 

by Joy and Newell in [68] – [70] and Hansen in [9]. Later on, other investigations have 

been carried out analyzing concrete error studies. The one presented in the First AMTA 

Europe Symposium in 2006 [30] could be an example. Another goal is the uncertainty 

analysis a-priori of these errors in the measurement of L-band RADAR antennas, 

detecting which are the main error sources for each antenna parameter and calculating 

the uncertainty budget. 
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4.1- Description of the system analyzed 

This study has been applied to the facility described in [71] and [72] (Figure 4.1).  
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Figure 4.1: System implementation 

The maximum length of the array antenna (up to 12 meters) requires a particularly 

long antenna measurement system. As mentioned before, since cylindrical near-field 

ranges are appropriate to measure large antennas, the system considered is a cylindrical 

near-field range. In such facility, the RADAR antennas rotate on their own positioner 

and the probe (double-polarized probe) moves along a 15.5meters linear slide, stopping 

on each defined position to acquire the near-field. In addition, the AUT can work in 

reception and transmission and can operate with a sum or a difference pattern. It is 

worth noting that, since this range is an outdoor system, it is exposed to the inclemency 

of the weather.  

From all the environment factors, the wind and the temperature variations are the 

ones that may produce noticeable changes in the outcomes. Therefore, the inaccuracies 

evaluated for this research were imprecisions due to the truncation errors, the system 

mechanical misalignment, the uncertainties generated by amplitude and phase errors 

caused by temperature variations, and the deviations caused by the Signal to Noise ratio 

(S/N) in the receiver.  

The AUT employed for the system validation are modelled as dipoles arrays of 

different sizes vertically displaced, over a ground plane at a distance equal to λ/4, and 

assumed to be infinite, so Image Theory can be applied. The excitation is separable and 

non-uniform in vertical and horizontal planes.  
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4.2- Simulation methodology 

The AUT rotates around an azimuthal position while the antenna probe moves along 

the z-axis. The antenna probe is a conical corrugated horn linearly polarizaed in the 

vertical plane. Its main planes radiated fields are obtained through the integration of the 

electric field on the aperture: 

Lrj
ap e

a

r
JyE λπ /'

0
2'405.2

ˆ −






=
r

                                    (4.1) 

The acquisition is simulated on a cylinder where the distance from the AUT to the 

probe tower is 5meters and the vertical path of the probe is 15meters. Figure 4.2 shows 

the geometry of the measurement system. 
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Figure 4.2: System geometry 

The number of samples in the azimuth is 256 (to satisfy the Nyquist sampling 

theorem), while the distance between samples in the vertical axis is 10 centimeters. The 

frequency selected for the simulations was 1215MHz. The field in each point of the grid 

was calculated taking into account the field radiated by all the dipoles modified by the 

probe pattern. The field from each dipole in each point of the grid is given by the sum of 

3 spherical waves, as explained in [74]: 
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The induced voltage at the antenna probe considering that each element of the array 

is in far-field in relation to the antenna probe can be expressed as follows: 
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where k is a complex constant, Imn is the dipole excitation, the angles and distances are 

shown in Figure 4.3, and fs(θ) is the radiation pattern of the probe.  
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Figure 4.3: Dipole and probe geometry 

Then, the near-to-far-field (NF-FF) transformation is applied to obtain the far-field 

radiation patterns. The results in the main planes are compared with the infinite far-field 

obtained by multiplying the array factor by the element radiation pattern – equations 

(4.4) to (4.10) –, as shown in Figure 4.4. 

Horizontal_Cut = Element_Diagramhorizontal × Array_Factorcolumns             (4.4) 

Vertical_Cut = Element_Diagramvertical × Array_Factorrows                    (4.5) 

being the array factors expressed as follows: 
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Considering dipoles in the vertical plane and taking into account Image Theory in 

both planes, the expressions of the element diagrams are the following: 

Element Diagramhorizontal=
cos cos

2

j k d j k de eϕ ϕ⋅ ⋅ ⋅ − ⋅ ⋅ ⋅−
             (4.8) 
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Figure 4.4: Uncertainty simulator diagram 

 

4.3- Near-to-far-field transformation algorithm  

There are some works previously published about cylindrical near-field systems and 

most of them deal with the near-to-far-field transformation algorithm. This 

transformation  can be based on different approaches. In 1978, Borgiotti presented in 

[54] an integral formulation using a superposition of plane waves to obtain the far-field 

from the measured near-field. Later, in the works published in [55] by Hansen (1980), 

in [3] by Yaghjian (1986) and in [56], (the “Handbook of Antenna Design”, 1982), a 

second methodology was detailed. In this case, the scattering matrix formulation is 

employed to derive the coupling equation. A third approach, introduced by Brown and 

Jull in [57] and Leach and Paris in [58], is based on the three-dimensional vector 

cylindrical wave expansion of an electromagnetic field, which applies the Lorentz 

reciprocity theorem formulation to obtain the complete vector far-field pattern of an 

arbitrary antenna. In addition to the procedure proposed by Leach, Bucci in 1988 [60] 

and Rahmatt-Samii in 1993 [61] studied some improvements in efficiency of this 

method. In the last years, some approaches to solve the problem of near-to-far-field 

transformation using equivalent currents have been presented [62] – [66]. The 

methodology of the cylindrical near-to-far-field transformation used in this Thesis is 

based on the cylindrical wave expansion derived by Leach and Paris in [58].   
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In [59], the description of the cylindrical near-to-far-field transformation, 

considering probe correction applied in this study, its validation and its application is 

explained. By using the Reciprocity Theorem, the electric field can be expressed as a 

combination of the four weighting functions (for AUT and probe), obtaining the 

expression proposed by Leach in [58]: 
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where: 

- “n” indicates the modal index (whole number),  

- “h” symbolizes the propagation constant in the z-direction (real number) 

h=k·cosθ,  

- “k” characterizes the wave number in free space,  

- θκ sin)( 22 ⋅=−= khk  is the projection of the propagation constant in the xy-

plane,  

- )( 0
)2( ρkH mn+  denotes the cylindrical Hankel function of 2nd kind and order n+m,  

- an(h) and bn(h) correspond to the AUT weighting functions of the TE- and TM-

modes  

- cm(h) and dm(h) represent the probe modal coefficients. 

The model developed for this application introduces the probe compensation method 

proposed by Hansen in [55], and usually applied to the spherical near-to-far-field 

transformation algorithms. Assuming the rotationally symmetry of the antenna probe 

(µ=±1), the probe pattern is calculated from the main planes of the probe diagram. For 

this particular case, the antenna probe is a chock horn that fulfils the previous condition. 

The first step is the calculation of the co-polar far-field of the antenna probe in the 

principal planes Ee(θ) and Eh(θ). The θ- and φ-components of the electric field at each 

angular position are obtained through:  
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where E1 and E2 represent the probe patterns for acquiring both polarizations. P1 and P2 

symbolize the linear polarization ratio of the antenna probes, and Axy the amplitude and 

phase factors of the signals coming from both probes. If single probe is used, P1=-P2 and 

Axy=1. If an ideally polarized antenna is employed, P1=P2=0.  

If the coordinate systems of the measurement of the antenna probe are different to 

the coordinate systems of the cylindrical acquisition (i.e. a classical spherical far-field 

system is used), several angular rotations of the probe radiation pattern – using the 

method proposed in [73] – are required in order to obtain the probe compensated far-

field radiated pattern. Another minor difference with respect to Leach’s method is the 

employment of the Discrete Fourier Transform (DFT) instead of the Fast Fourier 

Transform (FFT). With this change, the far-field in the final coordinate system could be 

achieved without needing an interpolation of the radiation pattern results. Figure 4.5 

summarizes the transformation algorithm applied for this particular application. 
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Figure 4.5: Diagram of the Near-Field-To-Far-Field algorithm 

The previous tool has been validated using both simulations and measurements [59], 

using as simulated AUT, i.e. the AUT employed for the system validation, an array of 

28x16 λ/2 dipoles vertically displaced over a ground plane at a distance equal to λ/4.  
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The excitation is separable and non-uniform in vertical and horizontal planes. The 

total size of the AUT is 5.3meters by 2.1meters. For the validation measurements, the 

AUT utilized was the Ku-band reflector shown in Figure 4.6. This antenna was 

measured in both the spherical near-field system (using SNIFTD) and the cylindrical 

near-field system. The results from the comparison of the horizontal and the vertical 

cuts are illustrated in Figure 4.7 and Figure 4.8. 

 
Figure 4.6: Ku-band reflector employed for the validation measurements 

120 140 160 180 200 220 240
-40

-35

-30

-25

-20

-15

-10

-5

0

dB

grados

Esf-cp

Esf-xp
Cil-cp

Cil-xp

 
Figure 4.7: Horizontal cut for the measurement with the Ku-reflector 
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Figure 4.8: Vertical cut for the measurement with the Ku-reflector 
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The far-field radiation patterns achieved for the main planes are compared with the 

infinite far-field, obtained by multiplying the array factor by the element radiation 

pattern, as Figure 4.9 and Figure 4.10 show. 
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Figure 4.9: Horizontal cut: Theoretical versus Ideal Acquisition 
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Figure 4.10: Vertical cut: Theoretical versus Ideal Acquisition 
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Figure 4.9 and Figure 4.10 show a significant concordance between both calculated 

patterns, so the NF-FF transformation could be considered validated. The small 

discrepancies in the extremes of the horizontal angular range are due to the 

approximation of the acquisition model, shown in expression (4.11). This simulation 

tool is also useful for testing the elevation validity range of the NF-FF transformation, 

which is often approximated by the method proposed by Yaghjian [75] and Newell [76]: 

o

z

x

DL

2
tan1

0
−= −θ                                           (4.12) 

where Lz indicates the path performed by the probe, D corresponds to the height of the 

AUT and x0 is the separation between the probe and the AUT, as shown in Figure 4.11. 

D

ABP x0

θ0

Lz

Measurement Cylinder

 
Figure 4.11: Angular validity margin 

With this configuration of the cylindrical system and the modelling of this specific 

AUT, the angular range of validity goes from 37.7 to 142.3 degrees. Figure 4.10 

confirms that the angular margin of the measurement is valid.  
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4.4- Classification of the uncertainty sources cate gories and the sort 

of antennas 

As seen in chapter 3, considering that the probe is not an array, the main uncertainties 

and error sources affecting the directivity and the radiation patterns are classified in six 

categories:  

1. Mechanical set-up, such as x-, y-, z-axis positioning deviations, non-parallelism 

between the probe tower and the AUT, probe orientation etc. 

2. Electrical, for instance receiver dynamic range and non-linearity, electromagnetic 

interferences, thermal drift due to cable flexions or temperature, impedance 

mismatch, SGH or power measurement errors. 

3. Probe related, especially probe polarization or probe cables calibrations. 

4.  Stray signals, as for example scattering and absorption by the towers or 

measurement system multiple reflections. 

5. Acquisition, i.e. NF-FF transformation errors, scan truncation, aliasing. 

6. Processing, particularly the mode truncation and the total radiated power variations. 

This chapter analyzes the effect of some of the previous uncertainties categories, 

related to the kind of system studied. For instance, the effect of the wind for the probe 

positioning (mechanical errors), the scan truncation deviations (acquisition errors) and 

the temperature changes that affect the phase response of the cables (electrical errors). 

Also, either systematic or random deviations are analyzed all over this study. For this 

research, the mechanical errors under study are: 

− systematic (with the shape of a sine or a slope) in the x-probe position  

− random inaccuracies in the x-, y- or z-probe positions,. 

When evaluating these types of errors, since the probe positions vary, the points 

where the field is calculated also change. Therefore, for each amplitude error analyzed, 

a complete near-field acquisition is required. Once each measurement is completed, a 

NF-FF of each near-field acquisition is performed to find the antenna parameters.  

On the other hand, the electric deviations examined are: 

• Random phase inaccuracies (uniformly distributed). 

•  White Gaussian Noise (WGN).  
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For both types of errors, the deviations are linearly added to the ideal acquired near-

field and therefore, there is no need to simulate a complete near-field acquisition for 

each amplitude error, what saves time. In this case, once each error is added to the ideal 

acquired near-field, a NF-FF transformation is carried out to achieve the final results. 

In this uncertainty evaluation based on simulations, the errors are considered 

individually or all together. The individual simulations allow examining the influence of 

a particular uncertainty/error source in the antenna parameters. Alternatively, the fact of 

considering several uncertainty sources at a time allows estimating the measurement 

system error budget. In addition, this last scenario is more realistic as, in a real 

measurement systems, the different uncertainties cannot be separated and they all affect 

the measurements and the results. 

Concerning the AUT simulated, different types of RADAR antennas have been 

taken into account, as Table 4.1 shows. On the one hand, a typical RADAR L-Band 

antenna of 5.32meters by 2.08meters has been simulated. This antenna has a non-

uniform excitation in both planes. Actually, the excitation is separable in vertical and 

horizontal planes, with decreasing amplitude to reduce the side lobe levels. Besides, in 

the horizontal plane, a phase error is added, in order to simulate a higher side lobe level 

in the AUT. Furthermore, five antennas with different sizes (having a length from 

1.52meters to 7.22meters and a height from 0.52meters to 2.86meters) and uniform 

excitations in both planes have been considered for the simulations. The simulations of 

the antennas with uniform excitations and different sizes allow determining if the 

antenna size has an influence on the variations produced by the uncertainty/errors 

introduced in the near-field acquisitions.  

Length (m) Height (m) Excitation

Typical RADAR L-Band antenna 5,32 2,08 Non-uniform

Antenna 1 1,52 0,52 Uniform

Antenna 2 1,90 0,78 Uniform

Antenna 3 2,66 1,04 Uniform

Antenna 4 5,32 2,08 Uniform

Antenna 5 7,22 2,86 Uniform
 

Table 4.1: Types of antennas considered for the simulations 
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4.5- Results from individual simulations 

4.5.1- Effects according to the antenna size 

4.5.1.1- Effect on the directivity 

In order to analyze the influence of the antenna size in the statistical parameters (i.e. 

mean and standard deviation), achieved from the difference between the antenna 

parameter with and without error, simulations with five different antennas – shown in 

Table 4.1 – have been carried out. In this study, 10 iterations per case have been 

completed. This number is not enough to get error probability distributions, though it is 

good enough to analyze the trends.  

The fact of considering a uniform distribution was carried out to avoid the influence 

of the excitation in the final results. Figure 4.12 to Figure 4.14 represent the means of 

the difference between the directivity with and without error, while considering a 

random error in the x-position of the probe, a random phase error or a white Gaussian 

noise (WGN) for 5 antennas with uniform excitation. In the case of a WGN, for each 

AUT, the noise was fixed to get the desired signal to noise ratio (S/N) with respect to 

the maximum. In a real system, the maximum signal would also change depending on 

the size of the AUT. 
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Figure 4.12: Mean of the differences between directivity with and without a random 
error in the x-position of the probe for five antenna sizes 
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Figure 4.13: Mean of the differences between directivity with and without a random 

phase error for five antenna sizes 
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Figure 4.14: Mean of the differences between directivity with and without a WGN for 

five antenna sizes 

Although it is difficult to draw conclusions from these results, we observe that when 

considering antennas of medium size (antenna 3 and antenna 2), the mean is larger than 

with the other antenna sizes. On the other hand, while simulating the largest antenna 

(antenna 5), the mean achieved is relatively low compared to the other cases. 

Figure 4.15 to Figure 4.17 represent the standard deviations of the difference 

between the directivity with and without error, when considering a random error in the 

x-position of the probe, and a random phase error or a white Gaussian noise for 5 

antennas with uniform excitation, after 10 iterations. From these results obtained, we 

can conclude that the uncertainty is lower as the antenna size is larger. 
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Figure 4.15: Standard deviation of the differences between directivity with and without 

a random error in the x-position of the probe for five antenna sizes 
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Figure 4.16: Standard deviation of the differences between directivity with and without 

a random phase error for five antenna sizes 
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Figure 4.17: Standard deviation of the differences between directivity with and without 

a WGN for five antenna sizes 
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4.5.1.2- Effect on the SLL 

Figure 4.18 to Figure 4.29 represent the mean and the standard deviation of the 

difference between the SLL with and without error in the vertical and in the horizontal 

planes, when considering a random error in the x-probe position and a random phase 

error or a WGN for 5 antennas with different sizes and with uniform excitation after 10 

iterations.  
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Figure 4.18: Mean of differences between the SLL with and without random error in the 

x-position of the probe with 5 antennas (horizontal cut) 
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Figure 4.19: Mean of differences between the SLL with and without random error in the 

x-position of the probe with 5 antennas (vertical cut) 
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Figure 4.20: Standard deviation of differences between the SLL with and without 
random error in the x-position of the probe with 5 antennas (horizontal cut) 
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Figure 4.21: Standard deviation of differences between the SLL with and without 

random error in the x-position of the probe with 5 antennas (vertical cut) 
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Figure 4.22: Mean of differences between the SLL with and without random phase error 

with 5 antennas (horizontal cut) 
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Figure 4.23: Mean of differences between the SLL with and without random phase error 

with 5 antennas (vertical cut) 
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Figure 4.24: Standard deviation of differences between the SLL with and without 

random phase error with 5 antennas (horizontal cut) 
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Figure 4.25: Standard deviation of differences between the SLL with and without 

random phase error with 5 antennas (vertical cut) 
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Figure 4.26: Mean of differences between the SLL with and without WGN with 5 

antennas (horizontal cut) 
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Figure 4.27: Mean of differences between the SLL with and without WGN with 5 

antennas (vertical cut) 
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Figure 4.28: Standard deviation of differences between the SLL with and without WGN 

with 5 antennas (horizontal cut) 
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Figure 4.29: Standard deviation of differences between the SLL with and without WGN 

with 5 antennas (vertical cut) 

From the results obtained, it can be observed that the means and the standard 

deviations are larger for the smallest antennas (antenna 1 and antenna 2) and smaller for 

the biggest antennas (antennas 4 and 5). 

4.5.1.3- Estimation of the truncation error 

To evaluate the truncation error, the angular range indicated by Yaghjian [75] and 

Newell [76] − expression (4.12) − is related with the angular range obtained to have an 

error (absolute difference between the infinite far-field and the processed acquisition) 

lower than 0.5dB. This evaluation was performed with the five antennas in Table 4.1 

(antenna 1 to antenna 5) varying the probe tower height from 15meters to 6meters, as 

shown in Table 4.2 to Table 4.6. 

Antenna 1: 1.52meters ���� 0.52meters 

 
o

z1
0 x2

DL
tan

−=θ −
 

Difference between radiation 
patterns < 0.5 dB 

Lz (meters) ±θ0 (degrees) θ1 (degrees) 
15 ± 55.4 ± 51.4 

12 ± 48.9 ± 44.7 

9 ± 40.3 ± 36.5 

6 ± 28.7 ± 25.6 

Table 4.2: Truncation error evaluation with Antenna 1 
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Antenna : 1.90meters ����0.78meters 

 
o

z1
0 x2

DL
tan

−=θ −
 

Difference between radiation 
patterns < 0.5 dB 

Lz (meters) ±θ0 (degrees) θ1 (degrees) 
15 ± 54.9 ± 51.4 

12 ± 48.3 ± 44.9 

9 ± 39.4 ± 37.1 

6 ± 27.6 ± 24.9 

Table 4.3: Truncation error evaluation with Antenna 2 

Antenna: 2.66meters ����1.04meters 

 
o

z1
0 x2

DL
tan

−
=θ −

 
Difference between radiation 

patterns < 0.5 dB 

Lz (meters) ±θ0 (degrees) θ1 (degrees) 
15 ± 54.4 ± 51.7 

12 ± 47.6 ± 40.5 

9 ± 38.5 ± 42.3 

6 ± 26.4 ± 20.5 

Table 4.4: Truncation error evaluation with Antenna 3 

Antenna: 5.32meters ����2.08meters 

 
o

z1
0 x2

DL
tan

−
=θ −

 
Difference between radiation 

patterns < 0.5 dB 

Lz (meters) ±θ0 (degrees) θ1 (degrees) 
15 ± 52.3 ± 49.2 

12 ± 44.8 ± 40.9 

9 ± 34.7 ± 31.6 

6 ± 21.4 ± 17.3 

Table 4.5: Truncation error evaluation with Antenna 4 

Antenna: 7.22meters ����2.86meters 

 
o

z1
0 x2

DL
tan

−
=θ −  Difference between radiation 

patterns < 0.5 dB 

Lz (meters) ±θ0 (degrees) θ1 (degrees) 
15 ± 50.5 ± 47.2 

12 ± 42.4 ± 39.8 

9 ± 31.5 ± 28.3 

6 ± 17.4 ± 12.9 

Table 4.6: Truncation error evaluation with Antenna 5 

From these results it could be noticed that the calculated angular range is of the 

same order of magnitude as Yaghjian’s approximation, being the mean of the difference 

between both values roughly 4degrees. In fact, Yaghjian’s value is not exactly defined 

in the same way as it is used in this work, and therefore, both values cannot be directly 

compared.  
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4.5.2- Effect of different uncertainty sources considering a particular AUT 

4.5.2.1- Effect of mechanical errors in the probe position on the far-field 

radiation pattern 

There are two different sources of systematic errors that affect the AUT pointing: the 

axis non parallelism and the zero position determination of the azimuthal direction. 

Both inaccuracies are directly translated to the pointing error, and they could be 

evaluated and corrected to minimize them. While the axis non parallelism can be 

measured with an optical procedure (i.e. laser tracker), the zero position of the 

azimuthal direction depends on the RADAR positioner encoder and the triggering of the 

vector network analyzer that can be either calculated or measured. Therefore, both 

errors can be compensated with a rotation of the electric field [73], and thus they are 

omitted for this study.  

To estimate the effects of other mechanical errors on the outcomes, some 

simulations were performed including systematic and random errors in each sample in 

the x-, y- and z- probe positions. Simulations were carried out for different peak to peak 

error amplitudes: from ±0.01λ to ±0.04λ, being λ the wavelength (as the selected 

frequency is 1215MHz, λ is of the order of 0.25meters). The AUT considered in this 

part of the research is a typically RADAR L-Band antenna, modelled as an array of 28 

by 16 λ/2 dipoles, being the total size of the AUT equal to 5.3meters by 2.1meters. The 

excitation is separable in vertical and horizontal planes, with decreasing amplitude to 

reduce the side lobe levels, and in the horizontal plane a controlled phase error is added 

to simulate a more realistic AUT.  

The first antenna parameter evaluated is the far-field radiation pattern obtained from 

simulations. As seen in Figure 4.4, the far-field achieved from an acquisition containing 

errors is compared with the infinite far-field. Figure 4.30 and Figure 4.31 are 

representative examples of the far-field radiation patterns obtained from the simulations. 

From those diagrams, it is clearly seen that the influence of the errors on the main 

planes of the far-field radiation pattern is more noticeable when introducing deviations 

in the x-probe position than when adding errors in the y-probe position. This is mainly 

because the distance is larger in this direction as the measurement system is aligned 

along the x-axis, as Figure 4.2 shows. 
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Figure 4.30: Horizontal cut: random error in x-position of the probe axis (peak to peak 
value of ±0.04λ mm) 

-80 -60 -40 -20 0 20 40 60 80
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0
Far Field: Horizontal Cut

Phi (degrees)

F
ie

ld
 M

od
ul

e 
(d

B
)

Infinite Far-Field

Processed Aquisition

 
Figure 4.31: Horizontal cut: random error in y-probe position (peak-peak=±0.04λmm) 
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4.5.2.2- Effect on the directivity of systematic error in the x-probe position, 

random error in the x-, y- and z-probe position 

Since the directivity is one of the most characteristic figures-of-merit that can 

characterize the performance of an antenna, a detailed investigation has been carried out 

to evaluate how the mechanical errors may influence the directivity. In the simulations 

performed, the directivity was calculated when including a sinusoidal systematic error 

in the x-probe position, a systematic error in the x-probe position with the shape of a 

slope and a uniform random error in the x-, y- and z-probe positions. Figure 4.32 and 

Figure 4.33 respectively show the difference between the directivities with and without 

a systematic error with the shape of a sine and with the shape of a slope. 
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Figure 4.32: Absolute difference between the directivity with and without sinusoidal 

error in the x-probe position 
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Figure 4.33: Absolute difference between the directivity with and without error in the x-
axis of the probe with the shape of a slope 
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A systematic error with the shape of a slope in the x-position of the probe is 

analyzed. The small differences between the directivities with and without an error 

show that the effect of this error source is negligible. Figure 4.34 represents the 

comparison between the directivities including a random error in the x-position of the 

probe, and a systematic error in the x-position of the probe with a sine variation and 

with a slope variation. 
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Figure 4.34: Comparison between the differences between the directivity with and 

without error in the x-axis considering a random error or a systematic error (shape of 
slope or sine) 

For the uniform random error in x-, y- and z-position of the probe, a more exhaustive 

study was completed and 10 iterations for each peak to peak amplitude were achieved. 

From these simulations, we could calculate the mean, which gives an estimation of the 

error, and the standard deviation, which gives an estimation of the uncertainty, as shown 

in Figure 4.35 and Figure 4.36. 
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Figure 4.35: Mean & standard deviation of the differences between directivity with and 

without error in x- and y-axis of the probe 
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Figure 4.36: Mean & standard deviation of the differences between directivity with and 

without error in x- and z-axis of the probe 

From these results, it is clear that the random errors in the x-position of the probe 

have the largest influence on the directivity. 

4.5.2.3- Effect of random phase error on the directivity 

In near-field antenna measurement systems, the phase errors are usually caused by 

temperature variations during the acquisition process. The study carried out shows the 

influence that this inaccuracy may induce on the radiation pattern and on the directivity. 

As before, since several simulations were carried out for each peak to peak phase error 

amplitude, the mean and the standard deviations of the error in the directivity were 

calculated for the two antenna sizes, as shown in Figure 4.37. 
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Figure 4.37: Mean and standard deviation of the differences between directivity with 
and without random phase error 
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From Figure 4.37, it can be seen that the increase of the mean of these differences is 

larger than the augmentation of the standard deviation when the phase error is larger. In 

order to verify that the errors in the x-position of the probe and the phase errors are 

comparable, the equivalent phase errors for the deviations in the x-position of the probe 

was calculated, as shown in Table 4.7. Figure 4.38 and Figure 4.39 represent the mean 

and the standard deviations of the directivity differences according to all the considered 

phases (the ones calculated from the deviations in the x-position of the probe and the 

ones taken into account in the phase deviations simulations).  

Error in 
x-probe

0.01λ 0.02λ 0.03λ 0.04λ

Corresp
Phase

3.6° 7.2° 10.8° 14.4°

Phase 
Error

2° 4° 6° 8°
 

Table 4.7: Errors in phase 

 

0,00

0,04

0,08

0 1 2 3 4 5 6 7 8 9 10 11 12

M
ea

n 
(d

B
i)

Random error in Xprobe or in Phase [degrees]

Mean of the Difference between the Directivity with  and 
without Error

MeanErrorDiffDir MeanErrDiffDir_Phase  

Figure 4.38: Mean of the differences between directivity with and without error in the x-
axis of the probe and with WGN 
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Figure 4.39: Standard deviation of the differences between the directivity with and 
without error in x-axis & with WGN 
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Since the mean and the standard deviation linearly vary as the errors increase, we 

can deduce that the errors in the x-position of the probe and in phase are comparable. As 

the second ones are easier to compute, the uncertainties due to mechanical deviations 

can be calculated using the equivalent phase errors. 

4.5.2.4- Effect of WGN on the directivity 

Regarding the signal to noise ratio (S/N) in the receiver, this magnitude can be 

evaluated to consider its influence on the side lobe levels. This effect was accomplished 

adding a WGN with respect to the maximum of the acquired. As previously, since 

several simulations were completed while considering the WGN, the mean and the 

standard deviations of the error in the directivity were calculated for the two antenna 

sizes, and illustrated in Figure 4.40. 
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Figure 4.40: Mean and standard deviation of the differences between directivity with 
and without WGN 

From the outcomes achieved, it can be observed that the increase of the mean of 

these differences is larger than the augmentation of the standard deviation when the 

phase error is larger. 
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4.6- Results from Monte-Carlo simulations 

4.6.1- Preliminary analysis 

Typical error calculation of in antenna measurements is based on the standard deviation 

estimation of each error term, and the application of the central limit theorem for the 

combined uncertainty. However, in this particular case, a Monte-Carlo study with one 

hundred iterations per antenna excitation was implemented. The Monte-Carlo 

simulations were executed in order to establish how the residual errors due to the 

inaccuracies could affect the final outcomes.  

The study calculates the inaccuracies in some of the antenna main parameters: 

directivity, pointing directions, SLL and beamwidth. In order to carry out a more 

detailed analysis, two different antennas were simulated. The antenna dimensions 

(length and height) and some of the parameters of the measurement range (position of 

the tower respect to the antenna x0, length of the tower Lz and valid angular range of the 

measurement results θv,min and θv,max) of these two scenarios are detailed in Table 4.8:  

RADAR Long. [m] Height [m] x o [m] L z [m]  

Antenna A 5.32 2.08 5.0 15.5 

Antenna B 11.78 6.82 7.0 15.5 

Table 4.8: Antenna dimensions and parameters of the measurement system 

For these simulations, different amplitude distribution – i.e. sum and difference 

diagrams, electric tilt – were examined: 

− Sum amplitude distribution in the horizontal and in the vertical planes with and 

without antenna tilt,  

− Sum amplitude distribution in the horizontal plane and  difference amplitude 

distribution in the vertical plane with and without antenna tilt,  

− Difference amplitude distribution in the horizontal plane and sum amplitude 

distribution in the vertical plane with and without antenna tilt. 

These cases were studied with the antenna A mechanically tilted 16.08 degrees and 

with electrical tilt of 0 or 40 degrees from the vertical axis in the vertical plane. In the 

case of antenna B, this is mechanically tilted 10 degrees from the vertical axis, and there 

is no electrical shift.  
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The results obtained with the simulator show the comparison between the ideal far-

field radiation patterns (where no errors were added) with the far-field radiation pattern 

including errors. In the representation of the results, 100lines were plotted, one for each 

simulated measurement. In this analysis, the probe correction was omitted to reduce the 

computational time of one hundred iterations. Table 4.9 summarizes the magnitudes of 

the error sources considered for the Monte-Carlo simulations with antenna A and B. 

                      
Error  

Antenna  

Random 
error  

in x-probe 
position[mm] 

Random 
error 

in y-probe 
position[mm] 

Random 
error in z-

probe 
position[mm] 

Random 
phase 
error 

[degrees] 

Phase 
noise for 

a S/N 
[dB] 

Antenna A ± 1 ± 1 ± 0.5 ± 1 75 dB 

Antenna B ± 2.5 ± 1 ± 0.5 ± 1 75 dB 

Table 4.9: Error magnitudes in the Monte-Carlo simulations with antenna A and B 

N.B.: The phase noise has been set considering a signal to noise ratio (S/N) with respect 

to the maximum of the field. 

All the results achieved from these simulations – far-field radiation patterns in the 

main planes (horizontal and vertical cuts) and error histograms (for the directivity, the 

beamwidth and the position of the maximum or the null) – are illustrated in the 

appendix of results “A.1- Results from Monte-Carlo simulations for the RADAR 

antennas virtual acquisitions”. From the graphs, it could be noticed that the outcomes 

are valid over the angular range expected. Furthermore, it was remarked that the errors 

were particularly insignificant at the noise level (75 dB of S/N), as it was expected. 

