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Todo el material contenido en esta tesis esta protegido por la Ley Federal 
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México). 

El uso de imágenes, fragmentos de videos, y demás material que sea 
objeto de protección de los derechos de autor, será exclusivamente para 
fines educativos e informativos y deberá citar la fuente donde la obtuvo 
mencionando el autor o autores. Cualquier uso distinto como el lucro, 
reproducción, edición o modificación, será perseguido y sancionado por el 
respectivo titular de los Derechos de Autor. 
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��	���� ��	���

����	 ����� � !�"#!$

���� ����
���� ��
 �	�
���� �� �������	 ��� 
�� ����	���	�� �� 
� ����� %��
 ����	

��� 130(l)×90(a)×57.5(h)mm& 
� ���� �� 
� �
����	��� 	�������� ���� �
 ����������	��

' ���� �
����	�� 
�� ����� 	� ���� ������� 
�� 2 kg& �
 ��	�� �� ����������� ��

�������	 �� �� 0 − 40 ◦C ' �
 ��	�� �� ����������� ���	�� �
 ������������ 	� ����

�����	�� �� �� −25 � +80 ◦C$ (�� ��������)������ �� ������	 �	 
� *��
� +�"$

����� ���� 	�
���
������� �� �������

��������)����� ,�
�� -	������

,�
���	 130(l)× 90(a)× 57.5(h) mm

���� 2 kg

.���	��� 3 W

*���������� �	 �������	 0 � 40 ◦C

*���������� �� ��	��	����	�� −25 � +80 ◦C

(�� ���������� �)����� ��������� ���� ���
���� ��	������ �� ��	����	�	��� �	
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�
���� 700 km

���
������� 98 ◦

������ ����
 �� �� ���� ���������� ������ 10 : 00

���� �� ������ �������� ��
��

��������� ���� ����� ����� �����

����� ���� ����	���� �������� � ��� ��������� �� ����� �!

������������� ���!��� �� ���� �� (nm)

����"��� �� ����������� #	 280− 314

BrO2 344− 360

�������� O3 270− 314

SO2 310− 331

O3 325− 335

OCIO 357− 381

�������� ��$��� O3 306− 314

HCHO 357− 381

������
 340− 365

����"��� �� ����������� #	 336− 380

�� �����%�& �� '�

� �� ������� �� 
� ������� ()* +� ��
������ �
 ��!
� ��
 �����

��  ���� �����������, ������� ���	
 �� ��� ���	� �α �-�	� . 
� �
��� ������
 �'�, ���


� /�������� 0����� �� ������, �����
 ����	� �������� �1�/�& 2� 
� -�!�� ()* ��

�
���� 
� '�

� ��
 ������������� �� �
 �����&

�����.���� �� 
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� ������������

� ������ ����!��
 �!�
 � 
� ��������� ������ �� ������ ���� 
� ������ ��������&
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 ��������� ������� �� ������ ���� ���������� ������ �� ����� �������������
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 ���
 �	��
 ����
	 (h) αIFOV xGSD
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������
	 686 km 2.55 ◦ 30.5 km

� 	� 	
��� 686 km 0.58 ◦ 7 km

xGSD = 2 tan
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����� ���� �	 �� �
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������ ��	
 ���������� � �� ����� � �� ����� ���� �� ������� �������

�� �	����������� ����� �� � ������� ���������� ���� ��	 ������	 �����	����

� ��	 ��������	 �� ��� � ����� � ��	 ������	 � ��	 ����	���	 �	�������	� �� ��

����� ����	��� ����������� ������ �� ! � �����	 �"��	�	 #���� ��� ������ �� �	��

��	�	� ��	 ����$%��	 �������" �� �������� �� ��������	 �� ��� � ����� �	$ ���� ��

��	�������

&��� ������ �� ������� ������	�� ��� '�()� ��*��� ��� ���	��� �����*�� 	�

��������" ���� ��	� �� �+�������� �� ��	���	 	���������	 ��������	 
�� ��������

��#�����	 ������	��	 � �� ����	#���� �� �	����������� 
�� 	� ������ ������ �����

�� � �������� �� ������� �� ��� 
�� �� �� ��	 305 − 315 nm �� �� ��	������

�� 1 nm � �"	� '� ���� ����	 ������	 �� ��������	 �� ��� 
�� 	� ��
����� �����

��	 �����	 	� �� 331 � 360 nm� &�� �� 
�� � ����� 	� ���� 12 ��������	 �� ��� �

������ ��	 �����	 #�����" �� ����	�� �	������� ��� �	�������� ,� ����	�� �	������

������� ���������� ��	 ��������	 �� ��������� � ������ �� ��#�����	 "����	 ��
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h.αIFOV

v
�(�(�

.� ���������� �������� �� ����
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h× αIFOV

v
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��  ���� ���	������ �� ���	� �	� 
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h
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P1(t+Δt) = P1(t)[1− 3(1− e−λΔt)− (3(1− e−λΔt)2 + (1− e−λΔt)3)]

+P2(t)(1− e−λΔt)

P2(t+Δt) = P1(t)3(1− e−λΔt) + P2(t)[1− (1− e−μΔt)− 2(1− e−λΔt)]

+P3(t)(1− e−μΔt)

P3(t+Δt) = P1(t)2(1− e−λΔt)α + P3(t)e
−μΔtP3(t)(1− e−μΔt)

P4(t+Δt) = P1(t)[(3(1− e−λΔt)2 + (1− e−λΔt)3)] + P2(t)[2(1− e−λΔt)(1− α)]

+P4(t)e
−μΔt.
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Abstract—Quetzal is an international cooperation 
project which mission is to monitor contaminants in the 
urban zones above Mexico, specifically above Mexico 
City. The possibility for using an UV spectrometer is 
analyzed, within the analysis a study of the requirements 
is elaborated. The goal is to obtain the baseline for the 
design of the different subsystems affected by the payload. 
Mainly the requirements for the command and data 
handling system are shown. Likewise the interactions with 
different subsystems are shown. 
 
     Keywords—Command and data handling system, On 
board processing. 
 

Resumen—Quetzal es un proyecto de cooperación 
internacional, su misión es monitorear contaminantes 
sobre las zonas urbanas en México, especialmente sobre la 
ciudad de México. En el proyecto se analiza la posibilidad 
de utilizar un espectrómetro UV; se realiza un estudio de 
los requerimientos del instrumento con el fin de establecer 
las bases de diseño de los subsistemas del satélite que 
atenderán a esta carga útil. Se distinguen, los 
requerimientos  que afectan al sistema de comando y 
manejo de información (SCMI). La interacción con 
diferentes subsistemas es especificada.  
 