Table 4.10 and Table 4.11 summarize the results achieved for antenna A and B when no 

electrical tilt was considered. 

PARAMETER QUANTITY  
RMS 

ERROR 
MAXIMUM 

ERROR 

Directivity (dBi) 32.24 1.86 10-4 0.0044 

Beamwidth in the Horizontal Cut (º) 3.28 3.91 10-4 9.5 10-4 
Beamwidth in the Vertical Cut (º) 6.93 2.48 10-4 0.0065 
SLL (-20 dB to -30 dB) – – 0.5 dB 
SLL (-30 dB to -40 dB) – – 1.5 dB 
Position of maximum, Horizontal Cut (º) 0 1.07 10-4 0.0030 
Position of maximum, Vertical Cut, Sum pattern (º) 73.92 2.94 10-4 0.0084 
Position of null, Vertical Cut, Difference pattern (º) 73.92 2.74 10-4 0.0062 

Table 4.10: Results obtained in the Monte-Carlo study for the antenna A 
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PARAMETER QUANTITY  
RMS 

ERROR 
MAXIMUM 

ERROR 

Directivity (dBi) 39.86 0.0036 0.2762 

Beamwidth in the Horizontal Cut (º) 1.51 3.85 10-5 0.0016 
Beamwidth in the Vertical Cut (º) 2.46 6.30 10-5 0.0026 
SLL (-20 dB to -30 dB) – – 1.1 dB 
SLL (-30 dB to -40 dB) – – 2.0 dB 
Position of maximum, Horizontal Cut (º) 0 3.65 10-5 7.85 10-4 
Position of maximum, Vertical Cut, Sum pattern (º) 80.0 5.52 10-5 0.0014 
Position of null, Vertical Cut, Difference pattern (º) 80.0 1.00 10-5 3.47 10-4 

Table 4.11: Results obtained in the Monte-Carlo study for the antenna B 

From these outcomes, it can be observed that when the antenna is larger, the errors 

achieved with the Monte-Carlo simulations were smaller for all the antenna parameters 

under study, except for the directivity and side lobe levels, which were larger.  

4.6.2- “Law of Large Numbers” and “Theorem of Central Limit” 

The “Law of Large Numbers” is considered the first fundamental theorem of the 

probability theory. Given a random variable with a finite expected value, if its values 

are repeatedly sampled, as the number of these observations increases, their mean will 

tend to approach and stay close to the expected value. In other words, this law affirms 

that, when the number of experiments (measurements, simulations…) is considerably 

large, the relative frequency of an event tends to stabilize around a value which 

corresponds to the probability of the event.  

The “Theorem of Central Limit” corresponds to the second fundamental principle of 

the probability theory. This theorem states that, when the number of variables is 

appreciably significant, the distribution of the sum of identically distributed independent 

random variables each with finite mean and variance tends to a Normal distribution 

(also known as Gaussian distribution). Alternatively, normal distribution can be strictly 

derived by the Central Limit Theorem, which shows that where some variable is 

influenced by a large number of unrelated random variables, that variable will be 

normally distributed. In order to verify these two laws, Monte-Carlo simulations with 

one hundred iterations were performed considering only one type of error (random error 

in the x-, y- or z-probe position, random phase error or WGN) and taking into account 

these five sources of errors. The antenna selected in this case was 1.9meters high and 

0.78meters long with non-uniform excitations in both planes. To save computational 

time, the typical RADAR antenna was not employed for the simulations.  
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As in the previous section, far-field radiation patterns in the main planes and error 

histograms for the directivity, beamwidth and maximum or null positions were obtained 

from the simulations. As an example of error analysis that could be carried out, the error 

in the directivity was evaluated. Figure 4.41 to Figure 4.45 show the histograms of the 

error in the directivity considering one of the above sources of errors at a time: error in 

the x-, y- and z-probe position, random phase error and WGN. 
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Figure 4.41: Histogram of the error in directivity (Random Error in x-probe position) 
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Figure 4.42: Histogram of the error in directivity (Random Error in y-probe position) 
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Figure 4.43: Histogram of the error in directivity (Random Error in z-probe position) 
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Figure 4.44: Histogram of the error in directivity (random phase error simulation) 
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Figure 4.45: Histogram of the error in directivity (White Gaussian Noise) 

Figure 4.46 represent the histogram of the error in directivity considering the five 

error sources together. 
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Figure 4.46: Histogram of the error in directivity (all sources of error) 
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The shape of the error histogram of Figure 4.46 is similar to a Normal distribution 

and therefore the Theorem of Central Limit is fulfilled. However, it could be noticed 

that the shape of the histogram is not exactly a Gaussian. This is likely due to the 

insufficient number of iterations – i.e. 100 does not seem to be enough –.  

In addition, the random variables are not identically distributed because some of the 

error sources have uniform distributions and the WGN has a normal distribution. In 

addition, these histograms show that the mean of the error in directivity generally 

coincide or is near to the most repeated error, i.e. with the largest number of cases. This 

helps to verify that the Law of Large Numbers is satisfied.  

Table 4.12 recaps the uncertainty parameters calculated employing these Monte-

Carlo simulations: the mean, the standard deviation and the root mean square (RMS) 

error of the difference between the directivity with and without error. In addition, Table 

4.12 shows the square root of the sum of the squares of the standard deviations, the 

standard deviation (σ) and the RMS error, calculated as stated in expressions (4.7), 

(4.8), (4.9).  

The square root of the sum of the squares (RSS) can be used to calculate the 

aggregate accuracy of a measurement when the accuracies of the all the measuring 

devices are known. It is worth noting that the average accuracy is not merely the 

arithmetic average of the accuracies (or uncertainties), nor is it the sum of them.  
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1 iteration Directivity (dBi) 

WITHOUT errors  27.3797 

100 iterations 
Directivity  

(dBi) 
Mean 
(dBi) 

Standard 

Deviation (σ, dBi) 
RMS error (dBi) 

Random Error in the x-probe 
position of 0.01λ  

27.3665 0.0132 0.0173 0.0022 

Random Error in the y-probe 
position of 0.01λ  

27.3794 0.0003 0.0023 0.0002 

Random Error in the z-probe 
position of 0.01λ  

27.3797 0.00001 0.0060 0.0006 

Random Phase Error of 4º  27.3644 0.0153 0.0191 0.0024 

WGN with S/N=55dB 27.3730 0.0067 0.0114 0.0013 

All error contributions (probe 
position, phase, WGN)  

27.3466 0.0331 0.0326 0.0046 

Square root of sum of squares 
(RSS) 

  0.0289 0.0036 

Absolute difference between RSS & 
simulations with all errors 

  0.004 0.001 

Table 4.12: Directivity, mean, standard deviation, root mean square error and RSS of 
the Monte-Carlo simulations 

From Table 4.12, it can be observed that the calculated square root of the sum of 

squares of the standard deviation and the RMS error of the five sources of errors are 

quite comparable to the standard deviation and to the RMS error of the simulation 

considering the five errors in the near-field acquisition. Actually, the difference between 

both values is of the order of 1 or 4 thousands dBi.  
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4.7- Observations 

The implemented simulator allows characterizing uncertainties in the antenna 

parameters according to the kind of antenna and the mechanical and electrical system 

performances. With the error simulation in acquisition achieved using this tool, the 

analysis of their effects on some of the main antenna parameters (i.e. far-field radiation 

pattern, directivity, SLL) could be carried out.  

While considering random errors, if several iterations are carried out, a statistical 

analysis allows obtaining the mean and the standard deviation of the errors that 

respectively gives an estimation of the error and the uncertainty produced. Since the 

AUT and the probe are aligned along the x-axis of the probe, the random errors in the x-

direction are the ones that have a larger influence in the antenna parameters.  

Besides, the simulations and intercomparison measurements clearly prove the 

accuracy of the transformation software and the validity of the limits obtained from the 

geometric examination of diffracted rays is fulfilled. 

The error uncertainty in the directivity decreases if the antenna size increases when 

considering a random deviation in the x-probe position a random phase or a WGN. In 

addition, the mean and the uncertainty of the error in SLL in both vertical and horizontal 

cuts are larger for the smallest antennas and less significant for the largest antennas 

when including a random change in the x-position of the probe, a random phase or a 

WGN. 

Furthermore, Monte-Carlo simulations with one hundred iterations were performed 

to check the effect of the sum of different error sources in the antenna parameters. The 

results showed that whereas the errors in the directivity or SLL were larger with a 

bigger antenna, almost all the errors in the other type of parameters were smaller with 

this antenna. Furthermore, the one hundred iterations allow verifying that the Law of 

Large Numbers and the Central Limit Theorem are satisfied.  

In this section, the uncertainties were evaluated employing a simulation line of 

attack. In order to compare this way of uncertainty estimation with the one using 

measurements, the next section includes a exhaustive uncertainty analysis based on 

actual measurements.  



 Uncertainty analysis derived from spherical near-field measurements 

137 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 

Uncertainty analysis 

derived from spherical 

near-field measurements 
 

 

 

 

The second practical application to evaluate the uncertainties in the main antenna 

measurement parameters is based on spherical full-sphere near-field measurements. The 

scope of this section is the obtention of uncertainty factors through measurements or 

through a combination of measurements and Monte-Carlo simulations for different 

antenna parameters.  
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Two different AUT have been chosen for this exercise: the VAST12 antenna (12 

GHz Validation Standard Antenna) and a rectangular Standard Gain Horn. The 

VAST12 has been measured with different configurations for extracting the different 

uncertainty factors. In addition, a weighted reference pattern for the VAST12 has been 

established based on an extensive measurement campaign carried out on spherical near-

field system at LEHA-UPM facilities. This study has been completed over the gain, 

directivity and radiation pattern of the AUT. For each parameter the most critical factors 

have been studied.  

On the other hand, the SGH has been measured with one measurement set-up and a 

fixed noise level has been added to analyze the effect of this in the near-to-far-field 

transformation. The parameters studied are peak directivity and radiation pattern 

parameters (beamwidth). 
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5.1- Description of the antennas used for the uncer tainty studies 

Two completely different antennas have been chosen for this uncertainty study: the first 

one is a large reflector antenna, with a narrow beam in both principal planes. In this 

antenna, the mechanical errors are particularly relevant, because of the weight and 

bending moment of the AUT on the system. The second antenna is a SGH manufactured 

by Flann Microwave Inc. In this case, the radiation pattern is less directive, so the 

influence of the reflections can be important. In any case, this antenna was measured in 

far-field zone, in order to analyze the effect of the near-to-far-field transformation. 

5.1.1- VAST12 antenna 

The VAST12 antenna (Figure 5.1) was designed and manufactured at the DTU in 1992 

under the European Space Research and Technology Centre (ESTEC) [77]. The purpose 

of the VAST12 antenna design and manufacture was to undertake antenna test range 

intercomparisons for the European Space Agency (ESA), with the DTU-ESA Spherical 

Near-Field Antenna Test Facility being the coordinating organization. The peak 

directivity of the VAST12 is around 30.6 dBi. 

 
Figure 5.1: 12 GHz validation standard antenna (VAST12 antenna) 

A second measurement campaign among DTU, SAAB Microwave Systems and 

UPM was carried out during 2007-2008. In this comparison, a large number of 

acquisitions were completed in each institution, in order to achieve a high-quality 

reference pattern and improve the uncertainty evaluation. The report [79] documents the 

uncertainty evaluation of the measurements carried out in January 2008 at the Spherical 

Near-Field System of LEHA-UPM. That study has been done in the scope of this 

Thesis. This study reports the evaluation procedure for the different uncertainty sources 

affecting the measurements.  
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5.1.2- Flann Microwave Inc Standard Gain Horn 

The second antenna is the SGH in Figure 5.2. This antenna corresponds to the model 

17240-20, including a coaxial to rectangular waveguide transition Flann Microwave Inc 

17094 SF40-UBR 120. The standard mid-band gain of the SGH is 20 dBi and the 

frequency range goes from 9.5 to 15 GHz. 

 

 

Figure 5.2: Flann Microwave Inc Standard Gain Horn 
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5.2- Measurement conditions, setup, technique and p rocedure 

5.2.1- Measurement conditions and setup 

The measurement environmental conditions were controlled at any time during the 

measurements, assuring that the temperature was of the order of 22ºC±2ºC. The 

measurement setup is shown in Figure 5.3 and Figure 5.4. The AUT is mounted through 

an extension flange to the roll turntable. This positioner is on the tower over the azimuth 

positioner of the spherical near-field system. The near-field of the AUT (full-sphere 

measurement) is measured in any direction at a constant distance.  

Tower

horn

Extension flange

Linear slide

Azimuth positioner

z
Pol. positioner Roll positioner

VAST12

Tower

horn

Extension flange

Linear slide

Azimuth positioner

z
Pol. positioner Roll positioner

VAST12

 

Figure 5.3: Spherical near-field system measurement setup (VAST12 antenna) 

 

Figure 5.4: VAST12 in LEHA-UPM Spherical Near-field system 

The probe (conical corrugated horn) is mounted on a plate with one axis of rotation 

(polarization axis) to acquire two orthogonal polarizations (θ and φ). The measurement 

is automated and controlled by computer software developed at LEHA-UPM (called 

“PROCENCA”), including near-to-far-field transformation with the SNIFTD software, 

which is a mathematical algorithm based on a spherical wave expansion of the near-

field. 
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5.2.2- Measurement technique 

The radiation pattern is obtained in two steps: first, the near-field of the AUT is 

measured for a number of points in a full sphere. Then, the near-field is transformed to 

the corresponding far-field using SNIFTD. With this transformation, a value for the 

total radiated power is also found. The directivity in any direction can be calculated as 

the ratio between the power density in that direction and the average radiated power 

density, expressed as follows: 

( ) ( ) ( ) ( )2
, ,, ,

, 4 4
Isotropic radiated radiated

S rU U
D r

U P P

θ φθ φ θ φ
θ φ π π

∆
= = =                 (5.1) 

The gain measurement is performed using the near-field substitution technique, 

where the AUT near-field amplitude is compared to the Standard Gain Horn (SGH) 

field amplitude at the same distance (rectangular horn). By combining the near- and far-

fields of two antennas – obtained from both full-sphere measurements – the ratio 

between the gains of the AUT and the SGH can be determined. The gain of the SGH is 

found by subtracting the loss from its directivity. The SGH directivity is calculated from 

a full-sphere measurement, while the losses in the waveguide (very small value) and in 

the pyramidal section are estimated using well known formulas for the ohmic losses in a 

rectangular waveguide. In this calculation, the losses of the transitions are also included. 

5.2.3- Measurement procedure 

The measurement procedure starts with the probe calibration. For this measurement, the 

used Ku-probe is a conical corrugated horn with a maximum cross-polar radiation level 

equal to –35dB. In the axis, the cross-polar level is –60.21dB. This probe has a 

mechanized plane on its flange normal to the E-plane that allows moving the antenna 

from one system to another one keeping the position. The error of the orthogonality 

between the plane and the electric field, achieved from the three antenna polarization 

methods, is around 0.2º. 

The probe calibration begins with the mechanical alignment of the antenna and the 

probe towers in the spherical system. This alignment is carried out with a theodolite [9]. 

Then, the mounting and the alignment of the Ku-probe in the spherical system is 

performed. The probe is set with a level, adjusting the roll value to 90degrees. For this 

calibration, a NARDA rectangular horn (crosspolar level in the axis lower than –60dB) 

is employed as probe. This horn is also placed with a level, and it is again measured 

with the three antenna polarization methods.  
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Next, pattern and polarization calibration of the probe in spherical system is 

achieved according to the method explained in the SNIFTD software. After that, full-

sphere measurement of the SGH in the spherical system is accomplished to obtain the 

value of the directivity. Finally, the losses of the coax to waveguide transition are 

measured with a Vector Network Analyzer (VNA) to estimate the total losses, and the 

gain of the probe is calculated. It is worth noting that, for the Ku-probe, the 

measurements are carried out directly in far-field. With regards to the near-field 

acquisitions, the measurement and processing procedures could be summarized as 

follows: 

1. Mounting and aligning of the VAST12 in the spherical near-field system. 

2. Mounting and aligning of the probe in the spherical near-field system. 

3. Full-sphere near-field acquisition of the VAST12 antenna in the spherical near-

field system for eighteen configurations. 

4. Near-field measurement of the VAST12 in θ=0 direction for gain determination 

applying the substitution technique.  

5. Dismounting the VAST12 of the spherical near-field system 

6. Mounting and aligning of the SGH in the spherical near-field system.  

7. Near-field measurement of the SGH in θ=0 direction for gain determination, 

employing the substitution technique.  

8. SGH calibration: the procedure used is the same as for the probe calibration. 

9. Near-to-far-field transformation of the VAST12 spherical near-field acquisition 

including probe correction and applying the SNIFTD software. 

10. Total radiated power and directivity calculation using SNIFTD. 

11. Representation of the VAST12 copolar and crosspolar radiation pattern.  

12. VAST12 gain calculation, employing spherical near-field data, far-field data, 

directivities, total radiated power and reflection coefficients for VAST12 and 

SGH. It should be noted that the losses of the VAST12 antenna can be 

calculated from directivity and gain. 

In the case of the Flann Microwave Inc rectangular horn, the near-to-far-field 

transformation has been performed without probe correction (assuming ideal Hertzian 

dipole as probe) since the acquisitions were carried out in far-field zone. In this case, the 

gain was not measured, so the previous procedure is reduced. 
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5.3- VAST12 uncertainty factors determination 

This uncertainty analysis is based on the hypothesis that the weighted average of 

measurements with certain particular measurement configurations could minimize 

specific uncertainty sources, in a better way than repeating the measurements in the 

same configuration. For that reason, eighteen full-sphere near-field measurements, 

labelled with numbers from “01” to “18”, were carried out.   

Acquisit. Scan Step Measurement Conditions

01 θ 0 ≤ φ ≤ 179 R=544cm (upper sphere)

02 φ 0 ≤ θ ≤ 179 R=544cm (left sphere)

03 φ 181 ≤ θ ≤ 360 R=544cm (right sphere)

04 θ 181 ≤ φ ≤ 360 R=544cm (lower sphere)

05 θ 0 ≤ φ ≤ 179 R=544cm (upper sphere)

06 φ 0 ≤ θ ≤ 179 R=544cm, with absorber

07 θ 0 ≤ φ ≤ 179 R=544cm, with absorber

08 φ 181 ≤ θ ≤ 360 R=544cm, with absorber

09 φ 0 ≤ θ ≤ 179 R=544cm, 6dB att.

10 θ 0 ≤ φ ≤ 179 R=544cm, 6dB att.

11 φ 0 ≤ θ ≤ 179 R=544cm, λ/4 probe displacement

12 θ 0 ≤ φ ≤ 179 R=544cm, λ/4 probe displacement

13 φ 0 ≤ θ ≤ 179 R=544cm, centre of rotation displaced 15 cm

14 θ 0 ≤ φ ≤ 179 R=544cm, centre of rotation displaced 15 cm

15 φ 0 ≤ θ ≤ 179 R=295cm (left sphere)

16 θ 0 ≤ φ ≤ 179 R=295cm (upper sphere)

17 φ 181 ≤ θ ≤ 360 R=295cm (right sphere)

18 θ 181 ≤ φ ≤ 360 R=295cm (lower sphere)
 

Table 5.1: Measurement conditions of the acquisitions performed 

As shown in Table 5.1, four different configurations (scan in φ right or left sphere, 

scan in θ upper or lower sphere) with different measurement conditions (with different 

absorbers, with or without attenuator, displacing the probe, translating the centre of 

rotation, reducing the measurement distance) were employed for the full-sphere 

spherical near-field acquisitions. Figure 5.5 to Figure 5.8 show the configurations 

schemes employed for the measurements at LEHA-UPM facilities: 
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Figure 5.5: Scan in φ, left sphere (0º ≤ θ ≤ 179º) 
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Figure 5.6: Scan in φ, right sphere (181º ≤ θ ≤ 360º) 
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Figure 5.7: Scan in θ, upper sphere (0º ≤ φ ≤ 179º) 
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Figure 5.8: Scan in θ, upper sphere (181º ≤ φ ≤ 360º) 

The reference pattern and uncertainty evaluation procedures applied for the 

VAST12 antenna, employing the spherical near-field acquisitions carried out at the 

LEHA-UPM facilities – summarized in Figure 5.9 –, are divided in the next steps: 

1. Processing all individual spherical near-field acquisitions: near-to-far-field 

transformation, directivity calculation, gain determination and main planes 

extraction: This first step represents the preliminary action to check if processed 

measurements give expected values or, on the contrary, if there is any clear 

anomaly in the main antenna parameters such as principal planes radiation 

patterns (near-field and far-field), directivity and gain. In addition, these 

outcomes allow drawing the preliminary observations. 

2. Selection of the averaging technique: averaging in far-field considering only 

amplitude, averaging in far-field taking into account amplitude and phase, 

averaging in near-field with amplitude and phase: Each averaging technique is 

evaluated, by comparing statistical parameters derived from the processed 

measurements. This evaluation allows choosing the most convenient averaging 

procedure for the uncertainty and reference pattern determination. 

3. Establishment of five sets of four acquisitions to compensate uncertainty 

contributions: Since it is expected that some particular uncertainty sources are 

reduced by averaging sets of four acquisitions with different configurations, five 

sets of four acquisitions are formed to establish the reference pattern.  

4. First reference pattern establishment: The first reference pattern is created by 

averaging in amplitude and phase the far-fields of the five sets of four 

acquisitions achieved in step 3. 
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5. Weighted comparison technique between the reference pattern and each 

acquisition or set of acquisitions to achieve an estimation of the variance of each 

measurement: The variance of each acquisition is assessed by comparing 

individual acquisitions with the average ones, taking into account weighting 

functions related to noise and to sources of inaccuracies other than noise floor or 

with pattern special requirements. 

6. Uncertainty evaluation: After identifying the uncertainty sources to be 

considered, the standard deviations of each uncertainty source are estimated by 

comparing the individual acquisitions with the average ones. 

7. Establishment of the weighted reference pattern and its uncertainty: The 

standard deviations of each set of four acquisitions are calculated using the 

standard deviation of each uncertainty source. With these values, the final 

weighted reference pattern and its uncertainty are estimated. 
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Figure 5.9: Establishment of the weighted reference pattern and its uncertainty 

5.3.1- Directivity calculation, gain determination and main planes extraction 

The first evaluation of the measurements performed is achieved by analyzing the main 

planes radiation patterns, the directivity and the gain. After completing the spherical 

near-field acquisitions, the near-to-far-field acquisition of all the measurements was 

performed. Then, all the far-field radiation patterns were plotted in order to check if the 

representations were the ones expected or if the results revealed problems during the 

acquisitions. In addition, comparisons between far-field radiation patterns were carried 

out. In this Thesis, only a few representative examples of the radiation pattern obtained 

will be collected. For instance, Figure 5.10 shows the comparison between the φ=0º cut 

of the far-field radiation patterns (copolar and crosspolar components) of two 

measurements with the same measurement conditions (acquisitions “01” and “05”).  

These acquisitions were performed to check repeatability. As it can be observed, the 

agreement between both radiation patterns is notable. 
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Figure 5.10: Comparison of the far-fields of 2 acquisitions with the same configuration 

Figure 5.11 and Figure 5.12 show the comparison between the φ=0º cut of the far-

field radiation patterns (copolar and crosspolar components) of two measurements with 

the opposite scan scheme, i.e. left and right sphere, at a measurement distance equal to 

544cm (acquisitions “02” and “03”) and at a measurement distance equal to 295cm 

(acquisitions “15” and “17”). From these results it could be observed that the similarity 

of both radiation patterns in the range θ Є [-30º, 30º] is very good.  

 
Figure 5.11: Comparison of the far-fields of the acquisitions with different scan scheme 

(left and right sphere, measurement distance=544cm) 
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Figure 5.12: Comparison of the far-fields of the acquisitions with different scan scheme 

(left and right sphere, measurement distance=295cm) 

Figure 5.13 and Figure 5.14 show the comparison between the φ=0º cut of the far-

field radiation patterns (copolar and crosspolar components) of two measurements with 

the opposite scan scheme, i.e. upper and lower sphere, at a measurement distance equal 

to 544cm (acquisitions “05” and “04”) and at a measurement distance equal to 295cm 

(acquisitions “16” and “18”). From these outcomes it could be seen that the similarity of 

both radiation patterns in the range between θ Є [-30º, 30º] is significant. This work has 

only used the measurements performed at 544 cm because the alignment of the 

measurement set-up is better. 

 
Figure 5.13: Comparison of the far-fields of the acquisitions with different scan scheme 

(upper and lower sphere, measurement distance=544cm) 
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Figure 5.14: Comparison of the far-fields of the acquisitions with different scan scheme 

(upper and lower sphere, measurement distance=295cm) 

After evaluating the main planes near-field and far-field radiation patterns, the peak 

directivity of each acquisition was determined from the spherical mode expansion 

(using the SNIFTD software). Table 5.2 and Figure 5.15 show the calculated 

directivities values for the 18 acquisitions. 

Acquisition Name Peak Directivity (dBi) 
"01" 30,569 
"02" 30,662 
"03" 30,664 
"04" 30,743 
"05" 30,587 
"06" 30,671 
"07" 30,599 
"08" 30,718 
"09" 30,671 
"10" 30,582 
"11" 30,694 
"12" 30,637 
"13" 30,728 
"14" 30,591 
"15" 30,654 
"16" 30,440 
"17" 30,654 
"18" 30,591 

Table 5.2: Peak directivity (dBi) 
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Figure 5.15: Peak directivity of the 18 acquisitions 

For the uncertainties and reference pattern establishment, only the first fourteen 

acquisitions were taken into account. Figure 5.16 illustrate the peak directivities of the 

first fourteen acquisitions (“01” to “14”), of their mean (“Mean(AllIndividualMeas.)”), 

of the sets of four acquisitions employed for the reference patterns (“A1” to “A5”) and 

of the reference pattern (“Dir RF”). 
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Figure 5.16: Peak directivity of the first 14 acquisitions, of their average, of the sets of 
acquisition and of the first reference pattern  
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From Figure 5.16, it could be seen that the arithmetic mean of the fourteen 

individual acquisitions (“Mean(AllIndividualMeas.)”) slightly underestimates the 

directivity, since it is a little lower than the directivity of the calculated average (“RF”). 

Table 5.3 presents the “on-axis” gain calculation with and without probe correction and 

the difference in gain and directivity for the VAST12 antenna in both cases. From these 

results it can be noticed that both gain and directivity are underestimated if the probe 

correction is not applied due to a tapering of the resulting radiation pattern, while the 

uncertainty remains in similar values. In the case of the SGH, the error is smaller 

because the antenna aperture is also smaller.  

The gain has been calculated using one point measurement for the VAST12 (in the 

14 configurations) and one point measurement for the SGH, as it is expressed in 

equation (5.2). For these calculations, the gain of the SGH is 19.781 dBi, the point 

measurement for the SGH is -35.062 dB, for the VAST12 it is -34.977 dB and the far-

to-near-field ratio for the SGH (extracted from SNIFTD) is 55.252 dB. The values of 

the far-to-near-field ratio and on-axis directivity for the VAST12 are calculated for each 

configuration using SNIFTD. As it can be observed in the Table 5.3, both the error 

(mean) and uncertainty (standard deviation) are larger for the on-axis gain calculation 

than for the directivity calculation.  

( ) ( ) ( ) ( ) ( )
( )
12 120,0 0,0 0,0 0,0 0,0

0                     +
AUT VAST VAST SGH SGH

SGH AUT SGH

G Ww w w Ww

G M M

= + − − +

+ −
  (5.2) 

where (all the magnitudes in logarithmic units): 

• WwVAST12(0,0) is the far-to-near-field ratio for the VAST12 at point θ=0º, obtained in 

the transformation with SNIFTD. 

• WwSGH(0,0) is the far-to-near-field ratio for the SGH at point θ=0º, obtained in the 

transformation with SNIFTD. 

• wVAST12(0,0) is the near field point measurement for the VAST12 at the angular 

position θ=0º, φ=0º. 

• wSGH(0,0) is the near field point measurement for the SGH at the angular position 

θ=0º, φ=0º. 

• GSGH(0) is the gain of the SGH at the angular position θ=0. 

• MAUT is the VAST12 impedance mismatch factor (5.3), that can be simplified if the 

impedance match of the cable is good enough (usually an attenuator is placed 

between the AUT and the cable): 
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• MSGH is the SGH impedance mismatch factor, derived with the next expression: 
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=                       (5.4) 

being Γ the reflection coefficient measured with the Vector Network Analyzer (VNA). 

For the gain calculation, the AUT, the SGH and the cables to the generator 

reflection coefficients are measured. It should be noted that if a low reflection attenuator 

is placed between the SGH or AUT and the cables, Γcable ≈ 0. It should be taken into 

account that the peak gain can be calculated using the difference between the on-axis 

value and the peak value of the radiation pattern. 
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VAST12 measurements in the spherical system - LEHA- UPM VAST 12 VAST 12 VAST12 Gain (dB) VAST12 Gain (dB) Difference in directivity Difference in gain
Measurement SCAN STEP Measurement Conditions Dir.(dBi)WithoutProbeCorr Dir.(dBi)WithProbeCorr WithoutProbeCorr. WithProbeCorr. VAST12 VAST12

"01" θ 0 ≤ φ ≤ 179 R=544cm 30,492 30,506 30,325 30,429 0,014 0,104

"02" φ 0 ≤ θ ≤ 179 R=544cm 30,584 30,596 30,352 30,452 0,012 0,100

"03" φ 181 ≤ θ ≤ 360 R=544cm 30,585 30,600 30,284 30,390 0,015 0,106

"04" θ 181 ≤ φ ≤ 360 R=544cm 30,662 30,675 30,607 30,710 0,013 0,103

"05" θ 0 ≤ φ ≤ 179 R=544cm 30,510 30,524 30,350 30,453 0,014 0,103

"06" φ 0 ≤ θ ≤ 179 R=544cm, ≠ absorber 30,592 30,605 30,515 30,616 0,013 0,101

"07" θ 0 ≤ φ ≤ 179 R=544cm, ≠ absorber 30,522 30,536 30,344 30,448 0,014 0,104

"08" φ 181 ≤ θ ≤ 360 R=544cm, ≠ absorber 30,637 30,653 30,461 30,567 0,016 0,106

"09" φ 0 ≤ θ ≤ 179 R=544cm, 6dB attenuator 30,591 30,604 30,554 30,655 0,013 0,101

"10" θ 0 ≤ φ ≤ 179 R=544cm, 6dB attenuator 30,504 30,519 30,351 30,455 0,015 0,104

"11" φ 0 ≤ θ ≤ 179 R=544cm, λ/4 displac. Probe 30,614 30,627 30,605 30,706 0,013 0,101

"12" θ 0 ≤ φ ≤ 179 R=544cm, λ/4 displac. Probe 30,559 30,574 30,442 30,546 0,015 0,104

"13" φ 0 ≤ θ ≤ 179 R=544cm, centre of rotation displaced 30,649 30,662 30,435 30,537 0,013 0,102

"14" θ 0 ≤ φ ≤ 179 R=544cm, centre of rotation displaced 30,515 30,530 30,174 30,280 0,015 0,106
MEAN 30,573 30,587 30,414 30,517 0,014 0,103

Std.Dev. 0,057 0,056 0,126 0,125 0,001 0,002  

Table 5.3: Gain Calculation without probe correction 
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5.3.2- Weighted comparison technique 

As explained in [48], in order to carry out comparisons, a weighted logarithmic 

difference can be introduced to achieve a weighting of the logarithmic difference, 

according to some particular criteria. The weighting functions can be chosen in different 

ways to emphasize or de-emphasize certain properties of the differences in certain parts 

of the pattern. In this analysis, the following two weighting functions (Wn, Wp) have been 

employed: 

1. The first weighting function, denoted by “Wn”, is a continuous weighting function 

to de-emphasize the influence from the noise floor in the measurement results. 

Expressing the pattern function of the reference pattern “RF” in a logarithmic 

scale and called “DRF”, the selected noise weighting function can be expressed as 

follows: 

( - ) / 20/ 20 01 10 -10 ,

,
      

                                            

RF
RF
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NoiseFloor DNoiseFloor

n

NoiseFloor D

Discard D NoiseFloor
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≤ ≤
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 +
= 


  (5.5) 

                                                             � Noise Floor = −60dB 

This noise weighting function attributes a maximum weight at the maximum 

pattern level, while discarding differences at pattern level below the noise floor. 

Actually, “Wn” models a drop in confidence, which is inversely proportional to 

the signal-to-noise ratio so that full confidence is attributed to the difference at the 

peak pattern level and then dropping to zero when approaching the noise floor. It 

should be noted that this is not the only weighting function that can be applied, 

but it was selected because it was considered the most suitable. 

2. The second weighting function, designated by “Wp”, is called a pattern weighting 

function. This weighting function is employed to consider other sources of 

inaccuracies than a noise floor or special requirements to the pattern, and is 

defined as: 

10

( ( , ))

log (1/ 4) 0.602

  

            
p RFW f βθ φ

β
=

→ = − ≈                           (5.6) 

where “β” determines the specific behaviour of “Wp”.  
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As an example, choosing β=-log10(1/4)=0.602 reflects that the significance attributed 

to the difference is halved every 10dB decrease in the pattern level. As a result, the 

expression employed to carry out the weighted comparison between the first reference 

pattern (“RF”) and each of the individual acquisitions is: 

[ ]wlog,i n p  10 RF  10 i∆ (θ,φ)=W W 20 log f (θ,φ) - 20 log f (θ,φ)  ,⋅ ⋅ ⋅          (5.7) 

5.3.3- Selection of the averaging method 

Different types of averaging can be applied: amplitude averaging, phase averaging, 

amplitude and phase averaging, averaging in near-field, averaging in far-field and their 

combinations. This research has studied and evaluated three types of averaging for the 

VAST12 antenna acquisitions: 

1. In the first one, an averaging taking into account only the amplitude of the far-

fields was carried out.  

2. In the second one, an averaging in far-field considering both amplitude and phase 

was performed. 

3. In the third one, an averaging of the near-field amplitudes and phases was 

computed and then it was transformed into far-field. 

Figure 5.17 to Figure 5.19 show examples of the three types of averaging completed 

at the LEHA-UPM (considering acquisitions with different scan scheme, i.e. “02”, “03”, 

“04” and “05”): 

Averaging only 

amplitude in 

Far-Field

 

Figure 5.17: Averaging only amplitude in far-field (“02”,“03”,“04”,“05”) 

Averaging 

amplitude and 

phase in Far-Field

 

Figure 5.18: Averaging amplitude and phase in far-field (“02”,“03”,“04”,“05”) 
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Averaging 

amplitude and 

phase in Near-Field

 

Figure 5.19: Averaging amplitude and phase in near-field (“02”,“03”,“04”,“05”) 

In order to compare the performances of these three averaging techniques, a weighted 

comparison of the far-field radiation patterns was fulfilled. The mean, the standard 

deviation and the 50% percentile (that is to say the median) were calculated.  

As an example of the results achieved, the outcomes from the averaging of the 

measurements with different scans schemes (measurements “02”, “03”, “04” and “05”) 

are shown in the next figures. Figure 5.20 to Figure 5.22 represent the copolar mean, the 

copolar standard deviation and the copolar 50% percentile of the difference between the 

main cuts (φ=0º, φ=45º, φ=90º and φ=135º) of the averaged far-field of “02”, “03”, “04” 

and “05” (average in far-field only with amplitudes, average in far-field with amplitude 

and phase and average in near-field with amplitude and phase) and the individual 

measurement “02”. These representations were achieved with each of the individual 

measurements (“02”, “03”, “04” and “05”), obtaining almost identical results.  
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Figure 5.20: Mean with the 3 averaging of acquisitions“02”, “03”, “04” and “05” 
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Figure 5.21: Standard dev. with the 3 averaging of acquisitions “02”,“03”,“04”,“05” 
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Figure 5.22: Median with the 3 averaging of acquisitions “02”, “03”, “04” and “05” 

Figure 5.23 shows the peak directivities obtained with the three averaging techniques 

(averaging only amplitude in far-field, averaging amplitude and phase in far-field, and 

averaging amplitude and phase in near-field) and the peak directivity achieved by 

calculating the arithmetic mean of the directivities of the four individual far-fields 

(directivity of “02”, directivity of “03”, directivity of “04”, directivity of “05”). 
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Figure 5.23: Peak directivity with the 3 averaging of acquisitions “02”, “03”, “04” and 
“05” 

Table 5.4 summarizes the results obtained, i.e. copolar means, copolar standard 

deviations, copolar medians and peak directivities. 

Meas Mean(dB) σ (dB) δ50%(dB) Dir (dBi)

Ampl. 0.2883 2.2235 0.0115 30.673

Ampl+Phase FF 0.0186 0.0347 0.0085 30.719

Ampl+Phase NF 0.0183 0.0349 0.0086 30.702

Mean Indiv. Meas. 30.664
 

Table 5.4: Summary of the results with the 3 averaging of acquisitions “02”, “03”, “04” 
and “05” 

The results achieved show larger errors and uncertainties when considering only the 

amplitude of the far-field, and very similar statistics for the averaging in far-field or in 

near-field. As a result, the weighted reference pattern and its uncertainty were established 

from an averaging of the amplitude and phase in far-field. In addition, Table 5.4 shows a 

larger value of the directivity for the amplitude and phase averaging cases. This is 

because this averaging compensates in a better way the mechanical or errors due to 

reflections in the acquisitions, increasing the value of the directivity. This is in line with 

with the hypothesis stated at the beginning of this section than the combination of 

different acquisitions improves the measurement in a better way of a simple averaging of 

equal acquisitions. Furthermore, the reason why the results of the averaging in near and 

far-field are similar comes from the linearity of the near-to-far-field transformation. 
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Actually, when the same configurations are compared (repeatability tests with 

acquisitions “01” and “05”), the peak directivity almost does not change (value of 30.578 

dBi), as seen in Table 5.5. This was expected as it corresponds to the situation of an 

averaging of two signals (and thus, just an improvement of the signal to noise ratio). 

 Mean01,05 AverageFF:ampl AverageFF:ampl+phase AverageNF:ampl+phase 

 Peak Dir (dBi) Peak Dir (dBi) Peak.Dir (dBi) Peak Dir (dBi) 

Dir(dBi)  30,5778 30,5780 30,5783 30,5781 

Table 5.5: Peak directivity for the repeatability test (dBi) 

5.3.4- Uncertainty sources to be considered 

The uncertainties and errors in spherical near-field antenna measurements agreed in [41] 

are the one shown in Chapter 3. For this particular study, it should be noted that different 

considerations were taken into account for each of the uncertainty contributions of Table 

3.1: 

− Since it is difficult to evaluate some of these uncertainties separately, several of 

them are analyzed together (i.e. almost all the mechanical contributions are 

estimated together and the leakage, crosstalk and noise are also evaluated 

together),  

− Some uncertainty factors are negligible (i.e. spherical mode truncation errors) or 

not applicable to the scenario considered (i.e. channel balance amplitude and 

phase),  

− Some other uncertainties are estimated through simulations (i.e. measurement 

distance, noise or drift) or using direct and averaged measurements (i.e. amplitude 

non-linearity, AUT support scattering, multiple reflections…).  

Table 5.6 shows the procedures applied to evaluate each uncertainty contributions in 

this particular uncertainty analysis. 
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Uncertainty Procedure to analyze the uncertainty 
Axes intersection 

Axes orthogonality 
Horizontal pointing 

Probe vertical position 
Probe horizontal and vertical 

pointing 

These mechanical uncertainties were evaluated by 
comparison between individual and averaged values.����σ mec 

Measurement distance 
Although the measurement distance uncertainty was a 
mechanical uncertainty, it was appraised separately by 
simulation.  ���� σ meas. dist 

Amplitude and phase noise 
Leakage and crosstalk 

By simulation, it was found that, for peak values, the effect 
of the amplitude and phase noise, leakage and crosstalk 
uncertainties could be considered negligible. 
����σnoise, leakage, crosstalk ≈ 0dB 

Amplitude and phase drift 
Amplitude and phase shift in 

rotary joints 

The thermal and cable drift (i.e. shift in rotary joints…) 
uncertainties were estimated by simulations.   
���� σ thermal & rotary joints drift  

Amplitude non-linearity 

The amplitude non-linearity uncertainty was evaluated by 
comparison between individual and averaged values using 
an attenuator (changing the signal level at the ports).   
���� σ amplitude non-linearity 

Channel balance amplitude and 
phase 

Not applicable for this particular study, because single 
polarized probes are used. ���� σ channel balance≈0dB 

Polarization amplitude and phase 
Pattern knowledge 

Since the pattern knowledge and the polarization amplitude 
and phase uncertainties have a reduced effect on the final 
results for the co-polar pattern, they were considered 
negligible. ���� σ amplitude &phase polarization & pattern knowledge ≈ 0dB 

Multiple reflections 
The multiple reflections uncertainties were evaluated by 
comparison between individual and averaged values for 
different positions of the probe. ���� σ multiple reflections 

Room scattering 

The chamber reflections uncertainties were evaluated by 
comparison between individual and averaged values, for 
different acquisitions reflecting in different walls.   
���� σ chamber reflections 

AUT support scattering 

The AUT support scattering uncertainty was evaluated by 
comparison between individual and averaged values for 
different absorbers of the AUT and tower.   
���� σ AUT support scattering 

Scan area truncation 
Not applicable for this particular study (whole sphere).   
���� σ scan area truncation ≈ 0dB 

Sampling point offset 
Spherical mode truncation 

Total radiated power 

Since the sampling point offset (monofrequency 
acquisition), the spherical mode truncation (oversampling) 
and the total radiated power uncertainties (SNIFTD) have a 
reduced effect on the final results, they were considered 
negligible.����σSampl.PointOffset,Sph.ModeTrunc.& Tot.Rad.Power ≈0dB 

Table 5.6: Procedure employed to evaluate the uncertainty contributions 
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5.3.5- Selection of the averaging of configurations  

The sets of acquisitions were formed in order to minimize uncertainties, assuming that 

the averaging diminish certain uncertainty sources. Once the acquisitions of each set is 

defined, the averaging of the amplitude and phase in the far-field is computed. The five 

sets of acquisitions, forming the first five averages (denoted as “A1”, “A2”, “A3”, “A4” 

and “A5”), are obtained as follows: 

1. In the first set of acquisitions (“set 1”), the acquisitions “02”, “03”, “04” and “05” 

are averaged forming the far-field average “A1”. In this case, by averaging 

acquisitions with four different scan schemes – scan in φ left sphere (“02”), scan 

in φ right sphere (“03”), scan in θ lower sphere (“04”) and scan in θ upper sphere 

(“05”) –, it is assumed that the mechanical and chamber reflections uncertainties 

are reduced. 

 

Figure 5.24: First far-field amplitude and phase averaging (“A1”) 

2. In the second set of acquisitions (“set 2”), the acquisitions “02”, “06”, “01” and 

“07” are averaged forming the far-field average “A2”.  

Measurement “02” has the same scan scheme as “06”, but in “06”, an absorber is 

included. Respectively, the same happens with measurements “01” and “07”. By 

including measurements with and without absorber and by averaging, it is seen 

that the AUT support scattering uncertainties are minimized. 

 

Figure 5.25: Second far-field amplitude and phase averaging (“A2”) 
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3. In the third set of acquisitions (“set 3”), the acquisitions “02”, “09”, “05” and 

“10” are averaged forming the far-field average “A3”. Measurement “02” has the 

same scan scheme as “09”, but in “09”, a 6dB attenuator is added. Respectively, 

the same happens with measurements “05” and “10”. By including measurements 

with and without attenuator and by averaging, it is assumed that the amplitude 

non-linearity uncertainties decrease. 

 

Figure 5.26: Third far-field amplitude and phase averaging (“A3”) 

4. In the fourth set of acquisitions (“set 4”), the acquisitions “02”, “11”, “01” and 

“12” are averaged forming the far-field average “A4”. Measurement “02” has the 

same scan scheme as “11”, but in “11”, the probe is displaced a distance equal to 

λ/4. Respectively, the same happens with measurements “01” and “12”. By 

considering measurements with and without translating the probe λ/4 and by 

averaging, it is expected that the multiple reflections uncertainties decrease. 

 

Figure 5.27: Fourth far-field amplitude and phase averaging (“A4”) 

5. In the fifth set of acquisitions (“set 5”), the acquisitions “02”, “13”, “05” and “14” 

are averaged forming the far-field average “A5”. Measurement “02” has the same 

scan scheme as “13”, but in “13”, the centre of rotation is moved a distance equal 

to 15cm. Respectively, the same happens with measurements “05” and “14”. By 

considering measurements with and without translating the centre of rotation and 

by averaging, it is assumed that the mechanical uncertainties are minimized. 
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Figure 5.28: Fifth far-field amplitude and phase averaging (“A5”) 

N.B.: For repeatability, the scan of measurements “01” (scan in θ lower sphere) was 

repeated and, therefore, acquisition “05” has the same scan scheme as “01”. For the 

averaging either acquisition “01” or acquisition “05” were employed. Table 5.7 

summarizes the amplitude and phase averaging procedure in far-field (acquisition names, 

measurement conditions, uncertainties involved and average name). 

Set 
Number 

Acquisitions  
involved 

Measurement  
condition 

Uncertainty 
minimized 

Average 
Name 

1 02, 03, 04, 05 
4 different scan schemes  

(φ left-right sphere,  
θ lower-upper sphere) 

Mechanical + 
Chamber 
reflections 

A1 

2 02-06, 01-07 
Same scan with or  
without absorber 

AUT support 
scattering A2 

3 02-09, 05-10 
Same scan with or  
without attenuator 

Amplitude 
non-linearity A3 

4 02-11, 01-12 Same scan with or without 
translating the probe λ/4 

Multiple 
reflections A4 

5 02-13, 05-14 
Same scan with or  
without moving the  

centre of rotation 15cm 
Mechanical A5 

Table 5.7: Summary of the uncertainties minimized in the five first averages  

N.B.: The acquisitions with the same scan scheme have the same colour: blue for the φ 

scan left sphere (“02”, “06”, “09”, “11” and “13”), red for the θ scan upper sphere (“05”, 

“01”, “07”, “10”, “12” and “14”), black for the φ scan right sphere and green for the θ 

scan lower sphere.  
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As shown in Figure 5.29, once the five sets of four acquisitions “A1”, “A2”, “A3”, 

“A4” and “A5” are obtained, the first reference pattern (denoted by “RF”) is established 

as well as the far-field average in amplitude and phase of these five far-field patterns. 

 

Figure 5.29: First reference pattern establishment 

The weighted logarithmic difference was computed for each main plane (φ=0º, 

φ=45º, φ=90º, φ=135º) in order to achieve the statistics related to this comparison (mean, 

variance, standard deviation).  
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Table 5.8 shows the results achieved for the weighted logarithmic difference between 

the first reference pattern and the rest of acquisitions or sets of acquisitions. 
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Mean (dB) σ (dB)
RF-01 0.016 0,033
RF-02 0.013 0,030
RF-03 0.041 0,067
RF-04 0.020 0,048
RF-05 0.015 0,028
RF-06 0.021 0,036
RF-07 0.022 0,037
RF-08 0.044 0,071
RF-09 0.013 0,028
RF-10 0.015 0,030
RF-11 0.015 0,032
RF-12 0.015 0,026
RF-13 0.014 0,030
RF-14 0.018 0,039
RF-A1 0.012 0,015
RF-A2 0.008 0,011
RF-A3 0.005 0,005
RF-A4 0.005 0,005
RF-A5 0.004 0,006  

Table 5.8: Variance and standard deviation of the weighted logarithmic differences 

5.3.6- Uncertainty contribution evaluation 

5.3.6.1- Noise, leakage and crosstalk uncertainties 

The amplitude and phase noise, leakage and crosstalk can be evaluated together, via 

simulations, by adding a random noise (with uniform distribution) to the field as shown 

in Figure 3.15. Therefore, by completing a Monte-Carlo simulation with N=100 iterations 

and obtaining the directivity for each one, the standard deviations of the 100 directivities 

can be calculated as follows:  

2
, ,

N

i 1

1
σ

N-1noise leakage crosstalk iσ
=

= ⋅∑
                               (5.9) 

During the measurements of the AUT, a special measurement to evaluate the noise 

level was carried out. The noise level was measured around -110dB (this is a relative 

measurement and it is not -110dBm), and represents the S/N in the peak value of 85dB 

for the regular case.  
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The noise uncertainty values, calculated for the peak value after the simulations, are 

the ones represented in Table 5.9: 

Type of measurement S/N Uncertainty (dB) 

Measurement at 544cm, i.e. “01” 85 dB 0.00000056 

Measurement at 544cm with a 6dB attenuator, i.e. “09” 79 dB 0.00000059 

Measurement at 295cm, i.e. “15” 82 dB 0.00000057 

Table 5.9: Simulations performed to evaluate the uncertainty of the noise in the 
directivity 

As observed from these simulations, the noise, leakage and crosstalk uncertainty 

contributions can be considered negligible: 

σ noise, leakage, crosstalk ≈ 0 dB 

5.3.6.2- Thermal and cable drift uncertainties 

The effect of the thermal drift can be neglected, since the air conditioning was working 

during the whole process and the thermal deviations are less than ±2ºC. 

To determine the uncertainty introduced by the rotary joints, the positioner is first 

turned one whole round, acquiring the data during the turn. The differences in amplitude 

and in phase achieved from the direct measurements were ∆amplitude-rotary-joints  ≈ 0.1 dB 

and ∆phase-rotary-joints ≈ 0.8 degrees.  

The effect of these deviations in the directivity uncertainty can be estimated through 

simulations, by adding a random drift in amplitude and phase with uniform distribution to 

the field using the procedure shown in Figure 3.15 (in fact the drift due to the rotary 

joints is much closer to a systematic error, while the error due to the thermal drift could 

be considered uniform). Thus, by performing a Monte-Carlo simulation with N=100 

iterations, the standard deviations of the one hundred far-fields can be calculated as 

follows:  

2
N

rotary joints drift
i 1

1
σ

N-1 iσ
=

= ⋅∑
                             (5.10) 
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In this case, the simulations where carried out considering an amplitude variation of 

±0.1dB and a phase variation of ±0.8degrees. With these values, the corresponding 

uncertainty achieved from the simulations is:  

σ rotary joints drift  ≈ 0.0280 dB 

5.3.6.3- Effect of measurement distance uncertainty 

The uncertainty in the measurement distance could be evaluated by performing several 

near-to-far-field transformations with different measurement distances (see Figure 5.30).  

Near-To-Far-Field
Transformation

Dist1+1cm

Near-To-Far-Field
Transformation

Dist1-1cm

Near-To-Far-Field
Transformation

Dist1

Comparison

 

Figure 5.30: Simulation diagram to evaluate the effect of meas. dist. uncertainty 

By performing transformations with measurement distances that have a variation of, 

for example, ±1centimetre (i.e. 543cm and 545cm instead of 544cm) and observing the 

effect of this change on the directivity, the uncertainty can be estimated. In this case, the 

uncertainty in the measurement distance is: 

σ measurement distance ≈ 0.0010 dB 

N.B.: It should be noted that a variation of ±0.5centimetre does not modify the directivity 

obtained from the spherical mode expansion. 

5.3.6.4- Mechanical uncertainties 

In this analysis, the mechanical uncertainties include the axes intersection, axes 

orthogonality, horizontal pointing, probe vertical position, probe horizontal and vertical 

pointing. Since it is very difficult to evaluate these effects separately, these uncertainties 

are analyzed together and will be designated as “σmechanical” or “σmec”.For this study, these 

uncertainties can be estimated employing the measurements shown in Table 5.10, where 

the centre of rotation has been displaced (“13”, “14”) and the measurements “02” and 

“05”, have the same scan scheme as “13”, “14” but without moving the centre of rotation. 
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Acquisition Scan Step Measurement Conditions

02 φ 0 ≤ θ ≤ 179 R=544cm (left sphere)
05 θ 0 ≤ φ ≤ 179 R=544cm (lower sphere)
13 φ 0 ≤ θ ≤ 179 R=544cm, centre of rotation displaced 15 cm
14 θ 0 ≤ φ ≤ 179 R=544cm, centre of rotation displaced 15 cm  

Table 5.10: Acquisitions employed for the mechanical uncertainty estimation 

In the measurements “02”, “05”, “13” and “14” the main contributions to the total 

uncertainty – exposed in Table 5.11 – are the mechanical contribution, the amplitude 

non-linearity, the noise, the drift, the multiple reflections, the measurement distance, the 

chamber reflections and the AUT support scattering. 

σmec
2 σamplNonLin

2 σnoise
2 σdrift

2 σmultRfl
2 σdist

2 σchambRfl
2 σscatt

2

σRF-A5
2 × × × × × × ×

σRF-02
2

σRF-05
2

σRF-13
2

σRF-14
2

× × × × × × × ×

�By subtraction: σmechanical≈ 0.0315 dB  

Table 5.11: Mechanical uncertainty estimation 

Since the measurements “13” and “14” have been made displacing the centre of 

rotation, by averaging the acquisitions “02”, “13”, “05” and“14” (measurement “A5”) the 

mechanical errors are minimized, and it can be assumed that these uncertainties are 

reduced. In addition, while averaging (in this case, four signals M=4), the noise is 

affected. As a result, in this calculation, the noise is affected by a factor 1/√M=1/√4 and 

thus, the variance of the measurements “02”, “05”, “13”, “14” and “A5” can be expressed 

as follows: 

2

2 2 2 2 2 2 2 2
5

2 2 2 2
02 05 13 14

2 2

1

4

mechanical

2
mec

σ

     

     

               σ

RF A ampl noise drift mult meas chamb AUT
non linear reflect dist reflect scatt

RF RF RF RF

ampl noise
non linear

σ σ σ σ σ σ σ σ

σ σ σ σ
σ σ

−
−

− − − −

−

 ≈ + + + + + + 
 

≈ ≈ ≈ ≈

≈ + + + 2 2 2 2 2
drift mult meas chamb AUT

reflect dist reflect scatt

σ σ σ σ σ+ + + +
  (5.11) 
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Therefore, by subtracting both equations and taking into account that the noise 

uncertainty is negligible, the mechanical uncertainty is expressed as follows: 

2 2 2 2
2 02 05 13 14

5 4
2
mec

mec

σ

σ 0.0315 dB

RF RF RF RF
RF A

σ σ σ σσ − − − −
−

 + + +
⇒ ≈ −  

 

⇒ ≈
              (5.12) 

 

5.3.6.5- Stray signals uncertainties: chamber reflections, multiple reflections 

and AUT support scattering 

A) Chamber reflections 

The room scattering or chamber reflections can be assessed employing four 

measurements with different configurations, as shown in Table 5.12 (scan in φ left sphere 

“02”, scan in φ right sphere “03”, scan in θ upper sphere “04”, scan in θ lower sphere 

“05”) and the average of the four of them (“A1”).  

Acquisition Scan Step Measurement Conditions

02 φ 0 ≤ θ ≤ 179 R=544cm (left sphere)
03 φ 181 ≤ θ ≤ 360 R=544cm (right sphere)
04 θ 181 ≤ φ ≤ 360 R=544cm (upper sphere)
05 θ 0 ≤ φ ≤ 179 R=544cm (lower sphere)  

Table 5.12: Acquisitions for the chamber reflections uncertainty estimation 

By averaging the four measurements (measurement “A1”), we can make the 

assumption that the chamber reflections and the mechanical uncertainties are minimized 

and could be negligible for the uncertainty calculation, as shown in Table 5.13. 

σmec
2 σamplNonLin

2 σnoise
2 σdrift

2 σmultRfl
2 σdist

2 σchambRfl
2 σscatt

2

σRF-A1
2 × × × × × ×

σRF-02
2

σRF-03
2

σRF-04
2

σRF-05
2

× × × × × × × ×

�By subtraction and with σmec≈ 0.0315 dB: σchamber Reflections≈ 0.0301 dB  

Table 5.13: Chamber reflections uncertainty estimation 
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As this calculation considers an average between four signals (M=4), in this case the 

noise is affected by a factor 1/√M=1/√4=1/2. As a result, the uncertainty of acquisitions 

“02”, “03”, “04”, “05” and average “A1” can be expressed as follows: 

2

2 2 2 2 2 2 2
1

2 2 2 2
02 03 04 05

2 2 2

1

4

chamber reflections

2
mec

σ

     

     

               σ

RF A ampl noise drift mult meas AUT
non linear reflect dist scatt

RF RF RF RF

ampl noise drift
non linear

σ σ σ σ σ σ σ

σ σ σ σ
σ σ σ

−
−

− − − −

−

 ≈ + + + + + 
 

≈ ≈ ≈

≈ + + + 2 2 22
chamb
reflect
σmult meas AUT

reflect dist scatt

σ σ σ+ + + +
  (5.13) 

Therefore, by subtracting both equations and taking into account that the noise 

uncertainty can be neglected, the sum of the chamber reflections and the mechanical 

uncertainties can be established. Then, by subtracting the mechanical reflections 

estimated in the previous sub-section, the chamber reflections uncertainties can be 

obtained as stated in the next expression: 

2 2 2 2
2 02 03 04 05

1 4
2 2
chamb mec
reflect

chamb
reflect

σ σ

σ 0.0301dB

RF RF RF RF
RF A

σ σ σ σσ − − − −
−

 + + +
⇒ ≈ − − 

 

⇒ ≈
   (5.14) 

B) Multiple reflections 

In this analysis, the multiple reflections can be estimated employing the measurements 

where the probe has been displace λ/4 (“11”, “12”) and measurements “02” and “01”, 

which have the same configurations as “11”, “12” but without changing the probe 

position, as shown in Table 5.14. 

Acquisition Scan Step Measurement Conditions

01 θ 0 ≤ φ ≤ 179 R=544cm (lower sphere)
02 φ 0 ≤ θ ≤ 179 R=544cm (left sphere)
11 φ 0 ≤ θ ≤ 179 R=544cm, λ/4 probe displacement
12 θ 0 ≤ φ ≤ 179 R=544cm, λ/4 probe displacement  

Table 5.14: Acquisitions for the multiple reflections uncertainty estimation 
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In measurements “02”, “11”, “01” and “12”, the main contributions to the total 

uncertainty – exposed in Table 5.15 – are: the mechanical contribution, the amplitude 

non-linearity, the noise, the drift, the multiple reflections, the measurement distance, the 

chamber reflections and the AUT support scattering. 

σmec
2 σamplNonLin

2 σnoise
2 σdrift

2 σmultRfl
2 σdist

2 σchambRfl
2 σscatt

2

σRF-0211
2 × × × × × × ×

σRF-02
2

σRF-11
2 × × × × × × × ×

σRF-0112
2 × × × × × × ×

σRF-01
2

σRF-12
2 × × × × × × × ×

�By subtraction: σmultiple Reflections≈ 0.0112 dB
 

Table 5.15: Multiple reflections uncertainty estimation 

Since the measurements “11” and “12” have been made displacing λ/4 the probe 

position, by averaging “11” with “02” and “12” with “01” the multiple reflection 

uncertainties are minimized and they can be considered negligible for the uncertainty 

calculation. Since this calculation considers an average between two signals (M=2), in 

this case the noise is affected by a factor 1/√M=1/√2. Thus, the variance employed for the 

multiple reflections uncertainties estimation are the next ones: 

2

2 2 2 2 2 2 2 2 2
0211 0112

2 2 2 2
02 11 01 12

2

1

2

multiple reflectionsσ

     

     

               

RF RF mec ampl noise drift meas chamb AUT
non linear dist reflect scatt

RF RF RF RF

mec ampl
non li

σ σ σ σ σ σ σ σ σ

σ σ σ σ
σ σ

− −
−

− − − −

−

 ≈ ≈ + + + + + + 
 

≈ ≈ ≈ ≈

≈ + 2 2 2 2 2 22
mult
reflect

σnoise drift meas chamb AUT
near dist reflect scatt

σ σ σ σ σ+ + + + + +
(5.15) 

Therefore, by comparison and taking into account that the noise uncertainty can be 

neglected, the multiple reflection uncertainties can be obtained as follows: 

2 2 2 2 2 2 2 2
2 2 2 202 11 02 11 01 12 01 12

02 11 01 122 2 2 2

4
2
mult
reflect

mult
reflect

σ

σ 0.0112dB

RF RF RF RF RF RF RF RF
RF RF RF RF

σ σ σ σ σ σ σ σσ σ σ σ− − − − − − − −
− − − −

 + + + +− + − + − + − 
 ⇒ ≈
 
  
 

⇒ ≈
(5.16) 
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C) AUT support scattering reflections 

The uncertainty of the AUT scattering can be evaluated employing the acquisitions 

including an absorber (“06”, “07”) and the measurements “02” and “01”, having the same 

configurations as “06”, “07” but without absorber. Table 5.16 shows the measurements 

employed. 

Acquisition Scan Step Measurement Conditions

01 θ 0 ≤ φ ≤ 179 R=544cm (lower sphere)
02 φ 0 ≤ θ ≤ 179 R=544cm (left sphere)
06 φ 0 ≤ θ ≤ 179 R=544cm, with absorber
07 θ 0 ≤ φ ≤ 179 R=544cm, with absorber

 
Table 5.16: Acquisitions for the AUT support scattering uncertainty estimation 

The uncertainty contributions involved in acquisitions “02”, “01”, “06” and “07” are: 

the mechanical contribution, the amplitude non-linearity, the noise, the drift, the multiple 

reflections, the measurement distance, the chamber reflections and the AUT support 

scattering. While considering measurements “02” and “06” together or “01” and “07” 

together, the AUT support scattering is assumed to be minimized as represented in Table 

5.17.  