Índices-Procesamiento a bordo, Sistema de comando y 
manejo de información. 

I.  INTRODUCCIÓN 
ARA definir los requerimientos de diseño del 
SCMI del espectrómetro UV del satélite Quetzal es 
necesario entender las demandas y la operación del 

instrumento las cuales parten de la misión a realizar. 
La misión Quetzal es un trabajo conjunto de la 

Facultad de Ingeniería de la Universidad Nacional 

Autónoma de México y del Massachusetts Institute of 
Technology. Se ha llevado mediante reuniones, mesas 
redondas y presentaciones de ambas universidades. El 
satélite Quetzal consiste en un satélite de orbita baja 
(LEO, por sus siglas en ingles) integrado por 
subsistemas de bajo costo. La misión del satélite 
Quetzal es monitorear contaminantes en el área 
metropolitana y en el Distrito Federal.  

Se ha adquirido experiencia para realizar el estudio y 
estimación de la información de proyectos 
internacionales como las constelaciones de monitoreo 
de desastres de Surrey. Asimismo el intercambio de 
conocimientos y experiencias en la metodología y el 
uso de algunos softwares  con el  MIT, ha sentado bases 
para la realización del estudio presente y el desarrollo 
del satélite Quetzal.  

Se necesita una resolución temporal de 1 día al 
menos y que la información esté disponible ese mismo 
día para usuarios finales. 

En este documento se aborda el estudio de los 
espectrómetros UV, sus requerimientos para el SCMI y 
su posible arquitectura. 

II.  OPERACIÓN DEL ESPECTRÓMETRO 
Para definir los requerimientos de diseño del SCMI 

que atenderá al espectrómetro UV del satélite Quetzal, 
es necesario entender las demandas y la operación del 
instrumento. Es necesario la selección de una órbita, 
basada en la capacidad del instrumento UV que se 
selecciona y la región de monitoreo determinada por la 
misión.  

 

Definición de los requerimientos de diseño de la 
computadora de a bordo para el control del 

espectrómetro UV del satélite Quetzal. 

P 
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A.  Parámetros orbitales 
Los parámetros típicos estimados para realizar 

monitores de contaminantes basados en pequeñas 
plataformas satelitales [1] son una buena referencia 
para determinar las condiciones de operación del 
espectrómetro, véase Tabla I. La órbita síncrona solar 
que se propone permitirá el pasé del satélite con una 
disposición Solar casi igual  [2] para la región de 
interés en México buscando asegurar el requerimiento 
de luz visible para el espectrómetro UV. 

TABLA I 
POSIBLE ÓRBITA PARA EL MONITOREO UV DESDE  EL SATÉLITE 

QUETZAL. 
Parámetros Valor 

Altitud 686 km 
Inclinación 98º 

Tiempo local en el nodo 
ascendente 

12:00 

Tipo de órbita Síncrona Solar 
Condición para 

observación 
Nadir 

 
 

La condición para observación es en el nadir, por lo 
cual el espectrómetro no cuenta con un apuntamiento, 
es decir; el escaneo está comprometido por el pase del 
satélite sobre la zona de interés: la ciudad de México y 
el área metropolitana. 

B.  Tipos de escaneo 
El espectrómetro del satélite Quetzal usa el escaneo 

Pushbroom [3], mostrado en la Fig. 1, en el cual 
destaca la simplicidad para la obtención de una franja 
de terreno debido al uso de un arreglo detector lineal.  

C.  Tamaño del pixel 
La distancia muestra en tierra (DMT) o tamaño de 
pixel, corresponde con un cuadro de  la franja de 
terreno, swath en inglés, descrita en la Fig. 1. La 
extensión de la franja depende del número de detectores 
en el arreglo lineal; multiplicando el tamaño del pixel 
por el número de detectores resulta en la extensión de la 
franja de terreno. El campo de vista instantáneo sobre la 
superficie de la Tierra  “huella del espectrómetro” debe 
de cubrir el área de interés. El tamaño de un pixel, xDMT 
es de 30.5 km, se obtiene de (1) que relaciona el ángulo 
del campo de vista instantáneo instantáneo (αCVI) y la 
altura orbital (h),con la DMT. Para un αCVI de 2.55º y 
una altura de 686 km.   

 

hx CVI
DMT .

2
tan.2 �

�
�

�
�
��
	

                                     (1) 

 
 

 
Fig.  1. Representación del escaneo Pushbroom. 

 
 
En la Fig. 2, se ilustra el largo de pixel del 

espectrómetro en el nadir. Este dato corresponde a la 
dirección de pista transversal. El ancho del mismo 
depende de la velocidad del satélite y del tiempo de 
escaneo por línea. De igual manera el ancho depende 
del αCVI  a lo largo de la pista. Con un αCVI de 0.58º 
sustituyendo en (1), se obtiene un valor de 7 km. 

Finalmente el tamaño del pixel es de 7 x 31 km, lo 
cual está acorde con la recomendación que establece el 
comité de satélites de monitoreo terrestre [4]. 
 

Fig.  2. DMT en la posición de Nadir. 
 

 
D.  Arreglo de área 

El espectrómetro será integrado por varios arreglos 
de detectores lineales, formando un arreglo de área, 
cada uno utilizado para una longitud de onda diferente. 
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Para los contaminantes de esta misión el espectrómetro 
cuenta con un intervalo espectral de 305 a 315 con 
resolución de 1 nm o mayor. Existen otros valores de 
longitudes de onda que se requieren medir las cuales 
son 331 nm y 360 nm.[5]. 

Físicamente para captar las dimensiones espectrales 
de interés, se construye un detector mediante una 
matriz de diodos SiC la cual crea un arreglo de área que  
recibe las componentes espectrales provenientes de la 
sección óptica del instrumento. Para diferentes 
longitudes de onda se tiene la dimensión espectral y 
para diferentes ángulos de posicionamiento la 
dimensión espacial.  

 
Fig.  3. Arreglo de área en el plano focal. 

 
En la Fig. 3 se muestra la simulación del objetivo en 

tierra [6] representando el campo de visión de cada 
diodo que forman la matriz. Cabe resaltar que existen 
espacios entre cada diodo, por lo cual existe espacio 
negro entre las ranuras rectangulares: pixeles. [7] 

Observando que el arreglo de área tiene 12 
dimensiones espectrales y 10 dimensiones espaciales, 
se cuenta con un total de 120 pixeles, que representan 
120 canales para procesar la información.  