σmec
2 σamplNonLin

2 σnoise
2 σdrift

2 σmultRfl
2 σdist

2 σchambRfl
2 σscatt

2

σRF-0206
2 × × × × × × ×

σRF-02
2

σRF-06
2 × × × × × × × ×

σRF-0107
2 × × × × × × ×

σRF-01
2

σRF-07
2 × × × × × × × ×

�By subtraction: σAUT scattering ≈ 0.0166 dB
 

Table 5.17: AUT support scattering uncertainty estimation 

Since this calculation considers an average between two signals (M=2), in this case 

the noise is affected by a factor 1/√M=1/√2. Thus, the variances employed for the AUT 

support scattering uncertainty estimation are the following ones: 
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2

2 2 2 2 2 2 2 2 2
0206 0107

2 2 2 2
02 01 06 07

2

1

2

AUT scatteringσ

     

     

               

RF RF mec ampl noise drift mult meas chamb
non linear reflect dist reflect

RF RF RF RF

mec ampl
non linea

σ σ σ σ σ σ σ σ σ

σ σ σ σ
σ σ

− −
−

− − − −

−

 ≈ ≈ + + + + + + 
 

≈ ≈ ≈ ≈

≈ + 2 2 2 2 2 2 2
AUT
scatt

σnoise drift mult meas chamb
r reflect dist reflect

σ σ σ σ σ+ + + + + +
(5.17) 

As a result, by comparing the average of two measurements with the individual 

acquisitions, the AUT support scattering can be estimated applying the next expression:  

2 2 2 2 2 2 2 2
2 2 2 202 06 02 06 01 07 01 07

02 06 01 072 2 2 2

4
2
AUT
scatt

AUT
scatt

σ

σ 0.0132dB

RF RF RF RF RF RF RF RF
RF RF RF RF

σ σ σ σ σ σ σ σσ σ σ σ− − − − − − − −
− − − −

 + + + +− + − + − + − 
 ⇒ ≈
 
  
 

⇒ ≈
(5.18) 

5.3.6.6- Amplitude non-linearity uncertainty 

The uncertainty of the amplitude non-linearity can be evaluated employing the 

measurements including a 6dB attenuator (“09”, “10”) and the measurements “02” and 

“05”, which have the same configurations as “09”, “10” but without attenuator, as shown 

in Table 5.18. In this case, it is assumed that the effect of non-linearity affects in similar 

way both acquisitions, and when both are averaging, this effect is reduced (considered 

negligible). 

Acquisition Scan Step Measurement Conditions

02 φ 0 ≤ θ ≤ 179 R=544cm (right sphere)
05 θ 0 ≤ φ ≤ 179 R=544cm (upper sphere)
09 φ 0 ≤ θ ≤ 179 R=544cm, 6dB attenuator
10 θ 0 ≤ φ ≤ 179 R=544cm, 6dB attenuator  

Table 5.18: Acquisitions for the amplitude non-linearity uncertainty estimation 

 

As represented in Table 5.19, the uncertainties involved in acquisitions “02”, “05”, 

“09” and “10”, the main contributions to the total uncertainty are: the mechanical 

contribution, the amplitude non-linearity, the noise, the drift, the multiple reflections, the 

measurement distance, the chamber reflections and the AUT support scattering. 
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σmec
2 σamplNonLin

2 σnoise
2 σdrift

2 σmultRfl
2 σdist

2 σchambRfl
2 σscatt

2

σRF-0209
2 × × × × × × ×

σRF-02
2

σRF-09
2 × × × × × × × ×

σRF-0510
2 × × × × × × ×

σRF-05
2

σRF-10
2 × × × × × × × ×

�By subtraction: σamplitude Non Linearity ≈ 0.0071 dB
 

Table 5.19: Amplitude non-linearity uncertainty estimation 

Since this calculation considers an average between two signals (M=2), in this case 

the noise is affected by a factor 1/√M=1/√2. Thus, the variances employed for the 

amplitude non-linearity uncertainty estimation are the following ones: 

2

2 2 2 2 2 2 2 2 2
0209 0510

2 2 2 2
02 05 09 10

2

1

2

amplitude non linearity

ampl
non-li

σ

     

     

               σ

RF RF mec noise drift mult meas chamb AUT
reflect dist reflect scatt

RF RF RF RF

mec

σ σ σ σ σ σ σ σ σ

σ σ σ σ
σ

− −

− − − −

 ≈ ≈ + + + + + + 
 

≈ ≈ ≈ ≈

≈ + 2 2 2 2 2 22

near
noise drift mult meas chamb AUT

reflect dist reflect scatt

σ σ σ σ σ σ+ + + + + +
(5.19) 

So, by comparing the average of two measurements with the individual acquisitions, 

the amplitude non-linearity uncertainty can be estimated applying the next expression: 

2 2 2 2 2 2 2 2
2 2 2 202 09 02 09 05 10 05 10

02 09 05 102 2 2 2

4
2
AUT
scatt

AUT
scatt

σ

σ 0.0071dB

RF RF RF RF RF RF RF RF
RF RF RF RF

σ σ σ σ σ σ σ σσ σ σ σ− − − − − − − −
− − − −

 + + + +− + − + − + − 
 ⇒ ≈
 
  
 

⇒ ≈
(5.20) 

5.3.7- Weighted reference pattern establishment at UPM 

Table 5.20 summarizes the uncertainty contributions that have an influence on each of the 

five sets of four acquisitions – “A1”, “A2”, “A3”, “A4” and “A5”–. 
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σmec
2 σamplNonLin

2 σnoise
2 σdrift

2 σmultRfl
2 σdist

2 σchambRfl
2 σscatt

2

(0.0315)2 (0.0071)2 ≈ 0 (0.0280)2 (0.0112)2 (0.0010)2 (0.0301)2 (0.0132)2

σA1
2 � � � � � �

σA2
2 � � � � � � �

σA3
2 � � � � � � �

σA4
2 � � � � � � �

σA5
2 � � � � � � �

 

Table 5.20: Uncertainty calculation for the five sets of four acquisitions 

Since each set of acquisitions has been formed by averaging four measurements, the 

noise uncertainty, the mechanical uncertainties and the chamber reflections uncertainties 

are affected by a factor of 1/√M=1/√4 (being M=4 acquisitions), as represented in Table 

5.20 with “thinner” crosses as stated in the next expressions: 

2 2 2 2 2 2 2
1

2 2 2 2 2 2 2 2
2

1
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1 1 1

4 4 4

2 2
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reflect
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NO  σ   σ

NO  σ
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non linear reflect dist scatt
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σ σ σ σ σ σ σ

σ σ σ σ σ σ σ σ

−

−

≈ + + + + + ⇒

≈ + + + + + + ⇒

2 2 2 2 2 2 2 2
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2 2 2 2 2 2 2 2
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4 4 4
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reflect dist reflect scatt
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non linear dist reflect scatt

σ σ σ σ σ σ σ σ

σ σ σ σ σ σ σ σ
−

≈ + + + + + + ⇒

≈ + + + + + + + ⇒

2 2 2 2 2 2 2 2
5

2

1 1

4 4

1 1 1
. . : 4

4 44

2
mult
reflect

2
mec

  σ

NO  σ

          

A ampl noise drift mult meas chamb AUT
non linear reflect dist reflect scatt

N B Average of measurements

σ σ σ σ σ σ σ σ
−

≈ + + + + + + ⇒

 ↔ → = 
   (5.21) 

where: 

- “A1” the amplitude and phase average in far-field of “02”, “03”, “04” and “05”, 

- “A2” the amplitude and phase average in far-field of “02”, “06”, “01” and “07”, 

- “A3” the amplitude and phase average in far-field of “02”, “09”, “05” and “10”, 

- “A4” the amplitude and phase average in far-field of “02”, “11”, “01” and “12”, 

- “A5” the amplitude and phase average in far-field of “02”, “13”, “05” and “14”. 
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By applying these equations, the uncertainties of each set of four acquisitions can be 

calculated as the root sum of squares (RSS) and are the ones shown in Table 5.21. 

σ (dB)
A1 0,033
A2 0,036
A3 0,039
A4 0,038
A5 0,036  

Table 5.21: Uncertainty of each set of four acquisitions 

 

Once the total uncertainties for the five sets of four acquisitions have been estimated, 

a weighted reference uncertainty can be calculated, applying the following expression 

[13]: 

2
5

2 2 2 2 22
1 1 2 3 4 5

1 1
1 1 1 1 11

WeightedReferenceσ 0.016 dB

WeightedReference

i A A A A AAi

σ

σ σ σ σ σσ=

= =
+ + + +

≈

∑

           (5.22) 

Thus, the weighted reference pattern can be established, employing the next formula: 

5
2

.2
1 Ai

Ai
upm weig ref

i

f
f σ

σ=

= ⋅∑
                                      (5.23) 

where: 

� “ iAf ” represents the far-field pattern of each of set of four acquisitions 

�  “
2

iAσ
” designates the square of the standard uncertainty (variance) for each set of 

four acquisitions, 

� “
2

.weig refσ
” denotes the variance of the weighted reference calculated with 

expression (5.19). 

 

The main cuts of the weighted reference pattern copolar and crosspolar amplitude 

achieved at UPM are shown in Figure 5.31 to Figure 5.34. 
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Figure 5.31: Copolar and crosspolar amplitude of the weighted reference pattern at 
UPM, φ=0ºcut 
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Figure 5.32: Copolar and crosspolar amplitude of the weighted reference pattern at 
UPM, φ=45ºcut 
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Figure 5.33: Copolar and crosspolar amplitude of the weighted reference pattern at 
UPM, φ=90ºcut 
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Figure 5.34: Copolar and crosspolar amplitude of the weighted reference pattern at 
UPM, φ=135ºcut 
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5.4- “Law of Large Numbers” evaluation with VAST12 measurements 

Instead of using virtual acquisitions to verify the Law of Large Numbers, as performed in 

Chapter 4, VAST12 measurements modified with random signals were employed, 

running two thousand iterations Monte-Carlo simulations. The simulation process is 

summarized in Figure 3.15. In this case, three types of simulations were carried out: first, 

considering only noise (S/N=55dB in the peak value), secondly taking into account only 

amplitude and phase drift (0.5dB in amplitude and 6degrees in phase both uniformly 

distributed) and finally, simulating both noise and amplitude and phase drift (S/N=55dB, 

0.5dB in amplitude and 6degrees in phase). The error histograms (error in the directivity, 

in the beamwidth φ=0º and φ=90º planes, and in the maximum φ=0º and φ=90º planes) 

achieved from the three sets of simulations are detailed in the second subsection of the 

appendix of results: “A.2- Results from Monte-Carlo simulations for the VAST12 

antenna measurements”. Figure 5.35 to Figure 5.39 show the error histogram of the 

selected antenna parameters considering noise and errors due to amplitude and phase 

deviations (S/N=55dB, 0.5dB in amplitude and 6 degrees in phase). In addition, the mean 

of the error – represented by a blue star – is plotted to show if the mean is the most 

frequent error. Furthermore, if the results follow a Gaussian distribution, the 

corresponding curve is plotted in red. 
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Figure 5.35: Histogram of the error in directivity (noise and amplitude and phase error) 
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Figure 5.36: Histogram of the error in the beamwidth, φ=0º cut (noise and amplitude 

and phase error) 
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Figure 5.37: Histogram of the error in the beamwidth, φ=90º cut (noise and amplitude 

and phase error) 
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Figure 5.38: Histogram of the error in the maximum, φ=0º cut (noise and amplitude and 

phase error) 
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Figure 5.39: Histogram of the error in the maximum, φ=0º cut (noise and amplitude and 

phase error) 
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As shown in these results, the shapes of the error histograms are quite similar to a 

Normal distribution (it should be noticed that the probability distribution of both errors is 

also gaussian). In Appendix A.2, it is describe how introducing a Gaussian noise or a 

uniform amplitude and phase erros produce a Gaussian error in the peak directivity. It 

should be noted that the outcomes achieved with measurements and two thousand 

iterations give better results than the ones obtained in the previous section with virtual 

acquisitions and one hundred iterations. This is due to the fact that the number of 

iterations is larger.  

A bigger number of iterations was selected in this case because the simulation 

processing was less time consuming with the measurements than with the virtual 

acquisitions – one complete simulation of a typical RADAR antenna employing the 

cylindrical near-to-far-field error simulator takes about 2hours and the simulation of a 

VAST12 acquisition with 100iterations using this spherical near-to-far-field tool lasts 

2hours –. In addition, these histograms show that the mean of the error in the antenna 

parameters (directivity, beamwidth and maximum) is very close to the most repeated 

error, i.e. with the largest number of cases. This allows verifying that the Law of Large 

Numbers is satisfied. 

Table 5.22 recapitulates the standard deviation calculated from the Monte-Carlo 

simulations with only noise, taking into account errors due to variations in amplitude and 

phase, and considering both noise and errors due to amplitude and phase deviations. In 

addition, Table 5.22 shows the square root of the sum of the squares (RSS) of the 

standard deviations calculated with expression (5.24) and the difference between the RSS 

and the standard deviation considering both sources of uncertainties.  

 

2
2 2 2

& _
1

k noise Ampl phase drift
k

RSSσ σ σ σ
=

= = +∑                      (5.24) 
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Without 
noise or 

drift 
Noise 

Ampl. & 
phase 
drift 

Noise+Ampl. 
& Phase 

Drift 

RSSσ: 
2 2
noise driftσ σ+  

noise driftσ +≈  

Absolute 
difference 

Directivity 
(dBi) 

30.66193 30.64227 30.66168 30.64200 – – 

σDIR  
(dBi) 

– 0.019893 0.018831 0.027613 0.027392 2.2·10-4 

Beamwidth 
φ=0º(deg.) 

8.31735 8.31737 8.31710 8.31713 – – 

σBEAMWIDTH,0º  
(deg.) 

– 0.004263 0.024790 0.025204 0.025154 5.0·10-5 

Beamwidth 
φ=90º(deg.) 

2.96750 2.96751 2.96737 2.96739 – – 

σBEAMWIDTH,90º  
(deg.) 

– 0.001880 0.008714 0.008982 0.008949 3.3·10-5 

Max.  
φ=0º(dB) 

-0.02424 -0.02427 -0.02432 -0.02435 – – 

σMAX,0º  
(dB) 

– 0.001395 0.006826 0.006954 0.006967 1.3·10-5 

Max. 
φ=90º(dB) 

-0.07245 -0.07245 -0.07238 -0.07239 – – 

σMAX,90º  
(dB) 

– 0.000580 0.004067 0.004128 0.004108 2.0·10-5 

Table 5.22: Standard deviations calculated from the Monte-Carlo simulations 
 

From Table 5.22, it can be observed that the calculated RSS is almost equal to the 

standard deviation obtained from the simulations, considering the two sources of error 

(noise, and amplitude and phase drift). Actually, the differences between both values are 

in the range of [1.3·10-5, 2.2·10-4]. 
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5.5- Effect of the noise in near-to-far-field trans formation 

This section analyzes the effect of the noise on different parameters in the near-to-far-

field transformation. In this case, the AUT selected was the Flann Microwave Inc 

Standard Gain Horn (SGH) shown in Figure 5.40. The measurements have been 

performed on far-field distance (that is R>2D2/λ). 

 

Figure 5.40: Flann Microwave Inc Standard Gain Horn 

Table 5.23 shows the frequencies of the acquisitions evaluated, which cover the band 

from 9.5GHz to 15GHz.  

 
Frequency 

(GHz) 
On-axis Directivity 

(dBi) 
1 9.50 19.919 
2 10.00 18.312 
3 10.50 18.564 
4 10.95 19.092 
5 11.00 19.112 
6 11.50 19.414 
7 11.70 19.533 
8 12.00 19.683 
9 12.10 19.793 
10 12.50 19.951 
11 12.75 20.168 
12 13.00 20.367 
13 13.50 20.627 
14 14.00 20.882 
15 14.50 21.193 
16 15.00 21.380 

Table 5.23: Frequencies studied for the SGH acquisitions & the corresponding directivity 
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The influence of a near-to-far-field transformation is analyzed, showing the 

dependence with the number of modes considered in the transformation. In order to 

estimate this effect, simulations were completed based on measured data corrupted 

adding noise to the acquired field. To evaluate the influence of the near-to-far-field 

transformation, Monte-Carlo simulations adding noise with a S/N equal to 55dB were 

carried out. As commented before, this simulation tool provides far-field radiation 

patterns of the main planes, error histograms, antenna parameters such as the directivity, 

error statistical parameters (mean and standard deviation) in directivity, in the beamwidth 

(φ=0º and φ=90º) and in the maximum (φ=0º and φ=90º). Figure 5.41 represents the 

comparison between the φ=0º cut far-field radiation pattern with near-to-far-field 

transformation (blue line) and without near-to-far-field transformation (pink line). As it 

can be observed, the agreement between both figures is very good for the copolar 

component, and so it can be considered that the far-field pattern is accurate enough for 

our purposes.  
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Figure 5.41: Comparison between the far-field radiation pattern (φ=0º plane) from a 

near-field acquisition and from a far-field acquisition without additional noise.  

As representative examples of the error histograms fulfilled by the simulation tool, 

Figure 5.42 to Figure 5.46 correspond to the error histograms achieved for the 

measurements of the SGH at 10GHz.  
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For the rest of frequencies in the band from 9.5GHz to 15GHz, similar results were 

attained.  
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Figure 5.42: Histogram of the error in directivity adding noise (S/N=55dB) and 

transforming to far-field using SNIFTD 
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Figure 5.43: Histogram of the error in the beamwidth (φ=0º cut) adding noise 

(S/N=55dB) and transforming to far-field using SNIFTD 
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Figure 5.44: Histogram of the error in the beamwidth (φ=90º cut) adding noise 

(S/N=55dB) and transforming to far-field using SNIFTD 
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Figure 5.45: Histogram of the error in the maximum (φ=0º cut) adding noise 

(S/N=55dB) and transforming to far-field using SNIFTD 
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Figure 5.46: Histogram of the error in the maximum (φ=90º cut) adding noise 

(S/N=55dB) and transforming to far-field using SNIFTD 

 

In the near-to-far-field transformation, the election of the number of modes is critical 

for the establishment of the far-field pattern. Tipically, the criteria adopted for the 

truncation number of modes is: 

0N k R +10= ⋅                                                 (5.25) 

being N the truncation number, k0 the wave number in free space and R the minimum 

sphere radius.  

This value comes from the consideration of a sufficient amount of radiated power 

(Figure 5.47 and Figure 5.48). However, this election has also effect on the noise, 

because in the near-to-far-field transformation the spherical modes are corrupted by the 

noise.  
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Figure 5.47: Radiated power depending of the number of modes M 
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Figure 5.48: Radiated power depending of the number of modes N 

As explained in Hansen’s book [9], the directivity is calculated using the following 

expression: 

∑

∑
=

smn
smn

smn
smnsmn

Q

KQ

D
2)3(

2
)3( ),(

),(

φθ
φθ

r

                                         (5.26) 

where 
)3(

smnQ
 correspond to the “Q-coefficients” involved in this evaluation and 

),( φθsmnK
r

 represent the function describing the far-field only in terms of the angular 

variables. 
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The noise is added to the power associated to each spherical mode. Therefore, the 

reduction in the number of modes implies a decrease in the uncertainty caused by this 

noise. This was checked by carrying out simulations and evaluating the effect on some of 

the antenna measurement parameters (directivity, beamwidth φ=0º cut and φ=90º cut, 

maximum φ=0º cut and φ=90º cut). As representative outcomes of the results achieved, 

Table 5.24 shows the directivity, the beamwidth in the horizontal plane (φ=0º cut) and the 

corresponding mean and standard deviations of the considered parameter with and 

without error. Thus, the mean gives an estimation of the error and the standard deviation 

gives an estimation of the uncertainty.  

Type of acquisition
Dir. With

Error (dBi)
σDIR  

(dBi)
Error MeanDir

(dBi)

NF(M=7,N=8) 17.759 0.0004 0.5571

NF(M=11,N=12) 18.430 0.0006 0.1139

NF(M=19,N=20) 18.411 0.0009 0.0949

NF(M=27,N=28) 18.355 0.0010 0.0389

NF(M=35,N=36) 18.316 0.0012 0.0001

Without Error 18.316 – –

1

3

2

4

5

6

3

4

2

1

 

Type of acquisition
Bw,0º With
Error (deg.)

σBw,0º  

(deg.)
Error MeanBw,0º

(deg.)

NF(M=7,N=8) 24.395 0.0016 1.245

NF(M=11,N=12) 22.652 0.0030 0.498

NF(M=19,N=20) 22.790 0.0057 0.360

NF(M=27,N=28) 23.044 0.0065 0.160

NF(M=35,N=36) 23.178 0.0074 0.028

Without Error 23.150 – –

1

3

2

4

5

6

3

4

2

1

 

Table 5.24: Directivity, beamwidth (φ=0º cut) and their corresponding error (mean) and 
uncertainty (standard deviation) depending on the number of modes in the near-to-far-

field transformation 

As, it can be observed in the Table 5.24, the uncertainty decreases when reducing the 

number of modes, while the error increases with the number of modes. Therefore, the 

reduction of the number of modes includes a systematic error (mean) due to the 

truncation error in the near-to-far-field transformation, while the use of a larger number 

of modes increases the effect of the noise. This effect has been calculated for the peak 

value (with a S/N of 55 dB), though it is important for lower values of the radiation 

pattern (crosspolar levels …). 



 Uncertainty analysis derived from spherical near-field acquisitions 

192 

5.6- Observations 

This chapter documents the uncertainty evaluation through measurements carried out at 

spherical near-field system at LEHA-UPM facilities. Two different antennas have been 

used for this study: a high directive reflector (VAST12) and a medium directivity antenna 

(a standard gain horn). First, a weighted reference pattern for the VAST12 antenna has 

been established. Also, the effect on the different results of averaging only the amplitude 

of measurements or both, amplitude and phase, the acquisitions in near-field and in far-

field has been analyzed.  

This study reveals that an average in amplitude and phase of several measurements in 

the far-field gives better results (statistical parameters − i.e. absolute mean, standard 

deviation or median −, directivity) than the corresponding average only in amplitude of 

several acquisitions in far-field, while the average in near-field does not give a significant 

improvement. This is due to the linearity of the near-to-far-field transformation, so the 

effect can be studied in both near or far-field. However, it is much simpler to process the 

results in far-field, since the effect of the displacement of the AUT corresponds to a phase 

shift of the far-field radiation pattern. 

By comparing of the antenna parameters of an averaged pattern with each of the 

acquisitions, some of the uncertainty contributions involved in near-field measurements 

are estimated. In addition, a thorough uncertainty analysis of the contributions affecting 

each measurement configurations has been carried out. It is worth noting that, for the 

uncertainty calculation, it was assumed that some particular uncertainty contributions 

were negligible. 

Furthermore, a first reference pattern has been established by averaging five sets of 

four acquisitions in order to compensate some particular uncertainty sources. With all the 

individual contributions, a total uncertainty value has been computed for each of the sets 

of averages of four acquisitions. Once the uncertainties of these five sets of 

measurements have been estimated, the uncertainty of the final weighted reference 

pattern has been obtained as the RSS of each factor.  
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The hypothesis that the combination of radiation patterns employing different set-ups 

gives more accurate results than a simple averaging of different acquisitions with the 

same configuration set-up has been verified, with a repeteability test. The weighted 

reference pattern has been calculated using several acquisitions, and some of them have 

been considered several times. This procedure does not cancel all the uncertainty 

contributions, but reduce some of the terms. Finally, the total uncertainty value has been 

estimated using the uncertainty of each factor. In this case, this uncertainty has been 

calculated for the peak value of the pattern, where the effect of the noise is negligible. In 

fact, for this case, a different approach could have been used reducing the number of 

acquisitions considered for the reference pattern. However, for lower values of the field, 

the maximization of the number of acquisitions reduce the effect of the uncertainty due to 

the noise.  

Using the SGH, the effect of the number of modes in the near-to-far-field 

transformation has been analyzed, showing that the reduction of the number of modes 

implies an improvement of the uncertainty (although an increment of the systematic error 

due to the truncation of the number of spherical modes). In addition, the Law of Large 

Numbers has been verified by employing the VAST12 measurements combined with 

simulations of noise, and amplitude and phase variations. 

In this section, the uncertainty evaluation was carried out on different antenna 

measurement parameters such as directivity, beamwidth, maximum, radiation pattern, etc. 

Since it would be interesting to study how the uncertainty in the gain determination, the 

next section includes a detailed uncertainty analysis for the gain.  
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Chapter 6 

 Uncertainty estimation for 

gain determinations in 

spherical system  
 

 

 

In the third practical uncertainty evaluation, the uncertainty is calculated in the gain. This 

study is fully detailed in [15] but the main ideas and results will be summarized in this 

chapter. The antenna gain was chosen as the parameter under study since it is one of the 

most important figures-of-merit that describe the performance of a radiator. As defined in 

[1], the gain is a measure of the spatial distribution of radiation intensity, which includes 

dissipative losses within the antenna, and can be expressed as follows: 
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llyisotropica  radiated  ant.  by  Paccepted  if  obtained  Intensity  Radiation
direction  specified  a  in  Intensity  Radiation

Gain =⇒
  (6.1) 

generator  its  from  antenna  the  by  acceptedPower Net  
direction  specified  a  in  angle  solidunit  per    RadiatedPower  4

Gain
⋅=⇔ π

       (6.2) 

It should be noted that the inclusion of the antenna dissipation losses is what 

differentiates directivity from gain. Actually, the ratio between the power gain and the 

directivity in the same direction is the antenna radiation efficiency.  

For the gain measurement, there are two basic categories of gain determination 

techniques: the absolute gain measurements and the gain comparison methods. The 

absolute gain methods are normally utilized to calibrate antennas that can then be 

employed as standards for gain measurements, and no a priori knowledge of any of the 

antenna gains is needed. On the other hand, the gain comparison technique requires the 

use of a gain standard whose gain is accurately known and it is typically utilized for the 

measurement of the gain of AUTs [1], [2], [56]. The two antennas that are most widely 

used and universally accepted as gain standards are the resonant λ/2 dipole (with a gain 

of about 2.1 dB) and the pyramidal horn antenna (with a gain ranging from 12 to 25 dB). 

Both antennas possess linear polarizations. The dipole, in free-space, exhibits a high 

degree of polarization purity. However, because of its broad pattern, its polarization may 

be suspect in other than reflection-free environments. Pyramidal horns usually possess, in 

free-space, slightly elliptical polarization. However, because of their very directive 

patterns, they are less affected by the surrounding environment.  

In this section, a complete uncertainty investigation comparing the performances of 

different gain determination techniques has been achieved [15]. In the present study, the 

first evaluation will detail a complete comparative of different gain determination 

techniques applied in a spherical near-field system: near-field and far-field gain 

determination technique, three-antenna technique and insertion loss technique. The 

spherical near-field system considered for the analysis in this case is the DTU-ESA Near-

Field Antenna Test Facility of the Technical University of Denmark (DTU). This study 

will include fully detailed uncertainty estimation for each method. This evaluation is 

completed with the calculation of a weighted reference value that allows the comparison 

of the gains.  
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6.1- Description of the gain determination techniqu es  

6.1.1. Near-field substitution technique 

The first type of gain determination technique analyzed is the near-field substitution 

technique. In this method, the gain of the AUT can be determined by replacing the test 

antenna with an antenna with known loss or known gain [9]. This antenna does not have 

to be a Standard Gain Horn (SGH) but in practice such horn is a good choice. This 

technique requires two full-sphere near-field scans of the two antennas (AUT and SGH).  

In this method, three main steps are involved: first the near-field scanning of the test 

antenna is completed. Then, the near-field scanning of the SGH is achieved. It should be 

noted that the spherical near-field measurement of the SGH constitutes a gain calibration 

in itself. Finally, the far-field signals from the test antenna and from the horn, achieved 

from a near-to-far-field transformation, are compared. 

In addition, the loss of the SGH must be estimated, including a mismatch correction 

in the establishment of the AUT gain if necessary. The gain of the SGH is found by 

subtraction of the losses from the directivity, where the directivity of the SGH is obtained 

from the spherical near-field measurements. 

In practice, it is convenient to insert a comparison measurement where the signal at 

one point (θ1, Φ1) in the near-field of the test antenna (in this case a Waveguide Array, 

WGA) is compared to the signal at one point (θ2, Φ2) of the horn near-field. The 

advantage in splitting the measurement into factors in this way is that receiver gain and 

cable attenuations can be changed from one factor to another so long as the ratio between 

the numerator and the denominator of the individual factors is not affected. For example, 

two different semirigid antennas cables can be employed for the test antenna and the horn 

during scanning of each antenna and a stable flexible cable can be used in the comparison 

measurement where the antennas do not have to be rotated. 
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being: 

� the 1st factor: the far-field to near-field ratio for test antenna obtained in the 

transformation. 

� the 2nd factor: the ratio between the two near-field signals determined in the 

comparison measurement. 

� the 3rd factor: the near-field to far-field ratio for the horn found in the transformation 

for the horn. 

� the 4th factor: the gain of the horn, that could be obtained form the directivity and the 

loss. 

� the 5th factor: the last factor represents the mismatch correction factor. 

Another formula can also be applied to find out the gain of the AUT obtaining this 

time the efficiency of the AUT by using power and efficiency instead of signals. 

Furthermore, as seen before, a similar comparison between two near-field point 

measurements − one of the test antenna and the other of the horn near-field − could be 

employed as follows: 

2 2 22
,1 ,2

2 2 22

,1 ,2

1

1

rad
AUT SGH SGHAUT

WGA SGHrad
SGH AUTAUT SGH

w wP

Pw w
η η

       − Γ
     = ⋅ ⋅ ⋅ ⋅ 

       − Γ      
   (6.4) 

In this equation, rad
WGAP  and rad

SGHP  are the total radiated power of the AUT and the 

SGH respectively, which are automatically calculated as output of the transformation 

program and SGHη  is the SGH efficiency. In fact, the formula of the efficiency is derived 

from the previous equation of the gain. However, there is some difference. In the last 

formula, the total radiated power is used, which represent value averaged over the whole 

measurement time. On the other hand, in the previous expression, the signals in some 

direction are used which can be affected by noise. Finally, the gain of the WGA is 

established by adding the previous results to the directivity of the WGA, as the next 

formula states:  

G WGA (dB) = Directivity WGA (dB) + Efficiency WGA (dB)                      (6.5) 
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6.1.2- Far-field substitution technique 

The substitution technique is not only specific to the near-field measurements. Actually, 

as it is derived from the Friis Transmission Formula, this method is a far-field approach. 

Thus, the second method applied to achieve the AUT gain is the far-field substitution 

technique. In this case, it is also required to know the gain of a standard antenna to 

determine the AUT gain, but unlike the near-field technique, only two point 

measurements are needed in the scans of the AUT and the SGH. 

Considering this specification, the gain of the AUT (Waveguide Array, WGA) could 

be obtained by comparing directly the far-field of the WGA and the SGH and taking also 

into account the gain of the horn and the mismatch factor. Then, the expression of the 

AUT gain in this case becomes as follows: 

( )

( ) ( ) ( )2 2

4 4
20log 20log ( ) 10 log

( )
1 1

10log 10log 10log
1 1

wga prb sgh prb
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π π
λ λ

− −
−

−

    
− + +    

   
=    

    − + + −    − Γ − Γ       

 (6.6) 

Therefore, it is seen that the gain of unknown AUT could be obtained by comparing 

directly the power of the AUT and known SGH received by a third antenna, in this case a 

probe, and taking also into account possible difference in distances and mismatch factors. 

Furthermore, it should be noted that the power provided by generator must be constant 

between the two measurements, but not required to be known.  

6.1.3- Three-antenna technique 

The third technique considered will be the three-antenna method, which is the most well-

known absolute gain determination technique. This method is a far-field technique based 

on the Friis Transmission Formula. In this case, by performing three scans with three 

antennas, changing one of the antennas in each scan, a system of three equations with 

three unknowns could be set and solved. Writing in logarithmic form and including 

correction factors for the impedance mismatch between the antennas and transmission 

lines the system of three equations becomes: 
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6.1.4- Insertion loss technique 

The last method that will be presented is the so-called insertion loss technique. This 

approach requires that the measurement of the insertion loss between the terminals of the 

two antennas. This is normally achieved by connecting the transmitter directly to the load 

and measuring the received power. Then, the antennas (AUT and SGH) could be inserted 

and properly spaced and the power absorbed in the load is measured. In this case, the gain 

of the receiving antenna (SGH) is assumed to be known. If the measurement distance is 

the separation between apertures and the gain of the SGH is known, the equation to 

determine the gain becomes:  
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where the mismatch factors of the impedances and the cables are: 
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6.2- Measurement procedure 

6.2.1- Antennas 

Before commenting the measurement procedures, it is worth presenting the 

characteristics of the measurement scenarios. For the different gain determination 

techniques, the following antennas and absorbers were required: 

− the AUT chosen was a slotted Waveguide Array (WGA) of 4×4slots, 

− the Standard Gain Horn (SGH) is a C-Band horn: “BL204”, 

− the SGH “BL204” was measured with two 8inches absorbers: a large absorber of 

30.5cm × 30.5 cm of dimension and a small one with 22.5cm × 22.0cm of size.  

− the selected probe was called “C3”, 

− an additional SGH which was also a C-Band horn “BL205” was necessary for the 

probe calibration. 

It should be mentioned that these antennas were mounted in order to be measured 

horizontally polarized and the measurements were performed for 10frequencies in the C-

Band, in the range from 5.1GHz to 5.4GHz.  

6.2.2- Calculation of the far-field distance 

To express antenna patterns and field distributions in zones surrounding the antenna, 

three field regions are distinguished. In close proximity to the antenna the field strength 

may include, in addition to the radiating field, a significant reactive (non-radiating) field. 

That region of space immediately surrounding the antenna in which the reactive 

components predominate is known as “the reactive near-field region” or as “the 

evanescent region”. Beyond the reactive near-field region the radiating field 

predominates. The radiating region is divided into two subregions: “the radiating near-

field region” or “Fresnel region” and “the far-field region” or “Fraunhofer region”. 

For electrically large antennas of broad-side-aperture type, a commonly used criterion 

to define the “Fresnel distance” (distance in free space to the boundary between the 

radiating near-field and the far-field regions) is R = LF = 2·D2 / λ, where D is the largest 

dimension of the antenna aperture.  
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The far-field distance obtained for the SGH and the WGA were around 2.5meters and 

2.2meters, respectively. Thus, since the measurement distance for both antennas was 

approximately 6meters, having then a measurement distance 2.4times or 2.8times greater 

than the Fresnel distance, it is valid to consider that the far-field conditions prevail in 

these measurements. 

6.2.3- Description of the procedures 

The list of the major steps to complete the measurement procedures are the next ones: 

1. Mechanical alignment of the antenna and probe tower. 

2. Probe calibration. 

3. “Flip-Test” for correction of pointing and axis intersection. 

4. Spherical near-field measurement of the AUT. 

5. Spherical near-field measurement of the SGH for gain calculation. 

6. Measurement of input reflection coefficient of the AUT and the SGH. 

7. Processing and plotting. 

As the major errors in the final far-field pattern can arise from inaccurate pointing 

adjustment and due to lack of intersection of axes, it is important to correct these 

deviations. This task is the so-called “Flip test”. Thus, in order to check the adjustment of 

these two parameters, a relative simple electric test can be applied. Two complete 360° θ-

scans are made for φ=0° and φ=180°. The measured amplitude for φ=180° is plotted on 

top of the measured amplitude for φ=0°, but the θ-axis inverted for the φ=180° scan. The 

two main lobes should coincide perfectly. If not, the alignment of the θ-angle is incorrect. 

The same has to be made for the phase curves. They should also be perfectly coincident, 

but some divergence is usually observed showing the corresponding lack of axis 

intersection.  

In order to ensure minimal influence of accidental errors on the final results, it is 

recommended to use special procedure for processing the acquired raw data. The input 

for the processing procedure includes: measurement frequency in MHz, measurement 

frequency in GHz, AUT name, AUT port identification and may include some additional 

parameters for drawing.  



 Uncertainty estimation for gain determinations in spherical system 

203 

Besides, the processing procedure repeated for each frequency includes: calculation 

of probe pattern coefficients, calculation of probe polarization coefficients, probe channel 

balance calculation, near-to-far-field transformation for the AUT, near-to-far-field 

transformation for the SGH, extracting cuts of the radiation pattern, plotting the co- and 

cross-polar radiation patterns. 

For the complete evaluation of the different gain determination techniques, the next 

measurements were fulfilled: 

a) full-sphere and point measurement of the SGH with a big absorber at distance 1, 

b) full-sphere and point measurement of the SGH with a big absorber at distance 2, 

c) full-sphere and point measurement of the SGH with a small absorber at distance 2, 

d) full-sphere and point measurement of the WGA at distance 1, 

e) full-sphere and point measurement of the WGA at distance 2, 

f) sliding measurement of the SGH (Figure 6.1), 

g) sliding measurement of the WGA (Figure 6.2), 

h) point-measurement of the WGA with the SGH, 

i) point-measurement of the WGA with the probe, 

j) point-measurement of the SGH with the probe, 

k) measurement by connecting directly the load to the generator (with a cable),  

l) measurement of the input reflection coefficients of the WGA, the SGH, the probe 

and the cable employing a Vector Network Analyzer (VNA) 
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Figure 6.1 illustrates the representation of the SGH near-field over distance achieved from the sliding measurements: 

Sliding Measurement of the SGH
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Figure 6.1: SGH Sliding Measurement 
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Figure 6.2 shows the illustration of the AUT near-field over distance attained from the sliding measurements: 

Sliding Measurement of the WGA
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Figure 6.2: WGA Sliding Measurement 
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6.3- SGH evaluation  

6.3.1- Pattern Integration 

As described in [1], directivity is directly proportional to power per unit solid angle in a 

specified direction and inversely proportional to total radiated power: 

⋅= π
antenna the byPower  Radiated Total

direction  specified  a  in  angle  solidunit  per    RadiatedPower  4
yDirectivit

(6.12) 
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In fact, directivity differs from gain since it does not include antenna dissipation 

losses. Therefore, as stated by Hansen in [9], the gain of an antenna (being in this case the 

SGH) could be obtained by calculating the directivity and extracting the estimated losses 

of this antenna. It is worth noting that in this publication − [88] −, Ludwig considered that 

the previous equation was the expression of the gain. However, according to the IEEE 

definition of directivity, it is clear that the term used by Ludwig as “gain” refers indeed to 

the “directivity”. 

At the DTU-ESA Spherical Near-Field Antenna Test Facility, the first step to derive 

the directivity from pattern integration is the measurement of the near-field. Then, by 

means of the spherical wave expansion, it is transformed into far-field, as explained in 

[9]. From these data, the “Q-coefficients” in the spherical wave expansion could be 

determined. Therefore, the power radiated per unit solid angle, if the antenna radiates 

isotropically, is equal to the total radiated power “P” divided by 4π. As a result, from the 

“Q-coefficients”, the power could be obtained as follows: 
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4 ππ                                          (6.14) 

Besides, since from these “Q-coefficients” the far-field could also be achieved, by 

applying the relation (5.26), the directivity could finally be established. 
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6.3.2- Comparison of the Directivity, Total Power, Near and Far-Field Data 

of the SGH for the different scans (1, 2, 3) and for each frequency 

The next step to evaluate the SGH employed in the determination of the gain is to 

estimate how the SGH could be affected if the measurement distance or the absorber 

change. Therefore, in order to evaluate this effect, an analysis of different parameters of 

the SGH (directivity, total radiated power, near- field obtained from a full-sphere 

measurement, near- field achieved from a point measurement, and far-field) is going to 

be accomplished. Then, to evaluate the effect of changing the distance and the absorber, 

the next scenarios have been compared:  

1) Differences between Scan 1 & Scan 2: both having same absorber (large) but 

different distance (d1 > d2), 

2) Differences between Scan 2 & Scan 3: both having same distance (d2) but different 

absorber (absorber in Scan 3 is smaller than in Scan2). 

Scan 1 Scan 2 Scan 3 SGH Parameters Differences ���� Effect 

Directivity 

Total Radiated 
Power 

Near-Field 

(Full-sphereMeas.) 

Near-Field 

(Point-Meas.) 

dist 1 

 

 

 

Large 

Absorber 

dist. 2 

d2 < d1 

 

 

Large 

Absorber 

dist. 2 

d2 < d1 

 

 

Small 

Absorber 

Far-Field 

Scan1 − Scan2 

 

 

 

Scan2 − Scan3 

Smaller Distance 

 

 

 

Smaller Absorber 

Table 6.1: Evaluation of SGH (Description of the scans, the parameters and the effect 
analyzed) 
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Table 6.2 presents the results obtained for each frequency in each of the three 

scenarios studied:  

Freq. 
(GHz) 

Magnitude 
(dB) 

Dir. 
(dBi) 

Ptotal 
(dB) 

Near(FullSphere) 
(dB) 

Near(PointMeas.) 
(dB) 

Far. 
(dB) 

Absorber1,d1 18,852 30,833 -3,594 -3,454 52,696 
Absorber1,d2 18,855 30,914 -3,471 -3,428 52,779 5,10 
Absorber2,d2 18,841 30,923 -3,471 -3,426 52,774 

 
Absorber1,d1 18,846 31,866 -2,672 -2,538 53,722 
Absorber1,d2 18,846 31,923 -2,563 -2,521 53,780 5,15 
Absorber2,d2 18,845 31,932 -2,552 -2,514 53,787 

 
Absorber1,d1 18,880 31,486 -3,068 -2,933 53,377 
Absorber1,d2 18,881 31,532 -2,963 -2,920 53,423 5,20 
Absorber2,d2 18,882 31,541 -2,956 -2,916 53,434 

 
Absorber1,d1 18,911 31,894 -2,669 -2,534 53,816 
Absorber1,d2 18,911 31,931 -2,568 -2,526 53,852 5,22 
Absorber2,d2 18,912 31,942 -2,563 -2,526 53,863 

 
Absorber1,d1 18,966 32,073 -2,489 -2,354 54,050 
Absorber1,d2 18,965 32,118 -2,375 -2,331 54,094 5,25 
Absorber2,d2 18,959 32,129 -2,376 -2,337 54,098 

 
Absorber1,d1 19,037 31,949 -2,592 -2,454 53,996 
Absorber1,d2 19,034 31,989 -2,492 -2,447 54,034 5,28 
Absorber2,d2 19,022 32,000 -2,494 -2,453 54,032 

 
Absorber1,d1 19,086 32,182 -2,349 -2,214 54,278 
Absorber1,d2 19,080 32,231 -2,250 -2,208 54,321 5,30 
Absorber2,d2 19,066 32,240 -2,252 -2,213 54,317 

 
Absorber1,d1 19,154 32,539 -1,972 -1,833 54,703 
Absorber1,d2 19,158 32,602 -1,853 -1,810 54,770 5,33 
Absorber2,d2 19,144 32,612 -1,849 -1,811 54,766 

 
Absorber1,d1 19,201 32,537 -1,956 -1,818 54,749 
Absorber1,d2 19,202 32,606 -1,838 -1,793 54,818 5,35 
Absorber2,d2 19,191 32,614 -1,831 -1,791 54,816 

 
Absorber1,d1 19,302 31,552 -2,928 -2,801 53,864 
Absorber1,d2 19,303 31,622 -2,807 -2,770 53,935 5,40 
Absorber2,d2 19,300 31,629 -2,795 -2,765 53,940 

Table 6.2: Directivity, Total Radiated Power, Near-Field, Far-field in scans 1, 2, 3 
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Table 6.3 represents the differences between the results in the Scan 1 and 2: 

Differences Scan1-Scan2 
(Change in the measurement distance) 

Frequency 
(GHz) 

Directivity  
(dBi) 

Ptotal 
(dB) 

Near (Full sphere) 
(dB) 

Near (PointMeas.) 
(dB) 

Far 
(dB) 

5,100 -0,003 -0,081 -0,123 -0,026 -0,083 
5,150 0,000 -0,057 -0,109 -0,017 -0,058 
5,200 -0,001 -0,046 -0,105 -0,013 -0,046 
5,220 0,000 -0,037 -0,101 -0,008 -0,036 
5,250 0,001 -0,045 -0,114 -0,023 -0,044 
5,280 0,003 -0,040 -0,100 -0,007 -0,038 
5,300 0,006 -0,049 -0,099 -0,006 -0,043 
5,330 -0,004 -0,063 -0,119 -0,023 -0,067 
5,350 -0,001 -0,069 -0,118 -0,025 -0,069 
5,400 -0,001 -0,070 -0,121 -0,031 -0,071 

MEAN 0,000 -0,056 -0,111 -0,018 -0,056 
Standard 
deviation 

(σ) 
0,0027 0,0139 0,0088 0,0085 0,0154 

Table 6.3: Differences between the results obtained in the Scan 1 & 2 

Table 6 4 shows the differences between the results found in the Scan 2 and 3: 

Differences Scan 2- Scan3 
(Replacement of the absorber) 

Frequency 
(GHz) 

Directivity  
(dBi) 

Ptotal 
(dB) 

Near (Full sphere) 
(dB) 

Near (Point Meas.) 
(dB) 

Far 
(dB) 

5,100 0,014 -0,009 0,000 -0,002 0,005 
5,150 0,001 -0,009 -0,011 -0,007 -0,007 
5,200 -0,001 -0,009 -0,007 -0,004 -0,011 
5,220 -0,001 -0,011 -0,005 0,000 -0,011 
5,250 0,006 -0,011 0,001 0,006 -0,004 
5,280 0,012 -0,011 0,002 0,006 0,002 
5,300 0,014 -0,009 0,002 0,005 0,004 
5,330 0,014 -0,010 -0,004 0,001 0,004 
5,350 0,011 -0,008 -0,007 -0,002 0,002 
5,400 0,003 -0,007 -0,012 -0,005 -0,005 

MEAN 0,007 -0,009 -0,004 0,000 -0,002 
Standard 
deviation 

(σ) 
0,0061 0,0013 0,0049 0,0044 0,0059 

Table 6 4: Differences between the results obtained in the Scan 2 & 3 
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The differences between Scans 1&2 in the near-field extracted from a point 

measurement are affected by the change in the distance and by multiple reflections, and 

between Scans 2&3 by the replacement of the absorber and by multiple reflections. On 

the other hand, the differences between Scans 1&2 in the near-field taken from a full-

sphere measurement are influenced by the change in the distance, by multiple reflections 

and by the drift, and between Scans 2&3 by the replacement of the absorber, by the drift 

and by multiple reflections. To better understand all these dependences, Table 6.5 

summarizes all these relations: 

Differences Scans 1 & 2 Differences Scans 2 & 3 
 Near-field 

(point meas.) 
Near-field 

(full-sphere) 
Near-field 

(point meas.) 
Near-field 

(full-sphere) 
Change in 
distance 

Change in 
distance 

Replacement 
absorber 

Replacement 
absorber 

Multiple 
reflections 

Multiple 
reflections 

Multiple 
reflections 

Multiple 
reflections 

Dependences 

Negligible 
Drift Drift Negligible Drift Drift 

Table 6.5: Dependences in the differences in the near-field 

Thus, since the drift is only noticeable in the near-field obtained from a full-sphere 

measurement, the effect of the drift in this scans could be estimated by subtracting both 

near-fields in the two scenarios analyzed, as follows:  

  Difference Difference  
Freq Scan1-Scan2 Scan1-Scan2 DRIFT 

(GHz) Near (full-sphere) Near (point meas.) (dB) 
 (dB) (dB)  

5,10 -0,123 -0,026 -0,097 
5,15 -0,109 -0,017 -0,092 
5,20 -0,105 -0,013 -0,092 
5,22 -0,101 -0,008 -0,093 
5,25 -0,114 -0,023 -0,091 
5,28 -0,100 -0,007 -0,093 
5,30 -0,099 -0,006 -0,093 
5,33 -0,119 -0,023 -0,096 
5,35 -0,118 -0,025 -0,093 
5,40 -0,121 -0,031 -0,090 

MEAN -0,111 -0,018 -0,093 

Table 6.6: Estimation of the drift, Scans 1 and 2 
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 Difference Difference  
Freq Scan2-Scan3 Scan2-Scan3 DRIFT 

(GHz) Near (full-sphere) Near (point meas.) (dB) 
 (dB) (dB)  

5,10 0,000 -0,002 0,002 
5,15 -0,011 -0,007 -0,004 
5,20 -0,007 -0,004 -0,003 
5,22 -0,005 0,000 -0,005 
5,25 0,001 0,006 -0,005 
5,28 0,002 0,006 -0,004 
5,30 0,002 0,005 -0,003 
5,33 -0,004 0,001 -0,005 
5,35 -0,007 -0,002 -0,005 
5,40 -0,012 -0,005 -0,007 

MEAN -0,004 0,000 -0,0039 

Table 6.7: Estimation of the drift, Scans 2 and 3 

To evaluate better the magnitude of these two sets of results, the representation of the 

differences over frequency and the polynomial trend/regression of order 6 have been 

represented in Figure 6.3 to Figure 6.5.  
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Differences Scan1-Scan2:
Directivity (Series1), Ptot (Series2),

Near_FullSphere (Series3), Near_PointMeas. (Series4 ), Far(Series5)
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Figure 6.3: Differences over frequency Scans1&2 and polynomial trend/regression of order 6 
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Differences Scan2-Scan3: 
Directivity (Series1), Ptot (Series2), 

Near_FullSphere (Series3), Near_PointMeas. (Series4 ), Far(Series5)
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Figure 6.4: Differences over frequency Scans2&3 and polynomial trend/regression of order 6 
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Differences Scan2-Scan3: 
Directivity (Series1), Ptot (Series2), 

Near_FullSphere (Series3), Near_PointMeas. (Series4 ), Far(Series5)
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Figure 6.5: Differences over frequency Scans2&3 and polynomial trend/regression of order 6 (same scale as for figure Scans1&2) 
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Analyzing the results shown in these tables and figures, the following observations 

could be commented: 

• Directivity: 

� As the variations in the differences between Scans 1&2 are quite small, the 

effect of multiple reflections is small for this AUT.  

� From the comparison of the Scans 2&3 employing the same scale as for the 

Scans 1&2 (Figure 6.5) it can be observed that the replacement of the absorber 

affects more the directivity than the change in the measurement distance.  

� It is clear that the change of the absorber has some effect to be considered, 

checking first the importance of the drift in these measurements. As it could be 

observed in the Table 6.7, since the mean of the drift while comparing Scans 

2&3 is equal to -0,004dB, the influence of the drift is smaller than the influence 

produced by the fact of employing another absorber. Thus, the deviations mainly 

come from the change of the absorber. 

� Furthermore, it is worth noting that the directivity in all the scans has been 

obtained by normalizing the far-field data by the total radiated power. Therefore, 

if the variations in the far-field data and in the power are similar, the directivity 

remains quite constant. 

� In addition, it is expected that with a smaller absorber the radiation pattern at 

angles around ± 180º is wider and as a result the directivity is lower, which 

means that the differences between Scans 2&3 are positive. From the results 

achieved, this could be verified for most of the frequencies.  

� Besides, from the Figure 6.4 and Figure 6.5, it could be observed that there is 

noticeable frequency dependence because of the absorber change (Scans 2&3).  

 

• Total radiated power: 

� When the distance is reduced (Scan 2), the power is larger than in the Scan 1 and 

that is the reason why the variations in the total radiated power are negative. 

� Besides, when the absorber is replaced by a smaller one (Scan3), more power is 

considered and then the variations are again negative.  

� Furthermore, in this case, the total radiated power is much more constant as it 

could be clearly observed in the figure of the comparison of Scans 2&3 

employing the same scale as for the Scans 1&2 (Figure 6.5). 
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� Taking into account the drift in comparison of Scans 2&3, it is seen that 

employing smaller absorber does not change the total power significantly.  

� Special investigation of the data in Scan 1 showed that a noticeable drift was 

present during the scan. Therefore, the drift between Scans 1&2 is not equal to 

the change in power in Scans 1&2. 

 

• Near-Field: 

� In the comparison of Scans 1 and 2, the variations in the near-field when 

considering the data from the full-sphere measurement are big because of the 

drift, since the measurements for the two scans were performed in two different 

days. This is confirmed by the fact that the variations when considering the data 

from the point measurement are much smaller. 

� Furthermore, except for the value at 5,25GHz, a sort of “increase and decrease 

tendency or oscillation” could be observed in the near-field obtained from the 

point measurement, as from 5,1GHz to 5,22GHz the near-field grows and from 

5,28GHz to 5,40GHz diminish. This is more noticeable in the figure representing 

the differences between Scans 1&2 of the near-field (point measurements). 

� Besides, in the comparison of Scans 2&3 since the distance is unchanged, as 

expected, the near-field remains quite constant.  

 

• Far-Field: 

� While comparing Scans 1&2, the far-field has the same shape and value as total 

power. It should be noted that the deviation of both from 0 is due to drift.  

� In the comparison between Scans 2&3, the far-field has clear oscillating nature, 

though small in amplitude. This is due to change of the absorber 

6.3.3- Estimation of the loss in the absorber 

As mentioned before, when evaluating the differences in Scans 2&3, it has been 

observed that there is a change in the total radiated power. This is due to the 

replacement of the absorber and also because of the drift. Therefore, seeing that the 

power is also influenced by the drift, it should be estimated the importance of the drift 

compared to the fact of employing a different absorber. 
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So, since the drift is noticeable in the near-field obtained from full-sphere 

measurement and it could be considered negligible in the near-field achieved from point 

measurement (as described in Table 6.5), the effect of the drift could be estimated by 

subtracting both near-fields in the two scenarios analyzed − results are shown in Table 

6.6 and Table 6.7 −.  

For the estimation of the loss in the absorber, additional measurements were needed. 

Actually, if a scan removing the absorber from the SGH is performed and the difference 

between power between this measurement (PWITHOUT Absorber) and the one with the large 

absorber (PWITH Absorber) is calculated, it gives the loss in absorber provided that the drift 

is properly compensated. Therefore, the influence of the loss in the absorber could be 

achieved by subtracting these two powers and obtaining the mean of this difference, as 

shows Table 6.8: 

 Loss in the Absorber ≈≈≈≈ 
freq Difference Power 

(GHz) With & Without Absorber 
 (dB) 

5,10 0,006 
5,20 0,006 
5,30 0,008 
5,40 0,003 
5,50 0,004 
5,60 0,007 
5,70 0,000 
5,80 0,005 
5,90 0,004 

MEAN 0,005 

Table 6.8: Estimation of the Loss in the Absorber 

From these results, the effect of the loss in the absorber could be considered 

negligible, given that the mean of the loss in the absorber is of the order of five 

thousands of dB (mean ≈≈≈≈ 0,005 dB).  

However, it is worth noting that this conclusion is true for the present investigation. 

If the absorber size is considerably larger (three to five times bigger), or the AUT is less 

directive then the power loss in the absorber could have a significance in the results, that 

should be taken into account. 
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6.3.4- Estimation of the loss in the horn itself 

In addition to the loss in the absorber, the loss in the horn itself, which could appear in 

the part of the antenna that goes from the flange to the aperture, has to be studied. This 

area could be divided in two parts: a regular waveguide and a non-regular one, which 

can be evaluated as the sum of multiple regular waveguides, as Figure 6.6 schematizes: 

                                                       

Figure 6.6: Schema of the SGH elements 

In order to estimate the losses in the horn itself, the attenuation resulting from losses 

in the conducting walls, can be calculated. As explained in [89], the approximate losses 

in perfect metal walls could be found by employing currents of the ideal mode in 

material of surface resistivity “Rs”. Then, the attenuation constant for TEm0 modes − 

“αc” [dB/m] − could be determined using power transfer and power loss per unit length, 

as follows: 

( )
( ) 






















+

−
=

2

2

2
1

/10 f

f

a

b

ffb

R c

c

s
TEc

m η
α

                        (6.16) 

where: 

− “a” and “b” represent the rectangular waveguide dimensions, 

− “η” characterizes the impedance,  

− “ fc” corresponds to the cutoff frequency, 

− “Rs” symbolizes the surface resistivity. 

As a result, once the attenuation constant “αc” in dB/m is obtained, the loss in the 

waveguide section in dB could be established. The value of the loss in the horn itself 

achieved using the standard program available in the DTU-ESA facility was roughly 

0,0052 dB. 

Regular 
Waveguide 

Non-Regular 
Waveguide 
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6.3.5- Evaluation of the loss in the transition 

As explained in [90], the losses in the coax-to-waveguide transition could be achieved 

from the measurements of the S-parameters of the two transitions connected back-to-

back. The formula (6.17) gives how the losses in two transitions could be derived when 

they are connected one after the other: 
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Expressing the term of the losses in logarithmic scale, it becomes: 
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In those expressions, it is assumed that the transitions are almost identical and the 

losses in each transition are small and given by the total losses divided by two: 
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If for some reason, it is suspected that the transitions are not identical, another 

procedure should be applied. The technique applied is called “thee-transition 

measurement”.  

In that procedure, pairs of the transitions are measured back-to-back in three 

possible combinations − for example AB, BC, AC− and the loss is determined for each 

pair. This situation can be represented with a system of three equations having also 

three unknowns. Thus, solving the next equation system, the loss in each individual 

transition can be found: 
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In the present research, the value found for the loss in the transition was 

approximately 0,1 dB. However, it is worth noting that this way of evaluating the loss in 

the transition may not be completely accurate, since the transition is not measured in the 

same conditions when it is calculated and when it is employed. In fact, as the transition 

is differently matched when it is connected to the waveguide and when it is attached to 
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the second transition, the reflection coefficients and the field distribution might change 

and as a result also the loss may vary.  

Therefore, in order to consider a more accurate estimation of the loss in the 

transition, the conditions for the test should be comparable to the ones for the use. 

Besides, if the length of the waveguide is large, it is ensured that only dominant mode is 

propagating and the rest of the modes are attenuated. Thus, keeping the same setting in 

this estimation and in the utilization of the antenna, it should be confirmed that there is 

no significant coupling from non-dominant modes. 

6.3.6- Establishment of the SGH gain 

The gain of the SGH could be derived by deducting the losses (including the loss in the 

horn itself and the loss in the transition) from the measured directivity.  

Table 6.9 represents the gain of the SGH calculated for the three scans (“Scan 1”, 

“Scan 2” and “Scan 3”): 

1) Scan 1: Large absorber and measurement distance 1 (d1 = 5970 mm),  

2) Scan 2: Large absorber and measurement distance 2 (d2 = 5956 mm),  

3) Scan 3: Small absorber and measurement distance 2 (d2 = 5956 mm).  

freq 
(GHz) 

Loss 
(dB) 

Dir_SGH 
Scan1(dBi) 

Gain_SGH 
Scan1(dB) 

Dir_SGH 
Scan2(dBi) 

Gain_SGH 
Scan2(dB) 

Dir_SGH 
Scan3(dBi) 

Gain_SGH 
Scan3(dB) 

5,10 0,100 18,852 18,752 18,855 18,755 18,841 18,741 

5,15 0,105 18,846 18,741 18,846 18,741 18,845 18,740 

5,20 0,110 18,880 18,770 18,881 18,771 18,882 18,772 

5,22 0,112 18,911 18,799 18,911 18,799 18,912 18,800 

5,25 0,115 18,966 18,851 18,965 18,850 18,959 18,844 

5,28 0,118 19,037 18,919 19,034 18,916 19,022 18,904 

5,30 0,120 19,086 18,966 19,080 18,960 19,066 18,946 

5,33 0,120 19,154 19,034 19,158 19,038 19,144 19,024 

5,35 0,120 19,201 19,081 19,202 19,082 19,191 19,071 

5,40 0,120 19,302 19,182 19,303 19,183 19,300 19,180 

Table 6.9: SGH gain establishment in Scan 1, Scan 2, Scan 3 

In order to determine the WGA gain in the far-field substitution and the insertion 

loss techniques, the gain of the SGH has to be known. Since in these point 

measurements performed considering far-field conditions, the SGH was mounted with 

the large absorber but placed at a distance different from the ones used in the scans 1 

and 2 (d1 and d2), the gain of the SGH employed in these two cases was the mean of the 

one for Scans1 and 2. 
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6.3.7- Uncertainties 

Since the SGH gain was obtained by subtracting the losses from the directivity (where 

the losses are the sum of the losses in the absorber, in the horn itself and in the 

transition), in the calculation of the SGH gain uncertainty each of uncertainties of these 

magnitudes has to be taken into account.  

Thus, the evaluation of the SGH gain uncertainty includes the estimation of the 

uncertainties of the directivity, of the loss in the absorber, of the loss in the horn itself 

and of the loss in the transition. The uncertainty of the directivity could be classified in 

the following different categories of uncertainties sources: stray signals, the mechanical 

system, the electrical system, the probe, the truncation. Table 6.10 provides a list of all 

the sources that have an influence on the uncertainty of the on-axis directivity of the 

SGH, the estimation of the root sum of squares of the uncertainties and the assessment 

of the standard deviation. 

Source Limits Influence On Directivity (dB) 
STRAY SIGNALS   
Reflectivity Level <-50dB ± 0,010 

Multiple Reflections ± 0,04% ± 0,003 
MECHANICAL SYSTEM   

Ant. Tower Pointing ± 0,05º – 
Measurement Distance ± 2mm – 

Axes Intersection ± 0,1mm ± 0,001 
Probe Position ± 0,3mm – 

ELECTRICAL SYSTEM   
Amplitude Drift ± 0,06% ± 0,005 
Amplitude Noise ± 0,06% ± 0,005 

Amplitude Non-Linearity ± 0,5% ± 0,043 
Phase Drift ± 0,1º – 
Phase Noise ± 0,05º – 

Phase Shift In Rotary Joints ± 0,1º – 
PROBE RELATED   

Channel Balance Amplitude ± 0,35% ± 0,004 
Channel Balance Phase ± 0,3% – 

Probe Polarization Amplitude ± 0,5% ± 0,001 
Probe Polarization Phase ± 0,3% – 

PROCESSING   
Mode Truncation ± 0,025dB ± 0,025 

Root Sum Square (RSS)  ± 0,051 
STANDARD DEVIATION ( σ) 

σ = RSS x (1/√3) 
 
 

± 0,030 

Table 6.10: Calculation of the directivity uncertainty 
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It is worth noting that the reflectivity level is the experimentally verified 

specification of the anechoic chamber. Besides, the uncertainties of the following 

sources have been found from measurements of the multiple reflections, of the antenna 

tower pointing, of the measurement distance, of the axes intersection, of the probe 

position, of the amplitude drift and noise, of the phase drift and noise, of the channel 

balance amplitude and phase, of the probe polarization amplitude and phase and of the 

mode truncation.  