III.  REQUERIMIENTOS DEL SISTEMA DE COMANDO Y 
MANEJO DE INFORMACIÓN (SCMI) 

El primer paso para procesar la información 
proveniente de los pixeles es convertirla de analógica a 
digital, debido a la física del instrumento se requiere un 
convertidor analógico digital (CAD) de bajo ruido.[7] 
La salida del arreglo de fotodiodos es la entrada a los 
CAD.[8]  

El CAD  elegido es el DDC232 que cuenta con 32 
entradas, cada una conectada a un integrador doble 
conmutado. Lo que ofrece este integrador es la 
capacidad de integrar continuamente la corriente de 
entrada; así mientras un integrador está siendo 

digitalizado por el ADC el otro está integrando la señal 
de entrada. Usa una fuente analógica a +5[V] y una 
digital de +2.7 a +3.6[V]. [8] 

Una gran ventaja de este CAD es su bajo consumo 
de potencia, consume alrededor de 7[mW] por canal. 
Entonces en total se consumen aproximadamente 
840{mW]. Una meta considerable es de usar 3 [W] 
para todo el sistema. 

 
El CAD tiene otra característica que permite cumplir 

con la conversión de los múltiples canales, 128[7], que 
se tienen. Varios DDC232  se pueden conectar a 
manera de una Daisy-chain [9] la cual se muestra en la 
Fig. 4.  De esta manera los datos son recorridos a través 
de los CAD teniendo una salida única serial y entradas 
individuales para cada canal. 

Fig.  4. Conexión Daisy Chain del DDC232. 

 
 
El tiempo de escaneo de línea esta dado por [3]: 

v
h

t CVI
L

	.
�                             (2) 

donde v es la velocidad en km/s, Lt es el tiempo de 
escaneo de línea, h la altura de la orbita y αCVI el ángulo 
del campo de vista instantáneo . 

Con el valor anteriormente dado para el αCVI a lo 
largo de la pista y la velocidad promedio de 7 km/s; el 
tiempo de escaneo de línea es igual a 992 ms. 

Para el total de 128 canales, que se tienen a la salida 
del arreglo de CADs con una resolución de 16 bits, una 
operación de 12 horas al día y el tiempo de escaneo de 
línea, se generan 85.22 Mbit/día. Para la selección de la 
memoria se debe tener en cuenta que para aumentar la 
confiabilidad podría ser usada redundancia en 
información. Además deben de almacenarse datos de 
telemetría. Considerando que una constelación de 
monitoreo de desastres tiene alrededor de 4 Gbytes de 
memoria, manejar está cantidad de información es 
realizable. [1] 

Otro requerimiento está en el algoritmo de 
recuperación. Éste se encarga de identificar la presencia 
de los compuestos atmosféricos, tal es el caso de los  
contaminantes en esta misión. Se requiere que el 
algoritmo sea sencillo y permita al menos la 
identificación de SO2 en tiempo casi real. Un FPGA es 
propuesto para esta tarea ya que se tiene conocimiento 
de las ventajas y desventajas de esta tecnología así 



             Sociedad Mexicana de Ciencia y Tecnología Aeroespacial, A. C. 
2do Congreso Nacional y 1er Latinoamericano de Ciencia y Tecnología Aeroespacial 

19-21 de septiembre de 2012, San Luis Potosí, S. L. P., México 
 

como de su capacidad. [10, 11] 
Dos métodos para realizar el algoritmo de 

recuperación son planteados en [7], uno llamado 
canales individuales y totales. El otro es llamado pares 
de canales. Ambos llevan a los mismos resultados 
mediante sumas, multiplicaciones, restas y divisiones. 
Ambos usan los canales con longitud de onda de 331 
nm y 360 nm para la identificación de SO2 y O3. 
Existen más algoritmos para la recuperación que 
también pueden ser utilizados.[5,12,13] 

El SCMI debe ser capaz de controlar el 
espectrómetro, enviarle las tramas o secuencias  
necesarias para su correcta operación; leer y procesar la 
información, así como comunicarse con diferentes 
subsistemas. Una arquitectura basada en FPGA tiene 
grandes expectativas ya que los procesos pueden ser 
concurrentes, por ejemplo en el caso de que se requiera 
mandar información mientras está procesando y 
guardando información. 

Se tiene en cuenta que la información del 
espectrómetro debe ser etiquetada con la zona 
escaneada, para esto se comunicará con el sistema de 
control y estabilización del satélite. 

Con la información obtenida del escaneo se podrán 
obtener imágenes con un posterior procesamiento en 
tierra. Asimismo se puede interpretar la información 
como una secuencia espectral con el fin de identificar 
patrones. 

 

IV.  TAREAS DEL SCMI 
Como fin de esta investigación en la Fig. 5, se muestran 
las interacciones que deberá tener el SCMI para su 
operación satisfactoria. Con esto se tiene un esquema 
que permite plantear una solución con los buses 
apropiados. 

Fig.  5. Interacción del SCMI. 
 

 
El procesamiento a bordo consta del algoritmo de 

recuperación para los diferentes contaminantes, así 
como cálculos extras que se requieren para mejorar 
lecturas. Por ejemplo la integración de los datos de las 
diez dimensiones de una longitud de onda para obtener 

una señal continua a pesar del espacio entre pixeles, de 
ser necesario y requerido por los científicos en Tierra. 

 
Fig. 6. Tareas del SCMI. 

 
 
     Como propuesta para resolver las tareas 
anteriormente descritas se tiene la Fig. 7. En el FPGA 
SRAM se lleva a cabo el procesamiento que consiste en 
el ordenamiento, etiquetamiento y escritura de la 
información leída de los CAD. Una vez procesada la 
información se guarda en la memoria RAM. DE igual 
manera en el FPGA SRAM  se realiza el algoritmo de 
recuperación en tiempo casi real. En el mismo FPGA 
tomando la ventaja de su amplia densidad de 
integración, un segmento es dedicado para el control de 
la carga útil. 
      El FPGA FLASH junto con las dos memorias 
ROM, forman parte de la unidad de configuración, 
encargada de escribir el programa en el FPGA SRAM. 
Se utiliza FLASH porque a pesar de tener una baja 
densidad de integración, la dosis total de ionización 
(TID) de estos elementos lleva a tener una confiabilidad 
de prácticamente 1, es decir, del 100% en LEO 
tomando en cuenta una dosis de 1.5 krads/año. [11] 
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Fig. 7. Arquitectura propuesta del SCMI. 