Besides, the uncertainties related to the Scientific Atlantla SA1795 measurement 

receiver (amplitude non-linearity) and to the rotary joints (phase shift) have been taken 

from the manufacturer’s specifications. Furthermore, all the contributions mentioned in 

the previous table can be considered to have a rectangular distribution between the 

lower and the upper bound values.  

Therefore, the corresponding standard deviation is 31 times the upper bound 

value. Similarly, the total standard deviation, σ, will be 31 times the Root Sum 

Square (RSS) values. In addition, the uncertainty of the loss in the absorber could be 

obtained by performing additional measurements: scanning the SGH with and without 

absorber and carrying out a repeatability measurement. Therefore, the uncertainty of the 

loss in the absorber could be determined from repeatability measurements as Table 6.11 

illustrates: 

freq 
(GHz) 

Difference Power 
With & Without Absorber (dB)  

Repeatability = Uncertainty 
Loss in Absorber (dB) 

5,10 0,006 -0,002 

5,20 0,006 -0,004 

5,30 0,008 -0,002 

5,40 0,003 -0,003 

5,50 0,004 -0,004 

5,60 0,007 -0,003 

5,70 0,000 -0,004 

5,80 0,005 -0,002 

5,90 0,004 -0,002 

MEAN  0,005 -0,003 

Table 6.11: Calculation of the loss in the absorber uncertainty 

From these results, it can be observed that the absolute value for the loss in the 

absorber uncertainty is roughly 0,003dB.  
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As far as the uncertainty of the loss in the horn itself is concerned, since the walls of 

the SGH are covered in an aluminum oxide coating, this oxide may change the 

conductivity and as a result the real conductivity may be any value in the range from 108 

(≈ conductivity of metals) to 10-10 (≈ conductivity of dielectrics). Besides, as no 

additional tests were carried out to evaluate this effect, the uncertainty of the loss in the 

horn itself is not known and therefore it will be neglected in the present evaluation of 

the uncertainties. Besides, the uncertainty of the loss in the transition has been found 

from the uncertainties of the S-parameters, S21 and S11, according to the next relation: 
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Table 6.12 and Table 6.13 represent the calculations performed to derive the 

uncertainty of the SGH losses: 

Source Values Distribution Multiplier  σ Loss-Transition (dB) 
|S11| ± 0,005 Normal (3σ) 1/3 ± 0,002 
|S21| ± 0,100 Normal (3σ) 1/3 ± 0,033 

STANDARD 
DEVIATION ( σ) 

   ± 0,033 

Table 6.12: Calculation of the loss in the transition uncertainty 

Source Values Distribution  Multiplier  σ SGH Losses (dB) 
Loss in the Absorber ± 0,003 Uniform 1/√3 ± 0,002 

Loss in the Horn Itself – – – – 
Loss in the Transition ± 0,033 Gaussian 1 ± 0,033 

STANDARD 
DEVIATION ( σ) 

   ± 0,033 

Table 6.13: Calculation of the total SGH losses uncertainty 

From these results, since the SGH gain could be determined by subtracting the SGH 

losses from the directivity, the final uncertainty of the SGH gain obtained is ± 0,045dB, 

as Table 6.14 shows: 

Source Values Distribution  Multiplier  Influence On GSGH(dB) 
Directivity ± 0,030 Gaussian 1 ± 0,030 
Loss SGH ± 0,033 Gaussian 1 ± 0,033 

STANDARD 
DEVIATION ( σ) 

   ± 0,045 

Table 6.14: Calculation of the SGH gain uncertainty 
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6.4- Gain determination 

6.4.1- Near-field substitution technique with signals and with powers 

The values of the gains for each frequency in the near-field substitution Technique 

applying the expressions (6.3 to 6.5) are summarized in Table 6.15 for the three 

different scans employing near-field substitution technique with signals and with 

powers. As a first analysis, to estimate the effect of the change in the measurement 

distance and in the replacement of the absorber, the differences between the gains in 

Scans1&2 and in Scans2&3 can be calculated, as Table 6.15 shows.  

Analyzing the differences obtained for Scans 2&3 with the formula with signals, it 

can be observed that there is a systematic, positive and almost constant error. In fact, if 

these differences are averaged, the mean is equal to 0.005dB. Furthermore, the results 

obtained while comparing the gains in Scans 1&2 give also a statistically constant error 

of mean equal to -0.025 dB. This error is bigger than the previous one and larger than 

expected. One possible explanation is a non-completely compensated drift present 

during the full-sphere scan.  

As it has seen before, it can be observed that in the differences obtained for Scans 

2&3 with the formula with powers, there is also a systematic, positive and constant 

error. In fact, if these differences are averaged, the mean is again equal to 0.005 dB. 

Besides, the results obtained while comparing the gains in Scans 1&2 give as well a 

statistically constant error of mean equal to -0,025 dB (same value as applying this 

method with the formula with signals). This error is larger than the one expected and 

this gives the impression that the drift was not completely compensated. 
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freq 
(GHz) 

G_WGA 
Scan1(dB) 
(NF With 
Signals) 

G_WGA 
Scan2(dB) 
(NF With 
Signals) 

G_WGA 
Scan3(dB) 
(NF With 
Signals) 

Diff_Gain(dB):  
Scan1-Scan2 

(NF With 
Signals) 

Diff_Gain(dB):  
Scan2-Scan3 

(NF With 
Signals) 

G_WGA  
Scan 1(dB) 
(NF With 
Powers) 

G_WGA  
Scan 2(dB) 
(NF With 
Powers) 

G_WGA  
Scan3(dB) 
(NF With 
Powers) 

Diff_Gain(dB) 
Scan1-Scan2 

(NF With 
Powers) 

Diff_Gain(dB) 
Scan2-Scan3 

(NF With 
Powers) 

5,10 19,030 19,058 19,047 -0,028 0,011•••• 19,031 19,057 19,046 -0,026 0,011•••• 

5,15 18,938 18,964 18,960 -0,026 0,004 18,938 18,965 18,960 -0,027 0,005 

5,20 18,957 18,966 18,958 -0,008•••• 0,007 18,958 18,965 18,958 -0,006•••• 0,006 

5,22 18,947 18,973 18,969 -0,026 0,005 18,947 18,973 18,968 -0,026 0,006 

5,25 19,078 19,092 19,087 -0,014 0,005 19,079 19,092 19,086 -0,013 0,006 

5,28 19,173 19,209 19,203 -0,037•••• 0,006 19,172 19,209 19,202 -0,038•••• 0,007 

5,30 19,041 19,066 19,058 -0,025 0,007 19,040 19,066 19,059 -0,026 0,006 

5,33 18,345 18,377 18,372 -0,032 0,004 18,345 18,377 18,372 -0,032 0,004 

5,35 17,807 17,836 17,832 -0,029 0,004 17,808 17,836 17,833 -0,028 0,003 

5,40 15,591 15,619 15,618 -0,028 0,001•••• 15,591 15,619 15,619 -0,028 0,000•••• 

MEAN     -0,025 0,005    -0,025 0,005 

Table 6.15: WGA Gain for the 3 SCANS and the differences between Scans1&2 and 2&3 (Near-field Substitution Technique with signals and with 
powers) 

                                                 
• Minimum and Maximum values  
• Minimum and Maximum values 
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In order to evaluate if the two implementations (near-field substitution technique 

with signals and with powers) give similar results, the gains achieved with both 

expressions are compared. Table 6.16 summarizes the outcomes obtained in both cases. 

Method Substitution Substitution Substitution Substitution Substitution Substitution 
  Near-field Near-field Near-field Near-field Near-field Near-field 
  Signal Power Signal Power Signal Power 
  SCAN1 SCAN1 SCAN2 SCAN2 SCAN3 SCAN3 

freq  
(GHz) 

Gain WGA 
(dB)  

Gain WGA 
(dB)  

Gain WGA 
(dB)  

Gain WGA 
(dB) 

Gain WGA 
(dB) 

Gain WGA 
(dB) 

5,10 19,030 19,031 19,058 19,057 19,047 19,046 

5,15 18,938 18,938 18,964 18,965 18,960 18,960 

5,20 18,957 18,958 18,966 18,965 18,958 18,958 

5,22 18,947 18,947 18,973 18,973 18,969 18,968 

5,25 19,078 19,079 19,092 19,092 19,087 19,086 

5,28 19,173 19,172 19,209 19,209 19,203 19,202 

5,30 19,041 19,040 19,066 19,066 19,058 19,059 

5,33 18,345 18,345 18,377 18,377 18,372 18,372 

5,35 17,807 17,808 17,836 17,836 17,832 17,833 

5,40 15,591 15,591 15,619 15,619 15,618 15,619 

Table 6.16: Gains of the WGA, SCAN 1/2/3 (Near-Field Substitution Technique, with 
signals & power) 

In order to analyze if the fact of applying the formula with signals or with power do 

affect to the final result of the gain, the difference in the gain considering both cases has 

been computed, obtaining the outcomes shown in Table 6.17:   

Method Substitution Substitution Substitution 
  Difference (dB) Difference (dB) Difference (dB) 

 Freq SCAN1 SCAN2 SCAN3 
 (GHz) G_signal-G_power G_signal-G_power G_signal-G_power 

5,10 -0,001 0,001 0,001 
5,15 0,000 -0,001 0,000 
5,20 -0,001 0,001 0,000 
5,22 0,000 0,000 0,001 
5,25 -0,001 0,000 0,001 
5,28 0,001 0,000 0,001 
5,30 0,001 0,000 -0,001 
5,33 0,000 0,000 0,000 
5,35 -0,001 0,000 -0,001 
5,40 0,000 0,000 -0,001 

MEAN -0,0002 1E-04 1E-04 
Table 6.17: Differences of the WGA gain in Scan 1, 2 and 3, considering formula with 

signals or with power in the Near-field Substitution Technique 
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From these results, since the mean of the differences of the two gains is not greater 

than 2⋅10-4 in all three scans, it is clearly seen that the gain found in both cases is almost 

the same. This shows that these formulas could be considered equivalent. Since the 

effect of the change in the absorber is not going to be evaluated in the other methods 

(Far-Field Substitution, Three-Antenna and Insertion Loss Techniques), only the gains 

found from Scans 1 and 2 are going to be considered in future analysis. Furthermore, as 

it was observed in the previous section, the two formulas evaluated were comparable. 

Therefore, only the mean of the gains obtained in Scan 1 and 2 with the formula with 

signals is going to be compared with the gains achieved with the other techniques.  

6.4.2- Far-field substitution technique 

For the far-field techniques, the gain of the SGH is assumed to be known. As explained 

before, the gain of the SGH employed in this method is the mean of the SGH gain 

achieved in Scans 1 and 2. The gain using the far-field substitution technique is 

calculated applying expression (6.6) but considering different implementations: 

− The measurement distance is the separation between the antenna apertures. 

− The measurement distance is the separation between the antennas phase centers. 

− Including a proximity correction factor calculated in two different ways as 

explained in Appendix “A.4- Proximity correction factor calculation in far field 

antenna gain calculation”:  

Table 6.18 summarizes the gains derived with the far-field substitution technique: 

 
 Method 

 freq 
 (GHz) 

WGA Gain(dB)  
Far-field 

Substitution 
 Aperture Dist  

WGA Gain (dB)  
Far-field 

Substitution 
PhaseCentre Dist 

WGA Gain (dB)  
Far-field Substitution 
including a proximity 

correction factor 
5,10 18,962 18,789 18,821 
5,15 19,086 18,920 18,943 
5,20 19,208 19,045 19,060 
5,22 19,223 19,063 19,073 
5,25 19,266 19,106 19,115 
5,28 19,372 19,198 19,220 
5,30 19,245 19,066 19,092 
5,33 18,613 18,429 18,459 
5,35 18,007 17,822 17,852 
5,40 15,849 15,683 15,691 

Table 6.18: All the WGA gains achieved with the Far-Field Substitution Technique 
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By analyzing the results, the case when the distance between apertures is used as the 

measurement distance could be considered the less accurate method, since it fairly 

differs from the others.  

6.4.3- Three-antenna technique 

In the three-antenna technique, the gain of the three antennas is calculated in an absolute 

way, comparing the results of three different set-ups measuring the three antennas in 

pairs. The gains derived with the three-antenna technique, obtained solving the equation 

system (6.7). As it was done in the far-field technique, the measurement distance of the 

expression (6.7) is calculated in three different ways: 

− Considering the separation between the antenna apertures. 

− Considering the separation between the antennas phase centers. 

− Considering the separation between the antenna apertures and including a 

proximity correction factor.  

Table 6.19 summarizes all the WGA gains derived with the three-antenna technique: 

Method 3-Antenna 3-Antenna 3-Antenna 
  Far-field Far-field Far-field 
  dist apertures dist phase-centres ProximityCorrection  

Freq (GHz) Gain WGA(dB) Gain WGA(dB) Gain WGA(dB) 
5,10 18,830 18,794 18,834 
5,15 18,968 18,942 18,972 
5,20 18,939 18,920 18,944 
5,22 18,948 18,932 18,952 
5,25 19,018 19,000 19,022 
5,28 19,178 19,149 19,183 
5,30 19,119 19,082 19,123 
5,33 18,480 18,439 18,484 
5,35 17,835 17,793 17,839 
5,40 15,528 15,506 15,533 

Table 6.19: All the WGA gains achieved with the Three-Antenna Technique 

In the table it is observed that the difference among the three methods is 

negligible. 

6.4.4- Insertion loss technique 

In this case, the gain is obtained applying expressions (6.8), (6.9), (6.10) and (6.11), 

and using the three different calculations of the distance between antennas. Table 6.20 

summarizes the gains derived with the insertion loss technique: 
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Method 
  

 freq (GHz) 
 

Insertion Loss 
Far-field 

dist apertures 
Gain WGA(dB) 

Insertion Loss 
Far-field 

dist phase-centres 
(Gsgh MeanScan1&2) 

Gain WGA(dB) 

Insertion Loss 
Far-field 

ProximityCorrection 
(Gsgh MeanScan1&2) 

Gain WGA(dB) 
5,10 18,698 18,798 18,849 
5,15 18,850 18,964 19,002 
5,20 18,671 18,795 18,828 
5,22 18,673 18,801 18,833 
5,25 18,769 18,894 18,930 
5,28 18,984 19,100 19,146 
5,30 18,993 19,099 19,155 
5,33 18,347 18,449 18,511 
5,35 17,662 17,763 17,827 
5,40 15,208 15,330 15,376 
Table 6.20: All the WGA gains achieved with the Insertion Loss Technique 

The analysis of the results shows that when the distance between apertures is used as 

the measurement distance, the gain is underestimated.  
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6.5- Uncertainty estimation  

6.5.1- Uncertainty evaluation of the near-field substitution technique with 

signals 

The evaluation of the WGA gain uncertainty depends on uncertainties of the factors of 

equation (6.3): SGH and WGA far-field, the SGH and WGA near-field (from full-

sphere measurement), the SGH and WGA near-field (from point measurement), the 

SGH gain, the SGH and WGA mismatches factors, the amplitude non-linearity and the 

cable variations. The SGH and WGA far-field uncertainties have been found thanks to 

directivity. Besides, using the signal to noise ratio, the WGA and SGH near-field 

uncertainties could be determined. It should be noted that the near-field uncertainty 

from full-sphere measurement is larger than the one from point measurement, because 

the point measurement includes averaging over 2048 samples and the full-sphere 

measurement only 16. Furthermore, in this computation, the SGH gain uncertainty 

calculated in the previous section. In addition, the SGH and WGA mismatches 

uncertainties have been derived from the S11 uncertainties. It is worth noting that since 

the WGA reflection coefficient in the middle of the frequency range differs very much 

from the one measured in the extremes, two values for the WGA mismatch uncertainty 

have been considered. Besides, in order to derive the amplitude non-linearity, the 

difference between the near-fields of the WGA and the SGH has to be checked. Since 

this value is of the order of 1 dB, the corresponding non-linearity uncertainty is roughly 

± 0,005 dB. Table 6.21 provides the final uncertainty of the WGA gain obtained: 

Source Values 
(dB) Distribution Multiplier Influence On 

GWGA (dB) 
WGA Directivity ± 0,030 Gaussian 1 0,030 

WGA Near-field (full-
sphere):S/N=65dB 

± 0,005 Gaussian 1 0,005 

WGA Near-field (point):S/N=83dB ± 0,001 Gaussian 1 0,001 
SGH Near-field (point):S/N=83dB ± 0,001 Gaussian 1 0,001 

SGH Near-field (full-sphere):S/N=65dB ± 0,005 Gaussian 1 0,005 
SGH Directivity ± 0,030 Gaussian 1 0,030 

SGH GAIN ± 0,045 Gaussian 1 0,045 
SGH Mismatch Correction ± 0,005 Normal (3σ) [1/3] 0,002 

WGA Mismatch Correction (Value 1) ± 0,023 Normal (3σ) [1/3] 0,008 
[ WGA Mismatch Correction (Value 2) ] [ ± 0,180] Normal (3σ) [1/3] 0,060 

Amplitude Non-Linearity 
± 0,005 / 

1 
Uniform 1/√3 0,003 

Cable Variations ± 0,030 Gaussian 1 0,030 

STANDARD DEVIATION ( σ)    
± 0,070 

(± 0,092) 
Table 6.21: WGA gain uncertainty calculation of the (NF Subst., formula with Signals) 
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6.5.2- Uncertainty evaluation of the near-field substitution technique with 

powers 

While considering the formula with powers (6.4), the WGA and SGH powers 

uncertainties are taking into account instead of the WGA and SGH far-fields 

uncertainties. Besides it should be noted that the WGA gain is not derived from the 

losses and the directivity uncertainties, but from the efficiency and the directivity 

uncertainties. Again, using the signal to noise ratio, the WGA and SGH near-field 

uncertainties could be determined. It should be mentioned that the power is a very stable 

measurement, since it considers the average of several thousand points.  

Furthermore, in the same way as before, in this computation the SGH gain 

uncertainty calculated in the previous section. In addition, the SGH and WGA 

mismatches uncertainties have been derived from the S11 uncertainties.  

It is worth noting that since the WGA reflection coefficient in the middle of the 

frequency range varies very much from the one measured in the extremes, two values 

for the WGA mismatch uncertainty have been considered. Besides, the amplitude non-

linearity uncertainty is the respective value for a difference between the near-fields of 

the WGA and the SGH of the order of 1 dB. Table 6.22 provides the final uncertainty of 

the WGA gain obtained: 

Source 
Values 
(dB) Distribution Multiplier 

Influence On 
GWGA (dB) 

WGA Power: S/N=83 dB ± 0,001 Gaussian 1 0,001 

WGA Near-field (full-
sphere):S/N=65dB 

± 0,005 Gaussian 1 0,005 

WGA Near-field (point):S/N=83dB ± 0,001 Gaussian 1 0,001 

SGH Near-field (point):S/N=83dB ± 0,001 Gaussian 1 0,001 

SGH Near-field (full-sphere):S/N=65dB ± 0,005 Gaussian 1 0,005 

SGH Power:S/N=83dB ± 0,001 Gaussian 1 0,001 

SGH EFFICIENCY ± 0,033 Gaussian 1 0,033 

SGH Mismatch Correction ± 0,005 Normal (3σ) [1/3] 0,002 

WGA Mismatch Correction (Value 1) ± 0,023 Normal (3σ) [1/3] 0,008 

[ WGA Mismatch Correction (Value 2) ] [ ± 0,180] Normal (3σ) [1/3] 0,060 

Amplitude Non-Linearity ± 0,005 / 1 Uniform 1/√3 0,003 

Cable Variations ± 0,030 Gaussian 1 0,030 

Directivity ± 0,030 Gaussian 1 0,030 

STANDARD DEVIATION ( σ)    
± 0,055  

(± 0,081) 

Table 6.22: Calculation of the WGA gain uncertainty (NF Subst., formula with Powers) 
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6.5.3- Uncertainty evaluation of the far-field substitution technique with 

aperture distance 

Since this method is a far-field technique, in this case the evaluation of the WGA gain 

uncertainty depends on uncertainties of the factors of equation (6.6) considering that the 

measurement distance is the separation between the antenna apertures: the received 

power when the WGA is scanned with the probe, the received power when the SGH is 

scanned with the probe, the SGH gain, the distances (dwga-prb, dsgh-prb) uncertainties, the 

finite distance error, the mismatches factors, the amplitude non-linearity, the cable 

variations and the drift.  

As commented previously, the received power is a very stable measurement, since it 

considers the average of several thousand points. Furthermore, in the same way as 

before, in this computation the calculated SGH gain uncertainty is needed. In addition, 

the SGH and WGA mismatches uncertainties have been derived from the S11 

uncertainties. It is worth noting that since two values for the WGA mismatch 

uncertainty have been considered, because the WGA reflection coefficient in the middle 

of the frequency range varies very much from the one measured in the extremes.  

Besides, in this case not only the distances between the antennas uncertainties are 

involved, but also a “finite distance error” has been included in order to take into 

account the fact that we apply a far-field technique in a finite distance. The distance 

between apertures uncertainties have been found by introducing a change of ± 1mm in 

the measurement distance and observing the corresponding changes in the distance 

factors.  

Furthermore, the “finite distance error” considered has been the proximity 

correction factor obtained in the far-field substitution proximity correction approach. 

Moreover, the amplitude non-linearity uncertainty is the respective value for a 

difference between the powers of the WGA and the SGH of the order of 1 dB. Besides, 

apart from the amplitude non-linearity and the cable variations, since this is a far-field 

technique which only requires point measurements, the drift has to be considered as 

well. As no additional measurements were carried out to obtain the uncertainty of the 

drift, this value is considered unknown, and as a result not taken into account. Table 

6.23 provides the final uncertainty of the WGA gain obtained: 
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Source 
Values 
(dB) Distribution  Multiplier

Influence On 
GWGA (dB) 

Received Power WGA-Prb ± 0,001 Gaussian 1 0,001 

Received Power SGH-Prb ± 0,001 Gaussian 1 0,001 

Distance Apertures WGA-Prb ± 0,001 Uniform 1/√3 0,001 

Distance Apertures SGH-Prb ± 0,002 Uniform 1/√3 0,001 

SGH GAIN ± 0,045 Gaussian 1 0,045 

SGH Mismatch Correction ± 0,005 Normal (3σ) [1/3] 0,002 

WGA Mismatch Correction (Value 1) ± 0,023 Normal (3σ) [1/3] 0,008 

[ WGA Mismatch Correction (Value 2) ] [ ± 0,180] Normal (3σ) [1/3] 0,060 

Amplitude Non-Linearity ± 0,005 / 1 Uniform 1/√3 0,003 

Cable Variations ± 0,030 Gaussian 1 0,030 

Drift unknown    

Finite Distance Error (WGA-Prb/SGH-Prb) ± 0,151 Gaussian 1 0,151 

STANDARD DEVIATION ( σ) 
   

± 0,161  
(± 0,171) 

Table 6.23: Calculation of the WGA gain uncertainty (FF Subst., Aperture Distances) 

6.5.4- Uncertainty evaluation of the far-field substitution technique with 

phase centre distance 

While applying this technique, the WGA gain uncertainty depends on uncertainties of 

the factors of equation (6.6) considering that the measurement distance is the separation 

between antenna phase centres: the received power when the WGA is scanned with the 

probe, the received power when the SGH is scanned with the probe, the SGH gain, the 

distances (dwga-prb, dsgh-prb) uncertainties, the phase centre knowledge of the WGA, SGH 

and probe, the SGH and WGA mismatches factors, the amplitude non-linearity, the 

cable variations and the drift. 

As in this technique the measurement distance is the separation between the 

antennas phase centres, instead of considering a finite distance error, the uncertainties of 

the phase centre knowledge of the WGA, the SGH and the probe have been calculated. 

The phase centre knowledge uncertainties have been found by introducing a change of 

±1mm (WGA and probe) or of ±4mm (SGH) in the distance separating the centre of 

rotation and the centre of phase (∆R) and observing the corresponding changes in the 

distance factors. Excluding these uncertainties, the rest are the same employed in the 

previous method. Table 6.24 provides the final uncertainty of the WGA gain obtained: 
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Source Values (dB) Distribution Multiplier 
Influence 
On GWGA 

(dB) 

Received Power WGA-Prb ± 0,001 Gaussian 1 0,001 

Received Power SGH-Prb ± 0,001 Gaussian 1 0,001 

Distance Apertures WGA-Prb ± 0,001 Uniform 1/√3 0,001 

Distance Apertures SGH-Prb ± 0,002 Uniform 1/√3 0,001 

Phase Centre Knowledge WGA-Prb ± 0,003 Uniform 1/√3 0,002 

Phase Centre Knowledge SGH-Prb ± 0,007 Uniform 1/√3 0,004 

SGH GAIN ± 0,045 Gaussian 1 0,045 

SGH Mismatch Correction ± 0,005 Normal (3σ) [1/3] 0,002 

WGA Mismatch Correction (Value 1) ± 0,023 Normal (3σ) [1/3] 0,008 

[ WGA Mismatch Correction (Value 2) ] [ ± 0,180] Normal (3σ) [1/3] 0,060 

Amplitude Non-Linearity ± 0,005 / 1 Uniform 1/√3 0,003 

Cable Variations ± 0,030 Gaussian 1 0,030 

Drift unknown    

STANDARD DEVIATION ( σ)    
± 0,055  

(± 0,081) 

Table 6.24: Calculation of the WGA gain uncertainty (Far-Field Substitution, Phase 
Centre Distances) 

6.5.5- Uncertainty evaluation of the far-field substitution technique with 

proximity correction 

In this case, the influence of the finite antenna separation has been taken into account by 

including a proximity correction factor while considering that the measurement distance 

is the separation between the antennas apertures. Hence, the corresponding proximity 

correction factor uncertainties, which represent the 10% of the calculated proximity 

correction factor, have been integrated in the WGA gain uncertainty computation. 

Excluding these uncertainties, the rest are the same being employed in the previous 

method.  

As a result, the WGA gain uncertainty of this technique depends on the uncertainties 

of factors of equation (6.6) considering that the measurement distance is the separation 

between antenna apertures and including a proximity correction factor: the received 

power when the WGA is scanned with the probe, the received power when the SGH is 

scanned with the probe, the SGH gain, the distances (dwga-prb, dsgh-prb) uncertainties, the 

proximity correction in the two scans performed, the SGH and WGA mismatches 

factors, the amplitude non-linearity, the cable variations and the drift. Table 6.25 

provides the final uncertainty of the WGA gain obtained: 
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Source Values (dB) Distribution Multiplier 
Influence 
On GWGA 

(dB) 

Received Power WGA-Prb ± 0,001 Gaussian 1 0,001 

Received Power SGH-Prb ± 0,001 Gaussian 1 0,001 

Distance Apertures WGA-Prb ± 0,001 Uniform 1/√3 0,001 

Distance Apertures SGH-Prb ± 0,002 Uniform 1/√3 0,001 

Proximity Correction WGA-Prb ± 0,0002 Gaussian 1 0,000 

Proximity Correction SGH-Prb ± 0,015 Gaussian 1 0,015 

SGH GAIN ± 0,045 Gaussian 1 0,045 

SGH Mismatch Correction ± 0,005 Normal (3σ) [1/3] 0,002 

WGA Mismatch Correction (Value 1) ± 0,023 Normal (3σ) [1/3] 0,008 

[ WGA Mismatch Correction (Value 2) ] [ ± 0,180] Normal (3σ) [1/3] 0,060 

Amplitude Non-Linearity ± 0,005 / 1 Uniform 1/√3 0,003 

Cable Variations ± 0,030 Gaussian 1 0,030 

Drift unknown    

STANDARD DEVIATION ( σ) 
   

± 0,057   
(± 0,082) 

Table 6.25: Calculation of the WGA gain uncertainty (Far-Field Substitution, Proximity 
Correction) 

6.5.6- Uncertainty evaluation of the three-antenna technique with aperture 

distance 

In this method far-field technique, the evaluation of the WGA gain uncertainty depends 

on uncertainties of the factors of equation (6.7) considering that the measurement 

distance is the separation between the antenna apertures: the received power when the 

WGA is scanned with the SGH, the received power when the WGA is scanned with the 

probe, the received power when the SGH is scanned with the probe, the received cable 

power (generator directly connected to the load with a cable), the distances (dwga-sgh, 

dwga-prb, dsgh-prb) uncertainties, the WGA, SGH and probe mismatches factors, the loss in 

the cable measurement, the amplitude non-linearity, the cable variations, the drift, the 

finite distance error. 

As commented previously, the received power is a very stable measurement, since it 

considers the average of several thousand points. In addition, the WGA, SGH and probe 

mismatches uncertainties have been derived from the S11 uncertainties. It is worth 

noting that since two values for the WGA mismatch uncertainty have been considered, 

because the WGA reflection coefficient in the middle of the frequency range varies very 

much from the one measured in the extremes. Moreover, the cable loss uncertainty has 

been found from the uncertainties of the S-parameters, S21 and S11. 
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Besides, in this case not only the distances between the antennas uncertainties are 

involved, but also a “finite distance error” has been included in order to take into 

account the fact that we apply a far-field technique in a finite distance. The distance 

between apertures uncertainties have been found by introducing a change of ± 1mm in 

the measurement distance and observing the corresponding changes in the distance 

factors. Furthermore, the “finite distance error” considered has been the proximity 

correction factor obtained in the three-antenna proximity correction approach.  