 

 

V.  CONCLUSIONES 
 
Esta investigación destaca los requerimientos para el 

diseño de un SCMI y las tareas necesarias para la 
correcta operación del espectrómetro del proyecto 
satelital Quetzal. En base a los resultados obtenidos se 
logra presentar  una propuesta de diseño del SCMI  
capaz de atender al espectrómetro, la propuesta se basa 
en un FPGA.  Como tarea de análisis subsecuente se 
presenta la evaluación del uso de FPGAs para la 
realización de las tareas definidas en este trabajo y su 
diseño utilizando técnicas de tolerancia a fallas para 
cumplir los estándares de confiabilidad requeridos en el 
espacio  
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Abstract— The use of microsatellites for remote sensing missions 
is becoming more attractive. The cost-reliability issue is still a 
constraint. In this work we present a methodology for the 
development of Fault Tolerant Space Systems (FTSS) focusing on 
the On Board Data Handling (OBDH) system for microsatellite's 
remote sensing payloads with COTS components. The 
methodology presented is based on Fault Tolerance Techniques 
applied to Field Programmable Gate Arrays. The proposed 
methodology ends with a guideline for simulating the system 
reliability, providing statistics to support decisions regarding the 
necessary techniques to be implemented. 

Keywords— Fault Tolerance; Space Systems; Reliability. 

I.  INTRODUCTION OF SCIENTIFIC REMOTE SENSING AND 
PRESENT AN OVERVIEW OF THE QUETZAL PAYLOAD OBDH 

REQUIREMENTS. 
The Quetzal project is a microsatellite for measuring air 

pollution in Latin American cities. The project is developed by 
a joint team from the National Autonomous University of 
Mexico (UNAM) and the Massachusetts Institute of 
Technology (MIT). 

The project is on the evaluation stage for transitioning 
from the conceptual design to the engineering system’s 
development. The low orbital microsatellite is planned to be 
developed with Commercial Off-The-Shelf (COTS) 
components. 

The Quetzal satellite’s mission was defined based on the 
current needs for monitoring air pollutants on Mexican and 
Latin American cities. The mission was design to correlate the 
natural and human sources against the pollution impact.  From 
the information obtained from the Quetzal satellite, the society 
may be able to define several actions to mitigate pollution 
coming from cars, volcanoes, industrial areas, etc. To carry 
out the monitoring of pollutants in the atmosphere is necessary 
to have a spectrometer, whether in the infrared or ultraviolet 
range.  

One line of research in the project is the development of a 
methodology for designing highly reliable systems based on 
COTS devices. 

II. THE STATE-OF-THE-ART OF FAULT TOLERANCE 
TECHNIQUES ON COTS FOR SPACE SYSTEMS. 

The use of COTS devices in space systems is getting more 
and more attractive due to their benefits: low cost, market 
availability, high performance, low power and high packing 
density.  

But the equipment and facilities to perform the tests 
needed to qualify COTS for space applications are not 
accessible for low budget projects; for example the University 
projects and the projects in the emergent countries. Likewise, 
exhaustive ground-testing of COTS devices for space projects 
is not a solution if low budget and short times for designing 
and launching into orbit are major mission drivers. 

The general approach in low budget space projects to 
manage the radiation effects, total dose effects and single 
event effects, follows the experience showed for Surrey Space 
Center [1].  For the total-dose effects, the on board experience 
for the estimation of the accumulated radiation dose provides a 
base to define the appropriate design guideline and the 
shielding techniques to support the mission’s lifetime. But for 
single-event effects (SEEs), due to the charge deposited along 
the track of an ionizing particle (proton or heavy-ion cosmic 
ray) passing through a device structure and resulting into 
effects that may be temporary  or may lead to permanent 
damage, their stochastic nature make them more complicated 
to accept a simple approach to cope with them. The approach 
for controlling these effects always assumes that SEEs will 
occur, and the design of the spacecraft systems with Fault 
Tolerance Techniques (FTT) is needed. The FTT include: 
reconfiguration techniques for preventing the accumulation on 
SEU; error-detection and correction (EDAC) coding schemes 
used to guard against the effects of single-event upset (SEU) 
in solid-state memories; and fast-acting over-current-sensing 
power switches are built in at module level to offer some 
protection against single-event latch-up (SEL) that is a 
potentially destructive effect [1]. The FTT usually aim to 
manage SEU because the big rate of occurrence; the SEL are 
not a main objective for FTT because the very low rate of 
occurrence despite the major risk that it presents. 



In the low budget space projects it is very popular to use 
the success experience obtained by the leaders space programs 
that used COTS devices without exhaustive ground testing. In 
these projects the success is based on design practices, fly 
experience, and system-level testing, rather than on expensive 
testing for individual devices. The main problem in this 
approach is the absence of a serious methodology to evaluate 
the reliability and provide the devices’ probability of risk. 
Without the appropriate methodology to evaluate the 
reliability of the approach, it is impossible to estimate the 
probability of success of these designs and to consider the 
possibility for their implementation in a more qualified space 
project.  

After reviewing the design recommendations for 
protecting the system against radiation effects, a design 
methodology that takes into account the probability of SEE is 
needed for each integration level of semiconductor devices. 
The constant increase in the integration level of electronic 
devices yields into an increase in the probability for having a 
higher number of semiconductor cells affected by a single 
charged particle. This supports the requirement for a 
methodology to evaluate the reliability of fault tolerant 
systems allowing the validation of the selection and 
subsequent implementation in space. 

The use of methodology for designing high reliable Fault 
Tolerance Space Systems (FTSS) based on COTS devices, let 
us determinate the proper FTT that will provide a well-known 
value of reliability even though the COTS devices do not 
fulfill the standard qualification for space.   

III. METHODOLOGY FOR THE USE OF FPGAS  BASED ON THE 
ESTIMATION OF THE TID AND SEU FOR FTSS. 

Field Programmable Gate Arrays (FPGAs) are 
increasingly demanded by spacecraft electronic designers 
because of their high flexibility in achieving multiple 
requirements such as high performance. 

The high scale of integration has increased the interest in 
using SRAM-based FPGAs for a wide range of applications, 
but has also brought the need to carefully analyze 
susceptibility of these highly complex structures. The use of 
COTS FPGA is a challenge that can be realized if the fault 
tolerance techniques are supported by the adequate 
methodology which permits the analysis of their reliability. 

The techniques of mitigations for use FPGA are focused in 
the SEU’s, for example in [2] depending on the level of upset 
a mitigation technique is selected, the mitigation can be: 

• None: if rate is acceptable and the application is NOT 
critical 

• Detection only: reconfigure upon an upset 

• Full mitigation: design-level Triple Modular Redundancy 
(TMR) and configuration scrubbing. 

The fault tolerance techniques for performing the 
mitigation are specified but it does not present a reliability 
evaluation that supports the selection of the mitigation method 
or the reliability’s value for the system.  Without this analysis, 

no FPGA COTS design can be used in a serious space project 
where the reliability is an important requirement for the 
mission.  

To perform the above mentioned analysis the next steps 
may be followed. First, we need to identify the sensitive 
modules of the system. Then, deal with each module with the 
proper FTT. Lastly, validate the design by simulating the 
reliability of the system and modify it if needed. 

IV. THE PROCESS FOR IDENTIFICATION OF THE SENSITIVE 
MODULES IN THE FPGA. 

In order to identify the sensitive modules within an FPGA-
based system, several tests may be conducted: life testing, 
accelerated radiation test, fault injection and analytical 
techniques. Each test yields into different parameters of the 
system, some related to the functionality under the space 
environment, which can be used for our reliability analysis.  

Life testing consists of placing the system under the 
natural radioactive environment. The drawbacks are the poor 
amount of data that may be acquire, the long duration of the 
test, the high cost for placing the system under the needed 
environment and the enormous quantity of devices needed to 
provide an acceptable sample. 

In the accelerated radiation testing, the system is exposed 
to a particle flux several orders of magnitude greater than in 
the space [3]. So, statistics equaling years of radiation 
exposure can be collected in just a few minutes. Moreover, 
with this test, different parameters (Weibull, Edmond) can be 
found for complete characterization of the system in matter. 
The drawbacks of this test are the expensive facilities and the 
availability to perform this test with each new application 
synthesized on an FPGA device. 

The fault injection test can be provided as an additional 
feature for debugging. The basic concept of this technique is 
to insert a fault and observe how it propagates through the 
system. The drawbacks are for large scale systems where 
inserting faults all over the systems results in a prohibitive 
time for the experiment to perform correctly. It is also 
noteworthy that no matter what injection tool is used, the 
results will always depend on the workload.[4] 

Lastly, analytical techniques aim at studying SEUs and 
Multiple-Bit Upsets (MBU) in the configuration memory of 
the device. The technique identifies all possible sources of 
errors. The drawbacks are that tools like STAR [5] do not 
consider MBUs in Input/Output Blocks (IOB) and in Blocks 
of RAM (BRAM). Likewise, the results of STAR provide all 
the possible sources of errors but they are not related with the 
space environment. 

Due to the drawbacks of each test, the goal of the 
presented methodology is to model the reliability of an FPGA-
based system operating under the harsh environment of the 
space with several FTTs applied on the system. The next 
section serves as a baseline for a first approach to the most 
suitable FTT to apply on the FPGA-based system. 



V. THE ANALYSIS OF THE FTT FOR THE FPGA-BASED 
SYSTEM. 

Within an FPGA all modules have a different vulnerability 
to SEE. BRAM and the configuration memory (CFG) are 
more vulnerable [6] [7]. In order to achieve the system’s 
required reliability we should cope with each of the failures 
that may happened, based on a probability distribution, in 
every part of the FPGA and of the system.  

The state-of-the-art FTT are based on partial 
reconfiguration, where the implementation of the system 
should meet several requirements [4]. With this technique the 
area overhead may be small. The main challenge of the partial 
reconfiguration is on the time overhead and the fact of not 
knowing the exact bits that are associated with a specific 
component or function of the FPGA [8]. 

Even when partial reconfiguration is presented, it is 
preferable to implement an EDAC. Reed Solomon with 
Hamming code protects the information stored on dedicated 
RAM blocks or on described ones [9]. This is because partial 
reconfiguration does not update the values stored on 
memories. 

The guideline to perform the selection of the best FTT for 
a module of the system is based on the failure rate of each 
module, the possible indirect sources that cause failures on the 
module and the existing FTT addressing these module failures. 

As the configuration memory of an FPGA, in charge of 
making the necessary connections to implement the 
architecture described by the user, is the module with the 
highest failure rate; and the dominant bits on the configuration 
memory for a Configuration Logic Block (CLB) are those 
controlling the routing resources. FTT such as scrubbing, 
TMR and partial reconfiguration could be applied because 
they can address the specific issue with routing resources.  

Failures presented in the Power-On-Reset (POR) circuitry, 
for example, may be addressed by simply monitoring the state 
of the proper signals on the POR circuitry with the simplest 
circuit implemented on the FPGA. Likewise, for all 
documented SEE even if they occur just once in many years. 
The system should be protected to the entire reported SEE 
with a solution as simple as possible. 

VI. THE ANALYSIS METHODS FOR THE SEPARATION 
BETWEEN MODULES OF A TRIPLE MODULAR REDUNDANCY. 

For TMR there is an additional detail that is important to 
treat. With the shrinking process on technology integration, 
charged particle hits affecting more than one bit, this means 
that could affect more than one module on a TMR, are 
becoming more probable[10]. Even events of 3 or 4 affected 
bits have been recorded.  

A possible solution to raise the reliability when using TMR 
is having a separation between modules to avoid a charged 
particle to affect more than one module of the TMR. The 
effective separation distance is based on the highest cross 
section measure in a radiation testing. When MBUs are 
registered, it is possible to read the locations from where the 

upsets came. Thus, for the worst case we have the effective 
separation distance. 

Studies demonstrate that for the Virtex 5 which integration 
scale is based on 90 nm CMOS technology the effective 
distance is 4 CLBs. [11]  

Given the results of the testing, we can get a probability 
distribution for MBUs based on the separation between the 
modules. Thus, in the proposed methodology, estimation by 
theoretical means of the reliability for the space system with a 
distributed TMR can be achieved. Furthermore, this estimation 
will serve as a baseline for a first approach when TMR is used 
on several COTS devices with different integration scale, 
assuming a certain level of radiation incidence. 

VII. METHODOLOGY STRUCTURE. 
In section IV we mentioned the accelerated radiation 

testing which gives as a result Weibull and Edmond 
parameters of several parts that comprises an FPGA [7]. Using 
the Weibull parameters on the SPENVIS software, it is 
possible to compute the failure rate of each part within the 
FPGA for a desire orbit.  

We should consider that on this kind of test the resulting 
parameters of the different elements comprising the FPGA are 
for the case where the system uses the maximum resources of 
the FPGA i.e., 100% of the FPGA capacity. After computing 
the failure rates for the elements based on the orbit parameters, 
it is possible to compute the failure rates for the specific 
system implemented by multiplying the total failure rate by 
the proportion of the resources used for the system 
implementation. 

Each value, the value of the failure rate and of the effective 
separation distance, is related with a value of a negative 
exponential distribution with mean equal to 1 used to model 
electronic device’s failure rate over the constant section of the 
well-known tub graphic.   