In addition, the amplitude non-linearity uncertainty is the respective value for the 

maximum difference between the powers of the WGA, the SGH and the probe of the 

order of 5 dB. Besides, apart from the amplitude non-linearity and the cable variations, 

since this is a far-field technique which only requires point measurements, the drift has 

to be considered as well. As no additional measurements were carried out to obtain the 

uncertainty of the drift, this value is considered unknown, and as a result not taken into 

account. Table 6.26 provides the final uncertainty of the WGA gain obtained: 

Source 
Values 
(dB) Distribution Multiplier 

Influence 
On GWGA 

(dB) 

Received Power WGA-SGH ± 0,001 Gaussian 1 0,001 

Received Power WGA-Prb ± 0,001 Gaussian 1 0,001 

Received Power SGH-Prb ± 0,001 Gaussian 1 0,001 

Received Power Cable ± 0,001 Gaussian 1 0,001 

Distance Apertures WGA-SGH ± 0,001 Uniform 1/√3 0,001 

Distance Apertures WGA-Prb ± 0,001 Uniform 1/√3 0,001 

Distance Apertures SGH-Prb ± 0,002 Uniform 1/√3 0,001 

Cable Loss Measurement ± 0,047 Gaussian 1 0,047 

WGA Mismatch Correction (Value 1) ± 0,023 Normal (3σ) [1/3] 0,008 

[ WGA Mismatch Correction (Value 2) ] [ ± 0,180] Normal (3σ) [1/3] 0,060 

SGH Mismatch Correction ± 0,005 Normal (3σ) [1/3] 0,002 

Probe Mismatch Correction ± 0,055 Normal (3σ) [1/3] 0,018 

Amplitude Non-Linearity ± 0,025 / 5 Uniform 1/√3 0,014 

Cable Variations ± 0,030 Gaussian 1 0,030 

Drift unknown    

Finite Distance Error 
(WGA-Prb / SGH-Prb / WGA-SGH) 

± 0,002 Gaussian 1 0,002 

STANDARD DEVIATION ( σ)    
± 0,061 

(± 0,085) 

Table 6.26: Calculation of the WGA gain uncertainty (3-Antenna, Aperture Distances) 
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6.5.7- Uncertainty evaluation of the three-antenna technique with phase 

centre distance 

While applying this technique, the WGA gain uncertainty depends on uncertainties of 

the factors of equation (6.7) considering that the measurement distance is the separation 

between antenna phase centres: the received power when the WGA is scanned with the 

SGH, the received power when the WGA is scanned with the probe, the received power 

when the SGH is scanned with the probe, the received cable power (generator directly 

connected to the load with a cable), the distances (dwga-sgh, dwga-prb, dsgh-prb) uncertainties, 

the phase centre knowledge of the WGA, SGH and probe, the WGA, SGH and probe 

mismatches factors, the loss in the cable measurement, the amplitude non-linearity, the 

cable variations and the drift. As in this technique the measurement distance is the 

separation between the antennas phase centres, instead of considering a finite distance 

error, the uncertainties of the phase centre knowledge of the WGA, the SGH and the 

probe have been calculated. The phase centre knowledge uncertainties have been found 

by introducing a change of ± 1mm (WGA and probe) or of ± 4mm (SGH) in the distance 

separating the centre of rotation and the centre of phase (∆R) and observing the 

corresponding changes in the distance factors. Excluding these uncertainties, the rest are 

the same being employed in the previous method. Table 6.27 provides the final 

uncertainty of the WGA gain obtained: 

Source Values 
(dB) Distribution Multiplier Influence On 

GWGA (dB) 
Received Power WGA-SGH ± 0,001 Gaussian 1 0,001 
Received Power WGA-Prb ± 0,001 Gaussian 1 0,001 
Received Power SGH-Prb ± 0,001 Gaussian 1 0,001 

Received Power Cable ± 0,001 Gaussian 1 0,001 
Distance Apertures WGA-SGH ± 0,001 Uniform 1/√3 0,001 
Distance Apertures WGA-Prb ± 0,001 Uniform 1/√3 0,001 
Distance Apertures SGH-Prb ± 0,002 Uniform 1/√3 0,001 

Phase Centre Knowledge WGA-SGH ± 0,007 Uniform 1/√3 0,004 
Phase Centre Knowledge WGA-Prb ± 0,003 Uniform 1/√3 0,002 
Phase Centre Knowledge SGH-Prb ± 0,007 Uniform 1/√3 0,004 

Cable Loss Measurement ± 0,047 Gaussian 1 0,047 
WGA Mismatch Correction (Value 1) ± 0,023 Normal (3σ) [1/3] 0,008 
[ WGA Mismatch Correction (Value 2) ] [ ± 0,180] Normal (3σ) [1/3] 0,060 

SGH Mismatch Correction ± 0,005 Normal (3σ) [1/3] 0,002 
Probe Mismatch Correction ± 0,055 Normal (3σ) [1/3] 0,018 
Amplitude Non-Linearity ± 0,025 / 5 Uniform 1/√3 0,014 

Cable Variations ± 0,030 Gaussian 1 0,030 
Drift unknown    

STANDARD DEVIATION ( σ) 
   

± 0,061  
(± 0,085) 

Table 6.27: Calculation of the WGA gain uncertainty (3-Ant., Phase Centre Distances) 
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6.5.8- Uncertainty evaluation of the three-antenna technique with proximity 

correction 

In this case, the influence of the finite antenna separation has been taken into account by 

including a proximity correction factor while considering that the measurement distance 

is the separation between the antennas apertures. Hence, the corresponding proximity 

correction factor uncertainties, which represent the 10% of the calculated proximity 

correction factor, have been integrated in the WGA gain uncertainty computation. 

Excluding these uncertainties, the rest are the same being employed in the previous 

method. As a result, the WGA gain uncertainty of this technique depends on the 

uncertainties of the factors of equation (6.7) considering that the measurement distance 

is the separation between antenna apertures and including a proximity correction factor: 

the received power when the WGA is scanned with the SGH, the received power when 

the WGA is scanned with the probe, the received power when the SGH is scanned with 

the probe, the received cable power (generator directly connected to the load with a 

cable), the distances (dwga-sgh, dwga-prb, dsgh-prb) uncertainties, the proximity correction in 

the three scans performed, the WGA, SGH and probe mismatches factors, the loss in the 

cable measurement, the amplitude non-linearity, the cable variations and the drift. 

Table 6.28 provides the final uncertainty of the WGA gain obtained: 

Source Values 
(dB) Distribution Multiplier Influence On 

GWGA (dB) 
Received Power WGA-SGH ± 0,001 Gaussian 1 0,001 

Received Power WGA-Prb ± 0,001 Gaussian 1 0,001 

Received Power SGH-Prb ± 0,001 Gaussian 1 0,001 

Received Power Cable ± 0,001 Gaussian 1 0,001 

Distance Apertures WGA-SGH ± 0,001 Uniform 1/√3 0,001 

Distance Apertures WGA-Prb ± 0,001 Uniform 1/√3 0,001 

Distance Apertures SGH-Prb ± 0,002 Uniform 1/√3 0,001 

Proximity Correction ± 0,0002 Gaussian 1 0,000 

Cable Loss Measurement ± 0,047 Gaussian 1 0,047 

WGA Mismatch Correction (Value 1) ± 0,023 Normal (3σ) [1/3] 0,008 

[ WGA Mismatch Correction (Value 2) ] [ ± 0,180] Normal (3σ) [1/3] 0,060 

SGH Mismatch Correction ± 0,005 Normal (3σ) [1/3] 0,002 
Probe Mismatch Correction ± 0,055 Normal (3σ) [1/3] 0,018 

Amplitude Non-Linearity ± 0,025 / 5 Uniform 1/√3 0,014 

Cable Variations ± 0,030 Gaussian 1 0,030 

Drift unknown    

STANDARD DEVIATION ( σ) 
   

± 0,061  
(± 0,085) 

Table 6.28: Calculation of the WGA gain uncertainty (3-Antenna, Proximity 
Correction) 
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6.5.9- Uncertainty evaluation of the insertion loss technique with aperture 

distance 

Since this method is also a far-field technique, in this case the evaluation of the WGA 

gain uncertainty depends on uncertainties of the factors of equation (6.8) considering 

that the measurement distance is the separation between antenna apertures: the received 

power when the WGA is scanned with the SGH, the received cable power (generator 

directly connected to the load with a cable), the SGH gain, the distance (dwga-sgh) 

uncertainty, the finite distance error, the SGH and WGA mismatches factors, the loss in 

the cable measurement, the amplitude non-linearity, the cable variations and the drift. 

As commented previously, the received power is a very stable measurement, since it 

considers the average of several thousand points. Furthermore, in the same way as for 

the far-field substitution technique, in this computation the calculated SGH gain 

uncertainty is needed. In addition, the SGH and WGA mismatches uncertainties have 

been derived from the S11 uncertainties.  

It is worth noting that since two values for the WGA mismatch uncertainty have 

been considered, because the WGA reflection coefficient in the middle of the frequency 

range varies very much from the one measured in the extremes.  

Besides, in this case not only the distance between the antennas uncertainty is 

involved, but also a “finite distance error” has been included in order to take into 

account the fact that we apply a far-field technique in a finite distance. The distance 

between apertures uncertainty has been found by introducing a change of ± 1mm in the 

measurement distance and observing the corresponding changes in the distance factor. 

Furthermore, the “finite distance error” considered has been the proximity correction 

factor obtained in the insertion loss proximity correction approach.  

Moreover, the amplitude non-linearity uncertainty is the respective value for a 

difference between the powers of the WGA (scanned with the SGH) and the cable 

power (measured while connecting directly the generator to the load) of the order of 

0,3dB. Besides, apart from the amplitude non-linearity and the cable variations, since 

this is a far-field technique which only requires point measurements, the drift has to be 

considered as well. As no additional measurements were carried out to obtain the 

uncertainty of the drift, this value is considered unknown, and as a result not taken into 

account. Table 6.29 provides the final uncertainty of the WGA gain obtained: 
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Source 
Values 
(dB) Distribution Multiplier 

Influence On 
GWGA (dB) 

Received Power WGA-SGH ± 0,001 Gaussian 1 0,001 

Received Power Cable ± 0,001 Gaussian 1 0,001 

Distance Apertures WGA-SGH ± 0,001 Uniform 1/√3 0,001 

SGH GAIN ± 0,045 Gaussian 1 0,045 

Cable Loss Measurement ± 0,047 Gaussian 1 0,047 

SGH Mismatch Correction ± 0,005 Normal (3σ) [1/3] 0,002 

WGA Mismatch Correction (Value 1) ± 0,023 Normal (3σ) [1/3] 0,008 

[ WGA Mismatch Correction (Value 2) ] [ ± 0,180] Normal (3σ) [1/3] 0,060 

Amplitude Non-Linearity 0,002 / 0,3 Uniform 1/√3 0,001 

Cable Variations ± 0,030 Gaussian 1 0,030 

Drift unknown    

Finite Distance Error (WGA-SGH) ± 0,156 Gaussian 1 0,156 

STANDARD DEVIATION ( σ) 
   

± 0,172  
(± 0,182) 

Table 6.29: Calculation of the WGA gain uncertainty (Insertion Loss, Aperture 
Distances) 

6.5.10- Uncertainty evaluation of the insertion loss technique with phase 

centre distance 

While applying this technique, the WGA gain uncertainty depends on uncertainties of 

the factors of equation (6.8) considering that the measurement distance is the separation 

between antenna phase centres: the received power when the WGA is scanned with the 

SGH, the received cable power (generator directly connected to the load with a cable), 

the SGH gain, the distance (dwga-sgh) uncertainty, the phase centre knowledge of the 

WGA and SGH, the SGH and WGA mismatches factors, the loss in the cable 

measurement, the amplitude non-linearity, the cable variations and the drift.  

As in this technique the measurement distance is the separation between the 

antennas phase centres, instead of considering a finite distance error, the uncertainties of 

the phase centre knowledge of the WGA and the SGH have been calculated. The phase 

centre knowledge uncertainties have been found by introducing a change of ± 1mm 

(WGA) or of ± 4mm (SGH) in the distance separating the centre of rotation and the 

centre of phase (∆R) and observing the corresponding changes in the distance factors. 

Excluding these uncertainties, the rest are the same being employed in the previous 

method. Table 6.30 provides the final uncertainty of the WGA gain obtained: 
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Source 
Values 
(dB) Distribution Multiplier 

Influence On 
GWGA (dB) 

Received Power WGA-SGH ± 0,001 Gaussian 1 0,001 

Received Power Cable ± 0,001 Gaussian 1 0,001 

Distance Apertures WGA-SGH ± 0,001 Uniform 1/√3 0,001 

Phase Centre Knowledge WGA-SGH ± 0,007 Uniform 1/√3 0,004 

SGH GAIN ± 0,045 Gaussian 1,000 0,045 

Cable Loss Measurement ± 0,047 Gaussian 1 0,047 

SGH Mismatch Correction ± 0,005 Normal (3σ) [1/3] 0,002 

WGA Mismatch Correction (Value 1) ± 0,023 Normal (3σ) [1/3] 0,008 

[ WGA Mismatch Correction (Value 2) ] [ ± 0,180] Normal (3σ) [1/3] 0,060 

Amplitude Non-Linearity 0,002 / 0,3 Uniform 1/√3 0,001 

Cable Variations ± 0,030 Gaussian 1 0,030 

Drift unknown    

STANDARD DEVIATION ( σ) 
   

± 0,072  
(± 0,094) 

Table 6.30: Calculation of the WGA gain uncertainty (Insertion Loss, Phase Centre 
Distances) 

6.5.11- Uncertainty evaluation of the insertion loss technique with proximity 

correction 

In this case, the influence of the finite antenna separation has been taken into account by 

including a proximity correction factor while considering that the measurement distance 

is the separation between the antennas apertures. Hence, the corresponding proximity 

correction factor uncertainties, which represent the 10% of the calculated proximity 

correction factor, have been integrated in the WGA gain uncertainty computation.  

Excluding these uncertainties, the rest are the same being employed in the previous 

method. As a result, the WGA gain uncertainty of this technique depends on the 

uncertainties of factors of equation (6.8) considering that the measurement distance is 

the separation between antenna apertures and including a proximity correction factor: 

the received power when the WGA is scanned with the SGH, the received cable power 

(generator directly connected to the load with a cable), the SGH gain, the distance (dwga-

sgh) uncertainty, the proximity correction when the WGA is scanned with the SGH, the 

SGH and WGA mismatches factors, the loss in the cable measurement, the amplitude 

non-linearity, the cable variations and the drift. Table 6.31 provides the final uncertainty 

of the WGA gain obtained: 
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Source Values (dB) Distribution Multiplier 
Influence 
On GWGA 

(dB) 
Received Power WGA-SGH ± 0,001 Gaussian 1 0,001 

Received Power Cable ± 0,001 Gaussian 1 0,001 

Distance Apertures WGA-SGH ± 0,001 Uniform 1/√3 0,001 

Proximity Correction WGA-SGH ± 0,016 Gaussian 1 0,016 

SGH GAIN ± 0,045 Gaussian 1 0,045 

Cable Mismatch Correction ± 0,047 Gaussian 1 0,047 

SGH Mismatch Correction ± 0,005 Normal (3σ) [1/3] 0,002 

WGA Mismatch Correction (Value 1) ± 0,023 Normal (3σ) [1/3] 0,008 
[ WGA Mismatch Correction (Value 2) ] [ ± 0,180] Normal (3σ) [1/3] 0,060 

Amplitude Non-Linearity 0,002 / 0,3 Uniform 1/√3 0,001 

Cable Variations ± 0,030 Gaussian 1 0,030 

Drift unknown    

STANDARD DEVIATION ( σ) 
   

± 0,074  
(± 0,095) 

Table 6.31: Calculation of the WGA gain uncertainty (Insertion Loss, Proximity 
Correction) 

6.5.12- Summary 

As commented before, the uncertainty estimation carried out was based on the 

observations stated in [41]. Table 6.32 summarizes the results achieved from the 

uncertainty evaluations with all the implementation of the gain determination 

techniques:   

Technique Standard Deviation  (dB) 

Near-field substitution, formula with powers ± 0,055 

Far-field substitution, phase centre distance ± 0,055 

Far-field substitution, proximity correction ± 0,057 

Three-antenna., proximity correction ± 0,061 

Three-antenna, aperture distance ± 0,061 

Three-antenna., phase centre distance ± 0,061 

Near-field substitution, formula with signals ± 0,070 

Insertion loss, phase centre distance ± 0,072 

Insertion loss, proximity correction ± 0,074 

Far-field substitution, aperture distance ± 0,161 

Insertion loss, aperture distance ± 0,172 

Table 6.32: Uncertainties of the considered implementations 

As explained in the previous sections, each gain uncertainty has been achieved 

according to the gain determination expressions and following the same procedures. 

With these uncertainty estimations, the degree of accuracy of each gain determination 

technique can be estated. In addition, all the gain establishment methods can be 

compared and a reference can be obtained.  
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6.6- Weighted reference value (WRV) calculation 

Once the uncertainties of each gain are known, the Weighted Reference Value (WRV) 

could be estimate, applying the following expression [13]: 
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N.B.: The calculation of the WRV was performed using the square of the uncertainties. 

However, it is worth noting that this is not the only way of computing the WRV. 

Actually, in [91] an alternative technique was proposed using the uncertainties directly. 

Finally, the comparison of the WGA gains could be completed by establishing the 

differences between the WGA gains in each method and the Weighted Reference Value 

(WRV). Table 6.33 to Table 6.35 illustrate the calculations of the uncertainty of the 

WRV and the WRV itself, required in order to perform the comparison of the WGA 

gains: 

Evaluation σ(GWGA)[dB] σ2(GWGA)[dB] 1/σ2(GWGA)[dB] 

Near-Field Substitution, SIGNALS 0,0696 0,00485 206,318 

Near-Field Substitution, POWERS 0,0548 0,00301 332,431 

Far-Field Substitution, Apert 0,1606 0,02580 38,762 

Far-Field Substitution, PhasCent 0,0549 0,00302 331,494 

Far-Field Substitution, ProxCorr 0,0568 0,00322 310,332 

Three-Antenna Substitution, Apert 0,0610 0,00372 268,636 

Three-Antenna Substitution, PhasCent 0,0613 0,00375 266,370 

Three-Antenna Substitution, ProxCorr 0,0610 0,00372 268,922 

Insertion Loss Substitution, Apert 0,1719 0,02953 33,859 

Insertion Loss Substitution, PhasCent 0,0722 0,00521 191,780 

Insertion Loss Substitution, ProxCorr 0,0739 0,00545 183,352 

Table 6.33: Uncertainty, variance and inverse of the variance of each procedure 
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Σ ( 1/σ2(GWGA)) 

[dB]  

Square Uncert WRV 

1/(Σ(1/σ2)) 

2432,256 0,00041 

Table 6.34:Uncertainty of the Weighted Reference Value Calculation 

 

Freq Weighted Reference 

(GHz) Value (dB) 

5,10 18,866 

5,15 18,954 

5,20 18,953 

5,22 18,961 

5,25 19,040 

5,28 19,178 

5,30 19,091 

5,33 18,440 

5,35 17,822 

5,40 15,559 

Table 6.35: Weighted Reference Value Calculation 

N.B.: In these calculations the best case of the WGA mismatch uncertainty has been 

taken into account. 

 

6.7- Gain comparison in the DTU-ESA Facility   

In order to compare better all the gains, all the WGA gain values obtained and the 

Weighted Reference Values (WRV) have been summarized in the following tables for 

all the frequencies analyzed. Figure 6.7 illustrates the representation of all these gains 

over frequency. In order to better analyze the results, in the representation of these 

differences over frequency, the two last gains (corresponding to the values achieved for 

the frequencies 5,35GHz and 5,4GHz) are not going to be plotted in the gain figure. 

Table 6.36 illustrates the results obtained when computing the differences between the 

WGA gains of each techniques and the WRV for all the frequencies. In addition, also 

this table summarizes the estimation of the statistics (mean and standard deviation, σ) of 

the differences achieved between all the WGA gains and the WRV. Finally, Figure 6.8 

shows the representation of these differences over frequency: 
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Representation of all the WGA Gains obtained in all  the techniques 
and of the Weighted Reference Value (WRV) over freq uency
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Figure 6.7: Representation of all the WGA gains obtained in all the techniques and of the WRV over frequency 
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Method 
 
 

freq 
(GHz) 

Difference 
N-F-Subst 

Signal - 
WRV 
(dB) 

Difference 
N-F-Subst 
Power - 
WRV 
(dB) 

Difference 
F-F-Subst 

Apert - 
WRV 
(dB) 

Difference 
F-F-Subst 

PhaseCentr - 
WRV 
(dB) 

Difference 
F-F-Subst 
ProxCorr - 

WRV 
(dB) 

Difference 
3-Ant 

 Apert - 
WRV 
(dB) 

Difference 
3-Ant 

PhaseCent- 
WRV 
(dB) 

Difference 
3-Ant 

ProxCorr- 
WRV 
(dB) 

Difference 
Insert 
Loss 

Apert - 
WRV 
(dB) 

Difference 
Insert Loss 

PhaseCentr- 
WRV 
(dB) 

Difference 
Insert Loss 
ProxCorr- 

WRV 
(dB) 

5,10 0,177 0,177 0,096 -0,077 -0,047 -0,036 -0,072 -0,032 -0,168 -0,068 -0,018 
5,15 -0,004 -0,003 0,132 -0,034 -0,013 0,014 -0,013 0,018 -0,105 0,009 0,048 
5,20 0,008 0,008 0,255 0,092 0,106 -0,014 -0,033 -0,010 -0,282 -0,158 -0,125 
5,22 -0,001 -0,001 0,262 0,102 0,111 -0,013 -0,029 -0,009 -0,288 -0,160 -0,128 
5,25 0,045 0,046 0,227 0,066 0,074 -0,022 -0,040 -0,018 -0,270 -0,145 -0,110 
5,28 0,013 0,012 0,194 0,020 0,041 0,000 -0,029 0,005 -0,194 -0,078 -0,032 
5,30 -0,038 -0,039 0,153 -0,026 -0,001 0,028 -0,009 0,032 -0,098 0,008 0,064 
5,33 -0,079 -0,079 0,173 -0,011 0,018 0,040 -0,001 0,044 -0,093 0,009 0,071 
5,35 0,000 0,000 0,185 -0,001 0,029 0,012 -0,030 0,017 -0,160 -0,059 0,004 
5,40 0,047 0,047 0,290 0,124 0,131 -0,030 -0,052 -0,026 -0,351 -0,229 -0,183 

MEAN 0,017 0,017 0,197 0,026 0,045 -0,002 -0,031 0,002 -0,201 -0,087 -0,041 
Standard 
Dev (σ) 0,066 0,066 0,205 0,068 0,072 0,024 0,037 0,024 0,219 0,118 0,095 

 

Table 6.36: Differences between GWGA of all techniques & WRV, mean and σ of these differences 
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Differences between WGA Gains (all the techniques) and the Weighted Reference Values (WRV)
[ Representation without the last 2 points (f=5,35 GHz / f=5,40 GHz) ]
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Figure 6.8: Differences between GWGA of all techniques & Weighted Reference Value (WRV) [Representation without 2 last points] 
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6.8- Observations   

From the analysis of the comparison between gains, it has been seen that the standard 

deviation σ achieved for the Insertion Loss with Apertures and with Phase Centres and the 

Far-Field Substitution with Apertures were slightly overestimated in the first evaluation. On 

the other hand, the Three-Antenna with Apertures and with Proximity Correction were a bit 

underestimated in this preliminary examination.  

These over- and underestimations could be likely due to either an inaccurate estimation of 

the uncertainties of all the variables involved in the AUT gain calculation or to an 

inappropriate choice of the distribution of the uncertainties, that is to say an inexact selection 

of the multiplier. 

On the other hand, in the rest of the techniques (the Near-Field Substitution with Powers, 

the Far-Field Substitution with Phase Centres and with Proximity Correction, the Insertion 

Loss with Proximity Correction and the Three-Antenna with Proximity Correction), the new 

values of σ match quite well the one found in the first estimation. 

Besides, the investigation of the far-field techniques has revealed that the proximity 

correction is quite significant for the SGH for the measurement distances (2...3) × 2D2/λ. This 

is mainly due to the phase tapering in the SGH aperture. Thus, considering the distance 

between apertures is quite inaccurate for these distances in the cases of the far-field 

substitution and the insertion loss techniques. On the other hand, the three-antenna technique 

has shown surprisingly high accuracy exactly for the case of using distance between 

apertures; the explanation for this is to be found. 

In addition, the knowledge of the probe in the far-field substitution technique is not 

strictly required, since the proximity correction factors depending on both SGH (AUT) and 

probe are small compared to the proximity correction factors depending only on SGH (AUT). 

This is, however, valid only in the case when AUT gain is comparable to SGH gain – larger 

effects are expected in the cases when the AUT gain is significantly different from (larger 

then) the SGH gain. Exact calculation of the proximity correction for the SGH (AUT) can be 

done with spherical far-field to near-field transformation, if the full-sphere data are available. 
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Furthermore, it is noted that the proximity correction typically employed is based on 

assumed field amplitude and phase distribution of the SGH (AUT). The real distribution may 

lead to a different value of the proximity correction. Therefore, the accuracy of the proximity 

correction is somewhat questionable. It is also noted that if the field amplitude and phase 

distribution of an AUT is not known, the proximity correction cannot be calculated and the 

error due to neglecting can be significant. 

Use of the phase centre knowledge is an alternative implementation of the far-field 

techniques, but the validity of this approach is still to be proved. Usable guidelines for the 

determination of the phase centre are necessary since the determined location of the phase 

centre depends, basically, on many parameters, e.g. frequency, chosen pattern cut, angular 

range, far-field or near-field data are used, quality of the data, etc. 

Finally, among considered techniques, the most suitable alternative technique is the far-

field substitution. The advantages of this technique are that the required data are normally 

already measured in the near-field substitution. In addition, there is no need for additional 

measurement with a cable connecting generator and receiver. (Both three-antenna technique 

and insertion loss technique require such measurement). Besides, the full-sphere data are 

normally available from the full-sphere scan both for AUT and SGH, thus the proximity 

correction can easily be calculated using SWE (Spherical Wave Expansion). Alternatively, the 

phase centre knowledge can be used.  

Furthermore, the probe knowledge is not strictly required, but if desired, the probe data 

are also available from the probe calibration. Finally, the estimated uncertainty of this 

technique is quite small and comparable to the uncertainty of the near-field substitution. The 

only disadvantage is that the SGH gain should be known, but this is normally determined 

from the full-sphere measurement and loss estimations. 
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Chapter 7-  

Observations, conclusions 

and recommendations 
 

 

 

7.1- General observations and recommendations 

The purpose of this Thesis is the analysis and study of the effect of different factors in the 

uncertainty evaluation in the measurement of the antenna parameters. The antenna 

measurement process is complicate enough to involve a large number of factors, and the 

effect of some of them is difficult to take into account, and even more when a near-to-far-field 

transformation process is involved (mainly in spherical or cylindrical wave expansions). 
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The PhD Thesis has begun with a review of the state of the art for uncertainty evaluation, 

followed by the definition of the main uncertainty contributions. It is worth noting, that much 

of this work has been developed within the Antenna Measurement Activity of the European 

Union Network “Antenna Centre of Excellence”, where I participated. In this Thesis, I have 

summarized the results and give a practical point of view of the uncertainty evaluation. I 

preferred not to modify the main part of that work since it was meant to be a de-facto 

guideline for the European antenna measurements community.  

Although it is clear that the uncertainty is different depending on the measurement set-up, 

antenna measured parameter, frequency and Antenna Under Test, this work has intended to 

cover different situations in order to infer some general conclusions. The uncertainty 

evaluation has been calculated using measurements (mainly in sections 5 and 6) or 

simulations (section 4 and 5). Different antennas (RADAR arrays, horns, reflectors), set-ups 

(spherical near-field range, cylindrical near-field system or far-fileld range) and antenna 

parameters (peak directivity, gain, beamwidth, maximum direction …) have been employed 

in the work. The uncertainty factors that have been analyzed in this Thesis are: 

- Mechanical errors analyzed in three systems: via simulations in the cylindrical system, 

the errors are separated in pointing and the three axes (x, y and z position of the 

probe), while in the study of the VAST12 and in the gain analysis these errors are 

calculated together. 

- Electrical errors analyzed in three systems: in the cylindrical system, the effect of the 

noise and phase error, and in the spherical system also the effect of the amplitude non-

linearity. 

- Stray signal effects: the uncertainty of the stray signals has been analyzed in the 

measurement of the VAST12 and also in the gain measurement carried out at DTU. 

- Probe related uncertainty sources: in this case, only the effect of the probe correction 

has been considered in the VAST12 analysis. 

- Acquisition: the scan area truncation has been analyzed with the cylindrical near field 

system. 

- Processing: the effect of the spherical mode truncation has been analyzed with the case 

of the Standard Gain Horn of Flann Microwave Inc Microwaves.  
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However, the purpose of this work is not the simple analysis of individual situations, but 

the extraction of global conclusions from complementary studies. The observations and 

conclusions derived from this research are also drawn. Some of these observations could seem 

obvious for an expert in antenna measurement, but this Thesis has tried to validate them with 

measurements or simulations. Next, a summary of the results for each section is highlighted, 

since a detailed analysis of them is performed at the end of each section. 

Concerning the uncertainty analysis of the mechanical and electrical errors affecting the 

final results of a cylindrical measurement system through virtual acquisitions, the following 

conclusions could be drawn: 

− The mean of the error in the directivity increases when augmenting the deviation 

introduced in the acquisition process. Besides, the dispersion of this error becomes 

greater as the inaccuracy rises. It should be noted that this increment was exponential 

when introducing a random error in the x-probe. Furthermore, it should be mentioned 

that the mean and the standard deviation of the error in the directivity, when considering 

an error due to the noise, diminished with an improvement in the SNR. 

− The mechanical errors in the x-direction (direction from the antenna to the probe) affects 

much more than in the other directions. Also, this effect can be estimated considering 

the phase error associated to the AUT-probe distance (inserting a electrical distortion of 

the radiation pattern). 

− Apart from the simulations to evaluate the error in the directivity, a more exhaustive 

study was carried out with Monte-Carlo simulations (100 iterations) of two RADAR 

antennas of medium and large sizes. This analysis was achieved to estimate the errors in 

the directivity, beamwidth and position of the maximum and of the null in both planes.  

The results showed that, whereas the errors in the directivity or side lobe level were 

larger with the bigger antenna, almost all the errors in the rest of parameters were 

smaller with this antenna.  

− The uncertainty of the error in the directivity decreases if the antenna size increases 

while considering a random deviation in the x-probe position, a random phase error or 

with a WGN. In addition, the mean and the uncertainty of the error in SLL in both 

vertical and horizontal cuts are larger for the smallest antennas and less significant for 

the largest antennas, when including a random change in the x-position of the probe, a 

random phase deviation or WGN. 
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The studies of the measurements of the VAST12 antennas and the Flann Microwave Inc 

SGH show the next conclusions: 

− The linearity of the near-to-far-field transformation can be used to perform the 

evaluation of the reference pattern and uncertainty factor estimation using far-field data. 

Also, the average only in amplitude gives erroneous results, and amplitude and phase 

values are then required. 

− The contribution of some uncertainty factors has been evaluated by combining and 

comparing different patterns, acquired with slightly different set-ups or procedures. For 

the uncertainty calculation, it was assumed that some particular uncertainty 

contributions were negligible. With this assumption, the calculated uncertainties are 

slightly underestimated. In addition, a thorough uncertainty analysis of the contributions 

affecting each measurement configuration has been carried out. 

− Furthermore, a first reference pattern has been established by averaging five sets of four 

acquisitions in order to compensate some particular uncertainty sources. With all the 

individual contributions, a total uncertainty value has been computed for each of the sets 

of averages of four acquisitions.  

The hypothesis that the combination of radiation patterns employing different set-ups 

gives more accurate results than a simple averaging of different acquisitions with the 

same configuration set-up has been verified with a repeteability test. The weighted 

reference pattern has been calculated using several acquisitions, and some of them have 

been considered several times. This procedure does not cancel all uncertainty 

contributions, but reduce some of their influence.  

− The establishment of a reference pattern is a challenging task, and there is no unique or 

standard procedure, since it is not possible, with a finite set of measurements, to cancel 

all the uncertainty contributions. In this work, a limited number of acquisitions have 

been performed, and a valid reference pattern for our purposes has been established. 

Other solutions could also be valid. 

− Using the SGH, the effect of the number of modes in the near-to-far-field transformation 

has been analyzed, showing that the reduction of the number of modes implies an 

improvement of the uncertainty (although an increment of the systematic error due to the 

truncation of the number of spherical modes). 
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Furthermore, for the comparative investigation of four gain determination techniques in a 

spherical near-field system the following could be remarked: 

− From the analysis of the comparison between gains, it has been seen that the standard 

deviation σ achieved for the Insertion Loss with Apertures and with Phase Centres and 

the Far-Field Substitution with Apertures were slightly overestimated in the first 

evaluation. On the other hand, the Three-Antenna with Apertures and with Proximity 

Correction were a bit underestimated in this preliminary examination.  