Using a General Propose Simulation Software (GPSS) 
such as GPSS World it is possible to generate errors based on 
stochastic processes. Utilizing the functionalities of the GPSS 
World we obtain the mean time between failures of the 
system. We can simulate the space system without FTT and 
then compare the results with the FTSS with the goal of 
selecting the most appropriated FTT. 

The capability for modeling the system with different FTT 
implemented generates a suitable first approach for choosing 
the preferable FTT. The advantages of this approach are: 

• There is no need for special and expensive testing 
facilities. 

• It is quite flexible: if the implemented system is 
modified it is easy to modify the model. 

• It can be expanded: adding more parameters to the 
model. 



VIII. CONCLUSIONS AND FUTURE WORK. 
The reach of this approach can be extended to model not 

just based on Weibull parameters and the failure rates for a 
given orbit, but also to model the results of the analytical 
techniques (discussed on section IV) related with the space 
environment. This approach results into a complete 
methodology for simulating the reliability of an FPGA-based 
system with space applications. 

Furthermore, based on the simulations made and the 
results that come with this methodology; we can choose which 
FTT achieve the desire reliability. Tradeoff between 
implemented FTT and the system reliability can be supported 
by the outputs of this methodology.  

The proposed methodology on a second approach intends 
to expand to untested COTS devices with different integration 
level. For it to work, our efforts are on the development of a 
methodology for estimating Edmond’s or Weibull’s 
parameters by mathematical means. This way space 
university’s projects, such as the Quetzal project, will become 
less expensive. Access to the space for universities with low 
budget may be granted because highly-cost facilities and long 
testing will no longer be needed in order to implement FTT on 
FPGA-based systems. 
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Abstract— The use of microsatellites for remote sensing 

missions is becoming more attractive. The cost-reliability issue is 
still a constraint. In this work we present a low cost method to 
simulate the reliability of a system for the development of Fault 
Tolerant Space Systems (FTSS) focusing on the On Board Data 
Handling (OBDH) system for microsatellite's remote sensing 
payloads with COTS components. The method presented uses 
GPSS language to simulate the system’s reliability when Fault 
Tolerance Techniques (FTT) are applied to Field Programmable 
Gate Arrays. The proposed method objective is to validate the 
mathematical model of the system’s reliability or to compute the 
reliability when there is no mathematical model. The simulation 
provides statistics to support decisions regarding the necessary 
FTT to be implemented.  
 

Index Terms— Keywords— Fault Tolerance; FPGA; GPSS; 
Space Systems; Reliability. 

I. INTRODUCTION TO QUETZAL’S PAYLOAD OBDH 
REQUIREMENTS. 

HE QUETZAL PROYECT is a microsatellite for 
measuring air pollution in Latin American cities. The 

project is developed by a joint team from the National 
Autonomous University of Mexico (UNAM) and the 
Massachusetts Institute of Technology (MIT).If your paper is 
intended for a conference, please contact your conference 
editor concerning acceptable word processor formats for your 
particular conference.  

The project is on the evaluation stage for transitioning from 
the conceptual design to the engineering system’s 
development. The low orbital microsatellite is planned to be 
developed with Commercial Off-The-Shelf (COTS) 
components. 

The Quetzal satellite’s mission was defined based on the 
current needs for monitoring air pollutants on Mexican and 
Latin American cities. The mission was designed to correlate 
the natural and human sources against the pollution impact.  
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From the information gathered from the Quetzal satellite, the 
society may be able to define several actions to mitigate 
pollution coming from cars, industrial areas, etc. To carry out 
the monitoring of pollutants in the atmosphere is necessary to 
have a spectrometer, whether in the infrared or ultraviolet 
range.  

One line of research in the project is the development of a 
methodology for designing highly reliable systems based on 
COTS devices. 

II. THE STATE-OF-THE-ART OF FAULT TOLERANCE TECHNIQUES 

ON COTS FOR SPACE SYSTEMS. 
The use of COTS devices in space systems is getting more 

and more attractive due to their benefits: low cost, market 
availability, high performance, low power and high packing 
density.  

But the equipment and facilities to perform the tests needed 
to qualify COTS for space applications are not accessible for 
low budget projects; for example the university projects and 
the projects in the emergent countries. Likewise, exhaustive 
ground-testing of COTS devices for space projects is not a 
solution if low budget and short times for designing and 
launching into orbit are major mission drivers. 

The general approach in low budget space projects to 
manage the radiation effects, total dose effects and single 
event effects, follows the experience showed by Surrey Space 
Center [1].  For the total-dose effects, the on board experience 
for the accumulated radiation dose provides a base to define 
the appropriate design guideline and the shielding techniques 
to support the mission’s lifetime. But for single-event effects 
(SEEs), due to the charge deposited along the track of an 
ionizing particle (proton or heavy-ion cosmic ray) passing 
through a device structure and resulting into effects that may 
be temporary or may lead to permanent damage, their 
stochastic nature make them more complicated to accept a 
simple approach to cope with them. The approach for 
controlling these effects always assumes that SEEs will occur, 
and the design of the spacecraft systems with Fault Tolerance 
Techniques (FTT) is needed. The FTT include: 
reconfiguration techniques for preventing the accumulation on 
SEU; error-detection and correction (EDAC) coding schemes 
used to guard against the effects of single-event upset (SEU) 
in solid-state memories; and fast-acting over-current-sensing 
power switches are built in at module level to offer some 
protection against single-event latch-up (SEL) which is a 

Simulation of Fault Tolerant Space Systems 
based on COTS devices with GPSS 
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potentially destructive effect [1]. The FTT usually aim to 
manage SEU because the big rate of occurrence; the SEL are 
not a main objective for FTT because the very low rate of 
occurrence despite the major risk that it presents. 

In the low budget space projects it is very popular to use the 
success experience obtained by the leaders space programs 
that used COTS devices without exhaustive ground testing. In 
these projects the success is based on design practices, fly 
experience, and system-level testing, rather than on expensive 
testing for individual devices. The main problem in this 
approach is the absence of a serious mean to evaluate the 
reliability and provide the devices’ probability of risk. Without 
the appropriate evaluation of the reliability, it is impossible to 
estimate the probability of success of these designs and to 
consider the possibility for their implementation in a more 
qualified space project.  

After reviewing the design recommendations for protecting 
the system against radiation effects, a design methodology that 
takes into account the probability of SEE is needed for each 
integration level of semiconductor devices. The constant 
increase in the integration level of electronic devices yields 
into an increase in the probability for having a higher number 
of semiconductor cells affected by a single charged particle 
[10]. This supports the requirement for a low-cost 
methodology to evaluate the reliability of fault tolerant 
systems allowing the validation of the selection and 
subsequent implementation in space. 

In this paper we propose the use of a low-cost approach to 
simulate the reliability in order to design high reliable Fault 
Tolerance Space Systems (FTSS) based on COTS devices. 
The simulation let us determinate the proper FTT that will 
provide a well-known value of reliability even though the 
COTS devices do not fulfill the standard qualification for 
space.  Furthermore, this low-cost approach can be used by 
space university programs.  

As a case of study this paper has the use of Field 
Programmable Gate Arrays (FPGAs) for space systems. The 
reliability of the system is evaluated with a program written on 
General Purpose System Simulation (GPSS) language. Then, 
the results of the simulation are compared with the 
mathematical model. Lastly, the results are discussed and 
conclusions are made. 

III. THE USE OF FPGAS BASED ON THE ESTIMATION OF THE 

TID AND SEU FOR FTSS.  
Field Programmable Gate Arrays (FPGAs) are increasingly 

demanded by spacecraft electronic designers because of their 
high flexibility in achieving multiple requirements such as 
high performance. 

The high scale of integration has increased the interest in 
using SRAM-based FPGAs for a wide range of applications, 
but has also brought the need to carefully analyze 
susceptibility of these highly complex structures. The use of 
COTS FPGA is a challenge that can be realized if the fault 
tolerance techniques are supported by the adequate 
methodology which permits the analysis of their reliability. 

The techniques of mitigations for use FPGA are focused in 

the SEU’s, for example in [2] depending on the level of upset 
a mitigation technique is selected, the mitigation can be: 

• None: if rate is acceptable and the application is NOT 
critical 

• Detection only: reconfigure upon an upset 
• Full mitigation: design-level Triple Modular Redundancy 

(TMR) and configuration scrubbing. 
The fault tolerance techniques for performing the mitigation 

are specified but it does not present a reliability evaluation that 
supports the selection of the mitigation method or the 
reliability’s value for the system.  Without this analysis, no 
FPGA COTS design can be used in a serious space project 
where the reliability is an important requirement for the 
mission.  

To perform the above mentioned analysis the next steps 
may be followed. First, we need to identify the sensitive 
modules of the system. Then, deal with each module with the 
proper FTT. Lastly, validate the design by simulating the 
reliability of the system and modify it if needed. 

IV. THE PROCESS FOR IDENTIFICATION OF THE SENSITIVE 
MODULES IN THE FPGA. 

In order to identify the sensitive modules within an FPGA-
based system, several tests may be conducted: life testing, 
accelerated radiation test, fault injection and analytical 
techniques. Each test yields into different parameters of the 
system, some related to the functionality under the space 
environment, which can be used for our reliability analysis. 
Table 1 shows a brief description of each test mentioned 
above and their drawbacks.  

In our method we do not look for a strict identification of 
the more sensitive nodes, instead it is assumed that the nodes 
that are considered susceptible to faults (upsets) will fail 
according to a probability determined by the characteristics of 
the space environment in orbit and the logical configuration or 
arrangement in the FPGA. We consider this arrangement as a 
zone (or module) of the FPGA where an error will occur with 
some probability “failure rate”, which will try to mitigate by 
FTT technique. This paper does not detail how to estimate the 
failure intensity of each "module", these remains for further 
work. 

Due to the drawbacks of each test, the goal of the presented 
work is to model the reliability of an FPGA-based system 
operating under the harsh environment of the space with 
several FTTs applied on the system. The next section serves as 
a baseline for a first approach to the most suitable FTT to 
apply on the FPGA-based system. 

V. THE ANALYSIS OF THE FTT FOR THE FPGA-BASED 
SYSTEM. 

Within an FPGA all modules have a different vulnerability 
to SEE. BRAM and the configuration memory (CFG) are 
more vulnerable [5] [6]. In order to achieve the system’s 
required reliability we should cope with each of the failures 
that may happened, based on a probability distribution, in 
every part of the FPGA and of the system.  
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The state-of-the-art FTT are based on partial 
reconfiguration, where the implementation of the system 
should meet several requirements [7]. With this technique the 
area overhead may be small. The main challenge of the partial 
reconfiguration is on the time overhead and the fact of not 
knowing the exact bits that are associated with a specific 
component or function of the FPGA [8]. 

Even when partial reconfiguration is presented, it is 
preferable to implement an EDAC. Reed Solomon with 
Hamming code protects the information stored on dedicated 
RAM blocks or on described ones [9]. This is because partial 
reconfiguration does not update the values stored on 
memories. 

The guideline to perform the selection of the best FTT for a 
module of the system is based on the failure rate of each 
module, the possible indirect sources that cause failures on the 
module and the existing FTT addressing these module failures. 

As the configuration memory of an FPGA, in charge of 
making the necessary connections to implement the 
architecture described by the user, is the module with the 
highest failure rate; and the dominant bits on the configuration 
memory for a Configuration Logic Block (CLB) are those 
controlling the routing resources. FTT such as scrubbing, 
TMR and partial reconfiguration could be applied because 
they can address the specific issue with routing resources.  

Failures presented in the Power-On-Reset (POR) circuitry, 
for example, may be addressed by simply monitoring the state 
of the proper signals on the POR circuitry with the simplest 
circuit implemented on the FPGA. Likewise, for all 
documented SEE even if they occur just once in many years. 
The system should be protected to the entire reported SEE 
with a solution as simple as possible. 

VI. PROPOSED FAULT TOLERANT TECHNIQUE 
The FTT proposed as a case of study is represented in the 

Fig. 1. It consists of three modules operating in parallel; the 
three modules have a specific time to execute the desire task. 
The Majority Voter (MV) is in charge of selecting the result, 
at the same time it detects the module or modules that fail to 
execute the task correctly. The reconfiguration module is in 
charge of fixing the modules one by one in a specific time, 
leaving them without failures.  

The FTT is a hybrid hardware redundancy, for it contains 
static redundancy (masking) based on a Triple Modular 
Redundancy (TMR) and a segment of dynamic redundancy 
called “self-purging”. It is important to point out that for the 
analysis when a module is reconfigure we assume that it is 
reconfigured as a new component. 

When more than one module fails in the proposed TMR the 
task executed is wrong. When one module fails the FTT will 
remain working as a double redundancy and the MV begins to 
work as a comparator. If the FTT is working as a double 
redundancy and a fault is presented, the MV is incapable of 
identifying the flawed module so both modules should be 
reconfigured. 

In the case where on module is being reconfigured the task 
will still be executed by the remaining modules. If another 
module fails, the time redundancy schemes comes into play 
and a rollback is performed, i.e., the task will be repeated. The 
task will start executing when at least two flawless modules 
are ready.  