− On the other hand, in the rest of the techniques (the Near-Field Substitution with 

Powers, the Far-Field Substitution with Phase Centres and with Proximity Correction, 

the Insertion Loss with Proximity Correction and the Three-Antenna with Proximity 

Correction,), the new values of σ match quite well the one found in the first 

estimation. 

Besides, the investigation of the far-field techniques has revealed that: 

− The proximity correction is quite significant for the SGH for the measurement 

distances (2...3) × 2D2/λ. This is mainly due to the phase tapering in the SGH aperture.  

Thus considering the distance between apertures is quite inaccurate for these distances 

in the cases of the far-field substitution and the insertion loss techniques. On the other 

hand, the three-antenna technique has shown surprisingly high accuracy exactly for 

the case of using distance between apertures. 

− The use of the phase centre knowledge is an alternative implementation of the far-field 

techniques, but the validity of this approach is still to be proved. Usable guidelines for 

the determination of the phase centre are necessary since the determined location of 

the phase centre depends, basically, on many parameters, e.g. frequency, chosen 

pattern cut, angular range, far-field or near-field data are used, quality of the data, etc. 

Finally, among considered techniques, the most suitable alternative technique is the far-

field substitution. The advantages of this technique are:  

− The required data are normally already measured in the near-field substitution. 

− There is no need for additional measurement with a cable connecting generator and 

receiver. (Both three-antenna technique and insertion loss technique require such 

measurement). 
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− The full-sphere data are normally available from the full-sphere scan both for AUT 

and SGH, thus, the proximity correction can easily be calculated using SWE 

(Spherical Wave Expansion). Alternatively, the phase centre knowledge can be used. 

− Probe knowledge is not strictly required, but, if desired, the probe data are also 

available from the probe calibration. 

− Estimated uncertainty of this technique is quite small and comparable to the 

uncertainty of the near-field substitution. 

The only disadvantage is that the SGH gain should be known, but this is normally 

determined from the full-sphere measurement and loss estimations. 

The analysis of the uncertainty values calculated for the VAST12 antenna in the UPM 

spherical near-field antenna measurement facility and for the SGH at DTU-ESA spherical 

near-field antenna test facility, is therefore consistent. In both cases, the contribution of the 

multiple reflections is small. In UPM, the contribution of the mechanical and chamber 

reflections are the largest ones, due to the positioners and the dimensions of the chamber.  

 



Observations, conclusions and recommendations 

 

257 

7.2- Future work 

A study of the evaluation of some uncertainty factors has been performed during these years, 

evaluating different measurement systems, antennas, and set-up cases. This study is not 

complete, and it could be improved with a most exhaustive analysis of some uncertainty 

factors or situations.  

Of course, this work can be completed with the analysis of different antennas, 

measurement procedures or measurement ranges at UPM or other facilities, as only a limited 

number of them have been studied. Also, this can be enlarged with other studies published 

concerning this topic. This work can be carried out in a future. 

However, the most important topic to be achieved should be the agreement of a common 

uncertainty evaluation procedure that can be used as reference for the antenna measurement 

community. The future efforts will be done in the standardization of this uncertainty 

estimation procedure. This standard or procedure could be employed for the evaluation of 

reference patterns, for facility validation or accreditation purposes, and, definitively, for the 

improvement of the measurement capabilities of the antenna community. 

Finally, in this document, some procedures, approaches and observations have been 

established. However, an engineering work is required to transform all these conclusions in 

useful guidelines, or even algorithms, to be able to evaluate in a easy or automatic way the 

uncertainty in a measurement facility. In this sense, a large work is still required.  

As it can be observed, this Thesis opens a large number of research or development lines. 

Some of them can be carried out by one individual facility, but most of them are to be 

completed by joint efforts of several institutions.  
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7.3.6- Summary of the contributions of the Thesis 

The next diagrams show the contributions derived from each of the sections of the 

Thesis. 

 

Figure 7.1: Contributions of section 3 

 

 

Figure 7.2: Contributions of section 4 

 

 

Figure 7.3: Contributions of section 5 

 

 

Figure 7.4: Contributions of section 6 

 

 

Figure 7.5: International PhD Stay 
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As an appendix, the results of the simulations completed in chapter 4 and 5 are 

presented. The first appendix shows the results of the 100 iterations Monte-Carlo 

simulations for the two RADAR array antennas. Appendix A2 shows the results of the 

effect of the noise, phase and amplitude drift and combination of them for the VAST12 

antenna. 
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A.1- Results from Monte-Carlo simulations for the R ADAR antennas 

virtual acquisitions 

A.1.1- Sum amplitude distribution in the horizontal and in the vertical 

planes, without tilting antenna A 
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Figure A.1.1: Comparison simulations with and without errors: Horizontal Cut, Sum 

amplitude distribution, without tilting antenna A, 100 iterations 
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Figure A.1.2: Comparison simulations with and without errors: Vertical Cut, Sum 

amplitude distribution, without tilting antenna A, 100 iterations 
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Figure A.1.3: Histogram of the error in the directivity 
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Figure A.1.4: Histogram of the error in the beamwidth in the horizontal cut 
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Figure A.1.5: Histogram of the error in the beamwidth in the vertical cut 
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Figure A.1.6: Histogram of the error in the maximum position in the horizontal cut 
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Figure A.1.7: Histogram of the error in the maximum position in the vertical cut 

A.1.2- Sum amplitude distribution in the horizontal and in the vertical 

planes, with antenna A tilted 40 degrees 
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Figure A.1.8: Comparison simulations with and without errors: Horizontal Cut, Sum 

amplitude distribution, with antenna A tilted 40º, 100 iterations 
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Figure A.1.9: Comparison simulations with and without errors: Vertical Cut, Sum 
amplitude distribution, with antenna A tilted 40º, 100 iterations 
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Figure A.1.10: Histogram of the error in the directivity 
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Figure A.1.11: Histogram of the error in the beamwidth in the horizontal cut 
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Figure A.1.12: Histogram of the error in the beamwidth in the vertical cut 
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Figure A.1.13: Histogram of the error in the maximum position in the horizontal cut 
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Figure A.1.14: Histogram of the error in the maximum position in the vertical cut 
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A.1.3- Sum amplitude distribution in the horizontal plane and difference 

amplitude distribution in the vertical planes, without tilting antenna A 
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Figure A.1.15: Comparison simulations with and without errors: Horizontal Cut, Sum 

amplitude distribution, without tilting antenna A, 100 iterations 
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Figure A.1.16: Comparison simulations with and without errors: Vertical Cut, 

Difference amplitude distribution, without tilting antenna A, 100 iterations 
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Figure A.1.17: Histogram of the error in the beamwidth in the horizontal cut 
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Figure A.1.18: Histogram of the error in the maximum position in the horizontal cut 
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Figure A.1.19: Histogram of the error in the zero position in the vertical cut 

A.1.4- Sum amplitude distribution in the horizontal plane and difference 

amplitude distribution in the vertical planes, with antenna A tilted 40 

degrees 
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Figure A.1.20: Comparison simulations with and without errors: Horizontal Cut, Sum 

amplitude distribution, with antenna A tilted 40º, 100 iterations 



Appendix of results 

294 

20 40 60 80 100 120 140 160
-60

-50

-40

-30

-20

-10

0
Far Field: Vertical Cut

F
ie

ld
 M

od
ul

e 
(d

B
)

Angle (degrees)
 

Figure A.1.21: Comparison simulations with and without errors: Vertical Cut, 
Difference amplitude distribution, with antenna A tilted 40º, 100 iterations 
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Figure A.1.22: Histogram of the error in the beamwidth in the horizontal cut 
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Figure A.1.23: Histogram of the error in the maximum position in the horizontal cut 
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Figure A.1.24: Histogram of the error in the zero position in the vertical cut 



Appendix of results 

296 

A.1.5- Difference amplitude distribution in the horizontal plane and sum 

amplitude distribution in the vertical planes, without tilting antenna A 
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Figure A.1.25: Comparison simulations with and without errors: Horizontal Cut, 

Difference amplitude distribution, without tilting antenna A, 100 iterations 
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Figure A.1.26: Comparison simulations with and without errors: Vertical Cut, Sum 

amplitude distribution, without tilting antenna A, 100 iterations 
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Figure A.1.27: Histogram of the error in the beamwidth in the vertical cut 
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Figure A.1.28: Histogram of the error in the maximum position in the vertical cut 
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Figure A.1.29: Histogram of the error in the zero position in the horizontal cut 

A.1.6- Difference amplitude distribution in the horizontal plane and sum 

amplitude distribution in the vertical planes, with antenna A tilted 40 

degrees 
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Figure A.1.30: Comparison simulations with and without errors: Horizontal Cut, 

Difference amplitude distribution, with antenna A tilted 40º, 100 iterations 
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Figure A.1.31: Comparison simulations with and without errors: Vertical Cut, Sum 
amplitude distribution, with antenna A tilted 40º, 100 iterations 
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Figure A.1.32: Histogram of the error in the beamwidth in the vertical cut 
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Figure A.1.33: Histogram of the error in the maximum position in the vertical cut 
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Figure A.1.34: Histogram of the error in the zero position in the horizontal cut 
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A.1.7- Sum amplitude distribution in the horizontal and vertical planes, 

without tilting antenna B 
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Figure A.1.35: Comparison simulations with and without errors: Horizontal Cut, Sum 

amplitude distribution, without tilting antenna B, 100 iterations 
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Figure A.1.36: Comparison simulations with and without errors: Vertical Cut, Sum 

amplitude distribution, without tilting antenna B, 100 iterations 
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Figure A.1.37: Histogram of the error in the maximum position in the horizontal cut 

A.1.8- Difference amplitude distribution in the vertical plane and sum 

distribution in the horizontal plane, without tilti ng antenna B 
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Figure A.1.38: Comparison simulations with and without errors: Vertical Cut, 
Difference amplitude distribution, without tilting antenna B, 100 iterations 



Appendix of results 

303 

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

x 10
-3

0

5

10

15

20

25

30
Error Histogram: Error in the Maximum Position (Horizontal Cut)

Angle (degrees)

C
as

es

 

Figure A.1.39: Histogram of the error in the maximum position in the horizontal cut 
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A.2- Results from Monte-Carlo simulations for the V AST12 antenna 

measurements 

A.2.1- Considering only noise (S/N=55dB) 
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Figure A.2.1: Histogram of the error in directivity (noise) 
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Figure A.2.2: Histogram of the error in the beamwidth, φ=0º plane (noise) 
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Figure A.2.3: Histogram of the error in the beamwidth, φ=90º plane (noise) 
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Figure A.2.4: Histogram of the error in the maximum, φ=0º plane (noise) 
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Figure A.2.5: Histogram of the error in the maximum, φ=90º plane (noise) 

A.2.2- Considering errors due to amplitude and phase deviations (0.5dB 

error in amplitude and 6degrees error in phase) 
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Figure A.2.6: Histogram of the error in directivity (amplitude and phase error) 
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Figure A.2.7: Histogram of the error in the beamwidth, φ=0º plane (amplitude and 

phase error) 
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Figure A.2.8: Histogram of the error in the beamwidth, φ=90º plane (amplitude and 

phase error) 
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Figure A.2.9: Histogram of the error in the maximum, φ=0º plane (amplitude and phase 

error) 

-0.015 -0.01 -0.005 0 0.005 0.01 0.015
0

100

200

300

400

500

600
Histogram of the error in the maximum, phi=90º

dB

ca
se

s

 
Figure A.2.10: Histogram of the error in the maximum, φ=90º plane (amplitude and 

phase error) 
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A.2.3- Considering noise and errors due to amplitude and phase deviations 

(S/N=55dB, 0.5dB error in amplitude and 6degrees error in phase) 
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Figure A.2.11: Histogram of the error in directivity (noise and amplitude and phase error) 
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Figure A.2.12: Histogram of the error in the beamwidth, φ=0º plane (noise and 

amplitude and phase error) 
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Figure A.2.13: Histogram of the error in the beamwidth, φ=90º plane (noise and 

amplitude and phase error) 
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Figure A.2.14: Histogram of the error in the maximum, φ=0º plane (noise and 

amplitude and phase error) 
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Figure A.2.15: Histogram of the error in the maximum, φ=90º plane (noise and 

amplitude and phase error) 
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A.3- Different Implementations of the Far-Field Tec hniques applied 

at finite distance 

The three far-field techniques – far-field substitution technique, three-antenna method 

and insertion loss technique – assume infinite distances but are applied at finite 

distances. In order to analyze this approximation, three different implementations are 

performed for the three far-field techniques considered [15]: 

a) In the first implementation, the measurement distance will be the separation 

between the antenna apertures, which can be directly measured. 

b) In the second one, the separation between the antenna phase centres will 

represent the measurement distance. The first step to obtain the phase centres 

distance is to measure the position of the phase centres in a very small angular 

section of the H- and E-planes. As these values are different, the measured 

quantities are averaged. Then, the distance separating the centre of rotation and 

the centre of phase is calculated. 

c) In the third implementation, a proximity correction factor will be included to 

take into account the insufficient distance between the antennas.  

A.3.1- Phase centre definition 

The separation between phase centres is found thanks to a measured position of the 

phase centres of the antennas. The first step to obtain the phase centres distance is to 

determine the phase centres in a very small angular section of the H- and E-planes. As 

these values are different, the measured quantities are averaged. Then the distance 

separating the centre of rotation and the centre of phase (∆, shown in Figure A.3.1) is 

calculated, as follows:   

φ ≈ φ’                                                        (A3.1) 

( ) ( )'cos12
)'()0(

φλ
π

φ
−⋅

−=∆ PhasePhase

                                           (A3.2) 
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Figure A.3.1: Diagram of the centre of rotation and the centre of phase 

 

A.3.2- Proximity correction 

It is worth noting that except for the hypothetical case of a point-source antenna, the 

gain is a function of the distance to the field point. If the “gain” is used without 

qualification, it is usually understood that they refer to the maximum value of the power 

gain function, that is, in the direction of maximum radiation intensity, the asymptotic 

value that is approached with increasing distance. The region of space in which the gain 

does not differ significantly from its asymptotic values is the far-field region. With 

reference to the near-field region, the term “near-field gain” is commonly used for the 

power gain function and the functional dependence on distance is implied when it is not 

stated explicitly. 

In fact, the gain formula derived from the far-field power transmission formula may 

introduce considerable error when the far-field gain of the AUT is measured at 

relatively short distances. Even an aperture-to-aperture separation of 2D2/ λ between 

two antennas, where D is the large dimension of the aperture, may introduce an error of 

the order of 1dB. Therefore, for the far-field techniques a correction called “proximity 

correction” has to be employed.  
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This modification represents a factor (usually expressed in dB) applied to a 

measured gain value to correct for the error caused by insufficient antenna separation. 

Thus, in order to increase the accuracy of the gain determination, this technique should 

take into account the proximity correction − as explained in [80]. Fields in the near-field 

region of simple apertures can be calculated without much difficulty and such 

calculations are fairly numerous in the literature. However, the more difficult problem 

of power transfer from an aperture to a nearby aperture of comparable size has been 

calculated much less often. Apparently, the first such calculation was accomplished by 

Braun [81], considering two identical pyramidal horns oriented as in the usual gain 

measurement, and a simple scheme for computing proximity correction was provided.  

As commented by Chu and Semplak in [82], the assumptions about the received 

power made by Braun in [81] may be questionable, since the power in the transmitted 

wave was averaged over the receiving aperture. Thus, in March 1965, Chu and Semplak 

suggested in [82] an alternative method based on the use of the near-field power 

transmission formula, to compute the ratio between the Fraunhofer and Fresnel gain of a 

pyramidal electromagnetic horn as a function of horn dimensions and separation 

distance between two identical horns.   

Actually, in this year but three months before (January 1965), Tseytlin and Kinber 

also explained in [83] a way to determine the proximity correction factors, but instead 

of restricting the analysis to identical horns, they studied the general case of evaluating 

two different antennas and then they particularized the technique to two identical ones. 

It is worth noting that Ronald R. Bowman remarked in [80] that the calculations for 

pyramidal horns performed by Tseytlin and Kinber [83], Chu and Semplak [82], and 

Hamid [84] were somewhat more rigorous than Braun’s. 

Later, in 1970, Jull established a method [85] to find out the finite-range effects in 

the Fresnel zone by approximating to using a quadratic phase error in the aperture field. 

As a result, the near-field pyramidal horn gains can be achieved from the product of the 

composite near-field E and H plane pyramidal horn gains. A major advantage of this 

approach is that the gain reduction factors have been generalized so that the pyramidal 

horn gain can be obtained from two single-line curves; inaccuracies introduced by 

reading between parametric curves are thereby avoided. 
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Three years later, Ludwig and Norman proposed in [86] a new technique for 

calculating near-field antenna gain correction factors directly from measured far-field 

pattern data by using a spherical wave expansion of the pattern employing conical 

horns. The advantage of this technique is that the need for any assumptions regarding 

antenna apertures field distributions was eliminated.  

Actually, the only significant assumption in the new technique is to neglect multiple 

scattering between the antennas. It is worth noting that to successfully apply this 

approach, care must be taken to minimize numerical and statistical noise. As shown in 

[86], it is possible to get an agreement to within 0,03dB between calculated and direct 

measured results. However, it should be remarked that the results obtained applying this 

technique are sensitive to truncation error and noise in the data and that it does not 

achieve the hoped for level of accuracy.  

Afterward, Hunter and Morgan described in [87] a procedure to include the 

proximity correction in the gain determination of horn antennas considering the 

transmission between a pyramidal and a conical horn. In their method, they used an 

approach and assumptions similar to those of Chu and Semplak in [82]. The result 

obtained enables a standard gain pyramidal horn to be used in the Fresnel region to 

calibrate a conical horn, and vice versa. Besides, they presented a similar derived 

correction between two dissimilar pyramidal horns. In addition, they explained a way of 

applying the corrections to minimize the errors in practical horn gain measurements in 

the Fresnel region. 

Since in this study measured data and spherical wave expansion technique were 

available, the technique explained in [86] seems to be more appropriate. However, this 

approach requires complicated calculations, which are not easily performed. Thus, as 

the simplicity in use is another of the requirements to select the finite distance 

correction, in this analysis the method chosen was the one explained by Tseytlin and 

Kinber in [83]. The conical probe was approximated as a pyramidal horn. As 

established in this paper, the Friis Transmission Formula taking into account the 

proximity correction factor, could be expressed as follows: 

( )µ
π
λ +⋅⋅







⋅⋅⋅= 1
4

2

0 Impedance BAR Mismatch
R

GGPP
              (A3.3) 

where µ is the proximity correction coefficient. 
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Rearranging and expressing the previous relation in logarithmic scale, it becomes: 

( )
0

4
( ) ( ) 20log 10log 10log(1 )R

A dB B dB Impedance dB

PR
G G Mismatch 

P

π µ
λ

 ⋅ ⋅ + = + − − +  
   

 (A3.4) 

In fact, with the two aperture dimensions of each antenna (D1 and D2) and the 

antenna lengths in the H- and E-sections (r1 and r2), it is possible to derive the phase 

difference in centre and edge (α and β) employing the following relations: 

 1

2
1

8r

kD
=α

                                                        (A3.5) 

2

2
2

8r

kD
=β

                                                        (A3.6) 

Then, knowing the propagation constant (k=2π/λ), the distance between the two 

antennas (R), and the two aperture dimensions of the antennas (D1I, D1II, D2I and D2II) 

the proximity correction factor µ could be obtained as follows:  
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(A3.7) 

where the auxiliary variables for each antenna (A1, A2, A3, B1, B2, B3) could be found 

using Figure A.3.2 provided by Tseytlin and Kinber in [83]: 
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Figure A.3.2: Representation of the auxiliary variables A’s, B’s as a function of α and β 

So, by employing the previous figures, the corrections factors could be determined 

and consequently also the corrected value of the gain, as the next schema explains: 
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N.B.: The subscripts “1 and 2” denote the two aperture dimensions of each antenna, 

and the subscripts “I and II ” indicate if this value corresponds to the “antenna I”  or to 

the “antenna II” . 
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A.4- Proximity correction factor calculation in far  field antenna gain 

calculation 

As explained before, since this technique considers far-field conditions, a rectification 

called “proximity correction” has to be employed. This factor applied to a measured 

gain value is employed to correct for the error caused by insufficient antenna separation, 

and by as a result, to increase the accuracy of the gain determination. 

In the far-field substitution technique, the establishment of the WGA gain is 

achieved by using a Standard Gain Horn (SGH) as a reference. Thus, to obtain enough 

data to apply this method, the next two scans have to be fulfilled:  

1. Scan 1: the WGA is measured with a probe, 

2. Scan 2: the SGH is explored with the same probe.  

Then, the procedure of the WGA gain calculation changes depending if the probe 

dimensions terms are neglected or not. These two situations are explained in detail in 

the next two subsections. 

A.4.1- Probe is a rectangular horn antenna 

When the probe dimensions factors are known, it is possible to calculate the gain of the 

WGA considering the proximity correction, by subtracting the following two equations: 
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The gain of the WGA could be found employing the next formula: 
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where: 

� µ1 corresponds to the proximity correction factor in the scan between the WGA and 

the probe, 

� µ2 represents the proximity correction factor in the scan between the SGH and the 

probe used in the previous scan.  
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where: 

− the auxiliary variables for each antenna (A1, A2, A3, B1, B2, B3)  could be found 

using two figures provided by Tseytlin and Kinber in [81], 

− the aperture dimensions D´s for each antenna (D1, D2) are shown Table A.4.1: 

Antenna Dimensions (mm) D1 D2 r1 r2 
SGH 216 160 302,6 273,9 
Probe 109,1 109,1 218,2 218,2 
WGA 194 154 ∞ ∞ 

Table A.4.1: Antenna Dimensions of the SGH, the probe and the WGA 
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Table A.4.2 shows the calculation to determine the gain of the WGA: 

 freq 
Factor 
dist1 

Factor 
dist2 

Gain 
horn  

Power_ 
wga-prb 

Power_ 
sgh-prb 

 (GHz) (dB) (dB) (dB) (dB) (dB) 
5,10 62,113 61,826 18,754 -18,339 -16,373 
5,15 62,197 61,910 18,741 -17,731 -15,689 
5,20 62,281 61,994 18,771 -16,465 -15,627 
5,22 62,315 62,028 18,799 -16,120 -15,811 
5,25 62,364 62,078 18,851 -15,569 -15,670 
5,28 62,414 62,127 18,918 -15,213 -15,327 
5,30 62,447 62,160 18,963 -15,200 -15,123 
5,33 62,496 62,209 19,036 -16,178 -15,185 
5,35 62,528 62,241 19,082 -17,267 -15,019 
5,40 62,609 62,322 19,183 -22,137 -15,526 

 

Freq 
(GHz)  

WGA 
Mismatch  

(dB) 

SGH 
Mismatch 

(dB) 

Proxim. Correc 
Probe=known 

(dB) 
GAIN 
(dB) 

5,10 -1,9084 -0,0205 -0,142811923 18,820 
5,15 -2,1162 -0,0157 -0,144772442 18,942 
5,20 -0,9947 -0,0061 -0,149405446 19,059 
5,22 -0,4489 -0,0030 -0,151191900 19,072 
5,25 -0,0283 -0,0004 -0,152270969 19,114 
5,28 -0,0542 -0,0004 -0,153350889 19,219 
5,30 -0,0736 -0,0017 -0,154138918 19,091 
5,33 -0,2872 -0,0043 -0,155210370 18,458 
5,35 -0,8927 -0,0056 -0,155979568 17,852 
5,40 -2,9990 -0,0087 -0,158923632 15,690 

Table A.4.2: Gain of the WGA (Far-Field Substitution Technique, proximity correction, 
known probe) 
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A.4.2- Probe is a conical horn antenna (approximating the dimensions of the 

antenna) 

When the probe dimensions are not used, it is possible to calculate the gain of the WGA 

considering the proximity correction, by subtracting the following two equations: 
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After this calculation, the WGA gain could be found employing expression (A4.7): 
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where: 

� µ3 corresponds to the proximity correction factor in the scan between the WGA and 

the probe, when only the factors that depend exclusively on the WGA are 

considered. 

� µ4 represents the proximity correction factor in the scan between the SGH and the 

probe used in the previous scan, when only the factors that depend exclusively on 

the SGH are considered.  
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As in this case the probe is not known, only the factors of the previous formula that 

depend on the antenna I (WGA in the scan between the WGA and the probe or on the 

SGH in the scan between the SGH and the probe) are considered. Besides, it is worth 
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noting that the terms that depend on both antennas (I and II) are also neglected. The 

influence of this approximation on the final results is going to be evaluated in the next 

subsection. Table A.4.3 shows the calculation to determine the gain of the WGA: 

 Freq 
Factor 
dist1 

Factor 
dist2 

Gain 
horn  

Power_ 
wga-prb 

Power_ 
sgh-prb 

 (GHz) (dB) (dB) (dB) (dB) (dB) 
5,10 62,113 61,826 18,754 -18,339 -16,373 
5,15 62,197 61,910 18,741 -17,731 -15,689 
5,20 62,281 61,994 18,771 -16,465 -15,627 
5,22 62,315 62,028 18,799 -16,120 -15,811 
5,25 62,364 62,078 18,851 -15,569 -15,670 
5,28 62,414 62,127 18,918 -15,213 -15,327 
5,30 62,447 62,160 18,963 -15,200 -15,123 
5,33 62,496 62,209 19,036 -16,178 -15,185 
5,35 62,528 62,241 19,082 -17,267 -15,019 
5,40 62,609 62,322 19,183 -22,137 -15,526 

 

Freq  
(GHz) 

WGA 
Mismatch 

(dB) 

SGH 
Mismatch 

(dB) 
Probe=known 

(dB) 
GAIN 
(dB) 

5,10 -1,9084 -0,0205 -0,141851505 18,821 
5,15 -2,1162 -0,0157 -0,143808776 18,943 
5,20 -0,9947 -0,0061 -0,148439006 19,060 
5,22 -0,4489 -0,0030 -0,150219712 19,073 
5,25 -0,0283 -0,0004 -0,151289756 19,115 
5,28 -0,0542 -0,0004 -0,152361755 19,220 
5,30 -0,0736 -0,0017 -0,153144585 19,092 
5,33 -0,2872 -0,0043 -0,154211094 18,459 
5,35 -0,8927 -0,0056 -0,154978118 17,853 
5,40 -2,9990 -0,0087 -0,157923450 15,691 

Table A.4.3: Gain of the WGA (Far-Field Substitution, proximity correction, unknown 
probe) 

A.4.3- Evaluation of the approximation made in the Far-Field Substitution 

Technique with both methods 

When the dimensions of the probe are not used, the terms depending on both antennas (I 

and II) have been neglected. From the results, it has been observed that the first factor of 

the µ-equation is the most relevant one. In order to determine the influence of this 

approximation on the final, the ratio between each of the components of the first factor 

of the µ-equation and each of the components of the second factor neglected have been 

computed employing the following notation: 
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In order to evaluate the importance of these factors, a certain number of 

considerations for the aperture dimensions of the antennas (D1I, D1II, D2I, D2II), and for 

the A’s and B’s parameters (A1I, A1II, A2I, A2II, B1I, B1II, B2I, B2II) have to be taken. 

Table A.4.4 summarizes all the assumptions made considering the maximum values for 

the parameters at three different frequencies (1 GHz, 5 GHz and 20 GHz):  

Freq 
(GHz) 

Dmax 
=5λ 

A1Imax, 
A1IImax 

A2Imax, 
A2IImax  

B1Imax, 
B1IImax 

B2Imax, 
B2IImax 

1,0 1,50 0,20 0,10 0,40 0,40 
5,0 0,30 0,20 0,10 0,40 0,40 
20,0 0,08 0,20 0,10 0,40 0,40 

Table A.4.4: Assumptions made for the D’s, A’s and B’s parameters at three different 
frequencies 
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Table A.4.5 shows the calculation of the importance of neglected factors: 

Freq (GHz) |A/E| |D/E| |B/H| |C/H| |A/F| |C/F| |B/G| |D/G| 
1 1,27 5,09 5,09 1,27 2,55 2,55 1,27 1,27 
5 6,37 25,46 25,46 6,37 12,73 12,73 6,37 6,37 
20 25,46 101,86 101,86 25,46 50,93 50,93 25,46 25,46 

Table A.4.5: Evaluation of the approximation fulfilled when the probe is not known 

The initial analysis, when applying the far-field substitution technique taking into 

account the proximity correction (µ-factor), is the evaluation of the approximation made 

while neglecting some of the factors in the expression of µ when the dimensions of the 

probe are not known. From the results obtained in the previous section, it is clear that 

for high frequencies and for the chosen parameters, the first factor is at least five times 

greater than the factors neglected. Therefore the fact of not considering the terms that 

depend on both antennas has a minor influence in the final result.  

However, this is unfortunately not the case when the frequency is of the order of 

1GHz. For low frequencies and for antennas apertures of 5λ, there are some neglected 

terms which are large, so the error committed while making this assumption is a little 

bit large. It is nevertheless true, that the antennas apertures considered were quite big 

(5λ). For that reason, the terms neglected are only considerable for large antennas. 

Therefore, if the antennas are rather small, the error performed while not taking into 

account these four components is also insignificant.  

In addition, at frequencies equal to 1 GHz, it is worth noting that the factor “A” 

could be judged small, because it is comparable to “E” component and “E” is five times 

less than “D”. On the other hand, as the ratio |A/F| is equal to 2.55, “A” is at least the 

double of “F”. Consequently, since “A” is small, “F” is also a minor component. 

Furthermore, the component “H” is also negligible, because the ratio |B/H| is equal to 

5.09, that is to say, “B” is at least five times bigger than “H”. Thus, from the four 

components neglected in this approximation, only one term (“G”) is equivalent to the 

factors that have an influence in the results. Therefore, as this is just one term into the 

four, the error made while applying this estimation and for antennas with rather large 

aperture dimensions (5λ) is one third of the overall estimate.  
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Besides, in the particular case analyzed in this study (frequencies around 5 GHz), 

the fact of not considering these four factors could be analyzed by calculating the 

difference between the gains obtained in the two cases, that is, the gain when the 

dimensions of the probe are known and when the dimensions of the probe are not 

known. Table A.4.6 shows the results obtained: 

Freq 
(GHz) 

GAIN 
G1_WGA (dB) 

Proximity Correction  
ProbeDimensions 

=known 

GAIN 
G2_WGA (dB) 

Proximity Correction  
ProbeDimensions 

=unknown 

Difference 
G1_WGA −−−− 
G2_WGA 

(dB) 

5,10 18,820 18,821 -0,001 
5,15 18,942 18,943 -0,001 
5,20 19,059 19,060 -0,001 
5,22 19,072 19,073 -0,001 
5,25 19,114 19,115 -0,001 
5,28 19,219 19,220 -0,001 
5,30 19,091 19,092 -0,001 
5,33 18,458 18,459 -0,001 
5,35 17,852 17,852 -0,001 
5,40 15,690 15,691 -0,001 

Table A.4.6: Difference between gains when the dimensions of the probe are known or 
unknown (Far-Field Substitut, Prox Corr) 

Analyzing the differences achieved, it can be observed that the fact of applying this 

approximation produces a difference of about -0,001dB in the determination of the gain. 
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