Due to the operation of the system failures can only be 
detected when the MV makes the voting. The system has four 
states, the states are described below: 

- State 1 – Three modules are working correctly. (Operative 
state) 

- State 2 – Two modules working correctly and one module 
in reconfiguration. (Operative state) 

- State 3 – Two modules in reconfiguration and one module 
in standby. (Inoperative state) 

- State 4 – Three modules in reconfiguration. (Inoperative 

TABLE I 
TEST TO IDENTIFY SENSITIVE MODULES 

Tests Description Drawback 

Life testing Placing the system 
under the natural 
radioactive 
environment. 

Poor amount of data acquire. 
High cost. 
Long duration of the test. 

Accelerated 
radiation 
test 

Exposing the system 
to a particle flux 
several orders of 
magnitude greater 
than in the space [3]. 
Results show the 
Weibull parameters. 

Expensive facilities needed. 
Unavailability to perform the  
test iteratively. 

Fault 
injection  
testa 

Insert a fault and 
observe how it 
propagates through 
the system. 

For large scale systems where 
inserting faults all over the 
systems results in a prohibitive 
time for the experiment to 
perform correctly. 

Analytical 
techniquesa 

Aim at studying 
SEUs and Multiple-
Bit Upsets (MBU) in 
the configuration 
memory of the 
device. The 
technique identifies 
all possible sources 
of errors. 

Tools like STAR [4] do not 
consider MBUs in Input/Output 
Blocks (IOB) and in Blocks of 
RAM (BRAM). 

aNot related with the space environment. 
 

Fig. 1.  Proposed fault tolerant scheme. 
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state) 

In Fig. 2 it is shown the state machine of the system along 
with the probability values of each transaction between states. 
The transitions between states depend on the failure rate λ, the 
reconfiguration rate μ, and the probability of the fault to be 
covered �. The system of equations that describes the behavior 
of the state machine is: 

� � � � � � � � � �� �� �
� �� �

� � � � � � � � � � � �� �
� �� �
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(1) 

It is assumed that the system is operating in t=0, i.e., 
P1(0)=1. The probability that the system is in the operative 
state is given by (2). 

 
� � � � � �.21 tPtPtPO 
�  (2) 

 
 The probability that the system is performing a 

reconfiguration and the system is not working is given by (2). 

� � � � � �.43 tPtPtPREC 
�  (3) 
  
 We can define another parameter of importance for the 
FTSS, the total execution time of the task, �. 
 

���� 
� p  (4) 

where �p is the average total time of the system in operation 
and ���is the average total time of the system in the inoperative 
state. 
 The equation for the total execution time of the task in 
terms of the nominal execution time of the task TTASK, the time 
for a module to be reconfigured TREC and the probabilities of 
the states is: 
 

� �� �
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 (5) 

 

VII. SIMULATION DEVELOPMENT. 
In section IV we mentioned the accelerated radiation testing 

which gives as a result Weibull parameters of several parts 
that comprises a FPGA [7]. Using the Weibull parameters on 
the SPENVIS software, it is possible to compute the failure 
rate of each part within the FPGA for a desire orbit.  

In order to validate the mathematical model of the FTT, we 
used software to make the simulation of the FTT system. The 
language used for this simulation is GPSS and the software is 
GPSS World. GPSS works by creating transactions based on a 
stochastic distribution, in this case an exponential distribution. 
Those transactions make their way through several blocks 
with specific functionalities. By creating the necessary chain 
of blocks we were able to acquire statistics of the performance 
of the system under test.  

Utilizing the functionalities of the GPSS World we obtain 
the percentage of tasks executed in the nominal time, the 
average time of execution and the times where each task was 
executed.  

VIII. SIMULATION RESULTS. 
A set of graphics was obtained by simulating the system 

with the nominal time task set to 500µs and modifying the 
reconfiguration time to generate one curve for each 
reconfiguration time, the times of the task and 
reconfigurations are representatives for FPGA,  Fig. 3 shows 
the plot of percent tasks executed on nominal time.  

Another set of graphics was plotted for the task execution 
time average and is presented in Fig. 4. These plots are for the 

 
Fig. 3.  Percent of tasks executed in 500µs for different times of
reconfiguration. 
  

Fig. 2.  State machine with associated transition values. 
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same parameters specified before and provide fundamental 
information to determinate the FTT performance under a wide 
spectrum of failure rates, this information is a real preliminary 
validation for a FPGA design for space.  

To validate the mathematical model we compute the 
solution for the system of equations and acquire the theoretic 
values for the same parameters in the simulation. The Fig. 5 
shows the relative error between the mathematical solution 
and the simulation results. 

With the validation of the simulation it becomes possible to 
simulate the space system without FTT and then compare the 
results with the FTSS with the goal of selecting the most 
appropriated FTT. 

The capability of modeling the system with different FTT 
implemented generates a suitable first approach for choosing 
the preferable FTT. The advantages of this approach are: 

� There is no need for special and expensive testing 
facilities. 

� It is quite flexible: if the implemented system is 
modified it is easy to modify the model. 

� It can be expanded: adding more parameters to the 
model. 

IX. CONCLUSIONS AND FUTURE WORK. 
The reach of this approach can be extended to model not 

just based on Weibull parameters and the failure rates for a 
given orbit, but also to model the results of the analytical 
techniques (discussed on section IV) related with the space 
environment. This approach results into a complete 
methodology for simulating the reliability of an FPGA-based 
system with space applications. 

The simulation can be used for two different scenarios. The 
first one is when due to the conditions of the system we do not 
require a mathematical model; in this case the simulation gives 
a strong approximation of the system’s behavior, as seen in the 
results of Fig. 5 where the maximum error is 8% for failure 
rates of 1 failure per second. The second scenario is when we 
have the mathematical model and the simulation; then, we can 

validate them by computing the relative error. Once validated 
it is possible to work with the mathematical models because it 
is easier to get plots for different parameters. The main reason 
is that the simulation on GPSS takes more time to present the 
results than the evaluation of the mathematical model. 

Furthermore, based on the simulations made and the results 
that come with this methodology; we can choose which FTT 
achieve the desire reliability. Tradeoff between implemented 
FTT and the system reliability can be supported by the outputs 
of this methodology.  

The proposed method computes the reliability using GPSS, 
on a second approach intends to expand to untested COTS 
devices with different integration level. For it to work, our 
efforts are on the development of a methodology for 
estimating Edmond’s or Weibull’s parameters by 
mathematical means. This way space university’s projects, 
such as the Quetzal project, will become less expensive. 
Access to the space for universities with low budget may be 
granted because highly-cost facilities and long testing can be 
replaced by this simulation in order to implement FTT on 
FPGA-based systems. 
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